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A B S T R A C T   

Further enhancing activity and durability of Pt-based catalysts for oxygen reduction is needed for the automotive 
application of fuel cells. This is however a very challenging task. Herein, we describe a new method to nail down 
low-oxidation-state NbOx nanoparticles at high temperature without overgrowth using the surface pores on 
carbon and then deposit Pt head selectively on top of NbOx derived by the redox reduction between themselves. 
This new structured catalyst, Pt-NbOxC, exhibited mass activities higher than 0.5 A mg� 1 after 50,000 cycles 
between 0.6 and 1.0 V and 5,000 cycles between 1 and 1.5 V, which are 7 and 4 times of the 0.07 and 0.13 A 
mg� 1, respectively, on Pt/C. That high sustainable ORR activity is ascribed to strong metal-support interaction 
that maximizes Pt utilization and minimizes particle agglomeration, carbon corrosion and metal oxidation. 
Furthermore, the method embedded nanoparticles into carbon pores will likely be used in developing small 
particles with uniform dispersion for various applications.   

1. Introduction 

Building sustainable clean energy system is one of the most critical 
challenges facing humanity today [1–3]. Polymer electrolyte membrane 
fuel cell (PEMFC) is a clean energy technology which, with its auto-
motive applications, can make a major contribution to such a system 
[4–8]. PEMFCs use platinum-based catalysts as the most suitable choice 
to overcome the problems caused by the sluggish kinetics of oxygen 
reduction reaction (ORR), and inadequate stability of oxygen cathodes, 
which reduce performance efficiency of PEMFC and hamper their broad 
applications [9,10]. Intensive theoretical studies have been devoted to 
increase the understanding of ORR mechanism and to enhance the re-
action kinetics. These helped at maximizing utilization of Pt atoms and 
tuning their electronic structure [11,12] that resulted in recent devel-
opment of practical catalysts, such as supported catalysts [13,14], 
Pt-transition metals alloys [15–18], Pt monolayer electrocatalysts [19, 
20], core-shell [21–25] and shape controlled catalysts [26–28]. 

While great improvements of activities of Pt-based catalysts have 

been achieved, catalyst durability remains an issue, especially under 
start/stop driving condition, which can cause cathode potential >1.4 V 
vs. reversible hydrogen electrode (RHE) [29]. Carbon materials are 
commonly used as supports for metal nanoparticles in electrocatalysis 
for their good conductivity and high surface area [30]. However, due to 
the weak interaction between carbon and metals, agglomeration and 
sintering of Pt-based metal nanoparticles occur during fuel cell opera-
tion [31]. In addition, carbon corrosion occurs at high potentials, 
resulting in accelerated loss of Pt surface area and worsened mass 
transport in the catalyst layer [32–34]. To mitigate these issues, 
corrosion-resistant materials have been studied for replacing carbon 
materials as the supports, including metal oxides (e.g., SnO2, TiO2, 
NbO2) [35–37], carbides (e.g., TiC, WC) [38–40] and nitrides (e.g., TiN, 
NbN) [41–44]. However, this kind of Pt catalysts usually resulted in low 
activity which was mainly caused by their low conductivities [45,46]. 
For example, early studies showed that NbO2 and NbO are better sup-
ports than Nb2O5 due to electronic conductivity of Nb oxides decreases 
with higher oxidation state of Nb, causing lower electrocatalytic 
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activities [36,47]. Furthermore, their ORR activities were getting worse 
due to their oxidation under high potential and long term running [48, 
49]. Senevirathne et al. found the formation of electronically insulating 
surface Nb2O5 is the reason for activity fading of Pt/NbO2 catalyst [45]. 
Some previous studies used carbon materials and metal-related mate-
rials together as supports, however, they did not combine the advan-
tages of these two kinds of supports due to the failure on decreasing 
metal oxides particle size and the selective Pt distribution on metal 
oxides, resulting in very little improvement [50,51]. 

In this study, we demonstrate a new structured Pt/metal oxide/car-
bon composite catalyst (Pt-NbOxC), consisting of low-oxidation-state 
and small NbOx nanoparticles embedded in nanopores of carbon as 
nails with fully covered of Pt head shell. As illustrated in Fig. 1, nano-
pores on carbon surface are utilized to nail-down NbOx nanoparticles 
which effectively kept all low-oxidation-state NbOx particles, formed in 
hydrogen at 900 �C without overgrowth. Then the fully-covered Pt 
layers were selectively deposited on top of well dispersed NbOx particles 
via spontaneous redox reaction. The obtained catalyst exhibits about 
0.56 A mg� 1 Pt mass activity at 0.9 V vs. RHE, which is about 3 times 
higher than that of commercial carbon supported Pt catalyst and also 
excesses the 2020 target of DOE. Furthermore, there are little activity 
decay and structure change after durability tests for catalysts and 
supports. 

2. Experimental section 

2.1. Chemicals 

Ketjenblack EC-600JD (KB) was purchased from Akzo Nobel and 
Vulcan XC-72R (VC) was purchased from Cabot. Niobium (V) chloride 
(NbCl5, >99.9%), chloroplatinic acid hexahydrate (H2PtCl6⋅6H2O, 
�37.50% Pt basis), 2-Propanol ((CH3)2CHOH, �99.5%) and perchloric 
acid (HClO4, 70%) were purchased from Sigma-Aldrich. Anhydrous 
ethanol was purchased from Commercial Alcohols. Nafion solution (5% 
wt) was purchased from Ion Power. All of chemicals were used without 
further purification. 

2.2. Synthesis of NbOx embedded carbon 

Typically, 50 mg dried carbon (Ketjenblack EC-600JD) was 
immersed in about 2 mL anhydrous ethanol containing 150 μmol NbCl5 
in a dried glass vial. The vial was quickly capped to avoid moisture. The 
volume of solvent to carbon weight ratio was chosen to have the solution 
completely absorbed into Ketjenblack EC-600JD after 2 h sonication. 
After drying in vacuum oven at 70 �C for 2 h, the mixture was transferred 
into a tube furnace. Reduction of Nb precursor was carried out with H2 
at a flow rate of 100 sccm at 220 �C for 1 h, 650 �C for 1 h and 900 �C for 
1 h. 

2.3. Deposition of Pt on NbOxC 

Pt spontaneous deposition is initiated by low-oxidation-state NbOx in 
K2PtCl4 aqueous solution without other reducing agent to ensure no Pt 
nucleation on carbon. Typically, 80 ml ultrapure water in a three-neck 
flask was heated to 45 �C with N2 bubbling. Separately, 75 μmol 
K2PtCl4 was dissolved in 20 mL ultrapure water and the solution was 
also deaerated by N2 bubbling. A freshly made NbOxC sample was 
poured into the three-neck flask while being vigorously stirred, followed 
by adding the K2PtCl4 solution drop by drop. After adding the Pt pre-
cursor, the mixture was stirred and kept at 45 �C for about 4 h. Cooled 
mixture was filtered and rinsed with water. The dried powder was 
collected as the Pt-NbOxC catalyst. 

2.4. Material characterization 

XRD measurements were conducted on a Rigaku MiniFlex X-ray 
diffractometer, using scanning rate of 1� min� 1 and with a step of 0.02�. 
Pt content in catalyst was determined by inductively coupled plasma 
atomic emission spectroscopy (710-ES, Varian, ICP-OES). X-ray photo-
electron spectroscopy (XPS) was performed using Thermo Scientific K- 
Alpha XPS spectrometer. Pore size analysis was conducted on ASAP 
2020 Plus. TEM, HRTEM, HAADF-STEM and EELS- mapping images 
were performed using JEOL 2100F operated at 200 kV and Hitachi 
HD2700C STEM equipped with a probe aberration corrector operated at 
200 kV. Thermogravimetric analysis (TGA) was conducted on Perki-
nElmer Thermal Analysis Pyris 1 TGA. 

2.5. Electrochemical measurements 

Electrochemical experiments were conducted in a three-electrode 
test cell with 0.1 M HClO4 at 20 �C using a Bio-Logic VSP 300 electro-
chemistry station. A Pt foil was used as counter electrode and a revers-
ible hydrogen electrode was used as reference electrode. Catalyst ink 
was prepared with ultrapure water and iso-propanol (v/v ¼ 3:1) and a 
certain amount of 5 wt% Nafion solution. Working electrodes were 
prepared by placing 10 μL of catalyst inks on a glassy carbon electrode 
(d ¼ 5 mm, the geometric electrode area is 0.196 cm2) and dried in air. 
The Pt loadings were kept constant at 20 μg cm� 2 for all samples. Cyclic 
voltammetry curves were measured from 0.05 V to 1.05 V at a scan rate 
of 20 mV s� 1 in N2-saturated 0.1 M HClO4 solution. Electrochemical 
surface area (ECSA) was determined by integrated charge for hydrogen 
desorption between 0.05 and 0.40 V assuming a 210 μC cm� 2. The ORR 
polarization measurements were performed in an O2-saturated 0.1 M 
HClO4 solution at 10 mV s� 1 and with electrode rotation rate at 1600 
rpm. The potential cycles used for durability tests were carried out in air- 
saturated 0.1 M HClO4 solution between 0.6 and 1.0 V at 50 mV s� 1 and 
between 1.0 and 1.5 V at 500 mV s� 1. For comparison under the same 
measuring conditions, commercial Pt/C (Tanaka Kikinzoku Interna-
tional Inc., 46.6 wt% Pt, Pt particle size: 2.6 nm) was used as the baseline 
catalyst. 

3. Results and discussion 

NbOx nanoparticles embedded in nanopores of carbon were prepared 
by sonicating NbCl5 and KB mixture in anhydrous ethanol and annealing 
in H2 atmosphere. NbCl5 was firstly changed into Nb(C2H5O)5 by 
reacting with ethanol which is accompanied with the color changing 
from yellow to colorless. Water in air can lead to formation of the most 
stable Nb2O5 (white solid), and thus, exposure to air needs to be mini-
mized. In a typical synthesis, we sonicated a slurry containing 50 mg 
carbon (KB) and 150 μmol of Nb(V) precursor in ethanol for about 2 h 
until liquid was completely absorbed in carbon. After drying the mixture 
in vacuum oven at 70 �C for 2 h, the sample weight was found signifi-
cantly lower than that expected for Nb(C2H5O)5, but close to that of Nb 
(OH)5 (Table S1). A possible reaction at temperature below 70 �C is Nb 

Fig. 1. Schematic illustration of a ~40 nm carbon particle with 4–5 nm surface 
pores (left), low oxidation-state NbOx particles embedded into the surface pores 
on carbon (middle), and Pt-covered NbOx particles on carbon (right). 
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Fig. 2. (a, c) Transmission electron microscopy (TEM) and (b, d) high angle annular dark field scanning TEM (HAADF-STEM) images of samples made by reducing 
Nb(V) precursors with (a, b) VC and (c, d) KB, Nb has higher electron density than C and appears darker in (a, c) TEM images and brighter in HAADF-STEM images 
(carbon is essentially invisible), and (e, f) X-ray diffraction profiles for samples made by reducing Nb(V) precursors with (e) VC and (f) KB. Structural models show 
formation of (e) > 20 nm Nb2O5 and NbO2 particles on VC and (f) < 5 nm NbC (small amount) and amorphous NbOx (large amount without XRD feature) particles 
embedded in KB. 

Fig. 3. (a) HAADF-STEM image of as-synthesized Pt-NbOxC catalyst, (b) HAADF-STEM image of single Pt-NbOxC nanoparticle in side-view (crystalline Pt head above 
the dash line and amorphous NbOx below the dashed line), (c) HAADF-STEM image and (d, e) 2D EELS-mapping of (d) Pt and (e) Nb of a Pt-NbOx nanoparticle in top- 
view, (f) XRD profiles of two Pt-NbOxC samples having Pt:Nb molar ratio 1 and 0.5 in comparison with commercial Pt/C, and (g) Pt 4f XPS spectrum of Pt-NbOxC. 
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(C2H5O)5 þ 5C2H5OH þ C ¼ Nb(OH)5–C (solid) þ 5C2H5–O–C2H5 
(diethyl ether, boiling point of 34 �C), but we has not ruled out other 
gaseous by-products. Running a thermal gravimetric analysis (TGA) for 
a dried mixture of Nb(V) precursor on carbon found 10.1% weight loss, 
consistent for 9.8% weight loss expected from a reaction of 2Nb(OH)5 ¼

Nb2O5 þ 5H2O (gas), which supports Nb(OH)5 being the precursor 
before thermal reduction in tube furnace with hydrogen gas flow 
(Fig. S1). The temperature was raised to 220 �C, 650 �C, and 900 �C with 
1 h holding time at each. The gradual rising temperature promotes 
uniform formation of low-oxidation-state NbOx. 

We found the surface pores of carbon play important roles in forming 
well dispersed, low oxidation-state NbOx. Ketjenblack EC-600JD is 
chosen as the carbon support because it differs from Vulcan XC-72R 
(very few surface pores) in having many 4–5 nm surface pores. This is 
evidenced by measured pore size distribution for these two types of 
carbon powders (Fig. S2). These nano-pores are utilized for controlling 
the dispersion of Nb precursor, and thus, the particle size of NbOx. The 
distinctly different transmission electron microscopy (TEM) images and 
X-ray diffraction (XRD) profiles of the samples made with VC and KB 
using the same procedure were showed as Fig. 2. Firstly, Fig. 2a shows 
that >10 nm Nb oxide particles form on VC, and the lattice spacing of 
0.393 nm shown in Fig. 2b corresponds to the spacing between the (001) 
planes of Nb2O5. Sharp XRD diffraction peaks at the primary diffractions 
for Nb2O5 and NbO2 were observed for the sample made with VC 
(Fig. 2e). The average particle sizes calculated from the XRD peak 
widths are >20 nm. In contrast, the NbOx particles are �5 nm in size and 
densely distributed on carbon surface, consistent with being embedded 

into the about 4–5 nm pores on the carbon surface (Fig. 2c and d). The 
lack of strong XRD peaks in Fig. 2f for the sample made with KB suggests 
that many small and embedded particles are amorphous. The two small 
diffraction peaks suggest strong interaction between Nb and carbon 
consistent with NbOx being embedded in carbon. Deduced from the XRD 
peak widths and TEM images, > 20 nm Nb2O5 and NbO2 particles on VC 
are illustrated by the structural model in Fig. 2e. In comparison, TEM 
images and XRD profile for the sample made with KB support the 
structural model of embedded �5 nm NbOx on KB as shown in Fig. 2f. 
Furthermore, we show that confining small amount of Nb precursor in 
nano-pores on carbon surface not only results in well dispersed small 
particles, but also facilitates reduction of Nb(V) to low oxidation state. 
To observe electro-oxidation of low-oxidation-state Nb, we made inks of 
freshly prepared NbOx-C samples using ethanol and iso-propanol and 
measured voltammetry curves in N2-saturated 0.1 M HClO4. An irre-
versible Nb oxidation current peak in the first positive potential sweep 
was observed at 0.8 V (Fig. S3). Previous work with NbO and NbO2 in 
the form of thin films reported the peak oxidation potentials at 0.98 V 
and 1.1 V, respectively [47]. The much lower peak potential in our 
experiment indicates the lower oxidation state of NbOx (the oxidation 
state less 2þ) obtained in H2 atmosphere at high temperature [36] and 
NbOx may be present in oxygen vacancy-rich form of NbO1-δ. 

We have found that niobium oxides, such as NbO2, in which Nb has 
valence state less than its highest value of 5, have the power to reduce 
Pt2þ or Pt4þ into metallic Pt and thus Pt was selectively deposited on the 
top of oxides (Fig. S4). Therefore, for Pt deposition, we immediately 
transferred NbOxC samples after cooling from tube furnace into a 

Fig. 4. (a) Cyclic voltammetry curves, (b) ORR polarization curves, (c) Mass transport corrected Tafel plots based on specific current density obtained from ORR 
polarization curves, and (d) Specific and mass activities at 0.9 V vs. RHE of Pt-NbOxC and commercial Pt/C catalysts for ORR. CV curves were recorded in N2- 
saturated 0.1 M HClO4 solution at a sweep rate of 20 mV s� 1 and ORR polarization curves were recorded at room temperature in an O2-saturated 0.1 M HClO4 
aqueous solution at a sweep rate of 10 mV s� 1 with rotation rate of 1,600 rpm. 
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deaerated K2PtCl4 aqueous solution. In the absence of reducing agent, Pt 
spontaneous deposition was initiated by partial oxidation of NbOx and 
further growth was catalyzed by deposited Pt. As shown by the high 
angle annular dark field scanning TEM (HAADF-STEM) image in Fig. 3a, 
the Pt-NbOx particles remain small and well dispersed. Fig. 3b shows 
HAADF-STEM image of a single Pt-NbOx nanoparticle from side view. Pt 
deposited on embedded NbOx can be seen by atomically ordered Pt over 
largely amorphous NbOx. Fig. 3c–e shows a HAADF-STEM image of a 
single Pt-NbOx particle from top view and corresponding electron en-
ergy loss spectroscopic (EELS) mapping for Pt and Nb. These images 
match well in shape and size, indicating formation of complete and 
uniform thin Pt shell on exposed NbOx. Thus, the Pt-NbOxC catalyst is 

expected to have higher and more sustainable Pt surface area per mass 
than that expected for 5 nm Pt particles weakly attached on carbon. For 
two Pt-NbOxC samples made with Pt:Nb molar ratios being 1 and 0.5 
(this ratio is corresponding to the amounts of precursors used in syn-
thesis), all XRD peaks are associated to the face-centered-cubic lattice 
structure of Pt, consistent with NbOx being amorphous (Fig. 3f). The 
lattice constants deduced from the Pt(111) diffraction peak position 
have 0% and � 0.2% strain with respect to the Pt lattice constant of 
0.3924 nm. The average Pt particle sizes calculated from the (111) 
diffraction peak width using Scherer equation are 5.3 and 4.5 nm for Pt: 
Nb molar ratio 1 and 0.5, respectively. Since the later sample exhibited 
higher Pt mass activity for ORR, all the data and discussion below are for 

Fig. 5. (a) Cyclic voltammetry curves, (b) ORR polarization curves of Pt-NbOxC catalyst before and after different number of potential cycles between 0.6 and 1.0 V 
vs. RHE at a sweep rate of 50 mV s� 1, Mass and specific activities changes before and after different potential cycles between 0.6 and 1.0 V vs. RHE at a sweep rate of 
50 mV s� 1 for (c) Pt-NbOxC and (d) commercial Pt/C, and ORR polarization curves before and after 5,000 potential cycles between 1 and 1.5 V vs. RHE at a sweep 
rate of 500 mV s� 1 for (e) Pt-NbOxC and (f) commercial Pt/C. 
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Pt:Nb molar ratio of 0.5. The Pt weight percent for the Pt-NbOxC catalyst 
is 14.1 wt% Pt, determined by inductively coupled plasma-optical 
emission spectroscopy (ICP-OES). 

Fig. 3g shows X-ray photoelectron spectroscopy (XPS) in the Pt 4f 
energy region for Pt-NbOxC. The asymmetry of the Pt 4f doublet is 
commonly attributed to Pt surface oxidation that results in the shoulder 
peaks at higher binding energies [52]. Therefore, the lack of significant 
shoulder on the high BE side for Pt-NbOxC catalyst compared to com-
mercial Pt/C indicated the increase of metallic Pt surface area. For the 
deconvoluted Pt 4f7/2 peak (red line), the binding energy is 70.7 eV that 
is 0.6 eV lower than the value of 71.3 eV measured for Pt/C (Fig. S6). 
Previous studies of oxide-supported Pt particles reported a 0.3 eV 
downshift of the Pt 4f7/2 peak for Pt on WO3 and TiO2, which was 
attributed to the increased electron density on Pt due to partial charge 
transfer from oxide supports, indicating the existence of strong met-
al/support interaction (SMSI) [52]. Recent studies for Pt catalysts with 
NbOx on carbon showed no less than 71 eV for Pt 4f7/2 peak [53,54], and 
thus, we ascribe the exceptional low value (70.7 eV) for Pt-NbOxC to the 
large interface area between thin Pt shells and NbOx cores made by 
highly selective Pt deposition on NbOx. The Nb 3d XPS result indicates 
the main state of Nb is Nb4þ in Pt-NbOxC after Pt deposition (Fig. S7). 

The activity and durability for ORR on the Pt-NbOxC catalyst was 
evaluated in 0.1 M HClO4 solution using commercial Pt/C as reference. 
Firstly, cyclic voltammograms (CVs) were recorded in N2-saturated 0.1 
M HClO4 solution with a scan rate of 20 mV s� 1 as shown in Fig. 4a. The 
positive shift of oxide reduction peak potential for Pt-NbOxC catalyst 
compared to commercial Pt/C in cathodic scan reveals higher ORR re-
action rate due to the decrease of the desorption free energy of Pt–OH, 
Pt–O, or Pt–O2 species [55,56]. Besides, Pt-NbOxC has the ECSA of 66 m2 

g� 1
Pt, slightly higher than that of Pt/C (63 m2 g� 1

Pt). The ORR polari-
zation curve of Pt-NbOxC catalyst was obtained in an O2-saturated 0.1 M 
HClO4 solution at 1,600 rpm with a scan rate of 10 mV s� 1 after cor-
recting for mass transport limitation. As shown in Fig. 4b, the half wave 
potential (E1/2) of Pt-NbOxC catalyst is about 918 mV which is 40 mV 
higher than that of commercial Pt/C catalyst under the same condition. 
Fig. 4c shows the Tafel slope of Pt-NbOxC catalyst at the high potential 
region from 0.95 to 0.85 V with the comparison of commercial Pt/C 
catalyst. The comparable Tafel slopes of � 64 mV dec� 1 and � 84 mV 
dec� 1 fitted for Pt-NbOxC catalyst which are in close agreement with 
that of commercial Pt/C catalyst, indicating a similar ORR pathway with 

pure Pt surface. Furthermore, the lower Tafel slopes than that of Pt/C 
catalyst also indicates an enhancement of the sluggish ORR kinetics 
[57]. The mass activity of Pt-NbOxC catalyst is 0.56 A mgPt

� 1 at 0.9 V vs. 
RHE, which is higher than that of the 2020 U.S. Department of Energy 
target (0.44 A mgPt

� 1) and about 3 times greater than that of commercial 
Pt/C catalyst (0.19 A mgPt

� 1) (Fig. 4d), which nearly the highest activity 
values among metal oxide containing supported catalysts previously 
reported (Fig. S8 and Table S2). Its specific activity can reach 0.85 mA 
cm� 2 at 0.9 V vs. RHE, which is also 3 times higher than that of com-
mercial Pt/C (0.3 mA cm� 2). The highly dispersed Pt layer having SMSI 
effect with NbOx which maximize Pt utilization and its intrinsic catalysis 
ability and thus enhances ORR activity [11,58]. The small size and 
lower-oxidation-state of NbOx nanoparticles, and close contact with 
carbon which improve the electric conductivity of whole support also 
attribute to good ORR activity [36]. 

The stability of Pt-NbOxC catalyst was firstly checked by the poten-
tial cycling between 0.6 and 1.0 V for up to 50,000 cycles in air- 
saturated 0.1 M HClO4 solution with a scan rate of 50 mV s� 1. Fig. 5a 
and b shows the CV curves and ORR polarization curves of Pt-NbOxC 
catalyst before and after 10,000, 30,000 and 50,000 potential cycles. 
The loss of ECSA is only � 8% and � 15% after 30,000 and 50,000 po-
tential cycles compared to a much bigger ECSA loss (44%) for Pt/C after 
50,000 cycles (Fig. S9a) while there are no obvious half wave potential 
decay after 50000 cycles compared to a negative shift in half wave po-
tential (� 53 mV) for commercial Pt/C catalyst (Fig. S9b). Furthermore, 
no current peak due to Nb redox reaction emerging in the 0.4–0.6 V 
potential region indicated that low-oxidation-state NbOx did not be 
oxidized to non-conductive Nb2O5 [47]. 

Fig. 5c shows the mass and specific activities of the Pt-NbOxC catalyst 
before and after 10,000, 30,000, and 50,000 potential cycles. After 
50,000 cycles, there was only 7.2% loss in mass activity for the Pt- 
NbOxC catalyst, while the commercial Pt/C showed a 63% loss of mass 
activity under the same condition (Fig. 5d) demonstrating excellent 
durability of the Pt-NbOxC catalyst. Besides, we also tested the durability 
of Pt-NbOxC catalyst under the start/stop driving conditions by running 
5,000 potential cycles between 1 and 1.5 V at 500 mV s� 1. There is no 
obvious decay for Pt-NbOxC catalyst (Fig. 5e), while 16 mV negative 
shift of half wave potential occurred for commercial Pt/C catalyst 
(Fig. 5f). We ascribe the excellent durability to the strong Pt binding on 
embedded NbOx nanoparticle in carbon, which effectively minimizes 

Fig. 6. (a–c) ADF-STEM images Pt-NbOxC catalyst, and (d) HAADF-STEM image of a Pt-NbOx nanoparticles, and the corresponding 2D EELS-mapping of (e) Pt, and 
(f) Nb after 50,000 cycles in the potential between 0.6 and 1.0 V vs. RHE with a sweep rate of 50 mV s� 1. 
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ECSA loss at high potentials in acid by preventing Pt dissolution, particle 
agglomeration, and carbon corrosion by isolating the contact between Pt 
and carbon [59,60]. The structural stability of Pt-NbOxC catalyst after 
50,000 of potential cycles was reexamined via microscopic imaging. 
Fig. 6a–c shows typical HAADF-STEM images of various magnifications 
(100–10 nm scale bars). There are no significant increase in particle size 
and decrease in particle density over large area examined, which verifies 
the absence of particle agglomeration and sintering, Furthermore, 
2D-EELS elementals mapping images indicated that the structure of Pt 
layers oriented on the top of NbOx are still observed (Fig. 6 d-f). 

4. Conclusions 

In summary, this study found and verified by various characteriza-
tion techniques that 4–5 nm surface pores on carbon support (Ketjen-
black EC-600JD) can be utilized for nailing down small NbOx 
nanoparticles with low-oxidation-state and a fully covered Pt layer on 
the top of NbOx nanoparticle can be selectively deposited by NbOx- 
initiated Pt2þ reduction. The obtained new structured Pt-NbOxC catalyst 
shows the mass activities being more than three and seven times of the 
values for Pt/C catalyst before and after extensive durability tests, 
respectively. Our study demonstrates ORR activity and durability can be 
enhanced concurrently by optimizing the structure among Pt, metal 
oxide and carbon. Furthermore, the method to utilize surface nanopores 
for highly dispersed metal oxides avoiding overgrowth will be inter-
esting in various applications. 
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