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The nucleation and growth of sol-gel derived TiO2 colloidal nanoparticles 
have been studied using  experiment and theory as well. In this study, the 
temperature effect on the formation of TiO2 nanoparticles was discussed 
and some effective parameters such as the supply rate of solute (Q0), 
the mean volumic growth rate of stable nuclei during the nucleation 
period (υ�  
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), the diffusion coefficient of [Ti]+4 ions and the nucleus size 
were determined. The formation of TiO2 nanoparticles in three different 
temperatures (60, 70 and 80°C) was studied. The obtained results showed 
that the process temperature has a considerable impact on the nucleation 
and growth of TiO2 nanoparticles. It can be concluded that  increasing the 
temperature leads to a decrease of the supersaturation and an increase 
of the nucleus size, supply rate of monomer, nanoparticles density and 
growth rate as evident from LaMer diagram.
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INTRODUCTION
Since commercially production of TiO2 

nanopowders, in the early of twenty century, they 
have been widely used in a lot of applications 
such as membrane, sensors, and photocatalysts. 
Moreover, within the industrial sector the usage 
of TiO2 nanopowders can be classified in two 
major categories; named as sustainable energy 
and environmental applications. Their potential 
applications in these fields depend on the 
properties of the titania nanomaterial which are 
affected by particle size, morphology and kind of 
polymorph [1,2]. Over the past few years, several 
processes have been developed to prepare the 
titania nanoparticles with designed and controlled 
properties (crystalline phase, size, shape, etc.) 
[3-9]. Due to commercialization potential of 
sol-gel method, it has been extensively used for 
preparation of TiO2 nanoparticles. Recently, it 

has been established that the sol-gel derived TiO2 
colloidal nanoparticles can be employed for the 
surface functionalization of textile materials due 
to their excellent photocatalytic activity under UV 
irradiation [10-12]. Colloidal TiO2 nanoparticles 
can also be used as light emitting source [13]. In 
addition, the prepared TiO2 based nanocomposite 
sol through a low-temperature sol–gel method 
can be applied in wool fabrics [14].  However, 
the particle size of colloidal TiO2 nanoparticles 
and their stability are two important factors that 
must be considered  to extend the application 
fields of TiO2 nanoparticles [15]. Therfore, the 
formation kinetics of well-defined sizes and 
uniform dispersion colloidal TiO2 nanoparticles 
as well as the controlling of aggregation and 
coarsening processes through the growth of 
nanocrystalline titania powders have attracted 
many attentions. Theoretical and experimental 
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approaches showed that the nucleation and growth 
of TiO2 nanoparticles are generally influenced 
by the several factors including metal precursor 
specification, temperature, pH of solution and the 
presence/absence of the catalyst [16-18]. It has 
been experimentally shown that crystallization, 
size, and morphology of the synthesized colloidal 
samples are affected by the temperature [19,21]. 
Oskam et al., [22] reported that the average size 
of primary particles depends on the parameters 
such as coarsing time, temperature and solution 
chemistry. For example, it was indicated that the 
average particle radius decreases linearly with 
temperature on the basis of the Lifshitz- Slyozov-
Wagner model [22].  As stated, in our previous 
paper, [23] some parameters of the nano titania 
crystallization process, e.g. the supply rate of 
solute (Q0), the mean volumic growth rate of stable 
nuclei (υ�  

 

 

θωερτψθωερτψυιοπ[]ασδφγηϕκλ;ζξχϖβνμ,.ΘΩΕΡΤΨΥΙΟΠ{ΑΣΔΦΓΗϑΚΛ:ΖΞΧςΒΝΜ< 

) and the diffusion coefficient of [Ti] 
ions, the particle size and the initial particle radius 
(r0) were determined. The aim of this paper is to 
study the effect of temperature on the formation of 
titanium dioxide nanoparticles which has not been 
numerically discussed up until now. 

EXPERIMENTAL
Scheme of the present experiment is basically the 

same as the experimental and the analytical aspects 
of previous setup, but in different temperature. The 
raw materials containing titanium isopropoxide 
(TTIP) (98%), triethanolamine (TEA), ethanol and 
HNO3 (98%) have been purchased from Merck. 
The preparation of TiO2 nanoparticles was carried 
out as follows: First, a stock solution of Ti4+ was 
prepared by mixing of titanium isopropoxide with 
triethanolamine (TEA) at a molar ratio of TTIP: 
TEOA=1:2 under dry air. The process followed by 
the addition of doubly distilled water to make an 
aqueous stock solution in which the concentration 
of Ti4+ is near to 5×10-4 M. Then, 10 ml of the 
stock solution was mixed with the same volume 
of doubly distilled water. The pH was controlled 
by addition of HClO4 or NaOH solution (pH=9.6). 
The prepared solution was placed in a screw-capped 
pyrex bottle and aged at 100°C for 36 h. Finally, the 
resulting highly viscous gel was mixed with 80 ml 
(2×10-3 M) nitric acid and stirred at 25°C for 3 h 
to dissolve the gel and so prepare a dark solution 
with pH=1. The dark solution was set in water bath 
at various temperatures ranging from 60 to 80°C. 
The products were washed with distilled water and 
observed using a JEM-1200EX II scanning electron 

microscopy (SEM) with an acceleration voltage 
of 80 kV and transmission electron microscope 
using Germany ZEISS Em-900. Fourier transform 
infrared (FTIR) spectroscopy was used to perform 
qualitative and quantitative analyses of organic 
compounds and to determine the chemical 
structure of the prepared sample. X-ray diffraction 
analyses were performed to study the composition 
and phase structure of the synthesized sample. 
Atomic absorption was used to determine the Ti+4 
ions concentration.

Theory
Nucleation as a first stage of transformation 

process in which atom or molecule in liquid 
or gas phase changes to solid phase of material 
is very important. Usually, the first formation 
step of the solid phase from the solution is 
considered as nucleation. In nucleation process, 
several parameters such as supersaturation and 
temperature are playing critical roles. It seems 
that the nucleation of solid phase from the 
solution is highly affected by the supersaturation. 
Supersaturation is usually defined as the difference 
between the chemical potential of the solute 
molecules in the supersaturated (µ) and saturated 
(µs) states respectively. In thermodynamic, the 
chemical potential is also known as the partial 
molar free energy, given by [24,25]:
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where KB indicates the Boltzmann constant and 
T is the temperature. To simplify the calculation, 
the thermodynamic activity of solute in the 
solution was considered equal to its concentration 
and therefore supersaturation can be determined 
as: 

si CCS /=                                                                 (2)

Here, Ci is the concentration of the solute in 
solution and Cs is the saturated or equilibrium 
concentration of the solute. Consequently, 
supersaturation is dimensionless in equation (2). 
Moreover, if S > 1, the nucleus grows and solid 
phase is formed; if S < 1, the nucleus dissolves; and 
if S= 1, nucleus and solution are at equilibrium. 
The nucleation phenomenon is classified into 
two different categories, named as primary and 
secondary nucleation. The term of ‘primary’ is used 
when an unknown form of material is crystalized. 
On the other hand, nuclei are often generated in the 
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vicinity of solid surfaces presented in a saturated 
system. This will be referred to as ‘secondary’ 
nucleation [26, 27].  On the basis of Volmer and 
Weber argument [28], the free energy of nucleus 
formation, G, consists of two terms; GV, and GA. 
The first one is free-volume energy, and the latter 
is free-surface energy. The free-surface energy, 
GA, is directly varied by the interfacial tension 
(γCL) between the solid particle surface and the 
surrounding solution. It is also affected by the 
surface of nucleus. The interfacial tension of nuclei 
increases when their radius increase and, therefore, 
a positive variation can be observed in the free-
surface enthalpy. However, the free-volume energy 
is associated with a negative variation because it is 
negatively proportional to the volume of nucleus. 
Therefore, the nucleus free energy can be expressed 
by the following equation consisting the parameters 
of nucleus surface An, nucleus volume Vn, the degree 
of dissociation α, and the number of ions υ [29]:

∆G = ∆GA+∆GV = AnγCL – (1- α +uυ) VnCCR T ln S     (3)

Approximately, the free-volume energy, ∆GV, 
can be determined by:

∆Gv ≈ Vn ≈ r3                                                             (4)

whereas the free-surface energy, ∆GA, is  
proportional to the size of the nucleus with the 
following manner [29]:

∆GA ≈ An ≈ r2                                                             (5)

The variation of total enthalpy ∆G = ∆GA+∆GV 
against the nucleus radius can be given in Fig. 1. 
As can be found from this figure, when the nucleus 
radius passes through a maximum value (r˃rc), 
the nucleus steady growth occurs, because ∆G will 

decrease.  The maximum value of ΔG corresponds 
to the critical radius of nucleus rc. The critical size 
rc represents the minimum size of stable nucleus. 
A thermodynamically stable nucleus exists when 
the radius of the particle reaches to rc and particle 
growth can be continued. The critical radius of 
nucleus can be obtained by the following equation 
for the spherical nuclei [30]: 

   STK Bs ln=−=Δ μμμ                                           (1), 

si CCS /=                                                    (2). 

(6                                                      
ln

2
STK

V
r

B

m
c

CL
γ

= 

 
C = C* - ∆C                                                     (7). 

(8)                                                   
)ln(3

16ln
2
1

33

23









=

ATk
Sm

νπγ  

(9)                                                0

υ
mVQ

n =∞  

(10).                                     2exp4
0

0 















×=

RTr
VSCDVr m

mxm
γπυ  

(11)                                                   11ln
211

2








−Δ=

TTR
H

C
C

r

r  

 

                                                              (6)

where, Vm indicates the molar volume. 
The behavior of crystallized solid phase in 
supersaturation solution depends on its size. It can 
be dissolved or grown depends on the free energy of 
the solid phase. Nucleus with the radius smaller than 
rc will dissolve because only in this way the nucleus 
can receive a reduction in its free energy. On the 
other hand, nucleus with radius larger than rc will 
grow to the final crystallized particle. The ∆GV is 
governed by the concentration C of the elementary 
units and increases with increasing energy RT lnS, 
where S=a/a* or in ideal systems, S=C/C*, when the 
concentration C of the elementary units changes to 
the lower equilibrium concentration:

C = C* - ∆C                                                                 (7)

The Gibbs-Thomson equation shows that the 
energy barrier for nucleation at the maximum 
supersaturation (Sm), is proportional to temperature. 
The maximum supersaturation corresponding to 
the nucleation rate (J) can be given by [26]:
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In the equation (8), A, π, γ, ν and k are constant. 

 

 
Fig. 1 

  

Fig. 1: Free enthalpy ΔG against nucleus size r [26].
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Consequently, the maximum supersaturation is 
proportional to T-3/2. It means that the increasing of 
temperature leads to decrease the supersaturation. 
To find the growth rate of nuclei, a correlation 
between the supply rate of monomer in the 
nucleation period (Q0), the mean volumic growth 
rate (υ�  
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), the final particle density (n∞) and the molar 
volume of the solid (Vm) for the stable particles 
needs to be considered. On the basis of Sugimoto 
model the final particle density is given by [31, 32]: 
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 In this approach, the mean volumic growth rate 
was used to calculate the particle size. The growth 
rate of stable nuclei was evaluated by transmission 
electron microscopy (TEM) analysis. To study the 
nucleation and growth of TiO2 nanocrystals, every 
10 min after the achievement of supersaturation 
level, the particle size of crystallized TiO2 
nanoparticles was determined. Finally, the effect of 
temperature on the nucleation and growth of TiO2 
colloidal nanoparticles was evaluated.

RESULTS AND DISCUSSION
Results

In our previous study [23], LaMer theory was 
used to study the nucleation and growth process 

of TiO2 nanoparticles. In that investigation, TiO2 
nanoparticles were synthesized at 70°C. The 
obtained results indicated that the changing trend 
of [Ti] ions concentration was similar to what 
predicted by the LaMer diagram. In this approach 
and to follow the LaMer mechanism, some of 
the important factors affecting the formation of 
nanoparticles were determined. For example, 
the radius (rm*) and the formation free energy 
(ΔGm*) of primary particles was respectively 
calculated from the Gibbs-Thomson equation at 
the maximum supersaturation. In addition, the 
supply rate of monomers in the nucleation period 
(Q0), the final particle density (n∞) and the growth 
rate of the stable nuclei have been determined. To 
confirm the size of stable particles, TEM analysis 
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Fig. 2: TEM image of the nano-TiO2 powders obtained in the 
maximum supersaturation at 70°C

Fig. 3: XRD pattern of TiO2 nanoparticles prepared at 70°C and dried at 120°C for 2h
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was performed at the end of nucleation period. Fig. 
2, shows the typical TEM image of the nano-TiO2 
powders obtained in the maximum supersaturation 
at 70°C. As can be found from Fig. 2, the particles 
are approximately monodisperse and uniform. The 
x-ray diffraction pattern of the synthesized TiO2 
nanopowders at 70°C is as shown in Fig. 3. From 
this figure, it can be found that the prepared TiO2 
nanopowders have anatase crystalline structure. 
FTIR analysis of the synthesized TiO2 nanoparticles 
is shown in Fig. 4. It is well known that stretching 
modes of Ti–O and Ti–O–Ti bonds of a titanium 
dioxide network can be observed in the low energy 
region (below1000 cm-1). Therefore, the absorption 

band at 600 cm-1 is due to the Ti–O band [12]. 
Fig. 5 shows the nucleation and growth of TiO2 
nanocrystals at different temperatures. In just 10, 
15 and 20 minutes after maximum supersaturation 
at 70°C, the size of growing particles were evaluated 
by TEM analysis. The obtained TEM images can be 
found in Fig. 5. Approximately, the determined 
particle size was being around of 20, 50 and 70 
nm after 10, 15 and 20 min, respectively.  The 
completion of the growth process was observed 
for the all samples after about 100 min as shown 
in Fig. 5. The variation of Sm via temperature is 
shown in Fig. 6. The experimental results showed 
that the increasing of temperature leads to decrease 

Fig. 4: FTIR spectrum of TiO2 nanoparticles prepared at 70°C

Fig. 5: Temperature effect on the nucleation and growth of TiO2 nanoparticles at 60, 70 and 80°C
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of the supersaturation ratio (Sm). The increasing of 
monomer mobility is another effect of temperature 
which is eventuated by increasing of diffusion rate 
with temperature. Also, the increasing of diffusion 
coefficient affects Q0 and υ  which are considerably 
increased by the acceleration of hydrolysis of Ti+4 
with the increasing of temperature. In Table 1, the 
variation of [Ti]+4 concentration via time is shown. 
The concentration data was obtained by atomic 
absorption analysis. The Q0 value was changed 
from 5.78×10-7 mol.dm-3.s-1 for 60°C to 9.23×10-7 
mol.dm-3.s-1 for 80°C. The density of particles was 
estimated as the same as Q0. It was indicated that 
the density of particles is directly proportional to 
temperature and is equal to 4.3×1013, 4.9×1013 and 
5.9×1113 for 60, 70 and 80°C respectively. Fig. 7, 

shows the shape and size of formed particles in 
different temperatures. Accordingly, the size of 
particles formed at 80°C is greater than that at 60°C 
and 70°C. In order to study the temperature effects 
on the formation of nanoparticles, the effective 
parameters such as the diffusion coefficient of [Ti] 
ions and nucleus size were determined for two 
additional temperatures, 60 and 80°C. The obtained 
results are summarized in Table (2).

Discussion
As can be expected from equation (10), the 

growth rate of nuclei is influenced by many effective 
factors such as temperature and diffusion of [Ti] 
ions in solution. It is also reduced by increasing 
the passing time due to the increase of distance 
between the monomers. According to the equation 
(10), the calculated diffusion coefficient (D) of Ti+4 
ions in the solution is equal to 6.18×10-8 cm2s-1. 
The diffusion coefficient is not constant at all of 
the growth process time. At the primary time, the 
diffusion coefficient is calculated. Around 20 min 
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Table 1: Concentration variation of [Ti]+4 via time.

Fig. 7. Final size of the grown particles at (a) 60 °C (b) 70°C (c) 80°C
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Table 2 
 

T(K) Cmax(ppm) Cs(ppm) rm(nm) ∆G*m(J) )( 13
0

−
•

snmυ  
n∞(dm-3) D(cm2s-1) r0(nm) 

333 3591 1020 4.15 1.00×10-16 282 4.1×1013 5.73×10-8 5.6 
343 3512 1100 4.41 1.14×10-16 298 4.8×1013 6.18×10-8 6.1 
353 3475 1250 4.65 1.26×10-16 324 5.7×1013 7.3×10-8 7.7 

 
 

Table 2. The nucleation and growth effective parameters of TiO2 nanoparticles
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after receiving supersaturation point, the value of 
diffusion coefficient decreases. This behavior could 
be attributed to the factors such as decreasing 
the [Ti] ions concentration above the solubility 
ratio and an increase in the distance between the 
particles and [Ti] ions in the solution. The value 
of D is in the reasonable value of the diffusion 
coefficient of ions or complexes in an aqueous 
solution. Moreover, it is approximately equal to 
the diffusion coefficient of Ti ions reported by 
other groups [31]. The obtained results in the two 
different temperatures showed that the nucleation 
and growth of TiO2 nanoparticles are severely 
dependent on temperature. As found from Fig. 
(5), the nucleation of particles at 80°C happened 
earlier than the nucleation of particles at 60°C 
and 70°C. The completion of the growth process 
was observed for the all samples after about 100 
min, as shown in Fig. (5). This is due to the faster 
diffusion of monomers toward particles at 80°C. In 
80°C, the particles nucleate 23 min after starting 
experiments, while, in 60°C, the nucleation of 
particles occurred after 38 min, indicating that the 
solubility concentration level is highly temperature 
dependent. The solubility limit of [Ti] ions in 
various temperatures was 1060 ppm for 60°C and 
1250 ppm for 80°C. One of the effects of temperature 
variation is lowering the maximum supersaturation 
with increasing the temperature. The higher 
temperature leads to the higher density of formed 
particles, because, there are many collapse events 
in higher temperature. According to the collision 
theory, the collision frequency is proportional to 
temperature. So, increasing the temperature leads 
to a faster diffusion rate of particles and more 
collisions. It means that the rate of reaction will 
be increased. It was shown that the growth rate 
is related to Q0 and final density of particles [33]. 
The formation rate of particles in our experiment 
is smaller than Q0 which is considerably increased 
by the hydrolysis acceleration of [Ti] ions. The 
obtained results reveal that the growth rate is raised 
more from 282 to 312 nm3.s-1 by the elevation of 
temperature from 60°C to 80°C. It was expected 
that the solubility level is significantly influenced by 
temperature according to the Van`t Hoff equation 
as follows [29]: 
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This equation shows that increasing the 
temperature leads to increase the solubility. 

However, increasing the final particle size due 
to increasing the temperature is not necessarily 
a general rule in monodispersed closed systems. 
However, it is obvious that increasing Q0 with 
temperature often exceeds the value ofυ , resulting 
in rate rising of solid in higher temperature. Other 
effects of temperature are summarized in Table 
(2). The TEM images showed that the particle 
dimensions are well matched with our theoretical 
calculations. In this study, the radius of stable 
particle (r0) was theoretically determined which is 
equal to 6.1 nm. In the same condition, the radius 
of particles is experimentally found equal to 7.1 nm 
(d=14.2 nm). Consequently, there is no remarkable 
different in the size of particles. 

CONCLUSION
The nucleation and growth of sol-gel derived 

TiO2 nanoparticles have been numerically studied. 
Several analytical methods such as TEM, XRD, 
FTIR and atomic absorption were used to study 
the physical and chemical characteristics of 
the sol-gel derived TiO2 nanoparticles. In this 
approach, the temperature effect on the formation 
of TiO2 nanoparticles was discussed and some 
effective parameters such as the supply rate, and 
supersaturation variation were analyzed.
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