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Abstract
Abstract MoS2-deposited  TiO2 hollow spheres were synthesized successfully under mild temperature and autogenous pres-
sure. The hydrothermal technique was adopted for the synthesis of the  TiO2 hollow microsphere, followed by a photodeposi-
tion technique for the deposition of  MoS2. The physical and chemical nature of the samples was characterized using X-ray 
diffraction, energy-dispersive X-ray spectroscopy, scanning electron microscopy, photoluminescence spectroscopy, XPS 
and UV–vis spectroscopy. In an aqueous medium under the influence of light, the characterized samples were used in the 
production of hydrogen via photocatalysis. The increase in the formation of hydrogen content during photocatalysis confirms 
the successful generation and the benefits of the photogenerated carriers. With an increase in the  MoS2 content, there is an 
incredible change in the photocatalytic performance. The resultant is due to the free moment of the holes and electrons and 
lessening in charge recombination centres formed as a result of the nano-heterojunction linking between  MoS2 and  TiO2. 
A more significant photocatalytic production of hydrogen was achieved using 50 MST sample i.e. 106 μmol−1 g−1 beyond 
which it tends to decrease with an increase in  MoS2 content.
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Introduction

Generally, resources can be considered as those materi-
als/products that satisfy or meet human requirements. 
The boom in technology and industrialization has led 
to the overutilization of economically important energy 
resources such as fossil fuel and petroleum which are non-
renewable. The overexploitation of these energy resources 
ultimately results in an energy crisis affecting the eco-
nomic development of a nation. Depletion of the natural 
resources leads to the deterioration of the environment, 
causing global warming, greenhouse effects, acid rain and 
health hazards [1, 2]. For the sustenance of life and to 
maintain a healthy environment, natural resources have to 
be conserved. Conservation of these resources by finding 
a suitable alternative is in practice. Efforts are being made 
on the utilization of renewable resources such as solar, 
wind and water current. Meanwhile, material scientists 
and environmentalists are paying attention to recycling 
and to reusing unwanted/waste materials as an alternative 
source of energy. The development of the materials that 
can convert waste material or recyclable material into a 
useful form of energy is a challenging field. Attempts have 
been made for the treatment and recycling of wastewater, 
which is a practical application. However, very little work 
has been performed in utilizing wastewater for the produc-
tion of energy. Fabricating of the designer hybrid photo-
catalytic material with enhanced photocatalytic property 
and their application in the production of hydrogen by 
dissociation of the water molecule is a matter of interest in 
recent years [3–7]. Application of these photocatalysts for 
the conversion of wastewater which is not fit for domestic 
as well as industrial purpose into a useful form of energy 
will reduce the burden on nonrenewable energy forms to 
a certain extent.

In semiconductor photocatalysis, titanium dioxide 
 (TiO2) is a topic of debate.  TiO2 as a photocatalyst is 
applicable in various fields such as hydrogen production, 
wastewater treatment, water splitting, dye degradation, and 
carbon reduction [8–16]. The propertiesof  TiO2 such as 
strong oxidizing agent, high stability, abundantly availabil-
ity, low-cost and its non-toxic nature makes it a stable can-
didate in semiconductor photocatalysis [14, 17–19].  TiO2 
exists in three forms, namely, anatase, rutile and brookite. 
Among these, anatase is an indirect bandgap semicon-
ductor and has higher photocatalytic activity compared to 
rutile and brookite which are direct bandgap semiconduc-
tors [20]. The life span of photoexcited electrons and holes 
in anatase is comparatively high compared to that of rutile 
and brookite [5]. However, as a catalyst, anatase  TiO2 has 
its limitations in the application. The bandgap possessed 
by the anatase  TiO2 is 3.2 eV which is not well matched 

with visible light excitation [21]. As a result, the photo-
excited electrons and holes recombine rapidly leading to 
less photocatalytic efficiency.

It is reported that  TiO2 semiconductor along with other 
metal oxides and sulphides has been proven to be a capable 
material in photocatalysis under both ultraviolet and visible 
light. Metal oxides and sulphides such as ZnO,  MoO2,  CeO2, 
 ZrO2,  SnO2, CdS, ZnS, Ag, compounds of carbon, along 
with  TiO2, form heterojunction which reduces the recombi-
nation of photoexcited electron and hole pair [22]. Among 
sulphides, efforts have been made for the development of 
composite material using  MoS2 along with  TiO2 using dif-
ferent techniques. Techniques adopted for the fabrication 
of these composites are hydrothermal, solvothermal, in situ 
growth method, chemical vapour deposition and calcination 
[23–27]. Earlier, molybdenum disulphide  (MoS2) was used 
in composite materials, for the reason that it possesses a 
characteristic layered structure along with tough interlayer 
covalent bonds alienated by a weak van der Waals gap [27]. 
This van der Waals gap is considered as a significant reason 
for its application as catalyst. The layers of the  MoS2are sim-
ilar to that of the layers which are exhibited in graphene, and 
hence in recent years  MoS2 has been used extensively used 
[28]. In the  MoS2sheet, each sheet is fashioned by the com-
bination of three layers. The atoms of molybdenum (Mo) are 
placed in the centre layer, whereas the layer consisting of 
sulphur (S) atom envelops the Mo atom from both the sides 
[28, 29]. Even,  MoS2 possesses similar properties to those 
of  TiO2, such as high oxidizing action, high hardness, non-
toxicity, low cost, and high stability and reliability. These 
features and the direct bandgap possessed by Mo, which is 
approximately 1.8 eV, has attracted the mind of the research-
ers to make use of this visible-light active photocatalyst in 
enhancing the efficiency of another semiconducting photo-
catalyst. Attempts have been made for the development of 
 TiO2/MoS2 composite material where 2D  MoS2 materials 
are embedded onto 1D  TiO2nanoparticles and their applica-
tion in the evolution of hydrogen, which has proven to have 
shown a satisfactory result [30–32]. In the present article, we 
report the simple technique for the fabrication of  TiO2/MoS2 
composite material. Processing of this material involves a 
mild hydrothermal condition for the formation of  TiO2 hol-
low microspheres, followed by a photodeposition method for 
the deposition of  MoS2 onto the  TiO2 hollow microspheres 
and the application of this composite material in the genera-
tion of hydrogen.

Materials and methods

All the reagents used in the present work were of labora-
tory grade and used without further purification. Ran-
baxy Chemicals Co. Ltd., Sigma-Aldrich and Loba 
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Chemicals Co. Ltd. supplied hydrochloric acid (HCl), tita-
nium butoxide  (C16H36O4Ti), ammonium tetrathiomolybdate 
((NH4)2MoS4) and ethanol. Throughout the experiment, dis-
tilled water was used.

Hydrothermal synthesis of  TiO2 hollow 
microspheres

Commercially available  C16H36O4Tiis was used as a starting 
material. Into a 100 ml Teflon liner, 25 ml of 4 M HCl was 
taken. 3.4 ml of  C16H36O4Ti was added to the Teflon liner 
dropwise with continuous stirring using a magnetic stirrer. 
The stirring process was carried out for 2 h. After stirring, 
the Teflon liner was closed tightly and placed in an auto-
clave, and heated at the 180 °C for 24 h. The hydrothermally 
treated autoclave was cooled suddenly to arrest the morphol-
ogy developed by the crystals in the set experimental condi-
tion using a compressed air jet. The liner was removed, and 
the solution inside the liner was discarded to separate the 
powder sample. The powder was washed thoroughly using 
double-distilled water thrice to remove the unwanted com-
pounds. The powder sample was then ultrasonicated to avoid 
agglomeration. The sample was centrifuged, extracted and 
dried at a temperature of 35–40 °C in an oven.

Photodeposition of  MoS2 onto  TiO2 hollow 
microspheres

The photodeposition of  MoS2 onto the  TiO2 hollow micro-
sphere was carried out in a double-necked container. In the 
photodeposition of  MoS2 onto  TiO2 hollow sphere, 50 mg of 
the as-prepared  TiO2 hollow microsphere was dispersed in a 
20 ml mixture of ethanol and distilled water (5 ml + 15 ml). 
To this solution, a known amount of  (NH4)2MoS4 was 
added.  N2 was continuously bubbled through the solution for 
20 min to eradicate oxygen. The solution was then exposed 
to a 300 W Xe lamp for the 1-h duration. The solution was 
continuously stirred using a magnetic stirrer. The supply of 
 N2 was continued. After the experimental run, the products 
were separated by centrifuging, washed thoroughly with 
distilled water and dried in an oven at 60 °C. Based on the 
weight ratio of  MoS2 added, the sample obtained was named 
as 0 MST, 5 MST, 10 MST, 30 MST, 50 MST, and 70 MST 
where the numbers represent the wt% of  MoS2.

Hydrogen production by photocatalysis

The photocatalytic hydrogen production experiments were 
performed in a 100 ml three-necked Pyrex flask. The analy-
sis was performed at ambient temperature and atmospheric 
pressure conditions. All three necks of the flask were sealed 
with a silicon rubber septum. As a source of illumination, 

350 W xenon arc lamp with a UV cutoff filter (λ ≥ 400 nm) 
was positioned 20 cm away from the reactor which triggers 
the photocatalytic reaction. The strength of light exposure 
on the flask was measured as 180 mW cm−2. In a distinctive 
photocatalytic experiment, 50 mg of catalyst was diffused 
in 80 ml of a mixed aqueous solution having 0.35 M  Na2S 
and 0.25 M  Na2SO3. Through one of the rubber septums, the 
system was bubbled with nitrogen for 40 min to remove dis-
solved oxygen and to create an anaerobic condition. During 
irradiation, the solution was continuously stirred to keep the 
photocatalyst in suspension. 0.4 ml of gas was intermittently 
sampled through the septum, and hydrogen was analyzed by 
a gas chromatograph (Shimadzu GC-14C, with nitrogen as 
a carrier gas) equipped with a 5 Å molecular-sieve column 
and a thermal conductivity detector.

Instruments and characterization

X-ray diffraction (XRD) pattern of the powder samples was 
recorded by the RigakuMiniflex X-ray diffractometer, model 
IGC2, Rigaku Co. Ltd., Japan. The 2θ range was positioned 
between 20° and 80°. The detection of the crystalline phase 
was done by matching up with JCPDS using PCPDFWin 
version 2.01. The Fourier transform infrared spectrometry 
(FT-IR) spectra were recorded using JASCO-460 Plus, 
Japan. The morphological features of the as-prepared sam-
ples were examined by a high-resolution scanning electron 
microscope model HITACHI S-4200 and model JEOL 
(FESEM). Energy-dispersive X-ray spectroscopy (EDX) 
was used to envisage the deposition of  MoS2 onto the hol-
low sphere. UV–visible spectrophotometer, model UV-2550, 
Shimadzu, Japan, was employed to witness the UV–visible 
absorbance spectra for the dry pressed samples in the pres-
ence of  BaSO4 as a standard. Fluorescence spectrophotom-
eter was adopted to determine the photoluminescence (PL) 
spectra of the samples at room temperature. X-ray photo-
electron spectroscopy (XPS) measurements were performed 
using an ultrahigh vacuum VG ESCALAB 210 electron 
spectrometer having a multichannel detector.

Results and discussion

X‑ray diffraction studies

The powder XRD patterns  MoS2, 0 MST and 10 MST are 
given in Fig. 1a. For comparison, standard XRD patterns 
of  MoS2 and  TiO2 are given in Fig. 1b. The identification 
of the crystalline phase of these samples is performed by 
comparing the obtained data with the JCPDS file (PCPD-
FWIN-2.01). The XRD patterns for both 0 MST and 10 MST 
match with PDF- 21-1272, representing a tetragonal system, 
which fits into the space group I41/amd [33].
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The XRD patterns further validate that the samples 
consist of pure anatase phase. In the 10 MST sample, the 
development of the new peaks corresponding to  MoS2was 
noticed. This result suggests that the  MoS2 was well depos-
ited onto the surface of  TiO2 hollow spheres. There was a 
very slight shift in the peak position confirming that the 
 MoS2 was filled only on the surface of the  TiO2 and did not 
enter the crystal lattice. The result further states that the 
deposition of  MoS2 onto  TiO2 hollow microspheres did not 
affect the structural morphology of the crystal. For com-
parison, the XRD pattern of the  MoS2 was recorded, which 
matches with PDF 37-1492 [34]. Even the peaks developed 
in the XRD pattern of the 10 MST sample matched well 
with the XRD pattern of  MoS2 (002, 100 and 110 planes). 
The deposition of  MoS2 onto the  TiO2 hollow spheres leads 
to the formation of a heterojunction between  MoS2 and 
 TiO2 particles, which further separates the recombination 
of electron–hole pairs, leading to the enhancement in the 
photocatalytic activity.

SEM studies

The shape and the structural features of the fabricated 
 MoS2-deposited  TiO2 hollow microspheres were analyzed 
through SEM micrographic studies (Fig. 2). In Fig. 2a–c, 
one can witness that the synthesized crystals are arranged 
in a sphere shape, ranging approximately 5–7 μm and hav-
ing a cavity within it. In Fig. 2a, the arrangement of  TiO2 
nanocrystals in radiating patterns to form a sphere can be 
visualized. On a closer look at the micrograph, one can 
observe the deposition of foreign materials onto the  TiO2 
hollow microsphere, which might be the deposition of  MoS2 
(Fig. 2b and c). Figure 2d, clearly demonstrates that a single 

hollow microsphere comprises of numerous nanocrystals 
which appears almost tetragonal in a shape whose size var-
ies and is less than 0.1 mm thickness. The SEM studies fur-
ther confirm that the hollow microspheres can be synthe-
sized in the absence of templates or surfactants employing 
the hydrothermal technique in the present set condition. It 
is well known that in a hydrothermal run, the crystals are 
formed by dissolution and recrystallization process. As tem-
perature increases, titanium gets dissolved. As it reaches the 
top condition, it gets re-crystallized to form nanocrystallites. 
These nanocrystallites further undergo an Ostwald ripening, 
forming hollow microspheres [35]. In Ostwald ripening, the 
crystallites present in the inner part are circularly arranged, 
are smaller in size or lighter and thinner compared to those 
present in the outer region. These tiny crystallites get dis-
solved, and re-deposited on the outer parts, resulting in the 
formation of the hollow cavity at the centre forming hollow 
spheres. The cross section of these hollow spheres demon-
strates that the inner layer is occupied by smaller crystals 
and the outer with the larger crystals, and the arrangement 
of these crystals in a radiating pattern is given in Fig. 2a.

Energy‑dispersive X‑ray spectroscopy studies

The element composition and the elementary mapping of the 
5 MST sample are given in Figs. 3 and 4. Figure 3b and c 
gives the elementary mapping verifying the presence of Ti in 
addition to O. The elementary mapping for the deposition of 
Mo is shown in Fig. 3d. From Fig. 3, it is clear that the syn-
thesized microspheres sample is dominated by  TiO2, with a 
trace of Mo decorated on it. The EDX spectrum for 5 MST 
sample was taken from the selected point, keeping  SiO2, 
 Al2O3, Ti, and Mo as reference samples. The point analysis 

Fig. 1  a XRD pattern of the  TiO2 hollow microsphere (0 MST),  MoS2, and 10 MST, b XRD pattern of Std  MoS2 and Std  TiO2
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showed the strong signals of Mo, Ti, O and Al (Fig. 3). The 
Al peaks were observed in the EDX analysis, since the alu-
minium foil was used as the holder. These results indicate 

that Mo, Ti and O are the primary constitutive elements of 
the  TiO2 hollow sphere deposited by  MoS2. The presence 
of carbon at 0 eV is due to the use of the carbon-coated 

Fig. 2  SEM and FESEM micro-
graph of  MoS2-deposited  TiO2 
hollow microspheres

Fig. 3  Energy-dispersive X-ray 
spectroscopy studies of 5 MST 
sample showing the presence of 
Ti, O and Mo
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grid during analysis. The details of the elements present in a 
particular point of the hollow microsphere during the inves-
tigation are given in Table 1.

FT‑IR spectroscopy studies

FT-IR analysis was performed for  MoS2, 0 MST and 10 MST 
samples to determine the functional group of the synthe-
sized compound. The spectra obtained are given in Fig. 5. 
The band in the region 472 cm−1 corresponds to the Ti–O 

vibrations [36]. The Mo–S band vibration was observed in 
the region around 920 cm−1 [37]. The band in the region 
1700 cm−1, corresponding to C–O formed due to the absorp-
tion of  CO2 from the surrounding environment [38], and the 
bands lying in between 3000 and 3500 cm−1 correspond to 
the O–H vibration caused due to the absorption of moisture 
[39]. Both the Ti–O and Mo–S vibration were observed in 
the 10 MST samples, further confirming the deposition of 
the  MoS2 onto the  TiO2 hollow spheres.

PL spectral studies

The PL spectra for the selected samples are given in Fig. 6. 
The PL analysis will be of assistance in knowing the effi-
ciency of charge carrier entrapping, immigration and shift 
of electrons. The deposition of  MoS2 onto  TiO2 hollow 
microspheres has a significant outcome on the PL inten-
sity (Fig. 5). There is a reduction in the PL intensity of the 
samples with an added amount of  MoS2 content. The PL 
emission spectra of 0 MST sample showed the existence of 
several peaks appearing at wavelength approximately 419, 

Fig. 4  Energy-dispersive X-ray 
spectroscopy mapping of 
5 MST sample, confirming the 
presence of Ti, O, Mo and Al

Table 1  Elemental data obtained for the EDX point analysis

Element Apparent con-
centration

k-ratio Wt% wt% Sigma

O 9.85 0.03313 44.64 1.65
Al 4.42 0.03173 11.28 0.57
Ti 16.05 0.16050 41.08 1.38
Mo 1.05 0.01048 3.01 0.77
Total 100.00

Fig. 5  FT-IR spectroscopy studies of 10 MST sample

Fig. 6  PL spectral studies of 0 MST, 5 MST and 10 MST samples
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438, 450, 468, 481, 494, 528 and 540 nm. The wavelengths 
of these peaks are equivalent to 2.9, 2.8, 2.7, 2.6, 2.57, 
2.51, 2.3 and 2.2 eV. Similar peaks were developed with 
the 5 MST and 10 MST samples. In 0 MST, the emission 
band at 419 nm is considered as a stronger band. However, 
the deposition of  MoS2 suppressed the emission at 419 nm. 
Further, it was observed that the emission band at 438 nm 
had stronger emission in the rest of the samples after the 
deposition of  MoS2, which resulted due to the disturbances 
caused by the filling of  MoS2 onto  TiO2. In the samples, 
when the  MoS2 content was increased from 5 to 10 wt%, 
there was a drop in the PL intensity. It is worthy to note 
that the intensity of PL depends on the colour of the sample 
subjected to PL spectral studies. The darker the sample, the 
lesser is the intensity, which is caused due to the black body 
absorption of the spectrum. In this study, no comparison 
was carried out for the  MoS2 sample; the colour of  MoS2 
is blackish and its excitation occurs beyond 650 nm. It is 
noteworthy that if the rate of recombination of electron and 
holes is less, then there is a reduction in the PL intensity. 
Hence, it can be assumed that the reduction in the PL inten-
sity might be due to the black body absorption of light or to 
the formation of a heterojunction between  TiO2 and  MoS2 
particles. In a hybrid semiconducting material, the formation 
of heterojunction decreases the recombination of the elec-
tron–hole pair, thereby enhancing the photocatalytic ability 
of the photocatalyst. The explanation behind this is that the 
PL emission is formed as a consequence of the recombina-
tion of light-induced electrons and holes pairs. The higher 
the intensity of the PL spectra, the lesser is its photocatalytic 
activity. In the present study, the 10 MST sample shows 
lower intensity compared to the 5 MST and 0 MST samples, 
suggesting that the deposition of  MoS2 onto the  TiO2 hol-
low microsphere has a major effect in reducing the recom-
bination of electrons and holes and has all possibilities of 
performing high photocatalytic activity. The quick electron 
transfer between  MoS2 layers and  TiO2 crystals increases the 
quantum efficiency, thereby supplying more photogenerated 
electrons which further participate in photocatalysis.

UV–vis diffuse reflectance spectra

The UV–vis absorption spectral studies for the as-prepared 
samples were performed (Fig. 7). As per our examination 
report, in the bare  TiO2 hollow microspheres (0MST), the 
absorption edge lies at 411.4 nm which is almost agreeable 
with the bandgap absorption of  TiO2 (380 nm). In the present 
study, the bandgap obtained for 0 MST is 3.01 eV.  MoS2was 
photodeposited onto this sample. The photodeposition of 
 MoS2 onto 0 MST leads to the prime increase in the absorp-
tion of the sample beyond 411.4 nm. Nevertheless, with a 
varying  MoS2 concentration, there is a slight increase in the 
redshift absorption of the samples by 0.01–0.04 eV. The 

small shift in the absorption of the sample implies that the 
 MoS2 particles did not intrude into the crystal lattice of the 
 TiO2 hollow microsphere and were deposited on it, which is 
in agreement with the EDX and XRD report (Fig. 7a). When 
 MoS2 is deposited onto  TiO2, it may create a lattice disparity 
which forms a defect in the crystals. Further, to make out the 
importance of  MoS2 in altering the bandgap energy of  TiO2, 
the bandgap energy of the chosen samples cited above was 
estimated using the Tauc plot and by extrapolation of the 
linear slope of photon energy (Fig. 7b). The modification in 
the bandgap energy of the sample relating to the amount of 
 MoS2 added corroborates the effective deposition of  MoS2 
onto the  TiO2 hollow microspheres. It is worth mention-
ing that the bandgap energy for the representative samples 
is as follows: Bg of 0 MST is 3.013 eV < 5 MST, which is 
3.047 eV < 10 MST, which is 3.056 eV. Our studies direct 
to the conclusion that the altering in the bandgap energy, 
even to a small amount, is most likely to be the outcome of 
the formation of new electron levels of Mo ions in the  TiO2 

Fig. 7  UV–vis absorption spectra of 0  MST, 5  MST, 10  MST and 
 MoS2
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band structure, which further confirms the active deposition 
of  MoS2 onto  TiO2 hollow microspheres. The deposition of 
 MoS2 onto the  TiO2 hollow microspheres may favour free 
movement of electrons as well as holding back the recombi-
nation of photogenerated electron and hole pairs.

X‑ray photoelectron spectroscopy (XPS) studies

The XPS analyses for the 0 MST, 10 MST and  MoS2 sam-
ples were performed to know the chemical state on the sur-
face of the materials synthesized. The Ti2p spectra of the 
synthesized compound show two bands located at binding 
energies of 458.9 and 464.8 eV in 0 MST and 459.1 and 
464.8 in 10 MST samples, which are assigned as  Ti2p1/2 
and  Ti2p3/2 spin-orbital splitting photoelectron in  Ti4+ 

state (Fig. 8a) [40]. In Fig. 8b, the XPS spectrum repre-
sents the deconvoluted peaks of O1S. The peak positioned 
at 531.5 eV for 0 MST and 531.3 eV for 10 MST sample is 
attributed to the oxygen anions of the  TiO2 lattice, whereas, 
in the peak positioned at 533.3 eV of 10 MST sample, we 
can notice a slight increase in the peak intensity compared 
to the peak of the 0 MST sample positioned at 533.5 eV, 
which can be attributed to the chemically absorbed oxygen 
onto the surface. In Fig. 8c, the binding energies for Mo 
 3d3/2, Mo  3d5/2 are 241.3 and 241.8 eV corresponding to 
 MoS2sample and 241.4 and 241.9eV corresponding to the 
10 MST sample, which confirms the existence of  Mo3+ and 
 Mo4+. The presence of  Mo3+ ions depict the development 
of S defects in  MoS2. The high resolution S 2p spectrum 
obtained for the 10 MST sample shows that the chemical 

Fig. 8  XPS analyses for the 0 MST, 10 MST and  MoS2 samples
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states of S are overlapping (Fig. 8d). In the 10 MST sample, 
the binding energy observed at 161.7 eV is assigned to S 2p. 
The development of this peak results from the deposition of 
Mo–S onto  TiO2. Even the peaks at the region 162.5 and 
169.2 eV were observed. These peaks originated due to the 
presence of S.

Photocatalytic  H2 production activity and its 
mechanism

The amount of the hydrogen evolved during photocataly-
sis using  TiO2 hollow microspheres and  MoS2-deposited 
 TiO2 hollow microspheres are shown in Fig. 9. Based on 
the results obtained, one can infer that under visible light 
irradiation using 0 MST, no  H2 production was detected. 
Similarly, the test for hydrogen using  MoS2 as a photocat-
alyst was conducted. Even in this case, the output/evolu-
tion of hydrogen was very less. However, when  MoS2 was 
deposited onto the 0 MST sample, the production of  H2 was 
observed. The production of  H2 was considerably increased 
with the added amount of  MoS2. Initially, when 2%  MoS2 
was deposited onto the  TiO2 hollow microsphere (2 MST), 
the production of hydrogen was observed. In the 2 MST 
sample, the production of hydrogen was 27 μmol h−1 g−1. 
Further increase in the percentage of  MoS2 content led to 
an increase in hydrogen production up to a certain extent, 
i.e. for 5 MST, 10 MST, 30 MST, 50 MST, 70 MST and 
 MoS2, the production of hydrogen was 46, 68, 96, 142, 76 
and 20 μmol h−1 g−1. In the present study, optimal photocat-
alytic activity was achieved using the 50 MST sample, and 
the rate of hydrogen production using this sample reached 
142 μmol h−1 g−1

, which is more than five times that of 
2 MST sample. Further increase in the  MoS2 content to 70 

wt% led to the reduction in the photocatalytic activity lesser 
than that of the 30 MST sample. The blank/dark experiment 
was also conducted using the above-mentioned samples, and 
in the absence of light, showed no significant production 
of hydrogen. The investigation carried in the dark confirms 
that the formation of hydrogen was due to the photocatalytic 
property exhibited by the as-prepared samples.

There are few factors which enhance the photocatalytic 
activity of  TiO2 hollow microspheres when  MoS2 is depos-
ited onto it. The  MoS2 particles deposited onto the 0 MST 
samples are electro-catalytically very active and hence par-
ticipate in the reduction of a water molecule [41]. During 
photocatalysis, these  MoS2 particles participate in the over-
all reaction without undergoing any decomposition. The 
photodeposited  MoS2 forms heterojunction with  TiO2. When 
 TiO2 is exposed to light higher than its bandgap energy, 
under light illumination the electrons are generated in the 
conduction band (CB), and holes in the valence band (VB). 
These electron and holes recombine quickly, thereby reduc-
ing the efficiency of photocatalysis. When  MoS2 is depos-
ited onto  TiO2, the heterojunction formed in between them 
decreases the rate of charge recombination and enhances 
the ability of the photocatalyst. Normally, the materials of 
the chalcogenide series undergo decomposition during pho-
toexcitation [42]. However, in  MoS2, it is encompassed of 
Mo 4d orbitals in both the CB and VB due to which the 
bonding between the Mo and S is firm, and hence during 
photocatalysis, the  MoS2 will not undergo decomposition 
even after photoexcitation [43]. The deposition of such a 
high photostable compound onto the  TiO2 MSs enhances 
both their stability and photocatalytic property. This photo-
stability property possessed by the  MoS2 favours enhance-
ment of the production of  H2. It can also be said that the 
defect created on the  TiO2 crystals due to the deposition 
of  MoS2 favours improvement of the effectiveness of the 
synthesized samples. The deposited  MoS2 is bluish-black. 
It is well known that black bodies have the affinity to absorb 
more light. The deposition of  MoS2 serves in light harvest-
ing and hence enhances the photocatalytic behaviour of the 
compound. The morphology of the crystal synthesized also 
plays a crucial role in enhancing the efficiency of the pho-
tocatalyst. The hollow sphere formed by Ostwald ripening 
consists of a cavity within it. Even the meso/macropores are 
incorporated between the  TiO2 crystals, which are arranged 
in a typical pattern to form the hollow sphere. This struc-
tural arrangement helps in light harvesting by allowing the 
light to pass through their pores, channels, and the hollow 
cavity leading to the scattering of light [44]. Scattering of 
light within the hollow spheres favours the generation of 
more electron and holes which further participate in the 
photocatalytic reaction, thereby enhancing the efficiency of 
the photocatalyst. However, it was observed that with an 
increase in  MoS2 content beyond 50% wt, there is a decrease 

Fig. 9  Photocatalytic production of hydrogen using  TiO2 hollow 
microspheres and  MoS2-deposited  TiO2 hollow microspheres
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in the efficiency of the photocatalyst. The decrease in the 
photocatalytic activity is possibly due to the rise in charge 
recombination centres formed due to the surplus deposition 
of  MoS2. When the excess  MoS2is made to deposit onto the 
hollow spheres, some of the particles do not make intimate 
contact with  TiO2. These particles get dispersed in the liquid 
medium. These dispersed particles act as barriers and retard 
the penetration of light to a certain extent which in turn 
reduces the photocatalytic process.

The stability and recycling performance of photocata-
lysts is an essential factor for practical applications. The 
 H2 production performance in a cyclic photocatalytic run 
was performed to know the stability of the as-prepared sam-
ple (Fig. 10). A 50 MST sample was used in the present 
case. Not much difference was observed in the production 
of hydrogen after three cycles. The maximum hydrogen 
production was 872, 882 and 876 μmol h−1 g−1 in all three 
cycles in 5-h duration. The amount of hydrogen produced in 
the three cycles confirms the excellent stability of the sample 
during the photocatalytic process.

Based on the above studies, we proposed a mechanism 
for the charge transfer between  TiO2 and  MoS2 during the 
photocatalytic production of hydrogen (Fig. 11). When UV/
sunlight is illuminated on the surface of  TiO2, it absorbs 
light, producing photogenerated electron–hole pairs. On the 
surface of the photocatalyst, this photogenerated electron 
and holes can participate either in oxidation or reduction; if 
not, they can even recombine. When  TiO2is exposed to light 
in the absence of other supportive semiconductor/co-cata-
lyst, these photogenerated electrons and holes immediately 
recombine reducing the photocatalytic efficiency. When a 
semiconducting material like  MoS2 is deposited onto  TiO2, 
the electrons generated in the conduction band of  TiO2 move 
to the surface of  MoS2. The heterojunction formed between 

the two semiconducting materials creates an intimate contact 
between them, favouring the free moment of the electron. 
The as-formed heterojunction reduces the recombination of 
the electron–hole pair thereby enhancing the efficiency of 
the photocatalyst. The  MoS2 deposited onto the surface of 
hollow spheres serves as the active site for the production 
of hydrogen. Onto the surface of  MoS2, the migrated/trans-
ferred electrons from  TiO2 react with the  H+ ions adsorbed 
by the active sites forming hydrogen.

Conclusions

Synthesis of  MoS2-deposited  TiO2 hollow microspheres was 
carried out using mild hydrothermal conditions supported 
by photodeposition. The characterization studies performed 
states that the  MoS2 was efficiently deposited onto the hydro-
thermally synthesized  TiO2 hollow spheres. The deposition 
of  MoS2 enhanced the efficiency of photocatalyst by forming 
the heterojunction between  TiO2 and  MoS2, which further 
reduces the charge recombination. The photocatalytic pro-
duction of hydrogen using the as-prepared samples confirms 
the importance of these materials in environmental issues for 
the production of clean and low-priced energy. We further 
stressed that the efficiency of the photocatalyst in the pro-
duction of hydrogen depends on the added amount of  MoS2. 
The stability test performed for this sample exposed that 
the active catalyst can be reused for more than three cycles, 
thereby reducing the cost of operation. Overall, we can con-
clude that the application of  MoS2-deposited  TiO2 hollow 
microspheres in the production of hydrogen will be a safe, 
clean, economical, and environmentally benign technique 
to overcome the energy crisis and to protect our existing 
nonrenewable resources.Fig. 10  Cyclic  H2 production curve for the 50 MST sample

Fig. 11  Charge transfer between  TiO2 and  MoS2 heterojunction inter-
face
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