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Mechanochemical synthesis and properties of ZnS/TiO, composites
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ZnSITiO, composites have been prepared by simple solid-state mechanochemical route. One sample was prepared
in a planetary ball mill by dry milling of TiO, P 25 Degussa with mechanochemically synthesized ZnS (cubic sphalerite
phase, JCPDS 00-05-0566) in advance. Another sample has been obtained by the wet mechanochemical synthesis from
zinc acetate and sodium sulfide in the presence of TiO, P 25 Degussa. The phase and structural transformation were
studied by XRD analysis. It was established that the dry milling of mixture of TiO, P 25 and ZnS induced phase
transformation of anatase in TiO, P 25 to rutile. Anatase phase was identified in diffraction pattern of the
mechanochemically synthesized sample by wet route. Diffuse reflectance spectroscopy was applied in order to evaluate
the band gap energy of the synthesized samples. The properties of the prepared ZnS/TiO, samples in photocatalytic
decoloration of Methyl Orange (MO) dye as model decontaminant in aqueous solution were examined. For
determination of the emission behavior of the mechanochemically synthesized ZnS/TiO, composites, the room
temperature photoluminescence (PL) spectra were recorded by exciting the samples with excitation wavelength of 325
nm. The multiple emission peaks were observed. The lower PL intensity of the mechanochemically synthesized

ZnS/TiO, sample by dry route indicates a lower recombination rate of photo-excited electrons and holes.
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INTRODUCTION

Various semiconductor materials such as TiO»,
ZnO, CdS or ZnS have been employed to study
photocatalytic reduction of pollutant in water [1].
TiO; has been proved to be efficient photocatalyst
due to its optical and electronic properties,
chemical stability, non-toxicity and low cost [2].
However, in many cases, the photocatalytic activity
of TiO, is not enough to make it applicable for
industrial purposes [3]. ZnS is the direct-transition
semiconductor with the widest energy band gap
among the groups of 11-VI semiconductor materials.
ZnS based composite materials have been
developed in order to extend the utilization of ZnS
[4]. In last two decades a variety of methods have
been used for ZnS synthesis such as hydrothermal
method [5], sol-gel method [6], solvothermal
method [7] and mechanochemical synthesis [8].
High-energy milling has been widely applied for
the synthesis of nanocrystalline materials [9, 10].
Takacs et al. [11] have investigated
mechanochemical formation of Zn, Cd and Sn
chalcogenides from a mixture of metals and sulfur
powders.  Mechanochemical  reactions  are
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characterized by repeated welding and fracture of
reacting particles during ball-powder collisions,
which continually regenerate reacting interfaces.
The mechanochemical synthesis for preparation of
composites has significant potential for large scale
production due to high efficiency and low cost
process [9].

In recent years ZnS nanocrystals have been
studied due to their interesting properties having
potential as photocatalysts in environmental
contaminant elimination [12]. Nanoscale ZnS
coupled TiO; photocatalysts have been investigated
due to potential applications such as purification of
wastewater [13].

In the present work, the mechanochemically
synthesized ZnS/TiO, composites were tested and
their photocatalytic activities were compared with
data, previously obtained with the traditionally used
reference photocatalyst TiO, Degussa P25. Methyl
Orange dye was selected as a model reactant for
photodegradation. The aim of the present paper was
to investigate the influence of the synthesis
conditions for the preparation of ZnS/TiO;
composites by monitoring their optical and
photocatalytic properties.
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EXPERIMENTAL

The ZnS/TiO, composites were synthesized
from zinc acetate (CH3C0OO)Zn.2H,O (98 %,
ITES, Slovakia), sodium sulfide Na,S.9H,0O (98%,
Aldrich, Germany) and TiO, Degussa P25.

The mechanochemical synthesis of the samples
was realized in a Pulverisette 6 planetary ball mill
(Fritsch, Germany) under the following conditions:
the ball mill was charged with 50 balls of diameter
10 mm having weight of 360 grams, made of
tungsten carbide. The rate of rotation of the
planetary carrier was 500 rpm. The milling was
performed conducted in inert atmosphere of argon
at the room temperature.

Pure zinc sulfide was mechanochemically
prepared and was described in our study [14].

The first composite sample was denoted as
ZnS/TiO,-1 and it was synthesized by milling in a
planetary ball mill using the pure zinc sulfide,
prepared beforehand and the commercially
available TiO, P25 Degussa at a ratio 1:4. The
milling time was 30 minutes.

The second mechanochemically synthesized
composite sample labeled ZnS/TiO,-2 was prepared
by milling a mixture of zinc acetate, sodium sulfide
and TiO, P25 Degussa. The synthesis was carried
out in the planetary ball mill in inert atmosphere
under the same conditions as are described above.

The X-ray diffraction (XRD) patterns were
recorded on a D8 Advance diffractometer (Brucker,
Germany) using CuKa radiation.

The values of specific surface areas (Sa) were
obtained by the low-temperature nitrogen
adsorption method using a Gemini 2360 sorption
apparatus (Micromeritics, USA).

The diffuse reflectance UV-vis spectra for
evaluation of photophysical properties were
recorded in the diffuse reflectance mode (R) and
transformed to absorption spectra through the
Kubelka-Munk function [15]. A Thermo Evolution
300 UV-vis Spectrophotometer, equipped with a
Praying Mantis device with Spectralon as the
reference was used.

The photoluminescence (PL) spectra at room
temperature were acquired at right angle on a
photon counting spectrofluorometer PC1 (I1SS) with
a photoexcitation wavelength of 325 nm. A 300 W
xenon lamp was used as the excitation source. For
measuring the PL intensity, the powders were
suspended in absolute ethanol.

The photocatalytic activity of the samples in the
reaction of Methyl Orange decoloration was
measured under UV-C monochromatic illumination
(TUV lamp A=254 nm) and under visible light
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illumination.

The photocatalytic experiments were carried out
in a semi-batch photoreactor equipped with a
magnetic stirrer, similarly as in the case of our
previous work [16]. The suspension was prepared
by adding ZnS/TiO2 sample (100 mg) to 100 mL of
Methyl Orange (MO) solution with a concentration
1.10° M. The suspension was magnetically stirred
in the dark for 30 min to ensure an adsorption-
desorption equilibrium. Then the suspension was
irradiated by Philips TUV lamp (4 W). UV-C
monochromatic radiation is A=254 nm. All
experiments were performed at constant stirring
rate. 400 rpm at room temperature. The
concentration of MO during the photocatalytic
reaction was determined by monitoring the changes
of the main absorbance peak at A=463 nm.

RESULTS AND DISCUSSION

The XRD measurements were carried out to
study the phase composition of the obtained
samples. The XRD patterns of ZnS/TiO;
composites, synthesized by mechanochemical
route, are given in Fig. 1. The patterns of the
commercial product TiO, P25 Degussa and
mechanochemically synthesized ZnS are also given
for comparison. The X-ray diffraction pattern of
TiO, P 25 Degussa shows that it is composed of
crystallites of anatase and rutile at a ratio 75:25.
Some diffraction lines are observable in the XRD
pattern of the ZnS, synthesized by us, which
indicate the cubic sphalerite structure (JCPDS 00-
05-0566). All diffraction peaks are broadened
because of fine size of crystals [17] as well as due
to structural disorder introduced into zinc sulfide by
milling procedure [9]. The crystallite size of ZnS
determined from the Scherrer formula from the
major peak centered at 20=28.8° was estimated to
be about 3.9 nm.
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Fig. 1. XRD patterns of initial TiO, P25 Degussa and
mechanochemically synthesized samples ZnS,
ZnS/TiO2-1 and ZnS/TiO2-2.
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Valuable changes were noticed in the XRD
pattern of the sample ZnS/TiO,-1 prepared in a
planetary ball mill by dry milling of TiO, P 25
Degussa with mechanochemically synthesized ZnS.
The substantial decrease in the intensity of the
peaks at 26=27.5°, 36°, 41° and 54.1° related to the
rutile was observed (Fig. 2). No characteristic lines
of anatase phase were registered in the XRD pattern
of this composite sample. It follows from that phase
transformation of anatase into rutile occurred in this
case. A significant broadening was observed for all
registered diffraction lines. A considerable decrease
in the size of the crystallites was observed in this
sample. Some lines characteristic of the ZnS were
also present. The rutile was the prevailing phase in
the ZnS/TiO,-1 sample.
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Fig. 2. UV-vis absorbance spectrum of: a) TiO, P25
Degussa; b) mechanochemically synthesized ZnS/TiO,
composites.

All the lines characteristic of TiO, P 25 were
present in the diffraction pattern of the sample
ZnS/TiO2-2, which was prepared by wet
mechanochemical synthesis of ZnS from zinc
acetate and sodium sulfide on the surface of TiO, P
25. Partial transformation of the anatase into rutile
was registered in this case. The specific surface
area of the sample ZnS/TiO,-1 was measured to be

36 m?gl. The sample ZnS/TiO,-2 had specific
surface area 48 m2g™! near to that of initial TiO2
P25 (50 m?g?t). The sample ZnS/TiO,-1 represents
a less crystalline material, in comparison with the
sample ZnS/TiO,-2 (Fig. 1). The wide diffraction
lines of the mechanochemically synthesized ZnS
clearly prove the nano-sized nature of the sample
[18]. The impact of the energy during the milling
process is manifested in the form of phase
transformation [19].

The diffuse-reflectance spectra (DRS) in the
ultra-violet and in the visible range were recorded
aiming at the investigation of the optical properties
of the mechanochemically prepared ZnS/TiO;
composites. The TiO, P25 Degussa has a wide
absorption band in the range from 200 to 380 nm
(Fig. 2a). For the mechanochemically synthesized
ZnS/TiO, composites, an absorption edge is red
shifted and the absorption tail is extended to 420
nm as shown in Fig. 2b.
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Fig. 3. Band gap energy Eyg of TiO, P25 Degussa, and
mechanochemically synthesized ZnS, ZnS/TiO»-1 and
ZnS/TiO,-2 samples.

The method of UV-vis diffuse reflectance
spectroscopy was employed to estimate the band
gap energies of the prepared ZnS/TiO, composites.
The minimum wavelength is required to promote an
electrons depended upon the band gap energy Epg of
the samples and it is given by relationship
Epg=1240/A, where A is the wavelength in
nanometers [20]. The band gap values were
calculated using the UV-vis spectra from the
following equation: a(hv) = A(hv-Eng) * , where a is
the absorption coefficient and hv is the photon
energy. The band gap energy is calculated by
extrapolating a straight line to the abscissa axis.
The value of hv extrapolated to a=0 gives an
absorption energy, which corresponds to a band gap
energy. The initial TiO, P 25 Degussa has Eng=3.20
eV. The preliminary  mechanochemically
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synthesized ZnS has a wider energy band gap
Ebg=3.57 eV (Fig. 3). The estimated Eyg value was
3.13 eV for ZnS/TiO; -1 sample and 3.08 eV for the
ZnS/TiO,-2 composite sample. These results
suggest the possibility of application of these
ZnS/TiO, composite materials as photocatalysts on

degradation  process with lower energetic
requirements than TiO».
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Fig. 4. Photoluminescence spectrum of: a) TiO, P25
Degussa; b) mechanochemically synthesized samples
ZnS, ZnS/TiO2-1 and ZnS/TiO,-2.

The photoluminescence (PL) spectra of the
mechanochemically synthesized ZnS, ZnS/TiO-1
and ZnS/TiO2-2 samples were recorded in order to
observe their emission behavior. All samples were
photoexcited at wavelength 325 nm at room
temperature. The PL spectrum of the initial TiO, P
25 Degussa is represented in Fig. 4a. The emission
intensive peak in the spectrum of TiO, P 25
Degussa with a maximum in the near ultraviolet
region at about 360 nm (Fig. 4a) can be ascribed to
emission of a photon having energy equal or
slightly higher than the band gap width of the
anatase phase of TiO, and it gives evidence for a
direct recombination of a photoexcited electron and
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a positively charged hole [21, 22]. As can be seen
from Fig. 4b, the cubic ZnS phase is luminescence
active. There are emission peaks at 422, 465, 496
and 590 nm. These emission peaks were also
registered in the PL spectra of the
mechanochemically prepared ZnS/TiO, composites.
Wang et al. [23] reported the multiple defects
related emission of ZnS. The emission intensity is
decreased in the PL spectrum of ZnS/TiO,-1
composite. The broad emission spectra of ZnS/TiO;
composites are mainly located in the blue region.
With its maximum intensity centered at 422 nm,
which could be ascribed to the sulfur vacancy and
defects in the ZnS microcrystals [28]. The blue shift
of the first PL band from 422 to 413 nm in the PL
spectrum of ZnS/TiO,-2 composite was registered.
The PL intensity of ZnS/TiO2-2 is higher than
ZnS/TiO2-1. This is related to the presence of
anatase phase in ZnS/TiO,-2 sample provided with
XRD (see Fig. 1). The emission peak observed at
465 nm could be associated with an interstitial zinc
lattice defect. The emission peak at 496 nm is from
the sulfur vacancy related emission [25]. The green
PL emission peak at 590 nm can be associated with
elemental sulfur species [26]. The photolumine-
scence emission is the result of two effects: part of
the illuminating photons energy goes for non-
radiative transition (transition between two energy
levels of vibration of the modes of the crystal
lattice). The other part is emitted as a result of
recombination of photoexcited electrons and holes
(photons of lower energy).

The  photocatalytic  activities  of  the
mechanochemically synthesized ZnS/TiO;
composites were evaluated by the degradation of
representative industrial dye Methyl Orange (MO)
in aqueous solution under UV irradiation. All
experiments were performed under nature pH
condition and room temperature. For comparison,
the activities of ZnS and TiO, P25 Degussa were
also investigated under the same conditions. The
temporal changes in the concentration of MO were
monitored by examining the variation in maximal
absorption in UV-vis at 464 nm. In region, where
Lamber-Beer law (A=g*c*]) is significant the
concentration of MO dye is proportional to
absorbance, where A is the absorbance, ¢ is the
concentration of absorbing compound MO, | is the
length of absorbing layer and & is the molar
absorbing  coefficient. Fig. 5 shows the
photocatalytic efficiencies (C/C,) in presence of
mechanochemically prepared ZnS and ZnS/TiO;
composite materials. The C, is the initial
concentration after achieve absorption/desorption
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equilibrium. On the basis of blank experiment, the
self-photolysis of MO could be neglected (Fig. 5-
curve 5). TiO2 P25 Degussa was taken as reference
for comparison purpose and in this case the MO
degradation was about 70 % after 60 min. The
photodegradation performance of MO can be
ranked by decreasing order of activity as follows:
ZnS/Ti02-2 > ZnS/Ti0O2-1 > TiO>ZnS.

cre,
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Fig. 5. Photodegradation effect of MO as a function of
irradiation time of commercial TiO, P25 Degussa (e),
and mechanochemically synthesized samples ZnS (P),
ZnS/TiO2-1(), ZnS/TiO2-2 (m) and blank experiment

(0).

In addition, after the degradation, reaction is
completed; the ZnS/TiO,-1 composite photocatalyst
was separated centrifugally from the dye solution.
Without further treatment, the recycled ZnS/TiO,-1
composite was used to degrade the dye solution for
the second time. The degradation rate remains
almost unchanged, which shows that the ZnS/TiO.-
1 composite photocatalyst has also good
repeatability.

CONCLUSIONS

The present paper represents a detailed study of
the structural, optical and photocatalytic properties
of mechanochemically synthesized ZnS/TiO,
composite materials. The XRD analysis of the
ZnS/TiO2-1 sample, prepared by dry milling in a
planetary ball mill shows that in this case almost
the full phase transition of anatase into rutile is
occurred. However, the phase composition of TiO-
P25 during the wet mechanochemical synthesis of
the ZnS/Ti0O,-2 composite sample is preserved. The
specific surface area of this sample is close to the
initial TiO, P25. DRS study reveals that all the
mechanochemically synthesized samples show
strong absorbance in the visible light region. The
evaluated band gap values of the samples are 3.3,
3.57, 3.13 and 3.06 eV for TiO: P25, ZnS,

ZnS/TiO.-1 and for ZnS/TiO»-2, respectively. The
enhanced photocatalytic activity of decoloration of
MO in aqueous solutions of the synthesized
composite materials in the visible range of the
spectrum is owing to the efficient separation of
photoexcited electrons and holes — the charge
carriers between the ZnS and the TiO; attached
phases.
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MEXAHOXVMMUWYEH CUHTE3 1 CBOMICTBA HA ZnS/TiO, KOMIIO3UTU
H. I'. Kocrosal, E. JlyTkoBa?

Y Unemumym no xamanus, Bvneapcka akademus na naykume, 1113 Cogus, Bvizapus
2 Uncmumym no zeomexnuxa, Cnoéawxa Axademus na naykume, 04001 Kowuye, Cnosaxus

[ocreruna va 10 oktomBpu 2016 r.; kopurupana Ha 11 HoemBpH, 2016 T.

(Pestome)

ZnS/TiO; xoMmo3uTH 6sXa MOJYYEHH Ype3 TBHPAOTEIEH MexaHoxumudeH moaxon. Exun ZnS/TiO, kommosureH
Marepua Oellle ToJyYeH B IUIaHEeTapHa TOMKOBA MEJHHUIIA Ype3 cyxo cmmiiane Ha T102 P 25 Degussa ¢ npeaBapureiHo
MEXaHOXUMHUYHO CHHTe3upaH ZNS ¢ kyOuuHa cTpykTypa ot chanepuras Tun JCPDS 00-05-0566. {pyr obGpaser Oere
MOJTy4eH Ype3 MOKBbPD MEXaHOXHMHYEH CHHTE3 OT I[[MHKOB alerar W HaTpueB cyiadua B mpuchetBue Ha TiO2 P 25
Degussa. dazata u cTpykTypHHTE NpoMeHH Osixa m3cienBaHu ¢ nomoinra Ha PDA. beme ycraHoBeHO, 4e CyXOTO
cmunane Ha cmec ot TiO2 P 25 and ZnS unayumpa mbiaHo mpeobpa3dyBaHe Ha aHarasa, npuchkeTBanl B Ti02 P 25
Degussa, B pyrun. Anara3 Oemie upeHTHGHIMpPAH B AU(paKTOrpaMaTa Ha MEXaHOXMMHYHO CHHTE3MpaHMs oOpasel
ype3 MOKbp Meroj. Jndy3HooTpaxkaTelHa CIEKTPOCKONHMs Oelle NPHIIOKEHA 3a ONpeNeNisHE Ha CeHepruira Ha
3a0bpaHeHaTra 30Ha HAa MEXaHOXMMHYHOCHHTE3MpaHHTe o0pasnu. (POTOKaTaIUTUYHHTE CBOMCTBA HA IOJYYECHHTE
ZnS/TiO; obpasiu 6sixa W3CIEABAHH BBB (POTOKATATUTHYHOTO OOE3IBETSABAHE HA OArpHiI0 METHII OPaHX Karo
MOJICJICH 3aMbpPCHTENl BHB BOJEH pa3TBOp. 3a ONpeJeNissHE Ha EMHUCHOHHOTO IIOBEJICHHE Ha MEXaHOXUMHUYHO
cunTesupanute ZnS/TiO, KOMIO3UTHU MaTeprany Osxa 3alUCaHu TeXHUTE (POTONYMHHECIICHTHHU CIICKTPHU TIPH CTaifHA
TeMmepaTypa ciien Bb30yKaaHe Ha oOpa3iure ¢ Bb30yXKAalla JbDKHHA Ha BbiaHata 325 HM. bsaxa HaOmomaaBaHu
CJIO)KHM €MHCHOHHHM NHUKOBE. [10-HUCKHMAT MHTEH3UTET Ha MBHIHMTE B CIEKTpa Ha oOpasela CHMHTE3MPaH upe3 CyXO
MEXaHWYHO CTPUBAHE CBHUJETEJICTBA 32 IO-HHUCKA CKOPOCT Ha PEKOMOMHHpaHe Ha (OTOBB3OYIEHHUTE EJICKTPOHH U
JYTIKH.
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