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The use of hydrothermal treatment of amorphous material obtained by hydrolysis of titanium tetrabut-
oxide provides a nanostructured mixture of anatase and brookite – photocatalytic active phases of titanium
dioxide, which are characterized by thermal stability to the phase transformation to rutile if particle size is
about 4 nm and value of the specific surface area is 175 m2/g.
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1. INTRODUCTION

Titanium dioxide exists in three modifications, such
as, anatase, brookite, and rutile. Anatase (tetragonal
structure,  symmetry group) is irreversibly transfor-
med into rutile (tetragonal structure, symmetry group

) upon heating, and transition temperature is deter-
mined by its morphological characteristics [1]. Meta-
stable phase of brookite (rhombohedral structure,
symmetry group) is relatively poorly studied, although
its higher photocatalytic activity in comparison with
anatase is noted in a number of works, in particular [2].
Surface energy of brookite particles is 2.5 times larger
than of anatase ones (1.0 ± 0.2 and 0.4 ± 0.1 J/m2, re-
spectively) [3]. In the majority of the cases, brookite is
obtained in the hydrothermal conditions at tempera-
tures of 100-200 °C [4]. Monophase brookite with sub-
micron crystallites is typically obtained by the hydro-
thermal method at relatively high temperatures and
pressure (P = 1-40 MPa and T = 200-400 °C) [5]. At the
same time, formation of brookite as an impurity in the
synthesis of anatase by the sol-gel method was noticed
in a number of publications, in particular [6-11].

Functional properties of titanium dioxide are deter-
mined by its phase composition, degree of dispersity, and
morphology of particles. Modern chemical technologies
allow to obtain this material in the form of a porous xe-
rogel, aerogel, spherical particles, bars, fibers, or tubes
with the structure of anatase, brookite, and rutile [12-16],
at that different modifications of the sol-gel method took
the first place among the controlled synthesis methods.
Generally, sol-gel method includes the formation of me-
taloxypolymer chains – sol or gel from soluble polyhyd-
roxocomplexes formed as a result of hydrolysis of metal-
organic complex or inorganic compounds. Change in the
reaction parameters (reaction time, temperature, concen-
tration, and chemical composition of reagents) allows to
control the characteristics of the final product. Control of
the behavior of the polycondensation processes in a sol
plays the key role in obtaining nanostructures with the
specified characteristics, since the morphological charac-
teristics and phase composition of titanium dioxide are
determined just on this stage.

Titanium alcoholates are the universal precursors in
the sol-gel synthesis of TiO2 [17, 18]. Absence of foreign
cations in the reaction medium is their main advantage,
while molecules of alcohols can be comparatively easily
removed by washing or thermal treatment. An additio-
nal advantage is the possibility to vary the velocities of
hydrolysis and polycondensation by the change in the
concentration of nucleophilic reagents. Moreover, the re-
activity of alcoholates can be varied by the formation of
the mixed-ligand complexes [19].

The possibility to control the phase composition of
the hydrated titanium dioxide obtained by the hydrolysis
of titanium tetrabutoxide by the change in the acidity
of the reaction medium is stated in the work [20]. The
authors  of  [21]  have established that  for  the  values  of
рН < 0.25 in the diluted acidic solutions, amorphous hy-
drated ТіО2 is crystallized in the form of rutile, and for
0.75 < рН < 0.9 nuclei of anatase and brookite phases
are formed simultaneously.

Decrease in the crystallite sizes of both polymorphs
with decreasing hydrolysis and thermal treatment tem-
perature is interpreted as a consequence of the pres-
ence on the material surface of chemisorbed OH-groups
whose occurence slows down the grain growth.

The aim of the performed investigations was to de-
termine the influence of the synthesis conditions on the
phase composition and morphological characteristics of
ultradispersed TiO2 by the hydrolysis method of titani-
um tetrabutoxide and study of the obtained material by
the methods of the X-ray structural analysis, derivato-
graphic analysis and adsorption porometry.

2. EXPERIMENTAL

2.1 Features of the synthesis of nanoporous and
nanostructured titanium dioxides

Formation of the titanium hydroxide precipitate in
the deposition of alkali diluted solutions of Ті(IV) salts
at room temperature occurs at pH = 1.4. As-deposited
titanium hydroxide is the compound of variable compo-
sition with the most probable formula ТiО(ОН)2·nН2О
(there are several other points of view according to which
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formula Ті(ОН)4 or ТіО(ОН)2 is ascribed to titanium hyd-
roxide) [22].  and  are the main hydroxo-
complex compounds of Ті(IV) which are in the equilib-
rium with the deposited hydroxide phase.

Monomeric hydrolyzed ions exist only in very dilute
solutions. Behavior of the hydrolysis processes and fur-
ther hydrolytic polycondensation (on account of olation
and oxolation reactions) leads to the formation of poly-
nuclear titanium hydroxocomplexes as evidenced by a
slow decrease in pH during aging of solutions and dep-
osition of titanium hydroxide. Henceforth, polynuclear
complexes with a decreased solubility grow to the sizes
of colloidal particles [23]. It was noted that particles of
titanium hydroxide obtained by the sol-gel method of the
spherical shape and size of about 100 nm are composed
of closely packed primary amorphous particles of the
size of 2-3 nm [24].

Advantages of the application of titanium alkoxides
as the precursors in the sol-gel synthesis of ТіО2 led to
active investigations of the behavior of Ti(OR)4 hydrol-
ysis reactions [18]. For the case of titanium tetrabutox-
ide, schematic hydrolysis reaction can be described as
Ti(OC4H9)4 + 4H2O ® Ti(OH)4 + 4C4H9OH, however, it
does not represent the aggregation of hydrocomplexes
in polycondensation with participation of OH-groups [17].
If polycondensation reaction occurs simultaneously with
hydrolysis, an morphous product is typically formed, the
reason being the inhibitory influence of alkyls.

2.2 Synthesis process

The first stage of titanium dioxide synthesis provided
for hydrolysis of titanium tetrabutoxide in the mixture
of anhydrous ethanol, nitric acid, and distilled water.
Solution of titanium tetrabutoxide in anhydrous ethanol
(the finite value is рН = 4) was prepared. Aqueous solu-
tion of ethanol, nitric acid and PEG300 (the finite value is
рН = 0.9) was prepared simultaneously and added drop
by drop to the solution of titanium tetrabutoxide under
the condition of intense mixing. The finite pH value of
the reaction medium was equal to 0.9. Volume ratio of
the components was С16Н36О4Ті : C2H5OH : HNO3 : H2O :
PEG300 = 1 : 15 : 0.3 : 4 : 0.004. Results of the work [25]
were used when planning the experiment.

The obtained mixture was blended during 2 hours to
the formation of a precipitate. Concentration of nitric acid
was the control factor and accelerated hydrolysis simul-
taneously slowing down the polycondensation reaction.
Low values of pH of the reaction medium increased the
aggregation stability of a sol.

At the second stage, two options to continue synthesis
were applied. In the first case, precipitate was separated
from the mother solution by centrifugation and repeat-
edly dispersed in ethanol to minimize agglomeration of
particles. In the second case, its hydrothermal treatment
was performed: the initial solution containing amorphous
precipitate was placed into autoclave with teflon coating
and kept at the temperature of 160 °C during 5 hours.
After hydrothermal treatment suspension was centrifu-
ged; the separated material was washed by ethanol and
dried at the temperature of 60-70 °C.

Two series of the samples were synthesized: system A
(materials obtained under the condition of hydrothermal

treatment) and system B (materials obtained under the
condition of sol deposition).

3. RESULTS AND DISCUSSION

X-ray diffraction investigations of the obtained sam-
ples were carried out using diffractometer DRON-4-07
with  the  X-ray  beam  focusing  by  the  Bragg-Brentano
scheme in the radiation of copper anode (l = 1.54178 Å)
and Ni-filter.

Analysis of the diffraction patterns of the systems A
and B has shown that mixtures of anatase and brookite
phases were obtained in both cases. An exact analytical
separation of the basic reflexes of anatase and brookite
((110), (120) and (111), respectively), which are overlap-
ped in the vicinity of 2θ = 25°, for the case of a nanocry-
stalline material is problem, however, changes in the
content of brookite are clearly fixed by the reflex (121)
at 2θ = 30.81° (Fig. 1). It is established that material of
the system A obtained using hydrothermal treatment is
characterized by a relatively large content of brookite.

Fig. 1 – Diffraction patterns of the initial TiO2 samples of the
systems A and B

Presence of broadening of reflexes on the diffraction
patterns (Fig. 1) indicates the dispersion of the materi-
al. The average particle size L was calculated using the
Scherrer formula L = l/D(2q)cosq0 [26], where l is  the
X-ray wavelength; D(2q) is the half-height peak width;
q is the diffraction angle. As the calculation results have
shown, average size of anatase particles for the initial
materials of the systems A and B are equal to about 4.3
and 3.4 nm, respectively.

Thermal derivatographic investigation of the obtained
materials was carried out using thermal analyzer STA
499 F3 JUPITER in the temperature range of 20-800 °C.
Activation energies were calculated based on the analy-
sis of the DTA curves by the technique [27].

For the material of the system A, mass loss in the
temperature range of 52-770 °C (Fig. 2) was approxima-
tely equal to 18.5 %. The main stage of mass loss (about
7.7 %) is completed at the temperature of about 160 °С
and corresponds to the material dehydration. The process
has endothermic behavior (activation energy is equal to
72 kJ/mole) with the heat absorption maximum in the
vicinity of the temperature of 102 °C. The residual loss
of bound water (to 6 %) is observed in the temperature
range of 158-300 °C. Two exothermal effects with maxi-
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ma at the temperatures of 449 and 502 °C, respectively,
are registered in the temperature range of 300-606 °C,
which are accompanied by the loss to 4.8 % and corres-
pond to the anatase-rutile phase transition.

Total mass loss for the material of the system B was
23.58 % (Fig. 3), at that about 22 % was lost during the
endothermic process (activation energy is 28 kJ/mole)
with maximum at 138 °C. In the temperature range of
220-604 °C, there occurred the exothermic process with
maximum at 320 °C conditioned by the anatase-rutile
phase transition; and 1.56 % of the mass was lost dur-
ing this transition. Mass loss was completed at 540 °С.
One more endothermic process, which was not accompa-
nied by the changes in the sample mass, was observed
in the vicinity of 700 °C.

Thus, differences in the behavior of the materials of
the systems A and B at higher temperatures are observed
under the same conditions of the thermal-induced pro-
cesses on the initial annealing stage. To explain the fixed
result, X-ray structural investigations of the materials
obtained by annealing of the samples of the systems A
and B during 1 hour at the temperatures of 200, 400 and
600 °C, respectively, have been performed.

X-ray phase analysis of the samples of the system A
(Fig. 4) has shown that materials obtained by annealing
at the temperatures of 200 and 400 °C remain the mix-
ture of anatase and brookite phases. At this, weak and
narrow peak is fixed at 2θ = 31.3° and its presence goes

beyond the error of the experiment which can be assig-
ned to the reflex (121) of the brookite phase [28]. Thus,
insignificant amount of brookite nanocrystallites in the
material grows actively even at a relatively low anneal-
ing temperature of 200 °C. At the same time, growth of
relative content of anatase phase (to 64 %) is observed
during annealing at this temperature. This can be exp-
lained by the fact that a part of anatse is in the form of
poorly crystalline particles which are recrystallized du-
ring annealing. Increase in the temperature of thermal
treatment to 400 °C  induces  the  growth  of  a  relative
content of the brookite phase (to 56 %). Obviously, the
anatase-brookite phase transition is observed; however,
presence of the rutile phase is not fixed. Based on the
estimation of the changes in the width of reflexes, one
can state that average size of the material particles is
slightly varied and lies within 4 nm. Phase transition
of a part of brookite and anatase into rutile, whose con-
tent  exceeds  in  this  case  40  %  (Fig.  4),  occurred  after
annealing at the temperature of 600 °C. At the same
time, growth of the anatase and brookite particle sizes
to 10-15 nm is fixed.

X-ray phase analysis of the annealed samples of the
system B (Fig. 5) has shown that at the temperature of
200 °C the material, as well as in the case of the system
A, is the mixture of the anatase and brookite phases,
however, active growth of a part of crystallites of the
latter was not fixed (Fig. 4).

Fig. 2 – Results of the thermogravimetric, differential-thermogravimetric (a) and differential-thermal (b) analysis for the initial
sample of the system A

Fig. 3 – Results of the thermogravimetric, differential-thermogravimetric (a) and differential-thermal (b) analysis for the initial
sample of the system B
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Fig. 4 –  Diffraction  patterns  of  the  samples  of  the  system  A:
initial (a) and obtained by annealing in air during 1 hour at
the temperatures of 200 (b), 400 (c) and 600 °C (d)

Fig. 5 –  Diffraction  patterns  of  the  samples  of  the  system  B:
initial (a) and obtained by annealing in air during 1 hour at
the temperatures of 200 (b), 400 (c) and 600 °C (d)

Increase in the relative content of the anatase phase
with no changes in the average size of its crystallites is
observed similarly to the above considered case. Situa-
tion is changed for the material of the system B obtained
by annealing at the temperature of 400 °C, in the phase

composition of which 15-17 % of rutile is fixed.
The following model can be proposed for the inter-

pretation of the obtained result. In the first case, brook-
ite is present in the form of separate particles that con-
firms the existence of the reflex at 2θ = 31.3°. This is
promoted by the hydrothermal processing conditions, at
which probability of the realization of thermodynami-
cally unstable phase configurations increases [29]. In the
second case, situation when anatase and brookite phases
coexist within a particle is a dominant one. According
to the data of [30], nuclei of the brookite phase which
are formed on the surfaces (112) of anatase crystallites
become the areas, where the anatase-rutile transition
begins. Thus, phase stability of the obtained material is
less. A similar result was obtained by the authors of [31].
For the sample of the system B obtained by annealing
at the temperature of 600 °C, rutile of the particles of
25-30 nm is an absolutely dominant phase, and content
of the anatase phase does not exceed 2-3 %. The above
considerations agree completely with the investigation
results of the structural-absorption characteristics of the
materials of the studied systems. Nitrogen absorption
method at 77 K (sorbometer Quantachrome Autosorb
Nova 2200e) was applied. Specific surface area of the
initial materials of the systems A and B was equal to
60 and 10 m2/g, while annealing at the temperature of
200 °C led to the increase in the specific surface area to
175 and 107 m2/g, respectively.

4. CONCLUSIONS

Using methods of the X-ray structural analysis, ther-
mogravimetry and adsorption porometry, it is established
that hydrothermal treatment of the hydrolysate – tita-
nium tetrabutoxide – followed by annealing at temper-
atures to 400 °C allows to obtain the nanostructured
composite of the anatase/brookite phases with the spe-
cific surface area to 175 m2/g. It is found that the obta-
ined material is characterized by the phase stability of
the anatase/brookite ® rutile transition that can be used
in the design of materials for photocatalytic applications.
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