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SUMMARY

Developing active and durable air electrodes for efficient oxygen reactions is challenging for protonic
ceramic cells (PCCs), especially at temperatures below 550 °C, due to the sluggish oxygen reaction kinetics
and insufficient structural stability in high humidity conditions. Here, we report a rational-designed conformal
coating with a high-entropy PrNio.2Mno.2Coo.2Fe02Cu0.2035 (PNMCFC) perovskite structure on the surface
of a state-of-the-art PrBaCo020s:5 (PBC) air electrode. The formed hybrid air electrode (PNMCFC-PBC)
shows faster surface oxygen kinetics and a more stable phase structure in high-humidity air than the bare
PBC electrode, as demonstrated by the electrical conductivity relaxations and surface composition
analyses. Further density functional theory (DFT) calculations suggest that the conformal coating can
mitigate Ba segregation at the interface and improve oxygen-related reactions, enhancing overall stability
and electrocatalytic performance. The cells with the developed hybrid electrodes show encouraging
electrochemical performance at 550 °C: a polarization resistance of 0.72 Q cm?, a peak power density of
1.30 W cm, an electrolysis current density of -1.36 A cm™ at 1.3 V, and reasonable operating stabilities
(~200 h at 550 °C). Our progress in this study offers valuable guidance for the design of next-generation
PCC air electrodes.
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INTRODUCTION

Energy conversion and storage technologies continuously innovate to establish a sustainable system
with a cheaper and more efficient energy supply.'* Among all types of technologies, reversible protonic
ceramic cells (PCCs) are one of the most efficient devices with excellent fuel flexibility, versatile
functionality, and emission-free power generation.>® However, their inclusion in competitive
commercialization requires further maturation on the operating temperature, cost, and lifetime.0-12
Reduction in operating temperatures often causes a dramatic increase in electrochemical resistance of cell
components, especially of air electrodes, due to the sluggish activation of oxygen exchange kinetics at low
temperatures.’*-'> More commercially viable attention has been drawn to electrodes with superior durability
against high-concentration steam and high activity for the oxygen reduction and evolution reactions (ORR
and OER) under realistic operating conditions of PCCs.

Managing the impact of humidity on the phase structure and catalytic activity became a key technical
direction for improving the durability and electrochemical performance of electrodes in PCCs.'%'® Many
state-of-the-art electrodes, such as Lao.eSro4Coo2FeosOss (LSCF),'® Bao.sSrosCoosFeo2035 (BSCF),2
PrBaCo20s+5 (PBC),2" and PrBao.sSro.5C020s+5 (PBSC),?? have demonstrated excellent mixed conductivity
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and fast ORR/OER kinetics whereas displayed dramatic performance degradations under the operating
conditions of PCCs (500-600 °C and high steam concentration). A steam-containing environment is
commonly encountered during the operation of PCCs, while steam-mediated phase segregations have
been recently reported near the surface of most Sr(Ba)-based perovskite oxides or electrode-electrolyte
interface.?>?* One modification strategy is essential for structural improvement against negative water-
mediated segregation. Sr (Ba)-free electrodes have been investigated as the first candidate for enhanced
stability in PCC, such as La(Ni, Fe)Os=s, nano-fiber Pr2NiO4, and CaszC04095.2%? The high- or medium-
entropy concept has been introduced to develop new electrode materials and architectures with good
resistance to steam.?’-?® Although the chemical system of those compounds becomes more and more
complicated,?® the durability of the high-entropy air electrode has been largely improved under realistic cell
conditions with high concentrations of steam.??%® A more facile and economical method for surface
modification is wet-chemical solution infiltration, which has been extensively utilized in electrocatalysis,
photocatalysis, membrane reactors, and fuel cells.?'-33

Most solution infiltrations are to decorate abundant highly active catalysts on the surface of the
substrates. However, the discrete nano-catalysts may play an unsatisfactory role in the structural stability
against surface segregation since the steam penetrates the pores within the surface layer.3* The driving
forces to element segregation may originate from the electrostatic interaction between A-site cations with
negative charges and surface oxygen vacancies with positive charges, which is mainly associated with the
surface adsorbates.?* A few studies demonstrated that dense Lao.g5Sro.1sMnQOz.5 (LSM) conformally coated
porous LSCF catalyst can effectively suppress Sr segregation for an enhanced stability of solid oxide fuel
cells (SOFCs)."® The porous LSCF backbone functions as a channel for the fast transport of oxygen ions
and electrons, while dense thin-film LSM coating diminishes the surface electrostatic force of LSCF for
enhanced durability.3® However, the air electrodes in PCCs face higher concentrations of steam in the air
(up to 30 vol%).6 Maintaining the structural stability of PCC air electrodes is much more difficult than the
traditional cathode for oxygen-ion conducting solid oxide fuel cells (O-SOFCs). Thus, one pivotal strategy
is to develop a desired coating that should possess a conformal coverage of the backbone, excellent
activities for ORR and OER, and high structural tolerance to steam and even to carbon dioxide encountered
in reversible PCC operation.

Inspired by the aforementioned methods and requirements, we showcase a Ba(Sr)-free high-entropy
conformal perovskite coating, PrNio2Mno2Coo.2Fe02Cu0.2035 (PNMCFC), successfully covered onto the
PBC backbone for enhanced electrocatalytic activity and durability of PCCs. The selection of B-site cations
close to Co ions in the PNMCFC perovskite may lead to the fast oxygen exchange kinetics and versatile
functionalities as a so-called “Cocktail” effect,*® as determined by electrical conductivity relaxations (ECR)
results and low polarization resistances (Rp). According to the equation of AGmix = AHmix — TASmix, the
structural stability of high-entropy PNMCFC (ASmix> 1.5R, R is gas constant) is largely enhanced compared
to the PBC electrode.®” Additionally, density functional theory (DFT) calculations were applied to support
the experimental findings by investigating the enhanced electronic interactions, efficient surface oxygen
kinetics, and migration of Ba cations facilitated by the conformal coating on the PBC backbone using the
high-entropy PNMCFC. When compared with the PBC electrode, the conformal PNMCFC-coated PBC
electrode (hybrid electrode) performs lower area-specific resistance and higher electrochemical
performances in fuel-cell mode (2.29 W cm at 650 °C) and electrolysis mode (-3.12 A cm™ at 1.3V and
650 °C) modes. Our high-entropy conformal coating strategy could optimize the mixed ion-conducting air
electrode materials to realize structural stability against high-concentration steam encountered in realistic
PCC operation. Not limited to fuel-cell stability in ambient air, the cells with the hybrid electrode also exhibit
excellent stabilities in electrolysis and reversible cycling under conditions of highly humidified air (30% H20)
and large current density (-1A cm™).

RESULTS AND DISCUSSION



96
97

98

99
100
101
102
103
104
105
106
107
108

109
110
111
112
113
114
115
116
117
118

PNMCFC solution

Thin film coating

Infiltration Calcination

+ PNMCFC

Intensity, a.u.

H
PNMCFC
/ P
’3}/( 911272.29 A g i e
d11023-83 A YA 2 -
e > Mn i
P ] — g _.I_/‘_f} f E8 Co o
£
= Ba
. Cu
2 Mn Fe Ni
4 5 6 7 8
Energy, keV

Figure 1. Morphology and crystal structure of the hybrid electrode.

(A) Schematic of a PBC electrode backbone covered with a conformal high-entropy PNMCFC coating.

(B and C) (B) SEM images of the PBC and (C) PNMCFC-coated PBC hybrid electrodes.

(D) XRD patterns of the PBC and PNMCFC-coated PBC hybrids.

(E) STEM image of a whole PBC grain covered by a conformal PNMCFC coating.

(F) A high resolution-TEM image of the PBC grains covered with a conformal PNMCFC coating.

(G) Enlarged TEM images of PNMCFC coating and PBC backbone (top); the bottoms are the FFT patterns
from the red and blue rectangles in (F).

(H) EDS spectra from points 1 and 2, indicating that the outer surface is mainly PNMCFC (point 1) while
the inside is PBC and PNMCFC hybrid grains (point 2).

Structural characterization of high-entropy conformal perovskite coating

Ba (Sr)-free high-entropy perovskite, PrNio2Mno2Coo.2Feo2Cuo2035 (PNMCFC), displayed an
orthorhombic structure with the space group of Pnma and lattice parameters of a=5.4340 A, b=7.6744 A,
and ¢=5.4506 A (x2=0.47, Figure S1 and Table S1). The actual atomic ratio of each element in as-
synthesized PNMCFC was examined by inductively coupled plasma-mass spectrometry (ICP-MS), which
closely approaches the nominal chemical stoichiometric ratio (Table $2). When employed to cover the
whole surface of a porous PBC electrode, differing from the modifications with nanoparticles, the conformal
thin-film PNMCFC coating enables complete isolation of the PBC backbone from steam exposure during
harsh PCC operational conditions, thereby probably enhancing system durability. The structural similarity
of PNMCFC to PBC facilitates the conformal growth of a dense and well-connected coating during high-
temperature thermal calcination (Table S1). Figure 1A schematically exhibits the whole process of the thin-
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119
120 Figure 2. Electrochemical performance and durability of the hybrid electrodes.

121 (A) Arrhenius plots of the polarization resistance of bare PBC, PNMCFC and hybrid (PNMCFC-PBC)
122 electrodes.

123  (B) EIS of bare PBC and hybrid electrodes as a function of p(O2) at 550 °C.

124 (C) Dependence of each R, of bare PBC and hybrid electrodes as a function of p(O2) at 550 °C.

125 (D) EIS of bare PBC (top) and hybrid electrodes (bottom) at different testing times in wet air (3% H20) and
126 550 °C.

127  (E) Time dependence of Ry of bare PBC and hybrid electrodes in wet air (3% and 30% H20) at 550 °C.
128 (F) DRT analysis of bare PBC (top) and hybrid electrodes (bottom) at different testing times according to
129  the EIS datain (d).

130
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film formation of a high-entropy catalyst coating onto a PBC backbone. Many nanoparticles (NPs) were
covered on the surface of the PBC electrode, which was likely associated with the BaCoOs-s phase (Figure
1B). While the hybrid (PNMCFC-PBC) electrode maintained a relatively smooth surface with a larger
average grain size of 550 nm (Figure 1C and S2). According to the X-ray diffraction (XRD) patterns (Figure
1D and Figure S3), the PNMCFC phase was successfully observed on the hybrid electrode. Briefly, 3 yL
of 0.1 M PNMCFC nitrate organic solution was infiltrated into the PBC backbone (loading of ~0.3 mg cm-?),
followed by thermal calcination at 950 °C for 5 h to form the PNMCFC coating PBC hybrid electrode. Figure
1E demonstrated that the PBC surface was coated by a conformal and continuous PNMCFC thin film with
a projected thickness of 4-15 nm. The high-temperature calcination and structural similarity led to the
coherent coating, which can be commonly observed (Figure S4). As obtained by high-resolution
transmission electron microscopy (HR-TEM), the space distances of 3.83 and 2.29 A were assigned to the
(110) plane of PNMCFC and (112) plane of PBC, respectively (Figure 1F and 1G, top). The two different
phases of surface coating and bulk grain were well distinguished via the fast Fourier transform (FFT) on
the red and blue rectangles in Figure 1F. The marked diffraction spots corresponded to the (111) plane of
PNMCEFC and the (002) plane of PBC, which was consistent with the XRD refinement (Figure 1G, bottom).
The X-ray energy dispersive spectrum (EDS) spectra (Figure 1H) indicated that the surface coating is
mainly PNMCFC (point 1), while the bulk substrate is composed of PNMCFC and PBC hybrid phases (point
2). The slight cation thermal diffusion also occurred between PNMCFC and PBC after thermal calcination
at 950 °C for 5 h, as checked by the peak belonging to Ba at point 1. The discrepancy in the elemental
composition with the line scanning from bulk to surface further supported the formation of the unique
architecture of PNMCFC thin-film coated PBC (Figure S5).

Electrochemical performance and durability

Shown in Figure 2A are the Arrhenius plots of the polarization resistance (Rp) of the BZCYYb-
supported symmetrical cells with the bare PBC, PNMCFC and hybrid electrodes, combined with the
comparison of the typical commercial LSCF electrode as reported.'® The hybrid electrode achieved a lower
Rp (0.72 Q cm? at 550 °C) and activated energy (Ea, 1.13 eV) than the PBC (1.16 Q cm? at 550 °C, 1.25
eV) and PNMCFC electrode (2.04 Q cm? at 550 °C, 1.33 eV), much better than the LSCF electrode recently
reported (Figure S6)."® The R, of the hybrid electrodes showed no apparent decrease when the
concentration of infiltration solution increased from 0.1 to 0.2 M, leading to the solution concentration fixed
at 0.1 M (Figure S7). The influence of the PNMCFC coating on PBC electrode surface reaction kinetics
was further investigated via the electrochemical resistances measured under different oxygen partial
pressures (p(Oz)) (Figure 2B). The specific rate-limiting step for surface oxygen exchange kinetics can be
fitted by R, dependence on p(Oz), which is expressed as the equation of Ry = k(p(O2)) ™ (n is reaction order,
k is constant).3® Clearly, note that the n value of the hybrid electrode is largely changed from the original
0.84 of the PBC electrode to 0.40 (Figure 2C). n=0.84 of the PBC electrode may be related to the gas
diffusion on the electrode surface.?%4° When n=0.375, the first charge transfer reaction of (O, + € +
V’O°(S)<—> O{)(s)) is a key rate-limiting step for hybrid electrodes.?*#° This result indicates that the ORR

process of PNMCFC-PBC is mainly controlled by the surface oxygen vacancy concentration,*' differing
from that of the PBC electrode (which is controlled by the mass transfer). To verify this, we analyzed O 1s
X-ray photoelectron spectroscopy (XPS) spectra of PBC, PNMCFFC, and PNMCFC-PBC (Figure S8). It
was found that the Oad/Ouatice ratio of the PNMCFC-PBC was reduced to 2.08 compared to the PBC (its
Oad/Oiatiice ratio is 2.43), suggesting the surface oxygen vacancy concentration of the hybrid sample
decreased. The electrical conductivities of the PNMCFC and PNMCFC-PBC reached 1.5-4.8 S cm™ and
564-1175 S cm™ at 400-750 °C, respectively, which were lower than those (620-1215 S cm at 400-750
°C) of the PBC (Figure S9). Thus, the surface vacancy concentration and electrical conductivities of the
PNMCFC coating may lead to changes in hybrid electrode kinetics from surface gas diffusion (rate-limiting
step of PBC) to the charge transfer reaction.

Numerous highly active air electrodes are closely associated with Sr(Ba)CoOs-based perovskite
oxides,?® while their stability under humidified air is poor due to phase segregation, especially in reversible
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Figure 3. Investigation on the enhanced durability of the hybrid electrode.
(A) EIS of bare PBC and hybrid PNMCFC-PBC as a function of p(H20) at 550 °C.

(B) kcnem of bare PBC and PNMCFC-PBC measured at 650 °C, and 600 °C before and after a treatment in
wet air (10% H20) for 100 h.

(C) Surface Ba composition of PBC and hybrid catalyst at 600 °C measured under different conditions: pure
02 at 600 °C, and humidified gas mixture (10% H20-90% O3) at 600 °C.

(D) (Pr+Ba)/Co ratio of PBC and (Pr+Ba)/(Co+Ni+Fe+Mn+Cu) ratio of hybrid catalyst when measured under
different conditions: pure O2 at 300 °C, pure Oz at 600 °C, and humidified gas mixture (10% H20-90% O2)
at 600 °C; the ratio of A-site and B-site cations was normalized by that obtained in Oz at 300 °C.

(E) Cross-sectional TEM micrograph of a conformal PNMCFC-deposited PBC substrate; inset is EDS linear
profile across the PNMCFC coating to PBC substrate along the red arrow.

(F) EDS mapping of Ba and Mn element distributions.

(G and H) (G) HR-TEM and (H) SAED images of PNMCFC coating (top) and PBC substrate (bottom).

(I) Schematic illustration of Ba cation segregation from the bulk to the surface of PBC(001) following the
conformal coating of PNMCFC. The segregation energy of the Ba cation is calculated to be 2.36 eV for the
PNMCFC-coated PBC(001), compared to 0.48 eV for bare PBC(001).

PCCs. As shown in Figures 2D and 2E, the PBC electrode demonstrated a dramatic R, deterioration rate
of 0.317 Q cm? per 100 h at 550 °C in wet air (3% H20). The high-entropy PNMCFC coating efficiently
enhances structural tolerance against steam, as indicated by an R, deterioration rate of only 0.008 Q cm?
per 100 h for comparison. Even in the air with higher humidity (30% H:0), the R, of the PNMCFC-PBC
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hybrid electrode can remain relatively stable, which slightly increased from 0.553 to 0.607 Q cm?. The
surface electrode kinetics evolutions can be ascertained by the distribution of relaxation time (DRT) analysis
on the EIS spectra at different times. Each DRT curve seems to have at least three processes for the
electrode reactions, which correspond to low frequency (LF, <10° Hz, mass transfer near the interface),
intermediate frequency (IF, 10°-10% Hz, surface exchange processes), and high frequency (HF, 2103 Hz,
charge transfer), respectively.®® The lasting increases in Ry of the PBC electrode were concentrated in the
intermediate frequency range of 102-10-' Hz, while the extra low-frequency peaks at 10-'-10-? Hz appeared
on the DRT curves of the hybrid electrode, which included the main Ry variations (Figure 2F and Figure
$10). Compared to the DRT curves of the PBC electrode, the extra low-frequency peaks at 10'-102 Hz
are likely associated with the surface electrode reaction of PNMCFC coating.® Thus, the PNMCFC coating
may alter the mass transfer process on the electrode surface while ensuring that the PBC backbone
maintains structural integrity and fast bulk ion transfer.

Origin of the durability improvement

Changing steam partial pressure (p(H20)) from 3 to 20 vol% makes a dramatic decrease in the R, of
the hybrid electrode from 0.69 to 0.54 Q cm? (Figure 3A, bottom). The electrochemical reactions of the
hybrid electrode can be deconvoluted by DRT analysis on the EIS in the air containing different p(H20)
(Figure S11). As fitted by the equation of Rp = k(pH20)™, the reaction order of m value can determine the
rate-limiting step of isolated electrode reaction at each frequency range. The Ry of peaks at the low-
frequency range (reaction order m of 0.83) are more sensitive to p(H20). Note that m=1, Hypg + OH7pg —
H;O;5 and Hy,O1pg — Hy0O(q) are highly associated with the key rate-limiting steps.*? These results
indicate that the electrochemical reactions of the PNMCFC-PBC in wet air are likely controlled by mass
transfer and gas diffusion on the electrode surface. In addition, the impedances of the peaks at intermediate
and low frequencies were dramatically reduced, corresponding to the ionic diffusion and mass transfer
process, respectively. This result suggests that PNMCFC coating can optimize the PBC electrode
electrochemical processes of ionic diffusion and mass transfer. The behavior of the bare PBC electrode is
distinctive from that of the hybrid electrode, which performed a sharp increase from 1.15 to 2.13 Q cm?
under identical conditions (Figure 3A, top). Water-induced phase segregation may occur at the surface of
the PBC electrode, impacting the surface exchange kinetics of oxygen reactions. To prove this hypothesis,
the surface exchange coefficients (kchem) Of the PBC and PNMCFC-PBC were further investigated by ECR
(Figure $12 and 3B). The hybrid electrode exhibits higher kehem than the PBC electrode at 500-650 °C,
resulting in better electrochemical performance (Figure S12). A more obvious decrease of kchem at 600 °C
was obtained on the PBC electrode compared to the hybrid electrode after the interaction with the steam
(10% H20) for 100 h (Figure 3B and S13). The corresponding surface chemistry of the PBC and hybrid
samples was investigated via X-ray photoelectron spectroscopy (XPS), quantified from Ba 3ds2, Co 2p3:2,
and O 1s spectra (Figure 3C, S14, and S15). Compared to the PBC sample measured in Oz at 600 °C, the
surface Ba contents were induced for segregation from 62% to 66% with the steam (10% H:O) injecting
(Figure 3C and S14A). Differing from PBC, the PNMCFC-PBC performed a contrary tendency from 57%
to 54% after the identical steam pretreatments (Figure 3C and $14B), indicating that the Ba segregation
of PBC was suppressed by the PNMCFC thin-film coating. Combined with the O1s results, a large amount
of Ba segregation at the PBC surface caused vacancy formation for the increased adsorbed oxygen (Oad)
(Figure S15). The phase structure of the PNMCFC-PBC remains stable before and after the treatment of
humidified oxygen, as checked from the Ba 3d and O1s XPS (Figure 3C and $15). To more visually reveal
how the PNMCFC coating inhibits the element segregation, we provided the surface atomic information of
PBC and hybrid samples by XPS analyses under different measured conditions of Oz at 300 °C, O2 at 600
°C, and 10% H20-90% O2 at 600 °C, which are expressed as the ratio of A-site and B-site cations (Figure
3D and Table S3). The samples were firstly decarbonized for normalization in pure Oz at 300 °C, then
heated to 600 °C, and finally exposed to the humidified Oz (10% H20). The (Pr+Ba)/Co ratio of PBC
dramatically decreased in such an operating process due to the severe Ba segregation under
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oxygen/steam-rich conditions. In contrast, the surface of the PNMCFC-PBC performed a relatively
balanceable A/B-site ratio, efficiently enhancing the structural stability of the PBC substrate.

To obtain the mechanism for excellent steam-tolerance durability of hybrid electrodes, a more detailed
morphology of the lattice maintenance and robust interface growth between PBC and PNMCFC was
examined by the focused ion beam (FIB)-TEM. PNMCFC was firstly deposited onto the surface of the dense
PBC substrate and then thermally calcined at 950 °C for 5 h. Shown in Figure 3E is the cross-sectional
TEM image of the PNMCFC deposited PBC dense substrate after the steam (10% H20) pretreatments at
600 °C. Fewer elements can be utilized for phase differentiation due to the high similarity between PNMCFC
and PBC phases and cation thermal diffusion during calcination, and the representative Ba and Mn
elements were chosen for linear scanning and mapping. The content of Mn and Ba at the interface is likely
caused by the cation thermal diffusion during high-temperature calcination at 950 °C for 5 h. EDS linear
profiles and mapping (Figure 3E (inset), 3F, and S16) demonstrated that the PNMCFC thin film was
conformally coated on the PBC substrate with enhanced durability against steam. According to the element
contents from the EDS results (Figure S17), the PBC maintains full structural integrity by protecting the
conformal PNMCFC coating against a steam-containing environment. As clearly observed by HR-TEM
(Figure 3G), the PNMCFC phase epitaxially grew and kept well-connected with the PBC substrate to form
a robust heterointerface. In addition, the PNMCFC layer maintains crystalline after interacting with steam,
of which a space distance of 2.24 A corresponds to the (211) plane, while the different space distance of
3.90 A belongs to the (100) plane of the PBC lattice. The marked ring (top) and spots (bottom) from the
selected area electron diffraction (SAED) can confirm that they can be assigned to the (200) plane of
PNMCEFC, (210), and (200) planes of PBC, respectively (Figure 3h).

DFT calculations were performed to investigate the conformal coating of high-entropy PNMCFC on
PBC, demonstrating its effectiveness in enhancing PCC performance and stability by mitigating Ba
segregation (Note S1). As summarized in Figure $S18 and Table S4, initial screening calculations were
conducted to optimize the most plausible high-entropy bulk PNMCFC structure, yielding the most oxygen
vacancy formation energy (Evac) at 2.04 eV. The bulk lattice parameter of PNMCFC was adjusted to match
PBC, assuming an ideal conformal coating. The recalculated Evac values of 2.04 eV and 1.83 eV,
respectively, showed a 10% reduction, indicating improved bulk properties. Following the surface stability
analysis of PBC and PNMCFC surfaces (Table S5 and Figure S19), the most stable surfaces were selected
for segregation energy and O 2p-band center calculations. As summarized in Table S6, the total O 2p-band
center for the hybrid PNMCFC/PBC(001) shifts closer to the Fermi energy (-2.51 eV) compared to the
PNMCFC(001) surface (-3.04 eV). For the coated PNMCFC, the O 2p-band center is calculated to be
-2.57 eV, highlighting the enhanced electronic interaction and more efficient surface oxygen kinetics.?” The
shift indicates increased covalency of oxygen bonding at the interface, enhancing orbital overlap, charge
transfer, and oxygen-related surface reactions.® Besides elucidating surface oxygen kinetics by
understanding the O 2p-band center, we conducted the segregation energy calculations of Ba cations from
PBC to investigate the improved stability test results. As summarized in Figures 3I, S19 and Table S6, the
segregation energy of Ba increases significantly from 0.48 eV (bare PBC) to 2.36 eV (PNMCFC/PBC),
verifying that Ba migration to the surface is energetically prohibitive after coating. In summary, the PNMCFC
coating suppresses Ba migration by increasing segregation energy, strengthening oxygen bonding
interactions, and acting as a physical barrier, resulting in improved structural stability of air electrodes. The
state-of-the-art conformal coating approach offers valuable guidance for the rational design of next-
generation high-entropy perovskite materials, paving the way for advancements in PCCs.
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Figure 4. Electrochemical performance and durability of the single cells with the hybrid electrode.
(A) Cross-sectional SEM image of a fuel-electrode-supported single cell with the hybrid (PNMCFC-PBC)
electrode.

(B and C) (B) Typical I-V-P curves and (C) EIS of single cells with the hybrid electrode at 450-650 °C.

(D) Typical I-V curves of single cells with the bare PBC (black line) at 650 °C and hybrid electrodes at 450-
650 °C.

(E and F) (E) Comparisons of fuel cell Pmax (Table S§7) and (F) current densities at 1.3 V and 600 °C (Table
S8).

(G) Stability of the single cells at 550 °C applied a current density of 0.5 A cm (in fuel cell mode).

(H) current densities of -0.5 and -1.0 A cm™ (in electrolysis mode); (i) Reversible cycling operation at current
densities of +0.5 A cm at 550 °C.

Single-cell performance and durability
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Shown in Figure 4A is the cross-sectional image of the single cell with the construction of Ni-BZCYYb
fuel electrode, BZCYYb electrolyte (~ 6 pm), and hybrid (PNMCFC-PBC) air electrode. The I-V-P curves
were recorded by fueling Hz to the fuel electrode and exposing the air electrode to ambient air. The PBC
electrode achieved a peak power density of 1.82 W cm with an ohmic resistance (Ronm) of 0.061 Q cm?
and polarization resistance (Rp) of 0.044 Q cm?at 650 °C (Figure $20). More outstanding electrochemical
performances were demonstrated on the cell with the hybrid electrode, showing the peak power densities
of 2.29, 1.72, 1.30, 0.94, and 0.64 W cm at 650, 600, 550, 500, and 450 °C, respectively (Figure 4B). For
reasonable comparisons, the Ronm of the two cells kept identical, and the performance discrepancy may be
mainly attributed to the decreasing Ry, such as a lower R, of 0.038 Q cm? for the hybrid electrode at 650
°C than PBC (Figure 4C). Figure 4D demonstrated the |-V curves of the electrolysis cell using wet air (3%
H20) as the oxidant at 450-650 °C. The current densities of -3.12, -2.17, -1.36, -0.72, and -0.32 A cm™ at
650-450 °C and 1.3 V were achieved for the cell with the hybrid electrode, higher than that (-2.57 A cm? at
650 °C and 1.3V) of the cell with the PBC electrode. The impressive peak power densities found with the
hybrid electrode are better than most of the state-of-the-art air electrodes reported recently (Table
§7),3521.26,44-53 gich as BaCoo.7(Ceo.8Y0.2)0.303-5 (0.985 W cm? at 650 °C),** PrBao.sSro.5Co1.5F€0505+5 (1.40
W cm2 at 650 °C)*” and PrNio.5C00.5035 (1.7 W cm2 at 600 °C in wet Oz)° (Figure 4E and Figure S21).
The interface engineering can further improve electrochemical performance, exemplified by
BaSco.1Tao.1C00.803-5 perovskite air electrode via pulsed laser deposition (PLD) with a power density of 2.25
W cm at 600 °C.%¢ The obtained top electrolysis performance at 1.3 V and 600 °C (Figure 4F and Table
$8) signifies that the hybrid electrode exhibits not only an enhanced activity of oxygen reduction reaction
and excellent surface kinetics for oxygen evolution reaction.>6:22:26.27:45:49,51-55

Figure 4G demonstrates the stability of a single cell in fuel-cell mode using Hz as the fuel and air as
the oxidant. For an extended duration of ~120 h under a current density of 0.5 A cm at 550 °C, the cell
showed no noticeable degradation, highlighting the great potential of robust air electrodes. Continuous
degradation was found on the voltage of the cells with the PBC electrode at -0.5 A cm and 550 °C under
wet air (3% H20) within 38 h (Figure 4H). As judged by XRD and Raman spectra, the formation of impurities
(likely Ba(OH)2) may lead to the deactivation of the PBC air electrode and electrolysis performance
degradation (Figure S22). When the PBC electrode was covered by the conformally high-entropy
PNMCFC, the electrolysis stabilities under the applied current densities of -0.5 and -1 A cm? at 550 °C
were largely improved for over 200 h, even in the hash humidified air (30% H20) (Figure 4H). Combined
with the durable fuel-cell and electrolysis stability, a 2 h-fast reversible cycling was conducted at 550 °C
and +0.5 A cm?, exhibiting relatively stable with low degradation rates (Figure 4l). Faradaic efficiency is a
critical standard for energy conversion from the H20 to valuable Hz production, theoretically defined as the
ratio of the Hz production rate detected by gas chromatography (GC) to that calculated by electron transfer
number. When the applied current density was fixed at -1 A cm, the Faradaic efficiencies were increased
from 81.8% to 91.1%, with the steam concentration increasing from 3% to 60% (Figure $23). Such results
were attributed to the high steam concentration, which can inhibit the electronic (electron-hole) conduction
and provide more protons via hydration. Therefore, developing highly steam-tolerance air electrodes via
high-entropy conformal coating can enhance the Faradaic efficiency for energy conversion and storage in
the high-concentration steam electrolysis mode in a system of protonic ceramic cells.

Conclusion

In summary, the electrocatalytic activity and stability of the PBC electrode have been significantly
enhanced by a wet-chemical solution infiltration of a high-entropy PNMCFC, which is more suitable for low-
temperature PCCs. As steam is commonly encountered in PCCs, the impact of humidity on the
electrocatalytic activity and structural stability of air electrodes is systemically investigated. Compared to
the bare PBC electrode, the surface oxygen exchange kinetics of the hybrid electrode can be maintained
without obvious deterioration by the high-entropy PNMCFC thin-film coating after interacting in wet air at
600 °C for 100 h. The surface composition examined by XPS and R, stability directly indicated that the
inherently robust interface between PBC and PNMCFC leads to performance and durability enhancements
by suppressing water-mediated segregation. Due to faster oxygen exchange kinetics and unique
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architecture, the cell with the hybrid electrode obtained a higher power density of 1.30 W cm and excellent
stability for 120 h at 550 °C. Considering enhanced structural tolerance against steam, the hybrid electrode
with conformal high entropy coating also exhibits outstanding advantages in the performance and stability
of electrolysis modes and reversible cycling under a high-concentration humidified air (30% H:0).

METHODS

The details of materials preparation, cell fabrication, materials characterization, and electrochemical
measurements are provided in Supplemental Experimental Procedures.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for information and resources should be directed to and will be fulfilled
by the lead contact, Yu Chen (eschenyu@scut.edu.cn).

Materials availability

The new PNMCFC coating catalysts generated in this study will be made available on request.

Data and code availability

The data generated during this study are available in the main text and the supplemental information.

ACKNOWLEDGMENTS

This work was financially supported by the Introduced Innovative R&D Team of Guangdong (2021ZT09L392),
the National Natural Science Foundation of China (22179039 and 22005105), the Fundamental Research Funds
for the Central Universities (2022Z2YGXZR002), the Pearl River Talent Recruitment Program (2019QN01C693),
the Guangdong Basic and Applied Basic Research Foundation (2021A1515010395), and Zijin Mining Group Co.,
Ltd (5405-Z2C-2023-00008). YMC acknowledges the National Science and Technology Council (NSTC Grant No.
111-2221-E-A49-003-MY3), the National Center for High-performance Computing (NCHC), and the Higher
Education Sprout Project of the National Yang Ming Chiao Tung University and Ministry of Education (MOE),
Taiwan. DFT calculations were performed using the resources of the Center for Functional Nanomaterials, which
is a U.S. DOE Office of Science Facility, at Brookhaven National Laboratory under Contract No. DE-SC0012704.

AUTHOR CONTRIBUTIONS

Conceptualization, Y.C.; methodology, Y.C. and Y.L.; investigation, F.H., H.L., Y.X., K.S., and F.Z.; writing—
original draft, F.H., Y.C., and Y.M.C.; writing—review & editing, Y.C., and Y.M.C.; funding acquisition, Y.L.,
Y.M.C., and Y.C.; resources, Y.M.C., and K.S.; supervision, Y.L., Y.M.C., and Y.C.

DECLARATION OF INTERESTS

The authors declare no competing interests.


mailto:eschenyu@scut.edu.cn

399
400
401
402

403

404
405
406
407
408
409
410
411
412
413

414
415
416
417
418
419

420
421
422
423
424
425
426
427
428
429
430

431
432
433
434
435
436
437
438
439
440
441
442

443
444
445
446
447
448
449
450
451

452
453

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at.

REFERENCES

1.

Ding, D., Li, X., Lai, S.Y.,
Gerdes, K., and Liu, M.
(2014). Enhancing SOFC
cathode performance by
surface modification through
infiltration. Energy &
Environmental Science 7,
552-575.
https://doi.org/10.1039/C3EE
42926A.

. Zhan, Z., and Barnett, S.A.

(2005). An octane-fueled
solid oxide fuel cell. Science
308, 844-847.
https://doi.org/10.1126/scienc
e.1109213.

Duan, C., Tong, J., Shang,
M., Nikodemski, S., Sanders,
M., Ricote, S., Almansoori,
A., and O’Hayre, R. (2015).
Readily processed protonic
ceramic fuel cells with high
performance at low
temperatures. Science 349,
1321-1326.
https://doi.org/10.1126/scienc
e.aab3987.

. Li, X., Qin, H., Han, J., Jin,

X., Xu, Y., Yang, S., Zhang,
W., and Cao, R. (2024). A
One - Pot Three - In - One
Synthetic Strategy to
Immobilize Cobalt Corroles
on Carbon Nanotubes for
Oxygen Electrocatalysis.
Advanced Functional
Materials 34, 2310820.
https://doi.org/10.1002/adfm.
202310820.

Bian, W., Wu, W., Wang, B.,
Tang, W., Zhou, M., Jin, C.,
Ding, H., Fan, W., Dong, Y.,
and Li, J. (2022). Revitalizing
interface in protonic ceramic
cells by acid etch. Nature
604, 479-485.
https://doi.org/10.1038/s4158

6-022-04457-y.

Duan, C., Kee, R., Zhu, H.,
Sullivan, N., Zhu, L., Bian, L.,

454
455
456
457
458
459
460
461
462

463
464
465
466
467
468
469
470
471
472
473

474
475
476
477
478
479
480
481
482
483
484
485

486
487
488
489
490
491
492
493
494
495
496
497
498

499
500
501
502
503

Jennings, D., and O’Hayre,
R. (2019). Highly efficient
reversible protonic ceramic
electrochemical cells for
power generation and fuel
production. Nature Energy 4,
230-240.
https://doi.org/10.1038/s4156
0-019-0333-2.

. Duan, C., Kee, R.J., Zhu, H.,

Karakaya, C., Chen, Y.,
Ricote, S., Jarry, A., Crumlin,
E.J., Hook, D., and Braun, R.
(2018). Highly durable,
coking and sulfur tolerant,
fuel-flexible protonic ceramic
fuel cells. Nature 557, 217-
222.
https://doi.org/10.1038/s4158
6-018-0082-6.

. Kim, J.H,, Kim, D, Ahn, S.,

Kim, K.J., Jeon, S., Lim, D.-
K., Kim, J.K,, Kim, U., Im, H.-
N., and Koo, B. (2023). An
universal oxygen electrode
for reversible solid oxide
electrochemical cells at
reduced temperatures.
Energy & Environmental
Science 16, 3803-3814.
https://doi.org/10.1039/D2EE
04108A.

. Zhao, Q., Zhang, Q., Xu, Y.,

Han, A., He, H., Zheng, H.,
Zhang, W., Lei, H., Apfel, U.-
P., and Cao, R. (2024).
Improving Active Site Local
Proton Transfer in Porous
Organic Polymers for
Boosted Oxygen
Electrocatalysis. Angewandte
Chemie International Edition
63, €202414104.
https://doi.org/10.1002/anie.2
02414104.

10.Wachsman, E.D., and Lee,

K.T. (2011). Lowering the
temperature of solid oxide
fuel cells. Science 334, 935-
939.

504
505

506
507
508
509
510
511
512
513

514
515
516
517
518
519

520
521
522
523
524
525
526
527
528
529
530

531
532
533
534
535
536
537
538
539
540
541
542

543
544
545
546
547
548
549
550
551
552
553

1.

https://doi.org/10.1126/sci
ence.1204090.

Duan, C., Huang, J., Sullivan,
N., and O'Hayre, R. (2020).
Proton-conducting oxides for
energy conversion and
storage. Applied Physics
Reviews 7, 011314.
https://doi.org/10.1063/1.513
5319.

12.Steele, B.C., and Heinzel, A.

(2001). Materials for fuel-cell
technologies. Nature 474,
345-352.
https://doi.org/10.1038/35104
620.

13.Zhu, F., Hou, M., Du, Z., He,

F., Xu, Y., Xu, K., Gao, H.,
Liu, Y., and Chen, Y. (2024).
Steam-promoted symmetry
optimizations of perovskite
electrodes for protonic
ceramic cells. Energy &
Environmental Science 17,
7782-7791.
https://doi.org/10.1039/D4EE
02233E.

14.Liu, Z., Bai, Y., Sun, H.,

Guan, D., Li, W., Huang, W.-
H., Pao, C.-W., Hu, Z., Yang,
G., and Zhu, Y. (2024).
Synergistic dual-phase air
electrode enables high and
durable performance of
reversible proton ceramic
electrochemical cells. Nature
Communications 15, 472.
https://doi.org/10.1038/s4146
7-024-44767-5.

15.Luo, Z., Zhou, Y., Hu, X,

Kane, N., Li, T., Zhang, W.,
Liu, Z., Ding, Y., Liu, Y., and
Liu, M. (2022). Critical role of
acceptor dopants in
designing highly stable and
compatible proton-conducting
electrolytes for reversible
solid oxide cells. Energy &
Environmental Science 15,
2992-3003.


https://doi.org/10.1039/C3EE42926A
https://doi.org/10.1039/C3EE42926A
https://doi.org/10.1126/science.1109213
https://doi.org/10.1126/science.1109213
https://doi.org/10.1126/science.aab3987
https://doi.org/10.1126/science.aab3987
https://doi.org/10.1002/adfm.202310820
https://doi.org/10.1002/adfm.202310820
https://doi.org/10.1038/s41586-022-04457-y
https://doi.org/10.1038/s41586-022-04457-y
https://doi.org/10.1038/s41560-019-0333-2
https://doi.org/10.1038/s41560-019-0333-2
https://doi.org/10.1038/s41586-018-0082-6
https://doi.org/10.1038/s41586-018-0082-6
https://doi.org/10.1039/D2EE04108A
https://doi.org/10.1039/D2EE04108A
https://doi.org/10.1002/anie.202414104
https://doi.org/10.1002/anie.202414104
https://doi.org/10.1126/science.1204090
https://doi.org/10.1126/science.1204090
https://doi.org/10.1063/1.5135319
https://doi.org/10.1063/1.5135319
https://doi.org/10.1038/35104620
https://doi.org/10.1038/35104620
https://doi.org/10.1039/D4EE02233E
https://doi.org/10.1039/D4EE02233E
https://doi.org/10.1038/s41467-024-44767-5
https://doi.org/10.1038/s41467-024-44767-5

554
555

556
557
558
559
560
561
562
563
564
565
566
567
568

569
570
571
572
573
574
575
576
577
578
579
580

581
582
583
584
585
586
587
588
589
590
591
592

593
594
595
596
597
598
599
600
601
602
603
604

605
606
607
608
609
610
611

https://doi.org/10.1039/D2EE
01104B.

16.Kim, J.H., Yoo, S., Murphy,

R., Chen, Y., Ding, Y., Pei,
K., Zhao, B., Kim, G., Choi,
Y., and Liu, M. (2021).
Promotion of oxygen
reduction reaction on a
double perovskite electrode
by a water-induced surface
modification. Energy &
Environmental Science 74,
1506-1516.
https://doi.org/10.1039/DOEE
03283B.

17.Pei, K., Zhou, Y., Xu, K.,

Zhang, H., Ding, Y., Zhao, B.,
Yuan, W., Sasaki, K., Choi,
Y., and Chen, Y. (2022).
Surface restructuring of a
perovskite-type air electrode
for reversible protonic
ceramic electrochemical
cells. Nature communications
13, 2207.
https://doi.org/10.1038/s4146
7-022-29866-5.

18.Xu, K., Zhang, H., Xu, Y., He,

F., Zhou, Y., Pan, Y., Ma, J.,
Zhao, B., Yuan, W., and
Chen, Y. (2022). An efficient
steam - induced
heterostructured air electrode
for protonic ceramic
electrochemical cells.
Advanced Functional
Materials, 2110998.
https://doi.org/10.1002/adfm.
202110998.

19.Zhou, Y., Zhang, W., Kane,

N., Luo, Z., Pei, K., Sasaki,
K., Choi, Y., Chen, Y., Ding,
D., and Liu, M. (2021). An
efficient bifunctional air
electrode for reversible
protonic ceramic
electrochemical cells.
Advanced Functional
Materials 37, 2105386.
https://doi.org/10.1002/adfm.
202105386.

20.Shao, Z.P., and Haile, S.M.

(2004). A high-performance
cathode for the next
generation of solid-oxide fuel
cells. Nature 431, 170-173.
https://doi.org/10.1038/nature
02863.

612 21.Gao, H., He, F., Zhu, F., Xia,

613
614
615
616
617
618
619
620
621
622

623
624
625
626
627
628
629
630
631
632
633
634

635
636
637
638
639
640
641
642
643

644
645
646
647
648
649
650
651
652
653
654

655
656
657
658
659
660
661
662
663
664
665
666
667
668

669
670

J.,Du, Z., Huang, Y., Zhu, L.,
and Chen, Y. (2024).
Effective promotion of the
activity and stability of
cathodes for protonic ceramic
fuel cells. Advanced
Functional Materials,
2401747.
https://doi.org/10.1002/adfm.
202401747.

22.He, F., Zhou, Y., Hu, T., Xu,

Y., Hou, M., Zhu, F., Liu, D.,
Zhang, H., Xu, K., and Liu,
M. (2023). An efficient high -
entropy perovskite - type air
electrode for reversible
oxygen reduction and water
splitting in protonic ceramic
cells. Advanced Materials,
2209469.
https://doi.org/10.1002/adma.
202209469.

23.Koo, B., Kim, K., Kim, J.K,,

Kwon, H., Han, J.W., and
Jung, W. (2018). Sr
segregation in perovskite
oxides: why it happens and
how it exists. Joule 2, 1476-
1499.
https://doi.org/10.1016/j.joule.
2018.07.016

24.Lee, W., Han, JW., Chen, Y.,

Cai, Z., and Yildiz, B. (2013).
Cation size mismatch and
charge interactions drive
dopant segregation at the
surfaces of manganite
perovskites. Journal of the
American Chemical Society
135, 7909-7925.
https://doi.org/10.1021/ja312
5349.

25.Zhou, X.-D., Templeton,

J.W., Nie, Z., Chen, H.,
Stevenson, J.W., and
Pederson, L.R. (2012).
Electrochemical performance
and stability of the cathode
for solid oxide fuel cells: V.
high performance and stable
Pr2NiOgs as the cathode for
solid oxide fuel cells.
Electrochimica Acta 71, 44-
49,
https://doi.org/10.1016/j.elect
acta.2012.03.067.

26.Saqib, M., Choi, I.-G., Bae,

H., Park, K., Shin, J.-S., Kim,

671
672
673
674
675
676
677
678
679
680
681

682
683
684
685
686
687
688
689
690
691
692
693
694

695
696
697
698
699
700
701
702
703
704
705

706
707
708
709
710
711
712
713
714
715
716

717
718
719
720
721
722
723
724
725
726
727
728

Y.-D., Lee, J.-l., Jo, M., Kim,
Y.-C., and Lee, K.-S. (2021).
Transition from perovskite to
misfit-layered structure
materials: a highly oxygen
deficient and stable oxygen
electrode catalyst. Energy &
Environmental Science 74,
2472-2484.
https://doi.org/10.1039/DOEE
02799E.

27.Liu, Z., Tang, Z., Song, Y.,

Yang, G., Qian, W., Yang,
M., Zhu, Y., Ran, R., Wang,
W., and Zhou, W. (2022).
High-entropy perovskite
oxide: A new opportunity for
developing highly active and
durable air electrode for
reversible protonic ceramic
electrochemical cells. Nano-
Micro Letters 14, 217.
https://doi.org/10.1007/s4082
0-022-00967-6.

28.Han, X,, Ling, Y., Yang, Y.,

Wu, Y., Gao, Y., Wei, B., and
Lv, Z. (2023). Utilizing high
entropy effects for developing
chromium-tolerance cobalt-
free cathode for solid oxide
fuel cells. Advanced
Functional Materials 33,
2304728.
https://doi.org/10.1002/adfm.
202304728.

29.Sarkar, A., Velasco, L.,

Wang, D., Wang, Q.,
Talasila, G., de Biasi, L.,
Kibel, C., Brezesinski, T.,
Bhattacharya, S.S., Hahn, H.,
and Breitung, B. (2018). High
entropy oxides for reversible
energy storage. Nature
Communications 9, 3400.
https://doi.org/10.1038/s4146
7-018-05774-5.

30.Salman, M., Saleem, S.,

Ling, Y., and Khan, M.
(2024). Fe-based high-
entropy perovskite oxide: A
strategy to suppress Sr
segregation and performance
evaluation as an electrode
material for SOFCs. ACS
Applied Energy Materials 7,
8648-8657.
https://doi.org/10.1021/acsae
m.4c01614.



https://doi.org/10.1039/D2EE01104B
https://doi.org/10.1039/D2EE01104B
https://doi.org/10.1039/D0EE03283B
https://doi.org/10.1039/D0EE03283B
https://doi.org/10.1038/s41467-022-29866-5
https://doi.org/10.1038/s41467-022-29866-5
https://doi.org/10.1002/adfm.202110998
https://doi.org/10.1002/adfm.202110998
https://doi.org/10.1002/adfm.202105386
https://doi.org/10.1002/adfm.202105386
https://doi.org/10.1038/nature02863
https://doi.org/10.1038/nature02863
https://doi.org/10.1002/adfm.202401747
https://doi.org/10.1002/adfm.202401747
https://doi.org/10.1002/adma.202209469
https://doi.org/10.1002/adma.202209469
https://doi.org/10.1016/j.joule.2018.07.016
https://doi.org/10.1016/j.joule.2018.07.016
https://doi.org/10.1021/ja3125349
https://doi.org/10.1021/ja3125349
https://doi.org/10.1016/j.electacta.2012.03.067
https://doi.org/10.1016/j.electacta.2012.03.067
https://doi.org/10.1039/D0EE02799E
https://doi.org/10.1039/D0EE02799E
https://doi.org/10.1007/s40820-022-00967-6
https://doi.org/10.1007/s40820-022-00967-6
https://doi.org/10.1002/adfm.202304728
https://doi.org/10.1002/adfm.202304728
https://doi.org/10.1038/s41467-018-05774-5
https://doi.org/10.1038/s41467-018-05774-5
https://doi.org/10.1021/acsaem.4c01614
https://doi.org/10.1021/acsaem.4c01614

729 31.Hu, T., He, F., Liu, M., and

730
731
732
733
734
735
736
737
738

739
740
741
742
743
744
745
746
747
748

749
750
751
752
753
754
755
756
757
758
759
760
761

762
763
764
765
766
767
768
769
770
771

772
773
774
775
776
777
778
779
780
781
782
783
784
785

786
787

Chen, Y. (2023). In
situ/operando regulation of
the reaction activities on
hetero-structured electrodes
for solid oxide cells. Progress
in Materials Science 133,
101050.
https://doi.org/10.1016/j.pmat
sci.2022.101050.

32.Shchukin, D.G., and Caruso,

R.A. (2004). Template
synthesis and photocatalytic
properties of porous metal
oxide spheres formed by
nanoparticle infiltration.
Chemistry of Materials 16,
2287-2292.
https://doi.org/10.1021/cm04
97780.

33.Fang, W., Steinbach, F.,

Cao, Z., Zhu, X., and
Feldhoff, A. (2016). A highly
efficient sandwich - like
symmetrical dual - phase
oxygen - transporting
membrane reactor for
hydrogen production by
water splitting. Angewandte
Chemie International Edition
55, 8648-8651.
https://doi.org/10.1002/anie.2
01603528.

34.Tsvetkov, N, Lu, Q., Sun, L.,

Crumlin, E.J., and Yildiz, B.
(2016). Improved chemical
and electrochemical stability
of perovskite oxides with less
reducible cations at the
surface. Nature materials 15,
1010-1016.
https://doi.org/10.1038/nmat4
659.

35.Lynch, M.E., Yang, L., Qin,

W., Choi, J.-J., Liu, M., Blinn,
K., and Liu, M. (2011).
Enhancement of
Lao.6Sro.4C00.2Fe0.803-5
durability and surface
electrocatalytic activity by
Lao.s5Sro.1sMnOszs
investigated using a new test
electrode platform. Energy &
Environmental Science 4,
2249-2258.
https://doi.org/10.1039/c1ee0

1188;.

36. Akrami, S., Edalati, P., Fuji,

M., and Edalati, K. (2021).

788
789
790
791
792
793
794
795

796
797
798
799
800
801
802
803
804
805
806
807

808
809
810
811
812
813
814
815
816
817
818

819
820
821
822
823
824
825
826
827
828
829
830

831
832
833
834
835
836
837
838
839
840
841
842

843
844
845
846

High-entropy ceramics:
Review of principles,
production and applications.
Materials Science and
Engineering: R: Reports 7146,
100644.
https://doi.org/10.1016/j.mser
.2021.100644.

37.He, F., Zhu, F., Liu, D., Zhou,

Y., Sasaki, K., Choi, Y., Liu,
M., and Chen, Y. (2023). A
reversible perovskite air
electrode for active and
durable oxygen reduction
and evolution reactions via
the A-site entropy
engineering. Materials Today
63, 89-98.
https://doi.org/10.1016/j.matt
0d.2023.02.006.

38.Chen, Y., Yoo, S., Choi, Y.,

Kim, J.H., Ding, Y., Pei, K.,
Murphy, R., Zhang, Y., Zhao,
B., and Zhang, W. (2018). A
highly active, CO2-tolerant
electrode for the oxygen
reduction reaction. Energy &
Environmental Science 117,
2458-2466.
https://doi.org/10.1039/C8EE
01140K.

39.8hen, L., Du, Z., Zhang, Y.,

Dong, X., and Zhao, H.
(2021). Medium-entropy
perovskites Sr
(FeaTigCoyMn;)O3.5 as
promising cathodes for
intermediate temperature
solid oxide fuel cell. Applied
Catalysis B: Environmental
295, 120264.
https://doi.org/10.1016/j.apca
tb.2021.120264.

40.Choi, S.M., An, H., Yoon,

41.

K.J., Kim, B.-K,, Lee, H.-W.,
Son, J.-W., Kim, H., Shin, D.,
Ji, H.-l., and Lee, J.-H.
(2019). Electrochemical
analysis of high-performance
protonic ceramic fuel cells
based on a columnar-
structured thin electrolyte.
Applied Energy 233, 29-36.
https://doi.org/10.1016/j.apen

ergy.2018.10.043.

Zhai, S., Xie, H., Cui, P.,
Guan, D., Wang, J., Zhao, S.,
Chen, B., Song, Y., Shao, Z,,
and Ni, M. (2022). A

847
848
849
850
851
852
853
854
855

856
857
858
859
860
861
862
863
864
865
866
867

868
869
870
871
872
873
874
875
876
877

878
879
880
881
882
883
884
885
886
887

888
889
890
891
892
893
894
895
896
897
898
899

900
901
902
903
904
905

combined ionic Lewis acid
descriptor and machine-
learning approach to
prediction of efficient oxygen
reduction electrodes for
ceramic fuel cells. Nature
Energy 7, 866-875.
https://doi.org/10.1038/s4156
0-022-01098-3.

42.He, F., Wu, T., Peng, R., and

Xia, C. (2009). Cathode
reaction models and
performance analysis of
Smo.5Sr0.5C003-5—
BaCeo.sSmo.203-5 composite
cathode for solid oxide fuel
cells with proton conducting
electrolyte. Journal of Power
Sources 194, 263-268.
https://doi.org/10.1016/j.jpow
sour.2009.04.053.

43.Wang, H., Zhai, T., Wu, Y.,

Zhou, T., Zhou, B., Shang,
C., and Guo, Z. (2023). High-
Valence Oxides for High
Performance Oxygen
Evolution Electrocatalysis.
Advanced Science 10,
2301706.
https://doi.org/10.1002/advs.
202301706.

44.Song, Y., Chen, Y., Wang,

W., Zhou, C., Zhong, Y.,
Yang, G., Zhou, W., Liu, M.,
and Shao, Z. (2019). Self-
assembled triple-conducting
nanocomposite as a superior
protonic ceramic fuel cell
cathode. Joule 3, 2842-2853.
https://doi.org/10.1016/j.joule.
2019.07.004

45.Pei, K., Luo, S., He, F.,

Arbiol, J., Xu, Y., Zhu, F.,
Wang, Y., and Chen, Y.
(2023). Constructing an
active and stable oxygen
electrode surface for
reversible protonic ceramic
electrochemical cells. Applied
Catalysis B: Environmental
330, 122601.
https://doi.org/10.1016/j.apca
tb.2023.122601.

46.Kim, D., Jeong, |., Ahn, S.,

Oh, S., Im, H.N., Bae, H.,
Song, S.J., Lee, C.W., Jung,
W., and Lee, K.T. (2024). On
the Role of Bimetal - Doped
BaCoOs-5 Perovskites as


https://doi.org/10.1016/j.pmatsci.2022.101050
https://doi.org/10.1016/j.pmatsci.2022.101050
https://doi.org/10.1021/cm0497780
https://doi.org/10.1021/cm0497780
https://doi.org/10.1002/anie.201603528
https://doi.org/10.1002/anie.201603528
https://doi.org/10.1038/nmat4659
https://doi.org/10.1038/nmat4659
https://doi.org/10.1039/c1ee01188j
https://doi.org/10.1039/c1ee01188j
https://doi.org/10.1016/j.mser.2021.100644
https://doi.org/10.1016/j.mser.2021.100644
https://doi.org/10.1016/j.mattod.2023.02.006
https://doi.org/10.1016/j.mattod.2023.02.006
https://doi.org/10.1039/C8EE01140K
https://doi.org/10.1039/C8EE01140K
https://doi.org/10.1016/j.apcatb.2021.120264
https://doi.org/10.1016/j.apcatb.2021.120264
https://doi.org/10.1016/j.apenergy.2018.10.043
https://doi.org/10.1016/j.apenergy.2018.10.043
https://doi.org/10.1038/s41560-022-01098-3
https://doi.org/10.1038/s41560-022-01098-3
https://doi.org/10.1016/j.jpowsour.2009.04.053
https://doi.org/10.1016/j.jpowsour.2009.04.053
https://doi.org/10.1002/advs.202301706
https://doi.org/10.1002/advs.202301706
https://doi.org/10.1016/j.joule.2019.07.004
https://doi.org/10.1016/j.joule.2019.07.004
https://doi.org/10.1016/j.apcatb.2023.122601
https://doi.org/10.1016/j.apcatb.2023.122601

906
907
908
909
910
911
912

913
914
915
916
917
918
919
920
921
922
923

924
925
926
927
928
929
930
931
932
933
934
935

936
937
938
939
940
941
942
943
944

1024

Highly Active Oxygen
Electrodes of Protonic
Ceramic Electrochemical
Cells. Advanced Energy
Materials 74, 2304059.
https://doi.org/10.1002/aenm.
202304059.

47.Choi, S., Kucharczyk, C.J.,

Liang, Y., Zhang, X.,
Takeuchi, I., Ji, H.-l., and
Haile, S.M. (2018).
Exceptional power density
and stability at intermediate
temperatures in protonic
ceramic fuel cells. Nature
Energy 3, 202-210.
https://doi.org/10.1038/s4156
0-017-0085-9.

48.Liu, F., Deng, H., Diercks, D.,

Kumar, P., Jabbar, M.H.A.,
Gumeci, C., Furuya, Y., Dale,
N., Oku, T., and Usuda, M.
(2023). Lowering the
operating temperature of
protonic ceramic
electrochemical cells to
<450° C. Nature Energy 8,
1145-1157.
https://doi.org/10.1038/s4156
0-023-01350-4.

49.He, F., Hou, M., Liu, D., Ding,

Y., Sasaki, K., Choi, Y., Guo,
S., Han, D, Liu, Y., and Liu,
M. (2024). Phase
segregation of a composite
air electrode unlocks the high
performance of reversible
protonic ceramic
electrochemical cells. Energy

945
946
947
948

949
950
951
952
953
954
955
956
957
958
959
960

961
962
963
964
965
966
967
968
969
970
971
972

973
974
975
976
977
978
979
980
981
982
983

& Environmental Science 17,
3898-3907.
https://doi.org/10.1039/D4EE
01608D.

50.Kim, J.H., Hong, J., Lim,

51.

D.K., Ahn, S., Kim, J., Kim,
J.K,, Oh, D., Jeon, S., Song,
S.J., and Jung, W. (2022).
Water as a hole-predatory
instrument to create metal
nanoparticles on triple-
conducting oxides. Energy &
Environmental Science 15,
1097-1105.
https://doi.org/10.1039/d1ee0
3046a.

Ding, H., Wu, W., Jiang, C.,
Ding, Y., Bian, W., Hu, B.,
Singh, P., Orme, C.J., Wang,
L., and Zhang, Y. (2020).
Self-sustainable protonic
ceramic electrochemical cells
using a triple conducting
electrode for hydrogen and
power production. Nature
communications 717, 1907.
https://doi.org/10.1038/s4146
7-020-15677-z.

52.Chen, X, Yu, N., Song, Y.,

Liu, T., Xu, H., Guan, D., Li,
Z., Huang, W.H., Shao, Z.,
and Ciucci, F. (2024).
Synergistic bulk and surface
engineering for expeditious
and durable reversible
protonic ceramic
electrochemical cells air
electrode. Advanced
Materials, 2403998.

984
985

986
987
988
989
990
991
992
993
994
995
996
997
998
999

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009

1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022

1023

https://doi.org/10.1002/adma.
202403998.

53.Park, K., Saqib, M., Lee, H.,

Shin, D., Jo, M., Park, K.M.,
Hamayun, M., Kim, S.H.,
Kim, S., and Lee, K.-S.
(2024). Water-mediated
exsolution of nanoparticles in
alkali metal-doped perovskite
structured triple-conducting
oxygen electrocatalysts for
reversible cells. Energy &
Environmental Science 17,
1175-1188.
https://doi.org/10.1039/D3EE
03510G.

54.Kim, J., Jun, A., Gwon, O.,

Yoo, S., Liu, M., Shin, J.,
Lim, T.-H., and Kim, G.
(2018). Hybrid-solid oxide
electrolysis cell: A new
strategy for efficient
hydrogen production. Nano
Energy 44, 121-126.
https://doi.org/10.1016/j.nano
en.2017.11.074.

55.Choi, S., Davenport, T.C.,

and Haile, S.M. (2019).
Protonic ceramic
electrochemical cells for
hydrogen production and
electricity generation:
exceptional reversibility,
stability, and demonstrated
faradaic efficiency. Energy &
Environmental Science 12,
206-215.
https://doi.org/10.1039/C8EE
02865F



https://doi.org/10.1002/aenm.202304059
https://doi.org/10.1002/aenm.202304059
https://doi.org/10.1038/s41560-017-0085-9
https://doi.org/10.1038/s41560-017-0085-9
https://doi.org/10.1038/s41560-023-01350-4
https://doi.org/10.1038/s41560-023-01350-4
https://doi.org/10.1039/D4EE01608D
https://doi.org/10.1039/D4EE01608D
https://doi.org/10.1039/d1ee03046a
https://doi.org/10.1039/d1ee03046a
https://doi.org/10.1038/s41467-020-15677-z
https://doi.org/10.1038/s41467-020-15677-z
https://doi.org/10.1002/adma.202403998
https://doi.org/10.1002/adma.202403998
https://doi.org/10.1039/D3EE03510G
https://doi.org/10.1039/D3EE03510G
https://doi.org/10.1016/j.nanoen.2017.11.074
https://doi.org/10.1016/j.nanoen.2017.11.074
https://doi.org/10.1039/C8EE02865F
https://doi.org/10.1039/C8EE02865F

