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Abstract—Nanosized powder materials made Zn-doped titanium dioxide with concentration of 0.1, 0.5, and
1.0 mol % Zn?* have been synthesized from aqueous solutions of inorganic compounds of titanium modified
with zinc(Il) ions. The materials obtained have been studied by electron microscopy, thermogravimetric
analysis, and powder X-ray diffraction. It has been found that if zinc ions introduced in titanium dioxide the
stabilization of anatase modification takes place retaining size and morphology of particles. The materials
synthesized have shown photocatalytic activity under ultraviolet and visible light irradiation. The highest
photocatalytic activity has been found for material containing 0.1 mol % Zn2* and calcined at 600°C.
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INTRODUCTION

At the present time, semiconducting nanosized
materials based on titanium dioxide (TiO,) are actively
used in different regions owing to their unique physi-
cochemical and optical properties, low cost, chemical
stability, and toxic safety [1—4]. Photocatalytic prop-
erties have a specific interest because of the possibility
their applications for purification of aqueous [5, 6]
and air media from different organic contaminations
using sunlight [7—10]. However, pure titanium dioxide
has relatively broad forbidden zone of 3.2 eV [11, 12]
and a high rate of recombination of photosensitized
supports; this decreases the efficiency of photocataly-
sis and significantly limits its possibility [13, 14]. To
improve their photocatalytic activity (PCA) and to
shift the adsorption edge to visible region, titanium
dioxide is successfully doped with nonmetals [15—18]
and metal ions [19—23] or their combination [24, 25].
Cations of different metals are capable of broadening
the absorption spectrum of titanium dioxide and
enhance the efficiency of PCA owing to decreases in
the degree of recombination of electron-hole pairs
generated in the photocatalytic process.

To obtain powders based on TiO, modified with
Zn(II), sol—gel methods were proposed using stearic
acid and titanium-organic precursors [26, 27], as well
as hydrothermal-ultrasonic synthesis and other meth-
ods [25—28]. This shows that the method of synthesis
influences the morphology, size, and crystallinity of
material particles, as well as the nature and concentra-
tion of the impurities both change the distribution of
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charge on its surface, and this significantly influences
the PCA of titanium dioxide [25]. In particular, it was
found that alloying titanium dioxide with 0.1 mol % of
Zn(IT) makes greater PCA possible than with a cata-
lyst created via industrial production through Degussa
P25 [26]. Therefore, additional study of alloying with
zinc is becoming more and more interesting. It is
rather difficult at present to predict at which phase
ratio the composites of ZnO—TiO, composition will
show maximum photocatalytic efficiency because this
depends on many factors, such as the method and
conditions of synthesis and the size and structure of
the materials obtained. In this connection, it is neces-
sary to conduct additional investigations to identify
the materials synthesized using the new method. In
this connection, the results are here given resulting
from an investigation of properties of materials based
on titanium dioxide obtained using the method of
low-temperature cooling and modified with zinc ions
from 0.1 to 1.0 mol %.

EXPERIMENTAL

Titanium tetrachloride TiCl, (chemically pure
grade), zinc sulfate crystalline hydrate ZnSO, - 7H,0
(chemically pure grade), 25% ammonia solution
(chemically pure grade), and distilled water and oxides
of titanium and zinc were obtained using coprecipita-
tion of Ti(IV) and Zn(II) hydroxides from the corre-
sponding solution with given concentrations of salts
and their subsequent drying and calcination. The con-
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Fig. 1. The data of derivatographic and thermogravimetric
analyses of TiO,—0.1 mol % of Zn**.

ditions of synthesis were selected based on previously
conducted investigations [29—32]. Coprecipitation
was carried out from an ammonia solution from aque-
ous solutions of titanyl chloride of given concentra-
tions prepared from titanium tetrachloride and zinc
sulfate within a temperature range from 0 to 5°C and a
final pH value from 7.0—7.5. To remove impurity ions,
the precipitate obtained was rinsed using distilled
water until a negative reaction of the rinsing solutions
onto the chloride-ions was attained. The completeness
of the deposition of Zn(II) ions in the precipitate was
controlled using the photometric method according to
the conventions of the use of dithizone.

The precipitates obtained were separated from the
solution, dried at 80°C and thermally treated at 500 or
600°C using isothermal exposure for 2 h. Titanium
dioxide materials containing 0.1 (0.1% Zn-Ti0O,),
0.5 (0.5% Zn—Ti0,) and 1.0 mol % Zn** (1% Zn—TiO,)
were prepared.

METHOD OF INVESTIGATION

The phase composition of the samples obtained
was studied using the X-ray diffractometer Arl X’tra,
manufactured by ThermoFisher (Switzerland), using
Cu(K,,) radiation in the range from 20 to 60°C. To
evaluate the average particle size, the materials syn-
thesized were recorded in the mixture with large crys-
tal aluminum oxide as a standard. Then, the regions of
coherent scattered from the broadening lines of the
X-ray, according to Debye—Scherrer equation [33]:

__kA
BcosO’

where A = 0.1540562 nm is the wave length of the
X-ray radiation, k is the factor for the particle form (it
is assumed for spherical particles that kK = 0.94), B is
the line width at half weight of maximal diffraction
peak (101) for anatase, and 6 is the diffraction angle.
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To study the thermal processes, a thermogravimetric
and differential—thermal analysis method was used with
the heat analyzer TG—DTA/DSC STA 449°S/4G Jupi-
ter Jupted. The samples were heated in air from 298 to
1000 K, using a rate of 10 grad/min. The morphologic
characteristics of the material were determined using
method of transparent electron microscopy (TEM)
using a microscope TEM Tecnai G2 Spirit Bio TWIN.

The PCA of the samples obtained was studied on
the model reaction of photodegradation of organic
cationic type dyestuff of methylene blue (MB) in tita-
nium dioxide aqueous suspensions under conditions
of visible light irradiation (a day light lamp with a
power of 40 W with a color temperature of 6400 K)
under the action of UV radiation (mercury lamp of low
pressure of 10 W power, where the maximal intensity
range of UV radiation is 240—270 nm). The qualitative
PCA of the phase obtained was evaluated through the
degradation of MB to find its the residual concentra-
tion spectrophotometrically (using the spectropho-
tometer UNTKO 1201, A = 670 nm, /= 10 mm). Every
run was repeated not less than three times.

RESULTS AND DISCUSSION

In coprecipitation, Ti** and Zn?* ions were practi-
cally completely transferred into the precipitate, and
this was confirmed by quantitative chemical analysis.
The precipitates were obtained by X-ray.

To select optimal temperatures of thermal treat-
ment of materials, thermal and thermogravimetric
analyses of synthesized samples were carried out. In
Fig. 1, for example, a derivatogramm of the sample of
titanium dioxide is given, doped with 0.1 mol % of
zinc. Within the temperature range 80—100°C, an
endothermic peak was observed, and an intense
decrease in mass takes place, mainly owing to the
removal of absorption water. Further decreases in
mass took place until temperature of 400°C was
attained due to decomposition of titanium(IV) oxohy-
droxocompounds and zinc(II), and then the sub-
stance mass was stabilized. Within the temperature
range from 400 to 800°C, against the background of a
constant sample mass, a small exothermic peak at
440°C was observed, which is connected with the for-
mation of anatase crystal phase and this is confirmed
with X-ray phase analysis (Fig. 2). No pronounced
thermal effects were observed, i.e., the substance
formed is one-phase and thermally stable to 800°C,
unlike what was found in [34], where the materials
were described with higher contents of the modified
additive: from 0.1 to 0.35 mol % ZnO/TiO,. The total
mass loss due to water evaporation was about 38.4%;
therefore, the composition of the initial phase can be
described by the formula TiO, - 2H,0. Note that deri-
vatogramms of pure titanium dioxide [35] and modi-
fied with 0.1 mol % of Zn?* have the same appearance,
Vol. 12
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and this can be explained with small amount of the
introduced additive.

Data from thermogravimetric analyses allow us to
select the following temperature modes for the further
thermal treatment of materials: 500, 600, 700, and
800°C. X-ray patterns of the materials studied based
on titanium dioxide modified with Zn?>" in the amount
of 0.1 mol % in thermal treatment indicated that they
are X-ray amorphous. After thermal treatment to
800°C, the materials had an anatase crystal phase (Fig. 2).
The content of anatase crystal modification increased
with the temperature of thermal treatment. Peaks of
rutile and brookite were absent in the X-ray pattern.

The X-ray pattern in Fig. 2 shows that if the tem-
perature increases to 800°C, the catalytic active ana-
tase modification of titanium dioxide is stable. For
pure titanium dioxide, depending on the method of
production, the transition of anatase to rutile occurs at
600—700°C [30, 36]. When some metal cations intro-
duce (iron [35, 37], cobalt, nickel [38] and others
[39]), the transition of anatase to rutile takes place at
lower temperature. Therefore, one can conclude that
the introduction of Zn?" in the amount of 0.1—1% sta-
bilizes the anatase modification. These conclusions
support the results of previous investigations [34, 40,
41]. Increases in the temperature of thermal treatment
leads to increase of intensity and decrease in peak
width in X-ray patterns, indicating material crystalli-
zation.

Based on the positions of anatase (101) peaks in
X-ray patterns, the average size of crystallites was
found to be 12—25 nm (Table 1). Increases in the tem-
perature of thermal treatment led to small increases in
particle size and were, evidently, connected with the
crystallization of titanium dioxide and accompanying
agglomeration. It can also be concluded that particle
sizes changed slightly with both temperature and
amounts of zinc ions in the samples.

With increases in thermal treatment, the processes
of crystallization proceeded more actively. This led to
increases in particle size and decreases in the specific
surface of final powder materials.
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Fig. 2. X-ray pattern of materials doped with Zn?* jons in
amount of 0.1 mol %, held at 120°C (curve 2), 500°C
(curve 3), 600°C (curve 4), 700°C (curve 5) and 800°C
(curve 6), as well the X-ray pattern of the sample of its ana-
tase modification from the data base PDF-2 (curve 1).

Based on the TEM study (Fig. 3), particles of syn-
thesized nanomaterials tended to aggregate to form
conglomerates of several hundred nanometers in size,
and this couldd decrease their catalytic activity. The
individual particles of these conglomerates have
dimensions of ~10—20 nm, depending on preparation
conditions, as well as well-defined boundaries and a
nearly spherical shape, factors that make it possible to
use the Debye—Scherrer equation to determine their
size from the broadening of the X-ray reflexes. Note
also that the Zn?*"-doped samples are agglomerated
less than pure titanium dioxide obtained by the same
method [30].

The results of PCA investigations of the samples
obtained are given graphically (Fig. 4) as the depen-
dence of fractions of photodegraded MB on contact
time with a catalyst. As seen from Fig. 4, all synthe-
sized nanomaterials doped with zinc(II) ions and cal-
cined at 500 and 600°C had PCA in the UV spectral
region. The PCA of samples after thermal treatment at
500°C were practically the same, and after burning at
600°C, the PCA was markedly higher than the corre-

Table 1. Conditions of synthesis and properties of titanium dioxide nanomaterials doped with zinc

Thermal treatment Particle size*, nm
temperature, °C TiO, 0.1% Zn—TiO, 0.5% Zn—TiO, 1% Zn—TiO,
500 9 D ” ”
600 13 15 18 19
700 18 1 o1 ’3
800 21 23 23 54

* Particle size was evaluated from the regions of coherent scattering calculated from X-ray phase analysis data.
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Fig. 3. TEM patterns of dioxide titanium sample modified with 1 mol % of Zn*", and calcined at (a) 500°C and (b) 600°C.

sponding catalyst activity based on titanium dioxide
Degussa P25 from industrial production.

The samples studied showed high PCA under the
action of not only ultraviolet radiation but also visible
light (Fig. 5). As was shown in examination [23]
through absorption-UV spectroscopy, doping with
Zn?" decreases the width of the forbidden zone (to 2.7 €V)
and makes it possible for modified material to show
the PCA in the visible spectral part.

Materials calcined at 600°C (Figs. 4b, 5b) showed
higher PCA compared with nanomaterials subjected
to burning at 500°C (Figs. 4a, 5a). Also note that the

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

samples studied reproduced the rate of photocatalytic
degradation, even after five repeated cycles.

According to the theory of heterogeneous catalysis,
the amount of active centers on the surface of material
is factors influencing the rate of reaction; these centers
actively form when there are defects on the surface
[35]. The introduction of small number of modified
additives led to a distortion of the crystal lattice and a
violation of electrical neutrality, and this was the rea-
son for the increase in the PCA. The effect appeared
for nanosized particles with a high specific surface.
When doped values are determined, it is necessary to
consider that the introduction of a material that is
Vol. 12
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Fig. 4. Results of investigations of the PCA under the light action of a UV range of samples, containing 0.1 (curve /), 0.5 (curve 2)
and 1.0 mol % (curve 3) of Zn2+, calcined at (a) 500°C and (b) 600°C (b) and control sample Degussa P25 (curve 4).
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Fig. 5. Result of action of visible light on the PCA activity of nanomaterials containing 0.1 (curve /), 0.5 (curve 2) and 1.0 mol %
of Zn?* (curve 3) after thermal treatment at (a) 500°C and (b) 600°C.

inert with respect to catalysis will decrease the PCA
[23]. An optimum balance between these two tenden-
cies can be found experimentally. Among the materials
studied, material containing Zn?>* in amount of
0.1 mol % has the best photocatalytic properties under
action of either UV or visible light, and this optimal
composition confirms the results of [24].

CONCLUSIONS

A simple and economical method for the synthesis
of materials based on titanium dioxide modified with
Zn(II) in the concentration range from 0.1 to 1.0 mol %
has been proposed. This method is a low-temperature
synthesis of the intermediate compounds Ti(IV) and
Zn(IT) followed by their thermal treatment. The mate-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 12

rials obtained are nanodisperse and one-phase, and
they are crystallized in an anatase structure and ther-
mally stable to 800°C. It was found that such materials
are photocatalytically active in both UV and the visible
spectral regions. The UV-radiation-induced PCA of
these materials is higher than that of Degussa P25
commercial material, which is pure titanium dioxide.
The highest degree of PCA was found for the material
containing 0.1 mol % of Zn?* and calcined at 600°C.
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