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Self-Recoverable Symmetric Protonic Ceramic Fuel Cell with
Smart Reversible Exsolution/Dissolution Electrode

Yuhao Wang, Zheng Wang, Kaichuang Yang, Jiapeng Liu, Yufei Song, Jingwei Li,
Zhiwei Hu, Matthew J. Robson, Zhiqi Zhang, Yunfeng Tian, Shenjun Xu, Ying Lu,
Ho Mei Law, Feng Liu, Qing Chen, Zhibin Yang,* and Francesco Ciucci*

This study unveils a novel concept of symmetric protonic ceramic fuel cells
(symm-PCFCs) with the introduction of a self-recoverable electrode design,
employing the innovative material BaCo, ,Fe, ,Zr, Y, ,05.5 (BCFZY). This
research marks a significant milestone as it demonstrates the bi-functional
electrocatalytic activity of BCFZY for the first time. Utilizing density functional
theory simulations, the molecular orbital interactions and defect chemistry
of BCFZY are explored, uncovering its unique capability for the reversible
exsolution and dissolution of Co-Fe nanoparticles under redox conditions.
This feature is pivotal in promoting both hydrogen oxidation and oxygen
reduction reactions. Leveraging this insight, a cell is fabricated exhibiting
high electrocatalytic activity and fuel flexibility as evidenced by the peak
power densities of ~350, 287, and 221 mW cm~2 (at 600 °C) with hydrogen,
methanol, and methane as fuels, respectively. Experiments also show

that the reversible exsolution/dissolution mitigates performance degradation,
enabling prolonged operational life through self-recovery. This approach paves
the way for novel, advanced, durable, and commercially viable symm-PCFCs.

1. Introduction

Owing to their high efficiency and fuel
flexibility, high-temperature ceramic fuel
cells are among the most promising, next-
generation clean energy storage and con-
version technologies.') Among the vari-
ous configurations,?l symmetric ceramic
fuel cells have attracted considerable re-
search attention, since using identical cath-
ode and anode materials can lead to sig-
nificant cost reductions.}] Despite their
promise, symmetric fuel cells are still far
from commercialization due to their lim-
ited performance.*l These cells are typi-
cally supported by a thick electrolyte. There-
fore, if conventional oxygen conductors,
such as yttria-stabilized zirconia, are used,
the operation must occur at high tempera-
tures (typically between 700 and 1000 °C)

to accelerate oxygen transport.’] However,
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operating at high temperatures increases system complexity, ac-
celerates component degradation, and requires the use of costly
sealing and interconnect materials. Using proton-conducting ce-
ramic electrolytes, which leverage the higher mobility and lower
transport barrier of protons (relative to oxygen ions), can over-
come these issues. For instance, it has been shown that symmet-
ric protonic ceramic fuel cells (symm-PCFCs) can be operated be-
tween 500 and 600 °C.[%] Nevertheless, the effectiveness of symm-
PCFCs is constrained by the requirement for electrodes to be bi-
functionally active in both hydrogen oxidation reaction (HOR)
and oxygen reduction reaction (ORR).[37] Therefore, developing
catalytically active perovskite-based electrodes for symm-PCFCs
has become a pressing need.

Incorporating Fe® and Co® nanoparticles (NPs) into perovskite
scaffolds significantly enhances HOR activity.®] Conventional
infiltration methods, which impregnate nitrate precursors into
perovskites, followed by firing and reduction,®! often lead to
weak perovskite-NP interaction and NP agglomeration at high
temperatures.l'%l Our research counters this by employing an
exsolution-like approach, promoting uniform NP distribution on
the perovskite scaffold.''] This method involves breaking per-
ovskite transition metal-oxygen (TM—O) bonds under hydrogen
reduction.!*?] However, the disruption of these bonds and the en-
suing exsolution actually leads to the decomposition and struc-
tural degradation of the perovskite.l}l To remedy this decompo-
sition, the structure is subsequently reconstructed, and NPs are
redissolved through re-oxidation.'*] Besides exhibiting HOR ac-
tivity, a bi-functional perovskite electrode must also demonstrate
ORR activity. The presence of weak TM—O bonds is advanta-
geous, as it facilitates oxygen release thus enhancing ORR per-
formance. This enhancement is attributed to the increase in the
production of oxygen vacancies and hydroxide ions,!**! both of
which are crucial for efficient ORR electrocatalysis.!['®]

Ideally, electrode materials for symm-PCFCs must balance
TM—O bond strength, which should be sufficiently strong to en-
sure lattice stability, yet weak enough to allow for the exsolution of
HOR-active NPs and the generation of oxygen vacancies. These
characteristics are generally unachievable with perovskites con-
taining only one type of transition metal. Typically, non-variable
valence elements, like Zr and Y, tend to form strong TM—O
bonds, whereas transition metals with variable valence states,
such as Co and Fe, are known to create weaker TM—O bonds.[”]
Consequently, strategically combining fixed and variable-valence
transition metals within the perovskite structure may resultin an
“optimal” mix of TM—O bond strengths. Such a combination can
effectively harness the benefits of both weak and strong bonding
toward electro-catalytic activity and stability, thereby enhancing
the overall performance and stability of symm-PCFC electrodes.

In this study, we selected BaCo,,Fe,,Zr,,Y,,0;; (BCFZY),
which contains four distinct transition metals (Co, Fe, Y, and Zr)
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in its B-site, as the model material, and uncovered its untapped
potential.['®1 Unlike previous studies where BCFZY was used
solely as an oxygen electrocatalyst,'! this work represents the
first exploration of BCFZY as a hydrogen/oxygen bi-functional
electrocatalyst. We employ a combination of molecular orbital
theory analysis and density functional theory (DFT) calculations,
providing a comprehensive analysis of TM—O bonds within
BCFZY and their profound influence on oxygen vacancy forma-
tion, hydration, and NP exsolution. Under cathodic conditions,
the weak Co—O and Fe—O bonds effectively lower the energy bar-
rier for oxygen release, thus promoting the generation of oxygen
vacancies and protons. Conversely, in anodic conditions, these
same weakened TM—O bonds facilitate the segregation of transi-
tion metal atoms onto the perovskite surface, leading to NP for-
mation and enhanced electrocatalytic activity.?%] In contrast, the
robust Y—0O and Zr—O bonds within BCFZY exhibit greater resis-
tance to breakage, contributing significantly to the overall struc-
tural stability of the material. Moreover, the low energy barrier for
Co and Fe segregation supports their migration from the surface
to the bulk under oxidizing conditions. As bonding is less ener-
getic, the re-formation of Co—O and Fe—O bonds becomes more
readily achievable.l?!]

To validate these insights, we fabricated a symm-PCFC in
which BCFZY was employed for the first time as a bi-functional
electrode, with BaZr,;Ce,,Y,,Yb,,0;_; (BZCYYD) serving as
the electrolyte. Electrochemical impedance spectroscopy revealed
an enhancement in the electrocatalytic activity of BCFZY fol-
lowing its reduction and subsequent exsolution of NPs. Specif-
ically, the area-specific resistance (ASR) was halved (0.71 Q cm™
at 600 °C in hydrogen atmosphere) compared to its value be-
fore reduction (1.42 Q cm™). Furthermore, the symm-PCFC
achieved peak power densities of 350, 233, and 131 mW cm™2
at 600, 550, and 500 °C, respectively, with hydrogen as the
fuel. The symm-PCFC also recovered from prolonged exposure
to reducing conditions through a simple cathode-anode atmo-
spheric swap achieved by switching the gas feed lines. Interest-
ingly, the cell sustained multiple repeated cathode-anode atmo-
spheric swaps without detectable performance loss. Additionally,
the symm-PCFC showed resistance to carbon coking when op-
erating in methanol or methane, highlighting its versatility in
fuel flexibility. This electrode design strategy not only enhances
the performance and durability of symm-PCFCs but also opens
a wide and promising avenue for extending their lifespan and
propelling their commercialization.

2. Results and Discussion

2.1. DFT Calculations

Oxygen vacancies and hydroxide defects strongly influence
charge transport and electrode reaction kinetics in PCFC cath-
odes. Therefore, we computed?’) the lowest values of oxy-
gen vacancy formation energy (Eyv:), and hydration energy
(Enyar) for BCFZY (a well-established excellent air electrode
material ) considering all possible defect-containing sites
(Figure 1a; Figure S1 and Table S1, Supporting Information). BC-
FYZ exhibited remarkably low Ey. of 0.10 eV (consistent with
a previous report!?]), which is significantly lower than other
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Figure 1. DFT calculations and molecular orbital analysis of BCFZY. a) Calculated Vg formation energy, Evgv for BaFeO;, BaCoO3, and BCFZY and

hydration energy, Ep g, for BCFZY and BCFZY with one oxygen vacancy. b) ORR free energies computed at the BCFZY(001) surface with an oxygen
vacancy, Vg, and a hydroxide ion, OHy,. c) PDOS and IPDOS of Co(1) in spin-up and spin-down channels, respectively. d) The ligand field of the transition
metal atoms (Co, Fe, Zr, and Y) in BFCZY. e) The ligand field of Co before and after the formation of a V{J. f) The Co—O bond orbital interaction.

state-of-the-art perovskites, such as cubic BaFeO, (0.79 eV for cal-
culation and 0.90 eV for literature!?*l), BaCoOj; (0.51 eV for calcu-
lation and 0.40 eV for literature*)), and Ba, 5St, ;Co,_,Fe, O;_;
(BSCF, 1.34-1.40 eV).I?¢] Interestingly, pristine BCFZY had an
Eyyqr of —0.20 eV, decreasing to —0.26 eV upon the introduction
of an oxygen vacancy at the lowest Ey.. position. The lowered hy-
dration energy of BCFZY when introducing oxygen vacancies is
consistent with the literature (2’ and was also confirmed experi-
mentally (Figures S2—-S5, Supporting Information).

To compute the ORR overpotential () for both pristine
and defect-containing BCFZY, we computed ORR free energy
diagrams(?®! with details provided in Supporting Information
Section 1.5. The simulations were carried out using a BCFZY
(001) slab, consistent with transmission electron microscope
(TEM) characterization (Figure S6, Supporting Information). The

Adv. Funct. Mater. 2024, 34, 2404846 2404846 (3 of 8)

following four slab models were considered: 1) pristine slab; 2)
slab with a single V§; 3) slab with a single OH{; 4) slab with V5 +
OHy pair. In comparison to the bare surface, the presence of ei-
ther Vi; or OH) reduces the ORR overpotential, notably decreas-
ing it from n = 1.30 V on the bare surface to # = 1.00 V (in the
presence of V}) and n = 0.88 V (in the presence of OHy)), respec-
tively. The # dropped further to 0.64 V when both Vi; and OHy,
were present. As V; and OH are electron donors, they reduced
the surface of BCFZY, effectively elevating its Fermi level. In
turn, BCFZY donated electrons more easily to O,, facilitating not
only O, adsorption but also the subsequent formation of OOH*
through the rate-limiting reaction *~OOH*?] (Figure 2b).

To elucidate the TM—O orbital interactions in BCFZY, we
made detailed evaluations of energy levels, electron occupations,
and orbital overlaps of Co, Fe, Y, and Zr. This involved analyzing
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Figure 2. Crystal structure and compositional analysis of BCFZY. a) Com

parison of the exsolution energies with the dopant (X = Co, Fe, Zr, and Y)

materials. The inset schematic illustration of the model used for the calculations of exsolution energy. b) The calculated free energy diagram for hydrogen
evolution of the BCFZY(001), Ni(111), and exsolved Co-Fe(001) surface. c) XRD patterns of as-synthesized BCFZY, reduced-BCFZY, and oxidized-BCFZY.
STEM image and EDS mapping of d) reduced-BCFZY, and e) oxidized-BCFZY powders. f) Normalized XANES spectra at the Co K edge. g) k*-weighted

R-space Fourier transformed spectra from EXAFS. h) Wavelet transforms
BCFZY.

their projected density of states (PDOS) and integrated projected
density of states (IPDOS).*"! In our computational model, we
individually analyzed three distinct positions of Co or Fe atoms,
denoted as Co(1), Co(2), Co(3), Fe(1), Fe(2), and Fe(3), as illus-
trated in Figure S1 (Supporting Information). Specifically, for
Co(1) and Co(3), all six Co—O bonds are exclusively connected
to Co or Fe atoms; in the case of Fe(1) and Fe(3), four out of their
six Fe—O bonds are linked to Zr or Y; meanwhile, for Fe(2) and
Co(2), two out of the six Co/Fe—O bonds are connected to Zr or
Y. As shown in Figure 1c®@, all d orbitals of Co(1) in the spin-up
channel display their primary PDOS peaks below the Fermi en-
ergy (0 eV), indicating complete occupation of these orbitals. The
IPDOS (Figure 1c@) further supports this observation, showing
that the occupancy rate of all d orbitals of Co(1) at the Fermi, that
is, the integrated electronic state density at the Fermi energy, sig-

Adv. Funct. Mater. 2024, 34, 2404846 2404846 (4 of 8)

for the k*-weighted EXAFS signals of BCFZY, reduced-BCFZY, and oxidized-

nificantly exceeds 0.5, signifying their full occupancy. Conversely,
in the spin-down channel, the PDOS for four d orbitals of Co(1) is
positioned above the Fermi energy, with IPDOS occupancy rates
well below 0.5, signifying these orbitals are unoccupied. Notably,
the d, orbital presents a major peak below the Fermi level with an
occupancy rate near —1.0, as indicated in Figure 1¢®,®. This sug-
gests the existence of one d electron in the spin-down channel.
Consequently, with five d electrons in the spin-up channel and
one d electron in the spin-down channel, we can infer that Co(1)
possesses a +3 oxidation state. Comparative analysis of Co(2) and
Co(3) PDOS and IPDOS, as shown in Figures S7 and S8 (Sup-
porting Information), leads to similar conclusions, thereby char-
acterizing all Co cations as Co**.

Figures S9-S11 (Supporting Information) provide similar in-
sight into the d orbitals of Fe(1), Fe(2), and Fe(3), respectively.
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In all cases, the d orbitals of the Fe ions exhibit complete occu-
pancy in the spin-up channel and are empty in the spin-down
channel, implying that Fe(1), Fe(2), and Fe(3) correspond to high-
spin-state Fe*. For Y and Zr (see Figures S12 and S13, Support-
ing Information, respectively), the primary peaks of the d orbitals
are significantly higher than the Fermi energy. Additionally, the
IPDOS occupancy rate at the Fermi level is close to 0, indicat-
ing the absence of d electrons in both the spin-up and spin-down
channels. Thus, the oxidation states of Zr and Y can be identified
as Zr** and Y3+, respectively.

2.2. Molecular Orbital Analysis

The TM—O bond strength is influenced by the interaction of the
TM and O orbitals.[??] For instance, fully occupied bonding or-
bitals enhance bond strength, while the presence of electrons
in the anti-bonding orbital tends to weaken bonds. To elucidate
the impact of TM and O orbital interactions on bond strength
in BCFZY, we analyzed the hybridization and bonding condi-
tions between TM and O by considering the d orbitals of TM in
both spin-up and spin-down channels. The scenario for Co** and
Fe** in the spin-up channel is quite similar, with all d orbitals
being fully occupied, leading to a pronounced repulsive interac-
tion with the oxygen’s p electrons. In contrast, the situation in
the spin-down channel for Co** and Fe** is markedly different.
For Co**, despite having four unoccupied d orbitals, the presence
of a single d electron still results in a strong repulse of oxygen’s
p electrons. However, the spin-down channel of Fe** shows a
completely unoccupied d-orbital configuration, thus facilitating
strong hybridization with oxygen’s p electrons.??! These differ-
ences in electron configuration suggest that the Co—O bond is
weaker than the Fe—O bond.

We also explored how the d orbitals of Y** and Zr** and oxy-
gen’s p electrons interact with each other (Figure S14, Supporting
Information). The d orbitals of Y>* have higher energy than those
of Zr** due to lower charges. Consequently, the energy difference
between the d orbitals of Y>* and the p orbitals of 0%~ is larger
than that between Zr* and 0%, and hybridization between Y3*
and O? is weaker than that between Zr** and O?. This results
in a relatively weaker Y—O bond than the Zr—O bond.[%31] As
shown in Figures S12-S14 (Supporting Information), the lower
IPDOS value for Y relative to Zr also suggests that the Y—O
bond is weaker than the Zr—O bond. Consequently, the TM—O
bond strengths are ordered as follows Zr—O > Y—0O > Fe—O >
Co—O. As the Co—O bond is the weakest, the formation of V; and
OHY, occurs more easily near Co. This observation aligns with
the outcomes of the defect chemical DFT calculations shown in
Figure 1a and Figure S1 (Supporting Information), which indi-
cate that the sites with the lowest formation energy for Vg, and
OHy, are the ones near Co—O. The generation of oxygen vacan-
cies, which are electron donors,3?! facilitates the reduction of
Co?* to Co** (Figure le). This process is energetically more favor-
able than the Fe** to Fe?* reduction (Figures S7-S11, Supporting
Information).

From the above analysis, itis evident that the Co—O bond is the
weakest, with Vi and OH, more likely to form near Co. There-
fore, we analyzed the impact of Vi; formation on the Co—O bond
from a molecular orbital perspective (Figure 1f). The formation
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of V¢ introduces the additional electrons to the material, which
initially serve to compensate for the existing ligand holes. As the
ligand holes diminish, these electrons subsequently contribute to
the reduction of Co. When Co ions undergo reduction, the elec-
trons occupy the anti-bonding orbitals of the Co—O bond, con-
sequently weakening these bonds. This weakening is conducive
to the further reduction of Co ions.**] Both the attenuation of
the Co—O bond and the reduction of Co facilitate the generation
of n-type donors, such as V; and OH{ .[°) In summary, the pres-
ence of V; and OH further diminishes the strength of the Co—O
bond, which in turn reduces Co and concomitantly decreases the
energy necessary to create Vi and OH,.

2.3. Exsolution Mechanism

To evaluate the tendency of BCFZY'’s transition metals to exsolve,
the segregation energies of Co, Fe, Y, and Zr were calculated. Our
selection of the most stable terminal surface on the BCFZY(001)
plane aligns with TEM data (Figure S6, Supporting Information)
and literature reports.**! The Co, Fe, Y, and Zr segregation en-
ergies were —2.40, —1.91, 0.33, and 1.21 eV (Figure 2a), respec-
tively, implying that Co and Fe may migrate more easily to the
surface than Y and Zr due to the weaker Co—O and Fe—O bonds.
Figures S15 and S16 (Supporting Information) report the PDOS
and IPDOS for both surface and bulk Co and Fe, revealing that
the IPDOS occupancy for the d,, orbital of surface Co and Fe
are substantially higher at the Fermi level compared to the bulk.
While Fe exhibits similar behavior to Co, the IPDOS indicates
that the number of occupied electrons in Fe is lower than in Co
(Figures S17 and S18, Supporting Information), implying that
Fe is slightly less reducible and exsolvable than Co in agreement
with the higher computed segregation energy of Fe relative to Co
(Figure 2a).

To evaluate the HOR activity of exsolved NPs[120%23] and
bulk perovskite materials, we used the H* adsorption energy as
an indicator.23¢! We computed adsorption energy calculations
across all potential adsorption sites, including various top and
bridge sites. For the BCFZY(001), we considered the impact of
different terminations. For the Co-Fe(001) surface, consistent
with literature findings,*”! we identified the configuration with
the lowest energy as the most likely pathway for HOR. The sim-
ulations (Figure 2b) reveal that the Co top site on the Co-Fe(001)
surface is the most favorable position for H* adsorption, corre-
sponding to adsorption-free energy as low as —0.08 eV. This value
is not only better than that of the Co and Fe top sites on the
BCFZY(001) surface, which are 0.39 and 0.67 eV, respectively but
also superior to the —0.30 eV on the Ni(111) surface. These simu-
lations indicate that Co-Fe NPs improve H* adsorption and thus
facilitate HOR activity.

2.4. Reversible Exsolution/Dissolution

We carried out a 24-h ASR test on a symmetric cell to determine
how exsolved NPs first enhance electrocatalysis and then degrade
it (Figure S19, Supporting Information). Employing pure hydro-
gen as the feed gas, electrochemical impedance spectroscopy
(EIS) data were collected every 30 min at a temperature of 600 °C.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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The initial ASR value of 1.42 Q cm™? significantly decreased
to ~0.71 Q cm~2 within the first 6 h, indicative of enhanced
HOR activity due to NP exsolution. However, a marginal rise to
0.77 Q cm™? at the 24th h suggested the agglomeration of the ex-
solved NPs.I*®] To assess the correlation between the exsolution
phenomenon of BCFZY and temperature, we subjected the ma-
terial to 5-h reduction treatments in hydrogen at 500, 600, and
700 °C, followed by XRD testing and SEM morphology charac-
terization (Figure S26, Supporting Information). The results in-
dicate that exsolution phenomena are not prominent at 500 °C.
However, as the temperature increases to 600 and 700 °C, the
exsolution phenomena become progressively more pronounced,
with a trend of increasing particle size. To evaluate the reversibil-
ity of the exsolution process in BCFZY, we reduced the mate-
rial in hydrogen at 600 °C for 10 h (yielding reduced-BCFZY),
which was followed by re-oxidation in the air at 600 °C for
5 h (producing oxidized-BCFZY). XRD analysis indicates the Co-
Fe NPs in reduced-BCFZY subsequently redissolved upon ox-
idation (Figure 2c; Figure S20, Supporting Information).l*! X-
ray photoelectron spectroscopy (XPS, Figure S21, Supporting In-
formation) analysis confirmed that the Co and Fe valence states
in reduced-BCFZY were lower than in BCFZY. Notably, metal-
lic Co® and Fe® peaks were only detected in reduced-BCFZY.
STEM imaging and EDS mapping confirmed the presence of
Co-Fe alloy NPs in reduced-BCFZY (Figure 2d), which subse-
quently dissolved back into the bulk perovskite lattice upon oxi-
dation (Figure 2e). This reversible exsolution/dissolution process
is further supported by calculated dissolution energies (Figure
S31, Supporting Information), as well as XRD, SEM, XPS, and
ICP-OES characterizations (Figure S32 and Table S3, Supporting
Information).

X-ray absorption spectroscopy was utilized to investigate the
electronic and structural changes in BCFZY upon reduction and
re-oxidation. Figure 2f presents the normalized Co K-edge X-
ray absorption near-edge structure (XANES) spectra of all sam-
ples. Notably, the absorption edge of reduced-BCFZY had a lower
energy (7721.3 eV) than that of pristine BCFZY (7722.7 eV),
indicating a diminished Co valence in reduced-BCFZY relative
to pristine one. This observation is consistent with the Co re-
duction results from simulation calculations and molecular or-
bital analysis (Figure 1) as well as the XPS results (Figure S21,
Supporting Information). Crucially, upon re-oxidation, oxidized-
BCFZY exhibited an increase in absorption edge energy, revert-
ing to the pristine BCFZY value of 7722.7 eV. These data collec-
tively provide further evidence of the material’s self-recoverable
capability.

The local structure, bonding, and coordination of Co were in-
vestigated using extended X-ray absorption fine structure (EX-
AFS) analysis. The Fourier transform of the k*-weighted Co K-
edge EXAFS spectrum is presented in Figure 2g. The domi-
nant peak observed at ~1.4 A corresponds to the Co—O bond,
while the other peak at ~2.3 A is attributed to the Co—Co or
Co—Fe bonds.[*! In reduced-BCFZY, the estimated Co—Co and
Co—Fe bond lengths are consistent with the simulated values
(2.3 A) and XRD characterization (Figure 2c; Figure $20, Sup-
porting Information). For oxidized-BCFZY, the main peak ob-
served ~1.4 A, which aligns with the Co—O bond length in pris-
tine BCFZY, was observed again. This observation suggests that
the Co(—Fe) NPs, initially exsolved during the reduction in hy-
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drogen, can redissolve into the perovskite matrix upon oxidation.
The wavelet transform for EXAFS data confirms the peak tran-
sition sequence from Co—O to Co—Co or Co—Fe and back to
Co—O, supporting the reversible exsolution/dissolution process
(Figure 2h). A comparable trend is evident in XANES and EXAFS
analysis of the Fe K-edge, with Fe valence decreasing in reduced-
BCFZY and rising in oxidized-BCFZY (Figure S23, Supporting
Information).

2.5. Device Performance

BCFZY stands out as a promising electrode material for
symm-PCFCs due to its excellent HOR and ORR electrocat-
alytic activity. Its distinct advantage is a self-recovery mech-
anism (reversible exsolution/dissolution) that reverses perfor-
mance degradation. As schematically illustrated in Figure 3a,
the self-recovery process involves four redox stages: Stages 1
and 2 show Co-Fe particles exsolving to boost hydrogen ad-
sorption and HOR efficiency. At high temperatures, any per-
formance drop caused by particle agglomeration is reversed
by their re-dissolution from Stage 2 to 3. The transition from
Stage 3 to 4 and returning to Stage 1 demonstrates BCFZY’s
ability to self-recover, ensuring sustained performance in
symm-PCFCs.

To assess the performance of symm-PCFC, a button cell with
a BZCYYD electrolyte (100 pm thick) and BCFZY electrodes
(20 pm thick) on both sides was assembled (Figure S24, Sup-
porting Information). During operation, pure hydrogen was sup-
plied as fuel to the anode side, while the cathode side was ex-
posed to 3% H,O air. As shown in Figure 3D, the symm-PCFC
reached peak power densities of 350, 233, and 131 mW cm2 at
600, 550, and 500 °C, respectively, which exceed many previously
reported symm-PCFCs and symmetric SOFCs (Table S2, Sup-
porting Information). A stability test was conducted at 600 °C
with a constant current of 0.45 A cm™2, as shown in Figure 3c.
Notably, significant degradation in performance was observed
after ~#60 h. Thus, we implemented a recovery operation to re-
place anode/cathode atmosphere switching. This recovery oper-
ation consisted of a 30 min N, purge, followed by a 60 min re-
oxidation using a 50% 0,-50% N, mixture, and concluded with
another 30 min N, purge. Remarkably, after enforcing these con-
ditions, the symm-PCFC recovered its initial performance and
remained stable until the 80 h mark. This self-recovery capabil-
ity also equips the cell to resolve performance degradation issues
caused by occasional gas leaks or shutdowns during actual oper-
ation.

Ten further self-recovery cycles verified the stability of the pre-
pared symm-PCFC, with the peak power density remaining sta-
ble after each cycle (Figure 3d). The BCFZY/BZCYYDb interface re-
mained robust, showing no signs of delamination or detachment
after these repeated self-recovery cycles (Figure S33, Supporting
Information). The BCFZY-based cell also exhibited versatility in
using carbon-based fuels without significant and identifiable cok-
ing deposition (Figure S25, Supporting Information). Operating
on methanol, the cell achieved peak power densities of 287, 193,
and 103 mW cm=2 at 600, 550, and 550 °C, respectively. With
methane, the peak power densities were 221, 126, and 64 mW
cm™2 at 600, 550, and 550 °C, respectively.
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Figure 3. Electrochemical performance and durability of symm-PCFC. a) Schematic illustration of the redox operation of a self-recovering symm-PCFC
with BCFZY|BZCYYb|BCFZY configuration. b) I--V and [-P curves of the symm-PCFC in hydrogen fuel at 500-600 °C. c) Operational stability of the
symm-PCFC in hydrogen fuel at 600 °C. A recovery operation cycle consists of a 30 min nitrogen purge, a 60 min re-oxidation, and another 30 min
nitrogen purge. d) Peak power density after several recovery operation cycles, each performance test was performed after 2 h of hydrogen reduction
following the completion of the recovery operation cycle. The I-V and I-P curves of the symm-PCFC at 500-600 °C in €) methanol fuel, and f) methane

fuel.

3. Conclusion

This work introduces a novel self-recoverable symm-PCFC de-
sign employing BCFZY as the bi-functional electrode. DFT cal-
culations and molecular orbital theory analysis reveal that TM—O
bond strength plays a pivotal role in determining BCFZY’s bi-
functionality as this material can trigger the reversible exsolution
and dissolution of NPs. Experimental observations, including
XRD, STEM-EDS, and XAS characterizations, confirm the com-
putational insights, demonstrating the reversible exsolution and
re-dissolution of Co-Fe NPs from and to the BCFZY matrix upon
reduction and oxidation, respectively. Notably, the integration of
these exsolved NPs within BCFZY enhances fuel dissociation,
thereby reducing ASR in hydrogen-containing atmospheres. The
symm-PCFC, fabricated and tested with hydrogen, methanol,
and methane as fuels, exhibited peak power densities of 350,
287, and 221 mW cm~2 at 600 °C, respectively. Most impor-
tantly, the reversible exsolution and dissolution of NPs, employed
to avert structural damage, substantially enhance the high-
performance operational longevity of the fuel cell. This method
emerges as a promising material design approach, aimed at de-
veloping symm-PCFCs that exhibit both high performance and
stability.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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