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Photocatalytic processes are attracting increasing
interest because they can help solve a variety of prob�
lems, including those of decomposition of hazardous
and colored organic compounds in solutions and gases
[1–6], debacterization [7], creation of nanophotonic
and sensor devices [8, 9], intensification of organic
synthesis processes [10–13], and hydrogen production
[14, 15]. The most popular photocatalyst is titanium
dioxide, for it has high photocatalytic activity and
chemical stability and is inexpensive and nontoxic
[16–19]. However, photocatalyst processes employing
pure titanium dioxide are difficult to carry out in prac�
tice because, at elevated temperatures, this compound
undergoes phase transitions changing its particle size,
while use of finely divided titanium dioxide, including
as a hydrosol, in real processes is limited by the fact
that the catalyst nanoparticles are difficult to separate
from the substrate. Numerous attempts have been
made to fix titanium dioxide on the surface of various
supports, such as glass spheres and fiber [20, 21] and
zeolites [22]. When preparing such composites, it is
essential to preserve the high catalytic activity of tita�
nium dioxide and the possibility of manifestation of
quantum size effects and to choose an appropriate
support.

Among the binary oxide�based catalytic systems, of
great interest are nanosized silicon and titanium diox�
ides and related materials, which can be obtained as a
variety of structural and morphological modifications,
namely, aerogels, xerogels, coagels, coprecipitated
powders, mesostructured substances, core–shell com�
posites, nanotubes, and related nanostructures [23–
26]. Since heterogeneous catalytic reactions take place
on the catalyst surface, core–shell composites have

the following advantages over coprecipitated compos�
ites: They allow their textural and adsorption proper�
ties to be varied in a wider range owing to the indepen�
dent formation of the core and shell [27–29]. They
allow the crystallization of the titanium�containing
component to be controlled. It is possible to prepare
monodisperse samples with a preset particle size. This is
particularly important when the composites are used as
precursors of photonic crystals. In heterogeneous cata�
lytic applications, this makes it easier to separate the
catalyst from the substrate for catalyst reuse [30–33].

With a catalyst core consisting of silicon dioxide,
whose morphological, structural, adsorption, and sur�
face properties can fairly readily be controlled by vary�
ing the synthesis conditions and the nature of the start�
ing components, it is possible to obtain chemically sta�
ble and nontoxic photocatalysts with preset properties.

Here, we report the effects of the initial substances
(silicon dioxide serving as the catalyst core and TiO2
sol) and synthesis conditions (proportions of the com�
ponents in the composite, pH of the dispersion
medium at all synthesis stages, and calcination tem�
perature) on the physicochemical and photocatalytic
properties of nanosized titanium dioxide deposited on
silicon dioxide microspheres.

EXPERIMENTAL

Materials

Microspherical silicon dioxide to be used as the
catalyst core was precipitated from aqueous solutions
of sodium silicate (SiO2/Na2O = 2.4) with a solution
of ammonium carbonate or acetate and ammonia.
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Alternatively, microspherical silicon dioxide was pre�
cipitated from water–ethanol solutions of tetraethox�
ysilane (TEOS) by a modified Stober method using
dodecylamine as the template. By varying initial syn�
thesis conditions and employing the structure�form�
ing agent, it was possible to vary the specific surface
area of the core between 180 and 700 m2/g and to con�
trol the particle size in the 300–700 nm range [34].

For preparing a TiO2 sol, titanium dioxide was pre�
cipitated with ammonium carbonate from a vigorously
stirred titanium tetrachloride solution with pH 6 or
lower. The precipitate was filtered, washed until free of
chloride ions, and then peptized with nitric acid
(H/Ti = 0.2–0.8, 1.5–6 wt % TiO2) [35].

The formation of a composite with the given mor�
phology is largely due to the Coulomb interaction
between particles bearing opposite charges and differ�
ing in their size. TiO2 sol particles 10–45 nm in size,
which are positively charged at pH <6, are attracted by
larger (300–700 nm), negatively charged particles of
silicon dioxide to form a shell on the latter. The depo�
sition of nanosized titanium dioxide onto silicon diox�
ide microspheres takes place mainly via heteroadagu�
lation. Titanium dioxide sol was introduced into a sil�
icon dioxide suspension (pH 1.0–1.5), and aqueous
ammonia was added under vigorous stirring to bring
the dispersion medium to pH 3–5. The resulting solid
was filtered, washed with distilled water until neutral
pH, dried at 120°С, and heat�treated at 300–1000°С.

The composite was doped by introducing nitrogen�
containing components (urea, thiourea, or diethy�
lamine) into the synthesis. A modifying aqueous solu�
tion of phosphoric acid (0.5–5 wt % in terms of Р2О5)
was added to the samples before heat treatment.

Characterization of Materials

The TiO2 content of the materials was measured
photocolorimetrically [36]. The textural and adsorp�
tion properties of the materials were determined by
adsorption gravimetry using nitrogen or phenol dis�
solved in n�heptane as the adsorbate. The specific sur�
face area of the TiO2 shell of the composite was esti�
mated from the specific surface area of the core and
that of the composite as a whole using the additivity
rule. X�ray diffraction patterns were obtained on a
DRON�3 diffractometer (Ni�filtered СuK

α
 radiation)

at room temperature in the 2θ = 11°–70° range at a
scanning rate of 2 deg/min. The amount of crystalline
titanium�containing component in the heat�treated
material was determined by the acid dissolution
method based on the difference between the solubili�
ties of crystalline and amorphous TiO2 in sulfuric acid
[37]. Composite samples were placed in a 1 M sulfuric
acid solution and were held there for 12 h. Thereafter,
the titanium dioxide that had passed into solution was
quantified in the filtrate by photocolorimetry.

The morphology of silicon dioxide and composite
particles was studied using a JEOL JSM 5610 LV scan�

ning electron microscope. The isoelectric point (pI)
was determined by measuring the electrokinetic
potential by the macroelectrophoresis method at vari�
ous pH values of the composite suspension without a
supporting electrolyte. The electrical properties of the
surface were used to estimate the morphology of the
composite. The similarity between the surface electri�
cal properties of the SiO2 core–TiO2 shell composite
and pure titanium dioxide (pI 6) made it possible to
identify the composite with the desired morphology
and to determine the extent to which the silicon diox�
ide core is screened by the titanium dioxide shell.

Photocatalytic Activity Measurements

The photocatalytic activity of the composites was
measured in the degradation of Rhodamine FL�BM
dye under the action of UV radiation without focusing
on intermediate degradation products. The commer�
cial dye was used as received. The source of UV radia�
tion was a DRSh 250�3 ultrahigh�pressure mercury
lamp. The initial dye concentration was 10–5 mol/l,
and the photocatalyst concentration was 10–3 wt %.
Photocatalytic activity was evaluated as the decrease
in the dye concentration during the process. To do
this, the reaction mixture was sampled at intervals, the
catalyst was separated out, and the extinction coeffi�
cient of the samples was measured on a KFK�3 photo�
colorimeter at a wavelength of 566 nm, which corre�
sponds to the absorbance maximum of the dye. Rate
constants were calculated under the assumption that
the dye degradation reaction is first�order. This
assumption is confirmed by extensive experimental
data on the degradation of organic dyes, including
Rhodamine, in the presence of irradiated titanium
dioxide [30, 38, 39].

RESULTS AND DISCUSSION

We attempted to see how the particle size and sur�
face electrical properties of the composite and of its
TiO2 shell depend on some initial catalyst synthesis
conditions (size, morphology, and charge of the sili�
con dioxide particles and TiO2 sol), on some variable
synthesis parameters (pH values of the suspensions of
the starting components and the resulting composite),
on the proportions of the starting components, and on
the way they were combined. For this purpose, we car�
ried out four series of experiments on the synthesis of
SiO2 core–TiO2 shell composites, systematically vary�
ing one of the above parameters while maintaining the
other conditions invariable. The results of these exper�
iments are presented in Table 1.

An analysis of these results suggests that the TiO2
sol particles that have the smallest statistical mean
diameter d (Table 1, entry 1) form a uniform shell on
the surface of the SiO2 particles, as is indicated by the
fact that the pI of the composite is close to the pI of
titanium dioxide (pI 6). An increase in the mean effec�
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tive diameter of the TiO2 sol particles is favorable for
the formation of a more porous shell and, accordingly,
for a stronger effect of the core on the surface electrical
properties of the composite. This effect manifests itself as
a shift of pI to smaller pH values (Table 1, entries 2, 3).

At a suspension acidity of pH ≤3, the formation of
the necessary structure apparently does not take place.
The silicon dioxide surface in this pH range has a near�
zero charge (SiO2 has pI 2.0–2.5). This is unfavorable
for the Coulomb interaction between the components.
In addition, the product obtain in this pH range is dif�
ficult to filter. On the whole, the specific surface area
of the composite increases with an increasing deposi�
tion pH. The same trend was observed earlier in the
precipitation of pure titanium dioxide [34]. However,
raising the pH of the dispersion medium leads to the
formation of a less porous shell structure, as is indi�
cated by the pI of the composite being very close to the
pI of titanium dioxide (Table 1, entry 7).

At low titanium dioxide contents, the specific sur�
face area of the composite is smaller than the Ssp of the
SiO2 core. This is due to titanium dioxide filling pores in,
and spaces between, core particles (Table 1, entries 8, 9).

This effect may be rather useful in preparing a com�
posite in which the amorphous silicon dioxide matrix
contains TiO2 nanocrystallites whose size is deter�
mined by then pore size or interparticle spaces in sili�
con dioxide. The optimum TiO2 content of the core–
shell composite is within the 20–40 wt % range, and its
precise value is application�dependent.

By increasing the specific surface area of the core
from 182 to 677 m2/g, it is possible to obtain a shell
with a still more developed surface unnatural of pure
titanium dioxide precipitated from solution under the
same conditions, whose maximum specific surface
area is 200–300 m2/g. The increase in Ssp is not
accompanied by any significant change in the pI of the
composite. This can be due to the constancy of the
TiO2 content of the composite and to the similarity of
the composite synthesis conditions.

The silicon dioxide particles obtained from water–
ethanol solutions of TEOS are more monodisperse
and less aggregated than the product obtained from
sodium silicate solutions (Fig. 1). This may be due to
the polymeric structure of the silicate anion in the
sodium silicate solutions, which imparts some specific

Table 1. Effect of synthesis conditions on the most important properties of the SiO2 core–TiO2 shell composite

Entry

Synthesis conditionsa Properties of the composite

TiO2 content 
of the TiO2–

HNO3 mixture, 
wt %

 nm
pH 

of the
 TiO2 sol

Ssp 
of SiO2, 

m2/g

pH 
of  the 
SiO2 

suspension

Deposi�
tion pH pI

TiO2 
content, 

%

Ssp
b, m2/g

composite shell

Effect of the particle size of the TiO2 sol

1 3 10 0.8 197 1.5 4.0 4.8 26.5 266 (377c) 457

2 24 0.7 1.8 3.5 3.8 29.6 262 364

3 42 0.8 1.5 4.0 3.5 29.9 275 458

Effect of the deposition pH

4 1.5 13 1.2 182 1.5 3.0 5.2 26.2 191 216

5 1.2 1.5 3.7 3.8 28.3 223 327

6 1.2 1.5 4.2 4.6 27.4 204 262

7 1.2 1.5 5.6 5.9 27.8 242 398

Effect of the TiO2 content

8 3 12 0.9 189 1.5 4.5 4.3 8.2 119 –

9 0.8 1.5 4.4 5.4 18.4 165 59

10 0.9 1.5 4.8 4.8 25.4 220 311

11 0.8 1.5 4.5 5.3 32.8 185 177

12 0.7 1.5 4.8 3.7 44.6 192 196

Effect of the textural and adsorption properties of the core

13 1.5 12 0.9 182 1.5 4.7 4.8 25.4 220 311

14 1.0 268 0.7 4.8 4.8 29.6 366 711

15 0.8 677d 1.5 4.7 4.8 22.1 445 (503c) –
a For the synthesis conditions, see EXPERIMENTAL. The H/Ti ratio at the final stage of TiO2 sol preparation is 0.8.
b Specific surface areas were determined by phenol adsorption from n�heptane solution.
c Specific surface area determined by nitrogen adsorption.
d SiO2 core prepared by the modified Stober method.

2TiO ,d
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features to the hydrolysis process and to the subse�
quent structure formation stages. The growth of the
composite particles without changes in their shape is
evidence of the formation of a product with the desired
core–shell morphology.

According to our data, the specific surface area of
the titanium dioxide shell and that of the composite as
a whole increase with an increasing degree of disper�
sion of the core (Table 1, entries 13–15). However, the
silicon dioxide core prepared by the modified Stober
method has not only a large specific surface area, but
also a considerable proportion of micropores (Fig. 2),
and, as a consequence, the textural and sorption char�
acteristics (specific surface area and pore volume) of
the composite are worse than those of the core because
of micropore blocking by nanosized colloidal particles
of the titanium dioxide sol. A comparison between the
photocatalytic activities of SiO2 core–TiO2 shell sam�
ples differing in the degree of dispersion of the core
verifies this hypothesis. As is demonstrated in Fig. 3,
the sample with a SiO2 core prepared by the modified

Stober method, which has a considerably larger spe�
cific surface area, is less active. This is likely due to the
fact that titanium dioxide in this sample is less accessi�
ble to the activating radiation and to the reaction
medium.

The X�ray diffraction patterns of the SiO2 core–
TiO2 shell composite with SiO2/TiO2 = 70 : 30 heat�
treated in the 120–1000°С range for 10 h (Fig. 4) indi�
cate that even heat treatment at 300°С causes the for�
mation of the anatase phase, whose content increases
as the temperature is raised to 700°С. Above 800°С,
anatase gradually turns into almost pure rutile, the
most stable TiO2 phase, whose proportion increases
rapidly as the temperature is further raised. The pres�
ence of silicon dioxide in the coprecipitated SiO2–
TiO2 composite markedly hampers the crystallization
of the titanium�containing component during heat
treatment [40]. This is believed to be due to the possi�
bility of isomorphic substitution of titanium for silicon
in the silicon–oxygen tetrahedra with the formation of
Si–O–Ti bonds. The crystallization of TiO2 in the

(a) 1 μm (b) 1 μm

(c) 1 μm (d) 1 μm

Fig. 1. Micrographs of (a, b) silicon dioxide obtained from (a) TEOS and (b) sodium silicate and (c, d) SiO2 core–TiO2 shell com�
posites with cores prepared from (c) TEOS and (d) sodium silicate.
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SiO2 core–TiO2 shell composite also proceeds much
less rapidly than in the case of pure titanium dioxide,
in which the anatase�to�rutile transition takes place
already at 600–700°С (Fig. 4).

Raising the titanium dioxide content of the com�
posite from 10 to 30 wt % leads to an increase in the
degree of crystallinity of the titanium�containing

component upon heat treatment, and this manifests
itself as a higher photocatalytic activity of the product
(Figs. 5, 6). The lower activity of the composite con�
taining 40 wt % TiO2 is likely explained by the fact
that, with an increasing titanium dioxide content, the
properties of the titanium dioxide shell get closer to
the properties of pure titania: the structure becomes

0.4
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Fig. 2. Nitrogen adsorption–desorption isotherms for
(1, 2) SiO2 obtained (1) by the modified Stober method
and (2) from a sodium silicate solution and (3, 4) the com�
posites prepared using these silicon dioxide samples,
respectively.
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Fig. 3. Photocatalytic activity of SiO2 core–TiO2 shell
composites whose SiO2 core is prepared (1) by the modi�
fied Stober method and (2) from a sodium silicate solution.
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Fig. 4. X�ray diffraction patterns of (a) SiO2 core–TiO2 shell composite (SiO2/TiO2 = 70/30) and (b) pure titanium dioxide, both
calcined at (1) 120, (2) 300, (3) 400, (4) 500, (5) 600, (6) 700, (7) 800, (8) 900, and (9) 1000°C. A = anatase; R = rutile.
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thermally less stable, which leads to the conversion of
anatase into rutile, a less active phase.

The highest photocatalytic activity in Rhodamine
FL�BM degradation is shown by the composite con�
taining 30 wt % TiO2, calcined at 700°С (Fig. 7). As
the calcination temperature is further elevated, the
activity of this composite decreases because of anatase
recrystallization into rutile and because of the marked

decrease in the specific surface area. The composites
containing 20 wt % TiO2 retain their high photocata�
lytic activity after calcination in a wider temperature
range (up to 700–800°С). This is due to the slowdown
of the recrystallization and polymorphic transforma�
tion of the titanium dioxide shell owing to the stronger
effect of the silicon dioxide core on this process.

The introduction of nitrogen, sulfur, or phosphorus
as their compounds into the composite enhances the
photocatalytic activity of the titanium�containing
component (Fig. 8). In the general case, this effect is
due to the appearance of impurity levels in the band
gap of titanium dioxide. This reduces the energy nec�
essary for photogeneration of an electron–hole pair to
be involved in the oxidation and, accordingly, destruc�
tion of organic compounds [41].

The photocatalytic degradation of Rhodamine
FL�BM on phosphorus�doped composites proceeds
in some cases at a higher rate than the same process on
the undoped composite (Table 2). However, it is inap�
propriate to increase the dopant content above 0.5 wt %
because this causes the formation of titanium phos�
phates, which slow down TiO2 crystallization [42].
This is indicated by the fact that the photocatalytic
activity peak of the phosphorus�doped composites is
shifted to higher calcination temperatures.

A comparison between the photocatalytic activity
of the SiO2 core–TiO2 shell composite and that of pure
titanium dioxide suggests that the morphological fea�
tures and surface properties of the composite, as well
as the structural state of the titanium�containing com�
ponent (which is determined by the synthesis and heat
treatment conditions), are favorable for more rapid
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Fig. 5. Effect of the composition of the composite on the
crystallization of the titanium�containing component dur�
ing heat treatment.
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Rhodamine FL�BM degradation (for the composite,
k = 0.0813 min–1; for precipitated TiO2 powder, k =
0.0022 min–1). A certain contribution to the photocat�
alytic activity of the composite can be made by the sur�
face of the silicon dioxide core at the dye adsorption
stage.

Thus, the main factors determining the formation
of the SiO2 core–TiO2 shell composites are the size
and charge of the titanium dioxide sol and silicon
dioxide core, the pH of the dispersion medium of the
initial components, the pH of the resulting suspen�
sion, and the proportions of the components in the
composite. The SiO2 core–TiO2 shell composites
show high photocatalytic activity in the degradation of
Rhodamine FL�BM dye. Their activity depends on
the calcination temperature, the percentage and
accessibility of the catalytic component, and the pres�
ence of a dopant.
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