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ABSTRACT 

Through a modified sol gel route with titanium isopropoxide (TIP) and acetic acid, titanium dioxide (TiO2) thin films were 
deposited by dip coating. Employing acetic acid as modifier and without inclusion of water in hydrolysis leaded to control the 
degree of condensation-oligorimerization of the precursor and formation of anatase phase only upon annealing. Direct allowed 
energy band gap 3.87 eV verified the anatase phase of the film. Impact of temperature on structural properties was deduced by 
FTIR and UV-Visible spectroscopies. Due to the reduction in band gap with increase in annealing temperature, injected Li

+
 

charge amount dropped in anatase compared to the amorphous (unannealed) films. Copyright © 2014 VBRI press.  
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Introduction  

Titanium dioxide (TiO2) is an environmental oxide that 
gained a great attention due to its interesting chemical, 
electrical and optical properties. These outstanding 
properties directly depend on the crystalline phase. 
Normally, TiO2 exhibits polymorphs with three phases; 
anatase, rutile as tetragonal whereas brookite orthorhombic. 
While rutile phase is optically active and the most stable of 
these three; anatase phase has attracted much attention 
because of its higher photocatalytic activity for 

photocatalysis [1] and solar energy conversion [2,3]. Sol 
gel method is one of the best ways to fabricate TiO2 films 
onto different substrates at low temperature with lower cost. 
Mostly, as deposited films exhibit amorphous phase and by 
thermal heat treatment phase transition occurs from 
amorphous to anatase phase around 500°C. However other 
deposition processes may cause anatase phase accompany 
by rutile and brookite traces. Amorphous to anatase phase 
transformation not only depends on annealing but also 
species that get involved in sol synthesis. TiO2 sol 
preparation usually has three approaches; Ti alkoxide 

precursors in aqueous [4-6] or organic media [7], 

hydrolysis of TiCl4 at low temperatures [8] and non-

hydrolytic combination of Ti alkoxide and TiCl4 [9].  
In this work, impact of annealing temperature on TiO2 

films, produced by a modified sol-gel route, was studied. 
Moreover, due to advantage of the sol, annealing caused to 
formation only one phase (anatase) of TiO2 film. 
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Furthermore, it was substantiated from the CV analysis that 
Li

+
 charge amount dropped in anatase compared to the 

amorphous (unannealed) TiO2 films. Such experimental 
finding was interpreted by quantum confinement effect and 
traced by variation of energy band gap with increase in 
annealing temperature. 
 

Experimental 

Materials and synthesis of coating sol 

Titanium(IV) isopropoxide (Ti[OCH(CH3)2]4, 99.999% 
trace metals basis, Aldrich) was used as TiO2 coating sol 
precursor. 9.3 ml of isopropyl alcohol (IPA, (CH3)2CHOH, 
≥99.7%, Aldrich) was added to 3.2 ml TIP solution and 
mixed at 70±10°C on a magnetic stirrer. 10.3 ml acetic acid 
(C2H4O2, 100% Puriss Glacial, Sigma Aldrich) introduced 
to the mixture as a chelating agent and stirred. After adding 
24 ml methanol (CH3OH, ≥99.5%, Merck) to this mixture 
solution transformed a white precipitate and dissolved in 25 
ml methanol giving a translucent, moonstone colored 
solution.  
 
Preparation of thin films  

TiO2 thin films were deposited on SLG (soda lime glass, 
ISO LAB) and ITO (Indium Tin Oxide coated glass, 
Resistivity 25-30 ohms/sq) substrates at room temperature 
by dip coating technique. Prior to deposition all substrates 
were cleaned in an ultrasonic bath at 30°C with acetone, 
isopropyl alcohol and deionized water, respectively. 
Dipping speed was constant at 100 mm/min and samples 
were dried at room temperature before heat treatment at 
100°C for 20 min. Resuming the same processes for double 
layer, uniform and crack free films were produced. Finally 
films were annealed under air at different temperatures; 
200°C, 300°C and 500°C for 1 h. 
 

 
 

Fig. 1. TG DTA pattern of TiO2 coating solution 
 

Characterizations 

Coating sol was dried in an open atmosphere at room 
temperature. The coating sol powder was used for 
thermogravimetric and differential thermal analyses (TG-
DTA) prior to heat treatment. TG DTA measurements were 
performed with a Seiko SII Exstar 6300 model thermal 
analysis system using an alumina crucible in static air 

ambient with a heating rate of 10°C/min. The structural 
properties of the films were investigated by means of 
Fourier transform infrared spectroscopy (FTIR) using a 
Bruker Tensor27 model IR spectrophotometer and 
measuring range was 200-4000 cm

-1
. Optical properties 

were examined with transmittance experiments in the range 
of 200-1100 nm using a PG Instruments T80 model UV Vis 
spectrophotometer. Surface morphology and particle size of 
the films were determined through atomic force microscopy 
(AFM) with a Park Systems operating at non-contact mode. 
Electrochemical analyses were carried out using cyclic 
voltammetry experiments with an Autolab PGSTAT30 
potentiostat galvanostat in a conventional three-electrode 
electrochemical cell where a platinum and silver wire were 
used as a counter (CE) and reference electrode (RE), 
respectively. Experiments were performed in a 1 molar 
(M) lithium perchlorate propylene carbonate (LiClO4/PC) 
electrolyte at the bias voltage between +1V and -2.5V. 

 

 
 

Fig. 2. Transmittance FTIR spectra of the films on (A) SLG, (B) ITO 
coated glass substrates with different annealing temperature. In (C),  IR 
modes and corresponding bonds after the deconvolution process of the 
films onto ITO coated glass substrates. (D) shows a bridging mode of 
chelation of formate group for sym-sym and sym-antisym. 

 

Results and discussion 

TG-DTA analysis 

TG-DTA pattern of the coating powder was given in Fig. 1. 

It showed two mass losses associated with endothermic and 
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exothermic events. The first endothermic event took place 
around 90°C, corresponded to the elimination of water 
while following exothermic events were due to the 
volatilization and combustion of other species such as 
CH3OH, (CH3)2CHOH and CH3COOH. Nearly localized 
two peaks in the DTA curve at 367°C and 410°C, were 
ascribed to the transition of the amorphous to anatase phase 
of the film. There were no associated signals demonstrating 
anatase-rutile phase transition between 400-800°C. 
     

 
 
Fig. 3. AFM images of the films onto SLG substrates: as grown (A)  and 
annealed at (B) 200°C (C) 300°C (D) 500°C, respectively. 

 

FTIR spectroscopy 

Raw transmittance FTIR spectra and their deconvolution 

results on absorbance curves were illustrated in Fig. 2. 
After the deconvolution process, IR modes and 
corresponding bonds for the present films were identified. 
The presence of Ti-O-Ti and Ti-O polymeric chains was 
clearly evident from the bands at 471 and 789 cm

-1
. Also, 

vibration of the Ti-O-O band was identified from the band 

at 693 cm
-1

 [10]. Moreover, the bands at 1009, 1122, and 

1138 cm
-1

 were ascribed to stretching of Ti-O-C [11] while 

LO mode of amorphous TiO2 [12] appeared at 874 cm
-1

. 
The broadband from 3000 to 3600 cm

-1
 associated with 

the stretching vibration modes of hydroxyl groups [13], 
began to broaden after the addition of water appeared at 
1635   cm

-1
. The bands appeared at 1288 and 1368 cm

-1
 are 

the vibration mode of C-O-O group [14]. The doublet in 
1441 and 1538 cm

-1
 designated the symmetric and 

asymmetric stretching vibration of the carboxylic group 

coordinated to Ti as a bidentate ligand [15]. Moreover, the 
separation between these signals proposed that acetate 
behaves preferentially as a bidentate rather than as a 

bridging ligand between two Ti atoms [11-16] (Fig. 2(d)) 
since the latter possibility requires higher than 150 cm

-1
. 

Upon annealing at 500°C, the bands at 366, 412, 517, 642, 
754 cm

-1
 confirmed the presence of anatase phase of the 

film. In other words, phase transition from amorphous to 
anatase phase took place under 500°C heat treatment. 
 
Morphological investigation using AFM 

AFM results of as deposited and annealed films were 

displayed in Fig. 3. As to the analysis, crack free and 
homogeneous films were synthesized. Moreover, as 

annealed temperature increased, granule sizes were grown 
that were determined according to the analysis.  
 

 
 

Fig. 4. (a) Optical transmittance spectra (b) Tauc plots of the films onto 
SLG substrates. 
 
Optical Properties with UV Transmittance Analysis 
 
Optical transmittance spectra of the films deposited on SLG 

substrates were given in Fig. 4(a). Transmittance patterns 
exhibited that decrease in annealing temperature causes a 
red shift on the absorption edges. On the other hand, optical 
band gap were determined by Tauc plots using absorption 

coefficients [17]. According to Tauc’s law,  
 

                     (1) 
 

where A was a constant,  was photon energy, Eg was 
optical energy band gap and n was the fingerprint of the 
transition. Cases of n=1/2, 3/2, 2 and 3 denoted direct 
allowed, direct forbidden, indirect allowed and indirect 

forbidden transitions, respectively. Fig. 4(b) showed that 
best fit for the films was given by a direct allowed 
transition and gap values varied as 3.87, 3.64, 3.36 and 
3.68 eV for the as grown and heat treated at 200°C, 300°C 
and 500°C, respectively. On the contrary, indirect allowed 
band gap of the films were determined as 3.59, 3.10, 2.68 
and 3.24 eV for the as grown and heat treated at 200°C, 
300°C and 500°C, respectively. Taking into account of 
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reduction in particle size by decreasing in annealing 
temperature, such evidence could be interpreted as quantum 

size effect [18]. 
 
Cyclic voltammetry measurements 

Titanium dioxide film showed cathodic electrochromism 
and its color changed from transparent to blue with the 
injection of electrons and Li

+
 ions into the oxide matrix by 

a reaction given in relation (2). In there, variation of x from 
0.5 to 1 was attributed to the transforming of anatase to 

amorphous phase [19-21],  
 

 2 2xTiO  x Li e Li TiO
 

  
         (2) 

 

 
Fig. 5. Cyclic voltammograms of the films at (A) 20 mV/s, (B) 100 mV/s 
scan rates. Cyclic voltammograms (C) and transmittance spectra for 
bleached/lithiated states (D) of the annealed film at 500°C.   
 

Cyclic voltammograms (CVs) of TiO2 films were given 

in Fig. 5. Additionally, charge capacities of the films were 

calculated and given in Table. 1 where inserted/extracted 
charge amount during coloration/bleaching Ti

4+
↔ Ti

3+
 

states denoted as ratio of charges (Qc/Qa) for the present 
films. 
 
Table 1. Inserted/extracted charge capacities at 20 mV/s sweep rate in 
1M LiClO4/PC.  
 

Q (mC/cm2) QC/QA

film cycle 2 3 4 5

RT 17.8/13.3 17.4/13.2 17.0/13.1 16.5/13.0
200°C 21.6/15.8 23.4/15.8 24.7/16.2 27.1/17.0
300°C 23.3/16.9 23.0/16.8 22.7/16.7 22.3/16.7
500°C 14.3/10.6 13.7/10.4 13.5/10.3 13.0/10.3  

 
It seemed that increasing in annealing temperature up to 

500°C, TiO2 films became more compact and charge 
capacities differed with a small increment. That might be 
originated from easier Li

+
 insertion without undergoing 

two-phase transition from the tetragonal to orthorhombic 
phase, which causes internal stress in the crystalline anatase 

structure [22] for annealing temperatures lower than phase 
transition temperature. According to cyclic 
voltammograms, anodic peak positions of as deposited 
films were found to be much more negative than heat 

treated ones, indicating much easier insertion of Li ions 

[23]. In-situ transmittance change of annealed TiO2 thin 

film during lithium insertion was depicted in Fig. 5(D). 
Optical density (ΔOD) and coloration efficiency (η) at a 
single wavelength (550 nm) were calculated using 

transmittance and the inserted charge amount [24, 25] as: 
 

        (3) 

                          (4) 

 
The change in the optical density and coloration 

efficiency were found to be 0.19 and 13.97 cm
2
/C, 

respectively. 
 

Conclusion 

Ex-situ heat treatment on as grown films had drastically 
impacted on both structural and electrochemical properties: 
due to the quantum confinement, energy band gap of the 
films began to decrease while granule size of the films 
started to grow. Upon a transition of amorphous to anatase 
phase in TiO2 film around 500°C, charge capacity of the 
film dropped gradually. 
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