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Effect of heterogeneous inclusions on the formation of TiO2 nanocrystals
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The effects of heterogeneous impurities on the process of titanium dioxide nanoparticle formation during hydrothermal synthesis and photocatalytic
properties of synthesized particles were studied. Pre-formed TiO2 nanoparticles of anatase and rutile modifications were used as the heterogeneous
impurity. It is shown that the heterogeneous impurities may be considered neither as geometric constraints precluding the crystallization, nor as
crystallization centers.
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1. Introduction

Currently, titanium dioxide is of significant interest, both as an object of fundamental research [1–4] and material
for various practical applications [5–23]. Nanosized powders of titanium dioxide are used in metallurgy [5, 6], elec-
tronics [7–9], polymer industry [10, 11], photovoltaics [12–15], and biomedicine [16, 17]. Another important area for
nanocrystalline titanium dioxide is photocatalysis [13,18–23]. Since the properties of TiO2 nanoparticles strongly de-
pend on phase composition, morphology and surface structure, many scientific papers focus on formation mechanism
and design of various titanium oxide nanocrystals [1, 18–29].

Despite great number of papers on the effect of formation conditions on the obtained structure and properties of
titanium dioxide nanoparticles, there is still uncertainty in the mechanisms of various modifications formation and
their stability ranges. The thermodynamically stable TiO2 modification (for macro-sized particles) is that with rutile
structure. However, nanocrystals of titanium dioxide anatase modification are predominantly formed as a result of
the soft chemistry synthesis [1, 4, 18, 24, 26, 28–31]. The transformation of anatase into rutile only takes place upon
additional thermal treatment accompanied by crystal growth [32–35].

It is also unclear, which TiO2 modification is the most active photocatalyst, how an amorphous component influ-
ences the catalytic properties of titanium oxide, which ratio of the amorphous and different crystalline phases is to be
chosen for maximum catalytic activity [22, 26, 29, 30, 35–37].

The studies [38–40] demonstrated that the structural and morphological characteristics of nanoparticles being
formed may be changed by introducing a heterogeneous impurity to act either as geometrical constraints or as crystal-
nucleating centers providing the phases’ structural continuity. Therefore, it is of interest to study the effect of a
heterogeneous impurity on the process of titanium dioxide nanoparticles formation during hydrothermal synthesis and
also on the particles’ photocatalytic properties.

2. Experimental section

Pre-formed nanocrystalline titanium dioxide particles of rutile and anatase structure were used as the nanosized
particles introduced into the reaction medium during nanocrystalline TiO2 synthesis.

The titanium dioxide nanocrystals of rutile and anatase structure were obtained under hydrothermal conditions
by dehydration of hydrated titanium dioxide (TiO2 · nH2O) derivedby precipitation from a dilute solution of titanium
tetrachloride (high pure 12-3, TU 6-09-2118-77) using an ammonium hydroxide solution (reagent-grade, GOST 3760-
79).

The effect of impurity phases on the titanium dioxide crystallization process was studied by precipitating TiO2 ·
nH2O from TiCl4 dilute solution in a suspension of pre-formed titanium dioxide nanoparticles of various structures,
using ammonium hydroxide solution, with subsequent hydrothermal treatment.
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The hydrothermal treatment was conducted at 250 ◦C and P = 70 MPa. PTFE liners with the reagents were
placed into steel autoclaves and loaded into an oven. Upon completion of isothermal exposure at specified tempera-
tures, the oven was switched off, and the autoclaves and the oven were left to cool. The accuracy of the isothermal
exposure temperature control was ±5◦. The hydrothermal treatment time was recorded by duration of the autoclaves’
isothermal exposure in the oven. The synthesis products were rinsed with distilled water and dried at a temperature of
90 ◦C. The duration of the hydrothermal treatment at the oven temperature of 250 ◦C varied from 15 min to 4 hours.
Distilled water was used as the hydrothermal fluid.

To determine the samples’ elemental composition, we carried out energy dispersive X-ray spectroscopy (EDS) on
FEI Quanta 200 scanning electron microscope with EDAX analyzer.

The phase analysis was carried out by x-ray diffraction, using Rigaku Smart Lab 3 X-ray powder diffractometer.
The phase identification was performed by comparing the obtained diffractograms with ICDD database cards. The
rutile to anatase ratio was calculated by formula proposed in [41]. The crystallites’ dimensions were assessed by X-ray
diffraction line broadening, using Scherrer formula. The crystallite size distribution was determined by XRD profile
analysis, with the use of Rigaku Smart Lab 3 and Maud software packages.

Photocatalytic activity of the obtained compositions was studied under HPX-2000-HP-DUV xenon source radia-
tion with a nominal power of 75 W. The weighed sample powder was dispersed in distilled water with ultrasonication
during 30 minutes. Then 1.9 ml of the suspension was transferred into a standard PMMA cell which then was placed
into a spectrometer compartment. The cell content was mixed throughout the experiment using a magnetic stirrer
and thermally controlled at 25 ◦C. 75 µl of 400 mg/l crystal violet water solution was added to the suspension. The
obtained mixture was held for 30 min in a dark place to take account of the possible dye adsorption, and then irradi-
ated for 2 hours. The change in the dye concentration was calculated by reduction in the absorption peak intensity.
Commercial titanium dioxide Degussa P25 powder was used as reference material.

3. Results and discussion

The titanium dioxide nanoparticles pre-formed in hydrothermal conditions were TiO2 of rutile (Fig. 1, curve 1)
and anatase (Fig. 1, curve 2) structure with a crystallite size of about 10 and 15 nm, respectively. Based on the XRD
line nature of the TiO2 rutile sample (Fig. 1, curve 1), it can be concluded that a part of titanium dioxide is in X-ray
amorphous state.

FIG. 1. X-ray diffractograms of the pre-formed nanocrystals: 1 – TiO2 (rutile); 2 – TiO2 (anatase)

According to X-ray diffraction data, the samples’ X-ray diffractograms obtained after hydrated titanium dioxide
precipitation in the suspension of nanoparticles demonstrated X-ray peaks corresponding to TiO2 crystalline phases,
in the suspension of which the hydrated titanium dioxide precipitation was carried out (Fig. 2, curves 1 and 2).

For the reference material, hydrated titanium dioxide was used, which was obtained by precipitating from titanium
tetrachloride dilute solution, in accordance with a method identical to that for obtaining the compositions. The X-ray
diffractogram shown in Fig. 2, curve 1, indicates that TiO2 · nH2O obtained as a result of the precipitation is in X-ray
amorphous state. Based on the data of X-ray diffraction analysis of hydrated titanium dioxide obtained by precipitation
with no impurities and of TiO2 · nH2O precipitated in the suspension of TiO2 nanoparticles of various modifications
(curve 1 and curves 2 and 3, respectively), it can be supposed that the latter is likely to be not all-crystalline and that a
part of the substance is likely to be in X-ray amorphous state. Based on the elemental analysis data, it can be concluded
that impurity elements, the presence of which may arise out of the precipitation method, such as Cl− ions, are absent.

Figure 3 shows x-ray diffractograms for the samples obtained as a result of hydrothermal treatment at 250 ◦C for
0.5 h, as an example.
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FIG. 2. X-ray diffractograms of the initial compositions: 1 – TiO2 · nH2O; 2 – TiO2(rutile)–
TiO2 · nH2O; 3 – TiO2(anatase)–TiO2 · nH2O

FIG. 3. X-ray diffractograms for the samples obtained as a result of hydrothermal treatment at
250 ◦C for 0.5 h. 1 – TiO2 · nH2O; 2 – TiO2(anatase)–TiO2 · nH2O; 3 – TiO2(rutile)–TiO2 · nH2O

The X-ray diffractograms both of the samples with no heterogeneous impurity (Fig. 3, curve 1) and of the sam-
ples obtained by precipitation in the suspension of titanium oxide nanoparticles of various structural modifications,
after hydrothermal treatment (Fig. 3, curves 2 and 3) demonstrated X-ray peaks corresponding to TiO2 anatase mod-
ification. The increase in the isothermal exposure period for all the samples led to increased intensity of anatase
peaks, however, for the system TiO2(rutile)–TiO2 · nH2O, the intensity of reflexes corresponding to TiO2-rutile only
changed insignificantly. Only reduction in the X-ray peak broadening was observed, which may indicate increase in
the crystallite dimensions.

Based on the X-ray diffraction data, crystallization degrees and crystallite dimensions were plotted against the
duration of isothermal exposure (Fig. 4–5).

As it is seen from Fig. 4, at the hydrothermal treatment initial stage, during the first 30 minutes, a rather intensive
anatase formation is observed: the anatase fraction in the system increases from 0.2 to ∼ 0.75 mol.%. This can likely
be explained by TiO2 (anatase) particle crystallization from the amorphous phase. In this case, the nature of change
in the crystalline modification fraction corresponds to that of crystallization of titanium dioxide with no impurities.
The size of crystallites of titanium dioxide formed is systematically smaller than that of crystallites in the system
TiO2(anatase)–TiO2 ·nH2O. Moreover, the dependence between the size of titanium dioxide crystallites obtained with
no heterogeneous impurities and the isothermal exposure duration is monotonic. While in the system “TiO2(anatase)–
TiO2 · nH2O”, the initial stage of crystallization is accompanied by reduction in the mean size of anatase crystallites
(Fig. 4(b), curve 2). It is likely that in the case of crystallization from the amorphous phase the size of particles
formed is much smaller than that of anatase particles already introduced as the heterogeneous impurity (see Fig. 4(b),
curve 1), which leads to a reduction in the crystallite mean size. During the subsequent hydrothermal treatment of
the reaction system, phase formation mechanism is changed, which leads to slowing down of the crystallization rate.
And the anatase crystallite growth is due to the processes of crystallization of the remaining amorphous phase on the
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FIG. 4. Crystalline phase (TiO2-anatase) fraction (a) and anatase crystallite dimensions (b) as a
function of the duration of TiO2 · nH2O hydrothermal treatment (curves 1) and of the composition
of TiO2(anatase)–TiO2 · nH2O (curves 2)

FIG. 5. Amorphous and crystalline phase (TiO2-anatase, rutile) fraction (a) and anatase crystallite
mean size (b) as a function of the duration of the composition TiO2(rutile)–TiO2 · nH2O hydrother-
mal treatment at a temperature of 250 ◦C: 1 – amorphous fraction; 2 – TiO2 with rutile structure;
3 – TiO2 with anatase structure

anatase particles surface, which, in its turn, leads to systematically larger crystallite sizes in the system TiO2(anatase)–
TiO2 · nH2O as compared to crystallites formed as a result of hydrothermal treatment of TiO2 · nH2O.

As a result of hydrothermal treatment of the composition obtained by precipitating TiO2 ·nH2O in the suspension
of rutile nanoparticles, peaks corresponding to anatase structure titanium dioxide appear in the X-ray diffractograms
(Fig. 3, curve 3). Increase in the hydrothermal treatment duration leads to increased anatase peak intensity. However,
increase in the fraction of rutile structure TiO2 phase is very insignificant (Fig. 5(a)).

From the relationship of anatase crystalline phase fraction and change in the mean size of anatase crystallites
formed as a result of hydrothermal treatment (Fig. 5) and also the data of TiO2 crystallization process analysis shown
in Fig. 4(a), curve 1, it is seen that in this case, anatase is also formed at the initial stage from the amorphous phase due
to the process of nucleation. And, judging by mild correlation with the change in the fraction of crystalline titanium
dioxide with rutile structure, the X-ray amorphous component probably contained in the heterogeneous impurity
(Fig. 1, curve 2) is also crystallized primarily as anatase structural modification.

Thus, it can be concluded that the use of a heterogeneous impurity of the studied composition and particle size
has almost no effect on the process of phase formation in the TiO2–H2O system. This is likely due to the fact that the
distance between the introduced nanoparticles significantly exceeds the size of TiO2 critical nucleus [42]. Thus, the
heterogeneous impurities may be considered neither as geometric constraints precluding the crystallization, as it was
the case for Al2O3 [39, 43] or Cr2O3 [44], nor as crystallization centers.

On the one hand, the absence of any effect of titanium dioxide nanoparticles of various structural modifications
on the phase composition of TiO2 · nH2O formed as a result of dehydration under hydrothermal conditions may be
associated with significant difference in the sizes of titanium dioxide critical nucleus and of crystallites introduced as
the heterogeneous impurity. On the other hand, clusters are likely to be formed during the precipitation of TiO2 ·nH2O
from the titanium tetrachloride solution, and the arrangement of titanium and oxygen atoms in the clusters is similar to
anatase structural elements [43, 44]. And at the hydrothermal treatment stage, the anatase-like clusters grow together
following the accommodative mechanism, as it was proposed in [43].
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The results of photocatalytic properties assessment for samples synthesized by hydrothermal treatment of com-
positions obtained by TiO2 · nH2O precipitation in the suspension of anatase and rutile nanoparticles are presented in
Fig. 6.

FIG. 6. Coloring agent relative concentration change as a function of UV-exposure time: 1 –
commercial material TiO2 (P25 Degussa), 2 – sample obtained by hydrothermal treatment of
TiO2(anatase)–TiO2 · nH2O, 3 – sample obtained by hydrothermal treatment of TiO2(rutile)–
TiO2 · nH2O

The analysis of relationships presented in Fig. 6 allows concluding that the sample composed only of the anatase
modification (Fig. 6, curve 2) demonstrates characteristics comparable to that of the commercial material (Fig. 6,
curve 1). While even an insignificant quantity of rutile titanium dioxide leads to remarkable reduction in the system
photocatalytic activity (Fig. 6, curve 3). On one hand, the results agree with literature data, e.g., [26, 45], indicating
that the anatase modification of titanium dioxide exhibits higher catalytic properties than rutile one. However, the
reference material P25 Degussa that, according to [36], consists of a mixture of anatase, rutile and in some cases
amorphous TiO2, demonstrates almost equal photocatalytic properties than the anatase sample. Based on the obtained
results, it can be supposed that the determining influence on titanium dioxide photocatalytic activity is produced by
an interface between various TiO2 modifications formed during the material synthesis. In case of the precipitation
method used, the particles of anatase and rutile are likely to be in pinpoint contact that has no effect on the obtained
system properties, and the method for obtaining P25 Degussa, i.e. pyrolysis of titanium tetrachloride, allows for more
active superficial contact of anatase and rutile.

4. Conclusions

Thus, based on the obtained data, it can be concluded that to control the formation process of titanium dioxide of
any structural modification, we need to vary the conditions of TiO2 · nH2O precipitation from the solution, alter the
chemical composition of precursors [25, 27–31], or precipitation procedures [47, 48].
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