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Nanoscale composite materials based on titanium dioxide with different con-
tent of sulphur are obtained by the sol—gel method. The samples were ana-
lysed using SEM—-EDS microscopy, transmission electron microscopy (TEM),
x-ray diffraction analysis (XRD), x-ray photoelectron spectroscopy (XPS),
UV-vis diffuse reflection spectra (DRUV), room temperature FT-IR spec-
troscopy, and BET method. X-ray powder diffraction reveals the phase of an-
atase in all composites and appearance of the rutile phase for the samples
with sulphur. As established, doping with sulphur leads to a decrease in the
crystallite sizes from 14.6 to 9.9 nm. Analysis of nitrogen sorption—
desorption isotherms for the synthesized samples shows the presence of a
hysteresis loop, which is the evidence for mesoporous structure of the pow-
ders. The composite samples manifest a bathochromic shift as compared with
the absorption band of pure TiO,. As found, the modification of titanium di-
oxide with sulphur leads to band gap narrowing of the composites. Nanocom-
posite samples show photocatalytic activity in the destruction of safranin T
under visible irradiation. It can be attributed to the appearance of absorption
in the visible region, narrowing of band gap, participation of sulphur in the
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inhibition of electron—hole recombination, prolongation of charges lifetime,
increasing efficiency of interfacial charge separation, and change in textural
characteristics.

HanomaciiiTabui KOMITO3UITifiHI MaTepifAay HA OCHOBI ZioKcuIy TUTaHY 3 Pis-
HUM BMiCTOM CipKHu Oep:KyBaJid METOI0I0 30/Ib—T'eJIb. 3pa3Ky aHAJIi3yBaJu 3a
moromoroio Mikpockonii SEM—-EDS, npocBiTiiroBaabHOI €JIeKTPOHHOI MiKpoC-
komii (TEM), perrreniBcbkoi audpakmniiitnoi ananisu (XRD), peHTreHiBChKOI
doToeseKTPOHHOI crmekTpockomii (XPS), yabTpadioseToBux coeKTpiB AUPy3-
Horo BimouBaHHa (DRUV), FT-IR-cuexTpockoIii 3a KiMHATHOI TeMIepaTypu
ta metonu BET. PerTreniBcbKka gudpakiiia Moponiky BuABuiIa pasy aHaTasy y
BCiX KOMIIOBUTaX i MOSABY (pasu PyTUIY AJIA 3pasKiB i3 cipkoio. BecraHoBieHo,
1110 JIET'yBaHHA CipKOI0 IPUBOAUTH O 3MEHIIIEHHA PO3MipiB KpucrastiTis 3 14,6
10 9,9 am. Anasiza isoTepM cop6irii-gecopOirii a3oTy Jid CUHTEe30BaHUX 3pas-
KiB Imokasajia HaABHICTh IIETJIi ricTepe3u, IO € CBiAUEHHAM MeE30IIOPHUCTOL
CTPYKTYypHU HOpoInkKiB. KoMmosuTHi 3pasku BUABUIN 0ATOXPOMHUI 3CYB HOPi-
BHAHO 3i cmyroro norsimHauHsa yuctoro TiO,. Bysao BcTaHoBaeHO, 1110 Moau®i-
KYBaHHA MiOKCHUJY THUTAHY CipKOIO IPUBOAUTH 0 3BY:KE€HHSA 30HHOI IiJIUHU
KoMmo3uTiB. HaHOKOMIO3UTHI 3pasKu BUABIAIU (POTOKATATITUUHY aKTUB-
HicTh npu pyiinyBaHHI cadpauniny T mixg Bugumum onpominenaaMm. Ile moxxHa
TIOACHUTHY MOSBOIO IOTJINHAHHA Y BUAUMIil 00J1aCTi, 3BYyK€HHAM 30HHOI IIiIN-
HU, YYACTIO CipKM y TaJbMyBaHHI eJIeKTPOHHO-AiPKOBOI pekombiHaIlii, momo-
BXKEHHAM Yacy JKUTTA 3apsaniB, MiABUINEeHHAM e(peKTHUBHOCTH MixK(asHOTo
3apAI0BOTO PO3AiIEHHS Ta 3MiHOIO Y TEKCTYPHUX XapaKTePUCTUKAX.

Key words: titanium dioxide, sulphur, safranin T, photocatalysis, visible
light.
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1. INTRODUCTION

It is known that titanium dioxide is widely used as a photocatalyst due
to its thermal stability, non-toxicity and low cost. However, it has
some disadvantages, such as low quantum yield, high band gap, high
electron—hole recombination, and it also absorbs only UV light, so it is
photocatalytically active only under UV irradiation.

Over last years, researchers focused on the problem of expanding the
absorption range of TiO, because it seems more practical and favoura-
ble to use visible light rather than ultraviolet for the degradation of
water pollutants in the presence of photocatalysts. Therefore, an ur-
gent problem in photocatalysis is a search for photocatalytic systems
active under visible light irradiation, which gives an opportunity of
their widespread practical application. One of the ways to solve this
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problem is the modification of titanium dioxide with different addi-
tives [1-6]. Recent studies have largely focused on doping TiO, with
non-metallic elements such as N, S, C, F, etc. [7T—11], that leads to an
appearance of photocatalytic activity under visible light.

Therefore, the aim of our work was to obtain and characterize com-
posite materials based on titanium dioxide and sulphur with photo-
catalytic activity under visible irradiation. Photocatalytic activity of
the nanocomposites was evaluated through the degradation of cationic
dye Safranin T (ST) under visible light irradiation. In addition, we in-
vestigated the effect of the sulphur amount in the composites on their
physical and photocatalytic properties.

2. EXPERIMENTAL
2.1. Preparation of TiO, and S/TiO, Composites

Titanium dioxide was obtained by the sol—gel procedure using titani-
um (IV)—ethylate (Aldrich), citric acid (Alfa Aesar) and glycerol (Alfa
Aesar). The mixture of titanium (IV)—ethylate, citric acid and glycerol
was calcined at stepwise heating (200°C (for 30 min), 300°C (for 30
min), 400°C (for 30 min) and 500°C (for 30 min)) in the presence of air.
Before annealing, the mixture was carefully stirred in order to obtain
uniform mass. After cooling, TiO, was triturated until smooth.

To synthesize TiO, doped with sulphur by the sol—gel procedure the
same mixture (titanium (IV)—ethylate, citric acid, glycerol, but with ad-
ditives of thiourea) was mixed at room temperature, carefully stirred in
order to obtain uniform mass and calcined at stepwise heating (200°C
(for 30 min), 300°C (for 30 min), 400°C (for 30 min) and 500°C (for 30
min)) in the presence of air. Then, the powders were cooled and triturat-
ed until smooth. The samples were labelled as 1S/TiO,, 2S/TiO,,
3S/TiO,, 4S/TiO, (with the sulphur amount of 2, 3, 13, 17 mass.%, re-
spectively).

2.2. Methods and Instrumentation

For analysis of the sample composition (elemental analysis) and their
morphology a scanning electron microscope (SEM JSM 6490 LV,
JEOL, Japan) with an integrated system for electron microprobe anal-
ysis INCA Energy based on energy-dispersive and wavelength-
dispersive spectrometers (EDS + WDS, OXFORD, United Kingdom)
with HKL Channel system was used.

Transmission electron microscopy (TEM) JEM-1200 EX (JEOL, Ja-
pan) for the prepared materials was applied.

Phase composition of the samples was determined by x-ray diffrac-



684 M. V.SHAPOVALOVA, T. A. KHALYAVKA, N. D. SHCHERBAN et al.

tion analysis (XRD). A computerized Bruker D8 Advance diffractome-
ter was equipped with CuK, (A = 0.15406 nm) radiation. All XRD peaks
were checked and assigned to known crystalline phases. Average crys-
tallite size was determined using broadening the most intensive reflex
following the Debye—Scherrer equation: D = 0.9)1/Bcos0, where 0.9 is a
constant, A is a wavelength, nm. Interplanar distance (d, nm) was cal-
culated using Wulff—Bragg’s equation: nA = 2dsin6, where n =1 is the
order of reflection, A = 0.154 nm is the wavelength, 0 is the scattering
angle, degrees. Thereby, d = n\/2sinf.

The presence of chemical elements and chemical bonds features in
the samples were analysed using x-ray photoelectron spectroscopy
(XPS) with the UHV-Analysis-System equipment produced by SPECS
Surface Nano Analysis Company (Berlin, Germany). The instrument is
equipped with a semi-spherical analyser PHOIBOS 150. The XPS spec-
tra, both core-level and valence band, were measured. The acquisition
of the XPS spectra was made in an ion-pumped chamber of the system
at a residual pressure of (8—9)-107'° mbar and constant pass energy of
40 eV. The spectra were excited employing an x-ray MgK, source
(E =1253.6 eV). The spectrometer energy scale was calibrated using
reference metals of pure gold and copper as described in other papers
[12]. Since the XPS technique is sensitive to charging surface effects
[13], we used the Cls line of adsorbed hydrocarbons as a reference to
take into account the charging effect suggesting its binding energy
value to be equal to 284.6 eV as recommended to do in the case of com-
plex oxide-bearing materials [14].

The values of the specific surface area (S,,) of the samples as well as
pore size distribution were determined using a Quantachrom Nova
Win 2 device. The specific surface area of the samples was determined
based on nitrogen adsorption—desorption isotherms using the Brunau-
er—Emmet—Teller (BET) approach. The pore radius (R,,.,) and the pore
volume (V,,,) were calculated from the desorption branches of the iso-
therms using the Barret—Joiner—Halenda method [15].

Room temperature FT-IR spectra were recorded with a Perkin
Elmer Spectrum One spectrometer in the spectral region of 4000—400
cm ! with spectral resolution of 4 cm™.

Measurements of UV—vis diffuse reflection spectra (DRUV) of the
powders were carried out at room temperature using a Perkin—Elmer
Lambda Bio 35 spectrophotometer in the range from 1000 to 200 nm,
which allowed converting data of the corresponding spectra using the
Kubelka—Munch equation. Recording the diffuse reflection spectra in
the coordinates F(R)=f(A, nm), where F(R) is the Kubelka—Munch
function, was carried out with a special rate in cuvettes with a layer
thickness of the investigated powder material of 3 mm and a reference
sample (MgO). All the materials were ground directly in an agate mor-
tar before recording the DRUYV spectra and obtaining constant optical



THE INFLUENCE OF SDOPANTS ON PROPERTIES OF TiO, 685

characteristics. The absolute and relative errors were +£0.01 eV and
+0.3% , respectively.

2.3. Photocatalytic Experiments

Photocatalytic activity of the samples was evaluated by rate constants
of destruction (k,) of cationic dye ST (C =0.03 g/1) under UV irradia-
tion. Before irradiation, the catalyst suspension (2 g/1) in an aqueous
dye solution was kept in dark up to achieve adsorption equilibrium.
The time of the sorption equilibrium establishment in the system pow-
der—ST does not exceed 2 h for all samples.

Irradiation of aqueous solutions (pH—6.5) of dye was performed at
room temperature in a reactor in the presence of air oxygen. The light
source was a high-intensity Na discharge lamp GE Lucalox (Hungary)
with power of 70 W, with emission in the visible range with maxima at
568, 590 and 600 nm.

Concentrations of the substrate were measured spectrophometrical-
ly using a Shimadzu UV-2450 spectrophotometer at A = 520 nm for ST.
Photocatalytic rate constants for the model compound were calculated
using the first order kinetic equation.

3. RESULTS AND DISCUSSION

The obtained samples consist of fragmented agglomerates (Fig. 1, a).
Investigation of the powders using energy-dispersive spectroscopy
based on energy-dispersive technique proves that these materials in-
clude the elements Ti, O and S, no unexpected elements were detected

Spectrum 1

0 1 2 3 4 5 6 7 8 9
Full Scale 1086 cts Cursor, 1.718 (37 cts) keV)

100pm ' Electron Image 1

a b

Fig. 1. SEM-image (a) and energy-dispersive spectrometry (EDS) spectrum
(b) of the 3S/Ti0, sample.
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(Fig. 1, b).

Crystalline structure of the photocatalysts was identified using
XRD. XRD pattern of pure titanium dioxide shows the reflexes of te-
tragonal modification of TiO, at 20=25.38, 37.93, 48.17, 54.16, 55.09
and 62.88 (Fig. 2, a), which correspond to the (101), (004), (200),
(105), (211), (213) planes, respectively and belongs to the anatase
phase. Some authors [16, 17] reported that doping TiO, with sulphur
inhibits the anatase—rutile phase transformation, but in our case in-
troduction of sulphur into TiO, leads to the appearance of the reflex at
20=27.4 (110) corresponding to rutile TiO, (Fig. 2, b).

7 1 A

101 1 4 8/TO,
] Hki A A A 4

= =N #\ 3 8/ToO,
27 21
.a -a
8 4 |\ 2 8/TO,
Q [
+ - | T N A
= oos 290 S ]
105211, TiO, : h 1 /TO,
10 20 30 40 50 60 70 10 20 30 40 50 60 70 80
20 20
a b

Fig. 2. XRD patterns of TiO, (a) and S/TiO, samples (b) (A—anatase, R—rutile).

TABLE 1. Phase composition and structural characteristics of the samples.

Latti : Interplanar spacing, | Crystallite size,
Sample attice parameters, d, nm D,y M
(Miller index, hkl), 101—anatase
TiO a=3.70939 0.350 14.6
2 ¢=9.31095 (101) (101)
. a=3.76161 0.352 9.9
18/Ti0, ¢ =9.48529 (101) (101)
. a=3.75125 0.351 10.9
25/Ti0, c=9.49874 (101) (101)
. a=3.76682 0.351 10.5
35/Ti0; c=9.43419 (101) (101)
4S/TiO, a=3.75136 0.352 9.9

¢=9.47095 (101) (101)
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In addition, small shift towards higher diffraction angles for S/TiO,
samples is observed due to the incorporation of dopant ion into the TiO,
matrix [17]. Besides, an increase in the lattice parameters and inter-
planar spacing for S/TiO, compare to TiO, was observed (Table 1).

Therefore, the lattice parameters for pure TiO, are about a=3.70939
A, ¢=9.31095 A, while for S/Ti0,. a=3.76161 A, ¢=9.47095 A, the in-
terplanar spacing for pure TiO, is 0.350 A and for S/TiO, is 0.352 A
(Table 1). Such an increase in the lattice parameters for S/TiO, compare
to TiO, confirms the incorporation of sulphur ions into the TiO, lattice.

The crystallites size of the samples calculated through Debye—
Scherrer equation in the pure TiO, is equal to 14.6 nm. Doping with
sulphur leads to a decrease of the crystallite sizes to 9.9 nm (Table 1),
which is confirmed by the TEM images (Fig. 3). Therefore, the incor-
poration of S atoms into the lattice inhibits the crystal growth of the
TiO, particles.

Analysis of nitrogen sorption—desorption isotherms obtained at
20°C for the synthesized samples (Fig. 4, a) shows the presence of a
hysteresis loop [18]. It was established that for all samples, nitrogen
sorption isotherms belong to type IV in accordance with International
Union of Pure and Applied Chemistry (IUPAC) classification with H,
type of hysteresis loop [19].

The pore size distribution for the samples is shown in Fig. 4, b. Pre-
dominance of the pores’ radius ranging from 1.9 to 2.3 nm is charac-
teristic of the composites.

Pore volume twice increased for the S/TiO, samples (Table 2). The
specific surface area of the composites increases from 28.4 (pure tita-
nium dioxide) to 94.5 mI/g (4S/TiO,) (Table 2). Such a porous struc-
ture can provide a larger number of active sites for dye adsorption and
latter photodestruction.

X-ray photoelectron spectroscopy (XPS) was used to verify the ele-
mental content and charge state of the atoms composing the TiO, and
S/Ti0, samples. The survey XPS spectra are shown in Fig. 5.

The features of the XPS spectra in all samples can be attributed to
the core-level electronic levels of titanium and oxygen atoms, and the
presence of sulphur is detected for S/TiO, composites. Modification of
titanium dioxide with sulphur does not lead to the appearance of some
fine-structure features or to change in the energy position of the XPS
spectra of core-level electrons (Table 3).

It was noted that a sulphur-containing material was characterized
by a binding energy value of around 170 eV [20]. In our samples, the
peak at 168.9 eV is observed and proves the presence of sulphur (Fig. 5,
6, a). Binding energy of S2p-electrons in S/Ti0, composites (Table 3,
Fig. 6, a) corresponds to sulphur atoms in the compounds of Na,SO,
and Fe,(SO,); (Table 3, Fig. 6, a)[21, 22].

The data show the absence of additional admixtures except of ad-
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Fig. 3. TEM-images: a—TiO,; b—3S/TiO, sample.
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Fig. 4. Isotherms of nitrogen sorption—desorption obtained at 20°C for the
investigated samples (a) and pore size distribution for the samples (b).

sorbed hydrocarbons (Fig. 6, d). The result proves that binding energy
values of titanium in TiO, and S/TiO, correspond to the charge state +4
(TiOy) [21, 22].

Energy positions of the XPS spectra of core-level Ti2p; ,- and Ols-
electrons (Table 3, Fig. 6, b, c¢) in the investigated samples are similar
to previous researches [23] and was characterized by the values of bind-
ing energies of Ti2p; ,- and Ols-electrons in TiO, (458.6—459.1 eV for
Ti2p;,,-electrons and about 530.4 eV for Ols-electrons) [23].

It can be seen from Fig. 5, d that Cls spectra at 289.8 to 273.9 eV
can be observed. The peak (about 285 eV) is thought to signal the pres-
ence of adventitious elemental carbon. This peak is lower for the
S/Ti0, sample, which is related to decreasing the carbon amount in the
sample and may mean its relocation by sulphur. The hydrocarbons were
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TABLE 2. Textural characteristics of the samples.

Sample S,,, ml/g | Viet» Ci/g | R,.., nm
TiO, 28.4 0.05 1.9
1S/TiO, 61.7 0.08 1.7
2S/TiO, 62.2 0.11 1.9
3S/TiO, 87.9 0.21 1.9
4S/TiO, 94.5 0.09 1.7
O 1s
i O KLL
B Ti 28 Ti 2s
=
32 s Ti L3M23M23
2l
g -
B A e
Ti LM, M,, C1s
L g
1000 800 600 400 200 0

Binding energy, eV

Fig. 5. XPS spectra of the studied samples: TiO, (1) and 4S/TiO, (2).

the only detected admixtures (Fig. 5 and 6, d).

The O1s binding energy of S/TiO, increases by 0.4+0.1 eV compare
to TiO, (Table 3, Fig. 6, b). It means that addition/inclusion of sulphur
atoms into TiO, decreases negative charge state of oxygen. The above
statement is supported also by increasing the binding energy value of
the O2s subband (Fig. 7) (Table 2). Estimation of the elemental content
gives the following data: Ti:0:C=21.7:46.8:31.5 for TiO, and
Ti:0:C:5S=23.6:48.5:25.3:2.6 for S/TiO,. Therefore, substantial de-
crease of the C content in the S/TiO, sample compare to TiO, is ob-
served. The half-width of the main XPS valence band spectrum does
not change in the above sequence of the compounds (Fig. 7).

The functional groups of the synthesized samples were characterized
by FTIR transmittance spectroscopy and the corresponding spectra are
shown in Fig. 8.

The bands near 500—-900 cm™ corresponding to the Ti—O—Ti stretch-
ing vibration, and near 910—-1050 cm ™ to Ti—O [24, 25] are present in all
samples (Fig. 8).
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TABLE 3. Binding energies of core-level electrons (+0.1eV) of TiO, and
S/TiO,.

Core-level TiO, | S/TiO,
Ti2p,,, 464.5 464.6
Ti2p;,, 458.8 458.8

Ols 530.1 530.5
S2p — 168.9
Ti3p 37.4 37.4
02s 22.1 22.4
S 2p
] A ¢ 01s b
2 | @ |
(5] L]
‘@ A [ ‘3 ] /
£ g /
2 2
=N A1 // !
i Www%ww J\-MM'VMMM ] N b S,
185 18 175 175 165 160 155 545 540 535 S0 525 520 515
Binding energy, eV Binding energy, eV
Ti 2p,., cl
w | 21
& &
3 &
2 g
L pres
: l
475 470 465 460 455 450 445 300 205 200 285 280 275 270
Binding energy, eV Binding energy, eV

Fig. 6. XPS spectra of core-level S2p (a), Ols (b), and Ti2p (c) electrons
and valence electrons (d) of TiO, (1) and S/TiO, (2).

The presence of an additional band in the range of 1100-1050 cm ™ is
related to S=0 vibrations, while at 1200-1100 cm* to O, vibrations [26].
The presence of the band at 1133 cm™ corresponds to the S—O vibration
and more specifically to a characteristic frequency of bidentate SO,*
functional group coordinated to Ti*" ion [27]. The vibrations of Ti—O—S
bond give a peak at 1040 cm ™" that confirms the incorporation of sulphur
into TiO, lattice [28]. The absorption band at 1630 cm ' refers to defor-
mational vibrations in adsorbed water [29], at 2340 cm ™ to the carbon
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Fig. 7. XPS valence band spectra (including some higher core-level lines)
of the TiO, (1) and S/TiO, samples (2).
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Fig. 8: FT-IR spectra of the nanocomposites: I—TiO,; 2—1S/TiO,; 3—
2S/Ti0,; 4—3S/Ti0y; 5—4STiO0,.

dioxide physically sorbed on the surface [30, 31]. In the region of about
3200-3400 cm ™ intensive broad absorption bands of v(OH) valence vi-
brations and adsorbed water molecules coordinated on the TiO, surface
are observed for all the samples. These OH groups after irradiation with
light form OH radicals, which are directly involved in the process of
photodegradation of organic compounds.

The DRUYV spectra of the investigated samples are shown in Fig. 9.
Doping of titanium dioxide by sulphur leads to the appearance of bath-
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Fig. 9. a—DRUYV spectra of the samples: I1—TiO,; 2—2S/Ti0,. b—Square
of extinction coefficient as a dependence on incident irradiation energy for
the powders: 1—TiO,; 2—2S/TiO,.

TABLE 4. Photocatalytic activity of the investigated samples in the de-
struction of Safranin T under visible light irradiation.

Sample k1074, 87t
TiO, —
18/TiO, 0.27
28/Ti0, 0.61
38/TiO, 0.96
4S/TiO, 1.76

ochromic shift, the absorption edge from TiO, to composites is placed
to a longer wavelength from 400 to 420 nm (Fig. 9, a).

In addition, modification of titanium dioxide with sulphur leads to
reduce the energy required for photoactivation from 3.23 + 0.01 (TiO,)
t03.04 + 0.01 (4S/Ti0,) eV.

The ST photodegradation was tested as a model reaction to evaluate
photocatalytic activity of the S/TiO, powders. Prior to irradiation,
photocatalyst—dye systems were kept in the dark to achieve sorption
equilibrium. The adsorption—desorption equilibrium was achieved
within 120 min. The sorption value of the dye on S/TiO, was 25, 28, 30
and 35%.

During the irradiation of Safranin T with visible light (in the ab-
sence and in the presence of titanium dioxide), the destruction of the
dye did not occur (Table 4).

When the dye water solutions were irradiated with visible light in
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the presence of the composites, a decrease of ST concentrations was ob-
served. The photocatalytic activity of the composites upon irradiation
by visible light can be attributed to the appearance of absorption in the
visible region.

The rate of the process under visible irradiation was dependent on
the catalyst composition and structure (Table 4). The 4S/TiO, sample
was the most active. In addition, the values of photocatalytic activity
constants correlate (R = 0.9) with adsorption parameters for the corre-
sponding samples, indicating that the substrate molecules sorbed on
the catalyst surface were first subjected to the photocatalytic trans-
formation. The enhanced photocatalytic performance of the nanocom-
posites is attributable to the appearance of absorption in the visible
light region, change in the band gap, participation of sulphur in the
inhibition of electron—hole recombination, prolongation of charges
lifetime, increasing efficiency of interfacial charge separation and
change in the textural characteristics.

4. CONCLUSIONS

Mesoporous nanocomposite materials based on titanium dioxide and
sulphur (various content) were obtained by sol-gel method. It was
found that these materials have a uniform distribution of Ti, S and O.
It was established that the nanocomposites crystallize in anatase-type
structure, but doping with sulphur leads to the formation of the rutile
structure. The additives of sulphur to TiO, also lead to the reduction of
particle size from 14.6 to 9.9 nm and increase of pore volume twice and
specific surface area from 28.4 t0 94.5 ml/g.

XRD, FTIR and XPS studies confirm the incorporation of sulphur into
lattice as cations and modification as sulphate groups on the surface of
TiO,.

The composite samples showed a bathochromic shift to the long-
wave range and their band gap is decreased compared to the band gap
of pure TiO,. It was found that the nanocomposites were photocatalyti-
cally active in the destruction of cationic dye under visible light irra-
diation in contrast with pure titanium dioxide, which acts as a photo-
catalyst only under UV irradiation. It can be attributed to the appear-
ance of absorption in the visible region, narrowing of the band gap,
participation of sulphur in the inhibition of electron—hole recombina-
tion, prolongation of charges lifetime, increasing of efficiency of in-
terfacial charge separation and change in textural characteristics.
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