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ABSTRACT

ZnS and ZnS/TiO
2
 were prepared by chemical deposition. The prepared photocatalysts were characterized by X-ray diffraction

(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray (EDX), and transmission electron microscopy (TEM). The

generation of reactive oxygen species was detected by monitoring the oxidation reaction from 1,5-diphenyl carbazide (DPCI) to

1,5-diphenyl carbazone (DPCO). Excellent catalytic degradation of methylene blue (MB) solution was observed using the ZnS/TiO
2

composites during irradiation with visible light. The results show that the photocatalytic performance of TiO
2
 nanoparticles is

improved by loading with ZnS.
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1. Introduction

he application of photocatalytic technology using semi-

conductors to the solution of environmental problems

has received much attention. Many studies have shown that

heterogeneous photocatalysis resulting from light illumina-

tion on a semiconductor surface is an attractive, advanced

oxidation process.1) During irradiation, the semiconductor is

excited to generate holes and electron pairs, and the holes

subsequently react with adsorbed hydroxyl ions to generate

hydroxyl radicals, while the electrons react with adsorbed

oxygen to generate superoxide ions.2) These oxidizing sub-

stances, which have higher reaction activity than common

oxygen molecules, can completely destroy a variety of organic

pollutants in wastewater.3) However, only approximately

3 - 5% of the solar spectrum falling on the semiconductor

can be used, which means that efficient utilization of solar

energy by the semiconductor is limited.4) Titanium dioxide

(TiO
2
) or zinc oxide (ZnO), as a photocatalyst irradiated by

ultrasound to produce an excited source of radicals, has

been successfully used in the degradation of toxic organic

compounds and dye pollutants. In order to enhance the effi-

ciency of photocatalytic degradation (of pollutants) and to

acquire new, highly active photocatalysts, it is necessary to

search for, and study, new catalysts.5)

During the last few years, narrow-band-gap semiconduc-

tor quantum dots (e.g., CdS, CdSe, PbS, InAs, and InP) have

been used as photocatalysts.  Several methods have been

published concerning the photo sensitization of TiO
2
 by

MxSy nanoparticles for heterogeneous photocatalysis appli-

cations.6) Photocatalytic TiO
2
/ZnS composites were prepared

by homogeneous hydrolysis of a mixture of titanium oxosul-

phate and zinc sulfate, in aqueous solutions with thioacet-

amide. These composites exhibit better photocatalytic

activity than do bulk TiO
2
 and ZnS.7) Addition of an homoge-

neous ZnS coating onto the TiO
2
 nanoparticles can be

accomplished using a simple, one-pot sonochemical method.8)

Photoactive ZnS/TiO
2 
nanocomposites can also be prepared

via a micro-emulsion-mediated solvothermal method. In

this case, factors which include the interactions between the

ZnS and TiO
2
 phases, and the strong adsorption to the sub-

strate at the ZnS/TiO
2
 nanocomposite surface, are responsi-

ble for this enhanced photocatalytic activity.9)

Any suitable oxidizing substance can oxidized DPCI (1,5-

diphenyl carbazide) to form 1,5-diphenyl carbazone (DPCO),

which can be extracted by organic solvents and displays an

obvious absorbance in a certain range of wavelengths.10,11)

In this work, we report the synthesis of ZnS coupled with

semiconductor TiO
2
, which induces the optical response

towards visible region. These catalysts were irradiated with

visible light and their catalytic activities compared. The cat-

alytic efficiency of the ZnS/TiO
2
 composite was evaluated by

measuring the photo degradation of methylene blue (MB,

C
16

H
18

N
3
S·Cl) and 1,5-diphenyl carbazide (DPCI).

2. Experimental Procedure

2.1. Materials

Reagent-grade benzene (99.5%) and ethyl alcohol were

T
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purchased from Duksan Pure Chemical Co. and Daejung

Chemical Co. (South Korea), and were used as received.

Reagent-grade titanium-(IV) n-butoxide (TNB, C
16

H
36

O
4
Ti)

was purchased from Acros Organics (Morris Plains, NJ,

USA) for use as the titanium source in the preparation of

the ZnS/TiO
2
 composites. The ZnCl

2
 and sodium sulfide 5-

hydrate (Na
2
S·5H

2
O) purchased from Sigma-Aldrich Che-

mie GmbH (Steinheim, Germany), was used as a raw

material to generate ZnS at high temperatures. The methyl

blue (MB C
16

H
18

N
3
S•Cl, 99.99+%, Duksan Pure Chemical

Co., Ltd) was of analytical grade.

2.2. Preparation of ZnS particles

The ZnS nanoparticles were prepared via a precipitation

process using ZnCl
2 

and Na
2
S·5H

2
O as precursors. First,

1.02 g of ZnCl
2 
was dissolved in 100 mL of distilled water,

and then 0.003 mol of Na
2
S·5H

2
O solution was added drop

wise into the above solution with sonication at room

temperature for 30 min. Then, the mixture was vigorously

stirred for 6 h. For purification, the mixture was rinsed and

centrifuged several times with acetone and distilled water.

After filtration and drying under vacuum at 80oC, ZnS was

obtained as a black powder. 

2.3. Preparation of ZnS/TiO
2
 particles

A stoichiometric amount of 30 ml of ZnCl
2
 solution was

mixed with 2 ml TNB and 50 ml benzene solution. With con-

tinuous stirring at 343 K, 50 ml of Na
2
S aqueous solution

was then added to the mixture drop-by-drop at the rate of 6

drops/min. After stirring for 7 h, the final mixture was then

filtered and washed with deionized water. ZnS/TiO
2 
powder

was obtained after heat treatment at 573 K for 1 h.

2.4. Characterization of ZnS/TiO
2
 compounds

For the measurement of structural variation, XRD pat-

terns were taken using an X-ray chromatograph (Shimadzu

XD-D1, Japan) with Cu Kα radiation. The surface state and

structure of the composites was observed using scanning

electron microscopy (SEM, JSM-5200 JOEL, Japan).

Energy dispersive X-ray (EDX) spectroscopy was also used

for elemental analysis of the samples. Transmission elec-

tron microscopy (TEM, JEM-3010, Japan) at acceleration

voltage 200 kV, was also used to observe the surface state

and structure of the ZnS/TiO
2
 composites. HRTEM speci-

mens were prepared by placing a few drops of sample solu-

tion on a carbon grid. The absorbance spectrums of the

photocatalyst were recorded at room temperature, in the

range 300-800 nm, using a UV-Vis spectrophotometer (Neo-

sys-2000) equipped with an integration sphere.

2.5. Catalytic degradation of MB

The photocatalytic activities were evaluated by MB degra-

dation in aqueous media under visible-light irradiation. For

visible-light irradiation, the reaction beaker was oriented

vertically and held in a visible-light box (8 W, halogen lamp,

KLD-08L/P/N, Korea). The luminous efficacy of the lamp

was 80 lm/W, and the wavelength was 400 - 790 nm. The

lamp was used at a distance of 100 mm from the aqueous

solution in a dark box. The initial concentration of MB was

set at 2 × 10-5 mol/L in all experiments. The concentration of

photo-catalyst composite was 0.05 g/50 ml solution.

The reactor was placed for 30 min in a dark box, in order

to have the photo-catalyst composite particles adsorb the

maximum possible amount of MB molecules. After the

desired adsorption state was reached, visible-light irradia-

tion was restarted to drive the degradation reaction. For the

process of methylene blue degradation, a glass reactor

(diameter 4 cm, height 6 cm) was used on a magnetic churn

dasher. The suspension was then irradiated with visible

light for a set irradiation time. The reactor was irradiated

by visible light and the samples were extracted after 30

minutes periodically. Samples were withdrawn regularly

from the reactor and dispersed powder was removed using a

centrifuge. The clean, transparent solution was analyzed

using UV-Vis spectroscopy. The MB concentration in the

solution was set as a function of the irradiation time.

2.6. Evaluation of reactive oxygen species

First, six 10.00 mL DPCI stock solutions (1.00 × 10−2 mol/

L) were added to three 80 mL volumetric flasks. Then 50 mg

of ZnS/TiO
2
 catalyst was added to each flask followed by

dilution to 80 ml with double distilled water. For all three

solutions, the final concentration of DPCI and ZnS/TiO
2

photo-catalyst was 2.00 × 10−3 mol/L and 1.00 g/L, respec-

tively. And then transferred to reactor flask under the irra-

diation of visible light. After 120 min irradiation, a sample

of exactly 10.00 mL was taken and extracted with benzene.

Finally, all the extractions were diluted to 10.00 mL with

benzene solution, and their UV-vis spectra determined.

3. Results and Discussion

3.1. Elemental analysis of the preparation

Figure 1 shows the results for the EDX investigation of

the ZnS/TiO
2
 compounds. The elemental composition of

these samples was analyzed, and the characteristic ele-

ments were identified, using an EDX detection spectrome-

ter. Fig. 1 shows that strong Kα and Kβ peaks from

titanium appear at 4.51 and 4.92 keV, while a moderate Kα

peak from oxygen appears at 0.52 keV.12) EDX data indi-

cated O, Ti, Zn, and S as the major elements in the compos-

ites. Fig. 1 shows the presence of O, Zn, and Ti, as major

elements, with particularly strong peaks from sulfur. Fig.

1(b) is the element weight-percentage of ZnS/TiO
2
 com-

pounds. There were small amounts of impurities, which

were attributed to the use of ZnCl
2
 and Na

2
S without purifi-

cation.

3.2. Surface characteristics of the samples

The micro-surface structure and morphology of the com-

posites were characterized by SEM (Fig. 2), and this figure

shows macroscopic changes in the morphology of the com-
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posites. In Fig. 2, ZnS exhibits small particle size and good

dispersion. Zhang et al. reported that good dispersion of

small particles should provide more reaction sites than

would aggregated particles.13) Comparing ZnS and ZnS/TiO
2

samples (Fig. 2(a) and (b)), the ZnS particles look moder-

ately agglomerated, and show somewhat deteriorated dis-

persion, after loading with TiO
2
.

Figure 3 shows a TEM image of the ZnS/TiO
2
 composite,

and provides direct evidence that the particles of ZnS and

TiO
2
 were in close contact. This indicates that the surfaces

of the ZnS particles were cleaned by exposure to the reac-

tion conditions. ZnS particles were uniformly distributed on

the surface of TiO
2
. The size of the ZnS and TiO

2
 particles

was approximately 25 nm, based on the TEM image.

3.3. Structural analysis

XRD was used to determine the crystallographic structure

of the inorganic component of the composite. Fig. 4 shows

the XRD patterns of ZnS and of ZnS/TiO
2
 composites. In

Fig. 4, A is anatase (TiO
2
) and Z is the cubic phase of zinc

sulfide.

The crystal structure of TiO
2 
is determined mainly by the

temperature at which it is heat-treated. The peaks at 25.3o,

37.5o, 48.0o, 53.8o, 54.9o, and 62.5o 2θ were assigned to the

(101), (004), (200), (105), (211), and (204) planes of ana-

tase.14,15) It was confirmed that the ZnS in the prepared ZnS/

TiO
2
 is cubic phase (i.e., (111), (220), and (311) crystal

planes).16) The amorphous-phase fraction of the sample was

determined by taking the ratio of the amorphous area (area

not under the peaks) of the X-ray diffractogram to the total

area. Also, the peaks at different crystal planes of the ZnS/

TiO
2 
nanocomposite, match exactly those of TiO

2
. This indi-

cates essentially no difference with respect to the type of

crystalline phase in the two products. It was found that

TiO
2
 showed more crystallinity than did the prepared ZnS/

TiO
2
 nanocomposite. This is attributed to an environment,

created when adding ZnS, that did not allow the nucleation

Fig. 1. EDX microanalysis and element weight-percentage of
ZnS/TiO

2.

Fig. 2. SEM microanalysis of ZnS (a) and ZnS/TiO
2 
(b).

Fig. 3. TEM image of ZnS/TiO
2
 nanocomposite.

Fig. 4. XRD patterns of (a) ZnS and (b) ZnS/TiO
2.
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and crystal growth to occur fully.17)

3.4. Degradation effects of the MB

Figure 5 shows the time series of MB degradation using

ZnS/TiO
2
, under ultrasonic irradiation. From these spectra

for the MB solution after visible light irradiation, the rela-

tive yields of the degradation-product formed after different

irradiation times, are shown for the products. The reduction

in the dye concentration continues with an opposite gentle

slope, due to visible light irradiation. The concentration of

MB was initially 2.0 × 10−5 mol/L; the spectral absorbance of

MB decreased as the ultrasonic irradiation-time increased.

Moreover, the color of the MB solution, and the MB concen-

tration, declined over time, indicating two steps during the

decontamination process: adsorption and degradation.

Figure 6 presents the UV-vis spectra of DPCO extract

liquor in the presence of ZnS/TiO
2
 composites, under visible-

light irradiation. DPCI (1,5-diphenyl carbazide) can be oxi-

dized to form 1,5-diphenylcarbazone (DPCO). Under visible-

light irradiation, the ZnS/TiO
2
 samples enter into an excited

state. That is, some electrons are transferred from valence

band (VB) to conduction band (CB). Simultaneously, elec-

tron–hole pairs form on the surface of, or within, the ZnS/

TiO
2
 samples.18,19) The electrons and holes react with molec-

ular oxygen (O
2
) dissolved in aqueous solution and with

water molecules (H
2
O) adsorbed on the surface of ZnS/TiO

2

particles respectively, producing super oxygen radical

anions (•O
2

−) and hydroxyl radicals (•OH). These hydroxide

radicals (•OH) can oxidize 1,5-diphenylcarbazide (DPCI) to

form 1,5-diphenylcarbazone (DPCO). The DPCO can be

extracted using benzene as solvent, and then shows absor-

bance at the wavelength of 560 nm.20) From Fig. 6 we can

see that, under visible-light irradiation, the absorption

peaks of DPCO around 560 nm show an obvious increase

compared with the corresponding ones without irradiation.

Samples of DPCO solution, under visible-light irradiation

for different times, exhibit differences in absorbance. The

DPCO results reveal that ZnS/TiO
2
 nanoparticles generate

reactive oxygen species to good effect.

In the case of the ZnS-coupled system, a semiconductor

coupled with two components may have a beneficial role in

improving charge separation, and may enhance the visible-

light response of the composites. For this coupled system,

the excited electrons from the ZnS particles are quickly

transferred to TiO
2
 particles because the conduction band of

ZnS is −1.04 eV, which is −0.5 eV more than that of TiO
2.

21-

23) The electrons released from ZnS by excitation are

injected into the conduction band of TiO
2
 and then scav-

enged by molecular oxygen (O
2
) to produce a superoxide rad-

ical anion (˙O
2

-). This transfer of charge should enhance the

oxidation of the adsorbed organic substrate. Fig. 7 shows

the mechanism for the degradation of pollutants on the ZnS/

TiO
2
 interface.

4. Conclusions

Nanoparticles of ZnS and ZnS/TiO
2
 composites were

obtained by chemical deposition. XRD results showed that

the titanium dioxide was in the form of anatase. The cubic

phase of zinc sulfide can be seen clearly, and the introduc-

Fig. 5. Effect of decolorization of MB by the ZnS/TiO
2
 cata-

lyst.

Fig. 6.UV-vis spectra of DPCO extract liquor in the
presence of ZnS/TiO

2.

Fig. 7. Schematic diagram of separation of generated elec-
trons and holes at the nanocomposite interface of
ZnS/TiO

2
.
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tion of TiO
2 

prevented the growth of crystals. The TEM

image clearly shows ZnS and TiO
2
 particles. The high cata-

lytic efficiency of the composite is attributed to the loading

with ZnS particles, which are helpful to effectively separate

the generated carriers and to improve the surface properties

of catalysts. The quantities of hydroxyl radicals generated

can be determined by analysis of DPCO degradation.

Undoubtedly, novel nanocomposites could provide alterna-

tive pathways for the production of environment-friendly

photo-catalysts exclusively for use with visible-light irradia-

tion.
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