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Abstract: One challenge facing the development of high-performance cathode for solid oxide
fuel cells (SOFC) is the fast degradation rate of cathodes due to poisoning of contaminants
commonly encountered in ambient air such as CO,. Here we report a double perovskite
PrBay 3Ca,C0,0s:5 (PBCC) cathode with excellent ORR activity and remarkable CO, tolerance
under realistic operation conditions. When tested in a symmetrical cell in air with ~1 v% CO, at
750 °C, the PBCC electrode shows an area specific resistance of ~0.024 Q cm?, which increases
to 0.028 Q cm” after 1,000 h operation. The degradation rate is ~1/24 of that of the state-of-the-
art Lag ¢Srp4Coo2Fep O3 (LSCF) cathode under the same conditions. Impedance spectroscopy
and in situ surface enhanced Raman spectroscopy analyses indicate that the surface of PBCC
electrode is much more active for oxygen exchange and more robust against CO, than that of
LSCF, as confirmed by density functional theory calculations. The fast ORR kinetics and

excellent durability of PBCC in air with CO, highlight the potential of PBCC as a highly
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promising material for devices involving oxygen electrochemistry such as solid oxide fuel cells,

electrolysis cells, or gas separation membranes.

Broader context

Perovskite materials with excellent ionic and electronic conductivity have been extensively
studied as electrodes for efficient energy conversion and storage. They are ideally suited for
electrochemical applications that involve oxygen electrochemistry such as fuel cells and
membrane reactors. To make them economically competitive and commercially viable,
however, several materials challenges must be overcome. One of them is to significantly
enhance the durability against contaminants in ambient air while maintaining high electro-
catalytic activity under operating conditions. Here we report the rational design of a high-
performance electrode with excellent durability when exposed to ambient air containing ~1%
CO,. Further, the concept and the materials developed may be applicable to other chemical
and energy transformation processes, including metal-air batteries, electrolyzers, dye-
sensitized solar cells, and photocatalysis.

Introduction

Regenerative solid oxide fuel cells (SOFCs) have potential to be the most attractive
option for efficient energy storage and conversion; they can also serve as an economic bridge for
transition from the fossil-fuel to the hydrogen-fuel economy because of the excellent fuel
flexibility " 2. However, the cathodes of SOFCs still contribute the most to degradation in

4 One technical opportunity is to

performance and efficiency loss in the existing systems
dramatically enhance the durability of the cathode while maintaining high electro-catalytic
activity for oxygen reduction reaction (ORR) in order to reduce the cost and prolong the
operational lifetime >,

La,Sri«CoyFe;yOs5 (LSCF)-based perovskite materials have been extensively

investigated as electrodes for high-temperature electrochemical devices due to its excellent ionic
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and electronic conductivity and good ORR activity in the temperature range of 600-800°C °. One
shortcoming for an LSCF electrode is that its ORR activity is likely limited by the sluggish
surface exchange process rather than the bulk charge transport process '™ ''. Another technical
barrier for an LSCF electrode is its poor durability due to Sr enrichment or segregation to the
surface ® '?, caused by electrostatic attraction of the positively charged oxygen vacancies
enriched at the surface'. The Sr-enrichment may induce the formation of secondary phases such
as SrCOs3, Sr(OH),, or SrCrO4, which are detrimental to the surface electro-catalytic activity for
14-16

ORR, leading to continuous degradation in electrode performance

Accordingly, extensive efforts have been devoted to the development of new cathode

17-19 13, 20

structures and materials with enhanced ORR activity , improved surface stability and
good tolerance against contaminants poisoning 2! For instance, Jiang et al. demonstrated the
feasibility and effectiveness of enhancing Cr-poisoning by surface modification of the cathode
with a coating of a simple oxide like BaO or a mixture of two phases such as yttria stabilizied

zirconia (YSZ) and doped ceria ****

. Recently, Liu et al developed a unique surface modification
of LSCF cathode by deposition of conformal coatings via one-step infiltration; the coatings can
suppress surface Sr segregation, thus further enhancing the durability or tolerance to

contaminants poisoning '>'® %

. Recently, a cathode with high tolerance to air with 10%CO; has
been reported”®; a three-dimensional (3D) hierarchical CO,-protective shell was deposited on
Baj 5SrpsCopsFep2,03 (BSCF) cathode through infiltration followed by microwave plasma
treatment. The hierarchical shell consisted of a dense thin-film substrate with cones on the top of
the substrate. A single cell with this cathode demonstrated a power density of ~0.7Wem™ at a

cell voltage of 0.7V at 700°C in air with 10%CO, (within 1 h). However, the cells were tested in

CO,-containing atmosphere for only 1 h. Long-term stability is vital to practical applications
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since SOFCs are supposed to run for thousands of hours. Also, it is noted that the cathode
fabrication process is relatively complex to obtain the desired structure: multistep solution
infiltration, firing, and microwave plasma treatment, which might not be applicable for large
scale SOFCs.

While surface modification is effective, it is critical to develop cathode materials that are
inherently tolerant to degradation or contaminant poisoning. For example, Sr-free cathode
materials have been extensively studied. Perovskite, Aurivillius oxide based cathode
(Bi2SroNb,MnOq54) 27, or Ruddlesden-Popper (RP) perovskite-like materials (such as
La(Ni,Fe)Os5, Nd;NiO4 and Pr,NiO4) were thus proposed and studied as candidate cathode
materials for SOFCs ** ?°. For instance, a new cathode composed of Ag, Smy,Ces0O,, and
Bi,Sr;Nb,MnOy,4 was developed 27, demonstrating good stability in air containing 10% CO; in
symmetrical cells at 700 °C for only 5 h. However, the single cell performance in air with CO,
was not shown, and there was no data on long-term stability of the cells in air containing CO,.
To date, unfortunately, none of these new cathode materials have sufficient durability under
realistic operating conditions. In addition, the mechanism of CO, tolerance is still unknown;
mechanistic understanding is vital to achieving rational design of new materials and electrode
structures tolerant to CO; poisoning.

Here we report a layered double perovskite material PrBaysCa,C0,0s:5 (PBCC),
demonstrating high ORR activity and excellent durability in air containing CO, under typical
SOFCs operation conditions. An anode-supported single cell with the PBCC cathode achieved a
power density of ~0.7 W cm™ at 700 °C under a cell voltage of 0.7 V for ~220 h when a
simulated air with ~1% CO, was used as oxidant and humidified H, (~3% H;0) as fuel. Careful

characterization and analyses indicate that the surface of the PBCC electrode is much more
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active for ORR and robust against CO; than that of LSCF, suggesting that PBCC is a highly
promising cathode material for low-cost, high-performance, and durable SOFCs. The mechanism
of the remarkable CO, tolerance of PBCC under realistic operation conditions has been
unravelled using in situ SERS, impedance spectroscopy, and DFT calculations, providing
information vital to achieving rational design of more efficient and durable cathodes for solid
oxide fuel cells.

Results and Discussion

Structure of PBCC

Shown in Figure 1a is a schematic view of the crystal structure of PBCC as confirmed by
XRD refinement (Figure 1b), with a stacking sequence of Ba(Ca)O/CoO/PrO4/CoOy/Ba(Ca)O.
Shown in Figure 1c¢ is a high-angle annular dark-field (HAADF) image of a PBCC grain,
recorded with electron beam along the [100] direction. The inset is the corresponding fast
Fourier transform (FFT) pattern. The observation of the superlattice spots (due to the difference
in atomic number of ordered A-site cations) in the FFT patterns (insets) confirms the double
perovskite structure of PBCC with Pr and Ba(Ca) cations ordered in alternating layers along the
c axis, i.e., with a stacking sequence of [Ba(Ca)O]-[CoO,]-[PrO]-[CoO,]-[Ba(Ca)O]. Moreover,
the layered structure can be observed clearly through the line scan (brightness) along the red line
in Figure 1c. The intensity difference shown in Figure 1d clearly confirmed the layered
structure. The distance between PrO or BaO planes is about 0.76 nm, consistent with XRD
analysis. Such a layered structure is vital to rapid transport of oxygen vacancies and fast surface
exchange of oxygen ****. For instance, PrBaC0,0Os:s (PBCO)-based material offered faster
oxygen ion diffusion and surface-exchange kinetics than LSCF *°. Dissociated oxygen species

can diffuse through the pore channels within PBCC bulk phase, as depicted earlier’>. Ca doping
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at the A site can suppress surface segregation of A-site cations, resulting in better long-term

13,30

stability of the cathode
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Figure 1 Crystalline Structure of PBCC. (a) Schematics of PBCC crystal structure; (b) Refined XRD profiles of
PBCC (powder sample) after fired in air at 1000°C for 2h; and (c¢) High resolution STEM image of PBCC lattice.
The red arrow indicated the super-lattice structure; and (d) Line scan profile (brightness) along the red line in (c).

Electrochemical performance of PBCC in air
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Figure 2 EIS and the analyses using DRT. (a) EIS of symmetrical cells with PBCC as electrode in ambient air; (b)
Temperature dependence of interfacial polarization resistance (Rp) of PBCC (red ball) and LSCF (black ball). Rp of
some high performing cathodes such as BSNM 27, PBSC36, and BSCF-GDC powder and nanoﬁber”, were also
added for comparison. PBCC shows lower activation energy (1.13 eV) than LSCF (1.48 eV), indicating a less
energy barrier for reaction; EIS (¢) and distribution of relaxation time (DRT) (d) of PBCC as a function of oxygen
partial pressure; (e) Dependence of each R, as a function of pg,.

Shown in Figure 2a are some typical electrochemical impedance spectra (EIS) of the
PBCC cathode determined using symmetrical cells with a configuration of PBCC | SDC | PBCC

in ambient air at 600-750°C. Interfacial polarization resistance (R,) of PBCC is much lower than
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that of LSCF cathode. For instance, R, of PBCC in air at 750 °C is ~0.024 Qcm?, about 1/5 of
that of LSCF (0.13 Qcm?) under the same conditions’. PBCC electrode shows much faster
surface exchange kinetics and higher bulk diffusion coefficient than LSCF (Figure S1). The
performance of the PBCC cathode reported here (Figure 2b) is comparable to those of the best
cathodes with reasonable stability reported recently, including Bi;SroNb,MnOj;5 (BSNM)27,
PrBay 5Srp 5C0,0s5.5 (PBSC) 36 or BSCF-Gdy.1Ce.90,.5 (GDC) nanofiber or mixture’’.

We have further investigated into the kinetics of the PBCC cathode by measuring the
impedance spectra at different oxygen partial pressure (po,) as shown in Figure 2¢. The spectra
were analyzed using distribution of relaxation time (DRT), a powerful tool for deconvoluting
complex impedance data in order to separate or isolate some key steps involved in the electrode
reactions™*. The characteristic frequency of a process is inversely proportional to the relaxation
time of the electrode process. Thus, the lower the characteristic frequency, the longer the
characteristic relaxation time of the electrode process. Thus, a down-shifting of the characteristic
frequency for a specific process when the electrode is exposed to a contaminant (e.g., CO;) may
indicate degradation in kinetics of the electrode process (e.g., surface reaction) due to
contaminant poisoning. Shown in Figure 2d are the DRT plots of PBCC at different oxygen
partial pressure (po2). Each plot has a set of three distinct peaks; denoted as low frequency (LF),
intermediate frequency (IF), and high frequency (HF), corresponding to at least three distinct
electrochemical processes. The integral area under each peak represents the resistance of the

process *°. The general dependence of R, on pg, can be approximated by the equation R, =

k(Po2)™"

Shown in Figure 2e is the dependence of each R, on the oxygen partial pressure. The

number adjacent to each line is the n value for each process. n of 1.07 for the peak at LF
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indicates that the LF peak corresponds to the impedance to mass transfer; ** while n = 0.46 for
the IF peak indicates that the IF peak is likely associated with the dissociation of O, to 20,5 443,
The insensitivity of the HF peaks has little dependence on pp, (n = 0.01), suggesting that the
high-frequency process is likely associated with O transfer across the electrode/electrolyte
interface*!. The individual steps of the ORR process involved here may have different sensitivity

to the contaminant such as CO,. Thus, analysis of impedance spectra using DRT may help us to

gain more insights into the degradation mechanism, as to be elaborated below.

Durability of PBCC in air with CO;
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Figure 3 Durability of PBCC in air containing different amount
cathode in various concentration of CO, under OCV conditions.

In addition to high electro-catalytic activity for ORR, excellent durability of SOFC
cathode is vital to commercialization of SOFC technology, especially when exposed to
contaminants commonly encountered in ambient air such as CO,. Shown in Figure 3a is the
summary of the durability of PBCC and LSCF cathodes in air with different concentrations of
CO,. The insets are the electrochemical impedance spectra of the PBCC electrodes determined

using a symmetrical cell immersed in air with different concentrations of CO, as a function of

10

D surface exchange & ion diffusion

of CO,. (a) Durability of PBCC and LSCF
Insets are the EIS of PBCC in different
concentration of CO,: 10% (top), 5% (middle) and 1% (bottom); and (b) DRT plots of PBCC cathodes at different
testing time under OCV conditions in air with different concentration of CO, (10 vol%, 5vol% and 1 vol%).
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testing time. Clearly, the impedance of the LSCF electrode increased significantly with time in
air containing CO;; the degree of degradation increased with the concentration of CO,. In
contrast, the impedance of the PBCC electrode displayed much better stability under the same
testing conditions. For example, the impedance of the PBCC electrode remained relatively
constant when the concentration of CO, was about 1%, consistent with the XRD analyses
(Figure S2). When the concentration of CO, was increased to 5% and 10%, the PBCC electrode

did degrade, but at a much slower deterioration rate than the LSCF electrodes.

In order to gain some insight into the detailed electrochemical process evolution (as a
function of operation time) of the PBCC electrode in air with CO,, we have also analyzed the
impedance spectra using DRT (Figure 3b). Similar to earlier analysis, it appears that at least
three processes (dispersed in the frequency domain) contributed to the electrode impedance; they
occurred at LF (mass transfer near the interface), IF (surface exchange processes), and HF
(charge transfer). It seems that the characteristic frequency of the IF peaks shifted to lower
frequencies when the PBCC electrode was exposed to air containing high concentrations of CO,
(5% or 10%), and the corresponding integral resistance increased continuously with time. Both
changes suggest that high concentration CO, may deactivate the surface exchange process (IF),
but has little effect on the other two processes at LF and HF. However, when the CO,
concentration is 1 %, the characteristic frequency and the resistance of the surface exchange
process (IF) remained relatively constant, an indication of robust surface properties of the PBCC

against poisoning of up to ~1% CO,.

Electrochemical performance of PBCC cathode in single cells
To demonstrate the high ORR activity and excellent CO,-tolerance of the PBCC cathode

in an actual fuel cell, we constructed a single cell using Ni-BaZr,;Cey7Y0.1Ybo 103 (BZCYYD)

11

Page 12 of 22



Page 13 of 22

Energy & Environmental Science

as the anode support (~700um thick), a SDC electrolyte (~30um thick), and the PBCC cathode
(~20um thick). Cross-sectional views of cell components are shown in Figure 4a and 4b. The
test cells were evaluated in a homemade setup (Figure S3), where simulated air with different
concentrations of contaminants can be readily controlled. Shown in Figure 4¢ and 4d are some
typical IVP curves and electrochemical impedance spectra of the single cells tested at 600-750 °C
when humidified H, (with ~3% H,0O) was used as fuel and air as oxidant. At 700 °C, a peak
power density of ~0.949 W ¢cm™ was achieved, which is higher than that of the single cells with
an LSCF cathode (0.76 Wem™) *° and comparable to the best performance ever reported (see
Table 1) *, demonstrating the remarkable electro-catalytic activity of the PBCC cathode under
realistic operating conditions (ROC). It is noted that the OCVs of our cells are higher than those
of the cells using a ceria-based electrolyte reported by others’, due largely to the formation of an
electron-blocking layer on the surface of the SDC electrolyte during co-firing of the electrolyte
and Ni-BZCYYb anode at high temperatures. *> %", Shown in Figure 4e is the long-term
stability of the cell at a cell voltage of 0.7 V at 700 °C using humidified H, (with ~3% H,0) as
fuel and dry air or air with ~1 % CO; as oxidant. The flow rate of the oxidant was controlled at
100 sccm. After the cell was operated for ~50h (black line), the oxidant was switched from clean
air to air containing ~1% CO; (red line). As seen, the performance of the cell with the PBCC
cathode showed stable power output, demonstrating excellent CO; tolerance, which is consistent
with our symmetrical cell measurements. It is well accepted that long-term stability is vital to
practical applications since SOFCs are supposed to run for thousands of hours. Although some of
the cathodes have been reported to have good tolerance to CO, poisoning in symmetrical cells **
27 the lack of long-term durability (over hundreds hour operation) of single cells may indicate

that more development of the cathodes is still needed for real application. Also, it is noted that

12



the fabrication process and the composition of cathodes are relatively complex to obtain the
desired structure: multi-step solution infiltration, firing, and microwave plasma treatment’. In

our case, the cathode is fabricated by a solution combustion method, which is simple and widely

used by others™.
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Figure 4 Microstructure and performance of single cells. (a) Typical SEM image of an anode supported cell with
a configuration of NiO-BZCYYb anode, SDC electrolyte, and PBCC cathode; (b) Detailed morphology of PBCC
cathode; Typical IVP curves(c), and EIS (d) of a single cell measured at temperature of 600-750 °C; and (e)
Durability of a single cell at voltage of 0.7 V at 700 °C. The cells were fueled by wet H, (3% H,0 humidified) in
either air or air with 1% CO..

Table 1 Summary of electrolyte, thickness of electrolyte, anode/cathode materials, OCV and
maximum power density (P,) for recent SOFCs with similar configuration and materials.

Electrolyte Thickness | Anode; OCV [V] Prnax [Wem™] Year
[um] cathode
SDC 30 Ni-BZCYYD; 0.995 (750°C) | 0.76 (700°C) 2012%
LSCF
SDC 15 Ni-BZY20; SSC- 1.01 (700°C) 0.76 (700°C) 2014
SDC

13
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SDC 13 Ni-BZCY; SSC- | 1.04 (700°C) | 1.006 (700°C) | 2014™
SDC

SDC 15 Ni-SCYb; SSC 0.96 (650°C) | 0.478 (650°C) | 20177

GDC ~30 Ni-BZCG; SSC- | 1.0 (650°C) 0.45 (650°C) | 20157
SDC

GDC|BZG|GDC | ~30 Ni-SDC; 0.96 (600°C) | 0.25 (600°C) | 2008""

SDC 20 Ni-BaMn;NiOs- | 1.01 (650°C) | 0.62 (650°C) | 2018%
SDC; SSC-SDC

SDC 30 Ni-BZCYYb; 1.00 (700°C); | 0.949 (700°C); | This
PBCC 1.03 (650°C) | 0.72 (650°C) | work

Note: BZCY: BaZr0<1CeO<7Y0<203_5; BZY20: BaZI‘()<gY()‘203_5; SSC: Sm0<5sr0<5C003_5; SDC: Ceo.gsmo,zoz_a; SCYb:
SrCeOAngb0A05O3_5; BZCG: BaZr0A45Ce0A45Gd0AIO3; BCG: BaCel_deXO3_d

Understanding of excellent CO-tolerance of PBCC

In order to gain deeper undertanding of the robust surface properties of PBCC, we have
fabricated dense PBCC thin films via pulsed laser deposition (PLD), and investigated the surface
evolution as a function of exposure time to a gas mixture with 10% CO, and 90% O; using in
situ Raman spectroscopy, which is a powerful tool for probing chemical and physical properties
of electrode materials. By simultaneously performing electrochemical and Raman measurements,
the chemical and structural evolution of electrode materials under practical operating conditions
can be acquired as a function of external stimuli (e.g., current, voltage, partial pressure of CO,).
However, the low signal intensity of Raman spectroscopy makes it difficult to detect the surface
species present in trace amount or to track the formation of surface species with short lifetimes.
This problem becomes more severe when studying SOFCs materials under realistic operating
conditions (ROC) because many ceramic phases possess weak Raman modes and all Raman
peaks broaden at high temperatures. Surface enhanced Raman scattering (SERS) is a promising
solution to this problem. In addition, a model cell with a high quality thin-film working electrode
was used for this fundamental micro-spectroscopic study since well-controlled electrode
geometry can rule out the uncertainties caused by variations in morphology. Schematically

shown in Figure 5a is the experimental set-up and the model electrode configuration for our in

14
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situ SERS measurements. Either LSCF or PBCC thin-film electrode was deposited on a single
crystal YSZ substrate using a pulsed laser deposition (PLD) technique3. The highly textured PLD
films of PBCC and LSCF, grown on YSZ single crystal (001), are mainly with orientation of
(001), as shown in Figure S4-S5. Dense and flat PLD films are expected to provide more
reliable information on surface properties by excluding the uncertainties associated with
morphology and crystal orientation. An SDC thin film buffer layer was applied to avoid possible
reaction between the electrode and the YSZ electrolyte. The structure of the LSCF or the PBCC
was probed as a function of time exposed to an atmosphere of pure O, or O, with 10% CO, at
500 °C. The two samples were exposed to pure O, at 500°C before exposure to CO,. As shown

in Figure Sb, the Raman spectra of the LSCF film are featureless in pure O,, while the peaks of

Page 16 of 22

carbonates at ~1060 cm™ increased drastically after switching the gas from pure O, to O, with 10%

CO,. However, the carbonate peaks in the Raman spectra of the PBCC sample were undetectable,
indicating that PBCC may not react with CO, even when the concentration of CO; is as high as
10%. Shown in Figure Sc are the SEM images of the LSCF and the PBCC thin films before and
after exposure to 10% CO, (taken from the Raman chamber). While the LSCF thin film became
much rougher after exposure to CO,, the PBCC thin film remained almost unchanged. Figure 5d
is the variation in intensity of the carbonate peeks obtained from thin films of LSCF or PBCC at
500 °C as a function of time. It demonstrates that the PBCC electrode material is not affected by
the exposure to CO,. We also prepared dense pellets of PBCC and LSCF using a traditional
high-temperature sintering process and performed in situ SERS measurements under the
identical conditions. It is clearly shown that the trend of Raman spectra evolution of the PBCC

pellets is similar to that of the PLD PBCC thin films (Figure S6). These results clearly confirm
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that the PBCC surface is much more robust against CO, than the LSCF surface, consistent with

the XRD analysis and the electrochemical measurements of the PBCC electrode discussed earlier.
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Figure S In situ Surface enhanced Raman spectroscopic (SERS) study of thin film electrode prepared by PLD.
(a) Schematics of in situ SERS study; (b) In situ SERS spectra of LSCF and PBCC thin film at 500 °C in
atmosphere of pure O, or O, with 10% CO,; (¢) SEM of fresh films and films after Raman testing in O, with 10%

COy; (d) Intensity of carbonate peak of (~1060cm™) observed from thin film LSCF and PBCC surface.

To gain more insights into the carbonate formation on the LSCF and PBCC surfaces at
the molecular level, we resorted to DFT calculations. Due to various metal-oxide terminations,
we first performed a thermodynamic analysis by calculating the heat of reactions with available
heat of formation data in the literature as compiled in Table S1. It shows that the carbonate
formation can more easily occur from Co and Fe ions (631.5 — 665.6 kJ/mol) rather than Ca, Ba,

or Sr ions (941.7 — 1028.6 kJ/mol). However, these results could not explain the growth of the
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carbonate peak observed in the SERS at ~1060 cm™. Accordingly, DFT calculations were carried
out to precisely explain why PBCC is inactive for the carbonate formation. In this study, the (010)
surfaces were used as we applied the (010) plane of double-layered perovskite structures in
which pore channels could be formed to enhance the bulk diffusion * *°. Based on the bulk
structures of LSCF and PBCC illustrated in Figure S7, we calculated CO, adsorption energies
on the LSCF and PBCC surfaces. For these initial calculations, we considered the CoO-
terminated PBCC surface and LaSrO- and CoFeO-terminated LSCF surfaces as shown in Figure
S8. Surface energy calculation of LaSrO- and CoFeO-terminated LSCF shows that they are
indistinguishable (~1.03 and —1.06 J/m? respectively). Thus, we examined CO, adsorption on
the two terminations of LSCF. The side views of CO, adsorption on the surfaces are illustrated in
Figure 6. As compiled in Table S2, the adsorption energy calculations clearly support the
experimental findings that PBCC has much weaker adsorption of CO, than LSCF (-0.73 eV
versus —1.25 eV, respectively). This weak interaction between CO, and the PBCC’s surface
compared to LSCF may effectively inhibit the carbonate formation under the fuel cell conditions.
This is in line with the experimental finding that PBCC does not uptake CO,. In addition to the
adsorption energy comparison, we examined the geometrical change in more detail, as shown in
Figure 6. Only LaSrO-terminated LSCF(010) has a complete COZ™ formation, while other
adsorptions on CoO- or CoFeO-terminated surfaces are molecular CO, adsorption. In addition, it
was found that the oxygen vacancy affects the CO, adsorption energy on LaSrO-terminated
LSCF(010), leading to a more complete carbonate formation. It increases the adsorption energy
from —1.25 eV to —2.23 eV. On the basis of the surface calculations, we carried out further
simulations to understand the growth of the characteristic Raman peak at ~1060 cm™ as a

function of CO, treatment time, as shown in Figure 5. For this examination, the DMol® module
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implemented in the Materials Studio package was applied. The LaSrO-terminated LSCF (010)
was chosen for the single-point energy calculations. As illustrated in Figure S9, two surface
coverages of CO, adsorption (i.e., CO, = 2 and 4), resulting in the Raman activities of 0.13 and
0.51 A4/amu, respectively, formed at ~1,064 cem’ and ~1,056 cm'l, respectively. These
characteristic Raman peaks were scaled by a factor of 0.8497 which was obtained by comparing
the experimental characteristic Raman peak of bulk SrCO; ** and the predicted value in this
study (1069 cm™ versus 1210 cm™, respectively). This result clearly supports the growth of the
carbonate’s Raman characteristic peak at ~1,060 cm™. Since it is well known that the dopant Sr
ions from LSCF are segregated to the surface rather than La ions, we simulated two layers of
C03 formation on LaSrO-terminated LSCF (010) (see Figure 6e, Figure S10), resulting in the
Raman activity of 0.33 A*/amu at ~1,062 cm™. For this calculation, the La ions on the top-most
layer were replaced by Sr ions. The two different types of the carbonate formation on the surface
clearly manifest that the growth of our SERS data at ~1060 cm™ results from the carbonate
formation by the strong interaction of CO, and the LSCF cathode materials, while PBCC is

effectively designed to be CO,-tolearnt under fuel cell conditions.
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SrCO;

LSCF(010)

Figure 6 Geometrical illustration of CO, adsorption on (a) CoO-terminated PBCC(010), (b) CoFeO-terminated
LSCF(010) without an oxygen vacancy, (c) LaSrO-terminated LSCF(010) without an oxygen vacancy, (d) LaSr-
terminated LSCF(010) with an oxygen vacancy, and (e¢) SrCO3-formed on LSCF(010). The values are bond lengths
in A.

Conclusion
In summary, a layered double perovskite PrBagsCap,C0,0s+5 (PBCC) cathode, with an

excellent ORR activity and CO, tolerance, has been fabricated and evaluated in both symmetrical
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and single cell configurations under realistic operating conditions. The PBCC cathode exhibited
high catalytic activity for ORR with area specific resistance as low as 0.024 Qcm? at 750 °C. The
analyses of electrochemical impedance spectra as well as in situ SERS indicated that the surface
of PBCC is much more active for oxygen exchange but robust against CO; poisoning than that of
LSCF. The PBCC-based materials may also be applicable to other chemical and energy
treasformation systems that involve oxygen electrochemistry, including electrolysis of CO,, gas

sensors, oxygen pumps, oxygen separation, and membrane reactors.

Experimental Section

Experimental details can be found in Supporting information.
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