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Atomically dispersed catalysts provide excellent catalytic properties and atom utilization efficiency, but their

high-temperature application has been limited by their low thermal stability. Herein, we report atomically

dispersed Pt catalysts that are both highly active and thermally stable in fuel cells and electrolyzers

operating above 600 °C. We developed a urea-based chemical synthetic method that strongly anchors

atomic-scale Pt species on the surface of ceria nanoparticles and prevents their agglomeration at high

temperatures. Doping the ceria with gadolinia further enhances their catalytic properties by increasing

the oxygen vacancy concentration and promoting the oxygen exchange kinetics. This process enables in

situ synthesis within the porous electrode of realistic solid oxide cells and significantly improves the

power output and H2 production rate in fuel cell and electrolysis modes, respectively. Furthermore, this

electrode stably operated without noticeable degradation during a long-term evaluation, thus proving

the excellent thermal stability of atomically dispersed Pt/ceria catalysts.
Introduction

Solid oxide cells (SOCs), which jointly refers to solid oxide fuel
cells and electrolysis cells, are expected to play a key role in
making the future energy mix sustainable because they enable
reversible conversion between chemical and electrical energy.1

SOCs operate at a high temperature, typically 600–900 °C, which
affords unique advantages such as high efficiency and opera-
tional exibility.2,3 However, such temperatures limit the choice
of useable materials. For example, various electrocatalysts that
exhibit excellent characteristics at low temperatures, such as
atomically dispersed catalysts, have proven to be unsuitable for
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SOCs, mostly because they thermally degrade at high operating
temperatures.

Metal-based nanomaterials are an important category of
heterogeneous catalysts. Their catalytic properties generally
improve with decreasing particle size owing to favorable
geometric and electronic alterations.4 In particular, atomically
dispersed catalysts offer outstanding catalytic properties for
various reactions and maximum atom utilization efficiency.5–8

The choice of support material also profoundly impacts the
electrocatalytic performance, and signicant research efforts
have been devoted to designing the optimal support by engi-
neering metal–support interactions.9–14 For atomic dispersion,
the combination of Pt and ceria has been widely studied.4,15 Pt is
well known for its excellent catalytic properties, and ceria is
a reducible 4f oxide support that actively participates in catalytic
reactions. Specically, ceria is a mixed ionic and electronic
conductor in a reducing atmosphere at high temperatures, and
its surface can host electrocatalytic reactions by enabling access
to both charge carriers.16,17 More importantly, Pt atoms are
known to become preferentially trapped on the surface of ceria
nanoparticles.15 Moreover, atomically dispersed Pt/ceria cata-
lysts could be particularly effective in SOCs because high
temperature activates the lattice oxygen of ceria.18 However,
isolated Pt atoms are not thermally stable and readily agglom-
erate at high temperatures. Although many studies have
improved the thermal stability of atomically dispersed catalysts,
their feasible operating temperature remains below ∼300 °
C.19–21 Thus, despite their promise, using atomically dispersed
This journal is © The Royal Society of Chemistry 2023
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catalysts in SOCs at operating temperatures above 600 °C
remains a major challenge.

Herein, we report atomically dispersed Pt/ceria electro-
catalysts that are highly active and thermally stable under SOC
operating conditions. These catalysts were synthesized by
a urea-based chemical solution process, wherein urea functions
as a complexing agent and offers two coordination sites:
carbonyl O and amide N. Then, Pt and Ce ions favorably coor-
dinate to N and O, respectively, to prevent phase separation in
the solution until the cations precipitate.22,23 During the
subsequent thermal treatment at ∼80 °C, the urea thermally
decomposes and induces homogeneous precipitation by
releasing ammonia and carbon dioxide into the solution,
resulting in ne-scale precipitates with a homogenous
composition.24–26 Finally, calcination yields nanostructured
catalysts with atomic Pt species dispersed on the ceria surface.

Materials and methods

To synthesize atomically dispersed 4 at% Pt/Gd0.1Ce0.9O1.95

(GDC) powder samples, a precursor solution was prepared by
mixing stoichiometric amounts of K2PtCl4, Ce(NO3)3$6H2O, and
Gd(NO3)3$6H2O in distilled water, into which urea was dis-
solved at a urea-to-cation molar ratio of 10 : 1. Then, ethanol
was added with a distilled water/ethanol proportion of 1 : 3 and
a total solution concentration of 0.125 mol L−1. Aer mixing,
the solution was thermally treated (80 °C, 2 h) and then calcined
in air (650 °C, 1 h). Ceria, GDC, and Pt/ceria powder samples
were produced in the same manner for comparison.

The synthesized powder samples were analyzed by trans-
mission electron microscopy (TEM), X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), X-ray absorption near
edge structure (XANES), and Raman spectroscopy. Atomic-
resolution high-angle annular dark-eld-scanning tunneling
electron microscopy (HAADF-STEM) images were recorded
using a Cs-corrected microscope (FEI; Titan 80-300) with elec-
tron energy loss spectroscopy (EELS; Gatan, Quantum 966).
Elemental maps were acquired using STEM equipped with
super energy-dispersive X-ray spectroscopy (EDS; FEI, Talos
F200X). XRD patterns were recorded using a D8 ADVANCE
(Bruker, USA) with a nickel-ltered Cu Ka radiation source. XPS
was performed using a PHI 5000 VersaProbe (Ulvac-PHI) system
with a monochromator Al Ka X-ray source (1486.6 eV). XANES
measurements were performed at the 1D XRS KIST-PAL beam-
line of the Pohang Accelerator Laboratory. The Raman spec-
trometer was a Horiba Jobin Yvon LabRAM ARAMIS with a He–
Ne laser beam at an excitation radiation wavelength of
632.8 nm.

Symmetric cells were fabricated using ∼3 mm-thick 8 mol%
yttria-stabilized zirconia (YSZ) discs as the electrolyte substrate.
The pastes for the functional (66 wt% NiO + 34 wt% YSZ) and
current-collecting (NiO) layers were prepared by mixing
powders with desired amounts of solvent (a-terpineol), binder
(ethyl cellulose), and dispersant (Hypermer KD15). The
proportion of NiO and YSZ was previously found to maximize
the length of the triple phase boundary (TPB) aer the reduction
of NiO into metallic Ni.27,28 The functional and current-
This journal is © The Royal Society of Chemistry 2023
collecting layers were sequentially screen-printed on both
sides of the YSZ electrolyte substrate and sintered in air (1250 °
C, 2 h). The precursor solution was injected into the sintered
electrode using a microsyringe, followed by heat treatment (80 °
C, 2 h) and calcination in air (650 °C, 1 h). The impedance
spectra of the cells were collected using a Solartron 1260/1287
frequency response analyzer and potentiostat in an alumina
tube reactor at 600–750 °C in a humidied H2 (3% H2O)
atmosphere.

To fabricate full cells, a NiO–YSZ support layer was tape cast.
The slurry was prepared by ball milling NiO (60 wt%), YSZ
(40 wt%), and poly(methyl methacrylate) (PMMA) (10 wt%
relative to the total oxides) powders in ethanol with Triton X-100
dispersant, polyvinyl butyral (PVB) binder, and polyethylene
glycol (PEG) 400 plasticizer. To improve structural stability
while maintaining the percolation of Ni, a slightly higher
proportion of YSZ was used in the support layer than in the
functional layer. Aer tape casting and drying, green tapes were
cut into squares, laminated, and pre-sintered (1050 °C, 2 h).
Then, a NiO–YSZ fuel electrode functional layer and a YSZ
electrolyte were sequentially spin-coated. The inks were
prepared by mixing powders into a vehicle made of a-terpineol
and ethyl cellulose. We also added a carbon black pore former
to the ink for the fuel electrode functional layer. Aer spin
coating, the fuel electrode and electrolyte were co-sintered
(1320 °C, 5 h), and a GDC interlayer was then spin-coated and
sintered (1250 °C, 2 h). Next, a lanthanum strontium cobaltite
(LSC, La0.6Sr0.4CoO3−d) air electrode was screen printed and
sintered (950 °C, 2 h). The active electrode area was 1.0 cm2.
Finally, Pt/GDC was inltrated into the fuel electrode in the
same manner as for the symmetric cells. The fabricated cells
were tested using metal interconnects, a glass-ceramic sealant,
and Ni foam and Pt mesh current collectors. Humidied H2 (3%
and 50% H2O for fuel cell and electrolysis modes, respectively)
was supplied to the fuel electrode, and air was supplied to the
air electrode. Prior to electrochemical testing, the cell was heat-
treated at 800 °C for 2 h to form leak-tight seals. Electro-
chemical measurements were performed using a Solartron
1260A frequency response analyzer and the Solartron 1287A
potentio/galvanostat electrochemical interface at 600–700 °C.

Results and discussion

Fig. 1(a) shows the TEM/EDS analysis of 4 at% Pt/ceria nano-
particles aer calcination at 650 °C. The ceria nanoparticles are
20–30 nm in diameter, and Pt is nely dispersed over their
entire surface with no indication of agglomeration. To further
improve their catalytic properties, we doped ceria with 20 mol%
gadolinia (GDC). Substituting Ce4+ ions with Gd3+ ions having
a lower valence creates oxygen vacancies for charge neutrality
and possibly promotes the reaction kinetics because oxygen
ions are actively involved in SOC electrode reactions. Fig. 1(b)
conrms that in GDC, ceria is homogeneously doped with
gadolinia and that adding gadolinia does not alter the Pt
distribution or particle morphology. Lower-magnication TEM
images (Fig. S1†) corroborate the absence of major Pt agglom-
eration. By contrast, when the same composition is synthesized
J. Mater. Chem. A, 2023, 11, 25298–25307 | 25299
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Fig. 1 Atomic dispersion of Pt: (a and b) TEM/EDS elemental mapping of (a) Pt/ceria and (b) Pt/GDC nanoparticles. (c) HAADF-STEM images of
Pt/GDC showing isolated Pt atoms and Pt atomic clusters.
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without urea, Pt agglomerates into large particles aer calci-
nation at 650 °C (Fig. S2†), highlighting the critical role of urea
in dispersing and stabilizing Pt. Atomic-scale Pt species were
more closely probed by STEM (Fig. 1(c)). In HAADF-STEM
images, Pt appears bright owing to the strong z-contrast.29

Many isolated Pt atoms and sub-nanometer atomic clusters
clearly appear, verifying the thermal stability of atomic-scale Pt
at 650 °C. Fig. S3† shows additional HAADF-STEM images of
atomically dispersed Pt.

The intrinsic material properties of the Pt/GDC catalyst were
also investigated (Fig. 2). In the XRD patterns (Fig. 2(a)), all
major peaks of Pt/GDC synthesized using urea are indexed to
the cubic uorite structure of GDC. The Pt metal peak is very
weak, indicating that most Pt species exist at an atomic scale
and are not detected as a metal phase.30,31 In contrast, when the
catalysts are synthesized without urea, Pt metal peaks are sharp
because Pt metal particles aggregate, as previously observed
(Fig. S2†). In the XPS analysis (Fig. 2(b)), the Pt 4f spectra of Pt/
GDC were deconvoluted into two spin-splitting components,
4f7/2 and 4f5/2, which were assigned to the Pt(0) and Pt(II) ionic
states, respectively.32–34 Pt is predominantly metallic in the
25300 | J. Mater. Chem. A, 2023, 11, 25298–25307
sample synthesized without urea; by contrast, Pt2+ is the
dominant species in that synthesized with urea, indicating that
atomic-scale Pt species are mostly in the ionic state, as
corroborated by XANES. Fig. 2(c) compares the normalized Pt
L3-edges of the atomically dispersed Pt/GDC catalysts and those
of model compounds (Pt metal (Pt(0)), Pt acetylacetonate (Pt
acet) (Pt(II)), and PtO2 (Pt(IV))). The absorption intensity of Pt/
GDC indicated by a white line, which reects the electron
transition from the 2p to the 5d orbital of the Pt atom,35 is
considerably higher than that of the Pt metal, and the edge
energy is closer to that of Pt acet rather than those of Pt metal
and PtO2. These results indicate that the Pt(5d) orbital is
unoccupied and that most of the Pt is in a Pt2+ oxidation state.
The Raman spectra (Fig. 2(d)) show the synergetic effect of Pt
and Gd in creating oxygen vacancies in ceria. The main ceria
peak, which corresponds to the rst-order Raman active F2g
mode of the uorite structure, appears at 460–470 cm−1, rep-
resenting the symmetrical stretching vibration of the CeO8

unit.36 For GDC, an additional broad band appears at 500–
700 cm−1, corresponding to dopant-induced oxygen vacan-
cies.37,38 Previous studies also demonstrated the generation of
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Intrinsic properties of atomically dispersed Pt on GDC: (a) XRD patterns and (b) XPS spectra of Pt/GDC synthesized with and without urea.
(c) Normalized Pt L3-edge XANES spectra of atomically dispersed Pt/GDC andmodel compounds (Pt metal, Pt acet, and PtO2). (d) Raman spectra
of atomically dispersed Pt/GDC, GDC, and undoped ceria.
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oxygen vacancies with gadolinia doping in ceria.39–42 Adding
atomic Pt to GDC substantially enlarges this band, indicating
a sharply increased oxygen vacancy concentration. Considering
Pt and Gd contents of 4 and 20 at%, respectively, the atomic
dispersion of Pt effectively activates a large amount of lattice
oxygen in ceria, imparting the SOC electrode with excellent
redox properties.

For device application, atomically dispersed Pt/GDC nano-
catalysts were loaded into the pores of the SOC fuel electrode via
an in situ synthetic process called inltration. Fig. 3(a) shows
the microstructure of the porous Ni–YSZ fuel electrode formed
on a dense YSZ electrolyte. A typical SOC electrode comprises
30–40 vol% percolated pores, which are generally of sub-
micrometer scale. To impregnate catalysts into such ne-scale
electrodes, an in situ synthetic method is required because
injecting and anchoring pre-synthesized particles is extremely
difficult. During inltration, the precursor solution is injected
into the pores, and nanoparticles form on their inner surfaces
via precipitation and calcination. In our urea-based chemical
solution process, urea thermally decomposes at ∼80 °C and
causes the homogeneous precipitation of cations. Then, ne
precipitates strongly adsorb onto the pore walls by van der
Waals attractions, and they remain immobile during subse-
quent heat treatment, thus uniformly covering the entire
This journal is © The Royal Society of Chemistry 2023
electrode with nanoparticles.43 Fig. 3(b) shows the inner surface
of the Ni–YSZ fuel electrode before and aer inltrating the Pt/
GDC nanocatalysts. Aer inltration, Pt/GDC nanocatalysts
uniformly cover the entire surface of the Ni–YSZ fuel electrode,
with no indication of agglomeration or excessive particle
growth. Fig. S4† shows additional SEM images of inltrated Pt/
GDC nanocatalysts. In the TEM analysis (Fig. 3(c)), the particles
of inltrated Pt/GDC are estimated to be ∼20 nm, and the
HAADF-STEM image conrms the presence of atomic-scale Pt
species. During the inltration process, Pt can possibly react
with Ni rather than anchoring onto the surface of the GDC
nanoparticles. We therefore performed a TEM-EDS analysis on
the Pt/GDC nanocatalysts formed on Ni in the Ni–YSZ electrode,
as shown in Fig. S5.† In the EDS mapping, Pt signals were
mostly detected from the inltrated particles, whereas they were
very weak from the bulk Ni, conrming that Pt preferentially
formed on the surface of GDC nanoparticles.

The electrochemical characteristics of atomically dispersed
Pt/GDC nanocatalysts in the SOC fuel electrode were evaluated
with symmetric cells, which comprised a ∼20 mm-thick Ni–YSZ
functional layer and a ∼5 mm-thick Ni current collecting layer
deposited on both sides of a ∼3 mm-thick YSZ electrolyte
substrate (Fig. S6†). To systematically analyze the individual
functions of constituent components, the impedance spectra of
J. Mater. Chem. A, 2023, 11, 25298–25307 | 25301
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Fig. 3 In situ synthesize atomically dispersed Pt/GDC nanocatalysts within a fuel electrode: (a and b) SEM images of (a) the entire fuel electrode
and (b) its inner surface before and after infiltration with Pt/GDC. (c) TEM and HAADF-STEM images of Pt/GDC nanocatalysts infiltrated into the
fuel electrode.
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Ni–YSZ fuel electrodes inltrated with ceria, GDC, and Pt/GDC
were compared with those of a standard Ni–YSZ electrode.
The catalyst loading was xed at 9.51 × 10−6 mol cm−2, and the
particle44 morphologies and surface coverages were similar for
all inltrated samples (Fig. S7†). Thus, the differences in the
electrochemical performance could be attributed only to the
catalytic properties rather than the microstructure. The Nyquist
plot of the impedance spectra (Fig. 4(a)) displays the real and
imaginary parts of the impedance on the x- and y-axis, respec-
tively, and the width of the impedance arc represents the
polarization resistance. The polarization resistance decreased
in the order of the bare Ni–YSZ reference cell and the ceria- and
GDC-inltrated cells at 650 °C (0.94, 0.55, and 0.42 U cm2,
respectively). However, it decreased dramatically to 0.28 U cm2

upon incorporating atomically dispersed Pt on the GDC surface.
This polarization resistance is considerably lower than the
majority of the reported values in the literature,45–49 suggesting
the high electrocatalytic performance of the Pt/GDC catalysts.
We also investigated the effect of the Pt content on the elec-
trocatalytic activity. As shown in Fig. S8,† the polarization
resistance gradually decreases with the increasing Pt loading up
25302 | J. Mater. Chem. A, 2023, 11, 25298–25307
to 4 at% but plateaus with a further increase up to 6 at%. These
results imply that the majority of Pt is retained in an atomically
dispersed state up to 4 at%, beyond which Pt aggregates to form
bulk particles. The impedance spectra of the fuel electrode
comprise multiple overlapping arcs that represent individual
rate-limiting processes. Fig. 4(b) shows the Bode plot with the
imaginary part of the impedance spectra as a function of
frequency, suggesting two major rate-limiting processes with
characteristic frequencies at 103 to 104 and 101 to 102 Hz. For
the standard Ni–YSZ fuel electrode, the high-frequency imped-
ance in the kilohertz range is associated with surface reaction
processes, and it contains the contributions of multiple
elementary processes with similar time constants,50 including
charge transfer, relaxation of electrical double layer, gas–solid
interactions (adsorption, dissociation, desorption, etc.), surface
diffusion, and hydrogen spillover.51–56 By contrast, the low-
frequency arc below 102 Hz is generally attributed to gas-
phase diffusion across the porous electrode.51–54 Clearly, nano-
catalyst inltration strongly impacts the high-frequency
impedance but not the low-frequency one. For the quantita-
tive analysis, the impedance spectra collected at 600–750 °C
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Electrochemical characteristics of fuel electrode loaded with atomically dispersed Pt/GDC: (a) Nyquist and (b) Bode plots of the
impedance spectra, and (c) Arrhenius plot of the polarization resistance for Ni–YSZ fuel electrode loaded with ceria, GDC, and Pt/GDC. (d) Long-
term test results of the Ni–YSZ reference cell and the Pt/GDC-infiltrated cell.
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(Fig. S9†) were deconvoluted using an equivalent circuit model
comprising two standard resistor (R)-constant phase element
(CPE) units in series (Fig. S10†), and Table 1 summarizes the
resulting high- and low-frequency resistances. At 650 °C, the
overall impedance of the standard Ni–YSZ fuel electrode is
dominated by the high-frequency arc, which is more than three
times larger than the low-frequency arc. Upon Pt/GDC inltra-
tion, the high-frequency arc substantially shrinks to less than
half of the low-frequency impedance. The lower high-frequency
impedance could be explained by the improved catalytic activity
and extension of reaction sites. Specically, for a standard Ni–
YSZ electrode, the reaction zone is conned to the TPBs, and
most of the high-frequency impedance is associated with the
surface diffusion of adsorbed hydrogen to TPB and hydrogen
spillover from Ni to YSZ. With inltration, atomically dispersed
Table 1 Resistance values corresponding to high- and low-frequency im

High-frequency resistance (U cm2)

750 °C 700 °C 650 °C

Ni–YSZ (reference) 0.126 0.266 0.684
Ni–YSZ + ceria 0.09 0.156 0.348
Ni–YSZ + GDC 0.074 0.122 0.234
Ni–YSZ + Pt/GDC 0.028 0.052 0.092

This journal is © The Royal Society of Chemistry 2023
Pt provides abundant adsorption sites and excellent catalytic
properties. Furthermore, the reaction zone is extended from the
TPBs to the entire surface of ceria because ceria provides
a conduction path for both electrons and oxygen ions and
catalyzes the hydrogen oxidation reaction.16,57,58 As the surface
reaction is a thermally activated process, the lower high-
frequency impedance signicantly decreases the activation
energy of the overall polarization resistance, as displayed in the
Arrhenius plot of the polarization resistance (Fig. 4(c)).

The thermal stability of atomically dispersed Pt/GDC nano-
catalysts was comparatively evaluated by periodically measuring
the polarization resistance of Pt/GDC-inltrated and standard
Ni–YSZ symmetric cells at 650 °C for 340 and 230 h, respectively.
Notably, the polarization resistance of the reference cell
increased from 0.42 to 0.88 U cm2 in 230 h, whereas that of the
pedance arcs obtained by equivalent circuit fitting

Low-frequency resistance (U cm2)

600 °C 750 °C 700 °C 650 °C 600 °C

1.472 0.204 0.2 0.212 0.232
0.658 0.232 0.234 0.25 0.264
0.092 0.201 0.204 0.208 0.228
0.168 0.202 0.198 0.192 0.194
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Fig. 5 Practical application of atomically dispersed Pt/GDC in fuel-electrode-supported full cells: (a and b) SEM images of fuel electrode
functional layer (a) without and (b) with carbon black pore former. (c) Cross-sectional SEM image of the tested Pt/GDC-infiltrated full cell. (d) I–V
curves of the cells with and without Pt/GDC in fuel cell and electrolysis modes. (e) Long-term stability test of the cell with Pt/GDC in electrolysis
mode.
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Pt/GDC-inltrated cell remained stable without noticeable
degradation for 340 h (Fig. 4(d)). The performance of standard
Ni–YSZ fuel electrodes degrades during initial operation for
various reasons, such as changes in the TPB density, the loss of
Ni percolation, and impurity poisoning.59–61 Long-term testing
(Fig. 4(d)) indicated that incorporating atomically dispersed Pt/
GDC prevents the intrinsic degradation of the Ni–YSZ fuel
electrode because the electrochemical reaction mainly occurs at
the Pt/GDC surface rather than the TPBs of Ni–YSZ. The stable
performance of the Pt/GDC-inltrated cell suggests that the
atomic dispersion of Pt is retained during prolonged exposure
to SOC operating environments. Aer long-term testing, the
25304 | J. Mater. Chem. A, 2023, 11, 25298–25307
morphology of Pt/GDC nanoparticles did not observably change
(Fig. S11†).

We then evaluated the practical applicability of atomically
dispersed Pt/GDC catalysts by inltration into realistic full cells.
The major challenge in full-cell application is the lack of
porosity in the functional layer of the fuel electrode in fuel-
electrode-supported cells. In a typical fabrication process, the
NiO–YSZ fuel electrode is co-sintered with the YSZ electrolyte at
high temperatures to obtain a completely dense electrolyte lm.
During co-sintering, the fuel electrode functional layer also
densies (Fig. 5(a)), and pores form upon reducing NiO into
metallic Ni during operation. Without sufficient porosity in the
This journal is © The Royal Society of Chemistry 2023
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as-fabricated state, the precursor solution cannot penetrate into
the functional layer where the electrochemical reaction occurs;
thus, most nanocatalysts are synthesized in the outer support
layer. Consequently, atomically dispersed Pt/GDC catalysts do
not facilitate electrochemical reactions, and inltration does
not signicantly affect the overall performance in standard cells
(Fig. S12†). Therefore, the microstructure must be modied to
maximize the effectiveness of the inltration technique; we
therefore added 1 wt% carbon black as a pore former, which
formed ne pores with diameters of <500 nm uniformly
throughout the functional layer (Fig. 5(b)). We fabricated full
cells using this porous fuel electrode functional layer, and their
microstructure is displayed in Fig. 5(c). The cells consisted of
a ∼300 mm-thick Ni–YSZ support, a ∼12 mm-thick Ni–YSZ
functional layer, a ∼2.5 mm-thick YSZ electrolyte, a ∼1.5 mm-
thick GDC interlayer, and a ∼20 mm-thick LSC air electrode.
Aer inltration, all of the surfaces within the fuel electrode,
including the support and functional layers, were uniformly
covered with Pt/GDC nanoparticles, and the particle
morphology in the full cell was similar to the one in the
symmetric cell (Fig. 3(b)). Fig. 5(d) compares the current–
voltage (I–V) curves of cells with and without Pt/GDC in fuel cell
and electrolysis modes at 650 °C. The open-circuit voltages
(OCVs) were very close to the theoretical values, which were
calculated to be 1.128 V for fuel cell mode (97%H2–3%H2O and
air) and 0.989 V for electrolysis mode (50% H2–50% H2O and
air), indicating the leak-tightness of the cells and seals.
Compared with the standard cell, the Pt/GDC-inltrated cell
performed substantially better with the maximum power
density increasing from 0.58 to 0.83 W cm−2 in fuel cell mode.
Fig. S13† compares the I–V curves and corresponding power
densities of the two cells measured at 600–700 °C. The perfor-
mance improvement by Pt/GDC inltration was even more
pronounced at lower temperatures. In electrolysis mode, Pt/
GDC inltration also signicantly increased the current
density at the thermo-neutral voltage (VTN, ∼1.28 V), which
corresponds to the H2 production rate, from 0.24 to 0.43 A
cm−2. Finally, the stability of the inltrated cell was evaluated in
electrolysis mode at 0.4 A cm−2 and 650 °C. The cell stably
operated and maintained a consistent cell voltage at∼1.25 V for
100 h (Fig. 5(e)). A TEM-EDS analysis was conducted aer
stability testing, as shown in Fig. S14(a)–(c),† revealing that ne
Pt species remained homogeneously distributed over the entire
surface of the GDC nanoparticles. The presence of atomic Pt is
further conrmed in the HAADF-STEM image in Fig. S14(d),†
suggesting the excellent thermal stability of the atomically
dispersed Pt/GDC nanocatalysts. Furthermore, prior to electro-
chemical characterization, the full cell was heat-treated at 800 °
C for 2 h to form leak-tight seals using glass-ceramic sealants,
and the TEM analysis shown in Fig. S13† indicates that atomic
Pt is stable at high temperatures up to 800 °C.

Conclusions

This study demonstrates that atomically dispersed catalysts
could operate stably in high-temperature electrochemical
devices at ∼650 °C without thermal degradation. The strong
This journal is © The Royal Society of Chemistry 2023
interactions between the atomic metal catalyst and ceramic
support prevent aggregation. Atomically dispersed catalysts can
be loaded into the porous electrode via an in situ synthetic
technique, which remarkably improves the electrochemical
performance. Moreover, the thermal stabilization signicantly
expands the range of potential applications for atomically
dispersed catalysts, and the in situ catalyst loading technique
enables their practical use in various electrochemical energy
devices.
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