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This study presents a facile approach for the preparation of MoS, nanosheet decorated by porous titanium dioxide
with effective photocatalytic activity. Mesoporous titanium dioxide nanostructures first synthesized by a hydrothermal
process using titanium (III) chloride and then the MoS,/TiO, were prepared through mixing of MoS, nanosheet
with mesoporous titanium dioxide under ultrasonic irradiation. The synthesized nanocomposite was characterized
by X-ray diffraction (XRD), transmission electron microscopy (TEM), field emission scanning electron micros-
copy (FE-SEM), and Brunauer-Emmett-Teller (BET) analysis. The results showed that the nanocomposite has
mesoporous structure with specific surface area of 176.4 m%g and pore diameter of 20 nm. The as-prepared MoS,/
TiO, nanocomposites exhibited outstanding photocatalytic activity for dye degradation under sunlight irradiation,
which could be attributed to synergistic effect between the molybdenum disulfide nanosheet and mesoporous ti-
tanium dioxide. The photocatalytic performance achieved is about 2.2 times higher than that of mesoporous TiO,
alone. It is believed that the extended light absorption ability and the large specific surface area of the 2D MoS,
nanosheets in the nanocomposite, leading to the enhanced photocatalytic degradation activity.
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INTRODUCTION

Photocatalytic decomposition of toxic and hazardous
organic pollutants using semiconductor photocatalysts
has attracted considerable interest, because it offers
enormous potential for the protection of environment" 2,
Among the semiconductor materials, nano titanium
dioxide (TiO,) is widely used for its relatively high
photocatalytic activity, low cost, physical and chemical
stability, nontoxicity and potential applications in photo/
photoelectrocatalytic degradation of pollutants, hydrogen
production, supercapacitors, dye-sensitized solar cells,
sensors, and biomedical devices*”. When the photoca-
talyst is illuminated by a light source with energy higher
than its bandgap energy, electron-hole pairs diffuse out to
the surface of the photocatalyst. The generated negative
electrons and oxygen combine into O,, and the positi-
ve electric holes and water generate hydroxyl radicals.
These highly active oxygen species can oxidize organic
pollutants. Thus, titanium dioxide can photocatalytically
decompose dye molecules and common organic matters
such as odor molecules, bacteria and viruses®.

Although there are numerous advantages in utilizing
the titanium dioxide, there are some disadvantages for
the pure one as follows: The photogenerated electron-
-hole pairs have a flash recombination time on the order
of 107 s, while the time scale of chemical interactions
of TiO, with the adsorbed dye or chemicals are in the
slower range of 107 to 10~ s. This discrepancy between
two time scales results in an unintended recombination
of electron-hole pairs, leading to decreased efficiency
in the photocatalytic activity of TiO,’. Also, titanium
dioxide only shows photocatalytic activities under ul-
traviolet irradiation!’. Extensive research regarding the
modification of photocatalytic performance of titanium
dioxide has been conducted. Some studies have focused
on the combination of titanium dioxide and carbonaceous
materials for producing nanocomposites, i.e. graphene/
TiO," 12, carbon black/TiO,", and carbon nanotube/
TiO," 13, Also, some noble metals such as Pt'® 17 Au'® 1,

and Ag®”?! have been used for modifying the photoca-
talytic properties of titanium dioxide. The enhancement
in photocatalytic performance of titanium dioxide occurs
through mitigating the rate of electrons and holes re-
combination by trapping the electrons, expanding the
light efficiency into visible territory, and modifying the
surface properties of photocatalysts by deposition of
cocatalysts to reduce activation energy® %,

There have been some reports on the usage of mo-
lybdenum disulfide/titanium dioxide nanocomposite in
photocatalysis process. For instance, Bai et al. prepared
TiO,~MoS, hybrid structure with excellent performance
in both photocatalytic hydrogen production and Rhoda-
mine B degradation®. Along the same lines, Zhang et al.
obtained TiO,/MoS, composite photocatalyst via a one-
-step hydrothermal process using titanium tetrachloride
(TiCly) as a titanium dioxide precursor and bulk MoS, as
a direct photosensitizer®. Thin films with hetero-structure
of MoS,/TiO, are studied at the interface to determine
the electronic behavior by Tao and coworkers?. Ren et
al. presented facile hydrothermal process for preparation
of 2D photocatalytic TiO,/MoS, hybrid nanosheets?.
Zhou et al. coated TiO, nanobelt heterostructures with
MoS, nanosheet for enhance photocatalytic activities?.
Shen and coworkers fabricated MoS, nanosheet/TiO,
nanowire hybrid nanostructures and obtained photoca-
talyst with high activity under visible light irradiation®.
Loading of 2D MoS, nanosheets on the surface of 2D
anatase TiO, nanosheets was reported by Yuan et al.*.
Liu et al. synthesized MoS,/TiO, nanocomposite with
superior photocatalytic activity in hydrogen production®!.
Also, the photodegradation of methyl orange in aqueous
solution with nano-MoS,/TiO, composite was investigated
by Hu and colleagues®. However, the photocatalytic
performance of MoS, nanosheets/mesoporous titanium
dioxide composite has not been reported yet.

In this study, mesoporous TiO, was synthesized through
the hydrothermal approach by applying titanium (III)
chloride as titanium dioxide precursor and then the MoS,



nanosheets/mesoporous titanium dioxide composite was
prepared by a simple method of mixing and sonication.
The photocatalytic activity of the synthesized photoca-
talysts was examined by monitoring the degradation of
an azo textile dye (direct green 6).

EXPERIMENTAL

Chemicals

Molybdenum (IV) sulfide powder with particle size of
less than 2 um and poly(vinylpyrrolidone) (PVP, avera-
ge mol wt 40.000) were purchased from Sigma-Aldrich
Co. Titanium (III) chloride solution (TiCl;, 15% in
about 10% hydrochloric acid) and 1-methyl-2-pyrroli-
done (C;HyNO, 99.5%) were prepared by Merck Co.
Commercially available direct green 6 (CI 30295) was
obtained from Alvan Sabet Co. (Iran). Deionized water
was used throughout this study.

Methods

(1) Synthesis of MoS, nanosheets:

The MoS, nanosheets dispersions were prepared based
on the Coleman’s method via a liquid phase exfoliation
technique® *. Molybdenum (IV) sulfide powder was
added to 1-methyl-2-pyrrolidone solvent at a concen-
tration ratio of 10 mg/mL. The mixture was then so-
nicated continuously for 60 minutes at 25% amplitude
with a horn probe sonic tip (VibraCell CVX, 750W,
25% amplitude) while ice-cooling the dispersion. The
final sonicated dispersion was centrifuged at 3000 rpm
for 30 min to remove non-exfoliated MoS, sheets, the
supernatant was then decanted.

(2) Synthesis of mesoporous titanium dioxide:

To synthesize of mesoporous titanium dioxide, 5 mL
of titanium trichloride aqueous solution as precursor
and 300 mg of poly(vinylpyrrolidone) were added to
100 mL water while stirring. The mixture was stirred
at 95°C for 60 min. The suspension was then reacted
hydrothermally in a 100 mL Teflon-lined autoclave at
200°C for 6 h. After that, the precipitate was harvested
by centrifugation, followed by washing with ethanol and
water three times.

(3) Synthesis of MoS,/TiO, nanocomposite:

Different amounts of the mesoporous titanium dioxide
(0.05,0.1,0.2,0.3, 0.4, 0.5 wt.%) were added to the MoS,
suspension (100 mL) and sonicated in an ultrasonic bath
(Euronda Eurosonic® 4D) under 50/60 Hz frequency for
60 min. After the completion of mixing, the resulting
products were filtered and washed with distilled water,
and then dried at 50°C for 24 h.

Characterization

Morphologies of the samples were observed by using
a field emission scanning electron microscope (FESEM,
MIRA3-TESCAN, Czech Republic). X-ray diffraction
(XRD, STOE, model STADI MP, Germany) was used
to survey the crystal compositions and crystal sizes.
Transmission electron microscopy (TEM) images of the
samples were obtained on a Phillips EM208 electron
microscope, Czech Republic. The surface area and pore
size distribution were investigated with a Gimini III
2375 apparatus. The standard multi-points Brunauer—
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Emmett-Teller (BET) method was utilized to calculate
the specific surface area. The pore size distributions of
the materials were derived from the adsorption branches
of the isotherms based on the Barett-Joyner—Halenda
(BJH) model.

Photocatalytic degradation of direct green®

In order to investigate the photocatalytic performance

of the samples, decrease in concentration drop of the
direct green® during exposure to sunlight was analyzed.
The concentration of dye in the solution was calculated
by a Varian Cary 300 UV-Vis spectrophotometer using
a calibration curve (containing seven points). A computer
program determines the absorbance of the dye solution
at the maximum wavelength of direct green 6-623 nm.
The first step was the preparation of dye solution by
distilled water (60 mg/L). Then, the nano materials were
added to 100 mL of the dye solution. First, the solution
mixture was stirred for 15 min without irradiation in
order to obtain equilibrium of dye adsorption. Then, the
solution was irradiated under sunlight (with approximate
light intensity of 0.75 W m™) for 3 consecutive days. The
dye solution was continuously stirred at a rate of 200
rpm and the real dye solution was maintained at pH
(6.6). After irradiation, the samples were purified with
Millipore filter. The decolorization and photocatalytic
degradation efficiencies were calculated as:
Efficiency (%) = (C~C,)/C, X 100 (1)
where C, and C_ correspond to the initial and final
concentration of dye before and after sunlight irradia-
tion. In this equation E% shows the dye photocatalyst
degradation percent™.

RESULTS AND DISCUSSION

Figure 1A shows the FE-SEM image of the prepared
titanium dioxide, indicating that a large amount of TiO,
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Figure 1. FE-SEM images of the prepared samples: (A, B)
mesoporous titanium dioxide, (C) MoS, sheets and
(D) MoS,/TiO, nanocomposite
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nanoparticles are generated with homogeneous and
spherical morphology. The high-magnification of the
individual spheres (Fig. 1B) reveals that the mesoporous
titania is formed by aggregated clusters consisting of
nanoparticles, and this is how the disorder mesoporous
structure is formed. The mesoporous titanium dioxide
nanoparticles are recognized on the surface of MoS,
flakes via comparing Figure 1C with Figure 1D.

As seen in Figure 2A, the pore structure is observed
at the space between TiO, nanoparticles, indicating the
inter-particle porosity is due to the mesoporosity. This
result is consistent with the FE-SEM images. Also, thro-
ugh the TEM images of MoS, nanosheets and MoS,/TiO,
nanocomposite (Fig. 2B, C), the presence of mesoporo-
us TiO, on the molybdenum disulfide nanosheets was
confirmed. Moreover, Figure 2C shows that the MoS,
sheets are densely decorated with titania.
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Figure 2. TEM images of (A) mesoporous titanium dioxide, (B)
MoS, nanosheets and (C) MoS,/TiO, nanocomposite

X-ray diffraction was used to determine the crystal
status and crystal size of the prepared nanocomposite.
XRD pattern (Fig. 3) indicates that the MoS, nanosheets/
mesoporous titanium dioxide composite with well-defi-
ned crystallinity consist of hexagonal phase MoS, and
anatase phase TiO,. In addition, based on equation (2),
the crystal size was calculated at 260 = 25.3° and for the
nanocomposite was 178 A.
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Figure 3. XRD pattern of MoS,/TiO, nanocomposite

Crystal size (A) = (K x A x 180)/(FWHM x & X cos 6)(2)
where K = 0.9 is the shape factor, A= 1.54 is the wave-
length of X-ray of Cu radiation, FWHM is full width at
half maximum of the peak, and 0 is the diffraction angle*.

The specific surface areas and pore size distributions
of the nanocomposite have been characterized using
nitrogen adsorption and desorption isotherm as shown

in Figure 4. The isotherm of the sample is in good
agreement with type (IV) isotherms, indicating the pre-
sence of mesoporous material according to the IUPAC
classification®” *, Furthermore, the nanocomposite had
a specific surface area of 176.4 m?/g and a narrow pore
size distribution centered at 20 nm.
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Figure 4. Nitrogen sorption isotherm of the MoS,/TiO, na-
nocomposite. Inset shows the corresponding pore
diameter distribution

The photocatalytic activity of mesoporous titanium
dioxide and MoS,/TiO, nanocomposite was examined
by the degradation of direct green 6 (Fig. 5) solutions
under sunlight irradiation. More than 50% of textile
dyes is azoic dyes. About 20% of dye products enter into
textile wastewater during the dyeing process®. Direct
green 6 is an aromatic azo compound with molecular
formula C;,H,,NgNa,O,S,. It has many uses in textiles
dyeing, such as clothes or leathers. This dye is stable,
incompatible with bases, reducing agents and strong
oxidizing agents. Since azo bonds are the chromophores
contributing to color of azo dyes, decolorization of the
azo dyes is very likely influenced by the number of azo
bonds present in a dye molecule. Generally speaking,
trisazo dyes like direct green 6 are refractory.

NH;

Na(h§ SO:Na

Figure 5. Structure formula of direct green 6 azo dye

Figure 6 illustrates photo-degradation of direct gre-
en 6 with mesoporous titanium dioxide or MoS,/TiO,
nanocomposite in the different dosage of titanium
dioxide. As shown in Figure 6A, the discoloration rate
of the direct green 6 solution increased with increasing
contents of the mesoporous titanium dioxide. Generally,
the catalytic capability can be improved with increasing
amounts of the catalyst. The azo dye used in this study
was anionic dye and was negatively charged because of
the sulfonate groups (Fig. 5). Accordingly, electrostatic
interactions between the photocatalysts surface (Ti’*) and
dye anions lead to the adsorption of dye molecule on the
surface® . Compared with bulk TiO,, the mesoporous
TiO, enhances the density of accessible active sites for
dye adsorption and decomposition*. Thus, the adsorbed
dye molecules on the surface of the catalyst degraded
completely due to generations of highly oxidative species
by titanium dioxide under irradiation.

Based on the obtained results (Fig. 6B), adding mo-
lybdenum disulfide nanosheets to mesoporous titanium
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Figure 6. The photocatalytic efficiency of mesoporous titanium
dioxide (A) and MoS,/TiO, nanocomposites (B)

dioxide had a tangible effect on the photocatalytic
performance of photocatalyst and its photocatalytic de-
gradation efficiency was higher than that of mesoporous
TiO, under sunlight irradiation. It could be a result of
the large surface area of 2D MoS, nanosheets. The 2D
nanomaterials as compared to 1D or 0D nanostructures
may provide a better anchoring surface for adsorbing
molecules?®. Furthermore, the extended light absorp-
tion ability of MoS,/TiO, nanocomposite improves the
photocatalytic performance®?. The possible reactions for
MoS,/TiO, nanocomposite under sunlight irradiation can
be summarized as follows.

MoS,/TiO, + hv — MoS, (h* + ¢")/TiO, 3)
MoS, (h* + ¢7)/TiO, = MoS, (h*)/TiO, (") 4
TiO, (¢") + O, = TiO, + O, %)
0,” + H,0 - HO," + OH (6)
HO,"+ H,0 - H,0, + OH" (7
H,0,— 20H" )
Dye + OH" — degradation product )
Dye + MoS, (h*) — oxidation product (10)

Figure 6B showed that by increasing the amount of
mesoporous TiO,, degradation of dye was increased
but practically there was no degradation more than
0.3 wt.% mesoporous titanium dioxide, which is due
to the aggregation of synthesized titanium dioxide on
MosS, nanosheets. Therefore, besides being more cost
effective compared with 0.5% TiO,, 0.3% TiO, provided
an optimal effect on the photocatalytic performance of
the prepared nanocomposite.

CONCLUSIONS

In summary, highly crystallized molybdenum disulfide/
mesoporous titanium dioxide nanocomposite with large
surface areas of 176.4 m*/g and narrow pore size distri-
bution of 20 nm have been prepared through a combi-
ned hydrothermal and sonosynthesis process. Through
FE-SEM and TEM images, BJH and BET analyses,
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and XRD pattern the successful synthesis of MoS,/
TiO, nanocomposite was verified. Such nanocomposite
possesses strong adsorption ability and high photocatalytic
performance in the degradation of direct green 6 as an
azo dye. On the composite system, the positive synergetic
effect between the MoS, nanosheets and mesoporous
TiO, can efficiently extend light absorption ability and
provide a greater number of active adsorption sites. It
is expected MoS,/TiO, nanocomposite can be used as
the superior photocatalyst, especially for environmental
and clean energy applications.
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