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Platinum loaded on dual-doped TiO2 as an active
and durable oxygen reduction reaction catalyst

Bing-Jen Hsieh1, Meng-Che Tsai1, Chun-Jern Pan1, Wei-Nien Su2, John Rick1, Jyh-Fu Lee3, Yaw-Wen Yang3

and Bing-Joe Hwang1,3

In this work, dual-doped TiO2 was successfully synthesized by using tungsten or niobium as the cation and nitrogen as the anion

and, as compared with single-doped TiO2, provided a higher electron conductivity and improved physical properties. Platinum

(Pt) nanoparticles loaded on these materials showed better electrochemical performance, and the Pt/Ti0.9Nb0.1NxOy and

Pt/Ti0.8W0.2NxOy catalysts were 2.6–3.7 times more active than the Pt/Ti0.9Nb0.1Oy and Pt/Ti0.8W0.2Oy catalysts without nitrogen

doping. Additionally, there was an activity loss of 22.9% as compared with 81% in Pt/C after 30 000 cyclic voltammetry cycles,

a value exceeding the US Department of Energy (DOE) stability target. Dual doping not only enhances the electron conductivity

but also changes the electronic state of Pt on the support materials, thus allowing for more active and stable catalysts. Both

X-ray absorption spectroscopy (XAS) and density functional theory (DFT) studies were undertaken to demonstrate how defect

formation affects the interactions between Pt and the single- or dual-doped TiO2 supports and manipulates the physical and

chemical properties of the resulting catalysts. Thus, these catalytic supports are strong candidates for proton exchange

membrane fuel cell applications.
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INTRODUCTION

Fuel cells hold promise as highly efficient devices that directly convert
fuels, such as hydrogen and oxygen, into water to produce electrical
energy. Central to fuel cell operation is the proton exchange
membrane, with its associated anodic and cathodic catalysts. Platinum
(Pt), as a proton exchange membrane fuel cell catalyst, has the best
performance among catalytic metals; however, the high cost of Pt and
the lower reaction rate on the cathode, which is the site of the oxygen
reduction reaction (ORR), limit the widespread use of proton exchange
membrane fuel cells. Crucial to long-term fuel cell viability is the
nature of the support used in the Pt catalyst. Graphitized-carbon
supports can be used to replace carbon black, in forms such as
nanotubes, nanofibers and graphene nanosheets, to improve chemical
and electrochemical stability under the conditions within the fuel cell
during the ORR. However, Pt sintering and support degradation
remain unresolved problems in acid solutions.1 One critical factor that
underlies the corrosion of carbon supports, which ultimately leads
to sintering and consequent aggregation/loss of catalytic metal nano-
particles, is the weak interaction between Pt and the carbon support.2

To improve catalyst durability, some researchers, including our
group, have adopted the approach of replacing inherently unstable

carbon supports with more robust and electrochemically stable metal
oxide supports.3–5 This latter approach, apart from providing the
advantage of mechanical stability on the resulting catalytic structure,
allows for the exploitation of strong metal-support interactions
(SMSIs) that promote catalytic activity.2 The most commonly
used support (as a Pt carrier) is titanium dioxide, owing to its
electrochemical stability and its resistance to dissolution in acidic
media, as found in working fuel cells.
Although TiO2 allows for some degree of electron transfer from Pt

to the electrode, its conductivity is far lower than that of carbon. This
decreased conductivity effectively limits the activity of Pt/TiO2

catalysts, such that they are not comparable to Pt/C catalysts. One
common approach to enhance the conductivity of TiO2 and thus
increase the activity of the catalyst is to dope other elements (cationic
or anionic) into the TiO2 lattice. Most previous studies have focused
on single cation doping to enhance the conductivity of the TiO2

support, using elements such as Nb,6,7 Mo,8,9 W,10 Ru2 or Ta.11 In
addition to increasing the conductivity, some researchers have found
that doping can also enhance both the stability and SMSI by allowing
the support to donate more electron density to Pt, thereby enhancing
both catalyst durability and activity in the ORR.8,9,11
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Anion (such as N or F)-doped TiO2 has been used as a photo-
catalyst material.12–14 The introduction of these dopants decreases
the band gap of TiO2 and thereby enhances both the electron
conductivity and photocatalyst activity. In contrast to the many
studies focused on anion doping in photocatalyst materials,
few studies have investigated the use of anion-doped TiO2 as a Pt
catalyst support for fuel cell applications. In addition to single ion
doping, the TiO2 lattice can simultaneously accommodate both
cationic and anionic dopants. This ‘dual-doped’ material provides a
much lower bandgap than single-ion-doped TiO2

15–17 and greater
electron conductivity compared with that of single-doped materials.
An intriguing question naturally arises as to the utility, application
and activity of dual-doped supports for Pt catalysts in fuel cell
applications.
In this study, electrochemical and spectroscopic data together

with ORR activity studies indicated that Ti0.9Nb0.1NxOy and
Ti0.8W0.2NxOy synthesized as dual-doped catalytic supports for
Pt nanoparticles offer considerable promise as a new class of catalytic
support for use in fuel cells. In conjunction with these experimental
approaches, a computational density functional theory (DFT)
study showing the differences in electron density distributions
in different materials was undertaken to shed light on the mechanistic
basis for the enhanced catalytic activity found in dual-doped materials.

MATERIALS AND METHODS
Dual-doped Ti0.8W0.2NxOy and Ti0.9Nb0.1NxOy supports were synthesized
using a newly developed hydrothermal route in which 95% ethanol was used
as the solvent. First, 95% ethanol (40 ml) was cooled to 5 °C, and then a
calculated amount of titanium (IV) chloride (TiCl4, ⩾ 99.0%) was introduced
with continuous stirring. Second, a calculated amount of tungsten (VI) chloride
(WCl6, ⩾ 99.9%) or niobium (V) chloride (NbCl5, ⩾ 99.9%) was dissolved by
ultrasonication in absolute alcohol (2 ml, 99.5%) for several minutes. The

tungsten or niobium precursor solution was then purged into the cooled
95% ethanol solution with continuous stirring. Urea (0.6 g, 99.0%)
was dissolved in 95% ethanol (20 ml) and then mixed with the precursor
solution. The resulting solution was stirred for 15 min and then transferred
into a Teflon bottle that was then sealed in an autoclave reactor and heated
to 150 °C (heating rate 10 °C min− 1) and maintained at this temperature
for 2 h. The reactor was then allowed to cool to room temperature.
The resulting Ti0.8W0.2NxOy or Ti0.9Nb0.1NxOy suspensions were centrifuged
and washed with deionized water (16 500 r.p.m. for 10 min; 3 times).
The material was dried at 80 °C for 12 h before platinization and characteriza-
tion. For comparative purposes, TiO2 nanoparticles doped with only
tungsten, niobium or nitrogen were also synthesized without the addition
of urea or metal chloride precursors using the same synthetic procedure.
The catalytic structures were formed by loading Pt nanoparticles onto the

metal oxide supports with a microwave technique.2,8,9 The supporting
nanoparticles (Ti0.8W0.2NxOy or Ti0.9Nb0.1NxOy, 0.1 g) and ethylene glycol
(20 ml, ⩾ 99.0%) were mixed in a 100- ml round-bottomed flask with magnetic
stirring for 30 min. The suspension was ultrasonicated for 1 h to ensure
complete dispersion in the solvent and then cooled to 5 °C in an ice bath.
Simultaneously, H2PtCl6 (0.0664 g, ~ 40% Pt basis) was dissolved in 5 °C

Figure 1 X-ray photoelectron spectroscopy spectra of (a) Ti 2p, (b) Nb 3d and (c) N 1s of Ti0.9Nb0.1NxOy. (d) Ti 2p, (e) W 4f and (f) N 1s of Ti0.8W0.2NxOy.

Table 1 Electronic conductivities and BET (Brunauer–Emmett–

Teller) surface areas

Samples

Electronic conductivity

(S cm−1)

BET surface area

(m2 g−1)

Pore size center

(nm)

TiO2 8.9×10−6 50

TiNxOy 5.5×10−3 194 7.4

Ti0.8W0.2Oy 3.32×10−1 115.6 3.6

Ti0.8W0.2NxOy 2.13 190.5 3.6

Ti0.9Nb0.1Oy 4.47×10−2 178.6 6.3

Ti0.9Nb0.1NxOy 0.312 240.2 3.7
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ethylene glycol and formed an orange-colored, transparent solution.
This solution was mixed into the previously prepared support suspension
with continuous stirring for 30 min, and then 1 M NaOH was added to the
ethylene glycol to adjust the pH to 11.5. The resulting yellow suspension
was placed in a microwave oven (150 W) and heated to 160 °C for 2 min. After
completion of the reaction, the sample was cooled to room temperature in air,
and the resulting black precipitate was centrifuged and washed with acetone
(3 times). The resulting 20 wt% Pt-loaded catalyst was oven dried (80 °C)
for 12 h before characterization. Pt/TiNxOy, Pt/Ti0.8W0.2Oy and Pt/Ti0.9Nb0.1Oy

were synthesized using the same procedure for comparison, and the
Pt/C (20 wt%) reference was obtained from Johnson Matthey (London, UK).
All the material characterizations and computational details are provided in the
Supplementary Information.

RESULTS AND DISCUSSION

Dual-doped Ti0.9Nb0.1NxOy and Ti0.8W0.2NxOy were synthesized and
characterized using X-ray photoelectron spectroscopy measurements to

evaluate the chemical composition and bonding states (Figures 1a–f).
The peak at 459.1 eV was assigned to Ti4+ of Ti 2p; the peaks
at 35.4, and 33.9 eV were assigned to W6+ and W5+ of W 4f,
respectively; the peak that overlapped with W 4f at 37 eV was
assigned to Ti 3p and the peak at 207.4 eV was assigned to Nb5+.
Compared with the Ti0.8W0.2Oy X-ray photoelectron spectroscopy
result in Supplementary Figure S3, the X-ray photoelectron
spectroscopy peaks of Ti0.8W0.2NxOy for Ti 2p and W 4f
slightly shifted to lower binding energies owing to doping
with nitrogen that is less electronegative than oxygen.18 The
calculated Ti/W and Ti/Nb ratios (from the X-ray photoelectron
spectroscopy data) were 78:22 and 89:11, respectively. The calculated
N doping was 2.34 at% for Ti0.9Nb0.1NxOy and 3.54 at% for
Ti0.8W0.2NxOy. The peak at 399 eV was assigned to the N anion in
the O–Ti–N bond15,16,19; the peak at 399.8 eV was assigned to
interstitial doping (that is, Ti–N–O)14,15,17 and the peak at 401.1 eV

Figure 2 (a) Oxygen reduction reaction (ORR) polarization curves of Pt/C, Pt/TiNxOy, Pt/Ti0.8W0.2Oy, Pt/Ti0.9Nb0.1Oy, Pt/Ti0.8W0.2NxOy and Pt/Ti0.9Nb0.1NxOy
catalysts. (b) Mass activity at 0.9 V vs reversible hydrogen electrode (RHE) (ik). ORR polarization curves of (c) Pt/Ti0.8W0.2NxOy, (d) Pt/Ti0.9Nb0.1NxOy and (e)
Pt/C catalysts before and after 5000, 10 000 and 30 000 potential cycles. (f) Mass activity before and after stability testing at 0.9 V vs RHE (ik).
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was assigned to N ions in Ti–O–N linkages.19 The different N 1s peak
ratios at 399 and 401.1 eV between Ti0.9Nb0.1NxOy and Ti0.8W0.2NxOy

indicated the presence of N ions in different structural environments.
Although the complex binding in the dual-doped systems is still
not clear, we demonstrated the successful hydrothermal synthesis of
dual-doped TiO2.
X-ray diffraction patterns were obtained to show the crystal

structure of the dual-doped materials, and the results (Suppleme-
ntary Figure S4) demonstrated that these two materials were
homogeneous, thus indicating that after the synthesis procedure, the
elements had uniformly formed a single-phase solid solution with the
anatase-phase crystal structure.
To evaluate the conductivity difference between single-doped

TiO2 and dual-doped TiO2, four-point probe electron conductivity
measurements were conducted for both Ti0.9Nb0.1NxOy and
Ti0.8W0.2NxOy, and the conductivities of TiNxOy, Ti0.9Nb0.1Oy

and Ti0.8W0.2Oy are listed for comparison in Table 1. For both
Ti0.9Nb0.1Oy and Ti0.8W0.2Oy, nitrogen doping further enhanced
the conductivity. The synergetic effect of dual doping further
decreased the band gap of single-ion-doped TiO2,

15,20 thus resulting
in a conductivity enhancement of another 6–7-fold.
The BET (Brunauer–Emmett–Teller) measurements for single-

doped and dual-doped supports are shown in Supplementary

Figure S5, and the numeric data of the BET surface areas are listed
in Table 1. Both the Ti0.9Nb0.1NxOy and Ti0.8W0.2NxOy supports were
mesoporous and had high surface areas (240.2 and 190.5 m2 g− 1,
respectively) that were similar to that of the
well-known Vulcan XC72 (232 m2 g− 1),21 more than 4 times that
of P25 TiO2 (Degussa, 50 m2 g− 1) and higher than those of
many dual-doped TiO2 materials in photocatalyst studies.16,20

The BET surface area results indicated that the dual-doped
TiO2 support surface area was sufficiently high to facilitate the
dispersion of Pt nanoparticles.
Next, the Pt nanoparticles were loaded on the Ti0.9Nb0.1NxOy

and Ti0.8W0.2NxOy supports for electrochemical testing. From the
ORR polarization curves (Figure 2a), it was apparent that the half-
wave potential, E1/2, increased in the sequence: Pt/TiNxOyo
Pt/Ti0.8W0.2OyoPt/Ti0.9Nb0.1OyoPt/CoPt/Ti0.8W0.2NxOyoPt/Ti0.9
Nb0.1NxOy, thus revealing that the ORR activities of Pt on dual-doped
TiO2 were dramatically improved. The mass activities at 0.9 V
(Figure 2b) were calculated on the basis of the ORR polarization
curves and the Pt loading of the catalyst on the electrodes. The mass
activity of Pt/Ti0.8W0.2NxOy was ∼ 3.6- and 3.7-fold greater than
Pt/Ti0.8W0.2Oy, and Pt/TiNxOy, respectively, and almost twice that of
the commercial Pt/C catalyst. An increase in catalyst activity was
also observed with the Pt/Ti0.9Nb0.1NxOy catalyst. The mass activity of

Figure 3 Transmission electron microscopy (TEM) images of Pt/Ti0.8W0.2NxOy and Pt/Ti0.9Nb0.1NxOy before and after 30 000 cyclic voltammetry (CV) cycles.
(Inset) Size distribution of Pt nanoparticles.

Pt on dual-doped TiO2 as ORR catalyst
B-J Hsieh et al

4

NPG Asia Materials



Pt/Ti0.9Nb0.1NxOy was ∼ 4.7 and 5.8 times greater than Pt/TiNb0.1Oy

and Pt/TiNxOy, respectively, and almost 3 times that of Pt/C. From the
electrochemical results, it was apparent that both tungsten- and
niobium-doped materials that were co-doped with nitrogen in TiO2

showed an increase in the ORR activity that was greater than that of
both nitrogen-doped and single cation-doped TiO2. Similar to the
conductivity results, the electrochemical tests also indicated the
synergetic effect of dual-doped TiO2.
Electrochemical stability tests were carried out at 25 °C, and the

scanning range was between 0.6 and 1.0 V with a 50 mV s− 1 scanning
rate. ORR polarization curves of Pt/C, Pt/Ti0.9Nb0.1NxOy and
Pt/Ti0.8W0.2NxOy were recorded after 5000, 10 000 and 30 000 cyclic
voltammetry cycles in oxygen-saturated 0.1 M perchloric acid
(Figures 2c–f). After the long-term stability tests, Pt/Ti0.8W0.2NxOy

showed only small changes in the ORR polarization curve. The
half-wave potential only shifted ∼ 1 mV after 5000 cycles and
∼ 5 mV after 30 000 cycles. The mass activity loss in the
Pt/Ti0.8W0.2NxOy catalyst after 30 000 cycles was ∼ 22.9%, a value
far exceeding the US Department of Energy (DOE) 2017 fuel cell
technical target of a mass activity loss o40% after 30 000 cycles
between 0.60 and 1.0 V.22 Similar results were observed for
Pt/Ti0.9Nb0.1NxOy. The shifts in the half-wave potential of

Pt/Ti0.9Nb0.1NxOy after 5000 and 30 000 cycles were ∼ 3 and
∼ 4 mV, respectively, whereas the mass activity loss after 30 000 cycles
was ∼ 21.5%, a value also exceeding the DOE stability target. However,
after 5000 cycles, the half-wave potential of Pt/C shifted ∼ 24 mV,
and the ORR activity was decreased by ∼ 46%, and after 30 000 cycles,
the half-wave potential shifted ∼ 67 mV, and the ORR activity
was decreased by ∼ 81%. The severe loss of activity may have been
due to carbon corrosion and Pt nanoparticle agglomeration on the
carbon support.23 Carbon oxidation and the weak interactions
between the carbon support and the Pt nanoparticles cannot
prevent the sintering or detachment of the Pt nanoparticles that
results in a decrease in catalytic activity after long-term operation.
However, dual-doped TiO2 showed insignificant dissolution or
corrosion in an acidic environment during the ORR. Figure 3 shows
transmission electron microscopy images of the two catalysts,
Pt/Ti0.8W0.2NxOy and Pt/Ti0.9Nb0.1NxOy, before and after 30 000-cycle
stability tests. Although several Pt nanoparticle aggregations occurred
after long cyclic voltammetry cycles, the average particle size remained
primarily unchanged. The results demonstrated the high stability of
the oxide supports during the ORR and, as demonstrated in previous
studies, SMSI may prevent the detachment or agglomeration of Pt
nanoparticles.8,9,11 To understand the origin of the enormous
enhancements in activity and stability that resulted from dual-ion
doping, as well as the interactions between Pt and the doped TiO2

support, we used a combination of X-ray absorption spectroscopy
(XAS) and DFT computation methods.
To investigate the electronic properties of Pt nanoparticles on

Ti0.9Nb0.1NxOy and to verify the SMSI state, Pt L3-edge X-ray
absorption near-edge spectroscopy was used. The spectrum
was plotted and compared with those of the Pt/TiNxOy and
Pt/Ti0.9Nb0.1Oy catalysts, and Pt foil and Pt/C were measured as
references (Figure 4a). In X-ray absorption near-edge spectroscopy,
the intensity of the white line is a direct measure of the d-band
vacancy. The decrease in the white-line intensity can be attributed
to SMSIs that in turn lead to the electron transfer from the support
to Pt. Additionally, the SMSIs decrease the adsorption strength of
the oxygen intermediates that are formed during the ORR on the
Pt surface in the rate determining step, thus leading to a faster
reaction rate of the oxygen reduction reaction.8 Another important
effect of the SMSI is the enhancement of the bonding strength
between Pt and the metal oxide support that prevents the migration
and aggregation of Pt on the support’s surface in long-term stability
tests.8,9,11 Surprisingly, the white-line intensity decreased in
the following order: Pt/TiNxOy4Pt/C4Pt/Ti0.9Nb0.1Oy4Pt foil4
Pt/Ti0.9Nb0.1NxOy. The results of the calculation of the unfilled
d-states also showed a similar tendency (Supplementary Figure S6).
Here, Pt/Ti0.9Nb0.1NxOy represented the lowest white-line intensity,
thus indicating that dual-doped TiO2 has a stronger metal-support
interaction with Pt nanoparticles, thereby leading to higher activity
and stability during electrochemical testing.
Pt/Ti0.8W0.2NxOy was also compared with single-doped TiO2.

Owing to the Pt L3-edge overlap with the W L2-edge, only the Pt
L2-edge of the Pt foil, Pt/C, Pt/Ti0.8W0.2Oy and Pt/Ti0.8W0.2NxOy was
measured (Figure 4b). Pt/Ti0.8W0.2NxOy showed the lowest intensity
of the Pt L2-edge, thus indicating a strong driving force for electron
transfer from the support to Pt because of the SMSI. Interestingly,
compared with Pt/C, both Pt/Ti0.9Nb0.1Oy and Pt/Ti0.8W0.2Oy

demonstrated electron donation from the support to Pt, but
Pt/TiNxOy did not. This phenomenon was further investigated by
using DFT computations.

Figure 4 (a) Pt L3-edge X-ray absorption near-edge spectroscopy (XANES)
spectra of Pt/TiNxOy, Pt/Ti0.9Nb0.1Oy and Pt/Ti0.9Nb0.1NxOy. Pt foil and Pt/C
were measured as references. (Inset) Enlarged regions of the peaks of the
Pt L3-edge XANES white line. (b) Pt L2-edge XANES spectra of
Pt/Ti0.8W0.2Oy and Pt/Ti0.8W0.2NxOy. Pt foil and Pt/C were measured as
references. (Inset) Enlarged region of the peaks of the Pt L2-edge.
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In the Supplementary Information, DFT calculations were used to
examine the formation energy of the oxygen vacancy, the electronic
state of Pt and bonding between Pt and the supports, and also to
show the effect of doping in TiO2-based supports on the physical
and chemical properties of the catalysts. Supplementary Figure S9
shows the bonding strength of supported Pt (E1Pt), valence electron
variations in the deposited Pt (ΔδPt) and EOvac (oxygen vacancy
formation energy). These computational results exhibited the proper-
ties of Pt deposited on single-doped and dual-doped TiO2 in the oxide
support. Defects played an important role and significantly changed
the properties of the deposited Pt. As shown in Supplementary Figure
S9, Pt nanoparticles were found to be preferentially located at defect
sites on most TiO2-based supports and to gain electrons from it. This
phenomenon induced an SMSI that enhanced both the activity and
stability of Pt. From the XAS results, the decrease in the white-line
intensity indicated that Pt should be deposited at defect sites rather
than at defect-free sites. To further confirm this result, XAS

measurements for the Ti K-edge were taken for single-doped and
dual-doped TiO2 supports with or without loading of Pt nanoparticles,
and the pre-edge regions were compared (Figure 5). The three pre-
edge peaks were attributed to crystalline TiO2, whose intensities were
related to the symmetry of the crystal structure. A distortion and
oxygen vacancies can cause an increase in the pre-edge intensity.24,25

In pure TiO2 and single-doped TiO2, the pre-edge intensity remained
unchanged after Pt loading. In dual-doped TiO2, Pt loading caused a
decrease in the pre-edge intensity. The distortion in the crystal
structure was unchanged after the loading of Pt nanoparticles, but
the number of oxygen vacancies decreased when Pt nanoparticles were
deposited on the defect sites. This decrease in vacancies resulted in a
decrease in the pre-edge intensity, thus indicating that more Pt
nanoparticles are deposited at the defect sites of the dual-doped
supports. To determine the related amount of occupied defect sites,
the peak intensity of the Ti K pre-edge between 4969 and 4973 eV of
the support material was divided by the peak intensity of the support

Figure 5 Ti K-edge X-ray absorption near-edge spectroscopy (XANES) spectra pre-edge region of (a) TiO2 and Pt/TiO2 (b) TiNxOy and Pt/TiNxOy,
(c) Ti0.8W0.2Oy and Pt/Ti0.8W0.2Oy, (d) Ti0.9Nb0.1Oy and Pt/Ti0.9Nb0.1Oy, (e) Ti0.8W0.2NxOy and Pt/Ti0.8W0.2NxOy and (f) Ti0.9Nb0.1NxOy and Pt/Ti0.9Nb0.1NxOy.
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with Pt loading. The result, termed an ‘occupied defect,’ was compared
with the activity and unfilled state in Figure 6. The tendency of the
occupied defect was similar to the catalyst activity, thus revealing that
the Pt deposited on the defect sites of the support resulted in greater
electron transfer from the support to Pt and provided both
superior activity and stability for Pt on dual-doped TiO2 compared
with single-doped TiO2.
Notably, the bonding strength of Pt on a defect site of the

TiO2-based support was much stronger than that of Pt on a
defect-free site, except for N-doped TiO2. In Pt/N-doped TiO2,
the E1Pt on the defect-free site was much stronger than that on the
defect site, thus indicating that Pt bound to a defect-free site of
N-doped TiO2 is more stable and leads to a positive ΔδPt. This result
was consistent with the increase in white-line intensity in the XAS
measurements and the Ti pre-edge results of TiNxOy and Pt/TiNxOy.
Finally, the XAS and DFT results demonstrated that the formation of
defects play a pivotal role in dual-doped TiO2 supports. Additionally,
these supports are strong candidates for catalyst supports in oxygen
reduction reactions.
Figure 7 illustrates the catalyst morphology after Pt loading

on various support materials. As synthesized, the single-doped and
dual-doped TiO2 supports contained a certain number of oxygen
vacancies on the surface. Several oxygen vacancies were occupied by

Pt nanoparticles after platinization. Compared with the Pt deposited
on the oxygen sites, the Pt that was deposited on the oxygen vacancy
sites was more electronegative and had fewer hydroxyl groups on
the surface during the ORR, thus providing a stronger driving
force and more active sites for the ORR. The experimental results
demonstrated that Pt occupied more defects on the dual-doped
TiO2 surface, thus making it easier to conduct the oxygen
reduction reaction, and resulted in higher activity than that of Pt on
a single-doped TiO2 support.

CONCLUSIONS

In this study, dual-doped TiO2-supported Pt catalysts, which
were prepared by an easy process and showed excellent activity and
stability for oxygen reduction reactions, were developed. Dual-doped
TiO2 showed greater electron conductivity than did single ion-doped
TiO2. The BET results showed that the high surface area
of Ti0.9Nb0.1NxOy and Ti0.8W0.2NxOy provided sufficient area for the
improved dispersion of Pt nanoparticles. The electrochemical
tests demonstrated that Pt/Ti0.9Nb0.1NxOy and Pt/Ti0.8W0.2NxOy had
greater ORR activity than Pt/TiNxOy, Pt/Ti0.9Nb0.1Oy, Pt/Ti0.8W0.2Oy

and Pt/C catalysts. Additionally, both Pt/Ti0.9Nb0.1NxOy and
Pt/Ti0.8W0.2NxOy showed high durability during stability testing.
After 30 000 cyclic voltammetry cycles, the loss of activity for both
catalysts was ˂22.9%, thus indicating better stability than that of a
Pt/C catalyst and exceeding the stability target set by DOE. XAS
measurements were carried out to identify the electronic properties of
Pt on Ti0.9Nb0.1NxOy and Pt/Ti0.8W0.2NxOy supports. Combined with
DFT studies, the results indicated that the high activity and stability is
attributable to the SMSI between the Pt nanoparticles and affects the
electron transfer from the support to Pt, thus leading to a faster
catalytic reaction and the avoidance of Pt migration and sintering.
Moreover, the results confirmed that the formation of defects on the
support materials play an important role in the electron transfer
phenomenon. The high electron conductivity of dual-doped TiO2 may
be another factor underlying the greater activity of Pt/Ti0.9Nb0.1NxOy

and Pt/Ti0.8W0.2NxOy catalysts than Pt on single-doped TiO2

for the ORR.
Finally, in principal, the anion–cation dual doping of TiO2 is not

limited to the use of nitrogen in combination with either niobium or
tungsten, as explored here. Additional dual-doped TiO2 supports may
have applications in supporting catalytic metals other than Pt. This
work opens a new path toward the development of new catalysts for
fuel cell applications.

Figure 7 Schematic illustration of Pt loading on single-doped and dual-doped TiO2 supports and the oxygen reduction reaction.

Figure 6 Normalized value of the unfilled state, activity and occupied
defect of Pt/TiNxOy, Pt/Ti0.8W0.2Oy, Pt/Ti0.9Nb0.1Oy, Pt/Ti0.8W0.2NxOy and
Pt/Ti0.9Nb0.1NxOy catalysts.
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