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S-doped TiO; films were prepared by oxidation annealing of amorphous titanium oxysulfide (TiOxSy) at different
temperatures. According to the X-ray diffraction patterns, the films calcined at temperatures of 300-600 °C
showed only anatase phase, while the uncalcined sample was amorphous. The chemical composition of syn-
thesized TiOSy was estimated by X-ray photoelectron spectroscopy (XPS). High-resolution S 2p spectra showed
S~2 bonds at 163.47 eV for the amorphous sample. The intensity of this signal decreased after heat treatment.

Raman spectroscopy indicated an organization of the material structure with heat treatment of the material.
Furthermore, optical characterization revealed that sulfur as dopant into the anatase TiO3 structure, shifted light
absorption from ultraviolet to the visible region. Photoeletrochemical studies developed under polychromatic
irradiation revealed superior photocurrents for samples calcined at 600 °C, with n-type behavior, adequate for

photo-oxidation reactions.

1. Introduction

Titanium dioxide (TiOy) is still the most investigated semiconductor
oxide due to its great photocorrosion stability and relatively low cost.
Thus, thin TiO, films are largely used for solar energy conversion,
including solar cells, water disinfection by photocatalytic removal of
organic pollutants and solar hydrogen generation [1-5]. However, the
wide band gap energy (Epg) of 3.2 eV limits the TiO5 photoactivity to UV
irradiation, that corresponds to less than 5% of sunlight [6,7]. Thus,
attention has been paid to modify the optical property of TiOy
employing physical and chemical strategies that include the doping with
metals or non-metals elements, and the adsorption of semiconductor
nanoparticles of smaller band gap energy. In this regard, chemical
strategies play a major role, including doping with metal or non-metal
elements, and the adsorption of semiconductor with smaller band gap
energy, forming a heterojunction [8]. In general terms, these strategies
are efficient to improve the visible light harvesting by TiO,.

The introduction of an impurity into the TiO structure may reduce
Epg value due to the formation of intermediate energy levels, which are
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formed between the valence band (VB) and the conduction band (CB)
[9]. In addition to reducing Epg, the dopant creates traps that reduce the
rate of recombination of electron/hole (e /h%) charges, formed during
semiconductor irradiation. The doping of many oxides can be achieved
using different methodologies, such as Chemical Vapor Deposition
(CVD) [10], Sputtering [11], Sol-Gel [12], Hydrothermal [13] and
Solid-State Reaction [14]. The dopant can be a metal or non-metal, and
depending on the method and synthesis conditions, during doping, an
unwanted deleterious phase can be formed [15]. For example, Fe doping
of TiO2 may lead to the formation of hematite (Fe;O3) [16]. However,
deleterious phase formation is not registered for non-metal doping such
as N, C and S. Thus, the doping of TiO, with non-metals has been
investigated as an option to obtain one single oxide phase. The S atom as
a dopant has been investigated as the best non-metal alternative for the
reduction of Egg from TiO,, because its ion can present an oxidation
state ranging from $2~ to S®*. There are two possible positions for sulfur
as impurity into the TiO, structure, interstitial or substitutional posi-
tions. Thus, sulfur can replace titanium or oxygen when substitutional
doping is considered. Studies show that $** or S®* can occupy Ti sites in
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cationic doping, while S~ are observed in oxygen sites for anionic
doping [17,18].

There are many routes to prepare S-doped TiO; (S-TiO3), including
hydrothermal, sol-gel, spray pyrolysis and thermal CVD [12-21]. Most
S-TiOy preparation methods employ titanium thiourea and Titanium
Isopropoxide (TTIP) as sources of S and Ti, respectively, which results in
cationic doping. Considering these synthesis methodologies, it is
impossible to obtain S-TiO, with anionic doping, because the ionic
radius of S%~ a.7 10\) is greater than that of 0% (1.22 A). Furthermore,
the Ti-O (673 kJ mol 1) binding energy of TTIP precursor is too large to
be disrupted for further Ti-S (418 kJ mol™1) bond formation [22]. Thus,
the preparation of S-TiOy with sulfur in the anionic doping can be
achieved through the heat treatment of TiS5 in an oxidizing atmosphere,
converting the sulfide into TiOj. This chemical transformation leaves
residual S atoms in the TiO, structure, which act as anionic dopants of
the crystalline semiconductor lattice [23].

About 20 years ago, Umebayashi et al. [24] developed important
studies with the conversion of TiSy into S-TiO, with subsequent pho-
tocatalytic application in the degradation of methylene blue under
visible irradiation [25]. Since then, intense research has been carried out
aiming at the optical modification of TiO,, with a view to its application
in photocatalysis under visible light. For instance, Wang et al. [26]
investigated S-doped TiO; prepared from TiS; employing hydrothermal
method, and observed a superior catalytic activity for degradation of
Rhodamine B (RhB) under visible light. Similarly, Jing et al. [27] syn-
thesized anatase TiO2 nanosheets by chemical oxidation of TiS; and
investigated its photocatalytic activity for methylene blue solution
discoloration under UV irradiation. However, the preparation of pure
TiS,, used as a precursor of TiO, doped with sulfur, requires special
synthesis conditions, which include high temperatures, purity of re-
agents and inert atmosphere. To prepare S-doped TiO», the synthesized
TiS, is usually placed in an oxidizing atmosphere. On the other hand, the
synthesis of titanium oxysulfide (TiOxSy) requires milder synthesis
conditions. Likewise, TiO4Sy can be used as a precursor material for the
preparation of S-doped TiO, with sulfur atoms occupying oxygen sites.
However, there are no reports on the thermal conversion of TiO4Sy into
sulfur-doped TiO.

Titanium oxysulfide (TiO4Sy) is a compound formed only by tita-
nium, oxygen and sulfur atoms in its structure. In this compound, the
oxidation states for the anions must be 0%~ and $2~. Amorphous TiO4Sy
was first reported by Meunier et al. [28], who prepared the material
from radiofrequency sputtering using a TiS,, target and controlled
amounts of oxygen. More recently, Smith et al. [29] investigated the
synthesis of titanium oxysulfide from mesoporous TiO, and hexame-
thyldisilathiane. The authors studied the electrical conductivity for
material prepared in different synthesis condition. Also, Kasteren et al.
[30] reported about conductivity of TiOxSy thin film prepared by Atomic
Layer Deposition (ALD) technique, and presented XPS signal for S 2p
indicating only the S~ oxidation state for sulfur, characteristic of tita-
nium oxysulfide.

In many studies on photocatalytic activity of semiconductor oxides
for organic pollutants degradation, the semiconductor material is
dispersed as powder in the catalytic reactor. However, our studies have
shown that the photoelectrocatalytic degradation of organic species in
solution can be improved with the catalyst material supported in the
form of films, which allows the application of the bias potential (pho-
toelectrocatalysis) [31-33]. The potential applied to the photocatalytic
system helps in the charge separation process, reducing the recombi-
nation rate of the e /h™ pair and increasing the reaction efficiency [34,
35].

In this work, we synthesized amorphous TiOxSy and prepared films
on a transparent conductive substrate. To convert the TiOxSy into S-
doped TiO, the films were calcined in an oxidizing atmosphere at
different temperatures. The initial TiOxSy sample chemical composition
was determined by X-ray photoelectron spectroscopy (XPS) analysis.
Furthermore, X-ray diffraction (XRD) and UV-vis absorption
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spectroscopy were carried out in order to verify the thermal treatment
effect on structural and optical properties of the samples. To the best of
our knowledge, the S-doped TiO- films prepared from chemical oxida-
tion of TiO4Sy and consequent photoelectrochemical study of the elec-
trodes has not yet been reported.

2. Materials and methods
2.1. Synthesis of TiOxSy and photoelectrodes preparation

TiO4Sy particles were prepared based on methodology described by
Prabakar et al. [36]. Briefly, the reaction was performed in a three-neck
round-bottom flask by dissolving 0.192 g of elemental sulfur in 20 mL of
octadecene (90%, Aldrich) and heating to 220 °C. After complete
dissolution of elemental sulfur, 1.0 mL of titanium tetrachloride (TiCl4
98.5%, Aldrich) was added and a solid black precipitate was formed. The
black solid was centrifuged and washed with toluene to remove reaction
byproducts. During synthesis, the system was placed in silicone oil bath
and purged with Ny atmosphere.

Suspension formed from the black solid material obtained during the
syntheses, 40% (w/w) Polyethylene glycol 20,000 (PEG 20000-Aldrich),
and 5% (w/w) of Triton X-100 (Sigma-Aldrich) was utilized to prepare
the films by doctor-blade methodology. The films were prepared on a
transparent conductive substrate, formed by a layer of Fluorine-doped
Tin Oxide (FTO), with resistivity of 8 /sq deposited on glass, which
represents a conductivity of 0.125 (/sq) L. In order to simplify, in this
current work, we named the substrate just as FTO-glass. The FTO-glass
was cut in dimension of 1.0 x 2.5 em? and the ultrasonic cleaning of
the glasses occurred in three stages: deionized water with detergent,
isopropyl alcohol, and deionized water, respectively, each for 15 min.
Next, photoelectrodes were prepared by depositing in FTO-glass, and the
films were subsequently calcined at different temperatures from 300 °C
to 600 °C for 2 h.

2.2. Composition, thermal properties, structural, morphological and
optical characterization of the samples

X-ray Photoelectron Spectroscopy (XPS, K-alpha + model, Thermo
Fisher Scientific, operating with Al-ka radiation source) was used to
investigate the elemental composition, chemical and electronic state of
the elements present on the surface of the samples as prepared and
calcined at different temperatures. The pressure in the analysis chamber
was approximately 10~ Pa and spot size was 400 pm. For the survey and
high-resolution XPS spectra, the pass energies were 50 eV and 20 eV,
respectively. Thermogravimetric analysis (TGA) and Differential scan-
ning calorimetry (DSC) measurements were carried out in the simulta-
neous equipment (model TG-50, Shimadzu), in synthetic air with flow of
50 mL min~}, heating rate of 5 °C min™}, and temperature range of
25-600 °C. Powder X-ray diffraction (XRD) was utilized for structural
characterization of TiOxSy and calcined films at different temperatures.
The XRD patterns were registered on LabX XRD-6000 diffractometer
(Shimadzu, Japan) equipment using CuKa (A = 0.15406 nm) radiation.
The intensity data were collected over a 26 range of 10°-80° with scan
rate 1°.min""! and the X-ray patterns of the samples were compared with
the Joint Committee on Powder Diffraction Standards (JCPDS) cards.
The morphology and elemental analysis were characterized by Scanning
Electron Microscopy (SEM) coupled to the Energy Dispersive X-ray
Spectrometer (EDS) (JEOL EDS System, model 6010LA) with accelera-
tion voltage between 0.5 and 30 kV.

Raman spectroscopy analysis was carried out using a SENTERRA
(Bruker, Germany) spectrometer, as excitation source, a 532 nm laser
He-Ne was used, with nominal power of 0.2 mW. Measurements were
taken between 85 and 100 cm™?, with spectral resolution of 3 cm™!. The
optical properties of the films were assessed through spectroscopy in the
UV-Vis region, using BaSO4 as a reference in the Shimadzu UV-2600
spectrophotometer. The value of the optical band gap energy of the
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films was estimated by the Kubelka-Munk function from the UV-Vis
transmittance curves [37].

2.3. Photoelectrochemical characterization

For electrochemical characterization, voltammetric experiments
were performed using a potentiostat-galvanostat (Autolab PGSTAT 302-
N Metrohm). The photoelectrodes were characterized by chro-
nopotentiometry (CP), cyclic voltammetry (CV), chronoamperometry
(CA) and Electrochemical Impedance Spectroscopy (EIS) using a NazSO4
0.5 mol L™! aqueous solution as the supporting electrolyte and a three-
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electrode cell: a saturated Ag/AgCl electrode, platinum wire, and TiOxSy
or S-TiO2 photoelectrodes as the reference, counter-electrode and
working electrodes, respectively. EIS results (Nyquist and Mott—
Schottky plots) of calcined films were registered at applied open circuit
potential (OCP), with frequencies ranging from 1 Hz to 1 MHz and AC
amplitude of 10 mV.

The electrochemical studies were developed employing a poly-
chromatic metal vapor lamp (HQI-TS NDL - 150 W) setting for 100 mW
cm 2 as irradiation source. For comparison effect, all values obtained
with the Ag/AgCl reference were converted to the Normal Hydrogen
Electrode (NHE) potential, according to Eq. (1) [31]:
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Fig. 1. XPS spectrum: (a) Survey of amorphous TiO,Sy and calcined samples;

High-resolution core levels spectra for (b) Ti 2p; (c) O 1s and (d) S 2p orbitals.
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E (vs, NHE) = E (vs, Ag/AgCl) + 0.0591V x pH + 0.199 V Eq. (1)

Also, the potentials after adjusted to the NHE (in volts) were converted
in electron-volts (eV) based in equation (2),

E(BV) = [-45 eV-eE(NHE)] Eq (2)

where (e) is the electron charge.

3. Results and discussion

3.1. Chemical composition, thermal, structural and optical
characterizations

XPS analysis was performed in order to determine the chemical
composition and the chemical states of elements present on TiO4Sy and
calcined samples. Fig. 1 shows XPS results obtained for calcined samples
in comparison to initial material. The survey spectrum, Fig. 1a, shows
characteristic XPS signals of S, C, Ti and O for all samples. To determine
the surface elemental composition from XPS analysis, the carbon signal
was ignored and the results are summarized in Table 1. In a pure TiOxSy
sample, the Ti composition is about 33%, while O is almost 67%. As
observed from Table 1, after heat treatment, the Ti content increased to
30.03%, and O is 72.37%. Oxygen atoms present in the oxygenated
species, formed as a by-product of the decomposition of titanium oxy-
sulfide, can remain adsorbed to the surface of the material. Thus,
overestimated oxygen content is expected in XPS analysis because this
technique has a probing depth of up to 10 nm (surface-sensitive tech-
nique). However, the heat treated films have an O/Ti ratio that de-
creases with increasing temperature, reaching 2.26. This value is close to
the expected for TiO; structure. Similarly, the ratio in atomic percent-
ages of S/Ti tends to stabilize after heat treatment. As previously dis-
cussed, due to the overestimated amount of oxygen on the surface of the
material, S-doped TiO- films present a value of x + y > 2. Similar results
were observed in recent studies by Kasteren et al. [30].

Metal oxysulfides must have sulfur atoms with oxidation state S2~
[38]. The high-resolution S 2p XPS spectrum confirms titanium oxy-
sulfide as an initial material for the preparation of S-doped TiO; elec-
trodes. Fig. 1b shows XPS asymmetric peak for S 2p from the TiOxSy
sample, which was deconvoluted into two sub peaks corresponding to S
2ps3/2 and S 2py /2. These signals located at 163.47 and 164.57 eV (AE =
1.10 eV) can be assigned to the Ti-S bonds for TiOxSy sample [39]. The
binding energy of 163.89 eV of the S*~ ions still occurs in the calcined
sample at 300 °C. However, this signal is almost zero for samples
calcined at 400, 500 and 600 °C. The drastic reduction in the signal
attributed to the $%~ ions suggests that from 400 °C almost all the sulfur
in the initial structure of the amorphous TiOxSy was replaced by oxygen
atoms, leading to the formation of TiO; in the anatase phase with some S
atoms as impurities. The result found here is similar to that presented by
Umebayashi et al. [24], in studies of conversion of crystalline TiS; into
S-doped TiO,. The S®* and S** signals present in the XPS spectra at
around BE 170.50 eV can be associated with the formation of SO?{ and
SO species as by-products of the amorphous TiO,S, thermal decom-
position reaction.

Fig. 1c shows the high-resolution O 1s XPS spectrum obtained for all
samples. The signal was deconvoluted into three peaks ranging from
529.51 to 533.19 eV, which can be attributed to lattice oxygen of TiO3 or

Table 1

Composition of the TiO,Sy and S-doped TiO, estimated from XPS survey spectra.
Sample % Ti % O %S O/Ti (x) S/Ti (y)
As prepared 17.44 65.03 17.53 3.73 1.01
300 °C 11.62 84.93 3.44 7.31 0.30
400 °C 23.64 72.16 4.19 3.05 0.18
500 °C 25.29 72.37 2.34 2.86 0.09
600 °C 30.03 67.97 2.00 2.26 0.07
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non-reticular oxygen [40]. For sample of amorphous TiO4Sy, the signals
at 529.51, 530.47 and 532.07 can be attributed to oxygen bound to
carbons belonging to precursors of synthesis. This result suggests that
even under conditions of purging the reaction system with nitrogen gas,
oxygen was incorporated into the material during synthesis. The XPS
peak with a maximum at approximately 530.47 eV is attributed to lattice
oxygen of TiOg, while the signal at higher BE values is attributed to
adsorbed species or the effect of oxygen vacancies.

High-resolution Ti 2p spectra displays two well defined peaks
(doublet) with average binding energy (BE) of 459.44 eV and 465.23 eV,
attributed to Ti 2p3/2 and Ti 2p; /5, respectively (Fig. 1d). For all sam-
ples, the Ti 2p XPS peaks are formed by contributions from Ti*>* and Ti**
[41,42]. The lowest oxidation state for the titanium ion must occur due
to oxygen vacancies present in the structure of the calcined material.
The presence of Ti>* can be attributed to defects caused by the absence
of sulfur or oxygen atoms. Furthermore, Ti 2p XPS peaks were shifted to
higher BE values, indicating that the chemical environment of the tita-
nium atom changed with heat treatment.

According to the XPS analysis, in samples calcined at 400, 500 and
600 °C, almost all the sulfur atoms were replaced by oxygen atoms,
leaving some sulfur atoms as an impurity (doping) in substitutional
positions to the oxygen atoms, resulting in S-doped TiO, sample.

The effect of heat treatment on films was investigated by thermal
analysis techniques.TGA and DSC studies were carried out for the sus-
pensions used in the preparation of films (see experimental Section).
Fig. 2 shows TGA/DSC curves registered for sample in oxidizing atmo-
sphere. From TGA analysis, it is possible to observe a mass loss of 97% at
temperatures between 70 and 90 °C, followed by a second mass loss of
ca. 2.0%. Considering the endothermic signal in DSC curve, the first
thermal event is attributed to water elimination, while the second
weight loss is associated to octadecene and PEG decomposition,
occurred at 185 and 324 °C, respectively. From 320 °C a residual mass of
about 1% was registered in TGA curve. The TGA curve for the as-
prepared TiOSy sample revealed a mass loss even after 320 °C, which
must still be associated with the elimination of residual octadecene from
the material. Previous studies made by DSC registered a phase change of
TiO5 from amorphous to crystalline (anatase) in a temperature range
from 250 to 430 °C [43]. Thus, the DSC signal, with a maximum
centered at 324 °C, may also have contributions from the phase transi-
tion of the material. Also, a change in the baseline from 503 °C may be
associated with a greater organization of the material structure. In order
to confirm this phase transition from TiOSy to TiO phase, a structural
characterization of the material calcined in temperatures de 300 to
600 °C was carried out using the X-ray diffraction (XRD) technique.

100 T T Ti T T T T — 1.5
- ‘OXSy as prepareq
L 0.0 EXO
80 —— e AT
185 °C 324°C “.
x 15 E
< 60+ =
5 [e]
D 2 |30 I
= 40 | g —
g 3
s T
20 - S L-4.5
ENDO
0,
. 31% 0% 60 1

T T T T T
0 100 200 300 400 500 600
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Fig. 2. Thermogravimetric Analysis (TGA) and Differential Scanning Calorim-
etry (DSC) curves for suspension prepared from TiCly and sulfur, obtained in
synthetic air airflow.
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Fig. 3 shows the X-ray diffraction pattern for the sample calcined at
different temperatures. Although the material shows a dark coloration,
characteristic of TiO4Sy, the absence of diffraction signals for the as-
prepared sample indicates that the material is predominantly amor-
phous. However, with the thermal treatment, the samples treated at
300-600 °C show diffraction signals in concordance with JCPDS n°
84-1286 card, corresponding to TiO; in anatase phase. Commercial
TiO5 was used as a standard for comparison in XRD measurements. As
can be seen, the JCPDS card of TiO; in the anatase phase is in perfect
agreement with the pattern XRD. Also, no deleterious phase or other
structure for TiO5 was observed.

As predicted in the DSC curves, the exothermic signals that occurred
for temperatures above 300 °C could also be associated with the phase
transition of the material. XRD patterns indicated that this transition
initially occurred from amorphous TiOySy to anatase TiO2 at 300 °C. The
sample treated at 600 °C presents more intense and well-defined
diffraction signals, exhibiting a superior organization of the oxide
crystals. Furthermore, the broad diffraction signals for the samples heat
treated at 300, 400 and 500 °C suggest that the material is formed by
nanoparticles. Thus, at 600°, the diffractogram suggested that due to the
heat treatment, the nanoparticles aggregate, forming larger crystals
[44]1.

Fig. 4 shows Raman spectra for materials calcined at different tem-
peratures. The results indicate that amorphous TiOxSy was transformed
into crystalline anatase during heat treatment. Anatase phase displays
15 optical modes, and six of these modes represented by 1A, 2B1g and
3 Eg are active in Raman [45,46]. Fig. 4 shows Raman spectra with five
signals attributed to E¢ (145 cm’l), B3 (197 cm’l), A1 (396 cm’l), Big
(516 cm™!) and Eg (639 cm™1) modes of the TiO, anatase phase.

As previously noticed from the XRD results, the Raman signals
indicate an organization of the oxide structure with heat treatment of
the material. Studies with chemical oxidation of TiO4Sy show that the
formed TiO; also presents sulfur atoms in the structure, occupying ox-
ygen sites, corresponding to a substitutional anionic doping. The dopant
can change the electronic and optical properties of the material. Thus,
optical studies with UV-Vis measurements had already suggested that
the presence of S2~ ions as impurities changed the semiconductor Egg,
improving its ability to absorb radiation with longer wavelengths. The
electronic alteration caused by the dopant must change the electro-
chemical properties of the films prepared from the synthesized material.

Fig. 5 shows optical characterization for calcined samples developed
by UV-Vis spectroscopy in Reflectance mode. With the exception of the
sample treated at 300 °C, from the UV-Vis curves registered in Fig. 5a,
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Fig. 3. XRD diffraction patterns obtained for untreated sample and after
thermal treatment at different temperatures.
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we observe that commercial-TiO, UV-Vis curve presents a percentage
reflectance (%R) of almost 100% from 700 to about 400 nm. All other
curves recorded for samples prepared from TiOSy show %R values
lower than one hundred percent. The samples calcined at 600, 500 and
400 °C present similar %R values, with absorption at wavelengths in the
visible range of the spectrum. The lower %R for the film treated at
300 °C is probably due to the partial contribution of amorphous TiOxSy
still present in the sample. For amorphous TiOxSy sample, a greater
absorption of light in the visible range was recorded, probably, due to
the dark color of the initially synthesized material. This result suggests
that from 400 nm, light can promote electrons from the valence band,
overcoming the band gap energy of the crystalline materials prepared
from amorphous TiOxSy sample. From UV-Vis curves, the optical band
gap energy, Epg, was estimated by Kubelka-Munk function [47]. The
curves shown in Fig. 5b suggest indirect transition energies of 2.04, 2.92,
2.91 and 2.98 eV for the samples calcined at 300, 400, 500 and 600 °C,
respectively. As the XRD and Raman data showed that TiO4Sy is not
crystalline, the Epg value was not estimated from its UV-Vis curve.
Fig. 6 shows representative SEM images with the morphology,
mapping and EDS spectra of films prepared on transparent conductive
substrate. As registered in the EDS mapping, the films are formed by a
homogeneous distribution of Ti, O and S elements on the surface of the
samples. In addition, the films have an irregular morphology formed by
pores and cracks that are formed during heat treatment (Fig. 6a-b). This
morphology is probably due to the elimination of organic components
present in the suspension, such as PEG 20000 and Triton X-100. The EDS
spectra shown in Fig. 6¢-d reveal that heat treatment induced a reduc-
tion in the carbon (0.277 eV) and sulfur (2.31 eV) signals intensity. This
result agrees with that one registered in XPS measurements, which
indicated a reduction in the composition of sulfur atoms with

1 0.2mm

Counts[x1.E+3]

Counts[x1 E+3]
w
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consequent adjustment to stoichiometric proportions close to those ex-
pected for the TiO phase. Comparative SEM images with the surface
morphologies of the S-doped TiO, film and bare FTO-glass can be seen in
Fig. 1S (Supporting Information). From Fig. 1S SEM image it is possible
to perceive the formation of the titanium oxide film on the conductive
substrate.

Electrochemical measurements of films can provide important in-
formation on charge transfer properties for the use of films as photo-
electrodes. Fig. 7 shows chronopotentiometry curves recorded in dark-
light intervals, in OCP condition. In the first hundred seconds of anal-
ysis, the electrochemical system is in the dark and there is only a balance
of charges at the electrolyte-electrode interface. After irradiation (light
on), there is electrons transition from VB to CB of the material. In the
OCP condition, there is no flow of electrons towards the counter elec-
trode and, therefore, there is an accumulation of charges in the CB of the
semiconductor. The films calcined at 400, 500 and 600 °C present higher
values in the photopotential variation, in light-dark conditions. The
negative values for photopotential (AE < zero) are characteristic of n-
type semiconductor. However, only films treated at 500 and 600 °C
reach a steady state of potential right after irradiation. This result sug-
gests that oxides calcined at lower temperatures present defects (traps),
which generate localized levels between the VB and CB that impede the
rapid transfer of electrons. Similarly, when irradiation is interrupted
(light off), electrons return from CB to VB, which needs to overcome
material defects. In this case, only the film calcined at 600 °C was able to
reach the initial photopotential value, suggesting that the other elec-
trodes need a longer time for the electrons to remain trapped in the
intermediate energy levels. On the other hand, the TiOxSy film did not
show photopotential, i.e., no photoelectrochemical response. This result
indicates that the amorphous material film presents no charge
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Fig. 6. EDS mapping and EDS spectra of (a,c) as prepared amorphous TiO,Sy in comparison to (b,d) calcined film at 600 °C.
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separation and is not suitable for photoelectrocatalytic reactions.

Electrochemical Impedance Spectroscopy (EIS) is an important
technique to evaluate the charge transfer resistance at the electrolyte-
electrode interface. Fig. 8 displays EIS results of calcined films regis-
tered in 0.5 mol L} NaySO4 solution (pH = 6.5). The charge transfer
resistance responses observed on the Nyquist plots (Fig. 8) agree with
the chronopotentiometry studies discussed earlier (see Fig. 7). The
smaller circular radius in the high-frequency region of the electrode S-
doped TiO; calcined at 600 °C indicates a lower charge transfer resis-
tance and higher efficiency to electron diffusion in comparison to the
film calcined at 300 °C (Fig. 8a). The results of the Mott-Schottky (M —
S) analysis revealed conductivity n-type of calcined films as TiO-based
material, typical of photoanodes. Mott-Schottky plots were obtained
from the extrapolation of the flat band potentials (Eg,) of the photo-
anodes, according to Eq. (3):

! #(E_Eﬂ_@> 3)

C? egyA2eNp e

where C is the interfacial capacitance, e is the dielectric constant of the
semiconductor, &g is the permittivity of free space region, A is the area of
the interfacial capacitance, Np is the donor density, E is the applied
potential, Eg, is the flat-band potential, Kp is the Boltzmann’s constant, T
is the temperature and e is the electronic charge. A plot of g versus the
potential produces a linear region. From the value of this slope, the Eg, of
a semiconductor can be calculated and the intercept of the extrapolation
of this linear plot to & = 0 gives its flat band potential. A positive slope
indicates that the material is an n-type semiconductor and electrons are
majority charge carriers. The slope of the tangent line, for fitting the
Mott-Schottky curves, is in inversely proportional to the carrier density
in the photoanode. These values were estimated between —0.18 and
—0.04 V vs. Ag/AgCl. As for photoanode, Fermi energy is near CB, these
Egp values are attributed to CB. From these Eg, and Epg values, it was
possible assemble the relative positions of CB and VB in NHE and vac-
uum scale and determine the potential application as photoanodes in
photoelectrocatalytic process (Fig. 8b).

Fig. 9 shows photoelectrochemical measurements recorded in the
dark condition or under polychromatic irradiation of the electrodes, in
addition to a schematic representation of the formation of the electrodes
and their role in the photo-oxidation process. Fig. 9a shows that, in the
dark, all electrodes displayed almost zero current values, in the potential
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range of 0.0-1.0 V (vs Ag/AgCl). Films treated at 300 and 400 °C pre-
sented very low photocurrent values, due to defects in materials struc-
tures. On the other hand, samples calcined at 500 and 600 °C presented
superior photocurrent values because there is a greater organization of
the crystalline structure and fewer defects. Photoelectrochemical ana-
lyzes were also carried out using K2SO4 0.5 mol L! solution, as the
supporting electrolyte. The results showed that there is no significant
difference in the current values obtained for Nap,SO4 solution (see Fig. 28
- Supporting Information). XRD and Raman analysis have showed an
amorphous phase for TiOxSy and less organization structure for samples
calcined up to 400 °C. Thus, these electrochemical results corroborate
data previously discussed on XRD and Raman analysis, which showed
amorphous phase for TiO4Sy and a higher crystallinity for films treated
at 600 °C.

Fig. 9b presents chronoamperometric (CA) curves obtained for the
film treated at 600 °C (S-doped TiO3), under different pH conditions.
From the CA curves it is possible to verify that the increase in the pH of
the solution favors the charge separation process, resulting in higher
currents. The negative charge of the OH™ present in the alkaline solution
must react with the hole (h") photogenerated in the S-doped TiO-
electrode. This result indicates that the alkaline medium reduces the
electron/hole (e”/h™%) recombination reactions and favors the photo-
oxidation reaction that occurs on the electrode surface. Table 1S pre-
sented in Supporting Information shows that in addition to pH, there is a
dependence of the crystalline phase, morphology, irradiation power and
type of electrolyte on the photocurrent values recorded for films of TiO,
doped with S.

In principle, the electron transport in porous electrodes depends on
the connectivity of the crystalline particles composing the film. The
model to explain the electron transport in porous electrodes of TiO;
admits that when the electrode is immersed in the electrolyte, all par-
ticles come in to contact with the solution. In any particle, irradiation of
light with hy > Epg results in electron-hole separation. If the reaction
kinetics of the hole with the species present in solution is faster than the
charge recombination process, the photogenerated electrons are trans-
ferred through the crystallites that constitute the film. In order to the
electron can reach the conductive substrate and then be collected for the
external circuit, the electron must be transferred through the colloidal
particles and grain boundaries [48,49]. If the particles that form the film
have low crystallinity or many defects, the charge transport mechanism
is impeded as the defects act as traps for the charges. Thus, the photo-
electrochemical behavior of the films prepared at different temperatures
and the discussion presented in this present work contribute signifi-
cantly to the understanding of the photocatalytic activity of S-doped
TiO electrodes in photo-oxidation reactions. Fig. 9c shows a represen-
tative diagram of the preparation of S-doped TiO, and the
photo-oxidation mechanism that occurs in the particles of the material.
Electrochemical measurements showed that S-doped TiOs is an n-type
semiconductor. Therefore, electrons must be collected for the counter
electrode, while holes must promote oxidation reactions of species
present in the electrolyte.

4. Conclusions

Amorphous TiOxSy was prepared and calcined at four different
temperatures. Analysis made by Differential Scanning Calorimetry
(DSC) suggested that the material undergoes phase change up to 600 °C.
XRD results revealed that with heat treatment the amorphous material
becomes crystalline, with anatase phase. Raman spectra showed that
there is a structural organization with the increase of the heat treatment
temperature. XPS analysis showed that the films present the Ti 2p signal
for Ti>" and Ti**, associated with oxygen vacancies. Furthermore, the S
2p signal suggests S2~ for the as-prepared sample, which can be asso-
ciated to the Ti-S bond in TiOxSy. However, $** and $®* signals were
observed for calcined samples, which may be associated with the for-
mation of by-products such as SO~ and SO, still attached to the surface
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of the materials. The remaining sulfur atoms in the TiO; anatase struc-
ture act as anionic substitutional dopants, occupying oxygen sites. Op-
tical characterization showed that with increasing thermal treatment
temperature, the doped TiO; films showed a shift in light absorption to
the visible region. Photoelectrochemical studies revealed that materials

calcined up to 400 °C have defects that act as traps for photogenerated
charges. These electrodes presented n-type behavior and anodic photo-
current response for the studies carried out in inert electrolyte. The
presented studies indicate that the doping of TiOy with sulfur atoms
from the thermal oxidation of TiO4Sy is an alternative to control the
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position of S as dopant in the oxide structure. Thus, the S-doped TiO,
film can be used as a photoelectrode to promote photo-oxidation re-
actions of organic species in aqueous medium, under polychromatic
irradiation.
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