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Abstract Anatase titanium dioxide nanoparticles were

prepared from titanium oxysulphate (TiOSO4) as a pre-

cursor and the base polymer Polyvinyl Pyrrolidone is used

as a capping agent. TiO2 nanoparticles were characterized

by XRD, SEM, TEM, EDS, FT-IR, DLS, UV–Vis. Diffuse

reflectance spectrophotometer. From XRD analysis it is

seen that obtained diffraction peaks are broad which indi-

cating that crystallite size is very small. Scanning Electron

Micrograph (SEM) revealed that TiO2 nanoparticles has

diameter of 10 nm calcined at 400 �C. Photocatalytic ac-

tivity was checked by employing the Methyl Orange as a

model pollutant under UV-light (365 nm) which shows

94 % photo-degradation in 150 min. The novelty of pre-

sent approach is the large scale production of polymer

capped TiO2 nanocrystals by using sol–gel process.

1 Introduction

Among the various metal oxides TiO2 play an important

role in various applications such as self cleaning, gas

sensors [1–3]. In particular, dye degradation is almost

essential for wastewater treatment due to its toxicity. Ti-

tanium dioxide exists in three main polymorphs i.e. Ana-

tase, Rutile and Brookite [4]. Among these, Anatase TiO2

exhibits high photocatalytic activity due to high absorption

capacity towards organic, molecular oxygen and low rate

of recombination of Electron Hole Pairs (EHP). TiO2

semiconductor photocatalyst has been studied for decades

due to its superior photocatalytic activity under UV

radiation.

Titanium dioxide nanoparticles can be prepared by

various methods like hydrolysis, thermolysis, sol–gel

method [5, 6], hydrothermal [7], flame synthesis [8, 9, 10].

In most of these studies, precursors like titanium (IV)

alkoxides, titanium tetra isopropoxide (TTIP), titanium

n-butoxide, TiCl4 have been used. But TiCl4 is toxic and

corrosive while titanium (IV) alkoxide is too expensive as

well as soluble in organic solvents. The method adopted for

the synthesis of TiO2 has been regarded as a way for clean,

economic and environmental friendly. So, large efforts are

made towards the use of low cost precursor i.e. TiOSO4

[11] and also instead of organic solvent like alcohol, ace-

tone here water is used as green solvent. Paola et al. [12]

reported that TiO2 prepared by TiOSO4 and calcined at

600 �C for 10 h. The obtained results of XRD indicate the

particle size is in the range of 85–95 nm, on the contrary

the present method require low temperature and short time

duration for TiO2 preparation.

In present work, we have focused on the synthesis and

characterization of anatase TiO2 as an efficient photo-

catalyst by hydrolysis of titanium oxysulphate which is

used by very few researchers only. To get the desired phase

and size of TiO2 the various calcination temperature from

300 to 500 �C were used.

2 Experimental

Material-titanium (IV) oxysulphate (TiOSO4 9 H2O)

(sigma Aldrich) (729 % Ti as TiO2 basis) Ammonia solu-

tion (A.R. grade Runa chemicals 25 %) Polyvinyl Pyrol-

lidone (PVP) K-30 (Highmedia.), deionised water was used
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for the synthesis of TiO2. All the reagents were analytical

grade, PVP was selected on the basis of solubility in water.

2.1 Synthesis of TiO2 nanoparticles

TiO2 nanoparticles were prepared by controlled addition of

TiOSO4 (0.1 M) in 100 mL distilled water with constant

stirring to get clear solution. Then sufficient amount of

capping agent (0.2 wt% PVP) was added and followed by

dropwise addition of aqueous ammonia at room tem-

perature to get white gelatinous precipitate. It is then

washed with Millipore water for several times to ensure

complete removal of sulphate ions which were checked by

Barium Nitrate test. The precipitate was subjected to mi-

crowave irradiation for 20 min in microwave oven (Input

900 W, 250 MHz LG) with on–off cycle (20 on–40 off).

The dried precipitate was grounded by using agate mortar

pestle and calcined at different temperatures for 3 h in a

temperature controlled muffle furnace. The phase purity

and the degree of crystallinity of TiO2 nanoparticles were

monitored by XRD technique.

2.2 Characterization of synthesized TiO2

XRD of synthesized TiO2 was recorded on analytical

diffractometer with CuKa radiation (k = 1.5406 Å) as a

X-ray source over 2h range (10�–80�). The average crys-

tallite size of anatase TiO2 was calculated by using

Scherrer’s formula. FT-IR spectrum of TiO2 was recorded

on Spectrum-One (Perkin-Elmer) using KBr pellets in the

range of 4000–400 cm-1. Similarly Dynamic Light Scat-

tering (DLS) was used in order to determine the diameter

of the particles. It is a simplest method for the determi-

nation of average particle size of material.

The surface morphology of TiO2 nanoparticles were

scanned by scanning electron microscope (SEM) (JEOL

JSM–6360) at various magnifications. The transmission

electron microscopy (TEM) images were scanned using

JEOL-JEM 2100-TEM equipped with high resolution gatan

CCD camera. To know the elemental composition of TiO2

powder, the EDS was recorded using SEM (model JEOL–

6360) connected with EDS. The UV–Vis. Diffuse re-

flectance spectrum was obtained by using UV–Vis spec-

trophotometer equipped with diffuse reflectance

measurement unit, from which band edges and band gap

energy of TiO2 were recorded.

2.3 Photocatalytic activity of TiO2

The photocatalytic activity of TiO2 was evaluated for the

degradation of M O by UV irradiation. To evaluate optimal

photocatalytic activity of TiO2 calcined at various calci-

nations temperature i.e. 300, 400, 500 �C were used. The

photoreactor was kept open to air to get sufficient oxygen

for photochemical reaction. In present work, photocatalyst

TiO2 (0.1 g) was added to photoreactor containing 100 mL

MO (20 ppm). Before irradiation to light, the solution was

stirred for 30 min in dark to ensure an adsorption–

desorption equilibrium, then exposed to light. To see the

catalytic activity of as prepared TiO2 with commercial

TiO2, MO degradation was carried out for both photo-

catalyst. At given time interval aliquots were collected

from photoreactor and then centrifuged to remove photo-

catalyst. The centrifuged solution was used to monitor and

the concentration of M O and obtained by UV–Vis. NIR

double beam spectrophotometer. (UV–3600, Shimadzu).

3 Results and discussion

3.1 XRD analysis

TiO2 is used as gold standard in photocatalysis due to its re-

markable photocatalytic properties. It is also used in self

cleaning, gas sensors etc. [13–19] therefore green methodolo-

gies of TiO2 formation is today’s demand. For large scale

production, water soluble precursors are ultimately effective,

which can fulfill green solvent features as compared to pre-

cursors like TTIP [20–23]. Therefore we have selected TiOSO4

as a precursor to obtain good quality TiO2 nanopowder.

In present work, TiO2 was prepared by hydrolysis of

TiOSO4 results in the formation of white precipitate of

TiO(OH)2 according to the following equation [24].

TiOSO4ðSÞ þ 2H2OðaqÞ ! 2HþðaqÞ þ SO��4 þ TiOðOHÞ2ðSÞ
ð1Þ

TiO(OH)2�������������!
Thermaldecomposition

TiO2 þ H2O ð2Þ

The X-ray diffraction pattern of the synthesized TiO2 cal-

cined at 300, 400, 500 �C for 3 h are shown in Fig. 1. The

determined characteristics 2h values and [hkl] planes are

25.20 [101], 37.65 [004], 48.15 [200], 54.13 [105] and

62.38 [204] attributed to reflections of anatase TiO2 which

is compared with JCPDs File No. (21–1272). The com-

parison of X-ray diffraction patterns of TiO2 calcined at

different temperature reveals the formation of anatase

phase [25]. From XRD studies it is observed that crys-

tallinity of TiO2 increases with increase in calcination

temperature up to 500 �C. At 300 �C, the crystallinity of

particles begin to increase slowly and the formation of well

defined crystalline anatase TiO2 was observed at 400 �C

with broad peaks as compared to 500 �C were sharp

diffraction peaks are obtained. The relatively broad width

of peaks of XRD patterns indicates crystallites are smaller

in size [26, 27]. The average crystallite size of TiO2

powder was calculated by using Scherrer’s equation [6].
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D ¼ Kk
b cos h

ð3Þ

where, K = Constant (0.89)

k = Wavelength of X-ray

b = Full width at half maximum intensity (FWHM) in

radian,

h = Diffraction angle in degree.

At 400 �C an average crystallite size was found to be

about 10 nm where as for 500 �C the crystallite size was

increased up to 20 nm. Hence, 400 �C was chosen as the

optimum calcination temperature for the synthesis of TiO2

nanoparticles. It was reported that the anatase TiO2 with

small size has shown best photocatalytic activity as com-

pared with large particle size [28, 29].

3.2 SEM images of TiO2 nanoparticles

In order to examine the surface morphology of synthesized

nanoparticles, SEM analysis was performed. The SEM

images of TiO2 calcined at 400 �C of different magnifi-

cations are shown in Fig. 2, which confirms that the syn-

thesized TiO2 nanoparticles are non-uniform in shape. Here

higher magnification revealed that secondary particles are

agglomerated irregularly with primary particles in the

range of 40–50 nm.

3.3 EDS analysis

The EDS (Fig. 3) shows two peaks which indicates pres-

ence of Ti and O at 4.5 and 0.5 keV respectively. The

atomic percentage of Ti and O were 48.70 and 52.29 re-

spectively. The present composition of Ti and O revealed

the formation of non-stoichiometry TiO2 with oxygen va-

cancy which leads to better performance of photocatalytic

activity [30]. Also the intense peak related to the bulk TiO2

and less intense peak was assigned to the surface TiO2 [31].

No any other impurities could be seen within detection

limit of EDS.

3.4 TEM images of TiO2 nanoparticles

TEM images of TiO2 nanoparticles annealed at 400 �C for

3 h is shown in Fig. 4a, b, c, d which shows that the par-

ticles are not of spherical in shape. The size of particles is

in the range of 10–20 nm with an average particle size

from representative micrograph was found to be 10 nm

which is good agreement with the result obtained from

X-ray diffraction. The selected area electron diffraction

pattern (SAED) indicates, TiO2 nanoparticles are in anatase

phase with good crystallinity as shown in Fig. 4c with
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Fig. 1 XRD patterns of TiO2 calcined at 300, 400 and 500 �C

Fig. 2 SEM micrograph of TiO2 calcined at 400 �C

Fig. 3 EDS pattern of TiO2 calcined at 400 �C
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dotted concentric rings which can be assigned to non-

spherical shape of TiO2. The image with higher magnifi-

cation is also shown in Fig. 4d (HRTEM). The lattice

fringes can be clearly indicating that the particles are

nanocrystalline with anatase phase, which is also confirmed

by XRD and SAED pattern.

3.5 FT-IR spectrum of TiO2 nanoparticle

FT-IR spectrum of TiO2 nanoparticles calcined at 400 �C

was presented in Fig. 5. The spectrum of TiO2 capped with

PVP shows diffraction peaks corresponding to the broad

band centered at 543 cm-1 is a characteristic of Ti–O

bending mode of vibration which confirms the formation of

metal oxygen bonding [32]. The peak at 1634 was due to

O–H bending vibration of adsorbed water molecule on the

surface of TiO2 which may have crucial role in photocat-

alytic activity. The broad peak appearing at 3389 cm-1 is

attributed to stretching vibration of –O–H [33]. Also there

are no any other additional peaks related to organic moiety.

Therefore addition of PVP did not cause any residual im-

purities on TiO2 surface after calcination.

3.6 Dynamic light scattering of TiO2

Dynamic light scattering is a technique that can be used to

determine the size distribution profile of small particles in

suspension or polymers in solution. The characterization of

TiO2 nanoparticles using dynamic light scattering his-

togram revealed that the particle size distribution with

maximum intensity at 100 nm. The increasing of particle

size might be the agglomeration of the particles which is

shown in Fig. 6.

3.7 UV–Vis diffuse reflectance spectrum of TiO2

Our aim is to check the photocatalytic activity; therefore

band gap of material is important. The energy of incident

light needed much more higher than the band gap of ma-

terial used in photocatalytic process. Therefore, we have

carried out to study optical nature, band gap energy

Fig. 4 a, b TEM micrograph of TiO2, c SAED pattern of TiO2 calcined at 400 �C. d HRTEM of TiO2
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absorption edge etc. by using UV–Visible diffuse re-

flectance spectrum of TiO2 nanoparticle calcined at 400 �C

as shown in Fig. 7. The band gap energy of sample was

determined by using equation

Eg ¼ 1240

outset

The estimated band gap energy of TiO2 was found to be

3.30 eV.

3.8 Photocatalytic degradation of methyl orange

The effect of photocatalyst calcined at different tem-

peratures on photocatalytic degradation of MO is shown in

shown in Fig. 8. From bar diagram it is revealed that, TiO2

calcined at 400 �C has more degradation efficiency which

was attributed to small particle size and effectively large

surface area to volume ratio than TiO2 calcined at 300 and

500 �C. So it is more favorable for photocatalysis. The

effect of photocatalyst TiO2 calcined at 400 �C on degra-

dation of M O was examined under UV light. During the

experiment, the sample was analyzed at 30, 60, 90, 120,

150 min. The degradation of M O was investigated and

shown in Fig. 9. It is seen that maximum 94 % degradation

of M O was obtained at 1.0 g/dm3 under UV light within

150 min. Anatase TiO2 is always regarded as most effec-

tive material for photocatalytic degradation of organic

pollutants in water. A 94 and 74 % MO was degraded

within 150 min by anatase TiO2 and commercial TiO2

respectively. An increment of 20 % degradation efficiency

was obtained for anatase TiO2 as compared to commercials

Fig. 5 FT-IR spectrum of TiO2

calcined at 400 �C

Fig. 6 Dynamic light scattering of TiO2 calcined at 400 �C

Fig. 7 UV–Vis diffuse reflectance spectrum of TiO2 calcined at

400 �C
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TiO2. The obtained results are attributed to increase in

number of active sites and photons absorbed by catalyst.

4 Conclusions

In present work, TiO2 nanoparticles were synthesized by

using simple rapid and energy efficient, ecofriendly and

cost effective sol gel method. The TiO2 nanoparticles

calcined at 400 �C have the size in the range of 10 nm

which is supported by XRD and TEM. The UV–Vis

spectrum showed that absorption edge shifted in the visible

region. The band gap of nanoparticles were also deter-

mined and found to be 3.12 at 300 �C and increases up to

400 �C and then decreases for higher temperature. A 94 %

M O was degraded in 150 min. at 1 g/dm3 catalyst TiO2

under UV light.
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