Extrinsic Factors that Control Oxygen Exchange in (La,Sr)MnOs
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Surface Chemistry and Activity of (La,Sr)MnOs

Surface activity of thin films: Electrical Conductivity Relaxation
Epitaxial, Thick Films: Orientation of Relaxed Films
Epitaxial, Thin Films: Orientation, Strain, Dislocations
Textured Films: Orientation, Extended Boundaries

Mesoporous infiltrates: Performance and Stability
Infiltration
Reduction in Polarization Resistance
SOFC Performance Improvements
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Thin films to measure surface exchange

Schematic Processes in Oxygen Exchange
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Surface exchange properties of (La, Sr)MnOs :
Experimental studies

Yasuda et al.” | De Souza et al.? Kan et al.’ Fleig et al.? la O’ et al.’
Film/bulk Lam;Sl'o 1Mn03 Lao,ssru,zMn03 (LaO.SSro.Z)O%MnO3 (LaU.SSro.z)o.gzMnOE, (Lao_BSrU 2)Mn03
composition bulk bulk powder film on YSZ film on YSZ
Electrical Electrochemical Electrochemical
Method Conductivity | Oxygen tracer Oxygen tracer Impedance Impedance
Relaxation Spectroscopy Spectroscopy
-11 -5
Pressure 10 ol 760 Torr 15.4 Torr 2.3 Torr 0.76-760 Torr
mTorr
kchem.equivalenl
=~ 800°C ~].78x10 ~3.6x10 ~3.8x107 ~7x10-8 ~4x10-6
/ cms!
008 o 107-200 Sl.ll'f.ex
Ea/eV 0.75 1.33 GRS N/A ( ,)
0.07 (8000(:) 1.1-1 06 (SUf.le

*1. Yasuda er al. J. Solid State Chem., 123 (1996).

*R. A. De Souza er al. Marer. Lett, 43 (2000).

*C.C. Kan et al. Solid State [onics 338 (2010).

+J. Fleig et al, Fuel Cells 330 (2008).

*A. Belzner et al, Solid State lonics 327 (1992).

*la O’ et al, J. Electrochem.Soc. 156 (2009); 154 (2007)

Critical thickness (/) from literatures
vary from 0.5 ¢cm to couple of um.
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Surface exchange properties of (La, Sr)MnOs :
Computational studies

Evarestov et al.’ Choi et al.? Lee et al.’ Kitchin et al.? Han et al.’
.Sty +)MnO
LaMnO; La, sSr; sMnO; LaMnO, (001) LaMnQ (Lag;Srg 5 3
Surface e ; o’ * . 1(100) film on LaAlO,
(110) (100) (110) BO, terminated (100) under strain and SrTiO,
DFT+
Method DFT DFT+MD thermodynamic DFT DFT
correction
Pressure or 0.2 atm 0.2 atm
N/A ’ N/A N/A
Temperature 800 °C 800 °C
Adsorption | the Mn site the Mn site O,-B the Mn site | Sr-segregation
fast surface - 3% compress.
as tensile A
surface energy: very low surface E_ =~-0.15eV
Mechanisms charge coverage of AH__=0.2 eVA oy ,
(100) < (110) transfer to dsorb “ 2% tensile
adsorbents adsorbents | AH . ~0.2 eVAN N
sorben E,., = -0.35 &V

(100) is expected to be the most stable surface;
Mn site is the preferential adsorption site;
Strain related effects.

Surface is dynamic and complex.

1. Evarestov et al, Phys. Rev. B (2005).
2. Chot et al, Angewandte Chemie (2007)

1.
2.
3. Lee et al, Phys, Rev. B (2009). 3
4. Kitchin et al. in preparation *
5. Han et al. Electrochem. Soc. Trans. (2011) 4,
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Crystallographic Anisotropy in Apparent Ea

8 8 8 8
(100) s | [(110) T IRETET) | " T(621)
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= 12 | . 12 | . 12 | LN -12
— E\\ N . \\\\
-13 . -13 ) 13 | ¢ : E,=0.95 eV
E.=0.82+0.04 eV % E = 1.16x0.06 eV E, =0.83x0.04 eV
a4 —— -14 ‘ -14 14 . . -
080 090 100 L0 120 080 09 100 110 120 080 09  1.00 110 120  0.80 0.90 1.00 110 1.20
1000/T (K1) 1000/T (K 1000/T (K 1000/T / K-!
Observations Relaxed Films (621): a generic surface

(111) is fastest at low temperatures.

T T

(110) is fastest at high temperatures.

Activation energies vary from=0.8to = 1.2 eV.

Pt(621) chiral surface

General high index surfaces are intermediate with low index surfaces.

L. Yan et al., Solid State lonics, 194, 9-16 (2011).
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Activation energy vs thickness and substrate

Thin Films Thick Films
on Different Substrates on Different Substrates
-10 =10
Ea=0.75eV
A - " >~ on STO
= [ °~~_
& -4 -14 \\\Q
8 Ea=0.75eV on NGO
5 6 ;\ 16
“ - ~ -
> R
= SO
- Ea=15eV ) -
s ? ¢ on NGO '8
Sonm  piimEmE | 600nm SR
220 -20
0.9 1.0 1 1.2 0.9 1.0 1.1 1.2
1000/T /K! 1000/T /K!
° Two different activation Energies: two different processes
° Thick Films are more similar to one another and are generally more active
° at higher temperature, thinnest film on STO is most active
° for thin films, values are almost and order of magnitude different

L. Yan and P. A. Salvador, ACS Applied Materials and Interfaces, online (2012). doi: 10.1021/am300194n
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Relaxed Surfaces : Substrate and Orientation

q (100) relaxed surfaces (110) relaxed surfaces
-10
- _ on SrTiO,
» on SrTiO e —
= ! g -12 g
z < on NdGaO,
\g on NdGaO, O-.. '§ 14 ! D‘\‘D
o < 16
E —
-18
Ea=1.16 eV
-20
0.8 0.9 1.0 1.1 1.2 0.8 0.9 1.0 1.1 1.2
1000/T (K1) 1000/T (K')
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Strained surfaces : Substrate and Orientation

(100) strained surfaces (110) strained surfaces
k oy e
(temde) =25 on SrTiO,
k(compresszve) e \ o E_(tensile)
on SrTiO, o W =1.9eV
on NdGaO, . e
* LN :
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Crossover behavior also observed

b
(a) J A Ea~15ev (b)
l tension
ln JT Mo on STO
L \\\
. S\, compression
J, =J(&T) thin. ™, on NGO
A b >
(¢) 1/T
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JD ‘]S ‘]D ‘]5 JD ¢ 1.5 eV>Ea > 0.7 eV (d)
#r l y ‘I' 1i[ ‘~\~
: : : InJ,| ™.
: ! A e on STO
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@' J; ‘.!' InJ, %on STO
i ! A e A on NGO
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1 1 1 ’
‘]T =‘,D(S9T) 1/T
° High T data on STO and Low T data on NGO are more complex
° Crossover between two mechanisms
° At high-T surface takes over owing the Ea
° At low-T surface takes over because other process freezes out source/sink to/from defects
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Temperature dependence of two mechanisms

-8
J Our data agree with literature:
-0 - )
ubstrate .
. Kchem 18 on the order of 10¢cm/s. 1=

W 10 . o

Z . .o E,,087eV , |

5 e o Eal: 1.48 eV for microelectrode’,
~ o 8 1.32 eV dense pellet?,

g ~

-*)

5 -12 1 ;
vy Ea2: 0.8 eV (100) and (111) on STO?,
S 5] °lky, 0.07-0.8 eV powder”.

0 Ink,, E,,=1.57 eV
14 4 ¢ Ink_,,
®Ink ;.
-15 r r T
0.8 0.9 1 1.1 1.2
1. laQ'etal, J. Electrochem sec. (2009).
1000/T (K1) 2. De Souza et al, Mater. lett. (2000).
3. Yan et al, Solid state 1onics. (2011).
4. Kan et al, Solid state ionics. (2010).
5. Yasuda et al, J Solid State Chem. (1996).
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Relative Contribution to Responses

(a) (b) k (c) k
grain grain
Kb ko, Ko Kb
La,,Sr,,MnO, (110) and (100) intrinsic surfaces
B 4 )
| |0 Surfaces
850°C annealed 24 hr 900°C annealed 24 hr
E, e :
(110)intrinsic E .
-10 1 — (110) grain boundary
) 1.57 eV o =0.87eV Post-annealing after
- 6~ 750°C deposition
2] “ A e .. 0 Y v e TITIIIIIIIIIIT .,
= 0~ g . - Grain size increases '+
> ~ o T T
\E -12 - E(lw)intrinsic E(IOO) gr:n boundary
= =1.11eV =0.78 eV
*Q
.E Grain size: = 100 nm Grain size: = 150 nm
-14 Temp /K 883 923 986 1088 1191
A small grain 0.6 0.7 0.8 1 1
intrinsic surfaces at 800°C: A big grain 0.7 0.75 0.84 1 1
K110"K100)/ K100y = 70% \_ ,
-16
0.8 0.9 1.0 1.1 1.2
1000/T /K-! |00 Surfaces
Temp / K 884 936 987 1090 | 1141
A 0.23 0.4 0.78 1 1
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Comparison of all Values for La, ,Sr, sMnQO,
(100) (110)

K, compressive)

— eV
1.9 eV Q\ E, tensile)

=1.9 eV

E, tensile)

~ v ~ \\Q N o : ' o ‘,u -
E, relaxed NGO) “-. E, relaxed STO)

=1.19¢vV =1.19 eV

E, (texuted)
=1.57 eV

1
Ink_,,, /cms

E, relaxed NGO)
=(.75 eV

0.8 0.9 1.0 1.1 1.2 1.3 0.8 0.9 1.0 1.1 1.2 1.3
1000/T (K1) 1000/T (K7)
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Summary

Two apparent processes occuring on the surface (Ea) for Kehem for both epitaxial and textured films.
These were interpreted as belonging to:
(1) the native surface response of individual grains/variants and

(2) the extended defects (dislocations / grain boundaries) intersecting surface of the films.

Epitaxial Films: the first (native surface) process : Ea,1 = 1.5eV and 1.9 eV
the second (extended defect) process Ea2=0.75eVand 1.2 eV

Textured Films: the Kchem,2 values are almost 2 orders of magnitude higher than the
Kchem,1 values at low temperatures (< 700°C)

at high T the native surface dominates all films

All films have orientation dependences to the values / activation energies.

One composition shows 3 ORDERS OF MAGNITUDE differences in exchange coefficients.
Widely varying surface reactivity possible in the microstructures.

The native surface processes are strong functions of :
Strain Orientation Extended Defects Temperature

Understanding the utility of this data will come with improved modeling of electrochemical systems
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Surface Chemistry and Activity of (La,Sr)MnOs

Surface activity of thin films: Electrical Conductivity Relaxation
Epitaxial, Thick Films: Orientation of Relaxed Films
Epitaxial, Thin Films: Orientation, Strain, Dislocations
Textured Films: Orientation, Extended Boundaries

Mesoporous infiltrates: Performance and Stability
Infiltration
Reduction in Polarization Resistance
SOFC Performance Improvements
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Infiltration: Surface Active nanoparticles for SOFCs Activation

LSM on YSZ LSCF on YSZ LSM on LSCF

LBL Penn CMU

. 3

"'l' v - . ® T8 " .: ) : “‘ ’
Scholklapper et al. (LBL), W. Wang et al. (Penn) Chao, Gerdes, Kitchin, Salvador (CMU)
Electrochem. Solid-State Lett., 9, A376 (2006) J. Electrochemical Society, 154, B439-B445 (2007). Electrochemical Society Trans, 35, 2387-2399, (2011).

What are the optimal materials to use for infiltration?

What are the surface properties of cathode materials?
What are the mechanisms of enhanced performance / degradation?

What are the properties of nanosized particles?
What are the effects of the support on the properties of cathodes?
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Project Goal

1 To improve the power density of the SOFC cathodes
by coating pore surfaces with mesoporous electrocatalysts

Electrocatalyst Mesopores /
Nanoparticles Exposed Cathode

71N\

Exposed Electrocatalyst

Cathode

Cathode Surface Cathode Surface

Catalysts: La, 4Sr, ,MnO,
Depending on mechanism, one may be preferable to other
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Evaporation-induced Self-assembly (EISA)

jDeveIoped by Mobil Researchers in 1991

jSeIf—assemny of surfactants provides controlled mesopore formation

Surfactants

1 Parameters that control outcome
1 Drying rate 2 Sol composition
0 Aging temperature - Relative humidity
0 Calcination temperature 0 Templating agents

[6]
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Infiltration Using 2 M Precursor Solution
with 60 °C Preheatmg Step

LR IR o DA preheating stage
lectrolyter s o s Ses B Al at 60 C was added
N prior to infiltration
step
DA uniform

distribution of LSM
particles is observed
in functional layer

DThe solution

viscosity is reduced
without dilution
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Mesoporous Coatings in Cathodes

Cathode Pore Wall Coating

.‘?“‘l"“;:‘. é-. o : . .
.Br'e\ies'ﬁnsjz‘i,e\t‘..?h'.gj ®
'Ady:ﬁlét.er.- e an

5006, 1853601 637

Percolated LSM Pathways
Avg. . poresize 32.12 + 8 nm

Pore morphologies resembles mesoporous thin film works by Brezesinski
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Homemade Cells Testing
Symmetric Cell

"""" Gold Paste g .

® Test Conditions:

® Used gold paste and gold wire

for current collection

The cell is suspended in a
sealed chamber

® 700, 750, and 800 °C

Gold wire

® Controlled pO, at 0.2 atm
using 100 sccm O, + N, mixed
flow

Impedance data is collected by
Gamry REF600 (1MHz-0.5Hz)

In Sealed Chamber
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LSM Infiltrate Morphologies Comparison in LSM Cells

DAII cells were infiltrated with 10
wt% LSM

D Pechini infiltration (a-b)

— generates a thin layer of LSM
nanoparticles
— isolated or agglomerate
_JEISA infiltration (c-d)

— generates thicker LSM coatings

— 3-D mesoporous network
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EIS — Symmetric Cells at 750 °C

LSM
Baseline

0 0.2 0.4 0.6 0.8 1.0

° Z... (ohmcm?)

Total Polarization Reductions
Nano-LSM: 57% Meso-LSM: 68%

®  Comparing Meso-LSM and Nano-LSM infiltration
O  High frequency ( > 10 kHz) : both infiltration are similar =» Similar interface polarization resistance
O  Mid-frequency (I kHz — 10 Hz) : Meso-LSM is further reduced =» faster changer transfer rate
O  Low frequency ( < | Hz) : very small RP observed = improved dissociative adsorption/diffusion of oxygen

®  Major improvement is seen in surface reaction processes
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Literature Model of Three Arcs

8
=
o
1*]
2
i
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EIS — Mesoporous vs. Nanoparticle Infiltration

0.3
Ry Ryur Ry 700 OC
"g 0.2
S
T Both infiltrations were at 10 wt%
$o.
‘ Base
05 YER T v - D In LSM infiltration, mesoporous coating
03— L infiltration led to 20% further R,
750°C reduction than nanoparticle infiltration
for all temperatures (700-800 °C)
D The RP reduction at each frequency
range are consistent at 700-800 °C
0.8 1.0
800 °C
0 ] 0.2 0.4 Z.., (@ cm?) 0.6 0.8 1.0

RIFK!I"ETFHE\T.T'e‘.Oé:CIENCE AND ENGINEERING Carnegle Mellon
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Commercial SOFC Button Cells

MSRI Anode Supported SOFC button cell
with a La, Sr, ,Co, ,Fe, s O; Cathode

|~ LSCF

S Current

Collection
Layer

LSCF

{— LSCF/SDC
Functiona
Layer
Dense YSZ
Electrolytc

NiO/YSZ
Anode
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EIS — Mesoporous LSM vs. Nanoparticle LSM

0.15

Ng 0.10
E .
%o o © °° o'%?{:o 4o Baseline
£ 0.05 0o®  anhe°’ 0 ¢ Cell
™ l'"". ° 000‘2 oe
¢
0 3
Meso-LSM ¥ Nano-LsM
0 0 0.1 0.2 0.3 0.4 0.5
Z... (ohm cm?)
®  Both infiltrations were at 10 wt%
Meso-LSM: 28% Nano-LSM: I5%

® In LSM infiltration, mesoporous coating infiltration led to larger

electrode polarization reduction than nanoparticle infiltration

Salvador Research Group, http://neon.materials.cmu.edu/salvador/ 27 MATERIALS SCIENCE AND ENGINEERING Carnegie Mellon




EIS — Mesoporous LSC vs. Nanoparticle LSC

0.15

N~
€ 0.10
(@]
.g 00 °° ® %00,
] (] .
s VTP L, o,  Baseline
£ 0.05 o w?? vy | ®o ¢ cell
N °<> o' 'v' By o%o
o v X [2a o<:§> o
o A4/ oy, MDY
Nano-LSC™% " g" Meso-LSC 3
0 !
0 0.1 0.2 0.4 0.5
Z.. (ohmcm?)

® LSC (La,gSry,Co0,) infiltrations showed higher R, reduction than LSM

Meso-LSC: 37%
Meso-LSM: 28%

Nano-LSC: 38%
Nano-LSM: I15%

® Nanoparticle LSC shows similar / lower polarization resistance
reduction than mesoporous LSC

Salvador Research Group, http://neon.materials.cmu.edu/salvador/
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Different Effects of Mesoporous LSC and LSM:

Oxygen Transport
( )2' 2- ﬁ 02
)E

athode JSurrace

4

LSM

athode Surrace

0%

LSC 0%
Eat!o!e !u!ace athode Surface
- LSM D LSC
— Fast surface diffusion - Fast bulk diffusion
— Need to pass along interconnected surface - Need to pass through tortuous pore walls
— No effects from grain boundaries - Need to cross over multiple grain boundaries
— Transport of oxygen adsorbed away from the - Transport of oxygen species adsorbed away from
phase boundaries is FAST the phase boundaries is SLOW
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Summary

One-step EISA process yields high surface area, well-dispersed
mesoporous nanoscale coatings as infiltrates.

Mesoporous infiltrates are comparable to or better than
“standard’” nanoparticle infiltrates.

LSM mesoporous infiltrates are much improved owing to
reduction in all surface polarizations:
half cells and commercially available MSRI cells

LSC coatings are less sensitive to microstructure in commercially
available MSRI cells.
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