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Summary
This main objective of the project was to synthesize and characterize the pure and metaldoped TiO2 nanoparticles to study their various properties like structural, optical absorption,
band gap, morphological etc. for dye-sensitized solar cells application. Accordingly, the
proposed work was focused:
o to develop a synthesis protocol for the preparation of mesoporous microspheres of
TiO2 nanoparticles and to investigate properties like particles size, morphology,
crystallinity, optical band gap, DRS reflection and elemental compositions
o to synthesize the doped-TiO2 nanoparticles based on various dopants like Cr, Mn, V,
Fe, etc. and to explore their optical & structural properties for the enhancement of
light absorption, and
o to employ the various prepared doped-TiO2 nanoparticles samples as the
photoanode materials for the fabrication of dye-sensitized solar cells and
performance evaluation
To achieve our goal, various synthesis methods such as chemical precipitation, sol-gel,
hydrothermal and solvothermal have been employed and extensive measurements were
carried out. Sol-gel derived pure and doped-TiO2 nanoparticles were found aggregated and
bigger in size. Overall, the reproducibility issue was the measure cause to adopt the other
methods like chemical precipitation, hydrothermal and solvothermal. After working with
these methods, the solvothermal method was found better in terms of reproducibility,
reduced particles size and the mesoporous morphology which is needed for the DSSCs
application. By solvothermal approach, the mesoporous TiO2 and various doped-TiO2 (CrTiO2, V-TiO2, Fe-TiO2, Sn-TiO2, CuNT-TiO2, Su-TiO2, Cr-TiO2 etc.) nanoparticles were prepared,
investigated and employed as the photoanode materials for the dye-sensitized solar cells.
The proposed work was attempted in three different phases according to the above
three discussed objectives and summarized here. Briefly, nanocrystalline TiO2 nanoparticles
were prepared and studied for their phase transformation. XRD pattern showed the anatase
(101) and rutile (110) phases corresponding to the samples thermally treated at 450 and
700 0C respectively. The crystallite size of TiO2 was found to be increased with the rise in
calcination temperature. Raman spectroscopy measurement showed the phase change
from the anatase to rutile for the samples calcined at 450 and 700 oC respectively. The
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estimated direct band gaps of the samples were 3.38 and 3.03 eV corresponding to the
samples calcined at temperature 450 and 700 oC respectively. The large band gap value i.e
3.38 eV has been attributed to the lower calcination temperature which showed a
corresponding blue shift in the absorption spectra. TEM images showed the formation of
slightly agglomerated and non-homogeneous nanoparticles. The size of the nanoparticles
calcined at temperature 450 was found to be good in agreement with the XRD crystallite
size. The SAED patterns showed the crystallinity of the prepared samples with the formation
of bright ring spots which correspond to the anatase (101) and rutile (110) planes. EDX
analysis endorsed the elemental peaks in both the samples. With this study, the calcination
temperature was observed to be a dominant factor for the tuning of TiO2 particles size and
the phase transition. Further, the synthesis and characterization Cr-doped TiO2
nanoparticles were attempted to study their structural and optical properties. The
diffraction peak at 2θ= 25° in XRD spectra indicates that nanoparticles exhibit pure anatase
crystalline phase. An increase in Cr doping led to wider diffraction peaks with reduced
intensity which resembles the change in the ionic radius of Cr+3 and Ti+4. The absence of
impurity peak in diffraction patterns indicates the occupancy of Cr +3 to the main sites of the
TiO2 lattice. The crystallite size was calculated using Scherrer’s formula and the result
showed a decrease in the crystallite size with an increase in dopant concentration. TEM
analysis showed the homogeneous morphology of the nanoparticles with their narrow
particle size distribution about 10 nm. The lattice spacing was found to be 0.339, 0.363,
0.337 and 0.368 nm corresponding to the pure and Cr-doped TiO2 samples which represent
the (101) anatase phase of the nanoparticles. The d-spacing of the crystal planes/fringes
were observed to be increased with title twistiness for the doped samples. The ring pattern
in TEM images endorses polycrystalline anatase nature of all the samples with bright spots
representing the high crystallinity of the doped-TiO2 with (101) plane. It was also observed
that particle size decreases with increase in dopant concentration which was good in
agreement with calculated size using XRD patterns. The diffused reflectance spectra of the
nanoparticles with different dopant concentrations showed that the scattering of light has
increased with an increase in Cr-doping. The band gap energy calculated using KubelkaMunk function showed

a decrease in band gap energy with an increase in dopant

concentration and exhibited a red shift of absorption edge. This study demonstrated that
the band gap can

be easily tuned

with the choice of the doping concentration of
2

transitional metal-ions into TiO2 which results in shifting of optical absorption edge from UVvisible wavelength range. Depending on these analyses, various doped TiO2 nanoparticles
were solvothermally synthesized and studied. The nanocrystallite sizes were found to be
decreased in the order 7.92 nm>7.41 nm>6.77 nm>6.68 nm>5.53 nm corresponding to the
samples PT (pure TiO2), ST (Sn-TiO2), CT(Cu-TiO2), ZMT(Zn+Mg-TiO2), and BT(Ba-TiO2).
FESEM study reveals the formation of the mesoporous microspheres made up of
nanoparticles. The mean nanoparticles diameters were 17, 8, 12.3, 14, and 7.65 in
accordance with the samples PT, CT, ST, BT, and ZMT. EDS analyses were evidenced the
elemental compositions of the Ti, O along with the dopants Cu, Sn, Ba, Zn and Mg in the
respective doped samples. UV-vis spectroscopy measurements showed the decreased
optical band gap after the doping as compared to pure TiO 2. The estimated band gap values
were 3.16, 2.68, 2.92, 2.48, and 2.88 in accordance with the PT, CT, ST, BT, and ZMT
samples. Diffused reflectance of the prepared samples was studied and all the doped
samples demonstrated the enhanced scattering capability. In addition, samples ST and ZMT
revealed the highest diffused reflectance in the wavelength range 550-800 nm. Finally, the
band gap was found strongly influenced by the doping which yielded the decreased
crystallite sizes either by shifting the band or generating the new energy state within the
TiO2 band gap region. Furthermore, the enhanced scattering capability of the doped
samples endorsed the applicability of these nanoparticles for the dye-sensitized solar cells.
Finally various doped samples prepared by the simple and cost-effective technique were
employed as the photoanode materials for the fabrication of dye-sensitized solar cells
(DSSCs). The prepared solar cells performances were evaluated using solar simulator. The
DSSSCs based on doped photoanode materials endorsed the enhancement in the
photovoltaic performance as compared to pure-TiO2 nanoparticles based photoanode. The
evaluated

efficiencies

were

found

in

1.31<2.21<2.27<2.73<2.87<3.20<3.29<3.33<3.62<3.70<4.85<5.75

the

order

of

%

corresponding

to

PT<CuNT<BT<ST<AgT<CrT<CoT<VT<SuT<ZMT<FeT<ZT. This enhancement of the DSSCs
performances has been attributed to the improved light absorption, reduced band gap and
the mesoporous microspheres morphology surrounded with the nanoparticles. The highest
achieved efficiency was ~6% based on the co-doping based photoanode material of zinc and
magnesium. For the analyses of electron transport and recombination, DSSCs based on PT,
FeT and ZT photoanodes were studied by electrochemical impedance spectroscopy. The
3

radius of the Rct2 represents the charge recombination which was reduced for the samples
FeT and ZT as compared to PT. As results, an enhanced efficiency was noticed. (Note:
Samples were named as- PT: pure TiO2, AgT: Ag-TiO2, BT: Ba-TiO2, CoT: Co-TiO2, CT: Cu-TiO2,
CrT: Cr-TiO2, CuNT: CuN-TiO2, FeT: Fe-TiO2, ST: Sn-TiO2, TZ: Zn-TiO2, VT: V-TiO2, ZMT: Zn+MgTiO2 and SuT: S-TiO2).
Further, the detailed report is presented in chapter 1 to 5.
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ABSTRACT. Titanium dioxide (TiO2) nanoparticles have been extensively investigated for potential applications in
various fields due to their unique physical and chemical properties. In this investigation, Zn-doped TiO2 nanoparticles
were prepared by sol-gel method and characterized for their structural and optical properties using X-Ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), UV-Vis Spectroscopy and Photoluminescence (PL). The precursors
titanium tetraisopropoxide and zinc chloride dopant were used as the source of titanium and zinc. Hydrochloric acid was
used to maintain the pH of the solution during the process. A red shift of the light absorption edge of Zn-doped TiO2 has
been observed as compared to undoped TiO2 nanoparticles. The crystallite sizes of Zn-doped TiO2 nanoparticles ~8 nm
were estimated by using Scherrer’s formula.

Introduction. Titanium dioxide (TiO2) material has been widely investigated and used as
photocatalysts, sensors, catalysts for photo-electrochemical water splitting, for hydrogen storage and
photovoltaic applications. This material is chemically and physically stable, inexpensive and nontoxic to the human being and our environment. TiO2 exists in both crystalline and amorphous forms
with three crystalline polymorphs of TiO2 are anatase, rutile and brookite. These three polymorphs
have different crystalline structures; anatase and rutile have tetragonal structure whereas brookite has
orthorhombic structure. The structure of anatase and rutile can be described in terms of chains of TiO6
octahedron. The two crystal structures differ by the distortion of each octahedron and by the assembly
pattern of octahedral chains [1]. TiO2 nanoparticles are synthesized via various methods such as
Hydrothermal, Solvothermal, Electrodeposition, Sonochemical, Flame Pyrolysis and Sol-gel
methods. Among these, sol-gel is one of the most preferable techniques for preparation of titanium
dioxide particles in nanometer range because of its cost effectiveness, controlled particle growth and
ability to produce nanoparticles with high degree of homogeneity [1-4]. Heterogeneous
photocatalysis employs TiO2 and UV light to give an efficient new route for the degradation of toxic
substances, decomposition of water and hydrogen generation [5, 6]. TiO2 nanoparticles show high
reactivity and chemical stability under ultraviolet light, whose energy exceeds the band gap of 3.3 eV
in the anatase crystalline phase TiO2, thus limiting the reactivity in visible range. Many studies were
carried out to decrease its band gap with lower rate of recombination of the electron–hole pair. It can
be achieved by proper doping of metal ions, surface modification and dye photosensitization of TiO2
surface [6, 7]. Several literatures have reported the tenability of TiO2 particles through doping with
transition metals like chromium, manganese, iron, cobalt, nickel, copper, zinc, etc. For dye sensitized
solar cell application, optimal light harvesting can be attained by doping the metal in titanium dioxide
which results in altering the optical band gap. In order to increase the photocatalytic activity of TiO2
nanoparticles, various synthesis methods have been explored [8, 9]. Zn-doped TiO2 powders
50
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synthesized by sol–gel route showed the effect of doping on the crystalline phase, degree of
crystallinity, particle size, distribution and morphology [10]. In addition, double-layer films doped
with Zn-ions have also been reported with various morphologies and phase compositions which could
enhance the cell efficiency of the dye-sensitized solar cell [11].
In this paper, we present the preparation of undoped and doped TiO2 nanoparticles via sol-gel route.
The prepared sample is studied for its structural and optical properties using different characterization
techniques. The materials and experimental details are described in Section second and the obtained
results are discussed in Section third. Finally, Section fourth concludes the paper.
Experimental Details. All the chemicals were analytical grade and used without purification.
Titanium tetraisopropoxide (TTIP) with a purity of 97% (Aldrich, UK) was used as a titanium
precursor; analytical grade hydrochloric acid (HCl, Merck) was used as catalyst for the peptization.
Water–acid mixture (in the range of pH = 1–2) was stabilized at a constant temperature. TTIP was
added to maintain the molar ratio of Ti:H2O=1:100. As a result, white precipitates were formed and
further peptized for 2 hours to form a stable sol. For the preparation of Zn-doped TiO2 solution, zinc
chloride (ZnCl2, Finar) was dissolved in the water-acid mixture with 0.03 mol %. The solution was
then heated at 100 °C for 3 hours to obtain as-synthesized Zn-doped TiO2 powders. Subsequently,
the as-synthesized powders were calcined at 450 °C for 2 hours to attain the crystallinity. The
morphology and structure of the particles were studied using Scanning Electron Microscopy (SEMJSM-6360). The crystalline nature of the nanoparticles were characterized using X-ray Diffractometer
(Shimadzu, 6000)) and the crystallite size was calculated using Scherrer’s formula. The absorption
spectra of nanoparticles were measured using UV-VIS spectrophotometer (Schimadzu, UV-1800)
and Fourier transform infrared spectroscopy (FTIR) measurements have been performed with
(Shimadzu, 8400) in the mid infrared area, ranging from 450-4000 cm-1.
Results and Discussion. Fig. 1 shows the XRD pattern of Zn-doped TiO2 nanoparticles calcined at
450 °C. The diffraction peaks at 2Ɵ = 25.3°, 37.8°, 48.0°, 53.9° and 55.0° corresponds to the anatase
phase of TiO2 (JCPDS No. 96-500-0224). A low intense diffraction peak at 2Ɵ = 30.7° is attributed
to the brookite phase of TiO2. Anatase is the predominant phase in the prepared sample. X-ray
diffraction peak at 25.3° corresponds to the characteristic peak of crystal plane (101) of anatase and
peak at 27.4° corresponds to a crystal plane (121) of brookite. The calculated crystallite size from
Scherrer’s formula is found to be around 8 nm.

Fig. 1. XRD pattern of as-synthesized Zn-doped TiO2 sample (A, anatase; B, brookite).
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Fig. 2 depicts the scanning electron microscopy image of Zn-doped TiO2 particles which shows the
particle distribution of as-synthesized Zn-doped TiO2 nanoparticles. The nanopowder exhibited a
homogeneous spherical morphology of the particles.

Fig. 2. Scanning Electron Microscopy image of as-synthesized Zn-doped TiO2 nanoparticles.
Optical absorbance spectra of undoped and Zn-doped TiO2 particles calcined at 450 °C were recorded
and shown in Fig. 3. Absorption spectra shows the red shift of the light absorption edge of Zn-doped
TiO2 nanoparticles as compared to pure TiO2 particles. The band gap energy can be estimated from
the value of wavelength where the absorption edge starts to take off and the band gap energy of TiO2
nanoparticles were observed to be decreased from 3.17 to 2.93 eV with Zn-doping. The red shift has
been attributed to the formation of impurity by the dopant within the band gap states of TiO2 [10].

Fig. 3. UV–vis absorbance spectra of undoped TiO2 and Zn-doped TiO2 calcined at 450 °C.
Fig. 4 depicts the FTIR spectra of as calcined Zn-doped TiO2 nanoparticles. A broad peak appearing
at 3100–3600 cm−1, precisely at 3325cm-1 is attributed to the stretching vibration of O–H hydroxyl
groups representing physically adsorbed water as the moisture. The peak observed at 1632 cm-1 is
attributed to the bending modes of adsorbed water. Another peak at 2973 cm-1 is assigned to the C-H
MMSE Journal. Open Access www.mmse.xyz
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vibrations. This could be because of the organic residues remained in TiO2 even after calcination.
The sharp peaks appearing at 1128, 1088 and 1046 cm-1 can be attributed to C-O vibration while
peaks at 500 cm-1 to 900 cm-1 corresponds to O-Ti-O bands [12, 13].

Fig. 4. FTIR spectrum of as-synthesized Zn doped TiO2sample
Summary. In this work, Zn-doped TiO2 nanoparticles were successfully synthesized by sol-gel
method and studied for their structural and optical properties. XRD pattern showed anatase crystalline
phase of Zn-doped TiO2 nanoparticles. A low intensity XRD peak has also been observed which is
attributed to the brookite phase. Scanning electron microscopy study has confirmed the prepared
particles of homogeneous spherical morphology. The absorption spectra of the as-synthesized
nanoparticles showed strong absorption below 400 nm and a red shift was observed in Zn-doped TiO2
as compared to the undoped TiO2 nanoparticles.
Acknowledgment. Authors extend sincere thanks to University Grant Commission, New Delhi
(INDIA) for the financial assistance to carry out this research work.
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a b s t r a c t
This paper reports the synthesis of pure and Cr-doped TiO2 nanoparticles with different doping concentrations by using a cost-effective solvothermal method. The as-synthesized nanoparticles were characterized by using X-ray diffraction, transmission electron microscopy and UV–Vis spectroscopy to study their
structural and optical properties. The XRD pattern showed the prepared material is pure anatase of the
crystalline phase. Using TEM measurement, the average particles size is found to be about 11–13 nm
while selective area electron diffraction (SAED) patterns have confirmed the polycrystalline nature of
the nanoparticles. The size of the crystallite is observed to be decreased with an increase in dopant
(Cr) concentration. UV–Vis absorption spectra showed enhanced absorption in the visible range in accordance with the doping concentration of Cr with a red shift in the absorption edge. The band gap energy of
doped nanoparticles decreases in accordance with an increase in dopant concentration due to the
reduced particles size. This presented work would be useful to tune the optical properties of doped
and undoped metal oxide TiO2 for its optoelectronic applications.
Ó 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Presently, titanium dioxide (TiO2) nanoparticles have got great
importance due to its outstanding performance in a wide range
of applications. TiO2 nanoparticles have been widely investigated
for its photovoltaics and photocatalysis applications. This material
is a large band gap semiconductor oxide with high refractive index
and chemically inert, non-toxic, photostable and inexpensive [1–
4]. TiO2 is a versatile material and has been demanded in dyesensitized solar cells (DSSCs), hybrid organic-inorganic solar cells,
polymer solar cells, heterojunctions based solar cells and photocatalysis applications. Dye-sensitized solar cells are one of the
promising areas of research in the fields of material science and
nanotechnology owing to the easy fabrication, low-cost and good
photo-conversion efficiency [5,6]. The photoanode of the dyesensitized solar cell is made of transparent conducting oxide substrate coated with a wide band gap semiconductor material sensitized with a dye. The promising semiconductor material of choice
is TiO2 because of its optical properties and photostability. However, alternative semiconductor materials such as ZnO, Nb2O5 etc.
have also been investigated and showed good performance of the
⇑ Corresponding author.
E-mail address: rag_pcw@yahoo.co.in (R.S. Dubey).

DSSCs [7,8]. Several approaches have been developed to modify
the structure of photo-anode material for the optimum gain of
DSSCs like doping of a metal ion into TiO2 lattice. Acceptor dopants
like chromium, vanadium, iron, copper, zinc etc. doped with TiO2
have been used to fabricate the photo-anode of DSSCs [9–13].
When the size of the particles is reduced to several nanometer
scale it results in a large surface-to-volume ratio with inimitable
optical properties. TiO2 has a tendency to absorb ultraviolet (UV)
due to its wide band-gap i.e. 3.0–3.2 eV and therefore, a small portion of the solar spectrum gets absorbed by this material. Further,
amazing properties of the TiO2 can be attained by the metal doping
which improves the lifetime of electron-hole and hence, prevents
the recombination of photoexcited charge carriers. The purpose
of metal-ions doping is to narrowing the band gap with a shift
up the valence band or shift down the conduction band of the host
material (TiO2). Metal doping in TiO2 facilitates the intrinsic properties with enhanced photoresponse in the visible wavelength. As a
result, a shift of absorption band from UV to visible region i.e. red
shift which has been regarded to the charge-transfer transition
between the d electrons of the dopant and TiO2 conduction band.
For the doping, several dopants have been investigated among
which metal-ion doping in TiO2 is widely preferred with the transition metals like Cu, Co, Ni, Cr, Mn, Nb, V, Fe etc. [14–21]. Among
these transition metal-ions, Cr is one of the demanded dopants

http://dx.doi.org/10.1016/j.rinp.2017.03.014
2211-3797/Ó 2017 The Authors. Published by Elsevier B.V.
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which has been reported to be promising for the enhancement of
photoresponse in the visible wavelength range by narrowing the
optical band gap. For the synthesis of undoped and doped TiO2
nanoparticles, several methods have been explored among which
solvothermal method is one of the versatile methods for the preparation of particles with narrow size distribution and dispersity
[22]. The doping of chromium in TiO2 has showed an improvement
in the optical and photocatalytic properties [23,24]. Chromium is
known to be one of the most demanded dopants in TiO2 and
demonstrated an enhancement in photo-current density with a
shift of optical absorption in visible range. Cr+3 ions has less number of valence electrons as compared to Ti+4 hence, the excess of
holes create an acceptor level near the valence band of TiO2.
Because of the narrowing of band gap between valence and acceptor, the electron movement is better even at lower temperature.
Peng et al. have studied the influence of Cr doping and annealing
temperature on the photocatalytic activity of TiO2 and showed
the shifting of absorption edges of TiO2 towards high wavelength
region with the increase of Cr concentration [25]. Yanan Xie et al.
have reported the preparation of chromium-doped TiO2 particles
by hydrothermal method for dye-sensitized solar cells (DSSCs)
application. They have performed the photovoltaic performance
of by controlling the Cr dopant concentration in TiO2 and observed
that the rutile phase was increased with the introduction of Cr. In
addition, electron transport mechanism and electron lifetime was
improved [26]. J.A. Pedraza-Avella et al. have studied the visible
light absorption of TiO2 by doping transition metal (chromium)
with different dopant concentrations 0.1, 0.5, 1.0 and 5.0 wt% prepared by sol-gel method. The X-ray powder diffraction and Raman
spectroscopy showed the pure anatase phase of all samples. By Xray photoelectron spectroscopy analysis, the oxidation state of
chromium was found to be different for samples prepared at different concentration. The measurement by UV–Vis spectroscopy
showed enhanced visible light absorption due to the emergence
of color centers [27]. Xuemin Li et al. have presented the synthesis
of chromium doped titanium dioxide using hydrothermal
approach and as-prepared samples were characterized for their
structural and optical properties. As compared to pure TiO2 samples, the Cr-doped TiO2 samples showed enhanced visible light
photocatalytic activity. Further, the influence of nitrogenmodified Cr-doped TiO2 samples has been explored [28]. H.M.
Yadav et al. have investigated the photocatalytic degradation of
methylene blue (MB) under visible light irradiation using Crdoped TiO2 nanoparticles. The samples of Cr–TiO2 photocatalysts
were synthesized by sol-gel approach at room temperature and
characterized for their optical and structural properties. An increment in Cr doping concentration showed shifting of the absorption
band towards the visible region. The uniformity and crystalline
anatase phase of the nanoparticles were confirmed by the TEM
results. With an increase of Cr3+ cations concentration, the photocatalytic activity was found to be enhanced [29]. Rajnish K. Sharma
et al. have investigated the properties of chromium doped TiO2 for
oxygen gas sensing application. The Cr-doped TiO2 with concentration 0.4 wt% showed enhanced sensitivity with a shorter response
time at temperature 700 °C as compared to pure TiO2 [30]. Cham
Kim et al. have reported the hydrothermal synthesis of Cr-doped
TiO2 and demonstrated the performance of a dye-sensitized solar
cell by using photo-anode made up of coating of prepared nanoparticles. The photo-conversion efficiency of the dye-sensitized solar
cell was found to be increased by using photo-anode made of double layer of TiO2 particles instead single layer. This enhancement
has been attributed to the suppression of electron recombination
due to light trapping through the structure of double TiO2 layer
[31]. Mohammadi et al. have demonstrated the improved efficiency of DSSC by using double layer of Cr doped TiO2 transparent
material and light scattering layer. The photo-anodes made up of

double layer of Cr doped TiO2 showed improved light absorption
and scattering due to its lower band gap energy [32].
In the present work, we report the synthesis of undoped and
doped TiO2 nanoparticles using solvothermal method with different chromium dopant concentrations 0.01, 0.03 and 0.05 mol%.
The materials and synthesis process of the nanoparticles are presented in ‘Experimental details’. The optical and structural characterization of synthesized samples have been discussed in ‘Results
& discussions’. Finally, ‘Conclusions’ concludes presented work.
Experimental details
For the synthesis, titanium isopropoxide (TTIP, Ti[OCH(CH3)2]4)
and chromium nitrate (Cr(NO3)39H2O) were used as Ti and Cr
precursors which were purchased by Sigma-Aldrich. Acetic acid
glacial (CH3COOH) was obtained from SDFine. All the reagents
were analytical grade and used for the synthesis without any
further purification. For the solvothermal synthesis of undoped
TiO2 nanoparticles, titanium isopropoxide (6 ml) and acetic acid
(12 ml) were mixed. This solution was added to 12 ml of ethanol
and stirred continuously for 2 h. Further, the solution was transferred to a Teflon-lined autoclave for the process at 200 °C for
90 min. After being cooled down to room temperature, the obtained
solution was filtered, washed with ethanol and dried at 80 °C for few
hours. For the synthesis of Cr-doped TiO2 nanoparticles, the TiO2
solution prepared by the above process was mixed in chromium
nitrate and stirred for 30 minutes for the solvothermal synthesis.
This process was repeated to prepare the samples of different
concentration of chromium in the range 0–0.05 mol %.
After synthesis process, the prepared samples were examined
for the investigation of phase and crystallinity using X-ray Diffraction (D8 Advance Bruker AXS, Germany), the optical measurements
using UV–Visible-NIR Spectrophotometer (JASCO V-670, Japan).
The size of prepared particles, growth pattern and crystallites
distribution were examined by using Transmission Electron Microscope (Tecnai G2 20 Twin FEI, Netherlands).
Results & discussions
The as-prepared samples of pure and Cr-doped TiO2 nanoparticles were investigated for the crystal phase and the size of the
crystallites. Fig. 1 depicts the XRD patterns of undoped and

Fig. 1. XRD patterns of undoped and Cr-doped TiO2 nanoparticles with dopant
concentrations 0.01, 0.03 and 0.05 mol%.
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Cr-doped TiO2 nanoparticles with dopant concentrations 0.01, 0.03
and 0.05 mol% under the same conditions. The patterns were
recorded in 2h range of 20–80°. As can be observed the curves
(a), (b), (c) and (d) of the XRD patterns are exhibited diffraction
peaks at 25° and 48° which indicates the crystallinity of the TiO2
and Cr-doped TiO2 nanoparticles respectively. These diffraction
peaks are consistent with the reflections of anatase phase and
are good in agreement with JCPDS File No. 900-9086, 900-8123
and 500-0223. The lattice planes indexed in all diffraction patterns
are associated to the pure tetragonal anatase phase of host TiO2
material which has Ti6 (octahedral) and O3 (trigonal planer)
coordination geometry.
It is also observable that the anatase crystalline phase of TiO2
remained unchanged with the incorporation of Cr in the TiO2 lattice. The samples of Cr-doped TiO2 nanoparticles show a variation
in the intensity of diffraction peaks with a small shift indicates the
slight expansion of the unit cell volume with the reduction in the
crystallite size. Such expansion of the unit cell volume is quite feasible due to a small difference between ionic radii of the dopant
(Cr) and the host titanium-ions [30]. The ionic radii of both Cr3+
and Ti4+ ions are 61.5 and 60.5 pm which is close to each other
therefore, Cr3+ ion can enter the lattice sites of Ti4+ via substitutional doping [33]. The Cr-doped TiO2 samples show reduced
intensity with increased full-width at half-maximum of the Bragg
peak. This might be because of the small nanoparticles size due
to which all the dopants might not have entered the lattice of
octahedral position. However, some dopants might be remained
onto the surfaces or grain boundaries. As a result, the periodicity
of the lattice gets disturbed and affects the crystal growth which
reduces the crystallite size. Further, there are no other characteristic peaks of phases/impurities were noticed in the prepared samples it means there is no presence of doping related elements
like CrO2 or Cr(IV).
The crystallite size of as-prepared samples were calculated by
using Scherrer’s formula as follows,

d¼

kk
bcosh

where b is the full-width at half-maximum (FWHM) of the diffraction peak, k is the X-ray wavelength (nm) and h is the diffraction
angle. The estimated crystallite sizes of the samples are 9.82, 9.79,
9.53 and 9.98 nm corresponding to the XRD patterns (a), (b), (c)
and (d) shown in Fig. 1 respectively. The crystallite size is found
to be decreased with Cr-doped TiO2 samples as compared to
undoped sample which is as a result of the introduction of Cr into
TiO2 lattice [28]. An increase in Cr doping leads wider diffraction
peaks with reduced intensity. This might be as a result of change
in the ionic radius of Cr+3 and Ti+4. The ionic charge of Cr+3 is different from Ti+4, hence, doping of Cr creates more oxygen vacancies in
order to neutralize the charge in TiO2 lattice. The absence of
impurity peak(s) in diffraction patterns indicate the occupancy of
Cr+3 to the main sites of the TiO2 lattice. The photocatalytic property
of Cr-doped TiO2 can be enahanced with an increase in doping concentration to a moderate level and beyond that it saturates.
According to the theoretical calculation, the doping of chromium in titania nanocrystals can be done either by three mechanisms: isolated substitutional doping of chromium at the sites of
titanium, substitutional doping by compensating the oxygen
vacancy and interstitial doping. Therefore, transmission electron
microscopy (TEM) measurement is useful to understand the doping of chromium-ions. TEM analysis was performed to study the
distribution of dopant in TiO2 nanocrystals, particle size, crystallinity and morphology of the prepared samples. The resultant
TEM images of undoped TiO2 and Cr-doped TiO2 samples with
0.01, 0.03 and 0.05 mol% concentrations are shown in Fig. 2. TEM
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images in Fig. 2(a)–(d) depicts the well-distributed nanoparticles
with little agglomeration in the first three samples. This agglomeration can be attributed to the combined fine primary and secondary fine nanoparticles because by nature small size particles
of titania agglomerates with larger ones. The particle sizes of
undoped and Cr-doped with dopant concentrations 0.01, 0.03
0.05 mol% are found to be in nanoscale with the grain size less than
10 nm.
Fig. 2(e)–(h) depicts the high-resolution TEM images of
undoped and Cr-doped TiO2 nanoparticles with different doping
concentrations for the analysis of the lattice fringes. All samples
show uniform structure of nanoparticles with their fine crystalline
areas. The uniform fringes can be clearly observed in the images of
Fig. 2(i)–(l) corresponding to the undoped and Cr-doped samples
which resemble that the nanoparticles are highly crystalline in nature. The lattice spacing are found to be 0.339, 0.363, 0.337 and
0.368 nm which represents the (1 0 1) anatase phase of nanoparticles which consist of single anatase grain. For the case of doped
samples, d-spacing of the crystal planes/fringes are observed to
be increased with title twistiness. Such observation has been
reported for the Au-doped TiO2 nanoparticles which were attributed to the possible defects with metal-doping [34]. The degree of
crystallinity of prepared anatase phase nanoparticles are found
good matching with the highest intensity peak in the XRD pattern.
The crystallinity of the prepared nanoparticles was examined by
selected area diffraction (SAED) pattern and depicted in Fig. 2
(m)–(p) of undoped and Cr-doped TiO2 samples respectively. The
ring pattern endorses polycrystalline anatase nature of all the samples with bright spots indicate the high crystallinity of doped-TiO2
with (1 0 1) planes. The average size of undoped and Cr-doped TiO2
nanoparticles corresponding to the dopant concentrations 0.01,
0.03 and 0.05 mol% are 13.16, 12.47, 10.94 and 12.17 nm respectively. The estimated particle size is good in agreement with the
evaluated crystallite size obtained from the XRD patterns. It is also
observed that the particles size decrease with doping in TiO2 without affecting the crystalline phase of the pure TiO2.
For the analysis of optical properties, UV–Vis absorption measurements of the undoped and Cr-doped samples were carried
out at room temperature which is shown in Fig. 3. Usually,
undoped TiO2 material has the tendency to absorb only UV light
as its band gap is 3.2 eV which can be observed. The absorption
spectra exhibit UV cut-off wavelength which represents the photoexcitation of electrons to the conduction band (formed by 3d
t2g orbitals of the Ti4+ cations) from valence band (formed by 2p
orbitals of the oxide anions) [28].
A red shift in the absorption edge is observed from Cr-doped
TiO2 samples due to acceptor tendency of chromium in titania.
With an increase in the doping concentration, the amplitude of
the red shift is found to increased. The enhancement in absorption
could be due to the positive shift in the conduction band edge of
Cr-doped TiO2 which endorses a slightly reduced band gap of the
doped TiO2 and hence, a red shift in light absorption. Additional
absorption peak in the wavelength range 640–800 nm is noticed
and such similar result has also been reported which was attributed to the d-d transition of Cr3+. This could be corresponding to the
distance between doping levels of Cr3+ ions and the conduction
band [28].
For the band gap analysis of the prepared samples, the optical
band gap is plotted in Fig. 4 using Kubelka-Munk function. The
optical band gap of the nanoparticles can be determined by the
extrapolating to Ephoton = 0 in the curve of (Ephoton = hm) vs [F(R)
hm]1/2. The estimated energy band gap of the undoped and Crdoped TiO2 samples with doping concentrations 0.01 and
0.03 mol% are 3.30, 3.26 and 2.94 eV respectively. The energy band
gap is observed to decrease with an increase in dopant concentration. It is noteworthy that the band gap can be easily tuned to a
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Fig. 2. TEM images of undoped and Cr-doped TiO2 with doping concentrations 0.01, 0.03 and 0.05 mol%.

Fig. 3. UV–Vis absorbance spectra of undoped and Cr-doped TiO2 nanoparticles
with different dopant concentrations 0.01 and 0.03 mol%.

specific level with the choice of doping concentration of transitional metal-ions into host TiO2 as a result shifting of optical
absorption edge from UV to visible region is observed.

Fig. 4. Optical band gap of undoped and Cr-doped TiO2 nanoparticles with dopant
concentrations 0.01 and 0.03 mol%.

To observe the light scattering capacity of the prepared
nanoparticles, the diffused reflectance measurement was carried
out and shown in Fig. 5. The Cr-doped TiO2 nanoparticles show
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transitional metal-ions into TiO2 which results in shifting of optical
absorption edge from UV–visible wavelength range.
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Fig. 5. Diffused reflectance spectra of pure and Cr-doped TiO2 nanoparticles with
dopant concentrations 0.01 and 0.03 mol%.

reduced reflectance due to the smaller sizes of the nanoparticles as
compared to the wavelength range of visible light with a low light
scattering capability.
The diffused reflectance is observed to be increased in the order
Cr-TiO2(0.03 m%) ? Cr-TiO2(0.01 m%) ? TiO2 according to the
nanoparticles size in the order 10.94 nm < 12.47 nm < 13.60 nm.
The light scattering capacity is essential in order to have optimal
light harvesting in DSSCs which falicitates improvement in photon
to current conversion efficiency.
Conclusions
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XRD spectra indicates that nanoparticles exhibit pure anatase crystalline phase. An increase in Cr doping led to wider diffraction
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diffraction patterns indicates the occupancy of Cr+3 to the main
sites of the TiO2 lattice. The crystallite size was calculated using
Scherrer’s formula and the result showed a decrease in the crystallite size with an increase in dopant concentration. TEM analysis
showed the homogeneous morphology of the nanoparticles with
their narrow particle size distribution about 10 nm. The lattice
spacing was found to be 0.339, 0.363, 0.337 and 0.368 nm corresponding to the pure and Cr-doped TiO2 samples which represent
the (1 0 1) anatase phase of the nanoparticles. The d-spacing of the
crystal planes/fringes were observed to be increased with title
twistiness for the doped samples. The ring pattern in TEM images
endorses polycrystalline anatase nature of all the samples with
bright spots representing the high crystallinity of the doped-TiO2
with (1 0 1) plane. It was also observed that particle size decreases
with an increase in dopant concentration which was good in agreement with the estimated size by XRD results. The diffused reflectance spectra of the nanoparticles with different dopant
concentrations showed that the scattering of light has decreased
with an increase in Cr-doping. The band gap energy calculated
using Kubelka-Munk function showed decrease in band gap energy
with an increase in dopant concentration and exhibited a red shift
of absorption edge. This study demonstrates that the band gap can
be easily tuned with the choice of the doping concentration of
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a b s t r a c t
Nanocrystalline TiO2 particles were prepared to study the calcination temperature dependent phase
transformation. X-ray diffraction (XRD) patterns showed the strong Bragg peaks correspond to anatase
(1 0 1) and rutile (1 1 0) phases with their crystallite size 12 and 49 nm for the samples T1 and T2 calcined
at 450 and 700 °C respectively. Raman spectroscopy investigation showed the phase transformation with
the dominating rutile peaks from the pure-anatase phase. By UV–vis absorption spectroscopy, the strong
ultraviolet-light absorption below 400 nm was observed. Using Kubelka-Munk function, the estimated
band gap values were found to be 3.38 and 3.03 eV. The transmission scanning microscopy (TEM) images
exhibited the slightly agglomerated nanoparticles while the selected area diffraction (SAED) patterns
endorsed the polycrystalline nature.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Titanium dioxide (TiO2) nanoparticles have been demanded in
industrial applications due to their unique properties. It is one of
the most promising semiconductor materials because of its nontoxicity, low-cost production, and ease handling process. TiO2 is
well-recognized for its potential applications as the photocatalyst
in water splitting, pigments, gas sensors, in hydrogen gas evolution, self-cleaning surfaces, solar cells, etc. [1]. This material exists
in four polymorphs which include anatase and rutile both in
tetragonal, brookite in orthorhombic and TiO2 (B) in monoclinic
forms. TiO2 possesses different physical and physicochemical properties depending upon the deviation in the lattice arrangements of
these polymorphs. With the easy synthesis process and good stability of the anatase and rutile polymorphs, both are wellrecognized crystals with their energy band gaps 3.2 and 3.0 eV
respectively. The characteristics of TiO2 can be tuned with the particle size, morphology, and the crystalline nature. As compared to
the rutile phase, the anatase phase nanoparticles have the better
mobility of the electrons and therefore, demanded for the solar cell
applications.
Several methods have been investigated for the synthesis of
TiO2 nanoparticles including sol-gel, solvothermal, chemical precipitation, micro-emulsion, flame spray pyrolysis, mechanism
milling, plasma-assisted, laser ablation etc. [2]. Nevertheless, the
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sol-gel method is known to be one of the simplest one for the
preparation of nanoparticles due to its low-cost and easy process
with the high degree of homogeneity and purity. The sol-gel chemistry of TiO2 synthesis mainly involves the hydrolysis and polycondensation of metal alkoxides. The key parameters that regulate the
physical properties of the synthesized TiO2 nanoparticles are the
type of metal alkoxides, the amount of water and the catalyst used
in the sol-gel process. The agglomerations of the nanoparticles are
prevented with the use of an acid catalyst which induces the repulsive force between the particles as a result of proton adsorption
that positively charges the uncharged precipitates. The obtained
products via sol-gel process are mostly amorphous hence; thermal
treatment is preferred to promote the crystallinity. Further, the
heat treatment may induce aggregation, grain growth, and phase
transformation.
Presently, an intensive research has been focused on the dyesensitized solar cells (DSSC) and expected to lead the photovoltaic
market in the near future owing to its easy and low-cost fabrication process. In DSSCs, TiO2 has been demanded as the photoanode material due to its ability of interconnected porous structure
which allows adequate dye loading and hence, harvesting the sunlight [3,4]. The pure anatase phase of TiO2 is generally preferred
polymorph for the fabrication of DSSCs photo-anode which
increases the power conversion efficiency as compared to other
crystalline phases. Nonetheless, mixed phases of TiO2 have also
been investigated as the photo-anode material for the DSSCs
[5,6]. Essentially the phase transformation process is well sus-
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tained by the aggregated anatase nanoparticles and as a result, it
forms the anatase twin boundaries with the structural elements
which are common to the rutile and acts as the nuclei of the rutile
phase. Titania nanocrystals of anatase structure have been
demanded for their potential applications. At high calcination temperature, the anatase phase undergoes a polymorphic transformation to its rutile phase. Giridhar Madras et al. have presented a
model for the polymorphic transformation and coarsening of
TiO2 nanocrystals. By using population balance equations of size
distributions of the dimorphs, a simplified model of first-order rate
expression of transformation was presented. The presented model
was elaborated to its experimental realization for the transformation between the dimorphs anatase which was further, generalized
to the transformation among three or more polymorphs [7]. W. Ma
et al. have investigated the structural transformation of chemically
prepared TiO2 nanoparticles using Raman spectroscopy with the
considerations of frequency downshift, intensity increase and linewidth sharpening of the lowest-frequency Eg mode. At temperatures lower than 350 °C, the rutile phase was observed to be
stable which was associated to the surface effects. Further, the
transformation of the anatase to rutile phase was noticed with
the phenomenon of amorphization while the cause was indistinguishable [8]. S. Mahshid et al. have studied the TiO2 nanoparticles
prepared by the hydrolysis of titanium isopropoxide alcoholic solution followed by the peptization of the suspension at temperature
60–70 °C for 18–20 h. The prepared particles with pH2 were of the
anatase crystalline phase even at a temperature below 100 °C. The
particles calcined at 400 °C were observed to remain pure anatase
phase with their diameter about 28 nm. The size of the particles
was dependent on the calcination temperature and observed to
be larger in the diameter with the increased temperature. The
phase transformation from the pure-anatase to rutile phase was
noticed for the samples calcined below 600 °C. The morphological
study of the nanoparticles has confirmed the spherical shape due
to the maintained acidic condition which restricted the agglomeration of the particles [9]. Kunlun Ding et al. have demonstrated the
synthesis of rutile TiO2 nanocrystals with the use of 1-butyl-3methylimidazolium chloride and the anatase to rutile phase transformation was investigated. To describe the phase transformation
process, they had proposed a model with the assumption that
the nucleation and growth of the rutile phase can be determined
in the aggregation manner of the anatase nanocrystals and Ostwald
ripening process respectively. The choice of 1-butyl-3methylimidazolium chloride as surfactant-like nature could show
its influence on the phase, shape, and the size of TiO2 particles. Further, it was useful for the crystallization process via controlling the
aggregation of the nanocrystals. With the optimization of the
chemical process, the pure-rutile multipods and one-dimensional
nanorods with their variable sizes were prepared [10]. Kyung-Jun
et al. have presented the experimental study of nanocrystalline
TiO2 particles prepared by an in-expensive sol-gel method. The size
of the prepared particles was controlled with the aging via
hydrolysis-polycondensation process and found to be increased
in accordance with the reaction temperature and the aging time.
After calcination at temperature 500 °C, the phase transformation
from the anatase to rutile was noticed while other measurements
showed the strong influence via phase transformation which has
affected the size of the particles [11]. Biswajit Choudhury et al.
have presented the study of TiO2 nanoparticles synthesized by
the sol-gel approach and obtained the pure anatase phase after
the calcination at 450 °C. Further, the calcination at 700 and
950 °C showed the preparation of the mixed anatase-rutile and
pure-rutile phases respectively. In case of mixed phase, about
88% rutile composition was observed however, the percentage of
the rutile fraction can be tailored with respect to the calcination
temperature. The as-prepared anatase TiO2 was having its
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crystallite size about 5 nm with a positive strain of 0.0345 which
was associated with the presence of oxygen defects on the surface
and the grain boundary. Further, a negative strain of 0.0006 was
obtained for the rutile phase which was associated to the removal
of the defects which released the strain and relaxed the lattice to
its normal state. The presence of oxygen defects was showed its
influence to the broadening of the Raman peak and the shortening
of the phonon lifetime corresponds to 5 nm anatase nanocrystallite.
Inversely, for the case of larger rutile crystallite, the decreased width
of the Raman peak and increased phonon lifetime were noticed [12].
This paper presents the synthesis of TiO2 nanoparticles via the
sol-gel route to study the influence of the calcination temperature
on the phase transformation. The materials and synthesis process
of the nanoparticles are presented in Section 2. The optical and
structural characterization of the synthesized nanoparticles has
been discussed in Section 3. Finally, Section 4 concludes the paper.
2. Experimental details
For the sol-gel synthesis, titanium isopropoxide (TTIP) (supplied
by Sigma-Aldrich), deionized water and isopropyl alcohol (supplied by Fisher Scientific) were preferred as the starting materials.
All the reagents were analytical grade and used without any further purification. Initially, TTIP was dissolved in isopropanol under
vigorous stirring to obtain solution ‘A’. Later solution ‘B’ was prepared by adding isopropanol to the deionized water. For the solutions ‘A’ and ‘B’ the molar ratio of TTIP and H2O were 1:4
respectively. Further, solution ‘A’ was added to the solution ‘B’ to
promote the hydrolysis reaction under vigorous stirring for 2 h.
The pH value was maintained to 1 by adding the glacial acetic acid.
The resultant gel was kept for the drying at 80 °C for 1 h in order to
evaporate the water and other organic contents. As a result, the
final product of amorphous TiO2 gel was obtained. After drying,
the TiO2 sample was calcined at 450 and 700 °C for 2 h to get the
nanocrystalline TiO2. The prepared samples of TiO2 calcined at
450 and 700 °C were labeled as T1 and T2 respectively.
After the above synthesis process, the prepared TiO2 nanoparticles were examined for the phase and crystallinity using X-ray
Diffraction (XRD-Bruker AXS D8 Advance, Germany), the optical
measurements using UV–visible-NIR Spectrophotometer (JASCO
UV670, Japan) and the phase transformation evaluation by Raman
spectroscopy (BWTEK, Japan). The size of the prepared particles,
growth pattern and distribution were examined by using Transmission Electron Microscope (TEM, Tecnai G2 20 Twin FEI, The
Netherlands). The qualitative and quantitative analysis of the prepared samples were performed by EDX (X-Twin) attached to TEM.
3. Results & discussion
The crystallinity of the prepared T1 and T2 samples were analyzed by X-ray diffraction (XRD) measurements. Fig. 1(a) and (b)
depicts the XRD patterns of TiO2 nanoparticles calcined at temperatures 450 and 700 °C respectively. The 2h values were recorded in
the range 20–80° using Cu-Ka radiation of wavelength 1.54060 Å.
By comparing the diffraction peaks of both the samples T1 and T2,
we can observe the broad diffraction peaks for the sample T1. The
broadening of these diffraction peaks resembles that the particles
are of small crystallite size or the semi-crystalline in nature [13].
The diffraction peaks observed in Fig. 1(a) confirms the pure anatase crystalline phase which is originated from the lattice planes
at 2h values, 25h = d101, 37h = d004 and 48h = d200 and found good
in agreement with the JCPDS file No. 900-9087.
In a similar way, Fig. 1(b) depicts the XRD pattern of the sample
T2 with the diffraction peaks at 27h = d110, 36h = d101 and 55h = d211
which indicates the rutile phase and found good in agreement with
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Fig. 1. XRD patterns of the samples T1 (a) and T2 (b) calcined at 450 and 700 °C respectively.

the JCPDS file No. 900-9084. In addition, sample T2 depicts a minor
peak at 25° which corresponds to the presence of the anatase
phase. This sample shows the major rutile phase after calcination
of the TiO2 powder at temperature 700 °C. The crystallite size of
the samples was estimated using Scherrer’s equation, d = kk/bcosh
where b is the full-width at half-maximum (FWHM) of the diffraction peak, k is the X-ray wavelength (nm) and h is the diffraction
angle. The estimated crystallite sizes of the samples T1 and T2
were 12 and 49 nm respectively. Remarkably, the crystallite size
of TiO2 particles is found to be increased with the rise in calcination temperature. In simple words, the interfaces at the anatase
grains act as nucleation sites for undergoing the phase transformation to the rutile when the calcination temperature increased from
450 to 700 °C corresponding to the samples T1 and T2 respectively.
The calcination of the TiO2 particles at higher temperature was the
cause for the removal of the grain boundary defects and therefore,
the crystallite size was observed to be increased [12]. In this way,
calcination temperature felicitates the control of the desired ratio
of the anatase and rutile phases. Some investigations have also
reported the cause of phase transformation because of the presence of oxygen defect [14,15].
Raman spectra of the samples T1 and T2 calcined at temperature 450 and 700 °C respectively are shown in Fig. 2. Fig. 2(a)
shows the Raman peaks corresponding to the anatase phase of

TiO2 in which the intense Eg peak occurs at 144 cm 1 and low
intense B1g, (A1g + B1g) and Eg peaks occurs at 410 cm 1, 520
cm 1 and 640 cm 1 respectively.
However, Fig. 2(b) shows the Raman peaks corresponding to
rutile phase which are observed at 240, 450 and 620 cm 1. A
low-intensity peak at 144 cm 1 is also observed from the sample
T2 which indicates the presence of the anatase phase as well. Here,
with an increased calcination temperature, the rutile peaks have
become stronger while anatase is weaker. Our results are consistent with the others reported works [8,12,16].
The optical absorbance spectra of the as-prepared TiO2
nanoparticles calcined at 450 and 700 °C were recorded at room
temperature and plotted in Fig. 3. With the increase of calcination
temperature, the absorption edge is observed to be shifted towards
the higher wavelength with a redshift. In Fig. 3(a) and (b), the
strong excitation absorption peaks are observed at 347 and 392
nm for the samples T1 and T2 respectively.
To estimate the band gap energy, diffused reflectance measurements were performed for both the samples. Using Kubelka-Munk
function, the direct transition band gap energy Eg of the nanoparticles were determined by the extrapolating to Ephoton = 0 in the
curve of (Ephoton = hm) vs [F(R)hm]1/2 which is depicted in Fig. 4.
Here, Ephoton is the photon energy given by Ephoton = 1240/k eV
where k is the wavelength in nanometer.

Fig. 2. Raman spectrum of the samples T1 (a) and T2 (b) calcined at 450 and 700 °C respectively.
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Fig. 3. UV–vis absorbance of the samples T1 (a) and T2 (b) calcined at 450 and 700 °C respectively.

Fig. 4. [EphotonF(R)]2 vs Ephoton characteristics of the samples T1 (a) and T2 (b) calcined at 450 and 700 °C respectively.

The calculated band gap values by extrapolating Ephoton to a = 0
are 3.38 and 3.03 eV corresponding to the samples T1 and T2 calcined at temperature 450 and 700 °C respectively. The obtained
band gap value of the sample T1 is larger than the 3.2 eV of the
bulk titania. As a matter of fact, the band gap of a semiconductor
material is size dependent and decreases in accordance with the
increase of the crystallite size of the anatase or the rutile phase
[17–19]. From our XRD results, we have observed that the crystallite size of the rutile phase particles was increased which led to
reduced band gap energy due to the dense packing of the crystalline structures. In other words, a lower calcination temperature
shifts the absorption edge towards the shorter wavelengths with a
blueshift which results in a large band gap energy corresponding to
the sample T1.
TEM micrographs of the samples T1 and T2 prepared at different calcination temperatures are depicted in Fig. 5. The prepared
nanoparticles are observed to be slightly agglomerated and nonhomogeneous as shown in Fig. 5(a) and (b). The diameter of the
anatase and rutile phase nanoparticles are approximately 13 and
100 nm of the samples calcined at 450 and 700 °C respectively.
Generally, thermal treatment causes the phase transformation
from thermodynamically metastable anatase to the rutile phase.
The contents of the hydroxyl groups exist on the surface after
the sol-gel process get eliminated with the heat treatment through

the process of dehydration which stimulates the crystallite growth
to the dimension larger than those of the original particles. The
diameter of the nanoparticles of sample T1 shows good in agreement with the crystallite size obtained from the XRD result. However, the deviation in the diameter of the particles (sample T2) is
found which might be related to the fact that the diffraction pattern gives the average size of n-number of particles in the sample
whereas TEM analysis visualizes the different particles in the samples with their size distribution. According to the reported works,
the monodispersed, single crystal and hard spheres nanoparticles
can be good in agreement of their crystallite size with the particle
diameter. Conversely, the value obtained from the Scherrer’s equation can be smaller than the values obtained from the TEM as the
TiO2 particle is of polycrystalline nature and may have several
smaller crystallites [20–22]. Fig. 5(c) and (d) depicts the highresolution TEM images of the samples T1 and T2 for the analysis
of the lattice fringes and both the samples show uniform structures
with their fine crystalline area. The uniform appearance of the
fringes can be clearly seen in Fig. 5(e) and (f) which indicates the
crystalline nature of the particles. The lattice spacings are found
to be 0.312 and 0.32 nm for the samples T1 and T2 respectively.
For the case of sample T2, d-spacing of the crystal fringes are
observed to be increased which may be attributed to the possible
defects [23].
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Fig. 5. TEM images and EDX spectra of the samples T1 and T2 calcined at 450 and 700 °C respectively.

The degree of crystallinity of the prepared samples is found a
good matching with the highest intensity peak in the XRD patterns.
The crystallinity of the prepared samples was examined by
selected area diffraction (SAED) patterns and depicted in Fig. 5(g)
and (h). The ring pattern endorses polycrystalline nature of both
the samples with bright spots indicating the high crystallinity of
the anatase (1 0 1) and rutile (1 1 0) planes. The compositional analysis of the elements in the samples T1 and T2 were performed by
TEM-EDX measurement and shown in Fig. 5(i) and (j) respectively.
Both the samples endorse the elemental peaks of Ti and O with
their relative weight percentages 61.60 and 38.39% for the sample
T1 while 71.14 and 28.85% for the sample T2.
4. Conclusions
By employing the sol-gel process, nanocrystalline TiO2 nanoparticles were prepared and studied for their phase transformation.
XRD pattern showed the anatase (1 0 1) and rutile (1 1 0) phases
corresponding to the samples thermally treated at 450 and 700
°C respectively. The crystallite size of TiO2 was found to be
increased with the rise in calcination temperature. Raman spectroscopy measurement showed the phase change from the anatase
(peaks at 144, 410, 520 and 640 cm 1) to rutile phase (peaks at
240, 450 and 620 cm 1) for the samples T1 and T2 calcined at

450 and 700 °C respectively. A low-intensity Raman peak at 144
cm 1 from the sample T2 endorses the anatase phase. The estimated direct band gaps of the samples T1 and T2 were 3.38 and
3.03 eV corresponding to the samples calcined at temperature
450 and 700 °C respectively. The large band gap value obtained
for the sample T1 has been attributed to the lower calcination temperature which showed a corresponding blue shift in the absorption spectra. TEM images showed the formation of slightly
agglomerated and non-homogeneous nanoparticles. The size of
the nanoparticles of the sample T1 is found to be good in agreement with the XRD crystallite size. The SAED patterns showed
the crystallinity of the prepared samples with the formation of
bright ring spots which correspond to the anatase (1 0 1) and rutile
(1 1 0) planes. EDX analysis showed the elemental peaks in both the
samples. With this study, the calcination temperature is observed
to be a dominant factor for the tuning of TiO2 particles size and
the phase transition.
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Abstract
TiO2 nanoparticles have been demanded in many applications. Sol-gel chemical process is one of the easiest ways and possesses
credentials to optimize optical, electrical and structural properties of the materials during the synthesis process. In this work, we
present the synthesis and characterization of TiO2 nanoparticles. X-ray diffraction pattern and Raman study showed the rutile phase
peaks. UV-Vis spectroscopy analysis showed the UV absorption peak at 392 nm corresponds to the band gap value 3.03 eV. The
polycrystalline nature of the prepared nanoparticles is confirmed by the transmission scanning microscopy (TEM) measurement.
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1. Introduction
Titanium dioxide (TiO2) has potential applications in water splitting, pigment, dye sensitized solar cell, antireflection
coating, VLSI devices, biosensors etc. [1]. TiO2 found in four polymorphs such as anatase and rutile, brookite and TiO2
(B) whereas rutile phase is thermally stable. The lattice arrangement of these polymorphs yields unique physical and
physicochemical properties.
TiO2 is a suitable material because of good its photo-stability and therefore, investigated as the photoanode materials
in dye-sensitized solar cells. The nanocrystalline TiO2 is coated on the conductive glass plate. In spite of TiO2, ZnO is
being recognized for the DSSCs however, conversion efficiency is lower reported. Further, the efficiency of the DSSCs
can be improved via doping the acceptor materials such as vanadium, copper, chromium, iron, zinc in the host TiO2 [26].
Various synthesis methods of TiO2 nanoparticles such as chemical precipitation, hydrothermal, solvothermal, ball
milling etc. are being investigated however, the sol-gel approach is one of the simple and inexpensive one [7]. The solgel process yields amorphous product so calcination is needed. Therefore, the calcination temperature affects the
agglomeration, growth, and phase transformation of the nanoparticles.
In this paper, we explore the preparation and characterization of TiO2 nanoparticles prepared by chemical process.
The materials and experiment details are presented in Section 2. The obtained results have been discussed in section 3
and conclusion of the work is present in section 4.

2. Experimental Details
Titanium isopropoxide, deionized water and isopropyl alcohol were used. At first titanium isopropoxide was
dissolved in isopropanol under stirring. Separately, mixed solution of isopropanol and deionized water was prepared.
Later, titanium isopropoxide based solution mixed in later solution stirred for 2 h to get the clear and dense solution.
Further, the obtained solution was dried at 80° C to remove all the solvents and to obtain amorphous TiO2 gel. The as
prepared TiO2 gel was calcined at 700 °C and characterized by X-ray Diffraction (Bruker AXS D8 Advance, Germany),
UV-Visible-NIR Spectrophotometer (JASCO UV670, Japan) Raman spectroscopy (BWTEK, Japan) and Transmission
Electron Microscope (TEM, Tecnai G2 20 Twin FEI, Netherlands).

2

Author name / Materials Today: Proceedings 00 (2018) 0000–0000

3. Results and Discussion
Fig.1 shows a brief review of the employed processes for the preparation of TiO2 nanoparticles. Fig.1(a) depicts the
mixed solution of the titanium isopropoxide, deionized water and isopropyl alcohol while fig.1(b) shows the little dense
solution after vigorous stirring for 2h. As collected sample is shown in fig.1(c) and TiO2 nanoparticles obtained after
grinding is shown in fig.1(d).

Fig. 1. (a) Chemical processed solution, (b) resultant solution, (c) collected sample and (d) TiO2 particles after grinding.

To study the crystallinity of the prepared particles, XRD pattern was recorded in the range 20-80°. Fig. 2 shows the
XRD pattern of TiO2 nanoparticles after calcination at 700 °C.

Fig. 2. X-ray diffraction pattern of the TiO2 nanoparticles.

We can observe diffraction peaks at 27θ = d , 36θ = d
and 55θ = d
corresponding to the rutile phase and
found good in agreement with the JCPDS card No. 900-9084. Similar result has been reported by M.S. Anwar et al. and
K. Fhadian Azizi [3,4]In spite of rutile peaks from the prepared nanoparticles, one can also observe a peak at 25° which
corresponds to the anatase phase. Using Scherrer’s equation, the obtained crystallite size is found to be ~50 nm. The
crystallite size is temperature dependent, higher annealing temperature yields the bigger crystallite size due to the
elimination of the anatase grain boundary defects [5-6].
Fig. 3 depicts the Raman spectra TiO2 nanoparticles. We can clearly observe the rutile phase peaks at 240, 450 and
620 cm-1. In addition to these peaks, Raman spectra endorse a small peak at 144 cm-1 which resembles the remained
anatase phase. The calcination of TiO2 particles at lower temperature yields pure antase phase while rutile phase can be
attained at higher calcination temperature. Due to high temperature, the anatase grain boundaries get collapse and
produced rutile phase as a result the Raman peaks of anatase phase vanishes and rutile peaks become dominant [7].
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Fig. 3. Raman spectra of the TiO2 nanoparticles.

Fig. 4 depicts the optical absorbance of the TiO2 nanoparticles with the strong excitation absorption peak at 392
nm.

Fig. 4. UV-Vis absorbance of the TiO2 nanoparticles.

By using Kubelka-Munk function, the estimated direct transition band gap energy is found to be 3.03 eV. The value
of band gap varies upon the crystallite size, for example more the crystallite size lesser the energy band gap [8-9].
Transmission electron microscopy (TEM) analysis was carried out to confirm the size of the prepared nanoparticles
and shown in Fig. 5(a). The approximated diameter of the nanoparticles is found to be 100 nm. TEM image also shows
the agglomeration of the spherical nanoparticles.

4

Author name / Materials Today: Proceedings 00 (2018) 0000–0000

Fig. 5. (a) TEM image and (b) selected area diffraction pattern of the TiO2 nanoparticles.

The selected area diffraction (SAED) pattern was recorded and shown in Fig. 5(b). This image depicts the degree of
crystallinity which coincides with the XRD result and the ring pattern confirms polycrystalline nature.

4. Conclusions
The preparation and characterization of rutile phase TiO2 nanoparticles have been presented. Using XRD, the rutile
phase corresponding to plane (110) is observed. Raman study showed the various peaks of the rutile phase. UVabsorbance peak is found be at 392 nm whereas the estimated energy band gap was 3.03 eV. TEM measurement has
confirmed spherical shape nanoparticles whereas SAED pattern endorsed the bright ring spots of the rutile (110) planes.
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