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A simple solvothermal low-temperature synthesis process of
TiO2 nanoparticles was investigated in different solvents [Octa-

nol (Oc), Ethanolamine (Am) and Terathane (Tr)] with tita-

nium (IV) chloride (TiCl4) as precursor. The samples were

characterized by X-Ray Diffraction (XRD) and Transmission
Electron Microscopy (TEM). XRD showed the crystallite size

ranging from 4 to 12 nm, which were calculated using Debye–
Scherrer’s equation. The existence of poor or high crystalline

anatase phases and high crystalline anatase/rutile mixture was
also shown. TEM images displayed variations in the morpho-

logical behavior depending on the synthesis condition. Particles

of irregular morphology with high irregular agglomeration up to

well-defined particles can be observed, which are self-assembled
by oriented attachment (OA). This self-assembly led to TiO2

microparticles with 3-D Wulff shape for anatase and 1-D shape

for rutile. The results showed that the TiO2 nanopowder could
be easily engineered and adapted by the solvent type, the TiCl4
concentration and the synthesis time.

I. Introduction

THE synthesis of titanium oxide (TiO2) nanomaterials has
been intensively studied due to their particularly attrac-

tive chemical and physical properties, which are of interest to
applications in sensing, photochemical water splitting, photo-
catalysis, photovoltaics, and dye-sensitized solar cells.1–5

Depending on the application, a wide variety of requirements
must be fulfilled, such as particle size, shape, crystal struc-
ture, and phase composition. In addition to the TiO2 nano-
particle synthesis with these controlled requirements, the
fabrication and use of one-, two-, and three-dimensional
superstructures from nanoparticles as building blocks has
attracted much attention.6–10 This multidimensional architec-
ture may exhibit interesting properties combining nano-micro
scales with the anisotropic character.

Over the last years, a well-established mechanism for the
growth of multidimensional TiO2 is the oriented attachment
(OA) mechanism.11–15 In this process, low mass and very
large surface area nanocrystallites can cluster spontaneously
to reduce overall energy by removing surface energy,
attracted by adjacent exposed surfaces with a common crys-
tallographic orientation. The OA mechanism is relevant in
cases where particles are free to move, which can take place
in a well dispersed or a weakly flocculated colloidal state.13

Due to of the importance of TiO2 nanoparticles, the exten-
sive advance in the nanotitania synthesis approach is not sur-
prising. Among these, nonaqueous processes, as nonaqueous
sol-gel and solvothermal, have shown to be versatile synthe-

sis procedures.1,11,16,17 The nonaqueous routes offer the
possibility to use different organic solvents in the reaction,
hence, to explore a large variety of parameters (molecular
weight, polarity, solubility, active groups, etc.) and their
influence on the reaction pathways and the final prod-
ucts.11,16,17 This large range of experimental conditions
allows a better choosing, controlling, and understanding the
reaction at the molecular level.

The effects of different organic compounds as oxygen
source and for controlling shape, composition and crystal
structure on the synthesis of oxide nanoparticle are reported
in the reference section.11 In particular, for TiO2, the param-
eters determining the formation of either anatase or rutile,
with varieties in the particle morphology and the solvent
dependence, have been investigated in several works.11,18

In previous works, we described the synthesis of TiO2

nanoparticles using the nonaqueous process.14,19 In fact, we
describe a kinetically controlled crystallization process
assisted by an OA mechanism based on the reaction of tita-
nium (IV) chloride (TiCl4) with different solvents to prepare
recrystallized anatase TiO2 mesocrystals. The kinetics study
revealed a multistep and hierarchical process controlled by
OA, and a high-resolution transmission electron microscopy
(HRTEM) analysis clearly shows that the synthesized meso-
crystal presents a truncated bipyramidal Wulff shape, indicating
that its surface is dominated by {101} facets.14

In this study, we focused on the solvothermal synthesis of
TiO2 nanoparticles and their phase composition and micro-
structure behaviors. First, we studied the formation and
growth of TiO2 particles synthesized using TiCl4 as a precur-
sor in three different solvents. The influence of the synthesis
time, as well as the precursor concentration on the crystallin-
ity degree, crystallite size, phase composition, and anatase–
rutile transformation were analyzed. Second, we explored the
nanoparticle self-organization on secondary particles or
structures by an OA mechanism which results in a hierarchi-
cal growth process. The results confirmed that this is a good
method to prepare TiO2 nanopowder and that OA is an
important mechanism in these systems.

II. Experimental Procedure

Titanium(IV) chloride (TiCl4, 99.99%), n-Octanol (Oc)
(CH3(CH2)7OH, 99%), 2-Ethanolamine (Am) (NH2CH2-
CH2OH, � 99.0%), and polytetramethylene ether glycol
((C4H8O)n(OH)2, 99.9%) –Terathane (Tr), average
molecular weight Mw = 1000 g/mol were purchased from
Sigma-Aldrich. All chemicals were used without further pur-
ification.

The synthesis was conducted in a dry box under controlled
atmosphere. In a glove box, TiCl4 was added to the solvent.
Three different solvents were used: n-Octanol, 2-Ethanol-
amine, and Terathane 1000. Solutions with different TiCl4:
solvent molar ratios were prepared (1:10, 5:10, and 10:10).
The reaction vessel was removed from the glove box and
heated in the silicone oil bath. The temperature was
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controlled at 120°C and with different synthesis times that
ranged from 24 to 72 h. A precipitated white powder was
washed several times with absolute ethanol, the remaining
liquid was removed by centrifugation and was then dried
overnight at 60°C.

X-Ray Diffraction (XRD) analysis (CuKa, k = 1.54056 Å) was
performed using a Rigaku D/MAX-2500 diffractometer (Rigaku
Corporation, Tokyo, Japan). The scanning step size was 0.02 in 2h
with a counting time of 1 s per step. Transmission electron micros-
copy (TEM) was performed with a TECNAI F20 FEI microscope
(FEI Company, Eindhoven, the Netherlands) operated at 200 kV.
Other supplementary analyses were performed. The specific sur-
face area and mass loss, by Thermogravimetric Analysis (TGA),
were measured using a BET surface area analyzer, Micrometrics/
ASAP 2000 (Micromeritrics, Norcross, GA), and a Netzsch STA
409 (Netzsch Company, Selb, Germany) model, respectively.

III. Results and Discussion

Figure 1 depicts the X-ray diffraction (XRD) pattern of the
as-synthesized products with different solvents. Figure 1(a)
shows, for Am, Tr, and Oc synthesized with low TiCl4 con-
centration, 1:10 molar ratio. The data confirmed that all
products were tetragonal-structured anatase TiO2 and no
characteristic peaks of other phases were detected. The dif-
fraction peaks are broad due to the small particle size. For
Tr and Oc, the (101) peak of anatase is sharp, indicating an
intensive growth process for the crystalline nanoparticles.
Note that for Tr, in addition to the main crystalline peak, a
characteristic hump is observed, not very intense, which can
be an amorphous background from a low relative percentage
of uncrystallized powder. For Am, the very broad and low

intensity (101) peak can be the result of the poorly crystal-
lized powder (great amount of amorphous material) and
small-sized crystallite particles. With further increase in the
TiCl4 concentration, 5:10 and 10:10 molar ratio, in Fig. 1(b);
the shapes of the powders synthesized in Am and Tr dis-
played slight variations in relation to the low concentration.
Interestingly, the peaks corresponding to rutile TiO2 become
more apparent when the solvent is Oc.

Crystallite sizes for anatase, Da, and rutile, Dr, were esti-
mated from the Debye–Scherrer formula20 using the (101)
peak and the (110) peak of anatase and rutile, respectively.
The composition of the relative phase of anatase and rutile
was also calculated from the integrated intensities of the
above-mentioned peaks. The rutile fraction is calculated
using the following equation:

% transformation of rutileðWRÞ ¼ 1

1þ 0:8 IA
IR

� �� � (1)

where IA and IR are the integrated intensity of anatase and
rutile, respectively (the integrated intensity was calculated
after the instrumental broadening was corrected).

Table I shows the results for average size and percentage
transformation of rutile. For Am and Oc, with low TiCl4
concentration, the smaller particle sizes were synthesized.
When the TiCl4 concentration and synthesis time were
increased, the particle size slightly increases for the synthesis
in Tr, without evidence of the rutile phase. However, when
Oc is used as solvent, concentration and time effects on parti-
cle size and rutile fraction were more pronounced.

TEM characterization of the as-prepared powder for low
TiCl4 concentration exhibited small particles, 3–5 nm in size,
for all solvents; in reasonable agreement with the XRD
observations; see Table I. All images in Fig. 2 show that the
powders are composed of nanoparticles with the formation
of a larger number of agglomerates. Figure 2(a) shows a
great amount of amorphous material when Am is the sol-
vent, this poor crystallization state is in good agreement with
the XRD results. The TiO2 morphology consisted of irregu-
lar nanoparticles and misorientation at the interparticle con-
nections, which were the predominant facts when using Am
and Tr as solvent, as seen in Figs. 2(a) and (b). However, the
synthesis in Oc, Fig. 2(c), exhibited particles with a more
uniform morphology, truncated tetragonal bipyramidal
shape, accompanied by the increase in events with OA.

When the TiCl4 concentration is increased, 5:10 molar
ratio, in the reaction with Am, no significant changes in the
crystallinity degree of the powder were observed (not shown
here). Moreover, an appreciable amount of amorphous mate-
rial persists in the final product. Several approaches to TiO2

synthesis by nonaqueous process at room temperature in the
amine system as solvent are reported in the literature. Jung

(a)

(b)

Fig. 1. XRD patterns of TiO2 nanoparticles prepared at different
reaction conditions: (a) 1:10 molar ratio (low TiCl4 concentration)
and 72 h for the three different solvents and (b) for Tr and Oc at
higher molar ratio, 5:10 and 10:10, and synthesis times, 36 and 72 h.
The more intense peak for Anatase and Rutile phase are shown.

Table I. Crystallite Size and Phase Contents, Anatase and

Rutile, of Titania Products Synthesized for Various Molar

Ratios and Reaction Times

Solvent

Molar ratio

(TiCl4:Solvent)

Synthesis

time (h)

Da

(nm)

Dr

(nm)

%

Rutile

Am 1:10 72 3.90 – –
Tr 1:10 72 4.98 – –

5:10 36 6.00 – –
5:10 72 7.64 – –
10:10 72 8.46 † †

Oc 1:10 72 5.14 – –
5:10 36 6.03 † †

5:10 72 13.78 8.88 27.51
10:10 36 17.96 8.90 24.72
10:10 72 16.56 10.10 36.00

†Undetected by XRD
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et al.21 on Am and Valverde-Aguilar et al.22 on Diethanol-
amine reported the synthesis of amorphous TiO2 as final
product. Liu and co-worker23 have also reported the amor-
phous TiO2 synthesis in Diethanolamine with high mass loss
(~70%) during thermal treatment. We found a mass loss of
52% in our experiments, the greatest of all the solvents used.
Increases in synthesis temperature and alkyl length of amine
result in more crystalline nanoparticles. However, at present,
the formation mechanism and role of the active group in
surface stability and crystallization state is not yet clear.

However, more interesting and diverse results are exhibited
when the Tr or Oc are used in the reaction. Figure 3 shows a

TEM image of the product obtained for the reaction in Tr at
5:10 molar ratio. The samples synthesized for 36 h, Fig. 3(a),
and 72 h, Fig. 3(b), showed a common fact: the formation of
large scale agglomerates without well-defined architecture by
the self-assembly. However, with increasing time, the agglom-
eration degree decreased and the organization by OA was

(a) (b) (c)

Fig. 2. TEM images of TiO2 nanoparticles with 1:10 molar ratio (low TiCl4 concentration). Details of the amorphous phase, nanoparticle
clusters with partially or complete OA and morphology are shown for (a) Am, (b) Tr and (c) Oc. The bar of the insets in (a) is 5 nm.

(a)

(b)

Fig. 3. TEM images of the TiO2 nanoparticles synthesized in Tr
with 5:10 molar ratio for (a) 36 h and (b) 72. Inset in (a) and (b)
show partial and complete OA between the particles; in (b) the bar
in insets is 10 nm.

(a)

(b) (c)

(d) (e)

Fig. 4. TEM images for TiO2 nanoparticles synthesized in Tr with
10:10 molar ratio at 72 h. The circle in (a) shows a branched
structure. (b) The individual nanorods structure and (c)–(e) the
branched nanorod structure.
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more expanded in the particles. With a new increasing of the
TiCl4 concentration, 10:10 molar ratio, a better definition of
the nanoparticle morphology was obtained. Particularly, the
synthesis at 72 h, Fig. 4, shows that in addition to anatase
nanoparticle population, a few nanorod structures are
observed. Such 1-D structures (nanorods, nanowire, etc.) are
commonly assigned to the rutile phase. The low observation
frequency of this nanorod structure in the sample is consis-
tent with the non detected rutile phase by XRD. Besides, the
individual nanorod structure, Fig. 4(b), minor branched
structures can also be found, marked by a circle in Fig. 4(a).
Figures 4(b)–(e) shows the TEM image magnification of
these structures, individual nanorods, and branched nano-
rods. The nanorod structures have a length that ranges
between 60 and 90 nm for the individual or central arm, in
the nanorod branches, and 25 and 40 nm for the lateral arm.
For the branched structures, two kinds of angles can be
observed, 114° [Figs. 4(c)–(e)] and 55° [Fig. 4(e)]. The synthe-
sis of rutile TiO2 multibranched structures has been reported
in several works.9,10,15,24–26 Some of these works reported
that the variations in branch morphology are due to the fact
that there are two types of twin boundaries, which result in
the two types of angles: the most common (101) twin, in
agreement with our observations, and the less common (301)
twin for 114° and 55°, respectively.

Experiments with same molar ratios, 5:10 and 10:10, and
36–72 h synthesis times were carried out with Oc as solvent.
The TEM images of the samples obtained at different reac-
tion conditions are shown in Fig. 5. Under such experimental
conditions, the formation of large secondary particles with
well-defined architecture was observed. The images show sim-
ilar morphological behavior according to14 on Oc for synthe-
sis at 100°C. The nanopowders are mainly composed by
truncated bipyramidal Wulff structures as secondary particles
with a rough surface. These secondary particles are made up
of many packed nanocrystallites with a bipyramidal mor-
phology assembly by OA. The incomplete formation of Wulff
structures is also observed in some secondary particles and
their relatively broad size distribution can be evidences of a
hierarchical growth process during the self-assembly, as sug-
gested in.14

To confirm the Wullf structure phase, we also examined
the nanomaterials by HRTEM. Figure 6(a) is the corre-
sponding HRTEM image of two alternative geometries for
the bi-dimensional projection of the truncated tetragonal
bipyramidal Wulff shape in two different zone axes. They
showed clear lattice fringes, which allow to identify the crys-
tallographic spacing. Some detailed characteristics (lattice
spacing of crystallographic plane, zone axes, Fast Fourier
Transform, angle between planes) are displayed in Fig. 6(b),
which confirm the anatase structure.

As shown in the TEM image in Fig. 5, large nanowires of
several sizes coexist in the samples, which could be related to
the rutile phase detected by XRD. This wide size range and
the agglomeration degree make difficult to determine the

average length to study the effects of increasing TiCl4 con-
centration and synthesis time on the nanowire dimensions.
Although, with suitable approximation, it can be estimated
that for 5:10 at 72 h and for 10:10 at 36 h, the particle size
may range from 250 to 350 nm in length; up to >450 nm for
10:10 mol ratio at 72 h. An analysis of the lattice images in
this nanowire taken by HRTEM, in Fig. 7, proves its rutile
structure. The interplanar spacing of 0.32 nm is (110) the
crystallographic plane of rutile, confirmed by the insert FFT
pattern along the [001] zone axis.

Our group14 reported the synthesis of anatase for the reac-
tion of TiCl4 with Oc at 100°C with traces of rutile in a con-
centration lower than 5%. Only the considerable formation
of rutile was observed when a magnetic stirrer is used during
the synthesis (see ESI for14). The presence of the rutile phase
was related to the retention of HCl in the reaction system.
As it is known, an acid environment will suppress the growth
of anatase particles and will favor the formation of the rutile
phase.27–29 We suggested that, for its static system, the pres-
ence of Oc attached to the surface invalidates the interaction
between HCl and the anatase particles, and this resulted in a
very low rutile concentration.

In our work, increasing the TiCl4 concentration and syn-
thesis time will increase the rutile percentage because more
HCl is formed in the reaction system. This confirmed the
favorable effect of the acid environment on the formation of
rutile. In contrast with,14 for similar molar ratio, we obtained
a higher rutile concentration. This can be attributed to a
higher temperature used in our experiments. An excess of
thermal energy can promote the Brownian motion, similar to
the magnetic stirrer, and hence the frequency and strength of
the collisions between particles is increased. These two fac-
tors can contribute to the breaking of the solvent bond with
the surface and promotes the HCl–surface interaction.
Another consequence of the temperature increase can be con-
sidered, such as a higher surface area to volume ratios
expected for the nanoscale grains increasing the total surface
energy. Therefore, from an energetic point of view, less
energy is required to activate the phase transformation and
relatively little increases in temperature can supply sufficient
energy to increase the transformation rate.

Thus, an illustrative study of the phase transformation
kinetics was carried out. This kinetics study is based on pre-
vious work14 and presents experimental results for rutile
weight fraction, x, versus the synthesis time, t, and annealing
temperature, T, from XRD spectra. Following the Avrami
Equation30: x = 1�exp (kt)n (where k and n are the rate con-
stant and a constant that depends on the mechanism, respec-
tively), the plot of ln ln(1�x) versus ln t with a regression
line is fitted. The activation energy for the anatase to rutile
transformation can be determined from the slope of an Arrhe-
nius plot of ln k versus 1/T. The n values were calculated in the
1.1–1.2 range and the activation energy was 35 kJ/mol. This
latter value is slightly higher than the previous report:
7.5–21 kJ/mol31 and 20 kJ/mol32 for TiO2 nanoparticles

(a) (c)(b)

Fig. 5. TEM images of TiO2 nanoparticles synthesized in Oc with (a) 5:10 and 72 h, (b) 10:10 and 36 h, and (c) 10:1 and 72 h molar ratio and
synthesis time, respectively.
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using a nonaqueous method. In addition to the high surface
area, there are other factors in our system, such as the uni-
form shape and narrow size distribution of the nanoparticles,
and the interfacial defects (typical of OA process) play an
important role in the phase transition and in the low
activation energy value.

Comparatively analyzing the solvent effects, of Tr and Oc,
on the phase composition and morphology, some interesting
differences were observed. The rutile percentage and OA
extension, which can be associated with the phase transfor-
mation rate and the surface characteristics, respectively, are
the most emphasized ones. We explain these different behav-
iors mainly based on the different chain lengths of the
solvents.

As shown, the rutile phase concentration increases with
the molar ratio and, correspondingly, with TiCl4 concentra-

tion. This concentration effect can be attributed to the acidity
(HCl) variation. In other words, high concentration results in
high acidity, which favors the formation of the rutile phase.
However, with a similar molar ratio, a much lower rutile
content is detected in the reaction when Tr is used as solvent,
when compared with Oc. Therefore, the acid environment is
not considered a sufficient condition and the effectiveness of
the interaction between surface and HCl can be considered.
The higher protecting ability of the Tr layer on the anatase
surface, due to the higher chain length, is a limiting factor
for an effective HCl–surface interaction. Similar to the results
for static and dynamic (magnetic stirrer) conditions at the
same concentration reported in.14 Ding et al.9 reported that
the branched rutile structures became the main morphology
with the decreasing Ti precursor (TiCl4) concentration. In
our experiments, the branched structures observed in Tr, and
not in Oc for similar TiCl4 concentration, are more related with
this lower HCl–surface interaction. Besides the HCl–surface
interaction, another effect related to the chain length should
be considered: the aggregation degree of the nanoparticles
and convenience for the OA. The lower chain length, for the
Oc, enhanced the aggregation of the anatase nanoparticles in
more dense and organized (by OA) structures. This reduces
the total surface energy which facilitates the rutile
nucleation.

On the other hand, the results observed in this study
strongly support the evolution of the units according to the
hierarchical growth mechanism. The hierarchical growth pro-
cess has been reported by other authors in TiO2 synthesis
with different morphologies.4,5,15,33,34 To understand this for-
mation process, we assumed that our reaction system is
highly inhomogeneous, compounded by an assembly of
homogeneous subregions which display variations in their
reaction conditions. This inhomogeneity condition may be
due to the static condition (without stirrer) used in our
experiments. For each one of these subregions, the nucleation
and growth of nanoparticles can be described by the LaMer
model.35 Although the mechanism of the nanoparticles for-
mation is more complex, the simpler LaMer model is used as
a qualitative model to describe this phenomena. According
to the model, the formation of colloidal particles is achieved
by the burst nucleation process from a supersaturated solu-
tion, followed by the growth process which is controlled by
either diffusion or surface reaction.

The variations in the reaction condition (environment
acidity, dispersion degree, supersaturation level, etc.) lead to
differences in the LaMer diagram for each subregion. The
reaction kinetics and development of nanounits evolve with
differences the subregion-to-subregion. Joined with this for-
mation process, the spontaneous self-organization by AO
occurs and at the end a hierarchical arrangement is

(a)

(b)

Fig. 6. HRTEM images of the TiO2 anatase secondary
nanoparticles synthesized in Oc show (a) two alternative bi-
dimensional Wulff shape projection and (b) an analysis of lattice
images. The lattice spacing of 0.35 nm is (101) crystallographic
plane, whereas the 0.47 nm corresponds to the spacing of the (002)
plane. The insert shows the Fast Fourier Transform (FFT) pattern
along the [010] zone axis.

Fig. 7. HRTEM images of rutile nanowire synthesized in Oc. The
inset shows high magnification and typical FFT.
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displayed. The LaMer’s mechanism is depicted schematically
in Fig. 8. According to this figure, for both, Tr and Oc sol-
vent, the inhomogeneous characteristic of the reaction
enables to describe the experimental facts observed. The for-
mation of rutile multipods for Tr is in accordance with the
mechanism proposed by Ding et al.9

IV. Conclusion

In this study, TiO2 nanoparticles were synthesized using the
nonaqueous method with TiCl4 as the precursor in three dif-
ferent solvents: Oc, 2-Am, and Tr. By controlling the reac-
tion parameters, time synthesis and precursor concentrations,
we demonstrate that various simple or multidimensional
morphologies are possible, such as nanoparticles, aggregated
nanorods and nanowire, and 3-D Wulff structures. Although
the anatase form is predominantly obtained, the rutile and
amorphous forms were also confirmed depending on the
reaction condition. This morphology and phase behavior was
explained in terms of the HCl–surface interaction due to the
chain length of the solvents. The kinetics of the hierarchical
growth controlled by OA is strongly affected by the inhomo-
geneity of the system.
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