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Solid oxide fuel cells (SOFCs) are hindered by sluggish oxygen reduction reaction (ORR) kinetics at the
cathode. Ex-solution, which generates socketed nanoparticles from the perovskite lattice, offers a prom-
ising strategy to overcome this limitation but has rarely been applied to cathodes. In this work,
BaCog gTap »03_s (BCT) was doped with Ag, Cu, and Ni to induce ex-solution under controlled reducing
conditions. Structural and microscopic analyses confirmed the formation of socketed nanoparticles on
the perovskite surface. Electrochemical measurements showed that ex-solved cathodes exhibited
reduced polarization resistance (Rp) compared to their non ex-solved counterparts, with ex-solved BCT—
Ag (eBCT-Ag) achieving the lowest R, (0.0210 Q cm? at 650 °C, ~49% reduction). A single-cell test with
eBCT-Ag delivered a maximum power density of ~0.68 W cm™2 at 650 °C. These results demonstrate the
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1. Introduction

Climate change and environmental pollution underscore the
urgent need for sustainable energy conversion technologies.?
While renewable sources such as solar and wind are rapidly
expanding, their intrinsic intermittency limits reliable power
supply.>™ This challenge highlights the importance of high-
efficiency conversion devices, with solid oxide fuel cells
(SOFCs) emerging as one of the most promising candidates.
SOFCs offer high electrochemical efficiency and fuel flexibility
with minimal greenhouse gas emission, making them attrac-
tive for next-generation energy systems.® " Nevertheless, their
widespread commercialization is still impeded by the sluggish
oxygen reduction reaction (ORR) at the cathode, which serves
as the rate-determining step of the overall electrochemical
process.””'® The challenge becomes even more severe as the
operating temperature decreases to the intermediate regime,
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where the ORR kinetics decrease substantially, limiting device
performance.

To address this critical challenge, the search for efficient
and durable electrocatalysts has been a central research
focus."”' One promising approach is the ex-solution. Ex-solu-
tion refers to the process where transition metal cations first
incorporated into the perovskite (chemical formula: ABOj;)
lattice, then ex-solved as nanoparticles under reducing
conditions.””** These nanoparticles are partially embedded in
the parent oxide (otherwise known as socketed morphology),
which provides strong anchoring, enhanced thermal stability,
and superior durability compared to conventionally deposited
catalysts. Ex-solution has been extensively studied in SOFC
anodes, where it effectively suppresses carbon deposition and
particle coarsening.>*™* In contrast, its application to cath-
odes has long been considered impractical because the oxidiz-
ing environment of the cathode is fundamentally incompatible
with the reducing conditions typically required for ex-solution.
If ex-solution could be realized at the cathode side, it would
open a new pathway to simultaneously enhance catalytic
activity and stability.>>” However, experimental demon-
strations remain limited, and the understanding on how ex-
solved cathode behaves under oxidizing condition is still
insufficient.

In this work, we systematically explore the feasibility of ex-
solution in the cathode using BaCo,gTa,,03;_s (BCT) as the
parent oxide.*® By doping Ag, Cu, and Ni into BCT and apply-
ing controlled reduction treatments, we successfully induced
ex-solution and obtained distinct nanoparticle morphologies:
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Ag and Cu emerged as individual metallic nanoparticles co-ex-
solved with Co, whereas Ni formed alloyed particles with Co.
These nanoparticles were uniformly distributed on the elec-
trode surface, providing additional active sites that enhanced
the ORR kinetics. Electrochemical analyses confirmed a
reduction of polarization resistance by up to ~49% and mea-
surable improvements in single-cell performance. This study
demonstrates the effectiveness of incorporating multiple tran-
sition-metal dopants to enable ex-solution-based catalyst
design, thereby offering a practical strategy for the develop-
ment of advanced SOFC cathodes.

2. Results and discussion

2.1 Physical characterization of the materials

In this study, BaCo,gTa;,03;_s (BCT) was selected as the
parent cathode material. BCT exhibits high ORR activity and
has recently attracted attention as a promising candidate for
next-generation SOFC cathodes. Moreover, its perovskite struc-
ture provides excellent compositional flexibility, enabling the
incorporation of various transition-metal dopants. Ag, Cu, and
Ni were chosen as dopants considering both catalytic activity®®
and economic feasibility,"® and A-site deficiency was intro-
duced to effectively promote ex-solution.

X-ray diffraction (XRD) patterns confirmed that all
Bay.95C00.5Ta9.20;_5-Ag0.05s (BCT-Ag), BaCog sTag,0;3_5~Cug o5
(BCT-Cu), and BaCoggTay,03_5Nipes (BCT-Ni) samples
maintained a single-phase cubic perovskite structure with
Pm3m space group (Fig. 1a and Fig. S1-S3). Lattice parameter
analysis revealed that BCT-Ag exhibited a slightly decreased
lattice constant (a = 4.0715 A) compared to BCT (a = 4.078 A),
whereas BCT-Ni and BCT-Cu showed increased values (a =
4.0864 A and a = 4.0883 A, respectively). These variations are
attributed to the differences in ionic radii of the dopant
cations. Specifically, the ionic radii follow the order Ba>" (161
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pm) > Ag* (115 pm) > Cu®" (73 pm) > Ni** (69 pm) > Ta’>" (64
pm) > Co** (61 pm), which is consistent with the observed
trend in lattice parameter changes. These results suggest that
Ag is incorporated at the A-site, while Cu and Ni occupy the
B-site, confirming the successful substitution of the dopant
cations into the perovskite lattice. Raman spectra of all
samples displayed a distinct A;; breathing mode at approxi-
mately 670 em ™", which corresponds to the vibration of BOg
octahedra, indicating the retention of the cubic perovskite
structure (Fig. 1b). In addition, the characteristic peak near
600 cm™" inherent to hexagonal BaCoO, ¢ (BCO) was absent,
further supporting that all synthesized samples were obtained
as a single cubic perovskite phase.*!

To find safe ex-solution temperature window with minimal
damage inflicted on the host structure, samples were investi-
gated using H,-temperature programmed reduction (H,-TPR)
under 10% H,/Ar condition. The results revealed distinct
reduction onset temperatures for the doped samples, with the
main reduction peaks observed at 358 °C, 312 °C, and 388 °C
for Ag-doped, Cu-doped and Ni-doped samples, respectively
(Fig. 1c and Fig. S4). Both doped and undoped BCT samples
described a major reduction peak around 530 °C, which indi-
cates the reduction of Co at this temperature. Thereby the
reduction tendency can be written as follows: Cu (312 °C) > Ag
(358 °C) > Ni (388 °C) > Co (530 °C). Therefore, to achieve ex-
solution while minimizing the host disruption, 400 °C was
selected as the reduction condition to promote ex-solution in
all samples.

Thereafter, ex-solution was carried out by treating the Ag-,
Cu-, and Ni-doped perovskite samples in a quartz tube under
flowing 4% H,/Ar at 400 °C. Scanning electron microscopy
(SEM) images were collected to compare the surface mor-
phology before and after reduction (Fig. 1d, f, h and Fig. S5-
S7). After reduction, uniformly distributed nanoparticles were
observed on the electrode surfaces of BCT-Cu (after 3 h) and
BCT-Ag (after 5 h), exhibiting a socketed morphology. We
found that BCT-Ni requires a longer reduction time (20 h) to
nucleate and grow nanoparticles which is consistent with the
relatively high Ni reduction onset temperature observed in pre-
vious H,-TPR results. The corresponding nanoparticle den-
sities were estimated as ~391, ~589, and ~221 particles per
pm® for ex-solved BCT-Ag (eBCT-Ag), ex-solved BCT-Cu
(eBCT-Cu), and ex-solved BCT-Ni (eBCT-Ni), respectively (see
Fig. S8 for detailed analysis).

High-angle annular dark field scanning transmission elec-
tron microscope (HAADF-STEM) analysis was performed to elu-
cidate the morphology and composition of the ex-solved nano-
particles (Fig. 1le, g and i). We found not only the ex-solution
of Ag, Cu and Ni, but also ex-solution of some Co. Particularly,
Ag and Cu were ex-solved as independent metallic nano-
particles separated from Co nanoparticles, whereas Ni formed
alloyed nanoparticles with Co. This distinct ex-solution behav-
ior can be rationalized based on the solid-state miscibility
between Co and each dopant metal, as reflected in their
respective binary phase diagrams. According to the Ag-Co*
and Cu-Co phase diagrams,*® both systems exhibit extremely

This journal is © The Royal Society of Chemistry 2026
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characterization of the BaCog gTap»,03_5—Cugos (BCT-Cu), and

SyntheSiZed Bao_95C00.8Tao_zo3,5—Ag0_05
BaCog gTao 203_s—Nio.os (BCT—Ni): (a) X-ray diffraction (XRD) patterns of as-synthesized powders, and (b) Raman spectra of as-synthesized powders
compared with hexagonal BaCoO, ¢ (BCO). (c) H,-temperature programmed reduction (H,-TPR) data of BCT—-Ag compared with BaCog gTap 203_s
(BCT), scanning electron microscopy (SEM) images after reduction treatment under 4% H,/Ar at 400 °C: (d) BCT—Ag after 5 hours, (f) BCT—-Cu after
5 hours, (h) BCT-Ni after 20 hours, and corresponding transmission electron microscope (TEM) images and energy-dispersive X-ray spectroscopy
(EDX) analysis are presented in (e), (g), and (i), respectively.

Fig. 1 Physical (BCT-Ag),

limited mutual solubility near 400 °C, favoring phase separ-
ation and thereby leading to the formation of discrete metallic
nanoparticles upon ex-solution. In contrast, the Ni-Co phase
diagram™* shows a broad solid-solution region at similar temp-
eratures, rendering Ni-Co alloy formation thermodynamically
favorable once reduced species become mobile at the surface.
These thermodynamic considerations are consistent with pre-

vious reports of Ni-Co alloy nanoparticle formation.*>*®

This journal is © The Royal Society of Chemistry 2026

Nonetheless, these results confirm that ex-solution of metal
nanocatalysts was successfully achieved on BCT mother oxide.

2.2 Electrochemical performance evaluation

Electrochemical performance spectroscopy (EIS) was per-
formed using symmetric cells to evaluate the ORR catalytic
activity of eBCT-Ag, eBCT-Cu and eBCT-Ni cathodes (Fig. 2).
The symmetrical cells were fabricated with a cathode|electro-
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Fig. 2 Electrochemical impedance spectroscopy (EIS) profiles: (a) Bag.g5C00.gTap203_s—Ado.os (BCT-Ag) and ex-solved BCT-Ag (eBCT-Ag), (c)
BaCog gTap 203_s5—Cug o5 (BCT-Cu) and ex-solved BCT-Cu (eBCT-Cu), (e) BaCog gTag 203_s—Nig o5 (BCT—Ni) and ex-solved BCT-Ni (eBCT-Ni) in
symmetric cell configurations (electrode|Smg >Ceg sO2_s (SDC)|electrode). Corresponding Arrhenius plots of the polarization curves: (b) BCT—-Ag and
eBCT-Ag, (d) BCT-Cu and eBCT-Cu, (f) BCT—Ni and eBCT-Ni, respectively.

lyte|cathode configuration, employing Sm, ,Ceq 30,5 (SDC) as
the electrolyte. All measurements were conducted at an oxygen
partial pressure (pO,) of 0.21 atm over the temperature range
of 500-650 °C, and the corresponding Nyquist and Arrhenius
plots are presented in Fig. S12-S14. The results showed that all
ex-solved samples exhibited reduced polarization resistance
(Rp) compared to pristine samples, with R, values of 0.0210,
0.0336, and 0.0337 Q cm” for eBCT-Ag, eBCT-Cu and eBCT-
Ni, respectively. Among them, eBCT-Ag demonstrated the
most significant improvement, with an ~49% reduction in Ry,
The R, values of eBCT-Ag were measured to be 0.0210, 0.0494,
0.123, and 0.310 Q cm” at 650, 600, 550, and 500 °C, respect-
ively. The superior performance of eBCT-Ag over Cu and Ni-
doped samples can be ascribed to excellent ORR activity of Ag,
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as implied by the volcano plot provided by Nerskov et al.*’

According to Sabatier’s principle, the bond strength between
adsorbed species and the surface plays a critical role in cata-
Iytic activity, and to achieve the optimal catalytic performance,
binding energies on the catalyst surface should be moderate.
As reported by Nerskov et al., the calculated oxygen adsorption
energies (AEp) on Ag, Cu and Ni surfaces are approximately
2.12, 1.20 and 0.34 eV, respectively. As such, oxygen binds to
the Ag surface with an intermediate strength, while Cu and Ni
are too strong. Indeed, the positive ORR promotion driven by
Ag has frequently reported in SOFC fields.*>77*8

A performance map comparing the ORR activities of the
developed eBCT-Ag with several benchmark materials is pre-
sented in the Fig. S15 and Table S1.*°* As shown, the elec-

This journal is © The Royal Society of Chemistry 2026
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trode polarization resistance of eBCT-Ag is lower or compar-
able with previously reported cathodes, indicating the promis-
ing electrochemical performance of the developed ex-solution
derived cathodes.

While the reduced R, clearly demonstrates the beneficial
effect of ex-solution, the Nyquist plots alone do not resolve
which elementary electrode processes are predominantly accel-
erated. Because the overall impedance arc typically comprises
multiple electrochemical processes operating over different
time scales, a more quantitative deconvolution is required to
identify the origin of the performance enhancement. To this
end, distribution of relaxation times (DRT) analysis was
employed for detailed interpretation of the EIS spectra
(Fig. 3b-d). The DRT spectra reveal three well-defined peaks
corresponding to the high-frequency (HF, 10°-10° Hz), mid-fre-
quency (MF, 10>-10° Hz), and low-frequency (LF, ~10~'-10°
Hz) regions. The HF peak is generally attributed to charge

View Article Online
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transfer across the electrode/electrolyte interface, the MF peak
to surface oxygen adsorption and exchange processes, and the
LF peak to mass transport processes such as gas-phase
diffusion.®® To validate these assignments, pO,-dependent
DRT measurements were performed at 650 °C with pO, system-
atically varied from 0.1 to 1 atm (Fig. 3e, f and Fig. S16). The
MF and LF peaks exhibited pronounced suppression with
increasing pO,, demonstrating their strong involvement in
oxygen related reaction process. Quantitative analysis of the re-
sistance contributions (logR, vs. logpO,) yielded reaction
orders of n = 0.5 for the MF process and n ~ 1 for the LF
process (Fig. 3g and Fig. S17). These values are consistent with
oxygen surface exchange and diffusion-related processes,
respectively, according to established kinetic models for mixed
ionic-electronic conducting cathodes.>®

Importantly, compared to the pristine sample, all ex-solved
electrodes exhibited noticeable reductions in resistance across
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(a) Schematic of ex-solved BaggsC00gTap 203 _s—Adoos (eBCT—-Ag), ex-solved BaCoggTap03_s—Cugos (eBCT-Cu), and ex-solved

BaCog gTag.203_s—Nig o5 (€BCT—Ni). Distribution of relaxation times (DRT) analysis of (b) BCT—-Ag and eBCT-Ag, (c) BCT-Cu and eBCT-Cu, (d) BCT-
Ni and eBCT-Ni. (e) Electrochemical impedance spectroscopy (EIS) of eBCT—Ag oxygen electrode at 650 °C measured with Smg >,Ceg gO,_;5 (SDC)
symmetric cells in dry air (pO, = 0.1-1 atm), (f) corresponding DRT analysis and (g) corresponding oxygen partial pressure dependency outcomes of

HF, MF and LF.
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Fig. 4 Performance demonstration with single cell: (a) cross-sectional SEM image of single cell with configuration of Ni-yttria-stabilized zirconia
(YSZ) anode|YSZ electrolyte|Gdo 1Cep 9O,_s5 (GDC) interlayer|ex-solved Bag 95C00 sTap 203_s5—Ado.os (€BCT—Ag) cathode, (b) magnified SEM image of
the eBCT—-Ag cathode and GDC interlayer interface, showing no delamination between the two layers, (c) surface morphology of the eBCT-Ag
cathode after operation, (d) /-V-P curve of a single cell with eBCT—-Ag cathode, (e) long-term stability data measured with eBCT—-Ag cathode at

450 °C in dry air (pO, = 0.21 atm).

the HF, MF, and LF regions (Fig. 3b-d). This observation indi-
cates that ex-solution globally accelerates the ORR pathway
rather than selectively improving a single kinetic step.
Collectively, these results provide mechanistic evidence that
the ex-solved nanoparticles enhance oxygen surface exchange
kinetics while simultaneously alleviating diffusion-related
limitations, thereby accelerating both interfacial and mass
transport processes that govern the overall ORR performance.

2.3 Demonstration with single cell

Next, we evaluated our developed cathode materials in a
button cell configuration, simulating a realistic SOFC oper-
ation. Amongst all samples, eBCT-Ag exhibited the best per-
formance in the half-cell tests, thereby a representative single
cell data is shown in Fig. 4. The results for the other cathode
materials were also obtained and are shown in Fig. S18. The
cell consisted of Ni-yttria-stabilized zirconia (YSZ) anode, YSZ
electrolyte, Gdg1Ce90,-5 (GDC) interlayer, and eBCT-Ag
cathode. Humidified H, was supplied to the anode as fuel,
while air was fed to the cathode side during the measure-
ments. As shown in the I-V-P curves, the single cell delivered a
maximum power density of ~0.68 W cm™> at 650 °C, demon-
strating promising electrochemical performance (Fig. 4d).
Furthermore, long-term stability test at 450 °C demonstrates
that the cell maintains stable performance over approximately
100 h without noticeable degradation (Fig. 4e). Additional

Nanoscale

short-term stability test at 650 °C for 50 h (Fig. S19) further
confirm the robustness of the ex-solved cathode under more
demanding conditions.

Post-test SEM analysis was also performed to investigate the
structural integrity of the operated cell (Fig. 4a). No delamina-
tion was observed between the electrolyte and electrodes, indi-
cating that the overall cell architecture was well maintained
after operation (Fig. 4b). Furthermore, the ex-solved Ag nano-
particles were stably retained on the cathode surface (Fig. 4c),
confirming their structural stability after operation. Overall,
these results demonstrate that the ex-solution strategy was suc-
cessfully implemented in the cathode and effectively applied
to SOFC single cell, providing experimental evidence of its
potential for practical high-performance cathode design.

3. Conclusion

In this study, BaCo,gTa,0;3-5 (BCT) was employed as the
parent oxide to apply the ex-solution strategy to SOFC cath-
odes, and Ag, Cu, and Ni were doped to systematically investi-
gate their ex-solution behavior and electrochemical perform-
ance. Among the three, Ag ex-solution delivered the most pro-
nounced enhancement, followed by Cu and Ni. Ag and Cu
nanoparticles were ex-solved as discrete metallic phases with
Co, while Ni formed Ni-Co alloy nanoparticles. In all cases, ex-

This journal is © The Royal Society of Chemistry 2026
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solution markedly altered the ORR pathways, thereby enhan-
cing the reaction kinetics. Notably, eBCT-Ag achieved a polar-
ization resistance as low as 0.0210 Q cm?® at 650 °C through
synergistic interplay between ex-solved nanoparticles and host
lattice. These findings establish ex-solution as a versatile strat-
egy for boosting SOFC cathode activity and highlight its
broader potential to revisit and optimize other perovskite
materials through controlled nanoparticle ex-solution.
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