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ABSTRACT: A critical obstacle to the commercialization of
modern solid oxide fuel cells (SOFCs) loaded with metallic
interconnects is the unacceptable degradation rate resulting
from Cr (an element richly present in metallic interconnects)
volatilization and its subsequent reaction with the cathode,
forming insulating SrCrO, that blocks oxygen reduction reaction
(ORR) active sites. Here we report a Cr-tolerant, yet ORR-
active, cathode for sustainable operation of solid oxide fuel cells
(SOFCs). The new resilient cathode consists of a continuous,
nanoscaled, ORR-active SrCoggTag 103.5 (SCT) as the capping
layer and a commercial (LageSro4)0.95C002F€0803.5 (LSCF)-
CepsGdg2049 (GDC) composite as the underlying skeleton.
Stability testing in a high-Cr-content environment shows that
the cathode has a remarkable resistance to Cr-attack while
retaining superior ORR activity. A successful implantation of
this bilayer cathode into practical SOFC stacks will advance the

commercialization of SOFC technology.

Developing active and robust intermediate-temperature

electrode materials to lower cost and improve reliability for solid

oxide fuel cells (SOFCs) has been a major research effort in

9Department of Mechanical Engineering, University of South Carolina,

Columbia, SC 29208, USA

bpepartment of Materials Science and Engineering, Northwestern University,
Evanston, IL, 60208, USA

Email: huang46@cec.sc.edu

Electronic Supplementary Information (ESI) available: Experimental and
computational methods; SEM image of SCT@LSCF at 800 °C; Impedance spectra
with the presence of Cr; Single cell performance; R in Cr-containing atmosphere;
Impedance spectra under CO, and H,0 containing air; The cathodes morphology and
Sr-3d XPS spectra in symmetrical cells post- and pre-annealing at 700 °C; Raman
spectra of LSCF pellet after annealing in Cr-containing air. See
DOI: 10.1039/x0xx00000x

"These authors contributed equally.

Tianrang Yang,®*Yeting Wen, ®* Tao Wu,? Nansheng Xu® and Kevin Huang®*

SOFC commercialization in recent decades. Compared to the
fuel oxidation reaction (FOR) at the Ni-based anode, the
oxygen reduction reaction (ORR) at the cathode is the
performance limiting step in SOFCs."2 Many cathode materials
developed so far are oxides with perovskite or related
structures, (Sm,Sr)Co03.5,
(Ba,Sr)(Co,Fe)Os5 and (La,Sr)(Co,Fe)Os5, just to name a
few.3% In these perovskite-structured cathodes, Sris often used

examples of which include

as a primary dopant to increase the material’s electronic/oxide-
ion conductivities for enhanced ORR activity.

One critical issue with these Sr-doped perovskites (SDPs)
is the surface Sr-segregation driven by the electrostatic
attraction between the Sr-dopant (S71q) in the lattice and oxygen
vacancies (Vo) on the surface.®” The resultant free SrO on the
surface is widely deemed a leading cause for the performance
SOFC the
thermodynamically favorable reaction between SrO and

degradation observed in stacks due to
gaseous hexavalent Cr-species; the latter is a product of the
oxidation of Cr in Cr-containing metallic interconnects, a
phenomenon also known as “Cr-poisoning”.8? Therefore,
developing Cr-tolerant cathodes and/or methods to remove
gaseous Cr-species from air stream have received much
attention in recent years by industrial SOFC developers and
academic researchers. Some early studies have shown that
e.g. La(NiFe)Os.s (LNF)

LageBag4CogoFeqsO3-5 (LBCF), are somewhat Cr-resistant,

some oxides, and
but either insufficiently ORR active or chemically/thermally
unstable.'%12 Use of a “Cr-getter” such as BaO, SrMnO,, SrO,

SrNi,O, or (LaSr)CoO; to capture the gaseous Cr-species is
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effective, but generally deemed a temporary solution due to its
consumable and irreplaceable nature in SOFC stacks. 13-
SFCOO.gTao.103.5 (SCT)

comparable electronic conductivity,

has been reported with
much higher oxygen
diffusion coefficient, surface exchange rate, as well as much
better ORR activity
(Lao.eSro.4)0.95C00.2F€0 8035 (LSCF).'7-18 However, SCT by itself

is not a practical cathode due to its exceptionally larger thermal

and durability than

expansion than those commonly used electrolytes.'® We here
report on a new Cr-tolerant, stable and ORR-active cathode
suitable for practical SOFCs. The new cathode consists of a
continuous, nanoscaled SrCoggTag 1035 (SCT) capping layer
made from solution infiltration over a prefabricated porous
(LSCF)-CepsGdg2019  (GDC)
composite skeleton. In such a structure, the ORR takes place
mainly at the surface of SCT, while the porous LSCF-GDC
skeleton provides multiple pathways for

(Lag.6Sro.4)0.95C00.2F€0.803.5

electronic/ionic
conduction and gas transport. We also demonstrate strong
experimental and theoretical evidences that support the
multifunctionality of the infiltrated cathode.

The phase and morphology of the SCT capping layer are
critically important to the performance of the new infiltrated
cathode. Figure 1 (a) shows that the onset temperature to form
a pure perovskite SCT phase is 1000 °C. At this temperature,
the morphology of the resultant bilayer cathode (collectively
denoted as SCT@LSCF-GDC throughout this paper), shown in
Figure 1 (b), exhibits a continuous SCT layer that is intimately
bonded to the LSCF-GDC skeleton. This observation is
uniquely different from conventional discrete nanoparticles
(NPs) morphology widely reported in the literature. A
continuous layer may have less specific reactive surface areas
than discrete NPs, but it avoids coarsening of the NPs and thus
is expected to be morphologically more stable.'® The first
enabler for the conformal coating is the structural similarity
between the two layers. The compositional analysis by STEM-
EDX indicates that Ta from SCT is mostly concentrated in the
outer layer, suggesting that it is likely the SCT capping layer.
The diffraction patterns of Figure 1 (c) by TEM-SAED reveal
that SCT and LSCF are virtually isostructural with identical
(110) d-spacings (0.28 nm). This is not surprising given the fact
that both SCT and LSCF are perovskites with corner-shared 3d
metal-oxygen octahedra.’®2° However, having the same d-

spacing seems to suggest that cation interdiffusions between

2 | J. Mater. Chem. A, 2019, 00, 1-3

SCT and LSCF may play a role in the chemical homogenization
(except for Ta).

The second enabler for the continuous coating is the high
calcination temperature. Early studies have indeed shown the
dependence of the morphology of an infiltrated species upon
the calcination temperature. For example, Lou et al. reported a
discrete NPs morphology when calcining the isostructural
SmgsSrgs03s on a LSCF skeleton at 800 °C.2' Similar
morphologies for SCT@LSCF are also observed in the present
work at 800 °C when calcined for 2 h (see Figure S1). At higher
calcination temperatures, such as >1000 °C, a transitional
discrete-to-continuous layer of NPs was observed in non-
isostructures (perovskite/fluorite) such as (Sm, Ce)-doped
SrCo0;.;@Smy2Cep 049 at 1100 °C,22 and LaNipsFeOsz; @
YSZ (yttria-stabilized zirconia) at 1100 °C.2®> However, no
conformally coated structure such as the SCT@LSCF observed
the

understanding of this temperature-morphology relationship, we

here, has been previously reported. To facilitate
schematically illustrate in Figure 1 (d) the formation of discrete
NPs and the continuous layer of SCT on LSCF at low and high

temperature regimes, respectively.
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Figure 1. (a) XRD patterns of SCT vs calcination temperature; (b) STEM
image/EDX mapping; (c) TEM images/SAED patterns of the
SCT@LSCF-GDC cathode after calcination at 1000 °C for 2h. Only the
portion belonging to SCT@LSCEF is shown here; (d) a schematic illustrating

and

the effect of calcination temperature on morphology.

The ORR performance and Cr-tolerance of both the
untreated (LSCF-GDC) and infiltrated (SCT@LSCF-GDC)
cathodes are evaluated side-by-side in the same testing rig to
avoid data variability. Figure 2 shows the EIS-extracted
polarization resistance (Rp) vs time at 700 °C for the two

cathodes. The original EIS spectra can be found in Figure S2.

This journal is © The Royal Society of Chemistry 2019
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During the first 234-h of testing in clean air, the infiltrated
the

demonstrating at least 4.5x lower Rp values. Single fuel cell

cathode clearly outperforms untreated one by
testing with infiltrated cathode also shows better performance
than the untreated cell (see Figure S3). As soon as the Cr-
source (SS430) is introduced into the air stream, the untreated
cathode responds with an appreciable jump in Rp, followed by
a nearly monotonic increase with time. In contrast, response of
the infiltrated cathodes to the Cr-addition

pronounced, with only a marginal increase. Compared with

is much less

recent literature results tested in Cr-containing air, e. g. BaO
infiltrated LSCF at 800 °C,'8 LasNiO4:s (LNO) infiltrated
PrBag 5Sro5C0o4.5Fe(505+5 (PBSCF) at 750 °C,2* GDC infiltrated
LNF at 750 °C,25 LNF-GDC composite at 700 °C,26 LSCF at 750
°C,27” BSCF at 800 °C,® in Figure S4 we show that
SCT@LSCF-GDC at 700 °C outperforms most of those
materials, even though the former are at higher temperatures.
BaCeO; 2° and PrO,/PrNigsMng 503 (PNM)?7 infiltrated LSCFs
show smaller R, values than SCT@LSCF-GDC, but they are
also at higher temperatures (800 and 750 °C) and are only
tested for much shorter times (40 and 72 h, respectively). We
show later that the better Cr-resistance and ORR activity of the
new infiltrated cathode demonstrated here are fundamentally

derived from its SrO-free surface and thermodynamics.
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Figure 2. Time-dependent Rp of the untreated and infiltrated cathodes in

clean and Cr-containing atmospheres.

Similarly, the effects of CO, and H,O on Rp values of both
cathodes shown in Figure S5 indicate that the change in Rp
(ARp) induced by CO, and H,0 is far less for the infiltrated than
for the untreated cathode in the temperature range of 550 to
700 °C, even though the overall impacts of these low

concentrations of CO, and H,O are marginal compared to the

This journal is © The Royal Society of Chemistry 2019
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Cr-effect shown in Figure 2. It is also interesting to notice that
the CO, and H,O effects are more pronounced at low
temperatures than at high temperatures, implying the physical

adsorption nature (not reaction) of the effect.
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Figure 3. (a) Schematics of the untreated and infiltrated cathode illustrating
why itis chemically tolerant to Cr species in air. (b) First principle DFT-based
calculations of the Gibbs free energy change of Cr-involved chemical

reactions.

The results presented so far clearly demonstrate the
infilirated cathode’s better Cr-tolerance and superior ORR
activity compared to the single-layer LSCF-GDC. To facilitate
mechanistic understanding, we schematically show the surface
reactions of the two cathodes in a Cr-containing environment in
Figure 3 (a). It should be noted that the surface Sr-segregation
in LSCF is well documented in literature®?3' and has also been
confirmed in this study by our combined SEM and XPS
analysis, showing a significantly higher level of surface Sr in
LSCF than SCT (see Figure S6). In the presence of SrO on the
surface of LSCF, the gaseous Cr-species such as CrOsg will
readily react with SrO to form SrCrO,4. The formed SrCrQO, is
insulating and inactive, thus blocking ORR active sites. In

contrast, SCT will not react with CrOg3g) because of its SrO-free

J. Mater. Chem. A, 2019, 00, 1-3| 3
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surface. To further support the mechanistic findings, we carried
out thermodynamic calculations of the Gibbs free energy
change (AG) of the SCT-Cr reaction. Since the formation AG of
SCT is unknown, we applied first-principle density functional
theory (DFT) to calculate AG of the following reaction (details
can be found in the ESI):

SrCopgTap 103 + 0.5Cr,03 + 0.4750,g) = SrCrO, + 0.3C030, +
0.05Ta0s (1)

Note that first-principle DFT calculations have been
demonstrated in recent years as a useful tool to calculate
thermodynamic quantities.3233 The calculation results in Figure
3 (b) indicate that SCT will not react with CrOs g (in the form of
Cr,03+0;) above 800 K, while SrO is highly reactive with
CrO3(). In Figure 3 (b), to ensure the accuracy and fidelity of
the calculations, we also compare AG calculated from DFT with
the experimental data of two well-known reactions; the shown
excellent agreements demonstrate that the calculations for

SCT-Cr reactions are reliable.

Figure 4. SEM and EDX of (a) LSCF pellets and (b) SCT pellets after
annealing at 900 °C for 100 h; (c) LSCF-GDC and (d) SCT@LSCF-GDC
after 1,000-h at 700 °C in Cr-rich air. The EDX was taken over the whole

presented area.

The hypothesis that the surface SrO is the active site to
attract Cr-species is also verified experimentally by exposing
dense LSCF and SCT pellets to a Cr-containing air at 900 °C
for 100 h, followed by surface analysis of SEM/EDX. For the
LSCF sample, many crystalline precipitates are clearly visible
in Figure 4 (a). The EDX results suggest that these particles
are Sr and Cr-containing compound, presumably SrCrO,, even
though the semi-quantitative EDX suggests a Sr/Cr >1 (some
Sr may come from the LSCF base). Raman spectroscopic study
(see Figure S7) of these particles indicates shifts at 854 cm-,

880 cm* and 899 cm!, matching well to the characteristic shifts

4 | J. Mater. Chem. A, 2019, 00, 1-3
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of pure SrCrO,. In contrast, the SCT surface shown in Figure 4
(b) is clean and no Cr is detectable from the EDX. A more direct
evidence of the Cr-resistance in the infiltrated cathode is given
in Figure 4 (c) and (d), where the microstructures and local
compositions of the two post-tested symmetrical cells (results
in Figure 2) are closely examined at the cathode/electrolyte
interface. The untreated LSCF-GDC sample, shown in Figure
4 (c), contains distinctive and large-grained Sr- and Cr-rich
phases. In contrast, Figure 3 (d) reveals the infiltrated cathode
with no apparent SrCrO, phase in the microstructure and a
minimum amount of Cr detected by EDX.

In summary, a conformally coated cathode consisting of a
SCT top nanoscaled layer and LSCF-GDC underlying skeleton
has been demonstrated for the first time through combined
solution infiltration and high temperature calcination. Owing to
the excellent ORR activity and SrO-free surface in the top SCT
layer, SCT@LSCF-GDC exhibits a much lower and more stable
its single layer LSCF-GDC
counterpart. More importantly, the SrO-free surface in SCT

polarization resistance than
shuts down the degradation mechanisms invoked by CrOgg),
H>0 or CO,, thus making the new cathode more resilient and
suited for SOFCs to operate under real-world conditions with

low degradation rates.
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