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1. INTRODUCTION

Fuel cell technology is believed to have the potential to
become a major source of clean energy1,2 with particularly
important applications in transportation. Despite considerable
recent advances, existing fuel-cell technology still needs to be
improved,3�5 especially with respect to the pivotal role of the
oxygen reduction reaction (ORR) in proton exchange mem-
brane fuel cells (PEMFCs), where the extremely corrosive
conditions of the fuel-cell cathode require that the catalyst be
chemically active enough to activate O2 and yet noble enough to
release the oxygen in the form of H2O. The slow rate of the
oxygen reduction reaction and instability of Pt on the cathode
side are the main factors limiting its wide application.1�8

Numerous investigations have been carried out to improve the
activity and durability of Pt for ORR. For instance, a series of
binary Pt�M alloys with late transition metals (M = Cr, Mn, Co,
Ni)9 and early transition metals (M = Sc, Y)10 or dealloying of
some alloys of Pt,11,12 as well as synthesis of platinum core�shell
catalyst,13 are routes to make Pt-based catalysts more active than
pure Pt catalysts. The enhancement of activity and durability of
these binary Pt�M alloys is based on electronic transfer mechan-
isms of the second transition metal (M) to Pt, which modified
the surface electronic structure of Pt, owing to a shift in the d-
band center of the surface Pt atoms that results in a weakened

interaction between Pt and intermediate oxide species, freeing
more active sites for O2 adsorption.

9�13 However, one of the
difficulties in making these systems form surface Pt overlayers or
“skins”, by using thermal treatments at high temperature or acid
treatments such as is the case of PtCo or PtNi catalysts, is also a
limitation for commercialization of this technology.14 Addition-
ally, studies indicate that under acidic conditions the Pt�M
alloys may exhibit instability and lose oxygen reduction activity
due to leaching/dissolution of the transition metals, leading to a
reduction in to the long-term durability of the catalysts.14�16

Yet catalyst stability in PEMFCs is also a critical hurdle and key
challenge to their commercialization in stationary and transpor-
tation power applications.17�19 Currently, fuel-cell technology
uses carbon black20,21 as a catalyst support for both the anodes
and cathodes. However, the predominance of weak interactions
between the carbon support and the catalytic metal nanoparticles
leads to sintering of the catalytic metal nanoparticles and a
consequent decrease in the active surface area with long-term
operation.22�25 More important, the high potentials that accel-
erate both electrochemical carbon corrosion and dissolution of
the active elements under normal operating conditions are issues

Received: April 29, 2011

ABSTRACT: The slow rate of the oxygen reduction reaction
(ORR) and the instability of Pt-based catalysts are two of the
most important issues that must be solved in order to make
proton exchange membrane fuel cells (PEMFCs) a reality. Addi-
tionally, the serious carbon corrosion on the cathode side is a critical
problemwith respect to the durability of catalyst that limits its wide
application. Here, we present a new approach by exploring robust
noncarbon Ti0.7Mo0.3O2 used as a novel functionalized cocatalytic
support for Pt. This approach is based on the novel nanostructure
Ti0.7Mo0.3O2 support with “electronic transfer mechanism” from Ti0.7Mo0.3O2 to Pt that can modify the surface electronic structure of
Pt, owing to a shift in the d-band center of the surface Pt atoms. Furthermore, another benefit of Ti0.7Mo0.3O2 is the extremely high
stability of Pt/Ti0.7Mo0.3O2 during potential cycling, which is attributable to the strong metal/support interaction (SMSI) between Pt
and Ti0.7Mo0.3O2. This also enhances the inherent structural and chemical stability and the corrosion resistance of the TiO2-based oxide
in acidic and oxidative environments. We also demonstrate that the ORR current densities generated using cocatalytic Pt/Ti0.7Mo0.3O2

are respectively ∼7- and 2.6-fold higher than those of commercial Pt/C and PtCo/C catalysts with the same Pt loading. This new
approach opens a reliable path to the discovery advanced concept in designing new catalysts that can replace the traditional catalytic
structure and motivate further research in the field.



11717 dx.doi.org/10.1021/ja2039562 |J. Am. Chem. Soc. 2011, 133, 11716–11724

Journal of the American Chemical Society ARTICLE

impacting fuel-cell durability that remain unresolved.26�29 To solve
these issues, several recent studies have concentrated on developing
materials that exhibit corrosion resistance, including some with
a higher graphitic character, such as: nanofibers,30 carbon nano-
tubes,31 carbon nanocages,32 and graphene.33 These nanostructured
carbons show a severalfold lower intrinsic corrosion rate; how-
ever, they do not prevent carbon oxidation.29 Recently, much
attention has been centered on the development of robust non-
carbon support materials, such as highly stable conducting metal
oxides, that can prevent the carbon corrosion27,28 or introduce a
synergistic cocatalytic effect between Pt and the conducting
metal oxide support such as highly CO-tolerant electrocatalytic
activity for hydrogen oxidation.34

Here, we present a new approach by exploring a robust
novel non-carbon-based cocatalytic support material comprising
Ti0.7Mo0.3O2 to support the Pt nanoparticles (NPs). Interestingly,
this approach can solve the above issues due to the various
advantages conferred by the multifunctional Ti0.7Mo0.3O2. These
advantages are in terms of its high surface area, porosity, and the
strong Pt interactions that lead to highly dispersed and well-
anchored Pt catalyst particles. More specifically, the Ti0.7Mo0.3O2

support acts as a cocatalyst, supporting Pt activity, based on
“electronic transfer mechanisms” from Ti0.7Mo0.3O2 to Pt; that
is, the shift in the d-band structure of the Pt NPs leads to weak
interactions between Pt and the intermediate species, which is
normally played by the second metal in the conventional Pt�M
system, thereby, promoting the reduction of oxygen in a manner
that a simple carbon support cannot. Additionally, the combination
of ultrahighly stable TiO2

35,36 with MoOx,
37 noted for its high

electronic conductivity and relative stability in acid solutions, is
used as an new approach to develop a multifunctional support
material for Pt that exhibits much improved activity and durability
over commercial Pt/C and PtCo/C catalysts for oxygen reduction
reaction for potential application in PEMFCs.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Ti0.7Mo0.3O2 Nanoparticles. Ti0.7Mo0.3O2

NPs were synthesized by a single-step hydrothermal process, at low
temperature as a low-energy-consuming fabrication technique38 that did
not employ a surfactant or stabilizer. An aqueous solution containing
12 mM MoCl5 and 28 mM TiCl4 precursors (with Mo:Ti = 3:7 molar
ratio) was prepared. The precursor solution was then transferred to a
Teflon-lined autoclave with a stainless steel shell and heated to 200 at
10 �C 3min

�1 in an oven. The sample was kept at 200 �C for 2 h in the
oven and then cooled to room temperature. Ti0.7Mo0.3O2 was washed
with water and collected by centrifugation several times until the washings
showed pH 7. The precipitates were dried at 80 �C in a vacuum oven
overnight (>8 h) for the electrochemical and textural analyses.
2.2. Synthesis of Pt/Ti0.7Mo0.3O2 Catalyst. PlatinumNPs were

anchored over the Ti0.7Mo0.3O2 support by a microwave-assisted polyol
synthesis. The synthesis was carried out with the aid of a domestic
microwave oven (LG MG-5021MW1, 300 W, 2450 MHz). Platinum
(intake 20 wt %) was deposited as follows: 2.0 mL of 50 mM hexa-
chloroplatinic acid in ethylene glycol was added to 30 mL of ethylene
glycol to produce a yellowish solution. Ti0.7Mo0.3O2 (80 mg) was mixed
with the solution containing hexachloroplatinic acid and themixture was
ultrasonicated for 30 min, followed by the addition of sodium hydroxide
(0.8 M) to adjust the pH to 11.0. The suspension was exposed in the
middle of a microwave oven for 1 h at 200 W (160 �C). When the
reaction was complete, the sample was cooled in air and the black
precipitate was collected by repeated centrifugation and washed with
acetone and deionized water. The resulting Pt/Ti0.7Mo0.3O2 was dried

at 80 �C in a vacuum oven overnight. For comparison, the same amount
of Pt was deposited on undoped TiO2 (20 wt % Pt/undoped TiO2) and
MoO2 (20 wt % Pt/MoO2) following the same procedure.
2.3. Material Characterization. Powder X-ray diffraction (XRD)

patterns of Ti0.7Mo0.3O2 and Pt/Ti0.7Mo0.3O2 nanocatalysts were
obtained with XRD-Rigaku Dmax-B, Japan measurements using Cu
KR radiation and Ni as filter at 40 kV and 100 mA. The data were
collected from 20� to 90� in 2θ scale with a scan rate of 2� 3min�1. The
particle sizes of Ti0.7Mo0.3O2 and Pt/Ti0.7Mo0.3O2 NPs were evaluated
by transmission electron microscopy (TEM) on an FEI-TEM-2000
microscope operated at an accelerating voltage of 3800 V. Specimens
were prepared by ultrasonically suspending the NPs in ethanol; the
suspension was then applied to a copper grid and dried in an oven.

The Pt loading on support was determined both by energy-dispersive
X-ray spectroscopy (EDX-JSM 6500F, JEOL) with an accelerating
voltage of 15 kV and by inductively coupled plasma atomic emission
spectrometry (ICP-AES). Average composition of the Ti0.7Mo0.3O2

support and elemental mapping of the Pt/Ti0.7Mo0.3O2 catalyst were
also obtained by use of an EDX-JSM 6500F, JEOL, with an accelerating
voltage of 10 kV. The Brunauer�Emmett�Teller (BET) surface area
and pore size of the Ti0.7Mo0.3O2 support were obtained from N2

adsorption isotherms at 77 K (PorousMaterials, BET-202A). Before the
BET measurement, the material was degassed/dried at 250 �C for 3 h in
order to completely vaporize the water molecules adsorbed in the meso/
micropores of the oxide. Accordingly, the BET data shown here
correspond to the annealed samples. The electrical conductivity of the
Ti0.7Mo0.3O2 powder was measured by a standard four-probe technique
(KeithLink Technology, Taiwan). Ti0.7Mo0.3O2 powder was made into
pellets, of∼13 mm diameter and∼1 mm thickness, by use of a steel die
in a hydraulic press under a pressure of 300 MPa. To obtain reliable
electrical conductivity data, the four-point probe system was carefully
placed on the Ti0.7Mo0.3O2 pellet, at three different sites on each sample.
For comparison, the electronic conductivity of the undoped TiO2 was
measured under the same conditions as the Ti0.7Mo0.3O2 powder
measurement.

X-ray absorption spectra (XAS) were recorded at the National
Synchrotron Radiation Research Centre (NSRRC) of Taiwan, beamline
01 C, following the procedure described in detail elsewhere.39,40

Experimental details, such as instrument specifications, cell configura-
tion, and sample treatment for proper measurement, were the same
as before. Measurements were made at room temperature with solid
samples. Mo foil, MoO2, and MoO3 were used as references for Mo
K-edge measurements, as was a Pt foil for Pt LIII-edge measurements and
Ti foil for the Ti L2,3-edge. The control of parameters for extended X-ray
absorption fine structure (EXAFS) measurements, data collection modes,
and calculation of errors were all done as per the guidelines set by the
International XAFS Society Standards and Criteria Committee.39,40

2.4. Electrode Preparation and Electrochemical Measure-
ments. A three-electrode cell connected to a Solartron 1480 potentio-
stat/galvanostat was used for electrochemical measurements. A high
surface area Pt and a saturated calomel electrode were used as counter-
electrode and reference electrode, respectively. All potentials in this
work are referred to a normal hydrogen electrode (NHE). A thin layer of
Nafion-impregnated Pt/Ti0.7Mo0.3O2 catalyst cast on a glassy carbon
disk (PINE) of 5 mm diameter (0.1964 cm2 area) embedded in a Teflon
holder was the working electrode. A known amount of Pt/Ti0.7Mo0.3O2

catalyst was dispersed in 0.5% Nafion by sonication for 3 h, and 7 μL of
catalyst suspension containing 6.2 mg of Pt 3mL�1 was placed on the
glassy carbon electrode (GCE) surface and dried at 80 �C for 15 min to
yield a uniform thin film of the catalyst. Prior to catalyst coating, GCE
surface was cleaned by polishing with 0.3 μm alumina powder (BAS),
cleaned with ethanol, and washed with copious amounts of deionized
water. An aqueous solution of H2SO4 (0.5M) was used as the electrolyte
in all the electrochemical measurements. In cyclic voltammetry (CV),
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potential was swept between 0.05 and 1.10 V at a scan rate (v) of
25 mV 3 s

�1. Prior to the CV measurements, the electrode was activated
in the same solution by potential cycling 10 times in the range 0.05�
1.10 V at v = 50 mV 3 s

�1. Steady-state polarization measurements of
ORRwere carried out from 0 to 1.1 V at v = 1mV 3 s

�1 with the electrode
being rotated at 1600 rpm. Electrode stability tests were performed by
continuous potential cycling (CV) up to 5000 cycles in the potential
window 0�1.10 V at v = 50 mV 3 s

�1, and steady-state polarization
in ORR was measured after 5000 cycles in the range from 0 to 1.1 V at
v = 1 mV 3 s

�1 with the electrode being rotated at 1600 rpm. To
undertake electrochemical measurements, working electrodes compris-
ing Nafion-impregnated commercial catalysts [Pt/C (E-TEK) or PtCo/
C (E-TEK)] on GCE were prepared following the same procedure as
above. Pt loading was maintained at 0.221 mg 3 cm

�2 on all the catalyst
electrodes in the electrochemical studies. In addition to the ORR
performance measurements, the Pt/Ti0.7Mo0.3O2 and commercial Pt/
C and PtCo/C catalysts were evaluated via a linear sweep in oxygen-
saturated 0.1 M HClO4 at 25 �C at a rotation rate of 1600 rpm and at
v = 10 mV 3 s

�1 within a potential range from 0 to 1.1 V versus NHE.

3. RESULTS AND DISCUSSION

3.1. Characterization of Ti0.7Mo0.3O2 Support Material.
The structure of the Ti0.7Mo0.3O2 samples was confirmed by
X-ray diffraction (XRD) measurements. Figure 1 shows the
diffraction peaks of Ti0.7Mo0.3O2 at 2θ positions 25.1�, 38.1�,
47.5�, 54.4�, and 62.5� that can be indexed to a unit cell, shifted
slightly from that of pure anatase-TiO2 (JCPDS file 84-1286)
due to the molybdenum doping. No signal corresponding to a
single metallic phase of Mo or to phase separation between
molybdenum and titanium oxide (Figure 1), was detected,
confirming that Ti0.7Mo0.3O2 is principally a single-phase solid
solution with anatase phase of TiO2 structure. This finding is
supported by the transmission electron microscopy (TEM)
image of Ti0.7Mo0.3O2 (Figure 2), showing a solid solution
comprised of fine nanoparticles 8�10 nm. The very good
crystallinity of Ti0.7Mo0.3O2 (Figure 2, inset) is also clearly
apparent from the well-defined fringes at∼3.4 Å that correspond
to the spacing of the {101} plane of anatase TiO2: this is in good
accord with the XRD pattern. Energy-dispersive X-ray spec-
troscopic (EDX) measurements (Figure S1, Supporting In-
formation), indicated a Ti:Mo atomic ratio of 69.32:30.68, which
agrees closely with the expected atomic ratio of 70:30 for
Ti0.7Mo0.3O2. This suggests that the composition of the
(Ti:Mo) binary metal oxide can be controlled in a facile manner
by adjusting the ratios of MoCl5 and TiCl4 in the precursor

solutions without the need for any template or reductant. The
nitrogen sorption (adsorption and desorption) isotherm and its
corresponding Barrett�Joyner�Halenda (BJH) pore size dis-
tribution for the newTi0.7Mo0.3O2 support material are shown in
Figure 3. The Ti0.7Mo0.3O2 support exhibits a typical type IV
isotherm with a distinct hysteretic loop, attributable to the
presence of mesopores in Ti0.7Mo0.3O2; this deduction is
supported by the pore size distribution curve (Figure 3, inset)
showing the pore size center at ∼3.5 nm for Ti0.7Mo0.3O2. In
addition, the BET measurements showed that Ti0.7Mo0.3O2

possesses a high surface area (230 m2
3 g

�1)—a critical require-
ment for catalyst support material—comparable to the well-
known Vulcan XC72 (232 m2

3 g
�1).41 The electronic conduc-

tivity of the Ti0.7Mo0.3O2 nanoparticles was measured as ap-
proximately 2.8� 10�4 S 3 cm

�1, which is significant higher than
that of the undoped TiO2 nanoparticles (1.37� 10 �7 S 3 cm

�1).
In order to better understand the oxidation state of Mo in the

Ti0.7Mo0.3O2 structure, the molybdenum valence was determined

Figure 1. X-ray diffraction patterns of Ti0.7Mo0.3O2 support material
and (inset) Pt/Ti0.7Mo0.3O2 catalyst.

Figure 2. TEM image of Ti0.7Mo0.3O2 support material and (inset)
HRTEM of Ti0.7Mo0.3O2.

Figure 3. Nitrogen adsorption/desorption isotherms of Ti0.7Mo0.3O2

support and (inset) its corresponding Barrett�Joyner�Halenda (BJH)
pore size distribution.
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from the Mo K-edge X-ray absorption near-edge structure
(XANES) (Figure 4A). The shift of the Mo K-absorption edge
to higher phonon energies with respect to the metal standard
gives information about the valence of Mo, while the pre-edge
features correspond to its coordination geometry.42 The XANES
spectrum of standard MoO3 shows a strong pre-edge peak that
arises from an allowed 1s�4d electronic transition for tetrahedral
symmetry.43 This characteristic can also be observed as a shoul-
der for Ti0.7Mo0.3O2. However, in the spectrum of standard
MoO2, where Mo is in a regular octahedron, this feature is not
observed. Additionally, the oxidation state of Mo can be derived
from the energy shift of the X-ray absorption edge44 (Figure 4B).
The linear fit of the Mo average valence, obtained by use of
a feature above the edge position (K-edge, inset), has been
determined as a best fit to the data45 from three references
sample (Mo, MoO2, andMoO3 references). Figure 4B shows the
calculated average Mo valence state in Ti0.7Mo0.3O2 to be 5.75,
which is representative of the molybdenum oxide’s mixed
oxidation state.
3.2. Characterization of Pt/Ti0.7Mo0.3O2 Catalyst. The for-

mation of crystalline Pt nanoparticles in Pt/Ti0.7Mo0.3O2 catalyst
was verified by XRD patterns (inset, Figure 1). Pt/Ti0.7Mo0.3O2

gave four characteristic diffraction peaks corresponding to (111),
(200), (220), and (311) of the face-centered cubic (fcc) Pt (JCPDS
file 04-0802), in addition to the strong reflections corresponding to
the Ti0.7Mo0.3O2 support. This finding is further is confirmed by
TEM. It can be observed that the small, uniformly distributed,
darkly contrasting spherical Pt nanoparticles (3�4 nm diameter)

are well adhered to the Ti0.7Mo0.3O2 support (Figure 5 and
Figure S2, Supporting Information) though no pretreatment
(e.g., heat treatment, acid treatment, or polymer wrapping) steps
were used. The fringes with lattice spacings of 2.3 Å can be
indexed as {111} of fcc Pt as shown in Figure 5, indicating the
existence of good crystallinity of Pt NPs anchored on the
Ti0.7Mo0.3O2 support. Pt loading on the Ti0.7Mo0.3O2 support
was determined by both inductively coupled plasma atomic
emission spectrometry (ICP-AES) analysis (18.15 wt % Pt)
and EDX (18.36 wt % Pt) (Figure S3, Supporting Information).
These values agreed very well with the calculated 20 wt % used in
the catalyst’s preparation. The uniform distributions of elements
in a Pt/Ti0.7Mo0.3O2 catalyst were verified through elemental
mapping using SEM-EDX (Figure S4, Supporting Information)
as well as via TEM imaging (Figure 5). Interestingly, there was
no signal of metallic Mo or valence state change of molyb-
denum oxide even after Pt deposition (Figure S5, Supporting
Information), which corresponds to the XRD data. These results
confirm that Ti0.7Mo0.3O2 is highly stable and robust with a
large surface area, enabling the Pt NPs to be well distributed on
the support.
In order to gain insight into the geometric structure and

identify the electronic properties of the oxidation states of Pt/
Ti0.7Mo0.3O2, X-ray absorption spectroscopy was used. The
XANES region of Pt/Ti0.7Mo0.3O2 has been plotted and com-
pared to commercial 20 wt % Pt/C (E-TEK) and 30 wt %
PtCo(1:1)/C (E-TEK) catalysts(see Figure 6A). It is interesting
to note that the intensity of the white line, whose magnitude is a
directmeasure of d-band vacancies, is in the order Pt/C (E-TEK)g
Pt foil > PtCo/C (E-TEK) > Pt/Ti0.7Mo0.3O2,with Pt/
Ti0.7Mo0.3O2 showing the lowest intensity. The changes in the
white-line intensity in principle could be caused by size effects
and/or electronic effects.40,46,47 Note that the particle sizes of Pt/
Ti0.7Mo0.3O2, Pt/C (E-TEK), and PtCo/C (E-TEK) were
similar (data not shown here); thus, the particle sizes being of
similar dimensions, the changes in the white-line intensity for
these catalyst samples are primarily a manifestation of electronic

Figure 4. (A) Mo K near-edge spectra of Ti0.7Mo0.3O2 and molybde-
num oxides used as references (MoO2, MoO3). (B) Molybdenum
average valence of Ti0.7Mo0.3O2 and Mo oxide references in panel A
as a function of the Mo K-edge position and (inset) the inserted feature
used to determine the K-edge position.

Figure 5. TEM image of Pt/Ti0.7Mo0.3O2 catalyst.
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effects that induce changes in the d-band vacancy of Pt. In a
similar manner, the intensity decrease for PtCo/C (E-TEK)
compared to Pt/C (E-TEK) can be easily understood as being
due to electron transfer from Co to Pt, leading to a high electron
density around the Pt atoms and hence a decrease in the Pt
d-band vacancy.48 Interestingly, in the case of Pt/Ti0.7Mo0.3O2

with only one catalyst component (Pt), the large decrease in its
white-line intensity arises from a different origin; namely, the
strong metal/support interaction (SMSI)49�51 between Pt and
the Ti0.7Mo0.3O2 support. This mechanism explains the facile
nature of electron donation from the Ti0.7Mo0.3O2 support to Pt
metal, leading ultimately to a drastic decrease in the d-band
vacancy of Pt, as reflected in the results of the calculation to
determine the number of unfilled d states (hTs) (see details in
Supporting Information).39,40 The Pt/Ti0.7Mo0.3O2 catalyst
shows the lowest number of unfilled d-states (hTs = 1.45)
compared to all the other samples, viz., PtCo/C (hTs = 1.55),
Pt/C catalyst (hTs = 1.62), and Pt foil (hTs = 1.60) in Figure 6B.
Additional evidence for the synergistic effect in Pt/Ti0.7Mo0.3O2

NPs was obtained from the Ti L2,3-edge (2p f 3d) of the XAS
spectra between Ti0.7Mo0.3O2 and Pt/Ti0.7Mo0.3O2 (Figure 7).
It can be seen that the Ti L2,3-edge XAS spectra for Ti0.7Mo0.3O2

and Pt/Ti0.7Mo0.3O2 are consistent with that of anatase-TiO2,
52

seen in the XRD pattern. The main features of the spectrum are
caused by the dipole transition from the 2p core to 3d unoccu-
pied states.53 It is worth noting that the intensity of Pt/
Ti0.7Mo0.3O2 increases for all features compared to Ti0.7Mo0.3O2

(inset in Figure 7). This increase directly reflects an increase
in the number of Ti vacancies, leading to an increase in the
number of Ti 3d holes because of electron donation from the
Ti0.7Mo0.3O2 support to Pt: this is in very good correspondence

with the Pt LIII-edge as discussed previously (Figure 6). These
results indicate clearly that the SMSI between Ti0.7Mo0.3O2

and Pt, which results in facile electron donation from the
Ti0.7Mo0.3O2 support to Pt metal, leads ultimately to a drastic
decrease in the d-band vacancy of Pt. Therefore, Ti0.7Mo0.3O2 can
play an important role as cocatalyst for noble Pt metal, which is
normally played by the second metal in the conventional Pt�M
system that a simple carbon support cannot.
Furthermore, the local structure of Pt atoms in the Pt/

Ti0.7Mo0.3O2 and commercial Pt/C and PtCo/C catalysts was
investigated by extended X-ray absorption fine structure
(EXAFS) with a reference Pt foil. The corresponding Fourier
transforms (FT) of k2-weighted EXAFS oscillations at the Pt LIII-
edge are shown in Figure 8A. The peak centered at 2.5 Å
represents the contribution of the first metal�metal coordi-
nation shell to the EXAFS oscillations. The similarity of the
FT features indicates that the Pt phase, present in the Pt/
Ti0.7Mo0.3O2 catalyst, is similar to that in Pt/C (E-TEK) and
corresponds to Pt foil having the fcc structure of bulk platinum. It
is apparent that the magnitude of this peak for Pt/Ti0.7Mo0.3O2

and the commercial catalysts Pt/C and PtCo/C is smaller for
these dispersed catalysts compared to that of bulk Pt, due to the
very small particle size. The peak splitting in the case of bimetallic
nanoparticles in PtCo/C catalyst indicates the presence of two
types of backscattering atoms in the first shell coordination.
Figure 8B depicts the k2-weighted Pt LIII-edge EXAFS spectra
collected for Pt/Ti0.7Mo0.3O2 catalyst nanoparticles with various
commercial Pt/C and PtCo/C catalysts and a reference Pt foil:
excellent data quality, with a high signal-to-noise ratio, was
obtained from Pt/Ti0.7Mo0.3O2 catalyst due to the presence of
EXAFS oscillations, observed up to 14 Å�1 .
3.3. Electrochemical Properties of Pt/Ti0.7Mo0.3O2 Cata-

lyst. The catalytic properties of Pt/Ti0.7Mo0.3O2, used as a
cathodic material for the ORR in PEMFCs, were studied with
commercial 20 wt % Pt/C (E-TEK) and 30 wt % PtCo (1:1)/C
(E-TEK) catalysts used for comparison. Figure 9 shows cyclic
voltammetry (CV) curves of these three catalysts, recorded at
room temperature inN2-purged 0.5MH2SO4 solutions, at a scan
rate of 25 mV 3 s

�1. The electrochemically active surface area
(ECSA) was calculated by measuring the charge collected in
the Hupd adsorption/desorption region after double-layer cor-
rection with a value of 210mC 3 cm

�2 assumed for the adsorption
of a hydrogen monolayer.54 The specific ECSA of the 20 wt %

Figure 6. (A) Pt LIII-edge XANES spectra and (B) variation in unfilled
d-states for Pt foil and different catalyst samples (denoted in the figure).
(Inset) Enlarged region of peaks of Pt LIII-edge XANES white line.

Figure 7. XAS spectra of Ti L2,3-edge of Ti0.7Mo0.3O2 and Pt/Ti0.7-
Mo0.3O2 samples. (Inset) XAS spectra of Ti L2,3-edges with different
intensity in Pt/Ti0.7Mo0.3O2 and Ti0.7Mo0.3O2 samples.



11721 dx.doi.org/10.1021/ja2039562 |J. Am. Chem. Soc. 2011, 133, 11716–11724

Journal of the American Chemical Society ARTICLE

Pt/Ti0.7Mo0.3O2 (72.5 m2
3 g

�1) was found to be similar to
the Pt/C catalyst (73.7 m2

3 g
�1) and higher than that of

PtCo/C (61.9 m2
3 g

�1). The highly active surface area of Pt/
Ti0.7Mo0.3O2 is attributed to the small size and good dispersion
of the Pt catalyst on the porous Ti0.7Mo0.3O2 support that creates
a large Pt surface, thereby resulting in a large electrochemically
active surface area. Noticeably, no oxidation or reduction peaks
appear for molybdenum oxide from the Pt/Ti0.7Mo0.3O2 voltam-
metric result, suggesting that the molybdenum is introduced
into the lattice of anatase TiO2, which is highly stable in acidic

solutions and oxidative environments.37 Interestingly, the Ti0.7-
Mo0.3O2-supported Pt, but not the carbon support Pt or PtCo,
shows a high double layer capacitance region (see Figure 9); this
may be attributed to the capacitive properties of molybdenum
oxide55�57 in the support material that can be created by
differences in the structure of the electrodes.
Figure 10 shows the polarization curves of 20 wt % Pt/

Ti0.7Mo0.3O2 catalysts compared to commercial 20 wt % Pt/C
(E-TEK) and 30 wt % PtCo (1:1)/C (E-TEK) catalysts. As
expected, the Pt/Ti0.7Mo0.3O2 catalysts show excellent catalytic
activity toward the ORR compared to conventional carbon-
supported Pt or PtCo catalyst electrodes. For instance, Pt/
Ti0.7Mo0.3O2 has a more positive onset potential (∼130 mV)
than Pt/C (E-TEK) and an even more positive activity (∼80 mV)
than PtCo/C (E-TEK), and thus it was more active than the
commercial catalysts. The current density, taken from the ORR
activity, at the half-wave potential (∼0.9 V) is respectively, a 7-
and a 2.6-fold improvement over those of the commercial Pt/C
and PtCo/C catalysts. Similarly, the Pt/Ti0.7Mo0.3O2 catalyst
exhibited a high mass activity at 0.85 V, compared to commercial
Pt/C (E-TEK) and PtCo/C (E-TEK) catalysts (Figure S6,
Supporting Information). Furthermore, the ORR activity
of Pt/Ti0.7Mo0.3O2 catalyst as measured in O2-saturated

Figure 9. Cyclic voltammograms for (A) 20 wt % Pt/C (E-TEK), (B) 30 wt % PtCo(1:1)/C (E-TEK), and (C) 20 wt % Pt/Ti0.7Mo0.3O2 in N2-
saturated 0.5 M H2SO4 solution at 25 �C. Sweep rate = 25 mV 3 s

�1; Pt loading of electrodes = 0.221 mg 3 cm
�2. (Insets) TEM of Pt/Ti0.7Mo0.3O2 and

commercial Pt/C and PtCo/C catalysts (scale bar 10 nm).

Figure 10. Polarization curves showing the ORR current of Pt/Ti0.7-
Mo0.3O2 catalyst and two kinds of commercial Pt/C (E-TEK) and
PtCo/C (E-TEK) catalysts. The current was normalized to the geometric
area of the electrode (0.1964 cm2), and the electrode rotation rate was kept
at 1600 rpm, with a sweep rate of 1 mV 3 s

�1 in 0.5 M H2SO4 at 25 �C.

Figure 8. (A) Fourier transforms (FT) of k2-weighted extended X-ray
absorption fine structure (EXAFS) oscillations at the Pt LIII-edge and
(B) k2-weighted EXAFS oscillations at the Pt LIII-edge spectra collected
for Pt/Ti0.7Mo0.3O2 catalyst nanoparticles with various commercial
catalysts and reference Pt foil.
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0.1 M HClO4 solutions also shows a significant enhancement
of activity with respect to the state-of-the-art Pt/C and PtCo/
C catalysts under the same conditions, confirming that the Pt/
Ti0.7Mo0.3O2 catalyst is a good electrocatalyst with superior
ORR activity (Figure S7, Supporting Information). Thus, the
Pt/Ti0.7Mo0.3O2 catalyst outperformed commercial catalysts
in catalyzing the ORR, which can be attributed to the
advantages conferred by the Ti0.7Mo0.3O2 support over con-
ventional carbon black supports, such as the electronic struc-
ture change of Pt when undergoing synergistic interactions
with the Ti0.7Mo0.3O2 support. The electron-rich nature of the
Pt studied here originates not from the interactions of, for
example, Pt-based alloy catalysts or from alloy films (such as
Pt�M alloys with M = Fe, Co, Ni),58 FePt NPs,59 or Pt3Ni
(111),60 but was the result of the facile electron transfer from
the novel support to the catalytic Pt, leading to a shift in the
d-band center of the surface Pt atoms. It is worth noting that
this is the main role played by the second metal (M) in
conventional Pt�M catalysts systems, while here this role is
played well by the Ti0.7Mo0.3O2 support. The bimetal oxide,
besides being a robust support material for Pt, also participates
strongly in bonding, inducing d-orbital bond strain, leading
to a reduced intermediate adsorptive strength for Pt in the
rate-determining step (RDS). Thus, more active sites for O2

adsorption are available that can facilitate a faster catalytic
electrode reaction.51

The activity of the catalysts in Figure 10 before and after the
stability test is depicted in Figure 11. The stability of the catalysts
was assessed by applying potential steps between 0.0 and 1.10 V
(NHE) in O2-saturated H2SO4 (0.5 M) electrolytes at 25 �C.
The Pt/Ti0.7Mo0.3O2 catalyst was also more stable under ORR
conditions than the commercial catalysts. Notably, the Pt/
Ti0.7Mo0.3O2 catalyst showed no significant diminution in activ-
ity after 5000 cycles and only ∼8% performance degradation at
0.9 V. In sharp contrast, a serious loss of activity was observed
in the corresponding commercial Pt/C (E-TEK) and PtCo/C
(E-TEK) catalysts. The activity of Pt/C showed activity degrada-
tion of∼50.6%, while PtCo/C was reduced by∼25.8%, suggest-
ing that carbon corrosion at high potentials was responsible
for this effect. The much-enhanced ORR stability of the Pt/
Ti0.7Mo0.3O2 catalyst may also arise from strong metal/support
interactions (SMSI)49�51 between the Pt particles and the

Ti0.7Mo0.3O2 support with tightly bound Pt particles that pre-
vent Pt migration. The good evidence for strong stability from
electrochemical tests is consistent with previous predictions from
the XANES results.
To gain further understanding of the enhanced efficiencyORR

of the nanostructured Ti0.7Mo0.3O2 support, the ORR measure-
ment was performed for 20 wt % Pt/undoped TiO2, 20 wt % Pt/
MoO2, and 20 wt % Pt/Ti0.7Mo0.3O2 catalyst for comparison as
shown in Figure S8 (Supporting Information). From this figure,
it is clear that the Pt/undoped TiO2 catalyst shows much lower
ORR activity than either Pt/MoO2 or Pt/Ti0.7Mo0.3O2, which
may be a result of the low electrical conductivity of TiO2.

28 In
contrast, the ORR catalytic activity of 20 wt % Pt/MoO2

exhibited high catalytic activity, similar to 20 wt % Ti0.7Mo0.3O2

catalyst. This enhancement probably contributed to the high
electrical conductivity and specific catalytic reactivity of molyb-
denum oxide.37 However, the MoO2 support for the Pt catalyst
showed a degradation of activity after the stability test was run for
1000 cycles (Figure S9, Supporting Information). This behavior
implies that the Pt/MoO2 catalyst is unstable and vulnerable to
dissolution during the potential scan (0�1.1 V vs NHE) in ORR.
The data derived from our study show that introduction of Mo
into the TiO2 lattice is a viable approach tomaking a highly active
catalyst with good durability for application in ORR.

4. CONCLUSIONS

We have developed a robust non-carbon Ti0.7Mo0.3O2 sup-
port that demonstrates very high activity and durability for
ORR compared with commercial Pt/C (E-TEK) and PtCo/C
(E-TEK) catalysts. Our results suggest this enhancement is a
result of electronic structure changes of Pt upon its synergistic
interaction with the Ti0.7Mo0.3O2 support compared to carbon,
which biases the reaction toward completion. Noticeably, the Pt/
Ti0.7Mo0.3O2 catalyst exhibits much higher stability than carbon-
supported catalysts, which can be attributed to the large amount
of surface Pt metal binding sites on the Ti0.7Mo0.3O2 support.
This facilitates the strong metal/support interactions (SMSI)
between Pt particles and Ti0.7Mo0.3O2 as well as enhancing the
inherent structural and chemical stability and the corrosion
resistance of Ti0.7Mo0.3O2 in acidic and oxidative environments.
The above findings undoubtedly show that the suggested ap-
proach for designing a robust non-carbon catalyst is effective and
not only can be applied to PEMFCs but also can be extended to
other fuel cells or areas, such as biosensor technology. The results
of this work also indicate strategies suitable for incorporation of
other dopants in TiO2, as well as raising the possibility of using
other oxides in alternative catalyst supports that opens a reliable
path to the discovery advanced concept of designing new
catalysts that can replace the traditional catalytic structure and
motivate further research in the field.
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