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LSM delamination under electrolysis Two popular mechanisms
Inner oxygen pressure Lanthanum strontium manganate
1 (LSM) lattice shrinkage due to
EOZ +2e' & 0" oxygen vacancy accumulation

Tensile Strain

rrtt

0* 0* 0* O*

The first mechanism becomes dominant in recent years, which explains some experimental results.

The stress from the second mechanism is not large enough to cause delamination even if the

oXygen vacancy concentration is extreme high.
Int. J. Hydrogen Energy 36 (2011) 10541.
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Pore formation in YSZ Intergranular fracture in YSZ Two popular mechanisms

Formation of secondary phases
LSCF

Dense SrZrO,

Inner oxygen pressure

ol ) / q

e e € e
EHT = 15.00 kV Detector = InLens WD = 7 mm """ . FZJ : IEK 2011 EHT = 15.00 kV Detector = InLens WD = 8 mm .”l‘"' T T T T

Journal of Power Sources 223 (2013) 129-135. .

LSCF: lanthanum strontium cobalt ferrite.
YSZ: yttria stabilized zirconia. T T T T
0% 0% 0% 0%

Pore formation, intergranular fracture in electrolyte, and electrode delamination are observed.

International Journal of Hydrogen Energy 43, no. 11 (2018): 5437-5450.
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The key idea of Virkar's model: the electronic
current within the electrolyte should be
considered.

A. V. Virkar, Int. J. Hydrogen Energy, 35, 9527 (2010)

The inner oxygen pressure can be calculated wear ACTIVE lyET Electrolyte Active onir poEa
based on the chemical equilibrium of: o* _/\/\V}E\/\_ﬂ_ —/\/\r/E;/\—IEI— —/\/\rfoi/\—rl— o’
1 |, - |, -« | e
_ | '@

Advantages of Yinkai's model:

« The microstructures are considered

. Chemical reactions at triple-phase- ikl _| |+
boundaries (TPBs) and 2-phase-boundaries |EA
are described by Butler-Volmer Equations GDC: gadolinia-doped ceria.

Y. Lei et al. ECS Transactions. 2023;111:965.
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Reconsiructed
Microstructure Oxygen pressure
Pors

The maximum of oxygen pressure is achieved
at the OE-EL interface.
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Multiply the e- conductivity of YSZ by 2,000 times, following Lei Zhang et. al JECS, 166 (2019) F1275-F1283.
Before After
Electron potential Oxygen pressure Electron potential Oxygen pressure
H1 (V) H1 (V)
1.3 1.3

OE OE __

I
~ _OE eEL A}] png = po eXp[ { IEL N I’-HE (EA - EN)}]

OE-EL

PGS,

= Po, exp[ {




Influence of the O% Conductivity of the YSZ N =|NATIONAL
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17505- -0+ Constant volage 1 The dashed lines are obfained by fitfing the analyfical

— 1500L -8 Constant current solufion.

E - : OE

: OE-EL __ ,.Ox 4F J E E

NQ p02 T pO2 exp[RT {I‘iOE 4 I’iEL N I’iHE ( A N)}]

]

-

<

- S00% @ i 1 Deviation at small O% conductivity under galvanostatic

250t ;. ,. ..., . .3 operdfionisdue tothe change of .
0 1 2 3 4
ooy (ED) r‘iOE is effective resistance including the reaction resistance.

c(O%) of the electrolyte should be small under potentiostatic operation and large under galvanostatic
operation.

The analytical solution can be employed to fit to the simulation results, but cannot predict the specific
values before fitfing, since py*, £, and " are unknown and fitting parameters.
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Influence of Tuning the O? Conductivity of YSZ and

LSM
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Tuning the O% conductivity of YSZ and LSM using 2D simulations (constant voltage vs. constant current).
c(O%) of LSM in OE

5(0%) of YSZin El

c(O%) of YSZin OE

7 7 L B R S e i e B B Tl B T AL R BT 1000 '.= d o B e ': 1750—
17500 " o.Constant voltage 7 2900: oi.o-Constantvoltage i ¢gqc 1 ~@©-CoOnstant voltage §
=1500- . .g@-Constant current 1 = - ¢ .g-Constant current 12 : = 1500¢
% 17505 % 1 £ 800: iE .
: it 19 ; 1w 1250F
: 1= 700: ;€10001
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o/o (ED o/oy (OE-YSZ) oo (OE=LSM)
AF rOF 1
OE-EL Ox i
= pg. X E,-E r—
Po, ™ = Po, eXPlr e er e (Ba =l S
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..@- Constant voltag

5(0%) of YSZ in HE

e

-g- Constant current |

T
o/oy (HE-YSZ)

V=1.3 V for constant voltage.

Under potentiostatic operation, o(O%) of YSZ in El and HE: small; 6(O%) of YSZ in OE and LSM: large.
Under galvanostatic operation, o(O?%) of LSM and YSZ in El and OE should be large.
The simulation results are qualitatively consistent with the analytical solution.
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Tuning the O% conductivity of YSZ and LSM using 3D simulations (constant voltage vs. constant current).

5(O%) of YSZ in El G(OQ') of YSZin OF 5(02) of LSM in OE 5(0%) of YSZ in HE
o aLELAS B S B T LI 1000-‘| T L A B 300' T T T T i i R
_1000*0 Constant voI’roge a _ o Cons’ron’r voltage 1 _ 5zl i+ O Constant voltage: 800 "@- Constant voltage .
T goorE Constant curreng@oO = S0 @a Cons’ron’r current 1 2 .1 -8B Constantcurrent{ = | -&-Constant current, o=
£ 0 5@ 1+ [ i 1 = 200F y g 600 @@@ ]
N : o 1< 600F 1 ¢ 1 & o = e
5 0 & 1 e | 1500 Od3es 12
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< r <> 8 1« [ & <> € O ] = @..@.@,@" . g < @s‘
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0 1 2 3 4 0 1 2 3 4 "~ 1 2 3 4 0"0 1 2 3 4
ooy (ED o/oy (OE-YSZ) o/oy (OE-LSM) o /oy (HE-YSZ)

V=1.3 V for constant voltage.

Under potentiostatic operation, o(O%) of YSZ in El and HE: small; o(O%) of YSZ in OE and LSM: large.
Under galvanostatic operation, ¢(O?%) of LSM and YSZ in El and OE should be large.

The results from 3D simulations are consistent with those from 2D simulations.

U.S. DEPARTMENT OF




° -
Influence of Tuning the Electrode/Electrolyte N = |NATIONAL
o TECHNOLOGY
Thickness TL | A50rAToRY
Tuning the electrode/electrolyte thickness using 3D reconstructed microstructures.
El thickness Comparison to tuning YSZ ¢(O%) OE thickness HE thickness
SO T e e e e s T e
__500- ~o ~@-Constant voltaged — .| ~0- 6(0%) I 430 “@*Constant voltage] _ 3gof -¢-¢ GO OO -
T [ "o -m-Constantcurrent |7 800 %@ -B- Elthickness 1 7 ¢ g ~B- Constant current | 2 0©"
3400; AA?"";,\ LMD - E 600~ o 1= ; *5360 ¥ |
3 : & 18 oy S I 1 =340 g ]
= 3000 T, {5 400t % b 1 o _
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El thickness (um) r/ry (El) OE thickness (um) HE thickness (um)

V=1.3 V for constant voltage.

Under constant voltage, thicker electrolyte, thicker OE, and thinner HE are favored.
Under constant current, thinner electrolyte, an intermediate OE thickness, and thicker HE are favored.
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Comparison to Experiments in Literature

Mixed conductor LSCF mitigates delamination

10"

1 v Ll

— model prediction
O stable
@ unstable

LSCF

[16]
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Infiliration changes the effective conductivity of LSM

(a) —o—LSM/YSZ baseline cell
—o—0.3mg SrFe204 infiltrated LSM/YSZ cell
—o—(0.7mg SrFe204 infiltrated LSM/YSZ cell

1 <
5 5
<
3 . 5
o [27] [20] @ D
= e o o, g
g 10° 0 e s
: | CIRCA I B
o (191° < 0.1 Ohmic resistance of LSM/YSZ baseline cell was
5 (48] [24,25] = increased by 0.35 mQ cm? per hour.
% LSM—YSZ oA 2 0.05 Ohmic resistance of 0.7mg SrFe,0, infiltrated cell was
9 [49] 0[24] = increased by 0.053 mQ cm? per hour.
c 0
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Energy & Environmental Science. 2019;12:3053-62. Y. Fan et al. Journal of Power Sources 580 (2023) 233389.
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Total free energy for the phase-field fracture model: Cracks

F = IQ[ 1:elas (¢) + ffrac (¢)]dQ

The elastic energy f is the driving force of crack growth and may
decrease after crack growth.

The fracture energy f; . represents the fracture surface energy due to
crack growth.

Coupled performance-crack model at fixed voltage

Inner oxygen pressure P, at fixed V. [— Crack growth due to P,

l

Inner oxygen pressure Pos new — Decreased transport properties and TPB reactions
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Microstructure Before cracking Cracks After cracking

Crack

The simulation is performed at V=1.47 V.

After cracking, the maximum of oxygen pressure is achieved inside the OE, which suggests layer-by-
layer cracking.
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Crack Growth in LSM-based Cells Under Changing [N=|VAToNAL
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Microstructure Cracks: A Cracks: B Cracks: C
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After crack growth at the OE-EL interface, the maximum of oxygen pressure is achieved at the LSM-
YSZ interface inside the OE. Then layer-by-layer cracking is observed.
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Conclusions from the parametric studies of inner oxygen pressure in LSM-based cells:

1. Different from the conclusions by Virkar et al. and Zhang et al., increasing the electronic
conductivity of YSZ cannot decrease inner oxygen pressure from our simulation results.

2. Under potentiostatic operation, the following conditions are favored: (1) smaller ionic
conductivity of YSZ in the electrolyte and HE; (2) larger ionic conductivities of LSM and YSZ
in the OE; (3) thicker electrolyte; (4) thicker OE; and (5) thinner HE.

3. Under galvanostatic operation, the following conditions are favored: (1) larger ionic
conductivity of YSZ in the electrolyte and OE; (2) larger ionic conductivity of LSM; (3)
thinner electrolyte; and (4) an intermediate thickness of the OE.

Conclusions from the coupled performance-fracture model:

1. Crack growth is induced at the interfaces with high inner oxygen pressure.
2. After crack growth, the inner oxygen pressure is redistributed. Simulation results suggest
layer-by-layer cracking in the LSM-based cells.
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Tuning OE thickness Tuning electrolyte thickness Tuning HE thickness
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Chemical reaction

2_
EOZ+26’<—>O HE and OE
microstructures

Conduction equation for oxygenions 0=V -[-o_, (§)Vé . ]-ig

Conduction equation for electrons 0=V -[-o _(&§)V@_]+2I;

The source term at TPB: Butler-Volmer Equations

Pore

. R anFn (1-a)nFn
I =1 ’ ' expl|— ©1—exX ¢
(B
77 + ¢ RT In POPZOI'ES
Local overpotential at TPBs ¢ = %2 vs - LSM 0
YSZ LSM 4|: P02

Gas diffusion within the pores is neglected

Inner oxygen pressure Py, = sz exp[% (¢e_ — ¢Oz-)]

JECS, 166 (2019) F1275-F1283. Tao Yang et. al Int. J. Elecfrochem. Sci., 12 (2017) 6801 — 6828.
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e— Anode ‘
i (f) +~4 Cathode
& < Reference YSZ/GDC
Pore
- 0.5 30%YSZ-40%Ni/LSM
Qt 0.4 35%Y5Z-35%Ni/LSM '
Q
© 0.3
SSE 40%YSZ-30%Ni/LSM
0.2

) 0 20 40 60 80 100 120

Time (h)

From Y. Lei et al./Journal of Power Sources 345 (2017) 275-289.

& U.S. DEPARTMENT OF
N




Oxygen Pressure in LSM- and LSCF-Based ells N=[NiTionAL

T L TECHNOLOGY
LABORATORY

Veell=1.3V, jNYSZTPB 2 345%10° A-m™ ig>"" ™8 =2.247x10* A-m™ i =2.247x10* A-m™

I ly
. — — + LSCFYSZInterf —4 -1
I(IJ_SCFSurface —20x10 4 A-m 1 i nerace — 3 0x10™" A-m

Microstructure LSM-based cell LSCF only TPB reactions LSCF with surface reactions

Oxygen pressure is lower in LSCF-based cells than that in LSM-based cells.
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