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Abstract

TiO2 (rutile) samples with a hierarchical 3D nanostructure of the particles 
were synthesized by two methods: liquid hydrolysis of TiCl4 at 90 °С and 
atmospheric pressure; hydrothermal synthesis from TiCl4 at 160 °С and 
different [H2O]/[Ti] ratios. The effect exerted by conditions of the synthesis 
and post-treatments on the crystallite size, morphology, electronic properties 
and pore structure of the rutile samples was investigated. It was shown that 
severe hydrothermal conditions with the ratio [H2O]/[Ti] = 20 provide the 
formation of a more perfect crystal structure of rutile with a smaller band gap 
energy (3.00 eV against 3.06 eV for the rutile obtained by liquid hydrolysis 
at atmospheric pressure). The study revealed the stabilizing effect of cerium 
cations on the pore structure of rutile, which changes upon thermal treatment.

Article info

Received:
5 February 2020

Received in revised form:
18 March 2020

Accepted:
25 April 2020

Keywords: 
Titanium dioxide 
Nanostructured rutile 
Porous structure 
Thermal treatment

1. Introduction

Different morphological types of hierarchical 
3D nanostructures (HNSs) form a new class of 
materials for various applications. Porous three-
dimensional interconnected structures are charac-
terized by large surface-to-volume ratios, which 
provide additional possibilities for the occur-
rence of catalytic reactions within the framework 
[1]. In recent years, the study of TiO2 HNSs has 
been a hot topic in the field of photocatalysis 
and photocatalytic materials for energy and 
environmental applications [1‒4]. The prospects 
of TiO2 HNSs for the photocatalytic processes 
are related to the combination of TiO2 benefits in-
cluding non-toxicity, chemical stability, and elec-
tronic configuration with a hierarchical structure, 
which provides an extended and accessible surface. 

TiO2 is a semiconductor with an energy band gap 
(Eg) between the filled valence band (VB) and 
an empty conduction band (CB) equal to 3.0 and 
3.2 eV for rutile and anatase crystal phases, re-
spectively [5]. When TiO2 is exposed to light hav-
ing photon energy exceeding the band gap, hν>Eg, 
electrons are excited from VB to CB, leaving elec-
tron vacancies (i.e. holes) in VB [6‒8]. The pho-
togenerated electrons and holes can migrate to the 
TiO2 surface and participate in surface redox reac-
tions. The high redox potential of generated holes 
and the formation of reactive oxidants, resulting 
from the interaction of generated electrons with 
surface oxygen, provide an effective degradation 
of various organic pollutants absorbed on the TiO2 
surface [9, 10].

Rutile TiO2 is characterized by a relatively 
small band gap (as compared to other semiconduc-
tors), and an improvement in the material design 
by forming the hierarchical nanostructures opens 
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up wide possibilities for its use in photocatalysis 
due to high specific surface area, beneficial light 
absorption, and appropriate refractive index, along 
with other excellent physical and chemical prop-
erties [11‒13]. The properties of a hierarchical 
system are determined mostly by the properties 
of agglomerated particles, their packing and mor-
phology, i.e. the texture of the material. Hierar-
chical nanostructured materials, which possess the 
porous structure of multiscale porosities on differ-
ent pore diameters from micro-, meso- to macro-
pores, are much desired to present the synergistic 
attractive advantages of each scale of hierarchical 
pores in the development of catalysis, adsorption, 
separation, energy, photocatalysis and biochemis-
try [14]. The crystal structure is formed in the syn-
thesis step; so the chosen strategy of the synthesis 
commonly determines the crystallinity, morpholo-
gy and textural properties of the material, as well 
as its electronic properties. Among various meth-
ods used to synthesize rutile TiO2 HNSs: hydro-
thermal method, solvothermal method, microwave 
treatment, pulsed laser deposition, anodization, 
photolithography, vapor deposition and others, 
the hydrothermal synthesis is the most used one. 
As the name indicates, the method involves heat-
ing in an aqueous medium in the closed volume of 
the reactor, which leads to a pressure boost during 
the synthesis. Generally, sealed Teflon-lined steel 
autoclaves are used under controlled temperature 
and pressure conditions. This process is mainly 
used for the preparation of small-sized particles 
for achieving enhanced surface area. The mor-
phology of the particles can be varied by changing 
crystallization temperature, time and concentra-
tion of etching chemicals [15]. 

Only a few works are devoted to the synthesis 
of rutile TiO2 HNSs by hydrolysis at atmospheric 
pressure [16‒19]. This method makes it possible 
to achieve a very high specific surface area (up 
to 200 m2/g); however, the synthesized material 
has a large amount of structural defects, which can 
enhance its photocatalytic activity [20], on the one 
hand, but diminish the stability of its properties, 
on the other hand. 

It is often necessary to carry out calcination of 
the material for its further application, in partic-
ular, in catalytic processes. The enhancement of 
thermal stability of the material is a topical task 
because textural characteristics of nanostructured 
rutile are of key importance for its application as a 
support of catalysts or photocatalysts. It is known 
that the stabilization of the structural and dispersed 

properties of materials is facilitated by the intro-
duction of various modifying additives into their 
composition. In [21‒23], titania was modified with 
cations of different metals for shifting the anatase 
→ rutile polymorphous transformations to higher 
temperatures, which is reached by inhibiting the 
growth of crystallites stabilized by СeO2 [21], SiO2 
[22] or Y2O3 [23] interlayers. Such modification 
results in the formation of the nanocrystalline ana-
tase structure comprising incoherently intergrown 
particles, and significantly hinders the growth of 
anatase crystallites to the critical values at which 
anatase converts to rutile. In [24, 25], it was found 
that modification with La and Се ions [24] or 
La and Mg ions [25] stabilizes the alumina pore 
structure and specific surface area. The authors 
revealed a relation between the effect exerted by 
metal cations on polymorphous transformations in 
alumina and its structural-mechanical properties. 
The introduction of 3‒10 wt.% Ce into the rutile 
matrix was shown in [26] to decrease the growth 
of nanorutile crystallites under the action of high 
temperature (300‒1000 °С) and provide the for-
mation of a more porous structure in comparison 
with unmodified samples.  

It is possible that rutile samples obtained under 
mild hydrolysis conditions at atmospheric pres-
sure will be more vulnerable to thermal post-treat-
ment in comparison with the material obtained un-
der hydrothermal conditions. Comparative data on 
the properties of rutile samples synthesized under 
different conditions but having a similar morphol-
ogy are absent in the literature. A comparison of 
the properties of materials based on the published 
data will not be correct because the reported stud-
ies are often performed with different precursors 
and details of the synthesis (concentration of re-
agents, pH of the medium, reagents from different 
manufacturers, and equipment). The aim of this 
work is a comparative analysis of structural, tex-
tural, morphological and electronic properties of 
the samples of hierarchical 3D nanostructured ru-
tile obtained by hydrolysis of TiCl4 at atmospheric 
pressure and by hydrothermal synthesis; thermal 
stability of materials in the temperature range of 
300‒1000 °C and the possibility to stabilize tex-
tural characteristics by introducing cerium cations 
are also investigated.

2. Materials and methods
2.1. Synthesis of TiO2 materials	

Rutile synthesis by liquid hydrolysis of TiCl4. 
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The method employed for the synthesis of nano-
structured rutile is described in detail in [19]. 
Briefly, titania (rutile) was synthesized by the 
sol-gel method via the hydrolysis of titanium tet-
rachloride in distilled water at the molar ratios 
[Cl–]/[Ti4+] = 4 and [H2O]/[Ti4+] = 39. The hydro-
lysis reaction was carried out in a thermostatical-
ly controlled glass reactor at 90 °C for 5 h under 
continuous stirring. The white suspension was 
then cooled to room temperature and aged for 
24 h. After that, the resulting suspension was sepa-
rated into sediment and mother liquor by decanta-
tion. The impurities, which are mostly the chloride 
ions, were removed by dialysis against distilled 
water. After that, the sediment was dried at 100 °C 
in air and calcined at 300, 500, 700 and 1000 °C. 
The samples are designated as R90/T, where R is 
rutile and 90 is the temperature of TiCl4 hydroly-
sis. T is the calcination temperature. 

2.1.1. Post-treatment of rutile under hydrother-
mal conditions 

A part of the sample from the reactor (before 
the decantation stage) was placed in a Teflon shell 
and heated in an autoclave for 2 h at 160 °C. After 
that, the suspension was cooled to room tempera-
ture and treated, dried and calcined in the same 
manner as after the hydrolysis procedure. The 
samples are designated as R90-160/T, where R is 
rutile, 90 and 160 are the temperatures of TiCl4 
hydrolysis and hydrothermal treatment. T is the 
calcination temperature.

2.1.2. Rutile synthesis by hydrothermal method 

The required amount of the TiCl4 sample was 
supplemented with water and stirred on an ice bath 
for 30 min; the mixture was then transferred into 
a Teflon shell and heated in an autoclave for 2 h 
at 160 °С. In the first experiment, molar ratios of 
reagents were [Cl-]/[Ti4+] = 4 and [H2O]/[Ti4+] = 
39 (the sample is designated as R160(40)), while 
in the second one, [Cl-]/[Ti4+] = 4 and [H2O]/[Ti4+] 
= 20 (the samples are designated as R160(20). 
After that, the suspensions were cooled to room 
temperature and then treated, dried and calcined as 
after the hydrolysis procedure. In the designation 
of the R160(20)/Т or R160(40)/Т sample, T indi-
cates the calcination temperature.

2.1.3. Modification of rutile with 5% CeO2

The air-dried (not calcined) samples R90 and 

R160(20) were impregnated with a Ce(NO3)3·6H2O 
aqueous solution by incipient wetness method 
with subsequent drying at 80 °C (5Ce/R90 and 
5Се/R160(20) samples, where 5 is the weight frac-
tion (%) of CeO2 in the sample). For comparison, 
the R90 sample was modified with cerium under 
hydrothermal conditions. To this end, the sample 
was poured with a Ce(NO3)3·6H2O aqueous solu-
tion and heated in an autoclave for 2 h at 160 °С; 
after cooling and separation of mother liquor, the 
sample was dried under a lamp at 100 °С. The con-
tent of CeO2 in rutile was 2%, the rest was in moth-
er liquor (the 2Се160/R90 sample). The modified 
samples were calcined at 500 and 700 °С. 

2.2. Investigation of physicochemical properties 

The chemical composition of the synthesized 
samples was estimated by inductively coupled 
plasma atomic emission spectroscopy on an Op-
tima 4300 DV instrument and by X-ray fluores-
cence analysis on an ARL-Advant’x analyzer with 
an Rh-anode X-ray tube. 

XRD studies were performed using an HZG-4C 
(Freiberger Präzisionsmechanik) X-ray diffrac-
tometer with a CoKα monochromatic source (λ = 
1.79021 Å) in a continuous mode in the 2θ angular 
range from 20 to 85°. Crystallite sizes were esti-
mated using the Scherrer equation.

Textural properties (specific surface area and 
pore volume) were analyzed by low-temperature 
nitrogen adsorption (ASAP-2400, Micromeritics).

Transmission electron microscopy (TEM) and 
high resolution transmission electron microscopy 
(HR-TEM) images were obtained using a JEM-
2010 (JEOL, Japan) microscope.

UV-Vis diffuse reflectance spectra were re-
corded at room temperature in the range of 200–
900 nm with 1 nm resolution using a Shimadzu 
UV-2501 PC spectrophotometer equipped with an 
IRS-240 A diffuse reflectance attachment. A spe-
cial pre-packed BaSO4 was used as a reflectance 
standard. UV-Vis spectra were recalculated in the 
Kubelka-Munk coordinates as follows:
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where R∞ is the reflectance (%). The optical band 
gap for the rutile samples was estimated using the 
Tauc method [27] by plotting (F(R∞)hν)2 versus hν 
and (F(R∞)hν)1/2 versus hν, and their linear extrap-
olation to intercept the energy axis.
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3. Results and discussion 

3.1. Crystal structure and crystallite size

The phase composition and crystallite size of 
the samples obtained by hydrolysis at atmospheric 
pressure and under hydrothermal conditions were 
investigated by XRD. According to the diffraction 
patterns (Fig. 1), all the samples, irrespective of the 
synthesis method, have peaks at 2θ angles 32.00, 
42.19, 48.30, 64.07 and 74.45° corresponding to 
the rutile phase. The average size of crystallites 
calculated by the Scherrer formula depends on 
the synthesis method. The uncalcined rutile sam-
ple (R90) obtained by hydrolysis at atmospheric 
pressure has the smallest crystallite size along all 
crystallographic directions (Table 1, sample 1). 
Post-treatment of this sample under hydrothermal 
conditions at 160 °C (sample 6 – R90-160) does 
not alter the crystal structure of TiO2, but increases 
the size of crystallites. A similar result is reached 
when rutile is obtained by hydrothermal synthesis 
from TiCl4 at different [H2O]/[Ti4+] ratios (Table 
1, samples 11 and 16 – R160(40) and R160(20)). 

Therewith, the [H2O]/[Ti4+] ratio in hydrother-
mal synthesis and the succession of hydrothermal 
treatment (immediately or after the formation of 
rutile phase at atmospheric pressure) exert virtu-
ally no effect on the size of the rutile crystallites.

Table 1
Effect of the calcination temperature on the crystallite size of the rutile samples 

synthesized by liquid hydrolysis of TiCl4 and hydrothermal method

# Samples Tcalc., °C Crystallite size (Å) along crystallographic directions
110 (32.00°) 101 (42.19°) 111 (48.30°) 211 (64.07°) 002 (74.45°)

1

R90

100 85 150 160 90 90
2 300 160 220 210 160 230
3 500 220 250 250 180 200
4 700 >250 >250 >250 >250 >250
5 1000 >250 >250 >250 >250 >250
6

R90-160

100 95 175 165 125 >300
7 300 120 170 170 120 130
8 500 220 220 250 220 250
9 700 >500 >500 >500 >500 >500
10 1000 >500 >500 >500 >500 >500
11

R160(40)

100 95 230 165 125 >300
12 300 120 170 220 130 130
13 500 250 >300 >300 250 >500
14 700 >500 >500 >500 >500 >500
15 1000 >500 >500 >500 >500 >500
16

R160(20)

100 95 230 230 125 >300
17 300 160 220 220 140 220
18 500 300 500 300 300 500
19 700 >500 >500 >500 >500 >500
20 1000 >500 >500 >500 >500 >500
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Fig. 1. XRD patterns of the TiO2 samples prepared 
by: 1 – liquid hydrolysis of TiCl4 (sample R90); 2 – 
post-treatment of R90 under hydrothermal condition at 
160 °C (sample R90-160); 3 and 4 – hydrothermal 
method at 160 °C (samples R160(40) and R160(20), 
respectively).
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The size of rutile crystallites increases upon 
thermal treatment for all the samples irrespective 
of the initial conditions of their synthesis. Thus, 
calcination at 300 °C increases the crystallite size 
mostly for the R90 sample. At 500 °C, an increase 
in the crystallite size is most pronounced for the 
R160(40) and R160(20) samples that were ob-
tained directly by hydrothermal method; depend-
ing on crystallographic direction, their size is in 
the range of 250‒500 Å, whereas the crystallite 
size of R90 and R90-160 samples does not exceed 
250 Å. A further elevation of the calcination tem-
perature leads to even stronger growth of rutile 
crystallites; therewith, the crystallite size of the 
R90 sample is two times smaller as compared to 
the samples subjected to hydrothermal post-treat-
ment or initially synthesized under hydrothermal 
conditions. Thus, it can be concluded that the syn-
thesis performed under more severe hydrothermal 
conditions in comparison with the hydrolysis at 
atmospheric pressure enhances the thermal stabil-
ity of rutile only up to 300 °С, whereas a further 
increase in temperature results in the formation of 
large crystallites with the size above 500 Å. 

Modification of uncalcined rutile samples with 
cerium cations hinders the growth of crystallites 
upon calcination (Table 2). Most efficient is the 
introduction of cerium by incipient wetness im-
pregnation (5Ce/R90 and 5Ce/R160(20) samples). 
The stabilizing effect of cerium introduction in the 
R90 sample under hydrothermal conditions (the 
2Ce160/R90 sample) is observed upon calcination 
of the sample at 500 °С, while at 700 °С this effect 
is insignificant.  

3.2. Textural properties	

Investigation of the textural properties of ru-
tile samples by the low-temperature nitrogen ad-
sorption demonstrated that the sample obtained 

at atmospheric pressure has a more developed 
specific surface area as compared to hydrother-
mal samples. Specific surface areas for the un-
calcined samples R90, R90-160, R160(40) and 
R160(20) are 170, 89, 100 and 65, respectively. 
Specific surface area and total pore volume of the 
samples were shown to decrease upon calcination 
at 300‒1000 °C. The decrease in specific surface 
area is virtually independent of the rutile synthesis 
conditions (Fig. 2a). The pore volume (Vpore) of 
the calcined samples decreases not so dramatical-
ly as their specific surface area (Fig. 2b), and the 
dynamics of the Vpore decrease for R90 sample dif-
fers from that observed for hydrothermal samples. 
This sample has a virtually constant total pore vol-
ume up to a temperature of 500 °С. As the calcina-
tion temperature is raised, the pore volume values 
remain constant, whereas the specific surface area 
decreases and the average pore size increases; this 
testifies to implementation of the surface-diffu-
sion sintering mechanism in the temperature range 
of 300‒500 °C [20]. For samples R160(40) and 
R160(20), sintering follows the volume-diffusion 
mechanism, whereas for the R90-160 sample sub-
jected to hydrothermal post-treatment, sintering 
proceeds most likely by the mixed mechanism.

The introduction of cerium cations in the rutile 
matrix made it possible to hinder the decrease in 
specific surface area due to the formation of small-
er crystallites in comparison with pristine rutile, 
as was shown by XRD. Ceria was introduced into 
rutile (R90) by two methods: conventional incip-
ient wetness (dry) impregnation at atmospheric 
pressure and that in an excess of the solution un-
der hydrothermal conditions. In the first case, ru-
tile contained ca. 5% of СеО2 (5Ce/R90), while in 
the second case, only 2% (2Ce160/R90); however, 
even such a low content was sufficient to produce 
the stabilizing effect (Fig. 3a and b), although here 
it was much less pronounced than in the first case. 

Table 2
Effect of the Ce cations introduction on the crystallite size of the rutile samples 

synthesized by liquid hydrolysis of TiCl4 and hydrothermal method

Samples Tcalc., °C Crystallite size (Å) along crystallographic directions
110 (32.00°) 101 (42.19°) 111 (48.30°) 211 (64.07°) 002 (74.45°)

5Ce/R90 500 120 200 150 115 150
700 160 240 250 180 200

2Ce160/R90 500 150 220 200 170 240
700 250 250 250 250 250

5Ce/R160(20) 500 160 >250 >250 170 >250
700 200 >250 >250 >250 >250
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The stabilizing effect of cerium cations at a tem-
perature of 500 °С (Fig. 3a) is connected with the 
formation of a more fine-pored structure as com-
pared to unmodified sample, while at 700 °С – with 
the formation of a greater amount of both fine and 
wide pores (Fig. 3b). When cerium is introduced 
in the R160(20) sample by incipient wetness 
(dry) impregnation, the stabilizing effect is more 

   

Fig. 2. A decrease in specific surface area (a) and total pore volume (b) of the calcined rutile samples with respect to 
the initial values for uncalcined (as synthesized) samples: 1 – R90, 2 – R90-160, 3 – R160(40), 4 – 160(20).

pronounced for the samples calcined at 500 °С. 
In this case, the formation of a more fine-pored 
structure (Fig. 4a) than in pristine rutile is ob-
served. At 700 °C, modification with cerium in-
creases only the amount of wide pores with a di-
ameter greater than 30 nm (Fig. 4b); in this case, 
specific surface areas of pristine and modified ru-
tile are virtually similar.
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Fig. 3. Differential pore size distribution in the rutile samples calcined at 500 (a) and 700 °С (b): 1 – unmodified 
R90; 2 – 5Ce/R90 modified with cerium at atmospheric pressure; 3 – 2Ce160/R90 modified with cerium under 
hydrothermal conditions.
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3.3. Morphology of materials 

Particles of the material obtained by TiCl4 
hydrolysis belong to the rutile phase and have 
an intricate packing system; their characteristics 
correspond to those of 3D hierarchical structures. 
At the first structural level, the primary particles 
coherently intergrow to form nanowires. The 
oriented addition of the primary particles includes 
spontaneous self-organization of adjacent parti-
cles, due to which they become involved in the 
joint crystallographic orientation with the subse-

quent agglomeration of the particles at the plane 
interface [28]. Binding of the particles decreas-
es the total energy of their aggregates due to the 
surface energy of uncompensated bonds of pri-
mary particles, thus leading to the coherent 
intergrowth of particles that is more advantageous 
in terms of energy. Nanowires forming the first 
structural level (Fig. 5a–c) are joined into the fan-
shaped aggregates (Fig. 5d–f) that constitute the 
second structural level. At the third level, the ag-
gregates merge into large spherical 3D particles 
(Fig. 5g–i).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. HRTEM images of rutile crystallites and TEM images of the aggregates of particles in uncalcined rutile 
samples obtained at atmospheric pressure: (a), (d), (g) – R90; and under hydrothermal conditions: (b), (e), (h) – 
R160(40); (c), (f), (i) – R160(20)
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According to TEM studies, hydrothermal sam-
ples are more crystallized (Fig. 5b–c) and less de-
fect than the rutile sample R90 synthesized at at-
mospheric pressure (Fig. 5a). The highest degree 
of crystallization is observed for the R160(20) 
sample, which was synthesized at lower [H2O]/
[Ti4+] ratios (Fig. 5c). The more severe are the syn-
thesis conditions, the more perfect is the resulting 
crystal structure. According to XRD, the thickness 
of filamentary crystallites in fan-shaped aggregates 
for hydrothermal samples (Fig. 5e and f) exceeds 
nearly twofold the thickness of filaments in the 
R90 sample (Fig. 5d). Spherical 3D structures of 
hydrothermal samples are more compact and have 
a more uniform size distribution as compared to 
the R90 sample, which was synthesized under mild 
conditions at atmospheric pressure (Fig. 5g–i). 

The morphological evolution of pristine and ce-
rium-doped rutile samples upon thermal treatment 
was monitored using R90 and 5Ce/R90 samples. 
Fig. 6 displays TEM images of the rutile samples 
calcined at 500 and 700 °С.

According to TEM data, the intergrowth of 
crystallites at the interblock boundaries is observed 

in pristine rutile samples at 500 °С (Fig. 6a) and 
700 °С (Fig. 6b). A different pattern is obtained for 
the rutile sample modified with 5% СеО2 (Fig. 6с 
and d). Between rutile particles, there are interlay-
ers of the weakly crystallized cerium compound 
(Fig. 6d, outlined with an oval), which prevents 
the intergrowth of rutile crystallites at the inter-
block boundaries and forms the porous structure 
of the material. It should be noted that the crys-
tallized ceria phase is not detected by XRD in the 
samples calcined at 500 and 700 °С. Titania may 
inhibit the crystallization of ceria, which concen-
trates in the region of interblock boundaries of ru-
tile in the amorphous state.

3.4. Electronic properties of materials

The UV absorption spectrum of TiO2 nanopar-
ticles can be used to estimate the band gap energy 
(Eg) from its fundamental absorption edge, the sole 
band present in the electronic diffuse reflectance 
spectra of TiO2. As seen in Fig. 7, this intense 
absorption occurs in the spectral region below 
410 nm irrespective of the rutile synthesis method. 

   

   

Fig. 6. TEM images of R90 samples calcined at 500 (a) and 700 °С (b); 5Ce/R90 calcined at 500 (c) and 700 °С (d).
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The form, energy and intensity of absorption were 
virtually identical for the TiO2 samples obtained 
by hydrolysis at atmospheric pressure with or 
without treatment under hydrothermal conditions 
at 160 °С. This is caused by a similar phase com-
position of the sample and close crystallograph-
ic sizes of its particles. Electronic spectra of the 
R160(20) and R160(40) samples obtained under 
hydrothermal conditions are shifted toward high-
er wavelengths. Note that the absorption edge en-
ergy of the sample is affected to a greater extent 
by the [H2O]/[Ti4+] ratio used in the synthesis. It 
was equal to 395 and 380 nm for R160(20) and 
R160(40) samples, respectively. The revealed shift 
of the absorption band edge was caused by the dif-
ference in the size of TiO2 particles and probably 
also by a more perfect crystal arrangement of the 
rutile particles obtained under hydrothermal con-
ditions at [H2O]/[Ti4+] = 20. 

The band gap widths calculated for the rutile 
sample R90, which was synthesized at atmospher-
ic pressure, and for the R160(20) sample, which 
was synthesized under severe hydrothermal condi-
tions, were equal to 3.08 and 3.00 eV, respective-
ly. Such changes in the electronic properties may 
be attributed to structural differences in the mate-
rials (for example, structural defects) and particle 
sizes, which are likely to affect their photocatalyt-
ic properties. The Eg values for anatase and rutile 
TiO2 are in the range of 3.20‒3.57 [29‒31] and 
3.02‒3.23 eV [29, 31], respectively, but strongly 
depend on the particle size and morphology [29, 
32] and the doping cation [31, 33, 34]. A compar-

Fig. 7. UV-Vis DR spectra (a) and their linearization in coordinates (hν*F(R∞))1/2 vrs hν for graphical determination 
of the band gap energy for rutile samples in dependence on the synthesis method: 1 – R90; 2 – R90-160; 3 – 
R160(40); 4 – 160(20).

ison of experimental data with the literature data 
shows that the band gap energy for the TiO2 parti-
cles obtained in our study corresponds to the range 
determined for rutile. Experimental data on Eg for 
R90 and R160(20) samples well agree with the es-
tablished fact that the band gap width decreases 
with increasing the TiO2 particle size [32].

The band gap Eg is an important characteristic 
of a semiconductor for its application in optics and 
photocatalysis. For the photocatalytic application 
of titanium dioxide, it is known that the smaller 
is the band gap energy, the more efficient is the 
absorption of solar energy by the sample. On the 
other hand, high Eg values provide advantages for 
applying the material as a dielectric in electronic 
devices and light pipes.

4. Conclusion

XRD, BET, TEM and UV-Vis DR methods 
were used for comparative analysis of physico-
chemical properties of TiO2 (rutile) having a hi-
erarchical 3D structure, which was synthesized at 
90 °С and atmospheric pressure or under the con-
ditions of hydrothermal synthesis at 160 °С. It was 
shown that mild conditions of the synthesis lead 
to the formation of smaller rutile crystallites with 
low crystallinity and high specific surface area as 
compared to hydrothermal conditions. 

Thermal treatment at 300‒1000 °С results in 
the growth of rutile crystallites along all crystal-
lographic directions irrespective of the synthesis 
conditions, thus decreasing the specific surface 
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area of all the samples. For the sample synthesized 
at atmospheric pressure, the pore volume remains 
constant up to a temperature of 500 °С, which tes-
tifies to sintering of its pores by the surface-dif-
fusion mechanism, whereas at an elevation of 
the calcination temperature to 700‒1000 °С sin-
tering proceeds by the volume-diffusion mecha-
nism. Hydrothermal samples are characterized by 
sintering occurring only by the volume-diffusion 
mechanism. The thermal stability of the samples 
is enhanced by the introduction of cerium salt into 
rutile and its stabilization in the amorphous state in 
the region of interblock boundaries of TiO2 crys-
tallites. The stabilizing effect of Ce cations is vir-
tually independent of the rutile synthesis method.

It was shown that the synthesis under severe 
hydrothermal conditions with a low [H2O]/[Ti] ra-
tio provides the formation of a more perfect crys-
tal structure of rutile with a small band gap energy 
(3.00 eV as compared to 3.06 eV for rutile ob-
tained at atmospheric pressure). Differences in the 
electronic properties may be caused by structural 
features of the materials (for example, structural 
defects) or size effects, which are likely to affect 
their photocatalytic properties.
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