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ABSTRACT: Proton-exchange membrane fuel cells (PEMFCs) are promis-
ing energy-conversion systems, offering an appealing blend of high energy
efficiency and low environmental impact. However, carbon corrosion of
PEMFCs is known to significantly degrade their performance, remaining a
critical challenge to overcome. In this study, we applied a Nb-doped SnO2
(Nb−SnO2) nanoparticle coating on Pt/C catalysts as a protective layer, with
the Sn/C ratio in the precursors varying from 0.25:1 to 2.0:1. Contradictory
behaviors of the coated Pt/C catalysts were observed at different Sn/C ratios.
The Sn/C = 1.0 sample exhibited improved electrochemically active surface
area retention after 500 cycles of accelerated stress testing (AST) but with
more significant polarization and resistance increase observed in the
polarization curves. In addition, agglomeration of Nb−SnO2 particles was
observed at a higher Sn/C ratio in the AST of a membrane electrode
assembly, with less shrinkage of the total thickness of the Nb−SnO2-coated Pt/C electrode. We speculate that formation of Nb−
SnO2 agglomerates occurs once the protective layer is broken down or the unprotected carbon surface is corroded and that these
Nb−SnO2 agglomerates increase the tortuosity of the electron pathways and significantly increase the cell polarization.

1. INTRODUCTION
Electrification is at the forefront of revolutionizing modern
society toward more sustainable and efficient solutions for
energy generation and consumption. As the push for achieving
a renewable society intensifies, the quest for reliable, accessible,
high-performance power sources has become of paramount
importance. Proton-exchange membrane fuel cells (PEMFCs)
have attracted significant attention, offering an appealing blend
of high energy efficiency and low environmental impact, which
is especially critical for the transportation sector.1−3 The
current demand for modern transportation can be fulfilled by
the sustainable energy generation provided by PEMFCs,
providing benefits compared with the limited energy storage
of secondary batteries or the intermittent energy generation
offered by photovoltaics.4,5 This ensures a consistent and on-
demand energy supply crucial for meeting the demands of
modern transportation.4

Despite their high energy efficiency, the durability of
PEMFCs remains a significant challenge, particularly for
transportation applications, where the operating conditions
can accelerate performance degradation.6 One of the most
detrimental modes of degradation in fuel cells is carbon
corrosion.7−9 In PEMFCs, the catalytic layer consists of a
catalyst [i.e., platinum (Pt)], catalyst support [i.e., carbon

(C)], and Nafion polymer and plays a key role in the
electrochemical conversion of hydrogen and oxygen into
electricity. Strong contact between the Pt and carbon support
is necessary to provide the electron-transport pathways
required for the electrochemical reactions.6,8 However, carbon
is not thermodynamically stable under the operating
conditions of PEMFCs, and the electrochemical degradation
of the carbon support is further accelerated at elevated
potential and temperatures. Upon the degradation of carbon,
the Pt catalysts become detached from the support and form
agglomerates, leading to a significant loss of an electrochemi-
cally active Pt surface area.9−11

Many researchers have devoted significant efforts to address
the degradation of carbonaceous supports to enhance the
durability of PEMFCs.12−14 Xue et al. and Qiao et al.
demonstrated the improved stability of highly graphitized
carbon under PEMFC operating conditions compared with
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that of amorphous carbon or carbon with a functionalized
surface,13,14 and Wu et al. proposed graphene as a catalyst
support with improved durability.12 Noncarbonaceous materi-
als have also been suggested as catalyst-supporting materials.
For example, Wei et al. developed a TiN−TiO2 composite as a
Pt-catalyst support through alkali treatment and highlighted its
synergistic benefits.15 TiN offers high electrical conductivity
while TiO2 provides good corrosion resistance. Similarly, we
previously introduced Mg1−xTi2+xO5−y ternary compounds,
aiming to simultaneously achieve high conductivity and strong
acidic stability.16 A high synthesis temperature of 1500 °C was
selected to further improve the conductivity by reducing the
oxidation state of Ti in the structure. However, this approach
presents challenges in achieving a large surface area
comparable to that of commercial carbonaceous supports
because of the high-temperature synthesis process required.
Lee et al. proposed Ti3+-enriched N,C-codoped mixed-phase
TiO2 nanoparticles as a stable catalyst support; they reduced
the oxidation state of Ti and corresponding band gap to
increase the electrical conductivity.17 Oxygen-deficient TiO2

18

and antimony- and niobium-doped SnO2 particles19−21 have
also been investigated as potential catalyst supports for
PEMFCs.
In the current study, instead of using Nb-doped SnO2 (Nb−

SnO2) as a Pt catalyst support,19−21 we applied a Nb-doped
SnO2 nanoparticle coating on Pt/C catalysts to enhance the
corrosion resistance of the carbon without compromising the
functionality of the Pt catalysts. In fact, SnO2 and doped SnO2
have been studied as catalyst support materials to replace
carbon support in PEMFC because of their good durability in
oxidative conditions.22−25 However, SnO2 is a poor electron
conductor and doped SnO2 exhibits much lower electronic
conductivity than carbon despite improved electronic con-
ductivity by doping.24−26 Herein, we applied the Nb−SnO2
coating as a protection for the carbon support in Pt/C to
combine the good stability of Nb−SnO2 coating layer and the
high electronic conductivity of a carbon framework. We
expected that the residual functional groups on carbon, which
are typically negatively charged, would attract Sn4+ and form a
preferred anchoring to bind SnO2 nanoparticles. The main
purpose of the Nb−SnO2 coating is to protect the electrode
from abusive carbon corrosion. The Nb doping was intended
to increase the electronic conductivity of the SnO2 coating
layers because we expect that a more electronically conductive
coating layer (Nb−SnO2 vs SnO2) would be beneficial.19 The
Nb−SnO2 coating layer resulted in improved retention of the
electrochemically active surface area (ECSA) of the Pt/C
catalysts after accelerated stress testing (AST) of a membrane
electrode assembly (MEA). However, unexpectedly, the cell
polarization increased significantly when thicker Nb−SnO2
coating layers were applied. These contradictory results can
be explained by the formation of Nb−SnO2 particle
agglomerates after long-term cycling, which may block the
electron pathways due to their relatively lower electronic
conductivity compared to carbon.

2. EXPERIMENTAL SECTION
2.1. Material Preparation. The appropriate amounts of SnCl4·

5H2O (98%, Sigma-Aldrich) and NbCl5 (99.9%, anhydrous, Sigma-
Aldrich) were dissolved in an isopropyl alcohol (IPA) solution using
ultrasonication, maintaining a Sn/Nb weight ratio of 96:4.
Subsequently, this solution was combined with Pt/C particles
dispersed in water (3.0 mg mL−1), achieving initial salt precursor-

to-carbon weight ratios of 0.25:1, 0.50:1, 1.0:1, and 2.0:1. The mixture
was then stirred at 350 rpm for 3 h in a 50 °C oil bath, followed by the
dropwise addition of 60 mL of 0.15 M urea aqueous solution. Stirring
continued for an additional 3 h. Afterward, the resultant product was
thoroughly washed with Milli-Q water until a neutral pH was reached.
Finally, the material was dried in an oven at 70 °C.
2.2. Characterization. X-ray diffraction (XRD) analysis was

conducted using a Rigaku Miniflex 600 equipped with a Cu-Kα
radiation source (λ = 1.5406 Å). The elemental compositions of Nb,
Sn, and Pt in each composite sample were determined using
inductively coupled plasma optical emission spectrometry (ICP-
OES; Agilent 5110). The surface morphology and microstructure of
the Nb−SnO2 composite powders were examined using scanning
electron microscopy (SEM; PHENOM PW-100-017) with an
acceleration voltage of 15 kV. Energy-dispersive X-ray spectroscopy
(EDS) elemental mappings were also obtained using transmission
electron microscopy (TEM; FEI TitanX 60-300) at an acceleration
voltage of 300 kV. To prevent e-beam-induced sample damage, each
elemental mapping was collected for less than 4 min. Specific X-ray
edges (C-Kα, O-Kα, Sn-Lα, Pt-Lα, and Nb-Kα) were selected to
avoid energy overlaps between certain elements in the samples.
Thermogravimetric analysis (TGA) was performed with a TGA5500
(TA Instruments) using a Pt pan. The measurements were conducted
at a heating rate of 5 °C min−1 from 25 to 600 °C under an O2 gas
flow environment. To remove absorbed moisture on the sample
surface, all samples were dried in a desiccator overnight before each
measurement.

MEA cross-sectional SEM and EDS mapping were performed using
a JSM-7200F field-emission scanning electron microscope equipped
with an Oxford Instruments/XMAXN EDS detector. The EDS data
was collected using AZTEC.EDS software. The epoxy mounting/
cutting method was used to prepare cross sections for SEM analysis.
An area of approximately 0.5 cm × 0.5 cm at the active region of the
MEA was first cut and was then sandwiched between gas diffusion
layers (GDLs) and held flat with stainless-steel plates. The entire
assembly was mounted in epoxy and then sectioned to expose the
cross section. The cross section was further polished using multiple
polishing papers with the finish progressively increasing from 320 to
1200 grit.
2.3. Electrochemical Testing. 2.3.1. MEA Fabrication. The

synthesized Nb−SnO2-coated catalyst powders were mixed with a
solution of ionomer (D2020), deionized water, and IPA. The ionomer
to carbon-support (I/C) ratio (mass ratio) and the solvent to carbon-
support ratio (mass ratio) were fixed at 0.55 and 0.038, respectively.
The ratio of deionized water to IPA in our experiment is fixed to be 1
(mass ratio). Centrifugal planetary mixing (Thinky mixer) with 5 mm
zirconia beads was used to prepare the catalyst ink. The ink was then
coated on a virgin PTFE substrate using the Mayer rod method, and
the coated film was subsequently dried in air. The wet film thickness
was adjusted to achieve 0.2 mg/cm2 of catalyst loading for all Nb−
SnO2-coated Pt compounds. Anode catalyst ink was prepared using
the same mixing method as the cathode catalyst ink using 20% Pt on
carbon XC-72R (Fuelcell store), Nafion D2020, and a mixture of IPA
and DI water as the solvent. The I/C ratio of the anode catalyst ink
was 0.85, and the loading of the coated anode catalyst layer was 0.1
mg/cm2. Catalyst-coated decals (anode and cathode) were transferred
to a Nafion-XL (Ion Power) membrane via hot pressing at 135 °C to
prepare each MEA.

2.3.2. Cell Assembly. MEAs with an active area of 4 cm2 were
assembled with the anode and cathode GDLs (anode/cathode
AvCarb GDS3250 and MB30, respectively; GDS3250:PTFE-treated
carbon fiber paper coated with a microporous layer, thickness = 225
μm; MB30:PTFE-treated carbon fiber paper coated with a micro-
porous layer, thickness = 205 μm) in Baltic fuel-cell hardware with
straight parallel flow fields on both anode and cathode side. The cell
hardware was installed on a fuel-cell test stand (Evaluator C50-LT,
HORIBA FuelCon) and was compressed to 150 kPa.

2.3.3. AST of the MEA and Electrochemical Measurements.
Before electrochemical tests, the assembled MEAs were broken in by
a voltage cycling protocol between OCV, 0.6 V, and 0.3 V in the H2/
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air (anode/cathode) environment at 80 °C and 100% relative
humidity (RH) for 2 h, the flow rates were 0.4 normal liter per minute
(NLPM) H2 (anode) and 1.5 NLPM air (cathode), respectively.
ASTs were performed using a Gamry Instruments reference 3000
potentiostat and the polarization curves were performed using a load-
bank of the HORIBA FuelCon fuel cell test stand with a maximum
current load of 100 A. The ASTs were performed using a triangular-
wave potential scanning between 1 and 1.5 V with 1 s ramp duration
(i.e., 0.5 V s−1 scan rate) at 80 °C and 100% RH and a constant flow
rate of 0.5 NLPM H2 (anode) and 1.0 NLPM air (cathode). ASTs
were tested up to 500 cycles. Electrochemical characterization was
done at the beginning of life (BOL, 0 cycles of AST), 250 cycles of
AST, and 500 cycles of AST. CV measurements were carried out in a
potential window of 0.075 and 0.9 V with a scan rate of 50 mV s−1 in
H2/N2 environment (anode/cathode) with a flow rate of 0.2/0.8
NLPM, respectively. LSV measurements were carried out between
0.05 and 0.5 V with a scan rate of 1 mV s−1. Polarization curves were
measured in H2/air (anode/cathode) environment at 80 °C and
100% RH, starting with current steps stepping from high to low
current densities. During the polarization curve measurement,
constant flow rates of 1.3 NLPM H2 and 4 NLPM air were
maintained. EIS was performed between the frequencies of 50,000
and 100 Hz. LSV measurements were performed at 100% RH. EIS
measurements were done during each potential hold to extract the
various resistances of the cell at that specific current density.

3. RESULTS
3.1. Structure and Morphology Analysis of Nb−SnO2-

Coated Pt/C Compounds. We synthesized Nb-doped SnO2
(Nb−SnO2)-coated Pt/C catalyst particles using a solution-
based route to protect the carbon surface from corroding and
to improve the durability of the PEMFCs. Figure 1a presents
XRD patterns of the Nb−SnO2-coated Pt/C samples with
varied Sn/C weight ratios used in the precursors during the
synthesis process. We synthesized four samples with Sn/C
weight ratios ranging from 0.25:1 to 2.0:1. As the Sn/C ratio
increases, the diffraction peaks of SnO2 become more obvious
while the peak intensity of Pt decreases. These changes
indicate that the higher Sn precursor ratio in the precursors
leads to the formation of a thicker Nb−SnO2 protecting layer.
Some minor impurity peaks appeared at ∼31 and ∼33° for the
sample with Sn/C = 0.5:1; however, these peaks could not be
matched with any known phases due to their low intensity.
Figure 1b presents the compositions obtained from ICP
analysis. The composition of a Pt/C reference consisted of 37
wt % Pt. With increasing Sn/C ratio, the concentrations of Sn
and Nb linearly increased, whereas that of Pt decreased. The
concentrations of Sn and Nb increased from 2.1 wt % (Sn) and
0.26 wt % (Nb) for a Sn/C precursor ratio of 0.25:1 to 19 wt
% (Sn) and 0.76 wt % (Nb) for a Sn/C precursor ratio of
2.0:1, whereas that of Pt decreased from 34 wt % to 23 wt %.

TGA was also conducted to confirm the carbon concentration
changes upon changing the Sn/C ratio (Figure S1 in the
Supporting Information). The carbon content decreased with
an increasing Sn/C ratio in the precursors. The carbon content
in the Pt/C reference was 60 wt % and this value further
decreased from 53 wt % for Sn/C = 0.25:1 to 34 wt % for Sn/
C = 2.0:1.
Figure 2 presents SEM images and corresponding EDS

mapping images of Nb−SnO2-coated Pt/C samples prepared

using various Sn/C precursor ratios before MEA fabrication.
No secondary elements other than Nb, Sn, C, and O were
detected in the four samples in the EDS spectrum (Figure S2
in the Supporting Information). For the Sn/C precursor ratio
of 0.25:1, Sn was uniformly distributed within the sample.
However, secondary particles with higher Sn concentrations
started to form when the Sn/C precursor ratio increased.
When the ratio reached 2.0:1, large Sn-concentrated particles

Figure 1. (a) XRD patterns and (b) atomic concentration profiles of Nb−SnO2-coated Pt/C compounds with different Sn/C precursor ratios.

Figure 2. SEM images and Sn-L elemental mappings of Nb−SnO2-
coated Pt/C samples at various Sn/C precursor ratios: (a) 0.25, (b)
0.50, (c) 1.0, and (d) 2.0.
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(>10 μm) appeared in the SEM and EDS mapping images
(Figure 2d). As we expect that such a large secondary Sn-
concentrated particle could not serve as a protecting layer
against carbon corrosion in PEMFCs, we focus on the
structural analysis and electrochemical performance of the
samples with Sn/C ratios of 1.0:1, 0.50:1, and 0.25:1 hereafter.
To better understand and evaluate the distributions of Pt, C,

Sn, and Nb in the Nb−SnO2-coated Pt/C samples, we
performed STEM-EDS elemental mapping analysis, as shown
in Figure 3 (see Figure S3 in Supporting Information for the
EDS spectra for each mapping). As expected, we confirmed
that the Pt nanoparticles were uniformly decorated on the
carbon surface in all three samples. Nb−SnO2 protecting layers
were confirmed to be uniformly distributed throughout the
samples. For the Sn/C precursor ratio of 1.0:1, relatively large
Sn-concentrated (Nb−SnO2) particles were observed in the
STEM-EDS mapping (Figure 3c). The Nb concentration used
in our samples is less than 1 wt % (Figure 1b). Therefore, the
EDS signal for Nb is relatively low, which makes it difficult to
capture a clear EDS mapping of Nb in Figure 3.
3.2. Electrochemical Performance. We evaluated the

ECSA retention of MEA cells containing Nb−SnO2-coated Pt/
C samples with varied Sn/C ratios before and after cycling
(Table 1). Based on the ICP analysis results of the Pt content
in the Nb−SnO2-coated Pt/C samples, we adjusted the wet

film thickness to have similar Pt loading in the electrode
among the samples. We found that the ECSAs per mass of the
Pt catalyst before cycling decrease slightly after the Nb−SnO2
coating but the ECSAs among the three samples with varied
Sn/C ratios were similar, indicating that the Nb−SnO2 coating
layer does not cover the electrochemically active Pt surfaces
substantially. Nb−SnO2 would preferably be grown on the
carbon surface, which exhibits negatively charged surfaces that
attract Sn4+ during the synthesis process. Nevertheless, we
expect that some Pt sites covered by Nb−SnO2 would not act
as catalysts.
AST was performed following the U.S. Department of

Energy standard protocol to accelerate catalyst degradation.27

After 250 and 500 cycles, the ECSA values noticeably
decreased. The sample with a Sn/C precursor ratio of 0.25:1
showed a significant ECSA decrease from an initial 37 m2/mgPt
to 19 and 10 m2/mgPt after 250 and 500 cycles, respectively.
The ECSA retention after 500 cycles was only 27%. In
contrast, the samples with higher Sn/C precursor ratios
exhibited enhanced ECSA retention of >44% after 500 cycles.
A slightly higher ECSA retention of 47.4% was achieved in the
sample with a Sn/C precursor ratio of 0.50:1. In contrast, the
commercial Pt/C catalyst exhibits ∼35% of ECSA retention
after 500 cycles.

Figure 3. STEM-HAADF images and corresponding elemental mappings of C, Pt, Sn, and Nb at various Sn/C precursor ratios: (a) 0.25, (b) 0.50,
and (c) 1.0.

Table 1. ECSA Retention across Various Cycling Stages in AST Using MEA

Sn/C ratio in
precursors

Pt loading
(mg/cm2)

ECSA before cycling
(m2/mgPt)

ECSA after 250 cycles
(m2/mgPt)

ECSA after 500 cycles
(m2/mgPt)

ECSA retention after 500
cycles (%)

0.0 (Pt/C only) 0.20 46 22 16 34.7
0.25 0.21 37 19 10 27.0
0.5 0.25 38 32 18 47.4
1.0 0.24 38 30 17 44.7
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The fuel-cell performance and durability of catalyst-coated
membranes prepared using different Sn/C ratios of catalyst
materials were evaluated by examining polarization curves at
BOL and 250 and 500 cycles of AST, as shown in Figure 4. At
BOL, Sn/C = 0.25 and Sn/C = 0.5 showed similarly good
polarization curve performance and initial high frequency
resistance (HFR). However, the initial performance of Sn/C =
1.0 was worse than that for the lower Sn/C ratios and Pt/C
catalyst reference. Nonetheless, because this difference is not
substantial, we speculate that there are no significant electrical
conductivity changes in the MEA as a function of the Sn/C
ratios. Upon carbon-corrosion AST cycling at 1.0−1.5 V for
250 cycles, none of the samples exhibited significant
performance degradation. For the lower Sn/C ratio, even
some performance improvements were observed, mostly in the

transport region. This result was attributed to the improved O2
transport due to pore opening in the cathode electrode
resulting from carbon corrosion.28 After 500 cycles, upon
further carbon corrosion, the polarization curve performance of
the samples with the higher Sn/C ratios of 0.5 and 1.0
degraded more compared with the limited total performance
degradation of the sample with the Sn/C ratio of 0.25 and even
compared with Pt/C catalyst reference. A similar trend of HFR
increase was also observed for the cell assembly for higher Sn/
C ratios. For Sn/C = 1.0, the HFR increased from
approximately 0.06 to 0.08 Ω cm2, whereas the HFR largely
remained the same (in the range from approximately 0.06 to
0.065 Ω cm2) for the lower Sn/C ratio samples. The trend of
polarization curve performance loss is opposite to that of the
ECSA results (in Table 1), where better ECSA retention was

Figure 4. Voltage vs current density curves for (a) Pt/C catalyst and Nb−SnO2 coated Pt/C catalysts with different Sn/C ratios of (b) 0.25, (c)
0.50, and (d) 1.0, illustrating the electrochemical performance variation with the Sn content in the precursor.

Figure 5. SEM images showing cross-sectional views of membranes: (a−c) at BOL and (d−f) after 500 cycles. Cathodes with a lower Sn/C ratio
exhibited more significant shrinkage of the thickness postcycling.
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observed for the higher Sn/C ratio samples. To elucidate this
performance discrepancy, a systematic post-mortem analysis
was performed, as discussed in the following section.
3.3. Morphological Changes of Nb−SnO2-Coated Pt/

C Electrodes after PEMFC Tests. In our electrochemical
testing, we found that the higher concentration of the Nb−
SnO2 coating layer resulted in improved retention of ECSA but
faster performance degradation such as accelerated polarization
and resistance increases after 500 cycles, which is indeed
contradictory. In general, the decrease of ECSA after AST
cycling indicates carbon corrosion and agglomeration of Pt
catalysts, leading to an increase in polarization and
resistance.7,29 To better understand these inverse consequen-
ces (improved ECSA retention but increased polarization) by
Nb−SnO2 coating, we examined the morphological changes of
the Nb−SnO2-coated Pt/C electrodes after the stability test.
SEM analysis of the Nb−SnO2-coated Pt/C electrodes was
conducted before the MEA test and after 500 cycles. Figure
5a−c displays the cross-sectioned SEM images of the Nb−
SnO2-coated Pt/C electrodes at varied precursor ratios of Sn/
C. The thickness of the Nb−SnO2-coated Pt/C electrode was
∼10 μm. Figure 5d−f presents cross-sectioned SEM images of
the Nb−SnO2-coated Pt/C electrodes after 500 cycles. The
thickness of the electrode decreased significantly, by
approximately 50%, at the low Sn/C precursor ratio (Sn/C
= 0.25). In contrast, the electrodes with higher Sn/C precursor
ratios showed improved retention of the electrode thickness
after 500 cycles. For example, the electrode with a Sn/C
precursor ratio of 1.0 maintained ∼80% of the electrode
thickness after 500 cycles, which might indicate that a thicker
Nb−SnO2 coating layer is more effective in providing
protection from carbon corrosion. Nevertheless, we still cannot
explain why a thicker coating layer of Nb−SnO2 accelerates the
performance degradation and increased polarization and
resistance after 500 cycles.

Figure 6a,b presents SEM and EDS mapping results of cross-
sectioned MEA cells before the stability test and after 500
cycles. The Nb−SnO2-coated Pt/C electrodes are positioned
on the lefthand side of the images. Before the stability test, Pt
and Sn were, in general, uniformly distributed in the electrodes
regardless of the Sn/C precursor ratios, whereas some Sn-rich
agglomerates were found in the high Sn/C precursor ratio
samples. Interestingly, more and larger Sn-rich agglomerates
were formed after 500 cycles when the Sn/C precursor ratios
increased (Figure 6b). Given the lower electronic conductivity
of Nb−SnO2 than carbon,19 the agglomerated Nb−SnO2
particles may block the electron pathways. We suspect that
these agglomerated Nb−SnO2 particles increase the tortuosity
of the electron pathways and significantly increase the cell
polarization.

4. DISCUSSION
Although Nb−SnO2 coating layers improved ECSA retention,
indicating that they can stabilize the electrode structure in
principle, the formation of agglomerates after cycling suggests
that further research is needed to optimize the coating
uniformity and investigate the long-term stability of Nb−
SnO2 under PEMFC conditions. When the coating layer does
not perfectly cover the carbon surfaces and has a nonuniform
distribution on the carbon surfaces, the unprotected carbon
surface degrades rapidly, creating agglomeration of coating
materials. Therefore, the development of a uniform coating
layer on the carbon surfaces is important to avoid any
degradation of uncovered carbon surfaces. It is also possible
that, due to the hydrophilic nature of SnO2, the catalyst layer
with agglomerated Nb−SnO2 particles became more hydro-
philic, and it would lead the water retention at local areas
where Nb−SnO2 agglomerates are. This behavior likely
increases mass transport resistances at high current densities.
Moreover, recent studies have shown that even materials
previously assumed to be stable, such as TiO2, can experience

Figure 6. SEM-EDS elemental mappings of cross sections of various MEA cells: (a) at BOL and (b) after 500 cycles.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.4c02232
Energy Fuels 2024, 38, 14655−14662

14660

https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02232?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02232?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02232?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02232?fig=fig6&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c02232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


degradation in PEMFC environments,30 emphasizing the
importance of thorough stability investigations for novel
coating materials like Nb−SnO2.

5. CONCLUSIONS
In this study, we applied a protective layer coating of Nb-
doped SnO2 (Nb−SnO2) nanoparticles on Pt/C catalysts at
varied concentrations, spanning from 0.25:1 to 2.0:1 (Sn/C in
a precursor ratio). When a higher concentration of Sn
precursors was used, relatively large Nb−SnO2 agglomerates
formed and a heterogeneous distribution of Nb−SnO2
nanoparticles was confirmed. Interestingly, contradictory
behaviors of the Nb−SnO2 coated Pt/C materials synthesized
at different Sn/C ratios were observed. A higher Sn/C ratio
sample exhibited improved ECSA retention after 500 cycles of
AST but more significant polarization and resistance increase
in the polarization curves after 500 cycles. Our post-mortem
analysis demonstrated that Nb−SnO2 particles became
agglomerated when a higher Sn/C ratio sample was used in
MEA testing although the shrinkage of the thickness of the
Nb−SnO2-coated Pt/C electrode was smaller than for a
sample with a lower Sn/C ratio. We expect that the Nb−SnO2
agglomerates form once the protective layer is broken down or
the unprotected carbon surface is corroded, and the Nb−SnO2
agglomerates increase the tortuosity of the electron pathways
and significantly increase the cell polarization.
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