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Abstract S-doped TiO2 samples were synthesized by use

of thiourea. The elemental analysis was confirmed by

X-ray fluorescence, the phases were identified by X-ray

diffraction and further characterization was carried out by

surface area measurement and UV–Vis spectroscopy. The

photocatalytic activity was measured by exposing methy-

lene blue to sunlight in the presence of TiO2. It was

observed that the S-doped anatase phase showed high

photocatalytic activity in comparison to other samples.

Keywords S-TiO2 � Anatase � Rutile � Photocatalytic

degradation � Methylene blue

1 Introduction

TiO2 is a highly investigated photocatalyst, however its

application is limited in the UV region due to the large

band gap value of 3.2 eV. Several attempts have been

made to shift its photoresponse in the visible region. One

approach is to dope TiO2 by transition metals [1, 2] and

another has been to form reduced TiOx photocatalysts

[3, 4]. It was shown that the optical response of TiO2 could

be shifted from UV to visible region by doping with non

metal atoms such as N, C, S, I, P, F, B [5–9].

Although Asahi et al. [5] predicted that the doping of N

or S would be most effective in non metal doped TiO2, the

S ion was hard to be introduced in TiO2 matrix due to its

large ionic radius. Umebayashi et al. [7] successfully

synthesized S-doped TiO2 by oxidation annealing of TiS2

in which S atoms replaced O atoms and the S doped TiO2

showed optical absorption red shift. The electronic struc-

ture analysis attributed the band gap narrowing to the S 3p

states on the upper edge of the valence band [10, 11]. Later

Ohno et al. [12, 13] prepared S cation doped TiO2, having

high photoactivity in the visible region in which S atoms

substituted for Ti.

The rutile and anatase phases dominate for the low

S-doped and high S-doped TiO2 nanoparticles, respec-

tively. The variation of phase with different S doping levels

has been ascribed to the different S doping processes into

TiO2 nanoparticles [14]. In previous reports, S doped TiO2

photocatalysts have been mainly prepared by calcining

materials containing titanium at high reaction temperatures

[7, 13]. Li et al. [15] reported that Sulphur could be doped

into titania by treating TiO2 precursor (xerogel) under

supercritical conditions in CS2/ethanol fluid at 280 �C.

Nanometer films of S doped TiO2 have been prepared by

sol–gel method using alkoxides and are studied for chlo-

robenzene removal [16]. Wei et al. have succeeded in

synthesizing doped anatase TiO2 with good crystallinity by

one step hydrothermal method from a mixed aqueous

solution of Ti(SO4)2 and thiourea [17].

The S-TiO2 photocatalysts prepared by using tetrabutyl

titanate in alcohol have been studied for decomposition of

methylene blue [18] and L-acid [19]. S-doped TiO2 pho-

tocatalyst with high activity for phenol degradation under
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visible light has been synthesized by acid catalyzed

hydrolysis of TiCl4, using thiourea as the source of S [20].

Hydrothermal treatment of aqueous solutions of TiCl4
and thiourea have been recently employed at a relatively

low temperature of 180 �C to synthesize nanocrystalline S

doped TiO2 having excellent photocatalytic activities for

degradation of methyl orange [21]. However TiCl4 is dif-

ficult to handle as it fumes easily. The use of alkoxide in

synthesis warrants tight control of experimental conditions

like pH, humidity etc. because of the intense hydrolysis of

the alkoxide in air. The high cost of alkoxide limits com-

mercialization of such process. It is also reported that the

TiO2 synthesized using titanium sulphate is comparatively

less active [22]. Use of organic solvents and autoclave as a

reactor makes the synthesis process difficult and expensive

at industrial scale.

We report herein a relatively simple method to syn-

thesise photoactive ‘S’ doped TiO2 with high surface area,

using TiCl3 as the precursor and thiourea as the source

of S.

2 Experimental

2.1 Catalyst Preparation

The catalysts were synthesized by dropwise addition of

0.5 M HNO3 to a 15% TiCl3 solution until its colour

changed from violet to colourless. This was followed by

the addition of oxalic acid and thiourea such that the TiCl3:

oxalic acid: thiourea, molar ratio in the final solution was

1:0:2 for R2 and 1:1:2 for R3. The blank sample R1 was

synthesized by dropwise addition of 0.5 M HNO3 to a 15%

TiCl3 solution until colourless. The resultant solutions were

evaporated to dryness on a steam bath. A small portion of

the dry precursor was first analysed by TG/DSC studies in

order to select the synthesis temperature. The residue was

then heated in a muffle furnace at 450 �C for 4 h for R1,

R2 and 6 h for R3 to obtain the final sample.

2.2 Catalyst Characterization

The X-ray powder diffraction patterns (XRD) have been

recorded on a Shimadzu LabX-700 diffractometer, using

Ni filtered Cu Ka radiation (k = 1.5406 Å). The Scherrer

crystallite sizes were determined using the formula t =

0.9k/bcosh where k is the wavelength characteristic of the

Cu Ka radiation, b is the full width at half maximum (in

radians) and h is the angle at which 100 intensity peak

appears. The weight percent of anatase in the rutile phase

was obtained from the below equation [23]

XA ¼ 1þ 1:26 IR=IAð Þ½ ���100

where XA is the weight fraction of anatase in the mixture,

IR and IA were obtained from the peak areas of rutile (110)

and anatase (101) diffractions, respectively.

Nitrogen adsorption and desorption isotherms were

obtained with a Micrometrics Tristar 3000 surface area and

porosity analyzer.

Thermogravimetric analysis (TGA) and differential ther-

mal analysis (DTA) of precursors were carried out on Shi-

madzu DTG-60 thermal analyzer.

The absorption edges and band gaps were determined

from the onset of diffuse reflectance spectra of the samples

measured using UV–VIS spectrophotometer (Shimadzu

UV-2450). The presence of Sulfur was confirmed from S

binding energy peaks in XRF spectra that was carried out

on JEOL JSX-3222 spectrometer.

3 Results and Discussions

3.1 Catalyst Characterization

Figure 1 gives the XRD patterns of the samples. The

sample R2 prepared by calcination of acidified TiCl3 in

presence of thiourea showed mixed phase of anatase and

rutile. On the other hand R3 prepared by additional use of

1 mol oxalic acid was pure anatase. Table 1 summarizes

the crystal phase of the samples in relation to other phys-

ico-chemical parameters. As evident from Table 1, all the

samples were nanocrystalline with the crystallite sizes in

the range 12–14 nm, while the surface areas were in the

range 42–67 m2/g. It is observed that TiO2 synthesized by

additional presence of oxalic acid shows 100% anatase

phase while the mixed phase is observed in samples syn-

thesized without the addition of oxalic acid.

Fig. 1 X-ray diffraction profiles of synthesized TiO2 samples R2

(rutile ? anatase mixed phase) and R3 (anatase)
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Figure 2 gives the XRF spectra that confirms the pres-

ence of Sulfur binding energy peak, however no Nitrogen

peak was observed.

Figure 3 shows SEM images of R2 and R3, respectively,

which clearly shows spherical agglomerates of numerous

nanoparticles.

The N2 adsorption–desorption isotherms for the syn-

thesized samples R1, R2 and R3 are as given in Fig. 4a, b

and c, respectively. Shapes of isotherms showed a typical

type III isotherm [24]. Presence of H3 type hysterisis loops

for these isotherms suggested the formation of slit shaped

pores in the mesopore range. A clear hysterisis at high

relative pressure is observed, which is related to capillary

condensation associated with large pore channels. The

surface area and pore size parameters as calculated from

the desorption branch of the isotherm as shown in Table 1.

Average pore diameter of all the samples was in meso-

porous range (8–12 nm). The samples showed two cate-

gories of pore size distribution

(1) narrow pore size distribution with most of the pores

centered at *4 nm.

(2) a broad ‘hill’ in the mesoporous range of 5–20 nm.

The pore size distribution of all the samples thus confirm

the mesoporosity of all the samples. The t-plot of all the

samples indicated the presence of only mesopores and no

micropores in all the samples.

3.2 Phase Formation and Photocatalysis

The precursor for R1 i.e., TiCl3 acidified with HNO3 when

dried on a steam bath, appeared semisolid non sticky yel-

low mass. On the other hand the precursor for R2 viz. the

mixture of TiCl3, HNO3 and thiourea when similarly

treated, appeared hygroscopic and formed a kind of semi-

solid yellow sticky mass. However the precursor for R3

which is a mixture of TiCl3, HNO3, thiourea and oxalic

acid appeared as an amorphous, fluffy white powder.

Table 1 Structural properties

of titania samples
Sr.

no.

Code Method Phase

(%

anatase)

Scherrer

crystallite

sizes

BET

surface

area (m2/

g)

Pore

volume

(cm3/g)

Pore

diameter

(nm)

1 R1 TiCl3: HNO3 52 14 42 0.13 9.32

2 R2 TiCl3 (HNO3): Thiourea

(1:2)

82 13 66 0.17 11.32

3 R3 TiCl3(HNO3): Thiourea:

Oxalic acid (1:2:1)

100 12 67 0.16 8.16

Fig. 2 X-ray fluorescence spectrum of synthesized TiO2 sample R2

prepared using TiCl3, HNO3 and thiourea

Fig. 3 SEM images of the TiO2 samples. a sample R2 and b sample R3
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Similar observation was reported during the synthesis of

N-doped anatase phase when urea was used in place of

thiourea [25]. It is also evident from Table 1 that the use

of oxalic acid during the synthesis favoured the formation

of anatase phase.

To investigate the oxidative decomposition behaviour of

the precursors, TGA-DTA analysis was carried out. Figure 5

gives example of a typical thermogram of the precursor

prepared by using TiCl3, HNO3 and thiourea.

It was observed that *8% weight loss occurred in the

temperature range 30–150 �C due to elimination of water

from the precursor gel. Further in the temperature range of

150–250 �C, weight loss of *60% has been observed. The

DTA profile showed the corresponding endothermic peak

in this temperature range. This is attributed to the dehy-

dration of the sample followed by combustion of the

0 5 10 15 20
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.0 0.2 0.4 0.6 0.8 1.0
0

10

20

30

40

50

60

70

80

90

Relative Pressure, P/Po

Relative Pressure, P/Po

Relative Pressure, (P/Po)

 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
5

10

15

20

25

30

 

t (nm)

0 5 10 15 20
0.000

0.005

0.010

0.015

0.020

 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

10

15

20

25

30

35

40

 

t (nm)

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

100

120

 

 

Pore diameter (nm)

Pore diameter (nm)

0 5 10 15 20
0.00

0.01

0.02

0.03

0.04

0.05

0.06

 

0.2 0.3 0.4 0.5 0.6 0.7 8.0 9.0 1.0

10

15

20

25

30

35

40

45

50

 

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 /g
)

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 /g
)

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 /g
)

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 /g
)

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 /g
)

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 /g
)

t (nm)

0.0 0.2 0.4 0.6 0.8 1.0

0

20

40

60

80

100

 

dV
/d

D
 (

cm
3 /g

.n
m

)

dV
/d

D
 (

cm
3 /g

.n
m

)

dV
/d

D
 (

cm
3 /g

.n
m

)

Pore diameter (nm)

(a)

(c)

(b)

Fig. 4 a N2 adsorption–desorption isotherms and BJH analysis for R1. b N2 adsorption–desorption isotherms and BJH analysis for R2. c N2

adsorption–desorption isotherms and BJH analysis for R3
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Fig. 5 Thermogravimetric and differential thermal analysis curves of

the precursor for R2
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organic matter. Also a weight loss of *12% was observed

in the temperature range of 250–450 �C. However heating

the sample beyond 450 �C, did not produce any weight loss

steps and energy changes, thus confirming the transfor-

mation of the precursor into TiO2 (Table 2).

Figure 6 shows the diffuse reflectance spectra of the

Titania samples. It is clear that all these samples showed

absorption edge in the visible region. The band gap of the

samples was determined by the equation Eg = 1,239.8/k
[26], where Eg is the band gap energy (eV) and k (nm) is

the wavelength of the absorption edges in the spectra.

The photocatalytic activity of S doped TiO2 was inves-

tigated for the degradation of Methylene Blue (MB) dye

(\10-5 M) at 660 nm as per the procedure reported earlier

[19]. The experiments were carried out simultaneously for

all the catalysts in bright sunlight, between 10.00 a.m. and

12.00 noon. Experiments were repeated for all the catalysts

simultaneously on three different days in order to confirm

consistency of results. In a typical run 50 mL of aqueous

dye solution and 0.2 g of the catalyst was exposed to sun-

light for the duration of the experiment. The solutions thus

exposed to sunlight were stirred intermittently. After every

30 min, 2 mL aliquots were pipetted out, centrifuged and

the absorbance of the clear supernatants was determined at

660 nm wavelength for methylene blue, against appropriate

blanks. The resulting profiles are shown in Fig. 7.

The inset figure shows the expected time dependent

spectra as decolorisation of methylene blue proceeds. It is

clear from the Figure that the anatase TiO2 catalyst R3 as

expected showed highest photocatalytic activity and was

quite comparable to that of Degussa P 25. This was fol-

lowed by samples R2 and R1 as the presence of anatase

phase decreased in these samples. However both the

S-doped rutile as well as S-doped anatase showed higher

photocatalytic activity than the undoped rutile catalyst. It

may be noted that both these S-doped samples showed

similar crystallite sizes and surface areas (*67 m2/g).

However the band gap in R2 being lower (2.43 eV) than

that in R3 (3.03), it is possible that the higher rate of

electron–hole recombination in R2 resulted in relatively

lower activity than the S-doped anatase phase.

4 Conclusions

(1) A nanocrystalline S-doped TiO2 has been synthesized

by a simple method involving TiCl3, HNO3 and

thiourea

(2) Use of oxalic acid during synthesis resulted in the

formation of anatase phase

Table 2 The calculated band gaps of the as prepared titania samples

Catalyst R1 R2 R3 Degussa P-25

Band gap (eV) 3.09 2.43 3.03 3.14
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Fig. 6 Diffuse reflectance spectra of the catalysts R1, R2, R3 and

commercial degussa P-25

Fig. 7 Photocatalytic

degradation profiles of the TiO2

catalysts R1, R2, R3 and

degussa P-25 for degradation

of Methylene Blue
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(3) Both the S-doped rutile and S-doped anatase showed

higher photocatalytic activity as compared to the

undoped TiO2

(4) The relatively low activity of S-doped rutile as

compared to S-doped anatase is attributed to higher

rate of electron–hole recombination in the former
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