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bstract

In this work, a modified hydrothermal method has been developed and employed for synthesis of nanostructured MoS2 particles. The modification
enotes to some changes which were applied with respect to the normal hydrothermal method. Using of a surface-active agent, changing in raw
aterials and reaction temperature were the main changes which were applied in the modified method with respect to the orginal procedure. Several

ools of investigation including XRD, TEM, SEM, and EDXA were used in order to characterize the products and also comparison of the two
ethods. The results showed a morphology best known as “rag” morphology for the products obtained by both of the methods. In both methods,
RD studies confirmed a semicrystalline state for the particles with slightly lower degree of crystallinity for the modified method. Particle sizes

ere detected to be in smaller and more uniform state in size and shape for the modified procedure as showed by SEM. Photo-catalytic activity
f the particles was checked as MoS2/TiO2 hybrids in photo-oxidative removal of phenol as a selected organic compound. Results showed and
nhanced photo-catalytic activity for the hybrids with respect to the pure TiO2 under UV irradiation. MoS2 nanoparticles also verified to have an
nhancement effect on the photo-catalytic activity of TiO2 under illumination of visible light.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Molybdenum disulfide MoS2, has a layered structure like
raphite and because of its unique properties, has been known
nd used in chemical reactions for several years. Among these
roperties, anisotropy, chemically inertness, photo-corrosion
esistance and specific optical properties are included as the
uperior properties. As a catalyst, MoS2 carry the advantage of
eing resistive to poisoning with sulfur and still remain relatively
igh reactive. MoS2 is an indirect band gap semiconductor with
.23 and 1.69 eV band gap energies [1]. Electronic properties
f MoS2 such as position of conductance and valance band has
een shown are size dependent due to the quantum size effect
ith a blue shift in absorption edge upon reduction of particle
izes. Adoption on solar radiation is so that the absorption edge
hifts from >1040 to ∼550 nm for a reduction in particle sizes
rom bulk to 4.5 nm, respectively [2]. So far, three main methods
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ave been developed for the synthesis of MoS2 nanoparticles:
olvothermal [3], hydrothermal [4] and inverse micelle method
5]. Some other different methods include: sonolysis [6], arc [7],
lasma microwave [8] and electrochemical/chemical methods
9,10]. In the inverse micelle method, particles are grown inside
ater containing micelles dispersed in a non-aqueous media.
eaction precursors are usually a molybdenum halide such as
oCl4 and a sulfiding agent such as Na2S. The advantage is

he ability of tuning the particle sizes through controlling the
icelle sizes which can be achieved easily by alternation the

mulsifier/water ratio. Particles as small as 2.5 nm can be syn-
hesized by this method [5]. Unfortunately, the major drawback
or this method is that Mo(IV) halides are not stable compounds
nd they are not available from chemical supplier companies.
evertheless, when possible, it can be considered as the best
ethod for the synthesis of semiconducting and other types of

anoparticles. Solvothermal method uses molybdenum trioxide,

oO3 and elemental sulfur as the starting materials and reaction

akes place in a high pressure autoclave at 300 ◦C in the presence
f a reducing agent, hydrazine monohydrate for example. The
olvent of the reaction is pyridine. Investigation of the reaction

mailto:pourabas@sut.ac.ir
dx.doi.org/10.1016/j.cej.2007.05.028
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roduct by starting different MoO3/S molar ratios has revealed
hat crystalline MoS2 is produced when sulfur content in the
eaction mixture is twice or more than that of Mo [3]. Hydrother-
al method starts with MoO3 and NaS2 in Mo/S molar ratio of

/3 as the precursor materials and the reaction media is diluted
Cl solution. Reaction takes place in an autoclave at temper-

tures between 200 and 300 ◦C. It was shown previously that
he reaction conditions including temperature, concentration of
Cl and presence of some additives are effective on the reaction
nal product, sizes and morphology of the particles [4]. In the
resent work, MoS2 nanoparticles have been synthesized and
haracterized by a modified hydrothermal method and are com-
ared with the products obtained by the normal hydrothermal
ethod.
One reason for a great interest toward semiconductor metal

xides is their photo-catalytic activity in photo-oxidation reac-
ions especially in the field of water and air treatments [11]. Upon
nteraction with light, photo-catalysts produce one of the most
owerful oxidizing agent OH•, which is able to destroy most
f organic compounds in aqueous solutions through oxidation-
eduction reactions [12]. The advantage of the photo-catalytic
xidative reactions is the ability of the reaction to be carried out
nder ambient conditions and that usually lead to total mineral-
zation of the organic contaminants. However, they suffer from
he drawback of being slow reactions and that photo-oxidation
rocesses took actually long time to be completed result in high
osts. Therefore, a large number of works are currently running
o improve the efficiency and to adopt the reaction condition to
se the advantages of the process [13–15]. Among the several
ypes of semiconductors, TiO2 has been the most studied com-
ound for its photo-catalytic activity in removal of unwanted
rganic compounds. TiO2 is a photostable, non-toxic and cheap
hite powder which is available easily from many suppliers.

n Addition, it has also been shown that TiO2 has the abil-
ty of destruction of a wide range of organic chemicals, which
s usually accompanied by total mineralization. However, the
rinciple deficiency of TiO2 is its absorption edge which falls
n UV region at 385 nm (band gap energy 3.0–3.2 eV) [16].

avelengths equal or less than this critical value consists only
% of the sunlight spectrum. For improvement purposes, one
pproach is the use of hybrid catalysts [17–19]. In this case,
wo types of semiconductors are used with one of them acting
s the supporting material. The combination of two different
emiconductors leads to synergic effect and possible electron or
ole transfer between electronic states of the two semiconduc-
ors. The process prevents the fast electron–hole recombination
eaction and therefore, providing additional time for electron or
ole to reach to the surface of the photo-catalyst. As a result, the
ate of redox reactions increases via the electron–hole lifetime
nhancement.

In this work, as is mentioned earlier, nano-sized MoS2
articles have been synthesized by two different methods, a
ydrothermal [4] and a modified hydrothermal method. The

atter was a surface-active agent assisted procedure which has
een developed in this work. The products of these two meth-
ds were characterized and compared by using several means
f investigation including XRD, TEM, SEM, and EDAX. After
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ynthesis, and in order to check their photo-catalytic activity,
oS2 nanoparticles were used as MoS2/TiO2 hybrid nano-

hoto-catalysts in photo-oxidative removal of phenol from
queous solution. Previously, the effect of crystalline MoS2 nan-
clusters obtained by the inverse micelle technique has been
nvestigated by Wilcoxon et al. [17–19] in pure and also in
he form of MoS2/TiO2 hybrids in photo-oxidative removal
f several water organic pollutants. However, in the present
ork, the photo-catalytic activity of the MoS2/TiO2 hybrids
as been investigated by using MoS2 nanoparticles prepared
n this work and compared with Wicoxon’s results whenever
ossible.

. Experimental

.1. Materials

Molybdenum trioxide (MoO3, 99.5%), ammonium hepta-
olybdate ((NH4)6Mo7O24·4H2O, 99.5%), elemental sulfur

99.9%), hydrazine (N2H4, 80%), sodium lauryl sulfate (99%),
-octanol (99.5%), methanol (99.9%) and phenol (99.5%) were
urchased from Merck chemical company. Compounds pyri-
ine (99.5%), sodium sulfide (Na2S, 99.5%) and thiourea
H2NCSNH2, 99%) were purchased from Fluka, BDH and
ldrich chemical companies, respectively. Two types of TiO2
ere used in this study which were TiO2 (P-25) 99.5% from
egussa and TiO2 (Tiona) 99% from Millenium chemical com-
anies. TiO2 (P25) is consisted of 80% anatase and 20% of
utile form while TiO2 (Tiona) is almost completely rutile
orm.

.2. Characterization, measurements and the photo-reactor

Powder XRD analysis were performed by using a Simens
ristallflex instrument by scan rate of 0.04◦ s−1 and with Cu K�

λ = 0.154178 nm) radiation source. TEM analyses were carried
ut by using a Philips DM200 electron microscope and the spec-
mens were prepared by sonolysis of the particles in ethanol and
rying a drop on a carbon coated copper grid. Analyses of SEM
ere performed by using a LEO 440i scanning electron micro-

cope equipped with energy-dispersive X-ray analysis (EDXA).
itachi (D-7000) with UV–vis detector was used for HPLC

nalyses with a column packed with RP-8 (5 �m).
Photo-catalytic activity of the prepared MoS2/TiO2 hybrid

atalysts was evaluated according to the photo-oxidative concen-
ration decay of phenol in an aqueous solution. This was carried
ut in a photo-reactor under irradiation of different light sources,
V and visible. The photo-reactor was consisted of a cylindrical
lass batch reactor with a total volume of about 100 ml. Forty
illilitre of the total volume was being used in each experiment.

t was equipped with a heat exchanger to ensure the solution
emperature being constant and a sampling side arm. During the
eaction, aliquots of 0.6 ml were being sampled at various irradi-

tion times for phenol concentration analysis. Each sample was
ltered using PTFE 0.2 �m syringe filter in order to remove the
uspended catalysts; before injection to HPLC. Osram® 400 W
enon lamp was used for experiments under visible light and a



l Eng

1
i
a
w
w
t
s

2
m

0
c
T
a
s
o
t
R

2
h

(
w
(
a
fi
T
d
d
a
w
r
t
i

2

e
t
t
w
M
t
s
v
c
w
u
b
m
M

3

3

3

w
b
m
w
w
i
b
R
t
t
s

m
a
m
s
l
s
r
t
d
d
s
a
n
a
1
t
t
b
p
s
c
t
a

o
l

3
h

h
S
o
s

B. Pourabbas, B. Jamshidi / Chemica

25 W HPK medium-pressure mercury lamp (Philips) for exper-
ments under UV illuminations. The lamp was positioned 6 cm
bove the top of the reactor and when using visible light, there
as a glass placed between top of the reactor and the lamp to
ork as UV cutoff filter. To prevent catalyst precipitation, all

he experiments were carried out under continuous magnetic
tirring.

.3. Preparation of MoS2 nanoparticles by hydrothermal
ethod

MoO3 (0.36 g) and Na2S (1.8 g) were added to 70 ml of
.4 mol/l HCl aqueous solution in a 100 ml Teflon® lined auto-
lave reactor. The reaction carried out at 300 ◦C for 12 h.
he black powder product was filtered, washed with ethanol
nd distilled water and dried at 80 ◦C under reduced pres-
ure. The products were characterized by using several tools
f investigation which are discussed in the following sec-
ions. The procedure was adapted to the method describe in
ef. [4].

.4. Preparation of MoS2 nanoparticles by the modified
ydrothermal method

An aqueous solution of ammonium heptamolybdate,
(NH4)6Mo7O24·4H2O, 1 g) and thiourea (H2NCSNH2, 0.9 g),
as prepared by dissolving in 50 ml distilled water. 1-Octanol

1.5 ml) and sodium lauryl sulfate (SDS, 0.7 g) was add into
50 ml Teflon® lined autoclave reaction vessel. The autoclave
lled with the aqueous solution up to 75% of its total volume.
he autoclave was sealed for annealing under continuous stirring
uring 5 h at 180 ◦C. The autoclave was then gradually cooled
own to room temperature; and the black precipitate was sep-
rated by filtration, washed with ethanol and then by distilled
ater several times. Finally, it was dried for 6 h at 80 ◦C under

educed pressure. The products were characterized by several
ools of investigation which is discussed in following sections
n the text.

.5. Preparation of MoS2/TiO2 hybrid photo-catalysts

Appropriate weights of MoS2 were dispersed in 300 ml
thanol by using a high speed homogenizer for 20 min in order
o disagglomeration and uniform dispersion of the particles in
he mixture. TiO2 (10 g) was then added and homogenizing
as continued for additional 15 min. The relative amount of
oS2 to TiO2 was adjusted so that the loading level of MoS2

o be 2, 3 and 5 wt% with respect to the total composition. The
uspension was transferred to a rotary evaporator and the sol-
ent was evaporated at 40 ◦C under reduced pressure. The gray
olored precipitates were collected and washed several times

ith distilled water and then dried for 2 h at 60 ◦C under vac-
um. Two series of MoS2/TiO2 hybrid catalysts were prepared
y the mentioned procedure by using two types of TiO2 com-
ercial products: Degussa’s TiO2 (P25) and TiO2 (Tiona) from
illenium chemical company.

f
1
m
p
e

ineering Journal 138 (2008) 55–62 57

. Results and discussion

.1. MoS2 nanoparticles

.1.1. Synthesis of MoS2 nanoparticles
Synthesis of MoS2 nanoparticles by the hydrothermal method

as investigated in different conditions and temperatures
etween 200 and 300 ◦C starting by MoO3 and NaS2 in Mo/S
olar ratio of 1/3. Only the general results are provided here
ithout detailed discussions. Pure crystalline MoS2 particles
ere obtained at temperatures between 260 and 300 ◦C. Increas-

ng HCl concentration from 0.4 to 0.8 mol/l has led to products
eing contaminated with some other compounds such as MoO2.
eaction carried out in 0.2 mol/l HCl solution also did not lead

o any detectable reaction product. Therefore, 300 ◦C reaction
emperature and 0.4 mol/l HCl concentration was selected for the
ynthesis of MoS2 nanoparticles by the hydrothermal method.

In order to reach smaller particles, a modified hydrothermal
ethod of synthesis has been developed in this work. The main

pplied modification with respect to the normal hydrothermal
ethod was using a surface-active agent in the procedure. The

urface-active agent system used in this method was sodium
auryl sulfate (SDS) with 1-octanol as the co-surfactant. Using
urface-active agent applied some other changes also with
espect to the original procedure. Our early experiments showed
hat starting from insoluble MoO3 and Na2S do not lead to any
esired product. Reactions starting with hexacarbonylmolyb-
ate, Mo(CO)6 and elemental sulfur was also frustrated. Finally,
oluble ammonium heptamolybdate, (NH4)6Mo7O24·4H2O
nd thiourea were used as successful starting materials in an
eutral reaction media. The reaction took place in an autoclave
nd examined at temperatures between 170 and 210 ◦C. Below
70 ◦C no product was obtained. From the other hand, due to
hermal decomposition of thiourea, it was impossible to rise
he reaction temperature above 210 ◦C. The products obtained
etween 170 and 210 ◦C was determined to be a semicrystalline
roducts. However; the size of the particles investigated to be
lightly temperature dependent. By taking all the results into
onsideration, reaction temperature of 180 ◦C was concluded
o be the optimum reaction temperature in order to obtain pure
nd uniform nanoparticles of MoS2.

Characterization and comparison between the products
btained by different methods has been discussed in the fol-
owing section.

.1.2. Comparison of MoS2 nanoparticles obtained by the
ydrothermal and modified hydrothermal methods

The SEM micrographs for the products obtained by the
ydrothermal method, products of the modified method and the
EM image for the product obtained by the latter method with-
ut using surface-active agent are shown in Fig. 1a–c. Particle
izes around 150–200 nm can be estimated from the micrograph
or the hydrothermal method while they are smaller (around

00 nm) and more uniform in size and shape for particles of the
odified hydrothermal method. It is clear, from Fig. 1c, that the

articles are too much bigger and they differ in size and shape
xtensively. Therefore, it can be concluded that surfactant pre-
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Fig. 1. The SEM micrographs for MoS2 nanoparticles: (a) obtained by the
hydrothermal method, (b) obtained by the modified hydrothermal method and
(c) obtained by the hydrothermal method without using surface-active agent.
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ents growth of the initially created particles to become larger
uring the modified hydrothermal method.

Investigation and comparison of the particles by TEM
fforded interesting results. The TEM results for the particles
btained by the normal hydrothermal method are shown in Fig. 2
y two magnifications. Ribbon like stacking of S–Mo–S layers
re detectable inside the particles. These are completely dis-
rdered especially at the corners however, accumulations are
een in core regions of the particles. This describes the mor-
hology mostly known as “rag” morphology. The ribbons have
hicknesses approximately 2–3 nm and width of around 100 nm
n this morphology. The observed morphology is in complete
greement with results obtained from XRD studies which are
iscussed in later section. The TEM images of the particles
btained by the modified procedure are shown in Fig. 3. The
ag morphology is again the observed morphology for the parti-
les. The main difference, in comparison to Fig. 2, is obviously
hat the ribbons are much smaller. Very tiny stacks by width of
0–30 nm are seen in the micrographs. This can be attributed to
he roll played by the surfactant in reducing the sizes. These are
ery important properties for particles with catalytic or photo-
atalytic activities. The first effect is obviously the increase in
urface area however, for inorganic semiconductors, the next and
aybe the more important is the effect of particle size reduc-

ion on electronic and optical properties. The latter for MoS2
anoclusters has been discussed in Ref. [4].

The X-ray diffraction pattern, shown in Fig. 4a, is for bulk
oS2 in its most stable hexagonal crystalline structure [20]. The
ost important XRD feature which provides a proof for exis-

ence of the hexagonal unit cells is the observation of diffraction
eaks due to 0 0 2 planes. This is the most prominent peak in
ig. 4a while diffractions from 1 0 0, 1 0 1, and 1 1 0 planes are
ppeared in smaller intensities. The X-ray diffraction pattern for
oS2 particles prepared by the normal hydrothermal method is

hown in Fig. 4b. Peak 0 0 2 is appeared in its characteristic
egion 2θ = 14.5 as a broad peak. Other detectable peaks are
0 0, 1 0 3 and 1 1 0. This combination of the peaks reveals the
exagonal structure for the prepared particles and the broaden-
ng of the peaks is in complete agreement with morphological
tudies and results obtained by TEM. Therefore, and in com-
arison to the bulk state (Fig. 4a) a semicrystalline structure is
ssigned for the particles. X-ray diffraction pattern for MoS2
anoparticles prepared by the modified hydrothermal method is
hown in Fig. 4c. The peak 0 0 2 around 2θ = 14.5 is appeared
nd some peaks due to diffractions from 1 0 0 and 1 1 0 planes
re detectable in smaller intensities. In comparison to Fig. 4b,
he peaks are broader in some extent, i.e. less crystallinity. This
s consistent with the results obtained by TEM. In general, the
odified hydrothermal method is accompanied with particles
hich are smaller and less crystalline in comparison to products
btained by the hydrothermal method.

The purity of the product was determined by quantitative
nergy dispersive X-ray analysis (EDXA), whose results are

hown in Fig. 5a for the products of the modified hydrothermal
ethod. Peaks appeared at 2.2 and 17 keV are due to Mo. The

ulfur peak is overlapping with K� peak of Mo and is not resolv-
ble in the figure. The ratio of Mo/S was detected as 1/1.98 which
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Fig. 2. The TEM images for MoS2 particles obtained b

s in complete agreement with the chemical formula of MoS2
howing that no any significant residue of the starting materials
r the surfactant is remained in the product.

.2. MoS2/TiO2 hybrids and photo-catalytic activity

.2.1. The hybrid photo-catalysts
Table 1 describes the compositions of the photo-catalysts

repared in this work and the encoding system. The X-ray
iffraction pattern for P25/MH/2 hybrid catalyst is shown in
ig. 5b. The peaks due to MoS2 are indicated with * mark in the
gure. These are in lower intensities due to the low loading level
2%, w/w) of MoS2 present in the sample and are located in 2θ

cale at 15◦ (0 0 2), 32◦ (1 0 0), 34◦ (1 0 2) and 58◦ (1 1 0). The

EM micrograph for the same sample (P25/MH/2) is presented

n Fig. 6. Particles of MoS2 are appeared as white spots on the
urface. Dispersion of these particles is almost uniform and no
ny significant agglomeration is detectable in the micrograph.

e
w
n
e

Fig. 3. The TEM images for the particles obtained by the m
normal hydrothermal method, in two magnifications.

he same results were obtained for all other hybrid catalysts
repared in this work.

.2.2. Photo-catalytic activity of the hybrids
The results obtained for photo-oxidation removal of phenol

nder visible light illumination are summarized in Fig. 7. It is
lear that neither Tiona nor P25 was active in removal of phenol
nder the applied conditions even after 240 min of reaction time.
he result is not surprising because, as mentioned earlier, 3.2 eV
and gap energy of TiO2 fall into the UV region of light spectrum
385 nm) and therefore, it is not expected for TiO2 to be an active
hoto-catalyst in visible wavelengths. On the other hand, it was
nown and has been accepted generally that rutile form of TiO2
oes not show any remarkable photo-catalytic activity. How-

ver, Fig. 7 shows that hybrid catalysts P25/MH/2 and T/MH/2
ere able to activate the photo-oxidation decomposition of phe-
ol under illumination of visible light. This reveals the synergic
ffect of MoS2 and TiO2 in photo-activity of the hybrid catalysts

odified hydrothermal method in two magnifications.
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Fig. 4. X-ray diffraction patterns for (a) bulk MoS2, (b) particles obtained by the
hydrothermal method and (c) particles obtained by the modified hydrothermal
method.

Fig. 5. (a) Energy dispersive X-ray analysis (EDXA) result for MoS2 particles
obtained by the modified hydrothermal method, (b) X-ray diffraction pattern for
P25/MH/2 hybrid catalyst.

Table 1
Encoding system for the compounds used or prepared in this work

Sample Type of TiO2 Type of MoS2 MoS2 loading
level (wt%)

P25 P25a – 0
T Tionab – 0
P25/MH/2 P25 MHc 2
P25/MH/3 P25 MH 3
P25/MH/5 P25 MH 5
P25/H/2 P25 Hd 2
P25/H/3 P25 H 3
P25/H/5 P25 H 5
T/MH/2 Tiona MH 2
T/MH/3 Tiona MH 3
T/MH/5 Tiona MH 5
T/H/2 Tiona H 2
T/H/3 Tiona H 3
T/H/5 Tiona H 5

a TiO2 P25, from Degussa 80% anatase and 20% rutile.
b TiO2, Tiona from Millenium > 99% rutile.
c Prepared by the modified hydrothermal method.
d Prepared by the normal hydrothermal method.

Fig. 6. The SEM micrograph for P25/MH/2 hybrid catalyst.

Fig. 7. Concentration-irradiation time diagrams for photo-oxidative removal of phenol under illumination of visible light, (a) in the case of using P25 and P25/MH/2
hybrid catalyst, and (b) in the case of using Tiona and Tiona/MH/2.
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was observed to be dependent to the loading level of MoS2 in the
hybrids. The photo-catalytic activity of the hybrids with different
loading level of MoS2 are compared with pure P25 (UV illumi-
nation) in Fig. 9. As can be seen, the photo-catalytic activity is
ig. 8. Photo-oxidative decline of phenol concentration under UV illuminatio
ffect of TiO2 type.

learly. It is an amazing result that not only P25 but also Tiona
ased hybrid has acquired a photo-catalytic activity due to pres-
nce of MoS2 in the composition. It has been shown previously
y Wilcoxon [17,18] that 4.5 nm nanoclusters of MoS2 to be
n active photo-catalyst in removal of phenol even under visi-
le wavelengths of light. Our results show that not only in pure
orm but also in hybrid with TiO2, MoS2 has the visible light
hoto-catalytic activity. It is worthy to note that, MoS2 particles
n this work were different in synthesis and characteristics with
hose employed by Wilcoxon. We also used particles without
urther purification or partitionation into narrow width particle
ize distribution.

The experimental results for the photo-oxidative decline of
henol concentration under UV illumination can be seen in
ig. 8. The photo-catalytic activity of P25, P25/MH/2 and
25/H/2 are compared in Fig. 8a. A relatively high photo-
atalytic activity is seen for both of the photo-catalysts so that
henol has been removed almost completely after 70 min from
0 ppm initial concentration. Meanwhile, higher initial rates of
ecomposition are seen for the hybrid catalysts with a slightly
igher activity for P25/MH/2 in comparison to P25/H/2. The

ffect of TiO2 type on the photo-oxidative decay of phenol
nder UV illumination is shown in Fig. 8b. Neither Tiona nor
/H/2 has shown a significant photo-catalytic activity under UV
ondition for removal of phenol. However, the phenol concen-

ig. 9. The effect of MoS2 loading level on the photo-catalytic activity of the
ybrids with respect to pure P25 (UV illumination).

F
c

ight. (a) Photo-catalytic activity for P25, P25/MH/2 and P25/H/2, and (b) the

ration is declined from 20 ppm initial concentration to almost
ero after 25 min by using P25 or P25/H/2. A higher rate of
hoto-oxidation is observed for P25/H/2 in comparison to pure
25. The photo-catalytic activity in the prepared hybrid catalysts
ig. 10. HPLC elution peaks between 0 and 145 min of irradiation time for the
ase ofusing P25/MH/2 as the photo-catalyst under irradiation of UV light.
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[19] T. Thurston, J.P. Wilcoxon, Photooxidation of organic chemicals catalyzed
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ecreased in the hybrid series by increasing the weight percent
oading of MoS2 from 2 to 5 wt%. Higher initial photo-oxidation
ates for the hybrids in comparison to P25 are in descending order
ith increasing MoS2 content. As reaction proceeds, these rates

low down leading to a higher phenol residual concentration
fter 70 min elapsed reaction time. For hybrids P25/H/3 and
25/H/5 the residual concentration finally reaches to a higher
mount accompanied with pure P25. The same behavior also
bserved and reported by Wilcoxon suggesting the electron or
ole transfer occurring between TiO2 and MoS2 nanoparticles.
his leads to an improved charge separation which helps photo-
xidation process. Therefore, this synergic effect reaches to a
aximum around 2.5% loading of MoS2 in the hybrids.
HPLC chromatograms provided evidences for the complete

ineralization of phenol during the photo-oxidation reaction.
he HPLC elution peaks are shown in Fig. 10 between 0 and
45 min of irradiation time which was being carried out by using
25/MH/2 for a 60 ppm aqueous solution of phenol under irra-
iation of UV light. The peak at 6.6 min retention time is due
o phenol and as can be seen its area is reducing with reaction
ime. As reaction proceeds, some new peaks are appeared in the
PLC chromatograms mainly at 2.1, 4 and 5.1 elution times.
hese are attributed to the photo-oxidation reaction interme-
iate compounds of phenol. The chromatogram after 145 min
hows the complete removal of all the organic compounds and
hat the total mineralization is occurred.

. Conclusion

Synthesis of MoS2 nanoparticles is of interest because of its
hoto-catalytic activity in photo-oxidation removal of organic
ompounds. In the modified hydrothermal method of synthesis,
he surface-active agent prevents further growth of the particles
nd helps to obtain particles with more uniform shapes and size.
he rag morphology remain unchanged however, the ribbons
re much smaller in the case of the modified hydrothermal
ethod. The photo-catalytic investigations showed that both

ypes of MoS2 nanoparticles obtained by the two methods
how a synergic effect in photo-catalytic activity of the TiO2
ybrids. In experiments, slightly higher rates of photo-oxidation
eactions were observed for the MoS2 particles obtained by the
odified method.
In comparison to previous works, the results showed that

oS2 nanoparticles retain their photo-catalytic activity even if
here are not purified or separated into narrow width of particle
izes.
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