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— Chromium (Cr) poisoning of cathode in solid oxide fuel cells (SOFCs) is considered to be one of the major

reasons for performance degradation

For different cathode materials, the mechanisms of Cr-poisoning are complex.

Project Goals

Compare the degradation phenomena in LSM, LSF, and LNO (La,NiO,) - based cathodes caused by Cr-
poisoning

Through the comparative study, investigate the mechanisms of Cr-poisoning in these three types of
cathodes in realistic full cell operating conditions

Design mitigating strategies based on applying protective coatings to ferritic stainless steel interconnects



Cell Fabrication

_— LSF Cathode Current Collector (~45 pm)
_ LSM Cathode Current Collector (~ 45 ym)

_~ LSF-GDC Composite Cathode (~30 pm)
_—~ LSM-YSZ Composite Cathode (=30 pm) "
~~~ GDC Barrier Layer (~6 pm)

Q YSZ Electrolyte (~8 pm)

‘:“ YSZ Electrolyte (~8 pm)
™ Ni-YSZ Anode Functional Layer {(~10 pm)

\
“ Ni-YSZ Anode Functional Layer (~10 pm)

" NiYSZ Anode Substrate (~750 ym) "\ N.YSZ Anode Substrate (~760 um)

LSM-based cell structure

LSM Contact Paste (~20 pym) LSF Contact Paste (~20 pm)

DA LSM (~45 pym) LSF (~45 pm)
3
LSM + YSZ (~30 ym) LSF + GDC (~30 pm)
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Bare Crofer 22 H Mesh

e General test conditions:

Air — Fuel: 98% H,+2% H,O (300 cc/min): Fixed
(Cathode) — Oxidant: Air (1000 cc/min)
(| Aff'w e — Interconnect: Crofer 22 H mesh (used as
? HH %' cathodic current collector in cell tests)
N '/ Aluminatube i . .
Il  Conditions varied in the study:
’ ’ Crofer 22 H mesh
J / . Cathode Current
| H,*+3% H,0 Conditions . Cells
CV) S/ / @D l Atmosphere Condition
Singlecell | . LSM-1
\ Mica gasket 1 Dry Air Open Circuit LSF1
<—1—Glass paste
N\ Ni mesh , Humidified Air Open Gircuit LSM-2
(10% H,0) LSF-2
i LSM-3
3 Dry Air Galvanosta;uc
(0.5 A/cm?) L SE-3
. Ni rod p Humidified Air Galvanostatic LSM-4
(Anode) (10% H,0) (0.5 Alcm?) LSF-4

98%H, + 2%H,0



LSM-Based cells

LSF-Based cells

Voltage (V)

Voltage (V)

Electrochemical Degradation: V-i

Condition 1:
Dried Air + OCV
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Condition 2:

10% Humidified Air + OCV
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Condition 3:
Dried Air + 0.5 A/lcm?2
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Condition 4:
10% Humidified Air + 0.5 A/lcm?2
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Electrochemical Degradation: V-i

LSM-based cell performance vs. Time

Performance Change in 120 h in Different Conditions

— Current load (0.5 A/cm?) slightly improved the cell performance (presumably due to cell break-in)

— In humidified air, performance deteriorated under OCV condition but improved under current load

LSF-based cell performance vs. Time . 9.6%
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= Cr-poisoning is more deleterious in LSM-based cell than that in LSF-based cell.
» In the case of LSM-based cell:
— Current load (0.5 A/cm?) accelerates the degradation
— Presence of humidity in air promotes degradation under current load
= In the case of cell:




Electrochemical Degradation: EIS

LSM-Based

Conditions

Condition 1:
Dried Air
+ OCV
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Electrochemical Degradation: EIS

LSM-based cell structure

2.0 75

Dried Air

—a— LSM-3: Dried Air + 0.5 A/cm?
—a— LSM-4: Humidified Air + 0.5 A/cm?

1.0

EIS consistent with the V-i results. In 10% humidified air, it shows increasing polarization of LSM-based

2I4 4I8 72 96
Time (h)

T
120

I
—a— LSF-3: Dried Air + 0.5 A/lcm?
—a— LSF-4: Humidified Air + 0.5 A/lcm?
B=
o
G 15 i ) -
o Dried Air
(/)]
<L
Air + 10% H,O
* ]
1.0 T T I T I
24 48 72 96 120
Time (h)

cell and decreasing polarization of LSF-based cell.



Microstructural Evolution: LSM-Based

LSM-1: Dry Air + OCV LSM-3: Dry Air + Current
TNy *r \ ' - (LaLp,+CrKa)/LaLa = 2.398
» MnKp/LaLo. = 0.191
800- LaLp,
CrKa

600

Counts

400+

200+

45 5.0 5.5 6.0 6.5
KeV

Electrolyte

Cr-containing deposits are Cr,Mn-rich,
suggesting (Cr,Mn);0, spinel phases

1r

(LaLp,+CrKa)/lLalao = 9.678

LSM-2: Humidified Air + OCV
~

3000 -
MnKp/LaLo = 0.286
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Microstructural Evolution: LSM-Based

Criterion for quantifying Cr
distribution in LSM

Cross section of LSM-based
cathode

W Real spectrum

B HPD (Cr unselected)
MnKao+CrKp

LaLB,+CrKa

LaLg,+CrKq
LaLgy

Intensity Ratio:

Cathode Active Layer
(LSM+YSZ)

" Electrolyte (YSZ)

2.00 I
l&\ LsM-1 (Dry Air + OCV)
o \ -©-LSM-3 (Dry Air + Galvanostatic)
5 50 A ~+-LSM-2 (Humidified Air + OCV)
> ' -A-LSM-4 (Humidified Air + Galvanostatic)
E, ---Baseline Cr-free Cell
= \
@ 3
£1.00 | LSM-4
< @ A <% >
T.C; % ‘\\/ Cathode | Cathode
- \ A | LSM-3 Active | Current
E‘ \ s Layer | Collector
5 0.50 b\\ (LSM+YSZ) | (LSM)
ooy ‘(9\ \\A __________
i oo 2 "‘-—-.._._,___::::-_:‘-=====:===:::*: _______
o0 b+ ———/H—"—""r—"7—"""—""F+r——+—"T1—"—"+—
0 10 20 30 40 50

Cr-enrichment profile in the
LSM-based cathode

~

Distance from electrolyte (um)

» Crintensity at cathode/electrolyte interface: LSM-4 > LSM-3 > LSM-2 = LSM-1

» Cr deposition was promoted by current and extended to TPB’s away from the cathode/electrolyte interface.

*Wang, R., Pal, U. B., Gopalan, S., & Basu, S. N. (2017). Journal of The Electrochemical Society, 164(7), F740-F747.
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Microstructural Evolution: LSF-Based
[ avearow ] [ issoeaosse? ]

Cr Mapping Cr Mapping .
Most of Cr is

distributed at the

OCV condition: surface of cathode

Cr distribution is

homogeneous in the
bulk of cathode _NEET T

— ‘ : e R NI Cr is distributed at
Cr Mapping the surface of
cathode and also
cathode/electrolyte
interface
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Microstructural Evolution: LSF-Based

T P 2 A " bl i

Cr Line Scan

Sr Line Scan

Cr and Sr profiles
do not match at the
cathode/electrolyte
interface

Cr Line Scan § M’WVMMMMWW,WLMMMM

st Line Scan JEELLTTTRET TR Ag,

o |\ .
Wwwwmmwwwm" aa| Cr Line Scan

.LVM"‘*W ol T Sr Line Scan
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Uals

_ _ = L SF contact paste

Dense Sr-Cr-O phase

Y

m LS"F"curre-nt-collectiye layer LSF contact paste

Dense Sr-Cr-O phase

\

~ -
-

m +LSF current collective layer

Sr:Cr =1:1 (At%)
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Microstructural Evolution: LSF-Based

LSF-GDC.

LSF Paste LSF-GDC LSF Paste
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Degradation in LNO Cathodes

a) Current-voltage curves every 24 h ) Current-voltage curves every 24 h
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Pressure (atm)

Degradation Mechanisms

» Effect of humidity on Cr evaporation:

Equilibrium Partial Pressure of Cr
in Dry Air

. [ Y I ' I
700 750 800 850
Temperature (°C)

900

Pressure (atm)

Equilibrium Partial Pressure of Cr
in 10% Humidified Air

-

1E-7 — e |
() cro,(oH),)
97 Cro,(OH) e~ ]
1E-11 4 /m/j
. CrO(OH)z(g)‘.. ]
1E-13 - /_/q./-/co/'/_’—
- Cro(OH),(@) A9)
1E-15 4 Cr(OH)S(g)
1E-17
Cr(OH),(9) ]
1B CrO(OH)(g) i
Cr(OH),(g)
1E-21 T T T T T T T
700 750 800 850 90C

Temperature (°C)

Equilibrium Partial Pressure of Cr vapor
species over Cr,0; scale

~

- Humidified Air

-
(=]

Dried Air

Equilibrium partial pressure (atm)
=

ano\ ' 10
75 ~_ _— 5
Temperature (deg C) 700 0 Humidity in air (mol%)

= Crvapor pressurein 10% humidified air is ~2-order-of-magnitude higher than that in dry air*.

*Wang, R., Wurth, M., Pal, U. B., Gopalan, S., & Basu, S. N. (2017). Journal of Power Sources, 360, 87-97.
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Degradation Mechanisms

» Effect of humidity on Cr distributions:

Evaporation of Cr-deposits on the LSF surface:

2SrCr04(s) + 2H,0(g) + 302(g)=2SrCrOq4(s) + 2CrO,(0OH)2(g)
or SrCra04(s) + 4H20(g) + 202(g)=Sr(OH)4(s) + 2CrO,(OH)2(g)

----- (1)

(a) LSM-3: Dried Air + Current (b) LSM-4: Humidified Air + Current
CrO; (9) CrO,(OH), (9)

Cr,0; Cr,0;
or (Cr,Mn);0, or (Cr,Mn),;0,

(c) LSF-3: Dried Air + Current

Cro; (9)

) LSF-4: Humidified Air + Current

CrO,(OH), (9)
Sr(OH), (9)
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Oxide Protective Coatings



EPD Coating of CuMn, 3O,
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Cr Diffusion and Microstructure

Evolution

Reaction IaLyerNeedIe structures



TEM Analaysis of Protective Coatings

HAADF
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Solubility
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Electrical Conductivity of (Cu,Mn,Cr),0,
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Coating on complex geometry (mesh)
and Electrochemical tests — LSM cells

Cross section Commercial CuMn204
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Epoxy
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Summary

e LSM, LSF-GDC, and LNO-based cathodes have been tested against
chromium poisoning under load, and in the presence of 10%
humidity
— LSF-GDC and LNO cathodes show excellent tolerance towards chromium

poisoning compared to LSM
— The differences in the mechanisms of degradation are still being worked out

 High quality CuMn spinels have been applied using EPD to
complex geometries of ferritic stainless steel interconnects.

— The coatings are very effective in providing a barrier to Cr attack on LSM
cathodes

— The combination of LSF-GDC or LNO with CuMn protective coatings should
provide excellent long term stability against Cr poisoning

27
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