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A B S T R A C T

A rational design of metal-free hierarchical nanostructures is critical for achieving next-generation photo-
catalytic system. Transition metal dichalcogenide, e.g., MoS2 based heterostructures (HSs) with shape-controlled
TiO2 have attracted great attention in visible light electrocatalysis owing to their unique crystal structure,
morphology and chemical properties. Herein, we demonstrate a low temperature solvothermal growth of few
layer MoS2 nanoflowers (NFs) over the porous TiO2(B) nanobelts (NBs) for enhanced hydrogen evolution re-
action (HER) in acidic media as well as improved photocatalytic degradation of organic dye rhodamine-B (RhB)
under visible light. Few-layer MoS2 NFs with lateral sizes 130–350 nm were successfully grown on TiO2 NBs, as
revealed from the high resolution TEM imaging. EDS mapping confirms the elemental composition and their
spatial distribution in the HS sample. MoS2/TiO2 NBs HS exhibits extremely high adsorption ability (66% after
40min) under dark as well as enhanced photocatalytic degradation efficiency (80% after 60min) of RhB under
visible light irradiation. A systematic photoelectrochemical measurements demonstrate that the MoS2/TiO2 NBs
HS exhibits excellent HER activity in acidic electrolyte with an overpotential and estimated Tafel slope to be
−320mV at 10mA/cm2 and 95mV/dec, respectively, which is much lower than that of the pristine TiO2 NBs
measured to be −792mV and 135mV/dec, respectively, under visible light. It is shown that the Volmer-
Heyrovsky mechanism leads to the extremely high hydrogen generation at the working electrode made with
edge-defect enriched few layer MoS2 on porous TiO2 NBs.

1. Introduction

Ever increasing energy crisis and environmental pollution have
necessitated the research efforts on the development of pollution free
energy sources and practical solution to the everyday pollutions to the
environment. Hydrogen is believed to be one of the most promising
alternatives to fossil fuels and a source of renewable green energy
having potential ability to replace the conventional energy sources in
future. Solar light driven photocatalysis using semiconductor hetero-
structures (HSs) is one of the most promising green technologies for the
generation of hydrogen by water splitting as well as remediation of
environmental pollution [1–3]. After the pioneering work by Fujishima
and Honda on the water splitting at the TiO2 electrode in an electro-
chemical cell under the irradiation of UV light, hydrogen production
using photoelectrocatalytic method by solar energy harvesting has

become a clean, economical and environment friendly approach [4].
Simultaneously TiO2 and TiO2 based nanostructures are being used for
the decontamination of toxic and hazardous organic pollutants for the
environmental protection [5–12]. To make the system commercially
viable, the photocatalyst should be solar light active and efficient en-
ough with high stability. To broaden the light harvesting window from
UV to visible/NIR and uplift the catalytic activity, numerous strategies
have been explored including impurity doping [13–15], staggered type
HSs [1,5,16] and TiO2 based plasmonic HSs with noble metal nano-
particles (NPs) [17–20] etc. Carbon nanotube coated with Cu2O [21],
Fe-Pd alloy [22] can be a good photocatalyst. Synthesis of Fe3O4/
polyaniline by self-assembly approach, cobalt-based mixed oxide na-
nocrystals, edge-enriched graphene quantum dots and various core-
shell nanostructures have recently been introduced for the efficient
photocatalytic dye degradation, heavy metal removal, water oxidation
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and supercapacitance [23–28]. In a suitable heterostructured system,
the presence of heterojunction modifies the band positions as well as
their inclination at the interface that accelerates the migration of
photogenerated charge carriers through the heterojunctions, which
eventually makes a photocatalyst highly efficient [29]. Therefore, in-
corporation of suitable co-catalysts like Pt, Pd, Ag, Au, Ru etc. and their
oxide on the surfaces of TiO2 can serve as catalytically active centers for
the enhanced degradation of toxic pollutants as well as H2 or O2 gen-
eration [16,30,31]. However, extremely high cost and limited resources
hinder their widespread use in commercial applications. To overcome
these challenges, enormous effort has been paid towards the develop-
ment of metal-free systems to achieve the enhanced catalytic perfor-
mance. Discovery of graphene-based nanosheets [32–34] motivates
more intense research on single/few-layer 2D transition metal chalco-
genides. Among them, MoS2 has now been recognized as an efficient co-
catalyst [35] due to its structural anisotropy, chemical inertness and
good electroconductivity [36]. The HER activity by MoS2 nanosheets is
limited on the edge-sites and vacancy sites, while the basal surface
remains inert [37,38]. Thus, vacancy rich and maximally edge-exposed
MoS2 nanostructures are promising to grow in order to maximize the
catalytic activity. When few-layer MoS2 nanoflowers (NFs) are in-
corporated with the porous TiO2 NBs, edge-rich MoS2 with higher va-
cancy concentration is expected to be formed, with enhanced visible
light absorption. Another way, MoS2 and TiO2 may form type-II het-
erojunction at their interfaces, facilitating easy and efficient migration
of the photogenerated charge carriers from one semiconductor to an-
other through the interface, which eventually boost the photocatalytic
activity.

Recently, several studies have been reported on the photocatalytic
hydrogen evolution and dye degradation using the MoS2/TiO2 com-
posites. Pourabbas et al. [39] have reported the photo-oxidation of
phenol by MoS2 NPs incorporated with ultrafine P25 TiO2 from aqueous
solution, while Xiang et al. [40] have demonstrated the hydrogen
generation by TiO2 NPs integrated with layered graphene and MoS2
nanosheets under UV irradiation. Though the above mentioned systems
exhibit superior photocatalytic activity, the ultra-small size of the na-
nocomposites (5–8 nm) suffers from the high collection cost after each
cycle. Zhou et al. [1] and Li et al. [2] have modified the morphology of
TiO2 from its ultra-small spherical NPs to long nanobelts (NBs) and
employed few layer MoS2 nanosheets on them with high catalytic sur-
face area, which in turn enhanced the hydrogen generation efficiency
synergistically. Thus, a rational design of hierarchical nanostructures is
crucial for achieving high efficiency photocatalytic and photoelec-
trocatalytic systems.

Herein, we report on the successful growth of pure TiO2(B) NBs via
a solvothermal method and its in-situ surface decoration with few layer
MoS2 NFs by a 2nd stage hydrothermal method. The presence of edge-
rich MoS2 NFs on the porous TiO2 NBs enhances the HER activity by
photoelectrocatalytic water splitting as well as dye degradation effi-
ciency under visible light. We demonstrate strong adsorption ability
(66% after 40min) as well as enhanced photocatalytic performance
(80% after 60min irradiation) in the decomposition of organic dye
(RhB) by MoS2/TiO2 HS under visible light irradiation. Additionally,
HER activity of TiO2 NBs greatly enhances after its integration with few
layer MoS2 NFs, which further increases after the irradiation with
visible light. We show that the overpotential for TiO2 is reduced con-
siderably after the incorporation of MoS2 under dark. Upon illumina-
tion with visible light, the charge transfer at the type-II heterojunction
of MoS2/TiO2 enhances, increasing the carrier density in the system
which may be realized by the reduced charge transfer resistance. It is
shown that the overpotential is substantially reduced in MoS2/TiO2

under light irradiation. The mechanism of improved photoelec-
trocatalysis is discussed in details.

2. Experimental details

2.1. Materials

All the chemicals were used as-received without further purifica-
tion. The purchased reagents are anatase TiO2 powder (99%, Merck,
India), ethylene glycol (99%, Merck, India), sodium hydroxide pellets
(NaOH, 97%, Merck, India), sodium molybdate dihydrate
(Na2MoO4·2H2O, 99%, Sigma-Aldrich, USA) and thioacetamide
(C2H5NS, 99%, Titan Biotech Limited, India).

2.2. Preparation of TiO2 NBs

Anatase TiO2 nanopowder (average particle size ~ 80 nm), ethylene
glycol and sodium hydroxide (NaOH) pellets were used in our experi-
ments as received from Merck without any further purification. In a
typical synthesis, 0.2 g of anatase TiO2 powder was dispersed in a 50ml
of 10M NaOH solvent prepared by mixing DI water and ethylene glycol
in 1:1 volume ratio. Afterwards, the mixed TiO2 solution was trans-
ferred into a Teflon-lined autoclave (Berghof, BR-100) and the inside
temperature was maintained and monitored at 220 °C for 16 h with a
constant magnetic stirring at 500 rpm. The treated precipitates were
washed thoroughly with DI water and 0.1 N HCl until the pH reduces to
7, which confirms the complete exchange of Na+ by H+ ions. Then, the
obtained H-titanate NBs were calcined at 500 °C for 5 h in ambient at-
mosphere to grow porous TiO2(B) NBs.

2.3. Growth of MoS2/TiO2 NBs heterostructures

Typically, 20mg of TiO2(B) NBs were dispersed into a 40ml of MQ
water in an ultrasonic bath for 30min. Then, 60mg sodium molybdate
(Na2MoO4·2H2O) and 120mg thioacetamide (C2H5NS) were dissolved
in the above solution. The mixture was transferred to a Teflon-lined
stainless steel autoclave and heated at 240 °C for 24 h with a constant
magnetic stirring at 250 rpm. The amount of reagent was chosen and
optimized based on the initial report by Zhou et al. [1]. The obtained
black precipitates were washed several times with DI water for re-
moving the additional salts and impurities followed by a centrifugation
and drying process at 50 °C for 12 h to obtain few-layer MoS2 NFs de-
corated on TiO2 NBs (MoS2/TiO2 HSs) with 1:1 weight of MoS2 and
TiO2. For comparison, pure MoS2 NFs were synthesized under identical
conditions without the presence of TiO2 NB platform.

2.4. Characterization techniques

Morphology and size of the as-synthesized TiO2 NBs and MoS2 NFs
on the TiO2 NBs have been studied by a field emission scanning electron
microscope (FESEM) (Sigma, Zeiss) equipped with an energy dispersive
X-ray (EDX) spectrometer. The high magnification surface morpholo-
gies and structures of the as-grown samples have been studied by a field
emission transmission electron microscope (FETEM) (JEOL-JEM 2100 F
operated at 200 kV). Samples for TEM analysis have been prepared on a
carbon coated Cu grid of 400 mesh size (Pacific Grid, USA). The crystal
structure of the as-grown catalysts has been obtained from X-ray
powder diffraction (XRD) pattern (Rigaku RINT 2500 TTRAX-III, Cu kα
radiation). Crystallinity and phase composition of the as-synthesized
NBs and the number of layers in MoS2 NFs have been confirmed from
the micro-Raman measurement (LabRam HR800, Jobin Yvon). The
Fourier transform infrared (FTIR) spectra were measured for each of the
catalysts in the range 400–4000 cm−1 with a FTIR spectrometer (Perkin
Elmer, Spectrum BX) using KBr wafer. X-ray photoelectron spectro-
scopy (XPS) has been carried out using a PHI X-tool automated pho-
toelectron spectrometer (ULVAC-PHI, Japan) with an Al Kα X-ray beam
(1486.6 eV) at a beam current of 20mA. The shift in the binding energy
of various catalysts has been corrected using the C1s spectrum at
284.8 eV as a standard value [5]. Nitrogen adsorption–desorption
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isotherms have been conducted by Quantachrome autosorb-iQ MP
analyzer at 77 K. Multipoint Brunauer–Emmett–Teller (BET) method
was applied to estimate the surface area of the catalysts and Bare-
tt–Joyner–Halenda (BJH) model to determine the average pore size.
UV–Vis diffuse reflectance spectroscopy (DRS) measurements of the
samples were recorded using a commercial spectrophotometer SHIM-
ADZU 2600.

2.5. Photocatalytic degradation under visible light

The photocatalytic activity of pure TiO2(B) NBs and MoS2/TiO2(B)
HSs has been evaluated considering the photodegradation of
Rhodamine-B (RhB) under visible light irradiation. In a typical ex-
periment, 50ml aqueous solution of RhB (30mg/L) and 20mg of cat-
alyst powders have been placed in a 100ml beaker. Prior to the irra-
diation, the mixture of dye solution and photocatalyst were
magnetically stirred under dark for 40min and during stirring 3ml of
dye solution was collected at an regular interval and centrifuged im-
mediately to separate the catalyst and dye which prevents further ad-
sorption. A 250W lamp was used as the light source (emission range
370–730 nm) for visible light photocatalysis. The lamp is surrounded by
a water-cooled quartz jacket which maintains the ambient temperature
by absorbing the heat generated from the source. At 10min irradiation
intervals, 3 ml of solution was collected and centrifuged to remove the
catalyst particles from the dye solution for further study. In order to
estimate the degradation of dye in the solution, UV–Vis absorbance was
measured in a Shimadzu 2450 UV–Vis spectrophotometer.

2.6. Photoelectrocatalysis measurements under visible light

Photoelectrochemical measurements were performed in a custom
made electrochemical cell with three electrodes: a Pt wire as counter
electrode, Ag/AgCl (saturated KCl) as reference electrode and TiO2 or
MOS2/TiO2 with electrochemically active surface area ~ 0.05 cm2

supported on a mechanically polished glassy carbon substrates as
working electrode. The photoelectrocatalytic studies were carried out
using a Bio Logic SP-300 electrochemical work station. A 300W Xenon
lamp (Lelesil Innovative Systems, India) with wavelength range
∼ 370–730 nm is used as the visible light source during the electro-
chemical measurements under light. Prior to the measurements, a ni-
trogen saturated 0.5M H2SO4 is used as electrolyte for all catalysts. The
HER performance of our best catalyst, MoS2/TiO2 was also measured in
a different electrolyte solution 0.1 M NaOH (pH value ~ 12). Linear
sweep voltammetry (LSV) was conducted at a scan rate of 10mV s−1.
Electrochemical impedance spectroscopy (EIS) was also measured in
0.5 M H2SO4 over the frequency range 100 Hz–7 MHz with an input
sine wave having 10mV amplitude.

3. Results and discussion

3.1. Morphology studies

The growth of one dimensional TiO2 nanostructures and its surface
decoration by few layer MoS2 by the hydrothermal process have been
discussed by several groups [1,2]. The typical morphology and micro-
structural properties of TiO2 NBs and MoS2/TiO2 NB HSs were first
characterized by FESEM. Fig. 1(a) depicts the FESEM image of porous
TiO2 NBs with diameter ~ 30–150 nm and lengths up to a few μm. MoS2
NFs from the self-assembly of few layer MoS2 nanosheets have been
grown successfully and almost uniformly on the TiO2 NBs. Fig. 1(b)
shows a FESEM image of uniform decoration of MoS2 NFs over the TiO2

NBs. The inset shows a magnified view of the MoS2 NFs, which confirms
the formation of rose like NFs with sizes in the range 130–350 nm. EDX
analysis on the as-grown TiO2 NBs and MoS2/TiO2 NBs HS reveals that
it contains Ti, O (in case of TiO2 NBs) and Ti, O, Mo and S elements (in
case of MoS2/TiO2 NBs HS), as shown in Fig. 1(c),(d).

HRTEM was employed for the further characterization of the
structures and surface morphologies of the HSs. Fig. 2(a) shows the
TEM image of pristine TiO2 NBs and it can be noted that the TiO2 NBs
are uniform in diameter and comprised with pores on its surface. It has
been reported that porous structure in TiO2 forms predominantly due to
the dehydration reaction that took place for the phase transformation
during the hydrothermal reaction [41]. These porous sites may act as a
nucleation site for the growth of hybrid nanostructure of other material
on TiO2. Fig. 2(b) reveals the in-situ growth of MoS2 NFs on the porous
TiO2 NBs with a broad size distribution 100–380 nm, which is in good
agreement with the value measured from FESEM analysis. Fig. 2(c)
shows an enlarged view of a MoS2 NF on the porous TiO2 NB. It may be
noted that after the decoration with MoS2 NFs, the larger sized pores on
TiO2 surface appear to be occupied but not the smaller pores, as con-
firmed later from the BET analysis. As shown in Fig. 2(b),(c), the pure
MoS2 crystals appear to be few layer petals-like structures, which is
wavy in nature, probably assemble together inside the autoclave with
very high pressure (~ 45 bar) to form discrete nanorose-like structures
on the porous TiO2 platform. Note that both MoS2 and TiO2 contain
structural defects and strong interaction between these two materials
may take place probably through the oxygen vacancy sites in TiO2 and
the sulfur atoms in MoS2. The strong coupling at the interface may thus
result in a type-II heterojunction between MoS2 and TiO2. It can be
clearly observed from Fig. 2(d) that the layered MoS2 nanosheet co-
exists with the TiO2. From the HRTEM image, the lattice fringes of the
MoS2 nanosheets and TiO2 NBs can be clearly observed, which suggest
the well-defined crystal structure of the nanostructure components. The
fringes with lattice spacing of 0.68 nm correspond to the (002) planes of
MoS2, and the lattice spacing of 0.39 nm corresponds to the (201)
crystal planes of pure B-phase TiO2. It can be noted that the (002) plane
of MoS2 comprises of only 6 layers of MoS2 nanosheets. In order to
demonstrate the spatial distribution of each element in the HS, EDS
elemental mapping analysis was performed. Fig. 2(e) shows a STEM
image of MoS2/TiO2 HS on which elemental mapping analysis was
done. Fig. 2(f),(g) reveal that the core of the HS is comprised of Ti and
O element, respectively which further confirms the uniform growth of
TiO2 platform. Fig. 2(h),(i) exhibit the elemental mapping for Mo and S,
respectively, confirming the growth of discrete MoS2 NFs on the TiO2

platform as an outer layer.

3.2. Structural analysis

3.2.1. XRD analysis
The X-ray powder diffraction (XRD) patterns were recorded to

confirm the structure, phase and crystallinity of different samples, as
shown in Fig. 3. The diffraction peaks for pure MoS2 sample (labeled
with a ‘*’ mark) detected at 2θ≈ 14.5°, 32.9° and 56.5° can be ascribed
to the (002), (100) and (106) crystal planes, respectively, as shown in
Fig. 3. The hexagonal MoS2 with a= b=0.316 nm and c=1.230 nm is
in well agreement with the JCPDS card no. 37-1492. All the XRD peaks
for TiO2 NBs (labeled with ‘♦’ mark) match the standard peak value
with the monoclinic B-phase of TiO2 [5]. From the diffraction pattern of
few layer MoS2 decorated TiO2(B) NBs HS, it is noteworthy that the
diffraction peak for pure MoS2 powder at ~ 14.5° was not detected in
case of MoS2/TiO2 HSs. It corresponds to the c-plane of MoS2 which is
composed of Mo atoms coordinated with S atoms to form S-Mo-S
sandwich structure. The absence of the peak at ~ 14.5° in the HSs may
be due to the coating with extremely thin few layer MoS2 nanosheets on
the TiO2 NBs. Additionally, the growth of MoS2 crystals along the c–axis
may be prevented by the TiO2(B) NBs when the NBs act as the platform
for the nucleation of MoS2 NFs during the hydrothermal growth.

3.2.2. Raman and FTIR analyses
The crystallinity and phase of TiO2, and the number of layers in as-

synthesized MoS2 and MoS2/TiO2 hybrids have been investigated by the
micro-Raman analysis and the results are shown in Fig. 4(a)-(c). Each
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Raman peak of the pristine TiO2 is assigned to the pure B-phase TiO2, as
shown in Fig. 4(a), while that of pure MoS2 nanosheets (Fig. 4(b)) ex-
hibits two active modes observed at 379.7 cm−1 and 404.8 cm−1,
which can be assigned to E2g1 and A1g modes, respectively. However, in
the MoS2/TiO2 HS (Fig. 4(c)), these Raman modes are observed at
380.1 cm−1 and 402.4 cm−1, respectively [2,42]. The former peak
(E2g1) corresponds to the in-plane vibrations and the later one (A1g) to
the vertical-plane vibrations in the Mo-S bond of MoS2 [43]. It is no-
teworthy that both the Raman modes of MoS2 are shifted in HS sample,
which may be interpreted as follows: E2g1 peak is blue shifted by
0.4 cm−1, while A1g peak suffers a huge red shift by 2.4 cm−1, which
may be due to the compressive and tensile strain, respectively in MoS2
lattice because of the formation of heterojunction with the TiO2. From
Fig. 4(a), it can be observed that the Bg and Ag Raman modes for
pristine TiO2 appear at 123.1 cm−1 and 146.7 cm−1, respectively which
are found to be blue shifted after its decoration with layered MoS2 NFs.
Thus, in MoS2/TiO2 HS, the Bg and Ag peaks are observed at
126.3 cm−1 and 153.5 cm−1, respectively as shown in Fig. 4(c), which
may be due to the compressive strain induced in the TiO2 lattice ori-
ginating from the nonstoichiometric oxygen vacancy defects, further
confirmed by XPS analysis.

The FTIR measurement was carried out in transmission mode to
investigate the vibration modes in the crystal lattice of pristine TiO2,

MoS2 as well as the HS sample. As shown in Fig. 4(d), for pristine TiO2

NBs, the vibration modes at 477, 805 and 960 cm−1 are assigned to the
pure TiO2(B) phase. The vibration modes observed at 477 and
960 cm−1 are due to the O–Ti–O bending and Ti–O stretching vibra-
tions, respectively, while 805 cm−1 may be assigned to the O–Ti–O
bending and Ti–O stretching vibrations. For pristine MoS2, the vibration
mode at 615 cm−1 is assigned to Mo–S vibration, while that at
1120 cm−1 may be S–O (sulfide oxide) asymmetric stretching. All the
characteristic vibration modes are present in the MoS2/TiO2 HS without
any major shift except with very low S-O vibration mode which clearly
implies that the HS contains very less amount of oxidized MoS2. The
absorption peaks around 1650 and 3200 cm−1 are due to the stretching
vibrations of the O–H bonds, assigned to the adsorbed atmospheric
water on the surface of the catalysts.

3.2.3. XPS analysis
Surface defects present in TiO2 NBs and the HS samples were con-

firmed by investigating the Ti 2p XPS spectra, as shown in Fig. 5(a). The
Ti 2p core level XPS spectra were deconvoluted by Gaussian fittings to
determine the double peak features of Ti 2p3/2 and Ti 2p1/2. The perfect
fit for two peaks corresponding to the binding energies at 458.8 and
464.5 eV can be attributed to Ti 2p3/2 and Ti 2p1/2 core levels of Ti4+

cations, respectively, confirming the formation of TiO2. Two additional

Fig. 1. FESEM images of (a) pristine TiO2 NBs and (b) uniform decoration of MoS2 NFs on TiO2 NBs. Inset of (b) shows the enlarged view of MoS2 NFs on TiO2 NBs.
EDX spectra of (c) pristine TiO2 NBs and (d) MoS2/TiO2 HSs, respectively.
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Gaussian peaks centered at 456.7 eV and 461.0 eV were detected with
relative percentage of 4.9% for TiO2 NBs, which can be attributed to
Ti+3 valence state of Ti 2p3/2 and Ti 2p1/2, respectively. Santara et al.
[44] demonstrated that with the loss of an O atom a vacancy cavity
(VO) is created in the TiO2 lattice with an electron pair trapped in the
vacancy cavity which gives rise to an F center ( + →

−V 2e FO ). After-
wards, one of the trapped electrons in F center tends to occupy the
neighboring Ti4+ ion and forms Ti3+ center and F+ center
( + → +

+ + +F Ti F Ti4 3 ). Thus, both the Ti3+ center and F+ center (single
electron trapped oxygen vacancy) are formed because of the absence of
an oxygen atom, which confirms the presence of nonstoichiometric Ov

defects in TiO2(B) NBs [5]. It is noteworthy that the relative percentage
of Ti3+ increases after the formation of HS with few-layer MoS2 NFs,
which confirms an enhancement in the oxygen vacancy concentration,
as confirmed by the Raman analysis. Fig. 5(b) exhibits the Mo 3d core
level XPS spectra of MoS2/TiO2 NBs HS. As shown in Fig. 5(b), the
strongest Mo 3d doublet peaks for MoS2/TiO2 HS detected at 229.2 eV
(3d5/2) and 232.5 eV (3d3/2), respectively correspond to the 4+ oxi-
dation state confirming the formation of MoS2. Shoulder peaks at both
the lower and higher binding energies have been observed. The lower
energy shoulder peak detected at 226.4 eV can be attributed to the S 2s
state and the higher energy shoulder peak detected at 235.7 eV arises

Fig. 2. TEM images of (a) nanoporous TiO2 NBs, (b) MoS2 NFs on TiO2 NBs, (c) enlarged view of MoS2/TiO2(B) hybrid. (d) HRTEM lattice fringe pattern showing the
simultaneous presence of TiO2 and MoS2. (e) STEM image of MoS2/TiO2 HS, (f-i) elemental map of Ti, O, Mo and S, respectively. Scale bar is 20 nm in each case.
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from the 6+ oxidation state of Mo, probably due to the formation of
MoO3 during the hydrothermal growth and post synthesis exposure to
air. Fig. 5(c) exhibits the XPS core level spectra of S with two spin-orbit
doublets for MoS2/TiO2 NBs HS. The characteristic peaks corresponding
to S 2p3/2 and S 2p1/2 orbitals of divalent sulfide ions (S2-) in MoS2 are
located at 161.9 eV and 163.1 eV, respectively, confirming the forma-
tion of MoS2 in MoS2/TiO2 HS as shown in Fig. 5(c). Besides, an ad-
ditional set of S doublets have been detected at 163.6 eV and 164.7 eV,
suggesting the presence of amorphous sulfur in the system. Fig. 5(d)
displays the O 1s spectra of TiO2 and MoS2/TiO2. The spectrum cor-
responding to bare TiO2 (peak at 530.2 eV) possesses a long tail towards
the higher energy region making the spectra asymmetric in nature. In
addition, MoS2/TiO2 NBs HS exhibit exceptionally broad O 1s spectrum
with peak position 531.3 eV implying the presence of much more de-
fects or contamination on HS surface. The broad and blue shifted
spectrum implies the enhanced oxygen vacancy and adsorbed hydroxyl
groups in MoS2/TiO2 HSs. These exceptionally high defect states may
serve as shallow donors and enhance the charge transfer at the multiple
interfaces, which in turn improves the overall dye degradation

efficiency as well as photocatalytic water splitting under solar light, as
discussed later.

3.3. Brunauer–Emmett–Teller (BET) surface area analysis

In order to investigate the specific surface area and porosity of
pristine TiO2(B) NBs and its HSs with few-layer MoS2 NFs, surface area
of the samples has been measured by BET process. In Fig. 6(a), the N2

adsorption-desorption isotherms of TiO2(B) NBs and MoS2/TiO2(B) HSs
have been shown. The BET specific surface area of TiO2(B) NBs and
MoS2/TiO2(B) HS were determined to be 51.3 m2/gm and 47.6 m2/gm,
respectively. Thus, after loading of MoS2 NFs on TiO2(B), the surface
area is reduced marginally as the pores on the TiO2 NBs are occupied
with the MoS2 nanosheets. Fig. 6(b),(c) shows the Bare-
tt–Joyner–Halenda (BJH) pore size distribution profile of pristine
TiO2(B) and MoS2/TiO2(B) HS. Average pore diameter has been esti-
mated from the distribution profile and calculated to be 1.9 nm for
TiO2(B) NBs and 3.7 nm for MoS2/TiO2(B) HS. Thus, it can be noted
from the Fig. 6(b),(c) that the larger size pores on TiO2 surface has been
passivized by the MoS2 NFs, while smaller size pore density is in-
creasing confirming the mesoporous nature of MoS2 NFs.

3.4. Optical analysis

3.4.1. UV–Vis absorption study
To measure the optical response of TiO2(B) NBs and MoS2/TiO2(B)

HSs, the diffuse reflectance spectra (DRS) of the powdered samples
were recorded. The absorbance of a material is correlated with the
diffuse reflectance ∞(R ) by the Kubelka-Munk (K-M) function, ∞F(R ),
given by

=
−

= =∞

∞

∞

F(R ) (1 R )
2R

k
S

2.303*A
S*d

,
2

where, k and S represent the absorption and scattering coefficients,
while A and d represent absorbance and thickness of the absorbing
layer, respectively. The scattering coefficient, S, was introduced as a
semi-empirical parameter in the theoretical description of diffuse re-
flection to account the internal scattering processes, which is domi-
nated by particle size and refractive index of the sample. If the scat-
tering coefficient does not vary significantly with the wavelength, the
K-M function is approximately proportional to the absorption coeffi-
cient or absorbance of the sample. Fig. 7(a) shows the plot of the K-M
function of different samples depicting the K-M plots and Fig. 7(b)
shows the corresponding (F(R)hν) vs. hν1/2 plot for the calculation of
effective band gap (indirect) of the HSs. Extrapolation of the linear

Fig. 3. XRD pattern of few layer MoS2 NFs, TiO2(B) NBs, and MoS2/TiO2 HSs.
The curves are vertically shifted for clarity of presentation.

Fig. 4. Raman spectra of (a) pristine TiO2 NBs,
(b) few layer bare MoS2 NFs, and (c) MoS2 NFs
decorated TiO2(B) NBs HS. The vertical dotted
lines show the E2g1 and A1g peaks for layered
MoS2. (d) Comparison of the FTIR transmit-
tance spectra for TiO2, MoS2 and MoS2/TiO2

showing different vibrational modes. The gray
vertical boxes indicate the position of the
characteristic modes of TiO2 and MoS2.
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portion at =(F(R)hν) 01/2 provides the effective indirect band gap of
the catalysts. The pure TiO2(B) NBs exhibit a sharp fundamental ab-
sorption edge at ~ 372 nm that can be assigned to its intrinsic band gap
absorption. Pure MoS2 NFs show a broad absorption band having a peak
at ~ 670 nm with a large blue shift compared to its bulk counterpart
having an absorption edge at ~ 1010 nm (indirect band gap ~ 1.23 eV).

This may be attributed to the strong quantum confinement effect of the
thin and layered MoS2 nanosheets making the MoS2 an effective can-
didate for the solar light driven photocatalysis [45]. After the in-
corporation of few layer MoS2 NFs on TiO2 NBs, the visible to NIR
absorption intensity was increased significantly with a broad absorption
peak at ~ 810 nm as compared to the pristine TiO2 NBs. Interestingly,

Fig. 5. XPS core level spectra for (a) Ti 2p in TiO2 NBs, (b) Mo 3d in MoS2/TiO2 HS, (c) S 2p in MoS2/TiO2, fitted with the Shirley baseline. The symbols represent the
experimental data and the solid lines correspond to the Gaussian fits. Identity of each fitted peak is denoted with corresponding charge states in the respective cases.
(d) O 1s core level XPS spectra of pure TiO2 NBs and MoS2/TiO2 NBs HS.

Fig. 6. (a) N2 adsorption-desorption isotherms for TiO2(B) NBs and MoS2/TiO2(B) HS. Pore size distribution using BJH method for (b) TiO2(B) NBs and (c) MoS2/
TiO2(B) HS.
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the effective indirect band gap of TiO2(B) NBs is found to be reduced
from 3.25 eV to 2.46 eV after its decoration with the few-layer MoS2
NFs, which eventually assist to achieve the enhanced solar light pho-
todegradation of organic dye (RhB) as well as photoelectrocatalytic
hydrogen evolution by water splitting. After the formation of HS with
MoS2 NFs, the efficient band bending at the interface arises from the
strong coupling between the porous TiO2 and MoS2 layers. Thus, the
HSs are expected to be extremely sensitive to the visible light and would
be beneficial for the efficient solar light driven photocatalytic hydrogen
evolution.

3.5. Photocatalytic degradation of RhB

The visible light photocatalytic activity of TiO2 NBs and its het-
erojunctions with few layer MoS2 NFs was evaluated by measuring the
degradation of RhB as a reference dye under the visible light irradiation
as shown in Fig. 8. Prior to the illumination, each catalyst was dispersed
in the dye solution (RhB) and subjected to a vigorous magnetic stirring
for 40min under dark condition. After 40min of stirring under dark,
MoS2/TiO2 HS shows ~ 66% of adsorption of dye, RhB whereas pristine
TiO2 NBs show only ~ 9% of adsorption. Thus, it is observed that the

few-layer MoS2 NFs decorated porous TiO2 NBs exhibit extremely high
adsorption efficiency under dark. Further, it can be noted that the de-
gradation of the dye after 60min of irradiation is calculated to be ~
80% for MoS2/TiO2 HS and only ~ 23% for TiO2 NBs. For a better
comparison, the degradation study was performed with commercial
P25 photocatalyst under identical conditions. It is observed that after
40min of stirring under dark, only ~ 7% of dye is adsorbed on its
surface and after 60min of visible light irradiation only ~ 32% of dye is
degraded. Thus, it can be concluded that the HS photocatalyst (MoS2/
TiO2) is superior in performance as compared to the commercial P25
under visible light.

The possible mechanism behind the high adsorption and photo-
catalytic degradation of RhB by MoS2/TiO2 HSs compared to the pris-
tine TiO2 NBs is explained follows. It has been reported that the few
layer MoS2 nanosheets with large surface area and pore diameter show
very good adsorption of dye with extremely rapid rate [46]. Here,
highly efficient few layer MoS2 nanosheets integrated with porous TiO2

NBs can adsorb the dye with very fast rate. Additionally, the Raman and
XPS analyses reveal that the HSs are highly defective in nature. The
defect lies mainly on surfaces and nonstoichiometric oxygen vacancy
type in nature. Thus, the HSs (MoS2/TiO2) from its surface act as an-
ionic in nature. When this highly anionic catalyst is added in the ca-
tionic dye solution (aqueous RhB solution), the freely suspended dye
molecules in the solution feel Coulombic attraction towards the catalyst
particles and get attached to them with very fast rate. Additionally,
MoS2/TiO2 heterojunction is staggered type in nature (type-II), as
shown in Fig. 9(d), which accelerates the photogenerated charge
transfer at their interfaces while irradiating with visible light by redu-
cing their recombination probability [47]. Thus, the migrated electrons
and holes create highly active super oxide radicals and hydroxyl radi-
cals. These eventually enhances the dye degradation rate than its in-
dividual components [1,5].

3.6. Hydrogen evolution reaction (HER) studies

The visible light HER performance of various catalysts, such as TiO2

and MoS2/TiO2 as working electrodes made on glassy carbon disk were
investigated using three electrode linear sweep voltammetry (LSV)
method. For a better comparison, all the measurements have been re-
peated under dark condition as well. The electrochemical HER activities
(in 0.5 M H2SO4) of various catalysts under dark and light (wavelength
range 370–730 nm) are shown in Fig. 9(a) and the corresponding Tafel
slopes, calculated from the linear fit of the on-set potential at which
HER starts, are shown in Fig. 9(b). As shown in Fig. 9(a), the HER re-
action for TiO2 NBs starts at an overpotential of ≈−623mV and

Fig. 7. (a) Kubelka–Munk plot, F(R) of different catalysts derived from the diffuse reflectance spectra. (b) The corresponding Tauc plot considering the indirect band
gap nature of TiO2 and its HS with MoS2. The effective band gaps of the respective samples are estimated by the intercept on the x-axis (extrapolated lines).

Fig. 8. Comparison of the photocatalytic degradation profiles of RhB with the
presence of different catalyst samples under visible light irradiation. The gray
region implies the dark condition and the yellow region implies the irradiation
zone. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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≈−616mV (versus RHE) under dark and light, respectively, above
which the current increases drastically. In spite of very low overall
current density, more than two fold enhancement in the current density
was observed at −800mV after illuminating the electrode as compared
to the dark case. Interestingly, the uniform decoration with few-layer
MoS2 NFs on the TiO2 NBs surface brought down the overpotential to
≈−215mV in dark, which further diminishes to ≈−180mV after
irradiating with visible light with a drastic enhancement in the current
density as compared to the bare TiO2 NBs. In this system (MoS2/TiO2

NBs HS) the current density reaches to 10mA/cm2 with the potential
−340mV in dark, which shifts to −320mV after 20min of light irra-
diation. Thus, it can be concluded that more number of carriers are
being generated in presence of light than the dark. When we carried out
HER at pH 12, we noticed that the HER activity of MoS2/TiO2 dete-
riorated dramatically, as shown in Fig. 9(a). The overpotential shows a
large shift to ~ −1.025 V under dark and ~ −886mV under light
compared to its low pH electrolyte. Thus, it can be argued that the
standard pH value of the electrolyte (0.5 M H2SO4) is much better than
the higher pH electrolyte in order to get superior HER activity.

In principle, a lower Tafel slope signifies a lower applied over-
potential required to generate a sufficient current, which acts as de-
termining step towards the kinetics of HER reaction. Tafel slope of all
the samples in both dark and light are shown in Fig. 9(b) and tabulated
in Table 1. From Fig. 9(b) it is evident that in each catalyst, the Tafel
slope decreases after the illumination of light compared to their re-
spective dark values, which eventually confirms the acceleration in the
charge transfer rate with the irradiation. Pristine TiO2 NBs exhibit very
high Tafel slope under dark, 170mV/dec, which reduces to 135mV/

dec after irradiating with visible light. The MoS2/TiO2 NBs HS exhibits
much lower Tafel slope, 112mV/dec under dark, which reduces dras-
tically to 95mV/dec after 20min of irradiation. As discussed in the
literatures, Tafel slope with values ~ 120mV/decade, ~ 40mV/decade
and ~ 30mV/decade follow Volmer, Heyrovsky and Tafel reaction
mechanisms, respectively [48–52]. In our case, the Tafel slope of the HS
photocatalyst (MoS2/TiO2) falls between the Volmer mechanism and
the Heyrovsky mechanism indicating the reaction mechanism as Vol-
mer–Heyrovsky type [53]. As expected from the extremely reduced
Tafel slope, the MoS2/TiO2 HSs behave as high performance catalyst
towards HER reaction. The above enhanced HER performance of MoS2/
TiO2 can be attributed to the efficient charge transport and favorable
HER kinetics at the interface of HS components.

Electrochemical impedance spectroscopy (EIS) is a powerful tech-
nique to characterize interface reactions and electrode kinetics in HER
[54]. Fig. 9(c) shows the Nyquist plots of all the samples corresponding
to their EIS response. The inset shows a magnified view of the plot for
the HS sample, which shows very low charge transfer resistance (RCT).

Fig. 9. (a) Polarization curves of hydrogen evolution reaction (HER) in dark and light conditions for TiO2(B) NBs and MoS2/TiO2(B) NBs HS, the Tafel slope of
respective samples is shown in (b). Polarization curve for MoS2/TiO2(B) HS was recorded in two different electrolyte solution, 0.5M H2SO4 and 0.1M NaOH. (c)
Nyquist plots of TiO2(B) NBs and MoS2/TiO2(B) NBs HS. Inset shows a magnified view of the MoS2/TiO2(B) NBs HS. (d) Schematic illustration of charge transfer
process at the interface and the mechanism of enhanced visible light photoelectrocatalytic activity.

Table 1
Sample specification, effective band gap, oxygen vacancy, hydroxyl group,
over-potential and Tafel slope for different samples.

Sample Effective
band gap
(eV)

OV % in
O 1s XPS
spectrum

OH % in
O 1s XPS
spectrum

Over-potential
[mV RHE]

Tafel slope
(mV)/dec

dark light dark light

TiO2(B) 3.25 22.2 18.4 −880 −792 170 135
MoS2/TiO2(B) 2.46 46.1 32.7 −340 −320 112 95
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The RCT values have been calculated for all the samples estimated from
the Randles circuit, as discussed by Biroju et al. [55]. The RCT is cal-
culated to be very high for pristine TiO2 NBs (1.2 kΩ), which is reduced
greatly after its integration with few layer MoS2 NFs and found to be
80Ω. The RCT is directly related to the kinetics of electrocatalysis and a
lower value signifies a rapid charge transfer corresponding to faster
reaction rate. Catalytically active edge sites of MoS2 providing a fast
electron transfer between the MoS2 and TiO2 results in a superior HER
kinetics.

The following factors may be responsible for the enhancement of
HER activity of TiO2 NBs incorporated with few-layer MoS2 NFs. The
drastic enhancement in the current density after the formation of het-
erojunction between MoS2 and TiO2 indicates increase in the catalyti-
cally active surface area compared to bare TiO2 NBs. Additionally, the
modification by H2SO4 decreases the work function of TiO2, which
changes its conduction band offset [56]. Thus, the charge transfer
process becomes faster through the type-II heterojunction of TiO2 and
MoS2, which results in improved HER activity (see Fig. 9(d)). The
structurally defective TiO2 surface (Ov rich, as confirmed from XPS
analysis) allows closer bonding between MoS2 and TiO2 and it may
introduce more defect edges in the MoS2 NFs. The morphology of the
as-grown MoS2 NFs on the TiO2 NBs confirms its edge-rich nature,
many obvious ripples, dislocations, and corrugations resulting in more
unsaturated sulfur edge sites enhancing the overall HER activity.
UV–visible absorbance spectra confirm a broad visible-NIR light ab-
sorption in the wavelength range of 400–1000 nm. Thus, the dramatic
improvement in the HER activity under visible light is partly due to the
improved absorption in the entire UV–Vis–NIR region. The in-
corporated impurities in TiO2 lattice increase greatly after the decora-
tion of MoS2 NFs, as confirmed from XPS analysis (see Fig. 5(d)). As the
Volmer-Heyrovsky HER mechanism is operative in our HS catalysts,
rate limiting electrochemical desorption step involves the formation of
hydrogen gas from the adsorbed atomic hydrogen at the working
electrode, which follows the pathways:

+ →
+ −H O e H (Volmer step)3 adsorbed

+ + →
+ −H O e H H (Heyrovsky step)3 adsorbed 2

4. Conclusion

Herein, MoS2/TiO2 NBs HS was successfully prepared via a hydro-
thermal reaction considering porous TiO2 NBs as a template. Uniform
decoration of rose-like MoS2 NFs over the surface of porous TiO2 NBs
has been evidenced by the FESEM and FETEM analyses. The formation
of Ov rich MoS2/TiO2 NBs HS and a broad visible to NIR optical ab-
sorption have been evidenced by the XPS and UV–vis absorption
spectra, respectively. The HER activity of TiO2 NBs is greatly enhanced
after the decoration of MoS2 NFs. The overpotential is observed to be
decreased to−320mV from−792mV after the decoration of few-layer
MoS2 NFs on TiO2 under visible light irradiation and the corresponding
Tafel slope reduced to 95mV/dec from 135mV/dec. The MoS2/TiO2

HSs exhibit a major enhancement in HER activity as supported by the
EIS spectra, which revealed that the charge transfer resistance of
TiO2(B) NBs decreases from 1200Ω to 80Ω after the incorporation of
MoS2 NFs. Additionally, high adsorption and enhanced photocatalytic
decomposition of RhB under visible light are demonstrated for the
hybrid. Further enhancement of the PEC performance may be expected
by decorating of catalyst metal nanoparticles over the hybrid structure,
for which optimization of the growth process is essential. Nevertheless,
this study demonstrates that edge-exposed few-layer MoS2 NFs deco-
rated on porous TiO2 NBs HS is a promising candidate for the appli-
cation of environmental remediation as well as hydrogen generation by
water splitting.
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