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Conductive RuO2 binders enhance mechanical
stability of macroporous Nb–SnO2 particles as
cathode catalyst supports for high-performance
PEFCs†
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Niobium-doped tin oxide (NTO) particles with a macroporous structure have been developed as catalyst

supports for enhancing the durability and performance of polymer electrolyte fuel cells (PEFCs). This

macroporous architecture improves the mass transport properties of the electrode. However, their weak

mechanical strength can cause structural collapse, thereby limiting single-cell performance at high current

densities. In this study, we employed ruthenium oxide (RuO2) as a binder to integrate with macroporous

NTO particles (denoted as NTO/RuO2). This approach simultaneously enhanced the electrical conductivity

and mechanical strength of the catalyst supports, improving the performance of PEFCs. Incorporating

RuO2 binders effectively stabilized the macroporous structure, and the NTO/RuO2 particles with 50 wt%

RuO2 loading maintained their structural integrity under high compression pressures of up to 40 MPa. The

aggregated NTO/RuO2 particles containing 50 wt% RuO2 binder also exhibited higher conductivity than

the NTO aggregates without RuO2 binder, which was attributed to the conductive network formed by

RuO2. Importantly, the membrane electrode assembly (MEA) fabricated with macroporous NTO/RuO2

particles containing 20 wt% RuO2 binder achieved a maximum current density of 2.16 A cm−2 at 60 °C and

100% relative humidity (RH), outperforming the MEA utilizing Carbon Vulcan as the support (2.06 A cm−2).

Furthermore, the enhanced hydrophilic properties of the RuO2 binder improved water retention at the

catalyst layer/membrane interface, thus promoting membrane hydration and overall cell performance at a

high temperature of 80 °C and a low RH of 30%.

Introduction

In recent years, polymer electrolyte fuel cells (PEFCs) have
attracted significant attention as environmentally friendly
devices for energy storage and conversion,1–4 with increasing
applications in heavy-duty vehicles, such as trucks, buses, and
ships.5,6 Carbon is a conventional catalyst support for PEFCs
owing to its excellent electrical conductivity, high surface
area, and suitable pore structure.7–10 However, these carbon
materials are prone to corrosion in the highly corrosive
environments associated with PEFC operation, resulting in a
decline in both performance and durability.7,11 To address
this challenge, metal oxide nanoparticles with improved
corrosion resistance have been developed as promising
support materials to replace traditional carbon in fuel cell
electrodes.12–15

Niobium-doped tin oxide (NTO) nanoparticles have
demonstrated great potential as cathode catalyst supports in
PEFCs owing to their high electrical conductivity and
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exceptional corrosion resistance.16,17 Kakinuma et al. reported
that NTO nanoparticles with a dopant concentration of 4.0%
exhibited higher electrical conductivity than Nb-free SnO2.
Furthermore, the cells with Pt/NTO cathodes showed better
performance and durability than those with Pt/carbon black
cathodes when operated at potentials above 0.4 V.16 Our
research group also synthesized NTO nanoparticles using flame
spray pyrolysis and evaluated their performance as PEFC
cathode catalyst supports.17–19 The flame-made NTO
nanoparticles formed a fused aggregate network structure via a
combustion reaction during synthesis, which reduced the
interparticle resistance between oxide nanoparticles and
enhanced conductivity. Nevertheless, compared to traditional
carbon supports, oxide supports generally have lower porosity
and less developed structures, which continue to present
challenges for achieving high power generation performance.

A potential solution to this problem is to employ support
particles with macroporous structures. Our group reported the
synthesis of macroporous particles by a template-assisted
aerosol process,20–25 which had been extensively utilized for
producing macroporous structures in a wide range of
materials.20,22,26,27 The high porosity of macroporous supports
provides accessible pores, promoting the diffusion of reactants
and products.21,28–31 Faustini et al. synthesized an iridium-
based catalyst with an ultraporous hierarchical structure via
spray drying, which proved to be an effective catalyst for proton
exchange membrane water electrolysis.28 The macroporous
structure of Ir0.7Ru0.3O2 ultraporous spheres created an effective
electron-conducting pathway throughout the catalyst layer,
while the high porosity improved gas and water transport.

In our previous report, we demonstrated that using a 300
nm poly(methyl methacrylate) (PMMA) template to prepare
macroporous NTO particles could enhance their performance
as catalyst supports in single cells.32 However, under the high
pressure of membrane electrode assembly (MEA) fabrication,
the macropore framework of the NTO particles collapsed due
to their poor mechanical strength, decreasing the porosity of
the catalyst layer. Therefore, a macroporous NTO catalyst
support with a mechanically stable structure is desirable to
achieve high-performance cathode catalysts for PEFCs.

Many studies have used binders to improve the mechanical
strength of porous frameworks33–35 and investigated their
functions in the fabrication processes. These studies collectively
highlight the efficacy of binders in enhancing the mechanical
strength of porous materials. Motivated by this concept, we
applied binders in this study to improve the mechanical
strength of macroporous NTO particles. Considering that
insulator binders can increase the contact resistance between
active materials, resulting in reduced PEFC performance,
conductive binders are essential to strengthen the macroporous
frameworks for achieving high-performance PEFCs. Ruthenium
oxide (RuO2) is known as a metallic conductor with an electrical
conductivity of 2.0 × 104 S cm−1 at 28 °C, which decreases at
lower temperatures.36,37 Additionally, RuO2–SnO2 is utilized in
various electrochemical applications, such as supercapacitors,
chlorine evolution, and water electrolysis.38,39 Using RuO2 as a

binder to combine with NTO particles is expected to not only
reinforce the structural integrity of the macroporous framework
but also enhance its electrical conductivity. Therefore, to design
a suitable catalyst support, it is crucial to understand the effect
of binder introduction on the mechanical properties and
electrical conductivity of the macroporous structure, as well as
its impact on PEFC performance. It is also important to
determine the effects of various concentrations of RuO2 binder
on the mechanical strength of the macroporous structure and
the overall PEFC performance. To the best of our knowledge,
macroporous NTO/RuO2 particles have not been reported as
catalyst supports for PEFCs.

In this study, we designed a cathode catalyst support
using NTO/RuO2 particles with macroporous structures
prepared by flame-assisted spray pyrolysis (FASP). In the FASP
process, the presence of liquid- and vapor-phase precursors
allows for better control over particle morphology and
structure.15,40–48 In addition, this method has been scaled up
for industrial use in the production of fine particles.49,50 The
effect of RuO2 binder contents on the structure and
morphology of the macroporous NTO/RuO2 particles was
investigated. The electrical conductivity of the NTO/RuO2

particle was also examined. Importantly, the mechanical
strength of the macroporous structure of NTO/RuO2 particle
with different RuO2 binder contents was also evaluated.
Eventually, the performance of MEAs using macroporous
NTO/RuO2 particles as cathode catalyst support was
performed under both low and high relative humidity
conditions.

Results and discussion
Preparation of macroporous NTO/RuO2 particles

RuO2 and SnO2 share several structural similarities, enabling
the facile formation of a RuO2–SnO2 composite, which is crucial
for creating a robust macroporous framework. Assisted by these
features, macroporous NTO/RuO2 particles with different
contents of RuO2 binder (0 to 50 wt%) were synthesized using
FASP, followed by annealing to completely remove the PMMA
template. Fig. 1A depicts the synthesis workflow, starting with
the FASP of mechanically stable macroporous NTO particles
templated with PMMA and bound by RuO2 (NTO/RuO2). In the
absence of RuO2 binders, NTO nanoparticles and PMMA
templates were dispersed in water to form a precursor solution,
and macroporous particles were produced through a
conventional template-assisted spray pyrolysis process. In
contrast, macroporous NTO/RuO2 particles were obtained using
a precursor solution consisting of RuCl3 salt, PMMA templates,
and NTO nanoparticles. In this process, RuCl3 salt decomposes
under high-temperature conditions to form RuO2 as a binder in
the gaps between NTO nanoparticles within the precursor
droplets in the gas phase. Additionally, the precipitation of
RuO2 between NTO nanoparticles results in the formation of a
conductive network in the structure, improving the electrical
conductivity of the macroporous NTO/RuO2 particles. Since the
short residence time and rapid cooling in the FASP process,51–53
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the decomposition of the PMMA template was incomplete.
Therefore, a post-annealing treatment was performed to fully
remove the remaining PMMA template and achieve the desired
macroporous structure of NTO/RuO2 particles.

The morphology of the macroporous NTO/RuO2 particles
was examined using scanning electron microscopy (SEM). The
influence of PMMA template concentration (0 to 2.0 wt%) on
the structure of the macroporous NTO/RuO2 particles was
investigated when the RuO2 binder concentration was fixed at
50 wt%. As shown in the SEM images (Fig. S1†), increasing the
PMMA concentration resulted in more open macropores on the
particle surfaces. However, at 2.0 wt%, the template
concentration was too high, causing the macroporous
framework to collapse. Therefore, a PMMA template
concentration of 1.0 wt% was selected for subsequent
experiments to ensure a robust macropore framework and
ample open macropores. Fig. 1B shows the SEM images of the
macroporous NTO/RuO2 particles prepared with different RuO2

binder concentrations, wherein well-developed macropores were
derived from PMMA templates in the presence of RuO2 binders.
Fig. 1C shows the magnified SEM images of the particle
surfaces. The macroporous NTO/RuO2-0 particles (without
RuO2) exhibited spherical shapes with rough surfaces formed
from aggregated NTO nanoparticles. Notably, significant voids
were observed between aggregated NTO nanoparticles, and this
relatively high void fraction within the macropore framework
could compromise the mechanical strength. It is important to
note that the mechanical stability of a porous structure is largely
determined by its framework porosity – the void fraction within
the macropore framework – as highly porous structures typically
exhibit weak mechanical strength.54 Upon the addition of RuO2

binders at concentrations of 20 wt% (NTO/RuO2-20) and 30
wt% (NTO/RuO2-30), the macropore frameworks were more
distinct, and the particle surfaces became smoother. As the
concentration of RuO2 continued to increase, the macropore
framework persisted, and the number of broken particles

Fig. 1 (A) Synthesis workflow starting with the FASP of mechanically stable macroporous NTO particles, templated by PMMA, and bound by RuO2,
(B) SEM images of macroporous NTO/RuO2 particles prepared with different RuO2 binder concentrations, (C) high-magnification SEM images
focusing on the surface of macroporous NTO/RuO2 particles synthesized with varying concentrations of RuO2 binder, and (D) energy-dispersive
X-ray spectroscopy mapping for Sn (purple) and Ru (red), demonstrating that the RuO2 binder was distributed throughout the entire structure of
macroporous NTO/RuO2 particles.
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considerably decreased. The surfaces of the NTO/RuO2-50
particles (50 wt% RuO2) became slicker, and the number of
voids between NTO nanoparticles decreased significantly. The
porosity of the framework, which is the percentage of voids
between NTO nanoparticles, was reduced by the incorporation
of the RuO2 binder. The RuO2 binder effectively filled the voids,
strengthening the structural connectivity and significantly
enhancing the mechanical stability of the macroporous
framework. The scanning transmission electron microscopy
(STEM) images (Fig. S2†) also confirmed the porosity reduction
in the framework with the increasing RuO2 concentration. As
shown in Table S1 and Fig. S3,† the incorporation of RuO2

binder reduced the specific surface area of the macroporous
NTO/RuO2 particles. Specifically, the specific surface areas
calculated using the BET equation were 106.9 m2 g−1 and 71.1
m2 g−1 for NTO nanoparticles and macroporous NTO/RuO2-0
particles, respectively. The lower specific surface area of NTO/
RuO2-0 is attributed to the aggregation of NTO nanoparticles
during the flame process and the annealing treatment to
remove PMMA templates. The specific surface area of the

macroporous NTO/RuO2 particles further decreased with the
increasing RuO2 binder concentration, reaching 30.4 m2 g−1 for
NTO/RuO2-50. These results confirm a decrease in the
framework porosity with the increasing RuO2 binder content.
The energy-dispersive X-ray (EDX) elemental mapping in Fig. 1D
shows that the RuO2 binder distributes uniformly within the
entire structure of the macroporous particles. During the self-
organization process of precursor droplets floating in the flame,
Ru species, which are smaller than NTO nanoparticles and
PMMA templates, experience lower buoyancy and higher
Brownian motion, allowing them to move more easily and fill
the spaces between the larger particles.55–57 Additionally, RuO2

species nucleated and precipitated onto the surface of NTO
nanoparticles, reducing voids between NTO nanoparticles
during the assembly process. This self-organization leads to the
distribution of RuO2 throughout the particles, which is expected
to increase the framework density and enhance the mechanical
durability of the macroporous particles.

Fig. 2A shows the X-ray diffraction (XRD) patterns of the
macroporous NTO/RuO2 particles with different RuO2 binder

Fig. 2 (A) XRD patterns of macroporous NTO/RuO2 particles at different RuO2 binder concentrations, (B) wide, Sn 3d, Ru 3d, and Nb 3d XPS
spectra of macroporous NTO/RuO2-50 particles, (C) percentages of SnO2, RuO2, and Ru in macroporous NTO/RuO2 particles obtained by Rietveld
refinements, (D) electrical conductivity of NTO/RuO2 particles, measured with a compression cell allowing to apply controlled pressures to the
powder samples, and (E) pore-size distribution of macroporous NTO/RuO2 particles measured by a mercury porosimetry method.
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contents. In the absence of RuO2 binder, NTO/RuO2-0 existed
in a tetragonal SnO2 phase, with characteristic diffraction
patterns at 26.6°, 33.9°, 38.0°, and 51.8° (COD 9007533). No
Nb species were observed in NTO/RuO2-0 particles, indicating
no precipitation of niobium oxides. With the addition of
RuO2, the XRD patterns of all NTO/RuO2 particles exhibited
diffraction patterns corresponding to the tetragonal SnO2,
tetragonal RuO2, and metallic Ru phases. Specifically, the
diffraction peaks at 28.0°, 35.1°, and 40.1° belonged to the
tetragonal phase of RuO2 (COD 2101852), whereas the peaks
at 38.4°, 42.2°, and 44.0° were characteristic of metallic Ru
(COD 9008513). The intensities of these RuO2 and Ru XRD
patterns increased as the RuO2 ratio in the NTO/RuO2

particles increased. The transformation of RuCl3 salt into
RuO2 initiates in the temperature range of 350–550 °C.58

Furthermore, RuO2 decomposes to metallic Ru at a
temperature exceeding 1025 °C.59 Given the high temperature
of the flame process (up to approximately 2000 °C),15 RuCl3
is readily decomposed into RuO2. Subsequently, RuO2 can
transform to metallic Ru at the high temperature of the
flame, and the resulting Ru is oxidized back to RuO2 in the
high-oxygen environment of the flame reactor. Owing to the
rapid quenching of the FASP process,51,60–63 the oxidation of
metallic Ru is incomplete, resulting in the presence of a
small amount of metallic Ru within the macroporous NTO/
RuO2 particles.

Fig. 2B shows the percentages of SnO2, RuO2, and Ru in
the macroporous Ru/NTO particles calculated from the XRD
patterns. The results imply that the percentages of SnO2 and
total Ru in all macroporous particles were close to the
nominal compositions. The crystallographic parameters of
RuO2, Ru, and SnO2 derived from Rietveld refinement are
listed in Table S2.† The refinement was performed using the
crystal structure models P42/mnm for SnO2, P42/mnm for
RuO2, and P63/mmc for Ru. The final R-factors indicated the
reliability of the analysis. The Rwp, RB, and RF values were
sufficiently low to validate the proposed structural model.

The valance states of Ru, Sn, and Nb in the macroporous
NTO/RuO2-50 particles were determined through XPS
measurements, with all peaks calibrated with respect to the C
1s peak at 284.3 eV. As presented in Fig. 2C, the peaks at
binding energies of 279.6 eV and 284.8 eV were related to Ru0

3d5/2 and Ru0 3d3/2, respectively. Additionally, the peaks at
280.7 eV and 285.5 eV corresponded to Ru4+ 3d5/2 and Ru4+

3d3/2, respectively, which were the characteristic peaks of
RuO2. The Sn 3d spectra exhibited peaks at 486.15 eV (Sn4+

3d5/2), 494.55 eV (Sn4+ 3d3/2), and 483.65 eV (Sn0 3d5/2). The
presence of metallic Sn was probably due to the formation of
a RuSn alloy in the high-temperature flames of the FASP
process and during the post-heat treatment. However, the
amount of RuSn alloy was minimal and was not identified in
the XRD patterns. The binding energies of Nb 3d were found
around 206.65 eV (Nb5+ 3d5/2) and 209.15 eV (Nb5+ 3d3/2),
whereas no peaks corresponding to Nb3+ or Nb4+ were
observed. Since the ionic radii of Nb5+ (0.64 Å) are smaller
than that of Sn4+ (0.69 Å), Nb5+ ions can be successfully

substituted into Sn4+ lattice sites, resulting in single-phase
NTO nanoparticles with a dopant level of 4 at%.16,64 The
successful substitution of Nb5+ enhanced the electrical
conductivity of the NTO nanoparticles.16,64

The electrical conductivity of the NTO/RuO2 particles was
assessed at various RuO2 concentrations. It is evident that
the porosity of the particles increases the electrical resistance
during the direct conductivity measurements of powders. As
shown in Fig. 1, the porosity of the macroporous particle
determines the framework strength, which is influenced by
the varying amounts of RuO2 binder. To assess the impact of
RuO2 content on the conductivity of the NTO/RuO2 particles
while minimizing the influence of particle porosity on the
conductivity measurement, we prepared NTO/RuO2 aggregate
particles without a macroporous structure for conductivity
evaluation. The structure of these NTO/RuO2 aggregate
particles is detailed in Fig. S4 in the ESI.† As indicated in
Fig. 2D, the electrical conductivity of the NTO aggregate
particles was poor (2.7 × 10−5 S cm−1). With the addition of
RuO2 binders, the electrical conductivity of the NTO/RuO2

particles was noticeably improved. Specifically, as the RuO2

ratio increased, the electrical conductivity of the NTO/RuO2

particles increased, reaching 0.50 S cm−1 at a RuO2 content
of 50 wt%. It is important to note that RuO2 exhibits
metallic-like conductivity at room temperature with an
electrical conductivity of 2.0 × 104 S cm−1.36 Therefore,
combining RuO2 binders and NTO nanoparticles enhanced
the electrical conductivity of the produced NTO/RuO2

particles. Moreover, at higher RuO2 concentrations, RuO2

species precipitated in the gap between NTO nanoparticles
and reduce porosity of the framework, as indicated by the
TEM and EDS mapping results and the specific surface area
of the macroporous NTO/RuO2 particles. The RuO2 species in
the aggregated NTO particles formed a continuous electrical
network, enhancing the conductivity of NTO/RuO2. Moreover,
the reduction in framework porosity at high RuO2 binder
contents not only results in a denser structure but also
significantly improves electron transport. The pore size
distribution of the macroporous NTO/RuO2 particles was
determined using mercury porosimetry. For NTO/RuO2-20
particles, the average pore size was 142.6 nm. With an
increase in the RuO2 binder concentration, the peak shifted
to a larger pore size, as shown in Fig. 2E, reaching 527.7 nm
at a RuO2 binder content of 50 wt%.

Evaluation of mechanical strength of macroporous particles

As mentioned in the introduction, the macroporous structure
has the potential to enhance reactant mass transport,
consequently improving the performance of PEFCs. However,
in the fabrication process of MEAs, involving mechanical
compression, the macroporous framework of particles can be
collapsed. To evaluate the mechanical strength of the
macroporous structure of NTO/RuO2 particles, we fabricated
MEAs based on the macroporous NTO/RuO2 particles and
used cross-sectional SEM to observe their morphology within
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the MEAs. Fig. 3A shows the fabrication process of MEAs
using a direct hot-pressing method. First, macroporous NTO/
RuO2/Teflon was prepared into a square shape (1 cm × 1 cm)
and directly hot pressed onto both sides of a Nafion
membrane at high pressure of 10 MPa (a typical pressure
used for MEA fabrication).63,65–67 Additionally, another MEA
was prepared at a pressure of 40 MPa to gain more insights
into the effect of RuO2 binder on the mechanical strength of
the macroporous structure. After hot pressing, the Teflon
sheets were removed to obtain a final MEA consisting of a
Nafion membrane sandwiched between two macroporous
NTO/RuO2 particle layers. The MEAs were secured using
plastic tweezers, immersed in liquid nitrogen for 2 min,
removed from liquid nitrogen, and immediately cut using a
tweezer needle. The morphology of the particle layer in the
MEA was observed using cross-sectional SEM and focused
ion beam-SEM (FIB-SEM).

Fig. 3B shows the cross-sectional SEM images of the MEAs
based on macroporous NTO/RuO2 particles and NTO
nanoparticles. The MEAs with NTO nanoparticles exhibited low
porosity owing to their high compact density. The macroporous
NTO/RuO2-0 particles showed higher porosity compared to that
of NTO nanoparticles, and this macroporous structure collapsed

at 10 MPa. In contrast, the macropore fraction in the NTO/
RuO2-20 layer was even higher than that in the NTO/RuO2-0
layer, and the particle structure was nearly broken at a pressure
of 10 MPa. Upon further increasing the RuO2 binder
concentration to 50 wt%, the particle structure was maintained
at 10 MPa. Interestingly, the macroporous framework of NTO/
RuO2-50 was maintained under the high pressure of 40 MPa,
whereas the macroporous NTO/RuO2-0, NTO/RuO2-20, and
NTO/RuO2-30 particles were almost broken. These results
demonstrated that RuO2 improved the mechanical strength of
the macroporous structure. Additionally, the particle layers
fabricated with NTO nanoparticles, NTO/RuO2-0, NTO/RuO2-20,
NTO/RuO2-30, and NTO/RuO2-50, under a pressure of 10 MPa
had thicknesses of 7.83, 7.92, 8.08, 8.61, and 8.97 μm,
respectively. Higher RuO2 binder concentration helps to
enhance the mechanical strength of macroporous framework of
NTO/RuO2 particles, which maintains the macroporous
framework under high pressure. Therefore, using the same
particle content and pressure in the MEA fabrication process,
an increase in the catalyst layer thickness was observed with an
increase in RuO2 binder contents.

FIB-SEM imaging was employed to gain insights into the
pore structure and pore size and to quantitatively assess the

Fig. 3 (A) Schematic of the preparation of an MEA with macroporous NTO/RuO2 particles. The pressures in the hot-pressing step were 10 MPa
and 40 MPa. (B) Cross-sectional SEM images of MEAs using macroporous NTO/RuO2 particles under pressures of 10 MPa and 40 MPa: (i) low-
magnification cross-sectional SEM images under a hot-pressing pressure of 10 MPa, (ii) low-magnification, and (iii) high-magnification cross-
sectional SEM images under a hot-pressing pressure of 40 MPa. Bar scale is 1.0 μm.
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porosity of the particle layer in the MEAs. While preparing a
cross-section sample through mechanical destruction is
straightforward, accurately measuring the porosity can be
challenging. In contrast, FIB techniques enable precise
cutting of both secondary and primary particles (Fig. 4A),
which facilitates the acquisition of more accurate cross-
sectional information. The lower- and higher-magnification
cross-sectional images of the NTO nanoparticle layer
(Fig. 4B and C, respectively) revealed that the NTO
nanoparticle layer was dense, with a porosity of 29.1%.
Fig. 4D presents the high-magnification cross-sectional FIB-
SEM images of the macroporous NTO/RuO2 particle layers
prepared with varying RuO2 binder concentrations. The

porosity of the catalyst layer increases with the amount of
RuO2. For NTO/RuO2-20, the particle structure almost
completely collapsed after compression owing to the low
binder content. However, its final remaining porosity was
significantly higher than those of the NTO nanoparticles or
porous particles without a binder. These results show that
RuO2 binder enhances the mechanical durability of the
porous particles and facilitates the formation of robust pores
that can withstand the compression process. As the binder
content increased, the mechanical stability of the particles
improved, which increased the formation of particles that
could withstand compression, thereby raising the proportion
of remaining PMMA-derived pores. The porosity of the NTO/

Fig. 4 A) Schematic of FIB-SEM, (B) a low magnification SEM image of a FIB-etched region of NTO nanoparticles, (C) high magnification cross-
sectional SEM image of NTO nanoparticles, (D) SEM image of the front face of the cross-section of MEAs using NTO/RuO2-0, NTO/RuO2-20, NTO/
RuO2-30, NTO/RuO2-50 particles under a pressure of 10 MPa, and E) bar graph illustrating the porosity of the particle layer in the MEA fabricated
with NTO nanoparticles, NTO/RuO2-0, NTO/RuO2-20, NTO/RuO2-30, NTO/RuO2-50 particles.
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RuO2-0 layer was 46.5%, which was substantially higher than
that of the NTO nanoparticles (29.1%). With the addition of
RuO2 binder, the porosity of the particle layer increased
significantly, reaching 69.8% for the macroporous NTO/
RuO2-50 layer, as shown in Fig. 4E, highlighting the
beneficial effect of the macroporous structure on enhancing
the porosity of the catalyst layer.

Interestingly, the presence of mesopores in the gaps between
NTO nanoparticles was also confirmed in the FIB-SEM images.
A significant number of mesopores were observed in the NTO/
RuO2-20 layer (red arrow), and the number of mesopores
decreased with increasing RuO2 binder concentration. These
mesopores were likely due to the voids between NTO
nanoparticles. As discussed previously, the addition of RuO2

binder reduced the framework porosity of the macroporous
NTO/RuO2 particles. As the concentration of RuO2 binder
gradually increased, the number of mesopores decreased,
eventually nearly vanishing for the NTO/RuO2-50 particles.
Specifically, the addition of a large amount of RuO2 improved
the strength of the particle framework and increased the
number of macropores derived from the template PMMA within
the catalyst layer, while simultaneously diminishing the
mesopores between NTO primary particles. Because the balance
between the number of mesopores and macropores is essential
for improving PEFC performance,68 the effect of RuO2 loading
on the balance between pore size and PEFC performance will be
discussed in the next section.

Performance of MEA using macroporous NTO/RuO2 particles

To evaluate the practical performance of MEAs with the
macroporous NTO/RuO2 catalyst support, several
electrochemical analyses were performed in a single-cell system.
MEAs using Carbon Vulcan, NTO nanoparticles, and
macroporous NTO/RuO2 particles at different RuO2 binder
contents were fabricated as catalyst supports for the cathode, as
illustrated in Fig. 5A. All MEA tests were conducted in the same
operating conditions of 60 °C, 100% RH, and H2/air. The I–V
curves of representative MEAs are shown in Fig. 5B. The MEA
using Pt/NTO exhibited poorer performance than the MEA
using Pt/C in both the low- and high-current-density regions
because the low electrical conductivity and porosity of NTO
nanoparticles caused ohmic losses and limited mass transport
in the catalyst layer. The MEA using macroporous NTO/RuO2-0
particles showed improved performance compared to that using
NTO nanoparticles, with the maximum current density
increasing from 1.30 A cm−2 to 1.46 A cm−2 (as shown in
Fig. 5D). The higher porosity of the macroporous NTO/RuO2-0
particles, compared with that of the NTO nanoparticle layer,
decreased gas diffusion resistivity (Fig. 5F) and promoted
reactant diffusion to the catalytic sites. No significant
differences were observed at a voltage of 0.5 V and in the high-
current-density region between the MEAs comprising
macroporous NTO/RuO2 particles and that using commercial
Pt/C as a catalyst support (Fig. 5D and E). The MEA using

Fig. 5 (A) Schematic of PEFC structures. I–V curves of single cell using Carbon Vulcan, NTO nanoparticles, and macroporous NTO/RuO2 particles
at (B) 100% RH, and (C) 30% RH. (D) Bar graph illustrating the maximum current density. (E) Current density at a voltage of 0.5 V. (F) Gas diffusion
resistivity of the single cell fabricated with Carbon Vulcan, NTO nanoparticles, and macroporous NTO/RuO2 particles.
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macroporous NTO/RuO2-20 particles exhibited the best
performance, with a maximum current density of 2.16 A cm−2,
which is comparable to that using Carbon Vulcan (2.06 A cm−2).
This result indicates that the macroporous NTO/RuO2 particles
showed not only high electrical conductivity to avoid an ohmic
overpotential but also sufficient porosity for delivering reactants
to the catalyst sites. However, the maximum current density
decreased when RuO2 binder content was further increased.
The maximum current densities were 2.16 A cm−2 and 1.89 A
cm−2 when macroporous NTO/RuO2-20 and NTO/RuO2-50
particles were used as the catalyst supports, respectively. The
performance deterioration in the macroporous NTO/RuO2-50
particles can be attributed to excess water, which obstructs the
oxygen transport pathways and reduces the fuel cell efficiency.
Water accumulation at the cathode results from both external
humidification under high RH conditions and water production
from oxygen reduction reaction (ORR),69 which is accelerated at
higher current densities. If the water removal rate does not
match the generation rate, excess water can block the pores in
the porous cathode catalyst layer, cover the active sites, and clog
the gas-transport channels in the flow field.69,70 For the
macroporous NTO/RuO2 particles, the hydrophilic nature of the
RuO2 binder enhanced the water retention in the catalyst layer,
and the high porosity increased oxygen consumption, which
resulted in excessive water accumulation and ultimately
diminished cell performance. Although the macroporous
structure aids in transporting water from the catalyst layer and
facilitates water removal through the gas diffusion layer, the
increased pore volume can also lead to greater water
retention.69 For the MEA using macroporous NTO/RuO2-50
particles, a high RuO2 binder concentration significantly
increased the water retention capacity of the catalyst layer.
Additionally, the high porosity of the macroporous NTO/RuO2-
50 particles (69.8%) increased the O2 diffusivity rate, resulting
in greater oxygen consumption and higher water generation on
the cathode side compared to the macroporous NTO/RuO2-20
and NTO/RuO2-30 particles. These factors contribute to more
water accumulation and higher gas diffusion resistivity of the
MEAs using macroporous NTO/RuO2-50 particles compared to
those using macroporous NTO/RuO2-20 and NTO/RuO2-30
particles. Specifically, the gas diffusion resistivity was 90 m s−1

for the MEA using macroporous NTO/RuO2-20 particles and
increased to 117 m s−1 for that using macroporous NTO/RuO2-
50 particles (Fig. 5F), which explained the deteriorated cell
performance.

The amount of RuO2 binder in the NTO/RuO2 particles
can impact the mechanical strength of the macroporous
framework and the wettability of the catalyst layer. A high
RuO2 content is necessary to achieve high electrical
conductivity and robust mechanical strength, ensuring that
the macroporous framework remains intact under high
pressure. However, a high RuO2 binder content can lead to
water accumulation in the MEAs under fully humidified
conditions and degrade cell performance. Therefore,
optimizing the amount of RuO2 binder is essential to achieve
a catalyst layer that maintains structural integrity and high

conductivity without compromising performance owing to
water accumulation.

We also evaluated the performance of these MEAs at low
RH of 30% and a high temperature of 80 °C. Theoretically, in
the case of limited external humidification, the water used to
humidify the MEA is primarily supplied by the water
produced from the ORR at the cathode. Given the limited
water content under low RH, the conductivity drops, leading
to increased ionic resistance and ohmic losses, ultimately
degrading the performance.70–72 The I–V curves of the MEAs
using Carbon Vulcan, NTO nanoparticles, and macroporous
NTO/RuO2 particles as cathode catalyst supports are shown
in Fig. 5C. Compared to those at 100% RH, the ohmic
resistance at 30% RH increased for all MEAs, resulting in a
drop in current density at 0.5 V. The maximum current
density of the MEA using Carbon Vulcan as a catalyst support
decreased from 2.06 A cm−2 to 1.67 A cm−2, primarily due to
the hydrophobic nature of carbon, which fails to maintain
necessary humidity within the catalyst layer and results in
increased ohmic and mass transfer resistance. Conversely,
MEAs utilizing NTO nanoparticles and macroporous NTO/
RuO2-0 particles exhibited sustained performance. This can
be attributed to the hydrophilic properties of SnO2, which
help maintain membrane hydration and overall cell
performance under low-humidification conditions. With an
increase in the RuO2 binder content, the maximum current
density at 30% RH gradually increased. This trend can be
attributed to the increased water production at the cathode,
which improved the hydration status of the MEA. The
hydrophilic nature of the RuO2 binder enhanced the water
retention capability at the catalyst layer/membrane interface,
thereby improving membrane hydration and overall cell
performance.

To assess the durability of macroporous NTO/RuO2

particles, cyclic voltammograms (CV) were obtained for
electrodes based on macroporous NTO/RuO2 particles with
varying RuO2 binder contents, NTO nanoparticles, and
commercial carbon, both before and after testing at an
applied potential of 1.3 V vs. EAg/AgCl for 10 minutes, as
shown in Fig. S7.† The results reveal that the carbon support
exhibited a significant increase in capacitance after the
durability test, suggesting carbon oxidation and degradation
occurred. In contrast, no change in the CV shape was
observed for NTO nanoparticles and macroporous NTO/RuO2

particles, indicating their high stability after the durability
test at high potential. Hence, compared to carbon, which is
the conventional catalyst support for PEFCs, macroporous
NTO/RuO2 particles show significant promise as potential
cathode catalyst supports, providing both excellent
performance and durability for PEFCs.

Conclusions

Macroporous NTO/RuO2 particles with high mechanical
strengths and electrical conductivities were successfully
synthesized via flame-assisted spray pyrolysis. The effects of
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RuO2 binder and PMMA template concentrations on the
structure and morphology of the macroporous NTO/RuO2

particles were investigated. The macroporous NTO/RuO2

particles have a spherical shape, with the gap between NTO
nanoparticles filled with RuO2 particles, leading to a
decreased framework porosity. The electrical conductivity of
the NTO/RuO2 particles increased with RuO2 binder content,
reaching 0.50 S cm−1 at 50 wt% RuO2. The macroporous
structure of the NTO/RuO2-50 particles remained stable at 40
MPa, demonstrating that the RuO2 binder improved the
mechanical strength of the macroporous framework. The
porosity of the catalyst layer increased from 29.1% for NTO/
RuO2-0 to 69.8% for NTO/RuO2-50. The performance of the
MEAs using macroporous NTO/RuO2-20 particles was
comparable to that of the MEAs using a Carbon Vulcan
catalyst support under high RH conditions. Additionally, the
hydrophilic nature of RuO2 binders enhanced the overall cell
performance when operated at low RH. These findings
highlight that incorporating RuO2 as a binder not only
enhances the mechanical strength of the macroporous
framework but also improves its PEFC performance,
demonstrating that macroporous NTO/RuO2 particles are
promising candidates as cathode catalyst supports in PEFCs.

Experimental section
Particle synthesis

The procedure for producing NTO nanoparticles has been
described in detail in a previous study.18 Briefly, NTO
nanoparticles were synthesized via flame spray pyrolysis
(FSP). The precursor solutions, including Sn(O2C8H15)2 (92.5–
100%, Sigma-Aldrich) and Nb(OC2H5)5 (99.95% purity, Sigma-
Aldrich), were dissolved in xylene. The total Sn and Nb
concentration was 0.1 mol L−1 with a Nb dopant content of 4
at%. The precursor solution was introduced into a two-fluid
nozzle (AM6, ATOMAX Co., Ltd., Shizuoka, Japan) at 3.0 mL
min−1 using a syringe pump. This solution was atomized with
oxygen (3.0 L min−1) and ignited by a premixed methane/air
pilot flame (CH4: 1.5 L min−1, air: 11.0 L min−1). NTO
nanoparticles were collected using a polytetrafluoroethylene
(PTFE) membrane filter (HORKOS Corp., Hiroshima, Japan).
NTO nanoparticles were used as the precursors for the
synthesis of macroporous NTO/RuO2 particles.

The macroporous NTO/RuO2 particles were prepared by
the flame method using a precursor solution containing
flame-made NTO nanoparticles, RuCl3·xH2O (99.9%, Wako,
Japan) and poly(methyl methacrylate) (PMMA) (MP-2741,
Soken, Japan) as a template. The solution in a round bottom
flask was placed in a circulating water-cooling system to
maintain the stability of the precursors. The RuO2/(NTO +
RuO2) mass ratios were controlled at 0, 20, 30 and 50 wt%.
The concentration of PMMA template in the precursor was
1.0 wt%. An ultrasonic nebulizer (NE-U17, Omron Healthcare
Co., Ltd., Tokyo, Japan) was used to create droplets from the
precursor solution. The generated droplets were introduced
into diffusion flames using nitrogen as a carrier gas at a flow

rate of 5.0 L min−1. A diffusion flame was formed using
methane (0.5 L min−1) as a fuel and oxygen (1.3 L min−1) as
an oxidizer. The macroporous NTO/RuO2 particles were
collected using a PTFE membrane filter. Then, the
macroporous NTO/RuO2 particles were placed in a tubular
furnace and heated from room temperature to 500 °C at a
heating rate of 10 °C min−1 under air conditions. The
temperature was held for 60 min to remove PMMA
completely. The obtained particles are denoted as NTO/RuO2-
x, where x refers to the percentage of the RuO2 binder in the
particles. For example, NTO/RuO2-20 is a macroporous NTO/
RuO2 particle containing 20 wt% RuO2 binder, as calculated
from the precursor used.

To investigate the effect of PMMA concentration on the
morphology and macroporous structure of the NTO/RuO2

particles, the PMMA content in the precursor was changed
from 0, 0.5, 1.0, to 2.0 wt%. The concentration of RuO2

binder was fixed at 50 wt%. The particles were also produced
using FASP under the same conditions. The synthesized
particles underwent a heat treatment at 500 °C for 1 h under
air conditions to remove PMMA completely.

Characterization

The crystal structures of the macroporous NTO/RuO2

particles were examined by X-ray diffraction (XRD; D2
PHASER, 40 kV and 30 mA, Bruker Corp., USA). The size,
morphology, and structure of the particles were characterized
by field-emission scanning electron microscopy (FE-SEM; S-
5200, Hitachi High-Tech. Corp., Tokyo, Japan). The electrical
conductivities of the aggregated NTO/RuO2 particles were
measured using a multi-electrochemical measurement system
(HZ-Pro S4, Hokuto Denko, Japan). The oxidation states of
the elements were determined using X-ray photoelectron
spectroscopy (XPS, ESCA-3400, Shimadzu Corp.) operated at
10 kV and 20 mA.

The mechanical strength of the macroporous structure of
the NTO/RuO2 particles was evaluated at different
compression pressures during MEA fabrication. The ink was
prepared by dispersing 0.5 g of macroporous NTO/RuO2

particles in a mixed solvent containing 0.405 g of 20 wt%
Nafion solution (Wako, Japan), 0.661 g of ethanol, and 0.808
g of deionized water and ultrasonicating for 60 min. The as-
prepared catalyst ink (0.5 mL) was then applied to a Teflon
sheet. An electrolyte membrane (DuPont, NR-212) was
sandwiched between two sheets of macroporous NTO/RuO2

and assembled by hot pressing (Mini Test Press MP, Toyo
Seiki Co., Ltd.) at 126 °C with pressures of 10 and 40 MPa.
The morphology of the macroporous NTO/RuO2 particle
layers in the MEA was observed by cross-sectional SEM and
focused ion beam-SEM (FIB-SEM; HeliosG4 UC, Thermo
Fisher Scientific, Waltham, MA, USA). The pore-size
distribution of the macroporous NTO/RuO2 particles was
measured using mercury porosimetry.

The MEA showed enhanced performance when macroporous
NTO/RuO2 particles were used as the cathode catalyst support.
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The MEA preparation process was described in detail in a
previous study.32 Briefly, cathode catalyst inks were prepared by
mixing a specific amount of Pt/(NTO/RuO2) or Pt/(NTO) catalyst,
Nafion ionomers, ethanol, and purified water using a
homogenizer to achieve an ionomer/support (I/S) volume ratio
of 0.175. The catalyst ink was then applied to a Teflon sheet
with a Pt loading of 0.1 mg cm−2. For the anode, Pt/C (with 20
wt% Pt from Ketjenblack ECP) was used in all test cells. The Pt
loading was ∼0.1 mg cm−2, and the I/S ratio was ∼1.0. For
comparison, commercial Pt/C (XC-72R, Cabot Corporation) was
used as a reference cathode catalyst at the same Pt loading. Pt/
(NTO/RuO2), comprising an electrolyte membrane (DuPont, NR-
212) and a Pt/C sheet, was assembled by hot pressing at 10 MPa
and 126 °C. Each electrode has a geometric area of 1.0 cm2. The
MEA was placed in a custom single-cell holder with straight-line
gas-flow channels. The output performance was evaluated by
recording the current density at 60 °C and 100% RH, and at 80
°C and 30% RH. Hydrogen gas was supplied to the anode, and
air was supplied to the cathode, both with a backpressure of
108 kPa. Gas flow rates were 1.0 L min−1 and 0.5 L min−1 at the
cathode and anode, respectively. A pre-conditioning process (40
cycles at 0.1 V s−1 over 0–1.0 V) was completed before the main
measurements. AC-impedance measurements were conducted
from 100 kHz to 0.1 Hz at a potential of 0.4 V and an amplitude
of 0.02 V. The cells and MEAs used for the AC-impedance
measurements were identical to those used for the output
measurements, and the experimental conditions were also
identical. Current–voltage curves were measured
potentiostatically at 0.01 V s−1 in the range of 0–1.0 V.

The durability of carbon, NTO nanoparticles, and
macroporous NTO/RuO2 particles with varying RuO2 binder
contents was evaluated through chronoamperometry by
applying a voltage of 1.3 V versus Ag/AgCl. Their electrochemical
properties, both before and after the durability test, were
assessed using cyclic voltammetry (CV) with a potentiostat (HZ-
5000, Hokuto Denko Corp., Tokyo, Japan) at a scan rate of 20
mV s−1 in nitrogen-saturated 0.1 N HClO4 solution. The
electrode potential versus Ag/AgCl (EAg/AgCl) was converted to the
potential versus a reversible hydrogen electrode (ERHE) using the
Nernst equation: ERHE = EAg/AgCl + 0.059 pH + 0.198.
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