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of cobalt-embedded gadolinia-
doped ceria nanocatalysts for high-temperature
solid oxide cells†

Hagyeong Cho,‡ab Haewon Seo, ‡a Jihong Min,ab Ji-eun Won,ab

Jongsup Hong *b and Kyung Joong Yoon *a

High-temperature solid oxide cells (SOCs) provide a highly efficient route for power generation and

hydrogen production. In this study, we develop cobalt-embedded gadolinia-doped ceria nanocatalysts

that significantly enhance the performance of nickel-based fuel electrodes of SOCs. These nanocatalysts

are synthesized in situ within the pores of the electrode using a urea-based infiltration process. Doping

gadolinia into the ceria lattice improves the oxygen ionic conductivity, and uniform gadolinia-doped

ceria nanoparticles, 20–30 nm in size, consistently form within both symmetric and full cells. Meanwhile,

a portion of the cobalt also forms discrete nanoparticles, less than 10 nm in size, further boosting

catalytic activity. The electrochemical performance of the full cells is improved by approximately 30%

and 60% in fuel cell and electrolysis mode operations, respectively. Additionally, the cell operates stably

for 300 h under a constant electrolysis current of −1.0 A cm−2 at 700 °C, demonstrating that the

nanocatalysts remain stable under harsh high-temperature conditions.
Introduction

Solid oxide cell (SOC) technology is considered a vital compo-
nent of future energy systems because of its unique advantages
associated with high operating temperatures.1,2 The term SOC
jointly refers to solid oxide fuel cells (SOFCs) and solid oxide
electrolysis cells (SOECs), meaning that SOCs can operate
reversibly for both power generation and hydrogen production.
SOCs use an oxygen-ion-conducting ceramic membrane as the
electrolyte and typically operate above 700 °C, providing
exceptionally high energy conversion efficiency and operational
versatility. Since SOCs entered the market, their commercial
feasibility has been successfully demonstrated, and their
market share has rapidly increased in recent years.3,4 However,
further improvements in performance and stability are still
required for the widespread adoption of SOC technology.

Traditionally, it was believed that the overall performance of
SOCs was dominated by the air electrode because the ceramic
materials used for this component are less catalytically active
and have lower electrical conductivity than the metallic Ni used
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for the fuel electrode.5 Consequently, research efforts primarily
focused on improving the air electrode, leading to signicant
advancements.6–15 These improvements to the air electrode also
increased the fuel electrode's contribution to overall perfor-
mance, providing an impetus for more recent efforts to enhance
the fuel electrode performance.16 Unfortunately, modifying Ni-
based fuel electrodes, especially in fuel-electrode-supported
cells, has proven challenging. Fuel-electrode-supported cells
offer higher performance than electrolyte-supported cells owing
to their thin electrolyte. However, during fabrication, the fuel
electrode is co-sintered with the electrolyte at high tempera-
tures, typically above 1400 °C,17–22 restricting material choices to
Ni and a few others because of chemical compatibility issues
with the yttria-stabilized zirconia (YSZ) electrolyte.

One of the most practical and effective methods for modi-
fying the properties of fuel electrodes is the inltration of
nanocatalysts. In inltration process, a precursor solution is
injected into the pores of the pre-sintered electrode, followed by
thermal treatment to form nanocatalysts. However, controlling
the inltration process is challenging owing to the difficulty in
managing the migration behavior of the liquid. In our earlier
work, we developed a urea-based inltration technique, where
urea serves both as a complexing agent and a precipitation
agent.6 As a complexing agent, urea provides two coordination
sites—one carbonyl oxygen and two amide nitrogen atoms—
ensuring a strong complexing effect that prevents phase sepa-
ration during the drying process. As a precipitation agent, urea
decomposes thermally at around 80 °C, leading to the homo-
geneous precipitation of the constituent elements while
This journal is © The Royal Society of Chemistry 2024
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releasing ammonia and carbon dioxide. This dual role enables
the formation of phase-pure nanocatalysts with uniform size
and distribution.

Ceria-based materials are known as effective catalysts for the
fuel electrode,23 and partially substituting cerium with gadoli-
nium introduces additional oxygen vacancies, further
promoting oxygen exchange kinetics.24 In previous studies, the
inltration of ceria-based nanocatalysts has demonstrated
improvements in both performance and stability.25–28 Cobalt
nanoparticles also increase the catalytic activity of the fuel
electrode.29

In this study, we inltrated cobalt-embedded ceria nano-
catalysts into Ni-based fuel electrodes to improve its perfor-
mance while avoiding chemical compatibility issues. Highly
active nanocatalysts were synthesized on the inner surface of
the pores of the standard Ni–YSZ fuel electrode, greatly
improving performance in both fuel cell and electrolysis modes.
The thermal stability of these nanomaterials was also evaluated
by long-term testing under harsh electrolysis conditions.

Experimental

The precursor solutions for inltration were prepared by dis-
solving Ce(NO3)3$6H2O (Merck KGaA, Germany), Gd(NO3)3-
$6H2O (Merck KGaA), and Co(NO3)2$6H2O (Merck KGaA) in
a mixture of puried water and ethanol at a ratio of 25 : 75 vol%.
The precursors were mixed in the stoichiometric ratio specied
for each Co content, and urea (Merck KGaA) was added to the
solution at a urea-to-cation ratio of 10 : 1.6,30,31 Powder samples
were produced by heat treating the solution at 80 °C for 1 h,
followed by a further heat treatment at 700 °C for 1 h in air.
Then, the powders were reduced in 5% H2 balanced with N2 at
700 °C for 1 h and analyzed using X-ray diffraction (XRD; D8
Advance, Bruker Corp., USA) and transmission electron
microscopy (TEM; Titan 80-300, FEI Company, USA).

Symmetric cells were fabricated using a 3 mm-thick dense
YSZ substrate. To prepare the pastes for the Ni–YSZ functional
layer and the Ni current collecting layer, NiO (Sumitomo Metal
Mining Co., Ltd, Japan) and (Y2O3)0.08(ZrO2)0.92 (8YSZ) (TZ-8Y,
Tosoh Corp.) powders (NiO/8YSZ = 66 : 34 wt%) were mixed
with a dispersant (Hypermer KD15, Croda International plc,
UK) and binder (ethyl cellulose (45 cP), Kanto Chemical Co.,
Inc., Japan) in an organic solvent (a-terpineol, Kanto Chemical
Co., Inc.) by planetary ball milling at 450 rpm for 12 h. The
functional and current collecting layers were sequentially
applied to both sides of the substrate by screen printing and
sintered at 1200 °C for 2 h. Nanocatalysts were then inltrated
into the electrodes. The concentration of the precursor solution
was 0.5 mol L−1. For each inltration, volumes of 5 ml cm−2 were
used. Aer inltration, the cells were heat-treated at 80 °C for 1
hour and then at 700 °C for 1 hour. This process was repeated
three times.

Next, the fabricated symmetric cells were electrochemically
characterized using impedance measurements. The cells were
placed in an alumina testing xture and heated in an electric
furnace. Humidied H2 (3% H2O) was supplied at a ow rate of
200 sccm, with Pt mesh and Pt wires used as electrical
This journal is © The Royal Society of Chemistry 2024
connections. Impedance spectra were collected at 650–750 °C
using a Solartron 1260A frequency response analyzer and
a Solartron 1287A potentio/galvanostat electrochemical inter-
face (Solartron Analytical, UK).

To fabricate full cells, a multilayered ceramic structure,
consisting of a fuel electrode support layer, fuel electrode
functional layer, and electrolyte, was formed by sequential tape
casting (Fig. S1†). 51 wt% NiO (FUJIFILM Wako Pure Chemical
Corp., Japan), 34 wt% (Y2O3)0.03(ZrO2)0.97 (3YSZ) (TZ-3Y-E,
Tosoh Corp., Japan), and 15 wt% poly(methyl methacrylate)
(SUNPMMA-S50, Sunjin Beauty Science Co., Ltd, Korea)
powders were mixed in ethanol andmilled with zirconia balls at
150 rpm for 24 h, along with a dispersant (Triton X-100, Daejung
Chemicals & Metals Co., Ltd, Korea). A binder (Butvar B-76,
Eastman Chemical Company, USA) and plasticizers (poly-
ethylene glycol 400 & glycerin, Daejung Chemicals & Metals Co.,
Ltd) were then added, and the mixture was ball-milled for
another 24 h to obtain a homogeneous slurry.10,22,31 Similarly,
slurries were prepared for a NiO–8YSZ (NiO/YSZ = 66 : 34 wt%)
fuel electrode functional layer and an 8YSZ electrolyte,
following the same mixing procedure. To create ne pores,
1 wt% carbon black nanopowder (N550, OCI Company Ltd,
Korea) was added to the NiO–8YSZ slurry.31,32 Each slurry was
degassed under 0.15 atm for 10 min with magnetic stirring in
a vacuum desiccator before being cast onto a glass substrate at
a speed of 20 mm s−1. Aer drying, the layered tape was co-
sintered at 1350 °C for 3 h and cut into 20 × 20 mm2 squares
using a ber laser cutter. Next, a gadolinia-doped ceria (GDC)
interlayer (GDC10-TC, Nexceris LLC, USA) was applied by spin
coating at 6000 rpm for 60 s and sintering at 1250 °C for 2 h.
Finally, a (La0.6Sr0.4)CoO3 (LSC) air electrode (LSC64, Kceracell
Co., Ltd, Korea) was screen-printed onto the surface of the GDC
interlayer, followed by sintering at 950 °C for 2 h. The effective
area of the LSC air electrode was 1 cm2. Nanocatalysts were
subsequently inltrated into the fuel electrodes using the same
precursor solution as that used for the symmetric cells. For each
injection, a volume of 40 ml cm−2 was applied, followed by the
same heat treatment as performed on the symmetric cells. The
inltration process was repeated three times.

For electrochemical testing, the fabricated full cells were
placed in a metallic testing xture made of Inconel. A glass–
ceramic composite sealant was used for sealing, and Ni foam
and Pt mesh were used to collect current in the fuel and air
electrodes, respectively. The leak-tight seal was formed at 850 °C
for 1 h. A gas mixture of 97% H2–3% H2O was supplied to the
fuel electrode to test in fuel cell mode, and 50% H2O–50% H2

was used for electrolysis mode testing. In both testing modes,
dry air was supplied to the air electrode. All gas ow rates were
xed at 200 sccm. The current–voltage (i–V) characterization
and AC impedance measurements were performed at 650–750 °
C. Long-term testing was conducted for 300 h in electrolysis
mode at a constant current density of −1.0 A cm−2 at 700 °C.
Aer cooling in a reducing atmosphere, the tested cells were
impregnated with epoxy resin (EpoFix, Struers, Denmark).19,32

The cured samples were cut and polished with sandpapers and
diamond pastes, and their cross-sections were observed using
J. Mater. Chem. A, 2024, 12, 28002–28011 | 28003
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eld-emission (FE)-SEM (Regulus8230, Hitachi High-Tech
Corp., Japan).

Results and discussion

In this study, we introduced cobalt and ceria catalysts using an
inltration technique. In this process, a precursor solution for
the target materials is injected into the pores of the already
fabricated fuel electrode, and the desired catalyst phase is
formed through calcination at a temperature signicantly lower
than the co-ring temperature. First, we synthesized 10 mol%
GDC with various cobalt contents (0, 3, 5, and 7 wt%) using
a urea-based chemical solution, and we analyzed their phases
using XRD aer reduction treatment at in 5% H2 balanced with
Fig. 1 Structural analysis of cobalt-embedded GDC. (a) XRD patterns and
(b) 3 wt%, (c) 5 wt%, and (d) 7 wt% Co showing the chemical distribution

28004 | J. Mater. Chem. A, 2024, 12, 28002–28011
N2 at 700 °C, as shown in Fig. 1(a). Given that the radii of cobalt
ions (79 and 69 pm for Co2+ and Co3+, respectively) are smaller
than those of cerium ions (115 and 101 pm for Ce3+ and Ce4+,
respectively),33 cobalt oxides can be incorporated into the ceria
lattice according to the solubility principle.34–36 Aer calcination
at 700 °C, GDC was formed in all compositions, and no phase
separation between ceria and gadolinia was observed. The main
peak of GDC at 47°–48° shied to lower angles with the
increasing cobalt content, indicating cobalt incorporation into
the ceria lattice and consequent lattice expansion. The change
in the lattice parameter of GDC with cobalt substitution is
inuenced by two factors: the difference in ionic radii and the
formation of oxygen vacancies. Cobalt has a smaller ionic radius
compared to cerium, which would result in a decrease in the
(b–d) HAADF-STEM and TEM-EDSmapping images of GDC containing
s of the constituent elements.

This journal is © The Royal Society of Chemistry 2024
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lattice parameter. However, substituting cerium with lower-
valence cobalt creates oxygen vacancies, which causes lattice
expansion. These opposing effects make it difficult to predict
the direction of the lattice parameter change with cobalt
doping, which was also reported in previous study.37 In our XRD
study, the peaks shied to a lower angle with cobalt doping,
indicating an increase in the lattice parameter. The XRD pattern
of GDC with 7 wt% cobalt showed small cobalt peaks at 44°–45°,
suggesting that the solubility limit of cobalt in GDC was
exceeded, leading to a separate cobalt phase detectable by XRD.
TEM images of GDC containing 3, 5, and 7 wt% cobalt are
shown in Fig. 1(b)–(d), respectively. The GDC particles were
approximately 30 nm in size, and smaller cobalt nanoparticles,
∼10 nm in size, could be identied among the GDC nano-
particles in energy-dispersive X-ray spectroscopy (EDS) mapping
data. In contrast, cerium and gadolinium are uniformly
distributed throughout the entire powder sample, conrming
the formation of the GDC phase without the separation of
gadolinium and cerium oxides. The reported solubility limit of
cobalt in ceria varies considerably in the literature, but it is
generally considered to be below 1 mol% within the typical
operating temperature range.38 Accurately determining the
solubility limit using our XRD results is difficult owing to the
detection limit. However, TEM analysis in Fig. 1(b)–(d) clearly
shows that cobalt forms nanoparticles in samples with cobalt
content above 3 wt%. In addition to the segregation of cobalt
nanoparticles, the XRD peaks for GDC gradually shi to a lower
angle as the cobalt content increases up to 5 wt%, suggesting
that a portion of cobalt is still incorporated into the GDC lattice.
This shi becomes less pronounced when the cobalt content
reaches 7 wt%, likely because the GDC becomes saturated with
cobalt, and the excess cobalt segregates entirely rather than
being incorporated into the lattice. The number of cobalt
nanoparticles increased with the increasing cobalt content up
to 5 wt% cobalt. In the powder sample with 7 wt% cobalt,
unusually larger cobalt particles were observed (Fig. S2†),
consistent with the cobalt peak in its XRD pattern. Aside from
these abnormal particles, the size of nanoparticles is similar to
other samples. In the 7 wt% cobalt sample, fewer cobalt nano-
particles are observed compared to the 5 wt% cobalt. In the
7 wt% cobalt–GDC sample, a substantial amount of cobalt was
consumed to form large cobalt particles, resulting in fewer
cobalt nanoparticles in regions other than large particles.
Additional TEM-EDS results are presented in Fig. S3.†

To evaluate the electrocatalytic performance of nano-
catalysts, we fabricated symmetric cells and characterized them
electrochemically using impedance spectroscopy. In these
symmetric cells, the electrolyte substrate was∼3mm thick, with
a ∼20 mm-thick Ni–YSZ electrode and a ∼5 mm-thick Ni current
collecting layer sequentially deposited on both sides of the YSZ
substrate. In the microstructure of the symmetric cell shown on
the le side of Fig. 2(a), the electrode thickness is uniform, and
all interfaces are intact, showing no signs of processing defects.
The right side of Fig. 2(a) displays the inner surface of the
porous Ni–YSZ electrode, composed of approximately 500 nm
particles, with the surface bare before inltration. Aer inl-
tration, nanocatalysts uniformly covered the entire surface, and
This journal is © The Royal Society of Chemistry 2024
the size and morphology of the inltrated particles were similar
for the GDC nanocatalysts with various cobalt contents (0, 3, 5,
and 7 wt%, as shown in Fig. 2(b)–(e), respectively). The particle
size was approximately 30 nm, which matches the TEM obser-
vations in Fig. 1(b)–(d), and the majority of the inner surface
area was covered with inltrated particles. The inltration was
carried out prior to the reduction of NiO, and no signicant
changes were observed following the conversion of NiO to
metallic Ni, as illustrated in Fig. S4.† Furthermore, SEM-EDS
analysis in Fig. S5† conrmed that the inltrated nano-
particles retained consistent sizes and distributions, whether
formed on Ni or YSZ.

The Nyquist plots of the impedance spectra for the
symmetric cells measured at 700 °C are shown in Fig. 3(a). In
a Nyquist plot, the size of the arc represents the polarization
resistance. For the bare Ni–YSZ electrode, the polarization
resistance was 0.23 U cm2, and it decreased to 0.14 U cm2 aer
the inltration of GDC nanocatalysts. The polarization resis-
tance further decreased with the various additions of cobalt.
The impedance spectra for cells inltrated with cobalt-
embedded GDC nanocatalysts can be more clearly seen in
Fig. 3(b). The polarization resistance of the GDC nanocatalysts
with 3 wt% cobalt was 0.13 U cm2, which decreased to 0.10 U

cm2 as the cobalt content increased to 5 wt%. However, further
increasing the cobalt content to 7 wt% increased the polariza-
tion resistance back to 0.13 U cm2. These results indicate that
the addition of cobalt nanoparticles to GDC enhances its cata-
lytic activity, but excessive cobalt is detrimental to the electro-
chemical reaction and increases the polarization resistance,
likely because of particle aggregation.

The Bode plots of the imaginary part of the impedance
spectra in Fig. 3(c) indicate that high-frequency impedance is
predominantly affected by the inltration of nanocatalysts,
whereas the low-frequency impedance is insensitive to it. The
impedance spectra of the fuel electrode consist of multiple arcs
with different characteristic frequencies, each representing
individual rate-limiting processes. Typically, the high-frequency
arc corresponds to the charge transfer reaction, and the low-
frequency arc corresponds to gas diffusion.17,39–44 The Bode
plots in Fig. 3(c) clearly show that the charge transfer reaction is
signicantly enhanced by the inltration of nanocatalysts and is
sensitive to the cobalt content, while gas diffusion remains
unaffected by inltration. GDC is a reducible 4f oxide with
mixed ionic and electronic conductivity in reducing environ-
ments, which enables the access of both types of carriers to
solid–gas interface. It also possesses excellent redox properties
with high oxygen storage capacity, which provides high elec-
trocatalytic activity.23 Incorporating cobalt over ceria further
promote electrocatalytic reaction by providing adsorption sites
for reactants, facilitating hydrogen spillover and promoting
strong metal–support interactions.45 The dispersion of cobalt
on ceria signicantly inuences the catalytic properties,46,47 and
we achieved an excellent uniform distribution of cobalt nano-
particles on ceria, resulting in superior electrocatalytic proper-
ties and substantial performance improvements. We also
measured the impedance of symmetric cells with different
numbers of inltration cycles. As shown in Fig. S6,† high-
J. Mater. Chem. A, 2024, 12, 28002–28011 | 28005
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Fig. 2 Fabrication of symmetric cells with cobalt-embedded GDC. (a) SEM images of the entire fuel electrode and bare inner surface before
infiltration. (b–e) SEM images of the inner surface infiltrated with GDC containing (b) 0 wt%, (c) 3 wt%, (d) 5 wt%, and (e) 7 wt% Co.
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frequency impedance was more sensitive to the number of
inltration cycles compared to low-frequency impedance. This
suggests that the charge transfer reaction, which dominates
high-frequency impedance, is signicantly enhanced by the
inltrated nanoparticles and is sensitive to the amount of
nanocatalyst loading. In contrast, the low-frequency impedance
arc was less sensitive to the nanocatalyst loading content,
possibly because the inltrated nanoparticles occupy only
a small volume fraction and have minimal impact on gas
diffusion. The impedance spectra of the symmetric cells
measured at 750 and 650 °C are shown in Fig. S7.† The spectra
were deconvoluted into two arcs using an equivalent circuit
tting with a circuit composed of two resistance (R)–constant
28006 | J. Mater. Chem. A, 2024, 12, 28002–28011
phase element (CPE) units, as shown in Fig. S8.† The obtained
polarization resistance values for the high- and low-frequency
arcs are listed in Table S1.† Using these values, an Arrhenius
plot was constructed to determine the activation energies for
the two arcs in each electrode, as shown in Fig. 3(d) and (e). The
activation energy for the high-frequency impedance in the bare
Ni–YSZ electrode was found to be 113 kJ mol−1, which agrees
well with the reported values for the charge transfer reaction in
the H2 oxidation reaction.48–51 Introducing GDC nanocatalysts
decreased the activation energy to 84.1 kJ mol−1, and further
addition of 5 wt% cobalt nanoparticles to GDC decreased it to
68.2 kJ mol−1 (Fig. 3(d)). In contrast, the low-frequency
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Electrochemical performance of symmetric cells. (a–b) Nyquist and (c) Bode plots of impedance spectra of the symmetric cells with and
without 0, 3, 5, and 7 wt% cobalt-embedded GDC at 700 °C with 3% H2O. (d–e) Arrhenius plots of (d) high- and (e) low-frequency impedance
arcs of bare Ni–YSZ, GDC-infiltrated Ni–YSZ, and 5 wt% cobalt-embedded GDC-infiltrated Ni–YSZ electrodes.
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impedance depended negligibly on temperature, which is
characteristic of gas diffusion (Fig. 3(e)).

Next, we examined the nanocatalyst performance in full cells
supported by the fuel electrode in both fuel cell and electrolysis
modes. Specically, we inltrated the electrode with the GDC
nanocatalyst containing 5 wt% cobalt, which demonstrated the
highest performance in symmetric cell measurements. The cell
was composed of ∼100 mm-thick Ni–YSZ substrate, a ∼12 mm-
thick Ni–YSZ fuel electrode functional layer, a ∼5 mm-thick
YSZ electrolyte, a ∼1 mm-thick GDC diffusion barrier layer,
and a∼15 mm-thick LSC air electrode. Themicrostructure of the
fabricated cell is shown in Fig. 4(a) and (b) provides a high-
magnication image of the functional layer aer inltration.
In fuel-electrode-supported cells, inltrating nanocatalysts into
the fuel electrode poses twomain challenges. First, the presence
of the thick fuel electrode substrate makes it difficult for the
precursor solution to penetrate the entire fuel electrode
support. Second, although nanocatalysts are needed in the
functional layer where electrochemical reactions occur, the
functional layer is dense before the reduction of NiO to metallic
Ni, allowing only limited penetration of the chemical solution
into the few pores present. In this study, we addressed the rst
challenge by making a thin fuel electrode. As shown in Fig. 4(a),
we used a thin substrate with a thickness of ∼100 mm to ensure
This journal is © The Royal Society of Chemistry 2024
thorough inltration of the chemical solution throughout the
entire structure. To maintain the mechanical strength, we used
3 mol% YSZ for the Ni–YSZ substrate, while 8 mol% YSZ was
used for the functional layer and electrolyte to ensure high
oxygen ion conductivity. To mitigate the second challenge
related to the functional layer density, we increased the porosity
of this layer before reduction by sintering the substrate at
a relatively low temperature of 1350 °C and introducing addi-
tional porosity using carbon black nanopowder as a pore
former.32 The porous structure of our functional layer is
compared with a conventional dense functional layer in
Fig. S9.† Then, we applied our urea-based inltration process,
which produces uniformly distributed nanoparticles
throughout the porous electrode, with urea acting as a precipi-
tation agent.52 In particular, in our urea-based inltration
solution, urea thermally decomposes at around 80 °C, releasing
ammonia and carbon dioxide into the solution. This decom-
position leads to homogeneous precipitation with minimal
liquid migration, ensuring a uniform distribution of inltrated
nanoparticles with little aggregation or spatial segregation. As
a result, the chemical solution successfully inltrated the
functional layer where electrocatalysts are needed, and the
nanocatalysts formed uniformly over the inner surface of the
pores in the functional layer, as illustrated in Fig. 4(b). The size
J. Mater. Chem. A, 2024, 12, 28002–28011 | 28007
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Fig. 4 Practical application of 5 wt% cobalt-embedded GDC nanocatalysts in a fuel-electrode-supported full cell. (a and b) Cross-sectional SEM
images of the tested full cell infiltrated with cobalt-embedded GDC. (c) i–V curves in fuel cell and electrolysis modes and (d) Nyquist plots of the
impedance spectra of full cells operating in fuel cell mode at 700 °C with and without Co/GDC infiltration. (e) Long-term stability test at 700 °C at
−1.0 A cm−2 in a 50%H2O environment. (f) Postmortem analysis of cobalt-embedded GDC nanocatalysts in the Ni–YSZ fuel electrode functional
layer.
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of the inltrated particles in the full cell is estimated to be
∼50 nm, which is slightly larger than those in symmetric cells.
This difference is attributed to the different thermal history
because the full cells were subjected to a higher temperature of
850 °C during the sealing process.

The cell inltrated with 5 wt% cobalt-embedded GDC
nanocatalysts was electrochemically tested in both fuel cell and
electrolysis modes, and its performance was compared with
a reference cell without nanocatalysts. Fig. 4(c) presents the i–V
curves and corresponding power densities of the two cells
measured at 700 °C. In fuel cell mode, the cells were tested
28008 | J. Mater. Chem. A, 2024, 12, 28002–28011
using 3% humidied hydrogen as fuel and dry air as the
oxidant. Both cells exhibited near-theoretical open circuit volt-
ages (OCVs), conrming that the cells and seals were leak-tight
in all experiments. The reference cell achieved a maximum
power density of ∼1.2 W cm−2, which is slightly higher than the
typical performance of regular fuel-electrode-supported cells
with LSC air electrodes.32,53 This higher performance was likely
due to the thinner substrate used in our study compared with
that of typical cells reported in the literature. With the inltra-
tion of nanocatalysts, the performance of the cell signicantly
improved, with the maximum power density increasing to
This journal is © The Royal Society of Chemistry 2024
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∼1.7 W cm−2 under the same conditions. Performance in
electrolysis mode also improved substantially with nanocatalyst
inltration. The electrolysis performance was measured with
a supply of 50% H2O–50% H2 to the fuel electrode and dry air to
the air electrode. The electrolysis current density, which corre-
sponds to the hydrogen production rate, increased from 0.54 to
0.94 A cm−2 at the thermoneutral voltage of 1.28 V, indicating
that nanocatalyst inltration increased the hydrogen produc-
tion rate by approximately 74% at xed cell voltage. Alterna-
tively, if we compare the cell voltage at a xed current density,
nanocatalyst inltration results in a lower voltage and, conse-
quently, higher efficiency. The results in Fig. 4(c) suggest that
cobalt-embedded GDC nanocatalysts are highly active for both
hydrogen oxidation and steam decomposition reactions. Addi-
tional i–V curves for the two cells measured at 750 and 650 °C
are shown in Fig. S10.†

The impedance spectra of the two cells measured at 700 °C in
fuel cell mode (97% H2–3% H2O) are compared in Fig. 4(d).
Consistent with the symmetric cell measurements, the cell
inltrated with nanocatalysts exhibits signicantly lower
polarization resistance, and its Bode plot shows a lower high-
frequency impedance (Fig. S11†), also agreeing with the
symmetric cell results. In addition, the ohmic resistance, indi-
cated by the high-frequency intercept in the Nyquist plots,
slightly decreased with nanocatalyst inltration. The ohmic
resistance also decreased in previous studies, which could be
attributed to the formation of additional local conduction
paths, particularly at interfaces with poor connectivity.10,31 The
impedance spectra of the two cells measured at 750 and 650 °C
are shown in Fig. S12.†

The long-term stability of the cell inltrated with nano-
catalysts is presented in Fig. 4(e). The thermal stability of
nanoparticles is a major concern during high-temperature
operation because they are highly active and tend to aggregate
when exposed to high temperatures for extended periods. The
cell inltrated with nanocatalysts was tested at a constant
current density of −1.0 A cm−2 in electrolysis mode, with 50%
H2O–50% H2 supplied to the fuel electrode at 700 °C for 300 h.
During the rst 50 hours, the cell voltage increased by 14 mV
from 1.431 to 1.445 V, and then remained very stable over the
next 250 hours, with a minimal increase in cell voltage from
1.445 to 1.453 V. This corresponds to a degradation rate of 2.2%
kh−1. Given that the cell was operated under harsh conditions,
including high current density and voltage, and that we used
realistic metallic interconnects without protective coatings, this
degradation rate is very low, demonstrating the stability of our
inltrated nanoparticles. While the initial increase in cell
voltage during the rst 50 hours is not signicant, this early-
stage degradation is believed to be primarily caused by Cr
poisoning of the air electrode, as observed in previous studies.32

We used a metallic interconnect made of Inconel, which causes
substantial Cr evaporation during the initial stages of opera-
tion. Over time, Cr evaporation decreases as an oxide scale
forms on the surface of the Inconel. The impedance spectra of
the cell before and aer long-term operation, shown in
Fig. S13(a),† indicate a slight increase in ohmic resistance,
while changes in polarization resistance were relatively
This journal is © The Royal Society of Chemistry 2024
minimal. Post-mortem SEM analysis in Fig. S13(b)† revealed the
localized formation of a dense layer on the air electrode surface,
with signicant amounts of Sr and Cr detected by EDS analysis.
This suggests the formation of Sr–Cr oxide resulting from the
reaction between Cr vapor and Sr segregated from the LSC air
electrode. The insulating Sr–Cr oxide layer formed at the elec-
trical contact between the air electrode and the current collector
increased the ohmic resistance, causing the slight rise in cell
voltage during the initial operation. The long-term test results
in Fig. 4(e) indicates that the nanocatalysts in the fuel electrode
were thermally stable, even under the extremely harsh condi-
tions of electrolysis mode, which exposed the nanocatalysts to
large amounts of steam. Furthermore, the structural charac-
teristics of these nanocatalysts did not signicantly change aer
long-term operation, with the estimated particle size of ∼50 nm
(Fig. 4(f)), further proving their excellent thermal stability.

Conclusions

With the remarkable advancement of air electrode materials,
the importance of the fuel electrode is now widely recognized.
However, replacing Ni-based materials with other high-
performance alternatives is challenging because of the
constraints imposed by the high-temperature co-ring process.
In this study, we enhanced the performance of conventional Ni-
based fuel electrodes by decorating their surface with nano-
catalysts using an inltration technique. Cobalt-embedded
GDC nanocatalysts effectively improved cell performance and
demonstrated thermal stability under harsh operating condi-
tions. This inltration process is simple, cost-effective, and
scalable, making it a promising approach for enhancing the
performance and stability of SOCs in practical applications.
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