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Abstract—The formation of the structure of titanium dioxide modified with silicon dioxide, which was intro-
duced as tetraethyl orthosilicate, was studied. It was found that the formation of the nanocrystalline structure
of TiO, occurred upon the modification of titanium dioxide with silicon dioxide. This nanocrystalline struc-
ture of TiO, was formed by highly dispersed anatase particles of size 6—10 nm stabilized by silicon oxide lay-
ers, which were formed upon the decomposition of tetraethyl orthosilicate. An increase in the modifier con-
centration resulted in a deceleration of the growth of anatase particles and an increase in the temperature of
the phase transition of anatase to rutile. It was found that the anatase phase in the samples containing 5—
15wt % SiO, was stable up to 1000°C. The stabilization of highly dispersed anatase particles facilitated the
retention of the developed fine-pore structure of xerogels with a pore diameter of 4 nm up to 900°C.

DOI: 10.1134/5002315840905019X

INTRODUCTION

Titanium dioxide with the anatase structure is
widely used in various chemical technologies. It is
used as a catalyst for various processes including the
photocatalytic oxidation of organic impurities in air
and water [1, 2] and as a support for heterogeneous
catalysts including catalysts for protecting the envi-
ronment from nitrogen oxides and carbon oxides [3,
4]. It is a highly efficient material for solar energy con-
version into electric energy [5], for the manufacture of
lithium cell electrodes [6], etc.

At the same time, the anatase modification of tita-
nium dioxide is metastable and turns into rutile as the
temperature is increased above 600—800°C. The phase
transformation of anatase into rutile results in a dra-
matic decrease in the dispersity of particles and a
change in their pore structure to impair the properties
of the material as a support and a catalyst. For exam-
ple, Vedrine | 3] found that the phase transformation of
anatase into rutile in supported V,05/TiO, catalysts,
which are commonly used in the protection of the
environment from nitrogen oxides, resulted in a dra-
matic decrease in the activity of the catalyst.

It was noted that the procedure used in the prepa-
ration of TiO,, including its modification by the addi-
tion of various metal cations, has a considerable effect
on the thermal stability of anatase and on the temper-
ature of the phase transition to rutile. For example, the
additives of vanadium [7, 8], nickel [9], neodymium,
and gadolinium [10, 11] considerably decreased the

temperature of the phase transition of anatase to
rutile, whereas the additives of chromium and tung-
sten [10, 12], as well as cerium [13] and silicon [14]
increased this temperature.

There is no general agreement among authors as to
the nature of the effect of modifying additives on the
temperature of the phase transition of anatase to rutile.
The decrease in the phase transition temperature was
explained by the similarity between the crystal struc-
tures of the modifier and rutile facilitating the forma-
tion of substitutional solid solutions [12, 15, 16], by
the formation of compounds with different bond
strengths [11, 17], or by the decrease in the energy of
formation of rutile nuclei at the anatase crystal—impu-
rity crystal interface [16, 18].

In recent studies, including those performed on
TiO, films supported onto various substrates, it was
found that the initial anatase particle size and mor-
phology are important factors affecting the tempera-
ture of the phase transition of anatase to rutile. Thus,
Gribb and Banfield [19] were the first to demonstrate
that, in nanosized titanium dioxide, anatase particles
should reach a sufficiently large size in the course of
thermal treatment in order for the phase transition to
occur. Anatase is never transformed into rutile until
the particle size increases to a certain critical value, for
example, as a result of agglomeration. As found by cal-
culations, as the particle size of TiO, is decreased, the
free energy of the rutile modification increases consid-
erably to exceed the corresponding values for anatase.
As a result, the anatase phase becomes more stable for
titanium dioxide with particles smaller than 14 nm;
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because of this, the traditional phase transition is con-
siderably hindered. As the particle size of TiO, is
increased above the critical value of 14 nm, the system
returns to its usual state when the rutile modification is
thermodynamically more preferable. This statement
was subsequently supported in other studies [20—26],
although the estimated critical particle sizes of anatase
were somewhat different in some cases. Thus, accord-
ing to Fu et al. [25], this size was about 20 nm, whereas
Zenkovets et al. [27] detected the occurrence of an
anatase phase in titanium dioxide prepared using the
industrial sulfuric acid technology to a particle size of
40 nm at 650°C.

It was found [28, 29] that, in TiO,—SiO, mixed
oxides at sufficiently high silicon contents, titanium
silicalite with the M FI zeolite structure or anatase with
a higher specific surface area, a high thermal stability,
and a higher phase-transition temperature can be
obtained. This higher phase-transition temperature
was associated with the stabilization of highly dis-
persed anatase particles in the structure of amorphous
silica gel and the formation of Ti—O—Si heterobonds.
In addition, note that methods for the synthesis of
TiO,—Si0, mixed oxides, which consist in the hydrol-
ysis or precipitation from organometallic compounds
(or inorganic salts) of titanium and tetraethyl orthosil-
icate, are labor-intensive, energy-consuming, and
associated with the formation of harmful wastes.

At the same time, there are almost no published
data concerning the effect of the modification of tita-
nium dioxide with silicon additives on the formation
of its microstructure and pore structure and on its
thermal stability at elevated temperatures. Although
the effects of various additives on the temperature of
the phase transition of anatase to rutile have been
intensively studied, the reasons for this phenomenon
remain unclear. To clarify this problem, the effects of
modifying additives on the bulk and surface micro-
structures of TiO, should be studied. Recently, these
studies became possible with the appearance of preci-
sion investigation techniques, including high-resolu-
tion electron microscopy.

The aim of this work was to study the effect of the
modification of titanium dioxide with silicon additives
on the phase composition, microstructure, and pore
structure of Ti—Si—O binary oxides in order to prepare
new thermally stable nanomaterials based on TiO,
(anatase).

EXPERIMENTAL

The titanium dioxide samples modified with sili-
con oxide additives in an amount of 1—15 wt % SiO,
were prepared by the incipient wetness impregnation
of anatase, which was prepared by the industrial sulfu-
ric acid technology [30], with an alcoholic solution of
tetraecthyl orthosilicate followed by drying in air and
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then in a drying oven at 110°C for 12 h and thermal
treatment in air over the temperature range of 400—
1100°C for 4 h. Samples are designated as TS-wt %
SiO,-treatment temperature, °C.

The X-ray diffraction analysis of xerogels was per-
formed on a URD-63 diffractometer with monochro-
mated CuK,, radiation. The anatase crystallite size (D,
nm) was estimated based on the size of coherent scat-
tering regions (CSRs) from the Scherrer equation [31]
using the halfwidths of 2.0.0 reflections (Table 1).

The electron-microscopic studies of the samples
were performed on a JEM 2010 instrument with a res-
olution of 1.4 A and an accelerating voltage of 200 kV.

The pore structure of the samples was studied using
the low-temperature (77 K) sorption of nitrogen on a
DigiSorb-2600 Micromeritics instrument. Table 2
summarizes the calculated texture parameters, where
Sget is the specific surface area calculated using the
BET method, V;is the limiting sorption space volume
including the micro—meso pore volume, and D, is
the predominant mesopore diameter. The surface area
of meso- and macropores S, (m?/g) and the micropore
volume V), (cm?/g) were determined using a compara-
tive method for the treatment of N, adsorption iso-
therms in accordance with a published procedure [32].
The mesopore size distribution was calculated from the
desorption branch of an isotherm using the common
Barret—Joyner—Halenda (BJH) method [33].

RESULTS AND DISCUSSION

The modification of titanium dioxide results in a
considerable change in the temperature of the phase
transition of anatase to rutile. X-ray diffraction tech-
niques allowed us to state that, in modified samples
with SiO, contents higher than 5 wt %, the rutile mod-
ification of titanium dioxide was almost not detected
up to 1000°C, whereas it is well known that rutile was
reliably detected in pure titanium dioxide even above
750°C (Table 1). At the minimum SiO, content
(1 wt %), rutile became a predominant phase at
1000°C. As the calcination temperature was increased
to 1100°C, rutile became the main crystalline phase in
the samples with SiO, contents of less than 15 wt %,
and the concentration of anatase remained as high as
80% at a SiO, content of 15 wt %. Note that the ana-
tase crystallite size regularly decreased (at the same
treatment temperatures) as the silicon dioxide content
of the samples was increased.

The unit cell parameters (a and c) of anatase were
insignificantly distorted in all cases; in the first
approximation, they did not differ from the values for
pure anatase prepared by the same method and
unmodified [27].

However, a more precise consideration shows that
both of the parameters a and ¢ were somewhat smaller
than standard values. Taking into account electron-
microscopic data (see below), which are indicative of
a defect structure of anatase particles in the samples
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Table 1. Phase composition and structure characteristics of titanium dioxide and TiO,—SiO, samples

Phase composition Unit cell parameters
Sample D, nm
phase concentration, wt % a, A e, A
TiO,-500 Anatase 100 3.789(1) 9.511(2) 20
TiO,-750 Anatase 20 3.787(1) 9.514(1) 43
Rutile 80 4.589(2) 2.955(2) 95
TiO,-900 Rutile 100 4.590(2) 2.955(2) >100
TS-1-500 Anatase 100 3.781(2) 9.494(5) 30
TS-1-750 Anatase 100 3.781(2) 9.493(5) 30
TS-1-900 Anatase 100 3.779(2) 9.505(5) 43
TS-1-1000 Anatase 25 3.779(2) 9.507(5) 68
Rutile 75 4.587(2) 2.948(2) 90
TS-5-500 Anatase 100 3.788(5) 9.46(1) 10
TS-5-750 Anatase 100 3.781(2) 9.490(5) 20
TS-5-1000 Anatase 99 3.779(2) 9.508(5) 43
Rutile 1 — — —
TS-5-1100 Anatase 1 — — —
Rutile 99 4.590(2) 2.955(2) >100
TS-7-500 Anatase 100 3.784(5) 9.48(1) 10
TS-7-1000 Anatase 95 3.784(2) 9.514(5) 45
Rutile 5 — — 90
TS-7-1100 Anatase 15 3.782(2) 9.515(5) 75
Rutile 85 4.587(2) 2.956(2) >100
TS-15-400 Anatase 100 3.785(5) 9.47(1) 10
TS-15-500 Anatase 100 3.784(5) 9.48(1) 10
TS-15-750 Anatase 100 3.779(2) 9.503(5) 18
TS-15-900 Anatase 100 3.779(2) 9.508(5) 23
TS-15-1000 Anatase 95 3.778(2) 9.502(5) 37
Rutile 5 — — >100
TS-15-1100 Anatase 80 3.782(1) 9.519(4) 60
Rutile 20 4.589(3) 2.957(3) >100

calcined at a temperature lower than 1000°C, we can
hypothesize with caution that silicon ions in a small
(trace) amount can be stabilized in the anatase lattice.
The silicon ions can be localized either at structural
defects or at the sites of substitution for Ti** ions
because the ionic radius of Si** (0.39 A) is much
smaller than the ionic radius of Ti** (0.64 A) [34].

In the anatase structure, the chains of TiOg4 octahe-
dra linked by shared vertices are arranged in (001)
planes along the [100] and [010] directions. The octa-
hedra of two parallel planes have common edges, and
the faces of these octahedra form tetrahedrons (vacant
in an ideal anatase structure) with A—O distances of

1.94 A, where A is the center of the tetrahedron. It is
obvious that the appearance of a silicon atom in a tet-
rahedrally coordinated position results in a consider-
able decrease in the size of the tetrahedron and the
contraction of TiO4 octahedra belonging to two differ-
ent chains. As a consequence, the average Ti—O and
O—O0 interatomic distances in the anatase structure
and the unit cell parameter ¢ decrease because the
chains of TiOg octahedra belong to two parallel (001)
planes.

Electron-microscopic data (Fig. 1) suggest that
titanium dioxide modified with silicon oxide consists
of bulky aggregates of particles of size to 1500 nm,
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which are loosely packed. Figure 2 shows a high-reso-
lution electron micrograph of sample TS-5-500. It can
be seen that the sample is a nanostructured system
consisting of coalesced anatase particles (7—10 nm)
with wide amorphous layers of SiO, of size 0.3—1 nm
in spaces between them. Microanalysis data suggest
the presence of silicon in this sample, and the elemen-
tal composition of the sample (Si, 7.1 at %; Ti,
92.9 at %) is close to its chemical composition. An
increase in the temperature to 750°C facilitates the
growth of the anatase crystallite size to 10—15 nm with
the retention of their nanocrystal structure (Fig. 3).
The formation of closely packed TiO, aggregates,
between which the layers of an amorphous silicon
oxide phase are retained, can also be seen in Fig. 3.

From Fig. 4, it follows that, as the SiO, content of
the sample was decreased to 15 wt %, the layer thick-
ness of amorphous SiO, considerably increased to 2—
5 nm and became comparable with the size of anatase
crystallites (3—9 nm), which is consistent with the size
Dsg of anatase. Moreover, it can be seen that, in some
regions of the sample structure, SiO, partially
occurred on the surface of anatase particles.

The increase in the thermal treatment temperature
of sample TS-15 to 1000°C was accompanied by fur-
ther agglomeration of anatase particles; their size
increased to 40 nm, which is also consistent with the
size Dqgg of anatase. In this case, the structure of TiO,
became regular, and SiO, as islands about 3—5 nm in
size almost uniformly coated the anatase particle
(Fig. 5).

Note that, from the electron micrographs of the
samples calcined at 500—900°C, it follows that the
formed anatase crystals were characterized by a defect
structure, which manifested itself in irregular interpla-

¢ ¥

1 50 nm

Fig. 1. Electron micrograph of sample TS-5-500.
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Table 2. Pore structure parameters of titanium dioxide and
TiO,—Si0, samples

Sample Sger, m¥/g| Vo (V,), cm’/g | Dyore, nm
TiO,-500 92 0.316 7.4
TiO,-750 13 — —
Ti0,-900 2 - -
TS-1-400 191 0.250 3.1
TS-1-500 111 0.285 6.0
TS-1-750 52 0,230 11.5
TS-1-900 23 0.126 9.2
TS-5-400 207 0.221 2.6
TS-5-500 130 0.239 3.9
TS-5-750 75 0.246 7.3
TS-5-900 52 0.174 5.9
TS-5-1000 12 0.075 —
TS-15-400 157 0.150 (0.023) 2.1
TS-15-500 137 0.151 2.6
TS-15-750 84 0.173 3.9
TS-15-900 53 0.108 3.8
TS-15-1000 11 0.079 —

nar spacings. However, the structure of anatase crys-
tallites became almost regular after calcination at
1000°C.

The texture parameters of modified samples also
exhibited special features. From Table 2, it follows that
the specific surface areas of xerogels decreased with
calcination temperature; however, this decrease was
much smaller that in pure titanium dioxide. In this
case, an increase in the concentration of silicon oxide
resulted in the formation and retention of a larger sur-
face area over the almost entire range of temperatures.
The exception is sample TS-15-400; however, this is
the sole sample in a series containing a noticeable
micropore volume (¥, = 0.023 cm?/g). Because of

Fig. 2. High-resolution electron micrograph of sample TS-
5-500.



Fig. 3. Electron micrograph of TS-5-750 (arrows indicate
silicon oxide layers).

this, the surface area calculated by the BET method is
incorrect; moreover, the character of the pore struc-
ture is different from that of the samples calcined at a
higher temperature. Note the following very impor-
tant circumstance: samples TS-5 and TS-15 retained a
highly developed specific surface area up to treatment
temperatures of 900—1000°C.

The pore volume (V) of samples TS-5 and TS-15
remained almost unchanged in the course of thermal
treatment up to 750°C and then began to decrease,
whereas the decrease in the pore volume of sample
TS-1 came into play at 500°C. In addition, the exper-
imental data suggest that an increase in the silicon

ZENKOVETS et al.

dioxide content of the samples caused a decrease in
the pore volumes at calcination temperatures lower
than 500°C.

Figures 6—10 show differential mesopore size dis-
tribution curves calculated using the BJH method. In
Figs. 6 and 7, it can be seen that, as a rule, an increase
in the thermal treatment temperature up to 900°C at a
constant composition of xerogels was accompanied by
an increase in the predominant pore size D, (see
Table 2). At the same time, the calcination of samples
at 1000°C resulted in the almost complete disappear-
ance of the mesoporous part of the pore space and,
correspondingly, in the impossibility of recognizing
the predominant size of these pores.

Figures 8—10 show the effect of the composition of
xerogels on the pore structure upon thermal treat-
ment. From these data, it is clear that an increase in
the concentration of silicon dioxide resulted in the
formation of fine-pore samples, and this feature of the
texture genesis was retained up to a thermal treatment
at 900°C.

Considering the entire set of experimental data, we
can state that the formation of the nanocrystalline
structure of TiO, was formed upon the modification of
titanium dioxide with silicon oxide using the proce-
dure developed. This nanocrystalline structure of TiO,
was formed by highly dispersed anatase particles of
size 6—10 nm stabilized by silicon oxide layers formed
by the decomposition of tetraethyl orthosilicate. An
increase in the modifier concentration resulted in an
increase in the thickness of the SiO, layer between
anatase crystallites to inhibit the growth of anatase
particles as a result of high-temperature agglomera-
tion. According to Gribb and Banfield [19], this
increased the phase transition temperature. Indeed, in
the samples containing 5—15 wt % SiO,, the anatase
phase was stable up to 1000°C. In this case, as the con-

Fig. 4. High-resolution electron micrograph of TS-15-400.

Fig. 5. High-resolution electron micrograph of TS-15-
1000.
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Fig. 6. Differential pore size distribution curves for TS-5
calcined at (7) 400, (2) 500, (3) 750, (4 900, and
(5) 1000°C.
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Fig. 8. Differential pore size distribution curves for
(1) TS-1, (2) TS-5, and (3) TS-15 calcined at 500°C.

centration of SiO, was decreased, the temperature of
the phase transition of anatase to rutile increased to a
lesser extent. This may be explained by the fact that the
amount of the modifier was insufficient for excluding
contacts between anatase particles; as a result, they
underwent agglomeration and conversion into rutile as
a certain size was reached. At the same time, the stabi-
lization of small amounts of silicon ions (at a trace
impurity level) in the anatase structure cannot be com-
pletely excluded. In turn, this factor can also affect the
temperature of the phase transition of anatase to rutile.

The formation of the pore structure of the binary
system also depends on the effect of the increase in the
phase transition temperature depending on the com-
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Fig. 7. Differential pore size distribution curves for TS-15
calcined at (/) 400, (2) 500, (3) 750, (4) 900, and
(5) 1000°C.
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Fig. 9. Differential pore size distribution curves for
(1) TS-1, (2) TS-5, and (3) TS-15 calcined at 750°C.

position of the xerogel. It is believed that the formation
of a noticeable micropore volume in sample TS-15-
400 (Table 2) is related to the formation of bulky layers
of amorphous SiO, (Fig. 4), where molecular-size
pores with an enhanced adsorption potential are
arranged. As the treatment temperature is increased,
the layer thickness decreases and the structure regions
with micropore properties disappear. Note that, evi-
dently, the decrease in the total pore volume of sam-
ples with an increasing amount of introduced silicon
dioxide and at a calcination temperature lower than
500°C is due to a decrease in the free space in the
matrix of TiO, as a result of the arrangement of the
modifier in these pores. The thermal stability of the



766

dv/dD, cm? g~ nm™!
0.040

H

0.035

0.030

0.025

0.020
0.015
0.010F
0.005 1"

N
TST 1

10 Pore diameter, nm

0

Fig. 10. Differential pore size distribution curves for sam-
ples (1) TS-1, (2) TS-5, and (3) TS-15 calcined at 900°C.

formed binary structure is supported by constant pore
volumes for samples containing 5—15 wt % SiO, up to
a treatment temperature of 750°C. The samples with
lower modifier contents decrease their pore volumes
even at a temperature higher than 500°C; this is also
due to the insufficient thickness of the stabilizing layer
of SiO,.

It is believed that the above-mentioned interesting
experimental fact of the formation of the fine-pore
texture of the binary system (at the same treatment
temperature) with increasing the introduced amount
of the modifier is due to the retention of more dis-
persed anatase particles at a higher SiO, content. In
this case, the pore space of mesopores is formed by the
packing of smaller anatase particles and, correspond-
ingly, characterized by a smaller predominant pore
size (Dpoyre). The very fine pore texture with D, 4 nm
persists up to 900°C.

Thus, the modification of nanocrystalline titanium
dioxide with an amorphous phase of silicon dioxide in
accordance with the developed synthesis procedure
allowed us to considerably increase the temperature of
the phase transition of anatase to rutile and to form the
thermally stable fine-pore texture of the TiO,—SiO,
binary system.
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