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Why?

 To increase awareness on the evolution of materials in stacks under
operation

* To offer data for modelling

* To guide accelerated and stressed tests



Operating parameters
Operation type SOFC (uLCHP)

a) 5000h reformed hydrogen
b) 9000 and 20000 h lab conditions

Total runtime/h c) 40000 h initial 30000 h in reformed

hydrogen followed by 10000 h in lab
conditions
Reformed hydrogen: 44% N, 34% H, 16%
CO 4% H,0 2% CO,
Fuel gas (Co-flow)
Lab conditions: H,/N,/CO, 2%/H,0 3%

humidified
Nominal
temperature/K 1123
Current 90-200

density/mAecm-2
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Investigations of on-field operated SOC

* Cell samples were extracted from cells that have operated in both SOFC and SOFC/SOEC
mixed mode for various times ranging from 2000h hours up to 20000 hours.

* The cells used by SUNFIRE are electrolyte-supported (ESC) with a selection of cathode
and anode differing in agreement with the main operating mode:

* SOFC have LSM as cathode with a GDC diffusion barrier within the dense electrolyte and
the anode

e SOEC uses LSCF as cathode and the diffusion barrier is placed at the air side

* In both configurations the electrode interacting with oxygen or air resulted stable and
having minor issues regardless to the operating time

* In SOFC configuration the anode has shown severe modifications during operation

* In SOEC the electrolyte as well suffered some alterations related to the operating
parameters.

* No information can be disclosed about the electrochemical behaviour of the stacks



Issues on air / oxygen electrodes

* Delamination of layers (depending on temperature, rare)
 Pollution from the stram (SOFC mode, rare)

* Chromium poisoning (depending on the strategy adopted for the
interconnect, rare)

* Elements diffusion among layers (depending on the temperature,
rare)

* Formation of cracks orthogonal to the layers (depending on thermal
gradients, temperature and formation of interphases, possible, mainly
observed in SOEC mode)
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Representative cross sections of complete cell
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Issues on fuel electrode

* Nickel coarsening: reduced surface of catalysis (frequent)

e Reduction of the percolating network based on Nickel (frequent)

* Nickel depletion (rare and limited to specific zones)

* Nickel redistribution (moderate and limited by grainsize)

* Redistribution of phases between GDC grains and Ni (moderate)

* Pollution from the fuel stream (depending on the quality of the fuel)
* Pollution from the sealing materials (moderate, formation of silicates)



Percolation imaging of the fuel electrode
of the ESC from the field tests. Images
were captured at 1keV using an in-lens

detector
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Ni mapping applied to SEM images of the
cross-sections

The cross-section images also reveal the depletion of Ni from layers below the outer
one, where void spaces appear in zones where Ni was probably located
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On-field operated samples in SOFC/SOEC
mode

SUNFIRE cells were operated in stacks under SOFC/SOEC mode for
400/1300, 1100/2900, and 500/8000 hours respectively

S

-. - 5
X3 Ut s iee LY
SEM MAG: 1.00 kx SEMHV 250 kV VEGA3 TESCAN
WD: 15.06 mm View field- 276 pm 50 pm

TO1OA-ADASTRA Det BSE DTYE-PCU-SPCT ENEA

SEM MAG: 100 kx SEM MV 250V VEGAJ TESCAN SEM MAG: 100 kx SEM NV 2502y VEGAJ TESCAN
WD 1498 mm View fleld 276 ym 50 pm WD 1490 mm View Nedd: 2T6 pm 50 pm
TO102A-ADASTRA Det BSE DTE-PCU-SPCT ENEA TO11A-ADASTRA Det BSE DTE-PCU-SPCY ENEA




© Al rights reserved. Unauthorized use or reproduction without authors consent is prohibited. Material presented at the Workshop jointly organized by H2020 Projects AD ASTRA and RUBY on 5th July 2022 — Lucerne (CH)

Cross-sections of fuel electrodes

SOFC/SOEC 400/1300 h SOFC/SOEC 500/8000:h SOFC 20000 h
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Comments and conclusions on cells and
anodes

* It is worth noting that phenomena occurring in SOFC operation in
10000-20000 hours, occurs in SOFC/SOEC mode to a similar extent in
a time scale that is about 4 - 10 times shorter. This suggests that not
only the high steam content, but also the electrolysis polarization may
result in an acceleration of the degradation phenomena at the fuel
electrode for SOFC operation. Thus said, high steam partial pressure
and cathodic polarization can represent accelerating factors for the
degradation of SOC fuel electrodes.

* Nickel coarsening on the surface and nickel depletion from the bulk of
the fuel electrode has been observed on both SOFC and SOFC/SOEC

samples.
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Interconnects

* The metal interconnects are the state of the art for stacking in the following
configuration

 Ferritic stainless steel without elements forming insulating oxides thus able to form a
thermally grown oxide stable, conductive and protective

Coating on the air / oxygen side suitable to hinder the formation of volatile compounds
rich in CrV

No coating on the fuel side

Usage of sealing materials suitable to grant mechanical stability, gas tigthness and
electrical insulation, extremely low diffusion

Suitable CTE OUTLET
Cathode contact layer|o

Protective
coating

¥ N
Air

Anode contact
layer

Fuel

Anodé contact
layer

Fuel

Air side INLET Fuel side
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* The top of the rib still shows the double layer (coating + contacting )
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superficial spinels

X,

gttt

Sempiio 1D = SUNSOR air contral indet clanne!
PhotoNo. = 5

AV SignalA=SET
Wo= 30w Mag= 500X

.
200 um EHT = 2000 kV 5 { A = SE1 Sample ID = SUN$Ok air central rib cenfer Ele::‘en: Area ] Area 2 Area 3 Area 4
] #0= s5mn Mg 40X Prdoo =20 surface CrY§ta|_§, 0 | 655206 | 599206 | 600206 | 8892004
g i Cr [131+04 | 161+04 | 72403 | 11.1£002

Mn | 86204 | 92:03 | 154204

Fe | 14202 | 17202 | 30203

Co | 11402 | 131205 | 144203

TS8SD
WD» 85mm Mag= 1.00Kx S3Me iD= ANC dOkh in




© Al rights reserved. Unauthorized use or reproduction without authors consent is prohibited. Material presented at the Workshop jointly organized by H2020 Projects AD ASTRA and RUBY on 5th July 2022 — Lucerne (CH)

Impact of polarization ?

. F$S TGO mco o 55 Teo MDD oy sty
| T The figure presents on the left the
—ta distribution of the main elements in

e both the TGO and MCO differentiating

e , .
Y the rib (on the left of the drawing) and

— the channel (on the right of the

positon (um) positon um) drawing.

Profile acquired on RIB Profile acquired on CHANNELS  The sketch helps to understand the path

followed by the electrons while the cell
stack operates (i.e., the electrons
generated at the anode of one cells
moves through the interconnect to the
cathode of the neighbouring cell). The
X-ray maps represent the distribution of
Mn only
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CROFER 22 APU ® uncoated: fuel side
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Details up to 40’000 hours: fuel side
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Details up to 40’000 hours: fuel side
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Kirkendall effect on the scale due to Mn
diffusion
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Fuel side, a) center of the stream (850°C, average P,,,,), b) outlet of the stream (ca. 890°C, high P ,,,)
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uel side, 40k hours, Ni contacting layer / Ml
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Scale evolution over time
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cPrl

Degradation of long-term aged SOFC interconnects (ICs)

Samaneh Daviran!, Stéphane Poitel!, Emmanuelle Boehm Courjault?!, Hassan Javed?,
Christian Walter?, Jan Van herle!

1 Group of Energy Materials (GEM)
Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1951, Sion, Switzerland
2Sunfire GmbH, Gasanstaltstrasse 2, 01237, Dresden, Germany
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The MIC
Steel Bulk EPFL

Internal oxidation: precipitation of Ti oxide and Al oxide in the bulk and mostly close to the Cr
thermally grown scale interface

Quantified
map

bulk

oxides
precipitation

Ti:3,52%  Al:2,81%  0:12,8%

bulk

Ti:0,62%  Al:0,87%  0:2,66%
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Insights : the coating
Coating: Fe doped MnCO,0, (MCO) =PrL

= decomposition of MCO: Mn-rich needles in Co-rich matrix
= observed only in outlet, rib (reported also in [3])

SEM/EDX
mapping

MCO

scale

N

{8

..........

Possible reasons of MCO decomposition:
= |ocal heating up in rib location

—> g p ;

* |ocal decrease in ox partial pressure

= current effect

[3] Grinwald, et al., “Microstructure and Phase Evolution of Atmospheric Plasma Sprayed Mn-Co-Fe Oxide Protection Layers for Solid Oxide Fuel Cells” J. Eur:
Ceram. Soc. (20719) 30 (?) 449—-460 https-//dot ore/10 1016/1 1enirrceramsoc 2018 0R 027
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Insights : the coating
Coating: Fe doped MnCO,0, (MCO) =P-L

= MCO phase separation also observed in
20kh ICs (TEM/EDX)

253

MCO
A

=» Co-rich zone at grain boundaries
nmm
(1) Average of whole grain

(2) Co-rich matrix 45 18 28
(3) Mn-rich needle 45 32 16
(4) Co area at grain boundaries 46 7 49
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Conclusions on MIC

The interconnect survived the 40,000 hours of field operation in a stack with the presence of a limited number
of changes at the air side and some more issues at the fuel side

The air side ribs have shown the formation of a TGO at the interface between the protective layer and the metal
substrate. The contacting layer results untouched by the presence of Cr or any other issues worth of notice

The air side channels present on top large crystals of spinel oxide containing Cr, Mn, Co, and Fe
Some decomposition of the coating was observed after 20k hours and precipitates formed in the steel

The fuel side is more affected by the oxidation The combination of T and water vapour is deleterious for steel
* The TGO formed at the outlet is thicker than the one observed at air side
* There are several indications for the formation of volatile Cr-rich compounds carried away by the fuel stream
* The Ni contact layer left numerous traces on the metal surface

The T confirms to be a strong accelerating parameter of the oxidation process
e At T>850°C where after 40,000 hours the TGO thickness is still increasing
* At T<1123 K a shrinkage process starts after 9,000 hours

The water vapour is another important accelerating factor even in presence of hydrogen.
* |t forms a TGO and affects its composition (e.g., formation of Mn rich oxides on top of the scale
* Once combined with T the TGO growth rate is increased
* The synergy between T and PH20 is mainly visible at T>850°C.

These results support the usage of T and water vapour in AST tests to simulate long lasting operating period and
open the route for further studies on protective coating to apply on the fuel side.
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