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Synergistic Bulk and Surface Engineering for Expeditious
and Durable Reversible Protonic Ceramic Electrochemical
Cells Air Electrode

Xi Chen, Na Yu, Yufei Song, Tong Liu, Hengyue Xu, Daqin Guan, Zheng Li,
Wei-Hsiang Huang, Zongping Shao, Francesco Ciucci,* and Meng Ni*

Reversible protonic ceramic electrochemical cells (R-PCECs) offer the potential
for high-efficiency power generation and green hydrogen production at
intermediate temperatures. However, the commercial viability of R-PCECs is
hampered by the sluggish kinetics of the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) within conventional air electrodes operating at
reduced temperatures. To address this challenge, this work introduces a novel
approach based on the simultaneous optimization of bulk-phase metal-oxygen
bonds and in-situ formation of a metal oxide nano-catalyst surface modifica-
tion. This strategy is designed to expedite the ORR/OER electrocatalytic activity
of air electrodes exhibiting triple (O2−, H+, e−) conductivity. Specifically, this en-
gineered air electrode nanocomposite-Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05F0.1O2.9-𝜹

demonstrates remarkable ORR/OER catalytic activity and exceptional
durability in R-PCECs. This is evidenced by significantly improved peak
power density from 626 to 996 mW cm−2 and highly stable reversibility over a
100-h cycling period. This research offers a rational design strategy to achieve
high-performance R-PCEC air electrodes with superior operational activity
and stability for efficient and sustainable energy conversion and storage.

1. Introduction

With the constraints imposed by fossil fuels and the unde-
sirable consequences of anthropogenic greenhouse gas emis-
sions, there is a growing interest in developing highly efficient,
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sustainable, and environmentally friendly
energy power plants for carbon-free energy
generation.[1–3] Among these, reversible
solid oxide cells (R-SOCs), capable of func-
tioning reversibly as both fuel cells (FCs)
and electrolysis cells (ECs), have emerged
as promising candidates for energy conver-
sion (in FC mode) and storage (in EC mode)
without the inherent drawbacks of inter-
mittency and variability for the traditional
renewable energy systems.[4–6] Additionally,
they offer other significant advantages, in-
cluding high energy conversion efficiency,
low emissions, quiet operation, and fuel
flexibility for on-demand electric power
production.[7] Nevertheless, compared
to conventional oxygen ion-conducting
R-SOCs operating at intermediate-high
temperatures (600–1000 °C), the reversible
protonic ceramic electrochemical cells (R-
PCECs) can efficiently operate at reduced
temperatures (350–650 °C) due to the
rapid proton transport and lower proton-
migration activation energy (0.4–0.6 eV),

which extends the cells’ lifespan and reduces production and op-
eration costs.[8,9]

R-PCECs hold significant potential, but their large-scale adop-
tion depends on developing air electrodes that support efficient,
stable oxygen reduction reaction (ORR) and oxygen evolution
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Figure 1. Schematic diagram of R-PCEC in fuel cell (FC) and electrolysis cell (EC) operation modes along with the bulk and in-situ surface modification
strategy for air electrode.

reaction (OER) at lower operating temperatures while switch-
ing seamlessly between FC and EC modes. Although many air
electrodes have been explored in recent decades, achieving suf-
ficient electrochemical performance remains a significant chal-
lenge. Therefore, it is imperative to develop effective strategies to
enhance the ORR/OER electrode kinetics and durability to accel-
erate the development of R-PCECs.

Considering that under actual operating conditions, the
ORR and OER in the R-PCEC air electrodes primarily involve
the following sub-steps: adsorption/desorption of oxygen/water
(steam) on the electrode surface; the reduction of active oxy-
gen/ the oxidization of water (steam) to corresponding active ions
(O2−, H+/ hydroxyl); the surface and bulk transport of active ions;
and the generation of water (steam) /oxygen with the participa-

tion of electrons (Figure 1). It is foreseeable that the air electrodes
with highly efficient O2−, H+, e− (triple-conducting oxide, TCO)
transfer capabilities, coupled with activated surface sites, hold
promise as ideal dual-functional catalysts for R-PCECs. This po-
tential arises from the significantly enhanced surface and bulk
ion generation and transport capabilities, extending the effective
three-phase boundaries (TPBs, active reaction sites) and acceler-
ating the electrode reaction kinetics.

Currently, as a prototypic perovskite TCO, BaCo0.4Fe0.4Zr0.1-
Y0.1O3–𝛿 (BCFZY) is widely applied in proton-conducting fuel
cells as air electrode material since it possesses convincing ORR
catalytic activity.[10] Unfortunately, when it is directly employed
as the air electrode for R-PCECs, the electrochemical catalytic
activity significantly diminishes due to the lower capability

Adv. Mater. 2024, 36, 2403998 2403998 (2 of 13) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 32, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202403998 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [12/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

of oxygen ion/proton formation and transport, particularly in
humid conditions.[11] Therefore, extensive efforts have been
devoted to developing new, effective, high triple-conducting
air electrodes. Recent studies have demonstrated the efficacy
of partial substituting A-site of perovskite TCO materials with
high-basicity elements to adjust the alkalinity and carrier con-
centration of oxides. Building upon this, a specific instance of
this approach involved the partial potassium (K) doping to create
Ba0.9K0.1Co0.4Fe0.4Zr0.2O3−𝛿 ,

[12] Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−𝛿 ,
[13]

and Sr1.75K0.25Fe1.5Mo0.5O6−𝛿
[14] air electrodes. Additionally,

a systematic exploration was conducted for different A-
site element substitutions in the double perovskite material
(LnBa0.5Sr0.5Co1.5Fe0.5O5+𝛿 (LnBSCF, Ln = Pr, Nd, and Gd)).[1]

All modified materials showed lower proton migration barrier
and increased proton defect concentration. Several works have
studied the effectiveness of partial B-site substitution in single-
phase TCOs, including P (Ba0.5Sr0.5(Co0.8Fe0.2)0.95P0.05O3–𝛿),

[15]

Mg (Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Mg0.05O3–𝛿),
[16] and Cs

(PrBa0.9Cs0.1Co2O5+𝛿)
[17] electrodes, enhancing the triple con-

ductivity. Remarkably, whether the modification is carried out
at the A-site or B-site of conventional perovskite TCO materials,
these methodologies are based on regulating the metal-oxygen
(M─O) chemical bonds within the lattice which affect the Lewis
acidity and defects (oxygen vacancies and proton defects) con-
centration and mobility. This strategy has been validated by the
density functional theory calculations and experiments.[18–20]

Additionally, directly modulating the anions in perovskite oxides
is another effective strategy for fine-tuning the M─O chemical
bonds within their lattice.[21] This method not only maintains
the structural stability through A-site metal cations but also
preserves the catalytic attributes of B-site metal cations critical
for electrochemical reactions, holding significant promise for
designing catalyst materials that are both highly efficient and
stable. Notably, considering the electronegativity of fluorine (𝜒
= 3.98) surpasses that of oxygen (𝜒 = 3.44), and the valence
electron density of oxygen is lower than that of fluorine, the
introduction of fluorine is anticipated to reduce the coulombic
forces between B-site metallic ions and oxygen ions.[22] Con-
sequently, this adjustment weakens the M─O chemical bonds,
thus improving the generation and migration capabilities of
active carriers.

In addition to modifying the main phase, surface regula-
tion has also proven to be a highly efficient method for en-
hancing the catalytic activity of air electrodes.[23] For instance,
the incorporation of the heteroatom boron onto the surface of
Pr4Ni3O10+𝛿 through mechanical mixing has been demonstrated
to enhance the concentration of surface Brønsted acid (-OH),
thereby improving its surface electrocatalytic activity.[24] Addi-
tionally, the introduction of nano-catalysts through impregna-
tion, such as infiltrating BaCoO3–𝛿 on the LSCF surface,[25] coat-
ing Pr0.1Ce0.9O2+𝛿 on the PrBaCo2O5+𝛿 surface,[26] and drop-
ping an efficient catalyst PrNi0.5Co0.5O3−𝛿 on the surface of
BaCe0.5Pr0.3Y0.2O3−𝛿 ,

[27] has exhibited enhanced ORR/OER elec-
trocatalytic activity in R-PCEC air electrodes. Despite these
achievements, the challenges of these approaches include the
electrodes’ uncontrollable appearance and the associated time-
consuming and labor-intensive preparation processes. Nowa-
days, a new focus in air electrode development centers on cre-
ating stabilized materials through in situ formations/exsolution

of active nanoparticles (NPs).[28] Illustrative examples involve
the in situ formation of GdxCoyO3-𝛿 NPs in a double perovskite
Ba0.8Gd0.8-xPr0.4Co2-yO5+𝛿 ,

[29] in situ exsolved BaCoO3−𝛿 nanopar-
ticles on the surface of PrBa0.8Ca0.2Co2O5+𝛿 ,

[30] and in situ gen-
eration of BaCeO3 and CeO2 double phases on the surface
of PrBa0.8Ca0.2Fe1.8Ce0.2O6–𝛿 .

[31] Additionally, the in-situ genera-
tion of metal oxide nanoparticles (MO) on the electrode mate-
rial surface has demonstrated enhanced surface reaction activ-
ity. More importantly, these nanoparticles resist reverting to the
main phase structure under oxidative conditions, thereby avoid-
ing the loss of catalytic activity, notable examples include NiO
nanoparticles.[32,33]

Therefore, it is essential to develop an effective strategy that
can simultaneously achieve coordinated improvements in both
bulk and surface properties. Herein, we propose an effective
strategy aimed at weakening the M─O bonds within the bulk
phase, while concurrently facilitating the in-situ generation of
MO nanoparticles on the surface. This approach is introduced
to synergistically enhance both the bulk ionic transport and sur-
face electrocatalytic properties of TCO air electrode materials. As
a result of these modifications, the targeted air electrode exhibits
high-efficiency bulk O2−/H+ transport paths and significantly im-
proved rates of O2−/H+ migration, along with enhanced surface
exchange kinetics. The designed air electrode nanocomposite-
Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05F0.1O2.9-𝛿 (N-BCFZYNF) presents
significantly improved ORR/OER catalytic activity in R-PCECs
with favorable reversible operational stability.

2. Results and Discussion

To identify the effect of these introduced different ions sub-
stituted into the B-site and O-site of BCFZY, the room tem-
perature X-ray diffraction (XRD) patterns of the parent BCFZY
and the targeted N-BCFZYNF powders were observed, as shown
in Figure 2a. The as-obtained BCFZY showed a single-phase
perovskite structure without any impurity phases, while the
synthesized N-BCFZYNF sample exhibited a major perovskite
phase and a minor NiO phase. This phenomenon may be at-
tributed to the introduction of fluorine (F), an element with
a higher electronegativity than oxygen (O), weakening of the
M─O bonds within the modified material lattice. This facili-
tates the selective precipitation of Ni─O (with lower binding en-
ergy) from the parent material during the high-temperature treat-
ment process.[34,35] Additionally, the higher diffraction angle of
N-BCFZYNF in the enlarged XRD patterns from 36 ° to 45 °, in-
dicates a contraction in its lattice size compared to the BCFZY-
based lattice. Considering the larger ionic radius of Ni2+ (0.69 Å)
in comparison to other B-site metal ions in the host perovskite
lattice, coupled with the fact that the ionic radius of F− (1.33 Å) is
smaller than that of O2− (1.40 Å),[16,21] it is highly plausible that,
during the synthesis process, fluorine has successfully incorpo-
rated into the lattice, while nickel may have been limited in its in-
corporation. This observation partially accounts for forming a mi-
nor amount of NiO in the N-BCFZYNF sample. Additionally, the
Rietveld refinement of XRD data of the modified N-BCFZYNF
sample was conducted to determine the degree of nickel exsolu-
tion, as presented in Figure 2b. A visual representation of the NiO
content could be estimated at 1.0%, implying that a significant
portion of Ni precipitates from the host phase. On the other hand,
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Figure 2. a) The RT-XRD patterns of BCFZY and N-BCFZYNF with a partial enlargement; b) The XRD Rietveld refinement profiles of N-BCFZYNF with
two phases; HR-TEM images of the c) BCFZY, d,e) N-BCFZYNF samples; f) The elements distribution of N-BCFZYNF sample.

the theoretical content would amount to 1.5% if Ni ions were to
exclusively manifest as NiO on the material surface according to
the stoichiometry of the target material, which indicates that Ni
did not in-situ precipitate entirely from the lattice but rather selec-
tively precipitate on the surface. Moreover, as compared with the
corresponding Rietveld result of parent BCFZY shown in Figure
S1, Supporting Information, the N-BCFZYNF oxide exhibited a

smaller lattice size while both samples show a cubic structure
with space group Pm-3m, which further keeps in line with the
XRD patterns exhibited in Figure 2a.

The formation of the two phases of oxide by the introduction of
F and Ni was further supported by high-resolution transmission
electron microscopy (HR-TEM) images, as shown in Figure 2c–e.
The crystalline fringes with the corresponding d-spacing (001
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lattice plane) were estimated to be 4.14 Å for the BCFZY sam-
ple (Figure 2c). However, the same d-spacing value for the N-
BCFZYNF sample was determined to be 4.07 Å (Figure 2e)
through the enlargement part of the particle shown in Figure 2d,
which intimately agrees with the Rietveld results and the shifted
direction of the diffraction peaks. Moreover, Figure 2e showed
another diffraction planes with 2.47 Å for the 111-lattice plane
of NiO, from which it is also obvious that these two phases
were connected well. Meanwhile, the energy dispersive spec-
troscopy (EDS) mapping results in Figure 2f displayed that Ni
aggregated while other metals were distributed uniformly in the
single grain, which could be found more clearly in Figure S2,
Supporting Information. On the contrary, as shown in Figure
S3, Supporting Information, BCFZY has a pure perovskite ox-
ide phase without detectable impurities; all elements were uni-
formly distributed without obvious segregation. The anion ele-
ment (F, O) also displayed a similar uniform distribution, in-
dicating the successful incorporation of F into the oxygen site
as targeted. These results highly demonstrated the existence of
nanoscale NiO particles in the perovskite oxide and the anion
dopants were well incorporated into the lattice for the designed
N-BCFZYNF sample.

Ideal air electrode functional material for R-PCECs requires
high ORR/OER catalytic performance, which is strongly associ-
ated with the intrinsic oxygen properties and the oxidation state
of the transition metals at B-site of perovskite oxides.[20,33] There-
fore, a detailed investigation has been schematically conducted to
understand the necessary modifications of conventional air elec-
trodes and the chemical characteristics of oxygen and B-site tran-
sition metal cations exhibited by the target air electrode. Figure 3a
exemplifies the mechanism of substituting F and Ni elements
into the parent oxide’s O-site and B-site to generate highly active
metal-oxygen bonds (M─O) and enable nanoscale metal-oxide
(MO) catalysis.[36] To further elucidate the impact on the oxida-
tion state of B-site transition cations, X-ray absorption fine struc-
ture (XAFS) was used to compare the valence states of Co and Fe
in the bulk phases of BCFZY and N-BCFZYNF. The X-ray absorp-
tion near edge (K-edge) structure (XANES) results (Figure 3b,c)
reveal a slightly higher valence state of Co in the N-BCFZYNF
sample compared to BCFZY, whereas the valence of Fe is nearly
constant. Given that the B-site dopant Ni introduced into the lat-
tice primarily exists as a second-phase MO, the observed varia-
tions in the valence states are most likely attributed to the intro-
duction of F anions. In fact, besides forming bonds with metals
by substituting lattice oxygen sites, F anions may partially occupy
oxygen vacancies, increasing the metal valence state. Similar ex-
perimental results have also been reported in other studies.[37,38]

As discussed above, the intrinsic oxygen chemical bonds
also contribute a lot in achieving outstanding ORR/OER cat-
alytic performance. Considering the importance of oxygen va-
cancies concentration in air electrode materials, thermogravimet-
ric (TG) analysis was carried out to determine the oxygen non-
stoichiometry (𝛿) of the samples. TG curves in Figure 3d re-
veal more pronounced weight loss for N-BCFZYNF compared to
BCFZY sample within the elevated temperature range of 100 to
1000 °C (solid line). Specifically, the weight loss for BCFZY is
1.7%, while that of N-BCFZYNF is 2.0%. Based on the molecu-
lar weights derived from their respective chemical formulas, the
0.3% weight loss difference implies a deviation in the delta of 0.1

of oxygen. Increased oxygen vacancies in the modified material
suggest greater crystal oxygen activation at intermediate tempera-
tures. This activation aids oxygen adsorption, oxygen ion genera-
tion, and bulk-phase conduction, thus accelerating oxygen kinet-
ics and facilitating the ORR/OER electrochemical processes.[39]

Further analysis via O2-TPD (Temperature Programmed Desorp-
tion) supports these findings. This technique evaluates the oxy-
gen desorption properties from 50 to 800 °C (Figure 3e). As the
temperature increases, the active cations in the perovskite oxide
undergo thermal reduction, leading to a decrease in their oxida-
tion state, with oxygen being simultaneously released. Addition-
ally, the lower initial desorption temperature of N-BCCFZYNF
(303.9 °C) compared to BCFZY (323.1 °C) indicates faster sur-
face oxygen exchange kinetics and migration rate within the per-
ovskite lattice. O1s XPS spectra (Figure 3f) offer additional in-
sights; the binding energies of lattice oxygen (O2−) were mea-
sured at 528.37 eV and 528.67 eV for BCFZY and N-BCFZYNF
samples, respectively. This increase in N-BCFZYNF is likely as-
cribed to the presence of F−, which reduces the valence electron
density of lattice oxygen. This weakens the chemical bonds be-
tween A- or B-site metal cations and oxygen ions (M─O), ren-
dering the lattice oxygen more active. These findings align with
the TG and O2-TPD results.[21,40] Moreover, N-BCFZYNF exhibits
a discernibly higher concentration of oxygen species originating
from bound water under identical conditions. This suggests sig-
nificantly enhanced capacity for water and proton uptake, poten-
tially boosting R-PCEC air electrode electrochemical reaction ki-
netics. In short, the results preliminarily indicate that the modi-
fied material creates a more favorable intrinsic oxygen chemical
environment for oxygen-involved R-PCEC air electrode reaction
processes, potentially leading to enhanced catalytic activity.

To validate the suitability of the improved air electrode mate-
rial as a superior electrocatalyst for oxygen catalysis, both samples
were assembled into Sm0.2Ce0.8O1.9 (SDC) electrolyte-supported
symmetrical cells as the air electrode. The electrocatalytic per-
formance was assessed through area-specific resistance (ASR)
values determined by electrochemical impedance spectroscopy
(EIS). As shown in Figure 3g, N-BCFZYNF had a lower ASR value
(0.085 Ω cm2) compared to BCFZY (0.12 Ω cm2) when operated
at 600 °C in dry air. Clearly, the improved N-BCFZYNF holds a
much better oxygen catalysis activity under the same conditions,
which is strongly associated with the enhanced state of the intrin-
sic oxygen chemical environment as well as the oxidation state of
the B-site cations, as analyzed previously. Furthermore, the Ar-
rhenius plots of the ASR values as a function of the tempera-
ture range from 650 to 450 °C are shown in Figure 3h and Table
S2, Supporting Information. The N-BCFZYNF shows the low-
est ASR values, indicating the best ORR catalytic performance.
These results affirm that the active M─O bonds through the in-
corporation of F− and the surface modification with MO nanopar-
ticles through incorporation of Ni2+ is a highly effective strategy
for enhancing the ORR catalytical performance of the R-PCEC
air electrode.

Exceptional triple conductivity (e−, O2−, H+) capabilities are
critical for R-PCEC’s air electrode to achieve favorable ORR/OER
catalytic performance at intermediate temperatures. To explore
the e− migration prosperity in BCFZY and N-BCFZYNF, the
electrical conductivities measurements between 350 and 750 °C
in wet air were conducted (Figure 4a). Both samples displayed
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Figure 3. a) Schematic diagram of substituting the O-site and B-site of the parent perovskite oxide with F and Ni elements to generate highly active
M─O bonds and MO nanoscale phase. The comparison of BCFZY and modified N-BCFZYNF samples: b) the spectra of Co K-edge XAFS and c) Fe
K-edge XAFS plots for these two samples; d) TG curves recorded at the temperature range of 100–1000 °C in dry air; e) O2 -TPD profiles between 50 and
800 °C; f) the XPS spectra of O-1s; g) the typic Nyquist plots of SDC-electrolyte supported cell at 600 °C in dry air; h) Arrhenius plots of the ASRs of the
SDC-supported symmetrical cell as a function of temperatures in dry air.

increasing electrical conductivity with rising temperature, which
keeps in line with the p-type semiconducting behavior. Exactly,
the BCFZY exhibited values ranging from 1.86 to 1.07 S cm−1,
whereas the N-BCFZYNF demonstrated values of 1.51 and 0.97
S cm−1, respectively. The higher conductivities for BCFZY com-
pared to N-BCFZYNF mainly resulting from the higher concen-
tration of the oxygen vacancies and the interface regions between
the main cubic phase and NiO phase, since they can act as the
scattering centers or random traps for electrons.[41–43]

One key factor influencing the ORR/OER kinetics of air elec-
trode material with triple conductivity is the rate of oxygen in-
corporation rate. Herein, the ECR measurement was used to in-
vestigate the oxygen surface exchange kinetics by switching the
operating atmosphere’s oxygen partial pressure from 0.21 to 0.10

atm and recording the changing conductivity values.[44,45] These
ECR response profiles provided valuable insights into the chem-
ical surface oxygen exchange (kchem) process. The normalizing
conductivity relaxation curves were shown in Figures 4b and S4,
Supporting Information, and the specific kchem values in temper-
ature ranging from 650 to 450 °C were shown in Figure 4c. The
modified N-BCFZYNF sample exhibits a shorter relaxation time
compared to BCFZY under the same conditions. For instance,
as shown in Figure 4b, the relaxation time for BCFZY is 453 s
at 600 °C, while that of N-BCFZYNF is significantly shortened
to only 120 s, which preliminarily implies an accelerated oxygen
incorporation kinetic. Furthermore, it is confirmed by the larger
kchem values obtained from fitting the normalized conductivity re-
laxation curves. Specifically, the kchem value of BCFZY at 600 °C

Adv. Mater. 2024, 36, 2403998 2403998 (6 of 13) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. The triple conductivity (e−, O2−, H+) properties for BCFZY and N-BCFZYNF samples: a) the electronic conductivity at 350–750 °C in wet
air; b) the ECR responses curves when switching oxygen partial pressure in dry air at 600 °C; c) the fitted kchem values from 450 to 650 °C and their
corresponding Arrhenius plots; d) the comparison ECR response profiles of N-BCFZYNF in dry and wet air; e) the summarized kchem values obtained
from the different ECR process in dry and wet air; f) the typic ECR response profiles when switching the atmospheres from dry to pH2O = 0.10 atm at
550 °C; g) the comparison of fitted DH,chem values shown in (f); schematic diagrams of h) faster O2− incorporation kinetics and i) higher H+ migration
rate properties for the designed N-BCFZYNF sample.

was fitted to be 5.53 × 10−4 cm s−1, while that indicator up to
1.91 × 10−3 cm s−1 after modification (Figure 4c). Additionally,
the activation energy value of kchem values based on operating
temperature for N-BCFZYNF (0.36 eV) was lower compared with
BCFZY (0.44 eV), confirming that the surface generation and mi-
gration of O2− were facilitated and thus prompting the typical
ORR/OER steps.

Considering the actual operating atmosphere of R-PCECs’ air
electrode is humid air, exploring of the oxygen surface exchange
kinetic characteristics in wet air is also essential. Figure 4d il-
lustrates the ECR response curves of the N-BCFZYNF sample
in both dry and humid air environment. It can be visually ob-
served that the relaxation time significantly increases in humid
conditions, from an initial 120 s to 186 s; a similar trend was
also observed in the BCFZY sample (Figure S5, Supporting In-

formation). As previously analyzed, a longer relaxation time may
indicate the sluggish oxygen ion introduction and migration pro-
cesses. This is further validated by the kchem values at 600 °C, with
results shown in Figure 4e. The kchem values of the N-BCFZYNF
sample decrease from 1.91 × 10−3 to 7.91 × 10−4 cm s−1, and a
comparable reduction also occurred for the BCFZY sample. How-
ever, it is noteworthy that the introduction of Ni and F into the
BCFZY lattice results in significantly higher kchem compared to
the parent sample, suggesting a more robust oxygen ion migra-
tion capability of the targeted N-BCFZYNF sample even in the
humid atmosphere. These results further demonstrate that intro-
ducing F into the BCFZY lattice and the presence of Ni oxide on
the surface can significantly enhance the generation and migra-
tion of oxygen ions, providing possibilities for higher ORR/OER
catalytic activity.

Adv. Mater. 2024, 36, 2403998 2403998 (7 of 13) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Beyond the stronger oxygen mobile ability, the fast pro-
ton migration capability is also essential in attaining favorable
ORR/OER catalytic performance. Herein, a feasible way by up-
lifting the H2O partial pressure from dry (0 atm) to wet (0.1 atm)
in the testing atmosphere was applied, and then the values of
chemical diffusion coefficient of protons (DH,chem) were deter-
mined from this prudent ECR responses to assess the protons
transfer rate.[46] The typic ECR profiles were shown in Figure 4f,
it can be clearly seen that the electrical conductance of BCFZY
sample first experienced a short period of rising, and then sub-
sequently decreased until reaching a steady state, similar curves
trend was also observed for N-BCFZYNF sample. These inter-
esting non-monotonic relaxation curves can be explained by the
phenomenon that all the carriers (oxygen vacancies, holes, and
proton defects) would redistribute accompanied by the proton
transfer step.[18,46,47] Moreover, compared to the BCFZY mate-
rial, the modified N-BCFZYNF air electrode material exhibits a
faster response to changes in external humidity, with a signifi-
cantly shortened relaxation time. This preliminarily confirms its
enhanced proton transport capability. Additionally, based on the
normalized conductivity profiles of the air electrode samples at
550 °C, different DH,chem values were obtained and summarized
in Figure 4g. The N-BCFZYNF sample demonstrates a higher
DH,chem value of 3.35× 10−5 cm2 s−1, nearly three times more than
that of BCFZY sample (1.18 × 10−5 cm2 s−1) under the same test
conditions. These results further affirm the pronounced proton
bulk transport capability of the N-BCFZYNF sample activated by
M─O bonds.

In general, these results demonstrated that the vital oxygen in-
corporation and proton mobility ability of the R-PCECs’ air elec-
trode were significantly improved after incorporating F into the
perovskite oxide lattice to activate the M─O chemical bonds and
decorating the MO nanoscale catalyst on the parent oxide sur-
face. The mechanism of this promotion is schematically shown
in Figure 4h,i from the aspect of lattice structure.[19,48,49] Bene-
fiting from the altered oxidative environment within the mate-
rial after modification, as well as the enhanced catalytic activity
on the material surface, there is a noticeable acceleration in both
surface oxygen exchange and bulk-phase oxygen transport pro-
cesses, which manifests as a faster generation and migration of
oxygen ions (even under humid conditions). Additionally, owing
primarily to the activation of M─O bonds resulting from the re-
placement of lattice oxygen with more electronegative F anions
in the bulk phase, and the lower Coulombic attraction between
lattice oxygen and proton defects, the modified material exhibits
enhanced hydration capability and proton migration processes.
Combined with these enhancement factors, it is foreseeable that
the surface modification fluorinated BCFZY air electrode may
holds better ORR/OER catalytic performance and could be em-
ployed as an ideal air electrode in R-PCECs.

The electrocatalytic performance of the air electrodes was
systematically investigated by assembling them in symmet-
rical cells with the configuration of (N)BCFZY(NF)|BZCYYb|
(N)BCFZY(NF). Here, the specific composition of the BZCYYb
electrolyte used here is BaZr0.1Ce0.7Y0.1Yb0.1O3-𝛿 , more details
were provided in the experimental section of the Supporting
Information. The detailed electrochemical reaction steps, illus-
trated in Figure 5a, provide a deeper insight into the mecha-
nisms of the ORR/OER processes, simultaneously aiding in the

elucidation of the specific factors contributing to the enhance-
ment of electrode kinetics. The typic EIS was applied to evalu-
ate the electrocatalytic activity, with the recorded Nyquist plots
between 450 and 650 °C being shown in Figure S6, Supporting
Information. It could be found that the N-BCFZYNF exhibited a
lower ASR value compared to the raw BCFZY at the same oper-
ating temperature in wet air. Specifically, as shown in Figure 5b,
the ASR value for BCFZY electrode is determined to be 0.264
Ω cm2 at 600 °C, whereas that for N-BCFZYNF is only 0.165 Ω
cm2, indicating the better catalytic performance was achieved af-
ter targeted modification. To get further intuitive insights into
this noticeable improvement, the distribution of relaxation time
(DRT) technology[50] was conducted by deconvoluting the corre-
sponding EIS response to separate the overlapping electrode pro-
cesses, with the results displayed in Figure S7, Supporting In-
formation. Three main characteristic peaks were observed in the
DRT plots denoted as three different segments according to the
located frequency range: low frequency P1 (LF, < 100 Hz), inter-
mediate frequency P2 (IF, 100–102 Hz), and high frequency P3
(HF, >102 Hz). Referring the previously reported DRT analysis
results and their located peak patterns related to R-PCEC air elec-
trode, as well as the detailed ORR/OER processes involved shown
in Figure 5a, these can be assigned to the gas (O2/steam) diffu-
sion (P1), surface exchange and/or ions (H+/O2−) bulk migration
(P2, Padd1 and Padd2), and ions/charges transfer in the interface
between the electrolyte and electrode at three-phase boundaries
(P3). Based on these illustrated results, the accelerated air elec-
trode kinetic for N-BCFZYNF is mainly due to the expeditious
sub-steps of surface exchange and ions bulk diffusion since the
intermediate frequency peaks (P2, Padd1 and Padd2) reduced sig-
nificantly compared to the pristine BCFZY, which stems from
two key factors: the enhanced surface exchange rate facilitated by
the in-situ generation of NiO nanoparticles and the attenuated
bulk M─O chemical bonds. In addition, the Arrhenius plots of
ASR values as a function of temperature were calculated to com-
pare with other reported high-temperature air electrodes based
on proton-conducting BZCYYb electrolyte-supported cells in wet
air, with the results summarized in Figure 5c and Table S3, Sup-
porting Information. The N-BCFZYNF electrode still exhibited
the smallest ASR values with a significantly reduced electrode re-
action activation energy (Ea), at only 1.16 eV, indicating the best
catalytic activity for the air electrode reactions was obtained.

Furthermore, to enhance the comprehension of the electro-
chemical reaction kinetics for the N-BCFZYNF air electrode, EIS
response curves and corresponding DRT plots under varying wa-
ter partial pressure (pH2O) and oxygen partial pressure (pO2)
were employed to provide additional insights into the individ-
ual elementary steps involved in the overall electrode reactions.
Figure 5d displays the comparison fitted DRT plots for the N-
BCFZYNF sample when the pH2O increases from 3% to 10% in
air, from which three separated peaks were observed and nearly
kept no change with the different steam content in the operat-
ing atmosphere. This phenomenon suggests that the air elec-
trode reaction kinetics will keep stable even under high steam
content, which could be further demonstrated by the determined
ASR values from the Nyquist profiles in air with different pH2O
(Figures 5e and S8, Supporting Information). The ASR value
for N-BCFZYNF air electrode, at ≈0.165 Ω cm2, is nearly sta-
ble, whereas those of BCFZY increase from the initial 0.264 to

Adv. Mater. 2024, 36, 2403998 2403998 (8 of 13) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. The electrocatalytic activity of BCFZY and N-BCFZYNF samples: a) schematic illustration of the ORR/OER processes for air electrodes; b) the
Nyquist plots of symmetrical cell 3 and 4 at 600 °C in wet air; c) Arrhenius plots of ASR values as a function of temperature in wet air; d) the comparison
of DRT plots for N-BCFZYNF sample in different pH2O operating at 600 °C; e) the corresponding ASR values of both samples; f) the comparison DRT
plots for various samples in high pH2O (10%) without oxygen at 600 °C; g) the long-term ASR values of symmetrical cell 4 with N-BCFZYNF air electrode.

0.296 Ω cm2 with the pH2O lift from 3% to 10%. These contrast-
ing trends observed in different air electrodes further highlight
the efficient stability of the modified N-BCFZYNF electrode’s
electrocatalytic activity, which is likely attributed to the enhanced
proton generation and conduction capabilities of N-BCFZYNF,
compensating for the weaker oxygen ion transport characteris-
tics under high water vapor pressure. Consequently, the electrode
demonstrates overall stable electrocatalytic activity.

At the same time, the various pO2 effects on the electrode re-
actions were also investigated, with the results shown in Figures
S9 and S10, Supporting Information. It can be clearly seen from
the DRT plots (Figure S9a, Supporting Information) that all

peaks’ enclosed area reduced with higher pO2 in the operating
atmosphere, which kept consistent with the overall ASR values
(Figures S9b and S10, Supporting Information) dropping ac-
cordingly, similar results could also be found in some previous
reports.[15,29,51] Analyzing both the peak locations (characteristic
frequencies) and the acceleration features, P1 (LF) is likely asso-
ciated with the oxygen gas diffusion process, P2 (IF) is linked to
oxygen transfer within the electrode bulk, and Padd1 (IF) is prob-
ably connected with O2− production since it minimized in abun-
dant O2 conditions. P3 (HF) may be related to the charge transfer
process involved in ORR/OER. In summary, considering the
influence of pH2O and pO2, the electrochemical processes

Adv. Mater. 2024, 36, 2403998 2403998 (9 of 13) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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corresponding to characteristic peaks in the DRT plots and ASR
values in Nyquist plots suggest that the modified N-BCFZYNF
electrode can exhibit more stable and efficient ORR/OER catalytic
activity in high vapor pressure and low oxygen partial pressure
conditions.

To delve deeper into both electrodes’ proton uptake and trans-
port capabilities in humid atmosphere, ASRs and DRT plots were
conducted in humid nitrogen, eliminating the influence of O2
mass diffusion, oxygen-related surface exchange, and O2– trans-
fer processes. The DRT analysis results (Figures 5f and S11, Sup-
porting Information) indicated a reduction in all peaks for the flu-
orinated BCFZY decorated by NiO nanoparticles, suggesting an
enhancement in all related to proton-involved sub-steps of elec-
trode reactions. By combining the peak locations and the analysis
results presented in Figures 5d and S9a, Supporting Information,
this improvement can be attributed to faster H2O diffusion (P1,
LF) and the rapid formation and transfer of hydroxide defects (P2,
P3, IF), aligning with the stronger proton transfer ability men-
tioned in Figure 4. This illustrates that the outstanding forma-
tion and transfer of hydroxide defects of the N-BCFZYNF triple
conducting oxide are highly valuable for R-PCECs air electrodes.

Above all, the EIS and DRT results collectively indicate that N-
BCFZYNF exhibits superior electrocatalytic activity, and this ex-
cellent catalytic performance can be sustained over an extended
period, as evidenced by the long-term stability of the symmetrical
cell in humid air at 550 °C (Figure 5g). The assessed ASR values
remained ≈0.407 Ω cm2 without significant degradation during
the 300h-operation in wet air, indicating remarkable durability
of the N-BCFZYNF electrode on the BZCYYb proton-conducting
electrolyte in a steam-containing atmosphere. With its efficient
and stable electrocatalytic activity, this electrode is highly suit-
able for using as an air electrode in proton-conducting electrolyte
cells.

To verify the superior ORR/OER catalytic performance of N-
BCFZYNF under real fuel cell operating mode, the Ni-BZCYYb
fuel electrode supported single cells with the pristine BCFZY and
modified N-BCFZYNF air electrodes were fabricated and tested,
respectively. Figure 6a presents the typic i-V-p polarization curves
of the PCFC with BCFZY air electrode, fueled with pure hydro-
gen (H2) and ambient air as the oxidant. It is evident that the
peak power density (PPD) of this cell reached 626 mW cm−2 at
650 °C. Meanwhile, when the single cell utilized N-BCFZYNF as
the air electrode (Figure 6b), its PPD value significantly increased
to 996 mW cm−2 under the same test conditions, experiencing
a ∼60% enhancement. This improvement confirms the supe-
rior ORR catalytic activity of the fluorine-nickel-modified BCFZY
electrode. Remarkably, as shown in Figure 6c and Table S4, Sup-
porting Information, the rarely high PPDs achieved for the single
cell based on N-BCFZYNF is also outperformed most of state-
of-art air electrodes reported so far, suggesting the favorable po-
tential of applying the N-BCFZYNF as the air electrode for actual
application. The exceptional performance can be attributed to the
enhanced kinetics of oxygen and proton transport and surface dif-
fusion, resulting in accelerated ORR catalytic activity. This is fur-
ther evidenced by the significantly lower ASR values, measuring
only 0.06 and 0.13 Ω cm2 under open-circuit voltage (OCV) con-
ditions at 650 and 600 °C, respectively (Figure S12, Supporting
Information). The presence of a dense electrolyte layer alongside
an elevated OCV value serves as a compelling testament to the

excellent R-PCEC sealing condition and a noteworthy mitigation
of internal hydrogen leakage concerns, which further substanti-
ates the credibility of the obtained results. To underscore the op-
erational stability of the N-BCFZYNF air electrode, a long-term
durability test of this single cell was conducted under a constant
current density of 0.42 A cm−2 at 550 °C, with results shown in
Figure 6d. It can be observed that the cell voltage exhibited neg-
ligible degradation, stabilizing at ∼0.79–0.75 V during the 60-h
operation.

Moreover, to validate the reversible ORR/OER electrocatalytic
activities of the distinct air electrodes, equivalent single cells were
prepared for electrochemical reversibility testing in the R-PCEC
mode. As illustrated in Figures 6e,f, the obtained i–V curves of
R-PCECs with the unmodified BCFZY air electrode and the cor-
responding N-BCFZYNF-modified air electrodes both exhibited
excellent reversibility between the fuel cell (FC) mode and elec-
trolysis cell (EC) mode by supplying pure H2 and 3% H2O-air to
the fuel and air electrodes, respectively. Notably, the electrolysis
current density for the BCFZY electrode reached 886, 527, 317,
and 148 mA cm−2 at temperatures of 650, 600, 550, and 500 °C,
respectively, when the applied voltage was 1.3 V. Conversely, those
of the N-BCFZYNF electrode sharply increased to 1570, 1089,
684, and 354 mA cm−2, indicating the fluorine-nickel-modified
BCFZY electrode’s more active OER catalytic performance. More-
over, its electrochemical performance nearly keeps stable with in-
creasing water vapor pressure (up to 20%), indicating that the
partial pressure of H2O has no significant impact on cell perfor-
mance (Figure S14, Supporting Information). Additionally, this
remarkable electrolysis performance surpassed many reported
state-of-the-art air electrodes assembled in R-PCECs (Figure 6g
and Table S5, Supporting Information). Furthermore, as depicted
in Figure 6h, an electrolysis operational stability test for this cell
in EC mode was conducted at 550 °C. It was observed that the
electrolysis performance of N-BCFZYNF remained stable with-
out significant degradation under a constant high electrolysis
current density of −0.50 A cm−2, further demonstrating the su-
periority of the N-BCFZYNF electrode. Simultaneously, the in-
set SEM image and results shown in Figure S13, Supporting
Information also confirmed that the N-BCFZYNF air electrode
maintained good contact with the electrolyte film without any
breaks or delamination after the durability test, indicating the
favorable thermal expansion coefficient matching and thermal
stability properties of these layers. The Faradaic efficiency (FE)
and hydrogen (H2) production rate of the cell were evaluated at
550 °C under atmospheric conditions containing 20 vol% vapor
in air. Specifically, the FE reached ≈83% (Figure S16, Support-
ing Information) at an electrolysis current density of −500 mA
cm−2, which further underscores the significant potential of the
N-BCFZYNF air electrode for water splitting in R-PCECs.

More importantly, a good reversibility feasibility of R-PCEC
with this advanced N-BCFZYNF air electrode should also be
emphasized for practical application. The cell reversibility was
evaluated by cyclic switching between the hydrogen production
(−0.50 A cm−2) and power generation modes (0.38 A cm−2) un-
der varying current density conditions at 550 °C, with the results
shown in Figure 6i. It can be intuitively seen that the R-PCEC has
run stably throughout 15 reversible cycles within 100 h without
appreciable performance degradation. Notably, the electrode ma-
terial exhibits a consistent amalgamation of nanoscale particles
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Figure 6. The electrochemical performance of R-PCEC with BCFZY and N-BCFZYNF air electrodes: the comparison i–V–p curves of the Ni-BZCYYb
supported PCFCs with a) the pristine BCFZY electrode and b) N-BCFZYNF electrode at 500-650 °C; c) the PPD values of PCFCs fabricated by different air
electrodes (this work and other reported ones); d) durability of single cell with targeted N-BCFZYNF air electrode at 550 °C with a constant output current
density of 0.42 A cm−2; the i–V curves of R-PCEC operated at both fuel cell and electrolysis modes at 500–650 °C with e) BCFZY and f) N-BCFZYNF air
electrodes; g) the electrolysis current density comparison of R-PCEC at 1.3 V with various air electrodes; h) the stability of R-PCEC operated in electrolysis
mode at 550 °C; i) tthehe durability of continuous R-PCEC operation, cycling between electrolysis and fuel cell modes at 550 °C.

and primary phase material after long-term testing (Figure S15,
Supporting Information), which further provides partial insight
into the favorable stability demonstrated by the R-PCEC configu-
ration incorporating the novel N-BCFZYNF air electrode. The re-
liable conversion operational capability at different current den-
sities strongly revealed that N-BCFZYNF air electrode has good
durability and chemical stability, as well as excellent adhesion and
compatibility with the electrolyte. These findings suggest that the
N-BCFZYNF holds promise as a potential air electrode material
for R-PCEC with highly appreciated activity and durability.

3. Conclusion

This work successfully synthesized a novel bifunctional air elec-
trode material (N-BCFZYNF) by concurrently modifying bulk-
phase metal-oxygen bonds and in-situ surface formation of
metal oxide nano-catalysts. The physicochemical properties of
this electrode material are systematically investigated, and all
results reveal that the synergistic optimization effects at both
bulk and surface modifications significantly enhance the elec-
trochemical environment for interactions involving oxygen and

Adv. Mater. 2024, 36, 2403998 2403998 (11 of 13) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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protons, which manifest in substantially improved oxygen ad-
sorption/desorption and hydration rates, as well as enhanced ca-
pabilities for oxygen ion and proton transport in both surface
and bulk. Such improvements are deemed favorable for optimiz-
ing electrode kinetics. Therefore, the sluggish ORR/OER kinet-
ics of the parent BCFZY air electrode are significantly acceler-
ated, ensuring the excellent electrochemical performance of the
N-BCFZYNF catalyst in FC and EC modes. Specifically, the peak
power density operating in FC mode reached 996 mW cm−2 at
650 °C, and the electrolysis current density in EC mode reached
a remarkably high value of 1570 mA cm−2 at an applied voltage of
1.3 V. The cyclic operation of power generation and hydrogen pro-
duction under different current densities further demonstrated
the high adaptability and durability of the N-BCFZYNF catalyst
when assembled as the R-PCEC air electrode. This approach,
simultaneously optimizing the bulk M─O chemical bonds and
surface-modified MO nano-catalysts in the perovskite oxide air
electrode, provides a design strategy aimed at improving the
electrochemical performance of TCO materials. Moreover, it still
holds significance for the exploration of catalysts in other electro-
chemical systems.
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