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Solid Oxide Fuel Cells (SOFC): Chemical energy — Electrical energy

Chromium “poisoning” of planar SOFC

Calphad (Calculation of phase diagrams) modeling

Thermodynamic La-Sr-Mn-Cr oxide database

Applications: SOFC cathodes poisoned by chromium
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Principles of planar SOFC

Overall reaction: de
H,+1/20, — H,0 |

202- — 02+4e'
RT, R,
EMF (V) = — In—2
A4F P, electrolyte
2(an)
R  Gas constant F  Faraday constant

cathode
Optde- — 202 air
(La1-xsrx)1-yMnO3-§
perovskite (LSM)
Cr-alloy interconnect Operating temperature:
between cells of an 800-1000 °C
SOFC stack

Direct conversion of chemical energy into electrical energy
High efficiency of energy conversion



From stack to system

Current Fioy, ot

20 cells-stack

Oxydant Flow

20 kW systems, 4000 h
to 10000 h

/ UFS  rLel supply Systern

Future aim: </
> 100 kW power plantS Elactical Cabinets S N
> 100000 h :

Aim: high performance SOFC with long-time stability in the power plant scale



Degradation
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LSM with Pt current collector LSM with 94Cr5Fe1Y,0; interconnect
Degradation: 0.00001 V/hr Degradation: 0.025 V/hr

S.P.S. Badwal et al.: Solid State lonics, 1997, 99, 297.

SEM images from:
Jiang, S.P. etal..:
J. Electrochem. Soc. 148(7), 2001. C 477-55.

very fine grains of Cr,0,
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Observed Cr-deposits:
Mn(Cr,Mn),QO, spinel, Cr,0O4

SOFC degradation is caused by chromium from the interconnect



Mechanisms and microstructures

Cr-interconnect ~ Po2
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u At mw” “;w;‘ “‘w?‘w‘}‘ i Iow p02 p02 air

Cr,O.-layer

- olated Cr,0O,

(oA
1273
1 \VQ symbols:

current load (mAcm?) 300973 @ Cr-gas
LSM Qspinel
1 Cr,0; 2 CrO5-gas i Cr,0,
2 Cr-gas+LSM ->Mn(Cr,Mn),0,Spinel _
Decreasing TPB
3 CrO;-gas reduction 2 Cr,04 > Blocking!

4 Cr,0O5+LSM - Mn(Cr,Mn),0,Spinel

TPB = triple phase boundary LSM/YSZ/O,,, place of oxygen reduction.

New phases block pores.



Open questions

-) Thermodynamics — concentration of deposits at the
cathode-electrolyte interface?
-) Thermodynamics — Cr compounds + LSM — ? — properties?

-) Reaction mechanisms to Mn(Cr,Mn),0O, spinel?

time
reaction paths

non-equilibrium (A) > equilibrium (B)

initial  LSM+Cr t=10000 h LSM(Cr)+Cr-deposits
degraded cell

* Po,=21278 Pa

Thermodynamic equilibrium -
$D,,=0.1 Pa (TPB)

after long-time operation

current load (mAcm?)

— LSMCrO — Calculations of local thermodynamic equilibiria in degraded SOFC

The construction of a thermodynamic database is a fundament for future kinetic modeling.
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CALPHAD Modeling



Calphad (=Calculation of Phase Diagrams) modeling

Structural chemical data

|

Phase descriptions
Calculations:
' Phase diagrams
X Composition G(T, X) , Thermodynamic properties
Extensions to higher order systems

N

Thermo-Calc

Optimization

H  enthalpy Experimental input:
g Sovs e Thermodynamic data (AH,, AGy, S, C,) «

S entropy
Cp heatcapacity phase diagram data, nonstoichiometry data
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Stoichiometric phase
G(T) at p,X=constant

AG=A+BT+CTINT+DT?+ET*+FT*

AG=AH -TAS
oG , L
AS=—| =— |=-B-C(1+InT)-2DT -3ET* + FT
2 3 1 Thermodynamic properties can be
AH =AG+TAS=A-CT-DT"-2ET"+2FT derived from the Gibbs energy
oH polynomial
C,= (B—T) =-C-2DT -6ET* - 2FT?

Example: stoichiometric Cr,04

AGcr,0, =—1164542+728.56T —119.8T InT —4.97x10°T* +1050000T "

The Gibbs energy function of a stoichiometric phase is achieved by fitting model parameters (A to F) to
experimental thermodynamic and phase diagram data



Nonstoichiometric solid solution phases: Perovskite La; ,Cr; O3 5
G(T X) at p=constant

General sublattice model

(A) (B) (0)s

(La®*, Va)(Cr3*, Cr*, Va)(0Z, VaN 4

Stoichiometric endmember:
(La®")(Cr3*)(0%);

Sy
(Va)(Cr** )(0” 3Vays )

rv °CPYVET T47]° PV
Gp p— G (Cr*)(0% ), A G

(Va)(Cr** )(Va),

. GME LT
Gibbs energy of endmember compounds VaCr )™ ),

Zzzk: yl yj yk oGi:j:k
ol

prv +3 uGl'l‘r\l' .
G(Va)(cr3+ O zaVeya Js (Va)(Cr®*)(Va),

y site fraction
fraction of a species in a sublattice

Configurational entropy of ideal mixing ;/‘VET

+RT(Zyi Iny,+> y Iny, +Zyklnyk)
i i K

a3 Vay; )(Cré* )07 ),

La,,;Va,;)(Cri*)0%),

° ~prv

1_(La® )Cr*) (0% ) +7] nG(Fir:s*)(Cr“ )(Va)y
Excess Gibbs energy due to interactions A
+EGprv DG(T:“)((:P*)(OZ')} W nG(T_r:f**)(Crﬁ*)(\/a)3
(La®")(Cr3*)(0%),
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Assessed subsystems

Cr-O

Cr,0,

Cr-Mn-O La-Cr-O Sr-Cr-O

)(Cr3*,Cr4+ Va)(02,Va)

)(Cr3*,Cr#* Va)(0%,Va) ( )(Cr3*,Cr#*,Mn2* Mn3*,Mn** VVa)(0?%,Va)

Extension to LSMCr
with LSM(Cr) perovskite

)(Cr3*,Cr**,Mn2* Mn3* Mn4*,Va)(0O?%,Va)

Strategy: Optimize low-order subsystems first, then extend modeling to higher orders.

Extension from pseudoquaternaries to LSMCr without additional model parameters
13



Cr-Mn Spinel



(Mn*,CF") (Cr**Mn*) O,

e \

Sublattice A Sublattice B Sublattice C
Tetrahedral Octahedral Anionic Site
site site

Compounds in cubic Mn-Cr-spinel
(Mn2*,Cr2*)(Cr3*,Mn3*),0,:

MnCr,O,
CrCr,0,
MnMn,O,
CrMn,O,

> Gibbs energies for each
compound is defined

Bent G-surface
G(CrMin.0,) + G(MnCr,0,) #
G(CrCr,Q,) + G(CrCr,Q,)

G(Crvin.0,) g G(CrCr,0,)
G(MnCr,0,)
G(CrCr,O
|
6@?‘ 19‘\'@\
1 xCr, 0

Flat G-surface
G(CrMn.,0,) + G(MnCr,0,) =
G(CrCr.,Q,) + G(CrCr,O,)

G(CrCr,0,)

G(CrMn,0,) G(MnCr,0.)




Thermodynamic data

Standard Gibbs energy of formation
of cubic spinel of the composition MnCr,O,

10°A,'G (Jmol™)

-8

A, Gyrero = -89167 +29.338T
(1050 - 1800 K, +0.21 %)

*
A
A

Tsai and Muan [23]
with Lenev and Novokhatskiy [25]

Tsai and Muan [23]

with Kim and McLean [26]

Tsai and Muan [23]

with Jacob [27]

Tsai and Muan [23]

with Dimitrov et al. [28]

Biggers [29]

Tanahashi et al. [21]

Tanahashi et al.[21], recalculated

— This work, calculated

A 1500

I
1600

I I
1700 1800
T(K)

1900



MnO,-CrO, . phase diagram

Cubic spinel (C-spl) 2800 3 Coapl + Gr,0, Pollert etal, 1077 wﬂmmmma P=100000 Pa, air
(Mn,Cr)[Cr,Mn],0, 2400 - I.T&'.'ﬁu’""ﬁﬂ%"__—c"p" e g ___.““_‘_’m
1 -“-.__..-_--I“I""."!I-m!ﬂ - ""!i: i

diffusionlessi phase transition .83

Tetragonally distorted 20‘1?“ ; -
e |
i & | ; Speidel & Muan 1963
- & , .
1 .- ! . quenching techniques
(Mn)[Cr,Mn],0, 1200 oy epls T-opl :I optical microscopy
1 'p_ Py _____'.'_-. ., : — _ . .
/*;FE:@ . e . : I Kfay examination
Holba et al. 1975 Mn,Ojn,! Cepl+MRO '.
iffusi B00 =i o~ e e e - Pollert et al. 1977
dfizii‘f (’Lj‘f:psint)rr;lr(?zistion oy M"'qb? L Y Solubility data of
C-pl + MnO % li1a ' Mn in Cr,0,
Cr,0, +MnO, G “

A 0 0.2 0.4 08 0.8 1.0
MnO, Cation fraction Cr CrO,,
Povoden et al., Int. J. Mat. Res., 97(5), 2006
Cubic spinel is the dominating phase in air in a wide temperature range

Tetragonally distorted spinel is stable at the Mn-rich side of the section
Good fit of the model description with data from Pollert et al. and Holba et al.



Calculation under low
oxygen partial pressures

|Mn,O\+  t-spinel

c-spinel

c-spinel

c-spinel + Cr,0,

600 P2 —— i
}\/ln203 c-spinel + Mn,0O, 405 i
c-spinel + Cr,O,| 263 0.67
200 ICrZO3 + MnIAIO2 | |
A 0 0.2 0.4 0.6 0.8 1.0
MnO, Cation fraction Cr CrO; .



Ternary phase diagram

Mn-Cr-O

Mn-O _ ~ Cr-O
(Grundy et al. 2003) " i (Povoden et al. 2006 ) o

X 1.0 P=100000 Pa
o __ T=1323 K

0002

0052

Cr-Mn i
(Lee 1993) 0 0.2 0.4 0.6 0.8 1.0
Mole fraction Cr



Perovskite



( )(Cr3+,Cré+,Va)(0%,Va)

Enthalpy of formation from oxides

This work:
AH® =-73700 J mol!

Literature:

v AH® =-77163.5 J mol’
Cheng & Navrotsky 2005

}

Good agreement
Standard entropy

This work:
S°=109.2 J K'mol!

Literature:
v'S° =111 J K'mol"

Vishnyakow and Suponitskii 1985

v'S° =114 J K'mol"
Yokokawa et al. 1991, est.

S° =87 J K'mol!
Azad et al. 1990

La-Cr-O oxide subsystem

s energy of formation

Gibb

4 |
- it
Q * Azad 1990
O -5
©
|
ks
c -6
ko]
g
s
G
= -84 This work
S
2 9
9 4

-10 T T

Peck 1996

g 800

1600
T(

I
1200

I I I
2000 2400

K)

Experimental phase diagram data
— decision for the correct set of thermodynamic data

3000 L . . I =1 Pa mcongruent melting of La, ,CrO,
liq Po, Foex, 1965
A congruent melting of La,,CrO,
et 2 Coutures et al., 1980
g ;
= = 2503 | o congruent melting of La,,CrO,
2500 x<tia 153 e | A Tresvjatskiy ef al., 1968
HLZ0Fpiv < "p“”"‘gzso fa v eutectic, Tresvjatskiy e al., 1968
v v f;}:r;of 0.2 ® X eutectic, Berjoan, 1976
) ‘r\prv 86.9 ——this work, calculated
S 2000 =
=
o
2 S
= =
& 1500 A-La,0,+r-prv ‘g r-prv+Cr,0, B
o
[«*]
Q)
1000 -
o-prv
A—Lazoiw—prv +|_pa,(Cro,), La,(CrO,),+Cr.0,
530 < 529
500 T \ f T
A o 20 4. e s 100
cat.% Cr
Lao, , Cro,,
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Calculated stability of rhombohedral La-Cr-perovskite

K

Temperature

l l |

2473

2073

—

o))

~J

w
I

r-prv+A-La,0.+aCr, this work, calculated

|
-25

log (p,,), Pa



Defect concentrations of nonstoichiometric La-Cr perovskite

v
(La3*, Va)(Cr3*, Cr#*, Va)(0?, Va), 1700 1650 1600 1550
10° ] —— this work, calculated p02=103 Par
o A — Akashi et al., 2003 [
Defect chemistry can be modeled! §
[VaLa] [h.] [VaCr] Electronic conductivity 5:%
— [Vao] lonic conductivity §
: S .41 T i
as a function of T and pg, & . L :
[72)
=
— . oo e = o
Orco, = &M, [Varl+en,  [Vaglew [h']+eu, . [Vag] 5 T
o electrical conductivity o | T %[Va] e
u  defect mobility 0 - e
e elementary charge l —
% 60 62 64 66
Predictions on electronic and ionic conductivities A S

Advantage of modeling defect chemistry with Calphad:
Thermodynamically consistent (Gibbs energies of compounds)

Straight-forward extension to high-order systems

23
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Oxygen nonstoichiometry in
La,,Mn,CrO;_sperovskite

(

3-8

3.15

)(Cr®*,Cr*,Mn?*,Mn?®*,Mn**,Va)(0%,Va)

1 1 1 |
LaMn,Cr,,0,,
o
X ‘_{} £
3.10 - B
A
&,
3.05 - =
3.00 4//@? -
2.95 - -
symbols:
Morales and Caneiro 2003
— calculated, this work
2.90 T T T T T T T T
-11 -7 5

-3 1
Logp., (Pa)

3-0

Oxygen nonstoichiometry in
La, Sr,CrO;_sperovskite

(

)(Cr3*,Cr4+,Va)(0%,Va)

La,4Sr,,CrO,, La, Sr,,CrO,
3.00 ! : 1 = 3.00 L _ -
A
& < il = i
2.99 f - 298 = -
! N
E o -
3:;”?2/ ,iib/ &
2.98 - <) - 2,96 x :
z 0y a :3 o
! — $ -
/ ﬂ-:'ll =
2.97 X L 294 -
X
E
2.96 a - 2.92 - =
symbols: - @ Hilpert et al. 2003
Mizusaki et al. 1984 T = Mizusaki et al. 1984 |~
205 . é-l — clalculated,l this work] 290 | i c?lculated.llhis work
-20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5
Laﬂ TSSrOESCrOELE LaUmsrU:iﬂcrOZl—:\-
3.00 L . —'x == 3.00 4
A
— - —_ -1 i~
[ 2.96
2.96 - f [ Tl i
| / L il i
; 2.92 o
2.92 & I
) | 288 -
288 qa7 symbols: B - symbols: -
Mizusaki et al. 1984 | Mizusaki et al. 1984
—— calculated, this work]| 284 calculated, this work
T T T T ] . T
20 -5  -10 5 0 5 20 15 -10 5 0 5

Log (po,). Pa
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La-Sr-Cr-O oxide subsystem

LaO, ; — SrO — CrO, 5 air, 1223 K

1/2 Cr,04

SICro,
Sr; 67(CrOy4)2 y

(S 5(CrO4)3 OH) ,

SrO 1/2 La;05

D.H. Peck et al., Solid State
lonics 123, 1999, 59-65.

La, Sr,CrO,_ sperovskite
enthalpy of formation from oxides at 298 K

?_;'20000 + Cheng and Navrotsky, 2005 =3

E, 7= this work, calc.

g-soooo

o | g

é @

E -40000

"'E .

g | ]

E -50000 F

5 ]

:: ]

(@]

2. -60000 *

o

[4y]

s 1

® -70000 A T T T T T
g ¢ ¢ ¢ ¢ ¢
(")F_ Q Or‘! Oﬁ! O"‘. O”-
© S © © © )
_ - — — - i)



Summary of results in assessed oxide subsystems

VT ﬁr@atimn@tieEgﬂxﬁI'ibmWcalculations

v'Phase'diagrams are reproduced by the modelimg

vDefect SO F EelCatioelestpoitoned by
chromium

— Extension without additional parameters to the higher order system:
La-Sr-Cr-Mn-O
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Cr-gas+LSM - Spinel

Composition of cathode: (La, 3Sr; ), sMNO,
Conditions:  Operation temperature: 1073 — 1273 K

Where to get the appropriate chemical potential of chromium?
1073 K, 300 h

1.) from Cr content at the cathode/electrolyte ":"4"‘"_." o ’ ~ (’
interface of degraded cell: f‘" - ; el -"fj 4-.-.{ /
Cr level = 3 wt% LSM 4, 3 NEL . ,_l- Jl r

P ket
SR AP
Cr-alloy ‘S .. ;‘Jl = “;"‘4:‘. : {M"ﬁt;

Cr Level, wt%

S ST S

0 5 10 15 20 25 a0
Distance from Interconnect to Electrolyte , um

Krumpelt et al., FY Annual report, 2004, 39-43.

2.) from oxygen partial pressure:
10

assumption: oxygen vacancies exist in LSM at || (LageSro2)ooMnO5.s  "7F
triple phase boundary (TPB) a4 L
A. Hammouche et al., J. Electrochem. Soc., 1991, 138, 1212. . -
T. Horita et al., J. Electrochem. Soc., 2001, 148, J25-30. és‘ ' i
G.J.la O’ etal., J. Electrochem. Soc., 2007, 154, B427-B438. £ i
B4 -
Calculation: from polarisation 2 . L
> 0. .

— po,> 0.1Pa at TPB " -

A 7 oo (P2) ’

—> Chemical potential of chromium

p =-300 kdmol-!
Reference: 10° Pa CrO;

A.N. Grundy et al.,
Calphad 28, 2004, 191-201
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mole fraction of phases

Equilibria in degraded SOFC

07 Blocking of pores by spinel
(Lag §Sry 2)o sMNO, cathode 5
£ 20 -
L — —LSM(Ci) . -
L
. x B © 101
& 43 > | Ntorsk : A
084 © 4 R
~ 0 : .
i B 0.050.1 0.5 1.0
Po: (Pa)
0.6 L
3 B Density data used:
Cr-Mn spinel: p=4.85 gcm3- (Kubaschewsky and Hopkin 1967)
B LSM: p=6.557 gcm (Pelosato et al. 2005)
i = 60
- [}
§
' i —g 40 1
t-spinel 1273 K @ ,
0 073K 920 ?Pglr
| I | | | | | =
3 2 1 0 1 2 3 4 5 S 1« 1073k
logp,, (Pa) * 0 0% 0 )

Po2(Pa)
Cubic spinel forms at low pg, in Cr-poisoned LSM.

At lower temperatures c-spinel formation is shifted towards lower p,.
No Cr,0;, is found in thermodynamic equilibrium.

Spinel tends to clogg pores at high T and low pg,.
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(Lag gSr

(Lao.ss ro.z)o.smn03+c'sp

P=100000 Pa, 7=1273 K
1(Cr0,)=-300000Jmol", ref.: 100000 Pa CrO,,;

1.0 (Mn2* | y(Mn{)" ! !

0.9
i 0.8
0.7
0.6 |
0.5
0.4

R

00— 0.2

site fractions in c-sp

0.1

2,507

©O O © 0O © O 9O o 9 O

© 0w 9 |vw o 1 o w 9 W

N - T O O Q@ < «~ -
] 1

log Resistivity (Ohm.m) g -3.0 25 -2|.o y(crﬂ)-:l.s 1.0 -ol.s 0
<—
W. Qu et al., J. Power Sources 2006, 114-124 logp.,, (Pa)

Mn, 5,Cr, ,,0, < Mn, (,Cr; 490,
decreasing po,
4—

increasing current load

Low pg,: More chromium in spinel — lower electrical conductivity
29



log site fractions in perovskite

Defect chemistry of cathode

(Lag gSrg 2)o.9MnO4 +Cr cathode
(Lag gSrg )0 oMNO4+5 mol% t-spinel

1073 K
l I l ] I = 100
Mn*)°* ST
1 Tt
B o 107
u 2 . |%
o 107~

ions in

drop
10-5 —

LSM(Cr)+t-spinel

o log site fracti

2

&

£

S}

4 |3
=
Va

/

=

\Y

fa(B) -

108(
rop!
107

-1 0 1 2 3 4 5
A logp,, (Pa)

Considerably lower defect concentrations in LSM(Cr) than in LSM at pg,<1 Pa at high T —
lower electrical conductivity of LSM(Cr)

High Mn?* at p,,<3500 Pa at high T — favors spinel formation
30



Conclusions

« (A,Va)(B,Va)(O%,Va), perovskite model from low to high order systems.
« Thermodynamics — LSM(Cr)+spinel, no Cr,0,

«  Thermodynamics — High T, low pg,

— Spinel blocks pores at TPB
— High Mn?* in LSM(Cr), thus favored (Mn?*)(Cr3*,Mn3*)O, spinel formation

— more chromium in spinel and changing defect concentrations, hence

decreasing electrical conductivity.

* Thermodynamics — Lower operation T and lower current load (thermodynamically:

higher py,) means less degradation



Nuoa+lAaAnl, NNilFicralAa ~AAAlIAA
UULIVUUV IVIUILIDLC!IC IIIUUCIII 5
interconnect
cell
interconnect
fuel .
air M
common solution
X fuel
Cell temperature distribution
L} I I 5
— 1010°C 1350 J.,=03A/km] 1350 K
ST 988 . )
~ Therm3l profiles m Fixed air flow rate
" ‘ ;:: and fixed inlet gas T
Fuel Ll s YA 800 |
e " 173K e [ are bad!
TS BS —x | 0 0.1 0.2
T and current load profiles x/m
coflow crossflow e Cell temperature distribution
,lowest peaks at coflow! 1300 . . .
/+A40 mAcm? i 1270 K| Optimized cell T
FRR 0.15 .
| _ ol .
%000A m | iz fli\ o < sob | control method: fixed
= CGurrent oad pm L - = .. ~osaend  air utilization and
2078 2800 0'25 . . .
: - 2000 fixedinletgas T
Alr —
69 mAcm:Z“"2 \ 1200 .
40 mA Z 0.1 0.2 Y. Inui et al., Energ. Convers.
x/m Manage, 2006, 47, 2319-2328

| Alr

_—X—>

S. Campanari and P. lora, Fuel Cells, 2005, 5, 34-51
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Conventional materials — Optimization & New ways — alternative materials

* Improvements for calculations: * Promising new cathode perovskites:
quantitative pg, (La,Sr)(Co,Fe)O,
(Ba,Sr)(Co,Fe)0O,

v'La-Sr-Fe-O

* Cre—>YSZ interactions

Cr + LSM-YSZ functional layers * Highly chromium-tolerant cathodes:
— La-Sr-Mn-Cr-Y-Zr-O La(Ni,Fe)O5 perovskite

oxide database (La,Ba)(Co,Fe)O, perovskite

o La(Ni,Fe)O

. inas: 1000 a(Ni,Fe 1173 K

LSM <——> coatings: 1222 3| 200 mAcm?2

| 20 h
La-Sr-Mn-O-Cr-Co, z - Interconnect:
Co-Fe, Co-Ce, Cu, Ni £ o Cr-alloy !
u}‘: 600
l 1073 K e usssSssse
6 | 2EII[I I 4EI|U | E[IJU ‘ B[IJU | 1D‘UU I 1200
. . coated interconnect (b) Time / min
air flow
. .contalct pastte et * LaCrOj-based ceramic interconnects
current coliecting layer
ti d -Sr-Ca-Cr-
rr— faucrzlcl:ggn?all’]l?SIa/YSZ layer La-Sr-Ca-Cr-O
YSZ electrolyte La-Sr-Ca-V-Cr-O
La-Ca-Zn-Cr-O
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Outlook — Kinetic modeling

non-equilibrium—ime >equi|i9rium

surface mechanisms —
early stages of degradation:

Several ppm of Cr lead to significant decrease of oxygen

diffusion
(J. Zheng and P. Wu, 4th international symposium on solid oxide fuel cells,

and pers. comm.)

time, reaction rates

Gibbs energy

solid-gas reaction
medium activation energy
(high mobility of gas phase)

solid-solid reaction
high activation energy (diffusion)

electrolyt
y Dense layer of  Cr-gas+LSM

reduction
low activation energy

© o o% o —~o 0 solidCr,0, (@Minirieee)
LSM cathode OOO Oo_ O OO o O .
O O R Cr203 sp-form
interconnect* Solid Cry05+
LSM - Spinel _ .
reaction path spinel

LSM-Cr,O, — spinel or LSM-Cr(g) — spinel ?

Thermodynamic LSMCr oxide database + algorithms and mobility databases — modeling of kinetics
34



