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Abstract
The microstructure of nanocrystalline titanium dioxide  (TiO2), synthesized by chemical route, is studied from X-ray peak 
profile analysis and transmission electron microscopy. The broadening of the X-ray diffraction peaks indicates the presence 
of small crystallites with a significant amount of disorder. The progression of broadening at lower annealing temperatures, 
suggests the decrease in the strain broadening. The nano-TiO2 was found to transform partially to rutile phase from its 
nanocrystalline anatase phase when annealed at a temperature of 750 °C. No further appreciable change was observed after 
annealing at higher temperature. The lattice parameters of the anatase phase change non-linearly with temperature. It was 
found that there is a discontinuous change in the value of crystallite size, microstrain and thermal parameter values accom-
panying with the phase transformation. The microstrain associated with the nanocrystalline grain is closely associated with 
thermal disorder and oxygen z-displacement. The value of thermal parameter reveals a significant deviation of the Ti atom 
from the regular lattice sites. The present study reveals that nanocrystalline anatase  TiO2 prepared by chemical route shows 
significant static disorder, which decreases with the increase in the annealing temperature along with concomitant phase 
transformation.

Keywords Nanocrystalline  TiO2 · X-ray powder diffraction · Phase transformation · Rietveld analysis · High-resolution 
transmission electron microscopy

Introduction

Nanotitanium dioxide (n-TiO2) has been investigated in 
the recent years due to its electronic and optical properties. 
Titanium dioxide (TiO2) is of great interest due to several 
reasons such as good chemical stability, nontoxicity, opti-
cal transmittance and photo-induced properties [1–5]. This 
material is used in various applications such as photocata-
lytic decomposition of toxic compounds [5, 6], antibacterial 
and self-cleaning material [7, 8], in solar cells [9] or hydro-
gen generation from water and sunlight [10]. The desired 
properties of TiO2 are strongly influenced by phase compo-
sition, crystallinity, and/or microstructure.

The rutile polymorph of  TiO2 having tetragonal symme-
try with space group P42/mnm is the most available phase of 
titanium dioxide due to its larger stability. The other two rel-
atively less stable well-known phases are anatase and brook-
ite with space group I41/amd and Pbca, respectively, having 
tetragonal and orthorhombic crystal symmetries [11–13].

Nanocrystalline  TiO2 particles have been successfully 
synthesized by various techniques like gas condensation, 
solution phase synthesis [14, 15], combustion flame syn-
thesis [16], chemical vapour deposition [17, 18] and sol–gel 
process [19, 20]. Apart from the above-mentioned chemi-
cal methods, physical deposition method like laser abla-
tion has been utilized for the producing phase  pureTiO2 
nanoparticles from pure Ti targets in water or other medium 
[21–23]. Experimental results showed that the micro-
structure, phase transformation kinetics and other related 
properties of nanocrystalline  TiO2 depends on the synthe-
sis technique and the processing conditions. For example, 
large tensile stress in the thin films of titania can enhance 
its photo-induced hydrophilic behavior significantly [13]. 
The functional properties of  TiO2 are strongly dependent on 

 * Apurba Kanti Deb 
 deb.apurba@gmail.com

1 Department of Physics, Raiganj University, Raiganj, 
Uttar Dinajpur 733134, India

2 Department of Physics, Vivekananda Mahavidyalaya, 
Haripal, Hooghly 712405, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s40094-020-00382-5&domain=pdf


286 Journal of Theoretical and Applied Physics (2020) 14:285–293

1 3

its phase and microstructure [24, 25]. The crystallite size is 
critical for phase stability, and the presence of micro- and/
or macro-strains may affect the photo-induced hydrophilic-
ity [26]. However, only a few reports investigated on the 
role of strain and size induced broadening of XRD peaks 
in  TiO2 NCs [27]. Tripathi et al. reported the temperature-
dependent variation of strain in  TiO2 NCs [28]. The strain 
analysis has been mostly limited to Williamson–Hall (WH) 
method [29]. Several authors have studied the effect of 
stress and strain and is estimated by W–H analysis, uniform 
deformation model (UDM) and the modified form of W–H 
analysis namely uniform stress deformation model (USDM), 
uniform deformation energy density model (UDEDM) and 
size–strain plot (SSP) [30–32]. Rajender and Giri [31] stud-
ied the evaluation of lattice strain in ball milled  TiO2. They 
observed significant lattice strain in n-anatase particles of 
sizes of the order of 10 nm by both TEM and XRD analysis 
using a simplified WH analysis based on the above mod-
els. They attributed the origin of lattice microstrain to be 
dislocations. Seetharaman, and Dhanuskodi [32] performed 
size–strain analysis on the similar lines for n-TiO2 synthe-
sised by sol–gel route, but observed lower values for lattice 
strain. The results obtained, however, suffer from significant 
scatter in the WH plots. However, an extensive analysis of 
the X-ray diffraction (XRD) data by means of fitting of line 
shape with various models and/or Rietveld method has been 
limited [11, 33, 34]. Vives and Meunier [33] used both Wil-
liamson–Hall method and Rietveld method for the analysis 
of microstructure and observed that the rate of transforma-
tion of nanocrystalline a-TiO2 prepared by sol–gel route to 
the rutile phase upon calcining is dependent on the micro-
structure and hence on the sol composition. They observed 
rapid increase in the crystallite size and hence a rapid rate of 
phase transformation to the rutile phase. However, an unam-
biguous value for the critical value of crystallite size for 
anatase to rutile phase transformation could not be predicted 
from the above studies [30–34].

At high temperatures, many nanophase ceramic materi-
als undergo solid–solid phase transitions as they convert 
from metastable crystal structures to the stable thermody-
namic phase. These transitions are of importance to powder 
ceramic processing as their occurrence can lead to large vol-
ume changes resulting in cracks or defects in dense sintered 
ceramics [35–37]. An important issue in the understanding 
of these processes is the role of the initial nanocrystal grain 
size on the temperature of the transition. In smaller par-
ticles, the greater surface area can have drastic effects on 
the thermodynamic stability as well as the kinetics of phase 
transformations.

The objective of the present work is to synthesize 
nanocrystalline  TiO2 by chemical process (sol–gel route) 
and to study the phase transformation behaviour with the 
annealing temperature. The study of phase transformation 

of anatase to rutile is of great importance from the applica-
tion point of view, in particular for photocatalytic activity. 
Thus it is advantageous to improve or restrain the rate of 
transformation to have a specific phase or their mixture fol-
lowing the heat treatment [12]. Most of the studies reported 
so far [30–34] uses either simple Scherrer formula or Wil-
liamson–Hall method [29] or its variants which greatly 
undermines the values of crystallite size/microstrains due 
to the assumptions inherent in the method of analysis. A 
detailed simultaneous structural and microstructural inves-
tigation, using X-ray powder diffraction technique, is carried 
out in the present work using a modified Rietveld method 
and further corroborated using transmission electron micros-
copy. Attempts will be made in this communication to cor-
relate the structural and microstructural parameter with the 
phase transformation and to elucidate the origin of lattice 
microstrain.

Experimental procedure

Nanocrystalline  TiO2 particles were prepared in the chemi-
cal method [38, 39]. For this, initially 1 ml of titanium iso-
propoxide was dissolved into 20 ml of 2-propanol. This solu-
tion was then slowly added with a syringe (5 ml) into 200 ml 
of  H2O containing 1.2 ml of concentrated  HNO3 in an ice 
bath. This addition was carried out in an inert atmosphere 
 (N2) and then stirred for about 4 h. The solvent was then 
removed using a rotary vacuum evaporator and dried in a 
vacuum desiccator. During the drying process, small amount 
of NaOH was kept inside the desiccator, which helps in 
removing the excess  HNO3. The resulting white powder was 
then characterized by X-ray powder diffraction and high-
resolution transmission electron microscopy (HRTEM). The 
as-prepared specimen was subsequently annealed isother-
mally at different higher temperatures in air for 6 h to study 
the phase transformation properties.

The X-ray powder diffraction patterns of the as-prepared 
and annealed samples as well as the standard material (here 
fully recrystallized Si powder) [40] were taken at ambient 
temperature in a X’Pert PRO Diffractometer (PW 3040/60, 
PANanalytical) operating at 45 kV and 40 mA (slits system: 
Divergence/ Anti Scatter/ Receiving: 1°/1°/0.1 mm respec-
tively), using Ni filtered  CuKα radiation. The data were col-
lected in a step scan mode with a step size of 0.02° 2θ and 
the counting time of 10 s per step was chosen to get a good 
signal to noise ratio. The HRTEM micrographs were taken 
using a JEOL-TEM-2010 transmission electron microscope 
operating at 200 kV.
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Results and discussion

Phase analysis

Figure 1 shows the X-ray diffraction pattern of the as-pre-
pared n-TiO2 and the same annealed at several temperatures. 
The as-prepared sample as well as the sample annealed at 
100 °C is observed to be predominantly amorphous in nature 
and probably contain anatase  TiO2 (a-TiO2) as the major 
component. The broadening of the X-ray diffraction peaks 
suggests that the a-TiO2 crystallites are small and contains 
a significant amount of disorder due to reduced crystallin-
ity. It can be argued from the crystallographic point of view 
that due to more flexible assembly of  TiO6 octahedra and a 
larger cell volume, the anatase phase is generally the prin-
cipal crystalline phase formed in chemical synthesis routes 
[12]. However, for certain high-temperature applications, 
the performance of  TiO2-based devices may be modified/ 
changed due to the phase transition [12]. Therefore, an 
understanding of the stabilities of these  TiO2 polymorphs is 
essential. It has already been reported that for photovoltaic 
applications, coexistence of both the rutile and the anatase 
phases in the material give better response [41–44]. Ohtani 
et al.[45] have shown that the brookite polymorph of  TiO2 
does have the ability to show photocatalytic activity. How-
ever, we did not observe any brookite phase in the present 
method adopted by us.

Depending on the synthesis procedure and the starting 
chemicals used, the temperature for the anatase to rutile 
phase transition varies in a wide range. In air, this transi-
tion is reported to begin at around 600 °C [12]. There are 
several factors such as particle size and shape, surface area 
heating rate etc. which influences the phase transformation 

temperature as well as the kinetics. We have chosen higher 
temperature of upto 1000 °C to determine the phase trans-
formation and phase composition of the resultant powders.

Low temperature annealing at 100 °C does not produce 
any significant change in the X-ray diffraction pattern. 
Annealing at 500 °C reduces the broadening of the peaks 
but the phase still remains a-TiO2. Thus, it is clear that the 
anatase phase is stable upto 500 °C. The progression of 
broadening suggests that there is a decrease in the strain 
broadening and hence a relaxation of microstrain is pre-
dicted. A considerable change in the diffraction pattern was 
observed when a higher annealing temperature (~ 750 °C) 
was selected. A partial anatase to rutile phase transforma-
tion along with narrowing of the X-ray diffraction lines was 
observed. The narrowing of the diffraction pattern can be 
attributed to grain growth and relaxation of microstrains. It 
was further observed that even at a temperature of 1000 °C, 
the transformation of the anatase phase to the rutile phase 
is not complete. To determine the crystallite size, lattice 
microstrain, morphology of the crystallites, phase quantifi-
cation and other structural parameters a detailed structural 
and microstructural characterization was undertaken on the 
basis of modified Rietveld method and is discussed in the 
subsequent sections.

Rietveld analysis

To perform microstructural analysis using modified Rietveld 
method, it is essential to simulate the initial diffraction pat-
tern. The Rietveld program MAUD [46] was used for the 
purpose of simultaneous structure and microstructure refine-
ment. Since there were no other impurity phases present 
in the samples, structural coordinates of only a-TiO2 and 
r-TiO2 were used for the purpose of pattern simulation and 
subsequent refinement.

In the program MAUD, the effect of the microstructural 
features like crystallite size and microstrain on the line 
broadening is obtained by approximating the diffraction 
line shapes by pseudo-Voigt analytical functions. A pseudo-
Voigt function is a linear combination of a Gauss and Lor-
entz functions and is mathematically given by the expression

where η is known as the mixing parameter representing the 
Lorentzian fraction.

The integral breadth of a pseudo-Voigt function is 
expressed as

where w is the half width at half maxima.

(1)pV(x) = �L(x) + (1 − �)G(x),

(2)� = �
[

�� + (1 − �)(�∕ ln 2)
]

,

Fig. 1  Selected range X-ray powder diffraction pattern for the as-
prepared and annealed nano-TiO2 with the fitted pattern by Rietveld 
method along with the difference plot
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The volume-weighted crystallite size (D) and maximum 
microstrain (e) are obtained according to the following 
relations:

where � f  represents the true specimen broadened profile and 
the subscripts C and G corresponds to lorentzian and the 
Gaussian components, respectively.

The method of whole pattern fitting/ Rietveld method 
adopted by us is essential for the analysis of XRD pattern of 
as-synthesised  TiO2 due to its complexity and presence of 
multiple phases. Methods based on peak fitting to determine 
the peak width/profile shape parameters and the subsequent 
use of Williamson–Hall or other variants produces inaccu-
rate results in size / strain due to extensive peak overlap. 
The refinement protocol performed in our case was a two-
step one. In the first step lattice parameter, microstructural 
parameters and the phase fractions were refined and sec-
ond, the structural parameters were refined. In the program 
MAUD, the crystallite size and the microstrain is held as a 
refinable parameter. The microstructural model used refine-
ment is an isotropic size–strain model. The adopted model 
yields the value of volume-weighted crystallite size and 
maximum value of lattice microstrain.

Figure 1 shows the fitted diffraction pattern along with 
the difference plot and Table 1 lists the results of Rietveld 
refinement. The goodness-of-fit (Gof) varies between 1.15 
and 1.28 for the samples analysed. Anisotropic size–strain 

(3)D = �
/

�
f
c cos �

,

(4)e = �
f

G

/

4 tan �,

model did not improve the goodness-of-fit, indicating that 
the particles are nearly isotropic in shape, which is in agree-
ment with TEM studies. Table 1 also lists the values of crys-
tallite size and microstrains.

Figure 2 shows the plot of the refined lattice parameters 
‘a’ and ‘c’ for the a-TiO2 phase with the annealing tem-
perature. It is found in the plot that the lattice parameter 
‘a’ is slightly larger than the equilibrium value, whereas 
the other lattice parameter ‘c’ is slightly smaller than the 
equilibrium value. Annealing at temperature above  7500C 
yields the equilibrium value of the lattice parameters. The 
unit cell volume is approximately ~ 137 Å3 for the a-TiO2 in 
the nanocrystalline state. For the a-TiO2 phase, the evolution 
of the unit-cell parameters with the annealing temperature 
is the same for all the samples in accordance with earlier 

Table 1  Results from Rietveld analysis for the as-prepared and annealed nanocrystalline  TiO2

As prepared Annealed 100 ° C Annealed 500 ° C Annealed 750 ° C Annealed 1000 ° C

Anatase Anatase Anatase Anatase Rutile Anatase Rutile

Relative Wt% 1.0 1.0 1.0 48.3 51.7 (5) 45.2 54.8 (3)
Cell (Å)
 a 3.801 (1) 3.803 (1) 3.783 (02) 3.784 (0.07) 4.594 (0.05) 3.784 (0.07) 4.594 (0.04)
 c 9.502 (5) 9.465 (5) 9.506 (0.7) 9.521 (0.3) 2.960 (0.06) 9.522 (0.3) 2.960 (0.05)

Size (nm) 3.0 (0.04) 3.0 (0.07) 9.0 (0.08) 60.0 (1.0) 122.0 (3.0) 62.0 (1.0) 125.0 (2.0)
Strain (× 102) 1.550 (4) 1.690 (9) 0.590 (8) 0.157 (5) 0.035 (6) 0.161 (7) 0.038 (5)
Ox 0.0 0.0 0.0 0.0 0.3058 (4) 0.0 0.3049 (4)
Oy 0.0 0.0 0.0 0.0 0.3058 (equal) 0.0 0.3049 (equal)
Oz 0.212 (0.5) 0.213 (0.5) 0.207 (0.6) 0.207 (0.8) 0.0 0.207 (0.7) 0.0
Biso Ti 2.33 (18) 2.47 (23) 0.64 (4) 0.55 (5) 0.77 (4) 0.52 (5) 0.74 (4)
Biso O 0.0 (fix) 0.0 (fix) 1.45 (9) 1.18 (5) 0.79 (4) 1.26 (9) 0.84 (8)
Rwp 5.548 5.696 6.438 6.317 6.678
Rb 4.425 4.571 5.063 4.874 5.165
Gof 1.150 1.161 1.282 1.224 1.194

Fig. 2  Variation of lattice parameters of the anatase phase of nano-
TiO2 as a function of the annealing temperature
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studies [33, 34]. Swami et. al [34] observed similar behavior 
for nanocrystallite of size below 10 nm. However, there is 
a small lattice contraction for samples annealed at 100° C, 
in our case, is in clear distinction from earlier result [34]. It 
is further clear from Fig. 2 that the variation of the lattice 
parameter is highly non-linear with increasing temperature 
in broad agreement with earlier studies and proves that the 
this behavior is universal for sol–gel derived samples (egs. 
Ref. [33] and [34]). Some authors observed Ti vacancy for 
samples below the size limit of 10 nm [34]. However, vary-
ing the Ti vacancy parameter did not improve our Gof values 
and we did not observe any Ti vacancy in the as synthe-
sized or annealed nanocrystalline anatase phase unlike as 
in [34]. On the contrary, a change in the thermal parameter 
was observed in our case (see below) which indicates static 
disorder probably in the crystallite boundaries.

It is further observed from Table 1 that upto an anneal-
ing temperature of 500 °C, there is no anatase to rutile 
phase transformation. However, when the annealing tem-
perature was raised to 750 °C there was a drastic change in 
the phase fraction. The phase fraction didn’t undergo any 
further change after annealing at 1000 °C The maximum 
phase fraction of the rutile phase observed in the present 
study is ~ 55% at 1000 °C. It is well known that for  TiO2, the 
anatase to rutile phase transformation takes place between 
 500–900 °C [12, 38, 47–51] and the transition temperature 
is a sensitive function of sample preparation technique. In 
pure anatase, as in our case, rutile phase may have nucleated 
at the {112} twin interfaces of two anatase particles. The 
observed anatase to rutile transformation is reconstructive in 
nature during which breaking and reforming of bonds takes 
place [12]. The anatase to rutile transformation involves a 
contraction of the c-axis and an overall volume contraction 
of 8% [12] which explains the lattice contraction observed 
by us as after annealing at 100° C described in the previous 
paragraph. The phase transformation is always accompanied 
by a significant grain growth [51]. Patra et al. [51] concluded 
that chemically synthesized  TiO2 nanoparticles, the anatase 
to rutile phase transformation temperature is dependent on 
crystallite size and for crystallites of sizes of the order of 
4 nm and there is a delayed phase transformation at around 
850 °C. From the thermodynamical point of view, the rutile 
phase is the most stable polymorphic form of  TiO2. It is 
further known that the chemical synthesis processes leads to 
the formation of metastable anatase phase. This may be due 
to the contribution of the free surface energy of the lower 
particle sizes obtained by those methods. A critical size of 
~ 14 nm has been proposed theoretically by Zhang and Ban-
field [52] for anatase to rutile transformation. Figure 3 shows 
the plot of crystallite size and r.m.s. microstrains obtained 
from modified Rietveld analysis with the annealing tempera-
ture. It was revealed that the as-prepared  TiO2 samples were 
truly nanocrystalline and the crystallite size is of the order of 

3 nm and a strain level of approximately 1%. Low tempera-
ture annealing at 100 °C does not produce any measurable 
change in either the crystallite size or the microstrain. When 
the calcination temperature is increased to 500 °C, the crys-
tallite size increases almost threefold (~ 9 nm), but there is a 
drastic change in the lattice microstrain. Since this crystallite 
size is less than that of the critical crystallite size, no phase 
transformation was observed as expected. Annealing at a 
higher temperature of 750 °C results in drastic grain growth 
and strain relaxation. The value of anatase crystallite size 
increased to 60 nm with a concomitant decrease in the lat-
tice micostrain to ~ 0.1% from a value of 0.6%. However, the 
crystallite size of the rutile phase is approximately twice that 
of the anatase phase. Further, annealing upto 1000° C did 
not produce any appreciable change in the values of either 
the crystallite size/microstrain or phase fraction. It is thus 
clear that there is a discontinuous change in the size and 
strain values associated with a concomitant phase change. 
The value of lattice microstrain in the present study is com-
parable to that obtained in other studies [11, 30–34] for simi-
lar values of crystallite sizes. However, a different trend was 
observed by Patra et al. [51] who observed that phase trans-
formation is complete when the particles reach a crystallite 
size of 60 nm. In our case, approximately 45% retention of 
anatase crystallite in the nano  TiO2 sample is possible by our 
present synthesis method. Further, they [51] did not consider 
the effect of microstrain in their analysis, which seems an 
important parameter during phase transformation.

Table  1 further lists the values of isotropic thermal 
parameters of the Ti atom and z-displacement of O atom. A 
similar discontinuous change at 750 °C could be observed. 
The measured z-displacement parameters of the oxygen 
atom in the nanocrystalline state is significantly different 
from the course grained material (the sample annealed at 
1000 °C can be considered to be coarse grained). The value 

Fig. 3  Variation of crystallite size and the r.m.s. microstrain of the 
anatase phase of nano-TiO2 as a function of the annealing temperature
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of thermal parameter B indicates that there is a significant 
deviation of the Ti atom from the regular lattice sites. It must 
be mentioned here that thermal parameter B consists of two 
components, BT and BS, where BT is the contribution from 
thermal vibration and  BS is independent of temperature and 
implies static lattice distortion. Since the B parameter was 
not measured at different temperatures, the two contribu-
tions could not be separated. But results still indicate that 
there significant deviation of the Ti atom from the regular 
lattice sites.

The dependence of the microstructural parameter viz 
microstrain and the structural parameters viz the thermal 
parameter B and the z-displacement of the oxygen atom 
on the crystallite size is shown graphically in Fig. 4. It is 
clear from the figure that a near hyperbolic dependence is 
observed in all cases. It may be inferred that the origin of 
lattice microstrain in the nanocrystalline  TiO2 is the disorder 
observed in the nanocrystalline state. A one to one corre-
spondence has been observed in the present case.

TEM analysis

To provide further insight into the particle/ crystallite size 
and shape, the growth of the crystallites during phase tran-
sition and the size distribution, high-resolution transmis-
sion electron microscopy (HRTEM) images were recorded 
for both the as-prepared and the annealed samples. Fig-
ure 5, 6, 7, 8 shows some selected micrographs. Figure 5 
displays the HRTEM micrograph of as-prepared nanocrys-
talline  TiO2 particles. To obtain the average particle size 
and hence the distribution of particle sizes, average diam-
eters of about 250 particles were measured from different 
HRTEM images and a histogram is drawn as shown in the 
inset of Fig. 5. From the histogram, the average particle 

diameter obtained is about 5 nm with a standard deviation 
of 1.4 nm, when fitted with a Gaussian function (solid 
line). The selected area diffraction pattern (SAED) is also 
shown in the inset of Fig. 6. From the lattice fringe pattern 
and the SAED ring in Fig. 6, the measured inter planer 
spacing is about 3.53 Å, which corresponds to (101) lat-
tice planes of anatase  TiO2. However, we could not detect 

Fig. 4  Variation of the microstrain, the thermal parameter B and the 
z-displacement of the oxygen atom as a function of the crystallite size 
for the in the nanocrystalline  TiO2

Fig. 5  TEM micrograph of as-prepared nanocrystalline anatase-TiO2 
and (inset) the histogram along with the particle size distribution

Fig. 6  Single crystallite lattice fringe pattern from HRTEM micro-
graph of as-prepared nanocrystalline anatase  TiO2 and (inset) the 
SAED pattern
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dislocation in the nanocrystalline grains (shown in the 
encircled region) contrary to that claimed in Ref. [31]. 
These observations are in agreement with that obtained 
from the Rietveld analysis of X-ray diffraction pattern, 
where a crystallite size of 3 nm was observed. It may be 
mentioned here that the size obtained from X-ray is a vol-
ume weighted crystallite size [29]. To compare the X-ray 
size with that obtained from TEM requires further assump-
tion. For spherical particles, X-ray crystal size should be 
multiplied with a factor of 4/3. In the present case, X-ray 

particle size is ~ 4 nm which is in good agreement with the 
obtained TEM particle size value of 5 nm.

The HRTEM micrographs for the 750 °C annealed sam-
ple are shown in Fig. 7. The particle morphology is shown 
in inset. The distribution of particle size is obtained from 
the histogram as shown in Fig. 8. From the histogram, it is 
clear that the particles are distributed about two distinctly 
different diameters. On fitting by two Gaussian function, 
mean particle sizes obtained are 54 nm (± 6 nm) and 94 nm 
(± 9 nm). From the X-ray powder diffraction pattern, it has 
been observed in the earlier section that a phase transfor-
mation has occurred at  7500C with the appearance of rutile 
 TiO2 phase. Moreover, the Rietveld analysis reveals that the 
phase transition is accompanied with a radical grain growth. 
The resulting grain size of the newly formed rutile phase is 
of the order of approximately 120 nm, almost two times to 
that of anatase phase. Thus, the observations from HRTEM 
study for both the as-prepared antase nanocrystalline  TiO2 
as well as the annealed samples correspond to the results 
obtained in the earlier section from X-ray powder diffraction 
profile analysis.

Conclusion

Nanocrystalline  TiO2 has been prepared by synthetic route. 
The phase transformation and the microstructural changes of 
nano-TiO2 with the annealing temperature have been inves-
tigated by modified Rietveld analysis of X-ray powder dif-
fraction profiles and transmission electron microscopy. From 
the above experimental observations, following conclusions 
can be drawn. The as-prepared nanocrystalline  TiO2 is found 
to be in purely anatase phase with a probability of the pres-
ence of amorphous phase. A partial anatase to rutile phase 
transformation has occurred at an annealing temperature of 
 7500C. The phase transformation is not complete even at a 
higher temperature of 1000 °C and an approximately 45% 
anatase phase can be retained in the nanocrystalline sample. 
The crystallite size of the retained anatase phase is of the 
order of 60 nm. The lattice parameter a of the anatase  TiO2 
in the nanocrystalline form is larger than its equilibrium 
value and reverse holds for the other lattice parameter c and 
it changes non linearly with the annealing temperature. The 
grain size of the as-prepared anatase  TiO2 is of the order of 
3 nm with a significant amount of microstrain (~ 0.016) in 
broad agreement with the TEM data. Measurement of ther-
mal parameter and absence of dislocations indicate static 
disorder of the Ti atom which is deviated from the regu-
lar lattice sites in the nanocrystalline state and explains the 
origin of lattice microstrain. The phase transformation is 
associated with a drastic grain growth, strain relaxation and 
reduced static disorder.

Fig. 7  TEM micrograph of 750 °C annealed nanocrystalline  TiO2 and 
(inset) the HRTEM image showing the morphology

Fig. 8  Histogram along with the particle size distribution obtained 
from the TEM micrographs of 750 °C annealed nanocrystalline  TiO2
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