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ABSTRACT
In this study, niobium oxynitride nanoparticles were examined to determine the 
effect of particle size on oxygen reduction reaction (ORR) activity. To this end, 
catalyst precursors with niobium oxides dispersed on carbon supports were pre-
pared using the irradiation or impregnation method. Polyacrylonitrile was added 
to each precursor, followed by heat treatment under an ammonia‐containing 
atmosphere to synthesize niobium oxynitride nanoparticles. The structures of the 
prepared catalysts were analyzed using transmission electron microscopy, X-ray 
diffraction, and X-ray absorption spectroscopy. The results indicated that two 
catalysts with the same crystal phase but different particle sizes were obtained. 
Comparing their ORR activities revealed that the effect of particle size on ORR 
activity was limited. Thus, it was inferred that controlling the microelectron con-
duction paths can help maximize the benefits of particle size reduction. In addi-
tion, niobium oxynitride nanoparticles with different structures were obtained by 
varying the heat-treatment temperatures, and the ORR activity of each prepared 
catalyst was evaluated. These findings suggest that forming graphitized carbon 
residues with high electrical conductivity and controlling nitrogen-doping in the 
oxide nanoparticles are crucial steps for enhancing the ORR activity of oxide-
based catalysts. These findings offer valuable insights for developing material 
design strategies to improve oxide-based catalyst performance.
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The macroelectron conduction paths depend on 
the conductive support that carries the oxide parti-
cles, while the microelectron conduction paths are 
determined by carbon residues formed at the inter-
face between the oxide particles and support (Fig. 1). 
Oxide-based catalysts are synthesized by preparing 
suitable catalyst precursors followed by heat treat-
ment under specific conditions. In our previous study, 
polyacrylonitrile (PAN) was heat-treated together 
with the catalyst precursor, which led to the forma-
tion of carbon residues that served as microelectron 
conduction paths, thereby increasing the current den-
sity [11]. Other structural factors such as the crystal 
phase and particle size of the oxides can also affect 
the ORR activity. However, the independent control of 
these factors remains challenging, and their respective 
contributions to the ORR activity are yet to be fully 

Introduction

Polymer electrolyte fuel cells (PEFCs) are consid-
ered promising energy-conversion devices because 
of their high energy efficiency and low environmen-
tal impact; however, the widespread adoption of 
PEFCs is limited by the high cost of platinum cata-
lysts used for the oxygen reduction reaction (ORR) at 
the cathode [1, 2]. Platinum-free catalysts have been 
extensively researched to overcome this limitation 
[3–5]. To this end, metal oxide catalysts based on 
group IV and group V elements have been widely 
explored [6–8] because they offer advantages such 
as high chemical stability under acidic conditions, 
cost-effectiveness, and abundant availability. The 
ORR activity of these catalysts is lower than that of 
platinum-based catalysts, and therefore, identifying 
structural factors contributing to their high activ-
ity and establishing optimal design guidelines is 
necessary.

One of the key limitations of oxide-based catalysts 
is their low electrical conductivity, which hinders 
electron transfer during electrode reactions, reducing 
current density [7, 9]. Effectively forming electron con-
duction paths within the catalyst to facilitate efficient 
electron transfer from the electrode to the active sites 
on the oxide surface is necessary to mitigate this issue. 
M Macroelectron conduction paths, defined as those 
between the electrode and oxide particles, and micro-
electron conduction paths, defined as those between 
the support and active sites, need to be optimized [10].

GRAPHICAL ABSTRACT 

Figure  1  Schematic of the catalyst structure and electron con-
duction paths.
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understood. Therefore, the clarification of these factors 
is crucial to create design guidelines for oxide-based 
catalysts with high ORR activity, ultimately improving 
the performance of platinum-free catalysts.

Reducing the particle size of oxides increases the 
specific surface area, which can potentially enhance 
the number of active sites and improve catalytic per-
formance. However, conventional synthetic methods 
for oxide-based catalysts are difficult to control par-
ticle size, due to the heat-treatment process, during 
which particle growth is observed. Further, the ORR 
activity is affected not only by the specific surface area 
but also by factors such as electron conduction paths 
and the crystal phase of oxide particles, which makes 
it difficult to definitively assess the effect of particle 
size on the ORR activity. To address this issue, an irra-
diation method was proposed by our research group. 
The irradiation method is a nanoparticle synthesis 
technique that utilizes chemical reactions induced 
by radiation to control particle size. This method can 
ensure the uniform dispersion of ~ 3 nm niobium 
oxide particles on carbon supports [11]. Furthermore, 
catalysts obtained by heat-treating this sample as a 
precursor exhibit high dispersion, which suppresses 
particle growth during heat treatment. Therefore, nio-
bium oxides with different particle sizes can be depos-
ited on the carbon surface by selectively using either 
the conventional or irradiation method to prepare the 
catalyst precursors.

In this study, we focused on niobium oxynitride 
nanoparticles and investigated the effect of particle 
size on the ORR activity. Catalyst precursors with 
niobium oxide nanoparticles dispersed on carbon 
supports were prepared using the irradiation or 
impregnation method. The catalyst precursors were 
then heat-treated to synthesize niobium oxynitride 
nanoparticles with different particle sizes. Previous 
studies reported that heat treatment under an ammo-
nia atmosphere can lead to slight nitrogen-doping of 
niobium oxides on carbon, improving the ORR activ-
ity [12]. Therefore, this study aimed to enhance the 
catalytic activity by introducing nitrogen-doping into 
niobium oxides through heat treatment in an ammo-
nia-containing atmosphere [12–14]. In addition, rela-
tionships between the degree of nitrogen-doping, the 
state of the microelectron conduction paths, and their 
effect on the ORR activity were evaluated. This study 
enhances the understanding of the factors influenc-
ing ORR activity in oxide-based catalysts and provides 
design guidelines for improving their performance.

Experimental

Catalyst synthesis

Ultrapure water (≥ 18 MΩ cm, Millipore Direct‐Q UV) 
was used as the solvent, and 2‐propanol (≥ 99.5%, 
FUJIFILM Wako Pure Chemical Corp., Japan) was 
used as a scavenger for hydroxyl radicals. An aque-
ous solution of niobium(V) oxalate (100%, H. C. Starck 
GmbH) was used as the metal oxide precursor. Carbon 
black powder (Nippon Ketjen Co., Ltd., BET surface 
area: 800  m2  g−1) was used as the support.

The catalyst precursors were prepared using the 
irradiation or impregnation method. The catalyst 
precursors were prepared via the irradiation method 
as follows: Aqueous solutions of niobium ions were 
prepared at a concentration of 2 mmol  dm−3 and then 
mixed with 2‐propanol (1 vol.%) and carbon support. 
The loading amount of niobium was controlled to two-
thirds of the weight of the carbon support, calculated 
as the metallic niobium equivalent, by adjusting the 
amount of carbon support. The precursor solution (200 
 cm3 per sample) was transferred to a glass vial (No. 10, 
Maruemu Corp.), mixed thoroughly, and sonicated for 
30 min. Argon gas was bubbled through the mixture to 
remove the dissolved oxygen from the solution. Each 
vial containing the mixture was irradiated with 60Co 
gamma radiation at a total absorbed dose of ~ 100 kGy 
at a commercial facility (Koga Isotope, Ltd.). Subse-
quently, the irradiated samples were suction-filtered, 
washed with ultrapure water, and dried in air at 60 °C 
overnight to obtain the catalyst precursors (“as irradi-
ated”) in powder form (ca. 18 wt.% calculated as the 
metallic niobium equivalent). This value is expected 
to remain largely unchanged even after heat treat-
ment. These catalyst precursors were mixed with PAN 
(M.W. = 150,000, Sigma‐Aldrich Japan Co. LLC) in 
N,N‐dimethylformamide (70  cm3, DMF; ≥ 99.5%, FUJI-
FILM Wako Pure Chemical Corp., Japan) at a mass 
ratio of 1:1 and sonicated for 45 min. The mixtures 
were then dried under vacuum at 60 °C to obtain the 
powder samples. These samples were subsequently 
heat-treated to 800, 900, and 1000 °C (at a set heating 
rate of 800–1000 °C  min−1) for 3 h in an atmosphere 
containing 50%  NH3 and 0.3%  O2 with  N2 as the bal-
ance gas at the flow rate of 350  cm3  min−1, for 3 h.

Another catalyst precursor was prepared using the 
impregnation method, followed by oxidation, and 
then the catalyst was synthesized from the precursor 
using the same procedure as that for the irradiation 
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method. Niobium(V) oxalate and carbon black powder 
were mixed thoroughly in ethanol (50  cm3, ≥ 99.5%, 
FUJIFILM Wako Pure Chemical Corp., Japan) in a 
glass vial (No. 8, AS ONE Corp.), and sonicated for 
30 min. The loading amount of niobium was controlled 
in a manner similar to that for the irradiated samples. 
The impregnated sample was dried under vacuum at 
60 °C to obtain a powder sample. As pretreatment, the 
powder sample was oxidized at 700 °C (heating rate of 
700 °C  min−1) for 1 h in an atmosphere containing 0.1% 
 O2 with  N2 as the balance gas. The oxidized powder 
served as the catalyst precursor (“impregnated”, ca. 
23 wt.% calculated as the metallic niobium equivalent). 
This catalyst precursor was mixed with PAN in DMF 
(70  cm3) at a mass ratio of 1:1, sonicated, and dried 
under vacuum at 60 °C to obtain a powder sample. 
This sample was then heat-treated at 800 °C (heating 
rate of 800  min−1) for 3 h in an atmosphere containing 
50%  NH3 and 0.3%  O2 with  N2 as the balance gas.

Characterization

The morphologies of the catalysts were examined 
using transmission electron microscopy (TEM; JEM-
2100, JEOL Ltd., 200 kV). For the TEM measurements, 
the samples were suspended in ultrapure water by 
ultrasonication for 1 min, and a few drops of the sus-
pension were cast onto carbon-coated copper grids 
(Cat. 653, Nisshin-EM Corp.), followed by overnight 
drying in air at 60 °C. The crystalline structure was 
analyzed using X‐ray diffraction (XRD; MiniFlex 600, 
Rigaku Corp., 40 kV, 15 mA) with Cu-Kα radiation 
in the continuous scan mode. The XRD patterns were 
compared with the JCPDS databases (File no. 30-873, 
42-1125, 38-1155, and 38-1364) to identify the phases 
in the samples. Nb K-edge X-ray absorption spectros-
copy (XAS) measurements were taken at the NW-10A 
beamline of KEK using the transmission method. The 
chemical composition ratios were estimated via the 
linear combination fitting analysis of the XAS spectra, 
using Nb foil, NbO,  Nb2O3,  NbO2,  Nb2O5, NbN, and 
NbC as references. The weight of Nb in the catalysts 
was determined by X-ray fluorescence (XRF; Shi-
madzu Corp., Rayny EDX-720) analysis. The samples 
for the measurements were prepared by mixing the 
catalyst with ZnO (Adachi New Industrial Co.) as an 
internal standard at a mass ratio of 1:1.

Electrochemical measurement

Electrochemical measurements were taken as dis-
cussed in another paper [10]. The measurements were 
taken using a stationary electrode system instead of a 
rotating electrode system [11, 15, 16]. Catalyst pow-
der (2.0 mg) was mixed with 1-hexanol (200  mm3) 
and  Nafion® solution (1.0 wt.%, 10  mm3) to prepare 
catalyst ink. The  Nafion® solution was prepared by 
diluting a Nafion™ dispersion solution (5.0–5.4 wt. %, 
DE520 CS type, FUJIFILM Wako Pure Chemical Corp., 
Japan) with ultrapure water and 1‐propanol at a 1:1 
mass ratio. The catalyst ink was dropped on a polished 
glassy carbon rod (GC; φ = 5.2 mm, Tokai Carbon Co., 
Ltd.) and dried at 60 °C for 30 min. The catalyst load-
ing was set as ~ 0.5  mgcatalyst  cm−2 on top of the GC.

A static three‐electrode cell in 0.5 mol  dm−3  H2SO4 
(for volumetric analysis, factor = 1000, FUJIFILM 
Wako Pure Chemical Corp., Japan), and a poten-
tiostat was used for the measurements. A reversible 
hydrogen electrode (RHE) and GC plate were used 
as the reference and counter electrodes, respectively. 
The cell temperature was maintained at 30 °C dur-
ing the measurements. Before the measurements, the 
electrode underwent 200 cycles of potential sweeping 
between 0.05 and 1.1 V under an  O2 atmosphere to 
ensure cleanliness. Slow scan voltammetry (SSV) was 
conducted at a scan rate of 5 mV  s−1 between 0.2 and 
1.1 V under both  O2 and  N2 atmospheres. The puri-
ties of the  O2 and  N2 gases were higher than 99.5% 
and 99.99995%, respectively. The ORR current den-
sity (iORR) was calculated by subtracting the current 
density under the  N2 atmosphere from that under the 
 O2 atmosphere. The rest potential (Erest) under the  O2 
atmosphere was determined by holding the electrode 
undisturbed for 1 h. Cyclic voltammetry (CV) was 
performed at a scan rate of 50 mV  s−1 in the range of 
0.05–1.2 V under an  N2 atmosphere. In this study, iORR 
and Erest were used as indicators of ORR activity.

Material characterization

Effect of precursor preparation method 
on catalyst structure

Catalyst precursors prepared using the irradiation 
or impregnation method were heat-treated, and the 
material characteristics of the resulting catalysts 
were compared. In both cases, heat treatment was 
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conducted at 800 °C for 3 h in an ammonia-containing 
gas atmosphere to synthesize the catalysts.

The TEM images of the samples obtained from the 
heat treatment of each precursor are shown in Fig. 2. 
In both samples, niobium-based nanoparticles were 
dispersed on the surface of the carbon supports. The 
average particle size of niobium-based nanoparticles 
was calculated from the observed fields: ~ 7 nm for 
the sample from the “as irradiated” precursor and 
13 nm for that from the “impregnated” precursor, 
indicating a clear difference in particle size. The XRD 
patterns of the heat-treated samples are shown in 
Fig. 3. Both samples exhibited diffraction patterns 
corresponding to those of niobium oxynitride. The 
crystallite size calculated using Scherrer’s equa-
tion for diffraction peaks corresponding to the (111) 
planes of NbO and NbN (ca. 2θ = 36°) was ~ 9 and 
30 nm for the samples from the “as irradiated” and 
“impregnated” precursors, respectively. The discrep-
ancy between the TEM results and crystallite sizes 
obtained from the XRD results can be attributed to 
the presence of coarser particles that were not visible 
within the observed TEM field of view. However, the 
relative particle sizes observed by TEM were consist-
ent with the qualitative trends in XRD, suggesting 

that the results are sufficiently reliable for a quali-
tative discussion. In addition, assuming  NbOxN1-x 
based on Vegard’s law, the calculated x values were 
0.42 and 0.43 for the samples from the “as irradiated” 
and “impregnated” precursors, respectively, indicat-
ing no significant difference in the crystal phase [17]. 
These results demonstrate that two catalysts with 
distinctly different niobium oxynitride particle sizes 
but the same crystal phase can be obtained by selec-
tively using the irradiation or impregnation method 
for precursor preparation. This finding provides the 
basis for comparing the effect of particle size on ORR 
activity.

Effect of heat‑treatment temperature 
on the catalyst structure

The material characteristics of the catalysts synthe-
sized at different heat-treatment temperatures were 
compared. These catalysts were synthesized by heat-
treating the “as irradiated” precursor at 800, 900, 
or 1000 °C for 3 h in an ammonia-containing gas 
atmosphere.

The TEM images of the samples heat-treated 
at different temperatures are presented in Fig. 4. 

Figure 2  TEM images of the samples obtained from heat treat-
ment of the precursors: a “as irradiated” and b “impregnated” 
precursor. Figure  3  XRD patterns of the samples obtained from the heat 

treatment of each precursor.
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Although niobium-based nanoparticles were dis-
persed on the surface of the carbon support in all 
samples, a significant aggregation was observed at 
1000 °C. In addition, the average particle size of nio-
bium-based nanoparticles increased with increasing 
treatment temperature. The XRD patterns of the sam-
ples heat-treated at different temperatures are shown 
in Fig. 5. The diffraction patterns corresponding to 
niobium oxynitride were observed regardless of the 
treatment temperature. In addition, the intensity of 
the niobium oxynitride diffraction peaks increased 
with an increase in the treatment temperature, and 
the peak position shifted to lower angles in the sam-
ple treated at 1000 °C. Assuming  NbOxN1-x based on 
Vegard’s law, the calculated x values were 0.42 and 
0.39 at 800 and 900 °C, respectively, indicating a sim-
ilar level of nitrogen-doping. In contrast, at 1000 °C, 
x decreased to 0.27, suggesting that the nitrogen-
doping of the niobium oxide particles progressed 
further. Figure 6 shows the normalized Nb-K edge 
X-ray absorption near edge structure (XANES) spec-
tra of the samples heat-treated at different tempera-
tures. Compared to the sample treated at 800 °C, the 
peak intensity at ~ 18990 eV, which is characteristic 
with  Nb2O5, decreased for the samples heat-treated 
at 900 and 1000 °C, indicating a lower proportion of 
 Nb2O5. The chemical compositions of the catalysts, 
calculated from linear combination fitting analysis, 
are presented in Table 1. Unlike the sample treated at 
800 °C, the ratio of  Nb2O5 decreased and the ratios of 
NbO and NbN increased for samples treated at 900 
and 1000 °C. These results indicate that higher heat-
treatment temperatures promote the formation of 
low valent niobium species and increase the degree 
of nitrogen-doping on niobium oxide particles.

Discussions

Effect of particle size on the oxygen reduction 
reaction activity

The relationship between the size of niobium-based 
nanoparticles and the ORR activity is examined by 
comparing the samples analyzed in "Effect of precur-
sor preparation method on catalyst structure" section. 
The correlation between the particle size and ORR 

Figure 4  TEM images of the samples obtained by heat-treating the “as irradiated” precursor at a 800 °C, b 900 °C, and c 1000 °C.

Figure 5  XRD patterns of the samples obtained by heat-treating 
the “as irradiated” precursor at different temperatures.
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activity was examined by comparing the ORR activi-
ties of these samples.

The SSV graphs of each catalyst are shown in 
Fig. 7, and Table 2 lists the Erest and iORR at 0.5 V vs. 
RHE derived from the SSV data. The Erest and iORR are 
similar for both precursor preparation methods. The 
niobium loading amount, calculated as the metal-
lic niobium equivalent, is thought to differ between 
the catalysts; however, this difference in content is 
assumed to have no significant impact on the ORR 
activity. The crystal phases of the niobium oxynitride 
nanoparticles are consistent; however, the particle 

sizes differ. Notably, nanosized niobium oxynitrides 
are known to exhibit ORR activity [12]. In this study, 
the surface of the niobium oxynitride nanoparticles is 
also considered the primary active site. These results 
indicate that an increase in the specific surface area 
attributed to particle size reduction does not neces-
sarily increase the number of effective active sites. 
Increasing the specific surface area of catalyst parti-
cles can enhance the number of active sites; however, 
in this study, the reduction in the niobium oxynitride 
particle size does not improve the ORR activity.

As shown in Fig. 1, the ORR current is generated by 
electrons moving from the electrode to the active sites 
on the niobium nanoparticles through macroelectron 
conduction paths in the carbon support, followed by 
microelectron conduction paths. Based on this con-
cept, the two catalysts with different particle sizes are 
compared to discuss the relationship between particle 
size and conduction paths and evaluate their effect on 
the ORR activity.

Figure 6  Nb K-edge XANES spectra of the samples obtained by 
heat-treating the “as irradiated” precursor at different tempera-
tures.

Table 1  Chemical composition of the samples obtained by heat-
treating the “as irradiated” precursor calculated from the linear 
combination fitting analysis

Precursor preparation Heating 
tempera-
ture

Molecular ratio

Nb2O5 NbO NbN NbC

Irradiation 800 °C 0.90 0.10 0 0
900 °C 0.59 0 0.41 0
1000 °C 0.60 0 0.40 0

Figure  7  SSV graphs of the samples obtained from the heat 
treatment of each precursor.

Table 2  Erest and iORR at 0.5 V vs. RHE derived from the SSV 
data of the catalyst

Precursor preparation Heating 
temperature

iORR at 0.5 V 
[mA·g−1]

Erest  (O2) [V 
vs. RHE]

Irradiation 800 °C − 275.3 0.849
900 °C − 418.6 0.823
1000 °C − 473.1 0.819

Impregnation 800 °C − 250.0 0.841
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The assumptions considered to define the catalyst 
model are listed below.

Assumption 1. In both catalysts, niobium-based nano-
particles are dispersed in the same manner on the sur-
face of the carbon support.

Assumption 2. In both catalysts, carbon residues func-
tioning as microelectron conduction paths at the 
interface between the niobium-based nanoparticles 
and the carbon support have the same morphological 
structure.

Assumption 3. The electrical conductivity of niobium-
based nanoparticles is low, and only the active sites 
near the microelectron conduction paths contribute to 
the ORR activity.

The relationship between the size of the niobium-
based nanoparticles and the number of active sites 
contributing to the ORR was examined based on these 
assumptions. Detailed calculation procedures are 
provided in Supporting Information (S3). The results 
showed that the number of effective active sites did 
not depend on the size of the niobium-based nano-
particles. Thus, under Assumptions 1–3, reducing the 
size of niobium-based nanoparticles is not a dominant 
factor for improving the ORR activity. These findings 
do not contradict the experimental results obtained in 
this study.

Refining the parameters defined by the assumptions 
to address the factor of Assumption 2 is necessary to 
utilize the increased specific surface area achieved by 
reducing the size of niobium-based nanoparticles and 
enhance the ORR activity. If the morphology of the 
microelectron conduction paths can be precisely con-
trolled, the increase in the specific surface area caused 
by downsizing can result in a larger interface area 
between the niobium-based nanoparticles and micro-
electron conduction paths. Consequently, the number 
of active sites near the microelectron conduction paths 
can increase, enhancing the ORR activity. In addition, 
on optimizing the morphology of the microelectron 
conduction paths, further improvements in ORR activ-
ity can be expected by improving Assumptions 1 and 
3.

For Assumption 1, increasing the dispersion of 
the niobium-based nanoparticles on the conductive 
support could expose more niobium-based parti-
cles on the surface, increasing the number of active 

sites. For Assumption 3, controlling the crystal phase 
and composition of the particles that serve as active 
sites to improve electrical conductivity could enable 
sites farther away from the microelectron conduction 
paths to become functional. If these improvements are 
achieved, the increased specific surface area caused 
by downsizing the niobium-based nanoparticles can 
increase the number of effective active sites.

Effect of catalyst structure on the oxygen 
reduction reaction activity

The relationships between nitrogen-doping levels, 
the state of microelectron conduction paths, and their 
effect on the ORR activity were examined based on 
the comparison of the samples analyzed in "Effect of 
heat-treatment temperature on the catalyst structure" 
section. Figure 8 shows the SSV graphs for each cata-
lyst, and Table 2 lists Erest and iORR at 0.5 V vs. RHE 
obtained from the SSV data. Unlike the sample heat-
treated at 800 °C, Erest decreased and iORR increased for 
the samples heat-treated at 900 and 1000 °C, indicating 
a trade-off between the Erest and iORR in the synthe-
sized catalysts. In this study, Erest reflects the quality of 
the active sites, whereas iORR indicates both the quality 
of the active sites and electrical conductivity of the 
catalyst samples.

According to the chemical composition shown in 
Table 1, ~ 40% of NbN was confirmed in the samples 
heat-treated at 900 and 1000 °C, whereas it was absent 

Figure  8  SSV graphs of the samples obtained by heat-treating 
the “as irradiated” precursor at different temperatures.
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in the sample heat-treated at 800 °C. In addition, 
although the chemical composition obtained from 
the linear combination fitting of the normalized Nb 
K-edge XANES standard spectra indicated no nitride 
in the sample heat-treated at 800 °C, the XRD pattern 
in Fig. 5 confirmed the presence of a niobium oxyni-
tride crystal phase. These results indicated that nitro-
gen-doping in niobium oxide particles occurs at all 
treatment temperatures; however, excessive nitrogen-
doping at 900 and 1000 °C, compared to that at 800 °C, 
resulted in reduced active site quality. This observa-
tion aligned with previous studies, thereby indicating 
the preference for a catalyst with high ORR activity 
when doping niobium oxide with a small amount of 
nitrogen [12].

The increase in the iORR in the samples heat-treated 
at 900 and 1000 °C compared to the sample heat-
treated at 800 °C was attributed to the graphitization 
of carbon residues formed during PAN addition and 
heat treatment at high temperatures, which enhanced 
electrical conductivity. These findings indicated that 
improving the electrical conductivity of the carbon 
residues through sufficient graphitization and achiev-
ing an optimal amount of nitrogen-doping in the oxide 
nanoparticles was necessary for achieving high ORR 
activity in oxide-based catalysts.

Conclusion

Niobium oxynitride nanoparticles with different par-
ticle sizes were synthesized on the surface of carbon 
supports, and the effect of particle size reduction on 
the ORR activity was examined. The particle size of 
niobium oxynitride did not necessarily enhance the 
ORR activity, which was supported by inferences 
based on the calculation results. However, precisely 
controlling the morphology of the microelectron con-
duction paths was deemed necessary to exploit the 
benefits of particle size reduction and enhance the 
ORR activity.

This study highlights that, contrary to the con-
ventional expectation of improved catalytic activity 
through particle size reduction, such an approach is 
insufficient for oxide-based catalysts with low elec-
trical conductivity. By integrating experimental com-
parisons of particle size effects with catalyst model 
calculations, this work underscores the necessity of 
optimizing microelectron conduction paths to fully 

utilize the benefits of particle size reduction, distin-
guishing it from similar studies.

In addition, the nitrogen-doping on niobium oxide 
particles became more pronounced with an increase in 
the heat-treatment temperature. This excessive nitro-
gen-doping was linked to a decrease in the quality of 
the active sites, which resulted in a lower rest poten-
tial. The enhanced graphitization of carbon residues 
with an increase in the heat-treatment temperature 
served as microelectron conduction paths and was 
presumed to have improved the electrical conductiv-
ity. These findings suggest that simultaneously form-
ing highly conductive, graphitized carbon residues 
and maintaining an optimal level of nitrogen-doping 
in the oxide nanoparticles is crucial for synthesizing 
oxide-based catalysts with high ORR activity.

This study provides valuable insights into material 
design strategies aimed at improving the performance 
of oxide-based catalysts.
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