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enhanced electrocatalytic hydrogen evolution†

Bo Feng,a Chuntao Liu, *ab Weiyi Yan,a Jianxin Genga and Guimin Wanga

Efficient and stable non-precious metal catalysts composed of earth-abundant elements are crucial to the

hydrogen evolution reaction (HER) in high-energy conversion efficiency. Herein, TiO2/MoS2-NTs catalyst, in

which the MoS2 nanotubes were loaded with TiO2 nanoparticles, have been synthesized via a facile

solvothermal and hydrothermal method. The as-prepared TiO2/MoS2-NTs electrocatalyst demonstrated

enhanced electrocatalytic hydrogen evolution performance compared with MoS2-NTs. Electrochemical

measurements reveal the overpotential and Tafel slope of as-prepared TiO2/MoS2-NTs are �0.21 V and

42 mV dec�1. The HER improvement is proposed to be attributed to the increased edge sites results

from the interfaces and synergic effect between TiO2 nanoparticles and MoS2 nanotubes.
Introduction

The sustained and rapid development of human society has
brought a growing demand for energy. Traditional fossil energy
sources are difficult to meet green, healthy and sustainable
energy development trends, their limited reserves and envi-
ronmental pollution problems have stimulated extensive
research on clean and renewable alternative energy.1 As a fuel,
hydrogen possesses clean, renewable, portable properties and
the highest energy density per unit mass among all chemical
fuels, and has been considered to be an essential sustainable
and environmentally-friendly energy source.2,3 There are
currently three main technologies, including steam methane
reforming, coal gasication and water electrolysis for industrial
hydrogen production.4 Water electrolysis is an unquestionable
clean way of energy utilization, since its feedstock is water—an
abundant and renewable resource.5 It is critical to maximize the
hydrogen evolution reaction (HER) efficiency by utilizing the
excellent cathode catalysts. Platinum (Pt) and other precious
metals are reported to be the most efficient HER electrocatalysts
as their small overpotential and high electrocatalytic activity,
whereas the high cost and relative scarcity of noble metals
prohibit their practical application.6–8 Therefore, developing
efficient and cheap non-precious metal HER catalysts
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composed of earth-abundant elements have a great signicance
on the electrocatalytic hydrogen production.9–12

Molybdenum disulphide (MoS2), a typical layered structure
with weak van der Waals interactions between individual
sandwiched S–Mo–S layers, has been widely investigated as an
efficient alternative to platinum for HER because of its prom-
ising electrochemical activity and abundant distribution.13–15

However, its HER performance is greatly limited by the insuf-
cient active sites and intrinsic poor conductivity.16–19 On the
basis of the above two key factors, extensive efforts have been
devoted to the improvement of either the number of active sites
or conductivity of MoS2 by cooperation with conductive mate-
rials and morphology optimization (controlling the synthesis of
well-dened morphology with nanostructures) during the past
few years.20–22 As is well-known that the characteristic surface
morphology and/or microstructure of MoS2 manipulates the
electron transport and electrolyte diffusion. MoS2 nanotubes
(MoS2-NTs) were utilized widely because of more exposed edge
sites and higher specic area for the HER.23–27 However, the
overall HER activity is still limited as generally only a small
fraction of edge sites contribute to the reaction rate.28–30 Tita-
nium dioxide (TiO2) is rather inexpensive, relatively non-toxic,
and excellent physical and chemical stability in acidic
media.31–34 Most of the MoS2/TiO2 hetero-structures such as
nanoowerlike MoS2@TiO2 nanohybrids,35,36 TiO2 nano-
particles supported MoS2 nanosheet,37 TiO2/g-C3N4/MoS2
nanocomposites,38 MoS2/TiO2 thin lm39,40 and TiO2@MoS2
nanotube array41 were used to improve the electrocatalytic
hydrogen evolution activity and photocatalytic reaction. As for
HER, loading TiO2 on MoS2 support cannot only activate the
sites of MoS2 nanotubes, but also utilizes high mobility MoS2
frame as a bridge for charge transport.42

Herein, we demonstrate a facile solvothermal and hydro-
thermal method to load TiO2 nanoparticles onto MoS2-NTs for
RSC Adv., 2019, 9, 26487–26494 | 26487
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the HER. This electrocatalyst exhibited an onset overpotential of
140 mV, a Tafel slope of 42 mV dec�1, and an exchange current
density of 32.4 mA cm�2. Electrochemical tests illustrated the
catalytic efficiency is greatly improved by more edge sites results
from the interfaces and synergic effect between TiO2 nano-
particles and MoS2 nanotubes.

Experimental section
Chemical and reagents

Sodium molybdate dihydrate (Na2MoO4$2H2O), thiourea
((NH2)2CS), tetrabutyltitanate (C16H36O4Ti), anhydrous ethanol,
octylamine, nitric acid (HNO3) were purchased from Sinopharm
Chemical Reagent Co. Ltd., China. All chemicals and reagents
were used as received without further purication. All the
chemicals are analytical reagents.

Preparation of MoS2-NTs catalysts

MoS2-NTs were fabricated by a facile solvothermal method. In
a typical synthesis, Na2MoO4$2H2O and (NH2)2CS (Mo/S molar
ratio of 1 : 4) were dissolved in 60 mL mixture of anhydrous
ethanol/octylamine (v/v ¼ 1 : 1) followed by stirring for about
30 min at room temperature to form a homogeneous solution.
This solution was transferred into a 100 mL sealed Teon-lined
stainless steel autoclave and heated at 200 �C for 24 h in an
electric oven. Aer the autoclave was cooled to room tempera-
ture naturally, the resulting black product was collected by
centrifugation and washed repeatedly with deionized water and
ethanol to remove ions and possible remnants. Finally, the
MoS2-NTs were dried in a vacuum oven at 60 �C overnight
before characterizations and further preparation.

Preparation of TiO2/MoS2-NTs catalyst

TiO2/MoS2-NTs catalysts were prepared via a simple hydro-
thermal method. Briey, 2 M HNO3 was initially added into
140 mL mixture of water/ethanol (v/v ¼ 1 : 4) until its pH
reached to 2. Then, a certain amount of MoS2-NTs were
dispersed in this solution followed by continuous stirring for
30 min at room temperature. Aer that, 4 mL of anhydrous
ethanol solution which contained 0.5 mL of tetrabutyltitanate
(TBT) was slowly injected into the abovementioned solution at
75 �C. The reactionmixture was capped andmaintained at 75 �C
for 24 h under vigorous stirring. Aer cooling down to room
temperature, the product was washed thoroughly with anhy-
drous ethanol and deionized water. Finally, the homemade
catalyst was dried in a vacuum oven at 60 �C for 12 h for further
characterization and test. The weight percentage of TiO2 at 5, 10
and 15 wt% were evaluated for supporting MoS2-NTs and
denoted as TiO2/MoS2-5, TiO2/MoS2-10 and TiO2/MoS2-15,
respectively. For comparison, pure TiO2 nanoparticles were
synthesized under the same conditions in the absence of MoS2-
NTs.

Characterizations

X-ray diffraction (XRD) measurements were performed on
a Bruker D8 diffractmeter with Cu Ka radiation (l ¼ 1.5406 �A).
26488 | RSC Adv., 2019, 9, 26487–26494
The operation voltage and current was 40 KV and 150 mA,
respectively. X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out on Kratos-AXISULTRADLD, with Al Ka
(1486.6 eV) radiation. The binding energies were referenced to
the C 1s line at 284.6 eV from adventitious carbon. Raman
spectra were collected on a Jobin Yvon HR 800 micro-Raman
spectroscopy system with excitation line of 532 nm. The
morphologies and microstructures were characterized by the
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM).
Electrochemical measurements

All electrochemical measurements were performed on an elec-
trochemical workstation (CHI 760E, China) in a conventional
three-electrode electrochemical cell at 25 � 0.2 �C. A glassy
carbon (GC) electrode (4 mm in diameter) with catalysts was
used as the working electrode. A Pt wire and Hg/Hg2SO4 elec-
trode were used as the counter and reference electrode,
respectively. All the potentials reported in this manuscript were
calibrated with respect to reversible hydrogen electrode (RHE).

The catalysts were loaded onto the GC electrode by coating
slurry method in the following way: 6 mg of catalysts were
dispersed into the mixture solution of 0.05 mL Naon solution
(5 wt%, DuPont) and 0.95 mL ethanol by ultrasonication for
about 1 h to form a homogeneous ink. Then, 6 mL of the
suspension was transferred onto the surface of GC electrode
and dried at room temperature, leading to a nominal catalyst
loading of 0.286 mg cm�2.

The hydrogen evolution reaction (HER) activity of catalysts
was investigated in 0.5 M H2SO4 electrolyte by linear potential
sweep voltammetry (LSV) at a scan rate of 5 mV s�1. To evaluate
the durability of catalyst, chronopotentiometry experiments
were conducted in 0.5 M H2SO4 at a constant density of �10 mA
cm�2. The long-term stability of the catalysts was performed by
continuous 2000 cyclic voltammetry (CV) scanning between
�0.6 V and 0.6 V at a scan rate of 50 mV s�1. Electrochemical
impedance spectra (EIS) were carried out at overpotential of
�200mV over a frequency ranging from 100 kHz to 0.01 Hz with
12 points per decade. CV curves were used to estimate the
double-layer capacitance (Cdl) under the potential region of
0.35–0.45 V performed with various sweep rates (20, 40, 60, 80
and 100 mV s�1). The electrolyte solution was deaerated with
ultrapure argon for at least 30 min before each electrochemical
measurement.
Results and discussion

The XRD patterns of TiO2, MoS2-NTs and TiO2/MoS2-NTs
composites are shown in Fig. 1. For MoS2-NTs, it is obviously
observed that diffraction peaks at 2q ¼ 14.3�, 33.5�, 39.3� and
58.9� correspond to (002), (101), (103) and (110) lattice planes of
the hexagonal phase MoS2 (JCPDS#37-1492), respectively. For
pure TiO2, six characteristic XRD peaks are found at 2q ¼ 25.4�,
37.9�, 48.5�, 54.6�, and 62.8�, which are ascribed to (101), (004),
(200), (105) and (204) lattice planes of the anatase phase TiO2

(JCPDS #21-1272), respectively. The diffraction peaks of TiO2/
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of TiO2, MoS2-NTs and TiO2/MoS2-NTs.
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MoS2-NTs composites match those of TiO2 and MoS2, revealing
that the hybrid compound was successfully prepared.

Raman spectra were carried out for further characterizing
the crystalline of TiO2, MoS2-NTs and TiO2/MoS2-NTs compos-
ites in Fig. 2. The two dominant Raman scattering peaks of pure
MoS2 can be observed at 383 and 404 cm�1 corresponding to the
in-plane E1

2g and out-of-plane A1g modes, respectively.43–45

Additionally, the integral intensity of the A1g mode is twice than
that of the E12g mode, indicating that the MoS2-NTs are rich of
edge sites.42 The characteristic Raman peaks of pure TiO2 at 143,
395, 517 and 637 cm�1 are assigned to the E1

g, B
1
1g, A1g + B2

1g and
E2
g modes of anatase-phase TiO2, respectively, and the strongest

peak at 143 cm�1 is the symmetric stretching modes of O–Ti–O.
The characteristic vibration peaks of TiO2 and MoS2 co-existed
in the Raman spectrum of TiO2/MoS2-NTs composites,
Fig. 2 Raman spectra of TiO2, pristine MoS2-NTs and TiO2/MoS2-NTs.

This journal is © The Royal Society of Chemistry 2019
indicating that the TiO2/MoS2-NTs composites were success-
fully prepared. However, the wavenumber and intensity of the
characteristic peaks of TiO2/MoS2-NTs composites changed
slightly. The E1

g mode showed a signicant blue shi, while the
A1g + B

2
1g and E2

g modes oppositely have a slightly red shi in the
Raman spectrum of TiO2/MoS2-NTs composites compared with
the corresponding peaks of TiO2. Remarkably, the obvious shi
of the related peaks for TiO2/MoS2-NTs composites is consistent
with the results of Liu46 and demonstrated that coupling effect
between MoS2 and TiO2. Moreover, the two strong peaks of the
E1
2g and A1g for MoS2 masked the B1

1g peak of TiO2 in the Raman
spectrum of TiO2/MoS2-NTs composites. This is mostly owed to
the relatively small content of TiO2.

The morphology and structure of the TiO2/MoS2-NTs can be
characterized by SEM and TEM. Fig. 3a and S1† displayed the
SEM image of TiO2/MoS2-NTs. It is very clear that TiO2 nano-
particles dispersed on surface of the MoS2-NTs to form TiO2/
MoS2-NTs in Fig. 3b. MoS2-NTs surface is attached by a small
amount of TiO2 nanoparticles in the TEM image of as-prepared
TiO2/MoS2-NTs, as shown in Fig. 3c, comparing with the naked
MoS2-NTs (Fig. S2†). Fig. 3d is the high-resolution TEM image of
TiO2/MoS2-NTs sample, there are two different lattice spacing,
the one lattice spacing is 0.35 nm, which matches with that of
anatase TiO2 (101) planes, the other lattice spacing of 0.62 nm is
correspond to the lattice spacing of (002) planes for MoS2
nanotubes. TEM images conrmed a well decorated of TiO2

nanoparticles on MoS2-NTs, suggesting the formation of TiO2/
MoS2-NTs composites which may be benecial to the improve-
ment of HER performance.37

The electrocatalytic HER activities of all prepared samples
can be observed by LSV in acidic solution. Fig. 4a showed the
LSV polarization curves of MoS2-NTs, TiO2, Pt/C, and TiO2/
Fig. 3 SEM images (a and b) and TEM images (c and d) of as-prepared
TiO2/MoS2-NTs.

RSC Adv., 2019, 9, 26487–26494 | 26489
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Fig. 4 (a) Polarization curves and (b) the corresponding Tafel plots of TiO2, MoS2-NTs and TiO2/MoS2-NTs in 0.5 M H2SO4 solution.
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MoS2-NTs in 0.5 M H2SO4 solution at 25 �C. The TiO2 showed
poor electrocatalytic HER activity, which contributed negligibly
to the performances of the integrated electrodes. Comparing
with that of MoS2-NTs, TiO2/MoS2-NTs displayed the more
positive onset overpotential of 0.14 V, which favored the mass
transfer and subsequently reduced the concentration polariza-
tion,47 indicating a good catalytic activity to the product. It is
well known that the electrocatalyst with a lower overpotential is
typically considered to have a better catalytic activity at the same
current density. The TiO2/MoS2-NTs composites only required
a overpotential of down to 0.21 V to achieve a cathodic current
density of 10 mA cm�2, much lower than that of the MoS2-NTs
(0.32 V). Shiing of the overpotential to a small value for TiO2/
MoS2-NTs further conrmed the improved electrocatalytic HER
activity.

The linear portions of the Tafel plots are tted to the Tafel
equation as shown in Fig. 4b. Clearly, the Tafel slopes of TiO2,
MoS2-NTs, TiO2/MoS2-NTs and Pt/C are 218, 69, 42 and 33 mV
dec�1, respectively. According to the explanation of Chorken-
dorff et al.,7,17 the Tafel slope of Volmer, Heyrovsky and Tafel
reaction correspond to 116, 38 and 29 mV dec�1, respectively.
The Tafel slope of TiO2/MoS2-NTs is much lower than those of
TiO2 or MoS2-NTs, indicating it's predominate Volmer–Heyr-
ovsky mechanism33 in which the rate-determining step is the
electrochemical desorption of Hads (i.e. Heyrovsky reaction) and
superior activity during the HER process. Therefore, the
improved HER activities of TiO2/MoS2-NTs mainly results from
the strong electronic and chemical coupling between highly
stable TiO2 nanoparticles and electroactive MoS2-NTs.
Furthermore, TiO2/MoS2-NTs shows a larger exchange current
density (j0) value of 32.4 mA cm�2 thanMoS2-NTs (18.7 mA cm�2),
which also can corroborate the superior HER performance and
faster electron transfer kinetics for the TiO2/MoS2-NTs hybrid
catalyst. Moreover, we also compared the activity of TiO2/MoS2-
NTs with those of other HER catalysts reported in the literature
(Table 1). The onset overpotential of TiO2/MoS2-NTs is smaller
26490 | RSC Adv., 2019, 9, 26487–26494
than those of TiO2/MoS2 composites. The Tafel slope and
overpotential to reach a cathodic current density of 10 mA cm�2

of this work exhibit smaller than other six catalysts. The smaller
overpotential and Tafel slope imply its excellent electrocatalytic
activity. Among them, the exchange current density of TiO2/
MoS2-NTs is the largest, showing the highest activity.

The XPS measurements were employed to investigate the
surface chemical composition and valence state of prepared
samples. The wide-scan XPS spectra (Fig. S3†) revealed that the
existence of O, Ti, Mo, and S elements in the TiO2/MoS2-NTs
composites, while a trace of C is from the XPS instrument itself.
The binding energy of Mo 3d3/2 and Mo 3d5/2 in Fig. 5a are
located at 232.4 and 228.8 eV, respectively, indicating that the
oxidation state of Mo4+ in the pure MoS2.48,49,52 Aer introducing
TiO2 nanoparticles, the peaks of Mo 3d shied by about 0.3 eV
to the lower energy direction, which can be attributed to the
electronic interactions between TiO2 and MoS2-NTs.43,50,55 In
addition, the characteristic peak of S 2s also appeared at
a binding energy of 225.7 eV in the TiO2/MoS2-NTs composites.
As shown in Fig. 5b, the S peaks located at 162.8 and 161.6 eV
represent S 2p1/2 and S 2p3/2, respectively, suggesting that S2�

existed in the pure MoS2.51,54 For TiO2/MoS2-NTs, the S 2p1/2 and
S 2p3/2 peaks are shied to 162.5 and 161.4 eV. Meanwhile, the S
2p3/2 energy at 163.3 eV in the TiO2/MoS2-NTs composites
revealed the existence of bridging S2

2� or apical S2�, which are
more benecial in the HER performance.10,52,56 According to the
literature description,35 the binding energies of Ti 2p1/2 and Ti
2p3/2 peaks in the pure TiO2 locate at 464.3 and 458.5 eV,
respectively. While the TiO2/MoS2-NTs composites the Ti 2p1/2
and Ti 2p3/2 peaks are shied to 464.5 and 458.7 eV in Fig. 5c,
higher than the corresponding values of pure TiO2. The shi of
peaks indicated possible new bond Ti–O–Mo and the electronic
interaction between TiO2 and MoS2.23,53 As shown in Fig. 5d,
besides the O 1s peaks at 529.7 eV attributed to the Ti–O–Ti
bond, the absorption peaks at 530.9 and 531.5 eV correspond to
surface hydroxyl group (Ti–O–H) and adsorbed water,
This journal is © The Royal Society of Chemistry 2019
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Table 1 Comparison of the activity displayed by the composites in present work with those of other HER catalysts reported in the literature

Catalyst honset (mV vs. RHE) h10 (mV vs. RHE) Tafel slope (mV dec�1) j0 (mA cm�2) Ref.

MoS2 nanosheets 120 — 50 12.6 14
MoS2 nanosheets 120 — 55 8.91 28
MoS2@TiO2 130 — 80 25.1 35
MoS2@TiO2 300 340 81 — 36
MoS2/TiO2 — 285 46 — 37
MoS2/TiO2-H 153 — 66.9 — 43
TiO2/MoS2-NTs 140 210 42 32.4 This work
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respectively. The O 1s peak at around 530.3 eV is observed,
which might be ascribed to the formation of the Ti–O–Mo
bonds between MoS2 and TiO2.36,55

Durability and long-term stability is another signicant
factor to evaluate the performance of the electrocatalyst. Chro-
nopotentiometry experiments were conducted to investigate the
HER durability of the electrocatalysts in 0.5 M H2SO4. As shown
in Fig. 6a, in the initial period for the time-dependent curve of
TiO2/MoS2-NTs composites, there is a sharp drop in
Fig. 5 High-resolution XPS spectra of (a) Mo 3d, (b) S 2p for TiO2/MoS2

This journal is © The Royal Society of Chemistry 2019
overpotential due to the slow desorption of the adsorbed
hydrogen atom on the catalysts. The only slightly uctuation of
the overpotential was observed as time changed. There is
a small reduction of 20 mV in the overpotential aer 24 h,
suggesting the excellent durability of the TiO2/MoS2-NTs cata-
lyst. The striking stability was further proved by the LSV polar-
ization curves before and aer processing 2000 CV cycles in the
same electrolyte. As shown in Fig. 6b, the negligible degradation
of HER activity between the curves measured at the initial cycle
-NTs and MoS2-NTs, (c) Ti 2p and (d) O 1s spectra of TiO2/MoS2-NTs.

RSC Adv., 2019, 9, 26487–26494 | 26491
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Fig. 6 (a) Chronopotentiometric curve recorded at a constant cathodic current density of �10 mA cm�2 and (b) cycling stability test for TiO2/
MoS2-NTs. (c) Linear fitting of the capacitive current densities versus scanning rates of MoS2-NTs and TiO2/MoS2-NTs electrodes calculated. (d)
Nyquist plots of various samples as indicated for the HER process in a 0.5 M aqueous H2SO4 solution at �0.2 V at 25 �C.
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and aer 2000 CV cycles, indicating the excellent long-term
cycling stability of TiO2/MoS2-NTs catalyst.

The higher activity as well as good stability of the TiO2/MoS2-
NTs for HER can be attributed to the following reasons. The
small size and highly uniform distribution of TiO2 nano-
particles can increase the number of catalytic edge sites that
play an important role for HER performance by activating the
inert basal planes of MoS2-NTs catalyst. The electrochemical Cdl

are measured via CVmethod (Fig. S6†) to evaluate the density of
active sites of various catalysts, which can be estimated from the
slopes of the current density vs. scan rate curves.35 As shown in
Fig. 6c, TiO2/MoS2-NTs exhibited much larger Cdl of 2.84 mF
cm�2 than that of MoS2-NTs (1.63 mF cm�2) within the same
potential range, indicating the TiO2 nanoparticles is very
important for the high exposure of MoS2-NTs with effective
active sites.

The EISmeasurement was also used to investigate the charge
transfer resistance (Rct) between the surface of the catalyst and
the electrolyte. Fig. 6d showed a comparison of Nyquist plots of
26492 | RSC Adv., 2019, 9, 26487–26494
MoS2-NTs, TiO2 and TiO2/MoS2-NTs. It is well known that
a smaller arc radius in Nyquist plots indicates a lower interface
resistance. Clearly, TiO2/MoS2-NTs showed dramatically
decrease of charge transfer resistance than MoS2-NTs or TiO2,
indicating that the load of TiO2 can greatly improve the
conductivity of the MoS2-NTs by accelerating the electron
transport, which promoted the HER activity of TiO2/MoS2-NTs.
Conclusions

In summary, we synthesized a nanocomposite consisting of
MoS2 nanotubes loaded with TiO2 nanoparticles and charac-
terized it well from XRD, Raman, XPS, TEM, and HRTEM
analysis. TiO2/MoS2-NTs composite showed a high-efficiency
electrocatalytic HER comparable to that of MoS2-NTs, as
a prominent alternative for platinum-based electrocatalysts,
exhibited remarkable HER activity with a relatively low over-
potential of 0.21 V at a cathode current density of 10 mA cm�2

and a small Tafel slope of 42 mV dec�1 as well as excellent long-
This journal is © The Royal Society of Chemistry 2019
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term stability. It can be attributed to the high exposure of active
sites and fast charge transport simultaneously by the loading
with TiO2 nanoparticles. Our research conrmed that electronic
and chemical coupling effect between the MoS2 and TiO2 can be
utilized in the enhancements of electrochemical performance.
Moreover, TiO2/MoS2-NTs composite would be extended to
a wide range of energy and environmental applications, such as
photocatalytic and photoelectrocatalytic hydrogen production.
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