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Disclaimer
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any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights.  Reference therein to any specific 
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or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof.  The views 
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Competitive Innovation:  Accelerating 
Technology Development 

In 1999, the U.s. department of energy (doe) 
office of Fossil energy, through the national energy 
technology laboratory (netl), founded the solid 
state energy Conversion Alliance (seCA) to develop 
low-cost, environmentally friendly solid oxide fuel cell 
(soFC) technology.  

the seCA fuel cell program is a critical element of 
the office of Fossil energy’s technology portfolio.  From 
an energy security perspective, coal is a primary resource 
for reducing dependence on imported oil and natural 
gas.  more than half of the nation’s electricity supply is 
generated from coal – developing technology to ensure 
environmentally clean and climate-friendly use of coal 
is of crucial national importance.  the unique attributes 
of soFC technology address environmental, climate 
change, and water concerns associated with fossil fuel 
and particularly coal use, establishing a foundation for a 
secure energy future in the United states.

Why SOFC Technology?

like most fuel cell technologies, soFCs are 
scalable, efficient (not heat engines and therefore not 
subject to Carnot cycle limitations), and produce low 
emissions (e.g., oxides of nitrogen [nox] <0.5 ppm) 
compared to combustion-based electrical power 
generation technologies (due to lower operating 
temperatures).  however, there are a number of 
additional reasons why soFCs were specifically 
chosen for focused development within seCA.  First, 
relative to other fuel cell types, soFCs are inherently 
fuel-flexible – they can reform methane internally, use 
carbon monoxide as a fuel, and tolerate some degree of 
common fossil fuel impurities such as hydrogen sulfide.  
second, experimental data and analyses suggested that 
advanced soFCs had an economically competitive 

cost entitlement relative to established commercial 
technologies and other fuel cell types.  Planar soFCs 
using a thin ceramic (yttria-stabilized zirconia, or ysZ) 
electrolyte could operate at lower temperatures (<800°C) 
than other soFC topologies, thus allowing the use of 
lower-cost stainless steel interconnects, rather than the 
costly and difficult-to-process chromite interconnects 
required of higher-temperature soFCs.  Furthermore, 
the short conduction path (from the anode of one cell to 
the cathode of the next) results in lower (ohmic) losses 
and therefore higher stack efficiency and lower cost.  
significantly, soFCs are intrinsically well suited for 
carbon capture in that the fuel and oxidant (air) streams 
are easily kept separate, thereby facilitating high levels of 
carbon capture without substantial additional cost.

netl, the seCA Industry teams, and other 
organizations have conducted numerous system 
analyses for various integrated gasification fuel cell 
(IGFC) system configurations, with the most recent 
by netl’s office of Program Planning and Analysis 
(oPPA) published in 2011.  this work projects that 
seCA fuel cell technology can achieve 45% to 50% 
efficiency (based on higher heating value [hhV] of coal, 
including 99%+ Co2 capture) with near-conventional 
(enhanced ConocoPhillips) gasifiers.  With advanced 
catalytic gasification, efficiency potential is 60% hhV, 
with 97%+ Co2 capture.  these are near-zero emissions 
plants with significantly reduced water consumption 
relative to competing technologies due to the ability to 
capture and reuse the water produced within the fuel 
cell.  the cost of electricity (Coe) is competitive with 
or superior to (depending upon the Co2 price) other 
advanced technologies under consideration (supercritical 
pulverized coal [sCPC], integrated gasification 
combined cycle [IGCC]), that include carbon capture 
and sequestration [CCs].  natural gas fuel cell (nGFC) 
systems utilizing seCA technology are also attractive 
alternatives to the natural gas combined cycle (nGCC) 
with CCs.

I.  Introduction
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SOFC Plant Concepts

IGFC Pathway (97% - 99% CO2 Capture)
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I.  Introduction

History of the SECA Program

From its inception, seCA was structured as a 
unique alliance among government, industry and the 
scientific community.  seCA is comprised of three 
groups: Industry teams, Core technology participants, 
and federal government (netl) management.  
the Industry teams design the fuel cells and handle 
most hardware and market penetration issues.  
the Core technology program element, made up of 
universities, national laboratories, small businesses, 

and other research and development 
(R&d) organizations, addresses applied 
technological issues common to multiple 
Industry teams.  Findings and inventions 
under the Core technology program are 
made available to all Industry teams under 
unique intellectual property provisions 
(an exception to the Bayh-dole Act) 
that serve to accelerate development.  
the federal government management 
facilitates interaction between Industry 
teams and the Core technology program 
element as well as establishes technical 
priorities and approaches.  Program 
funding was established and maintained at 
approximately 65% for the Industry teams 
and 35% for the Core technology suite of 
projects.  the inaugural seCA Industry 
teams included General electric (Ge), 

siemens energy, delphi Corporation, Cummins Power 
Generation/soFCo, FuelCell energy/Versa Power 
systems (FCe/VPs), and Acumentrics Corp., all selected 
between 2001 and 2003.

At the time of its founding, seCA was part of the 
natural gas program, with an emphasis on distributed 
generation applications.  the seCA concept was mass 
customization of a common 3-10 kW module that could 
address diverse markets – stationary power generation, 
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military applications, and the transportation sector 
(e.g., auxiliary power units for Class 8 trucks).  Primary 
fuels under consideration were diesel and natural 
gas.  office of management and Budget (omB) targets 
were established for stack and system cost to be met in 
2010, based upon a nominal production rate of 50,000 
5 kW systems (250 mW total) per year - $100/kW and 
$400/kW, respectively, in year 2000 dollars.  these 2010 
targets reflected an approximately five-fold reduction in 
cost compared to the state of the technology that existed 
in 1999.  Additional targets were established for other 
performance metrics, such as degradation (steady-state 
and transient).  the program included rigorous periodic 
testing protocols to benchmark performance, with audits 
of the associated cost estimates.

the inaugural round of Industry team 3-10 kW 
system tests was conducted between 2005 and 2007.  
All teams met the interim system cost ($800/kW) and 
steady-state degradation (4%/1,000 hours) targets over 
the required 1,500 hour test duration.  the efficiency 
of these small simple cycle systems ranged from 35% to 
41% (based on the lower heating value [lhV] of natural 
gas [nG]).

the innovative seCA program structure, as well 
as the aforementioned successful testing, did not go 
unnoticed.  In 2006, the office of management and 
Budget cited the seCA program as leading the way in 
government-industry partnerships: 

 “The SECA program leverages private-sector 
ingenuity by providing Government funding to 
Industry Teams developing fuel cells, as long as 
the Teams continue to exceed a series of stringent 
technical performance hurdles.  This novel 
incentive structure has generated a high level of 
competition between the Teams and an impressive 
array of technical approaches.  The SECA 
program also develops certain core technologies 
that can be used by all the Industry Teams to 
avoid duplication of effort.  The program exceeded 
its 2005 performance targets, and it is on track 
to meet its goal for an economically competitive 
technology by 2010.”

With the founding of seCA and its early success, the 
remaining legacy projects under the Vision 21 program 
and for less competitive fuel cell technologies (e.g., 
molten carbonate fuel cell-turbine hybrids and cylindrical 
soFCs) were ended in the early- to mid-2000s.

In 2005, seCA transitioned from the natural gas 
program to the strategic Center for Coal, with an 
emphasis on coal-fueled central generation with carbon 
capture.  new solicitations in 2005 and 2007 added 
projects to scale up the seCA fuel cells for application 
in large central generation applications.  Industry 

team awardees included Ge, siemens, FCe/VPs, 
Rolls-Royce Fuel Cell systems (RRFCs), and United 
technologies Corporation (UtC)/delphi.  Along the 
way, Cummins withdrew from the program in 2006 
as it did not have an interest at that time in the new 
program focus.  Ge scaled back from full Industry team 
participation in 2006 to focus on what it saw as key 
soFC technology hurdles through doe-funded work at 
the Global Research Center.  the Acumentrics project 
was transferred to doe’s office of energy efficiency 
and Renewable energy in 2008.  By the end of 2008, 
there were four Industry teams – siemens, FCe/VPs, 
UtC/delphi, and RRFCs.  the year 2008 saw another 
round of stack metric testing, with the interim cost 
($600/kW, 2000 dollars) and degradation targets met by 
siemens and FCe/VPs in 5,000-hour tests.  UtC/delphi 
and RRFCs did not test as they were both new projects.

In 2010, FCe/VPs met the ultimate $400/kW 
(2000 dollars) target in testing of 120-cell 25 kW 
stacks comprised of scaled (550 cm2) cells.  By way of 
comparison, the typical planar soFC stack at seCA’s 
inception consisted of maximum 40 cells, each with an 
active area of ~100 cm2, capable of perhaps 2 kW.  At 
the end of 2010, siemens made a corporate decision to 
end its soFC R&d program and withdrew from seCA.

Current Status of the SECA Program

the baseline for the seCA cost goals was informally 
updated in 2008 to $700/kW (power block) and 
$175/kW (stack), in 2007 dollars.  this change was 
formally incorporated into the omB targets in fiscal year 
(Fy) 2011.

As mentioned above, FCe/VPs met the cost goal 
in 2010.  In 2011, the two later-awarded Industry 
teams – UtC/delphi and RRFCs – worked to complete 
seCA cost goal validation testing.  In Fy 2012 and 
beyond, all three Industry teams will focus on improving 
the reliability, robustness and endurance required 
for commercial central generation.  this work will 
encompass materials R&d, design, failure analysis, 
and manufacturing development.  It will also consist 
of considerable stack testing, including progressively 
larger stacks, to validate performance and gather the 
required data to make further enhancements to the stack 
technology.

Fuel Cell Research and Development

the office of Fossil energy and netl are pleased 
to present this Fy 2011 Fuel Cell Program Annual 
Report, a compilation of abstracts from the fuel cell 
projects managed through these offices.  these abstracts 
are divided into subsections as detailed below. 
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SECA Industry Teams – Coal-Based Systems

through the Coal-Based systems program element, 
seCA seeks to build upon the successes in the Cost 
Reduction program element by scaling soFC cells and 
stacks to sizes appropriate for central power generation 
applications.  this work includes an assessment of the 
integrated performance of IGFC systems.  Industry 
teams will focus on developing 250 kW–1 mW fuel 
cell module prototypes that will serve as the basis for 
early commercial market entry and as components in 
central generation plants.  Key R&d topics include 
cell and stack scaling, manufacturing, failure analysis, 
system integration, materials, and pressurization 
(RRFCs).  As the work progresses, it may extend to 
specialized balance-of-plant hardware, controls, and 
instrumentation for prototype systems. 

SECA Industry Teams – Cost Reduction

the seCA Cost Reduction program element began 
at seCA’s inception and is focused on achievement 
of the seCA cost goals.  to achieve cost targets, 
Industry teams are refining and validating advanced 
technology in ≥15 kW soFC stacks that can be mass-
produced, scaled and aggregated to meet a broad range 
of applications.  this development activity is blending 
established manufacturing processes with state-of-the-art 
fuel cell technology advancements in order to leverage 
the advantages of economies of mass production and 
scale to reduce fuel cell costs.  As noted previously, the 

scalability and fuel-flexibility permit the application of 
common soFC stack technology to numerous market 
applications, including early adopter markets such 
as natural gas distributed generation (~1 mW), truck 
auxiliary power units, and various military applications 
such as unmanned undersea vehicles (UUVs).  Common 
stack technology brought to bear in these diverse early 
markets will create the opportunity for the high-volume 
production required to reduce the real-world cost to 
commercially viable levels, and gather the production 
and operating experience desired prior to full-scale 
central generation deployment. 

SECA Core R&D

the Core technology Program provides 
comprehensive applied research support in nine focus 
areas.  this program structure, along with special 
intellectual property provisions (exception to the Bayh-
dole Act), reduces R&d cost by leveraging resources 
so that the Industry teams do not engage in separate, 
redundant applied research programs, paying multiple 
times for the same technical solutions.  diligent netl 
management of the Core technology Program with 
this approach also ensures that only major issues are 
addressed.  seCA’s goal is to raise the technology bar in 
large strides rather than small steps.  Core technology 
Program areas of research are also augmented by special 
topics under the doe’s small Business Innovation 
Research (sBIR)/small Business technology transfer 
(sttR) and experimental Program to stimulate 
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modeling and Simulation•	  – Create models to 
determine a reliable operating space and to guide 
manufacturing; and

balance of plant•	  – develop high-temperature heat 
exchangers and blowers to enable high system 
efficiency and low cost.  

Innovative Concepts

seCA Innovative Concepts will assess the feasibility 
of a coal power plant based upon a direct coal soFC 
(e.g., liquid metal anode concepts) and evaluate novel 
planar soFC designs (e.g., unique electrolyte support 
and metal support concepts).  Also included are 
Congressionally directed projects developing novel 
electrochemical energy conversion and integrated 
technologies that advance the efficiency, reliability, and 
cost goals of fuel cell systems.

Key Program Accomplishments

SECA Peer Review Demonstrates Strength 
and Success 

seventeen projects were evaluated during the 
2011 Fuel Cells Peer Review in morgantown, West 
Virginia, on February 14-18, 2011.  the peer review 
team of eight reviewers from industry and academia, 
assembled and led by Asme (American society of 
mechanical engineers), assessed the projects across nine 

Competitive Research (ePsCoR) programs.  the Core 
technology Program focus areas include the following:

cathodes – •	 Improve the stability and performance 
of fuel cell cathodes using state-of-the-art concepts 
and methodologies;

Anodes and coal contaminants – •	 determine 
potential coal syngas contaminants and their impact 
on anode performance;

Interconnects and contact materials – •	 develop 
stable, low-cost metallic interconnects and 
interconnect contact materials operating in the 
temperature range of 650 to 850ºC with acceptably 
low area-specific resistance (AsR) and stability over 
the service lifetime.

Seals – •	 develop materials and designs exhibiting 
adequate sealing performance with the requisite 
chemical and phase stability in long-term service;

cross-cutting materials, testing, and •	
manufacturing – develop materials and 
manufacturing technologies that improve fuel cell 
reliability, performance, and ability to tolerate any fuel 
or air contaminants, and that achieve cost reductions;  

fuel processing•	  – develop fuel processing 
technologies that will meet application requirements 
such as zero water consumption, space and volume 
constraints, and transient capability;

power Electronics•	  – optimize efficiency and cost in 
conversion of fuel cell output to usable dC (direct 
current) and AC (alternating current) power;
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value to a particular project related task and/or help 
achieve a program goal; and Action Items, deficiencies 
identified by the Peer Review Panel and proposed 
mitigations to preclude the project from missing 
its stated project objectives or program goals.  the 
comments from this year’s Peer Review Panel indicate 
strong pursuit of relevant R&d to ensure that ambitious 
goals are achievable in the Fuel Cells/seCA Program.

SECA Industry Teams – Coal-Based Systems

SEcA coal-based Systems meet doE’s cost 
and performance targets for Igfc power plants.  
FCe has developed an advanced coal-based soFC 
baseline power plant that meets the seCA cost as 
well as efficiency targets.  the baseline power plant, 
rated at approximately 672 mW, utilizes coal syngas 
fuel (produced by catalytic gasification and warm gas 
cleanup processes) in a power island consisting of an 
soFC combined with a steam bottoming cycle.  the 
system also employs oxycombustion of the fuel cell 
anode exhaust for Co2 capture, using a portion of the 
oxygen from the air separation unit at the gasification 
site.  A comprehensive system optimization effort 
resulted in achieving a system electrical efficiency of 
58.7% based on hhV of coal, while capturing >99% 
of carbon (in the syngas) as Co2.  the baseline IGFC 
power plant system consumes 75% less water compared 
to a pulverized coal combustion plant using scrubbing 
technology for carbon capture and has a foot print 
comparable to an integrated gasification combined cycle 
plant.  the factory equipment cost estimate has shown 
an soFC power island cost of $372/kW in 2000 dollars 
and stack cost estimate of $85/kW, exceeding the doe 
cost targets for a coal-based system.  the breakthrough 
soFC stack factory cost estimate was the result of a 
new generation of fuel cells developed by FCe’s partner, 

criteria: (a) scientific and technical merit; (b) existence 
of clear, measurable milestones; (c) utilization of 
government resources; (d) technical approach; 
(e) rate of progress; (f) potential technology risks 
considered; (g) performance and economic factors; 
(h) anticipated benefits if successful; and (i) technology 
development pathways.  scores were based on a 
whole number scale from 1 to 5, with 1 representing 
“results not demonstrated,” 2 “ineffective,” 3 “adequate,” 
4 “moderately effective,” and 5 “effective.”  

Results were extremely supportive of the Fuel 
Cells/seCA Program and Core R&d as shown in the 
figure below.  Fifteen of the 17 projects evaluated had 
average project scores ranging from 3.13 to 4.69 for 
the nine criteria.  the overall average score for these 
15 projects was an outstanding 4.09, in the top tier 
between moderately effective and effective.  the two 
outlier projects, both Congressionally directed, were 
rated in the lower tier between ineffective and adequate.  
the average score across all 17 projects for each of the 
nine review criteria was 3.5 or higher, and five criteria 
had averages greater than 4.0.  these results clearly 
demonstrate the effectiveness, strength, and success of 
the Fuel Cells/seCA Program.

these formal peer reviews are rigorous, documented 
evaluations by qualified independent reviewers 
using objective criteria to make judgments on a 
project’s technical/scientific/business merit, actual or 
anticipated results, and productivity and management 
effectiveness of the project.  In addition to the 
numerical scoring described above, reviewers are asked 
to provide comments on each project in four areas: 
strengths, identified relative to the evaluation criteria; 
Weaknesses, project items or issues which might hinder 
a project’s success, relative to the evaluation criteria; 
Recommendations, actions or direction that could add 
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in a variety of test conditions.  A 40-cell Gen 4 stack 
demonstrated a maximum initial power of 6.4 kW at 
an average power density of 398 mW/cm2 and average 
cell voltage of 0.7 volts, utilizing the seCA simulated 
coal gas blend.  When combined into a four-stack 
module, this will exceed the seCA requirement of 
25 kW.  the Gen 4 stack has completed a durability 
test of greater than 2,500 hours and has demonstrated 
a degradation rate of about 4% in the first 300 hours 
and no measurable power degradation thereafter.  the 
stack has also successfully completed 60 deep thermal 
cycles from 750ºC operating temperature to <100ºC with 
a total power degradation of less than 5%.  UtC Power 
has down-selected three power module concepts after 
detailed investigation of several competing designs.  All 
three systems were designed for 400 kW net alternating 
current (AC) and achieve efficiency in excess of 60% 
based on fuel lhV.  heat-up and power ramp studies 
were performed on all systems to define internal and 
external characteristics.  In addition, UtC Power 
developed three IGFC designs that produce greater than 
100 mW net AC power at efficiency greater than 50% 
hhV and capture greater than 90% carbon.  sensitivity 
analyses were carried out, demonstrating that the designs 
maintained their key performance requirements over 
a wide range of key operating variables.  A system cost 
analysis was completed for the baseline IGFC system.  
Preliminary cost analysis of the power block hardware 
for the IGFC power plant shows a cost of $685/kW 
in 2007 dollars with a 90% confidence interval, which 
meets the seCA cost requirement of $700/kW.  UtC 
Power has commissioned a 50 kW capable test stand.

SECA Core R&D – Cathodes

dynamic lattice parameter changes open new 
Window into Sofc cathode performance.  Recent 
studies of la0.6sr0.4Co0.2Fe0.8o3-δ (lsCF) films have 
revealed a near instantaneous and large change in 
the lattice parameter of lsCF with applied electric 
field.  Researchers at Argonne national laboratory 
measured the lattice parameter of a 20 nm thick lsCF 
film epitaxially grown on (001) ysZ substrate (0.5 mm 
thick) with an intervening 50 nm gadolinium-doped 
ceria (GdC) (001) film.  Using voltages typical of those 
found in soFCs, the researchers found that the lattice 
parameter expanded by almost 0.5% in less than a 
second after a -1 V cathodic potential was applied to 
an lsCF film in 150 torr of oxygen at 600°C.  Using 
an extremely small X-ray beam (20 μm in width), the 
lattice parameter change was mapped out as a function 
of distance from the Pt wire electrode.  the lattice 
parameter change switches sign with the applied voltage, 
indicating that it is not a simple electrostriction effect.  
While the mechanism of this lattice parameter shift has 
not been resolved, it appears to be associated with the 

Versa Power systems, Inc., based on improved materials 
and thin cell technology.  the new generation of cells 
has demonstrated higher power density, an expanded 
range of operating temperature, and improved long-term 
stability with reduced power degradation, as compared 
to the previous baseline cell technology.  Additionally, 
advances in fuel cell manufacturing, including 
automation and process modification combined with 
increased material utilization resulting from higher cell 
production yield, are key factors in the reduction of 
soFC stack cost.  

durability of next-generation rolls-royce 
fuel cell technology demonstrated to meet SEcA 
requirements.  RRFCs has selected the next generation 
of its integrated planar solid oxide fuel cell (IP-soFC) 
for carrying forward into ~20 kW block-scale testing.  
tests will be performed within rigs able to fully 
duplicate the operating conditions and stack boundary 
conditions of high efficiency pressurized soFC power 
modules projected for an integrated coal-gasification 
fuel cell combined cycle plant, as well as the conditions 
for nearer-term commercial validation through the 
market for natural gas fired 1 mW distributed power 
generation.  An array of block test stands in Canton, 
ohio, and derby, United Kingdom, will serve to validate 
the durability and reliability of the stack technology at 
a repeat unit that is designed to be the building block 
of mW-scale power generation systems, while using 
balance-of-plant ejectors, insulation, and heat exchange 
components representative of product to accelerate 
commercialization.  two block test rigs were modified 
and commissioned during 2011 for seCA metric tests to 
commence in late Fy 2011.  the chosen cell technology 
has been tested to over 8,500 hours at full system 
relevant conditions and exhibits an average degradation 
rate of <0.5%/1,000 hours.  degradation mechanisms 
have been identified, and solutions for reducing the 
degradation rate to below 0.3% to meet the requirement 
for entry into service in 1 mW distributed generation 
units are being screened; the cell technology exhibits 
sufficiently low AsR performance levels to meet the 
efficiency targets for the 1 mW system.  Rolls-Royce 
produces fuel cell modules on their protoype production 
line in Canton, ohio.  high volume manufacturing cost 
models predict systems cost meeting the seCA IGFC 
$700/kW target and internal Rolls-Royce targets for 
market entry systems.   

Stack components and Igfc designs meet 
SEcA requirements.  the delphi Gen 3 stack has 
successfully completed durability testing to 9,700 hrs 
and deep thermal cycling to 200 thermal cycles, with 
a degradation rate of 1.1% per 500 hours in durability 
testing.  delphi has developed low-cost, high-volume 
manufacturable processes for Gen 4 stack components 
and has fabricated and tested multiple Gen 4 stacks 
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catalyst Infiltration Enhances cathode 
performance and Stability.  Georgia Institute of 
technology has developed an optimized solution 
infiltration process to fabricate high quality continuous 
lsm coatings on porous lsCF cathodes and 
demonstrated that the performance and stability of 
an lsCF cathode can be enhanced by infiltration of 
a catalyst such as lsm and praseodymium strontium 
manganite.  Comparative microanalyses of the structure, 
composition, and morphology of lsm and lsCF 
surfaces as well as lsm/lsCF interfaces annealed at 
850°C for 900 hours reveal that the presence of mn is 
able to effectively suppress the formation of a surface 
layer consisting of la and sr oxides on lsCF, which is 
likely related to the degradation of blank lsCF cathodes.  
Considering the improvement in performance and 
stability achieved by infiltration, it is anticipated that the 
implementation of catalyst-infiltrated cathode may help 
to meet the doe cost goals for solid oxide fuel cells.

promising cathode contact materials Identified 
and Assessed.  lawrence Berkeley national laboratory 
(lBnl) is focused on cathode contact material selection 
and development.  the primary challenge addressed 
during Fy 2011 concerns electrical connection and 
bonding between the interconnect and soFC cathode 
layers.  historically, cathode materials such as lsm is 
used as a cathode contact material (CCm) paste to bond 
the cell to the interconnect.  high temperature is typically 
required to achieve good bonding, however, leading to 
rapid oxidation of the stainless steel interconnect.  If 
a temperature low enough to avoid oxidation of the 
steel (<1,000ºC) during the bonding step is employed, 
poor bonding and eventual delamination of the contact 
material occur.  the goal of the work at lBnl is 
to identify candidate cathode materials displaying 
adequate properties after bonding at <1,000°C.  during 
Fy 2010, candidate cathode contact compositions 
were purchased from Praxair or fabricated by glycine-
nitrate process.  the properties of primary relevance, 
including conductivity, sintering behavior, coefficient 
of thermal expansion, and reactivity with manganese-
cobalt spinel (mCo) and lsCF, were then determined.  
the summary of this screening effort suggested that the 
most promising candidates are lsCF and lanthanum 
strontium copper ferrite (chosen for extensive sintering 
at low temperature) and strontium samarium cobalt 
oxide (ssC) and lanthanum strontium cobalt oxide 
(lsC) (chosen for high conductivity).  In Fy 2011, these 
four materials were incorporated into AsR specimens in 
which electrical resistances of the individual lsCF/CCm 
and 441-mCo/CCm interfaces and lsCF/CCm/mCo 
junction were monitored over time.  lsC and ssC are 
the most promising compositions tested to date.  they 
provided low and stable AsR for 200 hours at 800ºC.  In 
situ testing of these CCm candidates has commenced, 

injection and removal of oxygen vacancies from the 
lsCF film.  despite this uncertainty, since the lattice 
parameter shift with applied voltage is monotonically 
increasing, this map may be translatable into a local 
conductivity or potential map of the soFC cathode, 
thus providing a unique, contactless method of probing 
the ionic processes of these important materials in a 
complex chemical environment at high temperatures.  
the presence of these large lattice parameter shifts may 
also be important to the thermo-mechanical design 
of soFCs.

correlations between oxygen Exchange Kinetics 
and crystallographic and microstructural features 
Effects of la0.7Sr0.3mno3 uncovered.  measurements of 
the oxygen exchange kinetics of la0.7sr0.3mno3 (lsm) 
thin films were made at Carnegie mellon University 
(CmU).  Films were prepared by pulsed laser deposition 
at CmU with controlled surface crystallographic and 
microstructural features, and these were also provided 
to several external collaborators at Argonne national 
laboratory, massachusetts Institute of technology, 
and University of nevada, los Angeles.  epitaxial 
(100), (110), and (111) la0.7sr0.3mno3 thin films with 
thickness of 600 nm were deposited on srtio3 single 
crystal substrates.  Also, 600 nm thick, (110) textured 
la0.7sr0.3mno3 thin films were deposited on (111) ysZ 
(8% y2o3 stabilized Zro2) single crystal substrates.  
Both the epitaxial and textured lsm films had smooth 
surface morphologies.  the chemical surface exchange 
coefficients, kchem, basic parameters indicative of the 
electrocatalytic activity of soFC cathodes, were 
determined experimentally using electrical conductivity 
relaxation.  the transient relaxation experiments were 
carried out from 600°C to 900°C.  For the epitaxial films, 
kchem varied from ≈1 x 10-6 to 65 x 10-6 cm/s, depending 
on temperature and orientation, with activation energies 
of ≈1.0 ± 0.2 eV.  At 800°C, a four-fold variation was 
observed in the kchem values, with (110)/(100) being the 
highest/lowest, explained well by the high activation 
energy for (110), ≈1.16 eV, and the low energy for (111) 
and (100), ≈0.83 eV.  For the textured films, two kchem 
values were extracted from the data, indicating that two 
parallel surface exchange processes occurred.  these 
two kchem values had different activation energies (EA), 
which were interpreted as belonging to (1) the native 
surface response of individual grains/variants and 
(2) the variants boundaries/grain boundaries of the 
textured films.  the first (native surface) process had 
an activation energy of EA,1 ≈ 1.5 eV, while the second 
(extended defect) process had an activation energy of 
EA,2 ≈ 0.75 eV.  these observations indicate that a range 
of kchem values and limiting processes are important 
in different regions of the soFC microstructure; they 
also indicate methods for improved surface exchange 
properties.
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August 21 and 22, 2011, from the AIst for a research 
collaboration kickoff meeting between the organizations.  
discussions focused on detailed research planning 
associated with the recent award made by the new 
energy development organization (nedo, Japan) to 
the AIst group to investigate novel soFC anodes that 
are resistant to poisoning by sulfur and phosphorus.  
the project includes a formal collaboration with West 
Virginia University (WVU) and an informal research 
collaboration with netl that allows researchers to 
engage in a no-cost informational exchange.  the parties 
formalized the details of the research collaboration, 
which will require WVU to provide cathode materials 
innovation and testing, while netl will provide 
consultative advice on test parameters and testing 
methods.  As possible, netl may also deliver exposed 
specimens for investigation at AIst by a sensitive 
materials analysis technique known as secondary ion 
mass spectrometry.  WVU and netl researchers have 
been invited to deliver lectures and tour soFC research 
facilities in Japan as part of the research collaboration.  

researchers Engineer high porosity cathode 
with In Situ foaming technique.  netl RUA fuel 
cell researchers at WVU have recently engineered 
and demonstrated an in situ fabrication method that 
generates highly porous soFC cathodes.  the technique 
utilizes a gas-evolving reaction to create a porous foam 
structure in a conventional (la,sr)(Co,Fe)o3 cathode 
that can be applied to any type of soFC.  By controlling 
the composition of the precursor cathode solution and 
the foaming reaction rate, the researchers control critical 
microstructural features such as pore size distribution 
and total porosity.  Control over microstructure is 
critical in cathode engineering, as researchers attempt to 
make the most porous, highest surface area cathode that 
still retains sufficient mechanical strength to withstand 
fuel cell operating conditions.  Recent experiments on 
an electrolyte supported button cell have shown that 
the engineered porous structure enhances power density 
by 30% compared to a cell possessing a conventionally 
processed cathode.  A presentation describing the 
complete results was accepted to the electrochemical 
society meeting held in Boston in october 2011. 

Sofc cathode performance Enhanced through 
Infiltration of Samaria-doped ceria.  WVU researchers 
successfully infiltrated Ce0.8sm0.2o1.9 (sdC) into a 
conventional soFC cathode composed of la0.8sr0.2mno3 
(lsm) as part of the netl RUA collaboration to 
develop advanced soFC cathode materials.  the 
infiltrated material is applied to the conventional 
cathode as a liquid, but subsequent thermal processing 
deposits a homogeneously distributed array of sintered 
nano-particles onto the surface of the cathode backbone.  
Addition of infiltrated material is expected to improve 
cathode performance (or decrease cathode inefficiency) 

using anode-supported button cells and coated 441 steel 
interconnect coupons. 

lattice Strain Shown to be Important to 
cathode Surface chemistry and Electronic Structure.  
massachusetts Institute of technology demonstrated 
the effects of epitaxial strain on the surface cation 
chemistry and the surface electronic structure of lsm 
as a model system, both at room temperature and 
at elevated temperatures.  A larger tendency for sr 
enrichment is prevalent for the tensile-strained lsm 
surface, owing to the relatively larger space available for 
the sr cation on the surface compared with that in the 
bulk with increasing tensile strain.  tensile strain also 
facilitates oxygen vacancy formation on lsm.  While 
the electronic structure exhibits the presence of an 
energy gap between the occupied and unoccupied states 
at room temperature, favoring a smaller band gap for 
the compressively strained lsm, the picture reverses 
at elevated temperatures.  At 500ºC in 10-3 mbar of 
oxygen, both lsm film surfaces exhibit metallic-like 
behavior, and the tensile-strained lsm has enhanced 
density of states near the Fermi level compared with the 
compressively strained lsm.  these results illustrate 
the importance of lattice strain in controlling the high-
temperature surface chemistry and electronic structure 
for oxygen reduction activity on soFC cathodes.  
In-depth probing and analysis of such correlations on 
a broad range of materials and conditions are essential 
toward advancing understanding of how the surface 
state, including the presence of strain, relates to the 
oxygen reduction activity on oxide cathodes.  

Strategies for mitigating degradation of Sofc 
cathode materials Identified.  one of the major 
concerns of long-term viability of soFC systems is 
degradation of cathode materials.  one identified 
problem is how elements are redistributed at surfaces 
and interfaces during normal and atypical soFC 
operation.  sr out-diffusion to the surface as sr oxide 
has been determined by montana state University 
as a function of electrochemical environment in 
la0.6sr0.4Co0.2Fe0.8o3-δ using Cr as a tracer in X-ray 
absorption spectroscopy to distinguish the segregated 
sr from the bound sr in the bulk.  oxygen vacancy 
concentration variations, caused by bias potentials 
existing during operation, have been identified as the 
driving mechanism for the sr out-diffusion.  Cathodic 
bias potentials have been found to reduce the oxygen 
vacancy concentration resulting in sr segregation, while 
anodic bias potentials inhibit sr segregation.  Possible 
mitigation strategies have been suggested.

collaboration between nEtl regional 
university Alliance (ruA) and Advanced Institute 
for Science and technology (AISt) of japan Kicked 
off.  netl RUA researchers hosted visitors on 
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cathode fabrication processes.  the project published a 
related paper describing generation of ysZ nanofibers 
coated with la0.8sr0.2mno3 in the journal Energy and 
Environmental Sciences.  

operating Sofc cathodes Analyzed by In Situ 
high temperature x-ray diffraction technique.  A test 
stand has been developed at Pacific northwest national 
laboratory that allows anode-supported soFCs to be 
operated in the heating chamber of a high temperature 
X-ray diffractometer, thereby allowing for collection 
of X-ray diffraction (XRd) spectra of soFC cathodes 
under actual operating conditions.  during Fy 2011, 
further improvements were made to the in situ test 
fixture, and XRd spectra were continuously obtained for 
a working lanthanum strontium cobalt ferrite cathode 
over several hundred hours of operation.  Computational 
software was used to analyze the collected XRd patterns.  
this analysis, involving a combination of correlation 
coefficients, determined that a statistically significant 
time-dependent change (i.e., expansion of the perovskite 
lattice) occurred through the duration of the test.

SECA Core R&D – Anodes and Coal Contaminants

Syngas contaminant partitioning Evaluated for 
gasifiers Equipped with low-temperature cleanup 
Systems.  netl researchers recently completed a 
thermodynamic evaluation of the partitioning of 
gasification-derived trace contaminant materials 
in a process stream subjected to conventional low 
temperature gas cleanup technology.  In the theoretical 
study, synthesis gas compositions typical of deployed 
gasification technology are equilibrated at temperature 
(35-50°C) and pressure (300 psia) conditions typical 
of conventional gas cleanup technologies based on 
selexol and amine gas treatment processes.  the study 
quantifies the partitioning of volatile trace materials 
between sour water streams and gaseous streams passing 
to downstream process equipment, and the results 
are pertinent to coupled gasification fuel cell systems 
expected for near-term, large-scale demonstrations.  the 
results indicate that relatively smaller magnitudes of 
trace material pass through low temperature gas cleanup 
systems compared to high temperature (>300°C) systems, 
but volatile elements including hg, P, sb, and se remain 
in gas phase under certain conditions.  the concentration 
of trace materials passing through the low temperature 
cleanup systems is sensitive to water content in the 
process gas.  the full study and results were published as 
an netl technical note, which appears in the seCA 
reference shelf on the netl website.  

remedies found for poisonous Effects of coal 
Syngas Impurities on Sofc Anodes.  Researchers from 
the national Institute for Fuel Cell technology at West 
Virginia University have combined multiple expertises in 

by enhancing the cathode catalytic activity towards the 
oxygen reduction reaction or by providing additional 
surfaces for exchange of oxygen.  experimental results 
obtained on lsm cathodes infiltrated with sdC indicate 
that polarization resistance can be reduced significantly 
compared to uninfiltrated cathodes, and that the portion 
of the cathode that is active towards oxygen reduction is 
increased by at least three times.  the complete results 
have been published in the Journal of Power Sources 
in an article titled “electrochemical characteristics of 
sdC infiltrated lsm cathodes with varied thickness for 
yttria-stabilized zirconia electrolytes.” 

Stable cathode Suitable for Infiltration in 
Solid oxide fuel cell developed.  netl RUA 
researchers have recently completed a total of 800 hours 
performance testing of a soFC with customized 
cathode structure prepared by solution infiltration.  
the infiltration technique introduces precursor solution 
into a backbone cathode to tailor nano-structured 
composite for improved electrode activity.  the 
three-layered backbone cathode composed of sr- and 
Co-doped laFeo3 and sm-doped Ceo2 was fabricated 
using a screen-printing method on an anode-supported 
electrolyte.  the baseline cell produced 440 mW/cm2 
under 0.7 V at 750°C for 500 hours with only 0.7% 
degradation.  Cell tests were continued for another 
300 hours at 750°C after sr-doped laCoo3 infiltration 
on the same cell.  the infiltration demonstrated a 53% 
increase in power density (675 mW/cm2 under 0.7 V) 
and 40% decrease in polarization resistance compared 
to the baseline test.  the research demonstrates that 
a new soFC cathode backbone has been successfully 
designed for solution infiltration.

novel Sofc cathode material generated using 
Electro-Spinning technique.  WVU researchers have 
recently fabricated an soFC cathode material known 
as lsCF using a novel electro-spinning technique 
developed through a collaborative Regional University 
Alliance research activity.  the electro-spinning 
technique and subsequent processing generate ceramic 
fibers with aspect ratios exceeding 40:1 (diameter of 
240 nm, length of 10-20 µm), which are suitable for 
application to soFCs as cathodes.  X-ray diffraction 
and scanning electron microscopy results indicate that 
the material possesses the proper crystallographic phase 
and microstructure, and the fibers have demonstrated 
stability under typical soFC operating temperatures of 
800°C.  lsCF nano-fibers produced by this technique 
are coated with a thin film of Gd0.2Ce0.8o2 in subsequent 
processing steps.  the thin coating provides a stabilizing 
barrier on the lsCF and increases the fiber diameter to 
approximately 400 nm.  efforts are presently underway 
to compare the electrochemical performance of cathodes 
composed of nanofibers generated using this technique 
to that of cathodes generated using more traditional 
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content in the reaction layer formed at the alloy-coating 
interface will likely dominate the electrical resistance 
between the interconnect and the cathode in a soFC, 
and that the ferritic stainless steel alloy used for the 
interconnect should contain at least 17% chromium to 
minimize the thickness of the reaction layer.

manufacturing process for Electrodepositing mn-
co Alloy meets doE targets.  Faraday technology and 
West Virginia University are developing a cost-effective 
manufacturing process for application of (mn,Co)3o4 
spinel coatings onto soFC interconnects to minimize 
chromia scale growth and chromium evaporation that 
can cause unacceptable degradation in the soFC 
electrochemical performance.  the manufacturing 
process involves using pulse reverse electrodeposition 
for application of a mn-Co alloy coating onto the 
interconnect surface and subsequent conversion to 
the (mn,Co)3o4 spinel.  Faraday technology and 
West Virginia University previously demonstrated that 
the electrodeposition process could produce uniform, 
dense, crack-free, well-adhered mn-Co alloy coatings of 
various compositions on a 5 cm x 5 cm t441 stainless 
steel interconnect surface.  A post-deposition thermal 
treatment converted the mn-Co alloy coatings to 
(mn,Co)3o4 spinels in which a coating thickness of 
~3 μm was shown to be sufficient to mitigate chromia 
diffusion after 500 hours of thermal exposure at 800ºC.  
Further revision of the previously reported economic 
assessment based on using batch manufacturing for the 
pulse reverse electrodeposition process demonstrated 
that the innovative coating technology can meet doe’s 
high volume target of 1,600,000 plates per annum for 
250 mW fuel cell stacks at a cost of ~$1.23 per 25 cm x 
25 cm coated interconnect.

long-term Evaluation of protective Interconnect 
coatings Exceeds 2 years.  In previous work, Pacific 
northwest national laboratory systematically 
investigated and applied (mn,Co)3o4 (mC) spinels 
as protection layers on a variety of candidate soFC 
interconnect steels.  Recently, the primary emphasis has 
been on the application of spinel coatings to AIsI 441 
ferritic stainless steel, which is being investigated as 
an interconnect alloy.  A Ce-modified version of the 
coating has been developed to improve the interfacial 
adhesion between the steel substrate and the oxide scale 
that grows beneath the spinel coating.  In long-term 
tests (still in progress), Ce-modified manganese cobalt 
(Ce-mC) spinel coatings on AIsI 441 ferritic stainless 
steel have exhibited low, stable AsR for over 18,000 
hours at 800ºC.  to further improve oxide scale adhesion 
and spallation resistance, a series of surface treatments 
(performed by Allegheny ludlum) is under investigation.  
Ce-mC coatings were applied to the surface-treated 
AIsI 441 and then subjected to oxidation testing at 

experimentation and modeling to address the problems 
associated with impurities in coal syngas and other 
complex fuels when used in soFCs.  Comprehensive 
ex situ and in situ experiments have been performed to 
identify the effects of phosphine, hydrogen sulfide, and 
other coal syngas impurities on the ni/ysZ-based soFC 
anodes.  Recent observations of phosphine contaminant 
indicate faster degradation in the presence of steam 
and reaction of phosphine with ysZ along with nickel.  
nickel- and iron-based prefilters have been shown to 
remove phosphine from syngas fuel effectively to levels 
which are not harmful to the ni-ysZ anode.  With 
proper filter design, the ni-ysZ soFC can operate on 
contaminated coal syngas without degradation over a 
prescribed period of time.  novel anode materials and 
coatings have been designed and demonstrated to be 
effective in resisting the degradation due to common 
syngas contaminants.  Computational modeling has 
been used to study the effect of low concentrations 
of contaminants on performance and structural 
degradation of soFCs, to find correlations for cell 
lifetime predictions, and to aid experimental work.

SECA Core R&D – Interconnects and Contact 
Materials

Surface blasted American Iron and Steel Institute 
(AISI) 441 Improves Sofc Interconnect performance.  
AtI Allegheny ludlum studied post-processing surface 
modifications as methods for increasing metallic 
interconnect performance.  samples from a production 
coil of AIsI 441 underwent various post-processing 
treatments, including desiliconization, surface blasting, 
surface grinding, and temper rolling, while an acid pickled 
mill surface served as a control.  these modifications 
sought to modify the sub-surface or near-surface grain 
structure or chemistry in order to suppress electrically 
resistive phases from forming at the scale metal interface 
during exposure to soFC operating conditions.  they 
were used in conjunction with the application of an 
external oxidation-resistant and electrically conductive 
coating.  these surface modifications neither substantially 
improved nor deteriorated the electrical resistance 
of AIsI 441.  long-term isothermal oxidation testing 
at elevated temperature revealed that surface blasted 
material had improved resistance to scale delamination, 
while temper rolled material suffered from oxide 
spallation.  Results agree with similar testing performed 
at the Pacific northwest national laboratory.  surface 
blasted AIsI 441 should help achieve soFC electrical 
interconnect requirements for lifetimes of 40,000 hours or 
more and should be further evaluated in soFC test cells.

chromium content in Interconnect Alloy and 
reaction layer critical to Sofc performance.  
Auburn University has shown that the high chromium 
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A-cation site doping with Ca, and B-cation site doping 
with Co, ni, and/or Cu.  In addition, studies were 
performed to improve the density of screen-printed, 
sintered chromite interconnects.  screen printing is a 
simple, low-cost process for ceramic soFC interconnect 
fabrication.  however, in general, densification of the 
screen-printed layer is difficult, and modification of 
the process is necessary to increase the density of the 
film.  In addition, application of the thick film to a 
pre-sintered substrate results in sintering constraint in 
lateral directions, which can further retard densification.  
densification at 1,300ºC of screen-printed films under 
constrained sintering conditions was substantially 
improved through the development and optimization of 
a fabrication process based on infiltration of pre-sintered 
layers with water/alcohol solutions containing nitrate 
precursors and complexing agents. 

SECA Core R&D – Seals

Several viable gallio-Silicate glasses for viscous 
Sealing at Intermediate temperatures Identified.  
Alfred University identified two main compositional 
ranges of gallio-silicate glasses as candidate viscous 
sealants for specific operating temperatures.  the 
first glass system is alkali-free and fuses with soFC 
stack components at temperatures as low as 750°C.  
Powdered samples of these glasses crystallize at 850°C 
but remain mostly amorphous after 500 h at 750°C 
and are applicable for operation at 700 to 750°C.  the 
second glass system incorporates a few mol% alkali 
with glass transition temperatures near 600°C.  Bulk 
crystallization occurs at 850°C, but ~60% glass phase 
remains even after 1,500 h to sustain viscous sealing.  
these glasses are stable against 8 mol% ysZ electrolytes 
after 1,500 h at 850°C.  stability was also observed with 
aluminized stainless steel interconnect materials after 
500 h at 850°C where the Al2o3 coatings remain 1 to 
5 μm thick in contact with the glasses.  Viscous sealing 
behavior was observed via crack healing near 810°C.  
the glasses remain completely amorphous after 500 h at 
650°C, and reactions with electrolytes are minimal.  this 
glass system can sustain viscous sealing behavior with 
operating temperatures throughout the entire range of 
650 to 850°C.  

durable glass-mgo Sealing composition for 
high temperature fuel cells Evaluated by helium 
leak testing and In-Stack testing.  materials & 
systems Research, Inc. (msRI) has formulated two 
glass-magnesium oxide sealing compositions for high 
temperature soFCs.  the sealing compositions consist 
of base-glasses into which specific amounts of nanosize 
magnesium oxide are added.  the compositions have 
been tailored to yield specific phases on crystallization, 
resulting in significant reduction in the variability 

800 and 850ºC.  over 12,000 hours of testing at 800ºC, 
and 6,000 hours of testing at 850ºC, the spinel-coated, 
surface-treated coupons have exhibited improved 
spallation resistance compared to spinel-coated mill 
reference coupons.  the surface treatment oxidation 
tests are also still in progress.

new cathode-Interconnect contact materials 
for Sofcs offer high Electrical conductivity and 
Improved mechanical Strength.  the interconnect is 
one of the key components in a soFC stack.  stainless 
steels are typically chosen as interconnect materials for 
intermediate temperature soFCs.  however, metallic 
interconnects can cause power loss and performance 
degradation during operation due to the continuous 
growth of oxide scales and contact resistances.  
therefore, optimization of interconnect materials and 
coatings is a necessary, but not sufficient, condition 
for obtaining stable stack performance.  the complete 
solution to interconnect-related challenges must also take 
into account the electrode/interconnect interfaces.  thus, 
it is necessary to develop a complete materials system, 
which includes not only the interconnect, but also 
stable, high-performance contact materials for cathode/
interconnect interfaces.  many conductive oxides, such 
as those commonly used as cathodes, demonstrate 
high electrical conductivity and chemical compatibility, 
but these oxides usually have low sintering activity at 
typical intermediate temperature soFC stack sealing 
temperatures (825-950°C).  As a result, the cathode/
interconnect contact zone tends to have low mechanical 
strength and durability.  during Fy 2011, Pacific 
northwest national laboratory developed new cathode 
contact materials based on a novel reaction-sintering 
process.  this reaction-sintering approach, which 
utilizes the energy released from the chemical reactions 
of metallic precursors with oxygen molecules in air to 
assist in situ solid-state sintering of the contact material, 
was used to fabricate ni-Co-o and mn-Co-Cu-o based 
cathode contact materials.  After process optimization, 
these cathode contacts exhibited the required low 
electrical resistance, as well as tensile strength on the 
order of 5-10 mPa, which was much higher than the 
strength of conventional cathode contacts (<1 mPa). 

optimization of composition and processing of 
yttrium chromite results in Improved densification 
under constrained Sintering conditions.  yttrium 
chromite-based perovskites exhibit several attractive 
features for soFC interconnect applications over 
lanthanum chromites, such as stability with respect to 
formation of hydroxides, low chemical expansion in 
reducing environments, and chemical compatibility with 
ysZ electrolyte.  In recent work at Pacific northwest 
national laboratory, electrical, thermal, and structural 
properties of yttrium chromite were improved through 



I.  Introduction

16Office of Fossil Energy Fuel Cell Program FY 2011 Annual Report

SECA Core R&D – Cross-Cutting Materials, Testing, 
and Manufacturing

Solid oxide fuel cells tested and Evaluated 
under Extreme conditions.  the naval Undersea 
Warfare Center, division newport (nUWCdIVnPt) 
conducted demonstrations in 2009-2010 focused on 
evaluation of fuel reforming of various fuels for UUV 
applications.  In these experiments, simulated reformate 
was fed into a soFC stack, and the hot anode exhaust 
was used to facilitate steam reforming of s-8, JP-10, and 
methane.  this configuration allowed reformer operation 
using the waste heat and steam supply from the soFC 
stack.  In this way, half the anode recycle loop could 
be verified while protecting the stack from reformate 
that was not yet qualified and might contain species 
detrimental to the stack.  these firsthand demonstrations 
unveiled the limitations of relying on waste heat alone 
to drive the steam reforming process.  While the soFC 
exhaust exited at over 700°C, by the time this stream 
reached the reformer inlet, the temperature had dropped 
to 400°C, which was too low to activate the steam 
reforming catalyst.  therefore, the burner was used 
in the delphi fuel processor to add additional heat to 
the reformer.  this was valuable for the purposes of 
reformer demonstration but not practical for an actual 
UUV system, which cannot afford continual burner 
or catalytic partial oxidation operation that consumes 
considerably more oxygen and lowers fuel efficiency as 
compared to steam reforming.  delphi’s fuel processor 
is designed to operate with a continuous combustor 
channel; thus, its thermal mass is quite large and radiates 
heat away from the catalyst bed.  Another aspect is 
fuel vaporization, which must be precisely controlled 
for liquid fuel feeds in order to minimize carburization 
and respond to power transients.  A gaseous fuel such 
as methane is easier to throttle, and its reforming could 
be accomplished in a variety of locations within the 
reformer bed (and stack).  this reduces concern over the 
issues of fuel vaporization and sooting.  nUWCdIVnPt 
has hence turned its attention towards first generation 
soFC power systems for UUVs that utilize methane 
as the primary fuel.  methane offers similar energy 
metrics to liquid fuels because of its higher hydrogen to 
carbon ratio, which minimizes oxygen consumption and 
carbon dioxide sequestration per unit energy generated.  
methane could also be widely utilized across other 
military platforms while meeting many of the navy’s 
energy goals regarding carbon emissions, energy security, 
and renewable fuels.    

Aerosol Spray deposition Shows promise as 
Sofc component coating technique.  nextech 
materials, ltd. has made significant progress in the 
continuing development of commercially viable 
protective coatings for soFC components.  Aerosol 

of their thermal expansion over time, at elevated 
temperatures.  thermal expansion and crystallization 
data over 2,500 hours at 800°C indicate that Comp.-5 
has the best stability over time while Comp.-3, though 
not as stable, is better than barium-calcium-aluminum-
boron silicate (BCAs) glass.  the compositions were 
fabricated into flexible gaskets by tape-casting, and the 
gaskets were used for helium leak testing.  the leak 
tests on glass/stainless steel seal interfaces suggest 
that compositions 3 and 5 display short-term sealing 
characteristics that are at par with or better than those 
of BCAs glass at 800°C.  data obtained from a three-cell 
stack (sealed with gaskets made from Comp.-5) tested 
at msRI that uses nd-doped laCro3 coating on the 
sealing area of the stainless steel interconnects indicates 
satisfactory sealing performance.  the glass-magnesium 
oxide sealing compositions, when used in combination 
with the protective interconnect coatings, provide 
sealing options that are chemically, thermally, and 
mechanically stable over long durations of operation at 
the operating temperature of the soFC stack. 

Innovative Self-repairable composite Seals 
developed for Sofcs.  A functioning soFC requires 
high temperature seals that prevent the mixing of 
fuel and oxidant streams as well as prevent reactant 
escape to the surrounding environment.  In previous 
years, the University of Cincinnati advanced a novel 
in situ self-healing sealing glass concept.  Glasses 
were fabricated and characterized to advance this 
concept, and seal testing was done to demonstrate in 
situ self-repair capability of the glass seals.  seal tests 
displayed excellent seal performance, including in situ 
self-repair of cracked/leaking seals.  the self-healing 
concept requires glasses with low viscosity at the soFC 
operating temperature of 800°C, but this requirement 
may lead to excessive flow of the glass under load 
in areas forming the seal.  to address this challenge, 
a modification to glass properties such as creep via 
addition of particulate fillers is now being pursued by 
the University of Cincinnati.  the underlying idea is 
that non-reactive ceramic particulate filler is expected 
to form glass-ceramic composite and increase the 
glass transition/glass softening temperatures and seal 
viscosity, thereby increasing the creep resistance of 
the glass-composite seals under load.  In addition, the 
incorporation of an appropriate filler can affect the 
coefficient of thermal expansion of the glass-ceramic, 
thereby providing additional flexibility for developing 
composite sealing glasses with the optimum expansion 
mismatch among materials forming the seal, reducing 
mismatch stresses and improving seal reliability.  the 
University of Cincinnati has successfully identified filler 
materials, fabricated glass-ceramic composites, and 
demonstrated stability for making seals for soFCs.
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stack, forecasting a total stack manufacturing cost of 
$166 per kilowatt, validating seCA’s cost target of $175 
per kilowatt at high-volume production scale.

SECA Core R&D – Fuel Processing

Exclusive patent license Signed with pyrochem 
catalyst corporation.  Pyrochem Catalyst Company will 
commercialize two netl catalysts that reform diesel 
fuel to hydrogen and enable other chemical and refining 
processes.  the licensing agreement marks the first time 
a start-up company has been established using netl 
technologies.  netl research has focused on converting 
heavy hydrocarbons, such as diesel and coal-based fuels, 
into hydrogen-rich synthesis gas, a necessary step for 
fuel cells and other applications.  the high sulfur and 
aromatic content of these fuels poses a major technical 
challenge, since these components can deactivate 
reforming catalysts.  the first of netl’s patent-pending 
technologies relates to using catalysts with a pyrochlore-
type structure to reform hydrocarbon fuels, while the 
second involves a method for designing a reforming 
catalyst.  together, these inventions help overcome 
limitations of current catalysts by efficiently reforming 
diesel fuel while maintaining thermal stability and 
resistance to sulfur, aromatics, and carbon formation.

fuel processing book published.  netl 
researchers have edited a book entitled Fuel Cells: 
technologies for Fuel Processing.  the book, published 
by elsevier in April 2011, is available in hardcover 
and a Kindle version.  several of the chapter authors 
are affiliated with netl, while others are well-known 
global contributors from industry, academia, government 
research laboratories, and foreign institutes.  despite the 
increasing technical and commercial importance of fuel 
cells, few books have addressed the critical subject of 
fuel reforming technology in a comprehensive fashion.  
this book provides an overview of the most important 
aspects of fuel reforming to the generally interested 
reader, researcher, technologist, teacher, student, or 
engineer.  the coverage includes all aspects of fuel 
reforming: fundamental chemistry, modes of reforming, 
catalysts types, catalyst deactivation, fuel desulfurization, 
reaction engineering, thermodynamics, heat and 
mass transfer, system design, and recent research and 
development.  this book will serve as an excellent 
self-instruction book for those new to fuel cells or as a 
comprehensive resource for experts in the area of fuel 
processing.  the material is presented in such a way that 
it can also serve as a reference for graduate level courses, 
fuel cell developers, and fuel cell researchers.

molten catalytic coal reactor to produce high 
methane content Syngas for Sofc power plants.  
netl will generate a high methane content syngas via 
the steam gasification of coal with molten alkali salts 

spray deposition (Asd) has been identified as being 
amenable to large-scale manufacturing and capable of 
enabling low cost (<$2/part) at 400 mW annual stack 
production volumes.  Refined cost and manufacturing 
models have been developed to encompass volumes 
from prototyping through pilot-scale production and 
full-volume production, with strategies identified 
to reduce volume manufacturing costs within each 
regime.  Key process limits have been defined, and 
ongoing lifetime stability testing of mCo coatings is in 
progress to demonstrate the effectiveness of the Asd 
coating approach.  By correlating coating behavior 
with microstructural evolution within the coating/
scale during high temperature oxidation, predictive 
lifetime models based on the mechanical and electrical 
degradation of the coating have been developed.  
these oxidation-based models have been continuously 
validated against the long-term stability experiments.  
Initial efforts have shown that the oxidation resistance 
of the coatings is sufficient to allow more than 
40,000 hours operation.  Accelerated testing protocols 
have been identified for expeditious evaluation of 
oxidation kinetics and prediction of coating lifetime. 

SEcA manufacturing cost targets validated for 
Sofc Stacks through bottoms-up manufacturing 
cost Analysis.  A detailed, process-driven assessment of 
manufacturing costs of 20 kW-scale planar soFC stacks 
was performed for an annual manufacturing volume of 
500 mW.  leveraging existing cell and stack component 
cost models, high-volume process and component design 
investigations, and analysis support from collaborative 
partners, nextech materials, ltd. developed a 
manufacturing system design and cost analysis for its 
soFC stack.  First, a cell cost model was established 
for both nextech’s electrolyte-supported FlexCell and 
anode-supported cells.  manufacturing costs of other 
stack components (endplates, coated interconnects, 
current collectors, and seals) were then determined, with 
endplate analysis activities led by investment casting 
experts BuyCastings.com.  Working with automation 
experts Xigent Automation systems, stack components, 
processes, and labor requirements were evaluated to 
determine appropriate levels of automation and process 
control methods.  Particular attention was given to 
handling requirements of individual stack materials to 
ensure component integrity and quality throughout the 
assembly process.  From these inputs, a stack assembly 
process was defined and all equipment identified in 
order to determine accurate cost contributions to the 
stack manufacturing process.  A facilities layout was then 
created for the stack assembly operation, showing all 
unit operations and material transport systems between 
stations.  Utilizing its manufacturing system design and 
cost analysis process, finally, nextech established a 
comprehensive cost model for its 20 kW-scale soFC 
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biodiesels was successfully performed to demonstrate the 
fuel flexibility of the reformer system.

SECA Core R&D – Modeling and Simulation

micro-Scale model developed to describe oxygen 
reduction on lSm-ySz cathodes in Sofcs.  netl 
RUA fuel cell researchers at West Virginia University 
have recently completed a one-dimensional micro-scale 
model describing oxygen reduction in a lsm-ysZ 
cathode system that is standard in soFCs.  the model 
assumes a detailed oxygen reduction mechanism 
featuring competitive oxygen adsorption pathways split 
broadly between surface and bulk oxygen transport.  
Assumption of competitive oxygen transport pathways 
allows evaluation of oxygen distribution between 
two-phase boundary and three-phase boundary routes 
as a function of the assumed cell power output and 
concomitant global overpotential.  Knowledge of the 
oxygen distribution and associated local overpotential 
(local resistances to transport) is necessary to inform 
more complex models of cathode degradation that 
are needed to accurately predict long-duration soFC 
performance.  this initial version of the model will be 
extended over coming months to three dimensions, 
will include real cathode microstructural information, 
and will be used to make electrochemical impedance 
predictions.  the model was the subject of a conference 
paper presented at the twelfth International symposium 
on solid oxide Fuel Cells (soFC-XII) during the 
electrochemical society’s 219th Annual meeting in 
montreal, Québec, Canada, may 1–6, 2011. 

Sintering of cathode contact materials in 
Sofc Stacks Simulated.  Pacific northwest national 
laboratory has developed modeling tools to evaluate 
the effects of material volume change on mechanical 
stress during formation of the cathode contact layer 
in soFC stacks.  Volumetric changes resulting from 
contact material sintering are important to determine 
residual stresses and reliability for the cell components.  
the previously developed constitutive model was used 
with experimental sintering data for a candidate material 
(lsCF with 3 mol% Cuo as a sintering aid) to simulate 
cathode contact densification in a five-cell planar stack 
during a two-hour 930°C heat treatment.  Contact 
layer stresses after sintering and during electrochemical 
operation were generally within the estimated 15 mPa 
allowable strength, but large regions exceeded the 
allowable strength after stack shutdown.  the final 
relative density reached a maximum of only 72% and 
exhibited significant variation across each cell, but this 
density distribution was similar for all cells in the stack 
and attributed to the stiffness of the cell support frame.  
A beneficial effect on final relative density of the contact 

as catalysts.  the high methane content syngas is an 
ideal fuel for generating electricity in a soFC because 
it significantly reduces the parasitic cooling loads of the 
soFC.  the integration of a molten catalytic gasifier or a 
fluidized bed catalytic gasifier with a soFC is one of only 
a few ways to reach an overall electrical efficiency of 60% 
while allowing the co-production of hydrogen and/or 
methane during times of off-peak electricity demand.  
the goal of netl’s research is to expand the operating 
range of molten catalytic gasifiers.  the operating 
temperature of the reactor has been lowered by using 
mixed alkali salts, and the pressure of the reactor has 
been lowered, while maintaining sufficient production of 
methane, so as to improve integration with soFCs that 
operate at or near atmospheric pressures.  netl has 
successfully operated a new design of the molten catalytic 
reactor.  tests that study the effect of both pressure and 
temperature have been completed, and tests on the effect 
of coal-to-catalyst and carbon-to-steam ratios are nearing 
completion.  netl also conducted exergy analyses of 
two power plant configurations that integrate a catalytic 
gasifier with a pressurized soFC.  In both cases, the 
power plants were ~62% efficient in converting the 
exergy of the coal into electricity. 

cost-Effective diesel reformer operation 
demonstrated for Water neutrality.  Precision 
Combustion, Inc. (PCI) has successfully demonstrated 
efficient, durable, fuel flexible autothermal reformer 
(AtR) operation under water neutral condition.  the 
parasitic losses related to the operation of the fuel 
processor unit were minimized by utilizing a novel 
low pressure nozzle for the introduction of fuel, air, 
and steam to the catalyst in the reformer unit.  this 
low pressure nozzle was further developed, optimized, 
and tested for turndown and cold-start capability.  the 
durability of the nozzle has been evaluated for over 
100 hours by integrating it with an AtR fuel processor 
and operating it with tier II diesel and sulfur-containing 
distillate fuel.  the test demonstrated stable catalyst 
and nozzle performance under water neutral condition.  
this result is significant because it permits reduction 
in parasitic power requirements of an auxiliary power 
unit system while providing uniform flow and reliable 
performance over a wide operating range.  to date, 
the operating conditions of the low pressure AtR unit 
have been optimized and the reactor performance 
has been characterized and evaluated.  Additionally, 
through the Phase II supplemental effort awarded in 
2010, PCI has successfully scaled up the preparation 
method for an alternative, cost-effective catalyst and 
performed multiple tests to determine the applicability, 
effectiveness, and durability of this material for practical, 
low-cost, stand-alone diesel fuel AtR operation.  
Finally, preliminary testing of PCI’s fuel reformer using 
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low cost, regenerable Sorbent developed 
to Enable 100% co2 capture on fuel cell power 
generation Systems.  to achieve efficient power 
production from domestic coal with Co2 capture, 
technologies are needed to oxidize the residual fuel from 
the anode exhaust of soFCs so that the Co2 can be 
isolated.  to economically oxidize residual fuel in the 
soFC anode exhaust, tdA Research, Inc. has developed 
an oxygen sorbent which can burn the residual fuel.  
thus, the fuel is oxidized without being diluted with 
nitrogen and without requiring an air separation unit.  
Recently, experiments have shown that tdA’s oxygen 
sorbent can reduce the residual anode fuel rapidly 
to very low levels (10 ppmv Co and <80 ppmv h2).  
this means the process will be extremely effective at 
completely oxidizing the residual fuel, allowing all 
energy remaining in the anode-off gas to be utilized 
and maximizing the efficiency of the plant.  FuelCell 
energy carried out a preliminary system design (using 
the methodologies and guidelines of the seCA program) 
to assess how the technology best integrates into an 
integrated gasification combined cycle system.  this 
work showed that tdA’s fuel oxidizer increases the net 
system efficiency (based on coal higher heating value).  
the system efficiency when integrated with tdA’s anode 
exhaust fuel oxidizer is 59.25%, compared to 58.50% 
with the seCA baseline oxy-combustion fuel oxidizer 
(exclusive of Co2 compression) at normal operating 
conditions.  the factory power island cost with tdA’s 
fuel oxidizer was also 6% lower at $350/kW versus 
$372/kW for the baseline seCA system with oxy-burner.

Innovative Concepts

direct conversion of coal to power demonstrated 
using liquid tin Anode fuel cell operating on 
Illinois #6 coal.  the direct conversion of fuel to 
energy in a fuel cell is highly efficient.  A new concept 
for direct generation of power from a variety of fuels, 
including coal and biomass, called electroChemical 
looping1 (eCl) has been proposed by Celltech Power 
llC.  eCl combines a new type of fuel cell that uses 
a liquid tin anode and the direct conversion of fuel 
with the liquid tin to simplify multiple processes, which 
reduces inefficiency and lowers capital cost compared 
to other advanced baseload technologies.  For instance, 
there is no oxygen plant or gasifier required.  Celltech 
Power has demonstrated the feasibility of direct coal 
conversion to electricity in a liquid tin anode solid oxide 
fuel cell (ltA-soFC) in a laboratory-scale prototype 
by continuously feeding Illinois #6 coal onto a surface 
of molten tin for 24 hours.  the prototype achieved 

1 the electrochemical aspect refers to the highly efficient 
production of power without combustion while the looping 
concept refers to the shuttling or “looping” of oxygen by the 
liquid tin anode.

layer was observed for a smaller initial grain size or 
thermal expansion coefficient. 

official Software package, user manual, and 
Example cases for two-dimensional (2d) Sofc-mp 
modeling tool released.  the soFC multi-Physics 
(soFC-mP) 2d modeling tool developed by Pacific 
northwest national laboratory was documented and 
released.  this simulation tool is used to quickly evaluate 
the distributions of current density, voltage, species, 
and temperature in tall symmetric soFC stacks.  A user 
manual for 2d soFC-mP was published and includes 
instructions for software installation, model input 
creation, solution, and results evaluation.  the manual 
also includes several example cases to demonstrate 
usage of the software.  An official software package, 
including the installation files, utilities, documentation, 
and example cases, was released.

multi-physics computer code developed and 
tested.  RRFCs has developed a multi-physics soFC 
computer code (mPC) for performance calculations 
of the RRFCs fuel cell structure to support fuel cell 
product design and development.  the mPC is based in 
the stAR-CCm+ (from Cd-adapco) computational fluid 
dynamics software package, which has been enhanced 
with new models that allow for coupled simulations 
of fluid flow, porous flow, heat transfer, chemical, 
electrochemical, and current flow processes in soFCs.  
simulations of single-cell, five-cell, and substrate models 
have been successfully validated against experimental 
data obtained by RRFCs.  the mPC includes a set of 
Java (from oracle) macros to automate stAR-CCm+ 
tasks and an excel (from microsoft) spreadsheet to 
store model inputs.  these features have been extended 
to fully automate all activities within stAR-CCm+ 
(mesh generation, model installation, and running and 
post-processing simulations), which greatly reduces the 
time to build new models and will facilitate mPC use 
outside of the code development team.  

SECA Core R&D – Balance of Plant

reliable high temperature recycle cathode/
Anode blowers made possible for large Sofc power 
plants.  R&d dynamics Corporation has proved the 
feasibility of a reliable high temperature recycle blower.  
the blower is designed such that it can be dually 
used as a cathode or anode recycle blower.  It is high 
temperature capable (up to 850°C), efficient, reliable, 
oil-free, maintenance free, and easily scalable.  the 
recycle blower will increase the overall plant efficiency of 
large soFC power plants.  the blower was manufactured 
and tested at ambient temperature conditions.  
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power density degradation rate that decreased with time 
and approached an asymptotic value over the 1,500 hour 
test.  the observed resistance increase was purely ohmic, 
with no loss in catalytic activity.  Further, the resistance 
change could be directly attributed to the resistance 
associated with the anticipated growth of chromium 
oxide on the stainless steel current collector.  this 
accomplishment contributes to the overall seCA goals 
of <2%/1,000 h degradation and <$100/kW stack cost.

fuzzy logic Schemes Applied to control a fuel 
cell turbine hybrid power plant.  A novel fuzzy 
logic control methodology was developed to regulate 
and track turbo machinery synchronous speed and 
fuel cell cathode mass flow rate of a soFC gas turbine 
(Gt) hybrid.  data from the netl hyper hardware 
simulation facility were used to evaluate performance 
of such control with the sole use of airflow bypass 
valves.  the work utilized empirically derived transfer 
functions as the system model and applied a fuzzy 
logic control algorithm that was tested in a numerical 
environment for various perturbations of turbine load 
and fuel cell heat exhaust.  theoretically, fuzzy logic 
control algorithms could be applied over non-linear 
regions of operating space, or even to scaled systems 
of similar configurations.  the results of the numerical 
study showed that, for a pressurized soFC/Gt hybrid 
system, it is possible to simultaneously track and regulate 
fuel cell airflow and turbo machinery speed with the 
sole use of airflow bypass valves when the perturbations 
remain near the nominal operating point.  the use of a 
nonlinear controller combined with linear decoupling 
and disturbance compensation techniques can facilitate 
the realization of a fuel cell power generating system 
under synchronous operation of the gas turbine 
system.  An article detailing this work was accepted for 
publication in the conference proceedings of the 2011 
energy sustainability and Fuel Cell science, engineering 
and technology conference.    

robust, real-time Spatial Sofc model 
developed for hardware-based Simulation of hybrid 
power Systems.  A one-dimensional, real-time operating 
soFC model has been developed and integrated into 
the hyper facility at the netl.  the model is capable 
of characterizing operation of an soFC and driving 
hardware used to simulate the soFC operating in a 
hybrid arrangement.  hardware used to simulate the 
fuel cell has been physically integrated with significant 
process equipment, including turbo machinery and 
heat exchangers.  the soFC model is also coupled to a 
real-time gasifier model so that fully coupled integrated 
gasification fuel cell dynamics can be evaluated and 
control strategies can be developed.  the capabilities 
of the model were demonstrated through case studies 
investigating soFC internal dynamics during inert 
heat-up and a step change in fuel cell current demand.  
spatio-temporal plots of soFC solid and oxidant stream 

adequate gravimetric separation of reaction products 
(ash and exhaust gas) from the molten tin anode.  this 
provides additional proof-of-concept validation for the 
use of ltA-soFC in a direct coal environment.

the core fuel cell technology for eCl has been 
demonstrated in small scale on complex liquid fuels.  
the commercialization for small power applications 
provides an important link to development of large-scale 
generation technologies.  the current plan of action to 
accelerate eCl development includes further work on 
key risk items at the cell level.  Key risk items such as coal 
ash, contaminant solubility in liquid tin, and the impact 
of contaminants on the performance and durability of 
the fuel cell components are under investigation.  early 
results indicate that molten tin is able to separate, reduce, 
and remove some key contaminants under various 
conditions, thus demonstrating the technical feasibility 
of direct coal conversion in a liquid tin anode.  the 
preliminary system analysis of a 250 mW coal power 
plant using liquid tin shows a system level fuel efficiency 
of 61% with carbon dioxide separation at comparable 
cost.  the eCl roadmap incorporates early revenue 
from markets such as portable power and distributed 
generation, providing near-term reliability improvement 
while reducing the time and risk associated with 
development of baseload applications.

liquid tin Anode Solid oxide fuel cell 
demonstrates Ability to Withstand high Amounts 
of Sulfur.  the most challenging volatile impurity in 
coal for use in a fuel cell is sulfur.  Celltech Power 
llC is exploring the technical merit and feasibility of 
incorporating an ltA-soFC in an in situ gasification 
configuration.  the target fuel for this evaluation is 
Illinois #6 coal, which is the highest sulfur content 
coal (5 wt%) in the United states.  the technical 
approach includes testing the ltA-soFC cell using a 
simulated gas stream of h2s in h2 with concentrations 
comparable with and exceeding the total sulfur content 
in Illinois #6 coal.  Celltech has demonstrated stable 
performance of the ltA-soFC operating on h2 with a 
higher sulfur content (3.6 wt% at high flow rate) than 
the sulfur content in Illinois #6 coal, thus demonstrating 
technical feasibility of the “In situ Gasification” concept. 

low degradation, high performance of lScf-
based Sofcs Successfully demonstrated.  Ge Global 
Research has made significant progress in mitigating 
performance degradation of lsCF-based soFCs.  
A high-performance lsCF-based cathode architecture 
and processing route was demonstrated to have no 
measurable performance degradation over 1,000 hours 
at 800°C measured at 0.7 V using a gold cathode current 
collector.  subsequent test results using 441hP ferritic 
stainless steel current collectors with protective spinel 
coatings, operating at ~1 W/cm2, yielded a 1.9%/1,000 h 
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such as hydrogen, synthesis gas, coal, and biomass.  
Initial research focused on proper formulation of the 
research problem, and the computational methods were 
tuned by comparing with experimental data for liquid 
tin properties (density, structure, diffusion constant) 
and binary tin oxides (lattice parameter, enthalpy 
of formation, phase diagram) until close agreement 
was obtained.  Based on the proven computational 
algorithms and model assumptions, predictions were 
then made for the oxygen diffusion in the liquid tin 
system.  models predict an oxygen diffusion coefficient 
of 9.0*10-5 cm2/sec at 800ºC, and compare very 
favorably with the netl RUA experimentally measured 
value of 9.2*10-5 cm2/sec at 800ºC.  the excellent 
agreement in the tin/oxygen system has permitted 
identification of promising binary and ternary alloys, 
accelerating anode development by limiting the number 
of alloys that must be experimentally investigated.  the 
computational methodology and initial results were 
accepted for presentation at the ms&t ‘11 Conference 
in Columbus, ohio, october 16-20, 2011.  

Advanced Electrolyte-Supported planar Sofcs 
demonstrated.  nextech materials, ltd. is validating an 
advanced planar soFC design for megawatt-scale power 
generation systems.  this design, termed the FlexCell, 
offers intrinsic scalability to large areas, as well as other 
important attributes that translate to high performance 
and efficiency.  the overall goal of the project is to 
demonstrate these promising attributes with electrolyte-
supported FlexCells made with ysZ.  nextech has 
demonstrated high performance in ysZ-based FlexCells 
and has scaled their fabrication to 500 cm2 areas.  A 
manufacturing cost analysis confirmed that full-scale 
(250 mW) production costs of FlexCells will be less 
than $50/kW, and paths were identified to reduce 
costs to less than $40 per kilowatt.  since this project 
was initiated in 2008, nextech has transitioned all of 
its stack fabrication and testing work to ysZ-based 
FlexCells and has fabricated more than 700 FlexCells of 
varying sizes.

Improved flowfield Structures for direct 
methanol fuel cells developed.  nuVant systems, 
Inc. has developed a novel configuration for direct 
methanol fuel cells (dmFCs) that offers the use of highly 
concentrated fuel streams with reduced fuel crossover 
within the fuel cell.  this reduced crossover improves 
the performance characteristics of the fuel cell while 
simultaneously increasing the fuel efficiency and power 
generation per unit volume of fuel solution (also known 
as gross fuel energy density).  this configuration required 
a design of a porous graphite barrier plate that would 
regulate the delivery of methanol fuel (which can be 
synthesized from gasified coal) to the cell electrodes 
while also acting to normalize the fuel concentration 
across the surface of the electrode.  the design of this 

temperature; spatial temperature gradients; and temporal 
temperature derivatives, nernst potential, current 
density, species concentrations, and electrochemical 
losses were all presented, analyzed, and discussed as 
well.  the model algorithms and results were verified 
using benchmarks provided by the International energy 
Agency and national Fuel Cell Research Center.  An 
article detailing this work was accepted for publication 
in the conference proceedings of the 2011 energy 
sustainability and Fuel Cell science, engineering 
and technology conference.  the integrated model 
in the hyper facility is the only hardware-in-the-loop 
simulation of a fuel cell hybrid anywhere in the world.  

nEtl ruA Electrochemically characterizes 
liquid metal Anode Sofc.  netl RUA researchers 
have developed an experimental apparatus and 
measurement techniques that facilitate performance 
evaluation of a novel soFC concept featuring a liquid 
metal anode made of tin.  the liquid metal anode 
systems operate between 800 and 1,000ºC and are being 
investigated for their ability to directly receive processed 
and unprocessed fuels including hydrogen, synthesis 
gas, coal, and graphitic carbon.  the specialized 
apparatus and testing methods developed in this 
research have been used to complete electrochemical 
impedance spectroscopy investigations, which reveal 
the mechanistic processes by which the solid fuel reacts 
with oxygen to produce electricity.  Recently completed 
experiments on hydrogen have collected repeatable, 
low-noise impedance data that exhibit a decrease in the 
mass transfer resistances as temperatures increase.  the 
data are fit by electrochemical impedance models with 
high accuracy, and results are compared to a virtually 
identical reactor at netl in morgantown, West Virginia, 
to ensure data quality.  Kramers-Kronig transformations 
have been performed to validate quality of the obtained 
data, and all observed data have been determined to be 
internally consistent.  equivalent circuit models using 
Gerischer or Warburg elements have been developed 
to describe electrochemical and transport processes in 
the cell.  A full description of the testing apparatus and 
recently collected results was accepted for presentation 
at the 220th electrochemical society meeting in Boston, 
massachusetts, october 9–11, 2011.  

nEtl ruA characterizes oxygen transport in 
liquid tin using ab initio techniques.  netl RUA 
researchers have recently completed ab initio molecular 
dynamics simulations describing the diffusion of oxygen 
through pure liquid tin, and subsequently extended 
the method to screen a series of binary and ternary tin 
alloys for enhanced oxygen diffusion performance.  this 
first known computational chemistry study of a liquid 
tin/oxygen system supports development of the liquid 
metal anode solid oxide fuel cell, an advanced fuel 
cell concept designed for direct fueling with materials 
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improvements in the activity and resistance of the 
fuel cell to deactivation by coking during exposure 
to hydrocarbons.  the development of materials that 
increase the carbon-surface reaction/conversion and 
extend the resistance of the fuel cells to deactivation 
constitutes a key step toward demonstrating the 
technical and economic viability of a coal-based fuel cell.

SECA Adds SBIR Projects

two new Phase I projects were selected in 2011 
under sBIR solicitations.  FCe will develop a catalytic 
heat exchanger for oxidizing residual fuel to provide heat 
for cathode air streams (Fe funded), and materials and 
systems Research, Inc. will develop catalysts for cathode 
infiltration to increase cell power density (Bes funded).  
mo-sci Corporation will reactivate work on a compliant 
seal based on a promising viscous glass as a Phase II 
project.  

2011 Annual SECA Workshop in Pittsburgh, 
Pennsylvania

the seCA program held its 12th annual workshop 
July 26-28, 2011, in Pittsburgh, Pennsylvania.  
Ram sastry, the director of Research & technology, 
Customer & distribution services from American 
electric Power was the featured speaker.  Principal 
investigators of projects made oral and/or poster 
presentations on recent findings, conclusions, and 
recommendations, which will be used by doe to guide 
future work and by to make programmatic and funding 
decisions for the upcoming fiscal years.  the workshop 
proceedings can be found on the program’s website at 
http://www.netl.doe.gov/seca.  

R&D 100 Award 

A coating for soFC interconnects developed 
collaboratively by netl was recognized by 
R&d magazine as among the 100 most technologically 
significant products to enter the marketplace in the past 
year.  these prestigious annual awards, known as the 
“oscars of Invention,” are selected by an independent 
panel of judges and the editors of R&d magazine.  
A manganese-cobalt (mn-Co) spinel coating was 
specifically tailored for interconnects of soFCs.  
the coating was designed to prevent the evaporation 
of chromium from the ferritic stainless-steel-based 
interconnect while maintaining the electrical 
conductivity of the interconnect system.  the coating 
was co-developed with West Virginia University and 
was transferred to Faraday technology Inc., which has 
continued to develop and optimize the coating. 

plate, referred to as an integrated flowfield diffusion 
layer (IFdl), was evaluated and optimized using 
Fluent computation fluid dynamic modeling software.  
Graphite IFdl plates were fabricated and placed within 
a single-cell assembly for testing with dmFC membrane 
electrode assemblies.  these cells were able to achieve 
gross fuel energy densities of up to 781 Wh/l with fuel 
utilizations of over 79% for periods of up to 80 hours.  
Work is continuing with the objectives of increasing 
the gross fuel energy densities to over 1,000 Wh/l and 
demonstrating operation for several hundred hours 
with little or no decrease in power output.  A multi-cell 
stack (several fuel cells electrically connected in series 
in one piece of hardware) has been constructed, and 
testing and evaluation is currently underway to verify the 
performance levels observed in the single-cell mode and 
to identify cell-to-cell variations.

multifuel Small Scale Sofc distributed 
generation System demonstration Sites Selected 
and design completed.  technology management, 
Inc. (tmI) has completed site selection and system 
design for a demonstration at end-user sites of the 
tmI residential scale prototype soFC system.  the 
tmI system is expected to provide the basis for a new 
paradigm for power production and integration to utility 
smart grids – massively distributed generation.  these 
small scale systems would operate 24 hours a day, 7 days 
a week on either conventional or renewable biofuels, 
producing cost-effective, uninterruptible electric power 
for on-site use and grid export with the option for 
recovered heat for cogeneration, thereby transforming 
today’s residential power grid.  small on-site generation 
provides a critical missing component to the smart grid 
equation – intelligent on-site power generation that can 
adapt to user loads.  

highly Active cu-ni/ySz Anodes demonstrated 
for direct Electrochemical oxidation of hydrocarbons 
and Solid carbon fuels.  the University of Akron 
has synthesized and characterized Cu-ni/ysZ anode 
catalysts for their activity towards direct electrochemical 
oxidation of hydrocarbons and solid carbon fuels.  the 
catalysts were prepared by electroless deposition of 
copper (i.e., Cu0) over conventional ni/ysZ anodes.  
the activity of the Cu-ni/ysZ and ni/ysZ anodes 
was investigated by measuring the performance of the 
fuel cell (i.e., the voltage-current polarization curves) 
in h2, Ch4, and carbonaceous materials (i.e., pet coke, 
coal, and biomass).  the microstructure and chemical 
composition of the anode electrodes prior to and after 
testing experiments were studied by scanning electron 
microscopy and energy dispersive spectroscopy.  Initial 
results from this study show that electroless deposition 
of Cu over the ni/ysZ anode can lead to dramatic 
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market, expected growth in energy demand, and the 
age of the existing power plant fleet.  this is particularly 
important to the nation’s energy security, given that coal 
is our most abundant domestic energy resource.  Federal 
funding support of this research is appropriate given the 
game changing nature of the technology, accompanied 
by risks higher than the private sector initially can 
accept.  In parallel, seCA Industry teams will take 
advantage of the inherent scalability and fuel flexibility of 
soFCs in seeking nearer-term, smaller-scale commercial 
applications for this efficient, environmentally friendly 
technology which have less risk than a first-of-a-kind 
full-scale IGFC (or nGFC) system.  success in these 
spin-off applications (e.g., distributed generation, military, 
etc.) will further soFC technology advancement and 
widespread commercial deployment through the resultant 
manufacturing and operational experience.

Summary

seCA met its final power block cost goal of 
$400/kW (2000 dollars) in 2010.  driven by Industry 
team feedback and extensive systems analyses, seCA 
is now aggressively pursuing R&d to address remaining 
commercialization hurdles, with particular emphasis 
on soFC stack robustness, reliability and endurance.  
the near- to mid-term goal is the validation of scaled, 
low-cost entitlement stacks in a system configuration, up 
to and including modules suitable for use as the building 
blocks of multi-mW systems.

seCA will ultimately enable fuel cell-based 
near-zero emission coal plants with greatly reduced water 
requirements and capable of capturing 99% of carbon 
at costs not exceeding the typical cost of electricity 
available today.  Achievement of this goal will have 
significant impact for the nation, given the size of the 
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Fiscal Year (FY) 2011 Objectives 

Improve anode supported solid oxide fuel cell (soFC) •	
components to enhance cell performance, lower 
performance degradation rate, and decrease cost.

Incorporate the cell component improvements in •	
fabrication of scaled-up cells and stacks. 

enhance stack robustness and reliability during •	
assembly, conditioning, transport and operation 
(steady-state and transient) at system representative 
conditions.

Conduct a 5,000 h test of a 96-cell, scaled-up •	
(15 kW) stack to demonstrate a steady-state 
degradation of <2%/1,000 h.

Verify factory cost of soFC stack is •	 ≤$175/kW  
(2007 United states dollars [Usd]) at high 
production volumes.

design, fabricate and test an assembly of 60 kW •	
stack module hardware to demonstrate fit, finish 
and functionality of the components design and 
assembly procedures.

develop the preliminary design of a ~250 kW •	
proof-of-concept module (PCm) unit, including 
soFC stack module and balance-of-plant (BoP) 
equipment, for future demonstrations.

FY 2011 Accomplishments 

Improvements in cell materials have reduced •	
performance degradation at 750°C to <0.3%/1,000 h 
(at 500 mA/cm2, over ~16,000 h period), in 
an 81 cm2 active area cell.  Cell performance 

degradation rates at 650°C and at 800°C have also 
been reduced to <0.5%/1,000 h (at 500 mA/cm2, 
over 5,000-11,800 h test periods), in 81 cm2 active 
area cells.

thin anode substrate cells with increased •	
mechanical strength have been developed for cost 
reduction and improved operating performance.  
these cells, scaled up to 550 cm2 active area (25 cm 
x 25 cm cell size) and implemented in 16-cell stacks, 
have shown a performance improvement of up to 
8% at high fuel utilization conditions compared 
to baseline cells (Phase I).  these cells offer cost 
reductions of 20-30% through material reduction 
and processing time optimization, corresponding to 
a savings of ~$20/kW.

manufacturing processes were developed for •	
scaled-up (25 cm x 25 cm) cells based on the third 
generation of high-performance technology using 
tape-casting, screen-printing and co-firing (tsC-3) 
process, optimized to take advantage of the new cell 
materials and thin cell technology. over 1,000 thin 
cells have been fabricated. 

A 120-cell stack built for the Phase II metric test, •	
using thin tsC-3 cell technology, generated 25.2 kW 
of peak power (over 22 h test period).  the stack 
generated a direct current (dC) power output of 
20.2 kW during long-term steady-state testing at 
normal operating conditions.  the 120-cell stack 
metric test successfully met doe’s requirement 
of completing 1,500 h of testing before end-of-
Phase II, with an average power degradation 
rate of 0.9%/1,000 h which is well below doe’s 
requirement of ≤2%/1,000 h. 

the first 96-cell stack block, representative of •	
the manufactured building blocks for large-scale 
modules (>250 kW), was fabricated and tested.  test 
procedures were developed for the final quality 
control and check of the assembled stacks prior to 
integration in the stack modules.

design of the 60 kW soFC power module, an •	
intermediate step in module development, has been 
completed.  the bill of material and engineering 
drawings for the 60 kW module have been prepared.  
Components for the 60 kW module were fabricated.  
tests of the assembled components, including four 
mock stacks, are planned for the last quarter of Fy 
2011.

design of the system configuration for the 250 kW •	
soFC PCm, offering an electrical efficiency of 61% 
(based on lower heating value of natural gas), was 
further developed.  As part of the BoP component 
related testing, performance testing of the pre-
reformer monolithic catalyst has been conducted, 
showing that the catalyst meets process requirements.  

II.A.1  SECA Coal-Based Systems – FuelCell Energy
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A baseline integrated gasification fuel cell (IGFC) •	
system (~670 mW nominal) utilizing catalytic 
gasification and capturing >99% of carbon (as 
Co2) in the syngas was developed with an electrical 
efficiency of 58.7% (high heating value [hhV] of 
coal), surpassing the U.s. department of energy 
(doe) target for an atmospheric pressure soFC 
plant.  the baseline system was designed to 
consume 75% less water compared to pulverized 
coal combustion plants utilizing scrubbing 
technology for carbon capture. 

Factory cost estimates for both the stack and power •	
island of the baseline IGFC power plant were 
developed and audited by a third party auditor.  
the soFC stack cost estimate is $85/kW and the 
power island (IGFC plant) factory equipment cost is 
$372/kW ($287/kW BoP cost).  the cost numbers 
are based on the peak power output of 671.8 mW 
net alternating current (AC) and 2000 Usd, and 
assume annual production level of two plants per 
year.  the cost estimated exceeded the solid state 
energy Conversion Alliance (seCA) Phase II 
targets of ≤$100/kW (2000 Usd) and ≤$400/kW 
(2000 Usd) for stack and power island costs, 
respectively. 

Introduction 

FuelCell energy, Inc. (FCe) is in Phase III of a 
multi-phase project to develop soFC modules and 
power blocks for application in coal-based IGFC power 
plants.  the primary objective of the project is to develop 
affordable and highly efficient multi-mW soFC systems 
that have near-zero emissions of oxides of sulfur and 
nitrogen, low water consumption, and capture >90% of 
greenhouse gases (carbon dioxide).  

FCe utilizes the soFC technology of its partner, 
Versa Power systems, Inc. (VPs), in the development 
of IGFC power plants.  VPs has well-established 
processes, quality control procedures, and equipment 
for the manufacturing of fuel cells.  Key research and 
development activities for the project include: improving 
cell and stack operating range, improving stack 
reliability and robustness, reducing cell and stack costs, 
and reducing cell performance degradation.  system 
development activities consist of completing conceptual 
design and factory cost estimation for the soFC cell 
stack and power island of the multi-mW baseline power 
plant, and developing the preliminary design for a 
250 kW PCm unit power plant.

Approach 

Fuel cell development work has been focused on 
key cell issues related to cost reduction, endurance 

improvement and performance enhancement.  the 
main technical approach includes extension of the 
operating temperature window, reduction of average 
operating temperature, thermo-mechanical strength 
improvement, and scaled-up cell stack fabrication 
process development.  the emphasis is placed on 
the development of a thin anode substrate with 
increased thermo-mechanical strength.  material 
solutions with enhanced electrochemical properties 
have been evaluated.  Various cell component design 
considerations, such as anode substrate thickness and 
porosity, have been evaluated to identify the optimum 
cell configuration for operation at high power density on 
coal syngas.  Parameters such as performance (power, 
thermal management, and efficiency), design simplicity, 
technical risk, manufacturability, and cost have been 
considered in the design selection process. 

Baseline power plant conceptual design focused on 
evaluation of process alternatives that increase power 
plant efficiency, meeting carbon capture requirements, 
and minimizing cost of the power plant’s power island.  
Various process configuration analyses and parametric 
studies were conducted considering voltage, current 
density, fuel utilization, stream recycle levels, and 
process components.  Concurrent with the baseline 
power plant design work, conceptual design of a 
PCm test unit continued with process configuration 
evaluations and operating parameter studies.

Results 

the on-going endurance tests of the improved 
cathodes and modified anodes in single cells (81 cm2 
active area) continue to demonstrate very low 
performance degradation rates at 750°C.  A cell test 
has accumulated over ~16,000 h with an average 
performance degradation rate of less than 0.3%/1,000 h 
(at 500 mA/cm2), as shown in Figure 1.  to expand 
the operating temperature window (for stack 
implementation of the cell technology), the performance 
degradation rate at temperatures other than 750°C, in 
the range 650-800°C is also being reduced.  Based on 
better understanding of the degradation mechanism and 
material improvements, the performance degradation 
rates at 650°C and at 800°C have been reduced to 
<0.5%/1,000 h (at 500 mA/cm2), over 5,000 h test 
periods.  the test at 650°C has accumulated over 
11,800 h.

A major advancement in the soFC technology 
area was the development of thin anode substrate cells 
for cost reduction.  Improving intrinsic anode substrate 
strength is one of the key strategies for implementing 
thinner cells in a stack.  A new set of anode substrate 
materials were developed which imparted mechanical 
strength to the thin structure.  the research and 
development efforts were also focused on increasing 
the hydrothermal stability of the new anode substrate 
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material to resolve the issues related to the crystal phase 
transformation in the presence of moisture.  scaled-
up thin cells with 40% reduction in anode substrate 
thickness and 25 cm x 25 cm cell size (550 cm2 active 
area) were produced using the tsC-3 process.  thin 
cells offer cost reductions of 20-30% through material 
reduction and processing time optimization.  this 
corresponds to a cost reduction of ~$20/kW.  Cell 
manufacturing process development effort has been 
focused on 25 cm x 25 cm thin cells.  over 1,000 thin 
cells have been fabricated.  the overall process yield has 
been improved as the advanced thin cell technology is 
moved from the research and development stage to the 
pilot manufacturing stage.  

long-term endurance tests of advanced pre-
coated interconnects and cathode corrugations (flow 
media) in stacks have shown very low performance 
degradation rates.  the 28-cell (121 cm2 cell active 
area) stack test evaluating the pre-coated interconnect 
material has accumulated over 18,000 h of operation 
with a degradation rate of 0.4%/1,000 h, as shown in 
Figure 2.  the 32-cell (550 cm2 cell active area) multi-
metal stack test featuring tsC-3 cells and alternating 
layers of the advanced pre-coated alloy and baseline 
stainless steel cathode corrugations (contact/flow media) 
has accumulated over 10,000 h with a degradation rate 
of 1.06%/1,000 h for the advanced pre-coated alloy 
cell group compared to that of 1.96%/1,000 h for the 
stainless steel cell group.

A stack tower (so-30-4) was assembled consisting 
of two 92-cell stacks utilizing the 550 cm2 active area 
tsC-3 cells.  the tower was tested in a module enclosure 
environment, with fuel compositions representative of 
the system (simulated baseline power plant fuel gas).  
the peak power test achieved 30.2 kW dC output at 
200 A and 151.0 V, with a fuel utilization of 54% and 
an air utilization of 12.6%.  Following the peak power 
test, under the noC (normal operating condition) 

steady-state hold, the stack tower produced an output 
of 27.0 kW of power at 185 A and 146.0 V, with a fuel 
utilization of 70% and an air utilization of 13.5%.  
overall, the stack tower operated for >1,900 hours with 
a power degradation of 1.89%/1,000 h, based on linear 
regression for the noC portion of the test, exceeding the 
targeted value of 2%/1,000 h.  the tower tests verified 
the building block approach, i.e., using factory stack 
blocks to assemble large arrays of towers in mW-scale 
modules.

A 120-cell stack, using the latest tsC-3 cell 
technology (550 cm2 active area), was built for Phase II 
metric tests.  the stack featured thin tsC-3 cell design 
with thin interconnects.  over a 22-h peak power test 
period, the stack generated 25.2 kW.  this corresponded 
to an average cell voltage of 831 mV at 459 mA/cm2 
and a power density of 381 mW/cm2.  Following the 
peak power test, noCs were established for the long-
term steady-state test.  the stack performance at noC 
corresponded to an average cell voltage of 835 mV at 
367 mA/cm2 and a dC power of 20.2 kW.  the 120-cell 
stack metric test successfully met doe’s requirement 
of completing 1,500 h of testing before the end of 
Phase II, as shown in Figure 3.  the steady-state average 
power degradation rate of the stack is 0.9%/1,000 h 
which is well below the Phase II doe requirement of 
≤2%/1,000 h.

subsequent to the 120-cell stack tests, the next 
generation of 96-cell stack block was designed utilizing 
the advances in the tsC-3 cell and stack technology 
developed in Phase II of the project.  A picture of 96-cell 
stack installed in the test stand after the assembly is 
shown in Figure 4. 

the soFC module concept development focused on 
the design of a 250 kW module, based on a stack tower 
array of eight towers, each tower containing two 96-cell 
stack blocks.  the towers are arranged in two quads of 
four towers, with each quad assembled on a single fixed-
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end base.  the quad base design, providing the support 
structure and facilitating the gas flow distribution to 
towers, is in progress.

the soFC power module development path from 
the current 30 kW (two-stack tower) size to the 250 kW 
(two, four-tower quads) size includes a 60 kW size 
module as the next intermediate step (for validation 
testing before continuation of module scale up).  design 
of the 60 kW module was completed.  engineering 
drawings for major non-repeat components have 
been prepared for manufacturability review.  module 
components have been fabricated, including: vessel 
base and enclosure shell, module internal bellows, fuel 
gas heat exchanger, tower quad base, buss bar and 

combined compression plate.  Figure 5 shows the three-
dimensional view of the 60 kW stack assembly including 
4 x 96 cell stacks arranged on a quad base. 

the conceptual design for the PCm test unit 
is progressing with equipment sizing and selection 
ongoing.  A heat-up plan was developed to guide design 
of necessary plant start up equipment.  BoP equipment 
related testing has also been performed.  test results 
from performance testing of pre-reformer monolithic 

Figure 5.  60 kW SOFC Stack Module Assembly

Figure 4.  96-Cell Stack Assembly and Stack Installed in Test Stand

Figure 3.  Performance Stability of 120-Cell Stack (Average Cell Voltage and Stack Power)
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catalyst have shown that the catalyst meets the process 
operating temperature requirements while providing the 
necessary level of reforming.

Advanced Baseline system configuration 
development and analysis resulted in a highly efficient 
coal-based power plant.  the system employs catalytic 
gasification and warm gas cleanup to provide syngas fuel 
for the soFC.  the system also employs oxycombustion 
of the anode exhaust for Co2 capture using a portion 
of the oxygen from the air separation unit at the 
gasification site.  the power plant is estimated to have 
an electrical efficiency of 58.7% based on hhV of coal, 
while capturing >99% of carbon (in the syngas) as Co2.  
the conceptual layout of the baseline system’s power 
island is shown in Figure 6.  the power island consists 
of eight sections, with 42 fuel cell modules per section.  
the soFC module sections are grouped with four 
sections on each side of the central syngas expander, 
oxy-combustor, hRsG (heat recovery steam generator), 
and steam turbine.  Piping from the centralized system 
equipment to the fuel cell modules is located between 
groups of fuel cell clusters.  Clean syngas is distributed 
and anode exhaust is collected by the centralized power 
island equipment.  the soFC system consumes 75% less 
water compared to pulverized coal combustion plants 
(using scrubbing technology for carbon capture), due to 
the ease of water recovery from the anode exhaust.  A 
Phase II factory cost analysis for the fuel cell stack and 
the baseline power island was performed.  the power 
island factory equipment cost is $372/kW including 
soFC stack cost of $85/kW and BoP cost of $287.  
the cost numbers are based on a peak power output of 
671.8 mW net AC, assuming a production of two power 
plants per year.  this requires the production of 43,008 
stacks (stack building blocks) per year.  the factory cost 
estimates are less than the seCA goals of $100/kW and 
$400/kW for stack and power island costs, respectively. 

Conclusions and Future Directions

Advances in thin cell technology, combined with 
improvements in cell material, have resulted in leap-
frogging developments in both reduction of stack cost 
and increased cell performance.  A new generation of 
cells (tsC-3), combining the improved cathodes and 
modified anodes with thin cell technology, have been 
scaled up to 550 cm2 active area.  stacks made from 
these cells have been operated successfully at fuel 
utilizations in excess of 80% and system representative 
gas compositions.  new ground was also broken in stack 
scale up technology.  the stack building block, based on 
the 550 cm2 active area cells, was scaled up successfully 
from 64 to 92 cell count in a cell stack.  Performance 
characterization tests at system representative conditions 
have demonstrated the 92-cell block dC power output 
of 18 kW.  the large cell area in combination with 
increased stack cell count is aimed at the reduction of 
the overall stack cost.  Cost analysis for the baseline 
power plant system (>400 mW) has shown that the 
doe cost target of $400/kW (2000 Usd) was met by 
the system developed.

the recently initiated Phase III of the seCA project 
will focus on design and fabrication of a PCm power 
plant unit with a beginning-of-life capacity of ~250 kW, 
paving the way to future multi-mW power plant 
demonstration and commercialization opportunities.  
Research and development activities will focus on 
supporting improvements in stack fabrication for 
increased reliability, better materials-of-construction, 
scaled-up cell manufacturing processes, and BoP 
equipment design.  Future cell development efforts 
are focused on expanding the operating temperature 
window to accommodate larger temperature gradients 
in a stack while focusing on reliable, robust operation.  
Fabrication, testing, and post-test analyses of the fuel 

Figure 6.  672 MW Coal-Based SOFC Power Island Layout  
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cells and fuel cell stacks, culminating in the test of a 
≥30 kW stack tower for 3,000 h or more, is also planned 
for Phase III.  the stack tower test shall meet doe cost 
goal of ≤$175/kW stack (2007 Usd) and endurance 
goal (≤1.5%/1,000 h steady-state degradation).  
A 60 kW module, an intermediate step in module 
development, will be assembled for validation testing 
required for continuation of module scale up.  the test 
of the thermally self-sustaining 60 kW module will be 
conducted for >1,500 h using system process conditions 
and gases.
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Fiscal Year (FY) 2011 Objectives

select the next generation active cell layers to carry •	
forward into metric stack testing.

demonstrate through subscale testing that the Rolls-•	
Royce cell/stack technology can meet the solid 
state energy Conversion Alliance (seCA) Phase I 
power degradation targets of <2%/1,000 hours.  

Complete modification and commissioning of block-•	
scale pressurized test rigs for running the metric 
stack tests.

Commence the metric stack test that will run 5,000 •	
hours.

Prepare a Factory Cost Report that estimates the •	
high volume manufactured cost of the solid oxide 
fuel cell (soFC) power module for a 100 mW 
integrated gasification fuel cell (IGFC) plant.

FY 2011 Accomplishments

A next generation cell technology having an area •	
specific resistance (AsR) of 0.29 ohm-cm2 was 
selected for the ~10 kW to ~20 kW block-scale 
durability and reliability metric tests.  the cumulative 
power density improvement of single cells has been 
73% since the beginning of the project.

durability testing of the selected cell technology •	
under system relevant conditions is showing 
an average power degradation rate of 
<0.5%/1,000 hours at the 8,500-hour mark, with 
testing continuing.  Key degradation mechanisms 
have been identified with candidate optimized cell 
layers being screened for further reduction in the 
degradation rate.

A new pressurized block test rig in Canton, ohio, •	
has been commissioned and a second rig in the 
United Kingdom (UK) has been modified to 
accommodate the next generation stack technology.  
the rigs will be used for the metric tests to 
commence in late Fy 2011.

A draft Factory Cost Report incorporating all the •	
subsystems for the 100 mW power modules of the 
IGFC power plant was submitted and projects costs 
at <$700/kW for peak power densities expected 
from the metric test.  

Introduction 

the Rolls-Royce Fuel Cell systems (U.s.) Inc. 
(RRFCs) seCA Program is aimed at demonstrating the 
viability of the RRFCs integrated-planar solid oxide fuel 
cell (IP-soFC) technology, which is being developed 
for the distributed energy market, for eventual scale up 
to a megawatt scale system suitable for incorporation 
into centralized power generation facilities employing 
coal gasification and carbon sequestration.  IGFC 
systems offer efficiencies of >50% (higher heating value), 
inclusive of Co2 capture.  the RRFCs stack concept is 
based on thin planar cells which are series-connected on 
a fuel-carrying porous ceramic support substrate [1-3].  
these active substrates are the elemental building 
blocks of the fuel cell stack and are grouped together 
to form a megawatt-scale IP-soFC system as shown 
in Figure 1.  these cells are applied onto the substrates 
using well established thick film screen printing 
techniques.  Contrary to other soFC developers who 
seek ever larger single cell active areas, RRFCs desires 
smaller cells to reduce current levels and achieve lower 
ohmic (I2R) losses.  RRFCs currently prints 60 cells of 
~1.3 cm2 on each side of the substrate.  this represents 
a switch in design philosophy from a low voltage, high 
current fuel cell to a high voltage, low current approach.  
substrates having the narrow 60-cell design (adopted 
pre-seCA) allow the use of lower conductivity and 
lower cost-basis materials to meet in-plane conductance 
requirements which has been an important materials 
substitution for achieving the doe costs targets of 

II.A.2  SECA Coal-Based Systems - Rolls-Royce
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<$700/kWe (in 2007$).  Fy 2011 activities were focused 
on durability testing of the selected lower cost and 
optimized active cell layers of the 60-cell IP-soFC 
technology to demonstrate meeting the seCA Phase 1 
degradation targets of <2%/1,000 hours.

Approach 

the RRFCs soFC system operates at pressures 
up to 7 bar.  Benefits of pressurized operation are 
improved IGFC system efficiency (doe system models 
predicting 57% efficiencies inclusive of Co2 capture) 
[4] with higher volumetric power densities allowing 
smaller footprint.  RRFCs has developed in-house 
designed pressurized test stands ranging from subscale 
substrates for testing single and 5-cell articles, bundle 
rigs (~350 W) which tests the fundamental stack 
assembly unit, stack block rigs (~20 kW) and tier rigs 
(~125-250 kW).  All scales of test rigs can duplicate 
the operating conditions planned for the commercial 
power systems and thus serve as the source of initial 
pre-commercialization verification of the long-term 
durability of the cell and stack technology.  subscale 
test units are highly instrumented to allow detailed 
breakdown of AsR between ohmic versus polarization 
contributions and to identify degradation sources 
between that of the anode, cathode and interconnect 
cell layers.  these subscale tests are run at the extremes 
and mid-points of block temperature and fuel utilization 

to bracket degradation trends and provide estimates 
of the degradation trends for larger scale tests.  Cell 
technologies meeting target degradation rates in 
subscale test are then tested at bundle then block 
level.  electrochemical models are used to analyze the 
performance results at all scales. 

the stack block is the heart of the RRFCs 
soFC power system.  It contains the fuel cell stack 
and components of the fuel and air sub-systems that 
establish the thermal, flow and compositional boundary 
conditions for the stacks.  the stack block is the basic 
repeat unit which will be packaged into the generator 
module illustrated in Figure 1.  testing at the block-
scale provides representative durability and reliability 
testing of future product and such tests will provide 
the foundational database validating the commercial 
readiness of the RRFCs soFC cell and stack 
technology.  Product representative balance-of-plant 
components and features such as the insulation system, 
ejectors, and heat exchangers are included in the block 
test rigs to provide crucial system-level qualification as 
necessary to shorten the path to commercialization.  the 
block rigs achieve product level heat balancing including 
representative fuel and air recycle loops and provide 
for thermal self-sustaining block tests.  the University 
of Connecticut is performing assessments of the alloys 
selected by RRFCs for the balance-of-plant components, 
with particular emphasis on chromium release rates and 
alternate alloys and/or coatings for mitigating chromium 

Figure 1.  Schematic of the Planned RRFCS 1 MW Distributed Power Generation System
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volatility to minimize long-term degradation associated 
with chromium poisoning of the cathode.  

manufacturing of the fuel cell stacks are performed 
on the Process Verification line (PVl) located in Canton, 
ohio, and includes a screen printing line representative 
of that required for a high volume factory.  Current 
substrate/cell sizes and stack architecture are that 
planned for market entry product.  the experience on the 
PVl along with the current stack assembly operations 
have guided the inputs for the activity-based cost model 
that was developed for estimating the high volume 
manufacturing costs for the soFC power module.  
Projected power module costs meet the <$700/kW seCA 
target; the final cost estimate will be based on the peak 
power output derived from the metric stack test.

not only must the fuel cell stack meet 
electrochemical performance and durability targets, it 
must demonstrate structural integrity to meet reliability/
mean-time to failure necessary for commercial launch.  
stack mechanical reliability is being investigated in 
collaboration with oak Ridge national laboratory where 
detailed mechanical characterization of the substrate 
is being performed.  substrates with the permeability 
characteristics for low diffusive losses are being supplied 
to RRFCs, and the as-received substrate and fully 
processed active substrates meet the specified strength 
requirements supported by finite element analysis.  
Further validation of the stack reliability will be obtained 
by thorough residual property measurements of stack 
components following long-term block-scale testing.  

Results

Based on subscale-level testing and post-test 
analysis results, RRFCs made a final selection of the cell 
layers to carry forward into more exhaustive durability 
testing up through stack-block metric testing.  the 
selected cell technology incorporated an optimized 
primary interconnect between adjacent cells of the 
substrate that mitigated a significant materials migration 
degradation mechanism that had resulted in accelerating 
interconnect ohmic AsR degradation in the first 
1,000 hours.  the primary interconnect has now shown 
stable AsR at <0.05 ohm-cm2 out to nearly 9,000 hours 
of testing.  the overall durability of the selected cell 
technology is highlighted in Figure 2 where power 
degradation rates of <0.29%/1,000 hours at stack-block 
midpoint conditions (860°C, mid-stack fuel composition) 
and <0.34%/1,000 hours for the most aggressive 925°C 
and 80% fuel utilization boundary condition have been 
demonstrated for subscale tests.  these tests provide 
confidence in the ability of the cell technology to deliver 
the <2%/1,000-hour Phase I target degradation rate.  

electrochemical impedance spectroscopy (eIs) 
is routinely performed on the subscale test and the 
results of that analysis suggest that the dominant 

degradation mechanism is associated with the cathode.  
detailed transmission electron microscopy and electron 
energy loss spectroscopy reveals some cathode phase 
segregation and optimized lanthanum strontium 
manganite-based cathode compositions are currently 
being screened to further lower the cell degradation 
to the levels required by doe seCA and RRFCs for 
soFC products exhibiting service life of greater than 
40,000 hours.  Anode degradation mechanisms, although 
not identified by eIs as significant for testing out to 
8,000 hours, are a focus area of cell development for 
longer service life.  optimized and alternate anode 
technologies are being screened to limit microstructure 
coarsening and nickel volatility.    

the selected cell technology is being qualified in 
a pressurized bundle test.  the performance curves for 
a bundle operating at 6.4 bara and 860°C is shown in 
Figure 3.  the AsR at this representative average block 
temperature and fuel composition is 0.28 ohm-cm2.  the 
stack technology was optimized last year to achieve 
improved fuel flow uniformity throughout the bundle 
to allow operation at high (greater than 80%) fuel 
utilization while avoiding regions of local fuel starvation 
that could adversely impact long-term degradation 
rates.  Figure 3 shows that the outlet substrate 6 of the 
bundle reached 90% fuel utilization with only limited 
diffusion losses.  the experimental data matches closely 
that predicted from electrochemical models providing 
confidence in the accuracy of the models and their use 
in assessing performance of larger scale tests.  Bundles 
running at 80% fuel utilization, corresponding to a 
stack direct current electrical efficiency of ~64%, show 
degradation rates very similar to that obtained on 
subscale test articles.

over the past years, RRFCs has been operating 
pressurized block-scale test stands in the UK with stacks 
comprised of an earlier stage cell technology.  these 
test rigs have shown reliable operation.  A block test 

Figure 2.  Subscale Test Article Degradation Rate of Cell Technology 
Selected for Phase 1 Metric Stack-Block Test
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stand (Figure 4) has been installed in Canton, ohio, 
funded by both the ohio’s third Frontier program 
and RRFCs capital.  the test stand has been modified 
under the seCA program to achieve the required 
IGFC system cycle configuration allowing separation 
of anode and cathode gas streams as is required for 
Co2 sequestration.  the IGFC system now closely 
matches the RRFCs revised natural gas cycle achieving 
commonality in the soFC power module systems 
for both coal-fired centralized and natural gas-fired 
distributed power generation markets and allowing 
nearer-term demonstration of distributed generation 
system to provide validation of the technology for future 
IGFC plants.  As shown in Figure 4b, the assembled 
block for these tests have a high level of system thermal 
integration incorporating cathode and anode recycle 
loops and including key product component features.  
the strips for the Phase I metric test are completing 
assembly and the test is scheduled to start Q4-Fy 2011.  

Conclusions and Future Directions

In Fy 2011 RRFCs has made significant progress in 
validating the durability of its cell technology.  subscale 
articles tested from 7,000 to 9,000 hours at average and 
extreme stack conditions have exhibited degradation 
rates well below the seCA Phase I requirement of 
<2%/1,000 hour over a 5,000-hour testing period.  Block 
tests at 10-15 kW in scale will commence in the late 
Fy 2011 timeframe.  the test rigs for the metric tests 
already incorporate generator module product features 
that provide for thermal self-sustaining metric tests 
that are not required until seCA Phase II, hence these 
Phase 1 tests will provide an accurate assessment of the 
performance and durability of the RRFCs technology 
under conditions highly representative of future 
power modules for both IGFC and distributed power 
systems.  Fuel flow optimization within the stack has 

been achieved to insure reaching 80% fuel utilization 
in the metric tests while avoiding excessive diffusive 
losses.  RRFCs is acquiring a detailed understanding 
of the sources of AsR degradation of its current cell 
technology that is undergoing long-term durability 
testing now exceeding one year in duration.  Promising 
degradation rates are being measured for the current 
technology, and eIs and post-test analysis results has 
guided the selection of optimized cathode and anode 
layers to further reduce the degradation rate of the 
IP-soFC technology towards meeting the ultimate 
commercialization goal of 5-year service life.  the 
RRFCs stack is comprised entirely of ceramic substrates 
and manifolds with glass-ceramic based seals and joints.  
Validating the long-term structural reliability of the stack 
is a top priority.  Residual property measurements from 
long-term block tests will provide the volume of test 
data required for Weibull-based ceramics analysis and 
reliability evaluation of structures analysis.

FY 2011 Publications/Presentations 

1.  B. haberman, C. martinez Baca, and t. ohrn, “IP-soFC 
Performance measurement and Prediction,” Proc. 219th eCs 
meeting, montreal, Quebec, Canada, may 1–6, 2011.

2.  Presentation at 2011 seCA Workshop, Pittsburgh, 
Pennsylvania, July 26–28, 2011.

References 

1.  U.s. Patent 7,422,820.

2.  G. Agnew, m. Bozzolo, R.R. moritz, and s. Berenyi, Proc. 
ASME Turbo Expo., 2, 801 (2005).

3.  G. Agnew, R. Collins, m. Jorger, s. Pyke, and R. travis, 
ECS Trans. 7(1), 105 (2007). 

4.  national energy technology laboratory Report 
doe/netl 40/080609, August 6, 2009.

Figure 3.  Bundle (6-Substrate) Performance to High Fuel Utilization 
Conditions

Figure 4.  Block Test Stand Modified and Commissioned for Performing 
a Phase 1 Metric Stack Test; (a) Pressure Vessel with Inserted Block 
Chamber and (b) Block Arrangement
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•	 United	Technologies	Research	Center	(UTRC),	

east hartford, Ct
•	 Battelle/Pacific	Northwest	National	Laboratory,	

Richland, WA

Contract number:  nt0003894

start date:  october 1, 2010 
end date:  september 30, 2011

Fiscal Year (FY) 2011 Objectives

Complete evaluation of material sets for long-term •	
stability.

Implement low-cost balance-of-stack components.•	

Complete cell cost reduction analysis.•	

Complete the stack cost analysis.•	

Complete the design model for a 25 kW stack •	
module.

deliver stacks for the 25 kW stack module to UtC •	
Power.

Initiate testing of stack module.•	

Initiate layout work for 100+ kW stacks.•	

Procure, build and commission a test stand capable •	
of testing a stack up to 50 kW.

develop a test plan for the 25 kW stack test •	
consistent with the solid state energy Conversion 
Alliance (seCA) minimum requirements.

Complete a detailed system analysis of a •	
250-1,000 kW solid oxide fuel cell (soFC) power 
module operating on either pre-reformed natural 
gas or coal syngas with respect to performance and 
operability.

Complete the conceptual design of a 5 mW proof-•	
of-concept (PoC) system.

Complete the system cost analysis for the baseline •	
integrated gasification fuel cell (IGFC) system.

Complete 1,500-hour test of delphi •	 ≥25 kW stack. 

FY 2011 Accomplishments

the Gen 3 stack successfully completed durability •	
testing to 9,700 hours and deep thermal cycling to 
200 thermal cycles, with a degradation rate of 1.1% 
per 500 hours in durability testing.

developed low-cost, high-volume manufacturable •	
processes for Gen 4 stack components.  Fabricated 
and tested multiple Gen 4 stacks in a variety of test 
conditions. 

A 40-cell Gen 4 stack demonstrated a maximum •	
initial power of 6.4 kW at an average power density 
of 398 mW/cm2 and average cell voltage of 0.7 volts, 
utilizing the seCA simulated coal gas blend.  When 
combined into a four-stack module, this will exceed 
the seCA requirement of 25 kW.

the Gen 4 stack has completed a durability test •	
of greater than 2,500 hours and has a degradation 
rate of about 4% in the first 300 hours and no 
measurable power degradation thereafter.  the 
successful stack test results provide confidence 
that the stacks have the potential to meet seCA 
durability goals.

the Gen 4 stack has successfully completed 60 deep •	
thermal cycles from 750ºC operating temperature 
to <100ºC with a total power degradation of less 
than 5%.  the successful stack test results provide 
confidence that the stacks will survive periods of 
maintenance and shutdowns in larger power plants. 

Completed the design and fabrication of a 25 kW •	
test article for the seCA peak power and steady-
state tests.

down-selected three Power module concepts after •	
detailed investigation of several competing designs.  
All three systems were designed for 400 kW net 
alternating current (AC) and achieve efficiency in 
excess of 60% based on fuel lower heating value 
(lhV).  heat-up and power ramp studies were 
performed on all systems to define internal and 
external characteristics. 

developed three IGFC designs that produce greater •	
than 100 mW net AC power at an efficiency greater 
than 50% higher heating value (hhV) and capture 
greater than 90% carbon.  sensitivity analyses 
were carried out demonstrating that the designs 

II.A.3  SECA Coal-Based Systems – UTC Power
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maintained their key performance requirements 
over a wide range of key operating variables.

Commissioned the 50 kW capable test stand at UtC •	
Power.  A debug Gen 4 stack was installed into 
the test stand and operated to confirm test system 
operation. 

Completed system cost analysis for the baseline •	
IGFC system.  Preliminary cost analysis of the 
power block hardware for the IGFC power plant 
shows a cost of $685/kW in 2007 dollars with a 
90% confidence interval, which meets the seCA 
cost requirement of $700/kW.

Introduction

In addition to its high power density, a key 
advantage of the soFC system is its high system 
efficiency, particularly when its high temperature 
co-product heat can be used in combination with its 
electrical output.  the other advantage of the soFC 
is that the system could potentially be very simple 
with minimal requirement for external fuel processing.  
soFC is also tolerant to some fuel contaminants that 
are known to cause degradation in stacks of other 
technologies such as Pem (proton exchange membrane).

delphi has been developing soFC systems since 
1999.  After demonstrating its first generation soFC 
power system in 2001, delphi teamed with Battelle 
under the seCA program to improve the basic cell and 
stack technology, while delphi developed the system 
integration, system packaging and assembly. 

Current and prior generation delphi stacks have 
demonstrated performance that shows strong potential 
to meet seCA durability goals.  the focus in Phase 1 
of this seCA project has been on further improving 
the overall durability of the stack while lowering cost 
and improving manufacturability.  In addition to large 
stationary applications, the same soFC stacks can be 
used in other applications which are good fits for the 
technology, including transportation.  In transportation, 
soFC stacks will initially be used in auxiliary power 
units (APUs) to provide hotel load power to heavy-duty 
trucks during periods of rest and idle.  

UtC Power is a world leader in developing and 
producing fuel cells that generate energy for buildings 
and for transportation, space and defense applications.  
UtC Power has successfully completed multiple 
installations of its newest generation fuel cell system, the 
400 kW Phosphoric Acid PureCell, for the commercial 
combined heat and power market.  UtC Power and 
UtRC developed conceptual process designs for a wide 
range of soFC power systems ranging from 250 kW 
up to 100+ mW with a focus on meeting the system 

efficiency and carbon separation targets specified in 
the seCA minimum requirements.  In support of the 
design of a 250–1,000 kW soFC power module, UtC 
Power has designed, built and commissioned a test 
stand capable of testing a stack up to 50 kW, and will 
subsequently test a delphi stack module for at least 
1,500 hours in Phase I on a simulated coal syngas.

Approach

delphi utilized a staged approach to develop 
a modular soFC system for a range of fuels and 
applications.  major subsystems and individual 
components were developed and tested as building 
blocks for applications in targeted markets.  these were 
then integrated into a “close-coupled” architecture for 
integrated bench testing, as well as a stationary power 
unit and an APU for the stationary and transportation 
markets, respectively.

UtRC developed first principles-based steady-
state models to prepare mass and energy balances and 
to predict the performance of the concept designs for 
the power module.  Results from the mass and energy 
balances are used for trade studies and concept viability, 
component sizing and costing.  to design low cost and 
highly efficient soFC systems, UtC is working closely 
with vendors to establish performance models for critical 
components such as turbines, heat exchangers and 
fuel reformers.  Using these models, both atmospheric 
and pressurized soFC designs are being developed.  
Final designs are selected to meet the desired cost, 
performance and efficiency targets. 

Results

the seCA Coal-Based systems (CBs) project 
is a continuation of the core hardware development 
activities begun in the seCA Cost Reduction project.  
the efforts in seCA CBs are more application-driven 
as delphi and UtC move this technology closer to pilot 
and production releases.  the seCA CBs project will 
support and address the development of fuel cells for 
central generation applications.  this market has unique 
demands, and development tasks must address specific 
issues that are economic drivers of the design and 
application.

delphi continues to make progress with improved 
cell fabrication techniques by focusing on material 
and process improvements.  A key element is delphi’s 
partnership with commercial suppliers of production 
materials to develop a consistent supply of production 
grade material and optimize the material properties 
to provide robust performance in the soFC stack and 
ultimately the fuel cell system.  the principles of the 
delphi manufacturing system design are continuously 
applied to develop control and quality standards for each 
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step of the manufacturing process.  By focusing efforts 
in these areas early in the development process, delphi 
has been able to scale up the fabrication process to mass 
quantities while maintaining high quality standards. 

the Gen 3 stack successfully completed durability 
testing to 9,700 hours and deep thermal cycling to 
200 thermal cycles, with a degradation rate of 1.1% per 
500 hours in durability testing.  stack design efforts 
have focused on further optimizing the current design 
and adding features such as a cassette containing 
thermocouples in the center of the stack to get better 
temperature feedback.  development also focused 
on investigating different concepts for scaling up the 
active area footprint to achieve increased power while 
retaining low-cost, high-volume manufacturing designs, 
materials, and processes from Gen 3.  Figure 1 shows 
both Gen 3 and Gen 4 stack configurations.

delphi fabricated and tested multiple Gen 4 stacks 
in a variety of test conditions.  A 40-cell Gen 4 stack 
demonstrated a maximum initial power of 6.4 kW at an 
average power density of 398 mW/cm2 and average cell 
voltage of 0.7 volts, utilizing the seCA simulated coal 
gas blend.  When combined into a four stack module, 
this will exceed the seCA requirement of 25 kW.  the 
Gen 4 stack has completed a durability test of greater 
than 2,500 hours and had a degradation rate of about 
4% in the first 300 hours and no measurable power 
degradation thereafter.  the Gen 4 stack has successfully 
completed 60 deep thermal cycles from 750ºC operating 
temperature to <100ºC with a total power degradation 
of less than 5%.  the successful stack test results provide 
confidence that the stacks have the potential to meet 
seCA durability goals and will survive periods of 
maintenance and shutdowns in larger power plants. 

UtC Power and UtRC explored a wide variety of 
system designs and down-selected three power module 
designs for potential work in the next contract phase, 
two designs operate on natural gas and one design 
operates on coal gas.  All three systems were designed 
for 400 kW net AC and achieve efficiency in excess 
of 60% based on fuel lhV.  In addition, analysis of 
off-design conditions such as start-up and shut-down 
were also performed using quasi steady-state simulation 

models.  Ultimately, these studies shall be performed 
with dynamic models; however, dynamic models require 
a significant amount of component design specs not 
available at this early design stage.  Because start-up of 
this type of system is expected to be slow, steady-state 
models still provide meaningful results to investigate 
additional hardware requirements.

UtRC has completed conceptual designs of three 
IGFC systems that produce greater than 100 mW net 
AC power at efficiency greater than 50% hhV and 
capture greater than 90% carbon.  two of the systems 
were designed to operate at atmospheric pressures while 
the third was a pressurized system.  the simpler of the 
two atmospheric systems uses an air blower to feed 
fresh air and has a steam bottoming cycle.  the second 
atmospheric system uses a gas turbine (Gt) instead of 
an air blower.  Using the same Gt, a pressurized system 
was designed that achieves approximately 40% higher 
current density and a slightly higher efficiency than the 
atmospheric Gt design.  the basic steam turbine design 
has the lowest efficiency but the highest technology 
readiness level and lowest capital cost.  since it meets 
the performance requirements it is the preferred final 
design for future project phases.  Figure 2 shows the 
entire process flow diagram of this system. 

UtC Power has successfully commissioned 
the 50 kW capable test stand.  A debug stack was 
installed into the test stand and operated on various 
gas compositions and at various temperatures and 
pressures to confirm test system operation.  some 
limited stack diagnostics were performed to verify 
data acquisition systems and test stand controls.  the 
test stand is ready for installation of the larger stack 
module and will be used to demonstrate 5,000 hours of 
durability, 1,500 hours of which will occur in Phase I.  
development of a test plan for the 25 kW stack test, 
consistent with the seCA minimum requirements, has 
been completed and submitted to doe.

UtC Power completed a preliminary cost analysis 
of the power block hardware for the IGFC power plant 
excluding the coal handling and gasification, syngas 
clean-up and Co2 separation subsystem that shows a 
cost of $685/kW in 2007 dollars.  A sensitivity analysis 
of the cost estimate was performed using monte 
Carlo simulation to assess the uncertainty around the 
mean cost estimate.  the simulation resulted in a 90% 
confidence interval showing that the true cost lies within 
-10% to +12% of the actual factory cost estimate which 
is well within the required ±25% seCA requirement for 
this cost analysis (the uncertainties in the process design 
are not included in the 90% confidence interval).

Conclusions and Future Directions

seCA CBs is focused on the stationary markets, 
with delphi leading stack development for a coal 

Figure 1.  Gen 3 to Gen 4 Stack – Power Increased while Retaining 
High-Volume Manufacturing Designs, Materials, and Processes from 
Gen 3

Gen 3 stack                                              Gen 4 stack
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syngas-based mW-scale power module.  development 
will continue to improve the electrochemical 
performance stability, durability, and reliability of the 
Gen 4 stack while continuing cost reduction activities 
through manufacturing enhancements, cell and stack 
design and materials development. 

UtC is leading the systems development work.  
the present sub-mW power module design meets all 
design specifications.  Current and future work efforts 
are directed at developing a packaged system design 
with improved reliability and cost.  the scaled stacks 
developed and tested during Phase I shall be integrated 
into a thermally self-sustaining 15-25 kW demonstration 
breadboard power plant.  the breadboard shall be 
tested in accordance with guidance provided in the 
doe-approved test plan and the seCA minimum 
requirements, and the performance and cost evaluated 
with respect to the metrics specified therein.  this power 
plant shall form the basis for larger power plants to be 
fabricated and tested in subsequent project phases.  

FY 2011 Publications/Presentations 

1.  Rick Kerr, “delphi soFC development Update,” 
11th Annual seCA Workshop, Pittsburgh, Pennsylvania, 
July 28, 2010.

2.  steven shaffer, “solid oxide Fuel Cell development 
at delphi,” 2010 Fuel Cell seminar, san Antonio, texas, 
october 20, 2010.

3.  Rick Kerr, “Cell and stack technical Progress,” 
seCA Peer Review, morgantown, West Virginia, 
February 14, 2011.

4.  dan hennessy, “solid oxide Fuel Cell diesel Auxiliary 
Power Unit demonstration,” doe hydrogen Program Peer 
Review, Arlington, Virginia, may 12, 2011.

5.  Rick Kerr, “solid oxide Fuel Cell development at 
delphi,” 21st Century truck Partnership and national 
Academy of sciences Review Committee, Washington, d.C., 
January 31, 2011.

6.  subhasish mukerjee, “latest Update on delphi’s solid 
oxide Fuel Cell stack for transportation and stationary 
Applications,” soFC XII, montreal, Quebec, Canada, 
may 1, 2011.

Figure 2.  Process Flow Diagram of the Selected Atmospheric SOFC/Steam Turbine Design
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daniel hennessy (Primary Contact), 
Andrew Rosenblatt, Karl haltiner, 
subhasish mukerjee, david schumann, 
Gail Geiger, larry Chick, ellen sun
delphi Automotive systems llC
5725 delphi drive
troy, mI  48098
Phone: (248) 732-0793
e-mail: daniel.t.hennessy@delphi.com

doe Project manager:  maria Reidpath
Phone: (304) 285-4140 
e-mail: maria.Reidpath@netl.doe.gov

subcontractors:
•	 Battelle/Pacific	Northwest	National	Laboratory,	

Richland, WA
•	 Electricore,	Inc.,	Valencia,	CA
•	 United	Technologies	Research	Center,	 

east hartford, Ct

Contract number:  nt41246

start date:  July 1, 2002 
end date:  december 31, 2011

Fiscal Year (FY) 2011 Objectives

Fabricate two 30-cell Gen 3.2 stacks and a catalytic •	
partial oxidation (CPox) reformer.

deliver stacks and reformer to the national •	
Aeronautics and space Administration (nAsA) for 
testing.

FY 2011 Accomplishments

successfully fabricated the two Gen 3.2 30-cell •	
stacks.

successfully fabricated the CPox reformer.•	

Completed baseline testing with the hardware.•	

delivered the hardware to the customer (nAsA) •	
and provided assistance in testing.

Introduction

delphi has been developing solid oxide fuel cell 
(soFC) systems since 1999.  After demonstrating its 
first generation soFC power system in 2001, delphi 
teamed with Battelle under the solid state energy 
Conversion Alliance (seCA) program to improve the 

basic cell and stack technology, while delphi developed 
the system integration, system packaging and assembly, 
heat exchanger, fuel reformer, and power conditioning 
and control electronics, along with other component 
technologies.  Compared to its first generation system in 
2001, the delphi-led team has reduced system volume 
and mass by 75 percent.  By January 2005, the delphi 
team was able to demonstrate test cells with power 
density more than required to meet the seCA 2011 goals.  

Approach

two 30-cell Gen 3 stacks and a CPox reformer 
were successfully fabricated and characterized in-house 
before being shipped to the customer as per the U.s. 
department of energy’s (doe’s) requirement.  testing is 
ongoing at the customer site with encouraging results.

Stack Summary Results

two 30-cell Gen 3.2 stacks were fabricated for 
nAsA (stack 883 and 884).  stack 883 produced 
1,477 Watts at a power density of 468 mW per cm2 with 
48.5% h2, 3% h2o, rest n2 (Figure 1).  the average 
voltage was 0.82 Volts.  Utilization evaluation at 570 mA 
per cm2 also demonstrating very encouraging results 
(Figure 2).  the stack showed minimal lowering of power 
going from low utilizations to 80% + fuel utilization. 

the second nAsA stack (884), similarly, produced 
1,499 Watts at a power density of 476 mW per cm2 with 
48.5% h2, 3% h2o, rest n2.  the average voltage was 
0.83 Volts.  the stack also showed minimal lowering of 
power going from low utilization to 80% + fuel utilization.  
Both stacks were delivered and initial testing conducted.  
A CPox reformer was also assembled, characterized and 
delivered for nAsA testing.  Initial testing is complete and 
further testing is planned at nAsA.

II.B.1  Solid State Energy Conversion Alliance Delphi SOFC

Fuel: 48.5%H2-48.5%N2-3%H20      
Stack Voltage and Power Density for Polarization Test
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Figure 1.  Current-Voltage Curve for Stack 883



Daniel Hennessy II.B  SECA Industry Teams / Cost Reduction

44Office of Fossil Energy Fuel Cell Program FY 2011 Annual Report

Future Directions

the project is currently on hold.

FY 2011 Publications/Presentations

1.  Rick Kerr, “delphi soFC development Update,” 
11th Annual seCA Workshop, Pittsburgh, Pennsylvania, 
July 28, 2010.

2.  steven shaffer, “solid oxide Fuel Cell development 
at delphi,” 2010 Fuel Cell seminar, san Antonio, texas, 
october 20, 2010.

Figure 2.  Power Density and Voltage Versus Fuel Utilization

Fuel: 48.5%H2-48.5%N2-3%H20      
Stack Voltage and Power Density for Utilization Test
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iii.  seca cOre research & develOPment
               A.  Cathodes
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P.h. Fuoss (Primary Contact), K.-C. Chang, 
J.A. eastman, B.J. Ingram, e. Perret, h. you
Argonne national laboratory (Anl)
9700 s. Cass Ave.
Argonne, Il  60439
Phone: (630) 252-3289; Fax: (630) 252-7777
e-mail: fuoss@anl.gov

doe Project manager:  Briggs White
Phone: (304) 285-5437
e-mail: Briggs.White@netl.doe.gov

Contract number:  FWP49071

start date:  June 2007 
end date:  may 2012

Fiscal Year (FY) 2011 Objectives 

Perform in situ X-ray scattering measurements •	
of the structure and atomic scale chemistry in 
la0.6sr0.4Co0.2Fe0.8o3-δ (lsCF) as a function of 
temperature, oxygen partial pressure (po2) and 
electrochemical potential. 

Perform feasibility studies examining the use of •	
atomic layer deposition (Ald) techniques to 
enhance the performance of soFC cathodes 
by depositing thin layers or nanoparticles into 
cathode materials and measuring: 1) the thermal 
and chemical stability of the structure, and 2) the 
electrochemical performance of the cathode.

establish the surface electrochemical potential on •	
lsCF and la1-xsrxmno3 (lsm) thin films as well as 
model infiltration systems.

Correlate in situ X-ray measurements with ex situ •	
determinations of area specific resistance and fuel 
cell performance.

FY 2011 Accomplishments

determined the lattice parameter and electrical •	
conductance of thin lsCF films as functions of 
temperature, po2, and electrochemical potential.

developed a detailed model of the surface •	
polarization and position dependent current for thin 
film lsCF with wire electrodes.

the effects of long-term applied electrochemical •	
potential on the surface structure and chemical state 
of pulse laser deposited thin-film cathodes were 
measured.

A symmetric solid oxide fuel cell (soFC) cell •	
for ultra-small angle X-ray scattering studies was 

designed and constructed.  the cell was used to 
determine the baseline porosity of sintered cathodes 
in preparation for Ald infiltration studies.

Introduction 

the performance of soFCs is strongly influenced 
by the nanoscale structure and chemistry of electrode 
materials under operating conditions.  however, because 
soFCs are operated at elevated temperatures and at 
near atmospheric pressure, the utilization of traditional 
surface science techniques, which typically involve 
vacuum conditions near room temperature, requires 
validation.  the studies being performed in this project 
provide the needed understanding of in situ-ex situ 
correlations.  the results also enable the development 
of molecular-level models for stimulating the rational 
design and development of high-performance cathode 
materials.

Approach 

We employ in situ X-ray scattering and spectroscopy 
technologies developed at Anl to both measure 
equilibrium structures of soFC cathode materials at 
elevated temperatures and under controlled oxygen 
partial pressures.  We examine the dynamic structural 
and chemical changes that occur at the cathode side of a 
fuel cell under conditions that simulate actual operating 
conditions.  this work, particularly sample preparation, 
microscopy measurements, ultra-high vacuum-based 
surface characterizations, and theoretical studies, is 
performed in collaboration with investigators at several 
universities including Carnegie mellon, stanford, and 
massachusetts Institute of technology.

Results 

last year, we reported initial measurements 
demonstrating that the lattice parameter of lsCF 
exhibited a surprisingly large change in lattice parameter 
when a typical sample stack (see Figure 1) was biased 
with typical soFC voltages.  these measurements have 
been extended with a larger parameter space, better 
spatial and time resolution, and more samples.  these 
studies have shown that a large lattice parameter 
change occurs quickly upon the application of an 
electrochemical potential.

the new experiments were performed on lsCF 
thin films grown on (001) yttria-stabilized zirconia 
(ysZ) with a gadolinia-doped ceria (GdC) interlayer.  

III.A.1  Synchrotron X-Ray Studies of SOFC Cathodes
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the thickness of the lsCF layers was determined to be 
approximately 20 nm using X-ray reflectivity.  An lsCF 
sample (shown schematically in Figure 1) was mounted 
on a sample stage capable of achieving temperatures 
up to 1,000°C in pure oxygen.  A chamber with X-ray 
transparent beryllium windows was designed specifically 
for use at the Advanced Photon source and used to 
control po2 levels while maintaining a total pressure of 
150 torr.  experimental temperatures were maintained 
≤700°C to limit physical changes in the sample such as 
surface roughening and phase segregation.  Changes 
in the lsCF film lattice parameter were measured by 
monitoring the lsCF (004) Bragg peak while changing 
temperature, po2, and electrochemical polarization.  the 
Bragg peak position was monitored using a dectris 100K 
pixel array detector at a sample-detector distance where 
one pixel corresponds to 0.0126° (2θ).

data were collected at 700, 600 and 500°C and po2 
values of 150, 15, and 0.15 torr.  Figure 2 compares the 
changes in the lsCF c-lattice parameter for two po2 
values at 600°C as a function of applied electrochemical 
potential.  the incident beam intersected the lsCF film 
1.3 mm from the Pt-wire electrode.  Under a cathodic 
potential, a c-lattice parameter expansion was observed.  
since the a- and b-lattice parameters remained fixed 
due to the epitaxial relationship with the underlying 
GdC layer, changes in the c-axis corresponded to 
changes in the lattice volume.  the reversal of strain 
with applied field eliminated electrostriction (which 
shows a quadratic dependence on electric field) as the 
source of the lattice parameter change.  Reducing the 
po2 increases the effect, and the absolute magnitudes 
of the lattice contractions at the most anodic (positive) 
potentials are smaller than the expansions at the most 
cathodic (negative) potentials: -0.18% vs. 0.42% and 
-0.06% vs. 0.3% at 15 and 150 torr, respectively. 

the typical time dependent behavior of the 
lsCF (004) Bragg peak (shown in Figure 3) indicates 
a sudden (i.e., <1 s) response upon application of 1 V 
(cathodic) potential.  the response is stable over the 
time period of experimental observations.  It should also 
be noted that the GdC and ysZ (006) Bragg peaks (not 
shown) were simultaneously monitored and did not shift 
in response to electrochemical potential.  Additionally, 
upon removing the electrochemical load, the lsCF 
Bragg peak position returned to the original equilibrium 
value (i.e., 2θ = 46.532°). 

Bishop et al have related lsCF oxygen non-
stoichiometery (i.e., oxygen vacancies) with lattice 
expansion [1]; whereas, lubomirsky has alternatively 
described lattice changes with association/dissociation 
reactions of defects [2,3].  the reversal of strain with 
applied field appears to support an interpretation 
based on injection and removal of vacancies instead of 
association/dissociation defect reactions.  the very large 
magnitude of the effect compared to the applied potential 
on the lsCF film (most of the potential drop is across 
the ysZ substrate) argues against a piezoelectric effect. 

the change in lsCF c-lattice parameter with 
application of 1 V cathodic electrochemical potential 
(relative to equilibrium) is shown in Figure 4 as a 
function of position from the Pt-wire electrode.  the 
estimated extent of residual Pt-paste is indicated by 
the shaded region and may contribute to the observed 
behavior within 200 µm of the wire.  the variation of 
lattice parameter with position can be used to guide 
models of electrical transport in the lsCF thin film.

Figure 2.  The shift of the LSCF lattice parameter as a function of 
applied electrochemical potential at 600°C and 1.3 mm away from the 
electrode for pO2 of 15 and 150 Torr.

Figure 1.  A schematic diagram showing details of the sample 
geometry.  The incident X-ray beam was ~20 μm wide and was 
positioned at various distances from the Pt-wire electrode.

Platinum Mesh Electrode

X-Ray Position

Platinum paste

100 μm Platinum Wire
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Current-voltage (i-V) curves corresponding to 
Figure 2 are shown in Figure 5.  the oxygen partial 
pressure does not affect the anodic (positive) response 
but a decreased po2 reduces the magnitude of the 
resultant currents for cathodic potentials.  the cathodic 
and anodic behavior described in Figure 2 and Figure 5 

indicates that oxygen reduction reactions at the surface, 
not bulk oxygen transport, is the limiting mechanism 
in cell performance.  the decrease in current flow at 
cathodic potentials at low po2 is due to concentration 
overpotential losses associated with limited availability 
of molecular oxygen.  If the rate of oxygen reduction 
is limiting relative to Vo

 transport, an increase in 
[Vo

] would be expected as the cathodic potential is 
increased.  the equilibrium (i.e., zero potential) oxygen 
stoichiometry of lsCF has been shown to be relatively 
constant at 600°C over the po2 range investigated for 
this experiment; therefore, injection of oxygen vacancies 
will be greater at lower po2 values.  this is consistent 
with the results in Figure 2 and Figure 3.

Conclusions and Future Directions

large changes in the lattice parameter of lsCF 
in response to applied electrochemical potentials are 
observed at temperatures and oxygen partial pressures 
that correspond to normal operating conditions for 
a soFC.  From the potential dependence of this 
result, it appears to arise from a change in the number 
density of oxygen vacancies in the lsCF film.  such a 
large, current-dependent lattice parameter change is 
important for the design of fuel cells.  It also provides 
an opportunity to understand the mechanisms of oxygen 
conduction in these materials and a method to probe 
the local current in an operating fuel cell.  through 
exploration of this mechanism, advances have been made 

Figure 4.  The LSCF lattice parameter change observed with the 
application of electrochemical polarization of -1 V at 600°C and 
pO2 =150 Torr as a function of distance from the electrode. 

Figure 3.  The time response of the shift of the LSCF (004) Bragg peak 
with the application of a -1 V bias at 600°C. Figure 5.  The i-V curve of LSCF/GDC/YSZ(001) at 600°C for different 

oxygen partial pressures.  This data shows that oxygen reduction 
reactions are the limiting mechanism.
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in understanding the electrochemical performance and 
current flow through model thin film cathode materials. 

Future experiments will continue to investigate 
the mechanisms and consequences of this lattice 
volume expansion.  structural studies of the atomic 
arrangements on the low index lsCF surfaces will 
be completed with the goal of providing insight into 
the catalytic mechanisms on those surfaces.  Further 
investigations of lsm/lsCF thin films will be 
performed to identify how the lsm layer chemically 
and structurally enhances the stability of the underlying 
lsCF film.  the possible enhancement of the oxygen 
reduction activities due to the lsm overlayer, reported 
in literature, will be examined by measuring the chemical 
states of the interfacial elements.  Finally, improved 
cell configurations will improve the sensitivity of X-ray 
signals to the electrochemical conditions of lsCF films 
with or without a lsm overlayer and allow for a clearer 
understanding of the functioning of these important 
materials in the operating environment of a soFC.
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Fiscal Year (FY) 2011 Objectives

Continue deposition of high quality epitaxial and •	
polycrystalline cathodic thin films.

Use in situ X-ray chamber to obtain high •	
temperature surface structure and composition 
analysis

obtain kinetics data on oxygen exchange on •	
cathode thin films using impedance spectroscopy.

FY 2011 Accomplishments

We have continued to deposit high-quality •	
lanthanum strontium manganite (lsm) thin films as 
evidenced by high-resolution transmission electron 
microscopy (tem) and roughness measurements 
using atomic force microscopy.

ex situ measurements using X-ray emission •	
spectroscopy (Xes) and X-ray adsorption 
spectroscopy (XAs) have continued on lanthanum 
strontium cobalt ferrite (lsCF).

total reflection X-ray fluorescence data clearly show •	
diminished A/B ratios at the surface of lsm thin 
films.

oxygen adsorption, surface diffusivity, and •	
incorporation reaction rate coefficients have been 
measured on polycrystalline thin films. 

Introduction

many of the specific details of the oxygen reduction 
reaction in a solid oxide fuel cell (soFC) remain poorly 
understood.  surface chemistry directly influences the 
nature of oxygen reduction reaction pathways on the 
soFC cathodes and the rates at which the individual 
processes proceed.  From semi-empirical correlations 
between the chemistry and structure of oxide surfaces 
and their electrocatalytic performance, the true cause-
and-effect relationships in the oxygen reduction 
processes at the cathode could be elucidated.  this 
would provide valuable guidance in improving cathode 
performance.

Approach

In this work, we aim to acquire such surface-specific 
chemical and structural data on heteroepitaxial thin 
films of lsm and lsCF cathodes on single crystals of 
yttria-stabilized zirconia (ysZ) and ysZ coated with a 
barrier layer of rare-earth doped ceria (e.g., y2o3-doped 
Ceo2 or ydC) electrolytes.  this is being accomplished 
using a combination of analytical spectroscopic 
techniques and tem.  Further, we also aim to employ 
soft X-ray spectroscopies, namely Xes/XAs, to correlate 
changes in the thin film polarization resistance to the 
surface chemical composition and the charge state of 
the mn ion.  the overall goal is to understand the role 
of surface atomic and electronic structure on the oxygen 
exchange reaction.

Results

We have performed total reflection X-ray 
fluorescence (tXRF) measurements on lsm thin films 
in the as-deposited, annealed in air at high temperature, 
and quenched states.  the results are shown in Figure 1.  
the results show that for our lsm thin films of 
composition: 

there is manganese enrichment at the surface •	
during annealing.

the quenched and cooled samples are similar.•	

this suggests surface composition developed at high •	
temperature is preserved.

Figure 1 shows the A/B ratio of lattice-matched 
lsm films on ndGao3 (neodymium gallate, nGo) 
substrates and columnar grained lsm on ysZ 

III.A.2  Solid Oxide Fuel Cell Cathodes: Unraveling the Relationship Among 
Structure, Surface Chemistry and Oxygen Reduction
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substrates.  the results show that in both cases there is 
a decrease in the A/B ratios of the films closer to the 
surface which is present in annealed, quenched and slow 
cooled films.  

Concurrent with the tXRF measurements we have 
also performed impedance experiments and the surface 
diffusivities of oxygen on polycrystalline thin films 
have been measured using a suitable transport model 
(Figure 2).  the measurements show inter alia that 
surface diffusivities are constant as a function of oxygen 
partial pressure (po2) over a wide range, but increase at 
very high po2s.  the increase in po2 is consistent with 
the filling up of surface oxygen vacancies and increase in 
charge compensation by mn4+  which are thought to be 
the sites of oxygen adsorption.  these results tie in very 
well with prior results of the detection of mn4+ valence 
state on the surface of lsm thins films.  mn4+ are 
thought to be the adsorption sites for oxygen ad-atoms.

Conclusions and Future Directions

In prior year work we concluded that subjecting 
lsm thin films to cathodic conditions leads to formation 
of mn4+ ions on the surface.

In current work we have shown that the A/B ratio 
on the surface of lsm thin films decreases from the bulk 
values towards the surface.

Further analysis of impedance spectroscopy results 
shows an increase of surface diffusivities of oxygen as 
a function of oxygen partial pressures which can be 
attributed to filling up of oxygen vacancies and increase 
in the number of mn4+ sites.

Future work will involve obtaining a more accurate 
picture of the surface defect chemistry of lsm and 
lsCF by combining the surface cation segregation data 
obtained by tXRF with a defect thermodynamic model.

Figure 2.  Surface Diffusivities of Oxygen on LSM Measured as a 
Function of Oxygen Partial Pressure

Figure 1.  (a) A/B ratio measured by TXRF on lattice-matched LSM thin 
films on NGO.  (b) A/B ratio measured by TXRF on columnar thin film of 
LSM on polycrystalline YSZ.

(a)

(b)
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develop samples of cathode materials having •	
specific surface structures and chemistries using 
thin film preparation methods, as requested by 
collaborators.

Provide lanthanum strontium manganese oxide •	
(lsm), lanthanum strontium cobalt oxide (lsC), 
and lanthanum strontium cobalt iron oxide (lsCF) 
samples for surface characterization to collaborators 
at Anl’s Advanced Photon source (Anl-APs), 
mIt, and UnlV.

determine the activation energy of the chemical •	
surface exchange coefficient (kchem) for lsm (100), 
(110), and (111) at different thicknesses and on 
different substrates.

Refine investigations into the oxygen uptake •	
kinetics in thin film samples, specifically to 
make correlations between the extended defect 
populations and oxygen exchange for (110) textured 
lsm films on yttria-stabilized zirconia (ysZ) (111).

determine the oxygen exchange kinetics for high •	
index samples, such as (621) lsm.

FY 2011 Accomplishments 

Further developed single-crystal, epitaxial, textured, •	
and polycrystalline thin films of lsm, lsC, and 
lsCF with low roughness values on both insulating 
and electrolytic substrates of various geometries 
that were used in both in-house and collaborators’ 
experimental facilities to understand the nature 
of the surface chemistry/reactivity of cathode 
materials.

thin film samples were characterized at the APs •	
as a function of temperature (t), pressure (P), and 
electrochemistry for their surface compositions, 
structures, and charge states; at mIt for their local 
electronic properties using scanning tunneling 
spectroscopy and electrochemical properties 
with electrochemical impedance spectroscopy; at 
UnlV with Auger electron spectroscopy and X-ray 
photoelectron spectroscopy, and at CmU with X-ray 
diffraction (XRd), atomic force microscopy (AFm), 
electrical conductivity relaxation (eCR), and Kelvin 
probe spectroscopy.

demonstrated that the activation energy of 600 nm •	
thick lsm films were between ≈0.8 and ≈1.2, 
depending on the orientation of the crystal.

demonstrated that relaxed films of the (110) •	
orientation had the largest kchem value in solid oxide 
fuel cell (soFC) conditions owing to their high 
activation energy (and their large high-temperature 
intercept value on an Arrhenius plot).

demonstrated that the activation energy of 600 nm •	
thick lsm films were between ≈0.75 and ≈1.5, 
depending on the crystal quality and strain state of 
the film, as well as the temperature itself.

demonstrated that the strained (100) films had the •	
highest exchange rate of all measured (100) films, 
indicating strain can be an important enhancing 
factor in soFCs.

strained films had significantly different and greater •	
activation energies than relaxed films.

two surface exchange values were used to fit the •	
response of textured (110) films, with the area each 
contributed being a function of temperature and 
with the large activation energy contributing the 
most to the high temperature soFC response.

extended defects play a major role in the oxygen •	
exchange at intermediate temperatures.

III.A.3  SOFC Cathode Surface Chemistry and Optimization Studies
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Introduction 

the cathode in soFCs is responsible for the 
reduction of o2 gas and its incorporation into the 
electrolyte.  When soFCs are operated at specific 
current densities/voltages, the oxygen incorporation 
(or uptake) process can contribute significantly to the 
losses of the cell, thereby limiting the performance of the 
soFC system.  two major options exist for improving 
the cathode performance by specifically targeting the 
oxygen incorporation process: changing the component 
solid materials or adding yet another material (a catalyst) 
to the existing frameworks [1,2].  We aim to address 
both approaches in this work by (1) developing an 
experimental program that allows us to probe the nature 
of atomic scale surface chemistry and its role in oxygen 
incorporation in lsm, lsC, lsF (lanthanum strontium 
iron oxide), and lsCF (and related cathode materials) 
and (2) determining the optimal catalyst chemistry from 
both an activity and stability perspective [3-7].  Realizing 
these goals will lead to improved cathode performance 
in soFCs and an acceleration of introduction of new 
materials into soFCs to allow for the U.s. department 
of energy’s solid state energy Conversion Alliance 
(doe-seCA) program to meet performance metrics.

Generally speaking, the limitations in designing 
highly active cathodes for oxygen incorporation arise 
from the general lack of direct correlations between 
surface/interface chemistry/structure and performance 
of soFC cathode materials over the appropriate ranges 
of soFC operational conditions [8].  In this work, we 
aim to fill this need by (1) developing experimental 
protocols that will provide a sensitive measure of 
activity/stability in operational conditions and by 
(2) determining key correlations between structure 
(solid state atomic, electronic, crystallographic, and 
chemical) and electrochemical performance (mass 
and charge transfer) parameters in surface engineered 
samples.  At CmU, we are generating surface engineered 
samples and providing them to a range of collaborators 
who characterize the samples [3-7,9-14].  several groups 
at Anl have investigated samples using high-energy 
synchrotron X-ray techniques at the APs [3,4,10].  
A group at mIt uses scanning-tunneling spectroscopy 
and electrochemical impedance spectroscopy to 
determine electrical characteristics of the films [14].  
A group at UnlV carries out experimental electronic 
structure determination of thin film surfaces.  separate 
reports are provided by these collaborators.  In this 
report, we describe the progress at Carnegie mellon on 
sample preparation, especially on correlating the oxygen 
uptake kinetics of lsm with microstructural defects.

Approach 

thin film samples are prepared using pulsed laser 
deposition [5,6,9,11-13,15].  By calibrating the growth 
rate using X-ray reflectivity (XRR), films of specific 
thicknesses are fabricated.  Using XRd, the orientation 
relationship between the film and substrate can be 
determined.  Using AFm, the film surface topography 
can be determined.  By correlating the results of XRR, 
XRd, and AFm to growth parameters, we fabricate high 
quality films with controlled microstructural and surface 
features.  specifically, (1) epitaxial (100) and (110) films 
of lsm were prepared on srtio3 (sto) and ndGao3 
(nGo) substrates, which allowed for the isolation of 
strain and dislocation effects, and (2) textured (110) 
films of lsm were prepared on (111) ysZ, which 
allowed for the control of extended boundaries.

eCR measurements [9,11,15] were made on a 
variety of films.  the oxygen pressure (Po2) was changed 
between 50 mtorr and 500 mtorr, using the mass flow 
controller.  All eCR data was modeled on the basis 
of a surface exchange model [11,16-20], using one or 
two surface exchange coefficients [9,11,15].  kchem was 
obtained based on fitting the data of the relaxation 
curves and corrected by taking account of the chamber 
flush time [11].  the mathematical relationships are 
given as follows:  

  

  

g(t) =
σt - σfinal

σfinal - σinitial

=1- Aexp(-
k1,chem t

L
) - (1- A)exp(-

k2,chem t
L

)
 

where g(t) is the normalized conductivity, σt is the 
conductivity at time t, σfinal is the conductivity at 
re-equilibrium and σinitial is the conductivity at the initial 
equilibrium state A is a constant and l is the sample 
thickness. 

Results 

As indicated in past publications [3,4,7,9,10,11,14,15] 
and reports [5,6,12,13] and in forthcoming publications, 
we have been providing high quality surface engineered 
thin films to collaborators, who are working on 
identifying surface chemistries and properties that lead 
to improved electrocatalytic performance.  It is essential 
to characterize the details of the thin film structure 
to interpret properly experimental observations.  At 
Carnegie mellon, we carry out the necessary processing 
and characterization to ensure samples have the 
characteristics requested from collaborators.  Reports 
from collaborators are given elsewhere.

only one time constant (or A = 1) was needed for 
all eCR data registered for the epitaxial lsm on sto 
substrates [11,15].  Figure 1 [9] shows how a two time 
constant fitting was carried out for the (110) film on 
(111) ysZ at 600°C.  the data is given in open symbols, 
while the fitted fast (slow) time constant is shown in 
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a solid (dashed) line.  the sum of the two fitted lines 
gives the observed data with A ≈0.4.  this will be further 
discussed.

As we discussed in past reports [6,12], a single 
kchem value was capable of describing the response of 
epitaxial lsm samples.  In this period we focused on 
determining the relative importance of microstructural 
features such as strain and extended defects, in addition 
to surface properties such as orientation, on the overall 
performance metrics, such as the oxygen exchange 

coefficient (kchem) and its activation energy.  during 
this time we focused on lsm and now have a broad 
understanding of its surface properties. 

epitaxial (100), (110), and (111) oriented lsm 
films were fabricated on sto.  the lsm films exhibited 
bulk-like steady-state electrical properties and exhibited 
surface dominated responses in eCR [11,15].  the 
chemical surface exchange coefficients (kchem) were 
determined and varied from ≈1 x 10-6 to 65 x 10-6 cm/s, 
and depended on temperature and orientation [15].  
Figure 2 shows ln kchem for (100), on left, and (110), on 
right, surfaces [15].  At 800°C, a four-fold variation is 
observed in the kchem values, with (110)/(100) being the 
highest/lowest, explained by the activation energy for 
(110), ≈1.16 eV,  compared to that energy for (111) and 
(100), ≈0.83 eV.  note that both the activation energy 
and the high temperature intercept (1/t ≈0) are different 
on these surfaces, indicating that the mechanisms must 
be explored for many surfaces.  Also, the oxidation 
and reduction processes are approximately equal for 
these samples.  most importantly for understanding the 
important surface chemistry for soFCs, these results 
indicate that investigating (100) surfaces, as is widely 
done in the literature, is only an important start; at 
soFC temperatures, this orientation is the slowest 
oxygen exchange surface.  We also investigated the (111) 
and (621) surfaces, and these have activation energies 
and intercepts larger than the (100) surface.  For soFCs, 
this indicates that the local activity of relaxed surfaces 
may range by a factor of 5. 

Relaxed epitaxial films have large quantities of 
dislocations, much larger than typically observed in 
ceramic microstructures.  As such, one interpretation of 
the prior observations is that dislocations on different 
surfaces behave differently, if the surface exchange is 
dominated by the behavior around dislocations.  to 
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Figure 1.  ECR normalized conductivity curve and data fitting for a 
textured LSM film.  Data measured at 600°C (open square) and the 
corresponding data fitting with a fast (solid line) and a slow (dashed line) 
processes.  Adapted from reference [9].

Figure 2.  Temperature dependence of surface exchange coefficient kchem for the (100) and (110) oriented 
La0.7Sr0.3MnO3 films.  The activation energies (Ea) are given in the plot.  Adapted from reference [15].
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explore this, we prepared films of different thicknesses.  
Also, we prepared films on different substrates.  In this 
fashion, we could disentangle the effects of substrate 
strain and dislocations, since the strain is controlled 
by the lattice mismatch and the dislocation content 
is controlled by both the substrate quality and lattice 
mismatch.  Figure 3 shows kchem measured for epitaxial 
films on sto (main panel) and nGo (inset panel) 
substrates at different thicknesses, plotted as ln kchem vs. 
1/t.  What we observed was that the activation energy 
was a strong function of thickness and a weaker function 
of substrate.  on the other hand, kchem itself was a strong 
function of substrate. 

In Figure 3, we plotted solid lines that represent 
the approximate activation energy limits: ≈1.5 eV for 
the thinnest films (50 nm) that are coherently strained 
and ≈0.75 eV for the thickest films (>600 nm).  on 
sto, the absolute value of kchem crosses over in the 
middle of the temperature range (≈700°C).  on nGo, 
the same crossover is expected at higher temperatures 
than 800°C.  At low temperatures, all the thicker films 
on sto exhibited nearly identical kchem values, while the 
values varied on nGo substrates.  At high temperatures 
the opposite was observed; all the thicker films on 
nGo exhibited nearly identical kchem values, while the 
values varied on sto substrates.  most importantly, the 
thinnest strained (100) films on sto have the highest 
kchem values.  this observation indicates that strain plays 
a major role of the surface exchange.  on the other 
hand, the thinnest strained (100) films on nGo have 
the lowest kchem values, indicating again that strain can 
either enhance or degrade properties.  As such, it is 
important to understand the local strains in soFCs if we 
are to properly model local properties, which contribute 
strongly to degradation.

In Figure 3, the activation energy depends on the 
number of dislocations (thickness and substrate) and 
temperature, which indicates that there is a crossover 
between the two processes observed.  the low activation 
energy is assigned to heavily dislocated surfaces at 
intermediate temperatures.  the high activation energy 
is assigned to the native surfaces, which are active at 
high temperatures and at much lower temperatures, 
depending on the strain and dislocation content.  this 
will be explored more deeply in the remaining time and 
published soon.

to explore further the role of extended boundaries, 
we prepared textured (110) films on ysZ (111) [9].  As 
shown in Figure 1, two time constants were observed in 
the eCR measurements of the textured films.  Figure 4 
shows the two kchem values versus inverse temperature.  
the reduction process was observed to be slightly faster 
than the oxidation process over the entire temperature 
range; kchem,red was greater by slightly less than a factor 
of two.  In either oxidation or reduction, the fast 
process does not completely oxidize/reduce the films 
and, therefore, one can extract kchem,1 of the slower 

process.  At higher temperatures, on the other hand, 
only one kchem was needed: kchem,1.  the activation energy 
for the two processes (based on the low t data) are 
Ea,1 = 1.57 eV and Ea,2 = 0.87 eV.  the value measured 
at the highest temperature is on the order of our ability 
to measure and was not used.  extrapolation from low 
temperatures indicates that kchem,1 approaches kchem,2 
at high temperatures (see Figure 4).  Furthermore, A 
increases with increasing temperature, indicating the 
relative contribution of kchem,1 to the overall response 
increases at higher temperatures, while the parallel 
contribution of kchem,2 decreases. 

We assign these two values to (1) the native grain 
surfaces and (2) the variant boundaries (which can 
be considered as highly defective regions).  these 
activation energies are similar to those observed for 
the epitaxial (100) films, which were also assigned 
to native surfaces (strained though) and defects 
(dislocations).  on the textured films, we see both 
processes because (1) they are parallel processes, (2) the 
grain boundaries are interconnected along the current 
path (unlike the dislocations), (3) the grain centers 
are not interconnected, and (4) the grain boundaries 
are unable to exchange the entire volume.  the lower 
plot of Figure 4 shows this schematic process.  As the 
temperature increases, the higher activation energy 
process plays an increasingly important role and the 
surface area over which it plays the most important 
role expands, leading to a decreased surface area 
over which exchange is dominated by the extended 
boundaries.  As such, at higher temperature the native 

Figure 3.  kchem values (in reduction process) as a function of 
temperatures for films of various thicknesses on STO in closed markers; 
inset shows films on NGO in open markers.  Activation energies were 
fitted with solid line for 50 nm thick films (=1.5 eV), dotted lines for 
600 nm thick films (= 0.75 eV).
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surface plays the most important role.  What needs to be 
better understood is if this stays true for all orientations.  
We will determine this in the future.

Conclusions and Future Directions

We have demonstrated that surface engineered films 
of cathode materials can be produced and characterized 
in detail for the structural and chemical properties.  
Crystallographic anisotropies were observed for epitaxial 
lsm single crystal films in their oxygen uptake kinetics, 
where low index orientation vary by a factor of 4 in 
soFC conditions of temperature and effective pressure.  
We showed that this is a function of the activation 
energies and pre-exponential factors, which vary with 
orientation.  Furthermore, we showed that the activation 
energy is a strong function of the thickness of the 
films, indicating that strains and dislocations compete 
in importance for surface exchange.  on textured 
(110) films, we showed that two processes occur in 

parallel and can be distinguished in a single eCR 
measurement.  We assigned them to the native surface 
and to the extended defects (variant boundaries).  At 
low temperatures, the extended boundaries dominate the 
response - more than three orders of magnitude greater 
than the native surfaces.  We will continue to produce 
a series of surface engineered films and will investigate 
(1) their structural properties, (2) their stabilities, and 
(3) their oxygen uptake kinetics using eCR, especially 
focusing on lsCF films.  By continuing to fabricate 
a matrix of related materials and carrying out these 
measurements, we will be able to provide a large amount 
of data to determine the key parameters that correlate 
surface structure to surface activity, with the aim of 
providing information to the doe-seCA program to 
improve cathode activity by design.  In the next year, we 
aim to provide a comprehensive report of the state of 
surface science on soFC cathodes.
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Fiscal Year (FY) 2011 Objectives 

Characterize the surface composition, morphology, •	
and electro-catalytic properties of a catalyst 
infiltrated la0.6sr0.4Co0.2Fe0.8o3-δ (lsCF) cathode.

establish the scientific basis for rational design of •	
high-performance cathodes by combining a porous 
backbone (such as lsCF) with a thin catalyst 
coating.

FY 2011 Accomplishments 

developed a semi-empirical phenomenological •	
model for studying the mechanism of performance 
enhancement of the laxsr1-xmn8o3-δ (lsm)-coated 
lsCF cathode.

optimized lsm solution infiltration process further •	
on lsCF pellets by a variety of parameters including 
solution ph value, surfactant addition, thermal 
treatment conditions as well as ambient humidity.

Quantified the correlation among performance, •	
infiltration concentration and operation condition 
(polarization current density) of lsm-coated 
lsCF cathode.  Characterized porous lsCF and 
lsm-coated lsCF cathode electrochemically as a 
function of the time of polarization and relaxation 
under different oxygen partial pressures.

Characterized the detailed structure, composition, •	
and morphology of pure lsCF surfaces, the 
lsm/lsCF interfaces in lsm-coated lsCF at 
850oC annealed for 900 hours.

developed new mn-based materials infiltration •	
into lsCF cathode, and demonstrated that the 

infiltration of Prxsr1-xmno3-δ (Psm) with lanthanum 
in A site replaced by Pr could lead to much more 
performance improvement over lsm in symmetrical 
cell and full cell configurations.

Introduction

one of the reasons that lsCF-based cathodes 
show much better performance than those based on 
lsm is that lsCF has much higher ionic and electronic 
conductivity than lsm, significantly extending the active 
sites beyond the triple-phase boundaries (tPBs) [1].  
one obvious downfall for lsCF is that it reacts adversely 
with ysZ, which can be mitigated by the use of a buffer 
layer of doped-Ceo2 between lsCF and ysZ [2].  
however, the catalytic activity of the stand-alone lsCF 
cathodes is likely to be limited by the surface catalytic 
properties.  Further, the long-term stability of lsCF 
cathodes is a concern.  thus, it is hypothesized that the 
performance and stability of a porous lsCF cathode 
may be improved by the application of a catalytically 
active coating though infiltration.  the selection of the 
catalytic materials as well as the detailed microstructures 
of the porous lsCF and the catalyst layer may critically 
impact the performance of the proposed cathodes.  the 
objective of this project is to optimize the composition 
and morphology of the catalyst layer and microstructure 
of the lsCF backbone for better performance.

Approach

A semi-empirical method based on continuum 
modeling was developed for interpretation of 
electrochemical testing results regarding the performance 
enhancement of the lsm coated lsCF cathode.  two 
kinds of infiltration solutions, non-aqueous-based and 
water-based, were used for deposition of lsm films on 
lsCF pellets to optimize the infiltration process and to 
examine the microstructure evolution during annealing 
at high temperatures.  the optimized lsm infiltration 
process was applied to porous lsCF cathodes which 
were electrochemically examined under steady-state 
polarization using symmetrical cells with three-electrode 
configuration.  the Psm infiltration process is as the 
same as for the lsm infiltration.  the effects of lsm and 
Psm coating on performance of the lsCF cathode were 
determined using symmetrical and anode-supported 
button cells.  the detailed structure, composition, 
and morphology of the lsCF surface, the lsm/lsCF 
interfaces in lsm-coated lsCF were characterized using 
electron microscopy and spectroscopy.  the microscopic 

III.A.4  Theory, Investigation and Stability of Cathode Electro-Catalytic Activity
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details of the cathodes are also correlated directly with 
their electrochemical performance.

Results

A Semi-Empirical Phenomenological Model for 
Mechanism of LSM-coated LSCF Cathode

We extended our model of the phenomenon of 
lsm-coated lsCF cathode.  Figure 1(a) shows the trend 
of the area normalized interfacial resistance modeled as 
a function of oxygen vacancy concentration dependent 
upon cathodic bias.  lsCF clearly has a different trend 
from lsm, as it is suspected that the trend of lsm leads 
to improved performance under large bias when the 

lsm is coated with lsCF.  Figure 1(b) shows the trend 
of interfacial resistance as oxygen vacancy formation 
is made less favorable by modifying the free energy 
of reaction.  the trend shows an increasing tendency 
toward larger activation at more severe cathodic bias.  
Figures 1(c) and (d) show how the trend of the area 
specific resistance is affected by making adsorption and 
dissociation of oxygen more favorable.  these results 
indicate that the lsm coating is less active at open 
circuit voltage because it has fewer oxygen vacancies, 
however its activation under large cathodic bias due to 
larger relative increase in vacancy concentration as well 
as its suspected more favorable adsorption properties 
make it more active at mild cathodic bias.  these 
modeling trend agree with our experiments in both thin-
films and porous, operational cathodes.  

Figure 1.  a) Normalized interfacial resistance of LSCF and LSM films assuming that the current at the effective overpotential is described by Equation
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LSM Coating on Porous LSCF Cathode

We have successfully fabricated dense continuous 
lsm films with desired structure, composition, 
morphology, and thickness on the lsCF surface by 
two kinds of infiltration solutions: non-aqueous and 
water-based.  the infiltration process parameters, 
including solution ph value, surfactant addition, thermal 
treatment conditions (thermal history of substrate), and 
ambient humidity (drying time), have been demonstrated 
to have critical effects on the ultimate quality of lsm 
films.  

Surface and Interface Study of LSCF and LSM/LSCF

optimized solution infiltration was applied to 
lsCF pellets and lsm pellets to prepare lsm films 
on different substrates.  subsequently the samples 
were annealed at 850oC for 900 hours to examine 
microstructure evolution.  As a comparison, a blank 
lsCF substrate was thermally treated under the same 
condition.  Figure 2(a) presents a transmission electron 
microscope (tem) image of the surface of an lsCF 
pellet after annealing at 850oC for 900 hours.  the 

sample was coated with a thin layer of Cr to provide 
delineation of the sample surface.  the image shows 
presence of crystalline oxide particles on the lsCF, 
and the particles have a maximum thickness of 
0.17 µm.  A high-resolution (hR)tem image taken in 
the interfacial area (marked by the yellow square in 
Figure 2(a)) between the surface oxide particle and the 
lsCF is displayed in Figure 2(b).  the hRtem image 
reveals lattice fringes of both the lsCF and the surface 
oxide particle.  Fourier-filtered images of the surface 
oxide and lsCF in the green and red rectangular areas 
in the two phases are presented in Figures 2(c) and 
(d), respectively.  the structural coherence is better 
manifested by alignments of the two pairs of lattice 
fringes of these two phases.  the spacings of one of these 
two pairs of lattice fringes with the least mistmatch of 
about 1.8% are labeled in the images.  sr, la and o 
were identified by energy dispersive X-ray spectroscopy 
from the crystalline particle with thickness labeled in 
Figure 2(a).  With standardless quantification, the atomic 
ratio of sr/la is 1.4. 

Figure 2(e) is a tem image of an lsCF grain 
boundary in the sample of lsm-coated lsCF pellet 

Figure 2.  (a) TEM image of surface of LSCF pellet annealed at 850°C for 900 hours.  A thin layer of Cr coating was used to 
delineate the sample surface.  (b) HRTEM image of the interface between an oxide particle and the underlying LSCF pellet in 
the yellow square marked in (a).  (c) and (d) Fourier-filtered images of the green and red rectangles marked in the surface oxide 
and the LSCF in (b).  (e) TEM image of LSCF grain boundary of LSM-coated LSCF pellet after annealing at 850°C for 900 hours.  
(f) Profiles of atomic percents along the line marked by the blue arrow in (e).  (g) TEM image of LSM-coated LSM pellet after 
annealing at 850°C for 900 hours.  The sample received sequential depositions of C and Cr for the purpose of protection and 
delineation of the surface.  (h) HRTEM image of the green rectangular area highlighted in (g).  (i) Fourier-filtered image of the 
white recgangular area marked in (h).
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after the annealing.  mn has been found to have diffused 
along the lsCF grain boundary and is absent near 
the surface of the lsCF grain boundary as shown in 
Figure 2(f), which presents profiles of atomic percents 
along the line marked by the blue arrow in Figure 2(e).  
A sub-micron particle that consists of la, sr and o 
is located on top of the lsCF grain boundary.  With 
the absence of mn near the surface of the lsCF grain 
boundary, the finding of the la-sr-oxide particle here 
is consistent with that on the blank lsCF pellet after 
the annealing.  Figure 2(g) displays a tem image of the 
surface of lsm-coated lsCF pellet after the annealing.  
C and Cr were deposited in sequence to protect and 
delineate the sample surface.  the figure shows an lsm 
grain oriented with [100] zone axis along the electron 
transmission direction.  An interfacial layer with a 
thickness on the order of 1 nm exists between Cr and 
lsm.  A high-resolution image of the Cr/lsm interface 
within the green square area highlighted in Figure 2(g) 
is presented in Figure 2(h).  the Cr/lsm interfacial 
layer appears as amorphous, and the lsm [100] zone-
axis lattice fringes are clearly visible and labeled in the 
Fourier-filtered image displayed in Figure 2(i).  there is 
not a discrete lsm layer on the sample surface, either.  
the absence of such a discrete lsm layer is believed 
to be due to the lsm layer coated on the lsm pellet 
assumed an epitaxial relationship with respect to the 
underlying lsm pellet.

tem observation suggests that formation of 
thick oxide of la and sr after annealing both on the 
blank lsCF pellet, and possibly along the lsCF grain 
boundaries on the lsm-coated lsCF pellet where mn 
is insufficient due to its diffusion.  As a sharp contrast, 
there is no such thick oxide on the lsm-coated lsm 
after annealing.  such thick surface oxide particles 
that are expected to severely hamper electrochemical 
activities have not emerged after annealing.

Cathode Performance and Stability Improvements 
by LSM Coating on LSCF Surface 

to investigate the electrochemical behavior of 
lsm infiltrated porous lsCF cathodes under different 
cathodic polarization conditions and correlate the 
performance with the lsm infiltration solution 
concentration (to which the coating thickness should 
be proportional), a series of direct current (dC) passage 
treatments were employed to symmetrical cells with 
a three-electrode configuration and relevant steady 
polarization behavior was examined [3].  shown in 
Figure 3 is a comparison in interfacial polarization 
resistance (Rp) for a blank lsCF and an lsm-infiltrated 
lsCF cathode with different concentrations of lsm 
solutions measured at different cathodic current 
densities.  obviously, Rp of all infiltrated lsCF cathodes 
are larger than that of the blank lsCF under the open 
circuit voltage condition, and it increases with solution 

concentration.  When a cathodic current passed 
through the cell, Rp in all cases decreased.  the higher 
the infiltration solution concentration, the larger the 
decreasing rate.  As the current density is high enough 
(e.g., 1 A cm-2), Rp for all infiltrated lsCF cathode show 
similar values which is visibly lower than that of blank 
lsCF cathode under the same conditions.  Accordingly, 
it seems that there is a compromise between 
performance improvement and solution concentration 
under different operation conditions. 

A typical comparison for the overpotential 
dependence of interfacial polarization resistance (Rp) for 
the lsCF cathode with/without lsm infiltration was 
shown in Figure 4(a).  Clearly there is an intersection at 
an overpotential of 0.08 V.  Rp for lsm infiltrated lsCF 
cathode decreases much faster than that for blank lsCF 
cathode with η, leading to smaller Rp at higher η in spite 
of the initially larger value in the former.  this is the 
reason that the performance of an lsm-infiltrated lsCF 
cathode is enhanced under typical fuel cell operation 
conditions. 

Exploration of Mn-Based Perovskite Similar to 
LSM as a Catalyst Material

the main objective of the project is to develop a 
catalytically active coating onto lsCF backbone to 
improve the performance and stability of a porous 
lsCF cathode.  Based on our knowledge for lsm 
infiltration, a new mn-based perovskite material, 
Psm, was developed using a similar film preparation 
technique [4].  Presented in Figure 4(a) are Rp versus 
overpotential for blank lsCF and lsCF infiltrated with 
the identical concentration Psm and lsm solution.  the 
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Figure 3.  Interfacial polarization resistance versus cathodic current 
density for LSCF cathodes without/with 0.05, 0.1 M, and 0.3 M of LSM 
infiltration measured at 750°C.  Impedance spectra were obtained under 
a steady state polarization with a constant cathodic current passage.
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initial Rp of Psm is lower than blank lsCF and lsm 
infiltrated lsCF cathode, implying that it has more 
catalytic activity for oxygen reduction.  Under cathodic 
polarization, the Psm infiltrated lsCF cathode also 
showed significant activation behavior, making the 
enhancement in performance more evident.  however, 
long-term stability is more important, especially for 
highly active materials.  Psm infiltrated lsCF cathode 
was applied to our homemade button cells and long-
term stability was tested at a constant voltage of 0.7 V 
and 750oC.  Figure 4(b) showed lifetime of the full 
cells with different cathodes.  As a comparison, the 
performance of the cells with the baseline and lsm 
infiltrated lsCF cathodes were presented as well.  
Clearly, the cells with Psm infiltration cathode showed 
better performance and was even still increasing with 
250-hour operation.  Compared with lsm infiltration, 
the improvement in performance is around 5%.  due to 

possible degradation of the pure lsCF cathode during 
operation, more significant difference in performance 
would be expected over blank cells with operation. 

Conclusions

A semi-empirical method based on continuum 
modeling was developed for interpretation of 
electrochemical testing results regarding the 
performance enhancement of the lsm coated lsCF 
cathode.  the dense continuous lsm films with desired 
structure, composition, morphology, and thickness on 
lsCF surface were developed by a series of infiltration 
parameters optimization.  the correlation between 
performance improvement, infiltration solution 
concentration, and operation condition (polarization 
condition) shows the performance improvement 
can be achieved in the lsCF cathode with 0.05, 
0.1 and 0.3 m lsm infiltration at a relatively high 
cathodic current passage.  It also demonstrated that 
a mn-based perovskite material, Psm, could lead to 
more performance improvement for lsCF cathodes.  
microanalysis revealed that presence of mn is able to 
effectively suppress the formation of thick oxide of la 
and sr on blank lsCF pellets during annealing at 850ºC 
for 900 hours, which may be related to the degradation 
of lsCF cathodes. 
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Figure 4.  (a) Interfacial polarization resistance versus overpotential 
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measured at 750°C.  (b) Typical power outputs of the homemade button 
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Identify and develop candidate materials, •	
architectures and concepts to solve issues related to 
delamination and degradation of cathode contact 
material. 

Initiate in situ testing using commercially available •	
lab-scale fuel cells. 

target high-risk/high-benefit strategies and novel •	
technical approaches. 

FY 2011 Accomplishments 

screened a long list of candidate cathode •	
materials for suitability as cathode contact pastes.  
determined conductivity, sintering behavior, 
coefficient of thermal expansion (Cte), reactivity 
with lanthanum strontium cobaltite ferrite (lsCF) 
and mn1.5Co1.5o4 (mCo) neighbor materials and 
bonding. 

determined area specific resistance (AsR) of most •	
promising candidates at 800°C for 200 h. 

Conducted post-mortem analysis of AsR specimens •	
to determine extent of reaction between layers. 

Identified novel cathode contact schemes and •	
materials.  determined feasibility of novel 
approaches, and selected most promising candidates 
for further development. 

Initiated in situ testing of cathode contact material •	
(CCm) candidates using anode-supported lab-scale 
cells and mCo-coated 441 interconnect coupons. 

Introduction 

the main focus of the lBnl project is to support 
industrial solid state energy Conversion Alliance 
(seCA) teams in their effort to commercialize solid 
oxide fuel cell (soFC) technology that meets the seCA 
performance and cost targets.  In order to achieve this 
goal, it is necessary to improve the performance of 
soFC components through selection of appropriate 
materials and development of novel yet inexpensive 
alternative materials, architectures and concepts.  the 
primary challenge addressed by lBnl during Fy 2011 
concerns electrical connection and bonding between 
the interconnect and cathode layers, shown in Figure 1.  
historically, cathode materials such as lanthanum 
strontium manganate are used as a CCm paste to 
bond the cell to the interconnect.  high temperature is 
typically required to achieve good bonding, however, 
leading to rapid oxidation of the stainless steel 
interconnect.  If a temperature low enough to avoid 
oxidation of the steel (<1,000ºC) during the bonding step 
is employed, poor bonding and eventual delamination 
of the contact material occur.  the goals of the work 
at lBnl are to: 1) screen known candidate cathode 
materials to ascertain whether they can be used as 
CCms displaying adequate properties after bonding at 
<1,000ºC; and 2) identify and develop novel materials, 
architectures, and approaches to solving this issue. 

Approach 

Accordingly, in Fy 2011 the lBnl core effort has 
been focused on the following issues:

Identification of cathode materials from the existing •	
literature that offer promise as candidate cathode-
interconnect contact materials.

synthesis and characterization of candidate •	
materials, including determination of sintering 

III.A.5  Cathode Contact Materials for Anode-Support Cell Development

Figure 1.  Schematic of CCM Placement in Cell Stack
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behavior, conductivity, bonding, Cte, and reaction 
with neighbor materials. 

down-selection of the most promising candidates, •	
and determination of the long-term stability of their 
AsR in relevant test geometries using model cathode 
and interconnect layers. 

demonstration of the best materials in lab-scale •	
cells operating under realistic conditions. 

novel materials and architectures have also been •	
pursued, wherein the bonding and electronic 
connection functions of the CCm material are 
separated, and composite materials are used to 
provide the dual functionality. 

Results 

Screening of Candidate CCM Materials

A long list of cathode compositions were identified 
as candidates for application as CCm materials.  the 
compositions were purchased from Praxair or fabricated 
by GnP.  the properties of primary relevance, including 
conductivity, sintering behavior, Cte, and reactivity with 
mCo and lsCF were then determined.  the summary 
of this screening effort suggested that the most promising 
CCm candidates are lsCF and lanthanum strontium 
copper ferrite (lsCuF), chosen for extensive sintering at 
low temperature and strontium samarium cobalt oxide 
(ssC) and lanthanum strontium cobaltite (lsC), chosen 
for high conductivity.

Testing of Most Promising Candidates

these four materials were then incorporated into 
AsR specimens in which electrical resistances of the 
individual lsCF/CCm and 441-mCo/CCm interfaces 
and lsCF/CCm/mCo junction were monitored 
over time.  Figure 2 shows a schematic of the sample 

geometry and AsR results. lsC and ssC are the most 
promising compositions tested to date.  they provided 
low and stable AsR for 200 h at 800°C.

After testing, the AsR specimens were cross-
sectioned and analyzed with scanning electron 
microscope (sem) and energy dispersive X-ray analysis 
(edAX).  Figure 3 shows ssC on mCo-coated 441 
substrate.  the layers are well-bonded and homogeneous.  
edAX indicated minimal interdiffusion across the CCm/
lsCF interface.  some interdiffusion between mCo and 
lsC, ssC, and lsCuF did occur.  We speculate that this 
may alter the electrical and oxygen transport properties 
of the mCo, thereby influencing the growth rate of the 
underlying chromia scale. 

In situ tests are now under way.  the CCm 
candidates are used to bond mCo-coated 441 
interconnect coupons to anode-supported lab-scale cells.  
total AsR and high-temperature bonding will be assessed. 

Figure 2.  ASR for Various CCM Compositions at 800°C

Figure 3.  Post-Mortem Cross Section SEM Image of SSC on MCO-441 
Substrate
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Conclusions and Future Directions

many candidate CCm compositions were •	
synthesized and screened for relevant physical 
properties. 

lsCF, lsCuF, ssC, and lsC were chosen as the •	
most promising candidates, and AsR testing was 
conducted with these compositions.  Initial results 
indicate that ssC and lsC provide low, stable 
AsR.  Post-mortem analysis indicated minimal 
interdiffusion between the CCm and neighbor 
materials.

Assessment of mechanical properties, tolerance to •	
thermal cycling, and in situ testing are under way. 

novel solutions to the CCm issue were assessed and •	
developed. 
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observation of local electronic structure, electron •	
tunneling properties, and chemical characteristics 
on la0.7sr0.3mno3 (lsm) dense thin-film model 
cathodes at elevated temperatures and reactive gas 
environment with oxygen.

Identify correlations between surface chemical •	
state and electron transfer characteristics on lsm 
as a function of temperature and thin film strain 
state that is of relevance to infiltrated cathode 
microsctructure.

FY 2011 Accomplishments 

We demonstrated the effects of epitaxial strain •	
on the surface cation chemistry and the surface 
electronic structure of lsm as a model system, both 
at room temperature and at elevated temperatures. 

X-ray photoelectron spectroscopy (XPs) results •	
showed that a larger tendency for sr enrichment 
is prevalent for the tensile-strained lsm surface, 
owing to the relatively larger space available for the 
sr cation on the surface compared with that in the 
bulk with increasing tensile strain. 

scanning tunneling spectroscopy (sts) results •	
showed that the electronic structure exhibits the 

presence of an energy gap between the occupied 
and unoccupied states at room temperature, 
favoring a smaller band gap for the compressively 
strained lsm.  At 500ºC in 10-3 mbar of oxygen, 
however, both lsm film surfaces exhibit 
metallic-like behavior, and the tensile-strained lsm 
has enhanced density of states near the Fermi level 
compared with the compressively strained lsm. 

Introduction 

the relation of surface cation chemistry and surface 
electronic structure to oxygen reduction reaction (oRR) 
kinetics remains an outstanding question to this day 
in the search for highly active cathodes for solid oxide 
fuel cells (soFCs).  While traditionally perovskite-type 
transition-metal oxides have been extensively 
investigated as soFC cathodes, more recent studies 
highlight the potential of layered oxide cathodes.  on 
the surface of the perovskite-structured la1-xsrxmno3, 
a widely used and studied soFC cathode material, the 
fractional presence of constituent cations can deviate 
from the nominal bulk stoichiometry significantly 
because of an enrichment of sr or la cations on 
the surface.  It has been possible to control the bulk 
magnetic and electronic properties of perovskite thin 
films by manipulating their lattice parameters with 
different growth conditions, hydrostatic pressure, or 
use of substrates with a different lattice mismatch to 
the films.  Furthermore, the impact of the lattice strain 
on the surface electronic structure and reactivity has 
been long demonstrated for low-temperature noble 
metal electrocatalysts.  on the other hand, the role of 
lattice strain on the surface cation and anion chemistry, 
electronic structure, and ionic transport, which all 
influence the oRR activity of soFC related oxides, is 
attracting its due interest only recently. 

We have recently demonstrated, from first 
principles-based calculations, that the epitaxial strain up 
to a critical tensile strain value favors oxygen-vacancy 
formation as well as oxygen adsorption on another 
widely studied soFC cathode, laCoo3.  experiments 
validating the direct role of strain on the reactivity 
with oxygen and oxygen transport in soFC materials 
have been yet scarce.  sase et al. [1] showed that the 
oxygen surface exchange rate at the heterointerface of 
la0.6sr0.4Coo3/(la,sr)2Coo4 thin films is larger by three 
orders of magnitude compared with the single-phase 
cobaltite surfaces.  A reasonable hypothesis that could 
explain the enhanced oxygen exchange at that interface 

III.A.6  Electronic Structure and Chemical State on La0.7Sr0.3MnO3 Dense 
Thin-Film Cathode Surfaces – Correlations to Thin-Film Strain
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region is the role of local strains.  studies on fluorite 
systems have suggested strong coupling of biaxial strain 
also to the oxygen ion diffusion.  here, we report our 
results on the strain-induced changes in the surface 
chemical and electronic state of lsm as a model system.  
We assessed two key parameters for reactivity with 
oxygen as a function of strain: (1) chemical environment 
on the lsm surface, in particular, the segregation of sr 
cations and oxygen vacancy formation, experimentally 
probed with angle-resolved XPs and (2) surface 
electronic structure, experimentally probed using 
scanning tunneling microscopy and spectroscopy (both 
at ambient and in situ at elevated temperatures).

Approach 

X-ray diffraction (XRd) measurements were 
performed employing a PAnalytical expert Pro mPd 
diffractometer to determine the phase purity 
and the strain states.  scanning tunneling 
microscopy/spectroscopy (stm/sts) at room 
temperature as well as at elevated temperatures was used 
to investigate the surface morphology and electronic 
structure of the strained films.  the measurements were 
performed in a modified ultra-high vacuum (UhV) 
system designed by omicron nanotechnology, with a 
variable temperature scanning tunneling microscope.  
the chemical state of the surfaces was probed using 
angle-resolved XPs using a five-channel hemispherical 
electron analyzer, equipped in the same chamber with 
the stm.  CasaXPs 2.3.15 software was used to assess 
the spectra and calculate the relative intensity of each 
constituent by employing the shirley background.  the 
total intensity of each constituent was normalized by 
their corresponding cross section values from scofield’s 
table.  We removed carbon contamination from the 
surfaces of the air-exposed lsm films by heating them 
in oxygen pressure of 5×10-5 mbar at 500°C for at least 
30 min in the UhV chamber.  All stm, sts, and XPs 
results reported here were obtained after the cleaning 
process.  A pyrolytic boron nitride (PBn) heater was 
used to evenly heat the lsm films during the cleaning 
process as well as during the stm experiments at high 
temperatures.  stm measurements were performed in 
the constant-current mode using Pt/Ir tips, with a bias 
voltage of 1 to 2 V applied to the tip and a tunneling 
current of 200-500 pA. 

Results 

epitaxial 10 nm thick lsm films, grown by pulsed 
laser deposition [2] on (001) srtio3 (sto) and (001) 
laAlo3 (lAo), are the model materials in this study.  
the XRd results indicate that both films are fully 
strained with the (001) out-of-plane orientation.  the 
film on sto has 0.8% in-plane tensile strain, whereas 
the film on lAo is under -2.1% in-plane compression 
at room temperature.  the expected strain in lsm films 

at the deposition temperature of 850°C is +0.6 and 
-2.3% based on the differences of the thermal expansion 
coefficients of lsm, sto, and lAo.  the surface of 
lsm films grown on both substrates, hereafter denoted 
as lsm/lAo and lsm/sto, has well-resolved and 
atomically smooth terraces with different lateral sizes 
(Figure 1a,c).  the height profiles on these terraces 
show that the height difference between each layer is 
4.0 ± 0.3 Å (Figure 1b,d), in good agreement with the 
lattice parameter of the lsm (3.88 Å).  the overall 
morphology on these two substrates is similar, whereas 
the size of these terraces on lsm/lAo is smaller.

to assess the strain dependence of sr content and 
its chemical environment on/near the surface, la 4d and 
sr 3d emissions in XPs were analyzed for lsm/sto 
and lsm/lAo.  the la 4d and sr 3d emissions have 
similar kinetic energies, with a mean free path (mFP) 
of 20 Å [3,4] in lsm.  these spectra were measured 
at two emission angles, 0 and 70º, between the surface 
normal and the detector position; measurements at 70º 
are more surface-sensitive, with a mean probing depth of 
7 Å from the surface.  the sr/(sr + la) ratio is taken as 
a first measure of sr enhancement near the surface and 
was quantified using the total la 4d and sr 3d emissions 
normalized by their corresponding cross-sectional values 
from the scofield table.  the sr/(la + sr), evaluated at 
70º in Figure 2a, is almost the same, 0.36 to 0.37, on both 
lsm/lAo and lsm/sto and is larger than the bulk 
nominal value of sr/(la + sr) = 0.3.  this result implies 
that the near-surface region of both lsm films is sr-rich, 
and the total sr fraction on the A-site (A = la, sr) 
of lsm within the top nearly 7 Å depth is the same 
regardless of the sign or magnitude of strain. 

to obtain quantitative information about the 
differences in the chemical environment on lsm surfaces 
as a function of strain, the sr 3d core level photoemission 
line shapes were analyzed.  As shown in Figure 2b, 
the sr 3d emission deviates from the theoretical line 
shape and was deconvoluted to show that it has two 
sr core level binding environments on both lsm/lAo 
and lsm/sto.  these are represented by one doublet 
of sr 3d located at the lower binding energy, lBe 
(132.0 ± 0.2 eV) [5], and a second doublet located at the 
higher binding energy, hBe (133.4 ± 0.2 eV) [5].  the 
lBe component has a larger contribution in the total 
sr 3d emission and is attributed to the sr cations fully 
coordinated within the bulk of the perovskite lattice 
(srlattice).  As the emission angle increases from 0 to 
70º, the contribution of the hBe component increases, 
implying that the hBe binding environment is related 
to the sr cations on the surface (srsurface) of lsm [4,5,6].  
the srsurface contribution is different among the sr 3d 
emissions on lsm/lAo and lsm/sto, as evident from 
the different line shapes of the spectra in Figure 2b.  
Figure 2c shows the intensity ratio of the srsurface to srlattice 
on lsm/sto relative to that on lsm/lAo, quantified as 
the ratio [(srsurface/srlattice)lsm/sto]/[(srsurface/srlattice)lsm/lAo], 
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as a function of the emission angle.  the increase in the 
surface sr component with the increasing emission angle 
is more pronounced on lsm/sto compared with that 
on lsm/lAo.  this ratio changes from 0.93±0.05 at 0º 
emission to 1.23±0.06 at 70º emission and shows that 
the srsurface binding environment has a larger presence 
on lsm/sto.  the exact nature of this hBe srsurface 

component of the sr 3d emission varies in different 
reports.  two major possibilities for the origin of the hBe 
component in our results are the sro or sr-oh phase 
formation on the surface [7,8] and the under-coordinated 
sr cations on the perovskite lsm surface with an 
Ao-termination layer [7,9].  our stm measurements 
(Figure 1) do not show a significant variation in the 

morphology or in the step heights that 
could be correlated to a discernible 
presence of sro or sr-oh surface phase.  
therefore, we believe that the hBe 
intensity in the sr 3d emission more 
likely originates from the presence of the 
under-coordinated sr on the perovskite 
surface.  therefore, the enhanced 
presence of the srsurface on lsm/sto 
suggests a further enrichment of surface 
sr driven by the tensile strain state of the 
lsm film.  however, the relative changes 
in srsurface constitutes only about 4 to 5% 
difference within the total sr 3d, which is 
beyond the resolution of the sr/(sr + la) 
quantification in Figure 2a.

electronic structure is strongly 
coupled to the surface reactivity of 
the material [10].  here we compare 
the electronic density of states using 
tunneling spectroscopy, probing the 
occupied and unoccupied states on 
lsm surfaces near the Fermi level 
both at room temperature and at 
an elevated temperature in oxygen.  
lsm surfaces at room temperature 
exhibited an energy gap between 
the occupied (negative sample bias) 
and unoccupied (positive sample 
bias) states (Figure 3), with a smaller 
gap of 0.9 ± 0.2 eV on lsm/lAo 
compared with 2.1 ± 0.2 eV on 

Figure 1.  (a,c) Surface morphology and (b,d) height profile of the 10 nm thick 
(a,b) LSM/LAO and (c,d) LSM/STO films at room temperature.  Blue bars in panels (a) and 
(c) show the position of the line profiles in panels (b) and (d).

Figure 2.  (a) Relative intensity of Sr/(La+Sr), (b) Sr 3d spectra and the two curve-fitted doublets at the high binding energy for Srsurface (blue/dashed 
line) and at the low binding energy for Srlattice (red/solid line), shown for LSM/LAO and LSM/STO at 70° emission angle, and (c) the relative increase in 
the Srsurface component of the Sr 3d spectra from 0 to 70° emission angle on LSM/STO with respect to that on LSM/LAO.
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lsm/sto.  In prior tunneling studies on lsm and 
related perovskite thin films, differences in electronic 
characteristics at room temperature or below were 
attributed to the coexistence of paramagnetic insulating 
and ferromagnetic metallic regions on the surface and 
were related to the differences in the local mn-o bond 
lengths, nanoscopic disorder, [11] oxidation, [12] and 
formation of oxygen vacancy defects [13].  We note that 
our lsm films of ~10 nm thickness are fully strained, 
and the observation of semiconducting-like energy gap 
at room temperature is in good agreement with previous 
reports on fully strained manganite films [12,15] and 
with our recent work [15,16] on textured lsm films on 
zirconia substrates with a large lattice mismatch to lsm.  
the larger band gap found on lsm/sto compared 
with that on lsm/lAo may partially be related directly 

to the strain state differences (both magnitude and 
sign) on these films.  on the basis of our experimental 
observation, we conclude that the biaxial lattice strain 
can induce direct changes in the surface electronic 
structure of lsm, determined here as the differences in 
the energy gap between the occupied and unoccupied 
states.

the picture, however, reverses for the tunneling 
conductance and density of states at elevated 
temperatures, presented in Figure 4 at 500°C.  Both of 
the above-mentioned films exhibit no gap between the 
occupied and unoccupied states (Figure 4c) at 500°C, 
but a significantly larger tunneling conductance and 
density of states (represented by dI/dV) prevails on 
lsm/sto surface.  the transition from the presence 
of an energy gap to a metallic-like electronic structure 
may arise from the delocalization of the charge carriers 
at elevated temperatures, possibly accompanied by 
a transition from the ferromagnetic insulator to a 
paramagnetic metal (for x > 0.3) structure [17] or due 
to the formation of oxygen vacancies on the surface 
that create defect states in the band gap [13,18].  the 
thermal excitations at 500°C are not sufficient to enable 
the closure of 0.9 to 2.1 eV energy gap.  moreover, and 
importantly for the focus of this report, this transition 
at high temperature is stronger with a larger density 
of states near the Fermi level for the tensile-strained 
lsm/sto compared with the compressively strained 
lsm/lAo.  taking the density of states near the Fermi 
level (0 V sample bias) as a measure of reactivity [10], 
our results suggest that tensile strain state on lsm may 
favor electron transfer to and reactivity with oxygen 
at elevated temperatures in solid oxide fuel cells.  We 
hypothesize that this difference in the electronic 

Figure 3.  Tunneling spectra on LSM/LAO (blue, solid line) and 
LSM/STO (red, dashed line), showing the energy gap, Eg, for both 
samples at room temperature in ultra-high vacuum. 

Figure 4.  Surface structure on (a) LSM/LAO and (b) LSM/STO was stable at 500°C in 10-3 mbar oxygen, 
with no evident change in morphology.  (c) Tunneling spectra (dI/dV, proportional to the density of states) on 
LSM/LAO (blue, solid line) and LSM/STO (red, dashed line), taken at 500°C in 10-3 mbar of oxygen.
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structure on lsm surface, directly or indirectly due 
to the strain state, could arise from the following 
two possible mechanisms.  the first mechanism is 
associated with the formation of oxygen vacancies on 
the surface [19], which modifies the d band structure 
of the neighboring transition metals and can induce 
states in the gap [20,21].  more facile formation of 
oxygen vacancies on the tensile-strained lsm/sto, 
and thus, an increase in the defect states that enhances 
the density of states near the Fermi level is a reasonable 
explanation.  the second mechanism is related to the 
possible phase changes or restructuring on lsm [12] 
as a function of temperature and sr content [17].  the 
precise role of surface defects and restructuring in 
governing the high-temperature electronic structure and 
reactivity of strained lsm requires further experimental 
and theoretical investigation.

Conclusions and Future Directions

In summary, we demonstrated the effects of 
epitaxial strain on the surface cation chemistry and the 
surface electronic structure of lsm as a model system, 
both at room temperature and at elevated temperatures.  
A larger tendency for sr enrichment is prevalent for the 
tensile-strained lsm surface, owing to the relatively 
larger space available for the sr cation on the surface 
compared with that in the bulk with increasing tensile 
strain.  tensile strain also facilitates oxygen vacancy 
formation on lsm.  While the electronic structure 
exhibits the presence of an energy gap between the 
occupied and unoccupied states at room temperature, 
favoring a smaller band gap for the compressively 
strained lsm, the picture reverses at elevated 
temperatures.  At 500°C in 10-3 mbar of oxygen, both 
lsm film surfaces exhibit metallic-like behavior, and 
the tensile-strained lsm has enhanced density of states 
near the Fermi level compared with the compressively 
strained lsm.  these results illustrate the importance 
of lattice strain in controlling the high-temperature 
surface chemistry and electronic structure for oxygen 
reduction activity on soFC cathodes.  In-depth 
probing and analysis of such correlations on a broad 
range of materials and conditions are essential toward 
advancing our understanding of how the surface state, 
including the presence of strain, relates to the oxygen 
reduction activity on oxide cathodes.  Integration 
of surface-sensitive in situ techniques and first 
principles-based simulations, as demonstrated here, is a 
necessary approach for this goal.

FY 2011 Publications/Presentations 

Conference Presentations

1.  April-may 2011, “Strain Effects on the Surface Chemistry 
and Electronic Structure of La0.7Sr0.3MnO3,” 2011 spring 

meeting of the materials Research society, symposium 
Frontiers of solid state Ionics, san Francisco, California, 
United states; 219th meeting of the electrochemical society, 
solid oxide Fuel Cells XII, montreal, Canada.

2.  July 2011, “Strain Effects on the Surface Chemistry, 
Electronic Structure, and Reactivity of La1-xSrxMnO3 and 
La1-xSrxCoO3,” 18th International Conference on solid state 
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3.  may 2011, “Strain Effects on the Surface Chemistry, 
Electronic Structure, and Reactivity of Solid Oxide Fuel Cell 
Cathodes,” e-mRs 2011 spring meeting, e-mRs / mRs 
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Fiscal Year (FY) 2011 Objectives 

Characterize atomic variations and modifications •	
occurring in the nanometer range, in the cathode/
electrolyte interface region of solid oxide fuel cell 
(soFC) related materials.

Correlate these modifications to electric potential, •	
ion current, gaseous environment, and possible 
synergistic effects between them.

Identify degradation mechanism for sr segregation •	
in la0.6sr0.4Co0.2Fe0.8o3-δ (lsCF) materials.

FY 2011 Accomplishments 

observations of the power curves for lsCF/•	
gadolinia-doped ceria (GdC) sandwich structures 
driven with potentials ranging from 350 mV to 
500 mV at 800°C for 100 hours of operation, shows 
a slight performance degradation.  the mechanism 
underlying the degradation is determined to be sr 
out-diffusion onto the lsCF surface.

determined that the sr segregation is dependent on •	
a reduction in oxygen vacancy concentration in the 
near surface region.

outlined mitigation strategy by increasing and •	
stabilizing oxygen vacancy concentrations through 
co-doping in the near surface region or matching 
oxygen vacancy concentrations. 

Periodic reverse soFC operation serves to prolong •	
soFC lifetimes.

Introduction 

oxygen vacancies are responsible for some of the 
exciting properties exhibited by perovskites, including 
magnetism [1], two-dimensional electron channels 
in otherwise insulating materials [1], and oxygen 
ion transport in mixed ionic/electronic conductors 
which are essential for oxygen production (solid oxide 
electrolyzer cells [2]), separation (oxygen separation 
membranes [3]) and as electrodes in hydrogen-based 
energy technologies (soFCs) [4].  Unfortunately, a 
critical lack in understanding of material degradation 
under operational conditions (e.g., ion flux, bias 
potential and high temperature) remains a barrier to 
their broad implementation.  

the success of lsCF as a mixed ionic/electronic 
conducting electrode in these applications stems from 
its high oxygen vacancy concentration, generated by 
the substitution of sr2+ for la3+.  however, long-term 
performance degradation, attributed to decomposition of 
the perovskite structure induced by sr out-diffusion [5] 
which compromises oxygen dissociation at the surface 
[6] remains a concern for this class of materials.  An 
understanding of the segregation mechanism, and the 
electrochemical environment’s influence on it, remains 
elusive, with some work suggesting that the driving factor 
is the variation in oxygen vacancy concentration [7].

In this work we demonstrate that cation segregation 
in perovskite electrodes has its origin in the variation in 
oxygen vacancy concentration induced by the existing 
bias potential during operation by utilizing X-ray 
absorption spectroscopy (XAs) to directly investigate 
the secondary phase formation.  due to the difficulty 
of differentiating between surface segregated and bulk 
sr, we introduce gaseous Cr which reacts with out-
diffused sr to form srCro4 because of the favorable 
[8] acid-base reaction of sr with hexavalent chromium 
(Cr6+).  In the absence of segregated sr, Cr deposits in 
the reduced form of Cr2o3 (Cr3+).  the ex situ measured 
Cr6+/Cr3+ ratio enables us to quantify the relative sr 
segregation and allows us to explore the influence of 
the electrochemical environment on this degradation 
mechanism. 

Approach 

In our experimental setup, we first perform four-
probe conductivity measurements of symmetric-half-cells 
[2,9] consisting of a GdC electrolyte with lsCF porous 
electrodes on both sides.  the symmetrical nature of 
the samples allows us to study how oxygen dissociation 

III.A.7  Synchrotron Studies of SOFC Cathode Materials
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and recombination affect sr segregation dynamics.  the 
GdC powder was uniaxially pressed in 0.5 inch diameter 
disks with thicknesses of 1-3 mm.  A thin lsCF paint 
was applied to both sides and co-sintered at 1,200°C 
for 10 hours in air.  the lsCF electrode thicknesses 
were measured by cross section field emission scanning 
electron microscope and found to range from 40 to 
50 μm with uniform porosity.  silver mesh contacts are 
pressed on each side of the sample with Inconeltm disks, 
held together with alumina fasteners.  the discs are 
perforated to allow ambient air access and serve as the 
gaseous Cr source. 

the sample current was measured for 48 hours with 
an applied constant direct current voltage (potentiostatic 
method) with the sample and holder in a quartz tube 
furnace at 800°C in air.  Various GdC thicknesses were 
run with bias voltages from 0.1 to 0.6 V allowing us 
to independently assess the effects of ion current and 
bias potentials.  one sample was disconnected from 
the power source 1 hour prior to cool down to verify 
that our results are independent of the presence of a 
bias voltage during the cooling process.  After cooling 
at a rate of 4°C/min to room temperature, the samples 
were stored in a dessicator and subsequently the Cr 
l23-edge XAs was measured in total electron yield mode 
at beamlines 4.0.2 and 6.3.1 of the Advanced light 
source of the lawrence Berkeley national laboratory.  
Reference l23-edge XAs spectra for Cr3+ and Cr6+ 

from powders consisting of Cr2o3 (99% purity) for the 
trivalent chromium, Cro3 (99.99% purity) and srCro4 
(99.9% purity) for the hexavalent chromium were also 
measured.  the sr m45-edge XAs spectra for all samples 
(not shown) were nearly identical and, as previously 
noted, could not be used to distinguish sr in the srCro4 
from sr in lsCF. 

since the electrolyte is an electrical insulator, the 
measured current is due to the oxygen ion flow across 
the GdC electrolyte, originating from oxygen molecule 
dissociation at the negative lsCF contact (cathode) 
and terminating in molecular recombination at the 
positive lsCF contact (anode).  the ion current of 
each sample samples (with a specific bias potential and 
GdC thickness) was recorded over a 48 hours period.  
After the heating transient, a sharp but brief initial 
degradation was observed followed by slower long-term 
degradation.  A plot of the ending current density as 
a function of bias potential for each GdC electrolyte 
thicknesses (not shown here), a linear behavior of the 
ion current with potential was observed, indicating that 
the heterostructures are in a regime where the total ion 
flux resistance is dominated by the GdC electrolyte. 

Results 

to quantify the sr surface segregation, the Cr 
l23-edge XAs of both sides of each heterostructure 
were measured.  In Figure 1 top panel, the reference 

spectra for hexavalent chromium (srCro4, black 
line) and trivalent chromium (Cr2o3, red line) and a 
mixture of both powders (green line) are displayed.  
XAs spectra for the less stable Cro3 did not resemble 
any of the spectra.  After energy referencing the 
main Cr2o3 peak to 575.20 eV, the spectra were area 
normalized to the integrated l3 peak and subsequently 
normalized to the number of d-holes; seven for Cr2o3 
in [Ar] 3d3 configuration and 10 for srCro4 in [Ar] 3d0 
configuration [10].  the mixed powder spectra can be 
accurately reproduced with a least-squares-fit linear sum 
of the two reference spectra (blue line), allowing for a 
quantitative determination of the relative concentrations 
of Cr6+ and Cr3+.

Representative spectra of the cathode and anode 
side of the 1.9 mm thick GdC structure with 100 mV 
bias voltage and their associated fits are shown in 
Figure 1 bottom panel.  the only free parameter for 
fitting the Cr spectra is the ratio of the contributions of 
the d-hole normalized Cr3+ and Cr6+ reference spectra.  
this ratio can be used to determine the variation in the 
srCro4 concentration as a function of bias voltage and 
is shown in Figure 2 for each side of 1.1, 1.9 and 2.7 mm 
thick samples.  the open symbols represent the oxygen 
dissociation side (cathode) and the solid symbols the 
oxygen recombination side (anode).

the anode side unambiguously displays an increase 
in srCro4 with increasing bias potential.  this trend 
is not observed on the cathode side where a high and 
nearly constant srCro4 concentration is observed.  
this discrepancy is a clear demonstration of the 

Figure 1.  (top) XAS Reference Powder Spectra for Cr3+ and Cr6+, with 
a Measured Powder Mixture and the Best Fit; (bottom) Cr Precipitate 
Spectra and Fits for Both Sides of a Representative Sample
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electrochemical environment affecting the composition 
of the Cr precipitates.  Changing the contact material 
from silver to gold, or eliminating the bias potential 
before cool-down results in no change in the Cr3+ to Cr6+ 
ratio.  Finally, in comparing samples with different bias 
potentials and electrolyte thicknesses but similar current 
densities, we find that the srCro4 concentration showed 
no correlation to the current density while samples at 
the same bias potential, but different GdC thickness and 
current density, had very similar srCro4 concentrations 
demonstrating that the bias potential controls the 
segregation kinetics of sr out-diffusion of the lsCF 
electrodes. 

the mechanism of sr segregation and its variability 
with bias voltage can now be understood in the context 
of oxygen vacancy concentrations in the cathode and 
anode.  At the cathode, the dissociation of oxygen 
molecules occurs at a high rate due to the abundance 
of oxygen molecules and the catalytic activity of lsCF 
[11,12].  With an applied bias potential, the oxygen 
ion concentration in the lsCF cathode increases, as 
thermodynamic modeling for electrochemical systems 
similar to ours have shown [13].  Conversely, the oxygen 
vacancy concentration drops dramatically. 

to maintain overall charge neutrality with the 
decrease in oxygen vacancy concentration, the 
transition metal ions can increase their oxidation state 
and/or the sr ions can out-diffuse from the lsCF, 
effectively reducing their concentration from the 
initial stoichiometry.  (Recall that sr addition in lsCF 
generates the initial oxygen vacancy concentration.)  
Although transition metal valency changes occur, our 
results in combination with the previously shown 
diffusivity of sr in lsCF [5] clearly demonstrate that 
sr segregation is an important contributor to the 
compensation, as directly monitored through the 
formation of srCro4.  since the rate limiting step is the 
oxygen ion transport through the electrolyte, the oxygen 
vacancy concentration at the cathode will be relatively 

low over a range of bias potentials, which results in 
significant sr out-diffusion as experimentally observed 
in Figure 2 for the cathode sides of the samples (open 
markers).  

on the anode side, the bias potential drives the 
drives oxygen ion flux which controls the re-association 
of oxygen ions.  since the ion flux is limited by the GdC 
interlayer for low bias potentials, the oxygen vacancy 
concentration is higher in the anode than in the cathode.  
As the bias potential is increased, the oxygen vacancy 
concentration in the anode is reduced.  this leads to a 
variable sr segregation at the anode, which increases 
with bias potential, as observed in Figure 2 (solid 
markers).  At high bias potentials, the re-association 
of oxygen ions becomes the limiting process and the 
oxygen vacancy concentration becomes higher in the 
cathode than in the anode.  For a given GdC thickness, 
at some bias point the oxygen vacancy concentrations 
are equal in the cathode and anode lsCF, and we expect 
the same sr segregation and the same composition of the 
Cr precipitates.  this is indicated by the crossing point of 
the fitting curves at 410 mV for the 1.1 mm GdC sample 
in Figure 2.  extrapolating the linear fits for the 1.9 and 
2.7 mm GdC thicknesses suggest crossovers at 760 mV 
and 890 mV, respectively.

Conclusions and Future Directions

In conclusion, the advantage of XAs in studying 
porous surfaces was clearly demonstrated.  the 
bias potential dependency of dopant segregation 
in mixed ionic/electronic conductors such as 
la0.6sr0.4Co0.2Fe0.8o3-δ determined using the chemical 
signatures of low concentrations of surface Cr by XAs.  
By determining the relative concentrations of hexavalent 
Cr in srCro4 and trivalent Cr in Cr2o3, the surface 
concentration of segregated sr at the anode and cathode 
of symmetric lsCF/GdC/lsCF heterostructures as 
a function of bias potential and electrolyte thickness 
identified the driving factor for sr out-diffusion to be 
the oxygen vacancy concentrations in the near-surface 
regions of the cathode and anode.

With this understanding of the sr out-diffusion 
mechanism, multiple mitigation strategies can be 
pursued.  Baumann et al. [5] showed that short, reverse-
bias direct current pulses during operation lead to a 
performance increase of lsCF.  similarly, maintaining 
a high oxygen vacancy concentration in the electrodes, 
or stabilizing the sr ions within the lsCF through 
additional co-doping (perhaps only in the near surface 
region) should lead to lower degradation of the cathode.  
Reducing the initial imbalance of oxygen vacancies 
in the electrolyte in comparison to the electrode 
(e.g., higher doping of the electrolyte or lower doping 
of the electrodes) or matching the catalytic activity of 
the electrode to the ion transport rate of the electrolyte 
should also lead to a more stable concentration 

Figure 2.  Cr Precipitate Composition for Both Sides of All Samples 
with Open Markers for the Oxygen Dissociation Side (Cathode), and 
Solid Markers for the Oxygen Recombination Side (Anode)
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of oxygen vacancies.  sr stabilization could be 
accomplished by increased multi-valent transition 
metal doping into the B-site which further promotes 
reversible valency change rather than irreversible sr out-
diffusion.  In either case, overall performance need not 
be sacrificed for improved lifetime. 
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synthesize and characterize at least one perovskite •	
and perovskite-related structure modified by 
catalytic metals (e.g., (lasr)(CoPt)o3) suitable for 
infiltration.  setup infiltration technical parameters 
for optimized wetting and microstructure of 
infiltrate. 

Generate evaporation Induced self Assembly •	
(eIsA) infiltrated commercial fuel cells ((lasr)
mno3 [lsm] on (lasr)(CoFe)o3 [lsCF]) 
characterized for particle distributions and 
mesoporosity and measured for performance 
enhancement.

demonstrate (make at least five attempts) doped •	
laFeo3 porous cathode architectures (30-60 vol% 
porosity level) through controlled in situ pore 
formation strategies. 

demonstrate operation of anode supported, thin •	
electrolyte solid oxide fuel cell (soFC) with 
cathodes composed of lsCF nanofibers; generate 
basic estimate of cathode materials and processing 
costs.

Generate public report on the key conclusions from •	
the work.

FY 2011 Accomplishments

developed cathode infiltrate materials including •	
(lasr)Coo3, (lasr)(CoPt)o3, and (lasr)Feo3.  
Completed detailed evaluation of infiltrate material 
wetting of cathode backbone.  demonstrated 30-
40% reduction in electrode polarization resistance 
and 35-40% power performance improvement over 
uninfiltrated baseline cells.

Generated mesoporous infiltrate materials with •	
particle size of 20-100 nm and pore sizes on the 

order of 1 nm, and demonstrated thermal stability 
at soFC operating temperatures.  demonstrated 
performance in 200 hour cell operations showing 
more than 20% performance improvement with 
mesoporous lsm coating than baseline cells.  All 
infiltrated cells have slower degradation rates than 
the baseline cells.

demonstrated generation of 30-60% porous lsCF •	
and praseodymium-containing perovskite (PsCF) 
cathodes applied to standard anode supported 
button cells and tested cell performance in 
comparison to traditionally formed cathode.  lsCF 
showed 40% performance improvement over the 
baseline cell and PsCF was still better.  

demonstrated generation of four different lsm/•	
yttria-stabilized zirconia (ysZ) composite 
nanofibers, and verified proper phase formation 
achieved for samples sintered at 1,000°C. 

Reported the detailed technical results of cathode •	
materials development in six published reports and 
four conference presentations.

Introduction 

A soFC is a device which generates electrical 
energy by exchanging oxygen ions between an oxygen 
containing process stream such as air and a process 
stream containing an oxidizeable material such as 
hydrogen.  the soFC cathode facilitates the reduction 
of oxygen to an ionic form in preparation for transport 
across the impermeable electrolyte membrane.  this 
electrochemical oxygen reduction process is sensitive 
to the material composition and physical structure of 
the cathode, and the oxygen reduction reaction (oRR) 
efficiency can be impacted by chemical or structural 
alterations.

methods to improve the efficiency of the oRR 
typically focus on addition of electrocatalytic material 
into the porous cathode or focus on control of the 
cathode microstructure to increase the presence of 
beneficial structural features.  Proposed changes to 
cathode materials and microstructure must be carefully 
evaluated according to four principal criteria: 1) the 
magnitude of achievable performance enhancement 
under relevant soFC operating conditions; 2) the 
chemical compatibility of materials with unaltered 
components in the fuel cell; 3) long-term stability of 
new materials and engineered structures; and 4) the cost 
associated with implementation of the new methods.

Although a soFC cathode is typically composed of 
a 60 µm thick porous ceramic, the cathode is particularly 

III.A.8  NETL RUA Cathode Materials R&D
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active at the locations within 1-10 µm of the interface 
between cathode and electrolyte, and material deposition 
is therefore preferred at the solid interface.  Cathode 
infiltration is therefore attempted to deposit highly 
active material at specific locations inside the cathode 
at difficult-to-reach interfaces.  the primary challenges 
of cathode infiltration are: 1) ensuring that the desired 
infiltrate material phase is deposited; 2) achieving 
proper distribution of infiltrate into the active regions 
of the cathode; 3) ensuring that the material is stable 
as evaluated by electrochemical, thermochemical, and 
thermomechanical performance metrics.  Achievement 
of targeted cathode infiltration resulting in improved 
cathode activity and long-term stability are the objectives 
of the present infiltration research effort.  

Another approach to enhancement of cathode 
performance is exercise of control over the cathode 
microstructure using techniques of ceramics engineering.  
Control of microstructure allows a ceramicist to tailor 
the cathode for enhancement of desirable features 
such as increasing cathode porosity, improvement of 
mechanical strength, or to increase the total number of 
active boundaries within the cathode.  the challenges 
to microstructural engineering are: 1) engineering 
the cathode microstructure using a practical and 
inexpensive process; 2) ensuring that the engineered 
structures remain thermally stable at relevant operating 
conditions; and 3) verifying that the resulting cathode 
demonstrates a sufficient performance enhancement 
to justify cost.  the target of the present research effort 
is to demonstrate a practical method for engineering 
microstructure that results in improved and stable 
cathode performance.

Approach 

In the infiltration portions of the project, a porous 
ceramic soFC cathode of standard composition 
(la1-xsrxmno3 or la1-xsrxFe1-yCoyo3) is infiltrated with 
materials intended to enhance the chemical activity of 
the cathode and enhance the oxygen reduction reaction.  
materials suitable for infiltration into the cathode are 
identified, the materials are generated and infiltrated, and 
the impact on cathode performance is electrochemically 
evaluated.  materials demonstrating improved cathode 
performance are also screened through extended testing 
to ensure that long-term stability will be adequate to meet 
lifetime performance metrics.

Infiltrate materials are developed using two 
principal methods.  method 1 produces widely dispersed, 
dense nanoparticles of diameters approximately 
20-50 nm and surface areas of approximately 2-5 m2/g.  
method 2, known as eIsA, produces widely dispersed 
particles possessing inherent mesoporosity.  the 
mesoporous materials feature increased particle size 
at 50-100 nm, but also 10 times enhanced surface area 
at 20-50 m2/g.  method 1 is used to screen constituent 

materials for performance, wettability, and chemical 
stability.  several novel infiltrate materials are generated 
by method 1 and include (lasr)Coo3, (lasr)(CoPt)o3, 
and (lasr)Feo3.  method 2 is restricted to more 
conventional materials, in order to concentrate research 
on the eIsA process and evaluation of material stability.  
materials include (lasr)mno3 and (lasr)Coo3.

In the cathode microstructural engineering efforts, 
the objective is to develop engineered soFC cathode 
microstructures that are tailored to provide a high triple-
phase boundary (tPB) concentration, low resistance to 
gas diffusion, and optimal architecture for nano-catalyst 
impregnation.  structural engineering may focus on 
specific phases within the cathode, or on the overall cell 
architecture.  efforts to engineer the phases are intended 
to enhance the ionic and electronic conductivity of 
the cells, while architectural engineering is intended to 
enhance gas flow, mechanical strength, and connectivity 
of phases.

two methods are used to control cathode 
microstructure.  method 1 produces a foam-like cathode 
structure with engineered porosity from the electrolyte 
surface to the interconnect.  efforts are made to engineer 
submicron pores (nanopores) within the open foam 
structure to enhance the tPB concentration while 
retaining porosity for optimal gas flow and infiltration 
of the cathode active area.  method 2 generates high 
aspect ratio nanofibers of traditional cathode materials 
((lasr)mno3, ysZ), which will then be applied as 
microstructurally novel cathodes.  nanofibers are 
generated through an electrospinning method, which 
ejects a precursor fluid containing the component 
materials through a high voltage electric field.  

Cells possessing novel microstructure or infiltrated 
with electrocatalytically active materials are then 
operated electrochemically for at least 200 hours at 
750-800°C using hydrogen as the fuel source.  long 
duration tests lasting 1,500+ hours have also been 
completed to assess the stability of infiltrated specimen.  
Cells under test are also periodically probed with 
electrochemical impedance spectroscopy, and results are 
used to examine changes in the electrode polarization 
and cell ohmic resistance.  the quality of structure and 
infiltration is evaluated visually and spectroscopically 
on the basis of structural features, particle size, and 
uniformity of infiltrate coverage.  the battery of results 
are used to evaluate the performance of all candidate 
materials in order to identify the infiltrate materials 
and structures demonstrating the greatest performance 
improvement and/or greatest stability.

Results 

throughout Fy 2011, substantial success has 
been achieved in both infiltration and microstructural 
engineering efforts.  Generation of lanthanum strontium 
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cobalt oxide (lsCo) nanoparticle material and an 
infiltration vehicle sufficient to penetrate to the active 
regions of the soFC cathode were proven in multiple 
direct cell tests.  Figure 1 depicts the observable 
performance enhancement of lsCo infiltrated cathodes 
compared to an identical (but uninfiltrated) baseline cell.  
duplicate tests of baseline and infiltrated systems have 
established average performance values of approximately 
550 and 780 mW/cm2, respectively, for cells operated 
at 750°C and loaded to 0.7 V.  the infiltrate material 
generating this greater than 40% increase in average 
power density also stabilizes the base cell, and suppresses 
degradation, as demonstrated in repeat testing.  
A 1,500-hour test also indicates that performance 
remains stable for industrially relevant time periods.

Cells infiltrated with materials generated by the eIsA 
process demonstrated similarly enhanced performance.  
Figure 2 compares performance of a conventional 
baseline cell to cells infiltrated by lsm nanoparticles 
(nP), lsm mesoporous particles (mP), and lsCo 
mP.  the data reported are average values acquired 
for multiple cell tests of each material, and confirm a 
statistically relevant enhancement in cell performance 
for all infiltrates over the time period of operation.  
Polarization tests for the infiltrated cells indicated an 
increase in relative power density of up to 40% after 
200 hours of operation, and impedance tests indicated 
a decrease in polarization resistance of up to 28%.  As 
observed with the nanoparticle materials, infiltration 
of the mesoporous materials enhanced the stability of 
the soFC, as shown by a depression of the measured 
degradation rate compared to the baseline cells.

Cathodes generated using the in situ foaming 
process were shown to be well controlled and highly 
porous.  Figure 3 shows scanning electron microscope 

(sem) micrographs of a typical foamed structure 
produced by the in situ foaming technique.  Image a) is 
a zoomed view of a narrow section showing the pore 
shapes and particle morphology.  Image b) depicts 
a wider view of the cathode and demonstrates the 
distribution of pores throughout the structure.  Initial 
electrochemical performance testing on the foamed 
cathodes indicates peak power densities on electrolyte 
supported cells of 400 mW/cm2, when operated 
at 800°C.  this compares favorably with similarly 
composed commercial cells, and further innovations 
resulting from continued research are expected to 
enhance this result still further.

nanofiber materials formed by the electrospinning 
methods are generated for a variety of materials and 

Figure 1.  Comparison of SOFC power performance tests conducted on baseline and LSCo-infiltrated 
cathodes.  Data for a 1,500-hour stability test are also shown. 

Figure 2.  Comparison of SOFC power performance tests conducted 
on baseline and cathodes infiltrated with mesoporous (MP) and 
nanoparticle (NP) materials.  Mesoporous materials are generated by 
the EISA process. 
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phases.  Figure 4 depicts a sem micrograph of the 
nanofiber cathode structure, and accompanying data 
indicating electrochemical performance.  the high 
aspect ratio fibers (200 nm diameter by 2-10 microns 
long) are generated in an effort to enhance the cathode 
performance by engineering interconnected and highly 
conductive pathways for ionic and electronic transport.  
data from initial electrochemical performance tests are 
shown in the bottom portion of the figure, and indicate 
that power performance is sufficiently high to pursue 
further process optimization.  efforts in Fy 2011 have 
focused primarily on demonstration of the engineering 
technique to create fibers from several different soFC 
relevant materials, and focused methods to improve 
cathode performance will be pursued in future efforts.

Conclusions and Future Directions

the Fy 2011 cathode materials effort has provided 
valuable data confirming the potential of specific cathode 
microstructural engineering and infiltration techniques 

to substantially improve the cathode performance.  In 
particular, the present effort has generated infiltrate 
materials and mesoporous structures demonstrating 
substantial performance increases when applied to 
commercially available soFC cathodes of conventional 
microstructure.  the infiltrate systems have been verified 
for stability, and methods are documented for infiltration 
techniques capable of penetrating to the cathode active 
layer and distributing infiltrate uniformly throughout.  
the dense (lasr)Coo3 infiltrate and the mesoporous 
lsm infiltrate generated by eIsA in particular 
demonstrated significantly positive impacts, and will be 
pursued with industrial partners for full scale up.

Figure 3.  SEM image of an SOFC cathode generated by the foaming 
process.  Image a) shows a close-up of the porous structure.  Image 
b) shows a wider view of the whole cathode indicating the distribution of 
pores throughout.  The images clearly show the high porosity inherent to 
cathodes fabricated using the technique.

Figure 4.  SEM image of an SOFC cathode fabricated from nanofibers  
and electrochemical performance data.  The SEM image clearly shows 
the high aspect ratio of the fibers generated from the electrospinning 
technique, while the performance data indicate the promise of the 
method. 
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efforts to engineer microstructure were shown to be 
effective in enhancing the cell power performance.  the 
highly porous foam cathode specifically demonstrated 
promising increases in peak power output, and methods 
for controlling the foam structure are well documented.  
the foamed cathode technique was demonstrated with 
materials typical of current cathodes, and the method 
could be transferred directly to industrial partners.  
the techniques used to produce nanofiber structures 
demonstrated generation of a variety of individual and 
mixed phases, of both ionic conductors and mixed 
ionic electronic conductors.  materials were structurally 
characterized and shown to be stable.

Future efforts will include generation of a final 
infiltrate material combining the approaches used 
here to produce a high surface area infiltrate with high 
electrocatalytic activity and superior thermochemical 
stability.  the foamed microstructural engineering 
technique will be further proven and foamed structures 
will be produced for infiltration with the advanced 
infiltrate materials developed here.  efforts will also be 
made to scale the techniques for industrial applicability.  
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Fiscal Year (FY) 2011 Objectives 

Investigate the effects of A-site non-stoichiometry •	
on the performance of lanthanum strontium cobalt 
ferrite (lsCF) cathodes.

measure the performance of lsCF / strontium-•	
doped ceria (sdC) composite cathodes fabricated 
by co-synthesis and mechanical mixing after heat 
treating at various temperatures.

Perform in situ X-ray diffractometry (XRd) on the •	
lsCF cathodes of anode-supported solid oxide fuel 
cells (soFCs) during electrochemical performance 
testing.

FY 2011 Accomplishments 

demonstrated that all but one of the A-site deficient •	
lsCF cathode compositions exhibited over 10% 
improvement in power density over stoichiometric 
lsCF.

determined that adding sdC to the lsCF cathode •	
did not provide an improvement in performance 
regardless of the method used to fabricate the 
lsCF-sdC composite or the heat treatment 
temperatures.

measured lattice expansion in an operating lsCF •	
cathode over 60 hours of operation.

Introduction 

It is generally accepted that the cathode is a 
major contributor to internal losses in the soFC, so 

improvements in the cathode can lead to higher soFC 
power density and efficiency, which will help soFC 
manufacturers achieve the long-term solid state energy 
Conversion Alliance goals in terms of cost and power 
stability.  As lsCF is currently a leading candidate 
amongst cathode materials due to its ability to conduct 
both electrons and oxygen ions, both of which are 
essential to cathodic performance in the soFC, work 
in this task in Fy 2011 was focused on investigating 
potential modifications to the composition of the lsCF 
cathode in order to obtain potential improvements in 
electrochemical performance.  meanwhile, in order to 
investigate the underlying causes of the degradation 
that occurs in cathodes during fuel cell operation, a new 
research capability has been developed that allows XRd 
measurements to be performed on the cathode of an 
operating soFC.  It is anticipated that this will provide 
additional insight into any chemical reactions and/or 
changes in the crystal lattice of the cathode over time 
while the fuel cell operates.  

Approach

the effects of compositional modifications of lsCF 
cathodes were determined through electrochemical 
performance testing of anode-supported button cells 
at 750°C.  the tests were carried out under constant 
current conditions at the current that was obtained 
from the cell when operation was initiated at 0.8 V.  An 
additional set of tests was also performed on A-site 
non-stoichiometric cathodes in which all compositions 
were tested at the same constant current.  the current 
to be employed was determined by taking the average of 
the currents measured when cell operation was initiated 
at 0.8 V for all of the cells included in the test that had 
been operated up to that point, including the cells to 
be tested at this current.  the A-site non-stoichiometric 
lsCF cathode compositions were all A-site deficient, 
but deficiency was instituted in two distinct ways.  three 
compositions were formulated in which the la:sr ratio 
was maintained at 3:2, while three other compositions 
were formulated in which deficiency was achieved 
by decreasing only the sr content.  the sr-deficient 
compositions adhered to the general chemical formula, 
la0.6sr0.4-xCo0.2Fe0.8o3-δ, and the compositions with the 
proportional A-site deficiency adhered to the formula, 
(la0.6sr0.4)1-xCo0.2Fe0.8o3-δ, where x = 0.02, 0.05, and 
0.10 for both groups of compositions.  the screen 
printed A-site deficient lsCF cathodes were sintered 
at 1,100°C.  the other compositional modification of 
the lsCF cathode to be investigated was the addition 
of Ce0.8sm0.2o2-δ (sdC) to (la0.6sr0.4)0.95Co0.2Fe0.8o3-δ 
to form a composite cathode.  two different methods 
were also employed to make the composite cathodes.  

III.A.9  Development of SOFC Cathodes
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First, composites were fabricated in the conventional 
manner by mechanically mixing two commercially 
supplied powders together.  the mechanically mixed 
compositions contained 30, 40, or 50 vol% sdC and 
were sintered at 900, 1,000, or 1,100°C.  the second 
method to produce the composites was glycine nitrate 
combustion co-synthesis.  this method creates an 
intimate mixture of nanoscale particles of both materials.  
the resulting powders were calcined at 600, 800, 900, 
1,000, 1,100, or 1,200°C and sintered at 900, 1,000, or 
1,100°C.

XRd analysis of operating lsCF cathodes was 
performed using a Bruker d8 Advance XRd fitted with 
an Anton Paar htK 1200 heating chamber.  A small 
scale button cell test fixture that is compatible with 
the heating chamber was developed to operate 13 mm 
diameter anode-supported button cells.  XRd patterns 
were measured while electrochemical performance data 
was simultaneously being collected at ~0.8 V.  Upon 
completion of the tests, the Cluster Analysis add-on 
module for Jade [v9.3; materials data, Inc., livermore, 
California] XRd analysis software was used to calculate 
the similarity index of each XRd pattern to the first 
pattern measured.  to improve statistics, patterns taken 
within sequential intervals of time (e.g., 1 hour or 
20-hour periods) were integrated together and similarity 
indices for those intervals were also compared to the 
first in the series.  once it was established that the XRd 
patterns were generally becoming less similar to the 
original pattern as a function of time, the patterns were 
plotted together to evaluate what specific changes were 
occurring in the spectra. 

Results 

electrochemical tests determined that all of 
the A-site deficient lsCF cathodes outperformed 
stoichiometric lsCF.  this is illustrated in Figure 1, 
which plots the power densities of cells operated 
under constant currents corresponding to an operating 
voltage of 800 mV.  these tests compared various A-site 
deficient lsCF cathode compositions to stoichiometric 
lsCF.  In the legend of Figure 1, the non-stoichiometric 
compositions are designated “A -x” or “sr -x” where x 
is a number representing the percent A-site deficiency 
arising from the depletion of proportional amounts 
of la and sr or from the depletion of sr only, 
respectively.  due to the variability in performance 
for different cells with the same cathode composition, 
it was not possible to resolve a significant trend in 
performance as a function of composition, except 
that the 10% sr-deficient composition (designated 
“sr -10” in the legend) underperformed the other non-
stoichiometric compositions while still outperforming 
the stoichiometric composition.  these results were 
confirmed in tests in which all compositions were 
operated at a constant current of 1.937 A.

Unlike A-site deficiency, the introduction of sdC 
into the lsCF cathode did not produce an improvement 
in performance.  Figure 2 shows the performance 
of mechanically mixed composites with black lines 
representing the performance of cells with cathodes 
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Figure 1.  The power densities of anode-supported SOFCs with 
A-site deficient LSCF cathodes are compared to those of cells with 
stoichiometric LSCF cathodes as a function of time.

Figure 2.  Power density is plotted as a function of time for SOFCs 
with mechanically mixed SDC-LSCF composite cathodes containing 
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made using only the lsCF for comparison.  the legend 
for the chart provides the composition and sintering 
temperature.  only a single test conducted with a 
composite cathode performed better than the single 
phase cathode and its duplicate performed much worse.  
Additionally, the variability in the performance of the 
composite cathodes was much higher than that of the 
single phase cathodes and it was found that composites 
made using the glycine-nitrate process did not provide 
an improvement over those that were mechanically 
mixed.

Figure 3 is a plot showing the performance of 
an anode-supported cell with a stoichiometric lsCF 
cathode as a function of time.  Also plotted is the 
similarity index of XRd patterns collected at various 
times during cell operation compared to the initial 
pattern in the series.  the general decreasing trend in the 
similarity index of the individual 10-minute scans and in 
the 1 hour and 20-hour integrals of these scans indicates 
that the XRd patterns are becoming less and less similar 
to the initial pattern in the series as time progresses.  
therefore, something is progressively changing in the 
lsCF lattice as a function of time.  In Figure 4, the 
20-hour integral XRd patterns are overlaid for nine of 
the major lsCF peaks to illustrate the changes that are 
occurring in the cathodes.  the black pattern is from 
the scans taken between 0-20 hours, the red is from 
20-40 hours, and the blue is from 40-60 hours.  For each 
peak, there is a slight shift to lower angles over time, 
indicating an expansion in the crystal lattice.  It was also 
noted that peaks from the underlying sdC interlayer did 

not exhibit a consistent change in position or intensity 
as a function of time, therefore acting as an internal 
control.  Additional work is underway to determine 
the cause of the lattice strain.  Possible causes include 
compositional changes such as oxygen depletion or 
strontium segregation.   

Conclusions and Future Directions

lsCF cathodes with up to 10% A-site deficiency •	
significantly outperformed stoichiometric lsCF.  
however, when 10% of the A-site deficiency was 
due solely to sr, performance began to decline but 
still outperformed the stoichiometric composition.

the effect of A-site deficiency in the lsCF cathode •	
on the amount of sr that diffuses into the sdC 
interlayer and ysZ electrolyte will be examined 
using wavelength dispersive spectroscopy. 

the addition of sdC to lsCF to form a composite •	
cathode did not benefit performance and led 
to a higher degree of cell-to-cell variability in 
performance.

the capability for simultaneously performing •	
electrochemical testing of anode-supported soFCs 
and collecting XRd patterns from the cathodes has 
been demonstrated.Figure 3.  Power density and LSCF cathode XRD pattern similarity 

index are plotted as a function of cell operation time for an anode 
supported cell operated at ~0.8 V.
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during 60 hours of cell operation, the crystal lattice •	
of the lsCF cathode gradually expanded.

the cause of the lattice expansion is currently being •	
investigated.  
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Fiscal Year (FY) 2011 Objectives 

Carry out madelung calculations for the •	
electrostatic potentials and energies associated with 
manganite surfaces.

Use these studies in support of the experimental •	
projects at the University of nevada, las Vegas, and 
Carnegie Institute in Pittsburgh.

explore the role of these potentials in fuel cell •	
operation.

FY 2011 Accomplishments 

discovered the origin of strontium segregation to •	
the surfaces of la1-xsrxmno3 (lsm).

extended the theory to la•	 1-xsrxCo0.8Fe0.2o3−δ (lsCF) 
and interfaces.

explored the consequences of the segregation •	
concerning fuel cells.

Introduction 

We undertook the planned madelung calculations 
and in the course of this realized their relevance to 
the segregation of strontium ions to the surface of 
lanthanum-strontium manganite, lsm.  this segregation 
had been observed experimentally by dulli, et al. [1] 
(Figure 1) and had been followed up in studies at 
Argonne national laboratory by members of our group.  
Fortunately we were able to set aside the objectives we 
had been required to provide last year and follow up 
on this opportune finding.   though this segregation 
had been found experimentally before 2000, there had 

been no clue as to its cause.  It became quite clear in 
our work that it arose directly from the electrostatic 
effects of polar surfaces special to perovskite structures.  
We followed this up, completed the related madelung 
calculations, and in the end described the theory of the 
segregation in a paper in the Physical Review [2].  much 
of our effort after that was centered on exploring the 
diverse consequences of this segregation which was now 
understandable.

the fact that this segregation arose from 
electrostatic effects, which would be the same in lsCF, 
meant that the same segregation should occur there, and 
further that it should arise at the interface between the 
lsCF cathode and the yttria-stabilized zirconia (ysZ) 
electrolyte in an oxide fuel cell.  neither of these had 
been observed experimentally.  however, it would have 
the effect of making the cathode insulating just in the 
regions where electron transfer is needed in order for 
oxygen vacancies to move through the system.  It would 
thereby hinder the operation of fuel cells which depends 
directly on this flow of oxygen vacancies. 

III.A.10  Electronic Structure of Cathode Materials

Figure 1.  The squares in Part a are the fraction fn of A sites occupied 
by La in (100) planes of La0.65Sr0.35MnO3, as measured by Dulli, et al. [1], 

for planes numbered n (starting with n = 0 for the surface AO plane).  
The solid line is a fit to the data.  The dashed line is the exponential 
which gave lowest electrostatic energy.  Part b represents the lattice; 
shaded circles are A (Sr or La) atoms, black circles are Mn and open 
circles are oxygen.
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Finally it appeared likely that this effect of 
segregation has been inhibiting the operation of 
these systems, though there still remains no direct 
experimental evidence for the segregation at the 
interface, nor for its adverse effects.  We sought, and 
found, possible methods for eliminating the segregation.  
We plan to present these ideas at the annual solid state 
energy Conversion Alliance Workshop in Pittsburgh in 
July, 2011.

Approach 

the theoretical basis for these electrostatic effects 
is the existence of polar surface on perovskite crystals.  
these are ion arrangements which effectively give the 
surfaces net surface charge and divergent electrostatic 
energy.  these are always avoided in real systems, 
but by different means in different systems.   We had 
always assumed that the divergences were eliminated 
in lsm and lsCF by changing the charge states of 
mn, Co, or Fe ions near the surface, as it corrects for 
different doping in the bulk.  however, it turned out here 
that a different mechanism actually occurs, based on 
segregation of the sr ions to the surface.

the nature of the strontium segregation is most 
clearly seen in the experiments of dulli, et al. [1], which 
we showed in Figure 1.  Indeed the concentration of 
la drops very nearly to zero at the surface, replaced 
entirely by strontium.  In many ways it would be more 
appropriate to regard this as lanthanum depletion, 
rather than strontium segregation.  this concentration 
then rises to its bulk value along an exponential 
curve, as indicated by the solid line in Figure 1.  It is 
quite possible to calculate the electrostatic energy for 
such an arrangement of ions of charge +3 (la) and 
of charge +2(sr), neutralized by reversed charges on 
the intervening planes, using the simplified approach 
for performing madelung calculations which we had 
developed earlier [3].  that we did, and found it to be 
minimum for an exponential decay shown as the dashed 
line in Figure 1.  this included only the electrostatic 
contributions to the energy though there are additional 
effects of electronic structure.  thus we cannot expect 
complete agreement between the two curves, but it 
provided convincing evidence that this was indeed the 
origin of this remarkable experimental finding.

Results 

the consequences of knowing the origin of the 
lanthanum depletion at the surfaces turned out to be 
very far-reaching.  First we consider other systems 
to see whether the same effect might occur there.  A 
very important system for fuel cells is the electrolyte, 
ysZ.  We look first at pure zirconia in the same cubic 
structure, a face-centered-cubic lattice of Zr4+ ions, 
with o2− ions at the center of each of the eight “cubies”, 

making up the face-centered cube (the fluorite structure).  
(100) faces would be highly charged, made entirely of 
Zr ions or made entirely of o ions, and such surfaces 
would not be expected to occur.  however, (110) faces 
would each contain one Zr for every two o ions and 
would be neutral.  We expect (110) surfaces to be the 
natural cleavage and growth surfaces.  Replacing a 
fraction of the Zr ions with y3+ ions is equivalent to 
removing a single proton from some of the Zr nuclei, 
a view sometimes called theoretical alchemy [4].  the 
system is known to maintain charge neutrality by 
forming one oxygen vacancy, Vo

2+, for every two yttrium 
substitutions.  then for a uniform distribution of yttrium 
ions and oxygen vacancies each (110) plane acquires 
on average one vacancy for each two yttrium ions and 
remains neutral.  the difference from lsm is that each 
plane has the full crystal stoichiometry, so bulk charge 
neutrality leads to planar neutrality.  the same would be 
true of ceria which also occurs in the fluorite structure.  
It would seem that this segregation only occurs in more 
complex structures such as the perovskite structure 
of lsm.  In this structure there seem not to be planes 
containing the ABo3 (a general perovskite composed 
of Ao and Bo2 planes of ions) stoichiometry (at least 
no low-index planes, which are favored).  With any 
substitution of different valence, such as sr and la 
on the A site, another case of theoretical alchemy [4], 
charged planes arise and segregation of the same form 
as for lsm may be expected.  the most important such 
case for fuel cells is lanthanum-strontium cobalt ferrite, 
lsCF, since it is the other principal fuel cell cathode.  
thus we are anticipating that such segregation is present 
in all of the important cathode materials.  Further, the 
same polar surface will arise at an interface between 
lsCF and ysZ since, as we just saw, the surface of ysZ 
is not polar, and therefore behaves electrostatically the 
same as the vacuum, or air, at an lsCF surface.

Perhaps the most important consequence of the 
depletion concerns the conductivity.  these systems 
are polaronic conductors, fundamentally different from 
semiconductors as we emphasized in reference [5].  this 
fact for lsCF was unambiguously demonstrated in the 
experiments of tai, et al. [6], shown in Figure 2.  this 
temperature dependence bears no resemblance to that 
of band conductors such as semiconductors.  one such 
negatively charged polaron is generated for every la ion 
substituted in srCo1-yFeyo3 crystal.  As the number of 
la ions increases the conductivity increases until most 
of the ions are la.  then the conductivity decreases 
and is usually interpreted in terms of positively-charged 
polarons, decreasing toward zero as it becomes pure 
laCo1-yFeyo3, as seen in Figure 2.  Further, local charge 
neutrality requires that these polarons remain in the 
region where the la is substituted.  thus the region 
closest to the interface, which has no la ions becomes 
insulating and no longer effective as a cathode.  
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We found a second, unexpected consequence 
of the lanthanum depletion, a segregation of oxygen 
vacancies toward the surface.  this was unanticipated 
since we had shown that oxygen vacancies form neutral 
complexes [6] and would not be expected to be affected 
by these electrostatic effects.  the double positive 
charge of the vacancy is balanced by two B ions being 
modified from 4+ to 3+ charge states.  the states for 
these added electrons turn out to be lower by 0.5 eV 
next to the vacancy so that they will form, and diffuse 
as, neutral complexes.  however, the potentials which 
were generated by the depletion actually fluctuated near 
the surface, as shown in Figure 3.  since the A-site ions 
are all on even-numbered planes, the fluctuation did not 
play a role in the la depletion calculation.  on the other 
hand, an oxygen vacancy (itself positively charged) on an 
Ao plane has its potential energy lowered, and the two 
electrons which neutralize the vacancy complex lie in 
the adjacent Bo2 planes with opposite potential and are 
therefore also lowered in energy, attracting the vacancy 
to the surface.  oxygen vacancies on the Bo2 planes had 
the associated electrons in the same plane, with no shift 
in the energy of the complex.  

the direct calculation of electrostatic potentials gave 
much larger than realistic attraction, and we scaled it 
by a factor g in our calculations for this effect.  We then 
modeled the diffusion of the vacancies in the presence 
of such a potential, following it until equilibrium was 
reached, leading to distributions of oxygen vacancies 
shown in Figure 4.  the very large reductions in the 
bulk for g more than 0.01 were quite inconsistent with 
observed bulk concentrations so the true effects must 
correspond to the small-g regime.  We could carry out 
the corresponding diffusion calculations, in the same 
way but with different surface concentrations on the two 
sides, to see that it did not seriously affect the  diffusion 

properties important to fuel cells.  the fact that the 
vacancy complexes are neutral remains important.  It 
means that oxygen incorporation does not occur by 
ionization of oxygen at the surface, but occurs by the 
transfer of neutral oxygen atoms or molecules filling 
neutral vacancies.  no charge transfer occurs at the 
cathode surface.  It occurs at the interface between the 
cathode and electrolyte.

We turned finally to seeking methods for enhancing 
the operation of the fuel cell by eliminating the la 
depletion at that interface.  this depletion was of 
electrostatic origin and we may hope to eliminate it 
by electrostatic means.  the segregation came because 
of a polar surface of la1-xsrxCo1-yFeyo3, where each 
(100) plane has a charge of ±(1−x)/a2 (with a the 
perovskite cube edge).  this gives an effective surface 
charge of (1-x)/2a2, if we terminate the crystal at an Ao 

Figure 2.  Points are experimental conductivities for 
La1-xSrxCo0.8Fe0.2O3−δ from Tai, et al. [5].  Lines are directly from 
small-polaron theory.
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surface, which we have seen can be neutralized by the 
segregation profile.  If we could replace a quarter of the 
la ions in this interface plane by alkali atoms, maybe 
potassium, that would eliminate the effective surface 
charge and presumably the segregation.  

there are other ways in which this depletion might 
be eliminated.  one that comes to mind is forcing a polar 
surface on the ysZ.  If equal and opposite to that on 
the lsCF it would eliminate the cause for segregation, 
but that would seem more difficult to accomplish.  In 
any case, once the depletion barrier is removed we 
may expect that the oxygen vacancies could flow freely 
between the electrolyte and the cathode, eliminating this 
last roadblock, as illustrated in Figure 5.

Conclusions and Future Directions

the principal activity during the year has been 
first discovering that the origin of the segregation of 
strontium, which has been known to occur in lsm, is 
the presence of polar surfaces in perovskite crystals, 
such as lsm.  We had not recognized earlier that this 
segregation was an important effect, but this origin 
suggested that it would occur in all important cathode 
materials, and produce insulating surfaces – and also 
insulating interfaces.  We explored this effect, and the 
possibility of associated effects on the oxygen vacancies 
which are central to fuel cell operation.  We found that 
only the insulating aspect would seem to be important, 
but that it may be seriously affecting fuel cell capacity.  
Knowing the origin, we could also seek ways to eliminate 
this detrimental feature of the perovskite cathodes, and 
selected on approach which seems most promising.

these findings associated with segregation 
were based on the original experimental discovery 
of the effect, but the intermediate conclusions such 
as segregation at interfaces, remain to be verified 
experimentally.  the best theoretical approach for the 
coming year may be to leave the segregation behind 
and make a systematic study of the existing experiments 
on diffusion of oxygen in ysZ and lsCF and oxygen 
permeation experiments, reinterpreting them in terms 
of the more complete understanding of the electronic 
structure of these systems which we have developed.  
We have begun such an effort and hope to continue it 
during the coming year to obtain a clearer picture of 
each aspect of the fuel cell system, and then maybe a 
complete picture of an ideal fuel cell such as that in 
Figure 5.
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Fiscal Year (FY) 2011 Objectives 

Complete 500-hour ethylene exposure tests on a •	
typical ni-based anode supported solid oxide fuel 
cell (soFC).  Generate a comprehensive report 
detailing ethylene exposure tolerances.

Generate a thermodynamic analysis predicting the •	
presence of trace material in syngas cleaned using a 
typical cold gas cleanup process.

Generate a detailed report describing the gas •	
chromatograph (GC) inductively coupled plasma/
mass spectrometer (ICP/ms) analytical method 
including the previously developed calibration 
procedure.

Perform detailed microstructural analysis in support •	
of ni/yttria-stabilized zirconia (ysZ) anode 
soFC exposed to higher hydrocarbons such as 
naphthalene and ethylene.  Compare results to cells 
fuelled with hydrogen gas.  

FY 2011 Accomplishments 

Completed ethylene exposure tests and generated •	
performance analysis describing exposure tolerance.  
Completed a detailed engineering effort to improve 
data quality.

Completed a detailed report describing the •	
scrubbing efficiency of a traditional low-temperature 
cleanup system for trace metals in coal-derived 
syngas.

Completed a detailed report describing the •	
GC-ICP/ms method and finalized a report 
describing the gas phase calibration procedure.

Completed detailed analysis of anode •	
microstructure, particularly concentrating on 
intergranular phase evolution in syngas and 
hydrogen environments.

Reported results in four publications and three •	
presentations.

Introduction 

high efficiency electricity producing systems 
containing soFCs are the subject of substantial 
research.  many of the system designs considered include 
a coal gasification unit coupled to a gas processing 
system that provides synthesis gas to the soFC.  the 
coal gasification process may volatilize some of the 
naturally occurring trace materials found in the coal.  
nickel-based soFC anodes have been theoretically and 
experimentally shown to negatively interact with trace 
metal species contained in synthesis gas derived from 
coal gasification.  

In order to operate an soFC on coal fuel sources, 
the trace materials that are reactive with the fuel cell 
anode must first be identified.  trace material exposure 
limits acceptable for maintaining soFC performance 
must also be determined as a function of operating 
conditions.  Results of this research effort are used 
to design cleanup systems that will reduce the trace 
material content of the fuel stream to operationally 
acceptable levels.  

Approach 

Research is focused on evaluating deleterious 
performance effects observed from exposing a ni-
based soFC anode to trace species present in soFC 
fuel (syngas) that is derived from coal gasification.  In 
general, trace materials negatively impact performance 
by blocking active reaction sites within the anode 
or reacting with the anode to produce undesirable 
secondary phases.  the key technology gap for all trace 
material interaction characterizations is an absence of 
well controlled, long-term (500-hour) test data for the 
trace materials of interest.  steady control of all test 
parameters through a 500-hour experiment is difficult 
to maintain, and comparison to repeatable baseline 
cell results is necessary.  to address the identified gap 
in knowledge, research continues in which soFC 
anodes are exposed to simulated and direct coal syngas 
containing trace materials while performance is recorded 
through an extended duration test (typically 500 hours).  
In particular, trace metals such as hg, se, and As, and 
trace hydrocarbons such as benzene, naphthalene, and 
ethylene will be exposed to the soFC anodes.  the 
performance data are used to determine the rate of 
contaminant related deactivation, which is then used to 
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support prediction of cleanup targets for integrated coal 
gasification fuel cell applications.

Performance testing is supported directly by 
concerted spectroscopic analysis.  this activity is 
initiated to supply high resolution microstructural and 
chemical information pertinent to chemical interactions 
with trace materials in direct and indirect coal-fuelled 
soFCs.  the comprehensive microstructural analysis 
of materials in a scale ranging from microns to atoms 
complements expertise in materials and devices design 
and performance evaluation.  the comprehensive 
microstructure information facilitates the correlation 
between the anode electrocatalysis, microstructure, 
and chemistry degradation mechanisms attributable 
to various contaminants.  this information provides 
understanding of relevant materials parameters, 
microstructure, and performance, in order to identify 
and develop materials with improved resistance to 
degradation.  In soFC possessing ni-ysZ anodes, 
efforts are initiated to apply scanning electron 
microscopy, high resolution transmission electron 
microscopy, scanning transmission electron microscopy, 
and energy dispersive X-ray spectroscopy to conduct 
comprehensive chemical and microstructural analysis.  
the analysis coupled with cell testing efforts elucidates 
the mechanisms of contaminant interactions causing 
changes to the atomic structure and chemistry of anode 
materials at the triple phase boundary region.  Parallel 
multi-scale transmission electron microscopy (tem) 
microstructure analysis is carried out on as-received and 
contaminant exposed cells in order to provide a baseline 
for assessment of trace material induced degradation. 

Another key gap in the area of trace metal analysis 
is the absence of established methods and technical 
data describing the operation, calibration, and quality 
control procedures for direct GC-ICP/ms analysis of 
gas phase industrial process streams.  A research project 
continues to develop methods for GC-ICP/ms that 
are equivalent to the established liquid phase ICP/ms 
methods that have been widely reported and tested.  the 
first known calibration procedure applicable to direct gas 
phase analysis has been developed, and the calibration 
procedure will be combined with a comprehensive 
method generating a repeatable, reliable process for 
conducting analysis.  the method will be validated 
through a battery of performance tests including analysis 
of a multi-element, mixed-phase unknown sample to 
produce an accuracy of analysis approaching that of the 
established ICP/ms methods for liquid samples.  the 
research develops reliable techniques and protocols 
for transmission of gas phase samples from the process 
stream to the analytical system for analysis.

Results 

substantial progress in evaluation of anode 
degradation processes has been made.  estimates of 

permissible ethylene exposure have been generated for 
tests conducted at ethylene exposures of 1,000 ppm.  
Figure 1 depicts the recorded degradation in cell 
performance as a function of ethylene exposure over the 
course of 450 hours.  the image at the top shows data 
for a button cell operated at 0.25 A/cm2 at 800°C.  Cell 
voltage is observed to decrease throughout the period 
of exposure, from a starting voltage of approximately 
0.857 V to a final voltage of approximately 0.835 V.  
the degradation may be fit by an exponential decay 
model, which predicts an initial degradation of 4.8% 
per 1,000 hours.  the image at the bottom shows results 
from an electrochemical impedance spectroscopy 
experiment.  the curves measured indicate more specific 
details of the process of degradation.  In this case, curve 
shapes remain roughly stable, but greater impedance 
is observed as time elapses.  this indicates that real 
ohmic resistance is the primary source of performance 
degradation in this system, and the ability of the cell to 
transfer charge is degrading.

Figure 1.  (Top) Temporal plot of SOFC performance for 1,000 ppm 
ethylene exposure.  (Bottom) Evolution of impedance data for cell 
exposed to ethylene for 500 hours.  
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experimental results demonstrating degradation 
may be further investigated in post-operation cell 
analysis, typically using advanced spectroscopic 
methods.  A technique known as tem can be applied 
to investigate features of the anode that may correspond 
to the observed degradation.  Figure 2 shows images 
collected by tem of an intergranular phase that 
grows between the nickel (ni) and ysZ particles.  the 
intergranular nickel oxide (nio) phase appears to 
grow according to the conditions of cell operation, 
from approximately 30 nm after 45 hours of operation 
to approximately 65 nm after 500 hours of operation.  
the nio phase appears to grow more strongly in the 
presence of certain fuels, especially those containing 
greater carbon-based species.  Carefully controlled tests 
are presently underway to ensure that the phase growth 
occurs during cell operation, and to determine the root 
cause of growth.

In addition to providing high resolution, tem can 
also detect differences in crystal structure over very 
small domains of a few nanometers in width.  Figure 3 
depicts a tem image generated for an intergranular 
region between anode constituents ni and ysZ.  
In the image, a localized zone of altered structure 
is detectable in the ysZ at the ni/ysZ interface.  
typical ysZ possesses a cubic structure (c-ysZ), but 

in the intergranular region of this cell exposed to 
hydrocarbons, a region of tetragonal ysZ (t-ysZ) is 
detected.  the t-ysZ is typically found in a band parallel 
to the grain interface.  this observation is important, as 
t-ysZ possesses a lower ionic conductivity than c-ysZ, 
and ionic transport through the anode may be impeded 
at these critical interfaces.  Further investigations are 
presently underway to prove that the t-ysZ phase is 
generated from operation of the soFC in the presence 
of hydrocarbon fuel.

the hydrocarbon components in syngas are present 
in the greatest relative fractions, but trace materials may 
also be present that will cause more rapid and pronounced 
degradation in a nickel-based fuel cell.  many of these 
materials are present in trace amounts, and specialized 
detection methods must be developed to quantify their 
relative abundance.  Figure 4 shows exemplary results of a 
trace gas analysis for a single element, mercury (hg).  the 
figure shows that the actual concentration of 0.055 µg/l 
of mercury present in a gas stream is well approximated 
using the analytical technique of GC-ICP/ms.  the 
quantification generated is the result of an intensive 
effort to develop a unique technique capable of providing 
rapid trace metal analysis of gas phase samples derived 
from chemical process streams.  the technique is based 
on a single element calibration procedure and has 
been demonstrated for accuracy in semi-quantitative 
evaluations of trace metal concentration.  the 
corresponding method can analyze trace metal content at 
gas phase concentrations of 1 ppb or less, and can assess 
the presence of every metal in the periodic table.

Figure 2.  Intergranular phases of NiO appearing at interface between 
Ni and YSZ.  The phase only appears for polarized cells, and grows with 
duration of exposure to synthesis gas. 

Figure 3.  TEM image of intergranular t-YSZ zone developing between 
YSZ and Ni in SOFC anodes exposed to naphthalene.  Degradation 
of c-YSZ to t-YSZ is only observed for polarized samples exposed to 
hydrocarbon fuel.
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Conclusions and Future Directions

Investigation has generated substantial progress 
in understanding anode degradation mechanisms 
associated with the most common fuel constituents 
(hydrocarbons) and trace metals present in coal 
derived syngas.  In particular, carefully controlled 
hydrocarbon exposure experiments are completed to 
provide information on the impact to electrochemical 
performance, and ultimately to assess the permissible 
thresholds for hydrocarbon exposure in the systems.  
the specimens generated are observed with high 
resolution techniques such as tem in order to correlate 
the electrochemical performance degradation with 
specific microstructural features that appear especially in 
the intergranular regions.  First-of-their-kind techniques 
have been developed to semi-quantitatively assess the 

trace metal content in gas phase chemical process 
streams, and the methods have demonstrated accuracy.

Future investigations will be conducted in anode 
degradation associated with exposure to hydrocarbon 
species in order to elucidate the exact mechanisms of 
interaction.  the sensitivity of the observed degradation 
rate will be assessed relative to the operating conditions 
of the cell, and prescriptions for cell operation will be 
generated.  threshold material exposure levels will 
also be generated using the data collected for the cell 
degradation response as a function of exposure.  the 
GC-ICP/ms system will be deployed to support testing 
that requires analysis of trace metal, including efforts in 
gasification, membranes, catalysts, sorbents, and sensors.

FY 2011 Publications/Presentations 

1.  G. hackett and K. Gerdes, “trace species Partitioning 
as Affected by dry (Cold) Gas Cleanup Conditions: 
A thermodynamic Analysis,” netl Reference shelf, 
June 2011.

2.  K. Gerdes, “Impact of minor species from Coal syngas 
on soFC Performance,” Fy11 Fuel Cells Peer Review, 
February 14–18, 2011.

3.  K. Gerdes and K. Carter, “Calibration method for direct 
GC-ICP/ms Analysis of Gas Phase samples,” submitted to 
spectrochemica Acta B.

4.  s. Chen, y. Chen, et al., “Crystal defects of yttria-
stabilized Zirconia in solid oxide Fuel Cells and their 
microstructural evolution upon Cell operation,” submitted 
to solid state Ionics.

5.  y. Chen, y. Chen, et al., “microstructural and Chemical 
evolution near Anode triple Phase Boundary in ni/ysZ 
solid oxide Fuel Cells,” submitted to solid state Ionics.

6.  X. song, C song, et al., “Crystal defects of ysZ in solid 
oxide Fuel Cells and their microstructure evolution upon 
Cell operation,” submitted to the 220th eCs meeting, 
Boston, massachusetts, october 9-14, 2011.

7.  X. song, y. Chen, et al., “evolution of microstructure and 
Chemistry of solid oxide Fuel Cells upon operation,” mRs 
Fall meeting, GG10.19, Boston, massachusetts, december 
2010.

Figure 4.  GC-ICP/MS measurements of gas phase mercury quantified 
using semi-quantitative, gas-phase calibration and evaluation processes 
developed in this research.  Predictions for mercury concentration 
compare favorably to actual concentration of mercury. 
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Fiscal Year (FY) 2011 Objectives 

Implement new characterization methods.•	

develop remedies for impurity effects.•	

Identify the tolerance limits of solid oxide fuel cell •	
(soFC) anode for specific impurities.

Predict the lifetime of the anode for a given impurity •	
level.

FY 2011 Accomplishments 

It was found that hydrogen fuel mixed with steam •	
including 10 ppm Ph3 lead to faster degradation 
when compared to dry fuel condition.

the surface temperature of button cells was •	
measured under to different operating conditions 
using the new in situ technique.

Ph•	 3 impurity was successfully removed from the 
coal syngas using nickel and iron-based filters before 
it got into the cell.

transmission electron microscopy (tem) •	
characterization revealed new nano-scale 
phenomena in the soFC anodes exposed to 
impurities.

A mass spectrometer was acquired and tested to •	
monitor in situ forms of impurity species and their 
concentrations, before and after passing through the 
cell.

Cell lifetimes and tolerance limits for impurities are •	
estimated using the new degradation model.

the synergistic effects of multiple impurities were •	
simulated including h2s, Ash3 and Ph3 and it was 

found that mixture of impurities leads to faster 
degradation compared to single impurity.

In-house modeling code was used to simulate button •	
cells operating on biogas with both dry and wet 
reforming.

numerical simulations showed that the co-flow •	
arrangement in a planar soFC resulted in longest 
structural life.

It was found that at low Ph•	 3 concentrations the 
anode structural degradation may be as significant 
as electrochemical degradation.

the mechanism responsible for sulfur tolerance of •	
lanthanum-doped ceria (ldC) impregnated anodes 
was studied.

ni/galladium-doped ceria (GdC) anode was shown •	
to be a suitable material for syngas contaminated 
with h2s.

new sr•	 2mgmoo6-δ (smm)/GdC anodes were 
prepared in-house and are shown to be tolerant to 
Ph3 in syngas.

Introduction 

this project is supported under the U.s. department 
of energy experimental Program to stimulate 
Competitive Research (ePsCoR), a program designed 
to enhance the capabilities of ePsCoR states in energy 
research and economic development through the support 
of advanced research at academic institutions.  the long-
term goal is to establish an internationally recognized, 
sustainable fuel cell research center for coal-based clean 
power generation which serves as a technology resource 
for the emerging fuel cell industry in West Virginia.  
towards this goal, we formed a multidisciplinary team 
of research professionals who have worked together 
for several years and have strong credentials in their 
respective areas of expertise.  our strengths are in 
applying nano-technology to develop and fabricate 
materials for advanced coal-based fuel cells; state-of-
the-art material characterization and fuel cell testing 
facilities involving both ex situ and in situ measurement 
techniques; and multi-dimensional modeling of fuel cells 
at various scales using high-performance computing.  
during the first phase of the project, we developed a 
laboratory infrastructure, solidified interactive working 
relationships, and attained national recognition for the 
work conducted by the center in the area of coal-based 
clean power generation via fuel cells.  the research 
cluster has proven itself to be sustainable with team 

III.B.2  Utilization of Coal Syngas in High Temperature Fuel Cells: 
Degradation Mechanisms and Lifetime Prediction
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members working together on other related projects.  
Based on the progress made, we obtained a three-year 
continuation of funding from doe ePsCoR with cost 
share from the national energy technology laboratory, 
West Virginia state, and WVU.  the goal under this 
project is to further expand the infrastructure for fuel 
cell research at WVU, to increase our reputation as a 
centre of excellence and thus ensure continued funding.  
the proposed technical objectives of the project are to 
establish the tolerance limits of contaminant levels in the 
coal syngas for soFCs and to predict the lifetime of the 
cells for a given contaminant levels. 

Approach 

the research cluster is based on a multi-scale, multi-
disciplinary approach conducted by eight faculty members 
in four departments at WVU.  the work is organized 
under three integrated projects: 1) characterization of 
contaminant effects; 2) multi-scale continuum modeling; 
and 3) anode material development.  the knowledge 
base gained from  experiments (Projects 1 and 3) will be 
used in multi-scale computational models (Project 2) to 
establish the tolerance limits for the impurities and to 
predict the life time of soFCs operating on coal syngas 
with the impurities. 

Results 

Characterization of Contaminant Effects

tests were conducted in which button cells were 
exposed to ppm levels of Ph3 in dry and 
moist hydrogen to study the Ph3 poisoning 
effect on soFC performance at 800oC.  
Along with electrochemical measurements, 
in situ infrared (IR) temperature 
measurements were made at the anode 
surface with and without Ph3 contaminant 
to investigate the polarization effects under 
different operating conditions.  during the 
Ph3 exposure, ni-ytrria-stabilized zirconia 
(ysZ) reacted with Ph3 and generated 
the P-based secondary phases, which 
would cause the fuel cell performance 
degradation and alter the IR emissivity of 
electrode.  the secondary phase formation 
and microstructure change were confirmed 
via the post-term characterization (i.e., 
scanning electron microscopy [sem], and 
X-ray diffraction [XRd]).  the button cell 
exposed to h2/3 vol% h2o with the same 
10 ppm Ph3 showed more degradation and 
higher surface temperature than exposure 
to dry h2 at the same current densities. 

the electrochemical performance 
of the ni-ysZ anode operating in Ph3 

contaminated coal syngas with different current loadings 
was also investigated using symmetric cell experiments.  
It is confirmed that the ni-ysZ anode degraded more 
severely with electrical current and the presence of the 
water content in the syngas accelerates the degradation.  
A series of tests at 10 ppm Ph3 in syngas showed that 
the dominant species of nixPy detected on the cell 
anode are ni5P2 with h2o present, and ni12P5 without 
h2o present.  Further, the appearance of nixPy phases 
is independent of the electrochemical reactions in 
the cell.  In addition, ni patterned electrodes on ysZ 
substrate were prepared using photo lithography, and a 
well-defined ni\ysZ interface (triple phase boundary, 
tPB) is achieved.  these structures will be further used 
to study the fundamental mechanism of the ni-ysZ 
degradation due to coal syngas contaminants. 

As a remedy to reduce the impact of Ph3 on the 
cell performance, ni- and Fe-based prefilters were 
investigated.  these filters were shown to remove Ph3 
impurity from syngas fuel effectively to levels which 
are not harmful to the ni-ysZ anode.  Iron is a cost-
effective material for efficient Ph3 removal, but the 
sintered ferrous phosphate layer can block the fuel 
diffusion channels and reduce fuel transport.  the 
addition of nickel to the iron-based filter was shown 
to inhibit the formation of the coherent iron product 
layer, thus maintaining a porous structure in the filter.  
Figure 1 shows the soFC exposed to syngas with Ph3 
under a 0.5 Acm-2 constant current load at 800oC.  Both 
h2s and Ph3 were fed to the cell with ni-based (phase 
(c) & (d)) and Fe/ni-based (phase (f) & (d)) filters 
(Figure 1) during an 1,100-hour test.  the results showed 

Figure 1.  The cell voltage and area specific resistance versus time during the entire 
1,100-hour test under constant 0.5 Acm-2 current load at 800°C.  The cell ohmic 
resistance remained almost constant and the polarization resistance increased when 
20 ppm H2S was added to the fuel.
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that the interaction between these two impurities did 
not significantly impact the filter performance.  With 
proper filter design, the ni-ysZ soFC can operate on 
contaminated coal-syngas without degradation over a 
prescribed period of time. 

the microstructure and chemistry of the soFCs, 
which were run with syngas plus 10 ppm Ph3 for 
120 hours, were investigated using tem.  three major 
phenomena were observed in the anode of the cell: 
1) an external reaction layer of ~20 μm containing 
ni and P.  near this reaction layer, the content of the 
ni grains decreases dramatically, which suggests that 
ni migrates out to react with Ph3 and forms a new 
surface layer.  2) An extra tetragonal ysZ layer at the 
ni/ysZ interface (Figure 2a).  energy dispersive X-ray 
spectroscopy (eds) results show that there is y/Zr ratio 
variation along the ni/ysZ interface from 8.7 atom% to 
55.1% accompanied with the variation of the tetragonal 
and cubic ysZ, which indicates the y could migrate 
along the ni/ysZ interface.  3) A new cubic phase (red 
oval in Figure 2b) forms at the ni/ysZ interface in the 
anode active layer.  the eds showed this new cubic 
phase contains y, P and o, which indicates that the Ph3 
may react not only with ni, but also with ysZ.  With 
soFC running on pure h2, the thickness of this layer is 
only about 10 nm and does not change up to 600 hours 
of operation time.  there was no structural change of the 
ysZ grain near the ni/ysZ interface. 

A Cirrus mKs mass spectrometer was connected to 
the exhaust gases of a test stand to monitor phosphine 
gas (mass 34) or a P fragment ion (mass 31) in either 
a syngas mixture or pure nitrogen.  this attempt was 
unsuccessful.  this lack of changes at mass 34 or mass 
31 that correlated with the presence or absence of 
phosphine is tentatively attributed to loss of phosphine 
within the furnace due to a combination of reactions 
at 800°C.  In syngas mixtures, addition of 100 ppm 
hydrogen sulfide led to increased signals at mass 34 
and mass 33 (for h2s and hs ions), but the rise in the 
(uncalibrated) partial pressures at these masses was very 
slow, taking about 20 hours to reach a near steady-state 
value.  subsequent changes in the concentration of h2s 
resulted in more rapid responses of the signal at mass 
34.  mass 33 signals responded in a similar manner.  
these data suggest that hydrogen sulfide or its reaction 
products are adsorbing onto interior surfaces of the 
tubes inside the furnace until the surfaces are saturated.  
When the hydrogen sulfide is added to a syngas mixture, 
increases in partial pressures of mass 60 and mass 
64 were observed.  these changes were attributed to 
oxidation of h2s to so2 (mass 64) and Cos (mass 60).

Continuum Level Modeling

the anode degradation model is extended to 
simulate effects of several new syngas contaminants and 
also simultaneous exposure to multiple impurities.  the 

model parameters were calibrated for contaminants such 
as hydrogen sulfide (h2s) and hydrogen selenide (h2se) 
using experimental data obtained from accelerated 
testing conditions (Figure 3a).  the synergistic effect of 
various impurities including Ash3, Ph3 and h2s was 
also examined and it was concluded that the mixture 
of impurities leads to faster degradation and thus 
shorter lifetime of the cell when compared to that of a 
single impurity. 

A summary of predicted cell lifetimes for 
electrolyte-supported cells with an anode thickness of 

Figure 2.  (a) Formation of the tetragonal YSZ layer by the interface 
of Ni/YSZ, from the anode of SOFC operated using syngas with PH3 
contamination.  (b) Formation of the Y-P-O phase (circled) by the Ni/YSZ 
interface, from the anode of SOFC operated using syngas with PH3 
contamination.  
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30 µm operated in simulated coal syngas containing 
23% Co, 30% h2, 21% Co2 and 26% h2o and varying 
concentrations of Ash3 impurity is shown in Figure 3b.  
the criterion for cell failure is taken as the time when 
60% of power loss occurs.  extrapolation of the fitted 
curve to lower impurity concentrations shows that for 
10,000 hours of operation, the minimum allowable 
arsine concentration is estimated to be about 5 ppb.  
the minimum allowable phosphine concentration 
is estimated to be less than 0.5 ppb.  Coal syngas 
containing 1 ppb Ph3 resulted in 1% degradation in 
600 hours for an anode supported cell with 1 mm 
thickness.  It was also found that there is a linear 
relationship between the cell failure time and the anode 
thickness. 

the anode structural durability model, incorporating 
both the thermo-mechanical and fuel contaminants 
effects, is enhanced to predict the long-term structural 
behavior of planar-soFC anodes.  Co-flow, counter-
flow and cross-flow cells are simulated under similar 
operating conditions (Figure 4).  the model predicts 
that the co-flow arrangement yields the longest anode 
structural life.  It was also shown that, under lower 
Ph3 concentration, the anode structure degradation 
may be significant as compared to the electrochemical 
degradation.

new sub models and numerical techniques were 
introduced in our three-dimensional in-house code, 
dReAm-soFC, to account for dry reforming reaction 
and to handle zero hydrogen and steam concentrations 
in biogas.  Good agreement between the predicted and 
measured (Project 1) voltage-current (VI) curves was 
obtained.  the results from the computations shed light 
on critical reaction rates and thermal management 
required for smooth operation of soFCs on biogas fuel.

Anode Materials Development

the aim of this project is to fabricate soFCs with 
high performance for syngas operation and to improve 
stability of the soFC anode in sulfur and phosphorous 
containing syngas.  our previous results have identified 
ldC as an effective sulfur-tolerant soFC anode 
material.  sulfur tolerance achieved by impregnated ldC 
has a dramatic impact on ni-ysZ/stabilized scandium 
zirconia anode degradation.  the Pt current collector 
reacts with ni to form ni-Pt intermetallic phase, causing 
ni to migrate toward anode outlayer. 

the observed recovery of a ni-based anode under 
20 ppm of h2s thus indicates ldC can actively “gather” 
sulfur in the anode outlayer, reducing the amount of 
sulfur reaching active reaction sites and in this case, 
transferring ni back into the anode interlayer. 

the fundamental reaction mechanism between the 
ldC-impregnated soFC anode and h2s was studied 
by morphological and structural characterization 
techniques of se), X-ray photoelectron spectroscopy 
(XPs) and XRd.  thermodynamic calculations were 
also carried out using Factsage software.  XRd analysis 
results for anodes after h2s-containing syngas exposure 
show that the ldC oxide decomposed as a result of 
the reaction with h2s.  this finding for ldC is in 
sharp contrast to other doped ceria systems like GdC 
and sdC, whose phases will typically not change 
after exposure to a relatively low concentration of 
h2s.  such comparison suggests ldC may be a better 
sulfur-adsorption candidate than GdC and sdC 
systems especially for preventing poisoning from lower 
concentration of sulfur. 

test results also showed that the ni/GdC anode 
has tolerance of up to 1,000 ppm of h2s in both wet 

Figure 3.  (a) Calibration of modified power density against 
experimental data adopted from Ref. [1] for 1.5 ppm H2Se in coal syngas 
at 800°C.  (b) Time to cell failure for electrolyte-supported cells exposed 
to simulated coal syngas with varying concentrations of arsine at 
different operating temperatures.
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hydrogen and syngas fuels.  the cell also exhibits long-
term stability upwards of 250 hours in 100 ppm h2s 
(Figure 5a), which has not been reported in previous 
literature. 

the use of a double-perovskite smm anode in 
coal syngas in the presence of hydrogen sulfide and 
phosphine was investigated.  the B and B’-sites are 
also being doped with ni and Co (B-site) and W, nb, 
and ta (B’-site) to control electrocatalytic nature 
and to control the electronic and ionic conduction 
mechanisms.  the pure smm and smW (sr2mgWo6-δ) 
anode was synthesized via a solid-state method and 
GdC was incorporated into the anode for improved 
ionic conductivity.  Figure 5b shows the results of the 
smm/GdC anode operating in 3% wet h2 with 10 ppm 
Ph3.  tests have shown that the cell degrades slowly 
over an extended period of time (>70 hrs in 10 ppm 
Ph3), but that the degradation appears not to be due to 
phosphorus reaction in the active or bulk of the anode.  
XPs and eds do not detect phosphorus chemical 
reaction with the anode, and thus, this data leads to the 
conclusion that the cell degradation is likely to be due to 
anode delamination.  these new findings present a path 
for the development of new ceramic anodes that are 
resistant to phosphine degradation.

In addition, the materials group has been fabricating 
large-area, planar fuel cells in an effort to conduct 
experiments more applicable to commercial fuel cell 
devices.  electrolytes 100 cm2 in area and electrode 
active areas ranging from 16-64 cm2 have been 
manufactured and are going to be tested in the coming 
months.

Conclusions and Future Directions

long-term exposure tests under Ph3 will be carried 
out and out-of-plane surface deformations would be 
measured at specified time intervals to quantify the 

Figure 4.  Anode structure failure locations comparison: (a) co-flow: 19,920 h; (b) counter-flow: 16,310 h; (c) cross-flow: 18,450 h.

Figure 5.  (a) Ni/GDC performance in clean syngas with/without 
100 ppm H2S.  (b) SMM/GDC anode comparison to Ni/YSZ anode in 
3% wet H2 and 10 ppm PH3.
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the modeling efforts will continue to extend 
the electrochemical degradation model to three-
dimensions, multi-component contaminants using the 
dReAm-soFC, the in-house code.  Results will be 
validated against planned large planar cell experiments.  
simulations will be performed to predict the lifetime 
of planar cells running on coal syngas and biogas.  the 
existing lBm code will be extended to three-dimensional 
multi-component flow simulations in porous medium 
and will be applied to a typical fuel cell anode.

Based on the knowledge gained from soFC testing 
in this research project, we will extend our work to 
Co2/nox decomposition.  We propose an integration 
of metal oxide electrodes with solid oxide electrolyzer 
cell to: 1) decompose Co2 into C/Co and oxygen 
for further processing; and 2) decompose nox into 
n2, and o2.  Preliminary exploratory tests show very 
promising results in achieving a high percentage of Co2 

decomposition into C/Co and o2.  these preliminary 
results will be used to strengthen our research proposal 
for securing future funding.

Special Recognitions & Awards/Patents Issued

1.  Patent disclosure: “Pre-Filter for Removal of trace 
Contaminants from Gaseous Fuels for Use in solid oxide 
Fuel Cells,” U.s. Patent & trademark office, August 2010, 
Pending.

2.  dr. edward sabolsky received the 2010-2011 Weaver 
Award within the WVU mechanical and Aerospace 
engineering department for outstanding teaching in the area 
of mechanics of materials. 

FY 2011 Publications/Presentations 

1.  h. Guo, G. Iqbal, and B.s. Kang (2011), “effects of Ph3 
Contaminant on soFC Performance and Related Anode 
surface temperature measurements,” International Journal 
of Applied Ceramic technology, v. 8, p. 68-73.

2.  d. ding, m. Gong, C. Xu, n. Baxter, y. li , J. Zondlo, 
K. Gerdes, and X. liu (2011), “electrochemical 
Characteristics of samaria-doped Ceria Infiltrated 
strontium-doped lamno3 Cathodes with Varied thickness 
for yttria-stabilized Zirconia electrolytes,” Journal of Power 
sources, v. 196, p. 2551-2557.

3.  C. Xu, J. Zondlo, m. Gong, F.  elizalde-Blancas, X. liu, 
and I.B. Celik (2010), “tolerance tests of h2s-laden Biogas 
Fuel on solid oxide Fuel Cells,” Journal of Power sources, 
v. 195, p. 4583-4592.

4.  C. Xu, J. Zondlo, m. Gong, and X. liu (2011), “effects of 
Ph3 Poisoning on a ni-ysZ Anode-supported soFC under 
Various operation Conditions,” Journal of Power sources, 
v. 196, p. 116-125.

5.  Fatma n. Cayan , suryanarayana R. Pakalapati, Ismail 
Celik, Chunchuan Xu, and John Zondlo (2011), “A 
degradation model for solid oxide Fuel Cell Anodes due 

Ph3 effects on the anode structural properties.  the 
test results will facilitate the development of the long-
term anode structural durability and electrochemical 
degradation models under coal syngas utilization.  
Kinetics of Ph3/ni reaction will be measured using 
thermogravimetric analysis.  Investigations of the P 
penetration rate into the ni-ysZ anode will continue.  
A model will be built based on the experimental data 
to determine the influence of the electrical current and 
the water content on the degradation rate and the ni 
migration.  such a model will be used to predict the 
lifetime of the anode operated in Ph3 contained in coal 
syngas.  the ni patterned electrode will be used to study 
the influence of the Ph3 on the tPB sites.  the data will 
be integrated with the electrochemical measurements to 
verify tPB length change during Ph3 attacking.

the mass spectrometer will be connected to the 
point at which contaminant gases are mixed with the 
fuel stream to confirm the composition of gases going 
into the hot zone of the tube furnace.  A sampling 
tube will be constructed for gases to be sampled and 
analyzed at a point just above the anode surface.  these 
gas analyses will be correlated to determine the fate of 
contaminants (phosphine, hydrogen sulfide, etc.) inside 
the furnace as a function of the initial composition of 
the fuel, the temperature and the current flow through 
the soFC.

In developing contaminant tolerant materials, 
the focus will be on the design and development of 
alternative ceramic anode components for operation 
in sulfur- and phosphor-containing coal syngas.  the 
materials of interest are ionically and electronically 
conductive ceramic oxides with perovskite structure 
(ABo3).  this type of anode material has been proven 
to tolerate higher concentration of sulfur.  our previous 
research indicated Ph3 can degrade the perovskite 
anode even at the ppm level.  the challenge is to design 
and synthesize the anode materials which are able to 
mitigate both sulfur and phosphorus poisoning.  the 
group’s research experiences on soFC manufacturing, 
mixed oxides impregnation, together with atmospheric 
high-temperature instrument will be utilized to overcome 
these technical barriers.  large planar fuel cells in co-
flow configuration will be tested, to investigate how 
fuel utilization and delivery affects degradation and fuel 
poisoning mechanisms in fuel cell stacks.  Initially, the 
standard ni/ysZ anode will be used, and later work 
will focus upon the new alternate anodes described 
previously.  Poisoning and fuel utilization as a function 
of displacement will be emphasized once baseline 
testing is completed.  Work on the ni/GdC anode will 
continue for other fuels such as bio-gas and natural 
gas.  the degradation mechanism of the smm/GdC 
cell in the presence of Ph3 will be further studied to 
help develop new ceramic anodes that are resistant to 
degradation in fuels containing the combined h2s and 
Ph3 contaminants.
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16.  h. Guo, G. Iqbal, and B.s. Kang, “Phosphine effects on 
ni-based Anode material and Related soFC Button Cell 
Performance Investigation,” Proceeding of Asme 2010 8th 
Fuel Cell science, engineering & technology Conference, 
Brooklyn, new york, June 14–16, 2010. 

17.  G. Iqbal, R. Pakalapati, h. Guo, I. Celik, and B. Kang, 
“Anode structure degradation model for Planar-soFC 
Configuration under Fuel Gas Contaminants,” Proceeding 
of Asme 2010 8th Fuel Cell science, engineering 
& technology Conference, Brooklyn, new york, 
June 14–16, 2010. 

18.  P. Gansor, C. Xu, J. Zondlo, K. sabolsky, and 
e. sabolsky, “Investigation of Phosphine tolerant Anodes 
for solid oxide Fuel Cells,” Presented at 34th International 
Conference and exposition on Advanced Ceramics 
and Composites (ICACC), daytona Beach, Florida, 
January 24–29, 2010.

19.  m. Zhi and n. Wu, “degradation mechanism of 
nickel –yttria stabilized Zirconia Anode materials 
in Ph3 containing Coal syngas,” 218th eCs meeting, 
las Vegas, nevada, october 12, 2010.

20.  m. Zhi, J. yan, A. manivannan, and n. Wu, 
“degradation mechanism of  nickel –yttria stabilized 
Zirconia Anode materials in Ph3 Containing Coal syngas,” 
219th eCs meeting, montreal, Canada, may 2011.

21.  R. Bajura, I. Celik, h. Finklea, B. Kang, X. liu, 
e. sabolsky, X. song, n. Wu, J. Zondlo, s. Pakalapati, 
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Fiscal Year (FY) 2011 Objectives 

Identify compositional modifications that lead •	
to improved oxidation resistance and enhanced 
electrical conductivity in commercial ferritic 
stainless steel alloys.

evaluate surface treatments to maximize •	
performance of ferritic stainless steel in solid oxide 
fuel cell (soFC) environments by completing 
oxidation experiments and electrical resistance 
testing.

Complete project by finishing experiments, •	
analyzing data, and summarizing the improvement 
in critical soFC-related properties for interconnect 
systems that incorporate modified alloy 
compositions and surface modifications.

FY 2011 Accomplishments 

Area-specific resistance (AsR) testing of cerium-•	
modified (mn,Co)3o4 (Ce-mC) spinel coated, 
third generation experimental alloy coupons was 
completed for exposure times beyond 3,000 hours 
at temperature.  the rate of increase in AsR once 
the test systems reached steady-state conditions was 
observed to be as low as 0.8 mΩ·cm2/1,000 hours 
for a Ce-mC spinel coated Fe-17Cr alloy coupon and 
1.4 mΩ·cm2/1,000 hours for a Ce-mC spinel coated 
Fe-26Cr alloy coupon.

AsR testing of Ce-mC spinel coated, surface-•	
modified AtI 441hP™ alloy coupons was 
completed.  the surface modifications neither 
improved nor deteriorated the electrical resistance 
substantially.

long-term oxidation testing at 800°C for •	
5,000 hours was completed on Ce-mC spinel 

coated, experimental alloy coupons and Ce-mC 
spinel coated, surface-modified AtI 441hP™ alloy 
coupons.  surface blasting was found to be effective, 
while temper rolling was not.

Introduction 

this project was focused on evaluating the 
performance of affordable materials integrated into 
systems for use as soFC interconnects.  Interconnects 
can be a source of degradation of fuel cell stack 
performance by the formation and growth of electrically 
resistive surface oxide layers.  It is critical for soFC 
performance to control which types of oxides form and to 
minimize layer growth over an extended period of time.

the reference points for this project were two 
monolithic ferritic stainless steels: AtI 441hP™ alloy 
(Uns s44100) and AtI e-BRIte1® alloy (Uns s44627).  
these were chosen for their combination of low cost, 
general availability, and performance characteristics.  
Functionality was added to these basic interconnect 
materials at the cost of increased complexity.  
material modifications – including minor chemistry 
modifications, special processing, surface treatments, 
and applied coatings – were aimed at tailoring the 
relevant properties of a ferritic stainless steel surface to 
its local environment in a fuel cell.

Approach

two methods for increasing metallic interconnect 
performance were studied.  the first was to incorporate 
minor but impactful modifications to the composition 
of commercially available alloys.  seven experimental 
alloy compositions were designed, melted, rolled, and 
evaluated, to explore the compositional space around 
two top performing alloys identified earlier in the project.

the second method was to alter the surface of a 
stainless steel by post-fabrication processing. samples 
from a production coil of AtI 441hP stainless steel 
underwent various post-processing treatments including 
desiliconization, surface blasting, surface grinding, and 
temper rolling.  An acid pickled mill surface served as 
a control.  some post-fabrication methods sought to 
modify the sub-surface or near-surface grain structure 
to improve initial oxide formation.  A different post-
fabrication technique sought to selectively remove 
silicon from the material surface to prevent electrically 
resistive phases from forming at the scale metal interface 

® Registered trademark of AtI Properties, Inc.
™ trademark of AtI Properties, Inc.
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during exposure to soFC operating conditions.  these 
post-processing techniques were used in conjunction 
with the application of an external oxidation-resistant 
and electrically conductive coating to remove the 
stainless steel surface from direct contact with the soFC 
environment.

AsR testing was used to evaluate the impact 
of minor compositional variations and surface-
modifications on electrical performance.  AsR test 
parameters were typical of those used in the industry – 
800°C test temperature, lanthanum strontium manganate 
ceramic contact layer, and a constant current density of 
0.5 A/cm2 of contact area.  Isothermal oxidation testing 
in air at 800°C was used to evaluate the evolution of 
the oxide scale and the interaction between external 
regions of the oxide and an applied spinel coating.  
Based on previous results, all testing was done on 
substrates coated with an external oxidation-resistant 
and electrically conductive Ce-mC spinel, which was 
developed by researchers at the Pacific northwest 
national laboratory. [1]

Results 

A set of seven experimental alloys, listed in 
table 1 and designated ‘eXP’, were designed, melted, 
and processed to sheet in order to study relatively 
minor modifications to the commercially available 
AtI e–BRIte and AtI 441hP alloy compositions.  
the experimental alloys were further modifications 
of experimental eXP. 580-6 and eXP. 580-5 alloys, 
which had good performance in earlier testing.  table 2 
compares the coating and oxide thicknesses after 
5,000 hours of oxidation testing. AsR test results for 
these experimental alloys were previously reported.

AsR evolution rates determined from AsR test 
data – shown in Figure 1 – for the surface-modified 
AtI 441hP alloy coupons are summarized in table 3.  
Figure 2 shows the AsR evolution rates for the coupons 
in the surface blasted and mill reference states.  In these 
half-cell experiments, the critical metric for comparison 

was the steady-state rate of AsR increase as a function 
of time, made specific to an interval of 1,000 hours 
for ease of interpretation.  A good target for fuel cell 
performance is an AsR of less than 0.1 Ω·cm2 after 
40,000 hours.

the results of oxide and coating thicknesses after 
long-term oxidation testing, performed on coupons of 
surface-modified AtI 441hP alloy in air at 800°C, are 

Table 1.  Third Generation Experimental Alloy Compositions (Weight 
Percent)

Alloy Cr Nb Si Others
ATI 441HP™ alloy 17.5 0.3 0.4 0.3 Mn, 0.2 Ti

EXP. 580-6 17 0.3 0.15 0.3 Mn, 0.2 Ti
EXP. 580-6 MOD1 17.3 0.5 0.15 0.3 Mn, 0.2 Ti
EXP. 580-6 MOD2 17.3 0.7 0.15 0.3 Mn, 0.2 Ti
EXP. 580-6 MOD3 17.3 0.7 0.35 0.3 Mn, 0.2 Ti
EXP. 580-6 MOD4 17.3 0.3 0.35 0.3 Mn, 0.0 Ti
EXP. 580-6 MOD5 17.3 0.3 0.35 0.8 Mn, 0.2 Ti

E-BRITE® alloy 26 0.2 0.3 1 Mo
EXP. 580-5 26 0.2 0.3 1 Mo, 0.3 Mn, 0.1Ti

EXP. 580-5 MOD1 26 0.5 0.35 1 Mo, 0.3 Mn, 0.2 Ti
EXP. 580-5 MOD2 24 0.3 0.35 1 Mo, 0.3 Mn, 0.2 Ti

Table 2.  Coating and Oxide Thicknesses (Units: Microns) for the Third 
Generation Experimental Alloys after 5,000 Hours in Air at 800°C

Alloy Coating
Oxide 

underneath 
coating

Oxide on 
uncoated 

side

Inner oxide 
layer on 

uncoated side
ATI 441HP™ alloy 44.2 / 5.9 3.6 / 4.3 7.8 3.9
EXP. 580-6 MOD1 9.5 2.8 7.0 4.0
EXP. 580-6 MOD2 13.9 3.1 7.4 4.1
EXP. 580-6 MOD3 6.9 3.2 8.5 4.3
EXP. 580-6 MOD4 3.9 6.3 6.9 3.5
EXP. 580-6 MOD5 5.6 4.6 10.2 4.7
EXP. 580-5 MOD1 7.4 1.1 4.8 2.1
EXP. 580-5 MOD2 24.9 5.8 6.1 2.0

Figure 1.  Compilation of ASR Test Results versus Time of All Ce-MC 
Spinel Coated, Surface-Modified ATI 441 HP™ Alloy Coupons for 
Comparison (DS = desiliconized, SG = surface ground, SB = surface 
blasted, TR = temper rolled, MR = pickle annealed mill reference)
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Table 3.  ASR Evolution Rate Results for Surface-Modified 
ATI 441 HP™ Alloy Coupons

Uncoated Coated
Mill Reference no test 0.6

Surface Ground no test 0.3 / 2.9
Surface Blasted no test 1.0
Temper Rolled no test 0.5
Desiliconized no test 2.2

ASR Evolution Rate
(mΩ·cm2/1,000h)

Condition
(ATI 441HP™ alloy)



111FY 2011 Annual Report Office of Fossil Energy Fuel Cell Program

III.C  SECA Core Research & Development / Interconnects and Contact MaterialsMatthew D. Bender

listed in table 4.  micrographs that show the oxides and 
coatings in cross-section for these samples are presented 
elsewhere.

Conclusions and Future Directions

When tested at 800°C in air, many of the Ce-mC •	
spinel coated experimental Fe-17Cr alloys exhibited 
AsR evolution rates below 2.5 mΩ·cm2/1,000 hr, 
which corresponds to a 40,000 hour lifetime 
goal of a fuel cell stack; however, the Ce-mC 
spinel coated AtI 441hP alloy was the lowest at 
0.8 mΩ·cm2/1,000 hr.  Because Ce-mC spinel coated 
AtI 441hP alloy also performed well in oxidation 
testing, it was identified as a robust material for 
soFC interconnect fabrication.

the applied Ce-mC spinel coating may have •	
obscured the performance variations due to the 
alloy chemistry modifications; however, it helped 
the tested coupons to meet the seCA goal for 
interconnect lifetime. testing the experimental alloys 
in an uncoated condition may provide better insight 
into the effect of minor chemistry modifications.

Addition of manganese to the commercial •	
AtI e-BRIte composition may be a robust 
alternative to AtI 441hP alloy if the oxidation 
resistance and AsR properties of lower-chromium 
alloys are found to be insufficient during scale up 
of soFC technology.  these higher-chromium, 
mn-containing alloys exhibited relatively low rates 
of AsR evolution, with a trend towards decreasing 
rates as a function of increasing chromium 
content.  the best performance of a Ce-mC 
spinel coated, higher-chromium experimental 
alloy substrate achieved an AsR evolution rate of 
1.4 mΩ·cm2/1,000 hr.  this is an order of magnitude 
better than Ce-mC spinel coated AtI e-BRIte 
alloy, which does not have the added manganese.

surface modifications neither improved nor •	
deteriorated the electrical resistance of AtI 441hP 
alloy substantially.  surface blasting prevented 
scale delamination and is a promising surface 
modification for further research.  temper rolled 
material suffered from oxide spallation after long 
exposure to elevated temperatures.  Additional 
research could be done on combinations of 
post-processing surface modifications (i.e., both 
cold deformation and surface blasting) or on 
combinations of minor compositional modifications 
with applied post-processing surface modifications.

no additional work is planned as this project was •	
concluded in december 2010.  It would, though, be 
interesting to verify these experimental results by 
testing in an soFC stack.

the primary goal of this project was realized: Ce-mC •	
spinel coated AtI 441hP alloy was identified as 
an optimized low-cost, high-performance material 
capable of mass production of interconnects that can 
achieve soFC electrical interconnect requirements 
for lifetimes of 40,000 hours or more.

FY 2011 Publications/Presentations 

1.  m.d. Bender and J.m. Rakowski, “Investigating the 
effect of Chemistry modifications on soFC Interconnect 
Alloy Performance,” 2010 Fuel Cell seminar, san Antonio, 
texas, october 19, 2010.

2.  Quarterly status report for Project 42513, January 2011.

3.  Final scientific / technical Report for Project 42513, 
march 2011.
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MR DS SG SB TR
Remaining 

coating
5.8 12.3 8.7 12.9 4.8

Oxide beneath 
coating

4.0 1.8 5.3 6.7 4.8

Entire oxide on 
uncoated region

5.7 9.1 12.5 12.1 8.1

Figure 2.  ASR Rate of Change Measurement versus Time for 
ATI 441HP™ Alloy Coupons in the Surface Blasted and Mill Reference 
Conditions
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Fiscal Year (FY) 2011 Objectives 

Identify the electrical resistance of the reaction layer •	
formed at the alloy-coating interface.

evaluate the effect of reducing the chromium •	
content in the ferritic stainless steel.

FY 2011 Accomplishments 

the high electrical resistance portion of the reaction •	
layer has been identified as the chromia scale and 
the spinel phase with a high chromium content.

Ferritic stainless steels with the alloying contents •	
of AIsI 441 but with lower chromium contents 
generally behave similarly in oxidation tests to 
those with higher chromium contents.  however, 
the reaction layer for lower chromium contents 
is thicker, which suggests that at least 17% Cr is 
needed for alloys used in solid oxide fuel cells 
(soFCs) for long operating times.

Introduction 

the high operating temperature of soFCs, which 
provides their excellent fuel flexibility, can lead to 
degradation of individual fuel cell components.  one 
form of degradation is chromium poisoning of the 

cathode, which results from volatilization of chromium 
from the chromia scale formed on alloys used for the 
interconnect.  the amount of chromium volatilization, 
and thus the associated cell poisoning, can be minimized 
by applying a ceramic coating to the alloy surface.  
one promising coating material systems is the spinel 
(mn,Co)3o4 [1-4], which has been shown to reduce 
chromium volatilization [5,6].

Although chromium can form a spinel phase 
with other transition metals, chromium has not been 
observed in the coating during use in a soFC [7,8].  
however, with time, interaction of the coating with the 
chromia scale or with other soFC components can 
lead to changes in the coating composition, which can 
affect properties and thus performance.  this purpose 
of this work is to study the interaction between chromia 
and potential interconnect coating materials to provide 
information needed to design effective coatings for long-
time soFC operation.  

Approach 

the project addresses three aspects of coating 
properties and performance: 1) thermodynamics; 
2) transport properties; and 3) physical properties.  
the thermodynamic aspects include phase equilibria, 
crystal structure stability and chemical activity.  the 
transport properties to be evaluated include conductivity 
and diffusion rates.  the physical properties are those 
that are important for coating performance, such as 
the coefficient of thermal expansion.  these aspects 
will be evaluated for the original coating composition 
and for compositions resulting from interaction of the 
coating with other fuel cell components by preparing 
bulk analogues of the compositions expected after 
the interaction occurs.  Characterization of these 
bulk analogues will provide valuable information 
for evaluating any changes in the performance after 
interaction with other components.  Finally, the 
results will be used to identify compositions with 
potentially improved performance and these promising 
compositions will be similarly evaluated.  this 
knowledge and understanding will allow coatings to be 
designed so that the expected compositional changes 
during operation increase the conductivity in an amount 
that offsets the increase in resistance due to growth 
the chromia scale.  In this case, the coating electrical 
resistance, and thus the associated overpotential, would 
be constant with time, so fuel cell performance would 
not degrade during operation.

III.C.2  Effect of SOFC Interconnect-Coating Interactions on Coating Properties 
and Performance
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Results 

the results presented in the previous report showed 
that iron and titanium additions to (mn,Co)3o4 could 
reduce the degree of reaction with Cr2o3 with little 
or no decrease in electrical conductivity.  however, 
electrons flowing from interconnect to the cathode 
must pass through the reaction layer formed at the 
alloy-coating interface, so the electrical properties of 
this interlayer are important for understanding the 
performance of the coated interconnect.  to evaluate 
the properties of the interlayer, bulk analogues of the 
compositions observed in the interlayer were prepared 
and evaluated using 4-point direct current conductivity 
measurements.  the results in Figure 1 show that 
the conductivity of the spinel phase decreases as 
the chromium content increases and for the highest 
chromium content, mn0.5Co0.5Cr2o4, is even lower than 
Cr2o3.  Figure 2 shows that the activation energy for 
conduction increases with the increase in chromium 

content beginning with 0.5-1.0 chromium per formula 
unit.  these results suggest that the reaction layer and 
the chromia scale will likely dominate the resistance 
between the interconnect and the cathode.  however, 
the overall resistance will depend on the thickness of the 
layer as well as the conductivity of the phase.

the other area for investigation this past year has 
been evaluating the possibility of using lower chromium 
content in the alloy.  A spinel oxide is typically present 
on the scale formed during oxidation of ferritic stainless 
steels containing manganese as an alloying addition 
and when the alloy is coated with a (mn,Co)3o4 the 
scale and coating merge together.  to evaluate if this 
structure will allow for a lower chromium content in 
the alloy, a series of experimental alloys containing the 
alloying additions in AIsI 441 with varying chromium 
contents were prepared by Allegheny technologies 
Inc.  the compositions of these experimental alloys 
are summarized in table 1.  some of the alloys were 
coated with mn1.5Co1.5o4 at Pacific northwest national 
laboratory using a slurry coating process.

the oxidation resistances of coated and uncoated 
alloys were evaluated with both cyclic and isothermal 
exposures to air at 800°C.  the results of 25-hour 
cyclic exposures are shown in Figure 3.  the coated 
alloys exhibited a large initial weight gain, which was 

Figure 2.  Conductivity and Activation Energy of Mn1.5-0.5xCo1.5-0.5xCrxO4 
in Air
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Table 1.  Composition of Alloys

alloy Concentration (wt%)

Fe Cr Mn Si Ti Nb

H52 Bal. 13 0.3 0.4 0.2 0.4

H53 Bal. 15 0.3 0.4 0.2 0.4

H54 Bal. 17 0.3 0.4 0.2 0.4

H55 Bal. 18 0.3 0.4 0.2 0.4

AISI 441 Bal. 18 0.4 0.3 0.2 0.5
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presumably due to re-oxidation of cobalt that was 
formed during the final sintering of the coating in a 
reducing atmosphere.  the parabolic rate constants 
were determined by fitting the results beginning with 
50-hour exposures and are summarized in Figure 4.  
the parabolic rate constant does not appear to vary 
significantly with chromium content.  however, the 
parabolic rate constants for the experimental alloys are 
significantly higher than that measured for AIsI 441.  
these differences are presumably related to the small 
production sizes in the experimental alloys, as compared 
to commercial steels, but the specific cause for the 
difference is not clear.

A scanning electron microscope (sem) micrograph 
of the cross-section of coated h52 after an isothermal 
exposure of 800 hours at 800°C in air is shown in 
Figure 5a.  the concentration gradients as determined 
by energy dispersive X-ray spectroscopy are shown in 
Figure 5b.  Figure 5 is for the alloy containing 13% Cr 
(h52), but the features were similar for other chromium 
contents.  As the chromium content increased in the 
spinel phase, the Co:mn ratio increased, which is 
presumably related to site occupancy preference as 
chromium and manganese have stronger preference for 
the octahedral site as compared to cobalt.  titanium was 
sometimes observed at the alloy-scale interface, while 
niobium was typically not present in the reaction layer.

the general features of the reaction layer were 
similar for different chromium contents, but there were 
differences in the amount of the reaction.  Figure 6 
shows the reaction layer thickness as determined by the 
average of 50 measurements.  Although the standard 
deviations of the measurements overlap, the student 
t-test indicates that the thicknesses for 13-15%Cr were 
statistically different from those of 17-18%Cr to greater 
than 99% confidence.  

Figure 4.  Parabolic Rate Constants for Cyclic Oxidation of Coated and 
Uncoated Experimental Alloys in Air at 800°C for Data Shown in Figure 3
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Conclusions and Future Directions

the conductivity of (mn,Co,Cr)3o4 spinel phase 
decreases with increasing chromium content, which 
suggests that the electrical resistance between the 
cathode and interconnect will be dominated by the 
reaction layer.  Work is underway to identify coating 
dopants, such as ni and Cu, that might be incorporated 
into the reaction layer and increase its conductivity.  In 
addition, neutron diffraction studies are being used to 
characterize the cation site occupancies, which will help 
in understanding the transport properties.

the initial results on the reduction of the chromium 
content in the stainless steel alloys indicate that the 
general behavior is similar for the lower chromium 
contents, but that the reaction rate, as measured by the 
reaction layer thickness, is higher for low chromium 
contents.  Additional analysis of samples exposed to 
longer exposures is underway.
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Fiscal Year (FY) 2011 Objectives 

design/modification of FARAdAyIC •	
electrodeposition Cell.

Completion of 2,000-hour soak test at 850•	 °C.

Process development for 100 mm x 100 mm planar •	
interconnects.

FY 2011 Accomplishments 

Completion of the design and modification of •	
the large FARAdAyIC electrodeposition Cell 
for interconnect substrates ranging in size from 
2.5 cm x 2.5 cm to 28 cm x 35 cm.

Refinement of the original preliminary economic •	
analysis.

Introduction 

Commercialization of solid oxide fuel cells 
(soFCs) requires low-cost components, materials and 
manufacturing processes.  specifically, the interconnect 
material and coating used in soFCs represent 45% of 
the total material cost for the typical stack [1]; therefore 
it is desirable that new materials and manufacturing 
technologies be developed that effectively increase 
system durability while decreasing production costs.  
the decrease in the soFC operating temperatures from 
1,000ºC to between 650 and 850ºC has enabled the 
use of less expensive chromia-forming ferritic stainless 
steels as interconnects instead of ceramic interconnects.  

however, even newly developed ferritic alloys such as 
ss441 and Crofer 22 APU, cannot completely eliminate 
the chromia scale growth and chromium evaporation 
into cells that can cause unacceptable degradation 
in the soFC electrochemical performance.  one 
attractive method to resolve the chromia scale growth 
and diffusion issues is to electrodeposit a mn-Co alloy 
coating onto the interconnect surface and subsequently 
convert it to a (mn,Co)3o4 spinel.

Faraday and West Virginia University are working 
to develop, optimize, and validate the FARAdAyIC 
electrodeposition Process as an effective and economical 
manufacturing method for coating stainless steel 
interconnects used in soFC stacks with mn-Co alloys.  
the FARAdAyIC Process utilizes pulse and pulse 
reverse waveforms and simple electrolyte solutions for 
manufacturing the interconnect coatings.  A preliminary 
economic analysis based on using batch manufacturing 
suggests that the innovative coating technology can meet 
doe’s high volume target of 1,600,000 plates per annum 
for 250 mW of fuel cell stacks at a cost of ~$1.23 per 
25 cm x 25 cm coated interconnect.

Approach 

the FARAdAyIC electrodeposition Process is a 
pulse/pulse reverse plating process that controls the 
electric field and the boundary layer to reduce gradients 
(composition, thickness, or morphological) in the 
formed coating.  the novel aspect of this technology 
is the manner in which the electric field and double 
layer are controlled and how these parameters can 
inherently control the properties of the coating.  For 
instance, when using a direct current overpotential for 
deposition, the composition, thickness, and morphology 
of the deposit is controlled by the surface texture of the 
substrate/electrode.  With the use of the FARAdAyIC 
electrodeposition Process the electric field can be tuned 
to reduce effects of the substrate and obtain better 
overall control of the deposit’s properties.  In addition, 
the cell geometry, plating bath flow, and shape of the 
applied electric field influence the current distribution 
that develops on the surface of the substrate.  the main 
advantages of the proposed technology, as compared to 
conventional, direct current electrodeposition, are:

enhanced process control: since the process •	
proceeds only under the influence of an electric 
field, the processing time is exact and uniform 
across the plate.

enhanced surface structure and thickness control: •	
the FARAdyAIC Process parameters can be 
selected to minimize the diffusion boundary layer, 

III.C.3  Electrodeposited Mn-Co Alloy for Solid Oxide Fuel Cell Interconnects
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decreasing the effect of substrate surface morphology 
on the deposit properties across an area.

Results 

In order to demonstrate the coating process on 
industrial scale interconnects that will be inserted into 
single fuel cell test stands, Faraday modified an existing 
electrodeposition cell located in its pilot scale facility to 
coat patterned interconnect substrates ranging in size 
from 2.5 cm x 2.5 cm to 28 cm x 35 cm.  the modified 
plating system was designed to enable many of the 
electrodeposition cell’s original parts and controls to 
be used including digital laminar flow velocity control, 
anode to cathode spacing as well as oscillation and 
vibration control, which made the modification process 
more cost efficient.  the enhanced control that this cell 
enables allows for optimization of the FARAdAyIC 
electrodeposition Process for uniform deposition of 
mn-Co alloy onto the patterned interconnect substrates 
of interest to industrial members in the fuel cell 
community.

the computer-aided design drawings for the 
modifications to the cell are shown in Figure 1 while 
the completed cathode, anode and flow assemblies are 
shown in Figure 2.  the double-sided flow assembly 
shown in Figure 2 allows the mn-Co electrolyte to be 
pumped into two side-by-side chambers, where the flow 
is directed in an upward vertical direction by quarter-
pipe ramps.  separating the two flow streams is a pair of 
baffles (shown in the Figure 1 cathode assemblies) and 
the interconnect substrate, which acts as the cathode in 
the electrodeposition cell.  opposing the surface of the 

interconnect substrate is the electrodeposition cell anode 
support assemblies.  the supports are suspended on rails, 
which allow for the adjustment of the spacing between 
the electrodeposition cell anode and cathode for a 
distance of up to 11.4 cm.  A thin rectangular titanium 
sheet coated with an oxide coating that serves as the 
anode is bolted to the backing plate.  electrical contact 
to the anode is made by two copper bars that fit within 
grooves on the backing plate, and the bars are connected 
by a welded cross bar.

As shown in Figure 1, the cathode assemblies 
were designed with the flexibility to adapt to the size 
of the interconnect substrate of interest to industry.  
the interconnect substrate and rack is mounted to the 
original oscillation assembly on the electrodeposition 
cell.  the default substrate position is at the median 
between the two flow channels, and the baffles along the 
sides will maintain the vertical channel wall.  If desired, 
the oscillatory and vibrational motion capabilities 
of the electrodeposition cell will be exploited if it is 
determined that this is necessary to obtain a more 
uniform mn-Co alloy coating on grooved/patterned 
interconnect surfaces.  this cell is based upon Faraday’s 
electrochemical cell design that facilitates uniform 
flow across the surface of a flat substrate (U.s. patent 
#7,553,401).  A photograph of the modified electrocell 
for this project is provided in Figure 3.

Faraday continues to refine the preliminary 
manufacturing throughput and cost analysis of the 
FARAdAyIC electrodeposition Process for high 
volume manufacturing of mn-Co spinel interconnect 
coatings.  the cost analysis is based upon an annual 
production volume of 250 mW of fuel cell stacks 

Figure 1.  The As-Designed Cathode, Flow, and Anode Assemblies That Demonstrate the Flexibility of the Cathode to Fit Various Size Parts and the 
Total System Capacity of 28 cm x 35 cm Substrates
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for which approximately 1,600,000, 25 cm x 25 cm 
interconnect plates would need to be coated per year.  
the throughput assessment considers the FARAdAyIC 
electrodeposition Process as a batch manufacturing 
process.  the original, preliminary cost analysis drafted 
during the initial phase of the project indicated that the 
process could coat interconnects at $1.87/interconnect.  
the largest cost contributor to the process is the plating 
bath chemicals, which originally comprised 66% of 

the cost to coat each interconnect.  After consultation 
with chemical vendors, Faraday has negotiated reduced 
prices for the chemicals necessary for the plating bath.  
specifically, the cobalt sulfate and manganese sulfate 
prices have been reduced by 44% and 73%, respectively.  
Figure 4 provides the current cost analysis of the 
FARAdAyIC electrodeposition Process based upon 
batch manufacturing of 1,600,000 plates per annum at a 
cost of ~$1.23 per 25 cm x 25 cm coated interconnect.

Conclusions and Future Directions

A cost-effective process to apply high-quality 
coatings to soFC interconnects in a mass production 
scenario is being developed.  the FARAdAyIC 

Figure 2.  The As-Built Cathode and Anode Assemblies and the Flow Assembly in Which They Are to be Installed

Figure 3.  Photograph of Modified FARADAYIC Electrodeposition Cell 
for Mn-Co Alloy Deposition onto SOFC Interconnects
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electrodeposition Process can be used to deposit 
a mn-Co alloy with a controlled composition and 
thickness that can subsequently be converted to a 
spinel by thermal exposure at high temperatures in 
an oxidizing environment.  In order to demonstrate 
the process capability on full-size industrial-scale 
soFC interconnects, Faraday implemented design 
modifications to an existing electrodeposition cell 
located in its pilot-scale facility.  Further analysis and 
refinement of the original preliminary economic analysis 
suggests that the FARAdAyIC electrodeposition 
Process is cost competitive with other industrial 
manufacturing processes under consideration for these 
types of interconnect coatings, including physical vapor 
deposition and spraying processes. 

development of the FARAdAyIC electrodeposition 
Process is still in progress with the following activities 
planned:

development, optimization and validation of •	
the FARAdAyIC electrodeposition Process for 
10 cm x 10 cm single- and dual-sided grooved 
interconnect materials.  

mitigation of chromium diffusion by determining •	
the controlling mechanism through in situ high 
temperature X-ray diffraction measurements and 
X-ray photoelectron spectroscopy depth profiling. 

Continued development of a more comprehensive •	
economic assessment of the electrodeposition 
coating process as it relates to interconnect 
manufacturing.
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Fiscal Year (FY) 2011 Objectives

develop cost-effective, optimized materials for •	
intermediate temperature solid oxide fuel cell 
(soFC) interconnect applications.

Identify, understand, and mitigate degradation •	
processes in interconnects and at interconnect 
interfaces.

FY 2011 Accomplishments

evaluated long-term performance of spinel-coated •	
ferritic stainless steel interconnect materials at 800 
and 850ºC.

evaluated performance of mnCo oxide coatings •	
with reduced Co content.

Introduction

In previous work, (mn,Co)3o4 (mC) spinels 
have been systematically investigated and applied 
as protection layers on a variety of candidate soFC 
interconnect steels.  In recent years, the primary 
emphasis has been on the application of spinel 
coatings to AIsI 441 ferritic stainless steel, which 
is being investigated as an interconnect alloy by 
Pacific northwest national laboratory (Pnnl) in 
collaboration with Allegheny ludlum and the national 
energy technology laboratory (netl).  AIsI 441 
is prepared via conventional melt metallurgy and is 
therefore less expensive than other candidate steels, 
such as Crofer22APU, which utilize vacuum processing 

to reduce the si content to very low levels.  Additions 
of nb and ti to the AIsI 441 tie up residual si in 
laves phase at grain boundaries, eliminating the 
need for expensive processing.  to mitigate scale 
adhesion issues, a Ce-modified mC (Ce-mC) coating 
(e.g., Ce0.02mn1.49Co1.49o4) was developed, which 
combines the advantages of rare earth (Re) surface 
treatment or additions with those of the mC spinel 
coating.  the stability and electrical performance of 
AIsI 441 coated with Ce-mC protection layers were 
validated in short-term and long-term (1 year) testing.  
these tests indicated that the spinel protection layers 
helped minimize the interfacial electrical resistance and 
mitigate the scale growth beneath the spinel coatings 
on AIsI 441.  In addition, the Ce-modified coatings 
improved the scale adherence and overall interconnect 
surface stability. 

Approach

to supplement and confirm previous test results, 
long-term area specific resistance (AsR) tests are being 
carried out to evaluate the long-term performance and 
structural stability of Ce-mC coatings on AIsI 441.  the 
AIsI 441 was manufactured by Allegheny technologies, 
Inc.  mC and Ce-mC spinel powders were applied to 
selected alloy coupons using a slurry-based approach, 
and heat-treated to form protective coatings.  the 
electrical resistance of bare and coated AIsI 441 is 
measured by applying a four-probe direct current 
measurement technique to simulated interconnect/
coating/contact material/cathode structures.  In 
addition to baseline testing of spinel-coated AIsI 441 at 
800°C, the effects of: a) physical surface modifications 
to the AIsI 441, and b) higher exposure temperature 
(850°C) are being studied.  Alternative protective 
coating compositions are also being developed and 
evaluated, with an emphasis on reduction of coating cost 
(e.g., reduction of Co content). 

Results

Figure 1 shows long-term AsR test results of 
bare AIsI 441 and Ce-mC coated AIsI 441 at 800°C.  
the tests are still in progress.  In contrast to the bare 
(uncoated) AIsI 441, the AsR of the Ce-mC coated 
AIsI 441 has remained low and essentially unchanged 
over time, indicating good stability of the coated steel 
coupons.  oxidation studies have also been performed 
on coated AIsI 441 coupons at 800 and 850°C.  As 
expected, the oxidation rates were faster at the higher 
temperature, and spallation was observed at the scale/
alloy interface of some coated AIsI 441 coupons after 
~1,500 hours at 850°C.  no obvious differences in 
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coating/scale/alloy chemistry were observed during 
post-test scanning electron microscopy (sem)/energy 
dispersive spectroscopy analysis, suggesting that the 
spallation may have been primarily related to increased 
thermal stresses (due to coefficient of thermal expansion 
mismatch) resulting from increased oxide scale thickness 
at the higher temperature. 

to mitigate possible spallation issues, a variety of 
physical surface modifications to the AIsI 441 are being 
investigated.  Allegheny ludlum provided sheet stock 
(0.02” thick) of AIsI 441with the following five surface 
conditions: 

1. mill reference (as would be provided to a customer 
without any additional modifications) 

2. de-siliconized (a treatment to sequester silicon 
from the near surface of the sheet; an alternative to 
decreasing the si content of the alloy) 

3. surface blasted (a grit/shot blast 
process resulting in surface 
deformation) 

4. surface ground (rough surface 
abrasion resulting in surface 
deformation) 

5. temper-rolled (a cold rolling process) 

Coupons of the surface-treated 
steel were coated with Ce-mC spinel 
and subjected to oxidation testing in air 
at 800°C.  At 2,000 hour intervals, the 
coupons were cooled down to room 
temperature and examined.  one coupon 
from each surface treatment was removed 
from the study for sem evaluation, while 
the rest of the coupons were reheated 
to 800°C for continued testing.  After 
2,000 hours, no spallation was observed 

on any of the specimens.  After another 2,000 hours 
(total oxidation time of 4,000 hours), the coupons 
were again cooled to room temperature and examined.  
spallation was observed on only one coupon (1 of the 
14 mill reference coupons).  After another 2,000 hours 
(total oxidation time of 6,000 hours), the coupons were 
again cooled and examined.  extensive spallation was 
observed on the mill reference coupons, while only 
one of the surface-treated coupons (a de-siliconized 
AIsI 441 coupon) exhibited spallation.  sem montages 
of the 6,000-hour coupons are shown in Figure 2.  While 
no spallation was observed during visual examination 
of the temper-rolled coupon, sem analysis revealed 
complete debonding of the oxide scale from the alloy 
substrate, possibly due to stresses occurring during the 
metallographic preparation of the sample.  After another 
2,000 hours (total oxidation time of 8,000 hours), the 
last of the mill reference coupons exhibited spallation, 
but no spallation was observed on any of the surface-
modified coupons.  In summary, all of the surface 
treatments resulted in improved spallation resistance 
compared to the mill reference material, although 
the post-test debonding observed for the cold-rolled 
coupons suggests inferior protection compared to the 
other surface treatments.

Average scale thicknesses as a function of time at 
800º for the coated, surface treated coupons are shown 
in Figure 3.  oxidation testing is also being performed at 
850ºC; after 2,000 hours, no spallation was observed on 
any of the coated coupons.

As mentioned above, alternative protective coating 
compositions are also being developed and evaluated, 
with an emphasis on reduction of coating cost.  one cost 
reduction approach involves reduction of the Co content 
of the coating.  A series of AsR tests were conducted 
on coatings prepared from mixtures of mn and Co 
powders covering a range of mn/Co ratios.  Figure 4 

Figure 2.  Cross-Section SEM Images of Ce-MC Coated, Surface Treated AISI 441 after 
Oxidation at 800°C for 6,000 Hours in Air

Figure 1.  ASR of Bare and Ce-MC Coated AISI 441 at 800°C in Air
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shows the AsR results at 800°C in air for mn-Co based 
protection coatings with various Co contents.  In all 
cases, after reaching a minimum during the early stages 
of the test, the AsR increased over time, although the 
rates of increase were not the same.  Figure 5 shows a 
plot of the AsR slope (i.e., rate of AsR increase) vs. Co 
content, taken from the linear range for each AsR plot 
in Figure 3.  the AsR slope decreased with increasing 
Co content in the mn-Co oxide coatings.  the results 
suggest that a value of Co/(Co+mn) somewhat less than 
0.5 may produce satisfactorily stable AsR, although 
none of the alternative compositions produced the 
essentially zero AsR slope which has been repeatedly 
observed with coatings having Co/(Co+mn) equal to 0.5. 

Conclusions and Future Directions

spinel-coated AIsI 441 is a promising alloy/
coating combination for intermediate temperature 
soFC interconnect applications.  surface modifications 
to AIsI 441 appear to be a means of extending 
interconnect life by delaying the onset of scale/substrate 
de-bonding.  Although spinel coatings with Co/(Co+mn) 
equal to 0.5 offer the best performance (in terms of 
stability of AsR), coatings with reduced Co content have 
also demonstrated encouraging stability, at least in the 
6,000-hour time frame.

Future research directions include long-term testing 
in realistic stack environments (using Pnnl’s solid 
state energy Conversion Alliance Core technology 
Program stack test fixture), continued long-term 
oxidation testing at 800 and 850°C to determine upper 
service limits for the coated AIsI 441, continued efforts 
to reduce coating cost, and further optimization/
implementation of spray-based fabrication processes.

FY 2011 Publications/Presentations
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2.  G.G. Xia, X.s. li, J.d. templeton, Z. lu, t. oh, Z. nie, 
Z.G. yang, and J.W. stevenson, “development of Protection 
Coatings and Contact materials for metallic Interconnects 
in soFCs,” 218th electrochemical society meeting, 
las Vegas, nevada, october 2010.

3.  G.G. Xia, X.s. li, J.d. templeton, Z. nie, Z. lu, 
R.C. scott, Z.G. yang, and J.W. stevenson, “development 
of low Cost Protection Coatings for soFC Interconnect,” 

Figure 3.  Average Scale Thicknesses as a Function of Time at 800°C 
for the Ce-MC Coated, Surface Treated AISI 441 Coupons

Figure 4.  ASR of AISI 441 with MnCo oxide coatings with varying Co 
content.  The measurements were carried out at 800°C in air.

Figure 5.  Slope of ASR of AISI 441 with MnCo Oxide Coatings with 
Varying Co Content, as Determined from Linear Portions of Figure 4
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Fiscal Year (FY) 2011 Objectives

develop and investigate cost-effective contact •	
materials and fabrication processes for cathode/
interconnect interfaces that demonstrate strong 
bonds and low electrical resistance with long-term 
chemical, electrical, and structural stability.

Identify, understand, and mitigate degradation •	
processes at cathode/interconnect interfaces.

FY 2011 Accomplishments

Identified several high performance candidate •	
cathode contact materials, including ni-Co oxide 
and mn2.7-xCoxCu0.3o4.

studied relevant parameters such as the form of •	
precursor, particle size distribution, composition, 
process temperature, etc. to optimize the properties 
and processing of candidate cathode contact 
materials.

demonstrated excellent performance of candidate •	
contact materials including strong bond strength 
(tensile strength up to 10 mPa), low electrical 
contact resistance (area specific resistance [AsR] as 
low as 5x10-3 ohm-cm2 over 2,000 hrs at 800°C), and 
long-term stability.

Introduction

the interconnect is one of the key components in 
a solid oxide fuel cell (soFC) stack.  stainless steels 
are typically chosen as interconnect materials for 

intermediate temperature (It-)soFCs (650-850°C).  
however, metallic interconnects can contribute a 
significant portion of power loss and performance 
degradation during operation due to the continuous 
growth of oxide scales and contact resistances.  
optimization of interconnect materials and coatings is 
a necessary, but not sufficient, condition for obtaining 
stable stack performance.  the complete solution to 
interconnect-related challenges must also take into 
account the electrode/interconnect interfaces.  thus, 
it is necessary to develop a complete materials system, 
which includes not only the interconnect itself, but also 
stable, high-performance contact materials for electrode/
interconnect interfaces to ensure good stack performance 
for meeting the U.s. department of energy technical 
targets and achieving the Fuel Cell Program goals. 

 Requirements for successful development of 
cathode contact materials include: 

high electrical conductivity to minimize the •	
resistance of the contact layer and the contact 
interfaces.

Chemical compatibility with the interconnect and •	
the perovskite cathode.  If reaction occurs, the 
resulting reaction products should be stable and 
conductive.

Appropriate thermal expansion behavior and high •	
thermo-chemical and structural stability in the 
soFC operating environment.

Appropriate bond-forming ability and sintering •	
activity for increased contact area, decreased 
contact resistance, and adequate interfacial 
structural stability and strength. 

low cost. •	

Finding suitable materials for electrical contact 
layers at the cathode interface can be especially 
challenging, particularly in intermediate temperature 
soFCs where high-temperature oxidation-resistant 
alloys are used as interconnects.  the contact layer 
must provide a low-resistance contact between a 
conductive oxide cathode (e.g., lanthanum strontium 
manganese oxide [lsm], lanthanum strontium iron 
oxide [lsF], or lanthanum strontium cobalt iron oxide 
[lsCF]) and the interconnect (probably coated, if 
alloy-based).  therefore, there always exists a ceramic/
metal interface, and possible additional ceramic/ceramic 
interfaces as well, all of which potentially contribute 
to high contact resistance and power loss.  many 
conductive oxides, such as those commonly used as 
cathodes, demonstrate high electrical conductivity and 
chemical compatibility, but these oxides usually exhibit 
low sintering activity at typical It-soFC stack sealing 
temperatures (825-950°C).  on the other hand, many 

III.C.5  Development of Cathode-Interconnect Contact Materials for SOFCs
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conductive oxides with a low sintering temperature 
are highly reactive and demonstrate poor compatibility 
and stability.  Consequently, there is a pressing need for 
optimized, cost-effective contact materials for cathode-
side applications. 

Approach

during Fy 2011, the primary focus was on the 
development of a novel reaction-sintering process 
and the selection of proper candidate cathode contact 
materials.  the reaction-sintering approach is a 
processing technique which utilizes the energy released 
from the chemical reactions of metallic precursors with 
oxygen molecules in air to assist solid-state sintering of 
a contact material in situ.  A similar approach has been 
successfully developed for protective mC spinel coatings 
on It-soFC interconnects.

Composition-microstructure-property relationships 
were determined for soFC-relevant properties including 
sintering activity, coefficient of thermal expansion 
(Cte), electrical conductivity, and bond strength.  
evaluation of the electrical resistance and chemical 
stability of simulated cathode/contact material/
interconnect structures was performed using interfacial 
electrical resistance tests followed by post-test analysis 
(scanning electron microscopy [sem], energy dispersive 
spectroscopy, transmission electron microscopy, X-ray 
diffraction analysis, etc.).  Bond strength was evaluated 
through tensile testing of simulated cathode/contact 
material and interconnect/contact material interfaces.

Results

several metal oxides, including mn-Co, mn-Fe, 
ni-Co oxides as well as mn-Co oxides with Cu addition, 
were evaluated as potential cathode contact materials, 
based on their high electrical conductivity and good 
Cte match to other soFC components.  Although 
preliminary studies indicated that these oxide powders 
used as cathode contact materials could yield reasonably 
low AsRs, weak bond strengths between cathode/
contact layer and interconnect coating/contact layer 
caused unstable AsR during thermal cycling.  It is 
believed that the weak bond strength resulted from 
insufficient sintering activity and minimal interfacial 
interaction when oxide powders were used as the 
contact material precursors.  

Recently, a new approach - in situ reaction 
sintering - was developed to improve contact layer bond 
strength by employing metal powder mixtures instead 
of oxide powders as the contact material precursors.  
such contact pastes can be prepared by simply mixing 
appropriate amounts of fine metal powers with a binder 
vehicle.  two types of metallic mixtures, ni-Co and 
mn-Co-Cu systems were found to be very promising.  
For the former system, a ni:Co ratio of 1:2 provided 
more stable AsR values than other ratios, such as 2:1 
or 1:1.  For the mn2.7-xCoxCu0.3o4 system, Cu content 
was kept at 10 mol% (metal basis) to minimize phase 
segregation upon oxidation.   

In order to quantify the bulk and interfacial 
mechanical properties of cathode/contact material/
interconnect structures, a tensile stress fracture 
measurement method has been developed.  Figure 1 

Figure 1.  Tensile Strength Measurement Setup
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illustrates the setup for mechanical tensile strength 
measurements.  these tests allow for determination of 
the effects of contact material composition, cathode 
and interconnect surface morphology, and processing 
variables on the mechanical properties of the cathode 
contact zone.  As shown in Figure 1, the contact paste 
was applied between two simulated cathode bars or 
two coated interconnect coupons.  test specimens were 
heated from room temperature at 3°C/min in air up to 
850-950°C for 30 min, then kept at 800°C for 50-100 hrs 
before cooling down to room temperature under ~12 psi 
compressive load.  the specimens were then glued onto 
two aluminum test fixtures using fast-setting epoxy.  the 
assembly was then tested in uniaxial tension using a 
mechanical tensile stress tester (mts Bionix 400, mts 
Canton, mA) with a cross-head speed of 0.02 inch min-1 
in ambient conditions.  the fixture had a self-alignment 
joint to minimize bending or twisting during tensile 
testing.  For each condition, more than five specimens 
were tested. 

Figure 2 summarizes the tensile strength data for 
different contact materials that were used for bonding 
Ce-mC coated AIsI441 coupons or simulated cathode 
bars (lsm or lsCF).  yttria-stabilized zirconia (ysZ) 
fibers were added to some contact pastes for the purpose 
of contact layer reinforcement.  the data in Figure 2 
demonstrate that the mechanical bond strengths for all 
cases were quite strong (over 3~8 mPa) as compared 
to conventional perovskite contact materials previously 
tested at Pacific northwest national laboratory (Pnnl) 
(less than 0.6 mPa).  the resulting bond strengths are 
comparable to that of glass seals used in soFC research 
and development, although the ysZ fibers did not 
enhance the bond strength during these tests.  Post-
mortem analysis of specimens after the tensile bond 
strength measurements using optical microscopy and 
sem techniques were conducted to determine where 
the failures occurred.  For the cathode/contact layer/
cathode configuration, the fractures occurred primarily 

at the contact/cathode interfaces, but failures through 
the contact layers and even through the porous lsCF 
layer were also observed.  For the interconnect coating/
contact layer/interconnect coating configuration, failure 
also occurred at the contact interface and through the 
contact layer, and, in some cases, at the oxide scale/alloy 
interface.

Figure 3 shows strength results for a series of 
mn2.7-xCoxCu0.3 compositions prepared from metallic 
powder precursors.  the average fracture stresses vs. Co 
composition ranged from 3 to 10 mPa.  Figure 4 displays 
AsR results for a mn1.5Co1.2Cu0.3o4 contact layer from 
metal precursors that was applied between a simulated 
lsCF cathode and Ce-mC coated AIsI441 coupons.  An 
isothermal AsR measurement was conducted at 800°C in 
air for over 2,400 hours, then thermal cycling AsR was 
measured between ~70-800°C with a hold at 800°C for 
24 hours for every thermal cycle; the thermal cycle AsR 
is depicted in the inset.  Although the AsR jumped from 
~5 mohm-cm2 to ~8 mohm-cm2 at the starting point of 
the thermal cycling measurements, relatively stable AsR 
was retained for more than 35 thermal cycles. 

In order to further evaluate the performance of 
candidate cathode contact materials, button cell tests 
were conducted with the following configuration: an 
anode (ni+ysZ) supported cell (1” in diameter) with 
thin layers of ysZ electrolyte, scandia doped ceria 
interlayer, and lsCF cathode was glass-sealed onto an 
alumina tube; a perforated AIsI441 interconnect (1/2” 
in diameter and 20 mil thick) that was coated with 
Ce-mC spinel and pre-treated in 2.5% h2/Ar at 850°C 
for 4 hours was placed on top of the porous cathode 
layer with the contact paste applied between them; the 
interconnect was pushed against the cathode using a 
spring-loaded ceramic fixture; and Pt wires were used for 

Figure 2.  Tensile Strength Results for Various Contact Materials
Figure 3.  Tensile Strength Results for Mn-Co-Cu Contact Materials 
with Various Co Contents

Te
ns

ile
 S

tre
ng

th
, M

Pa

Mn2.7-XCoXCu0.3O4



127FY 2011 Annual Report Office of Fossil Energy Fuel Cell Program

III.C  SECA Core Research & Development / Interconnects and Contact MaterialsGuan-Guang “Gordon” Xia

electrical current collectors. moisturized h2 and ambient 
air were used as fuel and oxidant. 

two candidate cathode contact materials, based 
on metal powder stoichiometries of niCo2 and 
mn1.5Co1.2Cu0.3, were studied, along with Au as a baseline 
contact material, in the button cells.  Preliminary 
results are plotted in Figure 5.  Initial power density 
using Au or niCo2 as the contact paste was higher than 
that of mn-Co-Cu contact paste.  however, the later 
exhibited superior stability over time.  Cell impedence 
data show that the initial ohmic resistances and total 
polarization resistances of the three cells have the 
order of mn-Co-Cu>niCo2>Au as contact pastes in 
the early stage of the tests.  As the tests continued over 
time, the total polarization resistance for mn-Co-Cu 
system decreased while the other two systems exhibited 
increasing resistance.  this observation agrees with the 
AsR data.  these results indicate that the mn-Co-Cu 
contact materials may have played an additional role in 
protecting Cr migration from the metallic interconnect 
into the cathode, helping to maintain a stable power 
density output.  the reason for its overall low power 
density of mn-Co-Cu as the contact material may be 
dense mn1.5Co1.2Cu0.3o4 layer formation due to the 
reaction sintering process that impedes oxygen molecule 
transport to the cathode.  Figure 6 shows the very dense 
mn1.5Co1.2Cu0.3o4  contact layer that formed on top of 
the porous cathode.  the ni-Co and Au contact layers 
were porous (images are not shown here).  Further 
optimization of the formulas and processes for making 
high performance contact pastes is in progress at Pnnl.

Conclusions and Future Directions

A newly developed reaction sintering process for 
making robust contact layers with increased bond 
strength appears to be a promising approach for soFC 

stack assembly.  Both ni-Co and mn-Co-Cu systems 
show good performance, especially in terms of enhanced 
bond strength.  Future research directions include 
optimizing the reaction sintering approach as a means 
of increasing intrinsic and interfacial bond strengths, 
and the determination of preferred contact material 
compositions.  
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Figure 6.  Cross-Section SEM of a Button Cell with Mn1.5Co1.2Cu0.3O4 
Contact Layer

Figure 5.  Button Cell Performance of Different Contact Materials

Figure 4.  Static and Cycling ASR Results of Mn1.5Co1.2Cu0.3 Contact 
Material



Guan-Guang “Gordon” XiaIII.C  SECA Core Research & Development / Interconnects and Contact Materials

128Office of Fossil Energy Fuel Cell Program FY 2011 Annual Report

3.  G. Xia, X.s. li, Z. lu, J.d. templeton, R.C. scott, Z. nie, 
and J.W. stevenson, “development of Cathode/Interconnect 
Contact materials at Pnnl,” 35th International Conference 
and exposition on Advanced Ceramics and Composites 
(ICACC’11), daytona Beach, Florida, January 27, 2011.



129FY 2011 Annual Report Office of Fossil Energy Fuel Cell Program 

Kyung Joong yoon (Primary Contact), 
Jeffry W. stevenson, olga A. marina
Pacific northwest national laboratory
902 Battelle Blvd.
Richland, WA  99354
Phone: (509) 372-4255; Fax: (509) 375-2186
e-mail: kyungjoong.yoon@pnnl.gov 

doe Project manager:  Briggs White
Phone: (304) 285-5437
e-mail: Briggs.White@netl.doe.gov

Contract number:  FWP40552

start date:  october 1, 2010 
end date:  september 30, 2011

Fiscal Year (FY) 2011 Objectives 

evaluate thermal and electrical properties of yttrium •	
chromite doped with Ca on the A-site and various 
transition metals on the B-site.

Investigate constrained and co-sintering behavior of •	
screen-printed doped yttrium chromite.

suggest optimum composition and processing •	
parameters consistent with an integrated planar 
solid oxide fuel cell (soFC) design.

FY 2011 Accomplishments 

10 at% Co, 4 at% ni, and 1 at% Cu substitution on •	
the B-site of 20 at% Ca-doped yttrium chromite led 
to a close match of thermal expansion coefficient 
(teC) with that of 8 mol% yttria-stabilized zirconia 
(ysZ).

Relative density of y•	 0.8Ca0.2Cr0.86Co0.1ni0.04o3 
sintered at 1,300°C was measured to be ~98% of 
theoretical density.

ni dopant improved both electrical conductivity and •	
dimensional stability in reducing environments.

electrical conductivity of 57 s cm•	 -1 in air and 
11 s cm-1 in fuel (pO2=5×10-17 atm) environment 
was achieved with y0.8Ca0.2Cr0.85Co0.1ni0.04Cu0.01o3 
at 900°C.

Chemical compatibility of doped yttrium chromite •	
with other cell components was verified at the 
relevant processing temperatures.

densification of screen-printed films was improved •	
for both co-sintering and constrained sintering 
conditions by the use of an infiltration process.

Introduction 

For soFC stack designs which utilize higher 
operating temperatures, ceramic interconnects are 
required.  Currently, acceptor-doped lanthanum 
chromite is the predominant ceramic interconnect 
material due to its relatively good stability, electrical 
conductivity, and thermal expansion match.  however, 
it exhibits inferior sintering behavior, and is susceptible 
to hydration in moist environments.  In addition, it 
undergoes a phase transition from orthorhombic to 
rhombohedral symmetry upon heating, and is reactive 
with ysZ electrolyte at high temperatures.  therefore, an 
alternate interconnect material is needed to overcome 
these technical limitations of acceptor-doped lanthanum 
chromite.   

yttrium chromite-based perovskites exhibit several 
attractive features for interconnect applications over 
lanthanum chromites, such as stability with respect to 
formation of hydroxides, low chemical expansion in 
reducing environments, and chemical compatibility 
with ysZ electrolyte.  the electrical conductivity of 
yttrium chromite is known to be relatively low, but 
can be improved by multiple doping on A- and B-sites.  
electrical and thermal properties of yttrium chromite 
are strongly influenced by transition metal doping on 
B-site, and the basic properties of yttrium chromite can 
potentially be tailored by a wide variety of dopants to 
satisfy the rigorous requirements for soFC interconnect 
applications.  during Fy 2011, Pacific northwest 
national laboratory investigated the effect of Co-, ni-, 
and Cu-doping on thermal and electrical properties of 
yttrium chromite.  Co-firing and constrained sintering 
behavior of doped yttrium chromite was evaluated, and 
densification of screen-printed layer was improved by 
the addition of infiltration steps.  Based on the results, 
an optimized composition for soFC interconnect 
application was proposed.

Approach 

Powders of yttrium chromite doped with 20 at% Ca 
on the A-site and various transition metal elements on 
the B-site were synthesized using the glycine nitrate 
process.  After calcination at 1,200°C in air, the phase 
purity was verified using X-ray diffraction (XRd) analysis.  
the phase stability up to 1,100°C was investigated 
using a high temperature XRd.  the chemical stability 
in reducing atmosphere was examined by XRd after 
annealing the powders at 900°C in humidified hydrogen 
(pO2 = 4.7×10-20 atm) for 24 hours.  Rectangular 
specimens were prepared by uniaxial pressing at 35 mPa 
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followed by isostatic pressing at 200 mPa.  sintering 
shrinkages were measured up to 1,400°C in a dilatometer 
using 3×3×14 mm bars.  the relative density after 
sintering was determined using the Archimedes method.  
the sintered samples were used to measure teCs in 
the temperature range of 25-900°C in air.  Isothermal 
“chemical” expansions were measured in a controlled-
atmosphere dilatometer at 900°C by varying the oxygen 
partial pressure from 1.0 to 5×10-17 atm.  electrical 
conductivity measurements were performed by a four-
probe direct current method using 3×3×30 mm dense 
rectangular bars.  the electrical contacts were made using 
Pt wires and Pt paste, and conductivity was measured 
in the temperature range 600-900°C in air.  electrical 
conductivity was also measured as a function of oxygen 
partial pressure at 900°C by varying the oxygen partial 
pressure from 1.0 to 5×10-17 atm.  Chemical compatibility 
of doped yttrium chromite with other cell components 
was studied by mixing doped yttrium chromite powders 
with 8 mol% ysZ, nio, and (la0.8sr0.2)0.95mno3 (lsm) 
powder in a 50:50 weight ratio separately, ball-milling for 
24 hours and heating in air at 1,400, 1,400, and 1,200°C, 
respectively, for 12 hours.  the resulting specimens were 
crushed and the powders were analyzed by XRd.

Inks for screen printing were prepared by mixing  
y0.8Ca0.2Cr0.85Co0.1ni0.04Cu0.01o3 powders with a 
commercial binder in a three-roll mill.  Bi-layers of 
ni-ysZ anode and ysZ electrolyte were used as 
substrates.  For the infiltration process, 1 m nitrate 
solution was used.  sample cross-sections were 
examined with scanning electron microscopy (sem) 
after the co-sintering, constrained sintering, and 
infiltration process.

Results 

In XRd analysis of y0.8Ca0.2Cr0.85Co0.1ni0.04Cu0.01o3 
powders after calcination at 1,200°C in air, all the 
peaks were indexed to a single phase orthorhombic 
perovskite structure with space group Pbnm (62), and 
no impurity phase was observed.  After exposure to a 
reducing environment (pO2 = 4.7×10-20 atm) at 900°C 
for 24 hours, no phase segregation or decomposition 
product was found.  moreover, phase analysis performed 
in situ using high temperature XRd while heating 
the calcined powder up to 1,100°C in air confirmed 
the single orthorhombic phase.  therefore, the doped 
yttrium chromite is stable under the soFC operating 
conditions.  lanthanum chromites typically experience 
a first order phase transition from orthorhombic to 
rhombohedral symmetry at 250~300°C upon heating, 
which causes a loss of mechanical strength.  therefore, 
improved mechanical reliability is expected for doped 
yttrium chromite interconnects due to the absence of the 
phase transformation. 

the teC of y0.8Ca0.2Cro3 is 9.7×10-6 K-1, which 
is substantially lower than that of 8 mol% ysZ, 

10.8×10-6 K-1.  teC increased with transition metal 
substitution, and y0.8Ca0.2Cr0.85Co0.1ni0.04Cu0.01o3 

(11.0×10-6 K-1) gave the closest match to 8 mol% ysZ.  
Without B-site doping, the teC of chromite-based 
perovskite increases with the amount of alkaline earth 
element on the A-site, and typically, more than 30% 
substitution is required to match teC of ysZ.  however, 
when the total calcium content exceeds 25%, calcium 
chromate (CaCro4) exsolves from the perovskite 
structure as a secondary phase, and reacts with ysZ to 
form CaZro3 as a reaction product during the co-firing 
process.  In addition, CaCro4 dissociates into α and 
β phases of CaCr2o4 under reducing environments, 
which causes a large volume expansion.  the results of 
this study suggest that thermal expansion of Ca-doped 
yttrium chromite can be controlled by B-site substitution 
while keeping the calcium content below the solubility 
limit. 

Figure 1 illustrates the effect of partial substitution 
of Co, ni, and Cu for Cr on sintering shrinkage (Δl/lo) 
of y0.8Ca0.2Cro3.  Without B-site doping, the shrinkage 
began at about 1300°C, and only 3% of sintering 
shrinkage was observed at 1,400°C, which is comparable 
to the sintering behavior of acceptor-doped lanthanum 
chromite.  the sintering curve showed gradual shrinkage 
over a wide temperature range, which is a characteristic 
of solid-state sintering.  With 10 at% Co and 4 at% ni 
doping on B-site, the sintering curve exhibited more 
rapid shrinkage above 1,200°C, and 20% of sintering 
shrinkage was observed at 1,340°C.  With the addition of 
1 at% Cu, sintering behavior was remarkably improved, 
showing 20% sintering shrinkage at 1,240°C.  the 
relative density of y0.8Ca0.2Cr0.86Co0.1ni0.04o3 sintered at 
1,300°C was measured to be ~98% of theoretical density.  
thus, it is suggested that adequately dense yttrium 
chromite-based interconnects can be fabricated at a 

Figure 1.  Linear Sintering Shrinkage (Δl/lo) of Y0.8Ca0.2CrO3, 
Y0.8Ca0.2Cr0.86Co0.1Ni0.04O3, and Y0.8Ca0.2Cr0.85Cu0.01Co0.1Ni0.04O3 as a 
Function of Temperature
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processing temperature as low as 1,300°C, and common 
problems accompanied by high sintering/processing 
temperatures, such as undesired chemical interactions, 
migration of elements, and excessive sintering of other 
cell components can be avoided. 

the volume of chromite-based perovskite materials 
expands upon reduction due to the loss of lattice 
oxygen.  Figure 2 shows the effect of B-site dopants 
on the isothermal chemical expansion of Ca-doped 
yttrium chromite in the oxygen partial pressure range 
of 5×10-17–0.21 atm at 900°C.  In all samples, no 
significant expansion was observed until the ambient 
oxygen partial pressure reached 10-10 atm, and the onset 
of the expansion occurred at pO2 = 10-12 atm.  Without 
B-site doping, y0.8Ca0.2Cro3 showed an expansion of 
0.09% on reduction at pO2=5×10-17 atm. Co- and Cu- 
doped yttrium chromite, y0.8Ca0.2Cr0.89Co0.1Cu0.01o3, 
exhibited very similar behavior to y0.8Ca0.2Cro3.  
When 4 at% ni was added, the isothermal expansion 
of y0.8Ca0.2 Cr0.85Co0.1ni0.04Cu0.01o3 decreased to 
0.055% under the same condition.  Importantly, all 
samples exhibited good reversibility when cycled 
between oxidizing and reducing environments, which 
indicates that no microcracks from internal stress 
were generated.  the chemical expansion of chromite-
based materials could be reduced by decreasing the 
concentration of alkaline earth metal dopant (Ca or 
sr) because the low initial concentration of Cr4+ allows 
less oxygen to be removed from the lattice before all 
of the Cr4+ is reduced to Cr3+.  however, the charge 
carriers for electrical conduction in the chromites 
are electron holes associated with Cr4+, and, thus, the 
electrical conductivity is also lowered by reducing the 
concentration of alkaline earth metal dopant.  the 

acceptor-doped yttrium chromite shows a chemical 
expansion about 40% less than that of similarly doped 
lanthanum chromite because the reduced unit cell size 
of yttrium chromite suppresses the oxygen evolution in 
reducing atmosphere.  the results of the current study 
indicate that the chemical expansion of the yttrium 
chromites can be further reduced by ni substitution on 
B-site without loss of electrical conductivity. 

despite other superior properties, the yttrium 
chromites possess lower electrical conductivity than 
similarly doped lanthanum chromites, but doping with 
alkaline earth metal on the A-site and/or transition 
metal on the B-site generally improves the electrical 
conductivity of chromite-based materials.  the 
effect of Co, ni, and Cu partial substitution on the 
electrical conductivity of Ca-doped yttrium chromite 
in the temperature range between 600 and 900°C in 
air is shown in Figure 3(a).  For all compounds, the 
conductivity increased with temperature, as expected 
for a thermally activated conduction process.  the 
conductivity increased with ni doping, but even 
more so with Co doping.  the conductivity values 
at 900°C were 10 s cm-1 for y0.8Ca0.2Cro3, 21 s cm-1 
for y0.8Ca0.2Cr0.85ni0.14Cu0.01o3, and 57 s cm-1 for 
y0.8 Ca0.2 Cr0.85Co0.1ni0.04Cu0.01o3.  ni doping increases 
the electrical conductivity because most of the nickel 
ions are divalent and act as acceptor dopants in 
chromite-based oxides.  substitution of Cr with Co 
likely leads to an increase in both charge carrier density 
and hopping mobility.  Charge carrier population 
increases due to the disproportionation among the 
Co sites: Co4+ becomes energetically favorable and 
populated at high temperatures.  hole mobility also 
increases because of the low small polaron site energy 
of Co and rapid electron transfer between Co3+ and 
Co4+.  the activation energies obtained from the 
slopes of Figure 3(a) were 0.24 eV y0.8Ca0.2Cro3, and 
around 0.15 eV for both y0.8Ca0.2Cr0.85ni0.14Cu0.01o3 and 
y0.8Ca0.2Cr0.85Co0.1ni0.04 Cu0.01o3. 

the electrical conductivity of doped yttrium 
chromites during the oxygen partial pressure change 
from 1 atm to 5×10-17 at 900°C is given in Figure 3 (b).  
the conductivities were independent of po2 in the 
high oxygen partial pressure region and decreased 
below a critical oxygen partial pressure, in agreement 
with the p-type conduction mechanism.  At high 
oxygen partial pressure, the charge imbalance caused 
by doping is compensated by the formation of holes, 
and the number of charge carriers is determined by the 
amount of dopants.  thus, the electrical conductivity 
is independent of oxygen partial pressure.  Below 
the critical oxygen partial pressure, lattice oxygen is 
released to the atmosphere and the loss of oxygen 
creates positively charged oxygen vacancies that 
consume positively charged holes to maintain the 
charge neutrality.  therefore, the conductivity develops 
a strong dependence on oxygen partial pressure and 

Figure 2.  Isothermal Linear Expansion of Y0.8Ca0.2CrO3, 
Y0.8Ca0.2Cr0.89Co0.1Cu0.01O3, and Y0.8Ca0.2Cr0.85Co0.1Ni0.04Cu0.01O3 at 900°C as 
a Function of Oxygen Partial Pressure
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decreases with decreasing pO2 as the ionic charge 
compensation becomes important.  Also, as shown in 
Figure 3(b), y0.8Ca0.2Cr0.85Co0.14Cu0.01o3 showed slightly 
higher conductivity than y0.8Ca0.2Cr0.85Co0.1ni0.04 Cu0.01o3 
in the oxidizing atmosphere.  since the total amounts 
of B-site dopants were identical, Co-doping is more 
effective in increasing the conductivity in an oxidizing 
environment, as suggested above.  In reducing 
environments, the sample containing ni showed higher 
electrical conductivity compared to that without ni.  
the slopes of the log(σ) versus log(pO2) for the sample 
without B-site dopants and with Co and Cu dopants 
were close to 0.25.  this pO2

1/4 dependence of electrical 
conductivity indicates predominantly ionic charge 
compensation and negligible hole concentration.  the 

slope for the sample containing ni was 0.162, which 
indicates that the system did not reach the extreme 
reducing conditions, and that both ionic and electronic 
compensation mechanisms were operative.  An absolute 
conductivity value of 11 s cm-1 was measured for the 
y 0.8Ca0.2Cr0.85Co0.1ni0.04Cu0.01o3 at 900°C at the partial 
oxygen pressure of 5×10-17 atm.  Because the value of 
1 s cm-1 is a well-accepted minimum conductivity for 
the interconnect materials to be used in soFCs, the 
electrical conductivity of y0.8Ca0.2Cr0.85Co0.1ni0.04Cu0.01 o3 
in both oxidizing and reducing environments satisfies 
this requirement.  

the chemical compatibility of  
y0.8Ca0.2Cr0.85Co0.1ni0.04Cu0.01o3 with 8 mol% ysZ, 
nio, and lsm was evaluated using XRd analysis.  
the chromite-ysZ (50:50 wt%) mixture was heated 
in air for 24 hours at 1,400°C (above the densification 
temperature), as was the chromite-nio (50:50 wt%) 
mixture.  the chromite-lsm (50:50 wt%) mixture 
was heated at 1,200°C, the typical cathode sintering 
temperature.  In XRd analysis, all peaks of the 
composites corresponded to the individual constituents 
only, and no reaction product was observed.  therefore, 
detrimental secondary phase formation is not expected 
between the doped yttrium chromite interconnect and 
standard cell components under normal processing and 
operating temperatures. 

screen printing is a simple, low-cost process for 
soFC interconnect fabrication.  however, in general, 
densification of the screen-printed layer is difficult, and 
modification of the process is necessary to increase 
the density of the film.  In addition, application of 
the thick film to a pre-sintered substrate results in 
sintering constraint in lateral directions, which can 
further retard densification.  Figure 4(a) and (b) shows 
the screen-printed layers after constrained sintering 
and co-sintering at 1,300°C, respectively.  they show 
limited densification, so an infiltration process was used 
to further improve the film density.  For infiltration, 
ethanol was added (40 vol%) to a water-based nitrate 
solution to improve the wetting of the solution, and 
urea was used as a complexing agent.  As a result, 
significantly improved densification was observed for 
both constrained sintering and co-sintering processes 
(Figure 4(c) and (d)).

Conclusions 

electrical and thermal properties of Ca-doped 
yttrium chromite were improved through multiple 
transition metal doping (Co, ni, and Cu) on the B-site 
for soFC interconnect applications.  sintering was 
facilitated by Cu substitution.  Co substitution effectively 
enhanced the electrical conductivity in oxidizing 
atmosphere and ni substitution improved stability 
toward reduction, lowering the chemical expansion 

Figure 3.  Plots of (a) ln(σT) Versus 1000/T for Y0.8Ca0.2CrO3, 
Y0.8Ca0.2Cr0.85Ni0.14Cu0.01O3, and Y0.8Ca0.2Cr0.85Co0.1Ni0.04Cu0.01O3 in Air, and 
(b) log(σ) Versus log(pO2) for Y0.8Ca0.2CrO3, Y0.8Ca0.2Cr0.85Co0.14Cu0.01O3, 
and Y0.8Ca0.2Cr0.85Co0.1Ni0.04Cu0.01O3 at 900°C
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and enhancing the electrical conductivity in reducing 
atmospheres.  With optimized amounts of Co, ni, 
and Cu dopants, a good match in thermal expansion 
coefficient with 8 mol% ysZ was achieved.  Chemical 
compatibility of doped yttrium chromite with ysZ, nio, 
and lsm was confirmed at the standard cell processing 
temperatures.  densification of screen-printed layers 
was significantly improved by the use of infiltration 
after constrained or co-sintering.  Based on the 
improved stability and thermal and electrical properties, 
an optimized composition of yttrium chromite, 
y0.8Ca0.2Cr0.85 Co0.1ni0.04Cu0.01o3, is recommended for use 
as a ceramic interconnect material for soFCs.

FY 2011 Publications/Presentations 

1.  “Calcium- and nickel-doped yttrium Chromite 
as an Advanced Ceramic Interconnect material for 
solid oxide Fuel Cells (soFCs),” 218th eCs meeting, 
las Vegas, nevada, october 2010.

2.  K.J. yoon, J.W. stevenson, and o.A. marina, “effect 
of nickel substitution on defect Chemistry, electrical 
Properties, and dimensional stability of Calcium-doped 
yttrium Chromite,” Solid State Ionics, accepted (2011).

Figure 4.  SEM Images of Screen-Printed Y0.8Ca0.2Cr0.85Co0.1Ni0.04Cu0.01O3 Layer after (a) Constrained Sintering, 
(b) Co-Sintering, (c) Infiltration in Constrained Sintered Layer, and (d) Infiltration in Co-Sintered Layer
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Fiscal Year (FY) 2011 Objectives 

Understand interfacial reactions of viscous sealants •	
with solid oxide fuel cell (soFC) stack electrolytes 
and interconnects after extended times at operating 
temperatures.  

Identify ideal operating temperatures for individual •	
sealants.  

monitor effects of operating conditions on physical •	
and chemical stability of sealants.

FY 2011 Accomplishments 

Identified four candidate glass compositions •	
for an operating temperature (ot) of ~850°C, 
11 compositions for an ot of ~750°C, and six 
compositions for an ot of ~650°C.

demonstrated stability of viscous sealants •	
with 8 mole% yttria-stabilized zirconia (8ysZ) 
electrolytes.  select glasses dissolve ~5 μm of the 
electrolyte and penetrate ~5 μm into the remaining 
grain boundaries, but interact no further even up to 
1,500 h at 850°C. 

demonstrated stability of viscous sealants with •	
Al2o3 coated stainless steel (ss) interconnect 
materials.  the glasses are stable against the 1 to 
5 μm alumina coatings after 500 h at 850°C.  

observed crack healing and viscous flow of sealants •	
below 850°C even after ~40% crystallization.

Introduction 

large scale production of soFC laminate stacks 
is complicated by difficulties of sealing the stack 
components using a reliable method that is robust over 
the lifetime of the device.  Candidate sealants should 
exhibit high coefficient of thermal expansion (Cte) 
values near 12 ppm/K, gas impermeability, minimal 
interaction with soFC stack components for 40,000 h 
between 600 and 850°C, and a maximum processing 
temperature of ~950°C [1].  Glass, glass-ceramic, and 
glass-ceramic composite seals are the best candidates 
for forming seals due to ease of manufacture and ability 
to control Cte, viscosity, and sealing temperatures with 
composition.

many sealants currently being studied contain large 
amounts of alkaline earths such as barium or strontium 
which aids in seal formation below 1,000°C, yet form 
undesirable crystals when held at temperatures within 
the soFC target operating temperature range [2-3].  
some contain undesirable amounts of boron which 
partially vaporizes during soFC operation [4].  the 
current project centers on developing new viscous oxide 
glass sealants that will flow at the operating temperature 
to reduce mechanical stresses between components but 
maintain the required hermeticity.  By using glasses with 
lower alkaline earth content and reduced alkali content 
as well, we hope to avoid known reactivity issues.  
Compositions with gallium and germanium additions 
to silicate based compositions appear to be promising 
candidates.

Approach 

Initial candidate glass sealants were researched in 
the literature.  Glass compositions containing low alkali 
concentrations and exhibiting properties described above 
were surveyed using the sciGlass® database to identify 
initial soFC sealant compositions.  these glasses were 
melted and screened by measuring thermophysical 
properties such as Cte, glass transition temperature, 
viscosity, and crystallization behavior.  Quantitative 
crystallization behavior and weight loss studies were 
performed via heat treatment for 504 h.  Compositional 
modifications were used to optimize properties that were 
undesirable in relation to the target properties. 

An iterative approach of screening, down-
selection and optimization is in process.  some of 
the down-selected glasses from the initial matrices 
were also evaluated for stability in glass composite 
seals.  optimized compositions were fritted and 

III.D.1  Viscous Glass/Composite SOFC Sealants
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mixed with Al2o3 or 8ysZ powders to characterize 
interactions between the glass and substrate materials 
and properties of the glass-ceramic composite material.  
heat treatments of ~500 h, followed by extensive 
characterization, are currently underway.

Results 

modified gallio-silicate glasses were studied 
thoroughly to understand beneficial glass chemistry 
for further compositional developments.  Chemical 
substitutions resulted in alkali-free gallio-silicate 
(GBs1) glasses.  Previously, extreme crystallization was 
noted in GBs1 glasses at 850°C.  these glasses do not 
crystallize dramatically at 750°C after 500 h and are 
excellent non-alkali candidate viscous sealants for ots 
between 700 and 750°C.  Another series of gallio-silicate 
glasses (GBs2) were developed and studied in detail.  
these glasses retain ~60% remnant glass to sustain 
viscous flow even after 1,500 h at 850°C.  these glasses 
also exhibit little or no interaction with soFC stack 
components at 850 and 650°C and thus allow flexibility 
for use within the entire ot range of 650 to 850°C.  

Bulk crystallization of GBs2 glasses at 850°C 
depends on original glass chemistry, and the crystalline 
content is ~40% after 500 h, which remains largely 
unchanged after 1,500 h with two more thermal cycles to 
and from room temperature as shown in Figure 1.  the 
glasses do not crystallize when held at 650°C for 500 h 
followed by an initial treatment at 850°C for 30 minutes.  
Furthermore, crystallization of the glasses is minimal 
when heated to 750°C and held for 500 h.   

the GBs2 sealant is stable against 8ysZ electrolytes 
at 850°C up to 1,500 h.  GBs2 glasses dissolve the 
initial ~5 μm of the electrolyte and incorporate yttrium 
and zirconium ions ~60 to 80 μm from the interface.  
electron microprobe studies indicate presence of each 
glass component within the grain boundaries of the 
8ysZ within 10 μm from the original 8ysZ surface.  
the glass does not continuously dissolve the electrolyte, 
demonstrating viability of GBs2 glasses with 50 μm 
thick electrolytes up to at least 1,500 h at 850°C.  some 
glasses partially crystallize at the 8ysZ interface, while 
others exhibit an entirely amorphous interface, as shown 
in Figure 2.  As might be expected, interactions are 

minimal after 500h at 650°C and interfaces remain sharp 
with no dissolution of the 8ysZ substrate.

GBs2 glasses in contact with Al2o3 coated ss 
substrates do not dissolve the protective coating after 
500 h at 850°C.  the coating helps to inhibit iron and 
chromium diffusion into the glass.  some glasses exhibit 
interfacial crystallization of K-Ga-si-o phases.  test 
seals of GBs2 glasses with 8ysZ/glass/ss test cells 
suggest the glasses do not fracture on cooling as shown 
in Figure 3.  

Viscous sealing behavior of GBs2 glasses was 
observed with high temperature scanning electron 
microscopy (sem).  some partially crystallized 
glasses sealed fractured during heating at ~810°C as 
shown in Figure 4.  Viscous flow was also monitored 
via dilatometer samples fabricated by glass powders 
heated for 500 h at 850°C to create a monolithic 
bar.  dilatometer measurements indicate dilatometric 
softening points near 650°C.  this indicates flow of 
GBs2 glasses even after ~40% crystallization.   

Conclusions and Future Directions

non-alkali GBs1 glasses are candidates for viscous 
sealing soFC stacks with ots near 700 to 750°C.  
GBs2 glasses are candidates for viscous sealing over 
the entire ot range of 650 to 850°C.  the GBs2 glasses 
exhibit compatibility with aluminized ss interconnects 
and 8ysZ electrolytes at 850°C.  effects of electric 
potentials across the sealants at operating temperatures 

Figure 3.  Test seal of a GBS2 glass frit heat treated at 850°C for 500 h 
showing (a) the microstructure with no fracture and (b) the glass to 
Al-SS interface with the Al2O3 coating intact.  The Al-SS substrate is on 
the bottom of the image and the 8YSZ is on top.

Figure 1.  Bulk Crystallization of a GBS2 Glass Frit Heat Treated at 
850°C (a) for 500 h, (b) for 1,000 h, and (c) for 1,500 h

Figure 2.  Mostly Amorphous Interface within a GBS2 Glass Frit on 
8YSZ Substrate Heat Treated at 850°C (a) for 500 h, (b) for 1,000 h, and 
(c) for 1,500 h
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are currently being investigated.  Interactions of wet 
atmospheres are also being investigated at operating 
temperatures.  

Special Recognitions & Awards/Patents Issued

1.  m.o. naylor, J.e. shelby, s.t. misture, “A Glass 
Compositional Range developed to Form a seal 
Between metallic and/or Ceramic solid oxide Fuel Cell 
Components,” Provisional Patent filed 2011.

FY 2011 Publications/Presentations 

1.  m.o. naylor, J.e. shelby, and s.t. misture, “Interactions 
of Viscous Glass sealants with solid oxide Fuel Cell 
Components,” Presented at the International Conference 
on Advanced Ceramics and Composites meeting, 
daytona Beach, Florida, 2011.  

2.  m.o. naylor, J.e. shelby, and s.t. misture, “Interactions 
of Viscous Glass sealants with soFC stack Components,” 
Presented at the American Ceramic society Glass and 
optical materials division meeting, savannah, Georgia, 
2011. 
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Fiscal Year (FY) 2011 Objectives 

Complete long-term (3,000 hours) evaluation of •	
thermal, chemical and mechanical stability of 
glass-mgo sealing compositions.

evaluate mechanical properties of selected •	
glass-mgo compositions.

Carry-out helium leak tests on gaskets fabricated •	
from selected glass-mgo compositions and 
Ba-Ca-Al-B silicate (BCAs) glass.

evaluate the performance of a stack that •	
incorporates select glass-mgo sealing gaskets and 
metallic interconnects with nb-laCro3 coating 
applied on the sealing area. 

FY 2011 Accomplishments 

the selected glass-mgo compositions-3 and -5 •	
demonstrated adequate phase stability after holding 
at 800°C for 2,500 hours. 

Composition-5 demonstrated very stable coefficient •	
of thermal expansion (Cte) after holding at 800°C 
for 2,500 hours.  Composition-3 showed some 
decrease in Cte, although it was much less than 
that for BCAs glass. 

excellent bonding was demonstrated by microscopy •	
at the sealing glass/8 mol% yttria-stabilized zirconia 
(8ysZ) and sealing glass/coated Crofer interface 
after holding at 800°C for 3,000 hours.

the helium leak testing apparatus was upgraded •	
to incorporate automated data acquisition, more 
accurate pressure sensing and faster heating.

helium leak tests were performed using bigger •	
tape-cast glass-mgo gaskets at 800°C and it was 
demonstrated that in the short-term (less than 
1,000 hours) gaskets fabricated from compositon-3 
and composition-5 have similar or better sealing 
ability than BCAs glass.

satisfactory sealing performance was demonstrated •	
for a three cell stack tested at msRI that used 
sealing gaskets fabricated from compositon-5 and 
nb-doped laCro3 coating on the sealing area of the 
stainless steel interconnects. 

Introduction 

solid oxide fuel cells (soFCs) operate in the 
temperature range 650 to 850°C and typically function 
under an oxygen chemical potential gradient that 
develops across the electrolyte.  A hermetic seal which 
prevents the intermingling of the cathode and anode 
side gases is a critical requirement for planar soFCs as 
any leakage leads to reduced system performance, lower 
power-generation efficiency, poor fuel utilization [1,2] 
and accelerated degradation of the stack [2].  one 
popular approach for such seals is to use rigid bonded, 
specially tailored glass or glass ceramic compositions.  
the primary challenges in developing such seals are: 
1) maintaining proper viscosity in the glass; 2) matching 
the thermal expansion of the material with that of 
the primary cell components and stabilizing it as a 
function of time and temperature; and 3) controlling 
their reactivity with metal components.  An example of 
state-of-the-art sealing glass is a BCAs glass developed 
by the Pacific northwest national laboratory [3,4] 
which has a very good Cte match with other soFC 
components after short-term crystallization.  however 
the Cte reduces significantly after ageing at 750°C 
after 1,000 hours.  the glass also reacts in contact 
with common metallic interconnects which results 
in the weakening of the seal joint.  Recent attempts 
to remove these impediments by design of the glass 
composition [5,6] have met with limited success.  
loehman [7] demonstrated that the flow, adhesion, 
thermal expansion and reactivity of borate glasses 
can be controlled by the selective addition of oxide 
nanoparticles.  similar results were reported by nielsen 
et al. [8] for sodium aluminosilicate glasses using nano-
mgo filler.

the Phase I effort generally showed the beneficial 
effects of incorporating mgo in the base BCAs glass 

III.D.2  Glass Composite to Coated Interconnect Seals for Long-Term 
Chemical Stability
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composition.  While the maximum benefits in terms of 
long-term stability were derived in compositions with a 
threshold amount of mgo, most of the experiments were 
performed with lower levels of mgo in the glass because 
of its better fluidity.  the first task of the Phase II 
effort was therefore to make suitable modifications to 
the base glass composition in order to accommodate 
larger amounts of mgo in the glass and still maintain 
a lower viscosity.  Accordingly, during the first year of 
the Phase II effort, two glass-mgo compositions were 
selected for long-term evaluation of thermal expansion 
and phase development.  Both showed stable thermal 
expansion and phase composition after 1,000 hours at 
800°C.  the overall objective during the second year was 
to obtain similar information after 3,000 hours at 800°C.  
the compositions were also to be tested for helium leak 
at 800°C with and without thermal cycling.  Finally they 
were to be incorporated into soFC stacks in the form 
of tape-cast gaskets, the stacks run for over 1,000 hours 
with intermediate thermal cycling and their performance 
documented.  the current report summarizes the results 
obtained during the second year of the Phase II project 
as on the date of reporting. 

Approach 

the overall approach for this project was to select 
a base-glass which is widely known to be compatible 
with standard soFC materials and conditions and to 
eliminate some of its glaring deficiencies by: 1) adding 
suitable amounts of nano-mgo; and 2) applying 
an appropriate protective coating to the area of the 
metallic interconnect in contact with the glass seal to 
reduce chemical reaction.  It was concluded after the 
Phase I effort that the addition of a threshold quantity 
of nano-mgo ensures that a unique phase mix is formed 
in the crystalline glass that imparts durational stability 
to the thermal expansion coefficient.  the approach in 
the first year of the Phase II investigation was to suitably 
modify the base-glass composition so as to ensure that 
the addition of the required amount of nano-mgo does 
not adversely affect the wettability and flowabilty of the 
glass.  the other approach was to improve the doped 
lanthanum chromite protective interconnect coating 
developed in Phase I by modifying the spray parameters, 
introducing an infiltration step to reduce porosity and 
firing the coating in a reducing atmosphere to prevent 
oxide formation.  the approach in the second year 
of the Phase II work was to complete the long-term 
(3,000-hour) tests on the two selected compositions 
and the BCAs glass for comparison.  helium leak tests 
accompanied by thermal cycling were to be performed 
at 800°C on the two selected glasses and the BCAs 
glass.  Based on the combined results of all the tests 
one composition was to be further selected for stack 
tests.  short and long stack tests were to be performed 
using gaskets fabricated from the selected glass-mgo 

composition.  the stacks were to be tested for their 
open circuit voltage, overall performance characteristics 
at various fuel utilizations and also tested for cross 
leakage by gas chromatography.  the effect of thermal 
cycling was to be investigated and the performance after 
1,000 hours of operation was to be examined.  the data 
obtained was to be compared with a stack using BCAs 
glass gaskets.  

Results 

Bars and discs of selected glass-mgo compositions-3 
and -5 along with the BCAs glass were held at 800°C 
for 3,000 hours.  the discs were then used for phase 
analysis by X-ray diffraction (XRd) while the bars were 
used for determining the Cte.  Figure 1 shows the 
XRd pattern for composition-5 after heat treatment at 
800°C for 500, 1,000 and 2,500 hours.  the presence 
of crystalline phases A (squares-wine) and B (circles-
magenta) is clearly seen.  Comparing the XRd traces 
for the three durations, it is apparent that the two 
phases are stable and they dominate the phase spectrum 
even after 3,000 hours.  table 1 is a comparison of 
the Cte values for BCAs glass, composition-3 and 

Figure 1.  XRD Patterns for Glass-MgO Composition-5 Held at 800°C 
for 500, 1,500 and 2,500 Hours

Table 1.  A Comparison of the CTE Values of BCAS Glass, 
Composition-3 and Composition-5 Heated at 800°C for Different Durations

Duration at 
800°C (Hours)

bCaS glass Comp.-3 Comp.-5

0.5 11.1 x 10-6/°C 11.8 x 10-6/°C 11.8 x 10-6/°C

1500 10.0 x 10-6/°C 12.0 x 10-6/°C 12.0 x 10-6/°C

2500 9.79 x 10-6/°C 11.2 x 10-6/°C 12.0 x 10-6/°C
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composition-5 heated at 800°C for 0.5, 1,500 and 
2,500 hours, respectively.  the Cte of the BCAs glass is 
seen to reduce by 11.8% when it is held for 2,500 hours 
at 800°C.  this is one of the primary drawbacks for this 
glass and is known to happen because of the progressive 
crystallization of monoclinic celsian which has a Cte 
of 2.3 x 10-6/°C.  the Cte for composition-3 actually 
increases marginally after 1,000 hours of heat treatment 
and then decreases to 11.2 x 10-6/°C after 2,500 hours of 
heat treatment.  the overall decrease after 2,500 hours 
is 5.3%.  For composition-5 there is actually an increase 
of 1.7% in the Cte after heating for 1,500 hours and 
then it remains stable when heated for 2,500 hours.  
since the final value is within the desired range of 
(12-12.5) x 10-6/°C, this may actually result in better 
sealing properties over longer durations of operation.

the condition of the uncoated and coated metal/
glass interface and the bonding of the glass to this 
interface and the 8ysZ interface is of particular interest.  
Figure 2 shows a scanning electron microscope (sem) 
micrograph of a test specimen where glass-mgo 
composition-5 is sandwiched between an anode 
supported soFC (with the 8ysZ electrolyte in contact 
with the glass) and a perovskite coated Crofer-22 
foil heat treated at 800°C for 3,000 hours.  there is 
obviously significant crystallization of the glass but the 
8ysZ/glass as well as the glass/perovskite interface 
look well bonded.  energy dispersive analysis by X-rays 
has indicated that there is some oxidation of the metal 
surface behind the coating and this is expected.  the 
coating has however largely prevented contact between 
the oxide scale and the glass and thereby avoided 

delamination of the interface even after 3,000 hours in 
air at 800°C.

leak tests were conducted at 800°C to ascertain 
helium leak rates at glass-mgo/ysZ, glass-mgo/laCro3 
and glass-mgo/metal interfaces with thermal cycling.  
the results for the leak tests on tape-cast gaskets of 
composition-3, composition-5 and BCAs glass to metal 
(ss430) are shown in Figure 3.  the filled symbols 
denote the first heating cycle while the corresponding 
open symbols denote the data points for the second 
heating cycle after cooling down to room temperature.  
the lines are best fit lines where the broken lines 
indicate reheating.  BCAs glass is known to provide 
hermetic sealing with stainless steels at 800°C for shorter 
durations.  the data suggests that all three glasses show 
minimal leakage with pressure and are comparable in 
their sealing abilities in the short-term.  thermal cycling 
does not result in any significant deterioration of the 
seal.  It is however expected that beyond 1,000 hours at 
800°C, composition-5 will retain the best sealing ability.

msRI also assembled a three-cell stack using gaskets 
of glass-mgo composition-5.  Conditioning included 
binder burnout at 580°C and a temperature excursion 
to 880°C; stack operation was at 800°C.  the stack was 
not operated at high power output conditions (was not 
operated near discharge capacity), but rather under 
a range of fuel and air utilizations to determine stack 
sensitivity to reductions of fuel and/or oxidant levels.  
Figure 4 shows resultant polarization curves.  Values 
show minimal curve deviation with increasing fuel and air 
utilization, indicating satisfactory sealing performance. 

Conclusions and Future Directions

the results indicate that glass-mgo composition-5 
has the most stable crystalline phases and thermal 

Figure 3.  Leak Rate versus Pressure Graphs for Sealing Gaskets of 
BCAS Glass, Compostion-3 and Composition-5

Figure 2.  SEM Micrograph of Sectional View of a SOFC 
Cell_Glass-MgO_Crofer-22 (Doped  LaCrO3 Coated) Sandwich 
Heated at 800°C for 3,000 Hours
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expansion coefficients over prolonged durations at 
800°C.  It also forms clean and stable seal interfaces 
with the soFC electrolyte (8ysZ) and Crofer-22 metal 
foil coated with doped lanthanum chromite.  helium 
leak tests on glass/stainless steel seal interfaces suggest 
that compositions-3 and -5 display short-term sealing 
characteristics that are at par with or better than that 
of BCAs glass at 800°C.  one may reasonably assume 
that the better stability of the Cte for the above 
glass-mgo compositions, particularly compositon-5 will 
impart superior leak resistance over longer durations 
when compared with BCAs glass.  data obtained 
from a three-cell stack (sealed with gaskets made from 
composition-5) tested at msRI that uses nb-doped 
laCro3 coating on the sealing area of the stainless steel 
interconnects indicates satisfactory sealing performance.

two more short stacks will be evaluated for 
performance over 1,000 or more hours of operation.  
one of these will use sealing gaskets made of 
composition-5 glass and the other will use gaskets of 
BCAs glass.  the results will be compared below and 
above thousand hours of operation.  the seal to coated 
metal interface will be examined microscopically after 
the stacks have been dismantled.

FY 2011 Publications/Presentations 

1.  n. dasgupta, B. Butler, and e. sorge, “effect of mgo 
Addition on Crystalline Phase Formation and thermal 
expansion of a Barium Aluminosilicate solid oxide Fuel 
Cell Glass Ceramic sealant,” Poster presented at the 
11th Annual seCA Workshop, Pittsburgh, Pennsylvania, 
July 27–29, 2010.

2.  n. dasgupta, B. Butler, and e. sorge, “effect of mgo 
Addition on Crystalline Phase Formation and thermal 
expansion of a Barium Aluminosilicate solid oxide 
Fuel Cell Glass Ceramic sealant,” oral presentation 
at the 35th International Conference and exposition 
on Advanced Ceramics and Composites (ICACC), 
daytona Beach, Florida, January 23–28, 2011.
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Fiscal Year (FY) 2011 Objectives 

develop self-healing glass composites containing •	
fillers as seals for soFCs. 

down-select appropriate filler materials suitable for •	
making glass-composites.

determine stability of the most promising self-•	
healing composite glass.

Complete Phase I and propose work for Phase II.•	

FY 2011 Accomplishments 

self-healing glass composites were fabricated •	
using alumina, magnesia, and zirconia fillers.  
thermomechanical behaviors of the glass-
composites were measured between 25-800°C. 

Alumina and mgo fillers reacted with the glass and •	
found to be unsuitable as fillers.  yttria-stabilized 
zirconia (ysZ) was stable and a more promising 
filler material.  stability of the glass-ysZ filler 
composites was determined by annealing samples 
up to 1,000 hours in fuel and air environments.  
stability of the glass-ysZ composite was 
demonstrated for 1,000 hours.

All the objectives of the Phase I project were •	
accomplished.

Phase II project started based on accomplishments •	
of Phase I. 

these results provide great promise towards meeting •	
the solid state energy Conversion Alliance (seCA) 
goals of seals for soFC.

Introduction 

A functioning soFC requires seals that prevent 
electrode leakage and internal gas manifold leakage 
if internal gas manifolds are utilized.  the seals must 
prevent the mixing of fuel and oxidant streams as well as 
prevent reactant escape to the surrounding environment.  
the seal material must be electrically isolating and be 
mechanically and chemically stable in contact with 
interfacing cell components in humid dual reducing 
and oxidizing conditions.  Particular importance is the 
ability to seal between metallic and ceramic components 
with differing coefficients of thermal expansion (Cte), 
and do so while exposed to temperature transients over 
a range from room temperature up to soFC operating 
temperature (≈800ºC).  this project is developing 
innovative self-healing sealing concepts for both short- 
and long-term functionality of soFCs, addressing the 
aforementioned issues.

Approach 

A novel in situ self-healing sealing glass concept 
was further advanced in the current Phase I funding 
cycle of the seCA program to demonstrate in situ self-
repair capability of the glass seals.  seal tests performed 
earlier displayed excellent seal performance including 
in situ self-repair of cracked/leaking seals.  the self-
healing concept requires glasses with low viscosity at 
the soFC operating temperature of 800°C but this 
requirement may lead to excessive flow of the glass 
under load in areas forming the seal.  to address this 
challenge, a modification to glass properties such as 
creep via addition of particulate fillers is proposed 
and pursued in the current project.  the underlying 
idea is that non-reactive ceramic particulate filler is 
expected to form glass-ceramic composite and increase 
the glass transition/glass softening temperatures and 
seal viscosity thereby increasing the creep resistance 
of the glass-composite seals under load.  In addition, 
the incorporation of an appropriate filler can affect 
the Cte of the glass-ceramic thereby providing 
additional flexibility for developing sealing glasses with 
the optimum expansion mismatch among materials 
forming the seal thereby reducing mismatch stresses 
and improving seal reliability.  this report summarizes 
progress made towards advancing this concept.   

Results 

A filler phase is required for sealing glasses as a 
part of this activity.  the filler phase should be oxidation 
resistant at 800°C, strong, and have expansion behavior 

III.D.3  Innovative Self-Healing Seals for Solid Oxide Fuel Cells (SOFCs)
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close to the sealing glass.  three types of fillers – Al2o3, 
ysZ, and mgo – were selected and used for the initial 
screening effort in the project because these ceramics 
have expansions close to or higher than the glass 
and are electrical insulators.  Al2o3 and ysZ have 
expansions slightly smaller than the glass and mgo 
has a higher value than the glass.  samples of glass-
composites containing 30% by weight of Al2o3, ysZ, 
or mgo powders were fabricated using tape casting, 
lamination, and sintering to make dense glass-ceramic 
composites.  the composites were then characterized 
for Cte between 25-800°C and crystallization by X-ray 
diffraction.  these results suggested that the best filler 
phase for further studies is ysZ because mgo reacted 
with the glass and Al2o3 produced a low Cte.  the data 
from glass-alumina composite also suggested reaction of 
alumina with the glass leading to formation of aluminum 
silicate.  From these results ysZ was down-selected for 
further studies.  Composites of glass-ysZ containing 
10-30% ysZ were prepared for further characterization, 
Cte measurements, and stability at 800°C as a 
function of time upon exposure in air and humid fuel 
environments for times up to 1,000 hours. 

the Cte of glass-ysZ composites was measured 
after processing.  the glass transition and softening 
behaviors also showed a significant change because of 
the addition of ysZ.  Both parameters increased upon 
ysZ addition.  In particular the softening temperature 
increased from ~560°C to 750°C with 30% ysZ 
addition.  this is very promising because ysZ addition 
should provide superior load-carrying capability for the 
glass-composite seal.  the Cte decreased from 10.4 to 
9.3 ppm upon addition of 30% ysZ to the glass.  An 
optimum level of ysZ in a glass can be determined from 
sealing ability and the overall requirement of resistance 
to deformation of the composite seal under load.  

Based on these findings a glass-30% ysZ composite 
was selected for assessing its stability at high temperature 
of 800°C.  this glass-ysZ composite was placed on 
an ysZ plate and annealed in air and in moist fuel 
environments for 1,000 hours at 800°C to demonstrate 
stability.  In addition, crystallization behavior upon 
annealing was evaluated by X-ray diffraction along with 
the Cte data. 

Figure 1 shows the effect of annealing at 800°C in 
air on the Cte of glass-ysZ composite in the as-sintered 
state and after 1,000 hours of annealing.  there is an 
insignificant change to the expansion behavior and glass 
transition/softening temperatures indicating stability.  
A similar sample was annealed at 800°C in moist fuel 
environment to assess stability.  Figure 2 shows data for 
samples annealed in moist fuel at 800°C for 1,000 hours.  
It also shows insignificant change to the expansion 
behavior and glass transition/softening temperatures 
indicating excellent stability. 

Figure 3 shows the X-ray diffraction patterns 
from glass-ysZ composite in the as-sintered state and 
after annealing for 1,000 hours.  no other crystalline 
peaks except for ysZ are evident from the X-ray data 
indicating stability of the ysZ filler against reaction with 
the glass up to 1,000 hours of exposure.

these results indicated stability of the glass-ysZ 
composite in both air and fuel environments for 
1,000 hours at 800°C.  the results on stability of self-
healing glass-ysZ composite based on Cte and X-ray 
diffraction suggest that the glass-ysZ composite should 
also be stable against reaction with ysZ electrolyte 
membrane at 800°C over an extended time period.  In 
this study, stability of the glass-ysZ composite was also 
investigated by placing a glass-30% ysZ composite on 
a dense ysZ membrane and then fabricating a glass-
composite/ysZ seal by sintering the sample at 800°C 
for 2 hours.  then the sample was cooled to room 
temperature, annealed in air and fuel environments 
for 1,000 hours, sectioned, and polished to reveal 
the glass-composite/ysZ interface for examination 

Figure 1.  Effect of Annealing in Air at 800°C on the Coefficient of 
Thermal Expansion of Glass-30% YSZ Composite
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Figure 2.  Effect of Annealing in Fuel (Ar-4% H2-6% H2O) Environment 
at 800°C on the Coefficient of Thermal Expansion of Glass-30% YSZ 
Composite
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by scanning electron microscopy (sem).  the results 
showed an interface between glass-ysZ composite and 
ysZ substrate without any reaction between the glass-
composite and ysZ substrate indicating stability in 
contact with a dense ysZ membrane.  energy dispersive 
X-ray spectroscopy analysis of the interface did not 
show any evidence of interdiffusion of elements into 
each other thereby further confirming the stability of the 
glass-composite in contact with the electrolyte. 

While a significant progress is demonstrated by 
the results of Phase I of the project, there remains a 
healthy skepticism on whether glass-ysZ composite 
seals displaying self-healing response have sufficient 
long-term durability and life to meet the seCA goals 
of 40,000 hours.  the stability of the sealing materials 
were determined in fuel and air at 800°C for 1,000 hours 
but the longer-term durability over thousands of hours 
require further development and testing.  Consequently, 

the primary objectives of Phase II project are to: 
1) further develop the self-healing glass-ysZ composites 
with long-term durability through testing in air and 
fuel environments; and 2) characterize long-term 
stability of the glass-ysZ composites through ex situ 
sem and X-ray diffraction analyses.  the proposed 
project will utilize successful approaches developed in 
Phase I on materials selection, property measurements, 
environmental stability considerations, and analytical 
characterization for Phase II work.

Conclusions and Future Directions 

the self-healing glasses with fillers were fabricated •	
and studied.  Composites with alumina and 
magnesia fillers showed reactivity with the glass and 
inappropriate Cte for making seals for soFC.

Glass-composites with zirconia filler showed good •	
expansion matching and stability against reaction 
during processing.  this system was down-selected 
for further testing. 

Glass-zirconia composites demonstrated stability •	
for 1,000 hours upon annealing in air and fuel 
environments at 800°C. 

Plans are to further pursue long-term stability of •	
the self-healing glass-composites at 800°C in soCF 
testing environment as a part of Phase II project.

FY 2011 Publications/Presentations 

1.  Program Quarterly Reports between october (2009) – 
march (2011).

2.  Phase-I Annual Reports (July, 2010 and 2011).

3.  Phase I Progress Report (december 2010).

Figure 3.  X-ray Diffraction from Glass-YSZ Composite in the As 
Fabricated State and after Annealing in Air at 800°C for 1,000 Hours
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Fiscal Year (FY) 2011 Objectives 

demonstrate successful cold start-up of delphi fuel •	
processor using air/methane burner.

Use hot, steam-rich anode exhaust from solid •	
oxide fuel cell (soFC) stack to drive (heat) steam 
reforming in delphi’s Gen 8t fuel processor.

demonstrate steady steam reforming of s-8 (synthetic •	
diesel fuel from syntroleum), JP-10, and methane 
fuels to simulate half the proposed anode recycle 
loop for an undersea vehicle soFC power system.

demonstrate pure oxygen-blown catalytic partial •	
oxidation (CPoX) reformer in conjunction with 
soFC stack for national Aeronautics and space 
Administration (nAsA)-specific missions.  

FY 2011 Accomplishments 

established basis for proposing methane as a •	
fuel for unmanned, underwater vehicles (UUVs) 
launched from surface ships.  the usage of methane 
as opposed to gasoline or diesel-type fuels could 
also be extended to other military platforms such 
as auxiliary power units and small vehicles.  this 
could expedite the usage of highly efficient soFC-

based platforms in advanced military settings as 
well as meet energy security and conservation goals 
mandated by U.s. navy leadership.  

demonstrated adequate steam reforming of JP-10, •	
s-8, and methane fuel streams using a delphi 
Gen 8t reformer.  Concluded that methane-based 
systems offer the best prospect of successfully testing 
first-generation soFC-powered, undersea vehicles.  

demonstrated pure oxygen-blown CPoX reformer •	
and integration with a 30-cell delphi Gen 3.2 soFC 
stack showed a reactant-based specific energy of 
4,900 kJ/kg for a nAsA-specific application.  With 
~90% methane utilization, an efficiency of 45% was 
attained based upon the lower heating value (lhV) 
of methane fed into the CPoX reformer.  

Introduction 

A refined analysis of fuel options was conducted, 
based upon prototyped hardware for a soFC-powered 
undersea vehicle.  sulfur-free fuels such as s-8 and JP-10 
were contrasted against methane.  With waste heat being 
at a premium in such a highly efficient system (>70%), 
it has been determined that steam reforming of liquid 
fuels will likely require an additional burner or CPoX 
reforming, which in turn decreases system efficiency and 
energy metrics.  Using lnG (liquefied natural gas) as 
the fuel maximizes the hydrogen-to-carbon ratio, thus 
decreasing the amount of oxygen storage and carbon 
dioxide sorbent required on board.  In addition to these 
energy gains, the greatest advantage of using methane 
might be that waste heat can directly be used for steam 
reforming both in the stack and throughout the Co2 
sorbent bed.  A gaseous fuel feed should be more 
resilient towards carbon deposition, power transients, 
and flow disruptions.  

In addition to providing UUV-specific advantages, 
a wider adoption of natural gas/methane usage would 
aid in meeting energy security and conservation goals 
established by U.s. navy leadership.  Versus diesel or 
gasoline, methane has a lower carbon footprint and can 
more easily be synthesized from renewable resources.  
natural gas or other light hydrocarbon fuels would also 
open the door to soFC and other advanced energy 
solutions that offer higher efficiency than standard diesel 
or gasoline generators.  As shown in this work, soFC 
systems utilizing methane and pure oxygen can also 
extend to space applications that interest nAsA.  

III.E.1  Testing and Evaluation of Solid Oxide Fuel Cells in Extreme 
Conditions
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Approach 

For UUV-related tests, a delphi Gen 3.2 soFC 
stack was integrated with a delphi Gen 8t fuel 
processor.  the aim was to utilize the latent heat in the 
anode exhaust to drive the steam reforming of s-8 and 
JP-10 liquid fuels as well as gaseous methane fuel.  the 
combustor channel was also used to ensure proper 
reformer operating temperature, but this is not likely to 
be feasible for an actual UUV power system due to the 
limited oxygen supply.  the steam reformer replenishes 
the anode reformate and results in an anode recycle 
loop that is continuous and highly efficient.  In a fully 
operational system, reformate is directed back into the 
soFC stack via a high temperature recycle blower (see 
previous reports and papers for the full system layout).  
Carbon dioxide sequestration in a high temperature 
scrubber was not employed in these tests.  

In nAsA-related testing, a delphi Gen 3.2 soFC 
stack was integrated with a delphi CPoX fuel processor 
and tested.  the goals were: 1) to demonstrate CPoX 
reformation of methane using pure oxygen instead of 
air; and 2) to use the CPoX reformate in an soFC 
stack to achieve high efficiency.  this test was a baseline 
study for nAsA, which is considering single-pass soFC 
systems for space applications that utilize methane and 
pure oxygen as reactants.  

Results 

An soFC stack was integrated with a steam 
reformer that was placed downstream of the stack and 
hot anode exhaust gas was used in an attempt to heat 
the reformer to its minimum operating temperature of 
600°C without using the combustor.  the stack was 
unable to provide sufficient heat to the reformer at an 

acceptable rate so it was decided to let the stack run 
overnight in order ascertain the maximum temperature 
the reformer could achieve.  Unfortunately, the reformer 
inlet temperature never exceeded 400°C (which is too 
low to initiate liquid fuel reforming).  subsequent tests 
focused on isolated fuel processor testing to steam reform 
JP-10 and s-8 liquid fuels.  to heat the reformer, methane 
gas was combusted with air in the combustor channel of 
the fuel processor.  While delphi generally uses a heat 
exchanger tied into the combustor outlet for diesel fuel 
vaporization, this option was not available.  Instead, 
superheated steam was used to vaporize the s-8 or JP-10 
feed at the reformer inlet.  during the steam reforming 
operation, the fuel processor performed quite well with 
the combustor turned on.  hydrocarbon slippage ensued 
when the reformer outlet temperature dropped below 
500°C.  Reformer efficiency is based upon the lhV of 
fuel outlet versus the lhV of fuel into the reformer plus 
methane to the combustor.  In some cases the efficiency 
exceeds 1.0 because the calculation did account for the 
superheated steam energy content which partially drove 
the steam reformer.  this hot steam would be provided 
by the soFC exhaust in an actual UUV system.  Atomic 
mass balances were calculated to +/- 5% accuracy, with 
error attributed to gas chromatograph (GC) measurement 
accuracy, minor fuel impurity/degradation, and slight 
carbon deposition/coking.  

tests were also performed on steam reforming of 
methane gas with results shown in table 1.  the “h2 
Balance” column in table 1 refers to the calculated 
outlet versus controlled inlet mass flow ratio for 
hydrogen.  Ideally, this value should be one if all species 
are measured and controlled accurately.  In this study, 
roughly 40-50% of the methane was reformed while 
producing a favorable recycle stream composition for 
the soFC stack.  however, the energy contribution from 

Table 1.  Reformer performance on steam reforming of methane fuel (CH4).  The SOFC stack was fed with 20 sL/min H2, 4 sL/min CO2, and 4.8 g/min 
steam.  Stack current was held at 45 amps.  The reformer bypass temperature (T) refers to annular flow space in the combustor flow path. 

CH4 feed,  
g/min

Steam feed,  
g/min

Dry reformer 
exhaust, l/min

S/C at reformer 
outlet

reformer 
bypass T, °C

Dry mol% CH4 
in outlet

reformer 
efficiency, %

H2 balance

0.00 4.8 13.98 4.41 454 2.43 57.9 1.07

0.00 4.8 13.26 4.44 440 3.38 56.7 1.06

0.00 4.8 12.58 4.51 411 4.70 62.7 1.05

1.00 4.8 17.13 3.19 427 2.49 62.7 1.02

1.00 4.8 15.38 3.40 432 5.92 64.0 1.03

1.00 4.8 15.48 3.41 431 6.69 73.7 1.04

2.00 4.8 19.17 2.60 420 5.51 68.8 1.02

2.00 4.8 19.70 2.56 438 4.60 73.2 1.01

3.00 4.8 21.78 2.12 448 7.46 71.8 1.01

3.00 4.8 21.09 2.15 450 7.80 73.0 1.00

3.00 4.8 21.23 2.17 450 8.37 57.9 1.02
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the methane burner reached 1.33 kW, which approached 
the limits for the combined Co2 scrubber and soFC 
stack thermal output.  thermal integration of soFC 
stack and Co2 scrubber to drive methane reforming will 
be critical to achieve system efficiency and high energy 
storage metrics for a UUV.  While a burner for continual 
supply of 1.3 kW will not be available, addition of a 
smaller scale burner could be advantageous, especially 
if it can be used to ensure a waste stream that is entirely 
converted to water and Co2 (so that the anode recycle 
loop can be vented for water collection without losing 
fuel value). 

In the nAsA-related tests, the CPoX was initiated 
after the soFC temperature exceeded 700°C.  during 
CPoX start-up, the CPoX exhaust was diverted from 
the soFC stack until stable reformate was produced, 
as determined by reformer operating temperature 
(>590°C).  Pure hydrogen gas was fed to the soFC 
stack during CPoX start-up and flow stabilization.  
once steady reformate was being produced, the CPoX 
outlet was diverted back to the soFC and the hydrogen 
flow was turned off.  due to the low steam-to-carbon 
ratio (s/C) in the CPoX reformate and its potential for 
carbon deposition, the stack only briefly remained at 
open circuit.  Current was ramped at roughly 2 amps 
every minute to achieve the steady-state performance 
summarized in table 2.  In this case, the stack 
temperatures and CPoX outlet temperature needed 
to be monitored to ensure acceptable soFC thermal 
gradients and proper reformate production, respectively.   
the core stack temperature was kept below 850°C, and 
the furnace set point was decreased to aid in cooling the 
stack at high current excursions.  

the peak efficiency was near 45%, which was 
achieved while drawing 50 amps.  however, cells 1, 3, 
5 and 13 suffered from fuel starvation at this current.  
Reducing the current by only one amp to 49 amps 
restored stable voltages.  For nAsA’s application, 

45% efficiency with 90% fuel utilization results in a 
theoretical reactant specific energy of:  
45% * 802 kJ/molCh4 / (16 g/molCh4 + 64 go2/molCh4) = 
4500 kJ/kg (= 1250 W-hr/kg).

A gradual increase in current was used to generate 
the current-voltage (IV) plot shown in Figure 1.  the fuel 
and oxygen feeds were held constant during this IV plot.  

Conclusions and Future Directions

For the UUV application, heating the steam 
reformer solely by hot anode exhaust gas appears to 
be a non-starter for liquid hydrocarbon-fueled systems.  
oxygen conservation in the UUV system design is 
also a concern and it appears that at least some level 
of CPoX operation or supplemental burner will be 
required to drive the steam reforming process for liquid 
fuels.  In addition to reforming-specific heating issues, 
vaporization of the liquid fuel feed into the reformer 
remains a concern, especially during start-up.  JP-10, 
essentially a single component compound, would 
favor better vaporization control because of its single 
boiling point as compared to standard diesel or s-8 
fuel.  however, some coking appears unavoidable, and 
initial vaporization during start-up will likely require 
battery-driven heaters or some combustion process 
that is vented instead of being directed into the soFC 
stack.  An alternative is to use methane, which would 
lower amount of Co2 generated and help ensure that 
no significant coking within the soFC stack occurs 
during power level transients or fuel flow instabilities.  
Additionally, methane could be reformed either by 
internal soFC reforming or by catalyst dispersed over 
the scrubber section.  this would allow reforming to 
occur wherever temperature and species concentrations 
are appropriate instead of having to direct heat to 
specific locations for fuel vaporization and reforming, as 

Table 2.  Peak Performance Demonstration

Peak Performance Notes

Steady-State 
Feeds into 
CPOX Reactor

CH4 Flow:  5.1 SLPM
N2 Flow:  0 SLPM
O2 Flow:  3.3 SLPM
O/C = 1.30

Fuel flow slightly 
increased from steady-
state to meet original 
O/C target

SOFC Stack 
with Cathode 
Feed of 5.5 
SLPM Pure O2

46 Amps
85% CH4 Utilization
86% O2 Utilization
~ 0.88 V/cell
1210 Watts
~ 43% CH4, LHV

Stack was also pushed 
to 50 amps to achieve 
~90% fuel utilization 
& 45% efficiency, 
but cells 1,3,5, and 
13 suffered from fuel 
starvation

SOFC Exhaust 2.4 SLPM H2 (16%)
8.4 SLPM H2O (50.5%)
4.1 SLPM CO2 (27%)
1.0 SLPM CO (6.5%)

Mass balance >95%

SLPM - standard liters per minute

Figure 1.  IV plot for stack performance using CPOX reformer and pure 
oxygen.  Anode inlet feeds to the CPOX reformer were 3.3 L/min O2 and 
4.9 L/min CH4.  Cathode inlet feed was 5.5 L/min O2.
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is the case with liquid fuels.  testing in 2011 will focus 
on full system demonstrations using methane as the fuel.  

targeted metrics were achieved, showing that 
efficiency approaching 45% with fuel and oxygen 
utilizations near 90% is possible.  however, uncertainties 
still remain regarding optimized CPoX design and 
operation using pure oxygen.  An optimized, pure-o2 
CPoX design is also of interest to the navy and could be 
valuable for system start-up.  

Special Recognitions & Awards/Patents Issued

1.  division newport Annual Award for excellence in the 
Area of Basic and Applied Research

FY 2011 Publications/Presentations 

1.  “Analysis of Fuel options for soFC-based Power 
systems in Undersea Vehicles,” Presentation and Paper, 
219th electrochemical society meeting & twelfth 
International symposium on solid oxide Fuel Cells 
(soFC –XII), montreal, Quebec, Canada, may 1–6, 2011.
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Fiscal Year (FY) 2011 Objectives 

develop and production-validate cost models for •	
aerosol spray deposition (Asd) coatings to address 
the range of metallic interconnect (IC) production 
volumes (1,000 – 100,000 parts/month) anticipated 
as the solid oxide fuel cell (soFC) market evolves.

develop customer-specific cost curves (5-year •	
forecasts). 

Identify manufacturing strategies to reduce volume •	
manufacturing costs.

demonstrate Asd-coated IC performance to •	
reinforce the value proposition for solid state 
energy Conversion Alliance (seCA) teams.

Identify key coated IC failure mechanisms and •	
develop lifetime predictive models.

Create and validate accelerated testing protocols to •	
simulate 40,000-hour service.

develop a refined firing condition to maintain a high •	
quality protective coating while preventing resistive 
scale formation on any area of the IC left uncoated. 

FY 2011 Accomplishments 

Refined cost and manufacturing models to •	
encompass volumes from prototyping through pilot-
scale production and full volume production.

Created metallic IC soFC market forecast and •	
demand curves at various stages of commercialization 
(immediate, intermediate and long-term) defined.

defined key process limits and lifetime stability tests •	
in progress (>1,500 hours operation at 800°C in 
both single and dual-atmosphere configurations).

tailored firing processes to prevent the formation of •	
a deleterious resistive scale on any uncoated areas 
of the IC.

Identified key failure mechanisms and acceleration •	
factors for metallic ICs.  Predictive lifetime models 
successfully applied to long-term stability tests.

Integrated coating technology into soFC stacks from •	
three to five cell short stacks up to 1 kW stacks on 
concurrent department of defense and commercial 
demonstration efforts.  more than 40 stacks have 
been built using the coating technology.

Introduction 

the adoption of oxidation resistant, high-
temperature alloys as alternatives to traditional ceramic 
interconnect materials for intermediate temperature 
soFC provides a path for doe seCA teams to meet 
these aggressive cost targets for soFC stacks.  the IC 
cost has been targeted at approximately 20% of soFC 
stack cost.

Chromia-forming ferritic stainless steels are a 
leading metallic IC candidate due to their protective 
chromia scale, low cost and thermal expansion 
compatibility with other stack components.  engineered 
alloy formulations such as Crofer 22APU and 
Al ss441-hP have further improved oxidation 
resistance through the formation of dual-phase 
native scales.  however, to meet seCA lifetime 
performance targets low cost, protective coatings for 
the metallic systems and stack components will likely 
be necessary.  Current coating technologies cost tens 
to hundreds of dollars per part, making clear the need 
for a manufacturing assessment and optimization of 
interconnect coating processes. 

Approach 

Phase I assessed the viability of five competing 
coating technologies.  the analysis identified Asd as 
a commercially viable (<$2/part at 400 mW annual 
stack production volumes), high value method to apply 
protective coatings to metallic interconnects. 

Work during Fy 2011 has built upon the Phase I 
results, with emphasis on driving the technology towards 
commercialization.  Cost modeling/product planning 
has continued to be refined, with barriers to volume 
production identified.  the technical focus has been on 
addressing specific challenges that impede successful 
adoption of coated metallic IC and application-scale 
performance validation. 

III.E.2  Manufacturing Analysis of SOFC Interconnect Coating Processes
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Results 

the manufacturing cost models analyses 
developed in Phase I continue to be refined to address 
the range of production volumes anticipated as the 
soFC market evolves, from prototyping through 
pilot-scale production and full volume production.  
An example of one such cost model curve developed in 
coordination with a commercial customer is shown in 
Figure 1.  the three regimes of production correspond 
to stage I: Prototyping (1-1,000 parts/month), stage II: 
outsourced coating runs (1,000-100,000 parts/month), 
and stage III: Continuous Component Coating 
(>100,000 parts/month).  manufacturing strategies 
within each of these regimes have been identified to 
reduce volume manufacturing costs. 

For many soFC applications it is undesirable to 
coat the entire IC.  the firing conditions used in Phase I 
were not sufficient to prevent the formation of a thick, 
resistive chromia scale on any uncoated regions of the 
IC including the anode side of the IC.  As a result, these 
regions are resistive and pose issues for integration into 
soFC stacks.  Additional processing, either using a 
protective layer to mask uncoated areas or post-treatment 
to remove the scale would be required.  A better 
approach is to prevent chromium oxide from forming 
by tailoring the firing cycle.  A proprietary firing process 
has been developed capable of achieving high quality 
(mn,Co)3o4 (mCo) spinel coatings with acceptable 
electrical performance while preventing the formation of 
chromia on any area left uncoated. 

to demonstrate the effectiveness of the new firing 
process, mCo coatings deposited by Asd on a range 
of ferritic steel substrates (both sheet and powder 
metallurgy substrates) and fired with the new firing 
process have been electrically tested in both single and 
dual-atmosphere configurations.  the coatings have 
demonstrated very good initial electrical performance 
and long-term stability (>1,500 hours).  A representative 

area-specific resistance (AsR) versus time plot is 
shown in Figure 2 for mCo-coated Al ss441 tested in 
humidified air at 800°C.

By correlating electrical AsR behavior with 
microstructural evolution within the coating and 
scale during high temperature oxidation, predictive 
lifetime models based on the mechanical and electrical 
degradation of the coating have been developed.  
these oxidation-based models have been continuously 
validated against the long-term stability experiments.  
Figure 3 shows the long-term AsR behavior of two 
mCo-coated samples tested in humidified air at 800°C.  
AsR versus √time for both samples have a linear 
dependence indicating that growth process is diffusion 
controlled and can be modeled with parabolic oxidation 
kinetics.  For both samples the predicted AsR at 
40,000 hours is less than 50 mΩ.cm2. 

Understanding the underlying mechanisms that 
control coating behavior has allowed acceleration factors 
to be identified.  In parallel to electrical tests, a series of 
oxidation weight-gain experiments under both nominal 
(800°C) and accelerated (900°C) conditions has been 
started to support the oxidation-based degradation 
models.  Preliminary data is shown in Figure 4 for 
mCo-coated and uncoated Al ss441 substrates.  the 
mCo-coated samples show significantly improved 
oxidation resistance.  the accelerated test condition 
of 900°C results in a significant increase in oxidation, 
greatly speeding up the time for process validation.  
Figure 5 shows mCo-coated versus uncoated Al ss441 
substrates after 200 hours in air at 900°C.  the uncoated 
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sample shows significant spallation, whereas the coated 
sample displays no indication of spallation. 

Conclusions and Future Directions

Production validated cost models for Asd coatings 
at various production volumes have been developed 

that meet seCA cost targets.  the effectiveness of Asd 
coatings have been demonstrated through long-term 
electrical testing in both single- and dual-atmosphere 
configurations and parallel oxidation weight gain 
experiments.  Accelerated testing protocols are allowing 
expeditious experimental validation of oxidation kinetics 
and prediction of coating lifetime.

Future work will focus on addressing technical 
hurdles to reinforce the value proposition of the Asd 
coating approach for seCA teams, for example, masking 
components to selectively apply multiple coatings to 
components.  Another objective is to extend the coating 
approach beyond planar ICs to include current collector 
meshes and non-line of sight surface features such as 
holes and trenches. 

Continuous improvement in coating quality and 
performance through optimization of the mCo powder, 
suspension formulation and spray/firing conditions 
will be coupled with an emphasis to identify and drive 
process optimization for high volume manufacturing. 

FY 2011 Publications/Presentations 

1.  m. seabaugh et al., “oxide Coatings for metallic soFC 
Interconnects,” 8th International symposium on solid oxide 
Fuel Cells (soFC): materials, science, and technology, 
daytona, Florida, January 27, 2011.

2.  m. seabaugh et al., “Protective oxide Coatings for 
metallic soFC Interconnects,” 219th eCs meeting, 
montreal, Quebec, Canada, may 6, 2011.

Figure 5.  Coated and Uncoated AL SS441 Substrates after 
Accelerated Oxidation at 900°C for 200 Hours in Air
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Fiscal Year (FY) 2011 Objectives

Complete roadmap for manufacturing of solid oxide •	
fuel cell (soFC) stacks at 500 mW gross volume 
to meet solid state energy Conversion Alliance 
(seCA) $175/kW manufactured stack cost target.

determine top four opportunities to reduce  –
stack cost and manufacturing risk including a 
timeline for implementation.

Rank cost reduction tasks on basis of technical  –
risk, cost reduction and investment.

Identify manufacturing scale-up campaigns  –
required to support manufacturing level.

Complete analysis of commercial manufacturing of •	
planar soFC stacks, with 500 cm2 active area cells, 
20 kW module design and metallic interconnects.  
the analysis will include:

Cost projections of component and stack  –
manufacture at the 500 mW gross volume.

specified materials, processes and equipment,  –
with automation to proportional to labor.

make vs. buy strategies for components,  –
including quality control/quality assurance for 
production/procurement.

Plant layout and logistics (materials, outsourced  –
components and services, and overhead).

determine the most cost-effective and low risk •	
approaches for component manufacturing to meet 
seCA $175/kW manufactured stack cost target.

FY 2011 Accomplishments 

A detailed process-driven assessment of •	
manufacturing costs of 20 kW-scale planar soFC 
stacks was performed at an annual manufacturing 
volume of 500 mW.

Cell cost models were established for both •	
nextech’s electrolyte-supported FlexCell and anode-
supported cells, using seCA provided raw material 
costs.  Using these models, cell manufacturing costs 
were forecasted to be in the range of $28 to $30 per 
kW at the 500 mW/year-scale.

A •	 stack assembly process, and corresponding 
facilities layout, was defined and all equipment 
identified in order to determine accurate cost 
contributions to the stack manufacturing process.

A comprehensive cost model was established for •	
nextech’s 20 kW-scale soFC stack, forecasting 
a total stack manufacturing cost of $166 per kW, 
validating seCA’s cost target of $175/kW at high 
volume production scale.

Introduction 

soFCs present an opportunity to significantly 
enhance the efficiency of energy generation from fossil 
and renewable fuels.  demonstration systems have been 
fielded for power output ranging from tens of watts to 
hundreds of kilowatts.  soFC systems offer exceptional 
value propositions for combined heat and power at the 
small scale (<25 kW) and integrated power generation 
using gas and steam turbine bottom-cycling in large 
distributed and central power applications.  soFC 
technology also is being actively developed for military 
applications, based on the potential for step-function 
improvements in both efficiency and reliability of power 
systems operating on military logistic fuels. 

For soFCs to be successfully commercialized, 
the path to volume production must be clearly 
understood, the cost obstacles identified and overcome.  
demonstration systems have been built using laboratory 
and pilot-scale manufacturing processes unsuited to large-
scale manufacturing.  these approaches allow critical 
demonstrations and performance assessments, but they 
are too expensive for production.  manufacturers, end 
users and other stakeholders have been cognizant of the 
gap between pilot and volume production from the outset 
of soFC development.  Perhaps the clearest example of 
this vision is the primary economic focus of doe’s seCA 
Program, in which clear benchmarks for soFC stack, 
system, and operating costs were established in January 

III.E.3  Manufacturing System Design Analysis of SOFC Stacks
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2002  [1], and subsequently revised in 2007 to the current 
targets of $175/kW for the stack and $700/kW for the 
system [2] (see Figure 1).  to this aim, nextech materials 
initiated this Phase I small Business Innovation Research 
project to provide a bottoms-up analysis of manufacturing 
cost of a planar soFC stack, providing the perspective of 
a manufacturer of soFC materials and components and 
developer of soFC stacks.  

Approach 

In this analysis, nextech pursued a bottoms-up 
approach to establishing a comprehensive manufacturing 
system design and cost analysis for soFC stacks at an 
annual manufacturing scale of 500 mW.  to ensure 
completeness of the analysis, nextech based this cost 
analysis on its own 20 kW-scale soFC stack design, thus 
incorporating all components in its analysis including:  
cells, seals, interconnects, current collectors, end plates, 
assembly operations, and quality control.  

Working with subcontractor, buyCAstInGs.com, 
the team analyzed the lowest cost methods for fabricating 
endplates, currently a high cost contributor to the total 
stack manufacturing cost.  Working with subcontractor, 
Xigent Automation systems, manufacturing equipment 
was identified for high volume stack assembly to enable 
accurate costing stack manufacturing.

Results 

A detailed process-driven assessment of 
manufacturing costs of 20 kW-scale planar soFC stacks 

was performed at an annual manufacturing volume of 
500 mW.  leveraging existing cell and stack component 
cost models, high volume process and component design 
investigations, and analysis support from collaborative 
partners, nextech developed a manufacturing system 
design and cost analysis for its soFC stack.  First, a 
cell cost model was established for both nextech’s 
electrolyte-supported FlexCell and anode-supported 
cells.  manufacturing costs of other stack components 
(endplates, coated interconnects, current collectors, 
and seals) were then determined, with endplate 
analysis activities led by investment casting experts 
buyCAstInGs.com.  

Working with automation experts, Xigent 
Automation systems, stack components, processes, 
and labor requirements were evaluated to determine 
appropriate levels of automation and process control 
methods.  Particular attention was given to handling 
requirements of individual stack materials to ensure 
component integrity and quality throughout the 
assembly process.  From these inputs, a stack assembly 
process was defined and all equipment identified in 
order to determine accurate cost contributions to the 
stack manufacturing process.  A facilities layout was then 
created for the stack assembly operation, showing all 
unit operations and material transport systems between 
stations.  Finally utilizing its manufacturing system 
design and cost analysis process, nextech established 
a comprehensive cost model for its 20 kW–scale soFC 
stack, forecasting a total stack manufacturing cost of 
$166/kW, validating seCA’s cost target of $175/kW at 
high volume production scale.

Figure 1.  SECA 2010 Goals, Demonstrating a Consistent Focus on Manufacturing Cost Reduction [1-3]

Phase I II III

Power Rating 3-10 kW 3-10 kW 3-10 kW

System Cost (*) $800/kW $600/kW $400/kW

Efficiency
Mobile
Stationary

25-45%
35-55%

30-50%
40-60%

30-50%
40-60%

Steady-State Test
Test Hours
Availability
Degradation (per 500 hours)

1,500
80%
≤2%

1,500
85%
≤1%

1,500
95%
≤0.1%

Transient Test
Number of Thermal Cycles
Total Power Degradation

10
≤1%

50
≤0.5%

100
≤0.1%

(*) $400/kW was set as the system factory cost goal in 2002; this 
goal was adjusted to $700/kW in 2007 (to account for inflation).

2010
Demonstrate system cost of $700/kW and 
stack cost of $175/kW

2012
Demonstrate 1 MW scale building blocks for 
multi-megawatt system demonstrations

Demonstrate 5 MW systems integrated with 
heat recovery (e.g., turbine) and gasification 
producing syngas fuel 25% methane)

2015

2020
Demonstrate atmospheric fuel cell technology 
with >50% efficiency, low-cost carbon capture 
and near-zero water requirements

Demonstrate pressurized fuel cell technology 
with 60% efficiency, low-cost carbon capture 
and near-zero water requirements

2025
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Conclusions and Future Directions

nextech’s analysis validated the feasibility of 
achieving seCA’s soFC stack cost targets at high 
volume manufacturing, based on current stack design 
parameters and currently available manufacturing 
processes and equipment approaches.  Future work 
would involve targeted efforts to further reduce stack 
manufacturing cost, with specific focus on endplate 
manufacturing and cell cost reduction.

FY 2011 Publications/Presentations 

1.  Final project report submission:  manufacturing system 
design Analysis of soFC stacks.
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Fiscal Year (FY) 2011 Objectives 

support the solid state energy Conversion Alliance •	
(seCA) industrial teams in the development of 
reliable and durable solid oxide fuel cells (soFCs).

Identify and utilize test techniques to determine •	
the physical and mechanical properties of soFC 
component materials and the interfaces between 
them.

Characterize candidate glasses developed for soFC •	
seal applications.

develop economically viable sealing materials and •	
concepts.

FY 2011 Accomplishments 

successfully characterized the microstructural •	
changes in two candidate glasses for soFC sealing 
application after 10,000 hours aging at 800°C in air 
and a gas mixture of h2o+h2+n2.

determined the effect of aging time at 800°C in •	
air and steam+h2+n2 environments on the glass 
transition temperature of two candidate glasses for 
soFC sealing applications.

supported the seCA industrial teams in the •	
characterization of potential glass seal materials.

Introduction 

Planar soFC stacks consist of alternating fuel 
and air chambers, which are sealed from each other 
and connected to fuel and air delivery manifolds, 
respectively.  seals must have low electrical conductivity, 
be chemically and mechanically stable in soFC 
operating environments, and demonstrate chemical 
compatibility with the cell and interconnect materials.  
Fuel leakage should be less than one percent averaged 
over the seal area and the seal material must be capable 
of a service life of more than 40,000 hours and dozens 
of thermal cycles.  In addition to the above factors, 
manufacturability and cost of the sealing material are 
critical factors in meeting the seCA program goals.

In previous reports the basic physical and 
mechanical properties of sCn-1 glass, a barium alkali 
silicate glass that is being considered for soFC sealing 
applications, were reported [1-2].  during Fy 2011, 
oak Ridge national laboratory (oRnl) continued 
investigating how the microstructure and properties 
of sCn-1 evolve when exposed to soFC-relevant 
environments.  Another commercially available barium 
alkali silicate glass (G6) was also studied during 
Fy 2011.  In particular, test specimens that had been 
exposed for 10,000 hours to air and a gas mixture of 
steam+n2+h2 at 800°C were characterized.  the effect 
of time of exposure on the glass transition temperature 
of the two glasses was also determined.  

during Fy 2011, the physical and mechanical 
properties of G6 glass were investigated.  In particular, 
values of elastic modulus, thermal expansion, viscosity 
and wetting behavior were obtained as a function of 
temperature.  during the reporting period work also 
continued to assess the precision of analysis techniques 
to determine the chemical composition of glasses and 
work continued in the development of various advanced 
engineering sealing concepts.  to demonstrate the 
feasibility of such sealing concepts, a test facility was 
developed to subject such seals to dual environments 
(air/gas mixtures of h2+n2+h2o).

Approach 

A box furnace and a tubular furnace with 
environmental control capability were used for aging 
studies of sCn-1 and G6 glasses in air and in a gas 
mixture of h2o+h2+n2.  Aging tests were carried out 
at 800°C and interrupted periodically to remove test 

III.E.4  Reliability and Durability of Materials and Components for Solid 
Oxide Fuel Cells
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specimens for microstructural characterization.  test 
specimens consisted of glass beads sintered onto alumina 
or 8 mol% yttria stabilized zirconia (8ysZ) plate 
substrates.  A suite of microstructural characterization 
techniques, including scanning electron microscopy, 
energy dispersive spectroscopy, and X-ray 
diffraction (XRd), were applied to determine the phase 
composition of the glass, and any chemical reactions 
between the substrate and the glass.  thermal expansion, 
glass transition temperature and viscosity were 
determined by thermomechanical analysis.  the wetting 
behavior of G6 glass on the two different substrates was 
determined in real time using digital photography.  An 
image analysis-based methodology1 was developed and 
applied to quantify pore size distributions and other 
microstructural features, such as crystalline precipitates.

the atom probe was used to determine the 
chemical composition of the two glasses and the 
results were compared to those obtained in Fy 2010 
using inductively coupled plasma – mass spectroscopy, 
inductively coupled plasma – atomic emission 
spectroscope, and neutron activation analysis.

Results 

soFC seals must exhibit thermal expansion 
behavior that is compatible with other components 
of the stack.  the thermal expansion behavior of 
G6 was determined using a thermomechanical 
analyzer.  the test specimen, which consisted of a 
rectangular parallelepiped with nominal dimensions 
of 3 mm × 3 mm × 5 mm, was heated and cooled at 
a constant rate of 5°C/min between 25 and 600°C.  
A constant compressive load was maintained over the 
test specimen during the test.  

Figure 1 shows the thermal expansion behavior of 
G6.  this behavior is comparable to that of sCn-1.  the 
thermal expansion of G6 exhibits a slight temperature 
dependence, which could be expressed as:

              α(t) = 7.25 x 10–6 + (6.67 x 10-9) t (°C–1)

for temperatures between 100°C and 400°C.  these 
values are in the range of thermal expansion values 
reported for barium silicate glasses [3-4] and are 
comparable to that of 8ysZ, which increases slightly 
with temperature from 8.5 x10-6 °C-1 at 100°C to 
10.5 x 10-6 °C-1 at 950°C [5].  the thermal expansion 
behavior of G6 is also close to that of ferritic stainless 
steels, which are being considered for metallic 
interconnects for planar soFCs [6-7].  matching the 
thermal expansion of the glass seals to those of the 
metallic interconnects and electrolyte is important 
to minimize residual stresses during cooling at 
temperatures below the glass transition temperature 
of the glass seal.  From the thermal expansion tests, 
it was also possible to determine the glass transition 
1 ImageJ®, national Institute of health

temperature according to Astm e15452, which was 
found to be 505°C.  It was found that for aging times up 
to 10,000 hrs, in air and a gas mixture of h2+n2+h2o 
at 800°C the glass transition temperature exhibits a 
very slight increase with temperature for sCn-1 but 
remains constant for G6.  Figure 2 shows the effect of 
aging time in the aforementioned environments on the 
glass transition temperature of sCn-1 and G6 glasses.  
this is an important finding because it indicates that 
these glasses will preserve their ability to flow and heal 
cracks even after very long-term exposure to these 
environments. 

the viscosity of G6 was determined using a 
thermomechanical analyzer at a heating rate of 1°C/min 
and a constant compressive load of 0.1 n.  It was found 
that the temperature-dependent viscosity could be 
expressed using the Vogel-Fulcher-tamman (VFt) relation:

    
Log10 (η) = –3.126 +  3917.5

T – 295.45

where η is viscosity and t is absolute temperature.  
overall, both sCn-1 and G6 exhibit viscosity values 
in the range of 4x105 to 3x109 Pa s, which is a desirable 
range for soFC applications [4].

during the reporting period, the evolution of the 
microstructure and phase composition of G6 and sCn-1 
glasses was characterized.  Figure 3 shows a collection 
of scanning electron micrographs of the cross sections of 

2 standard test method for Assignment of the Glass transition 
temperature by thermomechanical Analysis

Figure 1.  Thermal expansion behavior of G6 using a thermomechanical 
analyzer at a heating/cooling rate of 5°C/min.  The initial length of the 
test specimen was 9.965 mm. 
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sCn-1 and G6 glass test specimens on 8ysZ substrates 
as a function of time of exposure in air and h2o+h2+n2 
at 800°C.  A quantitative analysis of porosity revealed 
that the total porosity of sintered sCn-1 is 17% while 
the porosity in G6 was 3.5%.  the value of porosity 
appears to be constant but in the case of sCn-1 glass, 
pores coarsen with time of exposure.  At the time 
this report was being prepared, models were under 
development to describe and explain pore coarsening 
in sCn-1.  Complementary studies using XRd revealed 
the precipitation of KAlsi3o8 and Bao in sCn-1 glass 
sintered onto a zirconia substrate after exposure to 
h2o+h2+n2 at 800°C.  In the case of G6 glass sintered 
onto both alumina and 8ysZ, crystalline precipitates 
of mgCasi2o6 and Casio3 are clearly identified after 
10,000 hours of aging time in air.  Analysis of test 
specimens of G6 sintered onto Al2o3 revealed the 
precipitation of mgAl2o4 and KAlsi3o8 after aging in a 
gas mixture of h2o+n2+h2.  Cristobalite appeared on 
the surface of sCn-1 glass after 9,000 hours aging in air.

the elastic modulus of sCn-1 and G6 glasses is 
plotted in Figure 4 as a function of temperature.  the 
young’s modulus of sCn-1 was found to decrease from 
51.9 GPa at room temperature to 49.8 GPa at 400°C 
while its Poisson’s ratio remained nearly constant 
at 0.22.  Attempts to determine values of the elastic 
constants of sCn-1 above 400°C were unsuccessful 
because of the broadening of the spectra peaks.  data 
were collected during cooling and the values obtained 
during heating and cooling were found to be equivalent.  
the young’s modulus of G6 was found to decrease from 
72.8 GPa at 25°C to 59.2 GPa at 600°C.  these values 
are comparable to other values mid range of values 
for alkali-alkaline-earth silicates [8].  however, there 
is a large discrepancy between the values of these two 
glasses considering that their chemical composition is 
comparable.  

Figure 3.  Collection of Scanning Electron Micrographs of the Cross 
Sections of SCN-1 and G6 Glass Test Specimens on 8YSZ Substrates as 
a Function of Time of Exposure at 800°C in Air and H2O+H2+N2

Figure 2.  Effect of Aging Time on the Glass Transition Temperature of 
SCN-1 and G6 Glasses
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Figure 4.  Young’s modulus of G6 and SCN-1 determined as a function 
of temperature using a resonant ultrasound spectrometer.  Squares 
correspond to G6.  Circles correspond to SCN-1. 
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Using the makishima-mackenzie model [9], the 
young’s modulus of glasses with the composition 
of sCn-1 and G6 were found to be 70.2 GPa and 
71.8 GPa, respectively.  While the value predicted for 
G6 with the makishima-mackenzie model is within 
1.3% of the value determined by resonant ultrasound 
spectroscopy, there is a large discrepancy between 
the value predicted for sCn-1 and that determined 
experimentally.  however, by accounting for 18% 
porosity and using the rule of mixtures, the predicted 
modulus for sCn-1 is 57 GPa, which is within 10% 
of the value determined experimentally by resonant 
ultrasound spectroscopy.

When this project was initiated, attempts were made 
to quantify the volatilization, if any, of certain elements 
in barium alkali silicate glasses using a thermogravimetric 
analyzer coupled with a mass spectrometer.  however, 
these measurements did not have enough precision.  
during Fy 2011 work continued to evaluate test 
techniques to determine the chemical composition of 
sCn-1 and G6 glasses.  In particular, the composition 
of these glasses was determined using the atom 
probe.  Figure 5 shows a reconstruction of a volume 
of 70 x 70 x 109 nm3 containing 3,997,448 atoms.  the 
analysis of these reconstructions provides an accurate 
compositional analysis of the glass.  similar tests are 
being performed at the time of the preparation of this 
report for test specimens that had been subjected to aging 
in air and a gas mixture of h2o+h2+n2 at 800°C.

Conclusions and Future Directions

Characterization of the cross section of glass 
specimens of sCn-1 and G6 that have been exposed 
to air and h2o+h2+n2 environments at 800°C for 
10,000 hours was completed.  the results of their 
microstructural characterization and phase stability 
indicate that sCn-1 and G6 glasses are stable under 
soFC operating conditions for long exposure times, 
although pore coarsening in sCn-1 was excessive.  sets 
of test specimens continue being exposed to both air and 
h2o+h2+n2 with the objective of achieving exposure 
times in excess of 20,000 hours.  the physical and 
mechanical properties of G6 glass were also evaluated as 
a function of aging time. 

Future work will be focused on studying 
microstructural changes in these glasses when subjected 
to dual environments and to demonstrate the feasibility 
of engineered glass sealing concepts. 

FY 2011 Publications/Presentations 

1.  Quarterly Report for 1st quarter fiscal year 2011, 
January 2011. 

2.  Quarterly Report for 2nd quarter fiscal year 2011, 
April 2011. 
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Fiscal Year (FY) 2011 Objectives 

develop a solid oxide fuel cell (soFC) stack test •	
fixture for use by Pacific northwest national 
laboratory (Pnnl) and other solid state energy 
Conversion Alliance (seCA) Core technology 
Program (CtP) participants.

Implement the test fixture in evaluation/validation •	
of new materials, processes, and design concepts 
developed by Pnnl and other seCA CtP 
participants.

FY 2011 Accomplishments 

developed 2•	 nd generation stack test fixture on behalf 
of seCA CtP.

successfully assembled two 3-cell stacks for long-•	
term (~6,000 h) evaluation/validation of Ce-modified 
mn-Co spinel-coated AIsI 441 interconnects.

successfully demonstrated brazing approach for •	
fabrication of 3rd generation stack test fixture 
interconnects in single-cell testing.

Introduction 

Pnnl and other seCA CtP participants use a wide 
range of materials characterization techniques (X-ray 
diffraction [XRd], scanning electron microscopy [sem], 
energy dispersive spectroscopy [eds], transmission 
electron microscopy [tem], X-ray photoelectron 

spectroscopy [XPs], thermal gravimetric analysis [tGA], 
differential scanning calorimetry [dsC], particle size 
analysis [PsA], electrical conductivity, single- and 
dual-atmosphere oxidation, etc.) and sub-stack multiple 
component tests (e.g., “button” cell testing, area-specific 
resistance [AsR] testing of interconnect/cathode 
contact/cathode structures, and leak testing of cell/seal/
interconnect structures) to evaluate the performance of 
newly developed materials, fabrication processes, and 
design concepts.  In recent years, Pnnl has developed 
and implemented a “stack” test fixture intended to 
evaluate/validate cell and stack component performance 
under realistic stack conditions.  It is anticipated that 
results from these stack fixture tests will help to bridge 
the gap between typical CtP tests and the full-scale cells 
and stacks under development by the seCA industrial 
teams, and thus facilitate technology transfer from the 
CtP to those teams.  

Approach 

In Fy 2011, Pnnl continued the implementation 
of the 2nd generation stack test fixture in evaluation/
validation of new materials, processes, and design 
concepts developed by Pnnl and other seCA CtP 
participants.  the 2nd generation stack test fixture, which 
was utilized not only for single-cell testing, but also for 
multiple cell stack testing, allows for the simultaneous 
testing of cell-to-frame and stack perimeter seals, 
anode and cathode contact materials, interconnect 
materials (including coatings), and cell constituents 
(cathode, electrolyte, anode).  to facilitate cell 
consistency, commercial nio/yttria-stabilized zirconia 
(ysZ)-supported ysZ cells were used which had overall 
dimensions of 50 mm x 50 mm with an active area of 
40 mm x 40 mm.  the other components of the stack 
test fixture (cell frames, anode and cathode plates, 
contact pastes, and seals) were fabricated at Pnnl.  the 
stack fixtures were assembled and then sealed and tested 
in test stands consisting of a furnace, heat exchangers, 
gas handling system with mass flow controllers, and 
electrical characterization units.  the electrochemical 
performance of the cells was measured under isothermal 
and/or thermal cyclic conditions.  once the tests 
were complete, the fixtures were disassembled and 
their components were analyzed by appropriate 
characterization techniques, such as optical and electron 
microscopy, eds, XRd, XPs, etc.  Results from the 
tests were compared to results obtained from testing 
of individual components and sub-stack structures to 
assess intrinsic stability and inter-component reactions, 
and their effects on performance under stack operating 
conditions. 

III.E.5  Development and Implementation of Stack Fixture Tests
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Results 

Figure 1 shows the computer-aided design drawings 
of the 3-cell Gen2 stack fixture, which was developed 
through an iterative process, with results from previous 
fixture tests helping to identify design changes required 
to optimize fixture performance.  the 2nd generation 
fixture uses AIsI441 sheet stock of 0.133” thickness for 
interconnect plates and 0.040” thickness for cell frame 
plates.  For a typical 3-cell stack fixture test, three cell 
frames and four interconnect plates are used, along with 
mica-based seals separating each cell and interconnect 
plate.  As mentioned above, a commercial cell of 
nio/ysZ-supported thin ysZ electrolyte with sr-doped 
lanthanum manganite (lsm)/ysZ cathode was used for 
all tests.  the commercial cell has an nio/ysZ anode 
support of 465-555 µm thick, an active nio/ysZ anode 
of 4-10 µm, a dense ysZ electrolyte of 4-6 µm, and a 
double layer lsm/ysZ-lsm cathode of 30-60 µm.  
the cells were first sealed onto an aluminized cell 
frame plate at 950°C/2 h in air using refractory sealing 
glass.  three cells in frames were then assembled with 
Ce-(mn,Co) spinel coated interconnect plates, and 
sealed with hybrid mica and composite sealing glass 
as perimeter seals.  on each cell frame plate, Pt or 
ni wire was spot welded for voltage sensing.  Four 
Inconel 600 rods were also attached to the interconnect 
plates for current leads.  Contact pastes containing 
nio and lsm were applied to the anode and cathode, 
respectively, prior to stack assembly.  the assembly was 
slowly heated to the final sealing temperature of 930°C 
in slowly flowing air.  After sealing at 930°C for 2 h, 
the stack was cooled to 800°C and a fuel of 5% h2/n2 
with 3% h2o was introduced into the fuel channel.  
Both the fuel and air flow rates were then gradually 

increased to reach an open circuit voltage (oCV) of 
about 0.7-0.8 V, after which time the dilute 5% h2 was 
switched to a mixed fuel with h2:n2 =1:1, and flow rates 
were increased again.  After the oCV was stabilized, the 
electrochemical performance measurements for each cell 
were then conducted. 

For Fy 2011, a major task was to evaluate/validate 
the stability of Ce-modified mn-Co spinel-coated 
AIsI 441 interconnects in the soFC environment.  the 
mn-Co spinel coating was developed as a conductive 
and protective air-side coating for ferritic stainless 
steel interconnects.  modification with Ce was found 
to improve the oxide scale adhesion in stand-alone 
small coupon tests, so this material set was selected for 
evaluation in a real soFC environment in a 3-cell stack 
configuration.  two 3-cell tests (designated #4 and #5) 
containing Ce-modified mn-Co spinel-coated AIsI 441 
interconnects were assembled and tested.  the target 
time for these long-term tests was set at 6,000 h.  At the 
time of the writing of this report, stack #4 had reached 
4,500 h, while stack #5 had reached 3,800 h.  For these 
stack tests, the cells were operated in constant current 
mode at 800°C, with the voltage across each cell being 
recorded versus time.  every ~500 h, the tests were 
interrupted to collect impedance and current-voltage 
(I-V) sweep data for each cell.  the constant current was 
set for a total current of 5 A (or 313 mA/cm2), based 
on initial I-V sweep and power density data, as shown 
in Figure 2(A) and 2(B) for each cell, respectively.  the 
top and middle cells had a maximum power density 
greater than 300 mW/cm2.  the bottom cell had a lower 
power density of ~225 mW/cm2.  It was suspected that 
gas flow was not uniform among the three cells and that 
the bottom cell may have received a reduced gas supply, 
since the I-V sweep showed deviation from linearity 
at higher currents (Figure 2(A)).  the initial oCVs of 
the three cells were 1.084 V, 1.064 V, and 1.080 V for 
the bottom, middle, and top cell, respectively.  the 
theoretical oCV for a fuel of h2:n2=1:1 and a few 
percent of moisture versus air at 800°C is 1.070 V, 
so the measured oCVs suggested no cell fracture or 
major leaks.  the higher than theoretical values may 
be attributed to temperature fluctuation or lower than 
expected water content in the fuel.  Figure 3 shows 
the electrochemical performance stability of the three 
cells in stack test #4 at 800°C.  It is evident the top 
cell had the best stability, with minimum degradation 
compared to the other two cells.  Using voltage data at 
t=130 h (0.819 V) and 4,500 h (0.764 V), the calculated 
degradation rate for the top cell was ~1.5%/1,000 h.  
the middle and bottom cells had a higher degradation 
rate of ~11%/1,000 h and ~10%/1,000 h, respectively.  
From oCV measurement at every 500 h, it appeared that 
the middle cell suffered a major leak between 1,983 h 
and 2,483 h, causing the oCV to drop substantially 
from 1.059 V to 1.019 V (table 1); the oCV continued 
to decrease over time to 0.824 V (4,499 h).  the top Figure 1.  Schematic View of 2nd Generation Stack Test Fixture in 3-Cell 

Configuration (WF = window frame; IC = interconnect)
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cell appeared to be well-sealed without a significant 
decrease in oCV over the entire test period.  the bottom 
cell appeared to be intact for the first 3,500 h, but also 
apparently suffered a major leak after that, with oCV 
dropping to 0.966 V.  It will not be possible to determine 
the exact cause for the drastic reduction in oCVs until 
the stacks are disassembled for post-mortem analysis.  
nonetheless, it is believed the dimensional control is 
very critical, in that the current fixture design does not 
have compliance on the cathode side, while the anode 
side is somewhat compliant due to the presence of 
embedded ni mesh.  the cell impedance data were also 
recorded every 500 h, as shown in Figure 4(A), 4(B), and 
4(C) for the top, middle, and bottom cell, respectively.  
Clearly, the top cell showed the best stability, with a 
minimal increase in both the ohmic and polarization 
impedance components (Figure 4(A)).  For the middle 
and bottom cells, the impedance increased substantially 
over the time, consistent with the voltage versus time 
data (Figure 3).

similar results were observed in a duplicate 3-cell 
stack fixture test (#5, Figure 5).  the top and bottom 
cells showed very stable electrochemical performance 
with low degradation up to 2,500 h, at which time the 
air supply to the stack was unexpectedly shut down.  
Using cell voltages at t=50 h and 2,554 h, the calculated 
cell degradation for the top cell and the bottom cell was 
~0%/1,000 h and 0.67%/1,000 h, respectively, indicating 
the desired stability of the Ce-modified (mn,Co)-
spinel coating.  the unexpected loss of air exposed the 
cathode side to the reducing fuel gas since, based on 
oCV measurements, the middle cell appeared to have a 
leak.  this resulted in a sudden drop in electrochemical 
performance, possibly due to reduction of the cathode 
or the spinel coating.  nonetheless, the top and bottom 
cells exhibited partial recovery and stability once the 
air flow was resumed.  the middle cell, on the contrary, 
continued to exhibit severe degradation.

(a)

(b)

Figure 2.  Initial Electrochemical Performance Data of Each Cell in Stack 
Test #4 at 800°C: (A) I-V Sweep, and (B) Power Density versus Voltage

Figure 3.  Long-Term Stability 3-Cell Stack Test #4 with Ce-Modified 
Mn-Co Spinel-Coated AISI 441 Interconnects under Constant Current 
Conditions at 800°C

Table 1.  Open Circuit Voltages of Test #4 as a Function of Time

hour bottom middle top

0 1.080 1.063 1.084

500 1.057 1.045 1.056

983 1.084 1.066 1.083

1,403 1.094 1.072 1.087

1,983 1.084 1.059 1.084

2,483 1.075 1.019 1.070

2,990 1.086 0.978 1.080

3,495 1.075 0.967 1.088

3,997 0.966 0.900 1.087

4,499 0.929 0.824 1.082
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In Fy 2011, a redesign of the 2nd generation stack 
test fixture was also initiated.  the objective of this 
“3rd generation” design was to reduce weight/mass by 
using thinner AIsI441 stock (0.040” and 0.020”) for 
better stress distributions, to allow for cathode contact 
reinforcement/modification for thermal cycle stability, 
and to allow for better flow channel design for gas 
distribution to achieve high utilization.  this design 
will also significantly reduce machining time and cost.  

Initial trials involving brazing of 0.040” and 0.020” 
sheets to replace the 0.133” thick machined interconnect 
plates were conducted at various brazing temperatures 
(1,020, 1,060, and 1,100°C in vacuum).  Results showed 
hermetic brazing can be obtained by brazing at 1,060 
and 1,100°C; however, the metal surface showed 
large particle/nodule formation.  the surface particles 
contained an appreciable amount of si; the source of the 
si has not been identified yet.  the presence of nodules 
on the surface affected the subsequent aluminization 
process and resulted in a rougher surface as compared 
to as-machined thick metal parts after aluminization.  
nonetheless, a single-cell test (#62) was conducted 
using the brazed hermetic parts and the other standard 
cell materials.  the electrochemical data (not shown) 
including impedance spectrum, I-V sweep, power 
density, and stability were similar to previous Gen2 
tests.  these results suggest the validity of the brazing 
approach, although further optimization to minimize 
the nodule deposition, improve long-term electrical 
stability in air, and improve gas distribution remains to 
be performed. 

Conclusions and Future Directions

the 2nd generation stack test fixture was utilized in 
single and 3-cell configurations at 800°C.  two 3-cell 
short stacks were tested to evaluate the long-term 
stability of Ce-modified mn-Co spinel-coated AIsI 441 
interconnects.  the results of these two tests indicate 
that the Ce-modified (mn,Co)-spinel coating was stable 
at 800°C for at least 4,500 h (tests were still in progress 
at the time of report preparation).  modification for the 
test fixture to reduce machining time and interconnect 
mass was also performed.  An initial test with brazed 
thin AIsI 441 sheets in a single-cell configuration was 
successful, exhibiting electrochemical performance data 

(a)

(b)

(c)

Figure 4.  Impedance of Each Cell for 3-Cell Stack Test #4, (A) Top 
Cell, (B) Middle Cell, and (C) Bottom Cell

Figure 5.  Long-Term Stability 3-Cell Stack Test #5 with Ce-Modified 
Mn-Co Spinel-Coated AISI 441 Interconnects under Constant Current 
Conditions at 800°C
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consistent with previous 2nd generation tests.  Future 
directions will include candidate soFC materials and 
processes validation, optimization of the weight/mass 
reduction process, dimensional control to minimize 
damage to cell-to-frame seals, and better stress/gas 
distribution.

FY 2011 Publications/Presentations

1.  y-s. Chou, e.C. thomsen, J-P Choi, W.e. Voldrich, and 
J.W. stevenson, “short stack test Fixture development 
at Pacific northwest national laboratory,” ms&t 
2010 Conference & exhibition, houston, texas, 
october 17–21, 2010.

2.  y-s. Chou, e.C. thomsen, J-P Choi, J.W. stevenson, 
W.e. Voldrich, and J.F. Bonnett, “standard soFC test 
Fixture development and materials evaluation at Pacific 
northwest national laboratory,” 2010 Fuel Cell seminar, 
san Antonio, texas, october 18–22, 2010. 

3.  y-s. Chou, J.W. stevenson, and J-P Choi, “evaluation 
of a single Cell and Candidate materials with high Water 
Content hydrogen in a Generic solid oxide Fuel Cell 
stack test Fixture, Part I: test Fixture and electrochemical 
Performance,” Int’l J. Appl. Ceram. tech., 8, 23 (2011).
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Fiscal Year (FY) 2011 Objectives 

Apply fundamental understanding of fuel reforming •	
and deactivation mechanisms into design of 
alternative catalyst systems for long-term, stable 
hydrogen-rich synthesis gas production for 
commercially representative fuel cell applications 
(e.g., diesel auxiliary power units).

develop a synthesis method that produces a •	
pyrochlore-based catalyst in significant quantities 
with a comparable performance to the catalyst 
produced using the modified-Pechini method.

evaluate graded catalyst bed approach in order to •	
reduce the amount of expensive noble-metal catalyst 
needed for reforming diesel fuel.

Perform diesel reforming studies with the optimized •	
pyrochlore-based catalyst deposited onto a 
structured catalyst such as a monolith.

FY 2011 Accomplishments 

Prepared several pyrochlore-based catalyst •	
powders; performed catalyst characterization 
using Brunauer-emmett-teller (Bet), inductively 
coupled plasma (ICP), temperature-programmed 
oxidation (tPo), temperature-programmed 
reduction (tPR), X-ray diffraction (XRd), X-ray 
photoelectron spectroscopy (XPs), transmission 
electron microscopy (tem), and scanning 
electron microscopy (sem)/energy dispersive 
spectroscopy (eds); and evaluated activity and 
selectivity under oxidative steam reforming (osR) 
and catalytic partial oxidation (CPoX) conditions.

synthesized pyrochlore material using several methods •	
and compared the performance of these materials to 
the powder prepared by the Pechini method.

evaluated different graded bed configurations to •	
evaluate the optimal graded bed compositions.

evaluated several monoliths coated with different •	
pyrochlore materials.

submitted a patent application for method for •	
designing reforming catalyst systems.

Published a book on fuel processing for fuel cell •	
applications.

Introduction 

the U.s. department of energy is sponsoring the 
development of high temperature fuel cell power systems 
based on solid oxide technology through its solid state 
energy Conversion Alliance (seCA) program.  diesel-
fueled auxiliary power units are an important market 
segment for solid oxide fuel cell systems.  the most 
promising route to hydrogen production from middle 
distillate fuels is catalytic reforming.  the catalyst used in 
the fuel processor is a critical component of this system 
and must be able to provide a clean, tailored synthesis 
gas to the fuel cell stack for long-term operation.  

For the past several years, the national energy 
technology laboratory (netl) has been developing 
reforming catalyst based on the pyrochlore crystal 
structure to produce synthesis gas from diesel fuel to 
power a solid oxide fuel cell [1-4].  these oxide catalysts 
are of interest primarily due to their refractory nature 
and their stability in high temperature, reducing and 
oxidative environments.  they also have the ability to 
“atomically-disperse” the active metal catalyst within 
an oxide framework that separates it from deposited 
metal catalysts which are more prone to sintering at high 
temperature due to less control of particle size or “next 
nearest neighbor interactions”.  A series of pyrochlores 
with different formulations were prepared and evaluated 
for diesel reforming.  Recently, one of the pyrochlore-
based formulations demonstrated 1,000 hrs of successful 
diesel reforming [5,6].  now, the goal is to apply the 
optimized pyrochlore catalyst used in the 1,000-hr test 
onto a structured material to produce a commercially 
representative form such as a monolith, foam, pellet, etc.  
Furthermore, a scalable catalyst synthesis method has to 
be established to produce a larger batch of the powdered 
catalyst for further external catalyst performance 
validation and eventually for commercialization.  
the synthesized catalyst material as well as the coated 
structure need to be further characterized (tPR, XRd, 

III.F.1  Oxide-Based Reforming Catalyst Evaluation and Development
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XPs, tem, sem/eds, surface acidity/basicity, etc.) to 
relate the material properties to the performance of the 
material.

Approach 

100-hour diesel reforming with pyrochlore 
Supported on monolith: A long-term (100-hour) 
reforming experiment using a locally obtained low 
sulfur diesel fuel was conducted on a monolith after 
preliminary testing on earlier versions deemed the 
catalyst synthesis method and coating procedures were 
optimized for composition, loadings of zirconia-doped 
ceria (ZdC) and catalyst, and dispersion of catalyst.  
the monolith is comprised of a base square channel 
alumina framework (400 cubic channels per square 
inch), which is coated with an oxygen conducting 
ZdC layer onto which the proprietary netl derived 
pyrochlore catalyst is deposited; the monolith coating 
was done by nextech materials (ohio).  specifications 
for the diesel fuel are shown in table 1.  Reaction 
conditions for the monolith run are given in table 2.  

Table 1.  Properties of Diesel Fuel Used for the Study

Composition of Diesel Fuel C14.6H27.7

Sulfur Concentration 11.6 ppmw

Paraffins 38.5 wt%

Naphthenes 42.0 wt%

Aromatics
          Monoaromatics
          Diaromatics
          Triaromatics and greater

19.5 wt%
15.7 wt%
3.6 wt%
0.3 wt%

Table 2.  OSR Reaction Conditions

Pre-Heat (°C) 375

Reactor (°C) 900

Weight hourly space velocity (WHSV) 
(scc/gcat/hr)

20,000

Steam to Carbon Ratio (S/C) 0.5

Oxygen to Carbon Ratio (O/C) 1.0

grade-bed tests: Initial studies of the graded 
catalyst bed approach for the reforming of hydrocarbon 
fuels to produce synthesis gas were reported in the 
Fy 2010 office of Fossil energy Fuel Cell Program 
Annual Report [7].  the purpose of that study was to 
reduce the amount of expensive noble-metal catalyst 
needed for reforming diesel fuel.  A 1,000-hr osR 
experiment was successfully conducted previously 
on pump diesel with a Rh-substituted pyrochlore 
catalyst on an oxygen-conducting support developed at 
netl [5,6].  It was proposed that a catalyst substituted 
with a less expensive reforming metal (i.e., ni, Ru) 

could be placed in a portion of the catalyst bed to 
reduce cost while still producing an acceptable level of 
performance.  specifically, the study examined various 
catalyst bed configurations using a ni-substituted barium 
hexaaluminate (BnhA) catalyst and a Rh-substituted 
pyrochlore (Rh1-PC; 1 wt% Rh in the pyrochlore) 
in powder form.  the major conclusion of the study 
was that the amount of Rh-based catalyst can indeed 
be reduced by substituting less expensive catalysts in 
sections of the bed that are less likely to deactivate 
them.  the study identified that the bottom region of the 
catalyst bed is the most likely place that non-noble metal 
catalysts will deactivate.  this study is a continuation 
of that project that will ultimately lead to a graded 
commercial catalyst configuration (i.e., monolith).

the reasoning behind the graded bed approach 
has to do with the indirect mechanism widely reported 
for the CPoX and osR of hydrocarbons in a fixed bed 
reactor [8-10].  In the indirect mechanism the formation 
of the products takes place in two separate regions, or 
zones, of the reactor.  First, a portion of the fuel reacts 
with oxygen to form combustion products (water and 
carbon dioxide).  this is followed by steam reforming 
and Co2 reforming reactions with the remaining fuel in 
the second region of the bed.  Further, as a result of the 
indirect mechanism where the first step is exothermic 
and the second is endothermic, there are significant 
differences in the reaction conditions in the beginning 
and end sections of the catalyst bed.  It was suggested 
that additional formulations be examined, and that the 
bed could be divided into potentially three different 
catalyst compositions to optimize the performance 
based on the indirect mechanism, as well as the large 
temperature gradients along the bed.

two new substituted pyrochlore catalysts were 
tested in various graded bed configurations.  As with 
the first study, the two compositions were selected with 
a significant enough difference in performance to study 
the benefit of different combinations and configurations 
of the catalyst bed.  the catalysts were ni and Ru-
substituted pyrochlore catalysts (ni3-PC (3 wt% ni) 
and Ru1-PC (1 wt% Ru) with the same formula as the 
Rh-substituted pyrochlore from the previous study.  
the two catalysts were configured in several different 
ways.  the simplest tests consisted of dividing the bed in 
half and putting one composition on top and the other 
on the bottom, and then testing the reverse.  Another 
configuration considered the reactor to consist of three 
regions, still using two different compositions.

the reactions studies conducted were CPoX 
of n-tetradecane (td), a diesel surrogate, and were 
carried out in a laboratory-scale, fixed-bed reactor, 
described elsewhere [11].  50 ppmw sulfur as 
dibenzothiophene (dBt), and 5 wt% aromatic species, 
1-methyl-naphthalene (mn), were added to td during a 
2-hr portion of the tests.  tPo was performed after each 
test to determine the total carbon formed in the catalyst 
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bed during testing.  Reaction conditions are summarized 
in table 3.

Table 3.  Operating Conditions for Graded Catalyst Bed Tests

O/C Ratio 1.1

Temperature (°C) 900

Flow Rate (sccm) 400

WHSV (sccm/gcat/hr) 25,000

Step 1 1 hr TD only

Step 2 2-hr TD + 5 wt% MN
+ 50 ppm DBT

Step 3 2-hr TD only

Results 

100-hour diesel reforming with pyrochlore 
Supported on monolith: Results from the long-term 
study are shown in Figure 1.  the composition of 
gaseous products formed was near that predicted by 
equilibrium for the entire time on stream.  Carbon 
balance during the experiment was roughly 100± 10%, 
and no other hydrocarbons higher than Ch4 were 

observed.  It should be noted that the experiment was 
interrupted briefly, for about 2 hrs, because of a rupture 
disc failure.  however, safety interlock systems in place 
prevented the monolith from exposure to air, which 
minimized the possible regeneration of the catalyst 
during this time.  no degradation in synthesis gas 
yields was observed over the course of the experiment, 
suggesting the monolith would be stable and active for 
not only the entire 100 hrs, but likely for much longer 
testing period.  

grade-bed tests: the h2 production of several 
catalyst bed configurations is presented in Figure 2.  the 
two graded bed configurations with the ni3-PC in the 
inlet (top) section of the bed yielded the best overall 
performance.  these configurations were better than 
both single-composition beds, indicating a synergistic 
effect between the two compositions.  the data also 
suggest that the conditions in the bottom section of 
the reactor deactivate the ni-PC more rapidly than the 
Ru3-PC.  this is likely due to lower temperatures in this 
section caused by endothermic reforming reactions.  At 
lower temperatures ni-sulfides are more stable, which 
can lead to poisoning.

Figure 1.  Synthesis gas yields produced during long term (~100 h) reforming study on monolith containing Rh-based pyrochlore 
catalyst.  Conditions for experiment were O/C= 1.0, S/C=0.5, 900°C, and weight hourly space velocity = 20,000 scc/gcat /hr.
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the amount of carbon formed during each test 
is presented in table 4.  the predicted carbon for the 
graded beds was calculated from the carbon formed 
in the single-composition beds using the following 
equation:

total Carbon Predicted = WeightCat1 x total 
CarbonCat1 + WeightCat2 x total CarbonCat2

the configuration with ni3-PC in the top 75% 
of the bed and Ru1-PC in the bottom 25% yielded 
the highest hydrogen production as well as the most 
significant reduction in carbon formation compared to 
the predicted amount.

fuel processing book: netl researchers have 
edited a book, Fuel Cells: technologies for Fuel 
Processing.  the book, published by elsevier in 
April 2011, is available in hardcover and a Kindle 
version.  several of the chapter authors are affiliated 

with netl while others are well-known global 
contributors from industry, academia, government 
research laboratories, and foreign institutes.  despite the 
increasing technical and commercial importance of fuel 
cells, few books have addressed the critical subject of 
fuel reforming technology in a comprehensive fashion.  
this book provides an overview of the most important 
aspects of fuel reforming to the generally interested 
reader, researcher, technologist, teacher, student, or 
engineer.  the topics covered include all aspects of fuel 
reforming: fundamental chemistry, modes of reforming, 
catalysts types, catalyst deactivation, fuel desulfurization, 
reaction engineering, thermodynamics, heat and 
mass transfer, system design, and recent research and 
development.  this book will serve as an excellent 
self-instruction book for those new to fuel cells or as a 
comprehensive resource for experts in the area of fuel 
processing.  the material is presented in such a way that 
it can also serve as a reference for graduate level courses, 
fuel cell developers, and fuel cell researchers.

Conclusions and Future Directions

Complete hydrocarbon conversion and near 
equilibrium syngas yields with no signs of catalyst 
degradation (olefin formation, pressure buildup, etc.) 
were observed during diesel reforming over pyrochlore 
supported on monolith for 100 hours.  this short-term 
testing has confirmed adequate initial performance of the 
monolithic-based catalyst system.  netl plans to further 

Figure 2.  Performance of graded catalyst bed configurations in the CPOX of n-tetradecane (TD) with 
addition of aromatic and sulfur species: WHSV = 25,000 scc/gcat/hr, 900°C, 0.23 MPa, O/C = 1.1.

Top (%) / Bottom (%) Total Carbon (g) Predicted* Carbon (g)
100% Ni-PC 1.12 --
100% Ru-PC 0.59 --
50% Ru-PC/
50% Ni-PC 0.75 0.86

50% Ni-PC/
50% Ru-PC 0.82 0.86

75% Ni-PC/
25% Ru-PC 0.72 0.99

*Calculated from Total Carbon measured for 100%Ni-PC and Ru-PC  

Table 4.  Total Carbon Formed in Graded Catalyst Beds during CPOX 
Testing
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the development and demonstrate catalyst viability 
through long-term (>1,000 hr) testing.

netl-developed ni, Ru, and Rh-substituted 
pyrochlore catalysts separately, and combined in the 
graded catalyst bed approach, have exhibited excellent 
hydrocarbon reforming performance.  Remaining tests 
will be long-term studies of a graded monolith using 
up to three different pyrochlore compositions.  It will 
also utilize an oxygen-conducting interlayer with the 
same composition as the 1,000-hr catalyst support 
formulation.  this will represent a commercially 
representative product comprised of a deposited 
catalyst/support system with multiple compositions 
active for different reforming reactions and conditions 
within a hydrocarbon reforming reactor.

Special Recognitions & Awards/Patents Issued

1.  Published a book: d. shekhawat, J.J. spivey, and 
d.A. Berry, Fuel Cells: technologies for Fuel Processing, 
elsevier, Amsterdam, April 2011.

2.  Filed a patent:  d.A. Berry, d. shekhawat, m.W. smith, 
and d.J. haynes, “method for designing a Reforming 
and/or Combustion Catalysts system,” February 17, 2011.

3.  organized a symposium:  netl organized American 
Institute of Chemical engineers Conference symposium, 
2011 Spring National Meeting – Topical 2: Advanced Fossil 
Energy Utilization.

FY 2011 Publications/Presentations 

1.  d. shekhawat, d.A. Berry, and J.J. spivey, “Introduction 
to Fuel Processing,” in: Fuel Cells: technologies for Fuel 
Processing, Chapter 1, p. 1-10, elsevier, Amsterdam (2011).

2.  d. shekhawat, “nonconventional Reforming methods,” 
in: Fuel Cells: technologies for Fuel Processing, Chapter 9, 
p. 261-283, elsevier, Amsterdam (2011).

3.  d. haynes and d. shekhawat, “oxidative steam 
Reforming,” in: Fuel Cells: technologies for Fuel Processing, 
Chapter 6, p. 129-190, elsevier, Amsterdam (2011).

4.  m.W. smith and d. shekhawat, “Catalytic Partial 
oxidation,” in: Fuel Cells: technologies for Fuel Processing, 
Chapter 5, p. 73-128, elsevier, Amsterdam (2011).

5.  m.W. smith, d.A. Berry, d. shekhawat, d.J. haynes, 
J.J. spivey, and d.l. Floyd, “effect of Catalyst Configuration 
on the Partial oxidation of hydrocarbons: Graded Bed 
Approach,” 22nd North American Meeting, north American 
Catalysis society, detroit, michigan, June 7, 2011.

6.  m.W. smith, d.A. Berry, d. shekhawat, d.J. haynes, 
C.n. Wildfire, and e.m. sabolsky, “effect of oxide 
Catalyst surface Coverage in the Presence of oxygen-
conducting supports for CPoX,” 241st National 
Meeting and Exposition, American Chemical society, 
Anaheim, California, march 28, 2011.

7.  m.W. smith, d.A. Berry, d. shekhawat, d.J. haynes, and 
J.J. spivey, “development of a structured Graded Catalyst 
system for the Catalytic Partial oxidation of hydrocarbons,” 
2011 Spring National Meeting, American Institute of 
Chemical engineers, Chicago, Illinois, march 16, 2011.

8.  s. Guar, d.J. haynes, J.J. spivey, “Rh, ni, and Ca 
substituted Pyrochlore Catalysts for dry Reforming of 
methane,” Applied Catalysis A: General, 403: p. 142-151, 
2011.
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Fiscal Year (FY) 2011 Objectives 

determine the kinetics of molten catalytic •	
gasification of coal for a range of different alkali 
salt compositions, reactor temperatures, and reactor 
pressures.

evaluate the effects of alkali salt type and •	
composition, temperature, and pressure on the 
methane composition in the syngas derived from 
molten catalytic gasification of coal.

optimize the process parameters in order to •	
maximize the methane content in syngas.

Initiate exergy analysis study to determine the •	
overall process efficiency of integrating a molten 
catalytic gasifier with a solid oxide fuel cell (soFC).

FY 2011 Accomplishments 

submitted patent application for generating •	
a methane and hydrogen rich syngas via coal 
gasification with molten alkali hydroxides.”

Completed experiments on the molten catalytic •	
reactor that study the effect of pressure and 
temperature:

measured both steam-coal gasification rates and  –
methane compositions.

highest weighted average methane composition  –
was 18% (while also producing ~2.5% ethane).

Initiated experiments on the molten catalytic reactor •	
that study the effect of steam-to-coal ratio and 
catalyst-to-coal ratio.

Published and presented experimental results from •	
molten catalytic reactor.

Published and presented results from exergy analysis •	
of integrating catalytic gasification with pressurized 
soFCs.

Introduction 

In the United states (U.s.) today, coal power 
plants supply approximately 50% of the demand for 
electricity [1].  nearly all of these coal power plants 
combust coal with air to provide the heat required to 
generate electricity in a Rankine vapor power cycle.  
this combustion process creates acid gases (nox, 
sox, and weakly Co2), greenhouse gases (Co2, etc.), 
entrained particulates, and heavy metal species.  
emissions of strong acid gases and particulates are 
currently regulated in the U.s. and the emission of 
greenhouses gases may soon be regulated.  Current 
methods for capturing Co2, nox, sox, heavy metals 
species, and particulates from pulverized coal 
combustion (PCC) power plants cause decreased overall 
net energy efficiency and increased capital costs.  the 
combination of these two effects causes the cost of 
electricity to increase compared with an unregulated 
coal power plant [2].  the goal of future research on 
coal use should focus on generating electricity from 
coal with minimal air emissions as well as minimal 
water consumption in concert with decreasing the cost 
of electricity.  As such, the U.s. department of energy 
office of Fossil energy (doe/Fe) has set a 2015 energy 
Goal of 60% electricity generation with greater than 
90% capture and sequestration of greenhouse gases [3].  
doe/Fe has also set a 2015 energy Goal of multi-
product capability, which includes co-generation of 
fuel/chemicals from a power plant during times of low 
electricity demand [3].

It appears that one of the ways to achieve both of 
these goals in an economically viable power plant is to 
integrate a catalytic coal gasifier with a soFC [4-8].  
Figure 1 shows the system efficiency of various coal-
based power plant designs that capture and compress 
>90% of the greenhouse gases generated at the power 
plant.  In Figure 1, the IGFC (integrated gasification fuel 
cell) represents entrained-flow gasification followed by a 
0.1 mPa soFC stack.  Four cases of catalytic gasification 
are compared in Figure 1: a) 0.1 mPa stack and no 
anode recycle to gasifier; b) 1.8 mPa stack with no 
anode recycle; c) 0.1 mPa stack with anode recycle back 
to the gasifier; and d) 4.0 mPa stack with anode recycle 
back to the gasifier.  of the systems shown above, only 
the case that includes both anode recycle to the catalytic 
gasifier and pressurized operation of the fuel cell stack 
can reach the doe/Fe 2015 energy Goal of at least 
60% overall system efficiencies.  one way of achieving 
an overall system efficiency of 60% is the following 
process: a) the coal gasifier produces a syngas with a 
methane composition of roughly 25% on a dry volume 

III.F.2  High-Methane Molten Catalytic Coal Gasifier for SOFC Power Plants
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basis, b) the methane-rich syngas is sent to a soFC, 
and c) the off-gases from the soFC are recycled back to 
coal gasifier (Figure 2).  the overall generation of work 
(electricity) in the process described here (~60%) is 
larger than conventional IGFC processes (~42%) where 
significant amounts of exergy destruction, i.e., entropy 
production, occur in entrained-flow, high-temperature 
coal gasification and in cooling a soFC when the 
fuel is rich in hydrogen and low in methane.  some 
of the problems remaining before the “60% efficient/
multi-product capable” process described above could 
be commercialized include scaling up each individual 
sub-system and reducing the cost of fresh catalyst or 
catalyst recovery.

Approach 

the goal of this research is to expand the operating 
range of molten salt gasifiers, compared with previous 
research by esso Research & engineering, Kellogg 
and Rockwell International in the 1970s [9-13] and 
compared with more recent work from matsunami 
et al. [14], Jin et al. [15], and Kamo et al. [16].  this has 
been done by lowering the temperature of the reactor by 
using eutectic (mixed) alkali salts and by lowering the 
pressure so as to improve integration with soFCs that 
operate at or just above atmospheric pressures.  our goal 
is to operate a molten catalytic gasifier at pressures near 
2 mPa.  this pressure was chosen as a balance between 
increased methane production at higher pressures and 
increased costs of associated turbines (to let down the 
pressure) and compressors (to compress the anode off-
gas back to the pressure of the catalytic gasifier).

From a thermodynamic point of view, in order 
to operate at lower pressure and achieve at least 20% 
composition of methane in the syngas, the temperature 
of the reactor must be lowered.  however, in order to 
maintain a molten bed and comparable kinetics, the use 
of 100% potassium carbonate must be replaced with the 
use of eutectic alkali salt mixtures (sodium, potassium, 
and lithium carbonates).  the eutectic alkali salt mixture 
has a lower melting temperature, allowing the catalyst 
to be active at lower temperatures than pure potassium 
carbonate [15].

Potassium carbonate/hydroxide was found 
to catalyze both the steam-carbon reaction 
(C+h2o ↔ Co+h2) and the methanation reaction 
(Co + h2 ↔ ½Ch4 + ½Co2) [17-18], whereas sodium 
carbonate/hydroxide was found to only catalyze the 
steam-carbon reaction.  Figure 3 is a qualitative energy 
diagram showing the two-step process for generating 
methane from carbon.  It is expected that mixtures of 
sodium, potassium, and lithium carbonates should have 
the capability to catalyze the methanation reaction 
when there is a sizable portion of potassium in the 
mixture (>20%), and this will be one of main areas 
of experimental research because, to the best of our 
knowledge, there is no previous published literature on 
using molten carbonate eutectic mixtures for generating 
high methane content syngas.

In order to measure the kinetics of molten catalytic 
gasification of coal and to measure the methane 
composition in the syngas, a molten catalytic reactor 
was constructed along with associated equipment 
required for operation of the reactor.  the reactor system 
and associated equipment are shown in Figure 4.  the 
equipment consists of pressure vessel with a ceramic 
crucible at the bottom holding the catalyst and coal.  

Figure 2.  Molten catalytic gasification of coal integrated with an SOFC 
for an overall system efficiency near 60% and >90% capture of carbon 
dioxide.  CO2 is captured pre-SOFC and the anode tail gas is recycled 
back to the catalytic gasifier.

Figure 1.  System efficiency for various configurations with carbon 
capture and compression to 15 MPa.  Of the four catalytic gasification 
cases, two cases include recycling the anode tail gas back to the 
gasifier and two cases include oxy-combustion of the anode tail gas.  
The IGCC and IGFC cases use conventional entrained-flow gasifiers.

IGCC - integrated gasification combined cycle
CCS - carbon capture and sequestration
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A tube carrying steam is placed inside of the ceramic 
crucible, so that steam has to pass through a molten bed 
of coal and catalyst.  the syngas exits the reactor and 
liquids are condensed before going through a pressure 
transducer.  After this, liquids are condensed again 
in a second condenser held at a lower temperature.  
After this, the syngas goes to a Pfeifer omnistar mass 
spectrometer.  Alternatively, the syngas can be sampled 

just before the pressure transducer in order to check 
mass spectrometer results with gas chromatography.  All 
experiments were semi-continuous, meaning that there 
was a set amount of coal and catalyst loaded into the 
reactor and then there was a continuous flow of steam 
into the reactor.  so, by the end of the run, the coal is 
consumed and the main gas species in the pre-quenched 
syngas is just the water being continuously added.  
In future research, we plan to conduct experiments 
in which the water, coal, and catalyst are added into 
the reactor on a continuous basis.  For our current 
experiments, the composition of unconverted water 
in the syngas was not measured because there were 
two liquid condensers before the mass spectrometer.  
the flow rate of syngas was determined by adding in 
a known amount of argon (10 sccm) throughout the 
experiment.  For all experiments presented here, we used 
Pittsburgh #8 coal (100 mesh).  In some experiments, 
fresh coal was used while in others devolatilzed coal was 
used.  devolatization of coal was performed at 700°C for 
4 hours in an argon atmosphere.  After devolatilization, 
the coal was ground down to approximately 20 mesh.  
the devolitalized coal was then mixed with the catalyst 
and devolitalized a second time before the experiment 
began.  this devolitalization process was used in order 
to determine steam-carbon gasification reaction rates 
and to quantify the non-volatile methane production.

 For all experiments, the coal and the catalyst 
was added dry such that there was a 1:1 ratio between 
carbon in the coal and alkali.  since equal amounts 
of li, na, and K were used, this means the ratio of 
elements on a mol-basis was C:li:na:K = 3:1:1:1.  the 
elemental analysis of the coal by dry-wt% was C=83.2%, 
h=5.3%, o=8.8%, s=2.2%, and ash=9.2%.  on an 
ash-free, dry mol-basis, this is: 54% C, 41% h, 4.3% o, 
and 0.5% s.  the elemental analysis did not include a 
nitrogen balance.  the ratio of hydrogen to carbon was 
0.76.  For the devolatized coal, we used a proximate 
analysis to determine the carbon remaining in the coal.

Results 

Figure 5 shows the exhaust gas flow rate from 
gasification of 5 g of Pittsburgh #8 coal (100 mesh), 
2.7 g of lioh, 4.6 g of naoh, and 6.4 g of Koh at 
900°C and 2.1 mPa (300 psig).  there is ~50 minutes 
delay in data collection because of the time required 
to pressurize and heat the vessel from pure argon at 
ambient conditions to 2.1 mPa (300 psig) and 900°C.  
After the first data point, there was an overall decrease 
in the total flow rate of syngas as time increased because 
the amount of coal in the reactor was slowly consumed.  
the methane and ethane composition decreased rapidly 
for two reasons: 1) the amount of coal was decreasing 
with time, and 2) the amount of steam available to 
reform the methane-ethane increased with time. 

Figure 3.  Gibbs free energy diagram vs. the reaction coordinate for the 
reaction of carbon and steam to methane and carbon dioxide at relative 
low temperature and high pressure (qualitative).
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Figure 4.  Molten catalytic reactor a) design and b) laboratory 
experiment.  Steam and coal react in a bed of molten alkali salts.  
The reactor is designed for a maximum pressure of 2.5 MPa and 
temperature of 900°C.
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Figure 6 shows the difference in reaction rates 
for coal with or without catalyst when the reactor 
pressure and temperature are the same: 2.1 mPa and 
700°C.  there is an obvious increase in the reaction rates 
with catalyst, as seen by the significant increase in the 
production of hydrogen and methane when catalysts are 
included with the coal.  Figure 7 shows the production-
averaged, syngas composition from the molten catalytic 
gasifier as a function of temperature of the reactor when 
the pressure was held constant at 2.1 mPa.  Production-
averaged means that the total amount of species X 
produced during the experiment divided by the total 
amount of syngas during the experiment.  the highest 
average methane composition achieved so far was 18% 
while at the same time producing 2.5% ethane.  this 
gives an equivalent amount of methane of 23%, which 
is consistent with the objectives of this project.  the 
optimal methane composition was obtained at 800°C 
and 2.1 mPa.

the amount of Co2 and Co, as well as h2s and 
C6h6, increased with increasing temperatures, whereas 
the methane and ethane composition were largely 
independent of temperature.  the reason why the 
methane and ethane composition do not decrease with 
increasing temperature, as one would initially expect 
from thermodynamic arguments, is that, at higher 
temperatures, there is less steam available to reform 
the methane and ethane into Co and h2 because of 
the higher kinetic rates of steam-coal gasification.  so, 
le Chatelier’s principle would predict less methane 
and ethane at higher temperature, but le Chatelier’s 
principle would also predict more methane and ethane 

as the steam is consumed.  the two effects cancel with 
each other, which is why there is very little change in 
the methane and ethane composition as we increase 
the temperature in the reactor.  From the difference in 
the kinetic rates versus temperature we were able to 
estimate an activation barrier for catalyzed steam-coal 
gasification of 58.7 kJ/mol.

Figure 8 shows the syngas composition, as well as 
the kinetic rates of steam-coal gasification, as a function 
of pressure of the vessel when the temperature was held 
constant at 700°C.  As expected there was an increase in 
the methane composition as the pressure was increased.  
In this set of experiments we pyrolyzed the coal before 
use in the reactor because we wanted to rule out any 
change in the amount of pyrolysis gases as a function 
of pressure.  so, we can confirm prior thermodynamic 
simulations in hsC Chemistry 7.0 [19] that predict larger 
amounts of methane at higher pressures.  Interestingly, 
increased pressure had a positive effect on the reaction 
rates.  this suggests that the reactions are not surface 

Figure 5.  Flow rate of the syngas components from a 
coal-catalyst-steam experiment at 900°C and 2.1 MPa.  
Coal = 5 g of fresh Pittsburgh #8.  Catalyst = 2.7 g of LiOH, 4.6 g of 
NaOH, and 6.4 g of KOH.  Water flow rate = 0.05 mL/min. 

Figure 6.  Flow rate of the syngas components from experiment at 
700°C and 2.1 MPa using 5 g of fresh Pittsburgh #8.  Water flow rate 
of 0.05 mL/min, (a) with catalyst [2.7 LiOH, 4.6 NaOH, 6.4 KOH] and 
(b) without catalyst.  
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limited, but rather diffusion limited.  this most likely 
means that the rates would be increased by forced 
mixing of the molten bed during the experiment, which 
we could not do in these experiments.

Conclusions and Future Directions

netl has successfully measured the kinetics 
of catalytic coal gasification using molten alkali 
hydroxide salts and has measured the composition of 
methane in the syngas.  to date, we have studied the 

effect of pressure and temperature, and have initiated 
experiments studying the effect of steam-to-coal ratio 
and catalyst-to-coal ratio.  We have achieved an average 
composition of methane plus ethane greater than our 
initial goal of 20 mol% (dry).  In future, we will continue 
studying the effect of steam-to-coal ratio and catalyst-
to-coal ratio, as well as studying the effect of varying the 
composition of the molten catalysts.  In addition, we 
will be converting our exergy analysis into an economic 
analysis of soFC-based power plants fueled by either 
fluidized or molten catalytic reactors.  details of the 
exergy analysis can be found in siefert et al. [8].
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Figure 7.  Production-averaged, dry syngas composition from 
the molten catalytic gasification of fresh Pittsburgh #8 coal 
(100 mesh) as a function of temperature of the reactor.  2.1 MPa, 
water flow rate = 0.05 mL/min, coal = 5 g, catalyst = 2.7 g of LiOH, 
4.5 g of NaOH, 6.3 g of KOH.  Note: C2HC = ethane plus ethylene.
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Fiscal Year (FY) 2011 Objectives

develop new fuel processing approaches for using •	
selected alternative and renewable fuels – anaerobic 
digester gas (AdG) and commercial diesel fuel, 
in solid oxide fuel cell (soFC) power generation 
systems.

develop and evaluate effective sorbents for AdG •	
cleanup.

Improve the performance of the ni-based and •	
metal oxide-based adsorbents for adsorptive 
desulfurization (Ads) of ultra-low sulfur diesel 
(Ulsd).

develop ni-based catalysts for steam reforming •	
of commercial diesel fuel with fundamental 
understanding of the sulfur tolerance and carbon 
resistance of the developed catalysts via various 
characterization techniques.

FY 2011 Key Accomplishments

A •	 novel molecular basket sorbent (mBs) that is able 
to remove both Co2 and h2s has been developed 
for AdG cleanup.  the mBs was prepared by 
loading 50 wt% of polyethylenimine (PeI) on 
sBA-15, and evaluated in the in the flow adsorption 
system at 25 and 75°C using a simulated AdG gas.  

mixed metal oxide-based adsorbents have been •	
explored in this project for AdG cleanup and a 
highly efficient Cu-ti-Ce-o adsorbent has been 
developed.  A series of ti-Ce-o-based adsorbents 
have been prepared and explored for AdG cleanup. 

supported ni adsorbents were found highly effective •	
for sulfur removal from Ulsd.  the supported ni 
adsorbents prepared by a impregnation method with 
ultrasonic aid showed great performance for Ads 
of Ulsd with a breakthrough capacity higher than 
75 g-F/g-A.  It was found that the best ni loading on 
mCm-48 is 20 wt%. 

the effects of ti-Ce loading and support on the •	
performance of mesoporous silica supported 
ti-Ce-o adsorbent for adsorptive desulfurization 
of Ulsd have been studied and clarified.  through 
the comparison, of the adsorption performance of 
the 15 wt% Ceo2/mCm-48, 15 tio2/mCm-48 and 
15 wt% ti0.9Ce0.1o2/mCm-48, we found that Ce 
and ti oxides have a strong synergetic effect on the 
performance of the ti-Ce-o/mCm-48 adsorbent. 

A new iron modified ni catalysts with and without •	
K modification were prepared and studied for steam 
reforming of a commercial diesel.  It was found that 
the 10ni-5Fe/Al showed better activity than both 
10ni/Al and 10ni5Co/Al. 

A combined steam reforming, nickel-yttria stabilized •	
zirconia (ni-ysZ) anode soFC test system has been 
developed and tested for a period of 200+ hours 
running on a simulated anaerobic digester gas and 
reformed commercial diesel.

electrochemical impedance spectroscopy (eIs) and •	
equivalent circuit modeling have been used to track 
the degradation of soFC performance operating on 
anaerobic digester gas over a period of 200+ hours.

effects of soFC poisoning by h•	 2s impurities in 
AdG fuel were evaluated using eIs.

In this period, the work has generated four journal •	
articles and three presentations at national/
international conferences.

Introduction

the ems energy Institute at PsU focuses on the 
development of fuel processors for both AdG and 
commercial diesel fuels for integration with soFC 
power generation systems, and is responsible for the 
development of the sorbents and reforming catalysts 
formulations.  As scheduled, during this annual report 
period, our major work focused on: 1) preparation and 

III.F.3  Solid Oxide Fuel Cells Operating on Alternative and Renewable Fuels
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evaluation of novel sorbents including mBs and mixed 
metal oxides adsorbents for AdG cleanup; 2) improving 
the adsorption performance of mesoporous molecular 
sieve supported ni adsorbents and mixed ti-Ce-o-
based adsorbents for adsorptive desulfurization of 
Ulsd; 3) evaluation and characterization of ni-based 
catalysts for steam reforming of commercial diesel fuel; 
and 4) the continued operation of a ni-ysZ single cell 
soFC on both a model anaerobic digester gas and also a 
commercial diesel reformate.

originally this project included a subcontract to 
siemens energy Inc, to provide soFC ring cell samples 
to PsU for testing.  however, an economic downturn 
led to the elimination of the siemens stationary Fuel 
Cell division within the company.  Unfortunately, this 
led to the siemens subcontract with PsU ending on 
september 23, 2010. 

Approach

to achieve the Fy 2011 objectives, the following 
approaches have been applied:

1. For AdG cleanup, novel mBss have been prepared 
by loading PeI to mesoporous molecular sieve, 
sBA-15 with different PeI loadings.  Considering 
the removal of h2s alone, mixed ti-Ce metal 
oxide-based adsorbents have also been explored and 
studied. 

2. For Ads of Ulsd, mesoporous molecular sieves 
supported ni sorbents and a series of ti-Ce-o-based 
adsorbents have prepared and evaluated for deep 
removal of sulfur from Ulsd. 

3. For steam reforming of commercial diesel fuel, 
the catalyst development has been focused on 
non-noble metal, ni-based catalysts by the addition 
of iron and potassium. 

4. the soFC system for single cell operation utilized 
nextCell soFC buttons consisting of a 50 μm 
porous ni-ysZ anode supported by a 150 μm dense 
8% ysZ membrane, countered by a 50 μm porous 
lanthanum strontium manganite cathode.  each test 
was carried out at 900°C.  Air was fed to cathode.  
humidified fuels were supplied at 50 sccm.  the 
soFC operation was controlled by the Arbin fuel 
cell station connected with the solartron eIs system 
for electrochemical characterization.

Results

Development of ADG Fuel Processor Concept 
(Novel)

Copper-incorporated ti-Ce-o adsorbent with 
the molar ratio of 1:9:1 for Cu:ti:Ce, has been 
prepared as the same procedure for the preparation 
of ti-Ce-o by a co-precipitation method.  the 

obtained h2s breakthrough curve is presented in 
Figure 1.  For comparison, those from ti-Ce-o 
adsorbent, sulfurtrap R7 and sulfatreat are also 
presented.  the current result shows that the Cu-ti-Ce-o 
adsorbent is more promising for AdG cleanup. 

Deep Desulfurization of ULSD

the effects of ti-Ce loading and support on 
the performance of mesoporous silica supported 
ti-Ce-o adsorbent for adsorptive desulfurization 
of Ulsd have been studied and clarified.  through 
the comparison, of the adsorption performance of 
the 15 wt% Ceo2/mCm-48, 15 tio2/mCm-48 and 
15 wt% ti0.9Ce0.1o2/mCm-48, we found that Ce 
and ti oxides have a strong synergetic effect on the 
performance of the ti-Ce-o/mCm-48 adsorbent.  
different mesoporous silicas including eh-5, sBA-15, 
mCm-41 and mCm-48 supported mixed metal oxide 
adsorbents have been studied for Ads of Ulsd at 
room temperature.  mCm-48 showed the best among 
the studied supports.  It was found that both the surface 
area and the pore structure of the support influence 
the adsorption performance of the supported ti-Ce-o 
adsorbents.  In addition, adding an activated carbon 
column as the guard-bed can significant improve 
the adsorption performance of supported ti-Ce-o 
adsorbents. 

Catalyst Development for Steam Reforming of 
Commercial Diesel

A new iron-modified ni catalysts with and without 
K modification were prepared and studied for steam 
reforming of a commercial diesel.  It was found that the 
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Figure 1.  H2S Breakthrough Curves over Cu-Ti-Ce-O, Ti-Ce-O, SulfaTrap 
R7 and SulfaTreat Adsorbents at Room Temperature.  Conditions: ADG, 
200 ppmv H2S-10 v% N2-40 v% CO2-50 v% CH4; Volume of Adsorbent 
Bed, 2 ml; Pressure, 1 atm.; Flow-rate, 50 ml/min (gas hourly space 
velocity, 1,500 h-1).
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10ni-5Fe/Al showed better activity than both 10ni/Al 
and 10ni5Co/Al.  the addition of iron can promote the 
resistance to both carbon deposition and sulfur poisoning.  
With the addition of K, the catalytic performance of 
ni-Fe catalyst can further improved.  the prepared 
ni-based catalysts were characterized by sulfur and 
Carbon X-ray absorption near edge structure (XAnes), 
and X-ray photoelectron spectroscopy, respectively.  the 
characterization results indicate that the presence of Fe 
may hinder sulfur adsorption on reforming catalysts, thus 
improving the sulfur tolerance of the ni-Fe catalyst.  the 
addition of K can enhance the gasification of deposit 
carbon and therefore reduce the carbon accumulation on 
the 10ni-5Fe-5K/Al reforming catalyst.

Ni-YSZ Solid Oxide Fuel Cell Testing Results

eIs and equivalent circuit modeling have been used 
to track the degradation of soFC performance operating 
on anaerobic digester gas over a period of 200+ hours.  
Various amounts of h2s (50-200 ppm) were introduced 
to the anaerobic digester gas fuel fed to the system 
anode.  the ni-ysZ anode soFC showed a strong 
sensitivity to h2s, which caused a nearly immediate 
decrease in power density of 50-60%.  the poisoning of 
the anode was shown to be partially but not completely 
reversible with the removal of h2s from the fuel.

Conclusions and Future Directions

Within this period, the following conclusions can be 
drawn: 

1. A novel mBs sorbent for AdG cleanup has been 
prepared by loading 50 wt% of PeI on sBA-15, and 
evaluated in the in the flow adsorption system at 
25 and 75°C using a simulated AdG gas containing 
200 ppmv h2s-10 v% n2-40 v% Co2-50 v% Ch4.  
It was found that the prepared sorbent can remove 
both Co2 and h2s from the gas at 25 and 75°C.

2. ti-Ce mixed oxide adsorbents have been developed 
in this project for AdG cleanup.  the Cu-ti-Ce-o 
adsorbent exhibited very good performance for 
AdG cleanup.  It can treat about 150 l-AdG/g 
before h2s broke through.  the corresponding 
adsorption capacity is 41.7 mg-h2s/g, better than 
the best commercial adsorbent, sulfatrap R7, tested 
in this project, which can treat about 139 l-AdG/g 
with an adsorption capacity of 39.1 mg-h2s/g. 

3. supported ni adsorbents prepared by ultrasonic aid 
method showed great performance for adsorptive 
desulfurization of Ulsd with a breakthrough 
capacity higher than 75 g-F/g-A.  It was found that 
loading 20 wt% of ni on mCm-48 can prepare 
the best sorbent.  the breakthrough capacity of 
2.1 mg-s/g-sorb at sulfur level of 1 ppmw can 
be reached, which is higher than that of the best 

ni-based sorbent reported in the literature by a factor 
of more than 2. 

4. through the comparison of the adsorption 
performance of the 15 wt% Ceo2/mCm-48, 
15 tio2/mCm-48 and 15 wt% ti0.9Ce0.1o2/mCm-48, 
we found that Ce and ti oxides have a strong 
synergetic effect on the performance of the 
ti-Ce-o/mCm-48 adsorbent, which will be further 
studied in the continuous work.  Adding an activated 
carbon column as the guard bed can significant 
improve the adsorption performance of supported 
ti-Ce mixed oxide adsorbents.

5. different mesoporous silica including eh-5, 
sBA-15, mCm-41 and mCm-48 supported mixed 
metal oxide adsorbents have been prepared and 
applied for Ads of Ulsd at room temperature.  
mCm-48 supported adsorbent showed the best 
adsorption performance among the studied 
supports.  It was found that both the surface area 
and the pore structure of the mesoporous silica 
support influence the adsorption performance of the 
supported mixed metal oxide adsorbents.

6. A new iron-modified ni catalysts with and without 
K modification were prepared and studied for 
steam reforming of a commercial diesel.  It was 
found that the 10ni-5Fe/Al showed better activity 
and reforming performance than both 10ni/Al and 
10ni5Co/Al.  the addition of iron can promote 
the resistance to both carbon deposition and sulfur 
poisoning.  With the addition of K, the catalytic 
performance of ni-Fe catalyst can further improved. 

7. the prepared ni-based catalysts were characterized 
by X-ray diffraction and Carbon XAnes, 
respectively.  the results show that the presence of 
K in the ni-based catalysts may be able to promote 
the formation of carbonate species, which can 
benefit the gasification process and thus reduce the 
carbon deposition.  the XAnes results indicate 
that the presence of Fe may hinder sulfur adsorption 
on reforming catalysts, thus improve sulfur tolerance 
of ni-Fe catalyst.  While the addition of K can 
enhance the gasification of deposit carbon and 
therefore reduce the carbon accumulation on the 
10ni-5Fe-5K/Al reforming catalyst.

Special Recognitions & Awards/Patents Issued

1.  the P.I. of this project, Chunshan song, received the 
2010 henry h. storch Award in Fuel Chemistry from 
American Chemical society, was selected as recipient 
for the distinguished Researcher Award in Petroleum 
Chemistry from American Chemical society in 2011, was 
named distinguished Professor of Fuel science at the 
Pennsylvania state University in 2010, and received the 
Faculty scholar medal for outstanding Achievements in 
engineering from the Pennsylvania state University in 2011.
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FY 2011 Publications/Presentations

1.  Cigdem sentorun-shalaby, shyamal Kumar saha, 
Xiaoliang ma, and Chunshan song, “mesoporous-
molecular-sieve-supported nickel sorbents for Adsorptive 
desulfurization of Commercial Ultra-low-sulfur diesel 
Fuel,” Applied Catalysis B – Environmental 101(3-4) 2011, 
718-726.

2.  Chao Xie, yongsheng Chen, yan li, Xiaoxing Wang, 
and Chunshan song, “Influence of sulfur on the Carbon 
deposition in steam Reforming of liquid hydrocarbons 
over Ceo2-Al2o3 supported ni and Rh Catalysts,” Applied 
Catalysis A – General 394 (1-2) 2011, 32-40.

3.  Chao Xie, yongsheng Chen, yan li, Xiaoxing Wang, 
and Chunshan song, “sulfur Poisoning of Ceo2-Al2o3-
supported mono- and Bi-metallic ni and Rh Catalysts in 
steam Reforming of liquid hydrocarbons at low and high 
temperatures,” Applied Catalysis A – General 390 (1-2) 
2010, 210-218.

4.  Xiaoxing Wang, shuqi Zhao, Xiaoliang ma, and 
Chunshan song, “Carbon dioxide sorption over molecular 
Basket sorbents: a detailed tPd study,” 22nd north 
American Catalysis society meeting, detroit, michigan, 
June 2–10, 2011.

5.  Chao Xie, yongsheng Chen, Xiaoxing Wang, and 
Chunshan song, “Influence of sulfur on Carbon deposition 
in steam Reforming of liquid hydrocarbons,” 22nd north 
American Catalysis society meeting, detroit, michigan, 
June 2–10, 2011.

6.  Xiaoxing Wang, Xie Chao, mark labarbera, mark 
Fedkin, serguei lvov, and Chunshan song, “steam 
Reforming of liquid hydrocarbon Fuels with on-line 
solid oxide Fuel Cell test,” 241st ACs national meeting, 
Anaheim, California, march 27–31, 2011. 

7.  m. laBarbera, m. Fedkin, X. Wang, X. Chao, C. song, 
and s. lvov,  “solid oxide Fuel Cell Fueled by diesel 
Reformate and Anaerobic digester Gas,” ECS Transactions 
35 (1) 2011, 2867-2872. 

8.  Jiahua Guo, Chao Xie, Kyungtae lee, neng Guo, 
Jeffrey t. miller, michael J. Janik, and Chunshan song, 
“Improving the Carbon Resistance of ni-Based steam 
Reforming Catalyst by Alloying with Rh: A Computational 
study Coupled with Reforming experiments and eXAFs 
Characterization,” ACS Catalysis 1 (6) 2011, 574–582.
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Fiscal Year (FY) 2011 Objectives

Further develop and optimize the low pressure drop •	
fuel injector/nozzle to permit stable steady-state 
operation, cold start-up, and 5:1 turndown ratio.  
map autothermal reformer (AtR) performance and 
perform durability test with the low pressure drop 
nozzle and show coking avoidance with complete 
fuel conversion to C1 products and ~85% reforming 
efficiency while operating the reformer with low 
water usage.

Compare different catalyst options and evaluate •	
their performance to determine the optimal catalyst 
for reforming application to meet commercially 
viable auxiliary power unit (APU) system targets.

through the Phase II supplemental effort (awarded •	
in 2010), further develop and demonstrate the 
benefits of Rh-pyrochlore catalysts for diesel 
reforming, gearing towards commercialization and 
high-volume reforming applications.

Advance PCI’s reformer development towards •	
specific value-added fuels and operating conditions 
as well as towards supporting designs for a variety of 
fuel cell stack opportunities.

demonstrate operation of fuel processor system •	
integrated with a solid oxide fuel cell (soFC).

FY 2011 Accomplishments

In the third budget period of this Phase II project, 
the reformer operation under water neutral condition 
via direct anode recycle and condensation approaches 
was further applied and optimized.  the low pressure 
nozzle was further developed, optimized, and tested for 

turndown and cold-start capability.  Additionally, PCI 
has successfully scaled up the preparation method for 
the national energy technology laboratory’s (netl’s) 
rhodium-pyrochlore catalyst and performed multiple 
tests to determine the applicability of this material 
for practical, cost-effective diesel fuel AtR operation.  
Finally, preliminary testing of PCI’s fuel reformer using 
biodiesels was performed to evaluate fuel flexibility of 
the reformer system.

Evaluated and optimized water neutral reformer •	
operation via both direct anode recycle and 
condensation approaches:  Performance mapping 
of a microlith®-based fuel reformer has been 
completed with tier II diesel to evaluate and 
optimize operating conditions using anode recycle 
approach for water recovery and water neutrality.  
stable reformer operation was demonstrated with 
low water usage while avoiding coke formation 
and sulfur poisoning.  An alternative approach 
to water neutral operation by using a condenser 
was also demonstrated.  tests were performed to 
validate the maximum achievable water recovery 
from anode exhaust at different ambient/cooling 
air conditions and to compare experimental results 
with the predicted values.  test results indicated 
that a sufficient amount of water can be recovered 
to permit fuel reformer operation under a water 
neutral  condition.

further developed, optimized, and tested low •	
pressure drop nozzle:  tests were performed to 
evaluate turndown capability of the low pressure 
nozzle by evaluating the performance of the fuel 
reformer.  A durability test was performed for 
50 hours to evaluate the reactor performance and 
stability during operation with tier II diesel under a 
water neutral condition.  Results from the 50-hour 
test showed stable catalyst temperature profile and 
product composition with very low nozzle pressure 
drop (further improved over the program objective) 
and capability of cold-start.

developed coating technique for an alternative •	
catalyst and performed diesel Atr reforming:  
PCI has successfully scaled up the preparation 
method for netl’s rhodium-pyrochlore catalyst 
and performed multiple tests to determine 
the applicability of this material for practical, 
cost-effective diesel fuel AtR operation.  A washcoat 
formulation was specifically developed to coat an 
alternative catalyst on the microlith® substrate 
for fuel reforming.  Results from catalyst testing 
to date demonstrated potential for a low-cost, 
efficient reformer that can accomplish complete 
fuel conversion and high reforming efficiency for 
reformation of diesel fuel.

III.F.4  Novel Water-Neutral Diesel Fuel Processor and Sulfur Trap
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demonstrated fuel flexible reformer system:  •	
testing of PCI’s fuel reformer unit with different 
fuels, including biodiesel (B50 blend), camelina 
oil, synthetic fuels, and sulfur containing military 
jet fuels has been performed.  stable reformer 
performance was obtained from all these tests, 
which demonstrates fuel flexibility of the reformer 
system.  more tests will be performed using other 
biodiesel blends, such as B99 and B75, to further 
evaluate the performance of the fuel reformer.

Introduction

Fuel cell technology for auxiliary power or hybrid 
vehicle range extension offers the potential for major 
contributions towards long-term U.s. department of 
energy (doe) objectives of clean energy, efficiency, and 
independence.  yet fuel cell technology faces daunting 
entry barriers, notably including high unit costs amidst 
low sales volume as well as the absence of a hydrogen 
fueling infrastructure.  thus, reforming of liquid fuels 
to produce hydrogen for fuel cell stacks is a practical 
approach for operating fuel cells due to the high energy 
density and the infrastructure availability.  however, key 
barriers for the solid state energy Conversion Alliance 
(seCA) industrial teams are the lack of a compact and 
economical diesel fuel processor capable of operating 
with long-term stability under a water neutral condition 
(i.e., very low steam-to-carbon ratios) while being 
resistant to coke formation and sulfur poisoning.  Fuel 
preparation for these reformers also remains problematic 
primarily due to the lack of good mixing at low 
air-pressure drop and resultant reactor non-uniformities 
leading to coke formation, among other things.

PCI is developing ultra-compact and sulfur-tolerant 
microlith® fuel processor technology to reform 
conventional fuels such as diesel, gasoline, distillate 
fuels, and liquid biofuels to the sulfur-free, hydrogen-rich 
fuels required by fuel cells.  By avoiding the need for a 
hydrogen fueling infrastructure, PCI’s technology offers 
a major step advance towards a vital, self-sustaining 
American fuel cell industry.  through doe small 
Business Innovation Research (sBIR) Phase II and 
Phase II supplemental (awarded in 2010), PCI has 
demonstrated this technology, along with improved 
catalyst effectiveness, demonstrated water neutral 
operation, fuel flexibility, and substantially improved 
fuel injection pressure drop without performance loss, 
reducing parasitic losses of the overall system.  the 
resulting fuel processor enables fuel cell use of wide range 
of fuels including medium sulfur JP-8, ultra-low sulfur 
diesel (Ulsd)/medium sulfur diesel, and biodiesels.  this 
system and balance-of-plant simplification will allow for 
cost optimization to meet commercially viable targets for 
the entire APU fuel cell system.

Approach

Reformer operation under water neutral or 
waterless condition by avoiding the need for external 
water addition is a significant requirement for practical 
portable systems.  moreover, lower water usage can 
lead to faster start-up times, as less water needs to 
be vaporized at start-up.  the reduction/elimination 
of water usage, however, can result in higher peak 
temperatures within the reactor/catalyst bed and 
can increase the production of higher hydrocarbons, 
particularly olefins, in the reformate stream.  the former 
can compromise catalyst durability while the latter 
increases the likelihood of coking in the fuel cell stacks.  
It is important, therefore, to demonstrate long-term 
reformer operation at water neutral condition using 
feasible water recovery approaches without catalyst 
degradation and coke formation.

the proposed concept being developed in this 
project builds upon PCI’s microlith® reforming 
technology which employs a mesh-based, short-contact-
time catalyst as an integrated component of a novel 
reformer system involving fuel injector, reactor, steam 
generator, and sulfur trap.  PCI’s existing 5 kWth system 
size is approximately 5 liters and weighs about 5 kg.  
this reactor starts up in partial oxidation mode and 
then transitions to AtR mode upon introduction of 
steam, operating at low steam-to-carbon ratios.  It uses 
a limited amount of water that can be recovered from 
the system exhaust, either via a direct recycle approach 
or a condenser approach, while performing efficient fuel 
reformation without performance degradation and coke 
formation.  since the reformer is operated at very low 
steam-to-carbon ratios, sulfur compounds are readily 
adsorbed in a downstream desulfurizer bed.  Appropriate 
thermal integration of the reformer, fuel cells, water 
recovery unit, and other balance-of-plant components 
in the APU system is also necessary to maximize the 
overall system efficiency and has been explored using 
AsPen process simulation software.

Results

Key results from the third budget period of this 
Phase II project include: (i) the successful demonstration 
of a low pressure nozzle for fuel processor operation 
under water neutral conditions; (ii) the development 
of an alternative catalyst and demonstration of the 
applicability of this material for practical, cost-effective 
diesel fuel reformer operation; and (iii) the evaluation of 
fuel flexibility of PCI’s reformer system.

Development of a Low Pressure Drop Fuel Injector

A critical challenge for on-board fuel reforming 
is the use of low air pressure drop nozzles which 
permit uniform mixing of fuel, air and steam prior 
to entering the reactor.  While lower pressure drop 
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reduces parasitic losses of the overall APU system, it 
generally compromises mixture quality, resulting in 
higher peak temperatures due to local unmixedness 
and higher propensity for catalyst deactivation due to 
sintering and coke formation.  In this Phase II effort, 
PCI has successfully developed a novel low pressure 
nozzle with cold-start and turndown capability.  this 
result is significant because it reduces parasitic power 
requirements while providing uniform flow and 
consistent performance over wide operating range.

tests were performed to continue the validation of 
the low pressure nozzle by evaluating the performance of 
the fuel reformer.  operational window and performance 
mapping were developed to determine the optimum 
operating conditions of the low pressure AtR unit 
that demonstrate coking avoidance with complete fuel 
conversion to C1 products (i.e., Co, Co2, and Ch4) and 
~85% reforming efficiency while operating the reformer 
under water neutral conditions.  here, the reforming 
efficiency is calculated based on the ratio of the lower 
heating values (lhVs) of h2 and Co in the reformate 
stream to the lhV of feed fuel.  to date, the durability 
of the nozzle has been demonstrated for at least 
100 hours by integrating it with an AtR fuel processor 
and operating it with tier II diesel and sulfur containing 
distillate fuel for 50 hours each.  Results from these 
50-hour tests showed stable catalyst temperature profile 
and product composition with very low nozzle pressure 
drop (further improved over the project objective).

Development of an Alternative Catalyst for Water 
Neutral Diesel Reformation

With fuel processor technology drawing substantial 
commercial interest, fuel processor costs in manufacture 
need to be substantially reduced to help fuel cells 
achieve economic viability compared to alternatives 
such as internal combustion gensets.  the use of 
expensive precious metal catalysts in the reformer and 
fuel cell system mainly determines the high cost of this 
technology.  thus, it is key to develop a highly selective, 
sulfur tolerant multifunctional reforming catalyst for 
reformation of diesel and logistics fuels at low cost.

during Fy 2010, the feasibility of integrating the 
netl catalyst on PCI’s microlith® reactor to perform 
AtR operation with diesel and logistic fuels was 
demonstrated.  A washcoat formulation and coating 
technique was specifically developed to coat the 
alternative catalyst on the microlith® substrate.

PCI has successfully prepared both the 2 wt% and 
5 wt% Rh-pyrochlore materials.  Conventional powder 
X-ray diffraction (XRd) of this material determined the 
presence of pyrochlore diffraction intensities.  some 
of this PCI-synthesized Rh-pyrochlore was tested 

at netl on their small-scale rapid-aging diesel fuel 
catalytic partial oxidation apparatus.  Good reforming 
performance, equivalent to netl-synthesized material, 
was obtained, with deactivation behavior similar to that 
of the netl’s Rh-pyrochlore material.

Washcoating the Rh-pyrochlore material directly 
onto the microlith® substrate using our conventional 
coating methods was not particularly successful.  In 
order to obtain good coating adhesion on the microlith® 
substrate, the washcoat must be stable and easily 
applied, and the resulting coating must have a high 
degree of adhesion and be sufficiently abrasion resistant 
to withstand routine handling and multiple thermal 
cycles.  Prepared pyrochlore material proved difficult 
to suspend in an aqueous slurry.  nevertheless, an 
approach was identified that worked best and resulted in 
acceptable adhesion.  

For our initial proof-of-concept study, the microlith® 
substrate was coated directly with the Rh-pyrochlore 
and the resulting sample was tested in PCI’s AtR 
reactor using low-sulfur JP-5 (resembles tier II diesel, 
but with lower aromatics content) from 3.5 to 5 kWth 
input (based on fuel energy content).  table 1 shows 
the results from this Rh-pyrochlore/microlith® catalyst 
test along with the results from similar tests using PCI’s 
conventional catalyst for comparison.  even though 
the Rh-pyrochlore test had much less active metal, as 
compared to the PCI’s base catalyst, performance for 
JP-5 autothermal reforming was acceptable, approaching 
that of the conventional catalyst; but product 
hydrocarbon content was not acceptable.  thus, there is 
a need to understand the underlying structural features 
of this material responsible for the catalytic activity so 
as to enable pathways towards improving Rh-pyrochlore 
coating protocol on the microlith substrate and catalyst 
performance.

Further development effort to optimize coating 
of the Rh-pyrochlore on the microlith® substrate 
is currently ongoing at PCI.  to date, four catalyst 
iterations and testing have been performed, with notable 
improvement in conversion, reforming efficiency, and 
formation of coke precursor (i.e., ethane, ethylene, 
propane, propylene), as shown in table 2.  the latest 
catalyst iteration resulted in near complete fuel 
conversion to C1 products (i.e., Co, Co2, and Ch4) and 
79% reforming efficiency with 200 ppmv of total higher 
hydrocarbons level in the reformate stream.  even though 
the performance of the Rh-pyrochlore coated on the 
microlith® substrate has shown significant improvement, 
it is still below the targeted values of 85% reforming 
efficiency and <50 ppmV higher hydrocarbons (i.e., >C1) 
in the reformate stream.  We expect to achieve these 
target values with further catalyst optimization effort to 
be continued in 2011.
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Table 2.  Performance Results, Including Fuel Conversion to C1 
Products, Reforming Efficiency, and Higher Hydrocarbons Level in 
the Reformate Stream, for Each Iteration from Rh-Pyrochlore Catalyst 
Development

iteration 
#

Conv. to 
C1s (%)

efficiency 
(%)

C2s (ppmv) C3s (ppmv)

1 94.1 73.9 1,175 260

2 97.1 75.5 1,100 290

3 ~100 79.3 634 64

4 ~100 78.8 198 0

(Target) 100 85 0 0

Fuel Processor Tests with Biodiesels

In order to demonstrate the fuel flexibility of 
PCI’s reformer system, tests were performed using 
B50 biodiesel and camelina oil.  A B50 biodiesel blend 
was obtained by blending B99 biodiesel with tier II 
diesel in 50:50 ratio by weight.  tests were performed 
under autothermal reforming and catalytic partial 
oxidation conditions.  In both tests, the reactor was 
successfully started up and stable catalyst performance 
was demonstrated.  the test with B50 biodiesel was 
performed under autothermal reforming condition, and 
the reactor produced a reformate stream consisting of 
30 mole% h2 and 15 mole% Co (dry basis), with less 
than 50 ppmv (dry basis) of total higher hydrocarbons.  
Preliminary tests, therefore, showed potential for highly 
efficient biodiesel reforming to syngas, and more tests 
will be performed to develop performance maps and 
to optimize the operating conditions for reformation of 
biodiesel fuels.

Conclusions and Future Directions

PCI has successfully demonstrated efficient, 
durable, fuel flexible autothermal reforming operation 
under water neutral condition.  Both direct anode 
recycle approach and condensation approach for 
recovering exhaust water were demonstrated during 
diesel autothermal reforming operation.  the operating 

conditions of the proposed water recovery approaches 
have been optimized and the reactor performance has 
been characterized and evaluated.

PCI has also developed and tested a novel low 
pressure nozzle prototype that operates with tier II 
diesel (at 5 kWth operation), and is capable of cold 
start.  thus, the parasitic losses related to the operation 
of the fuel processor unit were minimized by utilizing 
this low pressure nozzle for the introduction of fuel, 
air, and steam to the catalyst in the reformer unit.  
the low pressure nozzle was further developed, 
optimized, and tested for turndown and cold-start 
capability.  the durability of the nozzle has also been 
demonstrated for over 100 hours by integrating it with 
an AtR fuel processor and operating it with tier II 
diesel and sulfur containing distillate fuel.  this result 
is significant because it permits reduction in parasitic 
power requirements of the APU system while providing 
uniform flow and reliable performance over a wide 
operating range.  

Additionally, alternative catalysts were evaluated 
in order to develop a highly selective, sulfur tolerant 
multifunctional reforming catalyst for reformation of 
logistics fuels at low cost.  Results from preliminary 
catalyst testing demonstrated potential for a reduced-
cost, highly efficient reformer system that can 
accomplish complete fuel conversion and >80% 
reforming efficiency for reformation of diesel fuel.  
Further catalyst development and tests are ongoing 
to characterize and optimize reformer performance 
and durability.  Finally, preliminary testing of PCI’s 
fuel reformer using biodiesels and other fuels was 
successfully performed to demonstrate the fuel flexibility 
of the reformer system.

In summary, PCI has demonstrated a novel fuel 
reformer technology, along with improved catalyst 
effectiveness, demonstrated water neutral operation, 
and substantially improved fuel injection pressure drop 
without performance loss, reducing parasitic losses of 
the overall system.  the resulting fuel processor enables 
fuel cell use of widely available conventional fuels 
including Ulsd/medium sulfur diesels and medium 
sulfur logistic fuels.

Table 1.  Comparison of PCI’s Synthesized 2 wt% Rh-Pyrochlore and PCI’s Rh-based Conventional Catalyst for ATR Testing with Low-Sulfur JP-5

PCi’s synthesized 2 wt% rh-pyrochlore PCi rh-based conventional catalyst

Relative Rh content in reactor (normalized value) 0.03 1

H2O/C in feed 1.3 0.9

O (from air)/C in feed 1.0 1.0

Average operating temperature (°C) 880 860

Reforming efficiency (LHV product H2+CO) /LHV feed fuel 74% 80%

Product CH4 content 0.31% 0.06%

Product detectable non-CH4 hydrocarbons 1,460 ppm 0
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FY 2011 Publications/Presentations

1.  2011 north American Catalysis society in detroit, 
michigan.

2.  2011 doe seCA meeting in Pittsburgh, Pennsylvania.

3.  Abstract accepted for 2011 Fuel Cell seminar in 
orlando, Florida.
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Kirk Gerdes
U.s. department of energy
national energy technology laboratory (netl) - 
Regional University Alliance (RUA)
3610 Collins Ferry Rd.
morgantown, WV  26507
Phone: (304) 285-4342; Fax: (304) 285-4469
e-mail: Kirk.Gerdes@netl.doe.gov

Contract number:  10-220621 6923  
(netl RUA Cathode modeling R&d)

start date:  october 1, 2010 
end date:  september 30, 2011

Fiscal Year (FY) 2011 Objectives 

Improve the cathode oxygen reduction reaction •	
(oRR) model to incorporate surface over-potential 
effects created between electrode surface and bulk 
into the calculation formalism for single phase 
solid oxide fuel cell (soFC) cathode.  transfer 
improved oRR model to parallel three-dimensional 
(3-d) multi-physics cathode potential distribution 
modeling effort and assist in integration.  

Complete a focused ion beam (FIB)-scanning •	
electron microscope (sem) reconstruction of 
commercial baseline cells of interest to cathode 
modeling teams. 

Generate a working 3-d (axisymmetric) cathode •	
model using empirical input from experiments and 
spectroscopic reconstructions.  describe average 
and local properties of a conventional cathode 
reconstructed using raw data from sem images.  

develop an initial phase-field model incorporating •	
complex and temporally evolving soFC cathode 
microstructures, electronic and ionic transport 
through a microstructure, and presence of 
inhomogeneous stress and electric fields. 

Generate public report on the key conclusions from •	
the work.

FY 2011 Accomplishments 

Generated an improved oxygen reduction reaction •	
model that incorporates descriptions of a surface 
charge layer induced by adsorption of surface gas 
molecules.  Provided improved model to parallel 
3-d multi-physics and microstructural evolution 
modeling projects.

Completed FIB-sem evaluation and 3-d •	
reconstructions of real cathode microstructures 

for industrially relevant cells.  Provided digital 
reconstructions to parallel modeling activities 
describing the cathode performance and long-term 
cathode evolution.

Completed generation of a 3-d multi-physics •	
model describing cathode operations using real 
3-d cathode microstructure.  Configured model to 
report relevant performance parameters including 
localized overpotential and local active species 
concentrations. 

developed initial phase field model describing •	
the evolution of cathode microstructure over 
industrially relevant time periods.

Reported detailed technical results of cathode •	
modeling development efforts in two published 
reports and four conference presentations.

Introduction 

An soFC is a device which generates electrical 
energy by exchanging oxygen ions between an oxygen 
containing process stream such as air and a process 
stream containing an oxidizeable material such as 
hydrogen.  the soFC cathode facilitates the reduction 
of oxygen to an ionic form in preparation for transport 
across the impermeable electrolyte membrane.  the 
electrochemical oxygen reduction process is sensitive to 
the material composition and physical structure of the 
cathode, and the oRR efficiency can be impacted by 
chemistry and structure. 

Although much effort has been devoted to explicit 
descriptions of the oRR on the cathode surface, a 
generally accurate model correlating cathode performance 
directly to microstructure has never been successfully 
generated.  Indeed, questions remain about the identity of 
even the relevant processes that oxygen undergoes as it 
transfers from the bulk gas to the cathode.  mathematical 
descriptions of the fundamental transport processes 
and real 3-d microstructure are required to inform 
more comprehensive models investigating the multi-
scale physics of operation and describing the long-term 
evolution of the cathode microstructure.  the symbiotic 
nature of individual modeling efforts on these discrete 
topics must be clearly appreciated in order to generate 
the ultimate product: a comprehensive mathematical tool 
that can assist pre-screening of cathode materials and 
microstructures by predicting performance and long-term 
microstructural evolution.

the projects described here each focus on maturation 
of a component model to support development of the 
final comprehensive model.  two projects investigate 

III.G.1  NETL RUA Cathode Modeling R&D
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fundamental cathode structure and reaction processes to 
supply information to two additional projects developing 
higher-order models that describe cathode operation 
and microstructural evolution.  In the first fundamental 
effort, the details of the oRR on the lanthanum 
strontium manganite (lsm)-based cathode system are 
described and a one-dimensional (1-d) reaction model 
is generated.  In the second fundamental effort, an 
advanced spectroscopic technique is coupled to cutting-
edge visualization software to produce detailed 3-d maps 
of the microstructure of real soFC cathodes.  Results 
from the fundamental modeling efforts are passed to a 
3-d multi-physics model predicting chemical, thermal, 
and electrical potential distributions throughout the 
cathode.  the results are used to predict dynamic and 
steady state performance.  these performance results 
along with the fundamental data are also passed to a 
cathode evolution model based on phase field principles.  
this model can predict the microstructure after thousands 
of hours of operation, which is particularly relevant to 
soFC developers.  

Approach 

during Fy 2010, a 1-d model was developed to 
simulate the parallel-pathway controlled oRR within 
a mixed ionic electronic conductor electrode by 
incorporating multi-step charge-transfer mechanisms 
into the electrode kinetics of the computational 
model.  during Fy 2011, the model has been refined to 
improve its quality, physical accuracy, and functionality.  
the formulation of the governing equations and 
the boundary conditions have been modified and 
potential rate limiting steps and kinetic transitions 
are evaluated between two phase boundary (2PB) 
control and three phase boundary (3PB) control.  
electrode microstructural and compositional features 
are incorporated to improve agreement between 
model representations and the actual electrode 
activity.  Features targeted for improved model/physical 
agreement include surface diffusion paths, presence 
of surface charge, and multiple ionic transport paths.  
Finally, efforts are exerted to enhance computation 
efficiency by optimization of the source program and 
utilization of more powerful computation tools.  

It is well known that the microstructural 
characteristics of electrodes in soFCs strongly 
influence the overall device performance.  Recently, 3-d 
reconstruction techniques have been developed to assess 
quantitatively the microscale phase distributions and 
crystallography of electrodes in typical commercially-
available soFCs.  methods to quantitatively describe 
the microstructure at a large enough scale to assess 
likely degradation locations and at a fine enough scale 
to characterize nanoparticle distributions are required.  
In Fy 2011, a metrology protocol is developed to 
characterize infiltrated cathode microstructures, which is 

essential in establishing structure-property relationships.  
Initially FIB sample preparation is used in conjunction 
with sem-based microstructural characterization 
to determine the essential structural characteristics 
of infiltrated cathodes.  X-rays, secondary electrons, 
back-scattered electrons, and transmitted electrons can 
be used to image and identify phases and reconstruct 
microstructures.  Using these tools, the microscale and 
nanoscale phase distributions will be determined in 
separate steps on industrially relevant cathodes.

Information derived from the first two fundamental 
activities is then used to support generation of a detailed, 
multi-dimensional, multi-scale, and dynamic continuum 
model of soFC cathodes.  the proposed model 
incorporates the effects of cathode microstructural 
properties on the local transport phenomena and 
electrochemistry inside the cathode.  the model 
predicts distributions of local thermodynamic values, 
over-potentials, Faradaic currents, and parameters 
relevant to cathode performance.  the model produces 
dynamic simulations and can generate virtual impedance 
measurements.  the virtual impedance model permits 
parametric evaluations that provide detailed information 
on causes of observed overall impedance of the 
electrode, which is then used to accurately decipher 
experimental impedance data.  the 3-d dynamic model 
is used in conjunction with experiments to correlate 
cathode performance and microstructural properties, 
and to explore strategies for improving cathode 
performance and durability. 

Fundamental performance data and results 
from the dynamic continuum model are then made 
available to a model predicting the temporal evolution 
of microstructures in different operating states and 
the effect of evolving cathode microstructure on the 
electronic and ionic transport.  For this purpose, the 
phase-field approach is employed, which has emerged 
as one of the most powerful methods for modeling 
transport phenomena and complex microstructural 
evolution.  the effect of 3-d static microstructure 
features in soFC cathodes on properties and cell 
performances obtained from phase-field simulations is 
compared with those obtained by parallel tasks.  the 
focus of this effort is on developing the capability to 
predict the temporal microstructure evolution and the 
relevant local parameter variations of a cathode driven 
by inhomogeneous electric, stress, and chemical potential 
fields.  the activity contributes to the microstructural 
optimization of soFC performances and to the 
understanding of long-term baseline cell degradation.  

Results 

throughout Fy 2011, substantial results have 
been generated by the cathode modeling projects.  the 
oxygen reduction reaction model has been modified 
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and tested to show important performance features 
of the competing reaction pathways.  Figure 1 depicts 
a schematic of the parallel pathways of the oxygen 
reduction reaction.  the cartoon at the top describes 
the process by which oxygen is adsorbed to the solid 
material surface, dissociates to become a charged surface 
species, and proceeds either to the 3PB via a surface 
path, or to the 2PB via a bulk path.  the figure at the 
bottom shows the results of the computational model, 
and indicates that dominating control of the reaction 
mechanism changes as a function of the operating 
condition.  As the cell is driven to produce more power, 
the cathode begins to supply less oxygen through the 
surface path and more oxygen through the bulk path.  
such phenomenological behavior must be characterized, 
as there are implications to efforts for enhancing 
cathode materials and structure as well as impacts to the 
postulated modes of cathode degradation. 

detailed 3-d microstructural reconstructions have 
been generated by FIB-sem and application of advanced 
visualization software.  Figure 2 shows reconstructed 3-d 

portions of an lsm cathode typical of an soFC.  the 
top image shows only the reconstructed porous phase, 
and provides a detailed view from which interfacial 
areas, triple phase boundary length, tortuosity, and other 
relevant parameters may be calculated.  the bottom 
image depicts all phases of a reconstructed 3-d region 
of the cathode at the cathode/electrolyte interface.  In 
this image, the yttria-stabilized zirconia (ysZ) phase 
(green) is shown as wholly dense in the electrolyte 
region, as a segregated constituent in the 10 µm thick 
cathode active layer, and is absent from the cathode 
current collecting region.  the lsm phase (red) is shown 
distributed evenly throughout the cathode active layer 
and current collecting regions.  the pore phase (yellow) 
constitutes a large fraction of the current collecting 
region, a smaller portion of the cathode interlayer 
region, and is not present in the dense electrolyte region.  
digitized versions of this visual representation are 
supplied to support parallel modeling efforts. 

the multi-physics continuum model is generated 
using parameters developed in the oRR modeling effort, 
and is informed with parameters from the digitized 3-d 
reconstructions.  Figure 3 demonstrates the incorporation 
of microstructural information in the performance 

Figure 1.  (Top) Schematic depiction of the ORR as a parallel process 
between surface and bulk states.  (Bottom) Model results indicating 
that above a certain overpotential threshold, the dominating reaction 
pathway changes from 3PB reaction to the 2PB reaction.  Such 
predictions impact cathode designs. 

Figure 2.  (Top) Reconstructed pore volume of a commercially available 
LSM cathode.  The total sampled volume of 54 mm3 has dimensions 
of 5.65 mm3 x 3.15 mm3 x 3 mm3 (60-50 nm slices).  (Bottom) The 
technique can also determine solid phase volume fractions and depict 
distributions and interfaces.  The phases shown are YSZ (green), LSM 
(red) and pore (yellow). 
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predicting physics models.  the top figure is an example 
of digitized data that is incorporated, in this case a 
description of the relative presence of 2PB areas and 
3PB interfacial lengths.  the microstructural information 
permits direct evaluation of local structure, and also 
facilitates inspection of the physical gradients associated 
with the microstructural features.  the bottom image 
describes performance metrics of the cathode that are 
potentially correlated to microstructural features.  here 
the distribution of vacancies throughout the cathode is 
determined.  such parameters can be examined to guide 
cathode improvement efforts, or performance can be 

catalogued in a parametric analysis to determine the 
sensitivity to variations in the operating conditions.  

Information from each of the previously described 
models is required to support development of a model 
that predicts cathode microstructural evolution as a 
function of thermodynamic and kinetic drivers and 
starting microstructure.  Figure 4 shows the temporal 
evolution of cathode microstructure of an arbitrary 
three-phase system consisting of two solid phases and 
a single porous phase.  the left most figure shows the 
evolution of the microstructure from time zero (not 
depicted) to some arbitrary time 1,000 steps away 
from zero.  the middle figure shows the evolution of 
the structure from time step 1,000 to time step 5,000.  
the rightmost figure shows the ‘final’ microstructure 
at some value 20,000 time steps from the beginning of 
the process.  Continued phase coarsening is observed 
throughout the process, even as the total mass and 
volume fraction of each phase is conserved.  Resulting 
structural information at a given time step can be 
returned to the 3-d multi-physics continuum model 
to update the physical performance predictions.  
Information can be passed back and forth between the 
two models as desired.  As the models become more 
mature, degradation processes can be examined to 
discern between steady and cascading processes.  

Conclusions and Future Directions

the cathode modeling effort has provided a 
critical framework to research predicting long-term 
performance and microstructural evolution in the soFC 
cathode.  the research combines information from 
fundamental performance modeling and investigation 
of the cathode microstructure with higher-order multi-
physics models to produce a consistent, informed 
evaluation of the cathode performance.  In particular, 
the oRR mechanism investigation has quantified the 
extent of competition between reaction pathways within 
the cathode.  such information is useful to efforts to 
mitigate cathode degradation as well as investigation 
of methods for enhancing cathode performance.  the 
3-d microstructural reconstructions have produced 

Figure 3.  (Top) Evaluations of the real 3-D microstructure can be 
digitized to quantify the distributions of physical and microstructural 
properties.  (Bottom) The digitized microstructural information is used to 
describe the physical performance on the cathode in a 3-D multi-physics 
model.  Here the vacancy distribution in the LSM phase is shown in 3-D. 

Figure 4.  Depiction of the evolution of microstructure for an arbitrary 
time step given assumptions for the interactions between phases and a 
starting microstructure.
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compelling images which can be probed with advanced 
visualization software to observe previously unattainable 
microstructural details.  leveraging of this information 
informs higher order models with directly measured 
parameters instead of theoretically determined 
parameters, which ultimately enhances the predictive 
accuracy of the models.

the multi-physics models describing performance 
and microstructural evolution of the cathode system 
are rapidly maturing and have generated important 
predictions of cathode operation.  In particular, the 3-d 
dynamic continuum model has shown distributions of 
performance properties and evaluations of the local 
states throughout the cathode.  the core phase field 
model has also been fully constituted and preliminary 
predictions of temporal changes in microstructure have 
been generated.  the model awaits input from other 
basic parameter evaluation efforts to fully describe 
the constituent phases and their interrelationship, but 
will soon predict the evolution of a real lsm cathode 
microstructure for comparison to long term tests.

Future efforts in cathode modeling will focus on 
permutation of the oRR model to extend its applicability 
to other widely used cathode constituent materials such 
as lanthanum strontium cobaltite ferrite.  the model will 
also begin to consider the presence of cathode infiltrate 
materials applied to enhance the cathode performance.  
FIB/sem efforts will focus on resolving the cathode 
to the finest scale possible, without compromising the 
ability to sample large cathode volumes.  the dynamic 
3-d performance model will be tuned to more exactly 
match experimental data and leveraged for a detailed 
parametric analysis of cathode performance.  the 

model will also be updated to account for the impacts 
of cathode infiltrate materials.  the microstructural 
evolution model will be compared to data collected 
in long-term tests and ultimately integrated into a 
computational tool facilitating accelerated prototyping 
of advanced soFC cathodes.
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Fiscal Year (FY) 2011 Objectives

develop and validate multi-physics (mP) modeling •	
tools to simulate solid oxide fuel cell (soFC) stack 
performance.

Utilize computational techniques for the •	
optimization of modular soFC stack and system 
designs with mitigation of performance degradation.

disseminate/transfer modeling tools to solid state •	
energy Conversion Alliance (seCA) industry teams 
and Core technology Program (CtP) members.

FY 2011 Accomplishments

enhanced the Pacific northwest national •	
laboratory (Pnnl)-developed modeling tool 
soFC-mP 2d with significantly improved 
algorithm and software.  A new version of the two-
dimensional (2d) soFC-mP modeling code with 
demonstration models was released along with a 
user manual with demonstration cases.

developed and validated a multi-dimensional •	
distributed electrochemistry (deC) modeling tool 
that includes the electrode microstructures and 
solves the charge transfer, electric potential, and gas 
species distributions within the cell electrodes to 
examine factors affecting cell performance.

developed a constitutive model for cathode contact •	
material to evaluate the sensitivity of contact 
material densification to material type, initial 
parameters, processing history, and geometry.  
densification of the cathode contact layers in a five-
cell stack was simulated followed by predictions of 

the stresses during electrochemical operation and 
after shutdown.

Incorporated process-induced glass seal volume •	
shrinkage on stress predictions of the Pnnl leak 
test set-up in the developed continuum level model 
for self-healing glass seals.

Investigated self-healing mechanisms/driving forces •	
for self-healing glass seal.

demonstrated the effects of mechanical surface •	
modification on life improvement of coated, 
441 stainless-steel interconnect materials.

Introduction 

In order to efficiently develop and optimize planar 
soFC stacks to meet technical performance targets, it 
is desirable to perform numerical experiments on the 
effects of geometry, material properties, operational 
parameters, and thermal-mechanical loading.  the 
computations with representative baseline designs, 
validated by experimental data, have been used to 
develop better understanding of the stack behavior 
while avoiding costly and time-consuming experiments.  
In order to model the coupled physics associated 
with an soFC stack, the simulation tool soFC-mP 
was developed.  this modeling tool combines the 
versatility of a commercial mP code and a validated 
electrochemistry calculation routine to predict the gas 
flow distributions, current distribution, temperature 
field, and power output for stack-level simulations.  
the fundamental building blocks of the modeling and 
simulation tools are electrochemical models, heat and 
mass transfer simulations, computational mechanics, 
and experimental data.

the modeling tools are used to evaluate challenging 
issues anticipated for cell scale up.  A systematic 
methodology was developed for quantifying the thermal 
and electrical performance improvements available 
with pressurized operation.  For soFC cathode 
contact materials and stack development, a sintering 
model was developed to explore/optimize the load 
distribution within the stack as a function of cathode 
contact densification and strength.  the modeling 
tools developed were also used in studying current 
material development and degradation challenges.  the 
mechanical durability of the surface scale present on 
metallic interconnects was evaluated for its ability to 
resist scale growth-induced spallation, and glass sealants 
were evaluated to understand geometry stability and 
structural integrity.

III.G.2  SOFC Modeling and Simulation Tools
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Approach 

the following technical approach has been taken in 
the modeling task to meet program goals:

maintain, enhance, and provide guidance for the •	
integrated modeling tools developed under the 
seCA CtP for evaluating fuel cell stack design 
concepts by the industry teams. 

explore scale up related topics such as enhanced •	
cooling and performance boosting strategies.

Investigate the effects of materials degradation on •	
cell performance and life.

Investigate the effects of cell geometric design, •	
material property distributions, and operating 
conditions on soFC reliability.

Perform material experiments for property data •	
essential to constitutive and numerical model 
development.

Results 

Enhancement and Performance Improvement of 
Modeling Tools

numerical experiments to study the effects of 
geometry, material properties, operational parameters, 
and thermal-mechanical loading on soFC performance 
have long been used to supplement the physical 
experiments used in testing, development, and 
optimization of soFC stacks.  such computations 
with representative baseline designs, validated by 
experimental data, have provided better understanding 
of the stack behavior while reducing the number of these 
costly and time-consuming experiments.  the simulation 
tool soFC-mP (both in two and three dimensions) 
was developed to model the coupled physics associated 
with an soFC stack.  this modeling tool combines the 
versatility of a commercial mP code and a validated 
electrochemistry calculation routine to predict the gas 
flow distributions, current distribution, temperature field, 
and power output for stack-level simulations. 

the Pnnl-developed soFC-mP modeling tool •	
was greatly enhanced during the past year.  the 
focus of the modeling effort has been to increase 
the utility of the models for wider usage within 
the seCA and soFC community by making the 
soFC-mP software completely independent of 
commercial software.  In Fy 2011, a new 2d 
software version was released, a user manual with 
demonstration cases was created, and a parametric 
study of the effects of different design parameters 
on stack temperature uniformity was performed to 
demonstrate the utility of the model.

A Distributed Electrochemistry Modeling Tool for 
Simulating SOFC Performance and Degradation

Improving the durability of the soFC, especially 
when consuming coal gas or alternative fuels such as 
land-fill gas or anaerobic digester gas, is essential to 
making soFCs practical for stationary and distributed 
power generation.  In general, soFC performance and 
durability is adversely affected by reactions that cause 
unwanted changes to the electrode microstructures 
such as grain coarsening, cracking, nickel leaching, 
clogging of pores, and the formation of secondary 
phases and insulating layers.  the deC modeling tool 
is being developed to investigate the electrochemistry 
within the electrodes and electrolyte of the soFC and 
to help quantify the effects of these unwanted reactions.  
the deC model calculates the current-voltage (I-V) 
performance of the cell based on the fuel cell mP and 
characteristics of the electrode microstructure, such 
as particle size, pore size, electrolyte- and electrode-
phase volume fractions, and triple-phase-boundary 
length.  the deC model is able to consider varying 
microstructural properties through the electrodes.  the 
model has been validated with experimental button cell 
data and has been used to consider the changes in fuel 
cell performance with changes in local conditions and 
properties within the electrodes.

In Fy 2011, the deC modeling tool was expanded •	
to include multi-dimensional fuel cell geometries 
and was validated for simulating actual cell 
performance.  the model was validated by 
accurately simulating the I-V performance of 
an experimental button cell that was operated 
on hydrogen fuel with various dilution ratios of 
nitrogen and helium.  the modeled performance 
matched the data well with good replication of peak 
power and limiting current density values.  Work 
on the modeling tool will continue with the focus 
shifting to the development of sub-models describing 
the effects of secondary reactions on the electrode 
microstructures and overall cell performance.

Modeling of Cathode Contact Degradation

Planar soFC stack performance requires reliable 
uniform contact to carry the electrical current between 
the series-connected cells.  on the cathode side, the 
contact layer must survive the oxidizing environment to 
maintain a durable bond between the ceramic electrode 
and the metallic interconnect.  since the contact layer 
may be the final fabrication step completed in situ during 
the stack assembly process, heat treatment temperatures 
are limited when a metallic interconnect is used to 
prevent unacceptable oxide scale growth.  densification 
and other similar material behaviors during stack 
fabrication have not typically been included in thermal-
stress analyses of soFCs, but they do create an initial 
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stress state.  An understanding of these densification 
effects on the load distribution and stresses in the stack 
during assembly is necessary to quantify the mechanical 
reliability of the contact layer.  numerical modeling can 
be used to evaluate these contact layer residual stresses 
in addition to the typical thermal-mechanical stresses at 
the operating temperature.  the results of these modeling 
analyses will help stack designers reduce high stresses 
in the stack so that structural failures are prevented and 
high stack mechanical reliability is achieved to meet 
program technical targets.

In Fy 2011, the three-dimensional (3d) continuum •	
densification model was applied to study contact 
layer behavior for a realistic soFC stack cell 
geometry.  the model results showed that the 
continuum sintering model is suitable for modeling 
densification in stacks and that good densification 
for candidate contact materials (lanthanum 
strontium manganite with 3 mol% Cuo and 
BaCuo2, lanthanum strontium cobalt ferrite with 
3 mol% Cuo, and lanthanum nickel ferrite with 
3 mol% Bi2o3) is possible for temperatures less 
than 1,000°C when sintering aids are used.  smaller 
initial grain size was beneficial for improving the 
final cathode contact density in the stack, but the 
densification of the layer was non-uniform due to 
the stiffness of the cell design.

Computational Investigation of Performance of 
Self-Healing Glass Seals used in SOFC Stacks

A self-healing glass seal has the potential of 
restoring its mechanical properties upon reheating to 
soFC stack operating temperature, even when it has 

experienced some cooling induced damage/cracking 
at room temperature.  such a self-healing feature is 
desirable for achieving high-seal reliability during 
thermal cycling.  on the other hand, self-healing glass 
is also characterized by its low mechanical stiffness and 
high creep rate at the typical operating temperature of 
soFCs.  therefore, geometry stability and structural 
integrity of the glass seal system becomes critical to 
its successful application in soFCs.  It is crucial to be 
able to predict the effects of sealing system design and 
their structural stability under long term stack operating 
conditions, and to guide the design and optimization of 
a sealing system with a self-healing glass and appropriate 
containment mechanisms to achieve the ultimate goal of 
soFC seal development.  

In Fy 2011, a stack model was developed based •	
on the Pnnl leakage test for compliant glass 
seals.  the material model incorporated volumetric 
changes of glass during processing.  the effect 
of glass volume shrinkage during sintering and 
interfacial conditions was evaluated.  the model 
predicted the outflow pattern for pure glass seal with 
different initial glass height (volume) in the leak test 
setup.  the results indicated that more glass prior 
to sintering (~2.5X of stopper height), will allow 
the glass to fully fill the gaps between the ceramic 
stoppers and the positive electrode-electrolyte-
negative electrode structure (Figure 1), providing 
a better integrated sealing system.  In addition, 
emphasis was placed in quantifying the self-healing 
behaviors of the sCn-1 self-healing glass to better 
understand the driving force mechanisms for 
self-healing and the critical conditions which self-
healing will occur.

Figure 1.  Comparison of the predicted results of the glass sealant during sintering where different initial glass heights, 
1.5X (case 1) and 2.5X (case 2) of the height of the stoppers, was used before sintering.
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Modeling for Interconnect Life Prediction

the interfacial strength between the oxide scale 
and the substrate is crucial to the reliability and 
durability of the metallic interconnect (IC) in soFC 
operating environments.  An integrated experimental/
analytical methodology for quantifying the interfacial 
strength between the oxide scale and the different 
metallic interconnect candidates has been developed; 
therefore being able to predict the life of IC candidate 
materials under typical soFC operating conditions.  
this integrated approach can also be used to quantify 
the effects of different surface finishes, coating layer 
thicknesses as well as different coating materials such 
that an optimized coating thickness as well as surface 
condition for the IC candidates can be developed to 
satisfy seCA life requirements. 

In Fy 2011, investigations continued on improving •	
spallation resistance and reducing the spallation 
driving force.  It was found that the spallation 
resistance can be improved by increasing the 
interfacial strength between the oxide scale and 
substrate and the spallation driving force can be 
reduced through cooling profile optimization and by 
reducing the interconnect substrate thickness.  new 
experimental methodologies are being investigated 
to quantify the interfacial strength of varying surface 
modified specimens, hence, to predict life of these 
specimens.

Conclusions and Future Directions

during Fy 2011, the modeling tools were improved 
and expanded with additional capabilities developed to 
address scale up, strength, and durability issues.  Future 
modeling activities will continue to focus on these issues 
together with work on reliability, degradation, time-
dependent response:   

Continue to enhance and maintain the modeling •	
tools to meet the needs of the seCA program.  
Continue to promote the usage of the tools by the 
industry and academic teams.

Add functionality to 2d soFC-mP for user •	
definition and control of state variables to 
simulate pseudo-transient degradation processes 
or provide structure for multi-scale coupling with 
electrochemistry models. 

Implement the flexible framework for 3d •	
soFC-mP analyses to eliminate reliance on a 
single commercial third party software and test and 
validate the enhanced 3d model by benchmarking 
the results with the cases used for validation of the 
existing 2d model.

Continue to add improved material models and •	
numerical procedures to the modeling tools for 
simulation of time-dependent mechanical response 
and reliability.

Continue to develop the deC modeling tool to •	
investigate degradation mechanisms that result 
in damage to the electrodes and electrochemical 
performance decay.

Continue to support development of a robust test •	
cell design.

Perform additional experimental testing to •	
characterize the densification behaviors of a selected 
contact material for different initial grain sizes, 
initial densities, sintering temperatures, and applied 
stress levels.  this will better provide the required 
parameter inputs for the constitutive contact model.

develop temperature dependent constitutive •	
model for self-healing glass incorporating aging/
crystallization.

Use modeling tools to examine varying engineering •	
seal design concepts with glass/stopper sealing 
systems in a multi-cell stack.

Continue modeling work on ferritic stainless steel •	
interconnects to meet seCA target on stack life.
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“distributed electrochemistry modeling tool for 
Investigating solid oxide Fuel Cell Performance,”  
Journal of Power Sources, 2011 (submitted).

2.  K. lai, B.J. Koeppel, K. Choi, K. Recknagle, X. sun, and 
m. Khaleel, “A Quasi-two-dimensional electrochemistry 
modeling tool for Planar solid oxide Fuel Cell stacks,” 
Journal of Power Sources 196(6):3204-3222, 2011.

3.  W. liu, X. sun, e. stephens, and m. Khaleel, “effect of 
substrate thickness on oxide scale spallation for solid 
oxide Fuel Cells,” Corrosion Science 53:2406-2412, 2011.
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Fiscal Year (FY) 2011 Objectives 

Use numerical modeling to evaluate the sensitivity •	
of contact material densification to material type, 
initial parameters, processing history, and geometry.

simulate densification of contact material layers in a •	
large area multi-cell stack.

evaluate the effect of densification on the stack •	
stresses and load path at operating and shutdown 
conditions.

evaluate the effect of initial grain size, stack •	
mechanical preload and thermal expansion 
coefficient on the densification behavior.  

FY 2011 Accomplishments 

obtained constitutive model parameters for •	
lanthanum strontium manganite (lsm), lanthanum 
nickel ferrite (lnF), and lanthanum strontium 
cobalt ferrite (lsCF)-based contact materials with 
various sintering aids.

simulated densification of the cathode contact •	
layers in a five-cell stack followed by predictions of 
the stresses during electrochemical operation and 
after shutdown.

evaluated the effects of initial grain size, stack •	
mechanical preload and thermal expansion 
coefficient on final predicted density and stresses in 
the stack components.

Achieved maximum relative density of 72% for •	
the baseline stack, but the relative density was not 
uniform across the cell due to its geometry and 
stiffness.

Contact layer stresses were generally lower than the •	
estimated allowable material strength after sintering 
and during operation, but large regions exceeded 
the allowable strength after shutdown to room 
temperature.

Reduced initial grain size was the most beneficial •	
modification to increase densification, but out-
of-plane tensile stresses in the cell and seals also 
increased.

Introduction 

Planar solid oxide fuel cell (soFC) stack 
performance requires reliable uniform contact to carry 
the electrical current between the series-connected 
cells.  on the cathode side, the contact layer must 
survive the oxidizing environment to maintain a durable 
bond between the ceramic electrode and the metallic 
interconnect.  stable, but expensive, noble metals have 
been used for contact materials; hence, less expensive 
alternatives are being investigated including ceramics 
with additions to aid low temperature sintering.  since 
the contact layer may be the final fabrication step 
completed in situ during the stack assembly process, 
heat treatment temperatures are limited when a metallic 
interconnect is used to prevent unacceptable oxide scale 
growth.  Ceramic contact materials are desirable due 
to compatibility with the cathode and good oxidation 
resistance, but densification is generally poor at the 
expected heat treatment range (<1,000°C) which results 
in very low mechanical strength.  densification also 
results in volumetric changes that create additional 
residual stresses in the stack.  densification and other 
similar material behaviors during stack fabrication 
have not typically been included in thermal stress 
analyses of soFCs, but they do create an initial stress 
state.  An understanding of these densification effects 
on the load distribution and stresses in the stack during 
assembly is necessary to quantify the mechanical 
reliability of the contact layer.  Furthermore, if the 
structural ability of the contact layer can be improved 
sufficiently to carry and distribute the thermal mismatch 
loads between the cell and interconnect, mechanical 
reliability of the entire cell and seal layers may also be 
improved.  numerical modeling can be used to evaluate 
these contact layer residual stresses in addition to the 
typical thermal-mechanical stresses at the operating 
temperature.  the results of these modeling analyses 
will help stack designers reduce high stresses in the 
stack so that structural failures are prevented and high 
stack mechanical reliability is achieved to meet program 
technical targets.

III.G.3  Optimization of Stack Load Path and Contact Materials
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Approach 

the technical approach taken for this study was 
to develop the necessary model enhancements for 
densification analyses and to transfer them to Pacific 
northwest national laboratory’s existing soFC 
modeling tool set.  to capture the mechanical effects of 
contact material densification, the continuum viscous 
sintering model [1] was selected to simulate volumetric 
material changes due to densification in the three-
dimensional (3d) stack modeling framework.  this 
phenomenological constitutive model is a general 
nonlinear-viscous continuum model based on plastic 
deformation of porous materials.  the model computes 
the inelastic strain rates as a function of grain size, 
relative density, mechanical properties, stress, and 
temperature.  the model can capture the enhanced 
sintering behavior that occurs under applied stress 
and the influence of the mechanical constraint by the 
material layers being joined. 

the constitutive model was implemented in the 
msC mARC general purpose finite element analysis 
code through user-defined subroutines.  A five-cell, 
25×25 cm, planar cell stack was created and used as the 
baseline model geometry for the numerical evaluations 
(Figure 1).  the model used a ribbed interconnect 
where a 400 µm thick contact material layer was placed 
between the ribs and cathode.  the material parameters 
required for the constitutive model were obtained from 
screening experiments of candidate contact materials 
being investigated under the companion materials 
development effort.  the cathode contact material 
assumed for the stack simulations was lsCF with 
3 mol% Cuo added as a sintering aid.  the baseline case 
also assumed an initial grain size of 0.4 µm, an initial 
density of 51%, and a two-hour heat treatment at 930°C.  
After the heat treatment, the operating temperature 
distribution was imposed.  this predicted temperature 
distribution was obtained assuming a 97% h2 fuel, 
400 mA/cm2 current density, 80% fuel utilization, 12% 
air utilization, 700°C furnace temperature, and 700°C 
fuel/oxidant inlet temperature.  these conditions 
predicted a thermal field where the temperatures 
varied from 703°C to 823°C across the stack.  the 
model then reduced the stack temperature to 25°C 
room temperature to simulate system shutdown.  this 
baseline model was then exercised in parametric studies 
to evaluate the resulting densification and component 
stresses due to different grain sizes (0.1-1.0 µm), 
mechanical preload applied to the stack (0.2-2.0 mPa), 
and thermal expansion coefficient for the contact 
material (95-105% of the nominal value).  mechanical 
testing of the selected contact material has not been 
performed, so an allowable tensile strength of 15 mPa 
was assumed for the contact layer based on prior testing 
of similar materials.

Results 

Contact Material Selection

the contact material development effort used 
dilatometric testing under a constant heating rate 
to screen candidate materials.  the strain data from 
this simple test was used to estimate key parameters 
of the densification model for different materials.  
the densification model was then used to evaluate 
the free sintering response of the materials.  the 
predicted relative densities for lsm with 3 mol% 
Cuo and BaCuo2, lsCF with 3 mol% Cuo, and lnF 
with 3 mol% Bi2o3 after freely sintering at various 
temperatures for a two hour heat treatment are 
shown in Figure 2.  the materials generally could not 
achieve full density in this temperature range.  the 
lsm-based material showed the highest densification 
above 925°C, but it exhibited the lowest densification 
below 875°C.  the lsCF-based material exhibited the 
highest densification up to 925°C.  the heat treatment 
temperature range for devitrification of glass-ceramic 
sealants is estimated to be in the 800-950°C range.  
therefore, the lsCF-based material was chosen for the 
baseline stack simulations such that a combined heat 

Figure 1.  Symmetric Half-Cell Geometry of the 5-Cell, 25×25 cm, 
Stack and the Corresponding Contact Material Locations
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treatment for formation of both the seal and contact 
layer may be possible.

Stack Results

the final relative density of the contact layer for 
the baseline case is shown in Figure 3.  the maximum 
relative density was only 72% and occurred at the 
center of the cell.  the relative density varied greatly 
with the smallest relative density of 52% near the 
corners of the cell.  the center of the cell is more 
flexible to accommodate the volumetric shrinkage of 
the contact layer, while little densification occurred at 
the cell corners due to the stiff support frame which 
prevented out-of-plane displacement.  this developed 
tensile stresses in the contact layer which halted further 
densification.  therefore, the overall stack design will 
be vitally important to ensure the formation of strong 
contact across the entire cell.  only small variations in 
relative density were observed between the various cells 
in the stack.

Assuming that the tensile allowable strength of the 
contact material is 15 mPa, the contact stresses after 
sintering were acceptable with only small regions at the 
end of the ribs exceeding the allowable (Figure 4).  the 
operating temperature distribution was then applied to 
simulate the thermal expansion effects of the cell.  the 
stresses were still acceptable along most of the rib, but 
the high stress at the ends of the rib increased slightly 
(Figure 5).  this could result in local delamination of the 
contact layer, but the stack would still be expected to 
electrochemically operate reasonably well with only the 

small contact loss here.  Upon shutdown, large regions 
of the contact layer exceeded the allowable stress.  this 
would most likely result in significant performance 
degradation and the stack would not be able to acceptably 
tolerate planned or unplanned thermal cycling.  

Figure 2.  Predicted Final Relative Density as a Function of Sintering 
Temperature for LSM with 3 mol% CuO+BaCuO2, LNF with 3 mol% 
Bi2O3, and LSCF with 3 mol% CuO after 2-Hour Heat Treatment

Figure 3.  Contour of the Final Relative Density for the LSCF-Based 
Contact Layer after 2-Hour Heat Treatment at 930°C

Figure 4.  Contour of the Contact Layer Tensile Stresses (blue is below 
the allowable tensile stress)

Figure 5.  Profile of the Maximum Principal Stress in the Contact Layer 
along an Interconnect Rib
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Effect of Initial Grain Size

smaller grain sizes have higher curvatures which 
increase the driving force to reduce surface energy and 
increase the sintering rate.  the effect of initial grain size 
on the final density in the stack was evaluated.  With the 
smallest 0.1 µm grain size, the maximum relative density 
at the center of the cell was increased considerably 
up to 98%.  the density variation across the cells was 
improved slightly, but corner densities still remained at 
only 60%.  the maximum density with the larger 1.0 µm 
grain size was only 59% showing very little densification.

the improved densification with smaller grain sizes 
generally did not affect the contact layer stresses.  For a 
grain size of 0.2 µm, the operating temperature stresses 
were very similar and shutdown stresses were only 
slightly higher.  For a grain size of 0.1 µm, much larger 
regions of the contact layer exceeded the allowable 
stress at both operation and shutdown.  the enhanced 
densification also created higher peak stresses in the 
cell at operation and shutdown as well as in the cell seal 
at shutdown (Figure 6).  the cell designer may want to 
avoid the rapid increase in stress near full densification.

Effect of Stack Mechanical Preload

the sintering rate can be increased by application 
of a remote compressive stress that supplements the 
inherent sintering stress.  Preload values of 2X and 
10X the nominal value of 0.2 mPa were applied to the 
baseline stack model.  the maximum density increased 
only slightly to 74% and 82%, respectively.  the preload 
must be on the order of the inherent sintering stress, 
which is around 2 mPa for this example, to have a 

significant effect.  such high preloads will be very 
difficult to apply uniformly on actual large area stacks.  
therefore, the stack preload primarily serves to ensure 
that the planar layers remain in contact while sintering 
rather than increasing the actual rate of densification.

Effect of Thermal Expansion Coefficient

the thermal expansion coefficient (teC) is usually 
matched between the various layers in the cell to avoid 
mismatches of thermal strain.  the effect of different 
thermal expansion on the contact layer formation 
was evaluated.  For contact material with teC values 
of 95-105% of the nominal value, there was little 
influence on the maximum densification achieved or the 
stresses at the operating temperature due to the small 
temperature difference from the stress-free condition.  
Upon shutdown, the stresses in the contact layer were 
improved somewhat for the lower teC values.  the 
contact layer does not shrink as much upon shutdown, 
thereby, inducing more compression to reduce the high 
tensile stresses.  therefore, material modifications to 
manipulate the contact layer teC could be possible to 
improve stresses for a particular design.

Conclusions and Future Directions

during this year, the 3d continuum densification 
model was applied to study contact layer behavior for 
a realistic soFC stack geometry.  the model results 
showed that:

the continuum sintering model is suitable for •	
modeling densification in stacks.

Good densification of candidate contact materials •	
is possible for temperatures less than 1,000°C if 
sintering aids are used.

densification of the contact layer was less than •	
100% for the proposed heat treatment, and 
significant density variations were predicted due to 
the stiffness of the cell support frame.

Contact layer stresses above the estimated allowable •	
strength occurred only at the rib ends during stack 
operation, but larger regions of high stress occurred 
after shutdown.

Reduced initial grain size increased the densification •	
rate without significant impact on contact layer 
stresses at operation and shutdown, but cell and seal 
peak stresses increased.

mechanical preload applied to the stack was •	
too high before it significantly improved the 
densification rate.

smaller teC values for the contact layer slightly •	
improved stresses at shutdown. 

the design of the contact layer depends strongly 
on the material properties as well as the stack design.  

Figure 6.  Effect of Densification on the Maximum Tensile Stresses in 
the Cell and Cell Seal



Brian J. KoeppelIII.G  SECA Core Research & Development / Modeling and Simulation

206Office of Fossil Energy Fuel Cell Program FY 2011 Annual Report

Additional experimental testing should be done to well 
characterize the densification behaviors of a selected 
contact material for different initial grain sizes, initial 
densities, sintering temperatures, and applied stress 
levels.  this will better provide the required parameter 
inputs for the constitutive model than the initial 
screening tests.  Further testing of the resulting strength 
at high and low temperatures is also required to better 
evaluate reliability of the contact layer for operation and 
thermal cycling conditions.  then additional modeling 
can be done to provide better guidelines for formation of 
reliable contact layers. 

FY 2011 Publications/Presentations 

1.  B.J. Koeppel, W. liu, e.V. stephens, and m.A. Khaleel, 
“numerical modeling of Cathode Contact material 
densification,” 35th International Conference and 
exposition on Advanced Ceramics and Composites, 
daytona Beach, Florida, January 23–28, 2011. 

References 

1.  e.U. olevsky, “theory of sintering: From discrete to 
Continuum,” Materials Science and Engineering r23, 
41-100 (1998).
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Fiscal Year (FY) 2011 Objectives 

develop, validate, and distribute the multi-physics •	
modeling tool soFC-mP to simulate solid oxide fuel 
cell (soFC) stack performance.

demonstrate usage of the two-dimensional •	
(2d) soFC-mP modeling tool and provide user 
documentation.

establish a flexible framework for the soFC-mP •	
code using open source software tools that 
eliminates the existing need for expensive third party 
commercial software.

support industry teams usage of the soFC-mP tool •	
for soFC development.

FY 2011 Accomplishments 

Released a new version of the 2d soFC-mP •	
modeling code with demonstration models.

Created a user manual for 2d soFC-mP with •	
demonstration cases.

Performed parametric studies using 2d soFC-mP •	
to evaluate different approaches for minimizing 
thermal gradients in tall stacks.   

Created a roadmap to develop an improved •	
framework for the three-dimensional (3d) 
soFC-mP including a new pre-processing graphical 
user interface (GUI), translators to interface with 
common finite element analysis (FeA) solvers, and a 
post-processing viewer using ParaView.

Continued to promote and support the use of •	
soFC-mP and mentat-FC software packages with 
solid state energy Conversion Alliance (seCA) 
industry teams and Core technology Program 

(CtP) members for modeling and development of 
soFC stacks. 

Introduction 

numerical experiments to study the effects of 
geometry, material properties, operational parameters, 
and thermal-mechanical loading on soFC performance 
have long been used to supplement the physical 
experiments used in testing, development, and 
optimization of soFC stacks.  such computations 
with representative baseline designs, validated by 
experimental data, have provided better understanding 
of the stack behavior while reducing the number 
of these costly and time-consuming experiments.  
the simulation tool soFC-mP was developed to 
model the coupled physics associated with an soFC 
stack.  this modeling tool combines the versatility 
of a commercial multi-physics code and a validated 
electrochemistry calculation routine to predict the gas 
flow distributions, current distribution, temperature 
field, and power output for stack-level simulations.  
the fundamental building blocks of the modeling and 
simulation tools are electrochemical models, heat and 
mass transfer simulations, structural mechanics, and 
experimental data.  the tool is available both as a 2d 
version which is used to rapidly predict performance 
of tall symmetric stacks and as a 3d version to predict 
performance of fully-detailed realistic cell and stack 
geometries.  the tool can be used standalone for stack 
engineering analysis to study operating conditions and 
the effects on power output, utilizations, temperatures, 
and temperature gradients.  the 3d tool can also be 
coupled with a commercial FeA code such as msC 
mARC to evaluate structural integrity based on thermal-
mechanical stresses from the predicted temperature field.

Approach 

In the past year, the focus of the modeling effort 
has been to increase the utility of the models for wider 
usage within the seCA and soFC community.  A 
primary restriction to use is the current close integration 
with msC mARC finite element software and the msC 
mentat pre/post-processing GUI.  end users must obtain 
and license these commercial software packages to use 
the 3d soFC-mP version.  this is not desirable due 
not only to cost but also the reality that the modelers 
for a team usually have a preferred alternate modeling 
platform.  therefore, making the soFC-mP software 
completely independent of the commercial software 

III.G.4  SOFC Multi-Physics (SOFC-MP) Modeling and Simulation Tools
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used will make it fully distributable for wider usage.  the 
different tasks pursued over the last year to achieve this 
goal include the following:

1. develop a post-processor for 2d Sofc-mp.  the 
2d model allows the user to quickly simulate many 
different cases.  A spreadsheet currently using excel 
(not freely distributable but very common) is used 
to automatically import the model results for instant 
visualization of the important performance metrics 
and distributions.  this helps to make the software 
easier to use for new users.

2. document the 2d Sofc-mp.  Use of the keyword 
driven 2d version requires some knowledge of 
the input file format and parameter names.  A 
user manual to guide the user in how to install the 
software, build a model input file, run the solution, 
and evaluate the results will be very beneficial.  the 
documentation provides full description of these 
tasks and includes several demonstration cases as 
tutorials.  

3. demonstrate the utility of 2d Sofc-mp.  the 
utility of the code is demonstrated through 
parametric studies and documented in a conference 
paper.

4. develop a new framework for 3d Sofc-mp.  
A new solution procedure for soFC-mP which 
doesn’t rely on the commercial mARC finite 
element code will be developed.  

5. continue to improve the Sofc-mp packages.  
Continual improvements on capability and usability 
will be pursued to make the code more useful.

6. Aid the industry teams.  maintain, enhance, and 
provide guidance for the integrated modeling tools 
developed under the seCA CtP for evaluating fuel 
cell stack design concepts by the industry teams. 

Results 

User Manual for 2D SOFC-MP Published

to aid the fuel cell designers and modelers, a user 
manual for the 2d soFC-mP version was created.  the 
manual contains all of the practical knowledge required 
to use the code.  It includes:

Installation and setup instructions for Windows-•	
based and linux-based machines.

overview of the data required for model •	
pre-processing.

Full descriptions of the keywords for model input.•	

the procedure for job submission and solution •	
monitoring.

Instructions for use of the post-processing •	
spreadsheet.

description of several benchmark and •	
demonstration cases with results.

demonstration of the code usage for a parametric •	
study. 

By working through this manual, users should be 
proficient in running their own analysis jobs using 2d 
soFC-mP.

Official Release Compact Disc (CD) for 2D 
SOFC-MP Tool Created

“soFC-mP 2d: modeling tool for solid oxide Fuel 
Cell stacks” official release Cd is made available for 
all seCA participants or other interested parties.  the 
Cd includes installation files for the executable and 
necessary library files, other utilities, example models, 
and user documentation which includes the “User 
manual for 2d soFC-mP” mentioned above.

2D SOFC-MP Used to Evaluate Stack Thermal 
Fields

the 2d soFC-mP model was used to evaluate the 
effect of different modifications to stack geometry or 
operation on stack temperature uniformity.  the baseline 
model for the examples consisted of a 96-cell stack, 
625 cm2 active area, wet h2 fuel, 65% fuel utilization, 
15% air utilization, 0.5 A/cm2 average current density, 
and 750°C furnace environment.  the effect of  different 
flow orientation, fuel composition, methane reforming 
rate, fuel exhaust recycling percentage, cell aspect ratio, 
interconnect thickness, and heat spreader plates was 
investigated.  the influence of these parameters on 
the stack maximum temperature, stack temperature 
difference, and cell temperature difference was tabulated.  
For example, the results for the co- and counter-flow 
baseline cases with h2 and Ch4 fuels are shown in 
Figure 1.  Generally, the co-flow geometry and the fuel 
composition with Ch4 exhibited lower temperature 
differences.  In Figure 2, the results of varying the 
interconnect thickness from 0.5-1.5 mm are shown.  
the maximum stack temperature, stack temperature 
difference, and cell temperature difference all decreased 
nearly linearly with increased interconnect thickness.  the 
greater thickness provides larger heat conduction across 
the planar cell which tends to smooth the temperature 
profile.  the importance of the interconnect on the 
thermal field and its role in stack thermal management is 
thereby demonstrated.  the full results of these parametric 
studies were documented in a conference paper.

Flexible Framework for 3D SOFC-MP Initiated

the existing 3d soFC-mP software package 
is tightly integrated with the msC mARC general 
purpose FeA code and its pre/post-processing GUI 
called mentat-FC.  While this tool fully integrates the 
model creation, electrochemical solution, thermal-
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mechanical solution, and results visualization, it is 
inherently tied to usage with the mARC code.  this 
often makes it less attractive to customers who have a 
different preferred finite element code for their structural 
modeling.  to make the core soFC-mP multi-physics 
solver more accessible to the industry teams, a plan 
was made for transitioning the multi-physics solver to 
a general framework which does not rely on additional 
commercial software and licensing costs.

A new framework was proposed as shown in 
Figure 3.  similar to the existing procedure, the analysis 

would be driven by a single GUI that operates the 
pre-processing, solution, and post-processing phases of 
an analysis.  the pre-processing phase would initially 
consist of updated mesh translators that read the node 
and element data for the cell component geometry 
from the user-defined mesh.  the GUI would then lead 
the user through model creation to define material 
properties, boundary conditions, operating conditions, 
etc.  the completed model would then be submitted 
to soFC-mP for the solution of the flow-thermal-
electrochemical solution.  the GUI would also create 
the model for the thermal-structural solution, which 

Figure 2.  Effect of Interconnect Thickness on Temperature Uniformity 
of a Tall Stack

M
ax

im
um

 T
em

pe
ra

tu
re

 (C
) Tem

perature D
ifference (C

)
855

850

845

840

835

Stack Maximum

Stack Difference

Maximum Cell Difference

0.0                                  1.0                                    2.0

Interconnect Thickness (mm)

145

140

135

130

125

120

115

110

105

Figure 1.  Effect of Flow Orientation and Fuel Type on Temperature 
Uniformity of a Tall Stack
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would then be output in the required format for the 
finite element code being used by the designer (e.g., 
mARC, Ansys, ABAQUs, etc.).  Upon completion of 
the thermal field calculation, the structural job would 
be submitted.  Upon job completion, results from both 
solutions will be output and formatted for visualization.  
the visualization controller would guide the user in 
reviewing all of the relevant results within an open-
source viewer such as ParaView.  the benefit of this 
new arrangement is that it is more flexible for the cell 
designers to use the finite element software tools that 
they are already familiar with.   

Conclusions and Future Directions

during Fy 2011, the 2d soFC-mP modeling tool 
was greatly improved and made more accessible for use 
of the industry teams:

A new software version was released.•	

A user manual with demonstration cases was created.•	

A parametric study of the effects of different design •	
parameters on stack temperature uniformity was 
performed to demonstrate the utility of the model.  

Future modeling activities will continue to focus on 
computational improvements, capability enhancements, 
and model validation.  the specific tasks are listed as 
follows:

Implement the flexible framework for 3d •	
soFC-mP analyses to eliminate reliance on a single 
commercial third party software.

test and validate the enhanced 3d model by •	
benchmarking the results with the cases used for 
validation of the existing 2d model.

Continue to improve the soFC-mP modeling •	
tool to meet the needs of the seCA program 
and continue to promote the usage of the tool by 
industry and academic teams.

FY 2011 Selected Publications/Presentations 
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Fiscal Year (FY) 2011 Objectives 

develop a multi-dimensional cell-level distributed •	
electrochemistry (deC) modeling tool that can 
simulate solid oxide fuel cell (soFC) performance 
by solving the coupled and spatially varying multi-
physics that occur within the membrane electrode 
assembly (meA).

extend the deC modeling tools to include •	
the capability to simulate graded electrode 
microstructures.

Validate the model for an soFC operating on •	
various fuel gas compositions.

Investigate the effect of electrode microstructure on •	
the electrochemical performance.

FY 2011 Accomplishments 

developed a continuum cell-level deC model that •	
describes the electrode microstructure and solves 
the distributed electrochemistry through the meA in 
multiple dimensions.

Validated the deC modeling tool by simulating an •	
experimental button cell for a range of operating 
conditions.

Performed an optimization exercise based on anode •	
microstructure to demonstrate the deC model 
capabilities and its sensitivity to structural changes.

Introduction 

the soFC is an excellent candidate for stationary 
and distributed power generation due to the high 
power density and flexibility to run on coal gas and 
alternative fuel sources such as landfill gas and pipeline 
natural gas.  to be viable for this application the cost 
per kW and cell longevity of soFCs must be further 
improved.  experimental efforts are ongoing to improve 
the initial performance and durability of soFCs 
through the use of novel materials and microstructural 
designs.  experimental design and testing of soFCs is 
a complex, time consuming process.  Computational 
modeling, which is able to simulate the multi-physics 
occurring within a soFC, can be used to inform and 
guide experimental efforts and help to reduce the 
amount of experimental testing necessary for new 
designs and materials.  the distributed electrochemistry 
model, which has been developed under this work, is 
capable of investigating the electrochemistry and local 
conditions with the soFC meA based on the local 
microstructure and multi-physics.  the deC model can 
calculate the global current-voltage (I-V) performance 
of the cell as determined by the spatially varying local 
conditions through the thickness of the electrodes and 
electrolyte.  the simulation tool is able to investigate the 
electrochemical performance based on characteristics 
of the electrode microstructure, such as particle size, 
pore size, electrolyte and electrode phase volume 
fractions, and triple phase boundary (tPB) length.  It 
can also investigate performance as affected by fuel and 
oxidant gas flow distributions and other environmental/
experimental conditions such as temperature and 
fuel gas composition.  the long-term objective for 
the deC modeling tool is to investigate factors that 
cause electrode degradation and the decay of soFC 
performance which decrease longevity.

Approach 

the deC model is a three-dimensional multi-
physics model which solves for the reactive transport 
of gas species, ion transport, current density and 
electric potential.  the model is based on a commercial 
computational fluid dynamics code (stAR-Cd) and 
employs a user-defined module to solve the distributed 
electrochemistry and provide source terms for the 
gas species and electric potential.  In the anode and 
cathode, the charge transfer is solved using a modified 
Butler-Volmer formulation which is based on the rate 

III.G.5  A Distributed Electrochemistry Modeling Tool for Simulating SOFC 
Performance and Degradation
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limiting step for the electrochemical reactions within 
each electrode [1].  the deC model includes all three 
phases of the composite electrodes (gas, electrolyte 
phase, electrode phase), and the tPBs throughout the 
full thickness of the electrodes.  this allows the model to 
solve for the electrochemistry throughout the electrodes 
without defining a set reactive zone; the coupled 
multi-physics solution, not a specific layer dimension, 
determines the extent of the reactions into the 
electrodes.  the deC model can also handle spatially 
varying microstructural properties and compositions 
within the electrodes.  For example, the model allows for 
electrode layers with unique structural properties, such 
as porosity or particle size.  

In the work presented here, the composite 
anode electrode phase material is nickel (ni) and the 
electrolyte phase material is yttria-stabilized zirconia 
(ysZ).  the electrolyte layer is comprised of fully dense 
ysZ.  In the composite cathode, the electrode phase 
material is strontium-doped lanthanum manganese oxide 
(lsm) and the electrolyte phase is ysZ.  

A schematic of the computational domain used for 
the simulation results presented in this report is given 
in Figure 1.  the model geometry represents the test 
section of a button cell testing apparatus [3].  A two-
dimensional axisymmetric model geometry was created 
to represent the test section (see dashed line in Figure 1).  

the model domain includes the fuel flow region from 
the fuel feed tube to the anode, and the air flow region 
above the cathode surface.  Within the meA, the anode 
is separated into two layers with separate property 
definitions to investigate the performance of a graded 
anode.  the base layer is 17 microns thick, and the 
support layer makes up the remaining 1,100 μm of the 
anode thickness.

Results 

Model Validation

Jiang and Virkar [3] performed tests to examine 
the relationship between soFC performance and gas 
transport in porous anodes.  to validate the deC model, 
simulations were performed to replicate the h2-he and 
h2-n2 cases over the full range of dilution ratios they 
tested.  the structural parameters used in the deC model 
for all validation cases are summarized in table 1.  For 
the calculations the deC model settings were made such 
that the performance matched at one experimental fuel 
composition.  All other simulations were made with no 
changes to the model except for the fuel compositions 
and operating voltages.  Without including all the details 
of these validation cases, which are part of the subject 
of a journal article submitted for publication [4], the 
simulation results for the n2-h2 cases from that work are 

Table 1.  Structural Parameters Used for All Validation Cases

Thickness, 
micron

Volume fraction Particle radius, micron Pore radius, 
micron

Tortuosity 
factor

YSZ Pores Ni/lSM YSZ Ni/lSM

Anode 1,100 0.274 0.35 0.376 0.5 0.5 0.5/0.8 2.5

Electrolyte 10 1.0 0.0 0.0 - - - -

Cathode 30 0.315 0.35 0.335 0.5 0.5 0.5 2.5

Figure 1.  Schematic View of the Experimental Testing Section and Computational Domain Used for the DEC 
Model Simulation Results
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plotted in Figure 2.  In the figure, the symbols represent 
the experimental data and the modeled performance is 
shown by the solid and dashed curves.  the performance 
predicted by the deC model matched the data very 
well for operating voltages up to about 0.9 V for all n2 
dilutions.  the maximum difference between predicted 
and experimental peak power was 12%, and the 
maximum difference between predicted and measured 
limiting current density was 11% including all n2 dilution 
cases.  Results of the validation test cases indicate that the 
deC model accurately predicts the gas diffusion effects 
of the anode-supported soFC.  the accuracy of the deC 
model predictions over the range of fuel compositions 
considered suggests the deC modeling tool is suitable for 
calculating peak power and current density for operating 
voltages up to ~0.9 V for simple fueling cases. 

Anode Optimization Exercise

the deC model can be used to consider the 
structural and compositional design of the electrodes.  
to demonstrate this capability, an optimization study 
was performed in the anode.  the optimization study 
used five separate steps to systematically increase the 
performance of the anode.  For the optimization case 
the 50% n2 validation case (operating at 0.8 V and 
800°C) was used as the baseline of performance (step 1) 
and anode modifications are made cumulatively to 
improve the performance.  the first optimization step 
(step 2) is to decrease the thickness of the anode by 
50% from 1,100 µm to 550 µm.  Figure 3 shows the 
resulting I-V performance of the “thin” 550 µm anode 
case (gray curves) compared to the “50% n2” case 
(black curves) and the experimental data (symbols) for 
that case are included in the figure for reference.  After 
step 2, the current density increased at 0.8 V from 
0.862 to 0.914 A/cm2 and the gas diffusion limitations 
of the thicker anode have been substantially decreased 
as indicated by the limiting current density, which 

increased from about 2.4 to 3.5 A/cm2.  of note also 
is the substantially increased peak power due to the 
thinner anode.  

step 3 of the optimization enhances the 
performance (of the 550 µm anode case) by increasing 
the average pore radius and porosity in the anode 
support layer to further decrease gas transport 
limitations within the anode.  Assuming the optimal 
particle size and associated pore size in the base layer 
will be small to maximize the tPB length, the pore 
size is increased only in the support layer, from 0.8 µm 
to 2.0 µm.  Also, the porosity in the support layer is 
increased from 0.35 to 0.45.  these changes applied 
to the support layer increased the current density to 
0.935 at 0.8 V.

In step 4, the ionic conductivity in the anode base 
layer is increased by 90%.  this is done by increasing 
the ysZ fraction (from 0.274 to 0.35).  the porosity 
within the base layer was simultaneously decreased 
from 0.35 to 0.30 such that the ni fraction could remain 
relatively high at 0.35 equal to the ysZ fraction.  the 
additional result of these changes in the fractions of 
the three phases was an increase of 23% in tPB length.  
the increased ionic conductivity and tPB result in a 
considerable increase of the current density at 0.8 Volts 
to a value of 1.162 A/cm2. 

step 5, the final optimization step for this exercise, 
is to decrease the average ysZ and ni particle radii in 
the anode base layer from 0.5 to 0.3 µm, and increase 
the porosity from 0.30 back to 0.35 while maintaining 
equal fractions of the solid phases at 0.325.  the physics 
affected by these changes are a three-fold increase 
in tPB, a slight decrease in the ionic conductivity 
compared to the previous case, and a return to the better 
gas transport associated with the more open porosity.  
the effect on the performance is substantial, with the 
current density now at 1.401 A/cm2.  this step and the 
steps preceding it are summarized in table 2.

Figure 2.  Comparison of the DEC model simulation results with 
experimental N2-H2 button cell data [3].  Symbols represent the 
experimental data, and the DEC modeled performance is shown by the 
solid and dashed curves.

Figure 3.  Modeled performance for “thin” (0.55 mm) anode (gray 
curves) compared to model validation case (black curves) and 
experimental data (symbols) for a button cell with 1.1 mm thick anode.  
All cases operating on 50% N2 50% H2 fuel at 800°C.  
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Table 2.  Microstructural Parameter Changes Applied for Anode 
Optimization Cases

Step Structural parameters 
changed

Physics effected 
compared to 

baseline

Current 
density, a/cm2 

at 0.8 V

1 Baseline (1,100 mm 
anode)

Baseline physics 0.862

2 + Model anode 
thickness decreased 
to 550 mm

Increased gas 
transport 

0.914

3 + Increase porosity 
and pore size in anode 
support layer  
(from 0.35 to 0.45, and 
0.8 mm to 2.0 mm)

Increased gas 
transport

0.935

4 + Increase YSZ fraction 
in anode base layer 
(from 0.274 to 0.35, 
porosity decreased from 
0.35 of 0.30)

90% increase in 
ionic conductivity, 
23% increase in 
TPB, and decreased 
gas transport in 
base layer

1.162

5 + Decrease particle 
radius of YSZ and Ni 
from 0.5 to 0.3 mm, 
increase porosity back 
to 0.35 (slight decrease 
in YSZ and Ni compared 
to Step 4)

70% increase in 
ionic conductivity, 
300% increase in 
TPB, and return 
to gas transport 
in base layer as in 
case 3

1.401

the Faradaic current density distributions in the 
anode resulting from the local charge transfer for the 
above steps 1, 2, 4, and 5 are shown in Figure 4.  step 3 
is not shown because its current density is very similar to 
both steps 1 and 2.  note that in Figure 4 the Faradaic 
current density is larger for the higher case numbers 
coinciding with the higher global (I-V) current density 
numbers summarized in table 2.  the Faradaic current 
density distributions show the effects of microstructural 
changes made in the optimization exercise.  the 
baseline (step 1) is the lowest performing case and has 
the smallest current density.  step 2 overlays step 1 
except near the electrolyte layer where the current is 
higher.  these two cases feature very similar structural 
properties in both the base and support layers and 
have very smoothly decreasing current density values 
that are diminishingly small, but non-zero for about 
30 microns into the anode.  steps 4 and 5 have current 
density distributions shaped differently than the other 
cases.  step 4 has a maximum value slightly less than 
step 2, but the volume of the current is larger for a 
greater distance into the anode with a slightly faster rate 
of decrease in the anode beyond the 17 micron thick 
base layer; while step 5 has by far the largest maximum 
current density.  the current density of step 5 decreases 
smoothly through the base layer then decreases sharply 
within the courser, more porous support layer where the 
tPB density and ionic conductivity are smaller.  

Conclusions and Future Directions

during Fy 2011, the deC modeling tool was 
developed to simulate realistic soFC performance.  the 
deC model calculates the global performance of the 
soFC based on the local conditions and multi-physics 
within the meA.  the model is able to accurately 
reproduce experimental data at various operating 
voltages and gas compositions.  An effective properties 
approach is used to model the soFC electrodes, which 
allows the porous microstructure to be included in the 
model via effective parameters based on the structural 
properties of the electrodes.  the deC model results 
presented here included:

Validation of the deC model against experimental •	
button cell data.  the validation cases demonstrate 
the suitably of the deC modeling tool to represent 
the performance and gas transfer limitations of 
anode supported soFCs by successfully matching 
experimental data for a fuel cell operating on 
various fuel gas compositions.

An anode optimization exercise, which •	
demonstrates the sensitivity of the deC model 
to the electrode microstructure.  Changes to 
microstructural properties that affect the gas 
transport, ion transport, tPB length, and the 
distributed charge transfer through layered or 
graded electrodes were shown to have the greatest 
effect on soFC performance. 

Further development of the deC model is needed 
to investigate degradation mechanisms that result 
in damage to the electrodes and electrochemical 
performance decay.  the validation and demonstration 

Figure 4.  Faradaic Current Density Distributions in the Anode for the 
Optimization Steps 1, 2, 4, and 5
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of the deC model has laid the framework for 
considering the degradation and long-term performance 
of soFCs.  the deC model can now be expanded 
to look at degradation and performance problems of 
interest to the solid state energy Conversion Alliance 
industrial team members.  such problems might include: 
examining the conditions within the anode in the event 
of fuel supply interruption and the evolution of events 
leading up to ni oxidation, or sulfur from a diesel fuel 
reformer poisoning of the anode in an auxiliary power 
supply unit on board a tractor-trailer.
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Fiscal Year (FY) 2011 Objectives 

enhance multi-physics code (mPC) to install and •	
configure the following Rolls-Royce Fuel Cell 
systems (RRFCs) solid oxide fuel cell (soFC) 
models:

Integrated current flow and electrochemistry –

empirical and kinetic fuel cell degradation –

Plug fluid flow –

heat transfer by convection, conduction and  –
radiation

turbulent fluid flow –

establish three-dimensional models of a five-cell test •	
piece, a complete substrate (tube structure on which 
anode and cathode layers are printed) and a bundle.

Validate three-dimensional models against RRFCs •	
experimental data and complete validation of 
two-dimensional models that were developed in 
Fy 2010.

Validate fuel cell degradation models against •	
available experimental data.

establish external supercomputing capability for •	
running large simulations.

Interface with lifetime and reliability modeling •	
project (not included in this contract) to supply 
required variables from substrate and bundle 
models. 

Interface with larger-scale lower resolution model •	
(RRFCs code development separate from this 
contract) to obtain boundary conditions for in situ 
bundle operation within a block.

develop new model applications to demonstrate •	
mPC predictive capabilities to RRFCs team.

FY 2011 Accomplishments 

Completion of mPC enhancements as set out in •	
project objectives.

successful development and running of three-•	
dimensional models of five-cell and substrate.

Validation of three-dimensional five-cell and •	
substrates model against experimental data and 
completion of validation work for two-dimensional 
models that were developed in Fy 2010.

development of empirical degradation models from •	
five-cell test results obtained from over 6,000 hours 
of operation (experiments are ongoing).

set up of agreement with a supercomputer center •	
to run large models using mPC installed on 
their machines.  substrate models have been run 
successfully at the supercomputer center.

model of substrate test rig built to demonstrate •	
mPC predictive capabilities and support the design 
process.

Further mPC code enhancements developed to fully •	
automate meshing and geometry operations.  

Introduction

the objective of this project is for RRFCs to 
develop a multi-physics soFC computer code for 
performance calculations of the RRFCs fuel cell 
structure to support fuel cell product design and 
development.  this work consolidates years of RRFCs 
investment and research throughout the world as part of 
its business objective to develop an soFC product for 
stationary power generation.  

the focus of activity during the first year of the 
project (Fy 2010) was the downselect of a suitable 
commercially available multi-physics computer 
code, stAR-CCm+ (from Cd-adapco) and the 
commencement of the code enhancement and model 
verification/validation work required to develop and test 
the mPC.  the second project year (Fy 2011) is focused 
on the extension of the mPC from small scale models 
to substrate and bundle models, and the development of 
degradation models to enable the prediction of fuel cell 
durability.

III.G.6  Rolls-Royce SOFC Model Development



217FY 2011 Annual Report Office of Fossil Energy Fuel Cell Program

III.G  SECA Core Research & Development / Modeling and SimulationGreg Rush

Approach

the mPC development project has been split into 
two work streams: code enhancement, and model 
verification and validation.  A code enhancement 
methodology has been implemented whereby the mPC 
comprises three distinct elements:

stAR-CCm+ the downselected commercially •	
available computational fluid dynamics simulation 
tool.

An excel (from microsoft) spreadsheet where all •	
model data is stored.

A set of Java (from oracle) macros to perform all •	
model operations.

this approach has been used to fully automate 
the process of installing all model features required to 
perform an soFC simulation.  the starting point is the 
model geometry (a computer-aided fuel cell drawing 
that has been imported into stAR-CCm+).  the mPC 
automatically configures the mesh, installs existing 
stAR-CCm+ models, installs the code enhancements 
required for new models, runs the simulation and post-
processes the results.  

the model verification and validation program has 
run concurrently with the code enhancement program 
and has involved building and testing soFC models on 
a variety of scales including: one-dimensional single cell 
models, two dimensional five-cell models and three-
dimensional models of five-cells, substrates and bundles.  
the validation process involves several steps including 
comparisons with experimental data and predictions 
from other models.

Results 

the mPC code enhancements for Fy 2011 are 
complete and all model settings are input via an excel 
spreadsheet.  this spreadsheet consolidates all model 
settings into a single form and facilitates the quick 
checking and sharing of model data without requiring 
a stAR-CCm+ license.  the desired models for a 
particular application are installed using Java macros 
and Figure 1 shows an example of the output generated 
within stAR-CCm+ during this process. 

Figure 1 shows the extensive feedback the macros 
provide to the user to highlight any errors or problems 
encountered during the model installation process.  

the model verification and validation program for 
Fy 2011 has successfully validated three-dimensional 
models of five-cells and substrates and two-dimensional 
models of five-cells.  Bundle model construction is 
in progress and the substrate models are also being 
extended to model the complete substrate test apparatus.  
Figure 2 shows a plot of predicted hydrogen mole-
fraction within a three-dimensional five-cell model.

Figure 2 shows that the mPC is able to predict how 
substrate geometry influences hydrogen mole fraction in 
the five anodes; a lower mole fraction is seen in anode 
regions that are not directly above fuel channels where 
the flow path through the substrate is longer.  the mPC 
is also able to predict how these variances in mole 
fraction are manifested in the electrochemical reaction 
rates. Figure 3 shows the current density distribution in 
the electrolyte and illustrates how sensitive the reaction 
rates are to hydrogen mole fraction. 

Figures 2 and 3 illustrate the detailed output 
generated by the mPC and its capabilities as a design 
analysis tool.  

model predictions are commonly validated 
against experiment current voltage measurements and 
Figure 4 shows an example plot which illustrates the 
influence of cell temperature on predicted and measured 
performance. 

Figure 2.  Predicted Hydrogen Mole Fraction within a Five-Cell Model

Figure 1.  Output Generated by Java Macro in STAR-CCM+
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Conclusions and Future Directions

the aim of this project is for RRFCs to develop a 
multi-physics soFC computer code for performance 
calculations of the RRFCs fuel cell structure to support 
fuel cell product design and development.  the mPC is 
based in the stAR-CCm+ (Cd-adapco) computational 
fluid dynamics software package and mPC development 
is organized into concurrent code enhancement and 
model verification/validation work programs.   

A code enhancement methodology has been 
implemented to fully automate all aspects of model 
generation and to consolidate all model input into a 
single excel file.  this work has progressed on schedule 
and the mPC is now capable of performing simulations 
of the coupled heat and mass transfer, chemical, 
electrochemical, current flow and porous flow processes 
that occur in soFCs.  

the model verification/validation work program 
is progressing on schedule and mPC models of five-
cells and substrates have been successfully validated in 
Fy 2011.  the substrate model is now being extended 
to the bundle scale.  the mPC is being applied to 
applications outside of validation activities and a model 
of the substrate test apparatus has been built to support 
future design work. 

this project has proceeded on schedule and under 
budget and a no cost project extension will be requested 
to incorporate model developments that were beyond 
the original project scope and facilitate the testing of the 
mPC outside of the code development team.  
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Figure 3.  Calculated Current Density Distribution within the Electrolyte 
of Each Cell
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Fiscal Year (FY) 2011 Objectives 

develop a high temperature capable (up to 850°C), 
energy efficient, reliable, maintenance-free, oil-free and 
low-cost cathode and anode recycle blower for large 
megawatt-size solid oxide fuel cell (soFC) power plants.

FY 2011 Accomplishments

the following are the accomplishments during 
current Fy 2011 Phase II research and development of 
the foil gas bearing supported high temperature cathode 
recycle blower, also called the large size cathode/anode 
recycle blower (lC/ARB):

A prototype blower unit and two sets of rotating •	
assemblies for ambient temperature testing and high 
temperature testing were manufactured.

the motor end of the prototype unit was assembled •	
separately and successfully tested with a cooling 
fan load.

the cooling fan performance was tested and •	
aerodynamic data analysis was completed.

the full prototype unit (coupled configuration) •	
was assembled and tested successfully up to design 
speed and full motor power at ambient temperature 
conditions.

A work plan for testing the blower at high •	
temperature operation (up to 850°C) was developed 
to demonstrate the high temperature capability 
of the blower for solid state energy Conversion 
Alliance (seCA) members.

Introduction

Fossil fuels are projected to remain the mainstay of 
energy consumption well into the 21st century.  As the 
nation strives to reduce its reliance on imported energy 
sources, the United states (U.s.) department of energy’s 
(doe’s) office of Fossil energy supports research and 
development to help ensure that new technologies and 
methodologies will be in place to promote the efficient 
and environmentally sound use of the U.s.’s abundant 
fossil fuels. 

the seCA cost reduction goal is to develop and 
design a soFC capable of manufacture at $400/kW 
in the near future.  Concurrently, seCA coal-
based systems will scale and integrate seCA soFC 
technology for delivery to 5 mWe plant in the near 
future.  development of large (greater than 100 mWe) 
soFC power blocks will enable affordable, efficient and 
environmentally friendly electrical power from coal.

soFC-based power block configurations for coal-
fueled central generation applications could benefit 
from recycling a portion of the high temperature (e.g., 
800-850°C) cathode air and anode gas effluent back 
in to the system in order to improve the overall plant 
efficiency.  system studies have indicated that a recycle 
ratio of (40-50%) would be desirable.  Key requirements 
for the cathode and anode recycle blower are:

Reliability at high temperature (up to 850°C)•	

Contamination free operation (no oil or grease)•	

energy efficiency•	

scalability of design•	

maintenance •	

low cost•	

lower noise•	

In discussion with seCA members, additional 
technical requirements are also identified as listed below:

hermeticity•	

Corrosion-free operation•	

no metal outgassing•	

no sulphur leak into fuel stream•	

no free silica leak into fuel stream•	

no heavy metal leak into fuel stream•	

Purge gas undesirable•	

Currently, there is no blower available to meet these 
challenges; hence, an innovative blower technology is 
needed.

III.H.1  Foil Gas Bearing Supported High Temperature Cathode Recycle 
Blower (Large Size Cathode/Anode Recycle Blower)
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Approach 

A nominal specification was chosen for the blower •	
design in discussion with seCA members.

during current Phase II research and development •	
a detailed design of the blower was completed and 
detailed drawings were prepared for manufacturing. 

the blower was manufactured, assembled and tested •	
at ambient temperature conditions and successfully 
demonstrated the following key technical aspects of 
the blower design:

mechanical integrity –

Rotordynamic stability –

Cooling fan performance –

motor performance –

A work plan for testing the blower at high temperature •	
operation (up to 850°C) during a Phase II project 
extension was developed to demonstrate the high 
temperature capability of the blower for seCA 
members.

Results

the lC/ARB is an innovative hermetically sealed 
high temperature design where the hot end of the 
machine is separated thermally from the motor end.  
Figure 1 shows the isometric view of the blower.  the 
hot fan side takes in the recycle gas and raises the 
pressure using an axial fan.  the hot end and motor 
end has separate sets of journal and thrust bearings, 
hence they can act independent thermally and 
rotordynamically.  the blower was designed meeting all 
the stringent technical requirements as an ARB and can 
be easily adapted as a cathode recycle blower.  hence 
it has dual use.  the rotating assembly of the blower 
is supported on high reliability foil gas bearings.  the 
blower is driven by a permanent magnet motor and 

controlled by a sensorless controller.  the blower design 
has the following features:

high temperature capable (up to 850°C)•	

highly reliable•	

highly energy efficient •	

low life cycle cost•	

oil free•	

maintenance free•	

long design life (>40,000 hrs)•	

low noise (<70 dBa)•	

scalable•	

turn down ratio up to 5:1•	

Technical Specification

the blower was designed for the following nominal 
specification chosen from discussions with seCA 
members: 

Molecular Weight 28.31

Specific Heat Ratio 1.22

Inlet Pressure 15.31 psia

Outlet Pressure 15.77 psia

Pressure Rise 12” of water

Inlet Temperature 825°C

Flow 185 lbm/min

Input Voltage 480 Vac

Technical Summary of Design

technical summary of the blower design is listed as 
follows:

Rotor Type Axial

Motor Type Permanent Magnet

Controller Type Sensorless

Specific Speed 800

Speed 26,520 rpm

Tip Diameter 8.8 inches

Hub Diameter 4.5 inches

Isentropic Power 12.77 kW

Cooling Fan Power 3 kW

Total Input Power 21.2 kW

Overall Efficiency 60%

Figure 1.  Isometric View of the Blower
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Detailed Design and Analysis

the following detailed design and analysis work was 
performed:

material selection•	

Cooling scheme design•	

heat transfer analysis•	

heat exchanger design•	

seal design•	

Bearing design•	

Coupling design•	

stress analysis•	

Rotordynamic analysis•	

thrust load analysis•	

motor design and analysis•	

Controller design and analysis•	

Computer-Aided Design Modeling and Detailed 
Drawings

several optimizing iterations of the design were 
performed and solid models were created using Pro/
enGIneeR.  detailed drawings of the machine were 
completed considering all detailed analysis results, 
assembly aspects and manufacturing methods. 

Manufacturing and Assembly

A prototype unit blower was manufactured and 
assembled for testing.  the blower key components such 
as rotating assembly and bearings were manufactured 
in-house and sheet metal ducts and housings were 
manufactured at vendor shops.  two sets of rotating 
assemblies were manufactured one for ambient 
temperature testing and another for high temperature 
testing.  the high temperature testing rotor was coated 
with ceramics for blade life and thermal insulation. 

Motoring Test and Cooling Fan Performance

the motor assembly of the machine was assembled 
separately and run with cooling fan load to ensure 
motor performance.  the motor rig is shown in Figure 2.  
during the motor test the cooling fan performance was 
also tested and the aerodynamic data was analyzed.  the 
cooling fan performance is shown in Figure 3.

Fully Coupled Machine Testing

the blower was fully assembled and ambient 
temperature testing of the blower was completed.  
Figure 4 shows the fully coupled blower. 

the lC/ARB is designed to operate at 850°C inlet 
gas temperature.  testing at ambient conditions required 
blade heights to be cut down to match motor power.  

Figure 2.  Motor Test Rig

1.5

1.45

1.4

1.35

1.3

1.25

1.2

1.15

1.1

1.05

1

Test Data
Points

Predicted
Performance

0       0.02    0.04    0.06   0.08   0.1      0.12   0.14   0.16    0.18     0.2

Mass Flow Rate (kg/s)

PR
(T

-S
)

Figure 3.  Cooling Fan Performance Map

Figure 4.  Fully Coupled Machine



Giri Agrawal III.H  SECA Core Research & Development / Balance of Plant

224Office of Fossil Energy Fuel Cell Program FY 2011 Annual Report

Initial testing was done with 1” long blades and the 
motor reached its max torque at 18,400 rpm.  the 1” 
long blade test proved motor performance at max torque.  
the blade was further cut down to 0.25” which enabled 
the blower to operate at design speed (26,520 rpm).  
the load curve data collected during ambient testing is 
shown in Figure 5.

Phase II Success

R&d dynamics made significant progress and 
achieved success during the current Fy 2011 Phase II 
research and development. 

A hermetically sealed high temperature capable •	
(up to 850°C), oil-free, maintenance-free and 
highly efficient dual use lC/ARB was designed, 
manufactured and successfully tested at ambient 
temperature conditions.

the ambient testing of the lC/ARB demonstrated •	
mechanical integrity, rotordynamic stability, cooling 
fan performance and motor performance of the 
blower.

Conclusions and Future Directions

the lC/ARB being developed under this project 
is the largest size high temperature foil gas bearing 
supported recycle blower ever manufactured and 
tested.  the machine spans 6.75 feet across by 3.6 feet 

tall and weighs 770 lbs.  during various stages of 
Phase II development R&d dynamics faced challenging 
technical problems.  R&d dynamics was able to resolve 
all of the challenges and successfully test the lC/ARB. 

the Fy 2011 Phase II funding period 
accomplishments were highly successful in 
demonstrating the lC/ARB at ambient temperature 
conditions.  however, the lC/ARB needs to be tested at 
high temperature conditions up to 850°C to meet seCA 
goals in demonstrating megawatt-size soFC systems.  
the following are the remaining efforts in demonstrating 
the blower at high temperature conditions:

high temperature heater design for closed-loop •	
testing at 850°C.

high temperature test rig design including •	
component selection such as flow control valves, 
flow meters, temperature sensors, pressure sensors 
and other instrumentations.

high temperature test rig fabrication and setup.•	

mechanical integrity testing at 850°C inlet gas •	
temperature.

Performance testing, leak testing and seal integrity •	
testing.

design improvements, improved design •	
manufacturing and testing for final demonstration 
to seCA members.

the remaining efforts are within the original 
scope of work proposed for the Phase II research, and 
R&d dynamics is planning to perform these tasks 
during a Phase II project extension.

Special Recognitions & Awards/Patents Issued

A provisional patent was filed in July 2010 and a full 
patent called “mechanically Coupled turbomachinery 
Configurations and Cooling methods for hermetically 
sealed high temperature operation” is being prepared for 
filing in July 2011.

FY 2011 Publications/Presentations

1.  WeBeX “Project Review Presentation”  
december 14, 2010, doe.
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Jeannine elliott (Primary Contact), 
Robert Copeland, Gokhan Alptekin
tdA Research, Inc.
12345 West 52nd Ave.
Wheat Ridge, Co  80027
Phone: (303) 261-1142; Fax: (303) 261-1130
e-mail: jelliott@tda.com

doe Project manager:  Joseph stoffa
Phone: (304) 285-0285
e-mail: Joseph.stoffa@netl.doe.gov

subcontractor:
FuelCell energy, danbury, Ct

Contract number:  sC0004380

start date:  July 19, 2010 
end date:  march 18, 2011

Fiscal Year (FY) 2011 Objectives 

the overall objective of the Phase I research 
was to demonstrate the merit of a sorbent-based fuel 
oxidizer for the anode exhaust of solid oxide fuel cells 
(soFCs).  the key feature of the system is the metal 
oxide sorbent which is used to oxidize the fuel, allowing 
us to keep the Co2 from being diluted with the nitrogen 
during combustion.  therefore, the main objective 
was to develop a high-capacity, long life sorbent, and 
demonstrate its performance.  A second major part of 
our work in this Phase I small Business Innovation 
Research project was the system analysis to determine 
the most efficient way to integrate the anode oxidizer 
into an integrated gasification fuel cell (IGFC), and 
calculate the economics of this approach.  the specific 
research objectives supporting the overall objective are 
as follows:

Identify the optimum metal oxide sorbent •	
composition with the high oxygen absorption 
capacity (>3 wt%).

Characterize the best sorbent compositions in terms •	
of crush strength and chemical stability at high 
temperatures (800°C).

evaluate the best sorbent in a laboratory-scale •	
test system.  Identify the effect of pressure, space 
velocity, and temperature on the oxygen absorption 
capacity.

Carry out system design and determine the best way •	
to integrate tdA’s system with the soFC power 
island. 

evaluate economic benefits of the proposed system, •	
including its effect on efficiency and capital costs of 
the power island.

FY 2011 Accomplishments 

during Phase I, tdA prepared and screened many 
different sorbent formulations, focusing on their o2 
absorption capacity, regenerability and ability to rapidly 
oxidize h2 and Co.  sorbent testing experiments were 
conducted by thermogravimetric analysis (tGA) and in 
a laboratory testing apparatus under simulated anode 
exhaust and cathode exhaust gas conditions.  Based upon 
the experimental results, a preliminary design of the 
system was carried out with our partner, FuelCell energy 
(FCe), to assess how the technology best integrates 
into an IGFC system.  FCe included our system in 
their existing ChemCad model developed under the 
U.s. department of energy (doe) solid state energy 
Conversion Alliance (seCA) program, and optimized 
the system integration to maximize the plant efficiency.  
the benefits offered by this system were compared to a 
baseline oxy-combustion anode fuel oxidizer.

the key conclusions of the Phase I research are as 
follows:

the new sorbent had excellent oxygen capacity •	
(5.9 wt% dynamic loading) and rapidly cycles under 
the anode and cathode exhaust conditions at the 
temperature range of interest.

the sorbent has a low cost of $5-8/lb. •	

the sorbent reaction rates are fast and the fuel •	
oxidation process can be run at high space velocities 
(4,000 hr-1).

the sorbent showed it could reduce the residual •	
anode fuel rapidly to very low levels.  the Co 
concentration was oxidized down to 10 ppmv 
levels and hydrogen concentration was reduced 
to less than 80 ppmv.  this means the process will 
be extremely effective at completely oxidizing the 
residual fuel which allows us to utilize all energy 
remaining in the anode-off gas and maximize the 
efficiency of the plant.

tdA’s fuel oxidizer increases the net system efficiency •	
(based on coal higher heating value [hhV]).  the 
system efficiency when integrated with tdA’s anode 
exhaust fuel oxidizer is 59.25% compared to 58.50% 
with the seCA baseline oxycombustion fuel oxidizer 
(exclusive of Co2 compression) at normal operating 
conditions.  At peak power operation the efficiency 
is 54.64% (compared to 53.93%).  this analysis was 
done using the methodologies and guidelines of the 
seCA program.

III.H.2  Post-SOFC Residual Fuel Oxidizer for CO2 Capture
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the system can also be configured to reduce the •	
capital cost of the power island by 6% (at equal or 
greater efficiency).  the factory power island cost 
with tdA’s fuel oxidizer is $350/kW versus $372 for 
baseline seCA system with oxy-burner.

tdA’s system will reduce the cost of Co•	 2 capture 
on an IGFC plant.  It decreases the levelized cost 
of electricity (lCoe) by 1.4% compared to oxy-
combustor.  When our process is integrated with 
high efficiency catalytic coal gasification/soFC 
system the lCoe is estimated at only 6.4 cents/kWh 
including Co2 capture, compression and storage.

Introduction 

Power generation systems based on coal gasification 
and soFCs are an attractive alternative for coal-fueled 
electricity production.  Gasification is a clean cost 
effective means of producing a gaseous fuel from coal 
(which is inexpensive and plentiful).  soFC systems 
have the advantage of higher system efficiencies up to 
(40 to 60%) and lower oxides of nitrogen emissions than 
conventional pulverized coal power plants.  Further, 
they are particularly amenable to Co2 capture because 
the air and fuel streams are kept separate in the fuel cell.  
If a soFC is combined with Co2 capture, it promises 
to be a clean way to produce electricity while capturing 
greenhouse gases.  to realize this goal, technologies are 
needed to effectively capture Co2 from the fuel anode 
exhaust gas.  the fuel cell anode gas contains Co2, 
h2o, and up to 10% h2.  By oxidizing the hydrogen 
and condensing the resulting water the Co2 in this 
stream could be isolated.  the goal of this project was 
to develop an efficient and cost-effective technology to 
oxidize the residual fuel in the anode exhaust of soFCs 
and thereby enable Co2 capture.

Approach 

our system works by oxidizing the residual fuel 
in the fuel cell anode exhaust gas so that only h2o 
and Co2 are left; after this, the Co2 is readily isolated.  

tdA’s anode fuel oxidizer technology uses a metal 
oxide sorbent to burn the residual fuel in the anode 
off-gas.  this process is a type of chemical looping 
combustion, where a metal oxide sorbent is oxidized 
(picks up oxygen) by the hot, slightly oxygen depleted 
air exiting the cathode section of the fuel cell (Figure 1).  
the sorbent is then contacted with the anode exhaust.  
the sorbent is reduced and gives up its oxygen while 
oxidizing the fuel exhaust gases to Co2 and h2o.  the 
system does not introduce nitrogen into the gas steam, 
oxygen is drawn into the fuel gas by the reducing 
potential power of the anode off-gas and the Co2 
product is not contaminated with excess oxygen.  thus, 
with a sorbent-based process the fuel is oxidized without 
requiring an air separation unit.  

In Phase I of the project, tdA demonstrated the 
technical and economic feasibility of using a metal 
oxide oxygen sorbent to burn residual fuel in the anode 
exhaust stream without diluting it with nitrogen or 
adding traces of oxygen gas.  tdA prepared and screened 
many different sorbent formulations, focusing on their 
o2 absorption capacity, regenerability and ability to 
rapidly oxidize h2 and Co.  tdA identified a metal 
oxide formula that is inexpensive, thermally stable at the 
desired operating temperatures, and most importantly, 
has the reducing power to oxidize the fuel down to only 
37 ppm.  the reaction in the oxidizer (where the fuel is 
oxidized and the metal [m] is reduced) is:

mo + h2 = m + h2o.  

the reaction in the regenerator where the sorbent is 
oxidized is:

mo + o2 = mo.

the metal oxide sorbent was prepared using tdA’s 
proprietary techniques to create a durable, long cyclic 
life sorbent. 

Results 

the Phase I project included both experimental 
testing and system and economic analyses.  the first 

Figure 1.  TDA Fuel Oxidizer Process for CO2 Capture on IGFC
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part of this project was focused on developing a suitable 
metal oxide sorbent and demonstrating that it has the 
required performance.  this work was done first by 
screening materials in thermogravimetric testing and 
then in a fixed bed.  the second part of the work was 
done in conjunction with FCe (under subcontract) to 
carry out a detailed engineering and economic analysis 
to determine the merit of the proposed fuel oxidizer in 
terms of plant performance and cost.

the regenerable fuel oxidation sorbent was 
evaluated by tGA in an analyzer and then in a fixed bed 
testing apparatus under simulated anode exhaust and 
cathode exhaust gas conditions.  these tests showed that 
the sorbent had high capacity (~6 wt% dynamic oxygen 
loading), fast reaction rates and could completely reduce 
all the fuel in anode exhaust stream down to ppm levels 
at high space velocities (4,000 hr-1).  the sorbent was 
also tested for over 50 cycles under simulated conditions 
and had good chemical stability (Figure 2).  Further, 
the sorbent is able to oxidize the fuel without releasing 
excess oxygen in order to meet pipeline requirements.  
the o2 specification for pipeline Co2 is <10 ppm. 

Fixed bed tests were performed in an automated 
testing apparatus (Figure 3).  the apparatus was built at 
tdA for the specific purpose of measuring the activity 
of sorbents and catalysts.  the testing apparatus is fully 
automated with online gas analyzer to monitor the 
outlet composition.  the fuel oxidation bed and sorbent 
regeneration bed were simulated in a single 300 cc 
reactor bed by alternating the inlet gas compositions.

In our first tests breakthrough curves of oxygen and 
fuel (h2) were measured as we cycled the sorbent.  the 
anode exhaust feed was simulated as 13% h2, 47% h2o, 
and the balance n2.  Co/Co2 was not included in this 
test because it interfered with the h2 analyzer output and 
all the residual fuel was modeled as h2.  the cathode 
exhaust gas will be depleted in o2 with concentration 

ranging between 13% and 17%.  Initial tests were run at 
1,600 hr-1 (Figure 4).  the results show the sorbent had 
about a 10 wt% loading.  outlet gases were measured 
on a dry basis but are presented on a wet basis in 
terms of h2 composition in order to be consistent with 
the anode off-gas feed compositions which are also 
on a wet basis.  Figure 4 shows that the hydrogen is 
completely consumed down to the detectible limit of 
the online hydrogen analyzer (<0.1%).  during this step 
the sorbent is giving up oxygen.  the fuel oxidation is 
very fast, goes to completion and then (since this is a 
batch reactor) eventually breaks through.  this is exactly 
what is desired for this application.  It can also be seen 
in Figure 4, how h2o is forming as the h2 is reacting 
with the oxygen given off the sorbent.  When h2 breaks 
through the %h2o in the outlet drops simultaneously.  

Addition tests evaluated the sorbent and higher 
space velocities.  Figure 5 shows the laboratory test 
results with a simulated anode exhaust gas (8% h2, 
5% Co, 47% h2o, and 40% Co2) at 4,000 hr-1.  Co 
and h2 were monitored in the outlet during the fuel 
oxidization step.  In this test a non-dispersive infrared 
online Co analyzer was used which could detect Co 
down to ppm levels and the hydrogen content was 
monitored with gas chromatography (GC).  the Co 
level (shown in purple) was reduced to 10 ppm and the 
h2 level was reduced to below the detection limit of the 
GC analyzer (<0.1%).  It is expected that the hydrogen 
oxidizes along with Co at similar rates; our tGA work 
showed the h2 was reduced to below 80 ppm.

Based upon the experimental results, tdA 
carried out a preliminary design of the system with 
our partner, FuelCell energy (FCe), to assess how the 
technology best integrates into an IGFC system.  FCe 
included our system in their existing ChemCad model 

Figure 2.  Cyclic testing in TGA shows chemical stability over multiple 
cycles.  Anode gas off-gas simulated as 10% H2, 90% CO2; cathode 
off-gas simulated with 13% O2, 87% N2.
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developed under the seCA program and optimized 
the overall system to maximize the plant efficiency.  
tdA and FCe compared the benefits offered by this 
system with a baseline oxy-combustion anode fuel 
oxidizer using the same methodologies and guidelines 

doe seCA program.  this work showed that an 
IGFC plant (680 mW) with this new sorbent-based 
fuel oxidizer can be designed with a ~1% higher net 
plant efficiency (based on coal hhV).  the system 
efficiency when integrated with tdA’s anode exhaust 

Figure 5.  Fixed bed reactor experiment with simulated anode exhaust feed with 8% H2 and 5% CO, 47% H20, 
40% CO2, 2% N2 and cathode exhaust feed of 13% O2 and 83% N2.  Space velocity is 4,000 hr-1 in fuel oxidation 
and 2,000 hr-1 in sorbent regeneration.  The test shows complete oxidation of CO and H2.

Figure 4.  Fixed Bed Reactor Experiments Cycling at 1,600 hr-1 under Simulated Anode and Cathode Exhaust
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fuel oxidizer is 59.25% compared to 58.50% with the 
seCA baseline oxycombustion fuel oxidizer (exclusive 
of Co2 compression) at normal operating conditions.  
the factory power island cost with tdA’s fuel oxidizer 
was also 6% lower at $350/kW versus $372 for baseline 
seCA system with oxy-burner.  this is 23% below 
doe’s seCA program goal of $400/kW. 

Capturing Co2 on an IGFC plant has the potential 
to be an extremely cost-effective way to reduce 
greenhouses gases at stationary power generation plants.  
our Phase I estimate of the lCoe on an IGFC plant 
with tdA’s fuel oxidizer integrated with FCe’s power 
island is only 6.4 cent/kWh, including Co2 capture 
and sequestration.  this is extremely attractive, as a 
supercritical pulverized coal plant without Co2 capture 
has a lCoe of 6.3 cent/kWh [1].  

Conclusions and Future Directions

It is clearly worth investing in technologies for 
Co2 capture on IGFC because these systems can keep 
the cost of electricity low while significantly reducing 
greenhouse gas emissions.  the Phase I project results 
showed the technical merit of tdA’s sorbent fuel 
oxidized approach through experimental studies.  
Further, system studies showed it has the potential 
to capture Co2 at a significantly lower cost than the 
competing oxy-burner technology. 

the following work is planned for the Phase II 
project to fully demonstrate the fuel oxidizer technology 
that will enable cost effective Co2 capture on coal.   

the sorbent formulation will be optimized.  In •	
particular, experiments will demonstrate the sorbent 
has the ability to oxidize the residual fuel in the 
anode exhaust down to low levels over many 
cycles.  the best sorbent formulation evaluated 
in an extended multiple-cycle (1,000-cycle) test 

to demonstrate the long-term performance and 
durability of the sorbent. 

We will scale up the sorbent using techniques •	
representative of commercial manufacturing 
methodology to produce 10 kg batches of 
sorbent in our pilot plant for use in a larger scale 
demonstration unit.  

the system and cost analysis on this process •	
developed in Phase I will be updated in 
collaboration with FCe to optimize integration of 
tdA’s anode fuel oxidizer within the soFC system 
to maximize efficiency and capital costs for the 
lowest levelized cost of energy.  

to demonstrate the fuel oxidation process as it will •	
be commercialized, the sorbent will be tested in a 
two circulating bed system where the sorbent moves 
between the fuel oxidizer and regeneration beds.  
this unit will demonstrate the continuous oxidation 
of fuel to water and Co2 in the oxidizer bed.  

Based on the experimental results, the detailed •	
system design and economic analysis will be 
updated with FCe.  the engineering system 
analysis will be refined to optimize the integration 
for the lowest power generation cost.  A detailed 
engineering analysis will be conducted to design 
and size all of the hardware for tdA’s new fuel 
oxidizer.  lastly, a +/- 30% cost analysis model 
will be developed to determine the levelized cost of 
energy and cost of Co2 capture with tdA’s system 
in comparison to competing technologies.

References 

1.  Phil diPietro, “the Impact of Advanced syngas 
Conversion  technologies on the Cost of electricity 
from Gasification-based Power Generation Platforms,” 
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Fiscal Year (FY) 2011 Objectives 

Conduct testing of bench-scale electrochemical •	
testing of liquid tin Anode (ltA) devices operating 
on coal in a tin bath reactor.

determine how coal contaminants partition •	
between the liquid tin and coal ash in an operating 
ltA solid oxide fuel cell (soFC).  In other words:  
where do the coal contaminants go? 

Analyze the impact of coal ash on ltA components •	
and operation.  evaluate the fuel properties for a 
range of coals representing the majority of United 
states coal use.  select coal or coal blends with 
contamination and other properties that will provide 
the best baseline for testing activities.

FY 2011 Accomplishments 

direct coal experimental apparatus with continuous •	
coal feeder was completed.

two initial tests of direct coal conversion on a tin •	
bath using Illinois #6 coal were conducted.

Introduction 

electroChemical looping (eCl) using the 
ltA-soFC produces direct current electrical power 
in an electrochemical reaction powered by coal or 
other common fuels.  For utility-scale applications the 
fuel oxidation step is carried out in a separate tin-
coal reactor (tCR) as shown in Figure 1.  the liquid 
tin “loops” between the fuel cell and the tin reactor, 
shuttling all of the oxygen used to convert the coal.  
the net effect is that power is produced directly and 

efficiently from coal or biomass without burning and 
with inherent separation/rejection of nitrogen.  to 
verify this concept, flowsheets were analyzed under 
another project to evaluate efficiency and cost.  oxides 
of nitrogen (nox) are not formed because nitrogen does 
not participate in the reactions and sulfur emissions can 
be cleaned up using conventional technology.  Co2 can 
be captured in a pure stream from the eCl system in the 
tin reactor.  Co2 emissions and ash production are lower 
than other alternatives because less coal is used per kWh 
produced.  Coal can incorporate a number of elements 
which are potentially harmful to the fuel cell.  

In Phase 1 of this project, initial testing of coal 
oxidation by tin oxide was conducted.  the results 
of this testing demonstrated that the tin can act as a 
purifier, rejecting some harmful contaminants (nb, V, 
mo, Cr, etc.) before they reach the fuel cell under certain 
conditions.  to demonstrate the harmful impact of 
potential coal contaminants a preliminary spiking testing 
was conducted in an actual cell containing five elements 
(nb, V, mo, Cr and As for a total of 1,600 ppm) during 
Phase I.  the spiked cell had a measurable decay rate of 
3% per 100 hours.  this initial result demonstrates the 
technical feasibility of an ltA direct coal power plant.  
the result from the spiking test will provide a target for 
comparison with future tin/coal experiments.  

Approach 

Coal impurities and ash and their impact on 
fuel cells can be a show-stopper for any direct 
coal conversion fuel cell.  A mitigation strategy to 

IV.1  Liquid Tin Anode Direct Coal Fuel Cell

Figure 1.  The Two Major Elements of the ECL Flowsheet Are the 
Tin-Coal Reactor which Processes the Coal and the Liquid Tin Anode 
Fuel Cell which Produces Power
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understand and deal with coal contaminants and ash 
is of paramount importance.  As a result, the objective 
of this project is to develop an ltA cell technology 
which can be used to evaluate cell durability in a coal 
environment.  the method of identifying durability issues 
is through testing of single cell test articles.  In order 
to complete the testing, three areas of importance will 
be addressed.  the first is the design and construction 
of a test apparatus and test articles that will contain a 
tin bath of reasonable size, up to 1 kg, the fuel cell and 
current collection in order to conduct the direct coal 
experiments.  the second is to test the performance 
of the direct coal fuel cell under various conditions to 
determine the behavior of ash and impurities likely to 
be present in coal and their interaction with the tin 
bath and fuel cell materials.  the third area consists 
of post-mortem analysis of the fuel cell article and tin 
bath to measure the quantity and form of the ash and 
unused carbon, contamination levels in the tin and 
contamination levels at the electrolyte surface. 

molten tin has been demonstrated as being a 
potential media for separating, reducing or eliminating 
coal impurities under certain conditions similar to the 
tin-coal reactor.  these previous tin chemistry studies 
have been narrowly focused, short in duration and 
have not systematically evaluated the equilibrium of 
tin-contaminants at conditions which are expected in 
the tCR.  In this project the primary focus is the coal 
ash – which is hypothesized to exist in a layer above the 
tin bath – and its physical separation with molten tin in 
an operating fuel cell.  the coal source selected for the 
direct coal experiments is Illinois #6 seam (harris seam) 
coal obtained from the Penn state Coal sample Bank 
and database as sample deCs-24.  

Results 

Figure 2 shows the direct coal test apparatus.  A •	
bath of liquid tin is contained in an aluminum oxide 
vessel.  the Gen 3.1 cell electrolyte assembly is 
submerged into the tin and covered with another 
aluminum oxide tube above the tin to separate any 
air from the tin bath environment.  Coal is dropped 
onto the tin surface near the center of the tube and 
opposite the exhaust tube.  other tubes include a 
vibrating stir rod and an input for a cover gas.  

the results of 24-hour continuous testing are shown •	
in table 1.

Figure 3 shows a plot of power output (watts) •	
under various current load vs. time.  Illinois #6 
coal was delivered and dropped onto the molten 
tin surface through a coal feeder while electricity 
was produced.  the initial current-voltage (I-V) 
curve was obtained by incremental step increase in 
current load.  then the ltA-soFC was operated 
at constant current for a while, and current load 

was adjusted either increased or decreased to 
maintain a stable power output.  some agitation 
was needed during the run.  Preliminary analysis of 
the test article showed that ash and unreacted coal 
had gravimetrically separated on top of the tin as 
expected.

the interaction of coal with the tin can be seen in •	
Figure 4a, showing coal residue on the coal feed 
side and relatively clean tin on the electrochemical 
side.  the electrolyte half cell was removed during 
the cooling operation.  After the coal/coal ash was 
removed, the surface of the tin bath can be seen 
(Figure 4b).  there is evidence of the white ash on 

Figure 2.  Direct Coal Tin Bath Test Apparatus

Table 1.  Results from 24-hour Continuous Testing

Average Power 0.97 Watts

Total Runtime at Load 58.8 hours

Total Coal Input (Illinois #6) 20.4 grams

Average Coal Feeding  Rate 18.4 mg/min

LHV Illinois #6 28454 J/g

LHV – lower heating value
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the surface.  Analysis of the tin surface by energy 
dispersive spectroscopy (eds) is shown in Figure 5.  
there are darker regions which show the presence 
of sulfur along with lighter regions that are pure tin.  
there was no evidence of coal contaminants in the 
bulk tin.

Conclusions and Future Directions

the activities during this time period have •	
demonstrated the feasibility of direct coal 
conversion in an ltA-soFC in a laboratory-scale 
prototype. 

the prototype appears to have achieved adequate •	
gravimetric separation of reaction products (ash 
and exhaust gas) from the tin anode.  this provides 
additional proof-of-concept validation for the use of 
ltA-soFC in a direct coal environment.

Future work will include additional testing of the •	
single cell direct coal prototype and more detailed 
post mortem analysis for the anode following testing 
on coal. 
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FY 2011 Publications/Presentations 

1.  seCA – 2010

2.  Fuel Cell seminar – 2010

3.  soFCXII – 2011

References

1.  Celltech Power presentation at Fuel Cell seminar 2010
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Fiscal Year (FY) 2011 Objectives 

determine long-term cell performance and material •	
stability impact for tin spiked with each coal 
contaminate element within their solubility limits.

Analyze and evaluate experimental data/results, and •	
continue to carry out remaining project.

FY 2011 Accomplishments 

Completed tin contaminant solubility testing with •	
all metallic elements and non-metallic elements 
including the halogen species.
Conducted study of coal contaminant cell material •	
impact by spiking individual metallic and non-
metallic elements into tin anode of laboratory-scale 
cells for 100 hour testing.

Introduction 

electroChemical looping (eCl) using the liquid 
tin Anode solid oxide Fuel Cell (ltA-soFC) produces 
direct current electrical power in an electrochemical 
reaction powered by coal or other common fuels.  For 
utility-scale applications the fuel oxidation step is 
carried out in a separate tin-Coal Reactor (tCR) as 
shown in Figure 1.  the liquid tin “loops” between 
the fuel cell and the tin reactor, shuttling all of the 
oxygen used to convert the coal.  the net effect is that 
power is produced directly and efficiently from coal or 
biomass without burning and with inherent separation/
rejection of nitrogen.  In Phase 1 of this small Business 
Innovation Research (sBIR), flowsheets for this concept 
were created and analyzed to evaluate efficiency and 

cost.  oxides of nitrogen (nox) are not formed because 
nitrogen does not participate in the reactions and 
sulfur emissions can be cleaned up using conventional 
technology.  Co2 can be captured in a pure stream 
from the eCl system in the tin reactor.  Co2 emissions 
and ash production are lower than other alternatives 
because less coal is used per kWh produced.  Coal can 
incorporate a number of elements which are potentially 
harmful to the fuel cell.  laboratory testing of tin/coal 
reactions has demonstrated that the tin coal reactor can 
act as a purifier, rejecting some harmful contaminants 
before they reach the fuel cell under certain conditions.  
this is a key positive finding demonstrating technical 
feasibility of ltA direct coal power plant.

Approach 

Coal impurities and their impact on fuel cells can 
be a show-stopper for any direct coal conversion fuel 
cell.  A mitigation strategy to understand and deal with 
coal contaminants is of paramount importance.  As 
a result, the objective of this project is to develop an 
ltA cell technology which addresses the key issue of 
cell durability in a coal environment.  the method of 
identifying durability issues is through simulated testing 
of single cell test articles.  In order to complete the 
testing, three areas of importance will be addressed.  
the first is the implementation of a dedicated test 
stand (Figure 2) which can reliably maintain test 
conditions over the duration of testing from 100 to 
1,000 hours.  the stand will simulate tCR conditions 
for at least 1,000 hours.  the second is to understand 
the behavior of impurities likely to be present in coal 

IV.2  Liquid Tin Anode Direct Coal Fuel Cell

Figure 1.  The Two Major Elements of the ECL Flowsheet Are the 
Tin-Coal Reactor which Processes the Coal and the Liquid Tin Anode 
Fuel Cell which Produces Power
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and their interaction with tin, in order to establish 
the spiking levels of contaminants of interest.  this 
impurity solubility data will be obtained by specific 
tin/contaminant testing and analysis.  the third area 
consists of simulated single fuel cell testing with 
single elements spiked into the tin.  the simulated 
cell testing will identify specific contaminants which 
cause accelerated performance degradation and allow 
evaluation of degradation mechanisms.  Finally, the 
experimental data/results of solubility, cell performance 
and subsequent analysis of degradation mechanisms will 
be used to propose future mitigation strategies including 
selection/optimization of materials, components and 
process to ensure long-term stable direct coal conversion 
in liquid tin.  

molten tin has been demonstrated as being a 
potential media for separating, reducing or eliminating 
coal impurities under certain conditions similar to 
the tCR.  these previous tin chemistry studies have 
been narrowly focused, short in duration and have 
not systematically evaluated the equilibrium of tin 
contaminants at conditions which are expected in the 
tCR.  In prior projects, Celltech has identified and 
modeled 10 metallic elements (V, nb, W, Cr, mo, mn, 
As, ta, U and se) in coal that have the potential to 
be the most harmful to the ytrria-stabilized zirconia 
electrolyte.  Additional non-metallic elements of F, 
Cl, Br, I, s, si and P will be evaluated in this project 
also.  Individual elements will be spiked into tin under 
an environment simulating the tCR exit.  Analysis 
of the bulk tin will be completed to determine the 
solubility of the contaminate element.  the results 
from this experiment with each element will be used 
to set the contamination levels for the simulated cell 
test.  Preliminary contaminate testing in actual cells 
containing a number of contaminants (five elements, 
nb, V, mo, Cr and As to 1,600 ppm) in a single test had 
been conducted in Phase I at a measurable decay rate 

of 3% per 100 hours.  In this project each element or 
contaminant will be tested individually to determine cell 
performance and degradation if any.

Results 

the solubility of coal contaminants was completed •	
by spiking individual metallic and non-metallic 
elements in tin and subjecting the material to a 
simulated tCR environment that is 1% h2o in 
hydrogen for 5 hours.  ten metallic (V, nb, W, 
Cr, mo, mn, As, ta, U and se) and seven non-
metallic elements (Cl, si, s, Br, I, P and F) were 
spiked.  Figure 3 shows the surface and the cross-
section of four tin samples from left to right spiked 
with chlorine (Cl) as sodium chloride, sulfur (s) 
as tin sulfide, phosphorous (P) as tin phosphide 
and silicon (si).  the completed contaminant 
solubility results are shown in table 1.  the halogen 
elements were not measured by inductively charged 
plasma-optical emission spectroscopy (ICP-oes).  
however, the element phosphorous shows a larger 
than expected value, roughly 1/3 of the initial spiked 
value.  the ICP-oes results included the dissolved 
and the entrained (trapped particles for example) – 
that the maximum solubility of each spiked element 
shall not be greater than data listed in table 1.  

Performance testing of cells with spiked elements •	
was completed with nine elements plus a pure 
hydrogen baseline.  the curves in Figure 4 compare 
the initial current-voltage (I-V) curves for these 
10 cells, with only mn showing abnormal initial 
behavior.  Figure 5 shows the performance of the 
10 cells at 4.8 amps for 100 hours (mn was loaded 
only to 1.25 A).  As expected various degree of 
degradations were observed.

Completed a 1,000-hour cell longevity test at •	
2 amps using hydrogen with tin showing a 1.1% per 
1,000 hr voltage degradation.  By comparison, at 

Figure 2.  CellTech DOE Coal Test Stand

Figure 3.  Coal Contaminate Element Solubility in Tin Samples Showing 
Tin Morphology for Different Contaminant Spiking
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4.8 amps the degradation rate was at one order of 
magnitude higher, about 10% per 1,000 hr. 

Conclusions and Future Directions

the previous (2009) Annual Report had •	
summarized a study of direct oxidation of coal 
with tin oxide to form tin.  no detectable harmful 
elements (V, nb, W, Cr, mo, mn, ta, U and se) were 
founded in tin indicating the technical feasibility of 
direct coal conversion in an ltA-soFC. 

liquid tin has been found to be capable of •	
separating out some key harmful elements under 
simulated tCR conditions of 1% h2o in h2–forming 
oxides thus separated from bulk tin.  these data 
seem to support a technical pathway to enable the 
isolation of coal contaminants and perhaps coal 
ash and slag in the tCR.  the 1% h2o condition 
represents the lowest oxygen state in the tin, 
represented by 1.1 V.  It is expected that under 
operation, the oxygen content in the tin would 
approach 0.8 V condition represented by 85% h2o 
in h2.

the electrochemical testing of cells with spiked •	
elements at the maximum possible solubility show 
that for those most harmful elements there was 
some cell degradation as expected.  In the remaining 
project, correlation of their concentration in coal 
will be derived, post-mortem chemical analysis will 
be performed, and future mitigation strategies will 
be presented.

FY 2011 Publications/Presentations 

1.  seCA - 2010

2.  Fuel Cell seminar - 2010

Table 1.  Spiked Element Level Found in Tin Glow Discharge Mass 
Spectrometry (GDMS)

Spiked 
element

initial amount 
(ppm wt)

iCP-OeS results 
(ppm wt)

Pure Sn gDMS 
results (ppm wt)

Cr 4000 1,098 2.7

V 4000 10 <0.001

Mo 4000 9 <0.01

Nb 4000 115 <0.005

As 4000 2,535 1

Mn 4000 2,405 0.2

W 4000 60 <0.01

Ta 4000 8 <5

Se 4000 44.7 <0.01

Cl 4000 n/a <0.01

S 4000 <8 0.07

P 4000 203 0.08

Si 4000 <5 <0.01

Br 4000 n/a <0.05

I 4000 n/a <0.05

Contaminant Spiked LTA-SOFC Initial Performance
3%  H 2O  in  H 2  
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Fiscal Year (FY) 2011 Objectives

evaluate the technical merit and feasibility of •	
incorporating a liquid tin anode in situ gasification 
cell into a direct Coal powerplant using United 
states Illinois #6 coal by addressing high sulfur 
content (5 wt%), chlorine (0.12 wt%) and medium 
ash fusion characteristics.  

test liquid tin Anode solid oxide Fuel Cell •	
(ltA-soFC) cells using a simulated gas stream of 
h2s in h2 whose concentration was comparable 
with and exceeding the total sulfur content in 
Illinois #6 coal.    

FY 2011 Accomplishments 

developed a simulated gas stream for high sulfur •	
testing with 3.6 wt% h2s in h2.  

tested four Gen 3.1 cells.•	

two cells at 2,134 ppmv (3.6 wt% h – 2s in h2) 
for 20 hours.

two cells at 36,900 ppmv (50 wt% h – 2s) for 
limited duration.

operation on high sulfur fuel at 60% max power •	
(3 watts).

no short-term impact on electrochemical  –
performance for 3.6 wt% h2s.

dissection and evaluation of the structural integrity •	
of cell components and seals revealed: 

no apparent damage was found to any of  –
ceramic cell component for the short-term 
exposure of 20 hours.  this includes the anode 
current collector (ACC), electrolyte, cap, porous 
separator and holder.  the ACC was not cracked 
and ACC at alumina tube joint looked good.

high temperature adhesive/glue used to seal the  –
anode chamber and to seal the anode current 
collector was damaged and became permeable 
to h2s.

scanning electron microscopy/energy dispersive •	
spectroscopy (sem/eds) evaluation determined 
the following:

sulfur and tin peaks in eds analysis of black  –
spikes and ball specimens found after testing on 
3.6 wt% h2s in h2 indicate these are tin sulfite. 

sem/eds of anode current collector  –
showing that h2s penetrated through the high 
temperature adhesive and reacted with metal 
core forming metal sulfide.

demonstrated feasibility of a direct coal  –
conversion in an “In situ Gasification” 
ltA-soFC.

Introduction 

Coal will continue to play a vital role for power 
generation in the U.s.  Improving the generation 
efficiency of existing and future fuels will increase their 
economic viability and improve their environmental 
impact, but efficient generation options are limited, 
particularly for applications where carbon capture and 
sequestration is desired.  the direct conversion of fuel to 
energy in a fuel cell can be highly efficient, particularly 
if cleaning and gasification steps can be eliminated.  
the ltA-soFC shows promise as a direct coal power 
conversion device.

operation of the ltA-soFC has been proposed 
in two very different configurations.  In other projects, 
Celltech is evaluating a concept called electroChemical 
looping (eCl) where coal is directly fed to the 
oxidized liquid tin in a tin-coal reactor and reduced tin 
is circulated to fuel cell stack to produce power.  this 
concept shows significant promise for high efficiency.  
since coal will be in intimate contact with molten tin, 
the key risk area for eCl is the potential impact to the 
fuel cell from those refractive and less volatile impurities 
in coal, if dissolved in tin.  A second concept called “In 
situ Gasification” allows the anode products (water 
and Co2) to gasify the solid fuel in a zone immediately 
adjacent to the anode but separated by a porous media.  
since only gas phase constituents interact with the 
tin anode, technical risk areas will be volatile coal 
impurities existing in gas phase and their impact on 
ltA-soFC.

IV.3  Liquid Tin Anode Direct Coal Fuel Cell
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Approach 

Figure 1a shows a schematic configuration of an 
ltA-soFC gasification cell.  the molten tin anode 
is contained between the electrolyte and a porous 
refractory ceramic separator - there is no direct 
coal-tin contact.  Unlike a conventional ni anode-
based soFC, the molten tin anode has exceptional 
tolerance toward carbon, sulfur and other volatile coal 
impurities, making direct coal conversion through in 
situ gasification a feasible approach.  the cathode and 
electrolyte utilize conventional materials, benefiting 
from the vast amount of soFC materials research being 
conducted by doe and other organizations worldwide.  
the porous ceramic matrix shown in Figure 1a is used 
in smaller systems to manage the tin-fuel interface.  
Figure 1b shows a sem cross-section of an ltA-soFC 
gasification cell, showing the location of the various 
chemical and electrochemical reactions when coal is 
used as fuel.  notice in the Figure 1b, coal is simplified 
as Cxhy or C.  Inside the anode chamber at the 1,000°C 
operating temperature, simultaneous pyrolysis, and shift reactions occur, generating gaseous fuel molecules such 

as hydrogen, Co and small hydrocarbons which can 
be readily transported through the porous separator.  
Figure 2 shows a conceptual drawing of how the in 
situ gasification approach could work.  the technical 
approach included testing an ltA-soFC cell using a 
simulated gas stream of h2s in h2 whose concentration 
was comparable with and exceeding the total sulfur 
content in Illinois #6 coal. 

Results 

In Phase I Celltech successfully completed all four 
technical tasks as summarized in table 1.

Conclusions and Future Directions

demonstrated 3.6 wt% h•	 2s in h2 as fuel in Gen 3.1 
ltA-soFC cells leading to the feasibility of direct 
coal conversion using Illinois #6 high sulfur coal in 
the operational mode of in situ gasification.

Cell components were not affected by the high •	
sulfur content.

A logical next step is to demonstrate operation with •	
high sulfur carbonaceous fuel in the ltA-soFC.  
the following steps will demonstrate high sulfur 
operation under realistic small scale conditions:

develop ltA cell technology which continues  –
to addresses the key issue of ltA cell operation 
on sulfur and carbonaceous components that 
are contained in coal.

Conduct continuous testing of high sulfur  –
carbonaceous fuels with ltA-soFC in situ 
gasifier cells.

Figure 1a.  A Schematic of the LTA-SOFC Process Illustrating How 
Coal Drives the Tin Redox Cycle

Figure 1b.  Chemical and Electrochemical Processes Shown on a 
Cross-Section of an LTA-SOFC Cell with a Porous Ceramic Separator

Figure 2.  Concept of “In Situ Gasification” Direct Coal Conversion in an 
LTA-SOFC
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Table 1.  Summary of Technical Tasks

Phase i Tasks Key accomplishments/issues

Experimental Validation- 
Operation on simulated gas 
stream 

Developed a simulated gas stream for high sulfur testing.  
Tested four Gen 3.1 cells  (Figure  3)
• Two cells at 2,134 ppmv (3.6 wt% H2S in H2) for 20 hours
• Two cells at 36,900 ppmv (50 wt % H2S) for limited duration

Test Data Analysis
(electrochemical)

Baseline operation on hydrogen was normal for Gen 3.1 cells.  
Operation on high sulfur fuel at 60% max power (3 watts) as shown in Figure 4.
• No short-term impact on electrochemical performance for 3.6 wt% as shown in Figure 5.

Test Article Analysis
(physical)

Dissection and evaluation of the structural integrity of cell components and seals revealed: 
• No apparent damage was found to any of ceramic cell component for the short-term exposure of 20 hours.   
    This includes the ACC, electrolyte, cap, porous separator and holder.  The ACC was not cracked and ACC at  
    alumina tube joint looked good. 
• High temperature adhesive/glue used to seal the anode chamber and to seal the anode current collector was  
100%damaged and became permissible to H2S.

SEM/EDS evaluation determined the following:
• Sulfur and tin peaks in EDS analysis of black spikes and ball specimens found after testing on 3.6 wt% H2S in  
    H2 indicate these are tin sulfite.
• SEM/EDS of anode current collector showing that H2S penetrated through the hi-temp adhesive and reacted  
    with metal core forming metal sulfide.

Identification of Technical 
Issues and Program Planning

• Volatility of tin sulfite must be managed.
• Sealants and current collector components may be susceptible to H2S attack but major fuel cell components  
    did not suffer damage during short-term testing at 3.6 wt% H2S.
• 50 wt% H2S in H2 caused tin leakage probably indicating a change in surface tension.

Figure 3.  Single Cell H2S Spiking Tests Were Conducted in a Standard Test Set-Up
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scale up effort from single cell to multi-cell  –
stack assemblies to further verify ltA-soFC 
operation on high sulfur carbonaceous fuels 
derived from coal-based fuels.

testing of ltA-soFC on pure sulfur in an inert  –
carrier gas, which to Celltech’s knowledge has 
never been attempted before in an soFC.

FY 2011 Publications/Presentations 

1.  seCA - 2010

2.  Fuel Cell seminar - 2010

References 

1.  Celltech Power presentation at Fuel Cell seminar 2010.

Figure 5.  Cell voltage at constant current load operating on 
2,134 ppmv H2S in H2 (3.6 wt% H2S).  In the last 5 hours, no degradation 
was observed.  Test condition was constant load at 4.5 amps.
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Figure 4.  Polarization and power curves for Gen 3.1 cells (I-V curves) 
using hydrogen as a baseline (diamonds) and 2,134 ppmv H2S in H2 
(3.6 wt% H2S) (triangles).  Flow rate 300 cc/min - a complete overlap.
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Fiscal Year (FY) 2011 Objectives 

develop a mechanistic understanding of degradation •	
mechanisms associated with microstructural 
sintering and coarsening during operation.

Identify and validate degradation mitigation solution •	
for microstructural sintering and coarsening during 
cell operation.

develop and demonstrate low-cost thermal spray •	
manufacturing capabilities for metal supported fuel 
cells.

develop a conceptual design and cost estimate of a •	
100 kW solid oxide fuel cell (soFC) system.

FY 2011 Accomplishments 

Identified electrode structural evolution during •	
operation as performance degradation mechanism.

Implemented and tested an integrated thermal spray •	
manufacturing system for soFCs. 

Identified anode roughness as a key criteria to •	
enable hermetic electrolytes.

developed thermal spray process conditions for a •	
smooth fuel electrode (anode), to enable a dense 
electrolyte on a metallic support.

Introduction 

through research and development efforts 
conducted within the U.s. department of energy’s 
(doe) solid state energy Conversion Alliance 
(seCA) fuel cell program, considerable progress has 
been made towards the realization of current soFC 
stack cost goals.  however, performance degradation 
of high-performance soFC cathodes, in particular 
la1-xsrxCo1-yFeyo3-δ (lsCF), remains a technical barrier 
to the commercial viability of soFC technology.  the 
objective of this project is to identify the dominant 
degradation mechanisms, and to develop and 
implement cost-effective mitigation strategies to retain 
high electrochemical performance in lsCF-based 
cathodes over the operational lifetime of an soFC 
stack (>40,000 hours).  the project goal is to reduce 
power density degradation rates to less than 1% per 
1,000 hours, while maintaining high initial power 
densities (>0.75 W/cm2). 

Approach 

the lsCF-based cathode degradation mechanisms 
will be identified and evaluated using the state-of-
the-art soFC characterization laboratory at the Ge 
Global Research Center, niskayuna, new york.  the 
approach relies on the electrochemical testing of 
soFCs under realistic operating conditions.  however, 
given the complexity of soFCs, off-line laboratory 
testing including sintering studies, contact resistance, 
and diffusion couples will be leveraged to isolate and 
understand specific mechanisms under representative 
conditions.  the structural and chemical degradation 
components will be identified using advanced 
characterization techniques such as high-resolution 
transmission electron microscopy, scanning electron 
microscopy, and high-angular resolution synchrotron 
X-ray diffraction.

As the contact integrity of critical interfaces 
has been recently identified as a major degradation 
mechanism, alternative cell manufacturing approaches 
will also be evaluated.  In particular, approaches will 
be evaluated for improved barrier layers to provide 
enhanced cathode interfacial strength.  In addition, 
interconnect chromium barrier coatings will be 
evaluated and optimized, with a focus on (mn,Co)3o4, 
for thin and dense coatings to mitigate the well-
known chromium poisoning degradation mechanism.  
Combined, these results will enable the development 

IV.4  Performance Degradation of LSCF Cathodes
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of structure-property-performance correlations.  these 
will be used to guide the identification and development 
of cost-effective solutions to reduce the degradation of 
high-performance lsCF-based soFCs.

In addition, low-cost thermal spray manufacturing 
approaches will be developed and evaluated with respect 
to cost-effectiveness as well as cell performance.

Results 

Cathode side degradation mechanisms comprise 
contributions of various ohmic (e.g., oxide scale growth 
and interaction/reaction layers between the metal 
interconnect and cathode) and non-ohmic (destruction 
of catalytically active sites and diffusion pathways for 
oxygen reduction within the cathode) mechanisms.  
A summary of potential mechanisms is presented in 
Figure 1.  A combination of electrochemical cell testing 
and electrical contact resistance experiments has been 
employed to simulate the configuration and conditions 
of operating soFCs.  A quantitative comparison 
of the results from the experiments, in conjunction 
with existing models, will furnish an understanding 
of the degradation processes that contribute to the 
performance degradation of lsCF-based soFCs.

Using an embedded voltage lead in the cathode 
bond layer allows for the simultaneous measurement 
of interconnect contact resistance and electrochemical 
performance as shown schematically in Figure 2.  two 
current collector materials were used; a gold mesh as 
an inert baseline, and ferritic steel representative of a 
commercial cell.  As shown in Figure 3, for gold current 
collector samples, the contact resistance was very stable 

and did not increase, as expected.  however, for the 
coated steel interconnected samples, the interconnect 
contact area specific resistance (AsR) increased about 
4.8 mΩ-cm2/khr, in agreement with standard contact 
resistance measurements.  this data is the critical 

degradation component of the 
operating fuel cell and can 
be used to develop long-term 
performance models to support 
the low degradation targets of the 
seCA program.

A key barrier to the 
commercialization of soFCs 
is the high capital cost 
involved with developing a 
manufacturing infrastructure for 
fabricating sufficient quantities 
of the multilayered cells for 
demonstration units.  In addition, 
to accommodate low initial rates 
of market adoption, low-cost 
manufacturing is imperative 
to establishing a commercially 
viable fuel cell technology 
business.  Recent progress in 
thermal spray technology at Ge 
is very promising for dramatically 
reducing low-volume Figure 1.  Schematic of an SOFC Highlighting Potential Degradation Mechanisms

Figure 2.  Button Cell Configuration of the Ferritic Steel and Gold 
Interconnected SOFCs with Embedded Gold Cathode Interconnect to 
Measure Location-Specific Degradation
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manufacturing costs.  thermal spray processing offers a 
new, lean manufacturing paradigm for the production of 
planar soFCs (see Figure 4).

In addition to significantly diminished initial capital 
costs, four additional advantages of thermal spray 
manufacturing include:

1. Integrated electrolyte-to-metal seal that is formed 
during thermal spray deposition, eliminating the 
need for the traditional post-fabrication glass sealing 
methods used for sintered cells. 

2. the thermal spray manufacturing process is scalable 
to a large cell area that reduces part count, and 
is a modular process that allows flexibility in 
accommodating production volume and design 
changes that is critical for demonstration/prototype 
units.  larger cell sizes are directly related to a 
decreased part count, and thereby play a major role 
in reducing the stack cost through reduced materials 
and labor. 

3. thermal spray manufacturing could also be tailored 
to the production of graded properties of cell 
components. 

4. A successful thermal spray manufacturing process 
could be implemented through existing thermal 
spray supply chains with only a minimal investment 
in additional equipment.  this approach enables the 
commercial introduction of prototype units and low-
volume production as the technology finds market 
acceptance with significantly reduced capital risk.

Recent efforts have been devoted to the 
development of a suitable substrate and thermal spray 
process parameters for the fuel side electrode (anode).  
experimental results suggest that surface topography is 
key to developing proper anode support for a hermetic 

electrolyte.  Anode roughness is a key indicator of 
the surface quality.  Full coverage of the porous metal 
support by the anode material is also expected to be 
required for adequate cell performance.  therefore, 
development activities focusing on developing a thermal 
sprayed smooth and continuous anode layer onto a 
porous substrate were carried out.  Preliminary results 
show that deposition of a continuous anode onto a 
porous support is possible, however, characterization of 
the anodes reveals that the surface roughness is driven 
by the topological growth of the surface roughness 
of the substrate during the anode deposition process.  
this roughness is detrimental to the development of 
a hermetic electrolyte and needs to be eliminated by 
developing appropriate deposition parameters.  Work 
was performed which led to development of thermal 
spray parameters suitable for deposition of smooth 
anodes on porous metal supports, as shown in Figure 5, 
which shows topography of the anode surface when 
sprayed with optimized conditions.  Furthermore, a 
minimum thickness for full foam coverage with a smooth 
anode was established.

Conclusions and Future Directions

the inherent stability and high electrochemical 
performance entitlement of lsCF cathode-based soFCs 
has been demonstrated.  the high performance of 
this material system plays a major role in decreasing 
the cost per kilowatt of soFCs.  however, a reliable 
solution to the degradation behavior requires a more 
detailed understanding of the kinetics of the dominant 
mechanisms and requires additional investigation.  

Figure 3.  Evolution of the Ohmic Interfacial Current Collector-Cathode 
Contact Resistance (ASR) for Gold Current Collectors (Red) and Ferritic 
Steel Current Collectors (Blue)
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Ultimately, a degradation mitigation solution for high 
performance (>0.75 W/cm2) soFCs with ferritic 
steel interconnects, having a repeatable performance 
degradation of <1%/1,000 h, will be demonstrated.

thermal spray manufacturing offers a new, lean 
manufacturing paradigm for the production of planar 
soFCs.  Continued development of substrate design 
and thermal spray conditions will ultimately lead to the 
required innovation to overcome the commercialization 
barrier for solid soFCs with the ability to meet seCA 
cost targets at much lower production volumes.

FY 2011 Publications/Presentations 

1.  Quarterly Report for 4th calendar quarter 2010, 
January 30, 2010.

2.  Quarterly Report for 1st calendar quarter 2011, 
April 30, 2011.

3.  V. dheeradhada, h. Cao, and m.J. Alinger, “oxidation of 
Ferritic stainless steel Interconnects: thermodynamic and 
Kinetic Assessment,” Journal of Power sources, 196 (2011) 
1975-1982.

4.  m.J. Alinger, “degradation of lsCF Cathodes,” 
11th Annual seCA Workshop, Pittsburgh, Pennsylvania, 
2010.

Figure 5.  Surface Topographic Images of the Effect of Optimized Thermal Spray Deposition to Ensure Full Coverage and Smooth Anode on a Porous 
Metal Support
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Fiscal Year (FY) 2011 Objectives 

Using a liquid metal anode solid oxide fuel cell •	
(lmA soFC), measure the oxygen diffusion 
coefficient for at least two tin alloy compositions 
and for at least two temperatures.

determine the electrochemical performance for •	
at least one lmA operated at three temperature 
conditions on hydrogen and coal fuel.  Report the 
differences observed in impedance measurements 
using equivalent circuits.  

Generate an ab initio model that can predict the •	
state of oxygen in a liquid tin anode (ltA) soFC.  
Report the adopted computational methodology 
and initial results regarding the estimation of oxygen 
diffusivity in liquid tin.  

Complete chemical analysis on reaction product •	
distribution from lmA soFC coal contaminant tests 
(metal/slag/electrolyte).  Report results of testing.

Complete a report based on microstructural analysis •	
that provides sufficient evidence to affirmatively 
identify partitioning of trace contaminant material 
between lmA phases (metal/slag/electrolyte) and 
that identifies the distribution of trace material in 
terms of penetration depth.  

FY 2011 Accomplishments 

Completed lmA soFC tests to determine oxygen •	
diffusion coefficient for base metal and two alloys, 
each operated at three temperatures.  

developed an experimental system to evaluate •	
electrochemical performance of an lmA soFC 
test apparatus using electrochemical impedance 
spectroscopy (eIs) to understand the behavior of 
the cell.  First eIs tests were performed at three 
temperatures.

established an ab initio model describing the •	
oxygen/tin system using the VAsP package, and 
generated a report describing the computational 
methodology and primary results.

Completed chemical analysis and spectroscopic •	
analysis of tin in lmA soFC system and reported 
results of testing.

Completed microstructural analysis of lmA •	
soFC to evaluate contaminant partitioning using 
transmission electron microscopy (tem) analysis.  
Interfaces are especially examined.

Introduction 

In 2009, electricity consumers in the United states 
were supplied with 69% of their electricity from fossil 
fuels, with 45% of the total electric power generated 
from coal fuel alone.  sustained, economically feasible 
production of electric power will require continued 
consumption of substantial amounts of coal, with 
biomass fuel resources expected to also increase their 
contribution to power production over the coming 
decade.  Improving the electricity generation efficiency 
using coal and biomass fuel extends the lifetime of coal 
and biomass reserves and reduces the amount of carbon 
dioxide and other pollutants produced per kilowatt of 
electricity (relative to lower efficiency processes).  high 
efficiency production from coal and biomass is possible 
in power plant designs that include fuel cell technology.  

most fuel cell systems leveraging coal and biomass 
as a fuel source require gasification of the material to 
produce synthesis gas, which significantly increases system 
cost and complexity.  By replacing the traditional ceramic 
fuel electrode of a typical high temperature soFC with an 
lmA such as tin, pulverized coal and carbonaceous fuels 
like plastics and biomass can be fed directly into the fuel 
cell and their chemical energy converted to electricity.  
direct utilization of the coal and biomass facilitates 
decreased cost and complexity of the total system, features 
which serve to offset the lower power density of this novel 
unit relative to traditional soFC.  this project investigates 
the basic performance features of an lmA soFC to 
produce fundamental data that will be useful for designing 
commercially significant systems.  

Approach 

In order to properly model and understand the 
performance of an lmA soFC, careful measurements 
of the transport and reaction kinetics of the anode 
are needed.  A series of standard electrochemical tests 

IV.5  NETL RUA LMA SOFC R&D
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including chronoamperometry, chronopotentiometry, 
and eIs are used to measure the oxygen diffusion 
coefficient through the liquid metal, the oxygen content 
within the liquid metal, and the interfacial polarization 
resistance at the liquid metal/fuel interface.  to increase 
oxygen transport through the liquid metal, different 
liquid metal alloys of tin are tested for oxygen diffusion 
rate and surface reaction kinetics.  selection of liquid 
metal alloys is based on thermodynamic calculation of 
the oxygen solubility limit within the metal.  Kinetic 
parameters experimentally determined for the metal 
alloys are incorporated into a one-dimensional model 
of the lmA soFC system to judge the magnitude of 
power density increases possible from adjusting the 
composition and geometry of the lmA.

Recent advances in the eIs methodology can be 
applied to explore and analyze the behavior of individual 
electrodes and components of electrochemical systems.  
eIs methodology provides direct information on the 
behavior of soFC electrodes, reaction kinetics and ionic 
conductivity in soFC components that are generating 
electrical power.  eIs data are also used to monitor 
soFC degradation.  these tools are applied to develop 
accurate and detailed equivalent electrical circuit 
models of the lmA soFC, which are used to evaluate 
fundamental performance differences associated with 
operating current, fuel type, and anode composition.  
evaluation is also possible for electrochemical 
performance of a coal-fuelled lmA soFC. 

Computational methods may also be used to 
produce quantitative evaluation of oxygen transport.  
First the oxygen state within the liquid metal must be 
determined, whether it exists as an oxide or sub-oxide 
of the metal, or in some ‘dissolved’ form.  Knowledge 
of the stable oxygen forms is critical since the form 
influences the precise mechanism of oxygen transport 
and the interconversion between different states of 
similar energy.  Accordingly, different tin oxide species 
including tin monoxide (sno) and tin dioxide (sno2) in 
liquid tin will be studied at the level of density functional 
theory (dFt).  dFt is ideal for studying systems where 
bond breaking and formation events are likely to occur 
in the condensed phase.  A specific dFt methodology 
is first chosen and validated, and then dFt-based 
molecular dynamics simulations of sno and sno2 in 
liquid tin are performed at a simulated temperature of 
800°C.  subsequent work focuses on the computation 
of diffusion coefficients for oxygen in liquid tin.  
Validation of the computational result is made based on 
the measured rate of oxygen diffusion experimentally 
determined in parallel work.  

Knowledge of the impact of trace metal materials 
contained in coal on the lmA soFC electrochemical 
operation must also be characterized.  direct testing 
of contaminant partitioning in lmA soFC systems 
was conducted using representative eastern and 
Western coals.  Partitioning of contaminant materials 

within the cell between soluble, insoluble, and cell 
component phases will be investigated.  to overcome 
the limitations in analytical sensitivity to trace materials, 
the reactants are spiked with specific contaminants 
of interest to facilitate examination of the partitioning 
behavior.  metal-soluble contaminants reacting with 
the yttrium-stabilized zirconium (ysZ) electrolyte 
material will be examined by analyzing the ysZ 
crucibles with optical microscopy and/or scanning 
electron microscopy (sem)/tem to determine surface 
alteration and depth of penetration.  the comprehensive 
microstructure information obtained by high-resolution 
techniques will facilitate the correlation between the 
anode electrocatalysis, microstructure, and chemistry 
degradation mechanisms attributable to various 
contaminants.  

Results 

Research is completed to evaluate the basic 
performance of the lmA soFC, to computationally 
predict the state of oxygen in the liquid tin system, 
and to determine the impact of trace materials on cell 
structure and chemistry.  experimental efforts are first 
conducted on the liquid tin and liquid metal alloy 
systems to evaluate basic performance.  Figure 1 depicts 
a schematic of the lmA test system.  the tin is contained 
in a crucible made of the fuel cell electrolyte material, 
which has a cathode painted on the bottom.  Gaseous 
or solid fuel is fed through an interior tube oriented 
co-axially with the outer tube.  one current collecting 
electrode is attached to the painted cathode and one 
electrode is submerged inside the tin.  the electrodes are 
connected externally to instrumentation that can probe 
the current/voltage/power characteristics and perform 
eIs experiments on the cell.  limited translation of 
probes is possible, and allows spatial resolution of liquid 
tin bath conditions to ensure that key assumptions in the 
transport models are satisfied during the experiments.  

Figure 1.  Schematic of the LMA SOFC system.  Gaseous, pulverized 
coal, or biomass fuels are added through a central tube directly to the 
anode where the reactions take place. 
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data collected on the system are analyzed 
to determine oxygen diffusion rates and evaluate 
electrochemical kinetic performance.  Figure 2 shows 
typical performance data collected for the lmA soFC 
system.  the graph on top depicts the current relaxation 
upon application of a precise potential gradient across 
the cell.  the figure shows that the steady-state current 
following relaxation is a function of temperature, with 
greater steady-state currents observed at relatively 
higher temperatures.  Fitting of the relaxation data to an 
electrochemical diffusion model reveals the magnitude 
of the oxygen diffusion, which is on the order of 
10-4 cm2/sec at the highest temperatures.  the graph on 
the bottom shows impedance plots determined for an 
ltA operated at three temperatures.  the data collected 
are fitted with equivalent circuit models to predict the 
relative importance of various reaction steps.  In the 

sample tested, the observed low frequency behavior 
implies that a substantial diffusion limitation is present, 
which may correspond to slow transport of active 
species through the liquid tin.

Computational chemistry is used to generate 
predictions of the state and transport of oxygen in the 
lmA soFC system.  the predictions can be used in the 
formation of reaction mechanism hypotheses, and also 
to screen potential anode metals and constituent alloys.  
Figure 3 shows an example of some computational 
predictions for ground state energies generated for the 
tin-oxygen system.  Accurate ground state predictions 
are achieved by proper selection of computational 
parameters, including pseudo potentials and electron 
interaction (or exchange-correlation) functionals.  
Ground state energies (or, more precisely, energies or 
enthalpies of formation) for the tin-oxygen system are 
known experimentally, therefore the computational 
results can be compared to known values to ensure 
that the description of the ground states is accurate.  
Prediction of the proper ground states implies that 
the proper modeling assumptions have been made in 
formation of computational chemistry problem.  the 
information depicted is used in subsequent calculations 
to computationally predict the diffusion of oxygen in 
the liquid tin system, and the results can be verified by 
comparison to the parallel experiments described.

In addition to knowledge of the oxygen state, 
proper design and operation of the lmA soFC system 
requires knowledge of the impact of trace materials 
contained in coal on the cell operation.  Figure 4 
depicts microscopic images of critical reaction interfaces 
within the lmA soFC system.  In the image at left, the 
interface between the liquid tin and the carbonaceous 
solid fuel is investigated by sem to identify formation of 
unwanted phases.  Both tin oxide and tin-sulfur phases 
are found in a very narrow region at the interface.  the 
presence of the material may hinder oxygen transport, 
diminish the efficiency of the fuel reactions, increase 
the difficulty of undesirable phase removal from lmA, 
or simply increase the total ohmic resistance in the 
cell.  the image at the right shows tem micrographs 
of the interface between the carbonaceous fuel and the 
ysZ.  many trace metal oxides are located at this region, 
which implies that many of the unwanted trace materials 
will form an oxide slag that can be removed through 
careful processing. 

Conclusions and Future Directions

the lmA soFC system has been thoroughly 
characterized in a series of efforts ranging from basic 
performance testing and computations to applied 
analysis of operation and trace material partitioning.  
Research methods have been optimized to accurately 
determine the oxygen diffusion coefficient using a 
standard test system, and have provided reliable and 

Figure 2.  (Top) Depiction of typical data collected during oxygen 
diffusion measurements.  Analysis of the data shows increasing oxygen 
diffusion as temperature increases.  (Bottom) Typical impedance plots 
generated at different operating temperatures.  The plots indicate that 
cell resistances decrease as temperature increases, as expected. 
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quantitative results.  efforts have been completed 
to probe evaluation of reaction kinetics using 
electrochemical impedance spectroscopy and the data 
have been used to generate equivalent circuit models 
that provide insight into the factors limiting system 
performance.  Computational methods have been 
developed that accurately predict the core properties 
of the oxygen-tin system, and which will provide 
evaluations of the oxygen diffusivity.  experiments 
have been completed that evaluate the partitioning of 
trace material contained in coal to the various active 

components within the cell.  Advanced microscopy 
has been applied to observe critical interfaces within 
the coal-fueled system, and regions of intensified trace 
material concentration have been identified.

Future efforts will focus on further development 
of advanced alloys that will ultimately be deployed to 
commercial lmA soFC systems.  Alloy performance 
will be tested to assure high activity and responsive 
kinetics for a variety of solid fuels, and may be 
adjusted according to the computational chemistry 

Figure 3.  Depiction of the ground state predictions generated by ab initio computations.  Proper predictions 
are critically dependent upon assumption of proper pseudo-potentials and exchange-correlation functionals, 
and have been verified for accuracy in the present work. 

Figure 4.  (Left) SEM image of the interface between a tin anode and a carbonaceous solid fuel.  Tin oxide 
and tin-sulfur species are detected at the interface.  (Right) TEM image of regions at the carbon-YSZ interface.  
Many trace metals are found in the oxide scale generated at the surface of the tin bath. 
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predictions.  trace material partitioning and electrode 
deactivation will be examined in direct tests for the 
most promising alloys.  materials may be added to the 
tin system to facilitate formation of slag phases that 
may be more easily removed from the cell, thereby 
preventing deleterious interaction with the lmA soFC 
components.
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Fiscal Year (FY) 2011 Objectives

the overall goal of this project is to validate the 
performance, robustness, cost and scalability of a novel 
electrolyte-supported planar cell design, termed the 
FlexCell, for use in coal-based solid oxide fuel cell 
(soFC) power systems.  specific objectives of work in 
Fy 2011 include:

demonstrate scalability of the FlexCell design by •	
fabricating ytrria-stabilized zirconia (ysZ)-based 
FlexCells having a total cell area of at least 500 cm2.  
This objective was met by fabricating a minimum of 
20 large-area cells and achieving a production yield 
of greater than 80 percent.

demonstrate that high performance can be achieved •	
in large-area FlexCells.  This objective was met 
by performing single-cell SOFC tests on large-
area FlexCells and achieving a power density of 
more than 300 mW/cm2 at 800°C (0.7 volts and 
70 percent fuel utilization).

demonstrate stable performance of ysZ-based •	
FlexCells operating with syngas that is typical of 
gasified coal after syngas cleanup operations.  This 
objective will be met by achieving a steady-state 
degradation rate of less than 1% per 1,000 hours 
over 500 hours of single-cell testing.

demonstrate potential of achieving stack •	
manufacturing cost of less than $100/kW using 
FlexCells.  this objective was met by performing a 
comprehensive manufacturing and cost analysis and 

confirming that cell costs will be less than $50/kW 
at full-scale production (250 mW/year).

FY 2011 Accomplishments 

Based on the results of this project, all soFC •	
stack fabrication and testing work at nextech was 
transitioned to ysZ-based FlexCells.  to date in 
the project, nextech successfully fabricated more 
than 700 ysZ-based FlexCells of varying sizes (from 
100 cm2 to 540 cm2 in total area).  

A robust Iso-9001:2008 certified quality control •	
system was implemented at nextech for FlexCell 
manufacturing, which led to the achievement of the 
targeted production yields and continuous process 
improvements.

nextech established capability and methodology •	
for single-cell testing of large-area FlexCells 
and confirmed targeted performance levels 
(>400 mW/cm2, 800°C, UF = 70 percent).

nextech updated its manufacturing cost analysis, •	
confirming that full-scale production costs (at 
the 250 mW scale) of FlexCells will be less than 
$50/kW, and identifying paths to reduce costs to 
less than $40 per kilowatt.

Introduction 

this solid state energy Conversion Alliance 
(seCA) Core technology project is aimed at advancing 
planar solid oxide fuel cell technology for coal-based, 
megawatt-scale power generation systems.  It is 
anticipated that such systems will be comprised of a 
multitude of soFC stack modules to achieve targeted 
power outputs.  In order to increase the power output 
per stack module (and reduce the number of modules 
in the system), planar soFC cells with large areas 
will be required.  nextech materials has established a 
novel electrolyte-supported planar cell design, termed 
the FlexCell, which offers intrinsic scalability to large 
areas, as well as other important performance attributes.  
the FlexCell is based on a patent-pending, electrolyte-
supported planar membrane.  As shown in Figure 1, 
the FlexCell is a two-layer structure comprising a 
thin electrolyte membrane layer that is mechanically 
supported by a “honeycomb” mesh layer of electrolyte 
material.  With the FlexCell, 60 to 70 percent of the 
electrolyte membrane within the active area is thin (less 
than 40 microns), and the periphery of the cell is dense. 

IV.6  Validation of Novel Planar Cell Design for MW-Scale SOFC Power 
Systems
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nextech established its FlexCell membrane design 
using scandium-stabilized zirconia (scsZ) as the 
electrolyte material.  Although scsZ offers an excellent 
combination of high oxygen ion conductivity and high 
mechanical strength, its cost is expected to be prohibitive 
for large-scale power generation systems.  thus, the 
focus of work on this project is on fabrication and 
testing of FlexCell membranes made with lower-cost 
ysZ as the electrolyte material.  Phase I of this project, 
completed in march of 2010, focused on validating 
manufacturability and performance capabilities of 
ysZ-based FlexCells under conditions expected for 
coal-based soFC systems.  specific tasks included 
fabrication of 100-cm2 area FlexCells, testing of these 
FlexCells under application-specific conditions, finite 
element analysis of mechanical robustness of FlexCell 
membranes, and manufacturing cost analysis.  Work in 
Phase II is aimed at fabrication and testing of large-area 
FlexCells (nominally 500 cm2), and validation of the cost 
model established in Phase I.

Approach

Partially stabilized ysZ electrolyte compositions are 
being used to fabricate FlexCells in this project.  Although 
ionic conductivity of partially stabilized compositions 
(3 to 6 mol% y2o3) is lower than that of fully stabilized 
compositions (8 to 10 mol% ysZ), partially stabilized 
compositions have significantly higher mechanical 
strength.  the optimal ysZ composition is a trade-off 
between these two endpoints.  Commercially sourced 
ysZ powder was used to prepare green tape, from which 
FlexCell membranes are prepared using nextech’s 
standard procedures.  nextech’s proprietary anode and 
cathode layers then were applied in separate deposition/
sintering steps, with the anode applied to the support 

(corrugated) face of the FlexCell membrane and the 
cathode applied to the non-corrugated face.  successfully 
fabricated FlexCells were subjected to soFC performance 
testing following nextech’s existing single-cell testing 
methods.  manufacturing cost analyses were performed 
using standard chemical engineering principles with raw 
materials cost guidance provided by seCA.

Results 

A considerable amount of compositional and 
process development work was conducted with the aims 
of improving sintered density of ysZ-based FlexCell 
membranes, reducing defect density, and improving 
electrochemical performance.  this work led to the 
successful fabrication of FlexCells with 476 cm2 total area 
(see Figure 2).  nextech also has fabricated FlexCells 
with 320 cm2 and 540 cm2 areas for use in stacks being 
fabricated and tested at nextech (see Figure 3).  

single-cell soFC testing was performed on a 
large-area ysZ-based FlexCell, with data presented 
in Figure 5.  the testing manifolds and the set-up of 
this test are shown in Figure 4.  tests were conducted 
with the furnace temperature set at 800ºC, with diluted 
hydrogen as fuel (50% h2, 50% n2).  In one such 
test, the fuel flow rate was set at 4.0 lpm (2.0 lpm h2) 
and the air flow rate was set at 16 lpm.  Under these 
conditions, the open circuit voltage was 1.246 volts.  
Current then was stepped up at a rate of 2.5 amps per 
minute to generate a pole curve.  As shown in Figure 5, 
135 watts was obtained at a potential of 0.69 volts.  
this corresponded to a current density of 0.602 A/cm2, 

Figure 1.  Example of a FlexCell Membrane

Figure 2.  Examples of FlexCells Made with 476 cm2 Area (left) and 
330 cm2 Area (right)
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power density of 409 mW/cm2 and fuel utilization of 
approximately 70 percent.

In Phase I, a manufacturing cost analysis was 
completed for large-area FlexCells at the 250 mW/year 
volume level.  this analysis was updated based on the 
results of the Phase II project and additional insights 
gained at nextech since the original analysis was 
completed.  the process flow diagram for the FlexCell 
manufacturing process is shown in Figure 6.  A seven-
day, three-shift operation was assumed to maximize 
capacity of the highly automated manufacturing 
equipment.  Gas-fired tunnel kilns were assumed for 
sintering electrolyte substrates, while electrically heated 
tunnel kilns were assumed for annealing of electrodes.  
the capital equipment cost needed for the full-scale 
(250 mW) FlexCell production facility was determined 
through vendor quotes for each manufacturing operation.  
Raw material costs for the full-scale production plant 
were based on seCA-provided estimates, vendor 
quotations, and large-scale production estimates.  Based 
on these assumptions and a complete accounting 

for costs associated with building and operating the 
production facility, a manufactured cost estimate of $51 
per kW was estimated (see table 1).  several approaches 
were identified to provide a path toward reduction of 
manufacturing cost to the $40/kW level.

Figure 3.  YSZ-Based FlexCell Membranes for NexTech’s Stacks: 
1-2 kW Scale Stack Platform (top) and 5-10 kW Scale Stack Platform 
(bottom)

Figure 4.  Cathode Manifold with Flow Channels and Contact Paste 
Applied (top); Cell Loaded in Test Stand with Current and Voltage Taps 
for Testing (bottom)
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Table 1.  Breakdown of FlexCell Production Costs at 250 MW/Year 
Scale

Cost Category Yearly Cost Cost Per Cell Cost Per kW

Raw Materials $5,617,891 $2.75 $22.47 

Depreciation $2,063,502 $1.01 $8.25 

Operating Labor $1,833,930 $0.90 $7.34 

Utilities $1,300,558 $0.64 $5.20 

Operating Supplies $1,123,578 $0.55 $4.49 

Local Taxes $550,267 $0.27 $2.20 

Maintenance & 
Repairs

$112,358 $0.06 $0.45 

Insurance $220,107 $0.11 $0.88 

Total $12,822,191 $6.29 $51.29

Conclusions and Future Directions

to date in this project, nextech has successfully 
demonstrated the fabrication of FlexCell membranes 
made with yttrium-stabilized zirconia as the electrolyte 
material.  electrochemical testing has confirmed that 
soFC performance of ysZ-based FlexCells is essentially 
the same as that achieved with FlexCells made with 
scsZ electrolyte material at 800ºC.  the fabrication of 
ysZ-based cells was successfully scaled up to 540-cm2 
areas, and single-cell testing of large-area FlexCells has 

confirmed that performance is scalable with cell size.  
Additional work remaining on the project includes the 
following:

1. Continued fabrication and testing of large-area 
FlexCells (>300 cm2 active area), and evaluating 
performance with simulated coal gas as fuel.

2. long-term testing on simulated coal gas with the 
goal of demonstrating stable performance over a 
minimum of 500 hours of testing.

FY 2011 Publications/Presentations 

1.  Quarterly status Report #7 (July 31, 2010).

2.  Quarterly status Report #8 (october 30, 2010).

3.  Quarterly status Report #9 (January 31, 2011).

4.  Quarterly status Report #10 (April 30, 2011).

5.  topical Report on manufacturing Cost Analysis for 
ysZ-Based FlexCells (April 30, 2011).

6.  Presentation at seCA Core technology Workshop 
(July 27, 2010).

7.  Interim Review meeting Presentation 
(december 15, 2010).

8.  Interim Review meeting Presentation (June 10, 2011).

9.  Presentation at Fy 2011 Fuel Cells Peer Review 
(February 15, 2011).
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Fiscal Year (FY) 2011 Objectives 

Produce computational fluid dynamic (CFd) •	
models of various flowfield geometries and material 
porosities using FlUent software package.

Fabricate porous plates according to modeling results.•	

maximum fuel energy density by optimizing •	
membrane electrode assembly (meA) structure and 
operating scheme.

Perform extended life tests of optimized meAs.•	

Construct one or more short stacks consisting of •	
three to four cells.

optimize the short stack(s) in terms of operating •	
parameters.

FY 2011 Accomplishments 

FlUent modeling of the integrated flowfield •	
diffusion layer (IFdl) structure was performed and 
determined that a square-grid flowfield on both 
sides of the porous plate would provide the most 
uniform flow distribution.

IFdl plates were successfully fabricated from •	
porous graphite using a table-top endmill machine.

direct methanol fuel cell (dmFC) single cells were •	
evaluated using the porous graphite IFdl plates 
and resulted in gross fuel energy densities of over 
781 Wh/l with fuel utilizations of over 79%.

single cells have been operated using the IFdl •	
method for over 80 hours with no significant 
decrease in power output.

A short stack has been constructed consisting of two •	
cells and initial performance testing has begun.

Introduction 

direct liquid fuel oxidation fuel cells hold 
great promise for portable power sources and even 
intermediate power sources (low hundreds of watts) 
because the fuels have high energy density.  one of the 
fuels with high energy density is methanol (which can 
be synthesized from gasified coal), so the dmFC is 
perfectly suitable for the above mentioned applications.  
Currently, state-of-the-art dmFCs have acceptable 
degradation rates but the excessive crossover of the 
fuel diminishes greatly the ability to harvest the energy 
contained in the fuel.  the crossover impediment can 
be mitigated by the use of diluted fuel but this decreases 
heavily the gross fuel energy density (GFed), which is 
the energy produced per unit of fuel solution (the largest 
volume component for a long-term power system), and 
brings about a complex and bulky balance of plant, 
which impacts the final energy and power density of 
the system.  If the dmFCs are going to be successful in 
coming years an alternative approach, which enables the 
use of concentrated fuel, will have to be devised.

Approach 

nuVant systems, Inc. will tackle the problem 
of methanol crossover by employing highly porous 
structures at the dmFC anode which will allow for 
controlled delivery of highly concentrated or neat 
methanol to the anode side.  the methanol delivery 
to the anode side will be adjusted in concert with the 
back-diffusion of water from the cathode side such 
that diluted methanol will be created in situ at the 
anode.  In this way crossover will be minimized and 
high GFed will be achieved.  the secret to success is 
the tightly controlled structure of the porous material 
and the fuel delivery mode.  the pore diameter and total 
porosity play a very important role on how (and how 
much of) the highly concentrated methanol arrives at 
the anode.  Various hydrophilic and/or hydrophobic 
treatments of the porous substrate impact the way 
methanol distributes over the entire geometric area of 
the electrode.  Also, these treatments impact the way 
reaction products are being exhausted.  In order to best 
build these porous structures, a thorough understanding 
of flow and diffusion through porous media is required.  
By employing CFd modeling nuVant will study various 
porosities, various geometries and various flowfields 
which will enable optimal delivery of methanol to the 
reaction site.  Based on the optimal design of these 
structures nuVant will build a short dmFC stack that 
will deliver high GFed and high power density.

IV.7  Improved Flowfield Structures for Direct Methanol Fuel Cells
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Results 

Prior to fabricating any fuel cell hardware associated 
with the IFdl cell operating concept, CFd modeling 
using the FlUent software program was conducted 
to confirm the effectiveness of the flowfield designs to 
be incorporated into the porous graphite plate.  the 
initial concept of the flowfield was to have a web-like 
configuration for the fuel (methanol) side of the plate.  
A continuous stream of fuel would be injected into the 
center of this flowfield and would radiate outward to 
the extremities of the plate (see Figure 1).  since the 
velocity of the fuel radiating outward would be much 
greater than the rate of permeation of fuel through the 
thickness of the porous plate, it was anticipated that 
this configuration would allow for relatively uniform 
lateral distribution of fuel across the plate which would 
lead to even fuel availability on the opposite side of the 
plate (contacting the anode electrode of the meA).  this 
meA side of the porous plate was intended to have a 
square pin grid as a flowfield which would enable Co2, 
a byproduct of methanol oxidation, to be easily removed 
from the anode electrode (see Figure 2).  the Fluent 
modeling revealed the web-like flow was too restrictive 
to allow the fuel to diffuse across the plate laterally 
and thus caused regions of fuel depletion on the meA-
side of the porous plate.  the web-like flowfield was 
then replaced by a square-grid flowfield (similar to the 
meA side, but offset such that the square pins did not 
overlap).  this configuration was predicted to allow a 
more uniform flow distribution across the fuel side of 
the plate and eliminated regions of fuel depletion on the 
meA-side.  once the design had been verified, the plate 
was fabricated successfully using a Roland mdX-540 
endmill from porous graphite material.

the porous graphite IFdl plates were inserted 
into single cell assemblies made from gold-coated brass 
endplates which would accommodate a 25 cm2 dmFC 

meA.  one of the plates would hold the IFdl plate 
and serve as the electrical connection for the anode (see 
Figure 3).  the opposing endplate contained a serpentine 
flowfield for air delivery and electrical connection to 
the cathode.  this configuration was then examined by 
manipulation of several operating parameters such as 
cell temperature, fuel flow rate, method of fuel delivery 
(continuous flow or discrete doses), fuel concentration, 
and air flow rate.  thus far we have been able to 
achieve up to 781 Wh/l of GFed at a utilization of 
79.4%.  While this means that approximately 20% of 
the methanol fuel is being lost due to crossover to the 
cathode side (where it reacts with o2 in the air to create 
heat and not electrical energy), the high degree of fuel 
energy density means the system can provide significant 
power on a volumetric basis – thus reducing the size 
requirements of a commercialized power system.  Work 
is continuing to attempt to maximize the energy density, 
with a goal of 1,000 Wh/l in the near future.  these 
cells have been operated up to 80 hours continuously 
without significant loss of power output, but longer 
experiments are planned (several 100s of hours) to 
confirm the stability of the IFdl arrangement.

After successful operation of a single cell using 
the IFdl concept, the next logical step was to create a 
“stack” consisting of multiple cells electrically connected 
in series.  this arrangement results in a higher voltage 
than a single cell operating at the same current which 
translates into a greater power output.  A commercial 
power system would entail at least 10 or more cells to 
supply meaningful current and voltage, depending on 
the intended application.  A small stack, consisting of 
only two cells for now, has been constructed although 
performance testing and evaluation has only just begun 
(see Figure 4).  

Figure 1.  Fuel Side Flow Design for Porous IFDL Plate

Figure 2.  MEA Side Flowfield Design for Porous IFDL Plate
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Conclusions and Future Directions

the IFdl porous plate concept, guided by 
computational modeling efforts, was successfully 
demonstrated using a single cell dmFC.  Gross fuel 
energy densities have been demonstrated as high as 
781 Wh/l with fuel utilizations up to 79.4% with 
cells that have operated up to 80 hours in duration.  
Work is continuing to attempt to improve this value 
to 1,000 Wh/l or greater without significant losses in 
fuel utilization while achieving operating times of at 
least several 100s of hours.  this concept is now being 
tested in a laboratory grade fuel cell stack to confirm 
performance levels and evaluate cell-to-cell variation.  
experiments may also be performed to evaluate the 
applicability of the IFdl concept to other fuel species 
(ethanol, formic acid, etc.) and using other fuel cell 
materials (alkaline electrolyte membranes, non-noble 
metal catalysts, etc.)  Future work, beyond the scope 
of this project, would entail decreasing the size and 
complexity of this system such that commercialization 
would be enabled.

FY 2011 Publications/Presentations 

1.  B. Gurau, C. Grice, m. taslim, and m. Abedi, “direct 
methanol Fuel Cell operating with Concentrated 
methanol,” Poster at the netl 11th Annual seCA 
Workshop, Pittsburgh, Pennsylvania, July 27–29, 2010.

Figure 3.  Photograph of Anode Endplate for Porous IFDL Plate

Figure 4.  Photograph of Two-Cell Stack with Fluid and Electrical 
Connections
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end date:  september 30, 2011 

Fiscal Year (FY) 2011 Objectives 

Identify potential end-user demonstration sites and •	
obtain user permission and cooperation for final 
selections. 

Complete fuel cell system designs for procurement.•	

Complete system fabrication, installation at end-user •	
site, and testing to show system operational lower 
heating value efficiency greater than 30%. 

Identify long-term risks associated with •	
commercialization and prepare a preliminary 
product/market roll out plan.

FY 2011 Accomplishments 

selected two end-user sites for demonstration of the •	
tmI solid oxide fuel cell (soFC) system on multiple 
bio-based and conventional fuels. 

Completed the system design (Figure 1) and initiated •	
procurement and fabrication of the demonstration 
system. 

Introduction 

tmI is working to develop and demonstrate 
a residential-scale prototype fuel cell system that 
will provided the basis for a new paradigm power 
production and integration to utility smart Grids - 
massively distributed Generation.  these small scale 
systems would operate 24/7, producing electric power 
for on-site use and grid export with the option for 
recovered heat for cogeneration thereby transforming 
today’s residential power grid.  small on-site generation 
provides a critical missing component to the smart Grid 
equation – intelligent on-site power generation that 
can adapt to user loads, including electric and plug-in 
hybrid vehicles.  the systems would operate on both 
conventional and renewable biofuels, providing cost 
effective, uninterruptible whole-house power with major 
environmental and reliability advantages.  the critical 
component to point-of-use distributed power generation 
is the unique tmI soFC integrated module, which 
would operate on whichever fuel is used for an adjacent 
furnace.  most residential systems would use multiple 
1 kW modules to provide continuous 24/7 to all of 
the electric power needs, including power to charge 
plug-in hybrid and electric vehicles, and hot water 
needs of the home plus a significant fraction of its space 
heating.  excess power would be available to be exported 
to the grid whenever necessary or economically prudent, 
thus providing the equivalent of massively distributed 
power storage.  during grid outages, the system would 

IV.8  Small Scale SOFC Demonstration Using Bio-Based and Fossil Fuels

Figure 1.  Residential Fuel Cell-Grid Interconnection System Schematic
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continue to provide uninterruptible power for unlimited 
times, with a battery bank supplying surge power needs.

Relative to the primary mission of the doe Fuel 
Cell Program, the tmI soFC system is potentially a 
‘drop-in’ distributed generation subsystem that can be 
grid-independent and/or grid-connected which operates 
on fossil fuels as well as on various bio-based fuels, 
with zero water consumption and no air pollutants.  
the tmI fuel cell system is at the engineering system 
prototype stage in the 1-5 kW scale, and may contribute 
improvements to fabrication and operation on a 
proffered biofuel.  expected outcomes would be positive 
economic and technical metrics which can establish 
early market demands for the system and feedback 
for tmI product developers.  there are few practical 
alternatives for ordinary consumers to obtain all their 
home electric energy from zero carbon biofuels.  this 
feature, while attractive to environmentally conscious 
consumers, will not build broad product adoption until 
there are credible performance metrics and a clear value 
proposition for the consumer.  In addition, given the 
poor track record of many fuel cell system developers, 
solid performance metrics will benefit the entire industry 
and re-engage traditional venture capital investment, 
which has drifted away.  

Approach 

two key areas will be addressed under this project.  
First, economic and technical metrics describing fuel 
cell system operation must be captured and evaluated 
in a realistic environment.  tmI is proposing to 
manufacture two 1-kW modular fuel cell systems 
populated with stacks for installation at a pre-qualified 
demonstration site.  Results will be compared with 
alternative technologies such as reciprocating engine-
based generators.  second, the fuel cell system 
performance will be compared with other small scale 
fuel cell systems.  tmI will modify existing designs 
to integrate the system with batteries and add power 
conditioning and controls to allow direct tie-in to the 
grid.  In both cases, performance will include operation 
on traditional fuels found in a typical farm or residence 
as well as a liquid biofuel.

Results 

technical results are limited because the testing is 
scheduled for the final quarter of Fy 2011.  to date, two 
project milestones have been completed:

site selection activities were completed.  two sites, •	
a primary site (Figure 2, Patterson Fruit Farm, 
Chesterland, ohio) and a secondary site (Figure 3, 
Gates mills environmental education Center, Gates 
mills, ohio) were selected, evaluated, and confirmed 
for the demonstrations.  Final site preparation will 

begin in the first half of 2011 while the system 
design and fabrication tasks are completed.

system engineering and designs have been •	
completed.  Purchase orders for the major fabricated 
components (hot subassembly and frame) were 
released in April 2011.  

Conclusions and Future Directions

As of this early point in the project, strong support 
has been found from potential end-users for a small 
fuel cell system for distributed energy generation from 
biofuels or conventional fuels.  demonstration of the 
technology later in the project is expected to provide the 
necessary early user and engineering feedback required 
for continued commercial advancement.

Future work includes:

Completion of fabrication and assembly of the •	
1-kW systems,

siting of the systems, and•	

demonstration of operation on multiple fuels for •	
30 to 90 days at the end user site.

Figure 2.  Demonstration Site #1:  Patterson’s Fruit Farm, Chesterland, 
Ohio

Figure 3.  Demonstration Site #2:  Gates Mills Environmental 
Education Center, Gates Mills, Ohio
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Fiscal Year (FY) 2011 Objectives 

the goal of this project is to demonstrate the 
technical and economic feasibility of building a kW-scale 
pilot plant coal-based fuel cell with participation by 
industries.  this project will address initial development, 
scaling, and manufacturing of the core technology.  
objectives for 2011 include the following: 

develop anode materials that exhibit high activity •	
for the direct electrochemical oxidation of carbon/
hydrocarbons and resistance to deactivation due to 
contaminants present in coal.

develop a scalable, reproducible, and cost-effective •	
approach for the fabrication of fuel cells that possess 
sufficient mechanical strength and meet the target 
demonstration performance of 100 mA/cm2 at 0.4 V.  

design a coal injection and flyash withdraw system.•	

Identify suitable sealant materials for the continuous •	
operation of the coal-based fuel cell.

simulate the performance of a coal-based fuel cell.•	

FY 2011 Accomplishments 

synthesized and characterized a Cu-ni/ysZ (yttria-•	
stabilized zirconia) anode that exhibits high catalytic 
activity for electrochemical oxidation of carbon and 
hydrocarbons, and resistance to deactivation.

developed a tape casting formulation that allows •	
fabricating highly active fuel cells with variable 
anode porosity and high mechanical strength.

Identified and tested suitable ceramic and glass-•	
ceramic sealant materials for the operation of 
a coal-based fuel cell with leakage rates as low 
as 0.17 sccm/cm, matching the performance of 
compression seals designed for operation in h2 and 
other gas fuels.  

simulated the performance of a steady-state •	
coal-based fuel cell during steady-state operation, 
completing the mass and energy balances as well as 
calculating fuel cell energy efficiency.

Introduction 

the direct use of coal in a solid oxide fuel cell 
(coal-based fuel cell) is an innovative concept for 
electric power generation.  the coal-based fuel cell 
could offer significant advantages: 1) minimization 
of oxides of nitrogen (nox) emissions due to its 
operating temperature range of 700-1,000°C; 2) high 
overall efficiency because of the direct conversion of 
coal to Co2; 3) production of a nearly pure (>99%) 
Co2 exhaust stream for the direct Co2 sequestration; 
and 4) low investment and maintenance costs due to 
the simplicity of the power generation process.  this 
project is expected to develop a scalable coal fuel cell 
manufacturing process through testing and simulation, 
demonstrating the feasibility of building a large-scale 
coal fuel cell power plant.  the success of this project 
will further attract industrial investment for the 
commercialization of this technology for applications 
ranging from small-scale battery replacement to 
megawatt-scale power generation.  Ultimate success 
of this technology will reduce the nation’s dependence 
on foreign oil, reduce pollution and Co2 emission, and 
increase power generation efficiency above 50 percent, 
meeting the U.s. department of energy clean coal 
technology performance targets.

Approach 

A set of experiments were designed to address 
the development of: 1) anode materials that increase 
the carbon-surface reaction/conversion, and resists 
deactivation by coal contaminants; 2) a technology 
for the large-scale manufacturing of coal-based fuel 
cells; and 3) suitable materials for sealing the fuel 
cell assembly.  A Cu-ni/ysZ anode catalyst was 
synthesized and characterized for chemical composition, 
crystalline structure, morphology/microstructure, and 
electrochemical performance in carbon and hydrocarbon 
fuels.  tape casting formulations containing fuel cell 
materials (i.e., nio and ysZ), organic additives, 

IV.9  Techno-Economic Analysis of Scalable Coal-Based Fuel Cells
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and different concentrations of pore formers were 
designed and tested.  Fuel cells fabricated according 
to this procedure were characterized using X-ray 
fluorescence (XRF), scanning electron microscopy, and 
electrochemical impedance spectroscopy.  Potential 
sealant materials (i.e., ceramic cements and glass-
ceramic composites) were evaluated by attaching 
fuel cells to a low cost steel frame, monitoring the 
composition of exhaust gases during steady-state 
operation at 750°C as well as during thermal cycling.  

Results 

A Cu-ni/ysZ anode catalyst was prepared by 
depositing a layer of reduced copper (i.e., Cu0) over 
a ni/ysZ anode electrode fabricated by tape casting 
technique.  Cu was deposited on the surface of the 
ni/ysZ anode by the electroless deposition method, 
which involves activating the ni/ysZ anode surface 
with a snCl2 solution, adding a Pd precursor, and 
introducing the electroless plating solution containing 
the Cu salt at 70°C, a complexing agent and formic acid.  
electrochemical characterization results revealed the 
Cu-ni/ysZ possess high activity towards electrochemical 
oxidation of hydrocarbons and higher resistance to 
poisoning due to coking compared to traditional ni/ysZ 
anodes.  Figure 1 shows the voltage-current polarization 
curves of a ni/ysZ and Cu-ni/ysZ anode fuel cell 
tested in h2 and Ch4 for more than 120 h.

Fuel cells comprising porous anode electrodes were 
successfully fabricated by the tape casting approach.  
slips containing ysZ (tZ-8y tosoh), nickel oxide, and 
a pore former agent were used to prepare (40-65 vol%) 
porous anode electrodes.  the preparation of the 
slips involved: 1) mixing the powders in a solution of 
organic solvents; 2) ball-milling the resulting mixture at 
60 rpm; 3) adding a dispersant, binder, plasticizer and 
additional solvent; and 4) ball-milling for 20 h.  the 
slips were casted by a motorized moving doctor blade 
on top of a stationary mylar film, and dried at room 
temperature for 2 days.  the porous anode tapes were 
laminated/co-casted to an interlayer and electrolyte 
layers, and fired at 1,400°C to produce button fuel cells.  
the distribution of ni and ysZ in the porous ni/ysZ 
anode tapes was characterized by XRF mapping.  the 
apparent porosity was determined according to the 
Archimedes method by measuring the cell’s dry and 
suspended weights in distilled water.  Figure 2 shows 
an optical microscope image and XRF mapping of the 
cross-section of a porous fuel cell fabricated by the tape 
casting approach.  the XRF mapping evidences the 
formation of well-dispersed and interconnected ni and 
ysZ microstructure.  Addition of a pore former resulted 
in anode electrodes containing open and interconnected 
pores as well as close pores.  the performance of the fuel 
cell fabricated according to the described procedure met 

the target performance, as evidenced by electrochemical 
characterization results.  

Ceramic cements, and glass-ceramic seals were 
investigated as potential materials for the coal-based 
fuel cell.  the sealant materials were tested during 
steady-state operation at 800°C and thermal cycling, 
by attaching bottom cells to a steel tubular fuel cell 
housing device.  Figure 3 shows an image of the ceramic 
cements, and glass-ceramic seals prior to testing on a 
steel fuel cell housing.  the performance of the seals was 
compared to that of alternative compressive phlogopite 
mica seals (Kmg3(Alsi3o10)(oh)2) designed for 
gaseous fuels such as h2.  table 1 presents key physical 

Figure 1.  Voltage-Current Polarization Curves Recorded during Steady-
State Testing of (a) Ni-YSZ and (b) a Cu-Ni/YSZ Anode Fuel Cell in H2 and 
CH4 Fuel (200 sccm, 50% vol.) at 750°C
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properties of the seals investigated and leakage rates 
measured by mass spectrometry and gas chromatography 
analysis of the fuel cell exhaust gases.  Results from 
these studies indicate the use of ceramic cements could 
facilitate the fabrication of fuel cell systems capable of 
achieving leakage rates as low as those reported for mica 
compressive seals [1].

Table 1.  Ceramic Cement and Glass-Ceramic Sealants for the Fuel Cell

Sealant 
material

CTe
 (x10-6 °C-1)

Composition Curing 
Temp (°C)

leak rate* 
(sccm/cm)

Phlogopite 
Mica

6.9 KMg3(AlSi3O10)
(OH)2

- 0.1-0.5

Ceramic 
cement A

4.5 Al2O3 30 0.17

Ceramic 
cement B

12.6 MgO 105 3.1

Glass-ceramic 
seal A

10.6 N/A 830 1.4

Glass-ceramic 
seal B

11.0 N/A 930 -

* Leakage rates measured at 800°C.

the steady-state operation of the 250 kW-scale fuel 
cell system was simulated by calculating the equilibrium 
flow rate of the product species in the product stream.  
the equilibrium flow rate of the specie i is the product 
of the volumetric flow rate and the concentration of 
species i, which was calculated considering molar 
volume of ideal gas and the mole fraction (yj).  the 
mole fraction of the gaseous products was obtained 
through the total Gibbs energy minimization method, 
which is commonly used for simultaneous multi-reaction 
systems [2].  Figure 4 shows the block flow diagram 

Figure 3.  (a) Ceramic Cement A and (b) Glass-Ceramic Seal A Prior to 
Testing on a Steel Fuel Cell Housing

Figure 4.  Block Flow Diagram of a Simulated 250 kW-Scale Fuel Cell 
System

Figure 2.  Optical Microscope Image and XRF Mapping of the Cross 
Section of a Porous Ni/YSZ Anode Fabricated by the Tape Casting 
Approach

Ni Zr Y Hf Fe

68% 16.8% 3.65% 0.41% 0.06%
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of the 250 kW-scale fuel cell system.  the components 
considered on the anode of the fuel cell system were 
Co2 stream (100 l/min), Co, carbon and o2 transferred 
from the cathode.  the Co2 stream was used as a carrier 
gas.  the carbon that was not consumed in the fuel cell 
system was recycled to the anode compartment.  the 
amount of o2 transferred from the cathode for each 
individual fuel cell was determined from the current 
density according to Faraday’s law.  the simulation of 
the fuel cell stack was performed assuming a single cell 
performance obtained experimentally at: 1) an operating 
voltage of 0.58 V and a corresponding current density of 
0.05 A/cm2, and 2) an operating voltage of 0.38 V and a 
current density of 0.10 A/cm2.  table 2 shows the results 
of the simulation.  operating the fuel cell at 0.05 A/cm2, 
and 0.10 A/cm2 requires the total area of the fuel cells 
of 862 m2 and 657 m2, respectively to achieve 250 kW.  
despite the higher fuel cell area, operation at 0.05 A/cm2 
yields higher overall efficiency than that at 0.10 A/cm2.  
the low efficiency of the operation at 0.10 A/cm2 was 
caused by the high amount of heat generated from the 
electrochemical oxidation of carbon.

Conclusions and Future Directions

Results from these experimental studies provide 
experimental evidence supporting the feasibility 
of developing a coal-based fuel cell manufacturing 
technology.  milestones achieved during fiscal year 
2011 demonstrated that: 1) anode materials exhibiting 
high catalytic activity and resistance to poisoning due 
to contaminants can be synthesized by the electroless 
plating method; 2) high performance fuel cells 
comprising (40-65 vol%) porous electrodes can be 
successfully fabricated by tape casting; and 3) ceramic 

cement sealants can be successfully used in the coal-
based fuel cell, resulting in leakage rates comparable to 
those obtained for compressive seals used for h2 and 
gas fuel cells.  simulation of the 250 kW fuel cell unit 
suggests that operation of the fuel cell at low current 
density results in higher efficiency than that at high 
current density.  

Future studies will focus on:

design of a coal injection and flyash withdraw •	
system:  the removal of flyash from the anode 
chamber of the fuel cell is one of the most 
challenging tasks in developing a coal-based fuel 
cell stack.  this system will enable the continuous 
operation of the coal-based fuel cell.  two different 
prototypes will be built and tested for further 
modifications. 

evaluate the durability of the kW fuel cell •	
components including the Cu-ni/ysZ anode 
electrode, interconnects and sealant materials.  

design a 250 kW fuel cell pilot plant.•	

FY 2011 Publications/Presentations 

1.  F. Guzman, R. singh, and s.s.C. Chuang, Energy & Fuels 
2011, 25, 2179.
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Table 2.  Simulation Results from Steady-State Operation of a 250 kW Coal-Based Fuel Cell

Current 
density 
(a/cm2)

Fuel cell 
area (m2)

Feed Product (mol/hr) Heat 
generate 

(kW)

efficiency
(%)

CO2 (l/min) O2 (l/min) Carbon
(lb/hr)

CO2
(l/min)

CO
(l/min)

0.05 862 100 1,635 196 347 2,776 276 41.6

0.10 657 100 2,497 296 520 4,153 430 27.5
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° degree

°C degree(s) Celsius

°C/min degree(s) Celsius per minute

Δ  Change, delta

Δe  Change in enthalpy

Δh Change in heat

ΔW Change in weight, weight gain

~  Approximately

≈  equals approximately

>  Greater than

≥  Greater than or equal to

≤  less than or equal to

<  less than

±  Plus or minus

+  Plus

-  minus

@ At

# number

%  Percent

®  Registered trademark

µg microgram(s)

µg/l microgram(s)/liter

µm micrometer(s), micron(s)

η Viscosity

Ω ohm(s) 

Ω/cm2  ohm(s) per square centimeter

$  United states dollars

1-d  one-dimensional

2d  two-dimensional

2PB  two phase boundary

3d, 3d, 3-d  three-dimensional

3PB  three phase boundary

441  A ferritic stainless steel

8ysZ  eight mole percent yttria-stabilized 
zirconia

A  Ampere(s), amp(s)

Å  Angstrom(s)

ABAQUs  A computer modeling code

ABo3 P erovskite type material composed of Ao 
and Bo2 planes of ions

Abstr  Abstract

AC  Alternating current

ACC  Anode current collector

ACs  American Chemical society

A/cm2  Amp(s) per square centimeter

AdG  Anaerobic digester gas

Ads  Adsorptive desulfurization

Adv.  Advanced

AFm  Atomic force microscopy

AIChe  American Institute of Chemical 
engineers

AIsI  American Iron and steel Institute

AIsI 441  A ferritic stainless steel

Al  Aluminum

Al  Alabama

Ald  Atomic layer deposition

Al2o3  Alumina, aluminum oxide, sapphire

Al441, Al ss441-hP  
A ferritic stainless steel alloy by 
Allegheny ludlum

Am  American

Amer.  American

Amp  Ampere

Anl  Argonne national laboratory

Anl-APs  Argonne national laboratory Advanced 
Photon source

Ansys  A computer modeling code 

Appl.  Applied

APs  Advanced Photon source

APU  Auxiliary power unit

As  Arsenic

As  Area specific

Asd  Aerosol spray deposition

Ash3  Arsine

Asme  American society of mechanical 
engineers

AsPen modeling software, computer code for 
process analysis

AsR  Area specific resistance

Astm  American society for testing and 
materials

AsU  Air separation unit

AtI  Allegheny technologies Incorporated

AtI 441hP  A stainless steel alloy

AtI e-BRIte  A stainless steel alloy

atm  Atmosphere(s)

AtR  Autothermal reformer

Au  Gold

a.u.  Arbitrary unit
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B50  Fuel blend with 50% biodiesel

B75  Fuel blend with 75% biodiesel

B99  Fuel blend with 99% biodiesel

Ba  Barium

Bao  Barium oxide

Bara, bara  Bar absolute

BCAs  Barium-calcium-aluminum-boron silicate

Bet  Brunauer-emmett-teller

Bi  Bismuth

Bldg.  Building

Blvd.  Boulevard

BnhA  ni-substituted barium hexaaluminate

BoP  Balance of plant

Br  Bromine

C  Coal

C  Carbon

C  Celsius

C1  A class of hydrocarbons containing a 
single carbon atom, such as Ch4

Ca  Calcium

CA  California

CaCro4  Calcium chromate

CaCr2o4  Calcium chromium oxide

CaZro3  Calcium zirconium oxide

CBs  Coal-based systems

cc  Cubic centimeter(s)

CCm  Cathode contact material

cc/min  Cubic centimeter(s) per minute

CCs  Carbon capture and sequestration

Cd-adapco  A provider of CFd-focused engineering 
simulation software

Ce  Cerium

Ce-mC   Cerium modified (mn,Co)3o4

Ceo2  Ceric oxide

Ceram.  Ceramics

CFd  Computational fluid dynamics

Ch.  Chapter

Ch4  methane

C2h2  Acetylene

C2h4  ethylene

Chem, Chem.  Chemistry

Cl  Chlorine

cm  Centimeter(s)

cm2  square centimeter(s)

CmU  Carnegie mellon University

Co  Carbon monoxide

Co  Colorado

Co  Cobalt

Co2  Carbon dioxide

Comp.  Composition

Cos  Carbonyl sulfide

CPox, CPoX Catalytic partial oxidation

Cr  Chromium

CRIsmAt  laboratorie de Cristallographie et 
sciences des materiaux

Cr2o3  Chromic oxide, trivalent chromium

Ct  Connecticut

Cte  Coefficient of thermal expansion

CtP  Core technology Program

Cu  Copper

Cuo  Copper oxide

Cxhy  Coal

c-ysZ  Cubic yttria-stabilized zirconia

d  degree

dAsR  difference in area specific resistance

dBt  dibenzothiophene

dC  direct current

d.C.  district of Columbia

deC  distributed electrochemistry

deCs-24  A sample of coal from the Penn state 
Coal sample Bank

deg.   degree

dFt  density functional theory

dmFC  direct methanol fuel cell

doe U.s.  department of energy

doe/Fe U.s.  department of energy office of Fossil 
energy

doe-seCA U.s. department of energy’s solid state 
energy Conversion Alliance

doI U.s. department of Interior

dr. doctor

dReAm soFC A multi-dimensional modeling tool

ds  desiliconized

dsA  dimensionally stable anode

dt  difference in time

eCl  electroChemical looping

eCR  electrical conductivity relaxation

eCs  the electrochemical society

ed.  edition

edAX  energy dispersive X-ray analysis

eds.  editors

eds  energy dispersive spectroscopy

e.g.  exempli gratia, for example

eh-5  A high surface fumed silica material
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eIs electrochemical impedance spectroscopy

eIsA evaporation-Induced self Assembly

electrochem.  electrochemical

e-mRs  european materials Research society

ems  earth and mineral sciences

ePsCoR  experimental Program to stimulate 
Competitive Research

et al.  et alii, and others

etc.  et cetera, and so on

eur.  european

eV  electron volt(s)

eXP  experimental

F  Fluorine

FARAdAyIC A platform technology for electronic 
interconnect manufacturing

FC Fuel cell

FCe FuelCell energy, Inc.

Fe  Iron

Fe U.s. department of energy office of Fossil 
energy

FeA  Finite element analysis

FIB  Focused ion beam

FIB-sem  Focused ion beam-scanning electron 
microscopy

FlUent  A computer modeling package

Fy  Fiscal year

g  Gram(s)

G6  A barium alkali silicate glass

Ga  Gallium

GA  Georgia

GBs1  Gallio-silicate glass series

GBs2  Gallio-silicate glass series

GC  Gas chromatograph

gcat  Gram(s) catalyst

GC-ICP/ms  Gas chromatograph-inductively coupled 
plasma/mass spectrometer

GdC  Gadolinia-doped ceria

Gdms  Glow discharge mass spectrometry

Ge  General electric

Gen  Generation

Gen2  second generation

GFed  Gross fuel energy density

g-F/g-A  Gram(s) fuel per gram adsorbent

GlAm  Geballe laboratory for Advanced 
materials

g/m  Gram(s) per minute

GPa  Gigapascal(s)

Gt  Gas turbine

g(t)  normalized conductivity

GUI  Graphical user interface

h  hour(s)

h  hydrogen

h2  diatomic hydrogen

h52  A ferritic stainless steel alloy

h53  A ferritic stainless steel alloy

h54  A ferritic stainless steel alloy

h55  A ferritic stainless steel alloy

hBe  higher binding energy

hg  mercury

hhV  higher heating value

h2o  Water

hR  high resolution

hrs.  hours

hRsG  heat recovery steam generation

hRtem  high resolution transmission electron 
microscopy

hs  sulfanyl group

h2s, h2s  hydrogen sulfide

h2se  hydrogen selenide

ht  high temperature

I  Current

I  Iodine

IC  Interconnect

ICACC  International Conference and exhibition 
on Advanced Ceramics and Composites

ICP  Inductively-coupled plasma

ICP/ms  Inductively-coupled plasma/mass 
spectrometer

ICP-oes  Inductively-coupled plasma optical 
emission spectroscopy

i.e.  id est, that is

IGCC  Integrated gasification combined cycle

IGFC  Integrated gasification fuel cell

Il  Illinois

in.  Inch(es)

Inc.  Incorporated

Int.  International

IP-soFC  Integrated-planar solid oxide fuel cell

IR  Infared

I2R  Current squared times resistance

IsBn  International standard Book number

Iso  International organization for 
standardization

iss.  Issue
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It  Intermediate temperature

It-soFC  Intermediate-temperature solid oxide fuel 
cell 

I-V, IV  Current-voltage

J.  Journal

JCPds  Joint Committee on Power diffraction 
standards

JP-5  Jet Propellant 5, a jet fuel

JP-8  Jet Propellant 8, a jet fuel

JP-10  Jet Propellant 10, a jet fuel

K  Kelvin

K  Potassium

kchem  Chemical surface exchange coefficient

kg  Kilogram(s)

khr  1,000 hours

Koh  Potassium hydroxide

kPa  Kilopascal(s)

kV  Kilovolt(s)

kW  Kilowatt(s)

kWe  Kilowatt(s) electric

kWth, kWth  Kilowatt(s) thermal

l  liter(s)

la  lanthanum

laCro3  lanthanum chromite

laFeo3  lanthanum ferrite

lb.  Pound(s)

lbs.  Pounds

lBnl  lawrence Berkeley national laboratory

lC/ARB  large size cathode/anode recycle blower

lCoe  levelized cost of electricity

ldC  lanthanum doped ceria

leRIX  lower energy resolution inelastic X-ray 
scattering

lett.  letter

lhV  lower heating value

li  lithium

lioh  lithium hydroxide

llC  limited liability Company

lmA  liquid metal anode

lmA soFC  liquid metal anode solid oxide fuel cell

l/min  liter(s) per minute

lnF  lanthanum nickel ferrite

lnG  liquefied natural gas

log  logarithm

lpm  liter(s) per minute

lsC  lanthanum strontium cobaltite, 
lanthanum strontium cobalt oxide

lsCF lanthanum strontium cobalt ferrite, 
lanthanum strontium cobalt iron oxide

lsCo  lanthanum strontium cobalt oxide

lsCuF  lanthanum strontium copper ferrite, 
lanthanum strontium copper iron oxide  

lsF  lanthanum strontium ferrite

lsm  lanthanum strontium manganite, 
strontium doped lanthanum manganite

ltA  liquid tin anode

ltA-soFC  liquid tin anode solid oxide fuel cell

m  meter(s)

m  million

m  metal

mA  massachusetts

mA  milliampere(s)

mA/cm2  milliampere(s) per square centimeter

mARC  A computer modeling code

mat.  material

mater.  material

mBs  molecular basket sorbent

mC  manganese cobalt oxide, (mn,Co)3o4 

mCm-41  mobil Composition of matter no. 41

mCm-48  mobil Composition of matter no. 48

mCo  manganese-cobalt spinel, (mnCo)3o4

meA  membrane electrode assembly

meet.  meeting

mg  milligram(s)

mg  magnesium 

mgo  magnesium oxide

mI  michigan

mill  millimeter(s)

mIt  massachusetts Institute of technology

ml  milliliter(s)

ml/min  milliliter(s) per minute

mm  millimeter(s)

mn  manganese 

mn  methylnapthalene

mnCo, mn-Co  manganese cobalt

mn-Co-Cu  manganese cobalt copper

mno3  manganate

mo  molybdenum

mol  mole(s)

mol%  mole percent

mΩ  milli-ohm(s)

mΩ·cm2 milli-ohm square centimeter(s)

mP  mesoporous particles

mP  multi-physics
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mPa  megapascal(s)

mPC  multi-physics code

mR  mill reference

mRs  materials Research society

ms  mail stop

msC mARC  A fuel cell stack computer model

msRI  materials and systems Research, Inc.

ms&t  materials science and technology

mt  montana

mtorr  millitorr(s)

mts  mechanical tensile stress

mV  millivolt(s)

mW  megawatt(s)

mW  milliwatt(s)

mW/cm2  milliwatt(s) per square centimeter

mWe  megawatt(s) electric

n  nitrogen

n2  diatomic nitrogen

naoh  sodium hydroxide

nAsA  national Aeronautics and space 
Administration

nA/V  nanoampere(s) per volt

nb  niobium

nd  neodymium

ndGao3   neodymium gadolinium oxide

netl  national energy technology laboratory

nGo  neodymium gadolinium oxide, ndGao3

ni  nickel

ni-Co  nickel-cobalt

niCo2  nickel cobalt

nio  nickel oxide

ni3-PC  nickel-substituted pyrochlore

ni-ysZ  nickel-yttria-stabilized zirconia

nm  nanometer(s)

nm3  Cubic nanometer(s)

no.  number

noC  normal operating conditions

nox, nox  oxides of nitrogen

nP  nanoparticles

nUWC  naval Undersea Warfare Center

nV  nevada

nW  northwest

ny  new york

nys  new york state

o  oxygen

o2  diatomic oxygen

o/C  oxygen to carbon ratio

oCV open circuit voltage

oh  ohio

oRnl  oak Ridge national laboratory

oRR  oxygen reduction rate

oRR  oxygen reduction reaction

osR  oxidative steam reforming

ot  operating temperature

p.  Page

P  Phosphorus

P  Pressure

PA  Pennsylvania

pA  Picoampere(s)

Pa  Pascal(s)

Pap  Paper

PBn  Pyrolytic boron nitride

PCC  Pulverized coal combustion

PCI  Precision Combustion Inc.

PCm  Proof-of-concept module

PeI  Polyethyleneimine

Ph3  Phosphine

Phys.  Physics

P.I.  Principal investigator

Pnnl  Pacific northwest national laboratory

Po, P.o.  Post office

po2, Po2  Partial pressure of oxygen

pp.  Pages

ppb  Part(s) per billion

ppbv  Part(s) per billion by volume

ppm  Part(s) per million

ppmv  Part(s) per million by volume

ppmw  Part(s) per million by weight

Pr  Praseodymium

Proc.  Proceedings

PsCF  Praseodymium-containing perovskite

psi  Pound(s) per square inch

Psm  Praseodymium strontium manganite

PsU  Pennsylvania state University

Pt  Platinum

PVl  Process verification line

s  siemen(s)

sBA-15  An ordered mesoporous silica material

s/C  steam to carbon ratio

sccm  standard cubic centimeter(s) per minute

sr  strontium

srCro4  strontium hexavalent chromium
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UK  United Kingdom

Ulsd  Ultra-low sulfur diesel

um  micron, micrometer

UnlV  University of nevada las Vegas

U.s.  United states

Usd  United states dollar

Ut  Utah

UtC  United technologies Company

UtRC  United technologies Research Center

UUV  Unmanned undersea vehicle

V  Vanadium

V  Volt(s)

v.  Volume

VA  Virginia

VAsP  A computer modeling program

VFt  Vogel-Fulcher-tamman

Vo  oxygen vacancy

vol, Vol.  Volume

VPs  Versa Power systems

W  tungsten

W  Watt(s)

WA  Washington

WeBeX  Web exchange internet conferencing

WF  Window frame

Wh/l  Watt hour(s) per liter

WhsV  Weight hourly space velocity 

wt  Weight

wt%  Weight percent

WV  West Virginia

WVU  West Virginia University

x  times

XAnes  X-ray absorption near edge structure

XAs  X-ray adsorption spectroscopy

Xes  X-ray emission spectroscopy

XPs  X-ray photoelectron spectroscopy

XRd  X-ray diffraction

XRR  X-ray reflectivity

y  yttrium

ydC  yttria-doped ceria

y2o3  yttrium oxide (yttria)

ysZ  yttria-stabilized zirconia

Z  Impedance

Zr  Zirconium

srtio3  strontium titanate

ss  stainless steel

ss430  A stainless steel alloy

ssC  strontium samarium cobalt oxide

st.  saint

st.  street

stAR-Cd  A computational fluid dynamics code

stAR-CCm+  A multi-physics computer code

stm  scanning tunneling microscopy

stm/sts  scanning tunneling microscopy/scanning 
tunneling spectroscopy

sto  strontium titanate, srtio3

sts  scanning tunneling spectroscopy

sttR  small Business technology transfer

surf.  surface

symp.  symposium

t  time

t  temperature

ta  tantalum

tCR  tin-coal reactor

td  n-tetradecane

tdA  tdA Research

teC  thermal expansion coefficient

tech.  technology

tem  transmission electron microscopy 

tg  Glass transition temperature

tGA  thermogravimetric analysis

ti  titanium

ti-Ce-o  titanium-cerium-oxygen

tmI  technology management, Inc.

tn  tennessee

tPB  triple-phase boundary

tPBl  triple-phase boundary layer

tPR  temperature-programmed reduction

tR  temper rolled

trans.  transactions

tsC-3  tape castingñscreen printingñCo-firing

tXRF  total reflection X-ray fluorescence

t-ysZ  tetragonal yttria-stabilized zirconia

U  Uranium

U  Utilization

Ua  Air (oxidant) utilization

Uf  Fuel utilization

UhV  Ultra-high vacuum
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ER84394 Eltron Research and Development Inc. Reformer for Conversion of Diesel Fuel into CO and Hydrogen

ER84590 Acumentrics Corporation Hybrid Ceramic/Metallic Recuperator for SOFC Generator

ER84595 Ceramatec, Inc. Proton Conducting Solid Oxide Fuel Cell

ER84616 R&D Dynamics Corporation Foil-Bearing Supported High-Speed Centrifugal Cathode Air Blower

NT0006343 Treadstone Technologies, Inc. Investigation of Modified Ni-YSZ-Based Anode for High Impurities 
Containing Syngas Fuels
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SC0001492 TDA Research, Inc. Sorbents for Warm Temperature Removal of Arsenic and Phosphorous 
from Coal-Derived Synthesis Gas

SC0001659 Materials & Systems Research, Inc. Novel SOFC Anodes with Enhanced Tolerance to Coal Contaminants

SC0002491 Mo-Sci Corporation High-Temperature Viscous Sealing Glasses for Solid Oxide Fuel Cells

Note:  Previous contract number ER86387 (Faraday Technology) is now reported under FE0006165.
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Projects Discontinued Since the FY 2009 Annual Report

Contract 
Number

Performer Project Topic

41567 Virginia Polytechnic Institute and 
State University

A Low-Cost Soft-Switched DC-DC Converter for Solid Oxide Fuel Cells

41817 American Society of Mechanical 
Engineers (ASME )

SOFC Design Basis Development Project

41817 Carnegie Mellon University TEM Investigations of SOFCs: Stability of LSCF-based Cathodes

41817 University of California High Efficiency Coal Gasification-Based SOFC Power Plants
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42735 Georgia Institute of Technology Characterization of Atomic and Electronic Structure of
Electrochemically Active SOFC Cathode Surfaces

43063 University of Texas at San Antonio Novel Low Temperature Solid State Fuel Cells

44036 Montana State University SECA Coal-Based Systems Core Research – Montana State University

84209 Phoenix Analysis & Design 
Technologies

Anode and Cathode Blower Systems for SOFC

84210 R&D Dynamics Corporation Foil Gas Bearing Supported High-Speed Centrifugal Anode Gas
Recycle Blower

Note:  Previous contract number FWP44036 (Pacific Northwest National Laboratory) is now reported under FWP40552.  Contract number 
NT0003893 [Rolls-Royce Fuel Cell Systems (U.S.) Inc.] has been changed to FE0000303.
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IX.  Index of Previous Projects

Projects Discontinued Since the FY 2008 Annual Report

Contract 
Number

Performer Project Topic

05690 American Society of Mechanical 
Engineers

SOFC Design Basis Development Project (project transferred to 
RDS41817.3130105-036)

08-220692 National Energy Technology 
Laboratory

Materials Development for the Solid Oxide Fuel Cell Environment

41572 Georgia Institute of Technology Functionally Graded Cathodes for Solid Oxide Fuel Cells

42221 Missouri University of Science & 
Technology

Thermochemically Stable Sealing Materials for Solid Oxide Fuel Cells

42223 Tennessee Technological University Development of Low-Cr Fe-Ni-Based Alloys for Intermediate Temperature 
SOFC Interconnect Application

42225 Arcomac Surface Engineering, LLC Oxidation Resistant, Cr Retaining, Electrically Conductive Coatings on 
Metallic Alloys for SOFC Interconnects

42227 University of Cincinnati Innovative Seals for Solid Oxide Fuel Cells (SOFCs)

42229 Delavan d.b.a. Goodrich Turbine Fuel 
Technologies

An Innovative Injection and Mixing System for Diesel Fuel Reforming

42471 Ceramatec, Inc. Intermediate Temperature Solid Oxide Fuel Cell Development

42516 University of Michigan Carbon Tolerant Steam Reforming and SOFC Anode Catalysts

42527 Ohio University Combined Theoretical and Experimental Investigation and Design of H2S 
Tolerant Anode for Solid Oxide Fuel Cells

42614 GE Global Research Solid Oxide Fuel Cell Coal-Based Power Systems

42623 University of Utah A High Temperature Electrochemical Energy Storage System Based on 
Sodium Beta Alumina Solid Electrolyte (BASE)

42627 SRI International Effect of Coal Contaminants on Solid Oxide Fuel Cell System Performance 
and Service Life

44036 University of Florida SECA Coal-Based Systems Core Research - University of Florida

49071 Massachusetts Institute of Technology Local Electronic Structure and Surface Chemistry of SOFC Cathodes

68250 Sandia National Laboratories Reliable Seals for Solid Oxide Fuel Cells

84662 Aspen Products Group, Inc. Waterless 5 kWe Diesel Reformer

84663 Ceramatec, Inc. SOFC Integrated Multi-Mode Diesel Reformer

84673 Lynntech, Inc. Low Cost, Compact Plasma Fuel Reformer for APUs

84881 NexTech Materials Ltd. Intermediate Temperature Solid Oxide Fuel Cell Cathode Enhancement 
through Infiltration Fabrication Techniques
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