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ABSTRACT

Photocatalytic degradation of pollutant molecules delivered great challenges for sustainable develop-
ment of green energy in the field of environmental science. For this purpose, growing interests have been
made to witness the fast development of new photocatalysts with improved catalytic efficiency and to
monitor the reaction mechanism at the atomic and molecular levels. Therefore, doping of semiconductor
metal oxide (e.g. TiO, ) with main group elements, especially with sulfur atoms (S), has gained much inter-
est due to the introduction of a localized band between the conduction bands (CB) and valence bands
(VB) that increase the absorbance in the visible light region. More interestingly, photocatalytic prac-
tices of the S-doped TiO, material are of pronounced significance due to photon-to-carrier conversion
ability of S-doping beneath the band gap energy region of pure TiO,. Therefore, visible-light-activated
S-doped TiO, photocatalysts were prepared via template free and low-temperature oxidant peroxide
method (OPM) assisted hydrothermal treatments. Experimental findings have revealed the successful
incorporation of sulfur atoms into TiO; crystal lattice and, as a result, substitution of Ti** by S¢* to form
Ti—0—S bonds for cationic S-doping was observed. Whereas, in the case of anionic S-doping, substitu-
tion of S2- by 02~ to form O—Ti—S bonds was achieved. More evidence was observed for the presence
of chemisorbed sulfate groups on the surface of S-doped TiO, samples and inhibition of crystallite size
growth by S-doping, and obviously, upsurge the absorbance in the visible light region. The photocat-
alytic activity of as-prepared 1-D nanorods shaped photocatalysts and the mechanism involved for the
photodegradation of organic molecules (methyl orange and phenol) under visible-light irradiation were
investigated by adding different scavengers into the system solution to capture active species. It was found
that in cationic S-doped TiO, photocatalysts, chemisorbed hydroxyls (OH,4s_) and photoinduced holes
(h*) played a major role in photocatalysis. Whereas, in the case of anionic S-doped TiO, photocatalysts,
electrons (e~) and photoinduced holes (h*) played the nearly equal role in photocatalysis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

cheap, and widespread applications in solar energy cells water
splitting to create hydrogen, and waste water purification etc. [2].

In recent decades, development of one-dimensional (1-D) metal
oxide semiconductor photocatalysts has been one of a promising
subject for environmental remediation due to their unique stabil-
ity, high reactivity, thermodynamic and transport properties [1].
Therefore, efforts have been made to prepare semiconductor mate-
rials specifically TiO, (titanium dioxide) in nanorods shape due to
its high specific surface area, enhanced properties, easy acceptance,
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Another characteristic feature of TiO, is its ability to hold on the
higher absorption of hydroxyl groups on the surface and facilitate
the destruction of pollutants molecules (organic and inorganic) in
an aqueous medium by interacting with the adsorbed hydroxyl
groups [3]. However, intrinsic flaws of the TiO, limit the advantages
of these unique properties as a photocatalyst due to its large band
gap needs ultraviolet radiation to excite electron-hole pairs and
a higher rate of recombination for photogenerated electron-hole
pairs [4]. More importantly, the adsorption capacity of TiO, lies in
the range of 4.8-63.5 mg/g deprived of photocatalytic reduction due
to performed reaction conditions [2]. This may result in the inferior
pollutants destruction efficiencies and feebler reproducibility due
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to the fast ruination of the active surface area by self-aggregation
[5,6]. Furthermore, the greater adsorption capacity is desired for
TiO, to add its application range deprived of photocatalytic reduc-
tion [7]. Therefore, efforts have been focused to overcome these
deficiencies by tweaking the band gap of TiO, to prolong the light
absorption response in the visible-light region and to enhance the
separation efficiency of photoinduced charge carriers. For this pur-
pose, considerable research has been focused on doping TiO, crystal
structure with either metal or nonmetal elements [8,9], loading
noble metals [10,11] and coupling with narrow band gap semicon-
ductors [12,13].

One of the important aspects of the photocatalytic activity
of non-metal doped TiO, is to understand the keen relationship
between the origins of absorption shift due to doping on the pho-
tocatalytic chemistry. First time, Asahi et al. assumed that N-doping
creates a rise in valence band due to delocalized coupling between
the orbital of O 2p and N 2p [14]. Whereas, in the recent reports,
it has been proposed that a mid-gap level is generated above the
valence band due to dopant atom orbitals [15]. Therefore, to under-
stand the photocatalytic chemistry, these distinguished views are
very important to elaborate for initiation of catalytic oxidation of
pollutant degradation pathway on the surface of TiO,. As an over-
all lowering of oxidizing power for the generation of photoinduced
holes on the surface of the pristine catalyst due to rising of valence
band energy level, there should be possible interfere with the pho-
tocatalytic degradation reaction. On the other hand, the role of the
chemically active and low energy hole (h*) trap is unclear due to
isolated mid-gap level as compared to the core-valence band holes
[16]. It is expected that absorption-excitation process in the low
energy edge would probably direct the generation of such hole
trapped. Nonetheless, these low energy holes trapped could also
migrate towards the dopant center after UV excitation. Therefore,
itis apparent that expected excitation over pristine TiO, might have
lower oxidation potential due to rapid trapping and constraint of
high charge mobility. Whereas, we might observe a wavelength
dependence on the photocatalytic chemistry due to adsorbed sub-
strates oxidation of pollutant molecules via competitive charge
migration within the crystal lattice of TiO, [17].

In details, S-doping into TiO, crystal structure has been studied
widely as it produced alike band gap tapering effect as observed
in case of other non-metals doping [8,9], due to increased width of
the valence band (VB) by mixing 3p states of the sulfur with the
VB to narrowing the bandgap. Recently, it has been recognized that
sulfur sources and preparation routes promote the ionic form of
the S-doping. Ohno and other groups [18,19] reported that use of
thiourea or sulfate as sulfur sources could incorporate sulfur atoms
as cations by substitution of Ti ions in the S-doped TiO, nanopow-
ders. It was found that the cationic substitution of Ti** by S6* was
more favorable chemically due to their different ionic radius, and
this substitution induced new states into the CB of TiO, from the S3s
states just exceeding the valence states of 02p [ 18]. Whereas, Ume-
bayashi et al. [20] have reported that use of TiS, as the sulfur source
was more favorable for anionic doping of sulfur by replacing oxygen
atoms of TiO, crystal lattice. In the following years, it was pledged
that use of TiS; or CS, as sulfur sources also promote the anionic
doping of sulfur atoms into TiO, crystal lattice [21]. They suggested
that excess of sulfur oxidation occurred in the case of TiS, or CS;
precursors and remaining sulfur naturally exists as S2~ that favors
the replacement of oxygen atoms in the O-Ti-O framework. More
interestingly, some of the reports later suggest that use of thiourea
as sulfur precursors could promote the formation of ionic form in
the TiO, crystal lattice [22]. Many other studies have probe the
photocatalytic activity of doped titania by using dyes as chemical
inquiries to follow either easily oxidative or reductive degradation
pathways as compared to other common pertinent pollutants. An

adverse peculiarity of dyes is that it also absorbs light in the visible
region.

Perhaps, the most scorching research topic continues to be on
S-doped TiO, photocatalysis. Generally, it is mentioned that non-
metal doping into TiO, is regarded as difficult and hectic route
especially for large atomic radius S atom [30]. For this purpose,
common routes adopted for the successful synthesis of anionic S-
doped TiO, materials include the oxidation of TiS substrate [31]
and/or high-temperature heating of the titania film under the flow
H,S gas [32]. Later on, both of these approaches have encountered
serious limitation to control the concentration of doping elements
into TiO, crystal lattice [30]. Afterward, different forms of Sol-gel
method have been adopted for the synthesis of S-doped TiO, mate-
rials with controlled doping concentration, but Sol-gel method
lacks serious drawback due to the use of expensive starting materi-
als and worthless of reproducibility [33,25,31]. Nevertheless, to the
best of our knowledge, no report has been cited yet for the synthesis
ofvisible-light-activated S-doped TiO, nanorods by surfactant-free,
low temperature and facile OPM route, which is expected to be both
practically and scientifically important as compared to previously
reported methods [21,23-25]. Herein, we have developed a sim-
ple OPM route for the synthesis of S-doped TiO, nanorods followed
by crystallization through hydrothermal treatment. In this work,
carbon disulfide and thiourea (S donating chelating ligands) were
used as sulfur sources and were added into the stabilized Ti-peroxo
complex solution to form a Ti-monometallic complex for the incor-
poration sulfur into TiO, crystal lattice and crystallized through
hydrothermal treatment to prepare S-doped TiO, nanorods. The
cited route proofed to be more feasible for the incorporation of S
into TiO, crystal lattice due to the negative enthalpy of formation
for the chelating agents to form a stable Ti-monometallic complex.
The chelating ligands attained the stable geometry for the most
accessible substitution among departing/incorporating atoms into
TiO, crystal lattice to occur i.e. Ti** substitution by S®* to form
cationic doped samples and 02~ substitution by S2~ to form anionic
doped samples. To evaluate the mechanism of photocatalytic activ-
ity of the nanorods under visible-light irradiation, either colored
(MO) or colorless (phenol) dyes were used as model pollutants.

2. Experiment
2.1. Sample preparation

All chemicals used in the synthesis of S-doped TiO, photocata-
lysts were of analytical grade and were used without any further
purification. The undoped TiO, and cationic S-doped TiO, photo-
catalysts were prepared via OPM route as described in detail by
our group [26,27] and were crystallized through the decomposition
of Ti-peroxo complex via hydrothermal treatment. For the prepa-
ration of anionic S-doped TiO, photocatalysts, the cited method
is modified with the introduction of carbon disulfide as S chelat-
ing ligands into the stable Ti-peroxo complex solution i.e. carbon
disulfide is reported as an anionic S-doping source into TiO; crys-
tal lattice [20,21]. Briefly described, the synthesis process starts
with the dissolution of the specific amount (250 mg) of metallic Ti
(99.7%, Aldrich) into a mixture of 80 mL (3:1 ratio) H,0,-NHj3 (both
29.0%, Synth) solution. The mixture solution was placed on ice-bath
until the complete dissolution of metallic Ti and this results in the
appearance of yellow transparent solution due to the formation
of stable peroxytitanate ion [Ti(OH)30,]~ [28]. Different amount
of thiourea and carbon disulfide was added to different batches of
the peroxytitanate ion precursor solution with different starting
Ti:S molar ratios of 1:0.01, 1:0.02 and 1:0.03. The basin precur-
sor solutions were marked as CTO and ATO correspond to cationic
and anionic S-doped TiO, samples. General scheme for the prepa-
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Fig. 1. Proposed mechanism for the incorporation of S-doping into the TiO, crystal lattice.

ration and incorporation of S into the TiO, to form S-doped TiO,
photocatalysts is presented in Fig. 1. A similar procedure was fol-
lowed to prepare the pristine TiO, sample without the addition of
any S-doping source and was marked by TO sample. To remove
the excess of solvents, the precursor solution was heated to the
boiling point and then placed on ice-water cooling bath for quick
cooling to obtain the precipitate, which was vigorously stirred for
overnight to vaporize any excess of solvents (NH3; and H,0,). In the
next step, a relevant amount (200 mg) of freeze-dried precipitate
was suspended in the water for annealing in a temperature con-
trol hydrothermal cell. The synthesis conditions for all the samples
were set for 4 h heating at 200 °C. After the treatment, a crystalline
material was obtained by centrifugation of rapidly quenched sam-
ples in an ice bath. Finally, the samples were washed with doubly
deionized water for several times until to neutral pH and then with
isopropanol, and were dried for 8 h at 60°C.

2.2. Characterization of material

X-ray powder diffraction (XRPD) was used for semi-quantitative
phase analysis of the crystalline phases in the samples by
using Rigaku D-Max 2500 diffractometer having Cu anode
(Acu-ka =1.5456 A). The range of 10° and 75° was investigated as
the width of scanning routine to define peak position at 1 min at
20 between an angular pass of 0.02° and having an exposure time
of 1s. Scherer s equation and Lorentzian approximation were used
to calculate the length of crystallographic coherence and full width
at half maximum (FWHM) from (101) of monocrystalline Silicon
wafer reflection [29]. PANalytical X'Pert Pro (NL) 0/0 diffractometer
was used to collect data having 0.5° divergence and antiscatter-
ing slits, and a 15mm copper mask with 0.04 rad Soller slits for
the pathway of the incident beam. Diffracted arm consisted of fast

RTMS detector (PIXcel 1D, PANalytical). Field emission gun scan-
ning electron microscope (FEG-SEM) used for characterization of
surface morphology of samples as STEM FESEM, Zeiss Supra 35, at
4.0kV. Brunauer-Emmett-Teller (BET) method was used to esti-
mate specific surface area (SA) of the sample using Micromeritics
ASAP 2000 adsorption analyzer operated at 77K from physical
adsorption of nitrogen. Raman spectra was obtained at room tem-
perature from FT-Raman Bruker RFS100/S spectrometer operated
between 100-1000 cm~! frequency range to the yttrium aluminum
garnet laser (1064 nm line to 450 nm) at scans rate of 200. Cary
5 G spectrophotometer was used to measure the diffuse reflectance
spectra of samples and Fourier transforms infrared spectra (FTIR)
was obtained from PerkinElmer Spectrum 1000.

Osram radiation source was used to test the photocatalytic
activity of samples for MO dye (Aldrich, 10.0mgL-1) and phenol
(sigma Aldrich, 10.0 mgL-') photodegradation under visible-light
irradiation, having a model of ModelL18/10 daylight with the inten-
sity of 18W and at the 440 nm maximum intensity. For this purpose,
10mg of photocatalyst was dispersed in 20.0 mL of the aqueous
dye solution. Shimadzu-UV-1601 PC spectrophotometer was used
for absorbance spectra of samples to monitor the degradation of
dyes for different light exposure periods. Effect of dye adsorp-
tion on the catalytic activity of photocatalyst was tested before
the photocatalytic test by soaking all samples in the aqueous dye
solution for overnight. Different radical scavengers were added
to the reaction system to monitor the role of active species in
the photocatalytic degradation of MO including AgNOs (electrons
scavenger), t-BuOH (*OH scavenger), Na,C;04 (holes scavenger),
and benzoquinone (*O, scavenger), respectively. An Auto Lab PGSt
(Methrom, Autolab) was used for photocurrent measurements of
S-doped TiO, photocatalyst using the three-electrode configura-
tion from 302N potentiostat-galvanostat system. The modified
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Fig. 2. (a) Rate of MO photocatalytic degradation over pristine and S-doped TiO, photocatalysts, (b) phenol photocatalytic degradation kinetics over pristine and S-doped
TiO, photocatalysts. Effect of scavenger’s addition on the photocatalytic degradation of MO over (c) 2CTO and (d) 2ATO samples.

electrode was dipped into 1 mol L~ Na,SO4 (pH = 13.6) electrolyte
and the system consist of working electrode consists of nanorods
(active surface area of 0.5cm?2) covered by titanium foil, a refer-
ence electrode (Ag/AgCl/0.1 M KCI) and a counter electrode of Pt
net. The electrochemical workstation (CHI750B) was used for lin-
ear sweep voltammograms was in simulated illumination source
and the reversible hydrogen electrode (RHE) was used to monitor
the potential of the photoelectrode.

3. Result and discussion

The undoped and S-doped TiO, photocatalysts were prepared by
OPM route and crystallized through hydrothermal method. Prior
to photocatalytic studies, the as-prepared samples were charac-
terized by XPS, SEM/TEM, XRD, and DRS analysis to have better
comparison and understanding of their expected visible-light-
driven photocatalytic activity for the degradation of the organic
pollutants aqueous solution. It was noted that the color of the
as-prepared samples changes with different S-doping level from
gray-white (for pristine TiO;) to yellowish appearance for high
sulfur concentration samples. Herein, we have reported a facile,
low-temperature, surfactant-free and template-free OPM route
assisted by hydrothermal treatment for the synthesis of anionic and
cationic S-doped TiO, photocatalysts. More interestingly, the cited
route is more compatible with an industrial process for the incor-
poration of the sulfur source and superior to the sol-gel synthesis
which required post annealing process.

The photocatalytic activities of the as-prepared pristine and
S-doped TiO, photocatalysts were assessed for the degradation
of organic pollutants (MO and phenol) aqueous solution under

visible light irradiation (>420nm). Prior to the photocatalytic
experiment, a separate experiment has been performed to observe
the adsorption-desorption equilibrium between the photocatalysts
and MO molecules in dark condition as shown in Fig. 1S. The change
in absorbance of MO aqueous solution over the as-prepared sam-
ples under the visible-light irradiation is shown in Fig. 2S. The
photocatalytic efficiency was higher for the ambient amount of sul-
fur dopants samples (2CTO and 2ATO) than the other samples and
showed the photocatalytic efficiency of 89.32% and 85.43% for 2ATO
and 2CTO samples, respectively. The synergistic effect of S-doping
levels into TiO, crystal lattice is proved beneficial for enhancing
the photocatalytic activity. For the higher concentration of sul-
fur dopant samples, the photocatalytic efficiency is lower. This is
expected due to increased concentration of dopant elements into
the TiO, crystal lattice started to act as recombination center and
increased the recombination rate of photogenerated electron-hole
pair as observed for higher S-doping concentration samples (3CTO
and 3ATO). Thus, the photocatalytic activity has been increased
for S-doped TiO, photocatalysts to an ambient dopant concentra-
tion and rests unaffected at upper proportion. Therefore, it was
critical to control the S-doping level into TiO, crystal lattice to
obtain optimal photocatalytic efficiency. The MO photodegradation
efficiency rate over as-prepared photocatalysts for the different
interval of visible-light irradiation is shown in Fig. 2(a). The con-
centration of blank MO aqueous solution deteriorated dimly after
240 min under visible-light irradiation without adding any pho-
tocatalyst into the MO aqueous solution. This indicates that no
photolysis of MO aqueous solution occurred under visible-light
irradiation. In the case of TO sample, a dark adsorption is obtained
from the photodegradation plot, which indicates that TiO, is not
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Fig. 3. Proposed pathway for the photodegradation of MO.

active in the visible-light region. Whereas, higher visible-light-
driven photocatalytic efficiency was noted in the case of S-doped
TiO, photocatalysts with optimum S doping level after 240 min
of visible-light irradiation. The photocatalytic activity of S-doped
TiO, photocatalysts remains unchanged after 240 min of visible-
light irradiation, which is expected due to the successful/brilliant
partition of photogenerated charge carriers.

Phenol, a typical organic pollutant found in industrial effluent
waste water and having no absorbance in visible-light region, was
tested for photocatalytic activity experiment to avoid the chance
of photosensitization of MO aqueous solution under visible-light
irradiation. The change in absorbance of phenol aqueous solution
under visible-light irradiation over S-doped TiO, samples is shown
in Fig. 3S. The rate of phenol photodegradation over as-prepared
samples under visible-light irradiation is shown in Fig. 2(b). It was
observed that phenol follows similar photodegradation pathway as

was observed for MO photodegradation under visible light irradi-
ation. This indicates the photocatalytic capability of anionic and
cationic S-doped TiO, photocatalysts for colorless organic com-
pounds. Thus, indirect dye photosensitization process was not
occurred on the surface of photocatalysts under visible-light irradi-
ation. Therefore, photoinduced charge carriers separation could be
the effective photodegradation mechanism due to band gap excita-
tion in anionic and cationic S-doped TiO, photocatalysts. The high
TOC (total organic compound) removal rate (50%) indicates that the
mineralization of phenol occurred over the surface of S-doped TiO,
photocatalysts.

A number of scavengers were added into the MO aqueous
solution to detect the role of main active species in the photodegra-
dation process over highly active cationic and anionic S-doped TiO,
photocatalysts (2CTO and 2ATO). The main active species which are
involved in the mineralization of organic molecules includes; the
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hydroxyl radical (*OH), holes (h*), electrons (e~), and superoxide
radical (*O, ™). Therefore, different scavengers were added sepa-
rately on the photodegradation experiment of MO aqueous solution
under visible-light irradiation for 120 min. They were added to
eliminate the specific reactive species and to have clear authen-
tication of the photocatalytic mechanism. For this purpose, sodium
oxalate (NayC,04), silver nitrate (AgNOs3), tert-butyl alcohol (t-
BuOH) and benzoquinone (BQ) were added as scavengers into the
individual MO aqueous solution for h*, e~, *OH, and *0,—, respec-
tively [34-37]. In particular, the addition of scavenger suppressed
the photocatalytic degradation reaction of MO aqueous solution.
The extent of decrease in photodegradation rate by individual scav-

enger helps to locate the role of corresponding active species taking
part in the photo-oxidation mechanism.

Fig. 2(c) shows the substitution of *OH radical on 2CTO sur-
face by the addition of t-BuOH (5 mmolL~1) into the MO aqueous
solution. This indicates that *OH radicals taking an active part in
the photo-oxidation reaction mechanism over CTO sample. Simi-
larly, an addition of Na;C,04 (0.5 mmol L~!) significantly reduced
the photodegradation efficiency of MO aqueous solution under
visible light irradiation. This indicates that photogenerated hole
(h*) has also participated in the photo-oxidation mechanism of
MO aqueous solution. Furthermore, photodegradation efficiency
did not vary noticeably with the addition of AgNO3 (1 mmolL-1)
and BQ (1mmolL-1) for the similar interval of time (120 min).
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Fig. 7. Photocurrent responses of the undoped and S-doped TiO, (2ATO and 2CTO) photocatalyst in 1 molL~! Na,SO4 (pH = 13.6) solution under visible-light irradiation.
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Thus, the photogenerated electrons (e~ located in the CB) and *O,~
played the minor role in the photodegradation of MO aqueous
solution over CTO sample. Interestingly, e~ scavenging could limit
its recombination rate during the photogeneration of e~-h* pairs
and, therefore, a slight increase in the photodegradation rate was
observed.

Fig. 2(d) shows the photodegradation plot of MO aqueous solu-
tion over 2ATO sample. It was observed that addition of t-BuOH
(5mmol L-1) did not make a significant change to the photodegra-
dation reaction. This indicates that less amount of hydroxyl ions
are present on the surface of ATO samples. Whereas, an addi-
tion of Na,C,04 (0.5 mmol L~1) into MO aqueous solution reduced
the photodegradation efficiency markedly from 89% to 55%. This
suggests that photoinduced h* has played an important role for
the visible-light photodegradation reaction of MO aqueous solu-
tion over ATO samples. In particular, the addition of h* scavenger
promotes the photoinduced e~ to play an active role for the
photodegradation of MO aqueous solution. More interestingly,
photodegradation efficiency of MO aqueous solution followed dif-
ferent mechanism over ATO and CTO photocatalysts. The addition
of e~ and *O,~ scavengers have hindered the rate of recombination
for photoinduced e~-h* pairs.

One the basis of these findings, it could be inferred that photo-
oxidation reaction of MO aqueous solution followed different
pathway over the anionic and cationic S-doped TiO, photocata-
lysts. GC-LC analysis was performed on the different batches of
MO aqueous solution taken during the course of photodegradation
experiment for the different interval of visible-light irradiation as
showninFig.4S. A schematically representation for the most proba-
ble pathway for photodegradation of MO molecule over anionic and
cationic S-doped TiO, photocatalysts under visible light irradiation
is shown in Fig. 3.

To reconfirm the production of *O,~ under visible-light irra-
diation over S-doped TiO, photocatalysts, the photodegradation
experiment of MO aqueous solution was performed under aerobic
and anaerobic conditions. For this purpose, MO aqueous solution
was sparked with air and/or nitrogen gas before illumination to
the visible-light irradiation. For CTO samples, the photodegradation
efficiency of MO aqueous solution was marginally changed after
120 min of visible-light irradiation in the aerobic and anaerobic
condition. Whereas, in the case of ATO samples, the photodegrada-
tion efficiency of MO aqueous solution was largely affected due to
the generation of *0, ~ radicals under visible-light irradiation. Thus,
it was concluded that for CTO samples, *O, ~ did not take part in the
photodegradation of MO aqueous solution, and *O,~ radicals did
not exist in the photodegradation reaction of MO aqueous solution
over cationic S-doped TiO, photocatalysts. However, in the case
of anionic S-doped TiO, photocatalysts, the photodegradation effi-
ciency of MO aqueous solution is dependent on the concentration
of *O,~ radicals. Thus, photocatalytic degradation of MO aqueous
solution followed different pathway over anionic and cationic S-
doped TiO, photocatalysts.

The photodegradation of organic compounds (MO and phenol)
was evaluated by total organic carbon (TOC) mineralization index
during the photocatalysis experiment over anionic and cationic
S-doped TiO, photocatalysts. Fig. 4(a) and (b) shows the ratio of
residue concentration (TOC) of MO and phenol in solution as a
function of visible-light irradiation time [38]. It was found that
as-prepared S-doped TiO, photocatalysts showed substantial min-
eralization ability for organic compounds (MO and phenol) under
visible-light irradiation. After 2 h of visible-light irradiation, the
TOC removal rate of MO dye and phenol was reached to 48% and
44%, respectively. Thus, the photodegradation efficiency of S-doped
TiO, photocatalysts is good enough to degrade not only the bleach-
ing (chromophore groups) but also to mineralize the aromatic rings

in MO molecule to small fragments (CO, and H,0) and to evade
secondary pollution for industrial applications.

The stability of the S-doped TiO, photocatalysts was studied by
performing repeated photodegradation experiments of MO aque-
ous solution under the same conditions. Fig. 5(a) and (b) show the
photocatalytic activity of 2ATO and 2CTO samples for degradation
of MO (10 mg/L) after five consecutive cycles with the minor change
in the photodegradation efficiency. It is noteworthy that photocor-
rosion did not occur and as-prepared photocatalysts are stable to
show enhanced photocatalytic activity. Thus, the recycling ability
of S-doped TiO, photocatalysts has shown an improved constancy
for higher photocatalytic activity. Fig. 6 shows the schematic repre-
sentation of mechanism involved in the photocatalytic degradation
of organic compounds on the surface of S-doped TiO, photocata-
lysts. The substitution of Ti** by S* in CTO samples, where thiourea
was used as a source of sulfur doping, would be a kind of transition-
metal ion doping into the TiO, crystal lattice [39]. This results in the
creation of an intra-band-gap state between VB and near to the CB
edges that encourage the visible-light absorption. As a result, this
substitution of Ti** ions by S6* ions has created a charge dispar-
ity in the bulk TiO, crystal structure. The resulted charge disparity
attracts a number of anions (e.g. hydroxyl ions) from the organic
pollutant aqueous solution towards the surface of the photocat-
alyst and assisted in the neutralization of the additional positive
charge [40]. Whereas, the visible-light absorption in the CTO sam-
ple is expected due to the creation of confined sulfur mid-gap levels
from the replacement of Ti*" by S®* into the TiO, crystal lattice
below the Ti 3d CB and likely narrow the band-gap level as com-
pared to pristine TiO,. Another interesting factor is the generation
of photoinduced h* and it played an important role to generate
*OH radical from the oxidation of hydroxyl ions in the solution. The
similar kind of finding was observed in the h* scavenger experi-
ment. As we know that hydroxyl radicals are the most active species
to perform the photo-oxidation reaction. The creation of charge
imbalance into the structure of bulk TiO, crystal lattice enabled the
adsorption of more hydroxyl ion on the surface of the photocata-
lyst and has facilitated them to capture photoinduced h* to form
hydroxyl radicals. The newly generated *OH radical played a major
part in the mineralization of organic pollutants. In the sideway, par-
tial e~ transferred from less electronegative sulfur atoms to more
electronegative oxygen atoms through Ti—O—S bonds. As a result,
electron deficient sulfur atoms hold on photoinduced e~ for more
time to reduce the recombination rate and facilitated h* to spend
more time on the surface of the photocatalyst to generate more
*OH radical, and resulted in enhanced quantum efficiency. There-
fore, the higher photocatalytic efficiency of the CTO samples could
be explained due to an involvement of above possible parameters.
These are main parameters to sum-up the enhanced photocatalytic
activity of cationic S-doped TiO, photocatalysts such as; (1) quick
rate of separation for photoinduced charge carriers, (2) enhanced
absorbance in the visible-light region due to partial substitution of
Ti%* by S6* and surface adsorbed hydroxide ions capture the excited
holes to form *OH radicals, (3) partial transfer of electrons from S
to O atoms due to formation of Ti—O—S bonds, (4) and inhibition of
photoinduced e~-h* pairs recombination rate due to capture of e~
by electron deficient S atoms.

For anionic S-doped TiO, photocatalysts, we employed CS, as
the sulfur originators. Higher photodegradation efficiency and nar-
row band gap were observed in the case of ATO samples from the
photocatalytic experiments of organic pollutants (MO and phenol)
and DRS spectra as compared to the pristine and CTO samples.
It is expected that anionic S-doping into the bulk of TiO, lattice
structure has generated more oxygen defects/vacancies and it has
shifted the absorption edge in the visible-light region [41,42]. This
also inhibits the recombination rate of photoinduced e~-h* pair’s
by capturing the photoinduced e~. Thus, enhanced the quantum
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Fig. 8. (a) to (c) SEM images of undoped TiO, (d) EDX of S-doped TiO, sample, (e) to (g) HR-TEM analysis of S-doped TiO, sample, and (h) FFT of S-doped TiO, sample.

efficiency. As discussed above for anionic S-doped samples, the
transfer of photoinduced e~ at the surface of the photocatalyst
prompts the degradation of MO aqueous solution by producing
hydroxyl and superoxide radicals via reacting with adsorbed O,
and H,O0. Another important factor is the formation of Ti—0—S and
O—Ti—S bonds in the TiO, crystal structure. These bonds tempt
fresh impurity levels among the VB and CB bands that result in
the promotion of more photoinduced h* to produce active radicals
(hydroxyl and peroxide) due to the transfer of more photoinduced
e~ to the CB under visible-light irradiation. Additional character-
istics for enhanced photocatalytic activity of anionic S-doped TiO,
photocatalysts include; (1) presence of (101) facets entertained the
photoinduced electron as reservoir to slow down the recombina-
tion rate of photoinduced electron-hole pairs and to produce *O;,~
by reduction of surface adsorbed O, atoms, (2) anisotropic shape
of nanorods having larger surface area facilitate the fast transport
of photoinduced charge carriers to pass through different longitu-
dinal directions for successive photocatalytic oxidation reactions,
(3) creation of oxygen vacancies causes red shift for optical energy

gap, (4) and formation of stabilized anatase structure by anionic
S-doping enhanced the photocatalytic activity.

Furthermore, the cylindrical-shaped nanorods structures have
many porous channels on the surface which endorse their pho-
tocatalytic activity. The responses of transient photocurrent of
S-doped TiO, modified electrode confirmed this phenomenon
when irradiated with visible-light (Fig. 7). The S-doped TiO,
modified electrodes showed enhanced photocurrent response as
compared to undoped TiO, electrode under visible-light irradi-
ation. The enhanced photocurrent response is generated due to
more efficient separation of photoinduced charge carriers and fast
transfer pathway through the nanorods structure. As a result, 1-D
S-doped TiO, nanorods showed higher photocatalytic activity than
undoped TiO, under visible-light irradiation.

Fig. 5S shows the XRD diffraction patterns for anatase TiO, and
S-doped TiO, photocatalysts. The presence of well-defined and
broad diffraction peak at (101) crystal plane revealed that diffrac-
tion planes are alignment along the favored (101) direction for
anatase pristine sample. No badge of diffraction peaks was noted
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Fig. 9. XPS survey spectra of undoped and S-doped TiO, nanorods, (b), (c) and (d) XPS spectra for Ti3p, O1s and S2p region, respectively.

which corresponds to the presence of rutile phase in the XRD
diffraction patterns of as-prepared samples. It was evident that
sulfur doping could inhibit the growth of rutile phase. The Debye-
Scherrer equation was used to calculate the average crystallite size
of the pristine and S-doped samples and is given in Table 1. It
was found that S-doping strongly influenced the anatase degree
of crystallization in the photocatalysts. For higher concentration
of S-doping levels, the crystallinity of samples slightly decrease
and is an indication of successful S-doping into TiO, crystal lattice
as reported for other non-metal doping e.g. for nitrogen doping
[43,44]. Meanwhile, systems with higher crystallinity are estab-
lished to ensure superior photocatalytic activity as compared to
ailing crystalline systems and thus, the higher concentration of dop-
ing element could halt the photocatalytic activity [45]. The lattice
parameters for the pristine sample having tetragonal crystal sys-
tem were slightly varied after S-doping samples and were ascribed
due to an assimilation of the larger sulfur atoms into the crystal
lattice of TiO,.

Fig. 8(a-c) shows the FE-SEM images of the undoped TiO, sam-
ple that consist of slanting or vertically allied uniformly grown
nanorod arrays. The pristine nanorods have the uniform rectan-
gular cross section and diameter in the range of 20-30 nm with
the distinctive length of nanorods are about 50-70 nm. From the
FE-SEM images, no clear noticeable change in the morphology of
nanorods was observed for the pristine and S-doped TiO, samples.

More FE-SEM images of anionic and cationic S-doped TiO, samples
are shown in supporting information Fig. 6S.

It was observed that the S-doped TiO, nanorods consist of hier-
archical core-shell structure and are compactly aligned having an
anatase phase. From the EDX mapping of S-doped TiO, samples
(see Fig. 7S), it was observed that sulfur atoms are equivalently
disseminated in the TiO, crystal lattice structure. EDX analysis
was performed to analyze the S-doping concentration in the as-
prepared samples as shown in Fig. 8(d). It was found that sulfur
atoms are almost uniformly distributed along the axial and radial
direction of nanorods. A sharp peak at about 2.45 keV was observed
for the sulfur element in the S-doped TiO, samples and was ascribed
due to the presence of small amount of S dopant element. This peak
is absent in the EDX spectrum of pristine sample. More interest-
ingly, the edges and surfaces of S-doped TiO, nanorods started
to develop out of flatness for higher sulfur content (3ATO and
3CTO). It is expected due to the decrease of overall crystallinity to
a certain level. TEM and HR-TEM analysis were used for structural
characterization of pristine and S-doped TiO, samples. The TEM
and HR-TEM images of S-doped TiO, photocatalysts confirm the
presence of the anatase phase with hierarchical core-shell nano-
structure. The calculated values for average diameter and length of
nanorods are consistent with the FE-SEM results. Fig. 8(g) shows
the HR-TEM image of the pristine sample which comprises of
the single-crystalline anatase structure with well-defined/resolved
inter-planer spacing and having lattice fringes of about 0.352 nm.
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The dominant facets, expected from the symmetry of crystallo-
graphic anatase TiO, structure was corresponding to the (101)
planes and, which is considered as the most stable anatase TiO,
facets plane for thermodynamically [46]. Furthermore, the HR-TEM
image demonstrates the high crystalline nature of the as-prepared
samples.

Recently, it was found that the reductive (101) facets of anatase
nanocrystals facilitate the reduction of O, to 0,"~ by providing a
highly reactive surface and were likely acting as a reservoir for pho-
togenerated electrons [47,48]. Likewise, the sole structure features
of octahedral anatase crystals having (101) facets assist the oxida-
tive reduction/disintegration of pollutant molecule and enabled
the higher photocatalytic activity [49]. Therefore, we could expect
that S-doped TiO, photocatalysts with preferential reductive (101)
facets displayed important role to improve the photocatalytic effi-
ciency by lowering the rate of recombination for photogenerated
electron-hole pairs. Conversely, it was noted that particles having
anisotropically shaped including nanorods [50], nanobelts [51],and
nanotubes [52] have a lower rate of electron-hole pairs recombi-
nation due to their structural characteristic of providing a quick
pathway for transport of charge carriers alongside the longitudinal
track. Thus, this results in enhanced mobility for charge carri-
ers. We can infer from these findings that S-doped TiO, nanorods
with anisotropically long shape are efficient materials for relatively
ambient separation of photogenerated electron-hole pairs and for
subsequent supply of charge carriers towards reactive sites to carry
out photocatalytic reactions.

High-resolution XPS analysis was used to quantify the existence
of sulfur atoms in the TiO, crystal lattice. Fig. 9(a) shows wide-scan
survey spectra for the pristine and S-doped TiO, photocatalysts,
which consist of Ti, O, and S elements corresponding to Ti2p, O1s,
and S2p peaks, respectively. The presence of carbon peak is ascribed
due to XPS instrument as adventitious hydrocarbon and no peak
corresponding to nitrogen atoms was observed in the XPS spec-
trum. It was observed from the XPS spectra in the S2p region that
sulfur atoms are presents for the ATO and CTO samples. Whereas,
for the pristine sample, there is no speak for S atom presents in
the S2p region. This finding suggests that sulfur atoms have been
effectively introduced into the crystal lattice of TiO, photocatalyst.

It can be seen in the XPS spectra of Ti 2p for pristine and S-doped
photocatalysts that comprise of two peaks for Ti 2p3/, (458.3) and Ti
2p1p2 (464.1eV) as shown in Fig. 9(b). It was found that the binding
energy of Ti 2p slightly shifted negatively after S-doping as com-
pared to pristine TiO, photocatalyst and which is possibly due to the
rise of interaction between coordinated SO42~ anions to titanium
atoms. This interaction drags more electrons towards Ti atoms. As is
mentioned above, that this interaction is more favorable due to the
formation of O—Ti—S and Ti—O—S bonds by anionic and cationic S-
doping into TiO, lattice and enable the most electronegative atoms
(Ti and O) to drag electrons from the sulfur atoms that cause a
charge disparity. This results in shifting of binding energy nega-
tively due to the formation of new band energy structure [53,54].
Fig. 9(c) shows the O1s XPS spectrum that consists of two peak fit-
tings. The main peak ascribed to lattice oxygen appeared at about
529.6 eV of lower binding energy and peak at higher binding energy
(530.8 eV) is attributed to the oxygen atoms of sulfate groups and
surface adsorbed hydroxyl groups [54].

Fig. 9(d) shows the XPS spectra for the 2CTO and 2ATO samples.
For 2CTO sample, thiourea was used as precursor for S-doping, and
it showed two strong broadened peak probably due to spin-orbit
coupling [55], of the split sublevels of 2p3/2 and 2p1/2 states, at
168.3 and 169.5eV with a separation of 1.4eV corresponding to
presence/incorporation of S into TiO, lattice by partial substitu-
tion of Ti** to form Ti—O—S bonds [40]. In order to eliminate the
chance of presence/indication of physisorbed sulfur species from
the experimental process on the surface of the photocatalyst, the

S-doped TiO, samples were washed vigorously with double deion-
ized water prior to the XPS analysis. The XPS findings suggest that
none of the physisorbed sulfur species such as SO42~ are present on
the surface of photocatalysts and SO42~ are chemically coordinated
at the surface of S-doped TiO, nanorods. The probable coordination
binding between TiO, lattice and SO42-, which could play a vital
role as an efficient electron trapper (see Fig. 1). It was reported
that thiourea is mainly responsible for cationic S-doping due to the
substitution of Ti** by S6%, and is in accordance with our results as
shown in Fig. 9(d) [40,19,24]. The insertion of S atoms as cations
into TiO, crystal lattice generates a charge disparity that results
in to bring the additional positive charge on the surface of the
photocatalyst which is nullified by the free hydroxide ions [40].
As a result, photoinduced holes on the surface of photocatalysts
are captured by adsorbed hydroxide ions to form hydroxyl rad-
ical, an important active species to bring photocatalytic reaction
for the degradation of pollutant molecules. More interestingly, the
relatively larger atomic radius of Ti** (0.64 A) as compared to S6*
(0.29 A)might cause adecrease in the crystal size due to the replace-
ment of Ti** by S6* in S-doped TiO, samples (CTO). By comparison
of the XPS finding to the XRD result, we have observed that the
lattice parameters for CTO samples were smaller than the pristine
sample.

The XPS spectrum of 2ATO sample in the S 2p region corresponds
to the binding energy at about 162.7 eV for sulfur atoms and has
been assigned to the replacement of 02~ by S2~to form Ti—S bonds
[20,23,31]. This peak is regarded to the presence of S2~ at lower
valence state for sulfur atoms in the ATO samples. It was found
that use of either CS; or TiS, precursors for S-doping are mainly
responsible for anionic form in the S-doped TiO, samples [21,56].
Therefore, the presence of sharp XPS peak at about 162.7 eV in the S
2pregion for 2ATO sample is accredited to the S2~ species due to the
exchange of 02~ by S2~ during the curse of S-doping into the crystal
lattice of TiO,. Umebayashi et al. [23] and Hebenstreit et al. [57]
reported that a binding energy of 162 eV could be assigned to the
substitutional sulfur for oxygen either anatase and/or rutile phase
S-doped TiO;. Thus, sulfur atoms from the CS, precursor replaced
oxygen atoms to form Ti—S bond. As expected, the anionic S-doping
into the TiO, crystal lattice would result in changing the unit cell
parameters of pristine TiO, due to a difference in the ionic radius
of $2= (1.7 A) and 02~ (1.22 A). As a result, the unit cell parameters
of 2ATO sample after successful substitution of 02~ by S2~ were
slightly increased than the pristine and CTO samples, probably due
to the incorporation of $2~ with larger ionic radius into the crystal
lattice of TiO,, which is in accordance with the XPS results.

Fig. 8S shows the FT-IR spectra of pristine and S-doped TiO,
samples. It was attributed that the stretching vibration of Ti—O—Ti
bonds are mainly responsible for the generation of an intense
broadband at around 900-700 cm~!. Moreover, the characteristic
peaks at around 1080 and 1423 cm~! for S-doped TiO, samples are
ascribed due to coordinated sulfate groups [58]. The presence of
SO stretching vibration is attributed at about 1365 cm~! [59] in the
S-doped TiO, samples. As discussed in the XPS analysis that these
peaks further support the presence of chemically coordinated sul-
fate groups in the S-doped TiO, samples. It is noted that distinct
band was observed for Ti—0—S bonds at 1043 cm~! for CTO sam-
ple [60]. Furthermore, the presence of Ti—S stretching vibration is
confirmed from absorbance band at 1135cm~! in the ATO sample
[59]. These findings further confirmed the successful substitution
of 02~ by S%~ in anionic S-doping and substitution of Ti** by S6* in
the cationic S-doping TiO, samples. Whereas, in the case of the
pristine sample, no such bands corresponding to either Ti—S or
S—0/S=0 was observed, which indicate that opted OPM route is
superior to number of early reported methods for the synthesis of
S-doped TiO, and it limits the use of expensive organic compounds
to prevent the involvement/doping of impurities from synthesis
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Table 1
Structural parameters and photocatalytic performance of TO, ATO and CTO samples.

Sample Ti:S molar Crystallite Lattice constants of cell SA Vp Band gap IEP Photodegradation
ratio size (nm) unit (A) (m2/g)  (cm3/g) (eV) efficiency (%)
(a) (©

TO 1:0.0 19 3.7852 9.4558 71 0.41 3.09 430 5

1ATO 1:0.01 20 3.7859 9.4837 77 043 2.91 4.40 81.38

2ATO 1:0.02 22 3.7865 9.5182 90 0.44 2.86 4.70 89.32

3ATO 1:0.03 23 3.7916 9.5203 79 0.48 2.82 5.10 83.57

1CTO 1:0.01 17 3.7803 9.4505 80 0.42 2.94 433 82.19

2CTO 1:0.02 16 3.7758 9.4489 88 043 2.88 435 85.43

3CTO 1:0.03 14 3.7737 9.4453 81 0.45 2.85 439 81.21

steps. The reproducibility of the as-prepared material through OPM
route with the same phase composition make this another advan-
tage over other previously reported methods. More interestingly,
intense broad peak at around 1640 cm~! was observed correspond-
ing to OH bending vibrations in the CTO sample, and the broad band
is more intense as compared to pristine and ATO samples. Thus, we
can conclude that cationic S-doping favored the presence of more
hydroxyl groups on the surface of the photocatalyst as compared to
anionic S-doping and this could enhance the photocatalytic activity
of cationic S-doped TiO, photocatalysts.

Fig. 10 shows the UV-vis diffuse reflectance spectra of 1-D
undoped and S-doped TiO, nanorods to investigate the opti-
cal absorptions. The sulfided surface shows stronger solar light
absorbance in visible-light region for the S-doped TiO, photocat-
alysts as compared to pristine sample. Compared to the pristine
sample, all S-doped TiO, samples show significantly improved
absorptions in the visible region while highest absorption edge
was observed near 400nm for higher sulfur level samples and
is ascribed due to S-doping effect. This absorption enrichment is
greatly reliant on the S-doping levels and reaches to the sulfidation
saturation for higher sulfur concentrated samples and prolongs the
light absorption from UV into the visible region and broadens the
solar spectrum absorption due to the successful incorporation of
S dopants. From the comparison of absorption spectra for pristine
and S-doped TiO, nanorods, it was demonstrated that creation of
oxygen deficiencies could enhance the wide-spectrum absorption
due to the high electron concentration in the surface layer. Inset
of Fig. 10 shows the plot of Kubelka-Munk function versus energy
of light for the pristine and S-doped samples. For the pristine TiO,

——TO
2ATO
—2CTO
3ATO
—3CTO

Intensity (a.u.)

200 300 400 500

Fig. 10. DRS absorbance spectra of pristine and S-doped TiO, samples, Inset shows
the band-graph plot of all samples.

sample having a large value of band gap (3.09eV), no appropri-
ate light absorbance was observed in the visible region. Whereas,
the S-doped TiO; nanorods (ATO and CTO) showed enhanced light
absorbance in the visible region due to the decrease in band
gap energy by S-doping to 2.82eV (ATO) and 2.85eV (CTO). It is
expected that this alternation/reduction in band gap energy is due
to the incorporation of the sulfur atoms into the bulk of TiO, and,
as a result, the electronic and crystal structure of the doped mate-
rial altered which result in strong absorption edge into the visible
light region. A broad absorption background was observed for both
doped samples (ATO and CTO) as compared to the pristine sample
inthe visible region and is ascribed due to the creation of new bonds
(Ti—0—S or O—Ti—S) into TiO, crystal structure, as discussed in the
XPS results and discussion session. This could facilitate the partial
flow of electron from low electronegative atom (S) towards higher
electronegative atoms (Ti and O). Furthermore, this could result in
the creation of a new low-valence state [61] between the valence
and conduction band of TiO, and enhanced the light absorption in
the visible region greater than 500 nm.

The photocatalytic ability of nanoparticle for the degradation
of organic compounds depends on the particle size distribution
in solution and aggregation in solution caused the derivation of
measured particle size from the actual powder form. Therefore, the
zeta potential measurements were calculated for undoped and S-
doped TiO, photocatalysts as shown in Fig. 9S. Table 1 shows the
measured value of the isoelectric point (IEP) for undoped and S-
doped TiO, photocatalysts. As expected, undoped TiO, sample has
the lower zeta potential as compared to S-doped TiO, samples. For
anionic S-doped TiO, samples, the increase in the IEP value was
more prominent with the increase of S-doping level and shifted
towards negative pH (<6.8). Whereas, for cationic S-doped TiO, the
increase of [EP value is not so convenience for negative pH [62]. As
a result, the surface of S-doped TiO, photocatalysts is engaged by
the more net charge as compared to undoped TiO, and make it
more feasible for organic compound to approach on the surface of
photocatalysts. Therefore, an increase in the S-doping concentra-
tion resulted in the increase concentration of approaching organic
compounds on the surface of photocatalyst due to increasing the
number of net charge on the surface of the photocatalyst. One
can predict from these findings that one factor for the enhanced
photocatalytic degradation efficiency of S-doped TiO; nanorods in
solution is due to increasing net charge on the surface as compared
to undoped TiO,. The surface adsorbed hydroxyl groups increase
the wettability and contact angles of S-doped samples due to the
photocatalytic oxidation reaction of organic compounds on the
surface. Conversely, the pH of solution played an important part
for the enhanced photocatalytic performance of S-doped TiO, in
an aqueous medium. Higher zeta potential suggest increased the
number of surfaces adsorbed organic compound for S-doped TiO,
photocatalysts to perform photodegradation reactions [63]. More
interestingly, after an ambient concentration of S-doping level, the
photocatalytic efficiency started to decrease due to higher surface
wettability and higher surface net charge [64].
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Fig. 11. N, absorption-desorption plot of pristine and S-doped TiO, samples, inset shows the pore volume distribution graph of TiO,.

The incorporation of S atoms into the TiO, crystal structure was
further confirmed with the help of Raman spectroscopy. Fig. 10S
shows the Raman spectra for pristine and S-doped TiO, samples.
The Raman spectra was executed in the range of 100-800cm™!
and corresponds to the existence of pure anatase phase. These
findings are consistent with XRD results for all samples and fur-
ther confirmed the absence of any other phase impurity. The six
Raman active modes [3Eg +2B1g + Aqg] are assigned to the anatase
phase at frequencies 143 cm~!,197cm~1,397cm~1,514cm™1, and
638 cm~! [65]. It was found that the main anatase Raman active
band sharpened with the increase of S-doping concentration at
about 143 cm~! (Eg mode) and attributed to a considerable blue
shift in the Raman band. The characteristic shift and broadening of
Raman peaks are attributed due to change in the original symme-
try/structure of TiO, crystal lattice caused by S-doping.

The Raman peak intensities increased with sulfur concentra-
tion and is expected due to Raman resonance effect of TiO, due to
change in electronic environment [66]. Fig. 11 shows the nitrogen
adsorption-desorption isotherm measurements for pristine and
S-doped TiO, photocatalysts to characterize the specific surface
areas. It is well-known that high surface area enhanced the pho-
tocatalytic activity due to increased number of active sites per unit
mass for photocatalytic reaction. The BET specific surface area of S-
doped TiO, photocatalysts (ATO and CTO) was much larger than the
pristine sample. Furthermore, the small diameter of TiO, photocat-
alyst reduce the detrimental size effects by tumbling the distance
between electron-hole pair which limits the recombination rate of
the free hole at the surface with a trapped electron.

Thus, the proposed pathway for S-doping into the TiO, crys-
tal lattice and arrangements of impurity dopant atoms (S) into the
TiO, crystal lattice (see Fig. 1) are confirmed by the XRD, XPS, EDX
and FT-IR findings. In fact, S-doping precursors (thiourea and CS;)
played an important role in the creation of valence states of sulfur
and correspondingly helped in the incorporation of S atoms into the
TiO, structure to form cationic and anionic S-doped TiO, nanorods.
The negative enthalpy or formation for the chelating ligand (CS,)
enabled to replace oxygen atoms in the TiO; crystal lattice. In detail,
the formation of Ti—0—S bonds due to substitution of Sé* for Ti%*
cation generated charge imbalance between the neighboring atoms

(S and 0), and surface adsorbed negatively charged hydroxide neu-
tralized the positive charge at the surface of the photocatalyst.
Some chemisorbed sulfate groups (SO42~) were also present on the
photocatalyst surface. In the case of anionic S-doped TiO, photo-
catalyst, sulfur atoms substitute the oxygen atoms in the O—Ti—0
network to form O—Ti—S bonds and sulfur atoms exist in the $2~
valence state in the crystal lattice of TiO5.

4. Conclusion

A facile, surfactant-free chemical route has been developed
to synthesize anionic and cationic S-doped TiO, photocatalysts
via OPM assisted hydrothermal treatment. The as-prepared S-
doped TiO, photocatalysts demonstrated worthy visible-light
photocatalytic activity and mineralization performance for organic
compounds (MO and phenol) as compared to pristine sample. It
was found that S6* substituted for Ti** in cationic S-doped sample
reduced the crystalline grain size due to a smaller ionic radius of S¢*
as compared to Ti**. Whereas, S2~ substitution for O~ increased
the crystalline grain size in anionic S-doped TiO, samples and
reduced the BE shifting of parent atoms (Ti and O) peaks due to
higher electronegativity difference, which consequently enhanced
the absorbance in the visible-light region. The surface adsorbed
S042~ groups were observed for both samples and intimated due
to either chemisorptions or surface oxidation of sulfur atoms.
The anionic S-doped TiO, photocatalysts showed higher photocat-
alytic activity due to reduced crystallite size and scavengers test
revealed that holes and electrons played the nearly equal role for
its higher photocatalytic activity. Whereas, in the case of cationic
S-doped TiO, photocatalysts the creation of new impurity levels
could be mainly responsible for enhanced higher photocatalytic
efficiency due to oxidation of surface chemisorbed hydroxyl ions
by photoinduced holes. Therefore, it was revealed that doping lev-
els and degree of surface chemisorbed hydroxylation are largely
accountable for the enhanced photocatalytic activity of S-doped
TiO, photocatalysts. Thus, the present report may offer a signifi-
cant suggestion for the construction of visible-light photocatalysts
through doping and morphology designing.



14 S.A. Bakar, C. Ribeiro / Journal of Molecular Catalysis A: Chemical 421 (2016) 1-15

Acknowledgment

The authors like to thank, post-graduate program by TWAS-
CNPq for financial support to this project. The authors also like to
thank, Brazilian Nanotechnology National Laboratory LNNano for
XPS analysis and LIEC lab for HR-TEM analysis.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molcata.2016.05.
003.

References

[1] H. Tong, S. Ouyang, Y. Bi, N. Umezawa, M. Oshikiri, ]. Ye, Nano-photocatalytic
materials: possibilities and challenges, Adv. Mater. 24 (2012) 229-251, http://
dx.doi.org/10.1002/adma.201102752.

[2] A.Kubacka, M. Ferndndez-Garcia, G. Colén, Advanced nanoarchitectures for
solar photocatalytic applications, Chem. Rev. 112 (2012) 1555-1614, http://
dx.doi.org/10.1021/cr100454n.

[3] S.K. Das, M.K. Bhunia, A. Bhaumik, Self-assembled TiO, nanoparticles:
mesoporosity, optical and catalytic properties, Dalton Trans. 39 (2010) 4382,
http://dx.doi.org/10.1039/c000317d.

[4] S. Chattopadhyay, M.K. Mishra, G. De, Functionalized C@TiO, hollow spherical

architectures for multifunctional applications, Dalton Trans. (2016), http://dx.

doi.org/10.1039/C5DT05011A.

A. Rachel, M. Subrahmanyam, P. Boule, Comparison of photocatalytic

efficiencies of TiO; in suspended and immobilised form for the photocatalytic

degradation of nitrobenzenesulfonic acids, Appl. Catal. B Environ. 37 (2002)

301-308, http://dx.doi.org/10.1016/S0926-3373(02)00007-3.

[6] Y. Yan, D. Wang, P. Schaaf, Fabrication of N-doped TiO; coatings on

nanoporous Si nanopillar arrays through biomimetic layer by layer

mineralization, Dalton Trans. 43 (2014) 8480, http://dx.doi.org/10.1039/
€3dt53409j.

Y. Zhang, Z.-A. Qiao, J. Liu, X. Wang, S. Yao, T. Wang, et al., Ti(iv) oxalate

complex-derived hierarchical hollow TiO, materials with dye degradation

properties in water, Dalton Trans. 45 (2016) 265-270, http://dx.doi.org/10.
1039/C5DT03291A.

A. Wang, H. Jing, Tunable catalytic activities and selectivities of metal ion

doped TiO; nanoparticles—oxidation of organic compounds, Dalton Trans. 43

(2014) 1011-1018, http://dx.doi.org/10.1039/c3dt51987b.

[9] W. Xu, P.K. Jain, B.J. Beberwyck, A.P. Alivisatos, Probing redox photocatalysis
of trapped electrons and holes on single Sb-doped titania nanorod surfaces, J.
Am. Chem. Soc. 134 (2012) 3946-3949, http://dx.doi.org/10.1021/ja210010k.

[10] W. Fy, S. Ding, Y. Wang, L. Wu, D. Zhang, Z. Pan, et al., F, Ca co-doped TiO 2
nanocrystals with enhanced photocatalytic activity, Dalton Trans. 43 (2014)
16160-16163, http://dx.doi.org/10.1039/C4DT01908C.

[11] V. Subramanian, E.E. Wolf, P.V. Kamat, Catalysis with TiO,/gold
nanocomposites. Effect of metal particle size on the fermi level equilibration, J.
Am. Chem. Soc. 126 (2004) 4943-4950, http://dx.doi.org/10.1021/ja0315199.

[12] J. Saha, A. Mitra, A. Dandapat, G. De, TiO2 nanoparticles doped SiO; films with
ordered mesopore channels: a catalytic nanoreactor, Dalton Trans. 43 (2014)
5221, http://dx.doi.org/10.1039/c3dt53265h.

[13] W. Smith, A. Wolcott, R.C. Fitzmorris, ].Z. Zhang, Y. Zhao, Quasi-core-shell
TiO,/WO03 and WO /TiO, nanorod arrays fabricated by glancing angle
deposition for solar water splitting, J. Mater. Chem. 21 (2011) 10792, http://
dx.doi.org/10.1039/c1jm11629k.

[14] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Visible-light photocatalysis
in nitrogen-doped titanium oxides, Science 293 (2001) 269-271, http://dx.
doi.org/10.1126/science.1061051.

[15] H. Liu, A. Imanishi, Y. Nakato, Mechanisms for photooxidation reactions of
water and organic compounds on carbon-doped titanium dioxide, as studied
by photocurrent measurements, J. Phys. Chem. C 111 (2007) 8603-8610,
http://dx.doi.org/10.1021/jp070771q.

[16] J. Wang, C. Fan, Z. Ren, X. Fu, G. Qian, Z. Wang, N-doped TiO,/C
nanocomposites and N-doped TiO 2 synthesised at different thermal
treatment temperatures with the same hydrothermal precursor, Dalton
Trans. 43 (2014) 13783, http://dx.doi.org/10.1039/C4DT00924].

[17] E.M. Rockafellow, L.K. Stewart, W.S. Jenks, Is sulfur-doped TiO, an effective
visible light photocatalyst for remediation? Appl. Catal. B Environ. 91 (2009)
554-562, http://dx.doi.org/10.1016/j.apcatb.2009.06.027.

[18] T. Ohno, M. Akiyoshi, T. Umebayashi, K. Asai, T. Mitsui, M. Matsumura,
Preparation of S-doped TiO, photocatalysts and their photocatalytic activities
under visible light, Appl. Catal. A Gen. 265 (2004) 115-121, http://dx.doi.org/
10.1016/j.apcata.2004.01.007.

[19] T. Sano, N. Mera, Y. Kanai, C. Nishimoto, S. Tsutsui, T. Hirakawa, et al., Origin of
visible-light activity of N-doped TiO, photocatalyst: behaviors of N and S
atoms in a wet N-doping process, Appl. Catal. B Environ. 128 (2012) 77-83,
http://dx.doi.org/10.1016/j.apcatb.2012.06.034.

(5

(7

[8

[20] T.Umebayashi, T. Yamaki, S. Yamamoto, A. Miyashita, S. Tanaka, T. Sumita,
et al., Sulfur-doping of rutile-titanium dioxide by ion implantation:
photocurrent spectroscopy and first-principles band calculation studies, J.
Appl. Phys. 93 (2003) 5156, http://dx.doi.org/10.1063/1.1565693.

[21] W. Ho, ].C. Yu, S. Lee, Low-temperature hydrothermal synthesis of S-doped
TiO, with visible light photocatalytic activity, J. Solid State Chem. 179 (2006)
1171-1176, http://dx.doi.org/10.1016/j.jssc.2006.01.009.

[22] G.Yang, Z. Jiang, H. Shi, M.O. Jones, T. Xiao, P.P. Edwards, et al., Study on the
photocatalysis of F-S co-doped TiO, prepared using solvothermal method,
Appl. Catal. B Environ. 96 (2010) 458-465, http://dx.doi.org/10.1016/j.apcatb.
2010.03.004.

[23] T.Umebayashi, T. Yamaki, S. Tanaka, K. Asai, Visible light-Induced
degradation of methylene blue on S-doped TiO,, Chem. Lett. 32 (2003)
330-331, http://dx.doi.org/10.1246/cl.2003.330.

[24] T. Ohno, T. Mitsui, M. Matsumura, Photocatalytic activity of S-doped TiO,
photocatalyst under visible light, Chem. Lett. 32 (2003) 364-365, http://dx.
doi.org/10.1246/c1.2003.364.

[25] LK. Randeniya, A.B. Murphy, I.C. Plumb, A study of S-doped TiO, for
photoelectrochemical hydrogen generation from water, J. Mater. Sci. 43
(2008) 1389-1399, http://dx.doi.org/10.1007/s10853-007-2309-z.

[26] C. Ribeiro, C.M. Barrado, E.R. de Camargo, E. Longo, E.R. Leite, Phase
transformation in titania nanocrystals by the oriented attachment
mechanism: the role of the pH value, Chemistry 15 (2009) 2217-2222, http://
dx.doi.org/10.1002/chem.200801019.

[27] S. Abu Bakar, C. Ribeiro, An insight toward the photocatalytic activity of S
doped 1-D TiO, nanorods prepared via novel route: as promising platform for
environmental leap, J. Mol. Catal. A Chem. 412 (2016) 78-92, http://dx.doi.
org/10.1016/j.molcata.2015.12.002.

[28] E.R. Camargo, M. Kakihana, Peroxide-based route free from halides for the
synthesis of lead titanate powder, Chem. Mater. 13 (2001) 1181-1184, http://
dx.doi.org/10.1021/cm000363y.

[29] B.D. Cullity, S.R. Stock, Elements of X-Ray Diffraction, 3rd edition, Prentice
Hall, 2001, citeulike-article-id:3998040.

[30] C.W. Dunnill, Z.A. Aiken, A. Kafizas, ]. Pratten, M. Wilson, D.J. Morgan, et al.,
White light induced photocatalytic activity of sulfur-doped TiO2 thin films
and their potential for antibacterial application, J. Mater. Chem. 19 (2009)
8747, http://dx.doi.org/10.1039/b913793a.

[31] T. Umebayashi, T. Yamaki, H. Itoh, K. Asai, Band gap narrowing of titanium
dioxide by sulfur doping, Appl. Phys. Lett. 81 (2002) 454, http://dx.doi.org/10.
1063/1.1493647.

[32] Z. Topalian, J.M. Smulko, G.A. Niklasson, C.G. Granqvist, Resistance noise in
TiO,-based thin film gas sensors under ultraviolet irradiation, J. Phys. Conf.
Ser. 76 (2007) 012056, http://dx.doi.org/10.1088/1742-6596/76/1/012056.

[33] D.B. Hamal, KJ. Klabunde, Synthesis, characterization, and visible light
activity of new nanoparticle photocatalysts based on silver, carbon, and
sulfur-doped TiO3, ]. Colloid Interface Sci. 311 (2007) 514-522, http://dx.doi.
org/10.1016/j.jcis.2007.03.001.

[34] B.Jiang, P. Zhang, Y. Zhang, L. Wu, H. Li, D. Zhang, et al., Self-assembled 3D
architectures of Bi2TiO4F2 as a new durable visible-light photocatalyst,
Nanoscale 4 (2012) 455-460, http://dx.doi.org/10.1039/C1NR11331C.

[35] W.Li, D.Li,]. Wang, Y. Shao, J. You, F. Teng, Exploration of the active species in
the photocatalytic degradation of methyl orange under UV light irradiation, J.
Mol. Catal. A Chem. 380 (2013) 10-17, http://dx.doi.org/10.1016/j.molcata.
2013.09.001.

[36] J. Sun, X. Yan, K. Lv, S. Sun, K. Deng, D. Du, Photocatalytic degradation pathway
for azo dye in TiO2/UV/03 system: hydroxyl radical versus hole, J. Mol. Catal.
A Chem. 367 (2013) 31-37, http://dx.doi.org/10.1016/j.molcata.2012.10.020.

[37] C. Shifu, J. Lei, T. Wenming, F. Xianliang, Fabrication, characterization and
mechanism of a novel Z-scheme photocatalyst NaNbO3/WO3 with enhanced
photocatalytic activity, Dalton Trans. 42 (2013) 10759, http://dx.doi.org/10.
1039/c3dt50699a.

[38] A.Duran, J.M. Monteagudo, I. Sanmartin, A. Garcia-Diaz, Sonophotocatalytic
mineralization of antipyrine in aqueous solution, Appl. Catal. B Environ.
138-139 (2013) 318-325, http://dx.doi.org/10.1016/j.apcatb.2013.03.013.

[39] H.Kisch, W. Macyk, Visible-light photocatalysis by modified titania,
ChemPhysChem 3 (2002) 399, http://dx.doi.org/10.1002/1439-
7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H.

[40] J.C. Yu, W. Ho, J. Yu, H. Yip, P.K. Wong, ]. Zhao, Efficient visible-light-induced
photocatalytic disinfection on sulfur-doped nanocrystalline titania, Environ.
Sci. Technol. 39 (2005) 1175-1179, http://dx.doi.org/10.1021/es035374h.

[41] S. Abu Bakar, C. Ribeiro, Rapid and morphology controlled synthesis of anionic
S-doped TiO, photocatalysts for visible-light-driven photodegradation of
organic pollutants, RSC Adv. (2016), http://dx.doi.org/10.1039/C6RA03819K.

[42] M. Harb, P. Sautet, P. Raybaud, Anionic or cationic S-doping in bulk anatase
TiO,: insights on optical absorption from first principles calculations, J. Phys.
Chem. C. 117 (2013) 8892-8902, http://dx.doi.org/10.1021/jp312197g.

[43] T. Okato, T. Sakano, M. Obara, Suppression of photocatalytic efficiency in
highly N-doped anatase films, Phys. Rev. B 72 (2005) 115124, http://dx.doi.
org/10.1103/PhysRevB.72.115124.

[44] F.-D. Duminica, F. Maury, R. Hausbrand, N-doped TiO, coatings grown by
atmospheric pressure MOCVD for visible light-induced photocatalytic
activity, Surf. Coat. Technol. 201 (2007) 9349-9353, http://dx.doi.org/10.
1016/j.surfcoat.2007.04.061.

[45] S.A. O'Neill, L.P. Parkin, R.J.H. Clark, A. Mills, N. Elliott, Atmospheric pressure
chemical vapour deposition of titanium dioxide coatings on glass, ]. Mater.
Chem. 13 (2003) 56-60, http://dx.doi.org/10.1039/b206080a.


http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
http://dx.doi.org/10.1016/j.molcata.2016.05.003
dx.doi.org/10.1002/adma.201102752
dx.doi.org/10.1002/adma.201102752
dx.doi.org/10.1002/adma.201102752
dx.doi.org/10.1002/adma.201102752
dx.doi.org/10.1002/adma.201102752
dx.doi.org/10.1002/adma.201102752
dx.doi.org/10.1002/adma.201102752
dx.doi.org/10.1002/adma.201102752
dx.doi.org/10.1021/cr100454n
dx.doi.org/10.1021/cr100454n
dx.doi.org/10.1021/cr100454n
dx.doi.org/10.1021/cr100454n
dx.doi.org/10.1021/cr100454n
dx.doi.org/10.1021/cr100454n
dx.doi.org/10.1021/cr100454n
dx.doi.org/10.1039/c000317d
dx.doi.org/10.1039/c000317d
dx.doi.org/10.1039/c000317d
dx.doi.org/10.1039/c000317d
dx.doi.org/10.1039/c000317d
dx.doi.org/10.1039/c000317d
dx.doi.org/10.1039/c000317d
dx.doi.org/10.1039/C5DT05011A
dx.doi.org/10.1039/C5DT05011A
dx.doi.org/10.1039/C5DT05011A
dx.doi.org/10.1039/C5DT05011A
dx.doi.org/10.1039/C5DT05011A
dx.doi.org/10.1039/C5DT05011A
dx.doi.org/10.1039/C5DT05011A
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1016/S0926-3373(02)00007-3
dx.doi.org/10.1039/c3dt53409j
dx.doi.org/10.1039/c3dt53409j
dx.doi.org/10.1039/c3dt53409j
dx.doi.org/10.1039/c3dt53409j
dx.doi.org/10.1039/c3dt53409j
dx.doi.org/10.1039/c3dt53409j
dx.doi.org/10.1039/c3dt53409j
dx.doi.org/10.1039/C5DT03291A
dx.doi.org/10.1039/C5DT03291A
dx.doi.org/10.1039/C5DT03291A
dx.doi.org/10.1039/C5DT03291A
dx.doi.org/10.1039/C5DT03291A
dx.doi.org/10.1039/C5DT03291A
dx.doi.org/10.1039/C5DT03291A
dx.doi.org/10.1039/c3dt51987b
dx.doi.org/10.1039/c3dt51987b
dx.doi.org/10.1039/c3dt51987b
dx.doi.org/10.1039/c3dt51987b
dx.doi.org/10.1039/c3dt51987b
dx.doi.org/10.1039/c3dt51987b
dx.doi.org/10.1039/c3dt51987b
dx.doi.org/10.1021/ja210010k
dx.doi.org/10.1021/ja210010k
dx.doi.org/10.1021/ja210010k
dx.doi.org/10.1021/ja210010k
dx.doi.org/10.1021/ja210010k
dx.doi.org/10.1021/ja210010k
dx.doi.org/10.1021/ja210010k
dx.doi.org/10.1039/C4DT01908C
dx.doi.org/10.1039/C4DT01908C
dx.doi.org/10.1039/C4DT01908C
dx.doi.org/10.1039/C4DT01908C
dx.doi.org/10.1039/C4DT01908C
dx.doi.org/10.1039/C4DT01908C
dx.doi.org/10.1039/C4DT01908C
dx.doi.org/10.1021/ja0315199
dx.doi.org/10.1021/ja0315199
dx.doi.org/10.1021/ja0315199
dx.doi.org/10.1021/ja0315199
dx.doi.org/10.1021/ja0315199
dx.doi.org/10.1021/ja0315199
dx.doi.org/10.1021/ja0315199
dx.doi.org/10.1039/c3dt53265h
dx.doi.org/10.1039/c3dt53265h
dx.doi.org/10.1039/c3dt53265h
dx.doi.org/10.1039/c3dt53265h
dx.doi.org/10.1039/c3dt53265h
dx.doi.org/10.1039/c3dt53265h
dx.doi.org/10.1039/c3dt53265h
dx.doi.org/10.1039/c1jm11629k
dx.doi.org/10.1039/c1jm11629k
dx.doi.org/10.1039/c1jm11629k
dx.doi.org/10.1039/c1jm11629k
dx.doi.org/10.1039/c1jm11629k
dx.doi.org/10.1039/c1jm11629k
dx.doi.org/10.1039/c1jm11629k
dx.doi.org/10.1126/science.1061051
dx.doi.org/10.1126/science.1061051
dx.doi.org/10.1126/science.1061051
dx.doi.org/10.1126/science.1061051
dx.doi.org/10.1126/science.1061051
dx.doi.org/10.1126/science.1061051
dx.doi.org/10.1126/science.1061051
dx.doi.org/10.1126/science.1061051
dx.doi.org/10.1021/jp070771q
dx.doi.org/10.1021/jp070771q
dx.doi.org/10.1021/jp070771q
dx.doi.org/10.1021/jp070771q
dx.doi.org/10.1021/jp070771q
dx.doi.org/10.1021/jp070771q
dx.doi.org/10.1021/jp070771q
dx.doi.org/10.1039/C4DT00924J
dx.doi.org/10.1039/C4DT00924J
dx.doi.org/10.1039/C4DT00924J
dx.doi.org/10.1039/C4DT00924J
dx.doi.org/10.1039/C4DT00924J
dx.doi.org/10.1039/C4DT00924J
dx.doi.org/10.1039/C4DT00924J
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcatb.2009.06.027
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcata.2004.01.007
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1016/j.apcatb.2012.06.034
dx.doi.org/10.1063/1.1565693
dx.doi.org/10.1063/1.1565693
dx.doi.org/10.1063/1.1565693
dx.doi.org/10.1063/1.1565693
dx.doi.org/10.1063/1.1565693
dx.doi.org/10.1063/1.1565693
dx.doi.org/10.1063/1.1565693
dx.doi.org/10.1063/1.1565693
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.jssc.2006.01.009
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1016/j.apcatb.2010.03.004
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.330
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1246/cl.2003.364
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1007/s10853-007-2309-z
dx.doi.org/10.1002/chem.200801019
dx.doi.org/10.1002/chem.200801019
dx.doi.org/10.1002/chem.200801019
dx.doi.org/10.1002/chem.200801019
dx.doi.org/10.1002/chem.200801019
dx.doi.org/10.1002/chem.200801019
dx.doi.org/10.1002/chem.200801019
dx.doi.org/10.1002/chem.200801019
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1016/j.molcata.2015.12.002
dx.doi.org/10.1021/cm000363y
dx.doi.org/10.1021/cm000363y
dx.doi.org/10.1021/cm000363y
dx.doi.org/10.1021/cm000363y
dx.doi.org/10.1021/cm000363y
dx.doi.org/10.1021/cm000363y
dx.doi.org/10.1021/cm000363y
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
http://refhub.elsevier.com/S1381-1169(16)30174-1/sbref0145
dx.doi.org/10.1039/b913793a
dx.doi.org/10.1039/b913793a
dx.doi.org/10.1039/b913793a
dx.doi.org/10.1039/b913793a
dx.doi.org/10.1039/b913793a
dx.doi.org/10.1039/b913793a
dx.doi.org/10.1039/b913793a
dx.doi.org/10.1063/1.1493647
dx.doi.org/10.1063/1.1493647
dx.doi.org/10.1063/1.1493647
dx.doi.org/10.1063/1.1493647
dx.doi.org/10.1063/1.1493647
dx.doi.org/10.1063/1.1493647
dx.doi.org/10.1063/1.1493647
dx.doi.org/10.1063/1.1493647
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1088/1742-6596/76/1/012056
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1016/j.jcis.2007.03.001
dx.doi.org/10.1039/C1NR11331C
dx.doi.org/10.1039/C1NR11331C
dx.doi.org/10.1039/C1NR11331C
dx.doi.org/10.1039/C1NR11331C
dx.doi.org/10.1039/C1NR11331C
dx.doi.org/10.1039/C1NR11331C
dx.doi.org/10.1039/C1NR11331C
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2013.09.001
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1016/j.molcata.2012.10.020
dx.doi.org/10.1039/c3dt50699a
dx.doi.org/10.1039/c3dt50699a
dx.doi.org/10.1039/c3dt50699a
dx.doi.org/10.1039/c3dt50699a
dx.doi.org/10.1039/c3dt50699a
dx.doi.org/10.1039/c3dt50699a
dx.doi.org/10.1039/c3dt50699a
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1016/j.apcatb.2013.03.013
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1002/1439-7641(20020517)3:5<399:AID-CPHC399>3.0.CO;2-H
dx.doi.org/10.1021/es035374h
dx.doi.org/10.1021/es035374h
dx.doi.org/10.1021/es035374h
dx.doi.org/10.1021/es035374h
dx.doi.org/10.1021/es035374h
dx.doi.org/10.1021/es035374h
dx.doi.org/10.1021/es035374h
dx.doi.org/10.1039/C6RA03819K
dx.doi.org/10.1039/C6RA03819K
dx.doi.org/10.1039/C6RA03819K
dx.doi.org/10.1039/C6RA03819K
dx.doi.org/10.1039/C6RA03819K
dx.doi.org/10.1039/C6RA03819K
dx.doi.org/10.1039/C6RA03819K
dx.doi.org/10.1021/jp312197g
dx.doi.org/10.1021/jp312197g
dx.doi.org/10.1021/jp312197g
dx.doi.org/10.1021/jp312197g
dx.doi.org/10.1021/jp312197g
dx.doi.org/10.1021/jp312197g
dx.doi.org/10.1021/jp312197g
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1103/PhysRevB.72.115124
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1016/j.surfcoat.2007.04.061
dx.doi.org/10.1039/b206080a
dx.doi.org/10.1039/b206080a
dx.doi.org/10.1039/b206080a
dx.doi.org/10.1039/b206080a
dx.doi.org/10.1039/b206080a
dx.doi.org/10.1039/b206080a
dx.doi.org/10.1039/b206080a

S.A. Bakar, C. Ribeiro / Journal of Molecular Catalysis A: Chemical 421 (2016) 1-15 15

[46] S.Dai, Y. Wu, T. Sakai, Z. Du, H. Sakai, M. Abe, Preparation of highly crystalline

TiO, nanostructures by acid-assisted hydrothermal treatment of
hexagonal-structured nanocrystalline Titania/Cetyltrimethyammonium
bromide nanoskeleton, Nanoscale Res. Lett. 5 (2010) 1829-1835, http://dx.
doi.org/10.1007/s11671-010-9720-0.

[47] G.Liuy, H.G. Yang, ]. Pan, Y.Q. Yang, G.Q. (Max) Lu, H.-M. Cheng, Titanium
dioxide crystals with tailored facets, Chem. Rev. 114 (2014) 9559-9612,
http://dx.doi.org/10.1021/cr400621z.

[48] M. D’Arienzo, J. Carbajo, A. Bahamonde, M. Crippa, S. Polizzi, R. Scotti, et al.,
Photogenerated defects in shape-controlled TiO, anatase nanocrystals: a

probe to evaluate the role of crystal facets in photocatalytic processes, J. Am.

Chem. Soc. 133 (2011) 17652-17661, http://dx.doi.org/10.1021/ja204838s.
[49] F. Amano, T. Yasumoto, O.-O. Prieto-Mahaney, S. Uchida, T. Shibayama, B.

Ohtani, Photocatalytic activity of octahedral single-crystalline mesoparticles
of anatase titanium(iv) oxide, Chem. Commun. (2009) 2311, http://dx.doi.org/

10.1039/b822634b.
[50] P.D. Cozzoli, A. Kornowski, H. Weller, Low-temperature synthesis of soluble

and processable organic-capped anatase TiO, nanorods, J. Am. Chem. Soc. 125

(2003) 14539-14548, http://dx.doi.org/10.1021/ja036505h.
[51] N. Wu, J. Wang, D.N. Tafen, H. Wang, J.-G. Zheng, ].P. Lewis, et al.,
Shape-enhanced photocatalytic activity of single-crystalline anatase TiO;

(101) nanobelts, J. Am. Chem. Soc. 132 (2010) 6679-6685, http://dx.doi.org/

10.1021/ja909456f.

[52] A.Riss, M. Elser, ]. Bernardi, O. Diwald, Stability and photoelectronic
properties of layered titanate nanostructures, J. Am. Chem. Soc. 131 (2009)
6198-6206, http://dx.doi.org/10.1021/ja810109g.

[53] H. Znad, Y. Kawase, Synthesis and characterization of S-doped Degussa P25
with application in decolorization of Orange Il dye as a model substrate, J.
Mol. Catal. A Chem. 314 (2009) 55-62, http://dx.doi.org/10.1016/j.molcata.
2009.08.017.

[54] J.A. Rengifo-Herrera, E. Mielczarski, J. Mielczarski, N.C. Castillo, J. Kiwi, C.
Pulgarin, Escherichia coli inactivation by N, S co-doped commercial TiO,
powders under UV and visible light, Appl. Catal. B Environ. 84 (2008)
448-456, http://dx.doi.org/10.1016/j.apcatb.2008.04.030.

[55] BJ. Lindberg, J.P. Dahl, E. Rest, E. Vestersjg, O. Stokke, E. Bunnenberg, et al.,
Studies on sulfinic acids IV. Oxidation of aromatic sodium sulfinates with
hydrogen peroxide, Acta Chem. Scand. 20 (1966) 1843-1862, http://dx.doi.
org/10.3891/acta.chem.scand.20-1843.

[56] H.Li, X.Zhang, Y. Huo, ]. Zhu, Supercritical preparation of a highly active

S-doped TiO, photocatalyst for methylene blue mineralization, Environ. Sci.

(57]

(58]

(59]

(60]

(61]

[62]

(63]

(64]

(65]

(66]

Technol. 41 (2007) 4410-4414, http://dx.doi.org/10.1021/es062680x.

E.L. Hebenstreit, W. Hebenstreit, U. Diebold, Adsorption of sulfur on TiO,(110)
studied with STM, LEED and XPS: temperature-dependent change of
adsorption site combined with O-S exchange, Surf. Sci. 461 (2000) 87-97,
http://dx.doi.org/10.1016/S0039-6028(00)00538-0.

X. Wang, J.C. Yu, P. Liu, X. Wang, W. Su, X. Fu, Probing of photocatalytic
surface sites on SO42-/TiO2 solid acids by in situ FT-IR spectroscopy and
pyridine adsorption, J. Photochem. Photobiol. A Chem. 179 (2006) 339-347,
http://dx.doi.org/10.1016/j.jphotochem.2005.09.007.

K.M. Parida, N. Sahu, N.R. Biswal, B. Naik, A.C. Pradhan, Preparation,
characterization, and photocatalytic activity of sulfate-modified titania for
degradation of methyl orange under visible light, J. Colloid Interface Sci. 318
(2008) 231-237, http://dx.doi.org/10.1016/j.jcis.2007.10.028.

C. Han, M. Pelaez, V. Likodimos, A.G. Kontos, P. Falaras, K. O’shea, et al.,
Innovative visible light-activated sulfur doped TiO, films for water treatment,
Appl. Catal. B Environ. 107 (2011) 77-87, http://dx.doi.org/10.1016/j.apcatb.
2011.06.039.

S.Yin, K. Ihara, Y. Aita, M. Komatsu, T. Sato, Visible-light induced
photocatalytic activity of TiO,-xAy (A=N, S) prepared by precipitation route,
J. Photochem. Photobiol. A Chem. 179 (2006) 105-114, http://dx.doi.org/10.
1016/j.jphotochem.2005.08.001.

I. Ganesh, A.K. Gupta, P.P. Kumar, P.S.C. Sekhar, K. Radha, G. Padmanabham,
et al., Preparation and characterization of Ni-doped TiO, materials for
photocurrent and photocatalytic applications, Sci. World J. 2012 (2012) 1-16,
http://dx.doi.org/10.1100/2012/127326.

H. Kisch, S. Sakthivel, M. Janczarek, D. Mitoraj, A low-band gap,
nitrogen-modified titania visible-light photocatalyst, J. Phys. Chem. C 111
(2007) 11445-11449, http://dx.doi.org/10.1021/jp066457y.

P. Romero- Goimez, V. Rico, A. Borrais, A. Barranco, J.P. Espinois, ]. Cotrino,

et al., Chemical state of nitrogen and visible surface and schottky barrier
driven photoactivities of N-doped TiO, thin films, J. Phys. Chem. C. 113 (2009)
13341-13351, http://dx.doi.org/10.1021/jp9024816.

G.A. Tompsett, G.A. Bowmaker, R.P. Cooney, ].B. Metson, K.A. Rodgers, ].M.
Seakins, The raman spectrum of brookite, TiO, (Pbca, Z=8), ]. Raman
Spectrosc. 26 (1995) 57-62, http://dx.doi.org/10.1002/jrs.1250260110.

G.L. Chiarello, M.H. Aguirre, E. Selli, Hydrogen production by photocatalytic
steam reforming of methanol on noble metal-modified TiO,, J. Catal. 273
(2010) 182-190, http://dx.doi.org/10.1016/j.jcat.2010.05.012.


dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1007/s11671-010-9720-0
dx.doi.org/10.1021/cr400621z
dx.doi.org/10.1021/cr400621z
dx.doi.org/10.1021/cr400621z
dx.doi.org/10.1021/cr400621z
dx.doi.org/10.1021/cr400621z
dx.doi.org/10.1021/cr400621z
dx.doi.org/10.1021/cr400621z
dx.doi.org/10.1021/ja204838s
dx.doi.org/10.1021/ja204838s
dx.doi.org/10.1021/ja204838s
dx.doi.org/10.1021/ja204838s
dx.doi.org/10.1021/ja204838s
dx.doi.org/10.1021/ja204838s
dx.doi.org/10.1021/ja204838s
dx.doi.org/10.1039/b822634b
dx.doi.org/10.1039/b822634b
dx.doi.org/10.1039/b822634b
dx.doi.org/10.1039/b822634b
dx.doi.org/10.1039/b822634b
dx.doi.org/10.1039/b822634b
dx.doi.org/10.1039/b822634b
dx.doi.org/10.1021/ja036505h
dx.doi.org/10.1021/ja036505h
dx.doi.org/10.1021/ja036505h
dx.doi.org/10.1021/ja036505h
dx.doi.org/10.1021/ja036505h
dx.doi.org/10.1021/ja036505h
dx.doi.org/10.1021/ja036505h
dx.doi.org/10.1021/ja909456f
dx.doi.org/10.1021/ja909456f
dx.doi.org/10.1021/ja909456f
dx.doi.org/10.1021/ja909456f
dx.doi.org/10.1021/ja909456f
dx.doi.org/10.1021/ja909456f
dx.doi.org/10.1021/ja909456f
dx.doi.org/10.1021/ja810109g
dx.doi.org/10.1021/ja810109g
dx.doi.org/10.1021/ja810109g
dx.doi.org/10.1021/ja810109g
dx.doi.org/10.1021/ja810109g
dx.doi.org/10.1021/ja810109g
dx.doi.org/10.1021/ja810109g
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.molcata.2009.08.017
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.1016/j.apcatb.2008.04.030
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.3891/acta.chem.scand.20-1843
dx.doi.org/10.1021/es062680x
dx.doi.org/10.1021/es062680x
dx.doi.org/10.1021/es062680x
dx.doi.org/10.1021/es062680x
dx.doi.org/10.1021/es062680x
dx.doi.org/10.1021/es062680x
dx.doi.org/10.1021/es062680x
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/S0039-6028(00)00538-0
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jphotochem.2005.09.007
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.jcis.2007.10.028
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.apcatb.2011.06.039
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1016/j.jphotochem.2005.08.001
dx.doi.org/10.1100/2012/127326
dx.doi.org/10.1100/2012/127326
dx.doi.org/10.1100/2012/127326
dx.doi.org/10.1100/2012/127326
dx.doi.org/10.1100/2012/127326
dx.doi.org/10.1100/2012/127326
dx.doi.org/10.1100/2012/127326
dx.doi.org/10.1100/2012/127326
dx.doi.org/10.1021/jp066457y
dx.doi.org/10.1021/jp066457y
dx.doi.org/10.1021/jp066457y
dx.doi.org/10.1021/jp066457y
dx.doi.org/10.1021/jp066457y
dx.doi.org/10.1021/jp066457y
dx.doi.org/10.1021/jp066457y
dx.doi.org/10.1021/jp9024816
dx.doi.org/10.1021/jp9024816
dx.doi.org/10.1021/jp9024816
dx.doi.org/10.1021/jp9024816
dx.doi.org/10.1021/jp9024816
dx.doi.org/10.1021/jp9024816
dx.doi.org/10.1021/jp9024816
dx.doi.org/10.1002/jrs.1250260110
dx.doi.org/10.1002/jrs.1250260110
dx.doi.org/10.1002/jrs.1250260110
dx.doi.org/10.1002/jrs.1250260110
dx.doi.org/10.1002/jrs.1250260110
dx.doi.org/10.1002/jrs.1250260110
dx.doi.org/10.1002/jrs.1250260110
dx.doi.org/10.1002/jrs.1250260110
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012
dx.doi.org/10.1016/j.jcat.2010.05.012

	A comparative run for visible-light-driven photocatalytic activity of anionic and cationic S-doped TiO2 photocatalysts: A ...
	1 Introduction
	2 Experiment
	2.1 Sample preparation
	2.2 Characterization of material

	3 Result and discussion
	4 Conclusion
	Acknowledgment
	Appendix A Supplementary data
	References


