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Detrimental Sr-segregation and precipitation at perovskite oxide surfaces
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Sr segregation and Cr & S poisoning of La, ;Sr, ,Co, ,Fe, 30,

Cr Poisoning Nucleation Theory: S Poisoning Nucleation Theory:
Cr03(g) + SrO(s) 9 CF—SF—O(nudei)(s) Soz(g) + SrO(s) 9 SFSO4(S)
Cr_sr_o(m"dei)(s) + Cro3(g) % Cr203(5) S.P. Jiang, X. Chen, Int. J. of Hydrogen Energy, 2014, 39.

Cr_Sr_O(nuclei)(S) + Cro3(g) + Sro(s) 9 Srcro4(s) K. Chen, S.P. Jiang, Electrochemical Energy Reviews 2020, 3.

S.P. Jiang, X. Chen, Int. J. of Hydrogen Energy, 2014, 39.
K. Chen, S.P. Jiang, Electrochemical Energy Reviews 2020, 3.

LSCF-GDC electrodes after operation at 200 mA/cm?, 900°C: LSCF bar samples in the presence of 20 ppm SO, at 900°C:
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XRD, EDS, SEM -> formation of SrCrO, and Cr,0; on LSCF surface. XRD, EDS, Raman -> formation of SrSO, on LSCF surface.

Illil_ S.P. Jiang et al. J. Electrochem. Soc., 2006,153, A127 C. C. Wang et al. J. Electrochem. Soc., 2014, 161




Perovskite oxide surface more stable and has faster oxygen exchange
kinetics with oxidizable surface-cations.
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This project aims to attack the degradation pathway coupling surface chemistry to impurity poisoning on

perovskite oxygen electrodes, taking LSCF as a state-of-the-art electrode.

_________________________ e
i |
(@) o cro (b)  sro segregation +CrO; — SrCr0,, Cr,0; | (C): R |
2 ’ SO, )/ | SrO segregation + SO, — SrS0, | No SrO segregation — prevent Cr-/ S-poisoning
l // | Poisoning by chromium and sulphur : I I
Oxygen ! CrO O I “R ©: : LSCF surface :
electrode ] 0 : LSCF ! L
% ’ SO, mmmm: SrO segregation! ’ &SOZ without SrO
' I segregation
‘ ’ = : Cr deposits 1

& : S deposits

|
Insulating SrO, Cr- |
and S-deposits inhibit :
|

|

surface oxygen
evolution reaction.

[—————— == ===

LSCF surface is free
of insulating SrO, and
Cr- and S-deposits;

enabling fast oxygen
evolution reaction.

1. Improve the chemical and electrochemical stability of the surface of LSCF, both the initial oxygen

exchange kinetics and durability.

2. Develop infiltration chemistries to enable the surface modifications, to suppress the Sr-segregation

and the Cr- and S-poisoning processes.

3. Advance our understanding of the role of operational parameters on oxygen-electrode surface

chemistry and performance, combining experiments and computations.




Methods to achieve Ero'!ect ob'!ectives

Collaboration with PNNL
using well-established

process.
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Computational investigation of Cr & S poisoning on realistic LSCF surfaces

CrO; and SO, adsorption SrCrO, and SrSO, formation
Surface descriptor Key reaction step
Surface atomic structures
Reconstructed Reconstructed Reco structed
surface surface surface
Without infiltration
LSCF — LSCF m—) LSCF
LSCF
o
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Reconstructed Reconstructed Reconstructed
infiltrate surface infiltrate surface infiltrate surface
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Resolving surface structures on LSCF using Grand Canonical Monte Carlo

with DFT and ML-IAP
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Current most stable structures

Initial structure

T=1073 K, P,, =10 atm (n=05Vv) T=1073 K, P,, =0.2 atm (n=0V) T=1073 K, Py, =10 atm (n=-0.5V)
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CrO; and SO, behavior on pristine, non-polarized LSCF slabs

Adsorption energy:
E, .. = EPFT DFT DFT
aas

adsorbed unadsorbed = Y“molecule

O First study the adsorption on pristine, non-polarized LSCF slabs
O Multiple adsorption configurations need to be studied
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CrO; adsorption energies vs configurations
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O CrO, adsorption energies are all negative for pristine LSCF slabs, whereas SO, is slightly more positive
O Adsorption energies decrease as the number of bonds formed from the adsorption increase

Uk O BO,-terminated slabs have higher (yet still negative) adsorption energies
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SO, adsorption energies vs configurations
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CrO; more strongly bound in dynamic simulations, too.

T =1300 K AO-termination T =1300 K BO,-termination

O AO-terminated surface: molecules are anchored on the adsorption site with a rotational degree of
freedom
O BO,-terminated surface: molecules are more likely to diffuse on the surface
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Oxygen site charge, and charge transfer as physical descriptors

1. Use as a design principle for future surface modifications
2. Gain physical insights behind adsorption on different surfaces
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Surface modification of LSCF to suppress Sr

Our current system:

Cells fabricated at PNNL
Electrolytes from OxEon

Gd, ,Ce 504 95 (GDC) barrier layer

: LSCF/GDC composite
on GDC barrier layer

Asdicioclolie dise. (upport Well-established button ccsy
. C
Gd,,Ce 504 o5 (GDC) barrier layer cell production process: r electrolvte
LSCF-GDC electrode ° Screen prlnt|ng y

* Sinterin
LSCF: (Lag 6Sro.4)0.95C00 2F€ 503 &

Our approach controls surface chemistry through a physically-based and practical single-step infiltration:
Near-surface doping

B =

Surface-modified LSCF

Aqgueous solutions of Anchoring of metal
metal chlorides. Infiltrated LSCF oxides on/into the
LSCF surface
@ @u Hf, Zr, Ce, Nd, Pr
Qe e e e
Metals: Zr, Hf, Ce, Pr, Nd Annealing conditions: Ao
. . ) TS AN N AN 8
Infiltration parameters: Temperature, DRSO D A0
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loading, surfactants.

- Bulk perovskite
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EIS analysis at OCV — Hf, Zr infiltration stabilizes LSCF cells
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O For relative R, changes, as prepared cells fall into a wide, monotonically increasing region (dashed black lines)

O Infiltrated cells show significantly suppressed R increase — LSCF stabilized by infiltration

i
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Improvement in electrochemical stability and activity with Hf
infiltration in LSCF porous electrode (of OxEon)

0.85 [ 4 Hf treated - ® Hf-treated
Y[ 4 As-prepared 0.35 | ® As-prepared o ©®
0.80 |, i o0
o R 0.30 °
. 0.75 Ng . ® ®
(8] [~ £ .
§ oot 2 0251 ® o
< i c
- o)
- oeeT o 020 |
i o
0.60 |
0.15 F
0251 e o000 e 000000
050 | 1 | 1 | 1 | 1 | 1 | 1 010 1 1 | I | |
0 50 100 150 200 250 300 0 60 120 180 240 300
time (hrs) time (hrs)

Samples made by OxEon (Tyler Hafen and Elango Elangovan)




Despite stabilization of ASR, Hf and Zr dissolution at T > 700°C

a) . . . . . . . . b) 1500
before infilt after 600C before infilt after 600C
600 —— pefore heating after 700C | before heating after 700C
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0 Considerable Hf cation diffusion away from the surface is noticeable > 700°C.
0 As Hf diffuses away from the electrode surface, Sr segregates more strongly to the surface
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Larger lanthanide dopants also suppress Sr, but diffuse, too.
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0 Lanthanide cations (Pr, Nd) are

of interest as hard-to-reduce
cations of a considerably larger
size than transition metal
cations.

Pr- and Nd- infiltrated LSCF/GDC
electrodes demonstrate
substantial diffusion of Nd and Pr
into the electrode bulk (away
from surface) above 800°C.

Sr segregates more strongly with
increasing temperature for both
Pr- and Nd- infiltration.
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Dopant dissolution not dominated by GDC lattice diffusion.
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Surface infiltrated cation diffusion — lattice vs. grain boundary

Epitaxial thin films Polycrystalline thin films
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Surface chemistry on epitaxial vs. polycrystal LSCF with Hf
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0 Very similar results on epitaxial and polycrystal LSCF films, indicating the surface Hf can diffuse
into the lattice, and upper limit of stability is 700 °C.
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« _~— PNNL team established controlled Cr poisoning
testing capabilities
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Cr pellet at 750°C in wet air
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E%?‘t‘?‘.ﬁvest SOFC Testing With and Without Uncoated Interconnect

NATIONAL LABORATORY

0.8
750°C at 0.8V With IC SOFC with uncoated IC_EIS at 0.5A
0.7 I 50%H,+50%H,0 o " « Low frequency process is
. £ o1
0.6 | AlIr S
“g 9; . related to oxygen adsorption or
Ci 0.5 ’\" -0.05
2 o4l Without IC Z.@.om) oxygen exchange
L
§ 0.3 F _SOFC with uncoated IC_EIS at 0.5A ° Ohm|c resistance S|gn|f|cant|y
= ~ o //‘-\\\ . .
€ 0.2 £ f v Crpoisonin .
% o o g ', P g increased compared to test
01 E ODO; 4 ! |
O L L 1 i -070120503 1.0E-02 1.0E-01 1;1E*00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 WIthOUt InterCOnneCt
0 500 1000 1500 2000 Frequency (Hz)

Time (hours)

« Co-presence of Sr and Cr

indicates SrCrO, precipitates.




Summary and future work
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Grand Canonical Monte Carlo with DFT + IAP for resolving LSCF surface
reconstructions
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Current most stable structures
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Computational summary — modeling for realistic LSCF slabs to investigate Cr & S poisoning pathways

Adsorption energy
AL

I
[v]

La

Sr  Co

Fe 'La-O Sr-O Co-O Fe-O ' O

0]

Adsorption energy

s

Sr  Co

Fe a-O SrO Co-0 Fe-0 O

Key takeaways:

1. Established modified GCMC to identify the most stable
surface oxide configuration

2. CrO; and SO, adsorption energies are mostly negative on
pristine LSCF.

3. Surface oxygen Bader charge and sub-surface oxygen p-

band center can describe the electrostatic interaction
between molecules and surface.

Future work:

1.

Investigate the surface infiltrants stability and how they
modify the surface structure

Probe the Cr and S poisoning mechanisms on realistic
LSCF surfaces with and without infiltrants
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Identifx thermodxnamic condition for GCMC simulation

Po, = POz,gasexp (Il

4F
RT

)

TABLE I. Thermodynamic conditions for GCMC simulations.

Overpotential Temperature Effective partial
pressure
0.42V 1073 K 107 atm
0.25V 1073 K 10% atm
oV 1073 K 0.2 atm
-0.18V 1073 K 104 atm
-0.34V 1073 K 107 atm
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Current most stable structures

Initial structure

(Lag.565r0.44) (COp 33F€0 67) O3

T=1073 K, Py, = 10'% atm (n = 0.5 V)
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(Lag.44Sr0.56)(COp 25F€0 78) O3

T=1073 K, Py, =109 atm (n =-0.5 V)
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AIMD to study the reaction steps beyond the initial adsorption

a) AO-termination

1.5ps 2.7 ps 3.75 ps 4.95 ps

o  AO-terminated surface: molecules are anchored on the adsorption site with a rotational degree of
freedom
o BO,-terminated surface: molecules are more likely to diffuse on the surface
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IAP MD to study the reaction steps beyond the initial adsorption

Qs s, b,
ot A
e w7
WA g
. =
‘..ﬁ \\77““
.a’.

Given a larger distance between molecules, molecule surface diffusion is also possible for AO-terminated surfaces.
However, the molecule diffusion always require a Sr atom to be present next to the site where diffusion is taking

place.
O  Given a distorted LSCF slab with one surface Sr atom coming out of the surface, this distorted surface Sr atom can

interact with the adsorbed molecules. The structure can be mapped to a SrCrO, unit.
i
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Chronoamperometry analysis — Hf infiltration stabilizes current profile
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As prepared cells show a steady decrease in current vs. time
Hf infiltrated cell shows no current change over 7 days — fluctuations due to furnace
Zr infiltrated cell shows initial stabilization but then sharp degradation

=0 0O o 0O

All cells show a linear dependence of R on applied voltage




Comparison — YSZ100 (Hf) vs. YSZ110 (no Hf)
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Comparison — poly vs epi Hf infiltrated

0.55 . L ' ' l l I 1.0 | | | | | | |
0.50 - L 0.9 YSZ (100)
YSZ (100) _
0.45 - - 087
0.40 - - 07F
o o
2 % 064
< 0357 C o
= =
0.30 1 - 9057
0.25 - | 04-
0.3-
0.20 - - _
sT000) | g, STO (100)
0.15 T — T T T T T I I T T T T T
Asprep Hfinfil  500C  600C ~ 700C  800C  900C Asprep Hfinfl 500C  600C  700C  800C  900C




Electrochemical Characterization of Oxygen Electrodes at MIT

Double Chamber Electrochemical Setup

* |-V measurements Charge transfer
* Electrochemical impedance R impedance
spectroscopy (EIS) g )
= 0.24 -"..‘.'..--"-n
vool 77 \
%-0.2- ’
E 1.
5-0.4- .
§’-U.6- .
£

48 50 52 54 56
Real Impedance Z' (€2.cm?)

Temporal stability
of current

0.84/
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Surface chemical characterization:

XPS, AES, EDX

Electron
Soft X-ray Analyzer
-
74 LSCF/GDC
4-”"01'““--; / composite
" ScSZelectrolyte

Structural characterization:
XRD, SEM, TEM
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XPS post-mortem analysis — dissolution of dopants at T > 600°C
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O Infiltrated Hf/Zr species exhibit dissolution away from surface at T > 700°C)

0 Surface Sr 3d component constant to 500/600/700°C, much larger increase at 800°C (upon near complete
dissolution of Hf).




Surface infiltrant cation diffusion — lattice vs. grain boundary

Epitaxial thin films Polycrystalline thin films
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Thin film characterisation - STO

RSM around 002 reflection on STO(100)
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Comparison — poly vs epi Hf infiltrated
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* In this case a 3%H,0 was used during SOFC operation

» Similar degradation rates are observed
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SOFC 1esting With and Without Uncoated Interconnect
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Low frequency process is related to
oxygen adsorption or oxygen exchange

Ohmic resistance significantly increased

compared to test without interconnect




