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The commercialization of reversible protonic ceramic electrochemical cells (R-PCECs)
is hindered by the lack of highly active and durable air electrodes exposed to high
concentration of steam under operating conditions. Here we report our findings in
dramatically enhancing the electro-catalytic activity and stability of a conventional
(Lag.6S10.4)0.05C002Fep s03-5 (LSCF) air electrode by a multiphase catalyst coating composed
of a conformal Pr;,Ba,Co0O;_ thin film and exsolved BaCoQOj3_s nanoparticles. At 600 °C, the
catalyst coating decreases the polarization resistance of the LSCF air electrode by a factor of
25 (from 1.09 to 0.043 Q cm?) in air and the degradation rate by two orders of magnitude
(from 1.0x107 to 1.8x10™* Q cm® h™' in humidified air with 30 v.% H,0). Further, a single
cell with the catalyst-coated LSCF air electrode at 600 °C demonstrates a high peak power
density of 1.04 W cm™ in the fuel cell mode and a high current density of 1.82 A cm™ at 1.3
V in the electrolysis mode. The significantly enhanced performance of the LSCF air electrode

is attributed mainly to the high rate of surface oxygen exchange, fast surface proton diffusion,
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and the rapid H,O and O, dissociation on the catalysts.
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1. Introduction

Solid oxide cells (SOCs) are considered efficient and clean energy conversion and
storage technologies because of their excellent flexibility in reversible operation on the
modes of fuel cells (FCs) and electrolytic cells (ECs).l'") A central goal of current research
on SOCs is to reduce the working temperatures to intermediate-to-low temperatures
(500~700 °C) for the purpose of improving thermal cycling tolerance, facilitating dynamic
response, and reducing the system costs.*® In particular, the reversible protonic ceramic
electrochemical cells (R-PCECs) operated at reduced temperatures have attracted much
attention in recent years because of their excellent performance (due to the low activation
energies for proton transport) as well as the production of pure and dry H, in the electrolysis

mode.l”1%

To make R-PCECs commercially competitive at intermediate-to-low temperatures, one of
the main priorities is to develop air electrodes with high electrocatalytic activity and

SIL2I However, the kinetics of oxygen evolution reaction (OER) and oxygen

stability.!
reduction reaction (ORR) at the air electrode decreases exponentially as the working
temperature is reduced, significantly increasing the polarization resistance (R,) of the R-
PCECs.[*"*!") In addition, at the air electrode of a R-PCEC, a large amount of water is
generated in the fuel cell mode and consumed in the electrolysis mode, further exacerbating
the polarization losses and poor stability of the air electrode. Since water is generated and
consumed at the fuel electrode, not the air electrode, of the SOCs based on an oxygen ion
conducting electrolyte (O-SOCs),!"*! most air electrodes designed for O-SOCs may not be
suitable for R-PCECs due to the insufficient catalytic activity and stability in high

81 For instance, air electrode materials

concentration of water at low temperatures."
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Bay 5Srp5Co sFep 2035 (BSCF) and PrBag sSrgsCo,-Fe,Os.s (PBSCF) show high catalytic
activity at low temperatures but suffer from significant degradation in high-concentration

17181 The commercialized Lag ¢S19.4Co02Fe)303.5 (LSCF) is one of the widely used air

water.!
lectrodes for O-SOCs.'”?” However, LSCF air electrodes exhibit large polarization
resistance at low temperatures due to the sluggish ORR/OER kinetics and poor stability

(2124 Rational design of catalyst-coated LSCF through

caused by surface Sr segregation.
solution infiltration is an efficient approach to developing air electrodes with tuneable surface
chemistry and nanostructures that enhance the electro-catalytic activity at reduced

[20,25-27]

temperatures, and to improve the stability in humid air through suppressing surface Sr

. 14,28,2
segregation.!'*2%%]

The morphology of the catalyst coating is of great importance to the performance and
stability of air electrodes.!"” The coating composed of nanoparticles can effectively enhance
the electrode activity, but may not be able to fully stabilize the electrode due to insufficient
surface coverage. A conformal coating can protect the air electrode from degradation, yet
may sacrifice the catalytic activity due to the reduced specific surface areas for
ORR/OER.?*% Taking both catalytic activity and stability into consideration, the catalyst
coating composed of a conformal film decorated by nanoparticles may be the best

option.[14’25’28]

Compared with other air electrode materials (e.g., La;NiO4+5, BSCF, La;Co0QO445, and
GdBaCo0,04¢.5), PrBaCo,0¢.5 shows higher mixed ionic and electronic conductivities as well
as faster oxygen ion diffusion and surface exchange kinetics at low temperatures.’*!>”
However, the high cost of praseodymium and cobalt as well as the mismatch in thermal

expansion coefficient with other cell components limit its practical applications.***** Thus,

PrBaCo,0¢.;5 1s suggested to be used as a thin-film catalyst coating for the air electrode rather
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than the electrode backbone. Recently, we developed a BaCoO;_; (BCO) nanoparticle coating

on LSCF to enhanced the ORR/OER activity and durability of the air electrode for both

[29,36]

oxygen ion-conducting fuel cells and R-PCECs. Despite the excellent activity,

egradation of the catalyst-coated electrode was still observed, due likely to insufficient

protection of the LSCF electrode since the BCO nanoparticles were not able to form a

conformal coating to cover the whole LSCF surface.!"”!

In this work, a new multi-phase (MP) catalyst coating, composed of a conformal Pr;..Ba,CoOs_s
(PBC) thin film and in situ exsolved BCO nanoparticles, has been developed for LSCF air electrodes
of R-PCECs by infiltration (Figure 1). The MP catalyst coating significantly enhanced the catalytic
activity and stability of the LSCF air electrode in a high concentration of water. The catalyst-coated
LSCF air electrode showed a minimal polarization resistance of 0.043 Q cm? at 600 °C, which is only
1/25 of that for the bare LSCF when tested under the same conditions. The catalyst coating reduced
the degradation rate of the LSCF air electrode by two orders of magnitude, i.e., from 1.0x107 to
1.8x10* Q cm® h™" at 600 °C and 30 v.% H,0. The MP catalyst-coated LSCF air electrodes were
further applied to R-PCECs with BaZrCe7Y0.1Ybo10;:.5 (BZCYYD) electrolyte, exhibiting superior
performance. In addition, a density functional theory (DFT) study was performed to understand the

ORR/OER kinetics and stability of the MP catalyst-coated LSCF electrodes.
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Fuel cell mode Electrolysis mode
Air electrode: O5(g) + 2H' + 2¢” — HyO(g) Air electrode: HoO(g) — O3 (g) + 2H* +2¢”

H*t Electrolyie

Figure 1. Schematic illustration of a reversible protonic ceramic electrochemical cell

with a multi-phase catalyst-coated air electrode.

2. Results and discussion

The morphology and structure of the catalyst-coated LSCF electrodes were revealed by
scanning electron microscope (SEM) and transmission electron microscopy (TEM) images.
Figure 2a is a typical SEM image showing the catalyst-coated LSCF air electrode with
nanoparticles on the surface. The morphology of the coating is tuneable by changing the
catalyst loading and the best loading was ~7.5 wt.% of the LSCF backbone (Figure S1 and
Figure S2). The electron energy-loss spectroscopy (EELS) spectra mapping was conducted
(Figure 2b and Figure 2c) to gain better insight into the composition of the catalyst coating.
The EELS results show that there is no Pr in the outermost nanoparticles, which is most
likely composed of BaCoOs_s, and the layer on LSCF contains Ba, Co, and Pr, which is more

likely belong to Pr;,Ba,CoO;;. The phases of BCO nanoparticles and the PBC film are
This article is protected by copyright. All rights reserved.
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confirmed by the X-ray diffraction (XRD) measurements (Figure S3). The high-resolution

TEM (HR-TEM) image further provides the evidence for the existence and distribution of the

{

PBC phase. The existence of (020), plane in Figure 2d indicates the formation of double

P

erovskite PBC, where the subscript p represents the simple perovskite unit cell. The fast

dNUSCI|

Fourier transform (FFT) are applied to the framed areas (i) and (ii) of Figure 2e along the
[001], zone axis. The FFT patterns in Figure 2¢(i1) are from the surface of LSCF away from
the edge of the LSCF grain, while those in Figure 2e(ii) from the outmost surface of LSCF.
The superlattice diffraction spots at position of 1/2 {010} as directed by the arrow can be
found in both Figure 2e(i) and Figure 2e(ii). The superlattice diffraction spots may come
from the conformal coating layer of PBC, since no superlattice diffraction spots could be
observed at 1/2 {010} in LSCF.1*>** Further, the FFT patterns in F igure 2e(ii) confirms the
epitaxial thin film of PBC grows on the LSCF surface and form a core shell structure as
illustrated in Figure 1, which is most likely due to the similar structures between PBC and
LSCF (Figure 2f and Figure S3). The EELS spectra in Figure 2g shows that Pr, Ba, and Co
are found on the surface of the LSCF particle, indicating the formation of double perovskite

PBC, which is consistent with the above results.

Author
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Figure 2. a) The SEM image of the catalyst (~7.5 wt.%) coated LSCF air electrode. b)
The high-angle annular dark-field (HAADF) STEM image of the catalyst-coated LSCF
with the marked scan line for EELS. c¢) EELS spectra referring to the scan line in (b)
shows Fe L3, Co L3, Ba Msy4, La Ms4, and Pr Ms 4 edges. d) The HR-TEM image of
the catalyst-coated LSCF with conformal coating layer in the edge select from the
colored areas in (e). ¢) The HR-TEM image, and the FFT patterns of the framed area (i)
and (ii) view along the [001], axis. f) Unit-cell polyhedral structure of both PBC and
LSCF showing an orthorhombic phase. g) EELS spectra referring to the yellow point of

the inset HAADF STEM image.
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The MP-catalyst dramatically enhanced the catalytic activity of the bare LSCF air
electrode. As shown in Figure 3a, the R, of the catalyst-coated LSCF air electrode are very
low: 0.016, 0.026, 0.043, and 0.074 Q cm® at 700, 650, 600, and 550 °C, respectively. A
comparison of the R, values for the bare and the catalyst-coated LSCF air electrodes at 500-
750 °C are summarized in Figure 3b. Clearly, the R, values of the catalyst-coated LSCF air
electrode are significantly smaller than those of the bare electrodes. For instance, the R, of
the catalyst-coated LSCF is 0.074 Q cm”at 550 °C, which is about two orders of magnitude
lower than that of the bare LSCF air electrode (3.99 Q cm?®) measured under the same
conditions. It is noted that these R, values of the catalyst-coated LSCF air electrodes are even
smaller than those of the BaCogsFepsZ101Y 01055 (BCFZY)[3 I and PrBag 3Cap2C0,05.5

0111 1

(PBCC),” which have been reported as promising air electrodes for R-PCECs.
addition, Arrhenius plots in Figure 3b indicate that the activation energy (£,) of the catalyst-
coated LSCF (0.75 eV) is substantially smaller than that of the bare LSCF (1.35 eV), and is
lower than those of other reported air electrodes, including BSCF (1.20 V), BCFZY (0.82
eV),?" PBCC (1.13 eV),”™ SryoCey FeosNig203 5 (SCFN, 1.58 ¢V)* and other catalyst-
coated LSCF electrodes (Figure S4). Such a low E, of the MP catalyst-coated LSCF air

electrode implies that there is a great potential for low-temperature operation.

Electrical conductivity relaxation (ECR) measurements were adopted to assess the
surface exchange coefficient (k*) of the catalyst-coated air electrodes (Figure S5). As shown
in Figure 3c, the k* value of the catalyst-coated LSCF (9.30x10™* cm s™) is about two orders
of magnitude larger than that of the bare LSCF (1.29x107 c¢m s™) at 650 °C, indicating that
the enhanced catalytic activity of the MP catalyst-coated LSCF air electrode is attributed

mainly to the accelerated kinetics of the surface oxygen exchange process. The activation

This article is protected by copyright. All rights reserved.
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energy of the surface oxygen exchange (£, ,+) for the catalyst-coated LSCF is 0.81¢V. This is

much smaller than that for the bare LSCF (£, ,+=1.84 ¢V) (Figure 3c). The result of the

k

{

+ by the catalyst coating from the ECR measurements is consistent with the

reduced E£
a, k

P

polarization results shown in Figure 3b. The activation energy of £~ for the MP catalyst-

coated LSCF is smaller than the reported values for PrBa;_,C0,0s.5 (PBC, x = 0~0.1) (E, ,*=

0.94~1.18 eV),[*) and comparable with the newly developed BaCog7(Ceo5Y02)0303.5 (BCCY)

( E [42]

= 0.81 €V) air electrodes.

Evolution of the higher/lower-frequency arcs with temperature is observed in the electrochemical
impedance spectra (EIS) of the catalyst-coated LSCF air electrode (Figure 3a). To get better
understanding of the kinetics of the electrode reactions, relaxation time distribution (DRT) analysis of
EIS data was used. Figure 3d shows the DRT plots for the bare and catalyst-coated LSCF electrodes
measured at 600 °C in air. The DRT plots can be divided into the peaks distributed in low frequency
(LF, <10 Hz), intermediate frequency (IF, 10~2000 Hz), and high frequency (HF, >2000 Hz), which
are normally associated with the gas diffusion process, surface oxygen exchange process, and charge

2043 The catalyst-coated LSCF electrode shows a substantially smaller

transfer process, respectively.t
IF peak than the bare LSCF (Figure 3d), indicating a dramatically enhanced surface oxygen exchange
process (including oxygen surface adsorption/desorption, dissociation, and transport).”® This is

consistent with the ECR measurement shown in Figure 3c. EIS of the air electrodes measured under

different partial pressure of O, (poz) were further analyzed (Figure S6 and Figure 3e). Total R, was

separated into Rir, R, and Ry, representing the R, of the LF, IF, and HF ranges, respectively. The

relationship between R;, and P, can be expressed by the equation of R; = kpgz, where k is a constant,

[36,38

the exponent » indicates the reaction order respect to Po, I As shown in Figure 3f, the n values for

Author Manuscri

the Rir, Ry, and Ry are 1.29, 0.82, and 0.13, respectively, indicating that the LF arc corresponds to
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the mass transport process, the IF arc to the surface oxygen exchange process, and the HF arc to the

charge transfer process.
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Figure 3. a) EIS of Ce(3Sm,0,-5 (SDC)-based symmetrical cells using catalyst (~7.5 wt.%) coated
LSCEF as the air electrode measured at 700-500 °C in air. b) Temperature dependence of polarization
resistances of the LSCF air electrodes before and after catalyst coating. The R, values of BSCF,
BCFZY,?" SCFN,* pPBCCP® and PBC-SDC™! electrodes from literatures are included for
comparison. ¢) Temperature dependence of k* of the bare LSCF and catalyst-coated LSCF bars at
650-750 °C. d) DRT analysis of the EIS data of the LSCF air electrodes with and without catalyst
coating measured at 600 °C in air. ¢) DRT studies of the EIS of catalyst-coated LSCF measured under

different P, at 600 °C. f) R, respond to the change of Po, of the catalyst-coated LSCF air electrode at

600 °C.

The MP-catalyst coating effectively enhanced the stability of the LSCF air electrode in both

ambient air and humid air (Figure S7, Figure S8, and Figure 4a). For example, as shown in Figure
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4a, the degradation rate of the catalyst-coated LSCF (8.1x107 Q cm? h™") is neglectable after a 408 h-
test under open circuit voltage (OCV) conditions when compared with that of the bare LSCF electrode

(2.2x10° Q cm” h™"). The enhanced stability of the catalyst-coated LSCF was also observed under a

pt

igh concentration of steam. As shown in Figure 4b, the degradation rate of the catalyst-coated LSCF
W Wm———— ir electrodes under OCV in 30 v.% H,0 is 1.8x10* Q cm® h™', nearly two orders of magnitude lower
than that of the bare LSCF air epectrodes (1.0x107 Q cm® h™'). No obvious change in electrode
morphology is observed after the long-term stability test in air with 30 v.% and 50 v.% H,O (Figure
S7), further confirming the excellent stability of the catalyst-coated LSCF air electrode under the
operation conditions. To mimic the reversible operation of single cells, a cyclic bias of £1.5 V with a
duration of 11.5 h for each cycle was applied to the symmetrical cells immersed in humidified air with
30 v.% H,0. The degradation rate of the catalyst-coated LSCF electrodes under the cycling mode is
1.6x10™* Q cm” h™' (Figure 4b). This is comparable to the degradation rate under the static mode, thus
demonstrating excellent reversibility under dynamic cycling conditions. Figure 4c shows the stable
operation of the catalyst-coated electrode under the reversible operation mode for over 8§ cycles. In
contrast, a significant current drop was observed for the cells with bare LSCF air electrodes operated
under the same cycling conditions. By analyzing the evolution of EIS of the bare LSCF electrode with
testing time, it is found that the degradation is due mainly to the increased IF peak (Figure 4d),
indicating the deteriorated surface reaction activity. For the catalyst-coated LSCF air electrode, the
increase in the IF peak is insignificant (Figure 4e). It implies that the catalyst coating stabilized the
LSCF electrode by inhibiting the deterioration of the catalytic kinetics, most likely through
suppression of Sr segregation.”’* Similarly, the enhanced activity and stability of the catalyst-coated

LSCEF air electrode was also observed in BZCYYD electrolyte-based symmetrical cells (Figure S9).

Author Manuscr
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Figure 4. Long-term stability tests of SDC-based symmetrical cells with bare and
catalyst (~7.5 wt.%) coated LSCEF air electrodes at 600 °C. a) In air for the initial 200 h,
followed by in 10 v.% -H,O air for 162 h, and then in 20 v.% H,O-air for 46 h under
OCY conditions. b) Stability test in air for the initial 24 h, followed by in 30 v.% H,O-
air for 475 h. The bare LSCF cell was tested under OCYV, one of the catalyst-coated
LSCEF cell was tested under OCV, and another catalyst-coated cell was tested under the
cyclic bias of £1.5 V with 11.5 h for each cycle. ¢) The plots of measured cell current
density versus time for the bare and catalyst-coated LSCEF cells tested under the cyclic
bias of £1.5 V in 30 v.% H,O air. d) EIS of the bare and catalyst-coated LSCF cells
measured at different time under OCV conditions in 30 v.% H,O air. ¢) DRT analysis of
the EIS of the catalyst-coated LSCF electrode measured at different time under OCV in

30 v.% H,O air.
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The highly active and stable catalyst-coated LSCF air electrode was further applied to R-PCECs.
As shown in the cross-sectional SEM images in Figure 5a-c, the single cell is composed of a Ni-

BZCYYbD fuel electrode, a BZCYYD electrolyte (=10 um thickness), and a catalyst-coated LSCF air

lectrode. When operated in the fuel cell mode in wet H, (3 v.% H,0) and air, the single cell with a
catalyst-coated LSCF air electrode shows high maximum power densities (Py,) of 1.67, 1.04, 0.62,
and 0.39 W cm™ at 650, 600, 550 and 500 °C, respectively. Compared with the cell using a bare LSCF
electrode, the cell with catalyst-coated LSCF achieved ~1.6 times higher power output at temperatures
of 550-650 °C (Figure Se and Figure S10). The comparison of P, of proton-conducting electrolyte-
based SOFCs with LSCF-based air electrodes is provided in Figure 5f. The P, achieved in this work
is the highest ever reported, demonstrating the high activity of the catalyst-coated LSCF air electrode.
By comparing the EIS of the single cells (Figure S11), it is found that the improvement in cell
performance by the catalyst coating is attributed to the decreased polarization resistance, most likely
due to the enhanced catalytic activity of the air electrode. When operated in the water electrolysis
mode, the enhanced performance of the cell with catalyst-coated LSCF electrode was also observed
(Figure S12 and Figure 5g, h). For example, at a cell voltage of 1.3 V, the catalyst-coated cell
(Figure S12a) showed high current densities of 3.13, 1.82, and 0.85 A cm™ at 650, 600, and 550 °C,
which is about 1.79, 1.54 and 1.41 times higher than the current densities achieved in the cell without
catalyst coating (Figure Sh), respectively. The excellent durability of the catalyst-coated LSCF air
electrode was further verified by testing single cells in the electrolysis mode for over 300 h in wet air

with 3 v.% H,O (Figure 5i) and over 100 h in humidified air with 50 v.% H,O (Figure S13).
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Figure 5. Morphology and performance of the catalyst-coated single cells. SEM images of a) Ni-
BZCYYb/BZCY Yb/catalyst-coated LSCF single cell, b) the catalyst-coated LSCF air electrode, c¢) the
Ni-BZCYYb fuel electrode. d) Typical current-voltage-power density (I-V-P) curves measured in the
FC mode at 500-650 °C suppling with humid hydrogen (97 v.% H, + 3 v.% H,0) and air to the fuel
electrode and air electrode, respectively; e) Comparison of P, of single cells with LSCF air
electrodes with and without catalyst coating; f) Temperature dependence of P, P of protonic
ceramic electrochemical cells using LSCF-based air electrodes reproduced from Ref. [46], Ref. [47],

Ref. [48], Ref. [49], Ref. [50], Ref. [51], Ref.[52] and Ref. [53] are added for comparison; g) The

current-voltage (I-V) characteristics in the EC mode at 500-650 °C with H, (3 v.% H,0) and air (30
v.% H,0) in the fuel and air electrodes, respectively; h) Comparison of electrolysis current densities
between two types of single cells at 1.3 V; 1) Durability tests in the electrolysis mode at current

densities of 0.5 A cm 2 and —1 A cm > with H, (3 v.% H,0)/air (3% H,0) .
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DFT calculations are a powerful tool for revealing the molecular/atomic level mechanisms of

electrode processes. For example, the electro-catalytic processes on BCO nanoparticles have been

26,36,54]

investigated in previous studies,' suggesting that the surface diffusion of dissociated oxygen

pt

ecies is sufficiently fast on BCO nanoparticles. In this work, we performed DFT calculations to gain
e insight into the reversible ORR/OER on PBC surfaces. Figure 6 shows the energy profile for the OER
from the left to right and the ORR from the right to the left on PrCoO-terminated (110) surface since
its surface energy is slightly lower than that of the BaCoO-terminated (110) surface (Figure S14-
S15). In the electrolysis mode, the OER process includes the following steps: H,O adsorption, the
dissociation of H,O to *OH and to *H (the symbol * means that the species are adsorbed on the
surface), the dissociation of *OH to *H and *O, the combination of two *O to *O,, and the desorption
of *O, from the surface to free O, molecule. The adsorption of H,O and the dissociation of H,O are
spontaneous. In comparison, the dissociation barrier of H,O on LSCF(001) surface is 0.17 ¢V. The
barrier for *OH dissociation is 0.58 eV on PBC surface, which is much lower than the barrier energy
of 1.19 eV on LSCF(001) surface,”® indicating higher activity of the dehydrogenation kinetics of
PBC over LSCF. The surface migration barrier for *H is found to be ~0 V, which facilitates the
transport of proton from the proton-conducting electrolyte to the air electrode surface and vice versa.
The combination of *O to O, requires 0.61 eV, but the rate-determining step is the desorption of O,
from the surface, which has an energy barrier of 1.63 eV. For the ORR process, the rate-determining
step is the desorption of H,O, which has an energy barrier of 1.04 eV. The desorption energy may
decrease largely as the coverage of adsorbed species increases, which means the practical OER or
ORR barrier should be much lower than the computed values. The energy barrier of ORR on PBC
surface (1.04 eV) is lower than that on LSCF(001) surface (1.30 ¢V).*® Overall, the low proton
surface diffusion barrier and the low dissociation energy for H,O and O, facilitates largely the OER

and ORR kinetics on PBC surfaces. Figure S16 also provides an alternative OER/ORR mechanism on

Author Manuscr

the surface of Prg;5Bag,5Co0O; with PrCoO-(110) exposed to surface involving *OOH. For the ORR

process, the existence of *OOH does not have any impact on the energy barrier and rate-determining
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step (the desorption of H,0O). But for the OER process, the dissociation energy of *OOH is 2.01 eV,

which means that this process is kinetically unfavorable for the OER process.
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Figure 6. The predicted OER/ORR mechanism on the surface of Prgy;5Bag,sC00;s. The red, white,
blue, and light green balls represent O, H, Co, and Pr atoms, respectively. The OER process including
the following steps: H,O adsorption, dissociation of H,O to *OH to *H (where * means that the
species are adsorbed on the surface), the dissociation of *OH to *H and *O, the combination of two
*0O to *O,, and the desorption of *O, from the surface to free O, molecule. The ORR process is the
reverse process of OER from the right to the left. The energy for each step is marked in black for the
OER process and red for the ORR process. The structure of the TS state for *OH dissociation is
placed nearby. The bottom atomic structures show the configurations of *H,O, *H+*OH, *OH,

*0O+*H and *O,, respectively.

3. Conclusion

In summary, both the electrocatalytic activity and stability of the state-of-the-art LSCF air
electrode in high humidity have been dramatically enhanced by the application of a
conformal PBC thin film coating decorated with exsolved BCO nanoparticles. The high
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electrocatalytic activities for ORR and OER as well as the excellent stability of the catalyst-
coated LSCF air electrode have been demonstrated in both symmetrical cells and BZCYYDb
electrolyte-based reversible cells. Electrochemical measurements and DFT calculations
dicated that the fast OER and ORR kinetics of the catalyst-coated air electrode was
attributed to the fast kinetics of surface oxygen exchange, low proton surface diffusion
barrier, and the low dissociation energy for H,O and O,. The novel air electrode and the
catalyst coating approach are attractive for intermediate-to-low-temperature R-PCECs, and
other types of energy conversion and storage systems, including low-temperature O-SOCs

and metal-air batteries.

4. Experimental Section
4.1 Preparation of the catalyst solution

The nitrate solutions for surface modification of LSCF electrode via infiltration were prepared by
dissolving metal (Me) nitrate precursors, Me(NOj), (or its hydrate), in distilled water with a
concentration of 0.1 mol L. The raw materials, including Pr(NO;);:6H,0 (99.9%, Alfa-Aesar),
Ba(NOs), (99%, Alfa-Aesar), and Co(NOs), 6H,0 (99%, Sigma-Aldrich) were used as metal sources.
Stoichiometric amounts of nitrates for a predetermined target composition of PrysBaysCoO;; were
dissolved in a mixed solvent (volume ratio of water to ethanol is 4:1). Glycine and polyvinyl

pyrrolidone (PVP) were added as a complexing agent and a surfactant, respectively.
4.2 Fabrication of symmetrical cells and single cells

SDC electrolyte-based symmetrical cells instead of the BZCY Yb-based cells were used for most
investigations of the air electrodes and catalysts since the degradation of BZCYYDb in high
concentration of steam may affect the evaluation of the stability of air electrodes. The SDC

electrolyte-based symmetrical cells with a configuration of LSCF/SDC/LSCF were fabricated as
This article is protected by copyright. All rights reserved.
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described in a previous study.[45 ! (Lag.6Sr9.4)0.05C092Fe0 3055 (LSCF-P, SKU: 121205, surface area: 5.8

m’ g'l) powder purchased from FuelCellMaterials Inc. was used as received. BaZry1Ceq7Y0.1Ybo10:.5

{

(BZCYYD) electrolyte-based symmetrical cells with a configuration of LSCF/BZCYYb/LSCF were

P

repared by screen printing the LSCF ink, composed of LSCF powder (Fuel Cell Materials, US) and

NUSCI

terpineol (6 wt.% ethyl cellulose), onto both sides of a dense BZCYYD pellet. The BZCYYD pellets
were fabricated by dry pressing grounded BZCYYb powder with 1 wt.% NiO into discs and sintering
at 1450 °C for 2 h. BZCYYb powder was fabricated by a solid-state reaction process. Stoichiometric
amounts of BaCQO;, ZrO,, CeO,, Y,0;, and Yb,0; (Aldrich Chemicals) were mixed by ball milling at
400 rpm for 4 h in ethanol, followed by drying and calcining at 1100 °C for 12 h in air. The ball
milling and calcination process was repeated until the desired electrolyte phase purity was obtained.
SDC/BZCYYb electrolyte-based symmetrical cells were co-fired at 1080 °C for 2 h to form the
porous LSCF backbone with an active area of 0.28 cm”. Then, a proper amount (5/10/15/20 pL) of the
catalyst precursor solution was infiltrated into the as-prepared LSCF electrodes, followed by firing at

800 °C in air for 2 h.

Single cells with the configuration of LSCFIBZCYYDb|Ni-BZCYYDb were fabricated as described
in a previous study.” The anode-supported bi-layer structures (BZCYYDbNi-BZCYYb) were
fabricated by co-tape casting the supporting and function layers of Ni-BZCYYb and a layer of
BZCYYb electrolyte. This was followed by co-sintering the green tape in air at 1400 °C for 5 h. The
single cells were formed by screen printing the LSCF ink onto the electrolyte surface of the bi-layer
and then calcining at 1080 °C for 2 h. The catalyst was fabricated by infiltrating 15 pL (~7.5 wt.% of
the LSCF backbone) precursor solution into the LSCF electrode (active area = 0.28 cm?) and then

firing at 800 °C for 2 h in air.

4.3 Electrochemical measurements and DRT calculation

Author Ma

The area specific resistances (ASR) of air electrodes were measured using two pieces of silver
mesh as current collectors on both sides of a symmetrical cell from 500 °C to 750 °C at a temperature

interval of 50 °C. Polarization resistances of the electrodes of the symmetrical cells were determined
This article is protected by copyright. All rights reserved.
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from the impedance spectra, the difference in the intercepts with the real axis at low and high

frequencies.

Electrochemical impedance spectra were acquired using a Solartron 1255 HF frequency response
nalyzer coupled with an EG&G Princeton Applied Research (PAR) potentiostat (model 273A) in the
frequency range from 1000 kHz to 0.01 Hz. The amplitude of the applied AC voltage is 10 mV. [-V
curves of the single cells operated in the FC mode and EC mode were obtained at 500 °C to 650 °C
with the fuel electrode and air electrode fed with wet H, (3 v.% H,0) and humidified air (0/3/30/50 v. %
H,0), respectively. The water content in air of inlet at the air electrode was controlled by passing air
through a temperature-controlled bubbler. Voltage-time (V-t) curves of the cells were monitored using
a multichannel Arbin electrochemical testing system. ECR measurements were recorded using a four-
probe DC method at 650 °C to 750°C. The constant current was supplied by a PAR galvanostat and

the voltage was recorded using a Keithley meter (Model 2700).

The DRT was calculated using the Tikhonov regularization approach without using a

15531 The algorithm treats the

regularization parameter, which was developed in our previous studies.
“regularization parameter” as an unknown variable varied with frequency, and resolves the

distribution of regularization parameter with the DRT at the same time. This algorithm is capable of

eliminating the pseudo peaks and capturing discontinuities in the DRT."®!

4.4 Characterizations

The morphology of the air electrodes and the cross-sectional views of single cells were
characterized using a scanning electron microscope (SEM, Hitachi SU8010). TEM images and bright-
field scanning TEM images were acquired using a FEI Tecnai F30 super-twin TEM with super twin
objective lens and field-emission-gun operating at an acceleration voltage of 300 kV. A Gatan
OneView camera was used to record the HR-TEM images. The EELS spectra were recorded by a

Gatan GIF system (Tridiem 863 UHS). The XRD patterns were collected from an X'Pert Alpha-1
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diffractometer (Cu Kal radiation, A = 1.5406).

4.5 Computational method

To gain some insight into the mechanism of the air electrode reactions, DFT calculations were
performed. The Cambridge Sequential Total Energy Package (CASTEP) with the ultrasoft plane wave
pseudopotential was employed for the calculation under the spin-polarized generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. A
Pry75sBag,2sCo03 conventional crystal cell with a space group of Pnma was used to simulate the
conformal catalyst coating. A kinetic energy cutoff for a plane wave basis set of 420 eV, and
Monkhorst-Pack meshes with the (3 x 2 x 3) and (1 x 2 x 1) were used for surface and bulk
calculations, respectively. For the surface calculations, the (110) surface models with an atom
composition of (Prg75Bag,5C00s)s were built and the first three layers were allowed for relaxation.
Slabs were separated by a vacuum space of 15 A to avoid any interactions between slabs and the self-
consistent dipole correction was applied. The adsorption energy (£,,) of O, and H,O on a surface was
calculated by E,;, = E[M-surface] — (E[surface] + E[M]), where E[M-surface] and E[surface] are the
predicted electronic energies for an adsorbed species on a surface and its bare surface. E[M] is the
calculated energy of O, or H,O. For the adsorption of other species such as O, H, OH and OOH, the
isolated reference states are 1/20,, 1/2H,, H,O-1/2H, and 2H,0-3/2H,, respectively. Surface or bulk
diffusion barriers of E,,is the migration barrier of an oxygen ion or proton on surface or through bulk
phases. E,, was determined by transition state search based on the complete Linear Synchronous

Transit (LST)/Quadratic Synchronous Transit (QST) method.
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A multiphase catalyst-coated LSCF air electrode is developed for reversible protonic ceramic
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electrochemical cells, demonstrating exceptional activity and excellent stability against H,O. The high
performance of the air electrode is attributed to the high rate of surface oxygen exchange, fast surface

proton diffusion, and the rapid H,O and O, dissociation on the catalysts.

Yinghua Niuf, Yucun Zhout, Weilin Zhang, Yanxiang Zhang, Conor Evans, Zheyu Luo, Nicholas
Kane, Yong Ding, Yu Chen, Xuyun Guo, Weigiang Lv*, Meilin Liu*

Highly Active and Durable Air Electrodes for Reversible Protonic Ceramic Electrochemical

Cells Enabled by An Efficient Bifunctional Catalyst

Fuel cell mode Electrolysis mode
Air electrode: O (g) + 2H" + 2 — HyO{g) Adr electrode: Hy Ofg) — 05 (g) + 2H" +2e

Electrolyie H*

_Fuel electiogde

Fuel cell mode I Coated 7 44 [ Electrolysis mode B Coated
20| I Bare E i B Bare
e 30t
R, < 25
5 z
E 12 E 2.0 F
fos} o 16)
o E 1.0
od | =
5 05
0.0 Y o0
B50 600 550 650 00 550
Temperature (“C) Temperature (*C)

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/aenm.202103783.

This article is protected by copyright. All rights reserved.

BSUSO17 SUOWILLOD BAIRRID 3|t jdde ay) Ag pausenob afe Sapie VO ‘38N JO S3JNI 10 ARIq1T 3UIIUO AB]IA UO (SUOIPUOD-PUE-SWLBIALOD"AB| 1M AReq)1BU1IUO//ST1Y) SUORIPUOD PLE SLUIB L U1 39S *[£202/60/90] UO A%eiqi8ulUO AB|IM ‘UOTIEWIOJU| [BIIULDS L PUY D1JHUBIOS JO 80140 Ad £8/E0TZOZ WUUSE/Z00T OT/10p/W0d Ao 1M Aseiq1jpul|uoy//sdiy Wwouy papeojumod ‘2T ‘2202 ‘0r89yTIT


https://doi.org/10.1002/aenm.202103783
https://doi.org/10.1002/aenm.202103783
https://doi.org/10.1002/aenm.202103783

