Surface & Grain Boundary Degradation of LSCF/SDC Electrode in SOFC and SOEC
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| Background & Motivation:

= The effect of moisture on cathode performance depends on electrochemical operation (including operation duration and
current density). For LSCF, such moisture impact could be further complicated by the instability of Sr.

= No detailed nanostructure analysis exists on the impact of moisture on Sr segregation on the internal surface (where the

electrochemical reactions taking place) of porous LSCF/SDC electrode from the commercial cells operated over long term
(>2000 hours at ~750°C, with humidified air ).

» Detailed analysis is also not available on the impact of the humidity on the nanostructure of the LSCF/LSCF and SDC/SDC
grain boundaries.

Present Work: Understanding the nanostructure origin of SOFC performance degradation induced by moisture in the air.

v SOFC commercial cells were evaluated over long term electrochemical operation.

* Analysis of electrochemical chA commercial button cell with LSCF/SDC cathodes was examined in dry air at 750°C, at
0.6A/cm? for 4610 h.

* A commercial button cell with LSCF/SDC cathodes was operated in 10% humidified air at 750°C at 0.6A/cm? for 2571 h.
v’ Cell characterization focused on

* Nanostructure & chemistry of internal surface of the LSCF/SDC porous electrode, the LSCF/LSCF grain boundaries, SDC/SDC
grain boundaries, induced by moisture in the air.

* Nanostructure degradation evolution as the function of their distance to the electrolyte/SDC barrier layer.

v’ Relevance of present SOFC study on SOEC work: Common nanostructure degradation between SOFC and SOEC.

Il Degradation of LSCF/SDC Electrode in SOFC
Commercial cell, SOFC, Accelerated Degradation In Humidified Air
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* For the cell Operated 4610 h dry air, @0.6A/cm?, @ 750°C, the cell degradation rate was 24 mV per 1000 h.
* For the cell operated for 2640 h in 10 % humidified air @0.6A/cm?, @ 750°C, degradation rate was 42.5 mV per 1000 h.

Without current flow & electrochemical reactions:

* LSCF has high oxygen vacancy concentration at high temperatures due to the substitution of Sr?* for La3*.
* The Sr dopant is charge compensated by oxygen vacancies leading to ionic conductivity.

* The conductivity is further affected by the valence stability of Fe** and Co**.

Nanostructure and chemistry of cell operated for 4610 h dry air, @ 0.6 A/cm?, @ 750°C.

At% 0 La Sr Co Fe Sm Ce Formula
1 74.62 7.44 4.89 2.4 10.65 (La0.60Sr0.40)0.94(C00.18Fe0.82)0x
2 75.36 7.25 491 2.48 10 (La0.605r0.40)0.97(C00.20Fe0.80)Ox
3 76.98 7.05 4.44 1.79 9.75 (La0.615r0.39)1.00(C00.16Fe0.84)0x
4 75.5 7.34 4.89 2.11 10.16 (La0.605r0.40)1.00(C00.17Fe0.83)0x
5 57.19 5.02 37.8 Ce0.885m0.120x
6 55.02 4.98 40 Ce0.89Sm0.110x
7 55.47 10.25 1.24 2.6 30.43 C00.89Fe0.110x+SDC
8 58.02 2.67 3.2 36.11 SDC+CoOx

Up to 100 nm from the internal surface to grain interior:

 Surface of the backbone is free of any coating layer. La:Sr ratio remained to be nominal of La:Sr of 0.6:0.4. (La, ¢Sr4)/(Fe, sCO, ,) ratio is
slightly lower on the surface than that of the grain interior

* There is no apparent Sr surface segregation on LSCF surface.

e LSCF Grain boundary and triple grain boundary junction areas are free of secondary phases. SDC grain boundary is without secondary
phases, but Co & Fe segregation is observed.
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Nanostructure and chemistry of cell operated for 2640 h in 10 % humidified air @ 750°C:

Distance to electrolyte/buffer: 0.8-1 um
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0.5 um Electrolyte/buffer

e A conformal amorphous, ~20 nm thick, on both LSCF & SDC. « Amorphous surface layer is mostly observed <1 mm from
e Surface amorphous layer is La-, Sr-enriched, with the electrolyte.
(Lag 65r0.4)/(Feq gCoy ,) ratio of 1.26:1 * Pockets are at original LSCF/LSCF/LSCF triple grain junction area

e Pocket region are Co- and Fe-enriched (Co:Fe = 0.3:0.7).
At% (Average/StDev) (o) La Sr Co Fe Zr Y La:Sr Co:Fe (LaSr):(CoFe) (LaSr):(CoFe)
Pocket area 47.92/7.87 7.95/1.87 4.93/133 9.93/3.85  26.67/653  4.11/0.7 0.7 1.61 0.37 0.35 (Lag ¢,5F0 35)o.35(COp »7F€0,73) O,
Bulk LSCF 65.31 /3.76 10.38 /0.73 5.72 /0.81 2.44 /0.69 13.94 /0.85 - = 1.82 0.2 0.98 (La0.655r0.35)0.98(c°0.17Fe0.83)ox
Amorphous coating  71.23/5.98  4.16/0.42  1.79/0.34  0.42/039  4.31/044 15.19/6.04 0.70 232 0.10 1.26 (Lag 7Sr0.3)1.26(C00.09F€0 91) Oy

Several microns away from the electrolyte/buffer
Co-Fe (no fixed Co:Fe ratio) phase present at both the LSCF/LSCF grain boundaries and triple grain junction regions.
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Chemical composition of grain boundaries Chemical composition of bulk LSCF

At% (0] La Sr Co Fe Co:Fe (LaSr): Formula At% o La Sr Co Fe La:Sr  Co:Fe (LaSr): Formula
(CoFe) (CoFe)
Average 0.05 Lag o5(Cog g3F Average (Lag 62570 38)0.06(C
50.17 1.05 0.00 19.13 3.88 4.93 €,.7)0, 7392 792 489 232 1096 1.62 0.21 0.96 0,,,F€,42)0,
Stand Dev 42.61 1.14 0.00 0.92 1.18 Stand Dev 1.83 0.55 0.55 0.52 0.72

At SDC/SDC grain boundary, a ribbon-like Co-/Fe-enriched crystalline phase
observed along grain boundary plane.

SDC grain boundary secondary phase

At% 0 Co Fe Ce Sm Ce:Sm (CoFe)Ox
Average 74.28 4.01 6.41 13.60 1.70 7.99 (Coyp 25Feq ¢,)OX
Stand Dev 2.07 2.08 3.63 3.67 0.31
SDC
At% o] Co Fe Ce Sm Ce:Sm
Average 76.99 - - 20.35 2.67 7.63
Stand Dev 2.01 - - 1.92 0.29

Water vapor facilitated vaporization during the electrochemical operation:

v" With electrochemical reaction in the presence of water, phase stability of LSCF & vaporization Species from LSCF

* The concentration of oxygen vacancies increases, the oxygen partial pressure above the sample surface decreases. These additional
oxygen vacancies can be compensated by Co**, reverting to Co3*. Increased oxygen reduction during operation further changes Fe and
Co to lower valence states (i.e., Fe** to Fe3* and Co*" to Co3* or even Co?*) . The valence state changes of transition metal oxide could
decrease the chemical stability of the LSCF with respect to water vapor.

* Sr can form volatile species Sr(OH),, which is greatly determined by the H,O vapor pressure. For various oxides, when the equilibrium
vapor pressure of a volatile species is 1077 MPa or greater, material loss due to volatilization through a laminar gas boundary layer,
becomes significant.

 The formation of various volatile hydroxides depends on both the water vapor and oxygen partial pressures. The active layer near the
electrolyte are largely contributing to the ORR and is expected to be experiencing a more reducing atmosphere, and the volatilization
of the different species could vary as a function of the distance to the electrolyte.

v Surface and grain boundary degradation:

* A uniform, conformal amorphous surface layer forms that contains all four cations of La, Sr, Fe, Co. The La:Sr ratio is higher than that
of Co:Fe.

* There is formation of (CoFe)O, at LSCF/LSCF and SDC/SDC grain boundaries. The mixed conducting grain boundaries could possess
higher ionic conductivity with a higher amount of oxygen vacancies, triggering lower valence states of Co and Fe at the grain
boundaries. This is consistent with the formation (CoFe)O, clusters at the triple grain boundary junctions that are presumably with the
highest amount of defects and oxygen vacancies. (Close to the electrolyte).

* The morphology and nucleation of (CoFe)O, changes as function of the distance to the electrolyte and oxygen partial pressure
changes. Next to the electrolyte: The presence of the amorphous and the small grains indicate the slow growth rate of the (CoFe)Ox
phases. Several microns away from the electrolyte: The (CoFe)O, experiences larger grain growth.

v" Key new findings:

 The present study suggests the LSCF degradation is associated with changes in oxygen vacancy concentration and in the Co and Fe
valence state dependent on the operation parameters and the distance of LSCF materials to the electrolyte.

 Co and Fe valence state changes under reduced oxygen partial pressure and high water vapor causes the volatilization of different
species, including Sr, and the precipitation of (CoFe)O, at the grain boundaries.

* It provides valuable insight into the degradation and decomposition mechanisms of LSCF.

Il Degradation of LSCF/SDC Electrode in SOEC mode

iﬁoo.mF €0.54Cr 0050,

(ﬂgO/H; ratio = 1:2): 33% steam, 67% H, operated under SOEC at 0.5 A/cm?, 800°C for 1360 h.

Co- or Fe-enriched (CoFe)Ox, some with Cr, are present at LSCF grain boundaries.

The Co-Fe enriched grain boundary secondary phase appears to be ribbon-like elongated along the LSCF grain boundary
planes.

There is no deposition or decomposition of the phases at the surface of the LSCF grains.

More severe degradation in SOEC mode and the formation of large-scale Co or Fe enriched oxide
at SDC grain boundaries

Formation of Co,¢Fe,,0, at the SDC grain Formation of Co, 4Fe,,0, at the SDC
boundaries grain boundaries

Reversible 96 h each cycle with total 2378 h SOEC 0.5 A/cm? and 50% H,0
with 13 SOFC & 12 SOEC cycles, @800°C 0.5 50%H,, @800°C, 1777 h,
A/cm? and 50%H,0 and 50%H,

Formation of Sm;,,sFe, 40, at the
SDC grain boundaries

SOEC, (H,0/H, ratio = 1:2): 33%

steam, 67% H, operated at 0.5 A/cm?,
800°C for 1360 h.

Summary:

v' Common nanostructure degradation from LSCF/SDC oxygen electrode of SOEC cells operated at
750° Cand 800° C.

* There is Co- or Fe-enriched (CoFe)O, or (SmFe)O, present at SDC grain boundaries.

* There is Co- or Fe-enriched (CoFe)O,, some with Cr, present at LSCF grain boundaries.

* There is no deposition or decomposition of the phases at the surface of the LSCF grains.
v" Common nanostructure degradation between fuel cell and electrolysis mode:

* Presence of (CoFe)O, at the LSCF grain boundaries or SDC grain boundaries, indicating the LSCF
decomposition.

* However, there is no similar amount of Sr- or La-enriched solid phase were discovered,
indicating the possible evaporation of volatilization of La and Sr species.

v/ Ongoing work: systematic analysis of sets of operated SOECs to examine the impact of the
following conditions on the cell degradation:

* H,0/H, ratio.
* SOEC operation temperature, 750°C, 800°C, 850°C.
* SOEC operation current density of 1 A/cm? and 0.5 A/cm?.
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