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1 Introduction
TiO2 is the most studied metal oxide nano-material 

due to its excellent photochemical performance, low cost, 
stability and availability 1,2 . Its performance can be improved 
by tuning the size as well as crystallographic phase 3. 
There are different polymorphs of TiO2 like anatase, rutile, 
brookite and TiO2B 2,4. Amongst which the anatase phase is 
meta‑stable bearing the highest band gap energy and has a 
wide applications in different fields 5-7. It is reported 8-11 that 
mixed phase of anatase and rutile TiO2 show more favourable 
photocatalytic properties due to transfer of electrons from 
anatase to rutile phase, which reduces the recombination rate 
of anatase, leading to more efficient electron-hole separation 
and greater catalytic reactivity12 . Owing to these facts, many 
researchers synthesized mixed phase of TiO2 

8-11, but it is 
energy intensive. Hence, under these studies, the titania 
nanoparticles were synthesized using a common solvent at 
low temperature using sol-gel method.

2 Experimental
2.1 Materials

All the chemicals used were of high purity (AR grade). 
The titanium (IV) isopropoxide 98% was used as a precursor 
(Avra synthesis, Hyderabad) while isopropanol and n-propanol 
were used as solvent (Qualigens, Mumbai). All the chemicals 
were used without further purifications.

Solutions were prepared using double distilled water.

2.2 Synthesis of TiO2 nanoparticles
A pure anatase phase and mixed phase of TiO2 were 

synthesized by modifying the protocol of Hemissi and 
Adnani 13. Titanium isopropoxide was mixed with isopropanol 
as solvent in the ratio of 1:3 with total volume of 6 mL and 
was stirred at 60 °C in a closed borosilicate glass container 
for 10 min. Subsequently, 5 mL of acetic acid was added 
with vigorous stirring and kept for 15 min at the same 
temperature. Further, 12 mL of isopropanol was added and 
agitated for 2 h. The resultant sol was heated at 100°C in 
the hot air oven to evaporate the solvent. The dried gel was 
annealed in muffle furnace at 400 °C for 2 h. The product 
obtained was named as i-TiO2. Similar procedure was 
repeated using n-propanol as solvent and resultant product 
was named as n-TiO2.

2.3 Characterization of materials
The crystal structure and size of synthesized material 

were confirmed using the Field emission gun transmission 
electron microscopy (FEG-TEM, Jeol, JEM-2100F, Tokyo, 
Japan, resolution 0.19 nm, 200 kV). Crystallographic phase, 
crystallite size and relative phase composition were determined 
using Advance X-ray diffractometer (Bruker D8, Karlsruhe, 
Germany) with CuKα1 radiation (λ=1.5404 Å) within the 
2θ range of 20-80o.

Band structure of the nano-materials was determined using 
spectrofluorometer (Shimadzu RF5301PC, Kyoto, Japan). 
Emission spectra were recorded at an excitation wavelength 
of 320 nm. Redox behaviours of n-TiO2 and i-TiO2 were 
investigated through metro-ohm PGSTAT/Galvanostat-100 
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(Utrecht, The Netherlands). Typically, three electrode systems 
contain TiO2 drop-casted on ITO plate as working electrode, 
platinum wire and Ag/AgCl as counter and reference electrode 
respectively with 0.1M aqueous NaClO4 electrolyte.

2.4. Photocatalytic Activity
The photocatalytic activity of i-TiO2and n-TiO2 was 

evaluated using degradation of the bromophenol blue 
aqueous solution under illumination of UV light (G8T5 
Sankyo Denki, UV C). The TiO2 nanoparticles (5 g/L) were 
added into the quartz flask containing 100 mL aqueous 
solution of the dye (50 ppm). The prepared suspension was 
magnetically stirred for half an hour in dark to achieve the 
adsorption equilibrium. 3 mL aliquot was taken as a blank 
solution before irradiation. It was centrifuged to settle the 
catalyst and the supernatant was analysed by UV-visible 
spectrophotometer (Agilent technologies, Cary 60, California, 
USA). Afterward, the suspension was illuminated by a UV 
lamp until decolourization of the dye occurred. The progress 
of the reaction was followed by recording the absorbance at 
30 min time interval. The degradation of bromophenol blue 
was calculated using the formula: %degradation = (A0-A)/A0, 
where A0 and A are absorbance of the primal and remaining 
dye respectively. The rate of reaction was calculated from 
the graph of 1+log A vs. time for i- TiO2 and n-TiO2 using 
the expression; k = 2.303 x slope.

3 Results and Discussion
Spherical morphology with an average size ca. 10 nm 

and 12 nm for i-TiO2 and n-TiO2 respectively was observed 
from the FEG-TEM images (Fig. 1). For both i-TiO2 and 
n-TiO2 , PL peak (Fig.  2 ) was observed at nearly same 
wavelength. Band gap of anatase phase (3.2 eV) was higher 
than the mixed phase (3 eV) and hence PL spectra for the 
anatase phase are expected at lower wavelength than mixed 
phase. However, comparatively smaller band gap for mixed  
phase is attributed to the larger particle size.

The synthesized nanoparticles subjected to XRD analysis 
(Fig. 3) showed the typical XRD pattern of i-TiO2 and n-TiO2. 
All the detected diffraction peaks in the i-TiO2 pattern were 
assigned to the anatase phase (JCPDS No. PDF-21-1272). 
Prominent reflections at 2θ values, 27.4˚, 35.8˚, 40.9˚ for 
n-TiO2 were indexed as [110], [101], [111] planes of rutile 
phase of TiO2 (JCPDS No. PDF-01-72-7374). The crystallite 
size of i-TiO2 and n-TiO2 was estimated to be 17 nm and 
24 nm, respectively from the reflection planes [105] and [101] 
data using the Debye Scherrer’s equation 14. The relative 
phase composition of rutile in n-TiO2 was found to be 66% 
which was calculated using Spurr and Myers formula 15.

An observed variation in crystallographic phase for 
i-TiO2 and n-TiO2 is explained on the basis of proposed 
model given in Fig 4. In the sol gel method, formation of 
metal oxide nanoparticles generally occurs through hydrolysis 
and condensation reactions of metal alkoxide. Transition 
metal alkoxides are strong Lewis acids and hence; their 
hydrolysis occurs through proton assisted SN1 mechanism 
16,17; rather than SN2 mechanism 18. Moreover, presence of 
highly electronegative isopropoxide (OiPr) groups stabilizes 
the titanium metal in its highest oxidation state and is also 
able to form a stable cationic complex. All these facts are 
supportive for the hydrolysis reaction through H+ assisted 
SN1 mechanism. Isopropanol and n-propanol are polar protic 
solvents with different proton donating ability driven by their 
structure, and hence; they can influence the SN1 mechanism 
steps involved in TiO2 formation.

Under the influence of H+, the Ti-OiPr bond breaks into 
[Ti-(OiPr)3]

+ and [OiPr]- followed by nucleophilic attack of 
propanol on electron deficient [Ti-(OiPr)3]

+ releasing propyl 
cations. Successively, all OiPr groups get exchanged with 
OH that results into Ti(OH)4. The final condensation step 
involves the dehydration of Ti(OH)4 to TiO2. However, the 
next step is the rate determining step of overall mechanism, 
where stereochemistry of isopropanol and n-propanol controls 
the nature of final product. Secondary cations generated 

Fig. 1 FEG-TEM images of (a) i- TiO2 and (b) n-TiO2



Chaudhari et al.448 Materials Research

dimensional networks. Interestingly, comparable trend of 
Ti-O bond lengths in anatase (1.937 Ao) and rutile (1.949 Ao) 
with size of isopropanol and n-propanol suggest that the 
observed variation in crystallographic phase of n-TiO2 and 
i-TiO2 may be due to the size and stereochemistry of solvent.

A significant difference was observed in the electrochemical 
response of n-TiO2 and i-TiO2 recorded in cyclic voltammogram 
(Fig. 5). In case of n-TiO2, no peaks were observed; while 
i-TiO2 showed cathodic peak at 0.24 V. TiO2 is n-type 
semiconductor and hence expected to show anodic peak 
rather cathodic. Moreover, the peak current was found to 
be increased with successive scans and saturates thereafter. 
The observed discrepancy can be attributed to the reduction 
of Ti4+ to Ti3+ as per the reaction I given below.

TiO2 + e + 4H+→ Ti3+ + 2H2O	 (I)

Therefore; n-TiO2 and i-TiO2 showed different redox 
behaviour, which may be due to the variation in 
crystallographic phase. The i-TiO2 showed more reducing 
tendency than n-TiO2.

The photo-degradation of bromophenol blue dye with 
i-TiO2 and n-TiO2 as catalyst was studied. The variations 
in percent dye degradation could be observed (Fig. 6) as 
determined from the absorbance value at λmax (592 nm) of 
UV-visible spectra with respect to reaction time. About 84% 
degradation was obtained within 120 min with n-TiO2; whereas 
i-TiO2 required 270 min to achieve the similar degradation, 
which was in agreement with that reported in the literature 8-11. 
Thus the mixed phase of TiO2 (n-TiO2) nanoparticles showed 
the higher photo-catalytic activity than i-TiO2. The plot of 
1 + log A v/s time, shown in Fig.7, is linear suggesting the 
pseudo- first order reaction kinetics. The rate constants of 
the dye degradation reactions in presence of i-TiO2 and 
n-TiO2, determined from the slope of Fig.7 were found to 
be 6.86 x 10-3 /s and 1.56 x 10-2 /s respectively.

The photo-catalytic activity of TiO2 depends on band edge 
positions, crystallographic phase and interaction mechanism 
with guest moieties. In present investigation, band gap energies 
of both the samples are almost similar and hence it is worth 
to pursue an effect of crystalline and electronic parameters 
on their photo-catalytic behavior. The cyclic voltammetry 
results depicted the reducing nature of i- TiO2 than n-TiO2 
which creates unfavorable situation for the electron transfer 

Fig. 2 Photoluminescence spectra of n-TiO2 and i-TiO2 nanoparticles

Fig. 3 XRD spectra of (a) i- TiO2 and (b) n-TiO2 (with * exhibiting 
rutile phase)

Fig. 4 Proton assisted SN1 reaction for synthesis of TiO2

from isopropanol has greater stability due to the inductive 
effect (+I), than primary cations generated from n-propanol, 
and can enhance the kinetics of overall reaction. Secondly, 
length of isopropanol is smaller than the n-propanol, which 
can affect the bond length/ orientation in Ti-O-Ti three 
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Table 1. Relative comparison of reaction parameters of some research work

Reference 
No.

Starting 
material

Other materials 
used

Reaction temperature 
and time

Calcination 
temperature 

and time

Remarks

8 titanium 
isopropoxide

ethanol, 
hydrochloric 

acid

Reaction temperature: 
60 O C for 5 h

Drying temperature: 
50 O C till completely 

dried

500 O C for 24 h high temperature and more time

9 TiCl4, Ti(OC2H5)4
ice cold water, 

dry ethanol

Aging time 2 h 
(for TiCl4 ) and 25 min 

(for Ti(OC2H5)4)
Drying time 24 h

above 800O C for 
24 h

use of expensive dry ethanol high 
calcination temperature and time. 
Method includes centrifugation, 

washing and drying.

10 TiOSO4

acidic water, 
HSO4 urea, pH 

controllers

Reaction temperature:
100 O C for 6 h

850 O C for 3 h 
at heating rate 

10 O C/min

high calcination temperature and 
more time

11 tetra butyl 
titanate

acetyl acetone, 
alcohol, 

laurylamine 
hydrochloride

Reaction temperature 
40O C for 2 h

Aging and drying 
temperatures 80 O C each 
with aging time for 72 h

500 O C for 2 h 
with heating rate 

maintained as 
5 K/min.

use of laurylamine , total 
synthesis time is large

Fig. 5 Cyclic voltammogram of nanosized i-TiO2 and n-TiO2

Fig. 6 Percent degradation of bromophenol blue dye by i-TiO2 and 
n-TiO2 nanoparticles

Fig.7 Graph of 1+ log A versus time for n-TiO2 and i-TiO2 nanoparticles

from TiO2 to dye. Secondly, Mercado et al., 19 systematically 
showed that stoichiometric variation in rutile and anatase 
(or mixed) phase of TiO2 affects the electron transfer ability 
and hence its photo-catalytic activity. The observed variations 
in n-TiO2 and i- TiO2 have been attributed to the variation 
in their redox behavior (ie. n-TiO2 is less or not reducing 
in nature, which helps to make available the electrons for 
activity). Also the stoichiometric variation (position of 
oxygen from TiO2) decides the nature of interaction between 
TiO2 and dye found to be favorable in mixed phase than 
pure anatase phase.

Another important observation was noticed about the 
phase transformation from anatase to rutile that occurred 
at annealing temperature ranging from 600 oC to 1100 oC, 
probably depending mainly on the impurities present in 
the anatase phase 20. Many researchers have synthesized a 
mixed phase of TiO2 

8-11. A comparison of that is given in 
Table 1; however the method reported in present work is 
simple, cost effective with less consumption of heat energy 
and time for curing.
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4. Conclusions
A mixed phase of anatase and rutile TiO2 nanoparticles 

was synthesized at low calcination temperature. The variation 
in crystallographic phase of TiO2 could be attributed to the 
size and stereochemistry difference between the n-propanol 
and isopropanol. Anatase phase of TiO2 showed less 
reduction tendency than mixed phase of TiO2. An effect of 
crystallographic phase on photo-catalytic activity of i-TiO2 
and n-TiO2 was investigated using them as catalyst for 
photo-degradation of bromophenol blue dye. 120 min. were 

required by n-TiO2 and 270 min by i-TiO2 to degrade 84% 
of bromophenol dye. The higher photo-catalytic activity of 
n-TiO2 than i-TiO2 was due to its less reducing tendency.
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