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The Platinum (Pt)-based catalysts exhibit excellent catalytic performance for the hydrogen evolution
reaction (HER) while suffering from poor stability due to the weak interaction between the carbon
support and Pt. Herein, a molybdenum-doped titanium dioxide (Ti0.9Mo0.1O2) supported low-Pt
electrocatalyst with stronger interaction between catalyst and support is applied to tune the
electrocatalytic performance of Pt. The Ti0.9Mo0.1O2 support can not only tolerate the corrosion
environment in the catalytic system, but also generate strong metal-support interaction (SMSI) between
the oxide and catalyst. A facile solvothermal method is used to prepare Ti0.9Mo0.1O2 as support to anchor
Pt nanoparticles. The 5% Pt supported on Ti0.9Mo0.1O2 catalyst exhibits 4.4-fold mass activity (MA) at an
overpotential of 50mV and higher stability than 20% Pt/C with only 1/4 Pt loading. The SMSI between the
Ti0.9Mo0.1O2 and Pt prevents the Pt aggregation to achieve excellent stability, and hydrogen spillover
effect in the interface between Pt and support benefits the hydrogen production process. This work
presents a novel sight for the fabrication and design of oxide supported catalysts in various catalytic
system by reasonably employing support effect.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Hydrogen energy has aroused tremendous attention in face of
the depletion of fossil fuels because of its cleanness and high
energy density [1–4]. High purity hydrogen can be produced by
electrochemical water splitting, which is constitutive of hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER). The
HER process is highly dependent on the electrocatalyst to
overcome the inherent thermodynamic overpotential and increase
the energy conversion efficiency. Up to now, Platinum (Pt)-based
materials have been universally regarded as the most active
catalysts for HER. However, the exceeding insufficiency of Pt
resources has rapidly elevated its price, which limits its large-scale
application. An alternative way to lower the cost of catalysts is to
reduce the use of Pt in the catalysts. For example, loading Pt on the
support can improve the dispersion and the utilization of particles
by exposingmore active sites. Nowadays, themost commonly used
support of Pt-based catalyst are carbon-based materials, which
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possess excellent electrical conductivity as well as large specific
surface area. Nevertheless, the weak interaction between carbon
and Pt easily lead to the agglomeration or shedding of catalyst
particles in operating conditions, resulting in reduced catalytic
service life [5]. A desirable catalyst support not only need excellent
conductivity, superior physicochemical stability and low cost, but
also requires strong interaction between catalyst and support.
Therefore, it is necessary to explore new supports with stronger
interaction with catalyst to achieve better stability [6–8].

Metal oxide is a promising substitute for the carbon-based
support owing to its low cost, nontoxicity, excellent mechanical
strength and chemical stability. To date, several transition metal
oxides (including TiO2 [9], CeO2 [10], WOx [11], SnO2 [12]) have
been developed as alternative supports in electrochemical
reactions, especially for TiO2, which have attracted enormous
attentions. It has been reported that TiO2 can generate strongmetal
to support interaction (SMSI) with the supported metal catalyst
[13,14]. The SMSI induced charge transfer effect enhances the
interaction between themetal and support [15,16]. However, there
are several obstacles hindering the application of TiO2 support in
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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electrocatalytic system. Most importantly, TiO2 is a typical
semiconductor material with a high band gap [17,18], however,
its inherent low conductivity severely limits its application as an
electrocatalyst support. To address these issues, there are some
traditional methods including metal atom doping, partial reduc-
tion of Ti intoMagnéli phase [19,20] or composite with conductive
materials [21–24]. Heteroatom doping is a facile and effective
method to improve the conductivity. Researchers have reported
such materials including doped elements such as Nb [25,26], Mo
[27],W [28], Ru [29], Ta [30], etc.Recently, Tsai [31] and co-workers
reported Mo-doped titanium dioxide as the support for Pt
nanoparticles which exhibited enhanced mass activity and
stability for the oxygen reduction reaction. The electron transfer
from the Mo-doped titanium dioxide to Pt induced by SMSI could
be explained for the improved catalytic performance.

The hydrogen spillover effect has also been reported to enhance
the HER performance [11,32–34], and it is very common in
supported metal nanoparticles where the absorbed H atom
migrate from the surface of strong binding sites (metal) to that
of weak binding sites (support). A study on single atom Pt
supported on WO3-x (Pt SA/WO3-x) showed that the hydrogen
spillover effect between the tungsten oxide and Pt enhanced the
HER catalytic activity [11]. In this case, hydrogen insertion/
extraction behavior would be expedited due to the rapid re-
exposure of the Pt surface. Under the circumstance, we intend to
explore the possibility of applying TiO2-based materials as HER
catalyst support. Besides, there are rare reports about TiO2-based
supports applied in HER [35].

Herein, molybdenum-doped titanium oxide (Ti0.9Mo0.1O2) has
been prepared as support to anchor Pt nanoparticles with low
metal loading of 5wt%. Spectroscopy characterization confirms the
SMSI effect between the catalyst and support. Combining with
hydrogen spillover effect, the Pt/Ti0.9Mo0.1O2 catalyst exhibits 4.4
times higher mass activity and more excellent durability over
10,000 cycles than 20% Pt/C catalyst. The SMSI between the Pt and
the Ti0.9Mo0.1O2 enhance the dispersion of the catalyst particles,
the hydrogen spillover effect make it faster for the re-exposure of
the active surface of Pt, thus improving the utilization of the Pt and
achieving excellent stability.

Fig. 1a shows the X-ray diffraction (XRD) patterns of Pt/
Ti0.9Mo0.1O2, Ti0.9Mo0.1O2 and TiO2. The Ti0.9Mo0.1O2 support
exhibits amorphous structure while the TiO2 prepared with
similar methods exhibits the crystal structure of anatase titanium
dioxide (PDF card 01-071-1167). No signal corresponding to the
phase of Mometal/oxides were observed due to the low content of
Mo. As shown in Fig. S1 (Supporting information), the Pt/
TixMo1-xO2 with different Mo content and Pt/MoO2 exhibits
similar crystal structure with amorphous support, demonstrating
[(Fig._1)TD$FIG]

Fig. 1. (a) XRD patterns of Pt/Ti0.9Mo0.1O2, Ti0.9Mo0.1O2 and TiO2. (b) Raman spectra of
selected area.
that the structure transformation of TiO2 is possibly due to the Mo
doping. After the deposition of Pt, the Pt/Ti0.9Mo0.1O2 exhibits
typical diffraction peaks centered at 39.6�, 46.1�, 67.2� and 80.9�,
which are assigned to the (111), (200), (220), (311) plane for face-
center cubic Pt (PDF card 01-087-0640), indicating the successful
loading of Pt onto the amorphous Ti0.9Mo0.1O2.

Raman spectroscopy was conducted to reveal the structure of
catalysts as shown in Fig. 1b. All the catalysts exhibit the same
peaks located at 150 cm�1 (Eg), 396 cm�1 (B1g), 636 cm�1 (Eg),
suggesting the existence of TiO2. An additional peak located at
993 cm�1 was observed in both the Pt/Ti0.9Mo0.1O2 and
Ti0.9Mo0.1O2, which is attributed to the stretching vibration of
Mo=O for molybdenum oxide [31]. This result further demonstrate
the successful doping of Mo into TiO2. From the inset in Fig. 1b, the
peaks at 150 cm�1 for Pt/Ti0.9Mo0.1O2 are obviously shifted to
higher Raman shift after anchoring Pt onto the Ti0.9Mo0.1O2

support, which verifies the interaction between Ti0.9Mo0.1O2

support and Pt. And two obvious peaks at around 1350 cm�1

and 1580 cm�1 are characteristic for the D-band and G-band of
carbon materials, respectively. The existence of carbon in
Ti0.9Mo0.1O2 is due to the carbonization of glycerate formed in
solvothermal process. As a matter of fact, the residual carbon in
Ti0.9Mo0.1O2 support is beneficial for the conductivity of the
catalyst.

The morphology of the synthesized Ti0.9Mo0.1O2 and Pt/
Ti0.9Mo0.1O2 was examined by scanning electron microscopy
(SEM) in Fig. S2 (Supporting information). The Ti0.9Mo0.1O2 shows
a spherical structure with a diameter of 800 nm approximately,
and the structure of Pt/Ti0.9Mo0.1O2 was nearly identical to the
Ti0.9Mo0.1O2 after 5% Ptwas loaded on the support (Fig. 2a). To get a
better view of the dispersion of the Pt particles, the transmission
electron microscopy (TEM) in association with energy-dispersive
X-ray spectroscopy (EDS) was employed. Fig. 2b presents a high
resolution TEM (HRTEM) image of Pt/Ti0.9Mo0.1O2, in which Pt
nanoparticles about 2�3 nm were well dispersed on the support.
The obvious lattice fringe with a spacing of 0.23 nmwas measured
as shown in the inset of Fig. 2b, which was corresponding to the
(111) plane of the Pt. The homogeneous distribution of Pt, Ti, Mo
and O species further proved the well dispersion of the Pt catalyst
as shown by EDS mapping in Figs. 2c–h.

X-ray photoelectron spectroscopy (XPS) was further carried out
to evaluate the electronic interaction between Pt and Ti0.9Mo0.1O2.
The survey spectrum of Pt/Ti0.9Mo0.1O2 was shown in Fig. S3a
(Supporting information), which proved the existence of Pt, Ti, Mo,
O, and C elements, and this result was consistent with the EDS
analysis. The high-resolution Mo 3d spectrum (Fig. S3b in
Supporting information) can be deconvoluted into four peaks,
which are attributed to Mo4+ and Mo6+, respectively. As shown in
Pt/Ti0.9Mo0.1O2, Ti0.9Mo0.1O2 and Pt/TiO2 composite. Inset: the magnification of the
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Fig. 2. (a) TEM images of Ti0.9Mo0.1O2 and (b) HRTEM images of Pt/Ti0.9Mo0.1O2, inset: the magnification of the selected area in yellow circle. (c–h) Elemental mapping of Pt/
Ti0.9Mo0.1O2.
[(Fig._3)TD$FIG]

Fig. 3. (a) Ti 2p and (b) Pt 4f high-resolution XPS spectra of the Pt/Ti0.9Mo0.1O2 catalyst.
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Fig. 3a, the Ti 2p spectrum shows doublet peaks at 458.8 and
464.6 eV, demonstrating the existence state of Ti4+ in the catalyst.
An obvious positive shift of Ti4+ 2p3/2 orbitals was observed
towards higher binding energy relative to that of Ti0.9Mo0.1O2,
which is possibly due to the electronic interaction between Pt and
Ti0.9Mo0.1O2. Fig. 3b presents the Pt 4f core level spectra of Pt/
Ti0.9Mo0.1O2 and Pt/C. The two main peaks located at binding
energy of 71.1 eV and 74.4 eV can be attributed to the 4f7/2 and 4f5/2
orbitals of Pt0, respectively. Indeed, the existence of Pt2+ and Pt4+

species in both Pt/Ti0.9Mo0.1O2 and Pt/C is due to the inevitable
oxidation of Ptwhen exposed to air. The binding energy for Pt0 4f7/2
exhibits 0.25 eV lower relative to that of Pt/C, indicating electron
donation from the Ti0.9Mo0.1O2 to Pt. It is suggested that the
interaction between the Ti0.9Mo0.1O2 support and Pt obviously
changed the electronic structure of Pt, which is possibly beneficial
to the catalytic performance [35,36].

To investigate the electrocatalytic performance of these
catalysts towards HER, the electrochemical characterizations
were performed in 0.5mol/L H2SO4. Pt/TiO2, homemade 5% and
20% Pt/C were also performed for comparison. It can be observed
in Fig. S4 (Supporting information) that the Pt/TiO2 exhibits
much lower current density because of its low electric
conductivity. However, the Pt/Ti0.9Mo0.1O2 shows a greater
current density as a result of improved conductivity by Mo
doping. The current improvement phenomenon can also be
observed when compared with Pt/MoO2 in Fig. S5a (Supporting
information), which is assigned to weaker interaction between Pt
and MoO2. Furthermore, both 5% Pt/Ti0.9Mo0.1O2 and 20% Pt/C
show small overpotentials (26mV and 29mV, respectively) in
the polarization curves as shown in Fig. 4a, indicating all these
catalysts are highly efficient for HER. Normalized to the Pt
loading, the calculated mass specific activity was compared at
different over-potentials in Fig. 4b. The mass activity of 1.72
A/mgPt for 5% Pt/Ti0.9Mo0.1O2 at an overpotential of 50mV is 4.4-
fold higher than that of 20% Pt/C (0.39 A/mgPt). It could be
inferred that Pt/Ti0.9Mo0.1O2 exhibits a better Pt utilization than
Pt/C, which could effectively decrease the catalyst cost. The Tafel
slope for the Pt/Ti0.9Mo0.1O2 and 20% Pt/C were calculated in
Fig. 4c with close values (36mV/dec and 30mV/dec, respective-
ly), illustrating a similar reaction mechanism.

Cyclic voltammetry (CV) tests were performed in 0.5mol/L
H2SO4 solution. Obvious redox peaks between 0.44 V and 0.62 V
can be shown in the CV profiles of Pt/TixMo1-xO2 in Fig. S6a
(Supporting information). These peaks are attributed to the
formation of hydrogen molybdenum bronzes [37,38]. It is known
to all thatMoOy could absorb the hydrogen and forms HxMoOy [19]
in the presence of noble metals. The CV of Pt/Ti0.9Mo0.1O2 in Fig. S4
(Supporting information) did not show these peaks because the
Mo content is too low in the catalyst to show this characteristic.
This revealed that the Ti0.9Mo0.1O2 support is electrochemical inert
under the operating condition. This results can be further proved
by the comparison in Fig. S6b (Supporting information), the Pt/
Ti0.9Mo0.1O2 exhibited the best HER performance among the
catalyst with different Mo content.
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Fig. 4. (a) HER polarization curves for Pt/Ti0.9Mo0.1O2, 20% Pt/C and Pt/TiO2 in 0.5mol/L H2SO4. Scan rate: 5mV/s and rotating rate: 1600 rpm. (b) Comparison of the mass
specific activities of Pt/Ti0.9Mo0.1O2 and 20% Pt/C at various overpotentials. (c) Corresponding Tafel plots of polarization curves. (d) The polarization curves for Pt/Ti0.9Mo0.1O2

and 20% Pt/C before and after the stability test. Inset: Themass specific activities of Pt/Ti0.9Mo0.1O2 and 20% Pt/C before and after the stability test at an overpotential of 50mV.

[(Fig._5)TD$FIG]

Fig. 5. Comparison of (a) TOF and (b) overpotentials at 10mA/cm2 of 20% Pt/C and Pt/Ti0.9Mo0.1O2 with several HER electrocatalysts in recent literatures in 0.5mol/L H2SO4.
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The durability of the Pt/Ti0.9Mo0.1O2 catalyst was evaluated via
the accelerated degradation tests (ADT) by applying 10,000
continuous cyclic voltammetry cycles between �0.15 V and 0.4 V
(vs. RHE) at a scan rate of 100mV/s. It can be observed in Fig. 4d
that the polarization curve of Pt/Ti0.9Mo0.1O2 after the ADT was
almost the same with the fresh catalyst, only 7.8% current density
loss was seen comparedwith the initial value at an overpotential of
50mV vs. RHE (inset in Fig. 4d). However, the Pt/C suffered from
33.8% current density loss, which demonstrated excellent durabil-
ity of the Pt/Ti0.9Mo0.1O2 catalyst. The SMSI between the
Ti0.9Mo0.1O2 support and Pt attributed to the enhanced stability
as the particle migration and agglomerationwere inhibited during
the cycling test.

To better understand the performance of the catalysts, the turn
over frequency (TOF) were also calculated, which is particular
illustrated in Supporting information. Fig. 5a shows the TOF values
of 5% Pt/Ti0.9Mo0.1O2 and 20% Pt/C along with other recently
reported HER catalysts. The TOF values of Pt/Ti0.9Mo0.1O2 at 50mV
and 100mV were 1.70 H2/s and 3.98 H2/s. It is obvious that Pt/
Ti0.9Mo0.1O2 exhibited greater TOF values than Pt/C and most of
other catalyst at various overpotential.Moreover, the overpotential
at 10mA/cm2 of 5% Pt/Ti0.9Mo0.1O2, 20% Pt/C, 5% Pt/C and other
recently reported noble metal HER catalyst were summarized in
Table S1 (Supporting information). To achieve 10mA/cm2 current
density, the 5% Pt/Ti0.9Mo0.1O2 requires only 26mV overpotential
as shown in Fig. 5b. These results imply the excellent performance
of Pt/Ti0.9Mo0.1O2 with smaller overpotential compared with
majority of the reported noble metal based HER catalyst.

To understand the improvement of catalytic performance, we
proposed a reaction mechanism based on the hydrogen spillover
effect [33] (Fig. 6), where the adsorbed H atom on the surface of Pt
may easily migrate to Ti0.9Mo0.1O2. It consists of three steps: (i) A
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Fig. 6. The schematic illustration of the HERmechanism on Pt/Ti0.9Mo0.1O2 catalyst.
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hydronium ion adsorbs on the Pt surface combines an electron to
form an adsorbed H atom; (ii) the neutral adsorbed-H atom
migrates to the Ti0.9Mo0.1O2 surface due to the spillover effect; and
(iii) such H atom combines another hydronium ion and an electron
to release hydrogen gas. The whole HER process may be described
as following equation. It was reported that hydrogen insertion/
extraction behavior is likely to be accelerated through the
hydrogen spillover effect [11], the adsorption of H atom is
completed on Pt surface with stronger adsorption capacity while
desorption process is achieved on Ti0.9Mo0.1O2 surface with
stronger desorption capacity, which is beneficial for the HER
process (reactions 1–3).

Pt/Ti0.9Mo0.1O2 + H3O+ + e� $ H-Pt/Ti0.9Mo0.1O2 + H2O (1)

H-Pt/Ti0.9Mo0.1O2 $ Pt/Ti0.9Mo0.1O2-H (2)

Pt/Ti0.9Mo0.1O2-H + H3O + + e� $ H2+ Pt-Ti0.9Mo0.1O2 + H2O (3)

In summary, we have synthesized Mo-doped titanium oxide
(Ti0.9Mo0.1O2) as support for Pt nanoparticles. It is convincing that
the Ti0.9Mo0.1O2 support effectively improves the durability of the
catalyst owing to the strong interaction between support and Pt. As
expected, such catalyst delivers remarkable HER activity with only
26mV overpotential, moreover, it shows 4.4 times higher mass
activity than Pt/C at an overpotential of 50mV. The excellent
performance of Pt/Ti0.9Mo0.1O2 is ascribed to the SMSI effect and
the hydrogen spillover effect. The SMSI effect regulates the
electronic structure of the Pt and the hydrogen spillover effect
accelerates the hydrogen evolution process. This work is antici-
pated to provide a new idea to apply this support effect to
electrocatalytic systems.
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