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Improved High-Temperature Stability and Sun-Light-Driven Photocatalytic Activity of
Sulfur-Doped Anatase TiO2

Pradeepan Periyat,†,‡ Suresh C. Pillai,*,† Declan E. McCormack,‡ John Colreavy,† and
Steven J. Hinder§

Centre for Research in Engineering Surface Technology (CREST), FOCAS Institute, Dublin Institute of
Technology, Camden Row, Dublin 8, Ireland, School of Chemical and Pharmaceutical Sciences, Dublin
Institute of Technology, KeVin Street, Dublin 8, Ireland, and The Surface Analysis Laboratory, School of
Engineering, UniVersity of Surrey, Guildford, Surrey GU2 7XH, U.K.

ReceiVed: September 17, 2007; ReVised Manuscript ReceiVed: February 29, 2008; In Final Form: March 5, 2008

Of the various forms of titania (anatase, rutile, and brookite), anatase is reported to be the best photocatalyst.
The anatase-to-rutile transformation in pure synthetic titania usually occurs at a temperature range of 600-700
°C. High-temperature (g800 °C) stable anatase titania photocatalyst is required for antibacterial applications
in building materials. A simple methodology to extend the anatase phase stability by modifying the titanium
isopropoxide precursor with sulfur modification using sulfuric acid is presented. Various TTIP/H2SO4 molar
ratios such as 1:1, 1:2, 1:4, 1:8, and 1:16 were prepared, and these samples were characterized by XRD,
DSC, Raman spectroscopy, XPS, and BET surface area analysis. Sulfur-modified samples showed extended
anatase phase stability up to 900 °C, while the control sample prepared under similar conditions completely
converted to rutile at 800 °C. Stoichiometric modification up to 1:4 TTIP/H2SO4 composition (TS4) was
found to be most effective in extending the anatase-to-rutile phase transformation by 200 °C compared to
that of the control sample and showed 100% anatase at 800 °C and 20% anatase at 900 °C. The TS4 composition
calcined at various temperatures such as 700, 800, 850 and 900 °C showed significantly higher photocatalytic
activity compared to the control sample. The TS4 composition calcined at 850 °C showed visible light (sunlight)
photocatalytic activity, and it decolorized the rhodamine 6G dye within 35 min (rate constant, 0.069 min-1),
whereas the control sample prepared under identical conditions decolorized the dye only after 3.5 h (rate
constant, 0.007 min-1). It was also observed that the optimal size for the highest photocatalytically active
anatase crystal is ∼15 nm. XPS studies indicated that the retention of the anatase phase at high temperatures
is due to the existence of small amounts of sulfur up to 900 °C.

1. Introduction

Nanocrystalline anatase titania has found various applications
in areas such as photocatalysis, photovoltaics, nanochromic display
devices, and self-cleaning coatings.1–8 A high-temperature stable
anatase titania photocatalyst which is stable up to the curing
temperature of ceramic substrates is particularly desirable for
antibacterial material applications.2,9 Under normal condition,
anatase titania is nonreversibly converted to rutile at a temperature
range of 600-700 °C.8 Therefore, synthesis of a high-temperature
(e800 °C) stable anatase phase is one of the major challenges in
the ceramic industries.9 Metal ion dopants have conventionally been
used to extend the anatase phase stability at high temperatures.10–14

However, formation of various secondary impurity phases, such
as metal titanates and/or metal oxides at high temperatures, is the
major drawback of these methods.8,10 Secondary impurity phase
formation will reduce the photocatalytic activity and phase stability
of anatase titania.10 Chemical modification of the precursor by using
organic materials is another method used to develop high-
temperature stable anatase titania.2 This eliminates the possibility
of producing secondary impurity phases at high temperatures and

therefore improves the required properties of titania. Various
chemical modifications have previously been reported by species
such as urea, acetic acid, and trifluoroacetic acid.2,15,16 We have
recently found that the incorporation of nitrogen using chemical
modification of titanium isopropoxide by urea leads to the retention
of 11% of the anatase phase at 900 °C.2

Colon et al. reported the enhanced photocatalytic activity of
sulfated titania and sulfuric acid stabilized Cu-doped titania for
phenol degradation.17,18 The material calcined at 700 °C was crys-
talline and contained 90% anatase, but it was completely trans-
formed into rutile at 800 °C. Correlation between oxoanion (SO4

2-,
NO3

-, and PO4
3-) stability during calcination and photocatalytic

behavior of TiO2 was also reported.19 These acid treatments led to
an excess of adsorbed protons (Brönsted acid sites) incorporated
onto the TiO2 surface. Sulfur modification in TiO2 using hydro-
thermal treatments were also reported.20,21 Ho et al. investigated
the antibacterial effect of S-doped titania prepared using thiourea,
and this study revealed that S-doped titania was effective in killing
Micrococcus lylae, a gram positive bacterium.20,21 Recent literature
reports indicate that sulfur could either add to the TiO2 matrix as
a cation or an anion depending upon the sulfur source employed.22,23

Umebayashi et al. reported that sulfur is doped as an anion in
titania.22 This anion doping shifts the absorption spectrum of titania
to a lower energy and effectively leads to visible light activity.
Ohno et al. found out that S4+ substitutes some of the lattice Ti4+,
leading to visible light activity.23 Recently, visible light photoca-
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talysis of titania doped with sulfur or nitrogen has been studied
and reviewed by several researchers.24–26

A comparative study of two different Cu precursors, CuCl2

and CuSO4, for anatase stabilization was reported by Bokhimi
et al., and they suggested that 10 wt % CuSO4 addition was
effective in retaining 98% anatase at 800 °C.27 The stabilization
explained in these previous studies may not only be due to the
sulfate ions but is more likely due to the combined effect of
Cu2+ and SO4

2-.17,18,27 It should also be noted that upon 10
wt % addition of CuSO4, copper segregated as bonattite
(CuSO4 ·3H2O) after annealing the sample at 400 °C or a lower
temperature and as antierite (Cu3SO4(OH)4) after annealing the
sample at 800 °C.27

Although there are a few reports available in the literature
on the pretreatment of titania using various inorganic acids such
as sulfuric acid, nitric acid, and phosphoric acid to improve
photocatalytic activity17,18,28 (using N, S, or P incorporation),
there have been no systematic studies reported on the develop-
ment of a high-temperature stable anatase titania photocatalyst
using sulfur modification. Here, we report a simple systematic
study of the preparation of high-temperature stable anatase
titania photocatalyst through modification of the precursor
titanium isopropoxide with various mole ratios of sulfuric acid
(1:1, 1:2, 1:4, 1:8, and 1:16 TTIP/H2SO4). The effect of sulfur
modification was studied by using various characterization
techniques such as XRD, Raman spectroscopy, XPS, DSC, and
BET surface area analysis. This study has further investigated
the extent to which sulfur modification can improve the anatase
phase stability. It also aims to identify how the chemical
modification improves the photocatalytic activity of titania by
incorporating sulfur in a titania matrix. The novelty of the
current work is the development of a high-temperature stable
photocatalytically active anatase phase stable up to 900 °C using
S modification.

2. Experimental Section

2.1. Procedure. The procedure used in this study was straight-
forward. The reagents used were titanium isopropoxide (Aldrich
97%) and sulfuric acid (Aldrich 95-97%). All reagents were used
as supplied, and no further purification was carried out. In a typical
experiment, 1:4 TTIP/H2SO4 (TS4) precursor solution and 29.7
mL of titanium isopropoxide (Ti(OPr)4) waereplaced in a beaker.
To the above solution, 38.8 mL of concentrated H2SO4 (95-97%)
dissolved in 180 mL of water was added. The solution was then
stirred for 20 min and aged for 2 h at room temperature. The term
aging indicates the time given for the completion of a reaction. In
a sol-gel synthesis, this results in substantial structural reorganiza-
tion of the gel network, which may or may not lead to the change
in structure and properties of the materials prepared. It was then
dried at 350 °C for 6 h. The dried powder was calcined at various
temperatures (600, 700, 800, 850, and 900 °C) at a heating rate of
5 °C per minute and held at these temperatures for 2 h.

A similar procedure was adopted to synthesize 1:1, 1:2, 1:8,
and 1:16 samples. Samples are named as TS1, TS2, TS8, and
TS16, respectively. In all cases, the molar ratio of TTIP/H2SO4/
H2O is 1/x/100, where x corresponds to the 1, 2, 4, 8, or 16. A
control sample without any sulfuric acid was also prepared to
compare the results.

XRD patterns of the calcined gels were obtained with a Siemens
D 500 X-ray diffractometer in the range of 2θ ) 20-70° using
Cu KR radiation. The amount of rutile in the sample was estimated
using the Spurr equation (eq 1).

FR ) [ 1
1+ 0.8(IA(101) ⁄ IR(110))]100 (1)

where, FR is the mass fraction of rutile in the sample and IA(101)
and IR(110) are the integrated main peak intensities of anatase
and rutile, respectively. The crystal size of the control and TS4
sample was calculated by using the Scherrer equation (eq 2).

�) 0.9λ
� cos θ

(2)

where � ) crystallite size, λ ) X-ray wavelength, θ ) Bragg
angle, and � ) full width at half-maximum.

BET (Brunauer, Emmett, and Teller) surface area measure-
ments and pore size analysis were carried out by nitrogen
adsorption using a Quantachrome Nova 4200 surface area
analyzer. The measurements were carried out at liquid nitrogen
temperature after degassing the powder samples for 3 h at
300 °C.

Differential scanning calorimetry (DSC) analysis was carried
out using a Rheometric Scientific DSC QC. A small amount (3
mg) of the dried precursor sample was heated from room
temperature (25 °C) to 650 °C at a constant heating rate of 10
°C/min.

X-ray photoelectron spectroscopy (XPS) analyses were
performed using a Thermo VG Scientific Sigma Probe spec-
trometer. The instrument employs a monochromated Al KR
X-ray source (hν ) 1486.6 eV), which was used at 140 W.
The area of analysis was approximately 500 µm in diameter
for the samples analyzed. For survey spectra, a pass energy of
100 eV and a 0.4 eV step size were employed. For C 1s and Ti
2p high-resolution spectra, a pass energy of 20 eV and a 0.1
eV step size were used. For O 1s high-resolution spectra, a pass
energy of 20 eV and a 0.2 eV step size were used. For S 2p
high-resolution spectra, a pass energy of 50 eV and a step size
of 0.2 eV were employed. Charge compensation was achieved
using a low-energy electron flood gun. Quantitative surface
chemical analyses were calculated from the high resolution core
level spectra, following the removal of a nonlinear Shirley
background.

2.2. Photocatalytic Study. In a typical experiment, 0.06 g
of TS4 sample calcined at 850 °C was added to an aqueous
solution of rhodamine 6G solution (50 mL, 5 × 10-6 M), and
this suspension was irradiated in a Q-Sun Xenon solar simulator
chamber (Intensity max., 0.68 W/m2 at λ max. of 340 nm) with
continuous and uniform stirring. The degradation of rhodamine
dye was monitored by taking 4 mL aliquots at different intervals
of time. These aliquots were centrifuged, and absorption spectra
of the samples were recorded using as UV/vis spectrophotom-
eter. Similar experiments were carried out for the control sample
calcined at 850 °C. The sunlight-driven photocatalytic activity
of the TS4 and control titania calcined at 850 °C was determined
by carrying out the reaction under Dublin sunlight (October 27,
2007). The intensity of the sunlight was determined by a Solar
Light Co. broad-band radiometer PMA 2107 (Philadelphia),
which gave approximately 12.0 W/m2. The rate of degradation
was assumed to obey pseudo-first-order kinetics, and hence, the
rate constant for degradation, k, was obtained from the first-
order plot (eq 3).

ln(A0

A )) kt (3)

where A0 is the initial absorbance, A is the absorbance after a
time (t), and k is the pseudo-first-order rate constant.
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3. Results

3.1. XRD Analysis. The anatase-to-rutile transformation of
the calcined samples was studied by the powder X-ray diffrac-
tion (XRD) technique. The XRD patterns of the samples
calcined at 700, 800, 850, and 900 °C are shown in Figures 1
and 2. The weight fraction of the anatase retained in the sample
after various calcination temperatures was calculated by com-
paring the XRD-integrated intensities of the (101) reflection of
anatase and the (110) reflection of rutile. It was found that 100%
anatase TiO2 was observed at the temperature of 800 °C for
the sample prepared with or above TS4 composition. In
comparison, it was found that even at 700 °C, the control sample
showed 82% rutile, while in the case of the samples prepared
with lower mole ratios of H2SO4 (TS1 and TS2), the anatase-
to-rutile transformation commenced above 700 °C, and complete
transformation to rutile occurred only at 900 °C (Figure 3).
There is no notable influence on the anatase-to-rutile transfor-
mation temperature above TS4 modification. The TS8 and TS16
samples show similar phase distribution behavior up to 800 °C
and were found to be slightly less effective in retaining the
anatase phase at 900 °C compared to the TS4 sample. The
optimum level of modification was found in the TS4 sample.
The control sample was fully converted to rutile at 800 °C
(Figure 1), while the TS4 sample retained 100% anatase at 800
°C, 98% anatase at 850 °C, and 20% anatase even at 900 °C
(Figure 2 and 3).

3.2. Raman Studies. Raman spectroscopy was applied as
an additional characterization tool to confirm the phase stability
of titania at high temperatures. According to factor group
analysis, the anatase phase consists of five Raman-active modes,
while the rutile phase consists of four29 (i.e., anatase: 144, 197,
395, 513, and 639 cm-1; rutile: 143, 233, 447, and 610 cm-1).
Figure 4 indicates the Raman spectra of the control and TS4-
modified sample calcined at 800 °C. All of the peaks present
in the control sample were due to the rutile phase, and in the
TS4 sample, all of the peaks were due to the anatase phase.
The TS4 sample calcined at 900 °C (Figure 5) showed three
anatase peaks which correspond to the amount of anatase phase
present in the 900 °C sample. These results indicated that Raman
spectroscopy studies were consistent with the XRD results.

3.3. XPS Analysis. XPS measurements were carried out to
investigate the incorporation of sulfur in the titania matrix. It
was previously reported that a sulfur-containing material shows
a binding energy value of around 170 eV.18 The high-resolution
XPS spectra of the S2p region of the TS4 sample calcined at
different temperatures, 700, 800, and 900 °C, are displayed in
Figure 6. The presence of sulfur, carbon, oxygen, and titania in
the samples was confirmed by XPS analysis. The presence of
sulfur was confirmed by a peak at 168.4 eV (Figure 6). A
previous literature report indicated that the peak at 168.4 eV is
due to the presence of the S6+ cation.21,23b In all S-modified
samples, a peak at 168.4 eV was visible. In Figure 6a, the TS4

Figure 1. XRD spectra of calcined sample at 700 and 800 °C; (a) control, (b) TS4.

Figure 2. XRD spectra of TS4 sample calcined at (a) 850 and (b) 900
°C. Figure 3. Anatase content in the control and various sulfur-modified

samples (from XRD data) at different temperatures (error ) (5%).
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sample calcined at 700 °C shows a sharp peak at 168.4 eV, but
at higher temperatures of 800 and 900 °C (Figure 6b and c),
the peak becomes broad. This peak broadening observed in the
high-binding energy side of the S peak (168.4 eV) can be
attributed to two components, S2p3/2 and S2p1/2. These peaks
are only ∼1.1 eV apart and thus cannot be resolved from
one another. Typically, the S2p3/2 peak at lower binding energy
is about twice the intensity or area of the higher binding energy
S2p1/2 peak. The XPS spectra of TS4 samples at 800 and 900
°C (Figure 6b and c) show a small amount of peak splitting,
which indicates that at higher temperature, there may be some
amount of S4+ cation also present.23b If the S concentration was
higher, S6+ and S4+ peaks could be clearly resolved. However,
as the sulfur amount present in the samples is less than 2 atom
%, peak resolution is difficult. Table 1 shows that the presence
of sulfur gradually reduces as the calcination temperature
increases.

3.4. BET Surface Area Analysis. The BET surface area of
the TS4 and control titania samples calcined at 700, 800, and
900 °C are listed in Table 1. The TS4 sample calcined at 700
°C showed a type-IV isotherm (Figure 7). The results indicated
that the surface area of the samples was strongly dependent on
the thermal treatment. The surface area of the TS4 sample
decreased from 28 to 6 m2/g as the calcination temperature
increased from 700 to 900 °C. BET analysis of the TS4 sample
calcined at higher temperatures showed a larger surface area
(18 m2/g at 800 °C and 6 m2/g at 900 °C) compared to that of
the control sample calcined at the same temperature (6.4 m2/g
at 800 °C and 0.96 m2/g value at 900 °C). Therefore, the sulfur
modification was found to increase the surface area of titania
significantly.

3.5. Photocatalytic Study. In an attempt to assess the
performance of the high-temperature stable anatase titania, the
photocatalytic activity of the TS4 sample calcined at 850 °C
and a similar control sample (Figure 8) was analyzed via a
rhodamine 6G degradation. The control sample degraded the
dye within 80 min, whereas the S-modified sample completely
degraded the dye within 12 min. The control and the TS4 sample
calcined at 700, 800, and 900 °C were also subjected to
photocatalytic study (Supporting Information 1). The TS4
sample calcined at 800 °C degraded the rhodamine dye within
15 min, whereas the control (800 °C) required 40 min. This
enhanced efficiency of the S-modified titania photocatalyst is
reflected in kinetic analysis of the results (Supporting Informa-
tion 1 and 2). The rhodamine degradation follows pseudo-first-
order kinetics. First-order degradation rate constants, obtained
by plotting the natural logarithm of the absorbance against
irradiation time for the control and TS4 sample were calculated.
The rate constant values recorded for the TS4 samples calcined
at various temperatures were consistently and significantly
superior to those recorded for the control samples under identical
conditions (Supporting Information 1 and 2). Dark studies,
where the above experiments were repeated in the absence of
light, showed that there were no adsorption effects. A sample
left for 24 h showed little change in absorbance of the rhodamine
dye. The visible light (sunlight) activity of the S-doped materials
has been examined. The results of sunlight photocatalytic
activity are shown in Figure 9. The TS4 composition calcined
at 850 °C decolorized the rhodamine 6G dye within 35 min
(rate constant, 0.069 min-1), whereas the control sample
prepared under identical conditions decolorized the dye after

Figure 4. Raman spectra of the samples at 800 °C; (a) control, (b)
TS4.

Figure 5. Raman spectra of the samples at 900 °C; (a) control, (b)
TS4.
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3.5 h (rate constant, 0.007 min-1). The rate constant values show
that sulfur-doped titania has 10-fold greater photocatalytic
activity compared to that of the control sample.

4. Discussion

4.1. Anatase Phase Stability. Titanium isopropoxide reacts
with water, and an aquo complex (Ti-OH2)4+ is initially
formed, which decomposed immediately to produce titanium
hydroxo (Ti-OH)3+/oxo (TidO)2+ complex precipitates.33 In
order to avoid this faster hydrolysis (formation of the Ti-O
bond) and condensation (removal of water or alcohol after the
formation of the Ti-O bond), chemical additives (complexing
molecules) are added to moderate the rate of the reaction.34 This
usually leads to the formation of a transparent sol instead of
precipitating oxo/hydroxo complexes.33,35,36 The hydrolysis and
condensation of titanium isopropoxide can be effectively
controlled at a low pH.37,38 During the hydrolysis in the presence
of an acid, the OR groups attached to the metal are protonated

Figure 6. XPS spectra of TS4 samples calcined at (a) 700, (b) 800, and (c) 900 °C.

TABLE 1: Surface Area of the TS4 and Control Titania at
Different Temperatures

sample

BET surface
area (m2/g)

((2.5%)

pore
volume
(cc/g)

pore
diameter

(nm)

sulfur content
(atom %) by
XPS ((5%)

TS4 800 °C 18.7 0.22 2.8 0.99
TS4 700 °C 28.1 0.37 44.1 1.24
TS4 900 °C 6.1 0.04 1.0 0.84
control 700 °C 25.6 0.16 14.2 0
control 800 °C 6.4 0.06 1.5 0
control 900 °C 1.0 0.00 1.0 0

Figure 7. Type-IV isotherm of the sample calcined at 700 °C; (a) control, (b) TS4.
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first by the H3O+, which causes the OR group to reduce its
electronegativity (its charge becomes more positive).37,38 The
metal ion, which is already positively charged due to the
electropositive nature, begins to repel the protonated OR. This
repulsion between protonated species will decrease their interac-
tion, which causes a rate of decrease in the condensation; hence,
the rate of hydrolysis also decreases. In the present study,
sulfuric acid was used as a chemical modifier; titanium
isopropoxide reacted exothermally with sulfuric acid to form
titanyl oxysulfate and thus decomposed at higher temperature
to produce sulfur-doped titania, as indicated by eqs 4 and 5.

Ti(OPr)4 + H2SO4 + H2Of

TiOSO4 + 4(CH3-CH(OH)-CH3) (4)

2TiOSO4f 2Ti1-xSxO2 + (2-x)SO2 + O2 (5)

The titanyl oxysulfate is stable up to a temperature of 600 °C,
as indicated by the XRD (JCPDS file no. 81-1566) (Figure 10).
DSC analysis of the sulfur-modified sample (TS4 sample)
showed an endothermic peak at 620 °C (Figure 11) due to the
decomposition of TiOSO4 (eq 5). This is consistent with the
XRD pattern at 700 °C (Figure 1), where the TS4 sample
showed pure anatase phase only. This shows that above 600
°C, TiOSO4 began to decompose and formed the sulfur-doped
anatase phase. The TiOSO4, which is stable up to 600 °C,
indicated by the XRD and DSC results (Figures 10 and 11),
has a basic structure (Scheme 1a) consisting of connected
[TiO6]2- octahedra and [SO4]2- tetrahedra.39 Upon further heat
treatment of the TS4 sample above 600 °C, the decomposition
of TiOSO4 occurs (eq 5) to form the edge-shared anatase titania,

as shown in Scheme 1b. The final conversion to the thermo-
dynamically stable rutile phase occurs at higher temperatures
(900 °C), as illustrated in Scheme 1c. It has been reported that
sulfur doping is difficult to achieve in titania due to the larger
formation energy needed to substitute the oxygen by sulfur to
form TiO2-xSx.40,41 Therefore, it is important to note that the
TS4 sample contained 1.24, 0.99, and 0.84 atom % sulfur at
700, 800, and 900 °C, respectively (Table 1). Thus sulfur doping
was easily achieved by the decomposition of TiOSO4 formed
by the reaction between titanium isopropoxide and sulfuric acid
(eq 5).

Anatase (tetragonal, a ) b ) 3.78 Å; c ) 9.50 Å) and rutile
(tetragonal, a ) b ) 4.58 Å; c ) 2.95 Å) are the two main
crystalline forms of titania. It can also exists in brookite form
(rhombohedral, a ) 5.43 Å; b ) 9.16 Å; c ) 5.13 Å), although
this particular phase did not occur at any stage of this study.
Even though anatase and rutile exist in a tetragonal structure,
experimental evidence indicates that anatase is more stable
kinetically than rutile at room temperature and atmospheric
pressure.2,37 Rutile is reported to be more stable thermodynami-
cally than anatase at normal temperature.37,42 The thermody-
namic phase stability calculation by Zhang and Banfield shows
anatase titania transforms to rutile only after growing to a
crystallite size of ∼14 nm.42–44 Below this critical size of ∼14
nm, the anatase phase is more stable. The crystallite sizes
calculated by using the Scherrer equation (eq 3) for the TS4
sample and control sample are shown in the Table 2. Here, in
the case of the control titania mentioned above, the critical size
is already exceeded at 700 °C (17.7 nm) itself, whereas the TS4
sample reached this limit (15.7 nm) only after the calcination

Figure 8. Kinetic study and absorption spectra of rhodamine dye degradation using (a) the control and (b) TS4 samples calcined at 850 °C under
UV light. A0 is the intial absorbance, and A is the absorbance after a time for the rhodamine dye degradation (error ) (10%).
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at 850 °C. This suggests that the anatase phase is stabilized as
a result of sulfur doping due to the decrease in crystallite size.

It has been reported that sulfuric acid pretreatment on TiO2

particles provided 90% anatase at 700 °C but was completely
transformed to rutile phase at 800 °C.18,19 In the present
investigation, it appears that the S modification of TiO2 by
sulfuric acid was effective in extending the anatase stability up
to 900 °C. Although the lower mole percentage samples TS1
and TS2 improved the anatase stability, gradual increments in

molar concentration of sulfuric acid showed that S modification
of TiO2 was most effective at four times the concentration of
the titanium isopropoxide (TS4 sample). Studies of the phase
transformation temperatures by XRD and Raman spectroscopy
support this conclusion. During the calcination process, surface-
adsorbed water, hydroxyl groups, and bridged OH groups
attached to TiO2 will be removed. This elimination causes the
formation of an oxygen vacancy in the titania matrix.17,18 In
these oxygen vacancy sites, the sulfur may be doped as an anion/
cation, but it has been previously reported by Yu et al. that

Figure 9. Kinetic study and absorption spectra of rhodamine dye degradation using (a) the control and (b) TS4 samples calcined at 850 °C under
sunlight. A0 is the intial absorbance, and A is the absorbance after a time for the rhodamine dye degradation (error ) (10%).

Figure 10. XRD of the samples calcined at 600 °C; (a) control, (b)
TS4.

Figure 11. DSC curve of (a) the control and (b) TS4.
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anionic sulfur doping is difficult to achieve because the ionic
radius of the S2- (1.7 Å) ion is larger than that of O2- (1.22
Å).21 The bond strength of the Ti-S bond (418.0 kJ/mol) is
less than the already existing Ti-O bond (672.4 kJ/mol).30

Therefore, the substitution of Ti4+ by S6+ is chemically more
favorable than the replacement of O2- by S2-. In this study,
the presence of S6+ ions (the oxidation state of sulfur in sulfuric
acid is +6) in the titania lattice was confirmed by XPS
measurement, which showed a peak at 168.4 eV (Figure 5).

4.2. Photocatalysis. Nanocrystalline titania exhibits photo-
catalytic activity in the presence of UV light, and it can
decompose organic pollutants. This activity depends upon
several factors, such as the rate of electron-hole recombination,
the number of electrons created, the phase composition (anatase
or rutile), the surface area, the crystallinity, as well as the
crystallite size of the TiO2 and the adsorption properties of the

dyes on the surface of the TiO2 used.29 The sulfur-modified
sample exhibited higher photocatalytic activity than the control
sample prepared under identical conditions. The photocatalytic
activity of the control sample decreased with increased calcina-
tion temperature, whereas the sulfur-modified sample showed
improvement in photocatalytic activity as the calcination tem-
perature increased up to 850 °C (Supporting Information 1 and
2). It has been reported that the adsorption affinity of the anatase
phase for the organic compound is higher than that of rutile,
and anatase exhibits lower rates of recombination in comparison
with those for rutile due to its 10-fold greater rate of electron
trapping.45 In this particular study, the anatase phase stability
of the nanocrystalline TiO2 powders at high calcination tem-
peratures due to the sulfur doping is the main reason for the
high photocatalytic activity. Sulfur doping leads to three main
improvements in the modified sample. First, sulfur doping
significantly increased the surface area of the high-temperature
stable anatase titania (Table 1), which leads to the improved
adsorption and thereby higher concentration of the reactant
rhodamine dye molecules near the active centers of titania.
Second it significantly changed the band gap of high-temperature
stable anatase titania (Supporting Information 3 and 4). Finally,
it significantly reduced the crystallite size of the high-temper-
ature stable anatase titania compared to that of the control
samples (Table 2). Normally the surface of the TiO2 is positively
charged in acidic media and negatively charged in basic
media.46,47 Thus, here, the rhodamine 6G dye tends to adsorb
on the surface of the TiO2 by the negatively charged carbonyl
group of the dye. Both UV and visible light irradiation show a
gradual decrease in absorption of the dye without any blue shift
in absorption maxima (Figures 8 and 9). It has been reported
that the blue shift in the absorption maxima represents the dye
degradation pathway via the elimination of the diethyl group.46,48

Therefore, it has been possible to conclude here in our study
that the active radical species (hydroxyl and super oxide radicals)
generated during UV and visible light illumination attack the
ring structure (chromophore) to induce a cleavage rather than
attacking the diethyl amino group (auxochrome) to direct the
complete degradation of the dye. Also, it should be noted that
there are no extra peaks appearing in UV-visible spectra
(Figures 8 and 9), which leads to the conclusion that the dye is
not photobleached during the photocatalytic reaction.

The photocatalytic activity of the TS4 samples increased with
an increase in calcination temperature (Supporting Information
1 and 2), and it decreased after 850 °C. The reason for the
highest activity of the TS4 sample calcined at 850 °C can be
explained by the critical crystallite size limit of the photocatalytic
activity. It is well-known that the photocatalytic activity of
nanocrystalline titania is strongly dependent on its crystallite
size.44,49,50 The reported critical crystallite size limit of TiO2

for better photocatalytic activity of nanocrystalline titania is ∼15
nm. Above or below this value, the photocatalytic activity
decreases.41,42 For a better photocatalytic performance, the rate
of the surface charge carrier recombination process should be
minimum, but the interfacial charge-transfer process should be
maximum.44 As the nanocrystalline size decreases, the number
of active surface sites which enhance the rate of the interfacial
charge-transfer process increases; hence, the photocatalytic
activity also increases. However, after reaching a critical size
(∼15 nm), the surface charge recombination dominates; hence,
it reduces the photocatalytic activity. In our case, the sulfur-
modified sample reached this limit at 850 °C, which shows the
highest activity among the various TS4 samples calcined at
different temperatures.

SCHEME 1: Schematic Representation of Decomposition
of TiOSO4 to Anatase and Its Transformation to Rutile
(a: TiOSO4; b: Anatase Titania; c: Rutile Titania)

TABLE 2: Crystallite Size of Anatase

Crystallite size of anatase (nm) ((5%)

samples 700 °C 800 °C 850 °C 900 °C

control 17.7 a a a

TS4 7.09 12.9 15.7 23.6

a Anatase phase is transformed to rutile.
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5. Conclusions

High-temperature stable anatase (up to 20% weight fraction)
titania, existing up to 900 °C, has been successfully prepared
by chemically modifying the precursor with sulfuric acid. This
method eliminates the formation of various secondary impurity
phases such as metal titanates and/or metal oxides at high
temperatures, which can lead to the reduction of the photocata-
lytic activity and phase stability of anatase titania. Sulfur doping
in high-temperature stabilized anatase titania was easily achieved
by the decomposition of TiOSO4 formed by the initial reaction
between titanium isopropoxide and sulfuric acid. The high-
temperature stability of anatase titania and sulfur doping was
investigated by different characterization techniques such as
XRD, Raman spectroscopy, DSC, XPS, and BET surface area
analysis. All of the sulfur-modified samples showed significantly
higher photocatalytic activity compared to the control titania.
The enhanced efficiency of the sulfur-modified titania photo-
catalyst is reflected in kinetic analysis. The pseudo-first-order
rates for the oxidation of rhodamine dye by the sulfur-modified
sample calcined at different temperature (700, 800, 850, and
900 °C) are significantly higher than those for the corresponding
control samples. The TS4 composition calcined at 850 °C
showed the visible light photocatalytic activity, and it decol-
orized the rhodamine 6G dye within 35 min (rate constant 0.069
min-1), whereas the control sample prepared under identical
conditions decolorized the dye after 3.5 h (rate constant 0.007
min-1).
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