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A B S T R A C T

High-performance electrodes for energy conversion systems can be achieved through the selection of materials
with appropriate functionality as well as fabricating the desired nanoarchitectures. Nanohybrids of metal and
perovskite metal oxide have a great potential as electrodes owing to the combined advantages of the active
constituents; however, the controlled hybridization in nanoscale is hindered by the conflicting nature of the
metal and perovskite oxide, and it should involve cost-, energy- and time-intensive fabrication techniques. Here,
we report an electrochemical process as a facile, cost-effective, and scalable route to fabricating metal–per-
ovskite metal oxide nanohybrids with tailored architectures. We successfully fabricate a Pt@LaCoO3 nanohybrid
that consists of a conformal LaCoO3 nanonetwork on a nanoporous Pt thin-film framework. We examine this
nanohybrid as an electrode for thin-film-based, low-temperature solid oxide fuel cells and demonstrate that the
synergistic nanostructuring of Pt@LaCoO3 leads to exceptionally high oxygen reduction activity at reduced
operating temperature and high stability.

1. Introduction

Along with the rapid development of electrochemical energy con-
version and storage devices, such as fuel cells, batteries, and super-
capacitors, the demand for high-performance electrodes that can fa-
cilitate mass/charge transfer and electrochemical reactions has been
increasing sharply [1–4]. Recently, metal–metal oxide nanohybrids
have attracted great attention as a promising electrode owing to the
following potential advantages [5–12]. First, it is possible to implement
all the inherent characteristics of the individual active constituents that
make up the hybrid. For example, high electrical conductivity and
catalytic properties of the metal can be combined with decent ionic
conductivity and structural/chemical stability of the oxide [5,8,10].
Second, it is possible to control the structural factors more freely and
broadly to achieve the desired performance. For instance, nanoarchi-
tectures can be designed and fabricated to have (i) porous channels for
easy access of reactants, (ii) short pathways for mass/charge transport,
and (iii) large specific surface/interface areas for electrochemical redox
reactions [3,5,7,11–13]. Among various metal oxides, perovskite-type
metal oxides with the chemical formula of ABO3 (A: rare earth metal, B:

transition metal) are considered to be promising constituents of the
hybrid electrode [14–16]. In particular, their electrical and electro-
chemical redox properties can be easily tailored for specific applications
by controlling the type and composition of A and B as well as the
oxygen nonstoichiometry [14,16,17].

Given the attractive features of hybridization, it is not surprising
that metal–perovskite oxide hybrid electrodes can find applications in a
variety of electrochemical devices. It has, however, turned out to be
difficult to construct a nanoarchitecture suitable for the hybrid system
because two materials with different physicochemical properties must
be handled together [5,7,18]. In particular, considering the conflicting
properties of metals (e.g., low thermal stability and large thermal ex-
pansion coefficients) and perovskite oxides (e.g., high-temperature
calcination and sintering), heat treatment always presents a big chal-
lenge in the entire manufacturing process [19,20]. Moreover, the mi-
crostructural and compositional control of multi-component oxides
such as perovskites may increase the complexity of the hybrid fabri-
cation. Therefore, the controlled hybridization in nanoscale (e.g., the
partial or total modification of a metal surface with a functional per-
ovskite oxide) can only be realized using cost-, energy-, and/or time-
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intensive techniques; for example, (i) pulsed laser deposition, atomic
layer deposition, and magnetron sputtering based on complicated/ex-
pensive precursors and equipment or (ii) wet chemical infiltration re-
quiring repeated infiltration–drying–annealing treatments [21–23].

The electrochemical processing can be used to deposit a wide range
of metals and metal oxides including perovskite and fluorite-type
oxides, and it has been recently reported that the conformal oxide
coatings with controlled nanostructures can be formed on the con-
ductive and/or non-conductive substrates with complex shapes via
electrochemical processes [24–27]. Here, we report a facile, cost-ef-
fective, and scalable way to fabricate nanohybrids of metal and per-
ovskite oxide via electrochemical processing. As a case study, a per-
ovskite oxide (LaCoO3; designated as LCO) nanonetwork was
conformally formed on a nanoporous metal (Pt) thin-film framework
(Pt@LCO nanohybrid) through an electrochemical process, namely,
chemically assisted electrodeposition (CAED). The CAED process was
conducted at ambient temperatures and pressures, had a fast deposition
rate, and required only minimal energy input. Moreover, it was carried
out using an aqueous solution with relatively simple precursors and
placed no limit on the shape and area over which the material was
deposited. The feasibility of this nanohybrid was investigated as a
cathode (oxygen electrode) for low-temperature solid oxide fuel cells
(LT-SOFCs). In this study, an LCO perovskite with catalytic and mixed
ionic-electronic conducting properties was chosen as the active con-
stituent of the hybrid to investigate the beneficial role of hybridization
in enhancing the oxygen reduction kinetics on the Pt metal (a bench-
mark electrode material for thin-film-based LT-SOFCs) [28–30]. As will
be shown later, the synergistic Pt@LCO interactions led to outstanding
electrochemical performance and durability under LT-SOFC operating
conditions.

2. Experimental

2.1. Fabrication of metal-perovskite metal oxide nanohybrids

A (100) single-crystal yttria-stabilized zirconia (YSZ,
(Y2O3)0.08(ZrO2)0.92, MTI Corp.) (thickness ~ 0.5mm) was used as an
O2–-conducting electrolyte (substrate) and prepared as a square-shaped
coupon with dimensions of 10mm×10mm. A nanoporous Pt thin-film
was used as a metal framework and was obtained by thermal decom-
position of a sputter-deposited PtOx film. A dense PtOx film of ~
100 nm thickness was deposited on the YSZ substrate using oxygen
reactive DC magnetron sputtering equipped with a three-inch Pt target.
The sputtering was carried out at a DC power of 50W and a constant
working pressure of 10mTorr in a gas mixture of Ar and O2 (Ar: O2

= 1:1 in volume). Then, a nanoporous Pt thin-film framework was
obtained by subsequent heat-treatment of an as-deposited PtOx film in
air at 600 °C for 1 h. An electrochemical cell consisting of cathodic and
anodic chambers was prepared for electrodeposition. The cathodic
chamber contained an YSZ substrate coated with a Pt thin-film frame-
work (working electrode), an Ag/AgCl reference electrode (with satu-
rated NaCl), and a mixed nitrate solution of La(NO3)3·6H2O (99.99%,
Kanto) and Co(NO3)2·6H2O (≥ 99.0%, Aldrich). The concentrations of
La3+ and Co2+ in the metal nitrate solution were 16mM and 14mM,
respectively, and the solution pH was adjusted to 2.7 by adding 0.1 M
HCl. The anodic chamber contained a Pt mesh (counter electrode) and a
30mM KNO3 solution (≥ 99.0%, Aldrich). The two chambers were
separated by an anion-exchange membrane (APS4, Asahi Glass).
Electrodeposition was galvanostatically conducted at room temperature
by the application of a cathodic current density of 0.6 or 3mA cm–2.
After rinsing with distilled water and drying at 70 °C, the specimens
were heat-treated in air at 550 °C for 1 h.

2.2. Material characterizations

The phases and crystal structures of the nanohybrids were identified

by X-ray diffraction (XRD, 2500 D/MAX, Rigaku) with Cu Kα
(λ=1.5405 Å) radiation. The morphologies and microstructures were
observed by scanning electron microscopy (SEM, Hitachi SU–8230) and
transmission electron microscopy (TEM, FEI Tecnai G2 F30 S-Twin).
The surface chemistry was investigated by X-ray photoelectron spec-
troscopy (XPS, Thermo MultiLab 2000 spectrometer) combined with
energy dispersive X-ray spectroscopy (EDS, Ametek). An inductively
coupled plasma mass spectroscopy (ICP–MS, Agilent) was employed to
determine the chemical composition.

2.3. Electrochemical experiments

A symmetric cell structure with identically sized (10mm×10mm)
Pt@LCO electrodes on both sides of the YSZ electrolyte was used to
evaluate the electrochemical performance of the nanohybrid as a
cathode for thin-film-based LT-SOFCs. The AC-impedance spectra of the
cells were measured at temperatures of 300–500 °C and at oxygen
partial pressures of 0.05–1.00 atm. The impedance measurement was
carried out at an open-circuit voltage (OCV) using a Bio-Logic VSP–300.
An AC amplitude of 20mV at a frequency range of 4 MHz–2MHz was
used. The perturbation voltage of 20mV was chosen in this work so that
it would lie within the linear regime of the sample's current–voltage
response. In addition, an accelerated stability test was performed in a
temperature range of 500–700 °C for 100 h.

3. Results and discussion

Fig. 1(a) illustrates a schematic diagram of the fabrication process of
a Pt@LCO nanohybrid electrode on an YSZ electrolyte along with SEM
images taken at each step. A nanoporous Pt thin-film was used as a
metal framework and was obtained by thermal decomposition of a
sputter-deposited PtOx film [11,30]. Because the PtOx thin film formed
by oxygen reactive sputtering was not thermodynamically stable, the
short heat-treatment produced numerous nanoscale pores by rapidly
releasing the oxygen present inside the film. The resulting film ex-
hibited percolating Pt networks with interconnected nanopores, which
served as an efficient oxygen gas pathway. A conformal LaCoOHx na-
nonetwork was synthesized on the nanoporous Pt thin-film framework
through the CAED process, and then, it was “in-situ” converted to per-
ovskite-type LCO during SOFC start-up.

The CAED involved the electrochemical reduction of nitrate species
(NO3

–), followed by the chemical precipitation of LaCoOHx, as sche-
matically illustrated in Fig. 1(b). Upon application of a cathodic over-
potential, the reduction of NO3

– at the working electrode (Pt frame-
work) resulted in an increase in the concentration of OH–, thereby
increasing the local pH near the electrode surface [31,32]. The in-
creased pH subsequently induced metal ions (La3+ and Co2+) to be
chemically co-precipitated as LaCoOHx. Fig. 1(c) exhibits the variation
of the cathodic potential with time monitored during the CAED process.
When the CAED was carried out at a cathodic current density of
0.6 mA cm–2, the potential decreased rapidly with time and reached a
steady-state value as low as − 0.68 V vs. Ag/AgCl. The measured po-
tential was much lower than the equilibrium redox potential of NO3

–

(− 0.19 V vs. Ag/AgCl), and thus, the electric charge would be mostly
consumed by the NO3

– reduction rather than by the reduction of La3+

and Co2+ into their metallic states [31]. Given the redox potential of
Co2+ (− 0.48 V vs. Ag/AgCl), we cannot rule out the possibility of Co
electrodeposition, in which Co2+ is directly reduced to an insoluble
metallic form [31]. However, no metallic Co species was detected in the
XRD pattern of the as-deposited film (Fig. S1). As shown in Fig. 1(c), the
Pt thin-film framework became olive-colored after CAED for 6min,
indicating the formation of LaCoOHx on its surface. Thereafter, La-
CoOHx was converted to perovskite-type LCO upon mild heat-treatment
for material characterizations. It should be pointed out that, in practice,
the thermal conversion of hydroxide to oxide would be achieved “in-
situ” during an initial heating step (SOFC start-up) at the operating
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temperature without the need for additional heat-treatment process.
For practical applications to LT-SOFC cathodes, the hybrid archi-

tecture should be engineered to have a conformal perovskite oxide
network (on the metal framework), which is thin enough to allow facile
ionic conduction as well as to induce strong synergistic interactions
between the perovskite and the underlying metal [5,7]. Keeping this
design requirement in mind, a parametric study of the CAED process
was conducted to tailor and optimize the architecture of the Pt@LCO
nanohybrid. As shown in Fig. 2, the morphological feature of LCO was
examined as a function of the applied current density (ic) and the de-
position time (t) (see Fig. S2 for low-magnification SEM micrographs).
The CAED process with ic = 0.6 mA cm–2 and t=6min led to the for-
mation of a uniquely architectured hybrid (designated as Pt@LCO(1)),
in which a percolated LCO nanonetwork made of tiny particles was
conformally deposited on the nanoporous Pt thin-film framework. In
comparison to Pt@LCO(1) synthesized at ic = 0.6mA cm–2

, Pt@LCO(2)
prepared at ic = 3mA cm–2 had discrete LCO agglomerates. When the
CAED was carried out for a longer deposition time (t=30min), on the
other hand, a Pt thin-film framework was completely covered by thick
and heavily cracked LCO coatings (Pt@LCO(3) and Pt@LCO(4)), so that
its original nanoporous structure was no longer preserved (see Fig. S3
for the cross-sectional SEM image of the Pt framework). In this case, the

electrochemical properties of Pt@LCO(3) and Pt@LCO(4) would be
exclusively determined by LCO rather than by the synergistic interac-
tion of Pt and LCO. The results indicated that a conformal LaCoOHx

nanonetwork was formed via the slow precipitation reaction induced by
a low current density of 0.6mA cm–2 (Pt@LCO(1)), and then, it grew
but cracked (Pt@LCO(3)) due to heavy precipitates with further pro-
gressing CAED. Meanwhile, during the CAED with ic = 3mA cm–2, the
high cathodic polarization (about − 1.3 V vs. Ag/AgCl) caused water
electrolysis accompanied by hydrogen evolution. Thus, conformal but
discrete agglomerates formed in the early stage (Pt@LCO(2)), and some
part of the deposit was delaminated by sever hydrogen evolution in the
later stage (Pt@LCO(4)). Based on the above experiments on the mor-
phological control, Pt@LCO nanohybrids with conformal LCO networks
(Pt@LCO(1)) and discrete LCO agglomerates (Pt@LCO(2)) were sub-
jected to comprehensive physicochemical and electrochemical char-
acterizations.

Prior to detailed electrochemical study of the synthesized nanohy-
brids, the physical and chemical properties of Pt@LCO were char-
acterized using various analytical tools. The XRD patterns of the Pt@
LCO(1) nanohybrid on YSZ showed the characteristic peaks corre-
sponding to perovskite-type LCO (JCPDS No. 48-0123), and the crys-
tallite size of LCO was estimated to be ~ 12 nm from the half-width of

Fig. 1. (a) Schematic diagram of the fabrication process of a Pt@LCO nanohybrid electrode on an YSZ electrolyte along with the SEM micrographs. (b) Synthesis
mechanism of LaCoOHx on the Pt thin-film framework via CAED. (c) Potential vs. time profile measured during the CAED process of LaCoOHx at a cathodic current
density of 0.6 mA cm–2 and photographs of the pristine and LaCoOHx-coated Pt frameworks.
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the (110) peak (Fig. S1). The surface chemistry of Pt@LCO(1) was
characterized by XPS and EDS analyses (Fig. 3). The O 1s XPS spectrum
exhibits two peaks at the binding energy (BE) values of 528.6 eV and
530.3 eV, which are ascribed to the lattice oxygen species (O2–) and the
adsorbed oxygen species (O2

2– or O–), respectively. The XPS spectrum
for Co 2p is characterized by the two main signals for Co 2p3/2 and Co
2p1/2 at BE =778.9 eV and 793.9 eV, respectively, along with satellite
peaks. The La 3d XPS spectrum has two spin-orbit components of La
3d5/2 and La 3d3/2, each of which exhibits a double-peak structure (BE
= 833.7 eV and 837.1 eV for La3d5/2 and BE = 850.2 eV and 853.7 eV
for La 3d3/2) associated with electron transfer from oxygen ligands to La
4f. The chemical composition of LCO was determined as LaCo0.94O3-δ by
ICP–MS. The slight Co deficiency (Co/La ratio ~ 0.94) was reconfirmed
by XPS (Fig. 3). The Co deficiency in LCO is known to produce oxygen
vacancies for charge compensation, which in turn leads to improved
oxygen ionic conductivity and surface activity for oxygen reduction
[33,34].

The Pt@LCO(1) nanohybrid was examined by TEM to acquire

detailed information on the nanostructured interfaces among Pt, LCO,
and YSZ (Fig. 4). The cross-sectional TEM and elemental distribution
analyses (Fig. 4(a)) revealed that an LCO nanonetwork (thickness ~
20 nm) was conformally formed on the Pt framework (thickness ~
50 nm and width ~ 150 nm), and it was composed of nanoparticles
(size ~ 10–20 nm) and nanopores between them. The high-resolution
TEM micrographs (Fig. 4(b)) of the interfacial regions, Pt | LCO (region
A) and Pt | LCO | YSZ (region B), showed the lattice fringes of d
=0.275 nm and 0.216 nm corresponding to the (110) and (006) crystal
planes of the LaCoO3 perovskite, respectively. More importantly, LCO
nanoparticles were in intimate contact with Pt and YSZ, forming very
cohesive interfaces. In addition, the SEM micrographs (Fig. S4) taken on
different regions of the electrode confirmed the formation of uniform
LCO nanonetworks over the whole electrode surface, suggesting that
the CAED process is easily scalable to the large-area devices.

As an exemplary application, a Pt@LCO nanohybrid was employed
as a cathode for thin-film-based LT-SOFCs. For a wide range of technical
applications (particularly, portable power generation), thin-film SOFCs

Fig. 2. Surface and cross-sectional SEM micrographs of the Pt@LCO nanohybrid electrodes synthesized via the CAED processes with various parameters: Pt@LCO(1),
ic = 0.6mA cm–2 and t=6min; Pt@LCO(2), ic = 3.0mA cm–2 and t=6min; Pt@LCO(3), ic = 0.6mA cm–2 and t=30min; Pt@LCO(4), ic = 3.0mA cm–2 and
t=30min.
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have much promise as efficient devices that can directly convert the
chemical energy of fuels into electricity at low temperatures (< 500 °C)
[30,35–37]. The thin-film membrane, downscaled to several hundreds
of nanometers, allows the lower operating temperatures by reducing
the ohmic resistance of a solid electrolyte. In contrast to conventional
SOFCs running at elevated temperatures (> 750 °C), thin-film SOFCs
have the merits of rapid start-up and shut-down cycles and reduced
system cost [35,36]. In addition to the requirement for thin-film

electrolytes, however, the poor low-temperature performance of the
cathodes associated with the sluggish oxygen reduction reaction (ORR)
is a critical “bottle neck” for the realization of thin-film-based LT-SOFCs
[35–38]. The Pt@LCO nanohybrid was tested as an LT-SOFC cathode
using a symmetric cell with the configuration of Pt@LCO | YSZ | Pt@
LCO.

Fig. 5 compares the electrochemical performance of the Pt-only and
Pt@LCO nanohybrid electrodes at various operating temperatures (T)

Fig. 3. XPS spectra of the (a) O 1s, (b) Co 2p, and (c) La 3d regions and (d) EDS spectrum obtained for Pt@LCO(1).

Fig. 4. (a) Cross-sectional TEM micrograph and elemental distribution maps of La, Co, and O for Pt@LCO(1). (b) High-resolution TEM micrographs of the interfacial
regions: Pt | LCO (region A) and Pt | LCO | YSZ (region B).
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of 300–500 °C. The AC-impedance data in Fig. 5 were measured on the
symmetric cells in air (oxygen partial pressure, pO2= 0.21 atm) at an
open circuit voltage (OCV). The real impedance (Z′) and imaginary
impedance (Z") values were normalized by the geometric surface area
of the electrode. The measured Z′ value was subtracted by the un-
compensated ohmic resistance (RΩ) to restrict our discussion to the

interfacial reactions. The impedance spectra of the cells with the Pt-
only and Pt@LCO hybrid electrodes show two adjacent arcs, which are
distinguished as a nearly ideal high-frequency (HF) arc and a slightly
distorted low-frequency (LF) arc, respectively. These spectra were
modelled by a series of two parallel R–CPE sub-circuits, as shown in
Fig. 6(a), where R and CPE represent the resistor and constant phase

Fig. 5. AC-impedance spectra (Nyquist plots) of the symmetric cells with the (a) Pt-only, (b) Pt@LCO(1), and (c) Pt@LCO(2) electrodes measured at various
temperatures and pO2 =0.21 atm.

Fig. 6. (a) Equivalent circuit used for fitting of the measured impedance data. The HF and LF arcs are attributed to the O2– migration in the YSZ electrolyte and the
ORR at the electrode as schematically shown in (b). Comparison of (c) the AC-impedance spectra of the cells with different electrodes measured at T=300 °C and
pO2 =0.21 atm and (d) the temperature dependences of the electrode conductance (RLF

–1). The solid lines in the Nyquist plots represent the results fitted using the
equivalent circuit in (a).
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element, respectively. The HF arc is attributed to the O2– conduction
(migration) in the YSZ electrolyte (Fig. 6(b)) based on the following
experimental findings: (i) the activation energy (Ea) values derived from
RHF were ~ 1.1 eV, regardless of the electrode used (Fig. S5(a)), which
is in good agreement with the literature data for YSZ [11], (ii) the
conductance (RHF

–1) was independent of pO2 (Fig. S5(b)), and (iii) the
HF arc remained unchanged regardless of the LCO coating layer.

Accordingly, the low-frequency (LF) arc is thought to be associated
with the electrode polarization, i.e., the ORR at the electrode (Fig. 6(b)).
Of particular note is a remarkable reduction in RLF for the Pt@LCO
nanohybrid electrodes in comparison with the Pt-only electrode
(Fig. 6(c) and S5(c)), which implies the synergetic reaction between Pt
and LCO. The Arrhenius plots for the electrode conductance (RLF

–1) in
Fig. 6(d) show the RLF

–1 values of 7.4× 10–7–1.5× 10–3 Ω–1 cm–2 for
the Pt-only electrode at 300–500 °C, which are comparable to those
reported in the literature on Pt electrodes for thin-film based LT-SOFCs
[28,29]. The RLF

–1 value of Pt@LCO(1) was about 20 times higher than
that of Pt at 300 °C. Moreover, the Ea value for the ORR decreased in the
order of Pt (~ 1.45 eV) > Pt@LCO(2) (with discrete LCO agglomerate)
(~ 1.21 eV) > Pt@LCO(1) (with percolated LCO nanonetwork) (~
1.01 eV). The RLF

–1 values seem to be low for practical applications;
however, the following points should be considered. First, under bias
conditions during fuel cell operations, the RLF

–1 value for Pt electrode is
greatly increased to about 5–10 times [39–41]. Second, the cell per-
formance for LT-SOFCs highly depends on the entire cell configuration,
the structures/compositions of the cell components, and the fabrication
conditions [42–45]. Through an optimized study, for example, Su et al.
reported that an LT–SOFC with a Pt cathode (thickness = 120 nm)
exhibits a maximum power density of 677mW cm–2 at 400 °C [45].
Further work is in progress to fabricate LT-SOFCs with Pt@LCO and
characterize their electrochemical performance.

Even though a detailed ORR mechanism is beyond the scope of this
study, the LCO nanonetwork formed via the CAED process modified the
Pt electrode in such a way that it effectively enhanced the ORR kinetics
at low temperatures. In the Pt-only electrode on the YSZ electrolyte,
electrochemically active sites for ORR are restricted to triple-phase
boundaries (TPBs) among Pt, YSZ, and gas (pore). LCO has the out-
standing ability to absorb, dissociate, and exchange oxygen on its sur-
face, and it can also provide a percolated pathway for ionic conduction
from its surface to YSZ. At the same time, the slight Co deficiency in
LCO could generate the surface oxygen vacancy, thereby enhancing the
ORR kinetics [33,34]. Furthermore, nanopores in the LCO network (see
Fig. 4) may serve as a channel for oxygen gas diffusion to the reaction
sites. As a result, the catalytically active, mixed ionic-electronic con-
ducting LCO nanonetwork can extend the electrochemical active region
from the “one-dimensional” TPBs (Pt | YSZ | gas) to the entire “two-
dimensional” surface of the nanohybrid electrode (LCO | gas, LCO | Pt |
gas, and LCO | YSZ | gas), which leads to the considerable improvement
in electrochemical performance.

One of the most serious concerns of metal-based electrodes for LT-
SOFCs is the metal coarsening and agglomerations during continuous
operation, which results in loss of TPBs and performance degradation
[9,11,46,47]. To investigate this issue, the Pt-only and Pt@LCO(1)
electrodes were subjected to “accelerated” stability tests in a tempera-
ture range of 500–700 °C, and the evolution of the electrode con-
ductance (RLF

–1) was in-situ monitored for 100 h (Fig. 7(a)). The oper-
ating temperature was increased by 50 °C, and the cells were held at
each temperature for 20 h. Although the Pt-only electrode showed
higher conductance compared with Pt@LCO(1) at elevated tempera-
tures (> 550 °C), it exhibited serious performance degradation as evi-
denced by a rapid decrease of the conductance during the stability test.
In fact, no reliable measurements on Pt were possible after 81 h,

Fig. 7. (a) Evolution of the electrode conductance (RLF
–1) of Pt and Pt@LCO(1) estimated from the AC-impedance measurements during the accelerated stability tests

at various temperatures and pO2 =0.21 atm. No reliable impedance measurements from Pt were possible after 81 h, indicating the failure of the Pt-only electrode. (b)
Surface SEM micrographs of the Pt-only and Pt@LCO(1) electrodes after continuous testing of 100 h.
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indicating the failure of the Pt-only electrode. On the other hand, the
electrode conductance of Pt@LCO(1) remained almost constant without
any signs of failure under harsh operating conditions. The surface
morphologies of the tested electrodes were examined using SEM, and
the results are shown in Fig. 7(b). It is clearly seen that the nanoporous
Pt thin-film framework was transformed to large, spherical, isolated
particles (i.e., coarsening and agglomeration), which is believed to be
responsible for the observed performance degradation (loss of TPBs). It
should be pointed out that the Pt@LCO(1) electrode showed no struc-
tural change even after the stability test at 700 °C. These results indicate
that the conformal LCO nanonetwork in the Pt@LCO nanohybrid
electrode effectively inhibits the atomic diffusion of Pt and thus plays a
crucial role in improving the structural stability at elevated tempera-
tures.

4. Conclusions

In this study, we developed a facile, cost-effective, and scalable
approach to fabricating metal–perovskite metal oxide nanohybrids with
tailored architectures via electrochemical processing. We demonstrated
the fabrication of a Pt@LCO nanohybrid composed of a conformal LCO
nanonetwork on a nanoporous Pt thin-film framework through the
CAED process. The CAED approach proposed in this study offers con-
siderable advantages over conventional techniques used for nanoscale
hybridization: the CAED is performed in low-cost aqueous solutions
using simple equipment, and as in the case of any electrochemical
routes, it is easily scalable to large-area devices. When employed as a
thin-film-based LT-SOFC cathode, the Pt@LCO nanohybrid electrode
exhibited exceptionally high oxygen reduction activity (~ 20-fold im-
provement as compared with the Pt-only electrode) at a temperature as
low as 300 °C and high stability at elevated temperatures, proving that
the CAED process may be a feasible approach to developing high-per-
formance hybrid electrodes.
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