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ABSTRACT

To improve the visible-light induced photocatalytic application performances of TiO
2
, in this study, the NiS

2 
modied TiO

2
 com-

posites were prepared by two methods: hydrothermal method and sol–gel method. The composites were denoted as hs-NiS
2
/TiO

2
,

and sg-NiS
2
/TiO

2
 and characterized by XRD, UV-vis absorbance spectra, SEM, TEM, EDX, and BET analysis. The photocatalytic

activities under visible light were investigated by the degradation of methyl orange (MO). The photodegradation rate of methyl

orange under visible light with NiS
2
/TiO

2
 composites was markedly higher than that of pure TiO

2
, and the effect of hs-NiS

2
/TiO

2

composites was better than that of sg-NiS
2
/TiO

2
. The results indicate that the hydrothermal process could partly inhibit the

agglomeration of NiS
2
/TiO

2.
 Thus, the dispersion of nanoparticles was improved, and that the promoting effect of NiS

2
 could

extend the light absorption spectrum toward the visible region.
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1. Introduction

he treatment of industrial wastewaters to remove
organic pollutants is nowadays a very important

aspect of environmental technology. Consequently a growing
interest in heterogeneous photocatalysis, as an advanced
oxidation technique, has developed.1,2) The use of nanocrys-
talline semiconductors as photocatalysts, to initiate interfa-
cial redox reactions, has generated great interest, due to
their unique physicochemical properties, caused by their
nanosized dimensions and large surface/volume ratios.

In this context, TiO
2
 has been investigated as the most

promising photocatalyst for the treatment of water and air
pollutants. It has a reasonable photoactivity under ultravio-
let light irradiation (anatase, Eg = 3.2 eV), is non-toxic,
water insoluble, and comparatively inexpensive. However,
the two major limitations for its wide practical application
are the small percentage of photons of solar radiation which
have the required energy to photogenerate electrons and
holes, and their high charge recombination rate. 

As a result, the development of visible light responsive-
based TiO

2
 photocatalyst, coupled with visible light sensitiz-

ers, is an important goal to achieve in this active research
area. Metals,3) non-metallic elements,4) dyes5) or a second
semiconducting nanophase6) have been used as sensitizers.
Simultaneously, it can be expected that TiO

2
 photocatalytic

activity will be signicantly improved by the enhancement of

charge separation and minimization of charge–carrier
recombination, especially for nanoscale coupled semicon-
ductors.7,8)

Several methods have been reported about the photosensi-
tization of TiO

2
 by M

x
S

y 
or M

x
O

y
 nanoparticles for heteroge-

neous photocatalysis,9) including CdS,10,11) Bi
2
S

3
,11) WO

3

12) or
ZnS.13) In this context, the 3d transition metal disulfides
have drawn considerable attention because of their techno-
logical importance for catalysis, lubrication, battery fabrica-
tion, usage in cathode materials for high-energy density
batteries, and so forth.14,15) NiS

2
 is a transition metal chalco-

genide with pyrite structure. NiS
2
 single crystals have been

studied extensively up to now and their main characteristics
are well established. In NiS

2
, the dg levels are partially occu-

pied by two electrons yielding a small band gap of 0.3 eV. 16)

However, research on the synthesis and utilization of NiS
2
/

TiO
2
 photocatalyst systems for environmental purification

under visible light irradiation has seldom been reported.
In this paper, NiS

2
/TiO

2
 composites were obtained directly

via hydrothermal and sol-gel preparation methods. The
intrinsic characteristics of the photocatalysts were studied
by X-ray powder diffraction (XRD), UV–vis spectroscopy,
and the determination of Brunauer–Emmett–Teller (BET)
surface areas. The photocatalytic activity of the as-synthe-
sized samples was evaluated by degrading methyl orange
(MO) under visible light irradiation and their kinetics and
mechanism of photocatalysis were also studied.

2. Experimental Procedure

2.1. Materials

The titanium (IV) n-butoxide (TNB, C
16

H
36

O
4
Ti) as a tita-

T
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nium source for the preparation of  NiS
2
/TiO

2 
composites

was purchased from Kanto Chemical Company (TOKYO,
Japan). Nickel chloride (NiCl

2
) and sodium sulfide5-hydrate

(Na
2
S· 5H

2
O) were supplied by Duksan Pure Chemical Co.,

Ltd, Korea. Benzene (99.5%) and ethyl alcohol were pur-
chased as reagent-grade from Duksan Pure Chemical Co.
(Korea) and Daejung Chemical Co. (Korea). The MO
(C

14
H

14
N

3
NaO

3
S), used as analytical grade, was purchased

from Samchun Pure Chemical Co., Ltd, Korea. Titanium
oxide nanopowder (TiO

2
, < 25 nm, 99.7%) with anatase

structure used as an original sample was purchased from
Sigma-Aldrich Chemistry, USA. All chemicals were used
without any further purification and all experiments were
carried out using distilled water. 

2.2. Preparation of NiS
2

/ TiO
2 
composites photocatalysts

Table 1 lists the preparation conditions and nomencla-
tures used in this study. (1) Hydrothermal method: rstly,
defined amount of NiCl

2 
was dissolved in 70 mL distilled

water containing 20 mL ethyl alcohol, then 0.4 g of TiO
2

powder was added into the above solution, which was vigor-
ously stirred and sonicated (using 750 W, Ultrasonic Proces-
sor VCX 750, Korea)) for 30 min under 80oC. Afterward,
0.436 g Na

2
S5H

2
O was added and the resulting mixture was

transferred into a Teflon-lined stainless steel autoclave that
was sealed. The contents were then warmed to 140oC for 10
h. After the temperature of the mixture was brought down
to room temperature, the mixture was filtered using a
What-man filter paper and washed with distilled water and
ethanol 5 times. Finally, it was dried in a vacuum at 100oC.
The dried catalyst was ground in a ball mill and marked as
hs-NiS

2
/TiO

2
.

(2) Sol-gel method: In this process, the NiS
2
 nanoparticle

was formed via co-precipitation of NiCl
2 

and 0.436 g
Na

2
S5H

2
O in water and used as precursor to prepare the

NiS
2
/TiO

2
 composite. The obtained NiS

2
 powder was placed

into a sol containing 4 mL TNB and 40 ml Benzene, homog-
enized at 80oC for 10 h using a shaking water bath (Lab
house, Korea) at a shaking rate of 120 rpm, and dried at
100oC, after a thermal heat treatment at 500oC for 1 h. The
heat treated catalyst was ground in a ball mill and marked
as sg-NiS

2
/TiO

2
.

2.3. Characterization of photocatalysts

The crystallographic structures of the composite photocat-
alysts were obtained by XRD (Shimatz XD-D1, Japan) at
room temperature with Cu Kα radiation (λ = 0.154056 nm)
and a graphite monochromator, operated at 40 KV and 30

mA. UV-vis absorbance spectra were measured between
300 nm and 800 nm using a UV-vis spectrophotometer (Neo-
sys-2000). The morphologies of the photocatalysts were ana-
lyzed by SEM (JSM-5200 JOEL, Japan) at 3.0 keV, which was
equipped with an energy dispersive analysis system of X-ray
analysis (EDX). Transmission electron microscopy (TEM,
JEOL, JEM-2010, Japan) with an accelerating voltage of
200 kV was used to examine the size and distribution of the
photocatalysts. The BET surface areas of the photocatalysts
were determined through nitrogen adsorption at 77 K using
a BET analyzer (Monosorb, USA). All the samples were
degassed at 623 K before the measurement. The UV-vis
spectra for MO solution degraded by TiO

2
, NiS

2
/TiO

2
 com-

posite photocatalysts under visible light irradiation were
recorded using a UV-Vis (Optizen Pop Mecasys Co., Ltd.,
Korea) spectrometer. 

2.4. Photocatalytic tests

The photocatalytic activity of the as-prepared composite
photocatalysts was evaluated by the degradation of MO solu-
tion under irradiation of visible light (8 W, λ □ 420 nm). In
an ordinary photocatalytic test performed at room tempera-
ture, 0.03 g of composite photocatalyst was added to 100 mL
of 1.0 × 10−5 mol/L MO solution, which was hereafter consid-
ered to be the initial concentration (c

0
). Before turning on

the visible light lamp, the solution mixed with composite
was magnetically agitated for 30 mins in the dark, allowing
the adsorption/desorption equilibrium to be reached. Then,
the solution was irradiated with a visible light using an
LED lamp. The first sample was taken out at the end of the
dark adsorption period (just before the light was turned on),
in order to determine the MO concentration in solution after
dark adsorption, which was hereafter considered to be the
initial concentration (c

ads
). Samples were then withdrawn

regularly from the reactor at intervals of 30, 60, 90, 120 and
150 min. The MO concentration in the solution was then
determined as a function of the irradiation time from the
change in absorbance at a wavelength of 660 nm. The clean

Fig. 1. XRD analysis of cubic NiS
2
 and NiS

2
/ TiO

2 
composite.

Table 1. Nomenclature of the Samples Prepared with the
Photocatalysts 

Preparation method Nomenclatures

(NiCl
2
+TiO

2
)+Na

2
S· 5H

2
O → hydrothermal hs-NiS

2
/TiO

2

(NiCl
2
+Na

2
S· 5H

2
O)+benzene 

+TNB → sol-gel+calcination
sg-NiS

2
/TiO

2
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transparent solution was analyzed by using a UV-vis spec-
trophotometer (Optizen POP) at wavelengths from 250 nm
to 800 nm.

3. Results and Discussion

3.1. XRD patterns

The crystal phase structures of as-prepared NiS
2
, anatase

TiO
2
, NiS

2
/TiO

2
 composite photocatalysts were character-

ized by X-ray diffraction measurements (Fig. 1). It can be
confirmed that the TiO

2
 in three as-prepared photocatalysts

is anatase-phase, while the NiS
2
 is predominantly cubic

crystalline phases. For these two samples, (101), (004),
(200), (105), (211), and (204) crystal planes originate from
the anatase TiO

2
 phase (JCPDS file, No. 21-1272), while all

the peaks can be indexed as a simple cubic lattice with the
cell constant a = 5.678 Å, which is consistent with the
reported data for NiS

2
 (JCPDS Card File No. 11-0099).17) In

the XRD pattern of NiS
2
/TiO

2
 composites, the intensity of

the peaks about NiS
2
 and TiO

2
 for hs-NiS

2
/TiO

2
 was obvi-

ously higher than that of sg-NiS
2
/TiO

2
, which attributes to

the presence of more crystalinity. It indicates that the NiS
2
/

TiO
2 
composites

 
prepared by hydrothermal method consists

of more crystalline lattice structures compared to the NiS
2 
/

TiO
2 
composites prepared by sol-gel method.

3.2. UV-vis absorbance spectra

The diffuse reflectance UV-vis absorption spectra of the
different samples are presented in Fig. 2. As expected, the
spectrum obtained from the pure TiO

2
 and NiS

2
/TiO

2
 com-

posites shows that TiO
2
 mainly absorbs ultraviolet light

with absorption wavelength below 400 nm. Compared with
pure TiO

2
, a shift of the intense absorbance spectra of NiS

2
/

TiO
2 

photocatalyst towards the visible light region was
observed. And the intensity of hs-NiS

2
/TiO

2
 was higher than

that of sg-NiS
2
/TiO

2
, which could be ascribed to the excel-

lent optical and physical characteristics of the NiS
2
 parti-

cles. So the NiS
2
/TiO

2 
composite photocatalyst could be

excited to produce more electron-hole pairs under visible
light illumination, which could result in higher photocata-
lytic activities.

3.3. Surface characteristics of the samples

SEM provides information on the micro-surface struc-
tures, as shown in Fig. 3. Very uniform particles with a
favorable morphology could be observed for the hs-NiS

2
/

TiO
2 
composite, as seen from the high magnification image

in Fig. 3(a), which suggests that a core material of pure TiO
2

was uniformly enclosed or overlapped with nanoscale NiS
2

particles via the hydrothermal reaction. From Fig. 3(b), it is
clear that the prepared sg-NiS

2
/TiO

2 
composite is mainly

comprised of smooth surfaces and a high tendency to
agglomerate. This may occur because when the crystal par-
ticle size is very small, they can easily agglomerate due to
weak surface forces.19) 

For obtaining detailed and high magnification images of the
surface nanostructures and particle sizes of the NiS

2
/TiO

2

composites, TEM analysis was performed, as shown in Fig. 4.
From the high magnification TEM images of Fig. 4(a), it is
observed that the hs-NiS

2
/TiO

2
 particles exhibit uniform

size distribution, and the TiO
2
 particles are cube-shaped

with the average size of 10 to 25 nm. The black dots in the
TiO

2
 matrix should be attributed to the accumulation and

the high electron density of NiS
2
 nanoparticles with a small

monodisperse size around 10-15 nm. Fig. 4(b) is highly mag-
nified TEM images of sg-NiS

2
/TiO

2
, however, it is hard to

estimate the particle size and shape due to the heavy aggre-
gation formed in the sol-gel process. 

3.4. Elemental analysis

EDX was carried out to probe composition and element
weight percent of the attached nanoparticles. The spectrum

Fig. 2. UV-vis adsorption spectra of pure TiO
2
, NiS

2
/ TiO

2

composite.

Fig. 3. SEM micrographs of NiS
2
/TiO

2 
composite: (a) hs-

NiS
2

/ TiO
2
 and (b) sg-NiS

2
/ TiO

2
.

Fig. 4. TEM micrographs of NiS
2
/TiO

2
 composite: (a) hs-

NiS
2
/TiO

2
 and (b) sg-NiS

2
/TiO2.
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is shown in Fig. 5 for pristine TiO
2 
and NiS

2 
modified TiO

2

composites. The data of EDX analyses of the as-prepared
composites are listed in Table 2. These spectra showed the
main elements present to be S and Ni with strong Ti, O
peaks which were observed at 4.51 keV, 4.92 keV and
0.52keV, separately20) in the NiS

2 
modified TiO

2
 composites.

However, for the sg-NiS
2
/TiO

2
 sample, a small amount of

impure C element appeared which might have been intro-
duced from the calcination process. 

3.5. Surface area analysis

The BET surface area of the as-prepared samples is listed
in Table 2. The BET surface areas of pristine TiO

2
, hs-NiS

2
/

TiO
2 

and sg-NiS
2
/TiO

2
 were 18.95, 85.36 and 32.69 m2/g,

respectively. Compared with pure TiO
2
, the surface area of

the NiS
2
/TiO

2
 photocatalysts was increased slightly. The

reason might be that when the NiS
2
 nanoparticles were dis-

tributed on the outer surface of the TiO
2
 they formed a cer-

tain amount of mesopores and macropores. The sample hs-
NiS

2
/TiO

2
 had the largest area, which can affect the adsorp-

tion reaction. Comparing the hs-NiS
2
/TiO

2 
and sg-NiS

2
/TiO

2

composites, it could be that the preparation method for
obtaining the composite might be related to the specific sur-
face area and other properties.21)

3.6. Visible-light photodegradation of methyl orange

 The visible-light photocatalytic activity of the as-prepared
composite photocatalysts was studied via degradation and
mineralization of an aqueous methyl orange. From the
results of UV/vis spectra for the MO solution after photoly-
sis, we attempted a comparison of the relative yields of the
photoproducts formed for different irradiation times. The
UV/vis spectra of MO concentration against the pristine
TiO

2
 and as-prepared NiS

2
/TiO

2
 composite at various times

are shown in Fig. 6. According to a previous study, 22-25) elec-
trons in the conduction band are generated on the surface of
TiO

2
 when it is irradiated with light with an energy equal to

or exceeding its band gap energy. Theoretically, pure TiO
2

cannot be excited by visible light irradiation. However, in
this study, the photocatalytic activity of TiO

2 
under visible

light was improved by introducing of NiS
2
 nanoparticles.

In order to demonstrate which sample was the material
with the best photoactivity with respect to MO decoloriza-
tion, the influence of catalyst composition on the MO photo-
decolorization was investigated. As shown in Fig. 6, the
absorbance values decreased with an increase of visible
light irradiation time. The NiS

2
/TiO

2
 composite showed a

remarkable and fast adsorption capacity of the MO solution
compared with pristine TiO

2
. The adsorption effect of hs-

NiS
2
/TiO

2 
is better

 
than that of sg-NiS

2
/TiO

2 
due to the rela-

tively higher surface area. Additionally, the polarity match-
ing between the adsorbent and the adsorbate, and the pore
structure of the adsorbent with that of the adsorbate, are
main factors influencing adsorption. The higher adsorption
capacity is derived from the good matching of pore to molec-

Table 2. EDX Elemental Microanalysis, BET Surface Areas and Visible Light Photo-degradation Rate (k
app

) Constants of Photocatalysts

Sample name C (%) O (%) Ti (%) Ni (%) S (%) Impurity (%) BET (m2/g) k
app

(min−1)

TiO
2

-  99.99 - - 0.01 18.95 4.78 × 10−4

hs-NiS
2
/TiO

2
- 52.12 33.57 9.47 4.84 - 85.36 3.85 × 10−3

sg-NiS
2
/TiO

2
0.91 56.99 30.66 7.75 3.69 - 32.69 1.87 × 10−3

Fig. 5. EDX analysis of pure TiO
2
 and NiS

2
/ TiO

2 
composite:

(a) TiO
2
, (b) hs-NiS

2
/ TiO

2
, (c) sg-NiS

2
/ TiO

2
.

Fig. 6. Effect of the MO decolorization process in presence of
TiO

2 
and NiS

2
/ TiO

2
. (100mL of MO solution) 
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ular diameter.26) 

Moreover, it is shown that the absorbance of anatase TiO
2

is lower than that of NiS
2
/TiO

2
 composites, since pure TiO

2

cannot be excited by visible light irradiation. Similar results
have also been observed by Yu et al.27) The photocatalytic
degradation of MO solution with the hs-NiS

2
/TiO

2
 composite

was better than any other composites. These results can be
explained by thismain reason: the small particles with good
dispersion could provide more reactive sites for the reac-
tants than aggregated particles.28,29) As mentioned above in
surface characteristics, the hs-NiS

2
/ TiO

2
 composite has a

favorable morphology for adsorption of more organic pollut-
ants. In addition, the favorable morphology also played an
important role in shuttling visible light photo-induced elec-
trons generated from NiS

2
 into the conduction band of TiO

2

efficiently.
Photocatalytic reactions with as-prepared samples could

be expressed by the Langmuir-Hinshelwood model.30) The
photocatalytic degradation of MO containing different photo-
catalysts under visible light obeys pseudo-first-order kinetics
with respect to the concentration of MO:

−dc/dt = k
app

c

Integration of this equation (with the restriction of c = c
0

at t = 0, with c
0
 being the initial concentration in the bulk

solution after dark adsorption and t the reaction time) will
lead to the following expected relation: 

−ln(c
t
/c

0
) = k

app
t

where c
t
 and c

0
 are the reactant concentrations at times t = t

and t = 0, respectively, and k
app

 and t are the apparent reac-
tion rate constant and time, respectively. According to this
equation, a plot of -ln(c

t
/c

0
) versus t will yield a slope of k

app
.

The results are displayed in Fig. 7 and also summarized in
Table 2. The MO degradation rate constant for hs-NiS

2
/TiO

2

composites reaches 3.85 ×10−3 min−1 under visible light,
which are much higher than the corresponding values for
pure TiO

2 
and sg-NiS

2
/TiO

2
. The above results suggest that

the hs-NiS
2
/TiO

2
 composites were much more effective pho-

tocatalysts than any other composites. The excellent photo-
catalytic activity could be attributed to the synergetic effects
of high charge mobility and the red shift in the absorption
edge of the NiS

2
/TiO

2
 composites.

In our nanosized NiS
2 

coupled TiO
2 

nanocrystalline sys-
tem, the coupling of two such semiconductors has a benefi-
cial role in improving charge separation, and extends TiO

2

response to visible light. Based on literature reports31,32) and
our experimental results, we propose a mechanism for the
degradation of pollutants on NiS

2 
coupled TiO

2 
catalyst

under visible light irradiation as shown in Fig. 7. Under
irradiation by visible lamp, the generated electrons in NiS

2

and holes in TiO
2
 then migrate to the conduction band (CB)

of TiO
2
 and the valence band (VB) of NiS

2
, respectively (cor-

responding to Eq. (1) and (2), respectively). This transfer

process is a thermodynamically favorable one since both the
CB and VB of NiS

2
 lie above that of TiO

2
. Meanwhile, the

generated electrons probably react with dissolved oxygen
molecules and produce the oxygen peroxide radical O

2

•− (Eq.
(3) and (4)), the positive charged hole (h+) may react with
the OH- derived from H

2
O to form the hydroxyl radical OH•

(Eq. (5) and (6)). It is well known that the O
2

•− and OH• are
powerful oxidizing agents capable of degrading most pollut-
ants (Eq. (7)).33) This vectorial transfer of charge should
therefore enhance the photo-oxidation of the adsorbed
organic substrate.

NiS
2
− ΤiO

2
 + hv NiS

2
 (e− + h+) − TiO

2
 (1)

NiS
2
 (h+ , e−) −TiO

2
  NiS

2
 (h+) − TiO

2
(e−) (2)

e− + O
2
 O

2

•−  (3)

TiO
2 
(e− ) + O

2 
  TiO

2
 + O

2

•−  (4)

h+ + OH−   OH• (5)

h++ H
2
O  OH• + H+ (6)

O
2

•−  or OH• + MO degradation products  (7)

  →

 →

  →

 →

 →

 →

  →

Fig. 7. Apparent first order kinetics of MO degradation in
presence of TiO

2
 and NiS

2
/ TiO

2
 under visible light

irradiation.

Fig. 8. The scheme of excitation and charge transfer pro-
cess between NiS

2
 and TiO

2 
in the NiS

2
 and TiO

2

composite.
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4. Conclusions

In this study, we presented the preparation of NiS
2

/ TiO
2

composite photocatalysts synthesized via the hydrothermal
and the sol-gel method. The XRD patterns for the NiS

2
/ TiO

2

composites showed that the NiS
2

/ TiO
2
 composite contained

a typical single and clear anatase phase and a cubic NiS
2

phase. The surface properties were characterized by SEM,
and the favorable morphology of the hs-NiS

2
/ TiO

2 
compos-

ite with homogenous compositions in the particles for the
titanium sources was investigated by the TEM technique.
The photocatalytic results showed that the improved degra-
dation rate of MO solution should be considered as resulting
from both the excellent organic pollutant adsorption effects
of as-prepared samples, and the introduction of NiS

2
, which

can lead to a shift into the visible light region.

REFERENCES

1. D. Chatterjee and S. Dasgupta, “Visible Light Induced Pho-

tocatalytic Degradation of Organic Pollutants,” J. Photo-

chem. Photobiol., C 6 186-205 (2005).

2. V. Augugliaro, M. Litter, L. Palmisano, and J. Soria, “The

Combination of Hetero-geneous Photocatalysis with Chem-

ical and Physical Operations: a Tool for Improving the Pho-

toprocess Performance,” J. Photochem. Photobiol., C 7 127-

44 (2006).

3. D.H. Kim, D. Choi, S. Kim, and K.S. Lee, “The Effect of

Phase Type on Photocatalytic Activity in Transitionmetal

Doped TiO
2 

Nanoparticles,” Catal. Commun., 9 654–57

(2008).

4. J. Yang, H. Bai, Q. Jiang, and J. Lian, “Visible-light Photo-

catalysis in Nitrogen–carbon- Doped TiO
2
 Lms Obtained by

Heating TiO
2
 Gel-lm in an Ionized N

2
 Gas,” Thin. Solid.

Films., 516 1736-42 (2008).

5. D. Jiang, Y. Xu, B. Hou, D. Wu, and Y. Sun, “Synthesis of

Visible Light-activated TiO
2
 Photocatalyst Via Surface

Organic Modication,” J. Solid State Chem., 180 1787-91

(2007) .

6. R. Brahimi, Y. Bessekhouad, A. Bouguelia, and M. Trari,

“Improvement of Eosin Visible Light Degradation Using PbS-

sensititized TiO
2
,” J. Photochem. Photobiol., A 194 173-80

(2008).

7. R. Vogel, P. Hoyer, and H. Weller, “Quantum-sized PbS,

CdS, Ag
2
S, Sb

2
S

3
 Particles as Sensitizers for Various Nan-

oporous Wide-bandgap Semiconductors,” J. Phys.Chem., 98

3183-8 (1994).

8. A.I. Kryukov, S.Y. Kuehmii, and V.D. Pokhodenko, “Ener-

getics of Electron Processes in Semiconductor Photocatalytic

Systems,” Theor. Exp. Chem., 36 63-81 (2000).

9. D. Robert, “Photosensitization of TiO
2
 by M

x
O

y
 and M

x
S

y

Nanoparticles for Heterogeneous Photocatalysis Applica-

tions,” Catal. Today., 122 20-6 (2007).

10. J.C. Kim, J. Choi, Y.B. Lee, J. H. Hong, J.I. Lee, J.W. Yang,

W. I. Lee, and N. H. Hur, “Enhanced Photocatalytic Activ-

ity in Composites of TiO
2
 Nanotubes and CdS Nanoparti-

cles,” Chem. Commun., 48 5024-26  (2006).

11. Y. Bessekhouad, D. Robert, and J.V. Weber, “Bi
2
S

3
/TiO

2

and CdS/TiO
2
 Heterojunctions as an Available Conguration

for Photocatalytic Degradation of Organic Pollutant,” J.

Photochem. Photobiol., A 163 569-80 (2004).

12. V. Puddu, R. Mokaya, and G.L. Puma, “Novel One Step

Hydrothermal Synthesis of TiO
2
/WO

3
 Nanocompositeswith

Enhanced Photocatalytic Activity,” Chem. Commun., 45 4749-

51 (2007).

13. V. Stengl, S. Bakardjieva, N. Murafa, V. Ho  sková, and K.

Lang, “Visible-light Photocatalytic Activity of TiO
2
/ZnS Nano-

composites Prepared by Homogeneous Hydrolysis,” Micropor.

Mesopor. Mater., 110 370-78 (2008).

14. K.B. Tang, Y.T. Qian, J.H. Zeng, and X.G. Yang,

“Solvothermal Route to Semiconductor Nanowires,” Adv.

Mater., 15 448-50 (2003).

15. R. Luo, X. Sun, L. F. Yan, and W. M. Chen, “Synthesis and

Optical Properties of Novel Nickel Disulfide Dendritic

Nanostructures,” Chem. Lett., 33 830-31 (2004).

16. E. K. Li, K. H. Johnson, D. E. Eastman, and J. L. “Freeouf,

Localized and Bandlike Valence-Electron States in FeS
2

and NiS
2
,” Phys. Rev. Lett., 32 470-72 (1974).

17. L. L. Wang, Y.C. Zhu , H. B. Li, Q.W. Li, and Y. T. Qian,

“Hydrothermal Synthesis of NiS Nanobelts and NiS
2

Microspheres Constructed of Cuboids Architectures,” J.

Solid State Chem., 183 223-27  (2010).

18. K. Byrappa, T. Adschiri, “Hydrothermal Technology for Nano-

technology,” Prog. Cryst. Growth Charact. Mater., 53  117-66

(2007). 

19. D. W. Kim, D. S. Kim, Y. G Kim, Y. C. Kim, and S. G. Oh

“Preparation of Hard Agglomerates Free and Weakly

Agglomerated Antimony Doped Tin Oxide (ATO) Nanopar-

ticles by Coprecipitation Reaction in Methanol Reaction

Medium,” Mater. Chem. Phys., 97  452-57 (2006). 

20. S. U. M. Khan, M. Al-Shahry, and W.B.Ingler, “Efficient

Photochemical water Splitting by a Chemically Modified n-

TiO
2
” Science, 297 2243-45 (2002).

21. P. P. Yang, J.F Yu, N.X, J. Wang, and T.H. Wu, “Influence

of Synthesis Method on the Properties and Catalytic Per-

formance of MCM-49 Zeolites,” Catal. Commun., 8 997-

1002  (2007).

22. Z. D. Meng, L. Zhu, J. G. Choi, M. L. Chen, and W. C. Oh,

“Effect of Pt Treated Fullerene / TiO
2
 on the Photocatalytic

Degradation of MO Under Visible Light,” J. Mater.

Chem., 21 7596-603 (2011).

23. K. K. Akurati, A. Vital, J. P. Dellemann, K. M. Michalow,

D. Ferri, T. Graule, and A. Baiker, “Flame-made WO
3
/TiO

2

Nanoparticles: Relation between Surface Acidity, Structure

and Photocatalytic Activity,” Appl. Catal. B: Environ., 79

53-62 (2008).

24. W. C. Oh, “Review of Carbon Based Titania Photocatalysts,” J.

Photocatal. Sci., 1 29-34 (2010) .

25. L. Zhu, Z. D. Meng, M. L. Chen, F. J. Zhang, J. G. Choi, Z.

Y. Park, and W. C. Oh, “Photodegradation of MB Solution

by the Metal (Fe, Ni and Co) Containing AC/TiO
2

Photocatalyst under the UV Irradiation,” J. Photocatal.

Sci., 1 69-76 (2010) .

26. J. X. Yu, B. H. Li, X. M. Sun, Y. Jun, and R. A. Chi,

“Adsorption of Methylene Blue and Rhodamine B on Baker’s

Yeast and Photocatalytic Regeneration of the Biosorbent,”

Biochem. Eng.J., 45 145-51 (2009). 

u

ê



March 2012 Enhanced Photocatalytic Efficiency of Nanoscale NiS
2
/TiO

2
 Catalysts Synthesized by Hydrothermal and Sol-gel Method 141

27. X.D. Yu, Q. Y. Wu, S. C. Jiang, and Y. H. Guo, “Nanoscale

ZnS/TiO
2
 Composites: Preparation, Characterization, and Visi-

ble-light Photocatalytic Activity.,” Mater. Characterization., 57

333-41 (2006).

28. F. J. Zhang, J. Liu, M. L. Chen, and W. C. Oh, “Photo-electro-

catalytic Egradation of Dyes in Aqueous Solution Using CNT/

TiO
2
 Electrode,” J. Kor. Ceram. Soc., 46 263-70 (2009).

29. X. W. Zhang, M. H. Zhou, and L. C. Lei, “Preparation of

Photocatalytic TiO
2 

Coating of Nanosized Particles Sup-

ported on Activated Carbon by AP-MOCVD,” Carbon., 43

1700-8 (2005).

30. Y. Li, X. Li, J. Li, and J. Yin, “Photocatalytic Degradation

of Methyl Orange by TiO
2
-coated Activated Carbon and

Kinetic Study,” Water Research., 40 1119-26 (2006).

31. H. Li, B. Zhu, Y. Feng, S. Wang, S. Zhang, and W. Huang,

“Synthesis, Haracterization of TiO
2
 Nanotubes-supported

MS (TiO
2
NTs@MS, M=Cd, Zn) and their Photocatalytic

Activity,” J. Solid. State. Chem., 180 2136-42 (2007).

32. Y. Xie, S. H. Heo, Y. N. Kim, S. H. Yoo and S. O. Cho,

“Improved Conversion Efficiency of CdS Quantum Dots-

sensitized TiO
2 
Nanotube Array Using ZnO Energy Barrier

Layer,” Nanotechnology., 21 015702 (2010).

33. J. P. Hoare, pp. 49-66 in Standard Potentials in Aqueous

Solution, Chap. 4, Ed. by A.J. Bard, R. Parsons, and J.

Jordan, Marcel Dekker, New York, 1985.


