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HIGHLIGHTS

o S-TiO; catalysts obtained under H,S atmosphere at low temperature are highly efficient.

¢ SOF~ was formed on the films surface, indicating the substitution of Ti*" by $°*.

o XPS depth profile revealed the cationic diffusion of sulfur by the alternative S-doped method.

e S-doped TiO, film presented 72.1% of dye degradation under visible light.

e S-TiO;, films exhibit high stability and efficiency around 70% in the first 3 cycles.
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The surface chemistry and recyclability of sulfur-doped titanium dioxide (TiO5) films was evaluated. The pho-
tocatalysts were grown by metalorganic chemical vapor deposition (MOCVD) at 400 °C. The films were sulfur-
doped at 50 °C by using hydrogen sulfide (HS) as sulfur source. The photocatalytic behavior of the films was
measure by monitoring the methyl orange dye decolorization under visible light for several cycles. The films are
formed only for the anatase crystalline phase. The results demonstrated that no structural modifications or

significant differences in the morphology of the films occurred after their use. The sulfur-doped TiO films
presented good photocatalytic activity, with an efficiency of 72.1% under visible light in its first use. The
durability experiments suggest that even with the dye impregnation on the catalyst surface, the photocatalytic
activity of the S-doped TiO; films remained around 70% in the first 3 cycles, which allows their practical
application for water treatment and purification under sunlight.

1. Introduction

Heterogeneous photocatalysis is a green advanced oxidative process
(AOP) used as an alternative method for industrial wastewater treat-
ment and environmental decontamination [1]. This method is based on
the formation of hydroxyl radicals (HO®) from the use of a semi-
conductor material activated by solar radiation [2]. Although consid-
erable papers have already been published concerning on the use of
semiconductors as catalysts, there is still little data on their use as a
supported film — which would facilitate material handling, surface
reusability and subsequent reuse [3]. The possibility on the reuse of
catalyst materials is an important differential feature, and it is necessary
for efficient practical applications of heterogeneous photocatalysis in
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water treatment.

Several problems may occur during the photocatalytic process
especially when a suspension is used [4]. Catalyst separation from sus-
pensions is a difficult and costly process. Furthermore, suspended par-
ticles tend to aggregate, especially at high concentrations. Thus, studies
on the use of titanium dioxide (TiO3) films have been developed to
improve the catalyst recovery and obtain better photocatalytic perfor-
mance [5-7].

TiO4 films have been widely investigated as a promising photo-
catalyst for the removal of organic contaminants from water and air [8].
The surface properties and crystalline structure of the semiconductor
photocatalysts have great influence on the photocatalytic properties [9,
10]. Both anatase and rutile phases present photoactivity. Nevertheless,
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anatase-TiOs is the most efficient due to the high electron mobility, and
greater surface area [11]. TiO, films can be obtained by different
methods, among which the sol-gel [12] and chemical vapor deposition
(CVD) [4,6,8]. CVD technique present important advantages, such as
high deposition rate, well-defined stoichiometry, and the capacity to
efficiently coat complex geometry surfaces [13], which promotes the
synthesis of homogeneous films, an important attribute for the practical
application of such catalysts.

However, the anatase-TiO» photoactivity is limited to the ultraviolet
light (UV). The structural and surface modification of supported TiO5
catalysts by the metallic or non-metallic ions doping process aims to
improve their efficiency [5,14]. Among the chemical elements used as
dopants, nitrogen and carbon are the most studied. Nevertheless, re-
searches directed at sulfur (S) doping of TiO, have shown good results in
environmental applications [15-17]. Han et al. [15], Ohno et al. [18],
and Bayati et al. [19] studied the synthesis of sulfur-doped TiOs. The
authors observed that S®* cation replace Ti*" ions into TiO; lattice, and
this effect is more pronounced than the S?~ anion-doped for visible-light
photocatalytic activity. However, S-doped TiO2 photocatalysts are usu-
ally obtained at temperatures above 300 °C [12,15].

The possibility of using hydrogen sulfide (HS) as a sulfur precursor
for low-temperature TiO2 doping has recently been demonstrated. HyS is
an odorous, toxic and corrosive compound, released as by-product of
many industrial processes. Frequently TiO, is used for the gaseous
decomposition of these released products at atmospheric pressure, be-
tween 20 °C and 150 °C, without the need of other chemicals, sulfur
doping and surface modification of TiO3 occurs directly [20,21] — which
characterizes this novel technique as a green and low cost method. In
our previous study [7], we showed that films of 350 nm-thick TiO; films
S-doped at 50 °C using a Hy/H»S gas mixture exhibited 38% of dye
decolorization efficiency under visible light. However, the film thickness
has a great influence on the photocatalytic behavior. Marcello et al. [22]
showed that undoped TiO; films present a thickness ideal value for
photocatalytic application on water treatment. Thus, 470 nm-thick TiOy
photocatalysts were S-doped under Hy/H»S mixture at 50, 100 and
150 °C [21]. The decomposition and adsorption of HsS on the TiOo
surface at low temperature occurs due to the presence of HO® radicals,
according to Eq. (1) [7], which oxidize sulfur and, consequently, pro-
motes the formation of sulfate groups (SO%’) on the film surface, and
Ti—O-S bonds in the semiconductor structure [7,20,23].

H,S + 8HO® — SOF~ + 2H™ + 4H,0 6

The results showed that the undoped anatase-TiO, film presents
photoactivity only under exposure to UV radiation. S-doping process
enabled TiO; activation under visible light, and the S-TiO, film doped at
50 °C exhibited the best photocatalytic activity, with photocatalytic
efficiency around 72% of methyl orange dye decolorization [21]. The
heterogeneous photocatalysis mechanism for using sulfated TiO5 films,
as proposed by the Lin et al. [24], follows the steps described by the
following equations:

(SO - TiOy) + hv — e + hi @
Ti** + (eg) = Ti*F @)
SO L T o §5F 4 it )
St + 0, - S +05° )
$°" + (hfp) + HOGay) — S** + HO® (6)
Dye molecules + HO® + O3 * — Photodegradation products 7)

Nevertheless, studies aimed to the reusability and practical reuse of
sulfated photocatalysts are still little approached in the literature, and
the effects on the surface after several photocatalytic cycles under visible
light were not discussed. Here, the possibility of reusing S-doped TiOy
films on methyl orange dye removal process in the water under visible

Materials Chemistry and Physics 261 (2021) 124231

light was evaluated. The catalysts were obtained by the metalorganic
chemical vapor deposition (MOCVD) method, and subsequently sulfur
doped at 50 °C under Hy/H5S atmosphere.

2. Experimental
2.1. Synthesis of sulfur-doped catalysts

470 nm-thick TiOy catalysts were grown by MOCVD in the equip-
ment previously described by Bento and Pillis [1]. The growth of the
films was carried out on borosilicate glass substrates (25 x 76 x 1 mm)
at 400 °C under a pressure of 50 mbar. Titanium (IV) isopropoxide
(Sigma-Aldrich Co., purity 99,999%) was used as the titanium and oxy-
gen sources, and Ny was used as the carrier and the purge gas. Then, the
catalysts were sulfur-doped by a facile thermochemical treatment pre-
viously described by Bento et al. [7]. The doping process were carried
out at 50 °C for 60 min under a mixture of Hy-2v.% HS.

2.2. Characterization techniques

The catalysts were analyzed before and after use by X-ray diffraction
(XRD) (Rigaku Multiflex, monochromatized CuKa radiation, incidence
angle of 5°, scan rate of 0.02°, and with 20 ranging from 5 to 80°),
atomic force microscopy (AFM) on the tapping mode (SPM Bruker
NanoScope IITA, scan frequency of 0.601 Hz and in the area of 2 pm x 2
pm), X-ray photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha,
with resolution of 0.1 eV, and spot size beam of 400 pm), contact angle
measurements (SEO Phoenix-i, under visible light, dropping 5 pL of
deionized water on the film surface for three times for each measure-
ment; prior to the tests the films were stored for 120 h in a dark chamber
to avoid the light interference, and Fourier Transform infrared (FTIR)
(Thermo Nicolet spectrometer Nexus 870 FT-IR, in the frequency range of
500 cm™! to 2500 cm ™! at 25°). Raman spectroscopy (WITEC Raman
Microscope Alpha 300 R, exposure time of 30 s, A = 532 nm, range of
0-1200 cm ') was used to observe the structural properties of the sulfur-
doped films unused and after 12 photocatalytic cycles. Before the
analysis, the surface of the films was cleaned with ethyl alcohol [22,25].

2.3. Surface reusability and durability of the catalysts

The durability of the S-doped TiO» films were evaluated by the dye
decolorization after several photocatalytic cycles under visible light
(Royal Philips Electronics; four tubular LED lamps with 3 W each; A =
400-700 nm). Each cycle consists of 5 h of test, and the degradation
measurements are taken every 60 min. The photocatalytic experiments
were realized in a homemade visible-light reactor setup previously
described [1]. Methyl orange dye was used as pollutant model (0.005 g
L™Y), at pH = 2, and volume of 40 mL. The initial dye concentration, pH
of the reaction medium, and solution volume were the same as those
used in studies previously developed by the group [7,22]. Changes in
dye concentration were accompanied by UV-Vis spectroscopy (Global
Trade Technology), through the characteristic peak of the chromophore
group at A = 464 nm. S-TiOs film and dye solution remained into the
dark for 1 h to achieve the adsorption-desorption equilibrium of the dye
molecules on the photocatalyst surface [22]. The experiments were kept
under controlled temperature in the range of 19-20 °C. For catalyst
reusability, at the end of each photocatalytic cycle, the films were
individually washed with ethanol for 10 min, rinsed with deionized
water and dried with Nj. The respective reusability method was defined
from previous studies [3,22,25].

3. Results and discussion
3.1. XPS results

XPS technique was employed to evaluate the chemical state of the
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formed species near the S-doped catalyst surface. Cls peak at 284.8 eV
was set as reference. Fig. 1a exhibits the XPS depth profile of the sulfur-
doped TiO; film, demonstrating the chemical concentration as a func-
tion of sputter depth. The spectra showed the predominant presence of O
and Ti on the surface. Carbon is also present in a significant amount and
is attributed to adventitious carbon and to the residual carbon from the
metalorganic precursor [26,27]. However, the C atomic percentage in-
side the film decreases considerably since the surface adventitious car-
bon is removed by the XPS sputtering for the depth profile analysis. In
this way, the Ti:O ratio increases with the sputter time: from 1:3.45, on
the S-TiO film surface (higher carbon concentration), to 1:2.66, 1:2.43,
1:2.37, and 1:2.43, respectively, after 675, 945, 1215, and 1485 s of
sputter time. Therefore, it was observed that the Ti:O ratio becomes
constant inside the film, where there is only the presence of the residual
carbon. The depth profile revealed the presence of sulfur, denoting the
successful inclusion of S ions into the TiO» film, with a sulfur concen-
tration around 8 at%.

Fig. 1b shows the high resolution S2p XPS spectrum. The results
revealed the presence of $®* cations, possibly replacing the Ti*" ions [7,
16,18,28]. This behavior promotes the formation of SO3~ groups on the
TiO4 surface, and Ti—O-S bonds into its structure [21,24]. No indication
of S2~ formation was observed at 161 eV, suggesting that it does not
exist on the catalyst surface. Ohno et al. [29] and Umebayashi et al. [30]
observed that the sulfur ionic radius (S*~ - 0.174 nm) is greater than the
oxygen ionic radius (0%~ - 0.132 nm), which makes it difficult to replace
the O~ by anions $2~. Several papers have been suggested the impor-
tance of St for S-doped catalysts [29-31]. The S cation substitution is
chemically more favorable for environmental applications than the S
anion substitution, due to the formation of centers for trapping electron
(e7)/hole (h™) pairs, and consequent reduction of the electronic
recombination rate [32,33]. It was also observed that the concentration
of sulfur remains constant in the catalyst thickness, which confirms its
diffusion, and suggests the uniform distribution in depth TiOa.

Fig. 2 shows the evolution of the high resolution XPS spectrum of S2p
core-level region with the sputtering time for the S-doped TiO» film. It
was clearly observed that S2ps/; signal is detected in the film surface
even at the beginning of the experiment, until at the end of the depth
profile experiment, and achieve the borosilicate glass substrate. The
same component was founded when the spectrum was deconvoluted
(Fig. 1b). The result suggests that the alternative S-doped method
allowed the cationic diffusion of sulfur in the S®* chemical state, and the
formation of superficial SO~ groups. The sulfur chemical state did not
change in depth profile. The binding energy component at 169 eV shows
good similarity to the literature [7,16,19,29]. No peaks at 167 eV and
162 eV were found, which can indicate the absent of sulfur oxidation in
+4 or —2 chemical states, respectively.

3.2. Structural and morphological analysis of S-doped catalysts

The crystallinity and phases formed in the 470 nm-thick S-doped
TiOg film grown at 400 °C, and submitted to several photocatalytic cy-
cles, were investigated by XRD, according to Fig. 3. The phases formed
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Fig. 1. (a) XPS sputter depth profile of the sulfur-doped TiO film; (b) High
resolution XPS spectrum of S2p region with the fitted curve of sulfur-
doped catalyst.
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Fig. 2. Evolution of the high resolution XPS spectra of S2p region with the
sputtering time for 470 nm-thick S-TiO, film doped with Hy/H,S at 50 °C. The
black dashed lines are the XPS spectra, and the colored continuous lines are the
respective S2p core-level fitted curves for each sputtering time of the film depth
profile: from the S-TiO, films surface to the borosilicate glass substrate.
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Fig. 3. XRD patterns of the sulfur-doped TiO, film, before and after its use in
the methyl orange dye degradation experiments under visible light during 12
photocatalytic cycles. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

were identified with the JCPDS (Joint Committee on Powder Diffraction
Standards) database. The catalyst presented anatase-TiOy phase, ac-
cording to the JCPDS 21-1272 and showed good crystallinity [2,7,15].
The results indicated that the S-doped TiO; film exhibited the same
characteristic peaks after 12 photocatalytic cycles of 300 min each. Such
behavior suggests that there was no change in the catalyst structure after
the methyl orange dye degradation experiments or exposure to air,
which indicates its good stability. No delamination was observed in the
film after the tests, which is an important attribute for practical
application.

Fig. 4 exhibits the surface images of S-doped TiO, film obtained by
AFM. No significant differences in film morphology were observed
before or after photocatalysis tests. The surface of the film presents small
round grains due to the presence of SO~ groups formed on the catalyst
surface after the low-temperature S-doping process [19,34]. Previous
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Fig. 4. AFM 3D images of the sulfur-doped TiO, film: (a) unused catalyst
surface; (b) catalyst surface after 12 photocatalytic cycles under visible light.

research paper demonstrated that the SO~ formation on TiO, surface,
by the S-doped process with Ha/H,S mixture at low temperature, pro-
motes significant changes in morphological characteristics of the films —
effect that favors its visible light photocatalytic application [7,20,28].
Table 1 shows the mean grain size and RMS (Root Mean Square)
roughness values of the film before and after the degradation tests under
visible light. Mean grain size analyses were performed using the
ImageJ® image processing software, determined by Feret diameter of
the particles. For the unused S-doped catalyst (Fig. 4a), the values found
were 104 nm and 8.6 nm for mean grain size and roughness, respec-
tively. After 12 photocatalytic cycles (Fig. 4b), the film exhibited a mean
grain size of 112 nm and RMS roughness of 9.1 nm. Such values are
favorable for photocatalytic applications, since contact of the adsorbed
pollutant substance with the catalyst surface is facilitated, and conse-
quently results in increased photocatalytic efficiency of the films [13,
35].

Surface wettability is an important morphological characteristic of
supported catalysts for photocatalytic application. Fig. 5 presents the
contact angle values for the drop profile formed on the S-doped catalyst
surface before (Fig. 5a) and after 12 photocatalytic cycles under visible
light (Fig. 5b). The results indicated the high hydrophilicity of the S-
doped TiOs film grown by MOCVD, and sulfur-doped at low temperature
under Hy/H,S atmosphere. Such a hydrophilic character facilitates the
transfer of electrons, and increases its photocatalytic activity [21,25,
36]. After the dye removal experiments, there was a slight loss of surface
wettability. Nevertheless, the S-doped catalyst still retained its hydro-
philic properties.

FTIR spectra of S-doped TiO; film before and after 12-cycle methyl
orange dye photodegradation experiments are shown in Fig. 6. The
unused catalyst presented a long absorption band in the 500-700 ¢cm ™!
range, attributed to the symmetrical stretching vibration of the Ti-O
bonds [37]. The band at 1630 cm™' refers to the hydroxyl groups
adsorbed on the surface of the films. The two absorbance peaks around
1040 cm ! and 1135 ecm ! indicate the presence of Ti-O-S bonds [15],
which confirms the incorporation of S into the TiOy structure and
corroborate the XPS results. The band at 1135 cm ™! represents an S-O
vibration, characteristic of the SO3~ groups present on the catalyst
surface. Nevertheless, after the photocatalytic tests were performed, it
occurs a change in the FTIR spectrum profile of the S-doped film be-
tween 500 and 1625 cm™!. This result suggests that dye molecules
impregnated the catalyst surface after its use. The bands observed at
562 cm ! and 575 cm ™! correspond to the C-S$ stretching vibrations,
suggesting the formation of new products from degradation process of
sulfonated aromatic rings or benzene rings [38]. The C-H vibrations of

Table 1
Morphological characteristics of low-temperature S-doped TiO,, film before and
after application over 12 photocatalytic cycles under visible light.

Mean grain size RMS roughness Contact

(nm) (nm) angle
unused S-doped TiO» 104 8.6 12°
After 12 photocatalytic 112 9.1 20°

cycles
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Fig. 5. Contact angle measurements for the deionized water drop profile (5 pL)
on the surface of the sulfur-doped TiO, film: (a) unused catalyst; (b) after 12
photocatalytic cycles under visible light. Before to tests, the film was stored for
120 h in a dark chamber to avoid the light interference.
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Fig. 6. FTIR spectra of the sulfur-doped TiO, film, before and after 12 photo-
catalytic cycles in the methyl orange dye degradation experiments under visible
light. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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the benzene ring are located at 698 cm ™!, 816 cm ™! and 956 cm™'. The
two absorbance peaks around 1070 cm ™! and 1122 cm™! refer to the
S—O vibration [38]. The C-N stretching vibrations were assigned to the
band at 1369 cm ™. The N=N vibration appears around 1418 cm ™. The
bands at 1462 cm™! and 1578 cm™! indicate the C-C vibration of the
benzene structure [39]. The peak of S-O bonds at 1135 cm ™! can still be
observed, which indicates that SOx groups remain present on the TiO5
surface. Such behavior suggests a possible superficial saturation of the
adsorption sites of the film, even after the catalyst reusability.

3.3. Photocatalytic behavior of S-doped TiO2 films

The visible light wavelength corresponds to 45% of the total radia-
tion energy from the Sun [40]. In this way, the photoactivation of TiO,
catalysts in the visible region becomes a promising aspect, considering
the optimization of solar radiation utilization, as well as allowing its
practical application in indoor environments by the use of visible light
lamps (A = 400-700 nm) [7,15,25]. The photocatalytic behavior of the
S-doped TiO; film was evaluated on the methyl orange dye decoloriza-
tion under visible light. The durability of the catalyst was observed
during its exposure to 12 photocatalytic cycles of 5 h each, under the
same conditions, accounting for a total of 60 h of experiment. For the
catalyst surface reusability, the S-doped film was washed with ethanol at
the end of each cycle. Marcello et al. [22] evaluated the influence of
different surface reusability methods on durability and recyclability of
TiO5 films. The authors used deionized water, ethanol, and acetone to
clean the film surface. The results suggested that the surface reusability
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method using ethanol promoted greater photocatalytic stability along
several cycles. The use of ethanol to clean supported catalysts allows to
partially remove the adsorbed dye on the film surface, which results in
the maintenance of surface area and adsorption sites [3,22].
Considering the Beer-Lambert law [1,41], the photocatalytic effi-
ciency of S-doped films (Ef) can be calculated according to Eq (8):

G —-C

0

Ep=( ) x 100% (€))
where Cj is the model pollutant initial concentration, and C is the
concentration of the pollutant at time t of radiation and catalyst expo-
sure. According to previous studies, undoped anatase-TiO5 film do not
present photocatalytic activity under visible light [7,25,42]. Fig. 7a
exhibits the dye concentration variation over 12 photocatalytic cycles as
a function of the time of exposition to S-doped catalyst under visible
light. It is observed that the S-doped TiO, film presented an initial
performance of 72.1% in 5 h of test. The photocatalytic activity of the
film remained around 70% in the first 3 cycles, totaling 16 h of use with
good removal behavior of the model pollutant. Such photocatalytic
stability found in the process can be attributed to the non-significative
alteration of catalyst structure and morphology, as observed in the
characterization step. However, from the 4th reusability there was a loss
of photoactivity, in which the S-doped catalyst exhibited a mean effi-
ciency of 52.8% between the 4th and 6th photocatalytic cycle. The
photocatalytic activity decreased slightly in the 7th and 8th cycles,
where the dye photodegradation efficiencies obtained were 42.5% and
42.1%, respectively. Finally, between the 9th and 12th photocatalytic
cycle, the photoactivity of the film stabilized at around 35%.

Fig. 7b shows the dye removal kinetic curves of S-TiOj film along the
12 photocatalytic cycles, in which it is possible to evaluate the apparent
rate constant (k,pp) for methyl orange dye decolorization from the linear
relationship In (Cp/C) and irradiation time [22]. Photodegradation ki-
netics follows the Langmuir-Hinshelwood model, according a
pseudo-first order degradation for reactions where the pollutant con-
centration is very low [43,44]. The results demonstrated that
throughout the first 6 photocatalytic cycles, the behavior of the S-doped
catalyst at the beginning of the dye decolorization experiments (1 h) was
similar, with kapp values around 3.8 x 10~* h™%, as shown in Table 2.
The main photocatalytic activity of TiO2 films occurs in the first hour of
testing. This effect is caused by adsorbates induced by rapid initial
degradation, which may prevent further photocatalytic reactions [45].
The initial stage of the photocatalytic reaction by pseudo-first order
kinetic mechanisms is the attack on the dye molecules by the HO® rad-
icals. Along the decolorization process, the HO® generation remains
constant, and it reacts only with the organic pollutant [44].

From the 7th photocatalytic activation cycle there is a slight decrease
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Fig. 7. (a) Photocatalytic efficiency of the sulfur-doped TiO, film during 12
cycles, with a total of 60 h of experiment under visible light. The film was
grown on borosilicate glass substrates at 400 °C by MOCVD method, and then
sulfur-doped at low temperature under H,/H,S atmosphere. The behavior of the
catalysts was observed in the methyl orange dye degradation: concentration of
5mg LY, pH = 2, and volume of 40 mL. (b) Pseudo-first order kinetic curves of
S-TiO, film for dye removal under visible light. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)
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Table 2

Values of pseudo-first order kinetic parameters and methyl orange dye decol-
orization for the low-temperature S-doped TiO, film along 12 photocatalytic
cycles under visible light.

Photocatalytic Initial kapp Last Kqapp R? Dye
cycle constant constant decolorization
th™h th (%)
1st 3.857 x 10°*  1.276 x 107 0.9984  72.1
2nd 3.826 x 107*  1.248 x 107> 0.9963  71.3
3rd 3.831 x107*  1.224x 107> 0.9835 70.6
4th 3.826 x 10°*  8232x107* 0.9918 56.1
5th 3.833x107* 7.154x107* 0.9189 51.1
6th 3.855 x 10°* 7175 x107*  0.9523 51.2
7th 2.876 x 10°* 5533 x107* 0.9726 425
8th 1335 x 107* 5464 x 107*  0.9795 421
oth 1.566 x 107* 4716 x 10™*  0.9882  37.6
10th 1.625 x 107*  4.491 x 107*  0.9708  36.2
11th 1.625 x 10°*  4.447 x 10°*  0.9646  35.9
12th 1.508 x 107*  4.201 x 107*  0.9653  34.3

in the initial photoactivity value for 2.9 x 10~*h ™1, then to around Kapp
=1.6 x 10~*h~!, which may be related to the dye impregnation on the
catalyst surface, inhibiting its activity, as found by FTIR analysis.
Increasing the concentration of dye impregnated on the catalyst surface
may reduce the formation of electronic holes (h™) and HO® radicals on
the surface, since the photoactive sites are blocked by the dye ions [43].
Furthermore, this action may promote a reduction of the dye removal
kinetics, possibly due to the catalyst saturation by the dye [46]. The
reduction in the k,p, values indicates a lower dye removal rate, similar
trend to that observed here after several photocatalytic cycles (Table 2).

Recent studies have been discussed the influence of the dye mole-
cules on the photodegradation behavior of the catalysts [47-49]. The
principal problems with the use of dyes in the photoactivity evaluation
are the dye photosensitization of the catalyst surface, and the surface
dye impregnation — similar trend observed in the present work. How-
ever, with the correct surface reusability method, the semiconductor
photocatalysts can be reused longer time.

Methyl orange dye (C;4H;4N3 SO3Na) is a compound formed by azo
groups bonded to aromatic rings [1,50]. After 12 photocatalytic cycles
under visible light, there was the dye impregnation on the S-TiO5 films
surface, and consequent formation of new compounds, as shown in
Fig. 8a. The high resolution S2p XPS core-level spectrum after the ex-
periments revealed that, in addition to the presence of SO%~ surface
groups at 168.9 eV — product of the sulfur doping process — the catalyst
exhibited a binding energy component at 167.7 eV, corresponding to $**
[18,29]. The result corroborates the FTIR results, and the visible light
photocatalytic process of dye decolorization, in which the sulfur in the
+6 chemical state is reduced to +4 chemical state (Egs. (4)-(6)).
Furthermore, the presence of the S** ion suggests the formation of SO3~
groups on the TiOs films surface [15,51,52]. Two additional peaks were
found at 164.7 eV and 163.6 eV, respectively, attributed to S2~ anion
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Fig. 8. (a) High resolution S2p XPS core-level spectra of the sulfur-doped TiO,
film before and after 12 photocatalytic cycles for methyl orange dye decolor-
ization under visible light; (b) Raman spectra of the S-TiO, photocatalyst
before and after the recyclability experiments. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)
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[30,51]. According to Hu et al. [53] and Augugliaro et al. [54] dyes
formed by sulfur atoms can be reduced/oxidized to sulfate ions. TiOy
films contain a high concentration of H-O groups on its surface [7,25].
During the photocatalytic process, H' is produced on the film surface
(Eq. (1)). Thus, for acidic aqueous solutions, the Ti~-OH bonds can be
protonated, and produce a positive layer (Ti-OH3) on the surface [55],
which can adsorb anionic methyl orange dye - effect that favors the dye
impregnation of the catalyst surface, and the formation of Ti-OSOsH
compounds.

Fig. 8b shows the Raman spectroscopy results for the sulfur-doped
TiO4 film before and after the photocatalytic experiments. The unused
film presented peaks at 144 em Y, 397 em ™Y, 515 em ™Y, and 639 cm ™Y,
which are attributed, respectively, to the Eg, B1g, A1q, and Eg vibration
modes of the TiOz-anatase phase [56,57]. No peaks related to the rutile
phase or other TiO, polymorphs were observed [51]. The additional
peak found at 981 cm ™! corresponds to SOZ~ groups present on the TiO,
films surface [58,59]. Peaks referring to TiS; or TiSx compounds were
not found in Raman spectrum, which suggests their non-formation. A
considerable change in the Raman profile was observed after using the
S-TiOs film. The reduction in peak intensity may be associated with the
impregnation of new ionic compounds on the S-TiO, film surface after
use — similar trend obtained from the FTIR (Fig. 6) and XPS results
(Fig. 8a). Such surface impregnation by the dye molecules, and the ionic
compounds formed, can hinder the photon absorption on the catalyst
surface [25,60], and promote the reduction of the S-TiO5 photocatalytic
activity over cycles — as noted in the recyclability experiments.

The use of ethanol for surface reusability of S-doped TiOs films
performed well for a limited number of photocatalytic cycles. The ob-
tained results support the possibility of reuse of films. Durability ex-
periments have shown that the S-doped catalysts have good stability
after several photocatalytic cycles, and that their reuse is possible over
several cycles, which allows their practical environmental application
with boa efficiency. The results suggest that TiOy films grown by
MOCVD, and sulfur-doped at 50 °C is a facile route to produce promising
catalysts for the dye decolorization water under sunlight by a green
method.

4. Conclusions

This paper showed a preliminary performance evaluation about the
possibility of surface reusability and photocatalytic reuse of TiO films
grown on borosilicate glass substrates at 400 °C by the MOCVD tech-
nique, and subsequently sulfur-doped at low temperature under a
mixture of Hy/H>S. The doping process was performed at 50 °C by a
process similar to that used for the H,S desulfurization. The anatase-
TiO; crystalline phase was identified in the films both before and after
the 12-cycles dye degradation tests under visible light. The results
demonstrated that the S-doped films have excellent photocatalytic ac-
tivity, with an efficiency of 72.1% of the dye degradation in 5 h under
visible light. Reuse experiments indicated that the catalysts have good
photostability even after 16 h of use. From the 4th photocatalytic cycle
there was a slight loss of photoactivity, until its stabilization in
approximately 35%, which may be related to the effect of dye impreg-
nation on the catalyst surface. Although there were no apparent
morphological changes, a loss of wettability, and a change in the FTIR
spectrum profile were observed, that suggests the impregnation of dye
molecules on the catalyst surface. Such behavior suggests that the
ethanol surface reusability method was not sufficient to completely
eliminate adsorbed contaminants. However, the durability results sup-
port the possibility of S-doped catalyst reuse in water treatment and
purification in a practical and efficient green method.
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