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A B S T R A C T   

TiO2 films were sulfur-doped through an alternative route based on the decomposition of H2S at low tempera
tures. MOCVD technique was used to grown the films on borosilicate glass substrates at 400 ◦C. The doping was 
carried out at 50, 100 and 150 ◦C under a mixture of H2-2%v.H2S. SO4

2− groups were observed in the surface 
revealing the substitution of Ti4+ by S6+. Superficial roughness and wettability were also modified by the for
mation of these sulfate groups on the surface. Photocatalytic experiments of methyl-orange dye decolorization 
under visible light indicated that the 8 at.% S-TiO2 film exhibited the highest photocatalytic activity, with 72.1% 
of dye decolorization. The results suggest that the exposition of TiO2 films to the mixture H2-H2S at low tem
peratures is an efficient method of doping. These films allow the decolorization of the dye under visible light 
irradiation, which enable its practical use under sunlight or even indoor.   

1. Introduction 

Titanium dioxide (TiO2) films have been extensively employed on 
materials Engineering due to the good performance demonstrated 
against corrosion, the self-cleaning characteristics, the relatively low 
cost of production, and the excellent photocatalytic behavior [1–8]. 
Metalorganic chemical vapor deposition (MOCVD) is a widely used 
technique to synthesize TiO2 films. In this method, the chemical con
stituents react on the surface of the heated substrate, forming a solid, 
continuous and adherent film [9]. This method offers good control of 
stoichiometry and thickness of the films, uniformity of deposition, and 
allows the covering of large areas [10,11]. 

In the recent years, several papers demonstrate the potential use of 
metals and/or non-metals elements, such as transition metals (Co, Ni, 
and Cu), rare earth, C, N, and S, for doping and surface modification of 
TiO2 films – often reported as one of the most effective methods of 
increasing its efficiency on environmental applications [8,12–14]. Toxic 
gases associated to atmospheric pollution, such as ammonia (NH3), 
fluorine (F2), chlorine (Cl2), bromine (Br2), and hydrogen sulfide (H2S) 
have also been used in TiO2 doping process [15–17]. Studies aimed to 
the use of H2S exhibited good results [18–21]. The H2S decomposition 
and sulfur adsorption on the TiO2 surface process can be conducted 
under atmospheric pressure, at low temperatures [22,23], and occurs 
due to the presence of hydroxyl radicals (•OH) on the films surface, 

which favors sulfur oxidation [24]. Consequently, SO4
2− sulphate groups 

are formed on the TiO2 surface [2,25]. However, the scientific com
munity until then had not observed that this effect promotes the surface 
modification and sulfur-doping of the TiO2 and allows its promising use 
on water treatment by a green method. 

In our previous study [26], 280 nm thick TiO2 films were 
sulfur-doped at 50 ◦C from a H2-2v.% H2S gaseous mixture. That 
research evaluated the behavior of thinner films, and the influence of the 
luminous intensity on its photoactivity. Nevertheless, the effects of the 
surface modification of sulfur-doped TiO2 films obtained by the H2S 
decomposition at low temperature remains little investigated. Further
more, TiO2 films are usually doped during the growth process [14,15]. 
Thus, further research is necessary toward the practical application of 
this innovative method. 

In this paper, 470 nm thick TiO2 films were doped by a low- 
temperature alternative route, and then characterized. The films were 
grown by MOCVD and posteriorly sulfur-doped at three different tem
peratures 50, 100 and 150 ◦C in H2/H2S atmosphere in order to allow 
different concentrations of sulfur to be incorporated into the films. The 
effect of sulfur-doping by a process similar to that used for the H2S 
desulfurization on the structure properties, morphological characteris
tics, and dye decolorization behavior of the films were also studied. 
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2. Experimental 

2.1. Growth of TiO2 films 

The 470 nm-thick TiO2 films were grown by MOCVD process in a 
conventional horizontal homemade reactor earlier described by Bento 
and Pillis [3]. Previous studies showed the existence of an adequate 
thickness – around 400 nm – in which the films present the best behavior 
[27]. Borosilicate glass was used as substrate (25 × 76 × 1 mm) in view 
of its low cost. Before the growth the substrates were washed in a 5 % 
H2SO4 aqueous solution, rinsed in deionized water, dried in nitrogen 
(N2), and inserted into the deposition chamber. The films growth was 
performed at 400 ◦C under 50 mbar of pressure. The titanium and 

Fig. 1. Illustrative scheme of the MOCVD equipment used for the growth of TiO2 films.  

Fig. 2. (a) XPS survey spectra of the undoped and sulfur-doped at 50 ◦C, 100 ◦C and 150 ◦C TiO2 films; high-resolution XPS spectrum of the S 2p region with the 
fitted curves for (b) 0.2 at.% S into TiO2 film; (c) 3 at.% S into TiO2 film; (d) 8 at.% S into TiO2 film. 

Table 1 
Elemental analyses of undoped and sulfur-doped TiO2 films.   

Ti (at%) O (at%) C (at%) S (at%) 

Undoped TiO2 28.2 62.5 9.3 - 
S-TiO2 – 50 ◦C 21.6 52.4 17.9 8.1 
S-TiO2 – 100 ◦C 24.5 59.8 12.6 3.1 
S-TiO2 – 150 ◦C 25.9 59.4 14.5 0.2  
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Fig. 3. High-resolution XPS spectra of the Ti 2p region together with the fitted curves: (a) undoped TiO2 film; (b) 0.2 at.% S into TiO2 film; (c) 3 at.% S into TiO2 film; 
(d) 8 at.% S into TiO2 film. 

Fig. 4. High-resolution XPS spectra of the O 1s region together with the fitted curves: (a) undoped TiO2 film; (b) 0.2 at.% S into TiO2 film; (c), 3 at.% S into TiO2 film; 
(d) 8 at.% S into TiO2 film. 
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oxygen sources were Titanium (IV) isopropoxide (TTiP) 99.999 % sup
plied by Sigma-Aldrich Co. Nitrogen was used both as the carrier and 
purge gases. The flow rates of TTiP and N2 were fixed at 0.5 slm. Fig. 1 
shows schematically the MOCVD equipment. 

2.2. Sulfur-doping process 

After the TiO2 films growth, the doping was carried out in a tubular 
furnace at 50 ◦C, 100 ◦C and 150 ◦C for 60 min under H2-2v.% H2S at
mosphere, and flow rate set at 0.2 slm. The samples were maintained 
under argon flux during heating and cooling to room temperature. 

2.3. Characterization of the films 

X-ray photoelectron spectroscopy (XPS) technique was used to 

determine the chemical state of the species at the surface. A Thermo 
Scientific K-Alpha equipment operating with Al-kα radiation source was 
provided. Survey scans were collected over the 0-1200 eV binding en
ergies range. Higher resolution scans encompassing the principal peaks 
of Ti 2p, O 1s and S 2p were collected at pass energy of 50 eV. CasaXPS 
software was used for peak deconvolution [28], and the binding en
ergies were calibrated considering the C1s reference peak at 284.8 eV, 
attributed to adventitious carbon [14,26]. The Fourier Transform 
infrared (FTIR) spectra of the films were obtained by using a Thermo 
Nicolet spectrometer (Nexus 870 FT-IR) in the frequency range of 2500 
cm− 1 to 500 cm− 1 at room temperature (25 ◦C). X-ray diffraction (XRD) 
analyses in the θ-2θ configuration were carried out on a Rigaku Multiflex 
equipment with a CuKα radiation (λ = 1.54148 Å). The phases formed 
were identified with the JCPDS (Joint Committee on Powder Diffraction 
Standards) database. Surface morphology, roughness and mean grain 
size of the films were determined by atomic force microscopy (AFM) in 
the tapping mode (SPM Bruker NanoScope IIIA), employing a silicon tip 
with curvature radius of 15 nm under ambient conditions. Mean grain 
size were obtained using the ImageJ® image processing software. The 
wettability of the surface was evaluated by contact angle measurements 
(SEO Phoenix-i) under visible light. Before the tests, the films were 
maintained in the dark for 120 h in order to prevent the light interfer
ence. The sessile drop method was used by dropping 5 μL of deionized 
water on the film surface. The experiments were repeated three times for 
each measurement. The cross-section of the films was evaluated by field 
emission scanning electron microscopy (FE-SEM) on JSM6701F 
equipment. 

2.4. Photocatalytic tests 

The photocatalytic behavior of the films was evaluated by using a 
homemade reactor setup arranged in a box. The reaction chamber 
consists of a glass container with 40 mL of the dye solution, the catalysts 
deposited on borosilicate glass substrate, and the radiation source. 
Undoped and sulfur-doped TiO2 films were used as catalysts. An aqueous 
solution of 0.005 g.L− 1 of Methyl Orange (MO) dye (pH = 2) was 
employed as the pollutant model. Several studies suggest that TiO2 
catalysts exhibit better photocatalytic activity under acidic solutions 
[29–31]. Four tubular LED lamps (Royal Philips Electronics; 3 W; λ =
400~700 nm) were employed as visible light source. The dye decolor
ization experiments were conducted for a total test time of 300 min. The 

Fig. 5. FTIR spectra of the films of undoped and sulfur-doped TiO2 films grown 
by MOCVD at 400 ◦C. 

Fig. 6. Scheme demonstrating the proposed coordination models for the bond of SO4
2− sulfate groups and sulfur-doped TiO2 films.  
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catalyst was disposed 250 mm far from the radiation source. Synthetic 
air was bubbled into the solution during the tests, in order to homoge
nize the catalytic reactions, and oxygenate the dye solution. The tem
perature during experiments was in the range of 19-20 ◦C. Before the 
tests the system was kept in the dark under bubbling for one hour for 
allow the adsorption-desorption equilibrium of the solution on the 
catalyst surface [27]. The absorbance and pH values of the dye solution 
were constantly monitored every 30 min. The MO dye concentration 
changes were examined using a UV-Vis spectrophotometer (Global 
Trade Technology). After the measurement, the aliquots were returned 
to the solution. 

3. Results and discussion 

3.1. Surface chemistry investigation 

The comparative XPS survey spectra of the undoped and sulfur- 
doped TiO2 films are shown in Fig. 2a. The C 1s peak at 284.8 eV is 
concerned to the residual carbon from the metalorganic precursor, and 
to adventitious carbon (C–C or C–H) due to sample exposition to air 
before the XPS experiments [32,33]. The sulfur-doped TiO2 survey 
spectra revealed the presence of a peak of sulfur. The sulfur concen
trations of 0.2 at%, 3 at% and 8 at%, are related to films doped at 150 ◦C, 
100 ◦C and 50 ◦C, respectively, and is shown in Table 1. The results 
demonstrated that sulfur concentration in the films decreases as the 
doping temperature increases. Canela et al. [24] and Bento et al. [26] 
suggest that the H2S absorption on the TiO2 surface is described as 
dissociative pathways from existing moisture. Since temperature in
crease promotes evaporation of the water molecules present on the film 
surface, there is a smaller amount of •OH with which the H2S molecules 
can react and oxidize to S ions [22,24]. 

Fig. 2b-c show the high-resolution XPS spectra of the S 2p region for 
sulfur-doped TiO2 films. The S 2p XPS spectrum for 8 at.% S into TiO2 
film (Fig. 2d) showed binding energies at 168.9 eV and 169.8 eV with 
spin orbit splitting of 0.9 eV. Previous studies indicated that the two 
energy peaks obtained from the fitted curve could match to S 2p3/2 and S 
2p1/2, respectively [34–36]. The presence of such energy peaks can be 
attributed to SO4

2− groups formed on the film surface [23,37]. The 0.2 at 
% and 3 at.% S into TiO2 films exhibited only one single peak located at 
168.7 eV corresponding to S 2p3/2. The results indicated the presence of 

S6+ cations, possibly replacing the Ti4+ ions [26,38,39], and promoting 
the formation of Ti-O-S bonds into TiO2 films [40,41]. The peak at 161 
eV was not observed, suggesting that S2− formation does not occur on 
that surface. Ohno et al. [42] and Umebayashi et al. [43] suggested that 
it is difficult that O2− can replace S2− due to the differences in the ionic 
radius (S2− - 0.174 nm, O2− - 0.132 nm). 

Fig. 3a-d presents the high resolution XPS spectra of the Ti 2p peak of 
undoped and sulfur-doped TiO2 films. It can be seen that there was a 
minor displacement of the peaks, which may be linked to sulfur doping 
process [35,36]. Ti 2p region for undoped TiO2 film (Fig. 3a) presented 
binding energies at 458.6 eV and 464.3 eV attributed, respectively, to 
the Ti 2p3/2 peak [3,44] – which corresponds to Ti4+ in TiO2 lattice [37, 
45] – and Ti 2p1/2 peak [38,42]. Binding energies were identified at 
458.4 eV and 464.1 eV for 0.2 at.% S into TiO2 (Fig. 3b), 458.2 eV and 
463.9 eV for 3 at.% S into TiO2 (Fig. 3c), 458.1 eV and 463.7 eV for 8 at. 
% S into TiO2 (Fig. 3d). The doublet peak-to-peak separation (Ti 2p3/2-Ti 
2p1/2) is 5.6 eV, approximately, according with reported results for 
anatase-TiO2 [46]. Anitha et al. [35] and Devi and Kavitha [36] ob
tained similar results. The authors attributed such behavior to defects 
formed into the TiO2 structure by the replacement of titanium by sulfur. 
The lower energy titanium peak values at around 457 eV and 460 eV 
confirms the contribution of Ti3+ [47,48], and suggests the formation of 
Ti-O-S bonds [26,49]. 

Fig. 4a-d shows the O 1s XPS spectra of undoped and sulfur-doped 
TiO2 films. The peaks located at 530.5 eV for TiO2, 529.6 eV for 0.2 
at.% S, 529.9 eV for 3 at.% S, and 529.3 eV for 8 at.% S into TiO2 
correspond to oxygen in TiO2 lattice (Ti-O-Ti) [3,44,45]. Sulfur-doped 
TiO2 films exhibited a small peak centered at around 531 eV, which 
can be attributed to the O2/OH− adsorbed on the TiO2 surface [35,36, 
49]. From the heat treatment, the H2O molecules adsorbed on the film 
surface dissociate into OH− hydroxyl groups and H+ ions [24,50,51]. 
However, temperature increase results in a reduction of water molecules 
adsorbed in the surface. The displacement of Ti 2p and O 1s peaks for 
sulfur-doped films is similar. Anitha et al. [35] suggest that this 
displacement may promote the formation of intermediate energy levels 
between the conduction band (CB) and the valence band (VB) of TiO2 
films due to sulfur presence. The high-resolution XPS spectra of Ti 2p 
and O 1s peaks suggest the formation of oxygen vacancies on the 
sulfur-doped surface or even in the bulk, which can reduce the bandgap 
into the films and limit the electron (e− )/hole (h+) recombination [49]. 

3.2. Structural characterization 

The functional groups formed on the undoped and sulfur doped films 
surface can be identified in the FTIR spectra shown in Fig. 5. The films 
exhibited similar profile spectra with an absorption band in the range 
500-700 cm− 1, attributed to the symmetrical stretching vibration of 
Ti–O bonds [14,36,45]. The absorption band at 1630 cm− 1 may be 
related to the OH− of water molecules adsorbed on the films surface [24, 
49], also found in the XPS analyses. Compared to the undoped TiO2 film, 
the sulfur-doped films spectra presented two additional absorbance 
peaks around 1040 cm− 1 and 1135 cm− 1, which suggest the presence of 
Ti–O–S bonds [37] and confirms the incorporation of sulfur atoms into 
the TiO2 structure [35]. 

The peak centered at 1135 cm− 1 found in all the doped films, rep
resents a S–O vibration characteristic of the SO4

2− functional group 
coordinated to the Ti4+ ion [52]. Several studies have demonstrated that 
the substitution of Ti4+ ions by S6+ cations, forming a Ti–O–S bond 
into the sulfur-doped TiO2 crystal structure, may result in the formation 
of two possible coordination models, as proposed in Fig. 6. 

The major steps in the sulfur doping mechanism of the TiO2 by the 
H2S decomposition may be summarized by Eqs. (1)-(7). When anatase- 
TiO2 (in bulk) is energetically activated, either from heat treatment or 
light irradiation, it absorbs the energy of the process (Eg for anatase- 
TiO2: 3.26 eV), and excites the electrons from VB to CB. In this electronic 
transition, electron (e− )/hole (h+) pairs are generated, forming 

Fig. 7. XRD patterns of the undoped and sulfur-doped TiO2 films grown on 
borosilicate glass substrates at 400 ◦C. 

R.T. Bento et al.                                                                                                                                                                                                                                 
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oxidizing and reducing sites on the film surface. The water molecules 
present in the system will first dissociate to H+ and OH− ions. Hydroxyl 
oxidant species are produced when the OH− ions donate one electron 
(e− ) to the hole (h+), which allows the H2S molecules oxidation [50]. 
The H2S adsorbed reacts with the •OH formed, and oxidizes into the 
form of SO4

2− groups [24,26,51], promoting the surface modification 
and sulfur doping of the TiO2. Alternatively, the H2O2 formed from the 
H2O and O2 reaction can oxidize the adsorbed H2S. The events occur in 
the order described, without any need of using oxidizing agents or sta
bilizing compounds.  

TiO2 e− + h+ (1)  

h+ + H2Oads → •OH + H+ (2)  

h+ + OH−
superf → •OH                                                                    (3)  

Fig. 8. AFM topography images of TiO2 films grown at 400 ◦C on borosilicate glass substrate: (a) undoped TiO2 film; (b) 0.2 at.% S into TiO2 film; (c) 3 at.% S into 
TiO2 film; (d) 8 at.% S into TiO2 film. 

Table 2 
Sulfur-doping effect on the morphology characteristics of TiO2 films grown at 
400 ◦C on borosilicate glass substrates.   

Film 
thickness 
(nm) 

Mean 
grain size 
(nm) 

RMS 
roughness 
(nm) 

Mean contact angle 
measurements 

Undoped 
TiO2 

468 217 16.4 62◦

0.2 at.% S- 
TiO2 

471 221 16.2 55◦

3 at.% S- 
TiO2 

473 178 12.7 16◦

8 at.% S- 
TiO2 

465 104 8.6 12◦

R.T. Bento et al.                                                                                                                                                                                                                                 
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2e− + O2 + 2H2O → H2O2                                                               (4)  

H2Sgas → H2Sads                                                                              (5)  

H2Sads + 8•OH → SO4
2− + 2H+ + 4H2O                                            (6)  

H2Sads + 4H2O2 → SO4
2− + 2H+ + 4H2O                                           (7) 

The TiO2 films exhibit crystalline character associated with peaks 
corresponding to 2θ angles of 25.3◦, 47.9◦, 55.1◦, 70.3◦ and 76.2◦, 
respectively related to the anatase (JCPDS 211272) crystallographic 
planes (101), (200), (211), (220), and (301) [26,53] as it can be seen in 
Fig. 7. The crystalline phase did not alter after the sulfur-doping process 
and it is in agreement with results shown in the literature [15,35]. 

3.3. Morphological characterization 

Fig. 8a-d presents the AFM topography images of the undoped and 
sulfur-doped TiO2. The films are composed of round well-defined grains, 
without the presence of cracks or pores, and presents grains uniformly 
distributed on the substrate surface. The RMS roughness of the films 
varied between 8-16 nm as it can be seen in Table 2. It is observed that 
the TiO2 films containing 3 at.% S and 8 at.% S presented a reduction of 
the RMS roughness values and grain size refinement, compared to the 
same parameters of the undoped TiO2. Such behavior can be due to the 
formation of SO4

2− groups on the TiO2 surface during the H2S decom
position and adsorption process under H2 reducing atmosphere [25,26, 
45]. The 0.2 at.% S into TiO2 film did not demonstrate significant 
morphological changes. 

Surface wettability is associated to the tendency of a liquid to spread 
on the surface. Fig. 9a-d show the drop profile obtained in the goni
ometer, as well as the contact angle measurements formed between the 

drop and the films surface. It is observed that the water droplet contact 
angle increases with the sulfur concentration in TiO2 films, presenting 
mean values ranging from 12◦ to 62◦, as shown in Table 2. The results 
confirm a higher hydrophilicity of the sulfur-doped films, particularly 
the 8 at% S into TiO2 (Fig. 9d). Xiong et al. [54] and Nishikiori et al. [55] 
reported that roughness is one of the main parameters that can alter the 
wettability behavior of a film. Reduction of the roughness values pro
vides an increase in the surface free energy and, consequently, its af
finity by the H2O molecules. 

3.4. Cross-section of the films 

Fig. 10a-d show the FE-SEM cross-sectional images of undoped and 
sulfur-doped TiO2 films grown at 400 ◦C on borosilicate substrates by 
MOCVD process. It can be observed that the interface between the film 
and the substrate is flat and adherent. The films grow perpendicular to 
the surface of the substrate. The FE-SEM images reveal the formation of 
a dense film that shows columnar morphology, characteristic structure 
of TiO2 films grown by MOCVD [14,26,56]. In our previous studies it 
was pointed out the existence of an ideal thickness – around 470 nm – in 
which the catalyst presents better dye removal behavior [27]. Thinner 
films present a higher photogenerated charges recombination rate, due 
to the difficulty in transferring the electron (e− )/ hole (h+) pairs [27, 
57]. However, the increase in thickness difficults the electronic mobility, 
as it causes the photons to travel greater distances given the light 
penetration depth required to activate the semiconductor and produce 
the hydroxyl radicals [58]. By evaluating the FE-SEM images, the film 
thickness values were estimated, and presented in Table 2. The results 
indicated that the films preserved the same thickness after the sulfur 

Fig. 9. Deionized water drop profile (5 μL) on the surface of films grown at 400 ◦C on borosilicate glass: (a) undoped TiO2 film; (b), 0.2 at.% S into TiO2 film; (c) 3 at. 
% S into TiO2 film; (d) 8 at.% S into TiO2 film. 
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doping process. The growth rate of the films is linear, and it was esti
mated by dividing the film thickness by the growth time. The value 
found was of 12 nm.min− 1 for all the films grown at 400 ◦C. 

3.5. Photocatalytic behavior of the films 

Surface modification of the TiO2 films promotes its photoactivation 

in the visible light region of the electromagnetic spectrum, and presents 
a promising step, due to the possibility of optimizing the use of solar 
radiation. The sulfur-doping at low temperatures, resulting from H2S 
decomposition is an alternative doping route and induced morpholog
ical modifications on the films surface. The surface modification effects 
on the films photocatalytic properties were evaluated on the methyl 
orange dye decolorization (Fig. 11). The photolysis curve demonstrates 
that no decolorization is observed without the film. The 8 at.% S into 
TiO2 film exhibited the best photocatalytic activity, with a performance 
of 72.1 %. Undoped anatase-TiO2 film did not present photocatalytic 
activity under visible light. Other studies showed the same trend [26,55, 
59]. The 0.2 at.% and 3 at.% S into TiO2 films showed 9.6 % and 44.3 %, 
respectively. The results suggest the surface influence of grain size and 
roughness on the photocatalytic efficiency of the films [9,14,27]. The 
SO4

2− groups on the surface of the TiO2 increase its specific surface area 
[35,60]. In this condition, the contact between the catalyst and the dye, 
and also with the light is enhanced which increase the photocatalytic 
efficiency [34]. The surface roughness of the films influences its pho
tocatalytic behavior and the determined RMS values are considered 
appropriated for photocatalytic applications, since it favors the contact 
between the adsorbed substances and the film, enhancing its photo
catalytic efficiency [3,61]. Lower roughness values enable a homoge
neous distribution of grain sizes on the films surface [62], which also 
contributes to increase the specific surface area and improves their 
photocatalytic activity. Studies by Kim et al. [63] indicate that the 
photocatalytic activity of TiO2 films decreases as the surface roughness 
increases, similar to the results obtained in the present paper. Hot et al. 
[64] suggest that, although roughness increase favors the contact be
tween the catalyst and the pollutant, it does not necessarily boost its 
photocatalytic character. The authors propose the existence of an ideal 
roughness value for which films achieve the best photocatalytic 
performance. 

Fig. 10. Cross-sectional FE-SEM images of TiO2films grown at 400 ◦C on borosilicate glass substrates by MOCVD: (a) undoped TiO2 film, (b) 0.2 at.% S into TiO2 film, 
(c) 3 at.% S into TiO2 film, and (d) 8 at.% S into TiO2 film. 

Fig. 11. Photocatalytic behavior of undoped and sulfur-doped TiO2 films 
grown at 400 ◦C on the methyl orange dye decolorization under visible light 
irradiation for 300 min. 
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The doped TiO2 films obtained here show practical and efficient use 
under visible light. It was possible to observe that the photocatalytic 
behavior of the sulfur-doped films is dependent on the S content in the 
structure. The SO4

2− groups on the sulfur-doped catalysts stimulated the 
formation of a highly photoactivated surface [26,38]. The cationic 
substitution of the Ti4+ by S6+ ions results in the formation of Ti–O–S 
bonds, which changes the electronic sites from O 2p atomic orbital to S 
3p atomic orbital [35,65]. The oxygen atom becomes a deficient center 
that hinders the recombination rate of the electron (e− )/hole (h+) pairs 
under visible light [15,36], and increases the formation of •OH radicals. 
Also, such a hydrophilic character helps to keep the water molecules 
closer to the film surface, and it facilitates the efficiency of electrons 
transfer. The OH− groups of the water molecules adsorbed on the hy
drophilic surface favor the formation of the •OH active species, which 
increases the photocatalytic activity of the film. 

The photocatalytic behavior of the sulfur-doped TiO2 films under 
visible light can be described by Eqs. (8)-(17). During the photocatalytic 
process, the sulfate species are oxidized by O2 and promote the electrons 
(e− ) transition to the catalyst surface, producing the superoxide radical 
O2
− •, as shown in Eq. 13 [15,65]. The holes (h+) formed react with the 

OH− hydroxyl anion adsorbed on the sulfur-doped TiO2 surface to 
produce •OH, according to Eqs. (14) and (15) [36], which promotes the 
oxidation of organic molecules and ionized species (Eq. (16)). All oc
currences mentioned require water and dissolved oxygen to occur. In the 
absence of water, it would not be possible to form the •OH radicals.  

(SO4
2− − TiO2) + hν → e− cb + h+vb                                                  (8)  

e− cb + 2H+
ads → H2                                                                        (9)  

e− cb + H2Oads → H+ + OH− (10)  

Ti4+ + e− cb → Ti3+ (11)  

S6+ + Ti3+ → S5+ + Ti4+ (12)  

S5+ + O2 → S6+ + O2
•− (13)  

h+vb + H2Oads → H+ + •OH                                                          (14)  

S5+ + h+vb + OH−
ads → S4+ + •OH                                               (15)  

Dye + O2
•− + •OH → degradation products                                      (16)  

e− cb + h+vb → Heat                                                                       (17) 

The results showed that the TiO2 films grown by MOCVD, and sub
sequently sulfur-doped at low temperatures by the H2S decomposition 
may be promising catalysts for environmental applications with high 
efficiency. The study allows observing that the SO4

2− groups present on 
the surface of the films as a result of the introduction of sulfur by the 
doping process form a nanostructure favorable to the capture of the 
photogenerated charges. These charges, consequently, reduce the elec
tron (e− )/hole (h+) pairs recombination rate and promote the efficient 
formation of highly degraded transient species [15]. Thus, the photo
catalytic behavior of the TiO2 films is improved, enabling their practical 
use under sunlight irradiation or indoors using visible light bulbs. 

4. Conclusions 

In this study sulfur-doped TiO2 films were produced by an alternative 
route at low temperature. It was observed that the sulfur content present 
in the films decreased as the doping temperature increased in the range 
50◦ – 150 ◦C. The sulfur-doping process did not alter the crystalline 
structure of the films that remains anatase in all the situations. Ti–O–S 
bonds were formed into the TiO2 lattice indicating the substitution of 
Ti4+ ions by S6+ whereas SO4

2− groups were formed on the films surface. 
Sulfur-doping mechanism of TiO2 films under H2/H2S atmosphere was 
proposed. The increase in the S content in the films promoted 
morphological modifications and increased the hydrophilicity of the 

films which, consequently, provides the increase of its photocatalytic 
activity. The photocatalytic experiments demonstrated that the sulfur- 
doped films can be efficient on the methyl orange dye decolorization 
under visible light irradiation, while the undoped film did not show 
photoactivity. The 8 at.% S-doped TiO2 film exhibited the best photo
catalytic activity showing 72.1 % of dye decolorization after 300 min of 
exposition. These results suggest that visible light activated sulfur-doped 
TiO2 films can be considered for use in environmental applications in 
water treatment. 
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