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Abstract  Platinum-loaded carbon is commonly 
used in polymer electrolyte fuel cells (PEFCs); how-
ever, it is known to corrode or degrade under high 
potentials, which results in poor cell performance. 
Niobium-doped tin oxide (Nb-SnO2; NTO) nano-
particles are alternative materials to carbon because 
of their high durability and good cell performance as 
catalyst support in fuel cells. Here, we introduce the 
preparation of NTO nanoparticles with high specific 
surface area by spray flames. The particle character-
istics and PEFC performances of the nanoparticles 

were evaluated. Spray combustion with a two-fluid 
nozzle was used where the raw material species 
were rapidly gasified to form fine nanoparticles. The 
spray flame synthesis was operated at a combustion 
enthalpy density of 4.87 kJ/ggas. This enabled homo-
geneous nanoparticle formation and suppressed par-
ticle growth under a minimal condition. The flame-
made NTO nanoparticles showed a primary particle 
size and specific surface area of ~ 8.77 nm and 87.04 
m2/g, respectively. Rietveld analysis revealed a 
detailed crystal structure of the NTO nanoparticles. 
In addition, Pt was loaded on the NTO nanoparticles 
and the cell performance of the resulting material was 
assessed using a membrane electrode assembly. The 
results of this study can be used to improve the fea-
tures of flame-made NTO nanoparticles in order to 
suit the needs of a fuel cell application.
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Introduction

Polymer electrolyte fuel cells (PEFCs) convert 
directly the chemical energy from hydrogen fuel into 
electrical energy, resulting in a high-power generation 
efficiency [1–5]. In the research and development of 
a next-generation power generation system with low 
environmental impact, rapid progress has been aimed 
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at the installation of PEFCs in ordinary automobiles. 
However, to achieve wider applications in heavy-duty 
vehicles that require long-distance driving, it is vital 
to improve the durability of an electrode catalyst [6]. 
An approach to improve the durability of electrode 
catalysts is to develop metal-oxide catalyst support 
materials [7].

Carbon black (CB) with high specific surface area 
and high conductivity has been used as a carrier for 
conventional PEFCs. However, CB is easily degraded 
by corrosion under high temperatures, high potentials, 
and acidic conditions. Metal oxides (e.g., Nb-doped 
SnO2 (NTO) nanoparticles) that exhibit excellent sta-
bility under such conditions have attracted attention 
as catalyst support materials [8–10]. NTO nanopar-
ticles loaded with platinum have been reported to 
provide good durability against voltage cycling using 
high potentials [11, 12].

Among the methods proposed for the synthesis of 
NTO nanoparticles as catalyst supports for PEFCs, 
the flame method has received attention since it can 
provide particles with a structure that is required in 
high-performance catalyst supports [13–15]. In this 
combustion synthesis method in the gas phase, the 
raw material is rapidly gasified by combustion. The 
nanoparticles are then obtained by rapid cooling in the 
gas phase [16]. Pure oxygen is often used as the oxi-
dant; thus, the flame temperature could be ≥ 2000 °C, 
which causes the fusion between primary particles 
and the formation of nanoparticle aggregates with a 
network structure [17–19]. The resulting aggregates 
improve gas diffusion, electronic conductivity of a 
support, and surface area in catalyst layers when the 
catalyst particles are incorporated into a fuel cell [10, 
13, 14, 20–22]. To introduce the excellent features of 
flame-made NTOs for practical use, the preparation 
of NTO nanoparticles with high specific surface area 
in sufficiently large quantities is critical.

We have recently synthesized Pt-NTO nanoparti-
cles by spray flame synthesis with the aid of a two-
fluid nozzle [15]. Compared to previously reported 
droplet generation processes such as ultrasonic atomi-
zation [23–25] and electrostatic atomization [26, 27], 
the two-fluid nozzle atomizes the raw material solu-
tion at a higher throughput [28–31]. It has been dem-
onstrated in practical trials as a nanoparticle produc-
tion method. Meanwhile, in the formation of ceramic 
oxide particles by spray flame synthesis, homogene-
ous nanoparticles were obtained at high combustion 

enthalpy densities when the solvent boiling point 
(Tbp) was smaller than the melting point of a metal 
precursor (Tmp) [32]. A direct relationship between 
combustion enthalpy density and particle size was 
observed. In this study, NTO nanoparticles with 
a high specific surface area were prepared by spray 
flame synthesis using the two-fluid nozzle under min-
imum combustion enthalpy density to obtain homo-
geneous nanoparticles. The particle characteristics of 
the prepared material were also investigated in detail.

Experimental

Preparation of catalyst

NTO nanoparticles were synthesized by the flame 
spray pyrolysis method. C16H30O4Sn (92.5–100% 
purity) and Nb(OC2H5)5 (99.95% purity) were 
obtained from Sigma-Aldrich Co. (state, USA). 
They were dissolved in xylene (≥ 98.5% purity) from 
Sigma-Aldrich Co. to prepare the precursor solution. 
The total concentration of Sn and Nb was 0.1 mol/L 
(Nb was 4 atom%). The solution was transported by a 
syringe pump to a two-fluid nozzle model AM6 from 
ATOMAX Co. (Shizuoka, Japan) at a flow rate of 
3 mL/min and sprayed with oxygen (1.5 L/min). The 
atomized solution was ignited by a methane (CH4)/
air premixed flame (CH4 and air at 1.2 and 10 L/min, 
respectively) to form a spray flame. The produced 
particles were collected using a polytetrafluoroethyl-
ene (PTFE) membrane filter from HORKOS Corp. 
(Hiroshima, Japan). Details of the apparatus are 
shown in a previous report [15]. Ten weight percent 
or 20 wt% of Pt nanoparticles was loaded on the NTO 
by the liquid-phase reduction method. Functionaliza-
tion of the NTO nanoparticles was conducted by Pt 
deposition on the NTO surfaces through a liquid-
phase reduction method. First, 2.0 g of NTO nanopar-
ticles was suspended in 50  g of ultrapure water and 
stirred at 250  rpm for 30  min. Next, an appropriate 
amount of hexahydroxoplatinum amine solution was 
slowly added dropwise to the NTO suspension, and 
the mixture was stirred for 30 min. This solution was 
heated with continued stirring to stabilize the temper-
ature at 95 °C. Then, the reducing agent was slowly 
added drop by drop to the NTO suspension. After-
ward, the solution was washed with ultrapure water 
and filtered through a membrane filter, which was 
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then dried in an oven at 80 °C for 12 h to obtain Pt-
loaded NTO (Pt/NTO) catalyst powder. The obtained 
10 wt% or 20 wt% Pt-loaded NTO particles is denoted 
10 or 20 NTO.

Characterization

The morphologies of the prepared particles were 
examined using field-emission scanning electron 
microscopy (FE-SEM) using a S-5200 model instru-
ment from Hitachi High-Tech. Corp. (Tokyo, Japan) 
and transmission electron microscopy (TEM) using 
a 297-kV JEM-3000F model instrument from JEOL 
Ltd. (Tokyo, Japan). The crystal structures of the par-
ticles were investigated by x-ray powder diffraction 
(XRD) using a D2 PHASER model instrument from 
Bruker Corp. (Billerica, MA, USA) which was oper-
ated at 40 kV and 30 mA. Structure refinements were 
performed using the Rietveld method by the computer 
program RIETAN-FP [33]. Crystallite size was deter-
mined by the Halder-Wagner method [34, 35]. X-ray 
photoelectron spectroscopy (XPS) analysis was per-
formed using an ESCA-3400 instrument model from 
Shimadzu Corp. (Kyoto, Japan), which was operated 
at 10  kV and 20  mA. The energy dependence was 
calibrated using the C 1 s spectrum. Background sub-
traction was done using the Shirley method. The spe-
cific surface areas were determined from the nitrogen 
adsorption–desorption isotherms obtained at 77  K 
using a BELSORP-max instrument model from BEL 
Japan (Osaka, Japan). The Nb K-edge X-ray absorp-
tion near-edge structures (XANES) were obtained 
at the BL11S2 beamline at Aichi SR. A sample and 
boron nitride were mixed in a mortar for 30  min 
before being pressed into a thin disk with a diameter 
of 10 mm. A disk was set in a holder. The measure-
ments were performed in transmission mode in air.

Electrochemical measurements

The catalyst inks for the cathodes were made by mix-
ing the Pt/NTO catalyst, Nafion ionomer from Wako 
Pure Chemical Industries Ltd. (Osaka, Japan), etha-
nol, and purified water using a homogenizer with an 
ionomer/support (I/S) volume ratio of 0.175. The 
Pt loading amount of the cathodes was 0.1 mg/cm2. 
Pt/C (Pt loading 20 wt%; Ketjen black ECP; Lion 
Specialty Chemicals Co., Ltd., Tokyo, Japan) was 
used for all anodes in the test cells. A commercial 

carbon-supported (XC-72R, Cabot Corporation, 
Waltham, MA, USA) Pt catalyst was used for refer-
ence for the cathode measurements. The catalyst inks 
for the anodes were prepared similarly. For the anode 
electrode, the Pt loading and I/S were around 0.1 mg/
cm2 and 1.0, respectively. The membrane electrode 
assembly (MEA) was prepared using a decal trans-
fer technique, which involved hot-pressing the anode 
and cathode catalyst layers that were coated on PTFE 
sheets onto a Nafion membrane at a temperature and 
pressure of 126  °C and 10  MPa, respectively. The 
geometric area of the electrodes was 1.0 cm2. The 
MEA was placed in a home-made single cell holder 
with straight-line gas flow channels. The cell poten-
tial as a function of current density was measured 
at a cell temperature and relative humidity of 60 °C 
and 100%, respectively. Hydrogen gas and air was 
introduced to the anode and cathode, respectively. 
The back pressures for the cathode and anode were 
108 kPa. The gas flow rates at the cathode and anode 
were 1.0 and 0.5 L/min, respectively. The pre-con-
ditioning process was carried out before main meas-
urements. The pre-conditioning processes were per-
formed at 0.1 V/s between 0 and 1.0 V for 40 cycles. 
The AC-impedance measurements were also carried 
out from 100 kHz to 0.1 Hz with a potential of 0.4 V 
and an amplitude of 0.02 V. Cells and MEAs were the 
same as for the output measurement. Temperature, 
humidity, and back pressure were the same as for the 
output measurement, but measurements were con-
ducted under non-power generation conditions. The 
current–voltage curves were potentionstatically meas-
ured at 0.01 V/s between 0 and 1.0 V. The cyclic vol-
tammetry (CV) with a reversible hydrogen electrode 
as the reference electrode was performed to evaluate 
the electrochemical characteristics. The electrochemi-
cal measurement steps and conditions for CV are 
described elsewhere [15, 36].

Results and discussion

NTO nanoparticles were prepared by flame spray 
pyrolysis. The fine particles formed in the spray flame 
are shown in Fig. 1a. The self-sustaining spray flame 
is formed by atomizing precursor droplets containing 
Nb and Sn raw materials with a two-fluid nozzle. The 
droplets are continuously ignited with a pilot flame. 
The combustion proceeded stably without extinction 
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and a white NTO powder was obtained. The appear-
ance of the SnO2 and NTO powders is shown in 
Fig. 1b. Both powders were white in color. No change 
in powder appearance was observed due to the Nb 
doping. The TEM and SEM images of the synthe-
sized NTO nanoparticles are shown in Fig. 1c and d. 
The aggregation structure of the NTO nanoparticles 
was similar to carbon that is used in fuel cell catalysts 
[37]. When nanoparticles are synthesized by spray 
flames, the rapid heating and cooling processes in the 
high-temperature field of the flame typically produce 
particles with a necking structure with primary parti-
cles that are fused together. The HR-TEM images in 
Fig. 1e  show lattice fringes (spacing = 0.27 nm) that 
originate from the (1 0 1) planes of the rutile struc-
ture SnO2, confirming the high crystallinity of the 
nanoparticles. The atomic diameter of Nb is 0.64 Å, 
which is the same as Sn (0.69  Å); thus, no lattice 

defects or changes in lattice constants were observed. 
The Ferret diameter was approximated from the NTO 
nanoparticle TEM images. The particle size distribu-
tion obtained is shown in Fig. 1f. Particle size meas-
urements were performed on > 500 particles. The 
geometric mean diameter (dp) and geometric standard 
deviation (σg) were 8.77  nm and 1.57, respectively. 
These suggested relatively uniform and fine nano-
particles were obtained. The specific surface area 
from the nitrogen adsorption test was 87.04 m2/g. 
The primary particle size (dBET) calculated using 
the density of SnO2 (6.95 g/cm3) was 9.92 nm. The 
adsorption isotherms and pore size distribution by 
nitrogen adsorption are shown in Fig. S1 of the Sup-
porting Information (SI). The calculated combus-
tion enthalpy density was 4.87 kJ/ggas. According to 
previous studies [32], when spray flame synthesis 
is performed with combustion enthalpy density of 

Fig. 1   (a) Spray flame 
in this study. (b) Appear-
ance of tin oxide (SnO2) 
and niobium-doped SnO2 
(Nb-SnO2). (c) Transmis-
sion electron microscopy 
(TEM), (d) scanning 
electron microscopy (SEM), 
(e) high-resolution-TEM 
(HR-TEM) images, and (f) 
particle size distribution of 
Nb-SnO2

0.27 nm

SnO2

(1 0 1)

SnO2 Nb-SnO2
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4.7 kJ/g at Tbp/Tmp < 1.05, sufficient heat is provided 
to the precursor to form homogeneous nanoparticles. 
Under the combustion enthalpy density in this study, 
the minimum condition for homogeneous nanopar-
ticle formation was achieved and no extra heat was 
provided, resulting in the smaller nanoparticles for-
mation. Compared to NTO nanoparticles synthesized 
by the liquid phase method (~ 30 m2/g) [8] and the 
flame oxide-synthesis method (31 m2/g) [10], our 
nanoparticles showed a much larger specific surface 
area of 604.92 m2/cm3

SnO2 (by volume). This value is 
also 2 × larger than the conventional graphitized CB 
(~ 300 m2/cm3

Carbon) [38, 39].
X-ray absorption spectroscopy was conducted to 

identify the state of Nb species. The XANES results 
of the synthesized NTO nanoparticles near the Nb 
K-edge are shown in Fig. S2 of the SI. The XANES 
spectrum showed a white line at around 19,020  eV, 
which is similar to the reference Nb2O5. This sug-
gested that the present Nb species in the synthesized 
material were Nb5+. The electrical conductivity of 
SnO2 is significantly increased by doping with hyper-
valent cations like Nb5+ or Sb5+ [40, 41]. The Nb5+ 
doping into SnO2 introduces more electrons in the 
conduction band. The Nb5+ cation acts as an n-type 
dopant of SnO2 and might enhance the electrocata-
lytic activity related to charge transfer processes.

The Rietveld analysis of the prepared NTO nano-
particles is shown in Fig.  2. The crystallographic 
parameters of NTO obtained by XRD refinement are 
summarized in Table  S1 of the SI. The refinement 

was performed using the crystal structure model 
P42/mnm with reference to a previous study [42]. The 
final R factors represent the confidence level of the 
analysis. The values were Rwp = 4.05% (S = 1.4368), 
RB = 0.563%, and RF = 0.252%, which were suffi-
ciently low to support the structure model. Although 
the added Nb5+ occupied some of the Sn4+ posi-
tions, no significant change in the lattice constant was 
observed. This was because the atomic radii of these 
ions are similar. To maintain charge neutrality dur-
ing the addition of Nb5+, free electrons are generated. 
These electrons contribute to the improved electronic 
conductivity of the NTO support. The crystallite size 
by the Halder-Wagner method was 8.70  nm, which 
is sufficiently close to the primary particle size, indi-
cating that the synthesized nanoparticles are highly 
crystalline.

To use the prepared NTO nanoparticles as cata-
lysts in PEFCs, Pt was loaded on the nanoparticles 
by a liquid phase method. The XRD patterns of the 
prepared Pt-loaded NTO nanoparticles are shown in 
Fig.  3. The Pt-loaded NTO (10 Pt/NTO and 20 Pt/
NTO) showed broad peaks of Pt in a cubic struc-
ture. Diffraction peaks attributed to SnO2 were also 
observed.

TEM was used to confirm the particle morphology 
of the Pt catalyst on the NTO support. The Pt nano-
particles (10 and 20 Pt/NTO) with size of ~ 3 nm were 
uniformly dispersed on the NTOs (Fig. 4a and c). The 
HR-TEM images of the 10 and 20 Pt/NTO samples are 
shown in Fig. 4b and d. The Pt nanoparticles on the 

Fig. 2   Rietveld refine-
ment result of the prepared 
niobium-doped tin oxide 
(NTO) nanoparticles
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NTO surface in both samples showed a lattice spacing 
of 0.23 nm due to the Pt (1 1 1) plane. This indicated 
that both samples have uniform and high crystallinity. 
The TEM-EDS mapping of the samples is shown in 
Fig. S3 of the SI. The results also suggest that the sup-
port particles were uniformly distributed with Nb, Sn, 
and O on the formed NTO. The presence of Pt nano-
particles on the NTO support was confirmed.

The cyclic voltammograms of the 10 and 20 Pt/
NTO samples and commercial Pt/C are shown in 
Fig. 5. The values that were calculated as the current 
divided by Pt mass in the catalyst layer are used on the 
y-axis. The current peaks in all samples, which corre-
spond to the adsorption and desorption of hydrogen on 
Pt, were clearly observed in the potentials more nega-
tive than 0.3 V vs. RHE. The electrochemically active 
surface area (ECSA) values were 50.2 and 46.7 m2/g-Pt 
for the 10 and 20 Pt/NTO samples, respectively. In the 
20 wt% Pt loading, a large amount of Pt was present on 
the NTO support. The Pt nanoparticles were uniformly 
loaded on the nanoparticles without aggregation as 
suggested by the ECSA values and TEM results.

The I-V performance of MEAs, which were 
fabricated with Pt/NTO and commercial Pt/C 
cathode electrocatalysts, was evaluated using a 
single cell. The I-V performance of a single cell 
with a Pt/NTO catalyst layer has been shown to 
be improved when the volume ratio of Nafion® 

Fig. 3   X-ray powder diffraction patterns of the Pt-loaded NTO 
nanoparticles with different Pt contents

Fig. 4   Representative TEM 
and HR-TEM images of (a 
and b) 10 Pt/NTO and (c 
and d) 20 Pt/NTO samples
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ionomer to support (I/S) is < 0.24 [22]. Therefore, 
the I-V characteristics in very humid conditions 
with I/S of 0.175 were determined and the results 
are shown in Fig.  6a. The cell with 20 Pt/NTO 
showed a higher performance than the cell with 
10 Pt/NTO. Representative cross-sectional SEM 

images of the catalyst layers with 10 and 20 Pt/
NTO are shown in Fig. 6b and c. The catalyst layer 
thickness values were 2.5 and 1.6  µm for the 10 
and 20 Pt/NTO samples, respectively. An increase 
in the Pt loading density most likely reduced the 
thickness of the catalyst layer, resulting in reduced 
gas diffusion and electronic resistances and better 
cell performance. Nyquist plots measured in a sin-
gle cell using Pt/NTO at different Pt mass loading 
and commercial Pt/C are shown in Fig. S4 in the 
Supporting Information. The impedances of the 
cells using Pt/NTO are increased compared to the 
commercial Pt/C, but are decreased with increas-
ing Pt loading density, which means decreasing 
proton resistances. The above results indicated 
that the prepared flame-made NTO nanoparticles 
are electrically conductive. The spray flame syn-
thesis was also industrially feasible and produces 
particles with properties that can be precisely 
controlled by adjusting simple parameters (e.g., 
precursor flow rate, dispersed gas flow rate, and 
cooling rate). Therefore, the proposed technology 
shows potential for the high-volume and continu-
ous manufacture of NTO nanoparticles with desir-
able electrical conductivities.

Fig. 5   Cyclic voltammogram of prepared Pt/NTO at different 
Pt mass loading and commercial Pt/C

Catalyst
layer

2.0

Fig. 6   (a) I-V characteristics of membrane electrode assemblies with 10 and 20 Pt/NTO and commercial Pt/C catalyst layers. Repre-
sentative cross-sectional SEM images of (b) 10 and (c) 20 Pt/NTO samples
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Conclusion

We successfully prepared NTO nanoparticles by 
spray flame synthesis with a two-fluid nozzle and 
characterized the properties of the nanoparticles. 
MEAs were fabricated with the NTO nanoparticles 
and their fuel cell performance was evaluated. Nb 
species were found to be present as Nb5+ in the NTO 
nanoparticles. Pt was loaded at 10 and 20 wt% on the 
NTO nanoparticles by a liquid phase method during 
the preparation of fuel cell catalysts. TEM studies 
confirmed that the Pt nanoparticles were uniformly 
dispersed on the NTO nanoparticles. Electrochemi-
cal characterization of the catalysts confirmed that 
the Pt nanoparticles maintained high ECSA values in 
the absence of particle aggregation even at high load-
ing amounts. I-V measurements of MEAs fabricated 
with the flame-made Pt/NTO indicated an improved 
cell performance, which was caused by the high Pt 
loading amount to 20 wt%. This study improved our 
understanding of the characteristics of spray flame-
made NTO nanoparticles for application in fuel cells.
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