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global climate. Renewable energy sources, 
such as solar and wind, are projected to 
be instrumental in achieving a sustain-
able global power supply while combat-
ting environmental pollution.[1] However, 
these renewable energy sources are non-
dispatchable, and cannot meet instan-
taneous demand. Consequently, energy 
storage devices are needed to buffer power 
production. Solid oxide cells (SOCs) are 
extremely promising for grid-scale energy 
conversion and storage, as they can con-
vert the chemical energy from a wide 
range of fuels into electrical power in 
fuel cell mode, with far higher thermo-
dynamic efficiencies and lower emissions 
than conventional combustion-based sys-
tems.[2–5] SOCs can also operate reversibly, 
storing electrical energy through water-
splitting and storage of hydrogen gas in 
electrolysis mode. In addition, fuel cell 
storage capacity is independent of device 
size, and limited only by fuel storage tank 
volume, posing a significant advantage 
over rechargeable batteries.[6–9]

SOCs can be either oxygen- (O-SOC) or 
proton- (H-SOC) conducting, depending 

on electrolyte composition.[2,5,10,11] In particular, solid oxide elec-
trolysis cells based on proton-conducting electrolytes (PCECs) 
have three unique advantages over conventional (oxygen ion-
conducting) solid oxide electrolysis cells (O-SOECs). First, the 

Reversible protonic ceramic cells (RePCCs) can facilitate the global transi-
tion to renewable energy sources by providing high efficiency, scalable, and 
fuel-flexible energy generation and storage at the grid level. However, RePCC 
technology is limited by the lack of durable air electrode materials with high 
activity toward the oxygen reduction/evolution reaction and water forma-
tion/water-splitting reaction. Herein, a novel nanocomposites concept for 
developing bifunctional RePCC electrodes with exceptional performance is 
reported. By harnessing the unique functionalities of nanoscale particles, 
nanocomposites can produce electrodes that simultaneously optimize reac-
tion activity in both fuel cell/electrolysis operations. In this work, a nano-
composite electrode composed of tetragonal and Ruddlesden–Popper (RP) 
perovskite phases with a surface enriched by CeO2 and NiO nanoparticles 
is synthesized. Experiments and calculations identify that the RP phase 
promotes hydration and proton transfer, while NiO and CeO2 nanoparticles 
facilitate O2 surface exchange and O2- transfer from the surface to the major 
perovskite. This composite also ensures fast (H+/O2-/e-) triple-conduction, 
thereby promoting oxygen reduction/evolution reaction activities. The as-
fabricated RePCC achieves an excellent peak power density of 531 mW cm-2 
and an electrolysis current of -364 mA cm-2 at 1.3 V at 600 °C, while demon-
strating exceptional reversible operation stability of 120 h at 550 °C.
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1. Introduction

Rapid global population growth and economic progress 
through industrialization has caused significant damage to the 
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lower activation energy of proton conduction compared to 
oxygen conduction results in lower operating temperatures for 
PCECs than O-SOECs. In turn, decreasing operating tempera-
ture improves operational stability and reduces system com-
plexity and costs.[12,13] Second, PCECs produce pure and dry 
hydrogen that can be compressed and stored directly, thereby 
removing the need for complex downstream drying, reducing 
system cost, and complexity.[14] Third, in SOECs, water splitting 
occurs at the fuel electrode, leading to oxidation/coarsening of 
the Ni catalysts and increasing the risk of electrode delamina-
tion caused by the OER.[15] In contrast, in PCECs, these issues 
are negated, no water is electrolyzed at the fuel electrode. 
Recently, it has been proposed that the functionalities of pro-
tonic ceramic fuel cells (PCFCs) and PCECs are combined in 
RePCCs (Figure 1).[16–18]

The major challenge that hinders RePCC commercialization 
is the lack of bifunctional air electrodes (i.e., electrodes with 
high activity toward both the ORR and OER with suitable long-
term stability). In a RePCC, high ORR activity is associated 
with fast surface exchange (O2 adsorption/dissociation), good 
O2 diffusion, and H+/O2–/e– triple conduction, whereas high 
OER activity is associated with a fast surface exchange (hydra-
tion) and H+/e– conduction.[7] Therefore, the bifunctional air 
electrode for RePCC should possess excellent conduction and 
exchange properties of H+/O2–/e- and stability under RePCC 
operating conditions. However, single-phase perovskite-based 
materials have thus far been unable to simultaneously meet 
all RePCC requirements. For example, although electrocatalyti-
cally active mixed ionic and electronic conducting perovskite 
materials, such as La0.8Sr0.2CoO3-δ,[19] La0.6Sr0.4Co0.2Fe0.8O3-δ, 
and Ba0.5Sr0.5Co0.8Fe0.2O3-δ,[20–22] can be candidates for RePCC 
air electrodes, they have deficient protonic properties and even 
degrade under the steam-rich atmospheres characteristic of 
PCFC operation.[20–23]

Seeking a different approach, various studies have attempted 
to introduce electronic conductivity by doping rare earth 
metals and transition metals into BaZrO3-δ (BZO)/BaCeO3-δ- 
based proton conductors to synthesize materials such as 
BaCe0.5Bi0.5O3-δ, cobalt-substituted BaZr0.1Ce0.7Y0.2O3-δ 
and BZO.[24–26] However, these materials are still poor 
O2– and e– conductors, resulting in limited performance. 
Recently, state-of-the-art cobalt-based air electrodes, such as 
PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) and BaCo0.4Fe0.4Zr0.1Y0.1O3-δ 

(BCFZY), were used in high-performance intermediate-temper-
ature RePCCs.[6,8] However, the thermal compatibility of these 
electrodes with other cell components remains a major concern 
due to the high thermal expansion coefficient (TEC) of cobalt-
based perovskites (i.e., BCFZY: 21.6 ×  10–6  K–1 at 300–700  °C; 
PBSCF: 21.3 × 10–6 K–1 at 250–900 °C).[27,28]

Meanwhile, an O-SOFC nanocomposite electrode was pro-
posed to realize both high ORR activity and reduced TEC 
(16.8 ×  10–6  K–1). This multiphase nanocomposite cathode for 
O-SOFC consisted of a primary phase of a tetragonal SrFeO3-δ 
(SF)-based perovskite, SraCebFecNidO3-δ (T-SCFN), and three 
minor phases, including a Ruddlesden-Popper (RP)Sr4Fe3O10-δ 
(RP-SF) based perovskite, SrxCeyFemNinO3-δ (RP-SCFN), and 
surface enriching nanoparticles of CeO2 and NiO, by intro-
ducing a Sr0.9Ce0.1Fe0.8Ni0.2O3-δ (SCFN) precursor. This elec-
trode showed outstanding ORR activity when combined with 
an oxygen-conducting, samarium-doped ceria electrolyte.[29] 
Therefore, the multiphase nanocomposite air electrode can be 
introduced into to the RePCC system based on the idea that all 
three conductive ion (H+/O2–/e-) properties could be excellent 
due to the different properties of the various materials making 
up the nanocomposite.

In this study, we demonstrate for the first time, that nano-
composites can be leveraged to develop superior RePCC air 
electrodes. Our developed SCFN-based nanocomposite showed 
outstanding ORR and OER activity. Both calculations and 
experiments suggest that the RP phase in SCFN promotes 
hydration and proton conduction, while the nanoscale NiO and 
CeO2 phases foster O2 surface exchange and O2– transfer from 
the RP or NiO phase surface to the primary phase. The RePCCs 
based on Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb) fuel electrode, 
BZCYYb electrolyte, and SCFN nanocomposite air electrode 
exhibited a high peak power density (PPD) of 531 mW cm–2 in 
fuel cell mode and a current density of −364 mA cm–2 at 1.3 V 
in electrolysis mode at 600  °C, while retaining robust opera-
tional stability of 120 h in fuel cell/electrolysis cycles at 550 °C. 
This investigation demonstrates that nanocomposites can be 
leveraged to realize highly active and durable air electrodes for 
RePCCs. The principle behind this work is that careful control 
of different nanoscale functional phases within the composite 
can create a bulk material with simultaneously optimized 
OER and ORR activities. Further, self-assembled nanocompos-
ites experience strong interphase interaction, which inhibits 

Figure 1. Schematic of a reversible protonic ceramic cells (RePCC) operating in a) fuel cell and b) electrolysis mode. HOR, hydrogen oxidation reaction; 
OER, oxygen evolution reaction; ORR, oxygen reduction reaction; HER, hydrogen evolution reaction.
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nanocatalyst agglomeration and reduces the total TEC of the 
material, thus ensuring the outstanding operational stability of 
the RePCCs.

2. Results and Discussion

The prepared nanocomposite was synthesized following a facile 
one-pot synthesis method.[30] Formation of the nanocomposite 
was confirmed by XRD characterization and corresponding 
Rietveld refinement, which suggested that the SCFN contained 
two major perovskite phases, i.e., SF-based and RP-SF-based 
perovskites (T-SCFN and RP-SCFN), and two minor oxide 
phases, i.e., NiO and CeO2 phases (Figure 2a). For comparison, 
single-phase SF and dual-phase Sr0.9Fe0.8O3-δ (SF98), which is 
composed of SF and RP-SF, were also prepared (Figure S1, Sup-
porting Information). To identify morphology and composition, 
scanning electron microscopy (SEM), STEM, and EDX analysis 
were carried out. Unlike single-phase SF and dual phase SF98, 
the surface of SCFN was nanoparticle enriched (Figure S2,  

Supporting Information). The STEM image (Figure  2b) and 
corresponding line EDX results (Figure 2c,d) suggest that these 
nanoparticles were CeO2 and NiO. STEM-Mapping results 
(Figure  2e) suggest that Ce and Ni were introduced into the 
major perovskite phases.[29] The valence states of the transition 
metals in SF, SF98, and SCFN were also analyzed (Figure S3, 
Supporting Information).

It is well known that the ORR of a fuel cell with a protonic 
electrolyte is more complicated compared to that with an 
oxygen-ion conducting electrolyte.[7,31] To determine the elec-
trochemical performance of the SCFN composite electrode in 
PCFC mode, electrochemical impedance spectroscopy (EIS) 
was performed on BZCYYb-supported symmetric cells at 
varied air humidification (0, 3, 6 vol% H2O) and temperature 
(450–650 °C) (Table S1, Supporting Information). It should be 
noted that no additional phases were identified by XRD anal-
ysis, implying that no reaction occurred between SCFN and 
BZCYYb (Figure S4, Supporting Information). The area specific 
resistance (ASR) and activation energy both decreased with 
increasing gas steam content, suggesting that hydration and 

Figure 2. a) Refined X-ray diffraction (XRD) profiles of SCFN sample. b) Scanning transmission electron microscopy (STEM) image of SCFN sample 
and corresponding line energy dispersive X-ray (EDX) scan of c) CeO2 and d) NiO nanoparticles, and e) STEM-mapping results of SCFN.
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proton conduction affect electrochemical activity (Figure 3a).[31] 
A symmetric cell based on a BZCYYb electrolyte with the SCFN 
composite cathode exhibited low ASR values of 0.078, 0.20, 
0.57, 2.05, and 8.46 Ω cm2 at 650, 600, 550, 500, and 450  °C, 
respectively, in 3 vol% H2O-air (Figure 3a). The ASR values of 
the SCFN composite are lower than reported cobalt-free PCFC 
cathodes, demonstrating the exceptional performance of this 
nanocomposite electrode (Figure S5, Supporting Information).

To further assess the functionality of the SCFN electrode com-
ponent phases, symmetric cells based on single-phase SF, and 
two-phase SF98 were also fabricated and tested (Figure S6a,b, 
Table S1, Supporting Information). As shown in Figure 3b, SF 
had the highest ASR values in wet air (3 vol% H2O-Air). The 
SF98 composite electrode had lower ASR values than SF, sug-
gesting that the RP-phase improved the ORR activity in PCFC 
mode (Figure 3b). Adding NiO and CeO2 nanoparticles (to make 
SCFN) further decreased the ASR, implying that nano NiO and 
CeO2 also enhanced ORR (Figure  3b). The ASR values of SF 
electrode are 0.63 and 4.02 Ω cm–2 at 600 and 500  °C, respec-
tively, while the corresponding values for the other two mate-
rials are significantly lower (0.37 and 3.31 Ω cm–2 for SF98 and 
0.20 and 2.05 Ω cm–2 for SCFN) (Figure S7, Supporting Infor-
mation). The SCFN composite also demonstrated decreased 
ohmic (Figure 3c) and stable polarization resistance (Figure S8, 
Supporting Information) during a 63 h test, implying good elec-
trode/electrolyte contact and excellent operational stability.

To investigate the roles that RP-SF-based perovskite and sur-
face-enriched nano NiO/CeO2 play in promoting the ORR, the 

EIS data was analyzed with the DRT model. Using the DRT 
tools package,[32,33] the electrochemical processes were decon-
volved into separate peaks,[34] as illustrated in Figure  3d,e, 
which could be divided into three regions denoted as P1, P2, 
and P3. It has been suggested that the high-frequency region 
(P1) represents the transfer of ions from the electrolyte to 
the cathode at the triple-phase boundary.[34] It is also under-
stood that intermediate-frequency (P2) corresponds to the 
surface exchange and bulk diffusion and that low-frequency 
(P3) indicates gas diffusion (steam and O2).[30,35,36] The area 
under a specific peak represents the resistance of the corre-
sponding process. The P3 of SCFN drops sharply after steam 
is introduced (Figure  3d), implying decreased resistance 
(P3).[30,36] Conversely, the areas under P1 and P2 are relatively 
unchanged.

As reported in the literature, pure SF shows poor hydration 
capability (a proton uptake of 0.01–0.03% at 200–300  °C).[37] 
However, the RP-SF-based perovskites possess good proton 
uptake.[38] As a result, it is likely that the RP-SF phase simul-
taneously promotes hydration and proton transfer. To test this 
hypothesis, we compared the ASRs and DRTs of the SF and 
SF98 composites measured at 3 vol% H2O-N2, eliminating the 
influence of O2 diffusion, oxygen-related surface exchange, 
and O2– transfer (Figure S9, Supporting Information). The 
SF98 composite had lower ASRs and activation energies than 
SF in the 550–650  °C range (Figure S9a, Supporting Infor-
mation). From the DRT analysis, this enhancement can be 
attributed to H2O diffusion (P3), associated with hydration 

Figure 3. a) Arrhenius plots of the ASRs of the SCFN air electrode with BZCYYb electrolyte in 0, 3, 6 vol% H2O-air at 450–650 °C. b) Arrhenius plots 
of the ASRs of the SF, SF98, and SCFN air electrodes with BZCYYb electrolytes in 3 vol% H2O-air at 450–650 °C. c) Nyquist plots of SCFN composite 
electrode with BZCYYb electrolyte in 3 vol% H2O-air at 600 °C for 63 h. Distribution of relaxation time (DRT) analysis of d) SCFN composite electrode 
under different steam content conditions at 500 °C and 600 °C, e) SF, SF98 composite, and SCFN composite electrodes under 3 vol% H2O-Air at 
500 °C and 600 °C.
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and proton transfer (P2) (Figure S9b,c,d, Supporting Informa-
tion). The DRT of SF and SF98 composites in 3 vol% H2O-Air 
(Figure 3e) were also compared. The significantly lower resist-
ances of P3 and P2 for the SF98 composite in comparison to 
SF single-phase suggest that, consistent with literature,[35] the 
RP-SF phase promotes steam/O2 diffusion as well as surface 
exchange and ion transfer. Surprisingly, we noted that the 
values of P2 and P3 for SCFN composite are lower than those 
of the SF98 composite. This difference can be attributed to 
the introduction of NiO and CeO2 nanoparticles, which pro-
vide additional reaction sites and improve the kinetics of the 
oxygen reaction.[29] The EIS and DRT analysis suggests that 
the SCFN composite has fast surface exchange kinetics and 
H+/O2–/e– triple conductivity; both are critical properties to 
ORR/OER activity.

We carried out density functional theory (DFT) calcula-
tions to further understand the properties and roles of each 
perovskite phase in the SCFN nanocomposite. The XRD 
results shown suggest that SF and RP-SF can be modelled 
by Sr8Fe8O23 (I4/mmm) and Sr4Fe3O10 (I4/mmm), respec-
tively (Figure S1, Supporting Information). The relaxed lat-
tice parameters agree well with the XRD Rietveld refine-
ment results. We calculated the oxygen vacancy formation 
energy (ΔEvac) as a proxy for the ORR/OER activity.[39] All dis-
tinct O sites in both materials were considered (Figure S10, 
Supporting Information). The calculated ΔEvac values are 
listed (Table S2, Supporting Information); for Sr8Fe8O23 and 
Sr4Fe3O10, the lowest ΔEvac are 1.12  and 1.09  eV, respectively. 
For Sr4Fe3O10, the ΔEvac in [SrO], i.e., the formation of one 
O1 vacancy, is 2.25  eV (Figure S10, Supporting Information), 
which is 1.19 eV greater than computed for [SrFeO3], i.e., the 
ΔEvac for one O3 vacancy. Therefore, the concentration of O 
vacancies might be higher in the [SrFeO3] layers, likely leading 
to two-dimensional (2D) O-vacancy conduction.[40] In turn, the 
oxygen bulk diffusion is likely faster in RP-SF than that in SF, 
consistent with the literature.[29]

In addition to oxygen surface exchange and diffusion in 
protonic cells, hydration and proton transfer are also critical 
to ORR/OER. Consequently, the hydration energy (ΔEhydr) and 
proton migration barriers in SF and RP-SF were calculated. 
Regarding the hydration mechanism shown in (3) of Sup-
porting Information, one O

•OH  fills in the oxygen vacant site 
that has the lowest ΔEvac, i.e., the O3 site in Sr4Fe3O10 and the 
O1 site in Sr8Fe8O23. We considered different configurations 
for the second O

•OH  and obtained the optimized hydrated SF 
and RP-SF structures with the lowest energies (Figure S11, 
Supporting Information). It can be observed that O

•OH  prefer-
entially attaches to the O2 site of SF (Figure S11a, Supporting 
Information). For RP-SF, the two protons are located at the O3 
sites (Figure S11b, Supporting Information). The ΔEhydr for SF 
and RP-SF were predicted to be 0.67 and 0.44 eV, respectively, 
suggesting that hydration is more energetically favorable in 
RP-SF than SF.

To verify that the RP-SF phase promotes hydration, mass 
spectrometry (MS) and Fourier transform infrared spectroscopy 
(FTIR) characterizations were carried out. For MS and FTIR 
testing, the SF, SF98, and SCFN powder were first treated at 
550 °C in 3 vol% H2O-air (21 vol% O2-79 vol% N2) for 10 h. The 
steam was cut off when the temperature decreased to 100 °C to 

minimize the influence of the adsorbed water on the hydrated 
water signal. MS results showed that, in the 100–900 °C range, 
the H2O peak observed for SF is much weaker than the one 
for SF98 and SCFN, suggesting the stronger water adsorp-
tion and hydration capability of SF98 and SCFN compared to 
SF (Figure 4a). According to FTIR results, SF has a very weak 

O
•OH  peak between 3400 and 3800 cm-1,[9] while the O

•OH  peak 
is more pronounced for the steam-treated SF98 and SCFN sam-
ples (Figure 4b). The MS and FTIR results are consistent with 
the calculated ΔEhydr and further confirm that the presence of 
the RP-SF phase promotes hydration.

The proton migration barriers were also computed using 
the climbing image nudged elastic band (CI-NEB) method.[41] 
Two possible pathways for proton migration were considered, 
i.e., i)  hopping from one octahedral vertex to a neighboring 
vertex, and ii) reorientation at the identical octahedral vertex 
(Figure S12, Supporting Information). Starting from the lowest 
energy configurations with one proton, which are labeled as site 
1 in both Figure 4c,d, we considered different migration path-
ways for one O

•OH  in Sr16Fe16O46H and Sr16Fe12O40H to simu-
late the hydrated SF and RP-SF, respectively. The corresponding 
migration barriers are given in Table 1. The largest migration 
barriers for proton transport in Sr16Fe16O46H and Sr16Fe12O40H 
were predicted to be 0.48 and 0.34 eV, respectively. To estimate 
the O

•OH  transport in the ab plane, i.e., along the [100] and [010] 
directions in RP-SF, we also calculated the reorientation barrier 
of O

•OH  from 2 to 6 (Figure 4c). This barrier was predicted to be 
0.24 eV, a value close to the one computed for the of 4 → 5 reor-
ientation (0.26 eV) in the same material. The smaller migration 
barriers O

•OH  computed for RP-SF imply that the RP-SF phase 
is likely to promote proton migration.

The isotope exchange diffusion profiling (IEDP) method 
was used to identify proton diffusivity and surface exchange via 
time-of-flight secondary ion MS (ToF-SIMS).[42] Deuterium (D) 
was used as a tracer in the SCFN sample, allowing the estima-
tion of SCFN’s proton tracer diffusion coefficient (D*H) and 
surface exchange coefficient (k*H). The obtained D*H and k*H 
values of SCFN are shown (Figure S15a,b, Table S3, Supporting 
Information). The D*H of SCFN increased with temperature 
due to thermal activation (Figure S15a, Supporting Informa-
tion). In contrast, k*H decreased with temperature because 
surface hydration is exothermic (Figure S15b, Supporting Infor-
mation).[43] A noteworthy outcome of the experiment is that 
SCFN’s D*H is similar to the D*H measured for proton-con-
ducting electrolytes, such as La27.15W4.85O55.28V0.73 (LWO56),[44] 
BaCe0.9Y0.1O3-δ (BCY10),[45] (Ba0.965Gd0.035)(Ce0.935Gd0.035)O3-δ 
(Gd-BCO),[46] and SrCe0.95Yb0.05O3-δ (SCY), indicating that SCFN 
is characterized by sufficient proton mobility and surface 
exchange properties (Figure 5a). The characterizations reported 
above suggest that, in addition to being a material with good 
O2–/e– mixed conductivity and oxygen surface exchange 
kinetics, SCFN is an excellent H+ conductor with a fast surface 
exchange.

To evaluate the performance of the SCFN composite in 
PCFCs, an anode supported single cell consisting of a NiO-
BZCYYb fuel electrode, BZCYYb electrolyte (26.0  mm) and 
SCFN composite air electrode (9.6  mm) was manufactured 
(Figure S16, Supporting Information). The power output and 
EIS data were obtained by supplying pure H2 and ambient air 
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to the fuel and air electrodes. As seen in Figure 5b, the cell with 
the SCFN composite cathode exhibited PPDs of 745, 531, 347, 
and 225  mW cm–2 at 650, 600, 550, and 500  °C, respectively. 
These excellent characteristics were also confirmed by the small 
polarizations measured by EIS (Figure S17, Supporting Infor-
mation). The fuel cell’s performance exceeds the performance 
of many reported cells with cobalt-free electrodes and even 
cobalt-based electrodes (Table S4, Supporting Information), and 
displayed excellent operational stability of over 290 h with no 
detectable degradation (Figure  5c). These results demonstrate 
the potential of the SCFN composite cathode in PCFCs.

We also used a similar cell for electrochemical reversibility 
tests. The I–V curves and EIS data were obtained by supplying 
pure H2 and 3  vol% H2O-air to the fuel and air electrodes, 
respectively (Figure 5d). The reversible cell in fuel cell mode 
had lower power output than the first cell due to the slight 

difference in cell preparation and the introduction of steam 
in the air electrode (Figure S18, Supporting Information). As 
seen in Figure 5c, the cell current densities were −364, −269, 
−179, and −91 mA cm–2, at 600, 550, 500, and 450 °C, respec-
tively, at 1.3 V. The performance in electrolysis mode exceeds 
many reported cells with cobalt-free and even cobalt-based 
electrodes (Table S5, Supporting Information). The excellent 
performance in electrolysis (1.3 V) and fuel cell (0.8 V) mode 
was also confirmed by the small polarization measured by EIS 
(Figure S19, Supporting Information). Cell reversibility was 
evaluated by cyclic operation between 1.3 V (electrolysis mode) 
and 0.8 V (fuel cell mode) at 550  °C. The current was meas-
ured for 10  h (first 2 cycles) and 4 h (last 25 cycles) at each 
condition in an alternating fashion (Figure 5e). Negligible per-
formance degradation was detected throughout 27 reversible 
cycles (120 h). To assess the stability of the SCFN nanocom-
posite air electrode in conditions representative of practical 
RePCCs, the electrode was exposed to high steam concen-
tration in electrolysis mode (Figure S20, Supporting Infor-
mation). The cell operated stably for 44 h in 30 and 50 vol% 
H2O-Air with no obvious degradation, suggesting that the 
SCFN nanocomposite has potential to operate at high steam 
concentrations. The Faradaic efficiency (FE) and H2 produc-
tion rate of the cell at 550 °C under an atmospheric composi-
tion of 30 and 50 vol% water vapor in air were also evaluated. 
The FE increased rapidly with increasing current and water 
vapor content, corroborating previous literature results.[6] The 
FE reached ≈89% (Figure 5f) at an electrolysis current density 
of −800  mA cm–2 in 50 vol% H2O-Air with a corresponding 

Table 1. Migration barriers for one proton hopping or reorientating 
between the sites of Sr4Fe3O10 and Sr8Fe8O23 labeled in Figure 4c,d.

Proton migration barrier [eV]

Migration path 1 → 2 2 → 3 3 → 4 4 → 5 5 → 6 2 → 6

Sr16Fe12O40H 0.34 0.17 0.05 0.26 0.24

Sr16Fe16O46H 0.26 0.22 0.34 0.17 0.48

Migration path 6 → 5 5 → 4 4 → 3 3 → 2 2 → 1

Sr16Fe12O40H 0.05 0.26 0.03 0.33

Sr16Fe16O46H 0.22 0.11 0.29 0.26 0.22

Figure 4. a) H2O temperature programmed desorption and b) FTIR profiles of steam-treated SF, SF98, and SCFN powders with the region for adsorbed 
water and proton defect. Distinct OHO

•  sites in c) Sr16Fe16O46H (hydrated SF) and d) Sr16Fe12O40H (hydrated RP-SF).
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H2 production rate of 4.95 mL min–1 cm–2 (Figure 5g), further 
suggesting great potential of the SCFN nanocomposite for 
water splitting in RePCCs.

The developed SCFN nanocomposite electrode illustrates the 
key advantages of nanocomposite electrodes as follows: 1) each 
phase of the nanocomposite has a different function, synergis-
tically meeting the demanding requirements of the RePCC air 
electrode; 2) nanoscale contact between the multiple phases 
leads to a large concentration of OER and ORR catalytic centers, 
ensuring excellent bifunctional activity; and 3) in a self-assem-
bled nanocomposite, the strong interphase interaction inhibits 
sintering of the nanocatalyst during operation, ensuring elec-
trode longevity. The strong interphase interaction may also limit 
thermal expansion, improving thermal compatibility between 
air electrode and electrolyte. The combination of these factors 
contributes to a highly active and stable RePCC air electrode.

3. Conclusion

In conclusion, this work demonstrates the potential of nano-
composites as a new avenue for the development of high-
performance RePCC air electrodes through the development 
of a multiphase SCFN nanocomposite electrode. This elec-
trode showed both high ORR and OER activity and excellent 
operational stability. Ni-BZCYYb anode-supported RePCCs with 
an SCFN air electrode achieved a high PPD of 531  mW cm–2 
and electrolysis current of −364  mA  cm–2, while maintaining 
excellent reversible stability for 120 h at 550 °C with negligible 
degradation. The SCFN electrode constituted four phases; SF-
based single-phase perovskite, RP-SF-based perovskite, and 
a CeO2 and NiO nanoparticle enriched surface. Experiments 
suggest that the RP phase promoted gas (steam/O2) diffu-
sion and the related steam/O2 surface exchange reaction, thus 

Figure 5. a) Comparison of D*H of the SCFN with other representative MIEC materials and proton conductors: Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF),[47] 
PrBaCo2O5+δ (PBCO),[48] GdBaCo2O5+δ (GBCO),[49] La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF),[50] La0.6Sr0.4CoO3-δ (LSC),[51] LWO56,[44] BCY10,[45] Gd-BCO,[46] and 
SCY.[52] Lines in the gray and blue circles represent D* values for oxygen ion and proton, respectively. b) I–V and I–P curves of the Ni-BZCYYb anode 
supported cell in H2 fuel at 500–650 °C. c) Operational stability of the Ni-BZCYYb anode supported cell in H2 fuel at 550 °C. d) I–V curves of the Ni-
BZCYYb anode supported cell measured in electrolysis mode in H2 fuel at 450–600 °C. e) Continuous RePCC operation, cycling between electrolysis 
and fuel cell mode at 550 °C. The oscillation in the stability curve observed at ≈35 h was due to an air supply malfunction. f) Faradaic efficiency (FE) 
and g) H2 production rate of RePCC with SCFN as air electrode, measured at different current densities under 30 and 50 vol% H2O-Air at 550 °C.
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enhancing electrochemical activity. The NiO and CeO2 nano-
particles further promoted the O2 adsorption/dissociation and 
O2– transfer from the surface to the major phase. DFT calcula-
tions suggest the role of the RP phase in promoting hydration, 
and proton and O2– transfer, implying that SCFN composite 
has fast steam/O2 surface exchange kinetics and good H+/
O2–/e– triple conducting capability, contributing to high ORR/
OER activity. The SCFN composite performance exceeds most 
reported cobalt-free air electrodes and is comparable to state-of-
the-art cobalt-based perovskite electrodes in the literature. This 
study emphasizes that the RP phase promotes both the ORR 
and OER of RePCCs and provides a promising direction for the 
future development of high-performance air electrodes.
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