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WHY LOW TEMPERATURE (< 600 °C)?

Metallic Interconnects
Lower cost and greater reliability

Easier Sealing
Lower cost and greater reliability

Smaller Thermal Mismatch
Greater reliability — Lower cost

Less Insulation
Lower cost

Rapid Startup with Less Energy Consumption
Lower cost and better performance

Stable High Surface-Area Electrodes
Better performance — Lower cost
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CONDUCTIVITY OF VARIOUS ELECTROLYTES
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Fig. 6. Electrical conductivities as a function of oxygen partial ]
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Eguchi, et al., Solid State lonics, 52, 168 (1992) T T 30 40 % 60 70

. ) Fig. 4. X-ray diffraction of 20 mol% ESB: (a) as received; (b)
Wachsman, et al., Solid State ]Oi’llCS, 52, 216 (1992) annealed 4 h at 700 °C in H,/H,0 P, =10~2" atm).
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BILAYER CONCEPT

Lsog, Less, . Lsoc | Less,
Py,
Air
Interfacial Pg, Po, Profile
Lspc /Less < Toptimal Lspc /Less > Toptimal

ESB decomposes ESB is stable
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‘ FUNDAMENTALS OF IONIC TRANSPORT IN FLUORITE OXIDES

Jctahedr
Site ——--

Jump from one tetrahedron to an
adjacent tetrathedron in <100> direction
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CONDUCTIVITY OF VARIOUS ELECTROLYTES
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CONDUCTIVITY OF VARIOUS ELECTROLYTES @ 500 °C

Electrolyte = Conductivity ASR (Q-cm?)  ASR (Q-cm?)
(S/cm) 100 um thick 10 wm thick
YSZ 0.00046 21.74 217
LSGM 0.0051 1.96 0.20
GDC 0.0095 1.05 0.11
ESB 0.021 0.48 0.05
DWSB 0.043 0.23 0.02
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PULSED-LASER DEPOSITION:
PROCEDURE & CHARACTERIZATION

1. Pellet Preparation
- Solid State Synthesis

Walwe

Mass Flow Controller

2. Preparation of Thin Films

- Pulsed Laser Deposition
(PLD)

- target: ESB, substrate: SDC

Walve

Target Rotor

Focal Window

3. Microstructural Analysis N

]
- Profilometry N
- XRD, SEM, and EDS

: NS
4. Electrical Measurement e hemacte N

- AC Impedance Spectroscopy To Turbo Purmp
( 0.1 - 10MHz: 300 - 800°C)

PLD Operation
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Characterization:
SDC/ESB bilayer via
Pulse-Laser Deposition (PLD)

Cross-section SEM micrograph
of SDC/ESB bilayer

IMAGE . 1.135724E+07 »

BSE. 49991380

Chemical composition of
ESB/SDC bilayer from EDS
by X-ray linescan
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Characterization: SDC/ESB bilayer via Dip-Coating

Cross-section and Surface
SEM micrograph of SDC/ESB bilayer
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‘ Characterization: SDC/ESB
Bilayer via Dip-Coating

IMAGE , 255

IMAGE . 71724938 &% BSE, 8270456
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Gdlal.73 ErLal. 76

Chemical composition of ESB/SDC
bilayer from EDS by X-ray linescan................. and mapping
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FUEL CELL TESTING: SCHEMATIC
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Characterization: OCP and t; vs. Temperature for
SDC and ESB/SDC Electrolytes
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XESB/SDC = X um thick ESB layer on ~1.5 mm thick SDC substrate
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Effect of Relative Thickness on OCP & t; for ESB/SDC

Bilayer-Electrolyte SOFC
with Air at the Cathode and H,/H,O at the Anode
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1000 > 500°C
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Effect of ESB/SDC relative thickness on (a) open-circuit potential and (b) transference
number of bilayer electrolyte SOFC with air on the cathode side and H,/H,O on the
anode side (open symbols: data obtained with a porous ESB film).
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Electrode supported thin-film electrolyte systems Quantitative

Stereology of Film Porosity CATHODE

«—]

THIN FILM
S [eecmouvm

ANODE

CATHODE

GDC ESB

o g

ANODE
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Thick Film GDC Electrolyte by Colloidal Deposition
on Porous Ni-GDC Cermet

Surface Cross-section Scoats Cross-section 15coats

20um S50um 20um

Pre-sintering: 850°C/4hrs
Final sintering: 1600°C/6hrs

Sintering Conditions — e————
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Fractured Section of Fuel Cell

Ni-GDC / GDC(=15um) / LSCF(=85um)
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SOFC PERFORMANCE
H,/H,0, GDC-Ni / GDC / LSCF, Air
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BILAYER CONCEPT

Lsog, Less, . Lsoc | Less,
Py,
Air
Interfacial Pg, Po, Profile
Lspc /Less < Toptimal Lspc /Less > Toptimal

ESB decomposes ESB is stable

4¥=) UNIVERSITY OF
% FLORIDA 9



MODELED DEFECT EQUILIBRIUM DIAGRAM FOR A
FLUORITE-STRUCTURED OXIDE
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COMPARISON OF DEFECT MODEL WITH NUMERICAL
SOLUTION TO DEFECT EQUATIONS FOR Ce, ;Sm,,0, o.c
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* O. Porat and H. L. Tuller, J. Electroceramics 1 (1997) 42.
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FIT OF DEFECT MODEL TO CONDUCTIVITY DATA*
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* Eguchi et al, Solid State lonics 52 (1992) 265.
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FUNDAMENTAL EQNS. & DEFNS.

flux

current
concentration
potential
charge num.
elec. charge
conductivity
mobility
diffusivity
thickness
Boltz. const.
Nernst poten.
exter. potential
temperature

Nernst-Planck J: = _Dl,Vcl. — uicdi)

Current J=2J.=q2 z]

1 -1 ¢L ]l
Average conductivity c, =L jo [G,-(x)] -dx

-~
>

Charge neutrality 2. z;¢; =z,¢, +z,¢c,+z,c, =0
i

ext

o e BN B S Gl SNy S of iy 3E

Local equilibrium Subscripts
vV O, vacancies

0, =0y =A0=D,, ~D, — kBT(qu)_l ln(cVL /CVO ) e electrons
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LINEAR POTENTIAL MODEL

Defect distribution

For Vj. =0,
/ () = ¢;, —c; exp(BAY)+ (c —¢; )exp(BAq)x/L)
Vet e —exp(BA9)
and/or
D,>>D Defect fl gy < LiA0) M) Gy —Ciy exp(BAY)
T T T enplpao)
B = zyDy —z,D, ¢ Current efficiency Power efficiency
D,-D, kgT o) o
_ J(AY) _ . J(AD) L p(AD) = Pext
typically 0= A0 Ty (a0) i Sy (80) @y
-1
B~—t Transference (Ad)=| 1+ J (Ad) ln(CVO Jey, )+ BAG
kBT number ron Jy (Ad) ln(ceo /e, )+BA®
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NON-LINEAR POTENTIAL MODEL

VZ0=AVZ¢, +— VJ=08&Vj =0

(Nernst-Planck + current equation)
qDeDV
B

Z,qC 4 (zytejy —uy jo oy — jyuecy = (6cy —c 4 )Vey

(DyY=Jv)ea 1o 2Py () = jycy _ _yx
6Dy y 6Dy ey, — jycy (B)

cy(X)—cy, =

(A)—(B)

Dyy— i kT 6Dy, yc, (x)— jyc
(b(x):q)()_( V’Y JV) B ‘In V’Y V( ) .]V A
zyqDyY 6Dy ey, — Jycq

ZyleJy —Uy Je
6qD,D),
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OPEN CIRCUIT (®,_) vs. NERNST (®,,,.,,) POTENTIAL
FOR SDC SOFC

model (—), expt. data (+), sensor (---)
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Modeling the Relationship between Thickness ratio,
Performance and ESB Decomposition Potential

SDC _ ,ESB
JpPC =Ty

+

2
07 —0g =Ad = _(zyqDyy=Jy kpT w7 (ZV ~ Ze,h )qDchVL —Jycy

2
zyq~Dyy 22y = ze )qDVYCVO —Jycy

\©)

Ze,hDe,hJV + ZVDVJe,h
2y 2y = 2, JaDe i Dy

YIK_IA(I)/L—(CVL —CVO) L =—
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| h =) (pE-pples | 2l-DE-2D ki, + Dl
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ELECTROLYTE DESIGN
Determination of thickness ratio at 800 °C

1 ", ! _
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ELECTROLYTE DESIGN

Determination of thickness ratio at 500 °C
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RELATIVE THICKNESS (t) PREDICTED BY MODEL

T 1/ 1= Lggp/lspe ASR* (QQcm?)
800 °C short circuit 0.98 1.0 0.010
max. power 0.14 7.1 0.003
500 °C short circuit 0.25 4.0 0.11
max. power ~0.007 ~140 0.05
" L=Lgsg+Lspc =10 um
42 UNIVERSITY OF
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SUMMARY

Developed Analytical Models for Transport in Oxides
- Based on Nernst-Planck flux equation and defect equilibria
(minimal assumptions)
- Determined external equilibrium constant, K,
- Verified transport model for SDC OCP vs. anode Pg,
- Verified defect model for SDC conductivity vs. P,
- Used model to predict SDC/ESB thickness ratio
@500 °C 140 > Lggg/lgpe > 4
0.05 Qcm? < ASR < 0.11 Qcm?
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SUMMARY-Continued

Fabricated and Tested ESB/SDC Bilayer Electrolytes
- Achieved OCP =1.00 Vand t. = 0.9
- Demonstrated increasing relative thickness of ESB increases
OCP and t,
Consistent with bilayer concept
Consistent with computer model predictions

Fabricated thin (~10 um) anode supported GDC SOFCs
-Maximum power density @650 C = 270 mW/cm?

Developed New Bismuth Oxide Electrolyte (DWSB)
- Highest conductivity of any known electrolyte
-0.57 S/cm at 800°C
-0.043 S/cm at 500°C
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APPLICABILITY TO SOFC COMMERCIALIZATION

Y(X)=Y*[(Y*) "™ b,cy(x)+1]

KIC(X)= KIC*[(K|C*)2/7b2CV(X)+ 1 ]_3_5

T 1 T T T T
09 r 7
Y*yib, = 1090 m3
SPATIAL 5 08 (Y7)"0s g
VARIATIONOF X short-circuit
> 07 7
ELASTIC (Y*)" by = 2x10-%0 m3—— open-circuit
MODULUS (Y) 06 002 o024 06 08 1 %70 02 o024 06 08 1
& FRACTURE
TOUGHNESS & .
008 - (K,c*)?7b, = 3x10-30 m3
(Ko) INSOFC X | /.
X 06 [# ¢ i it 0.96 - 7
ELECTROLYTES short-circuit
X 04t (K b, = 6x10% m3__ -
X " .
e open-circuit
02002 o4 06 08 1 °Bo 02 04 06 08
x/L X/L
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Activities for the Next 3 Months...

Develop cathode compatible with Bi,O, electrolyte.

Fabricate and test thin anode-supported ESB/GDC SOFCs.
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