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Abstract—Rutile nanostructures with a 3D hierarchical structure organization are synthesized via the sol-gel
technique using TiCl4 as a titanium precursor and HCl to regulate the acidity. The effects the synthesis con-
ditions—molar ratios of the reagents ([Cl–]/[Ti4+] and [H2O]/[Ti4+]) and temperature—have on the mech-
anism of formation of the rutile phase are established. We show that the texture and morphology of the rutile
nanostructrures depend on the particle packing at all levels of the hierarchical organization and are directly
related to the synthesis conditions.
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INTRODUCTION

Titanium dioxide is a well-studied material that has
found application in different nanotechnology-based
industries, including nanobiotechnology. For applica-
tions in photocatalysis, lithium-ion cells, Gratzel’s
cells, and bionanomedicine [1‒7], to name a few,
TiO2-based nanostructures must be thoroughly char-
acterized; this includes information on their crystal
structure, size, shape, and morphology (of the constit-
uent particles). Much attention is therefore paid to the
design of nanoscale TiO2 architectures at the synthesis
stage [8]. The sol-gel technique is currently one of the
most commonly used synthesis routes for preparing
TiO2 nanostructures. In essence, it is the hydrolysis of
titanium alkoxides or halides in water or a hydrochlo-
ric acid solution at 150‒180°C, followed by deposition
into an inorganic framework [9, 10]. The sol-gel syn-
thesis route enables one to obtain a product with desir-
able properties by giving f lexibility in adjusting the
chemical nature of a precursor to be used, concentra-
tions of reagents, and temperature and pH of the reac-
tion medium. Controlling these parameters, a final
product of high purity and homogeneity and with
desirable size and morphology can be prepared at low
temperatures [11, 12].

Titanium dioxide occurs in nature in three different
polymorphs: anatase, brookite, and rutile—thermo-
dynamically the most stable polymorph. Owing to its
high refractive index, rutile is broadly used as a pig-
ment in paint formulations and make-up products
[13]. It is known that the high surface energy of rutile,

as compared to anatase, makes it difficult to prepare
rutile nanostrustures [14‒16]. Thus, TiO2 particles of
14 nm or less are thermodynamically more stable in
anatase form, whereas, according to different esti-
mates, the anatase-to-rutile phase transition takes
place when the particle size is within the 14‒70 nm
range. Anatase and amorphous TiO2 particles convert
into rutile form at temperatures in excess of 450°C and
when their size exceeds a certain critical value. At the
temperatures of the polymorph transition, the parti-
cles agglomerate, which leads to a reduction in the
specific surface area (SSA < 7 m2 g–1).

The formation of highly hierarchical 3D structures
is known to have a stabilizing effect on rutile structures
[1]. Conventional approaches to the synthesis of rutile
structures such as sol-gel, electrospray, hydro- and
solvothermal methods, etc., yield f lowerlike agglom-
erates that are typically 200‒400 nm in diameter. The
agglomerates represent ensembles of nanorods that
themselves are chains of nanoparticles of 5‒7 nm in
diameter, which most likely are organized in a certain
preferred manner (direction) [11]. Rutile nanostruc-
tures can be obtained from TiCl4 at temperatures
between 0 and 50°C via a solution‒reprecipitation
technique [17‒19]. The morphology of the rutile par-
ticles has been shown to be strongly influenced by the
initial concentration hydrochloric acid [11]. Spheroi-
dal, cuboidal, f lowerlike, caulif lower-like, and grape-
like forms were observed, depending on the HCl con-
centration. The physical and chemical properties of
the synthesized materials were defined by their
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(micro-)structure, i.e., overall shape, size, surface
morphology, and anisotropy. Nowadays, synthetic
strategies aimed at controlling the geometry of TiO2
nanostructures in all three dimensions are the focus of
research. Such materials possess a specific porous
structure whose nature and pore volume and size dis-
tributions are well known. Texture is a key characteris-
tic of TiO2-based materials intended as catalyst sup-
ports. Properties of a hierarchical system with complex
organization are mainly set by the properties of constitu-
ent particles and the peculiarities of their assembly.

In our early works, we demonstrated the possibility
of synthesizing nanosized rutile structures at atmo-
spheric pressure and temperatures below 100°C, with
the temperature being a factor in the rutile phase for-
mation [20, 21]. Here we provide a detailed study of
the effects the synthesis parameters—temperature
and molar ratios of the reagents ([Cl‒]/[Ti4+] and
[H2O]/[Ti4+])—exert on the morphology and texture
characteristics of nanosized rutile materials.

EXPERIMENTAL
Rutile was prepared from TiCl4 via the sol-gel

method. A series of samples was prepared at a constant
reagent ratio [H2O]/[Ti4+] = 39, three different tem-
peratures (60, 70, and 90°C), and three different val-
ues of the [Cl‒]/[Ti4+] ratio (4, 4.4, and 4.8). Another
series of sample was synthesized at a constant tem-
perature of 70°C; a constant reagent ratio
[H2O]/[Ti4+] = 66.5; and different [Cl‒]/[Ti4+] ratios
(4, 4.2, 4.4, 4.6, and 4.8). The resulting white and tur-
bid suspensions strutified into precipitate and a
mother liquor at room temperature for a day. The pre-
cipitate was separated from the mother liquor and
purified of chloride ions (predominantly) by using

dialysis against distilled water, followed by drying in
air at 100°C.

An X-ray diffraction (XRD) analysis of our sam-
ples was performed on a HZG-4C diffractometer in a
continuous mode (Freiberger Prazisionmechanik)
using a Co Kα monochromatic source (λ = 1.79021 Å)
and scanning 2θ in the range of 20°‒85°. The crystallite
size was estimated applying the Scherrer equation for
the (110) reflections at 2θ = 31.0° (for rutile). Raman
spectra of the TiO2 were acquired on a RFS 100/S FT-
spectrometer (Bruker) in the range of wavenumbers
from 3600 to 100 cm-1. Texture characteristics of dried
samples such as SSA, pore volume, and pore size dis-
tribution were obtained by low-temperature nitrogen
adsorption using an ASAP-2400 device (Micromet-
rics). Transmission electron microscopy in regular
(TEM) and high-resolution (HRTEM) modes was
performed on a JEM-2010 microscope (JEOL,
Japan), with a unit-cell resolution of 0.14 nm and an
accelerating voltage of 200 kV. Scanning electron
microscopy (SEM) imaging was performed on a JSM
6460LV microscope operating at 25 kV.

RESULTS AND DISCUSSION
Hydrolysis of TiCl4 at different temperatures is

accompanied by phase transitions in the parental reac-
tion medium. Mixing the reagents together produces a
transparent solution that gradually turns into an opal-
escent sol and then into a white turbid (milky) suspen-
sion that eventually, when stirring is stopped, segre-
gates into a clear liquid and a white precipitate at the
bottom. Under strongly acidic conditions, at a high
[Cl‒]/[Ti4+] ratio of 4.8, and a temperature of 60°C,
the precipitate did not form until after 2.5‒3 h of heat-
ing the reacting mixture; a similar situation took place
at the synthesis temperature of 70°C. The formation of
a copious precipitate occurred almost immediately
after the solution was heated to 90°C, with the rutile
yield being slightly higher in more acidic solutions.
The rutile yield as a function of the [Cl–]/[Ti4+] ratio
at different synthesis temperature is plotted in Fig. 1.

With the increased solution acidity, at a synthesis
temperature of 60°C and [Cl–]/[Ti4+] ratio of 4, 4.4,
and 4.8, the rutile yield comprised 93.8, 34.3, and
3.4%, respectively, while at 70°C the yield was 92.2,
88.7, and 25%, respectively. At 90°C, the rutile yield
improves with the increasing [Cl–]/[Ti4+] molar ratio.

The XRD analysis of the dried precipitate and the
dry residue obtained by evaporating the supernatant
showed that the former is the rutile form of TiO2 and
the latter contained predominantly the anatase form
(data not shown). The diffractograms recorded in this
study are similar to those previously reported by us
[20]. The XRD analysis revealed that the rutile nano-
crystals are 55‒70 and 140‒200 Å long in the (110)
and (002) directions, respectively. Raman spectros-
copy confirmed that, regardless of the synthesis tem-

Fig. 1. (Color online) Rutile yield vs. the [Cl]/[Ti] ratio
at different temperatures (60, 70, and 90°C) with
[H2O]/[Ti 4+] = 39.
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perature and acidity, the precipitate formed is the
rutile form of TiO2, which was identified by the bands
characteristic of the rutile lattice vibrations at 143 (B1g),
447 (Eg), 612 (A1g), and 826 (B2g) cm−1.

With the [H2O]/[Ti+4] molar ratio of 66.5 and 39
and varying [Cl–]/[Ti+4] from 4 to 4.8 at the constant
temperature of 70°C, the effect of HCl on the rutile
yield was not unambiguous (Fig. 2). Thus, increasing
the [Cl–]/[Ti+4] molar ratio (4, 4.4, and 4.8)—and an
excess of water ([H2O]/[Ti+4] = 66.5)—improves the
yield, reaching 100% at [Cl–]/[Ti+4] = 4.8. Con-
versely, at low [H2O]/[Ti+4] = 39, as the concentration
of the HCl drops, the rutile yield increases, reaching a
maximum of 92.2% at [Cl–]/[Ti+4] = 4.

Our experimental results suggest that the reaction
mechanism, the formation of a certain TiO2 poly-
morph, and its texture characteristics and morphology
are affected by the reaction temperature and the molar
ratios of the reagents.

As is known from previous studies, TiO2 poly-
morphs such as rutile and anatase can be synthesized
via hydrolysis; however, using hydrolysis, it is more
difficult to prepare nanocrystals with rutile than ana-
tase structure [22, 23].

TiCl4 + 2H2O → TiO2(rut) + 4HCl, (1)
TiCl4 + 2H2O → TiO2(anat) + 4HCl. (2)

The Gibbs free energy of reactions (1) and (2) is
‒59.32 and ‒54.29 kJ/mol, respectively, which means
that they proceed spontaneously [23]. The difference
between these quantities is only 4.03 kJ/mol.
Although reaction (1) is energetically more favorable
than (2), the latter is more kinetically facile at elevated
temperatures [23]. Nonetheless, by varying several
reaction conditions simultaneously—ratios of the
reagents and temperature and duration of the hydroly-
sis—one can find combinations that make kinetics of
either reaction (1) or (2) faster as a result of a reduction
in their activation energy.

Many authors consider that the mechanism of for-
mation of the rutile polymorph from aqueous TiCl4
sols consists in the “aging” of the complex ion
[Ti(OH)nClm]2– (n + m = 6) [24–27], with n and m
depending on the acidity and chloride concentration;
m grows with the solution acidity, that is, with [H+]
and [Cl‒]. According to the crystal field theory, Ti(IV)
(3d0 configuration) possesses octahedral coordination
in both an aqueous solution and in a solid. In the
aqueous TiCl4 sol, [Ti(OH)2Cl4]2– represents an octa-
hedron wherein Ti, a central atom, is coordinated to
four in-plane chloride ions and to two hydroxide ion
in the apexes. Upon dilution, the chloride ions are
replaced with hydroxide ions to give [Ti(OH)4Cl2]2–.
A pH < 3.5 and the synthesis temperature of 95°C, the
surface of rutile nuclei found both in the aqueous
TiCl4 solution and in the sol is protonated.

The formation of the nanocrystalline rutile poly-
morph can be depicted as follows: rutile nuclei com-
bine with the complexes under discussion as a result of
(i) water-molecule elimination from the OH‒ ions
through the oxolation reaction and (ii) the elimination
of HCl, whereby H+ is taken from the nuclei and Cl‒

from [Ti(OH)4Cl2]2–. At higher chloride concentra-
tions, a rutile nucleus, a combination of two octahe-
dral complexes linked together, can coordinate Cl‒,
which encourages the connection between the edges
rather than the faces. In this way, in the course of
hydrolysis, the growth of the anatase form is sup-
pressed and the formation of rutile nanocrystals is
promoted, since the anatase form is made up of TiO6
octahedra with shared planes, while the rutile form has
its octahedra connected through the edges [20, 24,
28]. This mechanism is in good agreement with our
experimental data when the hydrolysis is carried out at
90°C. At a lower temperature (70°C), the reaction
mechanism is still valid but at a greater excess of water
in the reaction medium ([H2O]/[Ti+4] = 66.5). With
an insufficient amount of water and increasing
[Cl]/[Ti] ratio, we observed the formation of a mixture
of the polymorphs and their nuclei, which is due pos-
sibly to competing reactions that lead to the formation
of brookite, amorphous phase, and their predecessors.

Texture parameters of dried rutile samples depend
on the synthesis conditions. Figure 3 shows the differ-
ential pore size distribution curves calculated via the
Barrett‒Joyner‒Halenda (BJH) method. As can be
seen, the porous structure of the materials is quite
complex and mostly consists of 3‒8 nm mesopores. In
the first series of the samples, which were prepared
with [H2O]/[Ti+4] = 39 and at 60°C, the fraction of

Fig. 2. (Color online) Rutile yield vs. the [Cl–]/[Ti4+] ratio
at different [H2O]/[Ti4+] ratios (66.5 and 39) and the tem-
perature of 70°C.
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mesopores with a size of 3.5‒4 nm increases with the
[Cl–]/[Ti+4] ratio up its maximum (Fig. 3a), whereas
at 70°C the pore size is nearly independent of the
[Cl–]/[Ti+4] ratio (Fig. 3b). At 90°C a distinct
biporous structure occurs for all [Cl–]/[Ti+4] tried
(Fig. 3c).

Key texture characteristics of the rutile samples
prepared under different synthesis conditions (tem-
perature, the [Cl–]/[Ti+4] and [H2O]/[Ti+4] ratios),
which were derived from the low-temperature nitro-
gen adsorption data, are summarized in the table.
Thus, according to the Brunauer–Emmett–Teller
(BET) analysis, the SSA of the samples prepared at
different hydrolysis temperatures grows with the
[Cl–]/[Ti+4] ratio. At [H2O]/[Ti+4] = 39, the samples
synthesized at 60 or 70°C have the highest SSA when
[Cl]/[Ti] is 4.8, while for the 90°C samples the SSA is
highest at the [Cl–]/[Ti+4] of 4.4. However, these rela-
tions are not always consistent with the pore-size dis-
tribution as derived from the BJH analysis. In charac-
terizing a porous structure, one has to account for
finer mesopores in the range of 2 to 3.5 nm—the range
not included in the BJH method. As can be appre-
ciated from the table, all the samples exhibit a trend
to have their mesopore fraction increased when the
[Cl–]/[Ti+4] ratio is raised from 4 to 4.8, which permits
the conclusion that higher acidity leads to a denser
material.

Unlike the samples prepared with the high
[H2O]/[Ti+4] ratio of 66.5, those with [H2O]/[Ti+4] =
39.19 feature the presence of micropores that increase
in number with the acidity, as can be seen from the
adsorption isotherm shown Fig. 4. Increasing the
medium acidity leads to (i) f lattening adsorption iso-
therms (nearly parallel to the P/P0 axis); (ii) a stronger
displacement toward greater adsorption in the low-
pressure region; and (iii) nearly vanishing hysteresis,
which is characteristic of microporous materials. In
fact, a denser material has more micropores in it.

By varying the synthesis parameters, one can
obtain a material with SSA in the range of
110‒190 m2/g and with the pore volume of
0.1‒0.2 cm3/g.

Some of the key parameters characterizing nano-
structured materials include the degree of crystallinity,
domain size, number of defects, nature and stability of
the surface. It has been recently reported that oxides
having the rutile-type structure form nanorods that
are made of spherical particles connected together
along certain crystallographic directions [29]. Direc-
tional aggregation of particles begins with their self-
organization, whereby they are aligned along some
crystallographic orientation, followed by the attach-
ment at the interface. Particle binding reduces the
overall energy of the aggregates at the expense of the
surface energy of uncompensated bonds of the pri-
mary particles, which thus leads to a more energeti-
cally favorable and coherent binding between the par-
ticles. This mechanism is equally valid for “free” par-
ticles and those having excess of adsorbed water at
their surface. This process can allow for the difference

Fig. 3. (Color online) Differential pore-volume distribu-
tions of the rutile samples prepared at different [Cl–]/[Ti4+]
ratios (indicated in the figure) and synthesis temperatures
of (a) 60, (b) 70, and (c) 90°C.
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between various binding directions for the particles,
whereas the (near-)surface oxygen vacancies may
facilitate the specific adsorption of water molecules
and the formation of surface hydroxyl groups. Syn-
thetic rutile nanopowders with large SSA usually con-
sist of associates of fine particles with numerous lattice
defects. The preparation of nanocrystallites having a
length of 80 ± 20 nm and diameter of 5‒10 nm has
been reported [11]; f lowerlike agglomerates of these

nanocrystalls with a size of 200‒400 nm are morpho-
logically similar to our samples.

A systematic analysis of the samples prepared at
below 100°C with several electron microscopy tech-
niques (TEM, HRTEM, and SEM) revealed that the
nanostructured rutile samples have a complex packing
arrangement and, owing to the characteristics
described, fall into a category of 3D hierarchical struc-
tures [2]. At the first level of structural organization,

Texture characteristics of the rutile samples as affected by the synthesis conditions

*These pore sizes are not amenable to BJH analysis.

T, °C [Cl]/[Ti] [H2O]/[Ti] aBET, m2/g VΣ, cm3/g
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4
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4.8
39.19 152 0.14 49 3.6
66.7 168 0.16 44 3.8

90°C 4
39.19

120 0.18 12 5.9
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4.8 125 0.10 50

Fig. 4. (Color online) Adsorption and desorption isotherms for rutile samples prepared at different values of the [Cl–]/[Ti4+] ratio,
with [H2O]/[Ti4+] = 66.5 and a temperature of 70°C.
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the particles are coherently bound into filamentlike
structures (Fig. 5a) which, in turn, are bundled in fan-
like aggregates (Fig. 5b)—the second level of organiza-
tion.

At relatively low synthesis temperatures (60 and
70°C) and a low [Cl–]/[Ti+4] ratio, the aggregates
appear as individual particles with a size from 10 to
100 nm. Raising the temperature to 90°C yields larger
(up to 500 nm) and denser aggregates.

At the third level, the aggregates are organized into
rather larger formations with a size of 1‒8 μm (Fig. 6).
The SEM images of the samples prepared at 60 and
70°C (Figs. 6a, 6b, 6d, 6e) show 6‒8 μm particles of
similar morphology reminiscent of a caulif lower. The
synthesis conducted at 90°C yielded 1‒1.5 μm struc-
tures of a spherical shape, which reduced the surface
energy (Figs. 6c, 6f).

The effects the synthesis conditions have on the
morphological features of the rutile were explored by
varying the synthesis temperature, molar ratios of the
reagents (Fig. 7).

Regardless of the acidity, raising the synthesis tem-
perature from 60 to 90°C gives larger aggregates, as
follows from TEM imaging (Figs. 7а → 7c and 7d → 7f).
In acidic media and with higher [Cl–]/[Ti4+] ratio of
4.8, there is a tendency to yield denser aggregates
when compared to the case when [Cl–]/[Ti4+] = 4.
These data corroborate the findings obtained with
low-temperature nitrogen adsorption measurements.
By comparing the TEM images of the different sam-
ples under discussion, we can conclude that raising the
[Cl–]/[Ti4+] ratio from 4 to 4.8 exerts a greater effect
on the morphology at 60 and 70°C than at 90°C.

Fig. 5. (a) HRTEM image of coherently intergrown rutile
nanoparticles and (b) TEM image of rutile nanofilaments
bundled in fanlike aggregates.
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Fig. 6. SEM images of rutile samples synthesized at (a, d) 60, (b, e) 70, and (c, f) 90°C.
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A series of the TEM images of the samples pre-
pared at 70°C, [H2O]/[Ti+4] = 66.5, with a varying
[Cl–]/[Ti4+] ratio, is shown in Fig. 8. At the low values
of [Cl–]/[Ti4+] (4, 4.2, and 4.4), the aggregates
formed are small and loose (Figs. 7a–7c). Raising
the [Cl–]/[Ti4+] ratio to 4.6 and 4.8 results in the for-
mation of significantly lager and dense aggregates

(Figs. 8d, 8e). These data also show a correlation with
the nitrogen adsorption measurements (table).

Summarizing the experimental results, we can
conclude that the specificities of the texture and mor-
phology of the nanosized rutile samples synthesized
herein are (i) determined by particle packing at all the
levels of the structural hierarchy and (ii) strongly

Fig. 7. TEM images of the rutile samples prepared at [H2O]/[Ti] = 39, with [Cl]/[Ti] being (a‒c) 4 and (d‒f) 4.8. The synthesis
temperature is (a, d) 60, (b, e) 70, and (c, f) 90°C.
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Fig. 8. TEM images of titanium dioxide samples synthesized at 70°C, the molar ratio [H2O]/[Ti4+] = 66.5, and variable [Cl]/[Ti]
ratio: (a) 4, (b) 4.2, (c) 4.4, (d) 4.6, and (e) 4.8.
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depend on the synthesis conditions. Functional prop-
erties of the material are directly related to its crystal
structure, texture, and the size and shape of the con-
stituent particles [30‒31]. Therefore, the exploration
of the possibilities of controlling these parameters
through adjustments of the synthesis conditions is of
fundamental and practical significance.

CONCLUSIONS
We have developed a technique for synthesizing

rutile with a highly porous and 3D hierarchical struc-
ture. The mechanism of the rutile phase formation is
shown to be affected by all the synthesis parameters,
i.e., the molar ratios of the reagents ([Cl–]/[Ti4+] and
[H2O]/[Ti+4]) and temperature. Varying one of the
synthesis parameters affects the way the rutile yield as
well as the texture and morphology depend on the
other parameters. Studying the effects the synthesis
parameters have on the structure and texture charac-
teristics of the nanosized rutile, we found that increas-
ing the temperature and acidity gives rise to rutile
aggregates of greater size and increases the compact-
ness (density) of the material. The mixed-type porous
structure stems from the specific particle morphology.
The particles are arranged in a complex multilevel
structure: the filamentlike coherently intergrown crys-
tallites stem radially from a common center and form
fanlike aggregates that are packed into 3D structures
having a form of intergrown or individual globules,
which depends on the synthesis conditions. Regard-
less of peculiarities of the porous structure and mor-
phology, the rutile samples, which were synthesized in
a broad range of temperatures and molar ratios of the
reagents, possess a developed surface (large SSA) and
considerable porosity, which makes them prospective
materials as catalyst supports.
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