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widespread commercialization is mainly limited by the challenges of oxygen electrodes due to
the slow oxygen reaction kinetics and poor durability. In this study, we first enhance the
reaction activity and surface stability of a double-perovskite PrBaCo20s+s(PBC) oxygen
electrode by employing a fluorite-based Pro.1Cep 902+5(PCO) catalyst coating. The PCO-coated
PBC(PCO-PBC) oxygen electrode shows a much-reduced area-specific resistance of 0.096
Qcm? and good performances on a fuel-electrode supported single cell at 650 °C, displaying a
typical peak power density of 1.21 Wcm (fuel cell mode) and a typical current density of 2.69
Acm at 1.3 V (electrolysis mode) with reasonable faradaic efficiencies and durability. PCO
coating has significantly improved the surface exchange process, facilitated ion diffusion, and

suppressed the Ba-segregation of PBC, as confirmed by the electrochemical and TEM analyses.

1. Introduction

With the urgent demand for low-carbon emissions, green hydrogen production technology
has attracted extensive attention recently[1]. Compared with the traditional hydrogen
production from the reforming and/or cracking of hydrocarbons, water electrolysis can produce
hydrogen with much fewer impurities, avoiding other pollutions and potentially achieving zero
carbon emission[2]. Among the emerging technologies for water electrolysis, solid oxide
electrochemical cells (SOEC) have demonstrated great potential for high conversion efficiency
and power density, fuel diversity, safe, modular assembly, and zero pollution[3, 4]. Particularly,
as highly efficient storage and energy conversion devices, reversible protonic ceramic
electrochemical cells (R-PCECs) have become one of the most promising technologies for
electric power generation in fuel cell (FC) mode, and hydrogen production from water
electrolysis in electrolysis (EL) mode. Since steam is provided to the oxygen electrode side,
additional hydrogen purification and the risk of Ni oxidation by a high concentration of steam

in the fuel electrode can be potentially avoided[5].
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However, the poor durability of oxygen electrodes, most likely caused by the undesired
reaction of oxygen electrodes and steam, greatly hinders the further application of R-PCECs,
more so at lower temperatures[6]. Furthermore, the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) in FC and EL modes, respectively, become more kinetically
sluggish and complex at lower temperatures[7]. The worse performance and durability of R-
PCEC are mainly caused by the polarization resistance increase of the oxygen electrodes, which
often suffer from undesired surface segregation and/or surface structural deterioration[8]. To
address these issues, oxygen electrodes with good long-term durability at a low cost are urgently
needed.

Developing from highly active but unstable barium cobalt oxides materials, A-site cation-
ordered, such as LnBaCo0.0s+s (PBC)-based perovskites (Ln= lanthanide) have demonstrated
great electrochemical performance and remarkable electrocatalytic activity of ORR and OER
[9], following the order of Pr > Gd > Nd > Sm > La > Y[10]. The activities and stabilities of
the double-perovskite, including lattice oxygen and OER, have been systematically investigated
in the PrBaCo20s+s family[11, 12]. Recently, great efforts have been made to unravel the
mechanism of water splitting and the development of electrocatalyst materials[13]. Especially,
PBC oxygen electrodes show variable structures and properties when the elemental doping is
tuned[14]. For instance, PrBao.sCao2C0,0s-+5 with Ca doping demonstrated a low polarization
resistance (~0.24 Q cm? at 600 °C) and great stability in humidified air with water content as
high as 50%][15]. Bi-functional PrBaooCo01.96Nbo.04Os+s material exhibited impressive cell
performance  while maintaining excellent stability[16]. A double perovskite
PrBaCo1.6Feo2Nbo20s:s (PBCFN) backbone covered by PrBaCoisFeo2Nbo2xOss (Nb-
deficient PBCFN) nano-particles, also exhibited high activity and durability in both FC and EL
modes[7]. However, the PBC perovskite oxide materials often suffer from surface segregation
(such as the formation of Ba-enriched surface clusters)[17], further causing slow kinetics and

poor stability under high concentrations of H20O in the electrolysis mode[18].
3
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Surface modification of oxygen electrodes is one of the most effective methods to improve
electrochemical activity and stability[19]. For example, Pei et al. applied barium cobaltite
coatings on Lag.eSro.4Coo.2Feos0s+5 (LSCF), which displayed a strengthened performance and
durability of the oxygen electrode in the environment of chromium pollution and high
concentration of CO2[20-22]. Bi et al. infiltrated SmosSrosC0035 (SSC) and PBC nano-
particles into the BZY skeletons at the oxygen electrode side, showing an excellent power
density at low temperatures[23]. Li et al. infiltrated Yo.25Bi0.7501.5 (YSB) into LSCF to achieve
lower interfacial polarization impedance[24]. Chen et al. reported a dual-phase catalyst of
PrNiosMnosO3 (PNM) perovskite conformal layer with ex-soluted fluorite PrOx particles,
displaying a low Ry of 0.052 Qcm? and remarkable FC testing stability at 700 °C[25]. Niu et al.
introduced a Pri—xBaxCo00;-5 thin film with ex-soluted perovskite BaCoOs-s nano-particles for
LSCF oxygen electrodes of R-PCECs, which demonstrated superior electrochemical
performance[26].

The oxygen electrode of R-PCECs is exposed to the air with a high steam concentration in
the process of electrolyzing water to produce hydrogen. This situation requires the oxygen
electrode catalyst to have good durability in a high concentration of steam. However, perovskite
materials may suffer from a long-term degradation issue due to the possible interaction of
cations with steam at high temperatures. Therefore, the relatively stable fluorite-based Ceria
doped with praseodymium oxides (PCO) material is chosen as the surface coating to enhance
the durability of R-PCECs. PCO with a fluorite structure has shown good catalytic performance
because of the mixed ionic-electronic conductivity, well-described ion/electron transport
properties, and stability over limits of temperature and oxygen partial pressure[27]. In this work,
we report our finding in improving the activity and durability of an oxygen electrode
PrBaCo20s+5 (PBC), enabled by a PCO catalyst coating. The cell with PCO-PBC oxygen
electrode demonstrated high oxygen reaction activity and excellent durability under wet air at

650 °C (typical R-PCECs operation conditions). PCO coating on the PBC surface can provide
4
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more reaction sites and prevent the segregation of Ba, which enhance the activity and durability
of power generation and hydrogen production. When the PCO-PBC oxygen electrode is applied
on a Ni-BaZro.1Ceo7Y0.1YDb0.1035 (Ni-BZCYYb)-supported single cell, the cell delivers high
performance at 650 °C, e.g., a typical peak power density of 1.21 Wem™ in FC mode and a

current density of 2.69 Acm? at 1.3 V in EL mode.

2. Experimental
2.1 Fabrication of symmetrical cells, PCO catalyst coatings, and single cells:

To evaluate the effect of PCO catalyst coatings on the electrochemical performance of
oxygen electrodes, we have fabricated symmetrical cells with a dense BaZro.1Ceo.7Y0.1Yb0.103-
5 (BZCYYDb1711) electrolyte and porous PBC oxygen electrodes (on the two sides of
BZCYYb1711). PBC powders were synthesized by the solution combustion method.
BZCYYDb1711 was fabricated via a solid-state method. To be more specific, BaCO3, ZrOo,
Ce02, Y203, and Yh203 (all purchased from Macklin) were mixed at a stoichiometric ratio.
Then the raw materials were added to a ball mill tank with a certain amount of ethanol. After
ball milling for 24h and drying overnight, the preliminary powder was pressed into a slice at 10
MPa and calcined at 1100 °C for 12h. The pressing and calcination procedures are repeated
twice to obtain a pure perovskite phase. Dense BZCYYb1711 pellets with a relative density of
~98% were mixed with 1% of NiO powder purchased from H2-BANK, then prepared by the
dry-pressing method, followed by firing at 1450 °C for 5 hours. PBC oxygen electrode was
prepared by screen printing a slurry onto both sides of the BZCYYb1711 electrolyte pellets.
The cathode slurry was made by mixing the PBC power and terpinol (with 5 wt% ethyl
cellulose) with a ratio of 1:0.8. The cells were then co-fired at 950 °C for 2 hours to form a
porous oxygen electrode (with an area of 0.28 cm?) on the dense BZCYYb1711 electrolyte.

Aqueous nitrate precursors for PCO were prepared by dissolving certain amounts of

nitrates into distilled water. Then stoichiometric amounts of glycine and polyvinylpyrrolidone
5
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(PVP) were added to the solutions as a complexing agent and a surfactant. The PCO catalyst
solution was then dropped on the PBC backbone using a micro-liter syringe and followed by
firing at 800, 900, and 1000 °C in the air for 2h. The catalyst loading is approximately 0.3 mg,
0.6 mg, and 0.9 mg per square centimeter deposited on the backbone. Electrochemical
impedance spectroscopy (EIS), distribution of relaxation time (DRT), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS) were used to study the evolution of interfacial polarization resistance (Rp),
morphology and structure of PBC and PCO-PBC.

The Ni-BZCYYD fuel electrode-supported half-cells were manufactured via a co-tape
casting process. The electrolyte slurry, functional layer slurry, and Ni-BZCY'Yb fuel electrode
slurry were successively cast onto the polymer film. 15 hours of drying in ambient air were
needed to make sure the tape was dry thoroughly. Then the green tape was punched into pellets
(about 15mm in diameter) and pre-heated at 600 °C for 2 hours to obtain sufficient mechanical
strength. An extremely slow heating rate of 0.5 °C per minute was applied to remove the
organics in the tape slowly. Finally, the pre-heated pellets were calcinated at 1450 °C for 5
hours to form fuel electrode-supported half cells. For the single cell, the PBC oxygen electrode
was applied onto the electrolyte of half cells through a screen-printing method. The PBC screen-
printing ink was prepared by mixing PBC powder and terpinol (with 5 wt% ethyl cellulose)
with a ratio of 1:0.8 after the ground for one hour in an agate mortar. The anode-supported cells

were then mounted on an alumina tube with Ceramic bond 552.

2.2 Electrochemical testing:

The X-ray diffraction (XRD) pattern was detected with the Bruker D8 advance (Germany
Bruker) instrument under Cu Ka radiation (A=0.15406 nm). The SEM images were detected by
scanning electron microscopy (SEM, Hitachi SU8010, Japan). The fuel cells’ performance was

evaluated by testing cells with 3% H>O humidified hydrogen in the fuel electrode and ambient
6
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air in the oxygen electrode. The electrolysis cell performance was evaluated by testing cells
with 3 vol.% H>0 humidified hydrogen in the fuel electrode and 3 vol.% H.O humidified air in
the oxygen electrode. The humidity of 3 vol.% is controlled by flowing the gas through a water-
bubbler at room temperature (about 25 °C). For most of the tests, button cells with an effective
area of 0.28 cm? were used.

For the FC mode test, the fuel electrode was exposed to 30 mL min humidified H (3
vol.% H20) and the oxygen electrode was exposed to ambient air. For the EL mode test, the
fuel electrode was fed with 30 mL min humidified H, (3 vol.% H20) and the oxygen electrode
was exposed to 40 mL min* humidified (3 vol.% H,0) air. The steam concentration was
controlled by a humidification system (LC-100, HP Pump). Faradic efficiencies (nr) were
measured based on the ratio of the experimental and theoretical hydrogen generation amounts
at fixed current densities. 45 mL min™ 10 vol.% H,-90 vol.% Ar, was fed to the fuel electrode
and 100 mL min humidified air was fed to the oxygen electrode. Gas chromatography was
used to monitor the hydrogen concentration in the fuel electrode, which was used to calculate
the amount of actual hydrogen generated. The silver wires related to the fuel electrode and
oxygen electrode with help of silver paste to collect the current. The current density-voltage
curves, as well as impedance spectra of single cells, were measured using an electrochemical

potentiostat (PARSTAT MC 200) at temperatures of 600-700 °C.

3. Results and discussion

3.1. Electrochemical activity, Chemical stability, Phase structure, and Morphology of PBC and

PCO-PBC oxygen electrode
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Figure 1. (a) The ASR of a bare PBC electrode and a PCO-PBC electrode at a temperature range from 500
to 700 °C in wet air with 3 vol.% H20; (b) The ASR stability test of a bare PBC electrode and a PCO-PBC
electrode within 100 hours at 650 °C; (c) XRD patterns of as-prepared PCO (black), PBC (blue), and mixed
PCO-PBC (mass ratio of 1:1) powders (red) after calcining at 900 °C for 2 h in the air; In situ XRD patterns
of PBC (d) and PCO-PBC (e) powders operated under wet air (3 vol.% H,0) at 600 °C for 6 h; the data were

collected every 30 min.

Shown in Figure 1a is the typical ASR temperature dependence of the bare PBC and PCO-
PBC oxygen electrode, by measuring the symmetrical cells in the configuration of electrode |
electrolyte | electrode in wet air with 3 vol.% H20 at 650 °C. The mass loading of PCO and
firing condition was optimized to be 0.6 mg cm™ and 900 °C (the details of performance under
other conditions are shown in Figures S1, and S2 and summarized in Table S1). The R values
of the PCO-PBC oxygen electrode are 0.037, 0.214, and 1.751 Qcm? at 700, 600, and 500 °C,
respectively, which are much lower than those of the bare PBC oxygen electrode (0.078, 0.507,
and 3.996 Qcm? at 700, 600, and 500 °C, respectively). Figure 1b shows the short-term (100

8
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hours) durability of symmetrical cells (of bare PBC and PCO-PBC) at OCV conditions in wet
air at 650 °C. Rp of bare PBC increased dramatically in the first 50 hours and continue to
increase afterward. While the Rp of PCO-PBC remained to be ~0.10 Qcm™, which suggests that
PCO catalysts can enhance the durability of PBC oxygen electrodes in wet air. The optimization
of the cation molar ratio in PCO catalyst is based on the performance and stability evaluation
of Rp, as shown in Figure S3. During the short-term testing at 650 °C under flowing air with 3
vol.% H,0, the R, of the CeO2-5-PBC oxygen electrode can be reduced to ~0.10 Qcm? initially,
but then increased to ~0.14 Qcm? at 100h. The Pro2CeosO2-5 catalyst can obtain ideal stability,
however, the initial Rp of Pro2Ceo0,-s-PBC increased to ~0.13 Qcm?,

Figure 1c shows the XRD pattern of as-prepared PCO (black), PBC (blue), and mixed
PCO-PBC powders (red) after being calcined at 900 °C for 2 h in the air. The mixed powder
only shows the peaks from PCO and PBC, suggesting that no observable reactions occurred
between PCO and PBC under typical operating conditions. The powder of PBC also showed
good compatibility with BZCY'Yb electrolyte after being fired at 1000 °C (Figure S4). In situ
XRD examination of PBC was carried out in wet air at 600 °C, which indicates the steam-
induced structure expansion of the PBC electrode under high temperature (Figure 1d and
Figure S5a). The slightly structural change was likely caused by the lattice expansion during
the exposure at 600 °C to wet air[28]. When interacting with water, parental PBC grains may
have some surface elements segregation, as the main peak (20 = 33°) in XRD shifted as a
function of time at 600 °C in wet air. However, the peak position of PCO-PBC can remain
stable, suggesting that the lattice of PCO-PBC is not changing in steam, and surface enrichment
may not be formed (Figure 1le and Figure S5b). In contrast, the composite electrode composed
of PCO and PBC shows almost no lattice expansion, due likely to the fact that the PCO coating
on the PBC surface would block the direct contact between water vapor and the PBC oxygen
electrode. The water vapor would preferentially react with the Ce and inhibit the precipitation

of Ba, thus maintaining the perovskite crystal structure of PBC.
9



©CO~NOOOTA~AWNPE

100 nm|f:

pmeam 1000 100 nm

Figure 2. High-angle annular dark-field (HAADF) STEM micrograph of PCO-PBC grains, including (i)
PCO and (ii) PBC: details of the yellow squared regions, HRTEM image from the PCO and PBC powder
and the corresponding power spectra indexation; and the X-ray energy dispersive spectrum mapping include

Ce, Pr, Ba, Co, and O.

Shown in Figure 2 are the HAADF STEM images of PCO-PBC powder after being
operated under wet air (3 vol.% H>0) at 600 °C for 100 h. The lattices in the red squared region
(i) of Figure 2 are assigned to the PCO phase. Details of the yellow squared region image from
the PCO-PBC powder and the corresponding indexed power spectrum indicate that Figure 2-i
nanoparticle has a crystal phase (space group of Fm3m) matching with the Pro.1Ce.9O> cubic
phase with a=b=c=5.4434 A. From the selected crystalline domain (squared in orange) we
obtain the corresponding power spectrum (fast Fourier transform (FFT)). The selected

frequencies (spots) measured in the reciprocal space are equivalent to lattice fringe distances of

10
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0.310 nm, 0.322 nm, and 0.275 nm, at 70.0° and 52.2°, which can be attributed to the (1-11),
(1-1-1) and (002) planes of the cubic Pro.1Ceo 902 crystal phase, visualized along its [110] zone

axis, as shown in Table S2. While the frequency spots measured in Figure 2-ii power spectrum

are corresponding to the (020), (11-2), and (10-2) planes of PBC, respectively. Indexed power

spectrum and other corresponding details in the yellow squared region reveal that Figure 2-ii
selected nanoparticle has a crystal phase that could be in agreement with the PrBaCo20s 49
tetragonal phase (space group = P4/mmm) with a=b= 3.9554 A, ¢= 7.7070 A. From the power
spectrum obtained on the selected crystalline domain, the PrBaCo20s 49 frequencies measured
correspond to lattice fringe distances of 0.199 nm, 0.229 nm, and 0.277 nm, at 56.1° and 91.7°
which could be interpreted as the cubic PrBaCo20s .49 phase, visualized along its [201] zone
axis, as shown in Table S3. HRTEM micrographs in Figure 2 revealed that the shell covering
the PBC grains is composed of PCO crystals. This is further confirmed by the high-angle
annular dark-field (HAADF) STEM image of PCO-PBC powder with the corresponding X-ray
energy dispersive spectrum (EDX) elemental analysis. Figure 2 shows the EDX mapping for
Ce, Pr, Ba, Co, and O elements, demonstrating that Ce is mainly found at the surface (shell)
crystals. All these results demonstrate that the surface of PBC powder is covered by PCO grains.
In contrast, the HRTEM image of PBC grains treated under 3 vol.% H>0 at 650 °C after 100 h
showed that BaCOs nanoparticles were segregated on the surface of PBC (PrBaCo20szs2)
nanocrystals. According to HRTEM analysis (Table S3), the presence of the PCO-PBC phase
in our samples, which presents more oxygen vacancies than the PBC (PrBaCo20s ;) crystal

phase, indicates improved ORR performance of PCO-PBC.

3.2. Distribution of relaxation time (DRT) analyses
For understanding the details of the evolutions of detailed electrochemical processes on

bare PBC and PCO-PBC under wet air conditions at 650 °C, the EIS of electrodes was analyzed

11
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carefully via the distribution of relaxation time (DRT). The DRT plots (Shown in Figures 3a
and 3b) and the EIS (shown in Figure S6) of bare PBC and PCO-PBC were carefully tested

and calculated under different oxygen partial pressure (po2).
The oxygen reduction/evolution reactions can be divided into different elementary

reaction steps by Matlab calculation; the polarization resistance (Rp) that occurred on the

oxygen electrode of each elementary reaction step can be attributed to the areas of DRT plots
peaks. The Ry of each process is proportional to poz, following the equation of Ry=k(po2)™.
Figure 3c and 3d show the function of different po2 and the Ry in different frequency bands
(marked as Low Frequency: green LF- P1, Intermediate Frequency: red IF- P2, and High
Frequency: blue HF- P3) at 650 °C for bare PBC and PCO-PBC, respectively. The n value for
LF- P1, IF- P2, and HF- P3 denoted near three color lines correspond to the different elementary

reactions, shown in Table S6. As the details shown in Figure 3c, the green line n.r of bare PBC

is 0.442, which is close to %s). It means that P1 (LF) is corresponding to an oxygen dissociation

process (Oad +€ — Oad), closely associated with the surface exchange and ion diffusion
process[29]. The red line nir of 1.184 (close to 1) may suggest that P2 (IF) is related to the gas
diffusion process that occurred on the surface of bare PBC (O2() — 20ad)[30]. Shown in Figure
3d are the DRT details of PCO-PBC under different po2. Similarly, the n.r of PCO-PBC is
0.206, which indicates that green line P1 (LF) is likely corresponding to the oxygen dissociation
that occurred in the interface between PCO and PBC (Oad” — Ouatiice’,) and on the surface of
PCO (Oad +&" — Oag same with that of PBC). The impedance at LF of PCO-PBC is much lower
than that of bare PBC. While the nir of P2 (IF) is 0.934, closely associated with the PCO-PBC
oxygen electrode surface gas diffusion process (O — 20ad). The P1 and P2 processes of
PCO-PBC include the corresponding processes of PBC bulk and PCO coating promotes the

reaction rate on the oxygen electrode surface, thus promoting the reaction rate on the oxygen

12
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electrode surface. With the PCO on the PBC surface, the detailed reactions on the hetero-
structured electrode may become complex. It is reasonable to see the different assignments; P1
and P2 in the two different materials may represent different processes. At the high-frequency
range (around 10* Hz), both blue lines of bare PBC (0.087) and PCO-PBC (0.071) are close to
zero, which is insensitive to poz, only the O% transfer across the electrode/electrolyte interface
is related to this situation[31]. The rate-determining steps for both bare PBC and PCO-PBC

oxygen electrodes were summarized in Table S7.
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Figure 3. Influences of oxygen partial pressure (po2) based on the DRT calculations of (a) Bare PBC and (b)
PCO-PBC cathode evaluated at 650 °C; Dependence of po2 on the resistance of each frequency range (Low

Frequency: LF-P1, Intermediate Frequency: IF-P2, and High Frequency: HF-P3) for bare PBC(c) and PCO-
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PBC (d); Testing time evolution of the DRT curves of bare PBC (e) and PCO-PBC (f) at 650 °C under a
flowing wet air with 3 vol.% HO.

Shown in Figures 3e and 3f are the comparison of DRT details with the bare PBC and
PCO-PBC oxygen electrodes based on symmetrical cells, changing over the testing time in a
flowing wet air with 3vol.% HO. It is clearly shown that the R, of the bare PBC oxygen
electrode in the LF (P1) (oxygen dissociation process) and IF (P2) (surface exchange and ion
diffusion process) are the source of the obvious increase of total Ry during the attenuation in
humid air for a period of 100 h. The increased R.r and Rir should be attributed to the Ba particle
segregation and coarsening issue, which block the active sites for surface oxygen reactions and
limited the mass transfer process. While by surface modification of PCO, the areas of the P1
(LF) and the P2 (IF) were dramatically remain unchanged, indicating that both the surface
exchange and ions diffusion) of PCO-PBC have been enhanced and stabilized.

The electrochemical behavior evolution of symmetrical cells was studied extensively
under a different partial pressure of water (pr20) with 3 vol.%, 10 vol.%, 20 vol.%, and 30
vol.% H»0 steam at 650 °C for bare PBC and PCO-PBC, respectively, as shown in Figure S7.
With the increase in water pressure, the medium frequency (IF) impedance will increase. The
PCO-PBC oxygen electrode can maintain stable performance under 30 vol.% H.O steam at 650
°C, while bare PBC can only maintain below 20 vol.% H»O steam at the same condition. Shown
in Figure S8 is the electrochemical performance (at 650 °C) of single cells with oxygen
electrodes of bare PBC and PCO-PBC, respectively when the oxygen electrode is exposed to
the air with 3 vol.%, 10 vol.%, 20 vol.%, and 30 vol.% H>O steam. Single-cell with PCO-PBC
oxygen electrodes showed good stability and high electrochemical performance even under 30
vol.% H20 steam content (as shown in Figures S8b and S8d). However, a single cell with a
PBC oxygen electrode showed a significant performance drop when tested in the air with 10

vol.% and 20 vol.% H2O (as shown in Figures S8a and S8c). Therefore, it may suggest that the
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PCO catalyst can protect the surface chemistry and structural stability of the PBC oxygen

electrode under high concentrations of H2O.

3.3. Electrochemical performances and surface morphology of a PCO-PBC oxygen electrode
on a fuel cell

Electrochemical impedance spectra (EIS) curves of the single-cell with PCO-PBC oxygen
electrode were evaluated from 700 to 600 °C with open-circuit voltage were shown in Figure
4a. The cell only showed a total resistance of 0.12 Qcm?, 0.19 Qecm? and 0.36 Qcm? at 700,
650, and 600 °C, respectively. Shown in Figure 4b are the I-V-P curves of the PCO-PBC single-
cell tested in the FC mode from 700 to 600 °C, under wet H: (3 vol.% H.O) worked as fuel and
ambient air as oxidant. The single-cell with the PCO-PBC oxygen electrode showed remarkable
peak power densities (Pmax) 0f 1.77, 1.21, and 0.87 W cm at 700, 650, and 600 °C, respectively,
which are much higher than that of bare PBC cell (1.57, 1.14, and 0.74 W cm at 700, 650 and
600 °C, respectively, Figure S9). A cross-sectional SEM image of the single cell (Figure 4c)
displayed a porous PCO-PBC oxygen electrode layer with a thickness of 30 um. The Pmax Of
our cells surpasses most of the previous performance of the protonic ceramic fuel cells (shown
in Table S8), as summarized in Figure 4d[25, 32-43].

The cell with PCO-PBC oxygen electrode showed excellent stability during the FC mode
at (J= -0.5 Acm™) testing, which retain 0.91V output voltage at 650 °C after over 100 hrs of
operation, while the cell with bare PBC electrode dropped from 0.93V to 0.87V (shown in
Figure 4e). Performance evaluation, including EIS and I-V-P curves, of the BZCYYb cells
with a bare PBC and PCO-PBC initial and 100 hours of durability tests are shown in Figure
S10. In addition, PCO-PBC shows higher activity than bare PBC, which might be caused by
the higher oxygen vacancy concentration of PCO-PBC than PBC alone[44, 45], as confirmed
by thermogravimetric analyses tested in the air from RT to 900 °C (Figure S11). The weight

loss between 25 °C to ~250 °C can be assigned to the desorption of H>O molecules[44, 45]. The
15
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continuous weight loss after ~250 °C was caused by the loss of lattice oxygen and the formation

of oxygen vacancy[44, 45]. The surface morphology changes of bare PBC and PCO-PBC

before and after the test (~100 hours) at 650 °C in humid air, as shown in Figure S12. It is

suggested that segregation behavior occurred on the surface of the PBC oxygen electrode after

100 hours of testing in wet air at 650 °C, and it may indicate that Ba elements were precipitated

from the electrode bulk (Figure S12d).
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Figure 4. The electrochemical performances of a fuel cell. (a) Typical EIS curves of the single-cell under

OCYV conditions with wet H. (3 vol.% H0) as fuel and the ambient air as oxidant, measured at 700, 650, and

600 °C, respectively; (b) Typical cell current density-voltage-power (I-V-P) curves of the single-cell tested

at 700 (black line), 650 (red line) and 600 (blue line) °C, respectively; (c) a cross-sectional SEM image of a
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single cell (Ni-BZCYYb fuel electrode supported) and the inserted SEM image of PBC oxygen electrode
covered by PCO film; (d) comparison of the peak power densities of fuel cells with other materials reported,
including PCO-PBC (this work); and (e) A short-term (100 hours) stability evaluation of the PCO-PBC and

PBC single-cell measures at the constant current density of 0.5A cm and 650 °C.

It is noted that a severe Ba element segregation was observed in PBC after being
operated under wet air (3 vol.% H»0) at 650 °C for 100 h, compared with the relatively
homogeneous Ba distribution in the initial PBC (Figure S13). The segregated BaO would cover
the active sites of PBC and result in a deterioration of ORR and OER performance. When PBC
was decorated with a PCO coating, no obvious Ba element segregation was observed (Figure
S14). The ratio of Co®*/Co*" in PCO-PBC (evaluated from the XPS spectrum) was kept stable
after the operation in wet air (from 1.25 to 1.29), while the Co**/Co*" ratio of PBC dropped
from 1.68 to 0.92 after the operation (Figure S15). A higher value of the Co®*/Co*" means that
there are more oxygen vacancies in the oxygen electrode, likely suggesting a higher ORR
activity, which is consistent with TEM results. Therefore, the PCO catalyst may keep the
ORR/OER activity of the PCO-PBC oxygen electrode. Without the protection of PCO, PBC
with BaCOs nanoparticles grown on the surface and fewer oxygen vacancies (than PCO-PBC)
under a water vapor environment become significantly deactivated, resulting in the significate
degradation of electrochemical performance.

3.4. Electrochemical performance and Faradaic efficiency of PCECs with PCO-PBC oxygen

electrode in electrolytic water and dual-mode.
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700, 650, and 600 °C, respectively with wet H; (3vol. % H»0) in the fuel electrode and wet air (3 vol. %
H20) in the oxygen electrode in EL mode; (b) comparison of various oxygen electrode cobalt-based
perovskite materials current densities, including PCO-PBC, tested at 1.3V from 700 to 550 °C; (c) Faradaic
efficiency of the cell at different electrolysis current density; (d) Stability test of the PCO-PBC single cell in
EL mode (J=0.5 Acm) at 650 °C; (e) Reversible operation at 650 °C of the PCO-PBC single-cell output
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Moreover, the single-cell with PCO-PBC oxygen electrode was also tested under EL and
reversible modes. Figure 5a shows the typical current density—voltage (I-V) curves of the cell
measured from 1.4 V to OCV (around 1 V) when the fuel electrode side was fed with wet
hydrogen (3 vol.% H20) and the oxygen electrode was exposed with a wet air (3 vol.% H>0).
The appreciable current densities of ~3.71, 2.69, and 2.09 A cm2 were achieved at 700, 650,
and 600 °C, respectively (1.3 V). A collection of various oxygen electrode cobalt-based
perovskite materials‘ current densities from proton conductor cell electrolysis cells at a voltage
of 1.3V at different operation temperatures were shown in Figure 5b and summarized in Table
S9. It is confirmed that PCO-PBC performance based on BZCYYb electrolyte cells is among
the best, especially at 650 °C[3, 42, 43, 46-50]. The faradic efficiency of our cells is determined
by calculating the ratio of the amount of H: detected to the theoretical H2 amount. Displayed in
Figure 5c¢ is the faradaic efficiency measured at various electrolysis current densities at 650 °C
in 3 vol.% H0 for hydrogen production. The electrolysis current density of 0.5 A cm™ is higher
than those with an electrolysis current density of 0.75 Acm™ and 1.00 Acm™. Because of the
existence of Ce and electron-hole conduction, the electronic conductivity will occur in the
BZCYYDb electrolyte at high current densities, resulting in the decrease of faradaic efficiency.
Short-term stability of PCO-PBC single cell showed a constant current density of 0.5 Acm-
2 in EL mode for 100 hs at 650 °C (shown in Figure 5d). Figure S16 displays the current
density-voltage (I-V) curves of the cell at the initial and 100 hours of the test, which are almost
the same. Moreover, a cycling test was operated, where the cell was running in dual modes of
FC and EL. Figure 5e demonstrates the cell voltage variation as a function of time when the
operation mode was switched at 650 °C between the FC and EL modes (2h for each mode) at
+0.5 A cm2. The cell exhibited a slight degradation (< 3.3x10* V-h™! and <1.7x10* Vh "t in FC
and EL mode, respectively) with 100 h and 25 cycles, demonstrating the high reversibility of

the cells with a PCO-PBC oxygen electrode.
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4. Conclusion

In summary, we constructed an active and durable shell on the surface of a perovskite-type
oxygen electrode PBC by infiltration of PCO for reversible protonic ceramic electrochemical
cells. Single cells with PCO-coated PBC oxygen electrodes exhibited enhanced performances
in both FC mode (e.g., a peak power density of 1.21 Wem at 650 °C) and EL mode (e.g., a
current density of 2.69 Acm™ at 1.3 V for water electrolysis at 650 °C). PCO catalyst-coated
PBC oxygen electrode exhibit enhanced stability in humid air at 650 °C, as confirmed by the
high temperature in situ XRD analyses. PCO coating has significantly facilitated the surface
exchange and diffusion, and suppressed the Ba-segregation of PBC, as confirmed by the
analyses of electrochemical impedance spectra, distribution of relaxation time, and TEM
analysis. The demonstrated design of surface engineering is highly attractive not only for R-
PCECs but also for other types of energy conversion and storage devices, including solid-state
batteries, supercapacitors, electrolytic water, electric reduction of carbon dioxide, and
photocatalysis.
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Highlights (for review)

e A catalyst coating of Pro1Ceo90,+5 (PCO) was coated on a PrBaC0,0s-5
(PBC) surface;

e PCO provides more reaction sites and prevents the segregation of Ba in
PBC,

e Assingle cell with a PCO-PBC electrode achieves high performances in dual
modes of fuel cell and electrolysis;

e The cell shows good cycling durability at a £0.5 A cm2 at 650 °C
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