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e/TiO2

a  b  s  t  r  a  c  t

TiO2 and  Fe(S)-doped  TiO2 photocatalysts  have  been  synthetized  by  a  microwave-assisted  method  and
deeply  characterized  by  means  of several  techniques  (N2 adsorption–desorption  isotherms,  scanning
electron  microscopy  (SEM),  TEM,  high  resolution  transmission  electron  microscopy  (HRTEM),  powder
X-ray  diffraction  (XRD),  temperature-programmed  desorption  of  NH3 (TPD-NH3)  and  UV–vis  diffuse
reflectance,  Raman  and  XPS  spectroscopic  techniques).  The  synthetized  samples  were  tested  in the
photodegradation  of  methyl  red  dye under  UV irradiation  at room  temperature.  Depending  on  the tem-
perature  and  duration  of the  microwave  synthesis,  some  changes  in  the textural  and  crystalline  structure
of  the  titanium  dioxide  were  observed  which  influenced  on the  photocatalytic  activity.  The  best  photocat-
/TiO2

-ray diffraction
hotodegradation
ethyl red

alyst  found  in  this  study  was  the  one  doped  with  S (0.1 wt.%)  prepared  by microwave-assisted  synthesis  at
215 ◦C  for  60  min  and  calcined  at 550 ◦C. The  enhancement  of  color  removal  over  this  sample  (49%  of  color
removal)  was  associated  to the formation  of  anatase  phase  and  the  enhancement  of  the  sample  acidity
with  respect  to  undoped  TiO2 sample.  A  volcano-shaped  curve  was obtained  for  methyl  red  degradation
against  TiO2 crystal  size.  Catalyst  calcination  at 700 ◦C led  to a drastic  drop  in  activity  due  to formation
of  large  TiO2 crystals  of  rutile  phase,  as  confirmed  by  XRD.
. Introduction

Titanium dioxide has been widely used and investigated owing
o its relatively low cost, oxidizing power, nontoxicity and photo-
tability [1]. Since the report on the photocatalytic splitting of water
sing rutile TiO2 electrodes in 1972, the interest in titanium diox-

de as strategic material for environmental processes has increased.
hese processes are mainly related to photocatalysis, photovoltaic

evices and dye-sensitized solar cells [2–4].

Each application of the titania requires a specific crystalline
tructure, morphology, surface area and, usually, a specific size
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[3]. Among the TiO2 crystalline structures (anatase, brookite and
rutile), the anatase and rutile exhibit photocatalytic activity under
UV illumination, but its applications are still limited due to its neg-
ligible photoactivity when irradiated with visible light [4]. Thus,
attempts to extend the TiO2 light absorption into the visible region
to improve the photocatalytic activity have been made by substitu-
tion of Ti4+ in the TiO2 lattice by metal ion modification, such as Fe,
Ni, Co, Au, Ag, Cr, Sn, La, Ce, Zr, Mn,  W and B [1,5–19], and by non-
metal doping with N [20–26], F [26], C [27,28] and S [29–35], where
the substitution occurs in the oxygen vacancy (anionic doping). In
both of these approaches, impurity/defect states were introduced
into the band gap of TiO2, which lead to TiO2 being able to absorb
visible light [22,34,35]. In particular, the introduction of defects
through selective doping of TiO2 with Fe3+ has been demonstrated
to be an effective method to diminish electron–hole recombina-
tion rate and/or to influence on interfacial electron-transfer rates

[6]. However, the catalytic role of Fe3+ as dopant still remains con-
troversial. On one hand, it is believed that Fe3+ cations can act as
shallow traps in the titania lattice [36]. On the other hand, their
role in decreasing the reduction of electron–hole recombination

dx.doi.org/10.1016/j.apcatb.2013.03.047
http://www.sciencedirect.com/science/journal/09263373
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ate is still unclear [7,36]. As compared to the iron doping [5–8 and
eferences within], the photoefficiency of the S-doped TiO2 systems
s much less studied [29–36]. This is probably because depending on
he catalyst preparation method employed the cationic [29,32,33]
r anionic substitution might occur [30,31]. In this sense, den-
ity functional theory (DFT) calculations allowed conclude that the
ubstitution of S at the O sites of TiO2 (anion doping) could be chem-
cally favored under Ti-rich conditions while Ti4+ ions substitution
y S (cation-doping) could be favored under O-rich conditions
30]. Interestingly, it was reported that the S cation-doped TiO2
hotocatalysts showed stronger visible light absorption than the S
nion-doped counterparts [32]. In case of the substitution of S at
he O sites of TiO2, the modification of the electronic structures of
iO2 leading to the band gap narrowing was observed [29] or it was
roposed that S2− ions might act as deep hole traps that diminish
he oxidizing power of the hole [31].

A number of methods have been used to prepare and modify
iO2 nanoparticles, such as sol–gel method [8], chemical vapor
eposition [37], solvothermal process [38], sputtering [39,40],
everse micelle method [41], liquid phase deposition [42], elec-
rochemical method [14] and hydrothermal treatment [16,43].
mong them, the sol–gel has been the most widely methodol-
gy employed. In recent years, microwave irradiation method
as received considerable attention as a new promising method

or the preparation of nanomaterials with controlled shape and
ize [3,44–51]. The main advantage of microwave irradiation is
hat it offers a simple, rapid, and economical strategy of heat-
ng. Compared with conventional heating, microwave heating has
dvantages for chemical synthesis, for example, the microwave
nergy is introduced without direct contact between the energy
ource and the reacting chemicals and this process can lead to
uch higher heating rates and in certain way it can realize selec-

ive heating, also other advantages are the reduction of reaction
ime by orders of magnitude, higher uniformity in the product and
etter properties when compared to conventional heating meth-
ds [22,23,45,52–63]. Thus, the microwave synthesis method has
pened up the possibility of realizing new reactions in a very short
ime and wide applications in the synthesis of organic and inorganic

aterials, although it is still less explored in inorganic material
ynthesis [64].

In the present study, Fe/TiO2 and S/TiO2 were prepared by the
ol–gel method and then microwave heated at different temper-
ture and reaction times to observe the effect of the microwave
n the textural characteristics, crystalline phase and photocatalytic
ctivity of the resultant material. Nevertheless, there are plenty lit-
rature works dealing with the effect of the Fe3+ and S2− ions in
he TiO2, however, to the best of our knowledge, so far no investi-
ation is presented using the sol–gel microwave assisted method.
etailed characterization of the morphology (SBET, SEM, TEM) and

tructure (X-ray diffraction, XPS, UV–vis DRS and Raman) of these
ystems is reported together with their performance for the pho-
ocatalytic degradation of methyl red (MR) dye under UV light
rradiation. Analysis of the results allowed us to establish a relation-
hip between the photocatalytic activity and the textural, structural
nd electronic characteristics of the Fe- and S-doped TiO2 photo-
atalysts.

. Experimental

.1. Microwave-assisted synthesis of TiO2-based photocatalysts
The synthesis of the TiO2 substrate was obtained by slowly dis-
olving the titanium precursor (titanium isopropoxide, 97% Aldrich,
TIP) in an organic solvent (isopropanol, 99.9%, J.T. Baker), the tita-
ium solution was continuously magnetically stirred for 20 min
mental 140– 141 (2013) 213– 224

under nitrogen atmosphere. The hydrolysis process was then per-
formed by adding water into the flask containing precursor/solvent
mixture and magnetically stirred for 1 h [65]. The molar ratio of the
precursors and solvents are, 0.03:4.2:1 for TTIP:H2O:isopropanol,
respectively. For the Fe-modified TiO2 samples, the iron precursor
was FeSO4·7H2O (J.T. Baker), and for the S-loaded TiO2 samples,
the precursor was thiourea (NH2CSNH2, J.T. Baker). These precur-
sors were added separately by dissolving them into the water used
for the hydrolysis reaction in different weight percentage (0.005,
0.01 and 0.1 wt.%). The obtained sol was transferred into Teflon-
lined vessels and placed on a turn table for uniform heating using a
microwave reaction system (Synthos 3000, Anton Paar). The change
in temperature in the reaction vessel was monitored automatically
by the dual-IR temperature probe and the solutions were continu-
ously stirred at medium speed (300 rpm). The heating procedures
were conducted for 30 min  at 180 ◦C and 215 ◦C, and for 60 min
at 215 ◦C using microwave radiation of 600 W,  and finally the sys-
tem was  cooled down to room temperature. The obtained powder
was filtered and washed with deionized water several times and
room temperature dried for 18 h and subsequently dried at 80 ◦C
for 20 h in a conventional furnace. A calcination process was  car-
ried out at 450, 550 and 700 ◦C by 3 h to improve the sample
crystallinity. For the sake of ease understanding, Fig. 1 summa-
rizes the steps followed in the synthesis of samples calcined at
450 ◦C. The Fe- and S-doped samples will be labeled hereafter as
xFe/TiO2 and xS/TiO2 where x is nominal wt%  of the dopant ele-
ment. Due to the overlapping of Y band (reference element) with
that of Ti (324 nm)  and the very low metal loading (0.005 wt.%),
chemical analysis of samples cannot be performed by ICP-AES
technique. Thus, metal loadings in this work refer to the nominal
ones.

2.2. Photocatalyst characterization

Surface morphology analysis of the materials was  carried out by
Scanning Electron Microscopy (SEM) with a microscope JEOL JSM-
6060 LV. The accelerating voltage employed was 15 kV. Elemental
analysis was performed by Energy Dispersive X-ray Spectroscopy
(EDS) (EDS Oxford Inca X-Sight coupled to a MT 1000, Hitachi). Also
the morphology analysis was  carried out by high resolution trans-
mission electronic microscopy (HRTEM) using a JEOL JEM 2000FX
microscope. The catalysts were crushed and dispersed ultrason-
ically in acetone at room temperature and then spread onto a
perforated carbon–copper microgrid. The operational accelerating
voltage was 200 kV using a filament of LaB6. Bandgap energy (Ebg)
values were determined from diffuse reflectance measurements
(Cary 5000 UV-Vis-NIR Varian spectrophotometer) by applying
the Kubelka–Munk function, F(R), and the method proposed by
Tandon and Gupta [66], according to which Ebg corresponds to
the point where the linear increase of the Kubelka–Munk func-
tion starts. The nitrogen adsorption–desorption isotherms were
recorded using an Autosorb iQ2 equipment. The specific surface
area and the pore size distribution were calculated by applying
the BET equation to the nitrogen adsorption isotherm and the
Barret–Joyner–Halender (BJH) method to desorption branch of the
nitrogen isotherm, respectively. X-ray diffraction analysis (XRD)
were obtained using a Bruker D8 advanced diffractometer equipped
with a Cu seal tube to generate Cu K� radiation (� = 1.5406 A)
within the Bragg angles 10 < 2� < 80◦ in steps of 0.01◦. Raman
spectroscopy was  used to identify the nature of titania phases.
Details of measurements are provided in SI. Surface analysis of
samples was  carried by X-ray photoelectron spectra (VG Escalab

200 R spectrometer equipped with a hemispherical electron anal-
yser and a Mg  K� (h� = 1253.6 eV) X-ray source). For the sake of
saving printed space, details of the experimental measurements
are given in SI. The acidity of the samples was determined by
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Fig. 1. Flow chart for preparation of samples

emperature-programmed desorption (TPD) of ammonia measure-
ents conducted on a Micromeritics 2900 equipment provided
ith a TCD and interfaced to a data station. Sample (0.050 g) pre-

reated in a He (383 K for 1 h) was ammonia-saturated in a stream
f 5% NH3/He (Air Liquide) flow (50 mL  min−1) at 100 ◦C for 1 h.
mmonia was desorbed using a linear heating rate of 15 ◦C min−1

rom r.t. to 550 ◦C.

.3. Photocatalytic experiments

The photocatalytic activity of the synthetized samples was
valuated in the photodegradation reaction of methyl red (MR)
ye (2-(N,N-dimethyl-4-aminophenyl)azobenzene carboxylic acid,
igma-Aldrich) using a solution of 25 mg  L−1 at pH = 5. In each
est, 50 mg  of the photocatalyst was dispersed in 100 mL  of the
ye solution bubbled with air and magnetically stirred for 30 min

n the darkness before irradiation. The system was  illuminated
sing two UV lamps (GE, � = 365 nm and P = 15 W cm−2). At given

rradiation time intervals and after 3 h of total reaction time, the
amples (2 mL)  were taken out and the color removal was moni-

ored by UV–vis absorption at � = 429 nm (the azo bond), which is
requently employed method for the preliminary catalyst screening
5,67]. The samples were centrifuged (Universal 320 Hettich
entrifugen) for 20 min  at 5500 rpm before analysis. Residual
icrowave radiation and calcination at 450 ◦ .

methyl red (MR) in solution was  calculated according to the fol-
lowing equation:

residual MR  =
[

A0/At

A0

]
× 100% (1)

where A0 is initial absorbance of the band centered at 429 nm and
At is the absorbance of MR  at reaction time of 3 h.

3. Results

3.1. Photocatalyst characterization

3.1.1. Textural properties
The specific surface area and average pore diameters of the

TiO2, xFe/TiO2 and xS/TiO2 (x = 0.005, 0.01 and 0.1 wt.%) are listed
in Table 1. About the textural properties for the un-doped sam-
ple (TiO2), the results show that the surface area (SBET) decreases
according the increase in the temperature and reaction time in the
microwave system. Also the SBET values decrease after the calcina-

tion process and a notable change is appreciate when the synthesis
condition is at 180 ◦C for 30 min  a decrease of 56% in the SBET value is
observed but when the synthesis condition is of 215 ◦C by 60 min,
the decrease in the SBET value is only of 39%. The pore diameter
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Table  1
Textural propertiesa and band gap valuesb of the TiO2-based photocatalysts.

Material Microwave synthesis conditions Ebg (eV) Surface area (m2 g−1) Pore diameter (nm)

Dried Calc. 450 ◦C Dried Calc. 450 ◦C Dried Calc. 450 ◦C

TiO2

180 ◦C/30 min  3.15 3.15 233 101 4.3 6.6
215 ◦C/30 min  3.13 3.12 213 91 4.9 6.6
215 ◦C/60 min 3.1 3.12 182 110 6.6 6.6

0.005Fe/TiO2

180 ◦C/30 min  3.13 3.10 229 108 4.3 5.6
215 ◦C/30 min  3.16 3.10 210 – 4.9 –
215 ◦C/60 min  3.11 3.10 196 – 4.9 –

0.01Fe/TiO2

180 ◦C/30 min  3.13 3.10 227 – 4.3 –
215 ◦C/30 min  3.12 3.10 210 – 5.6 –
215 ◦C/60 min 3.12 3.10 204 114 6.6 6.6

0.1Fe/TiO2

180 ◦C/30 min 3.15 3.10 236 – 4.3 –
215 ◦C/30 min  3.18 3.10 220 – 4.9 –
215 ◦C/60 min  3.15 3.10 208 – 4.9 –

0.005S/TiO2

180 ◦C/30 min  3.15 3.10 225 – 4.9 –
215 ◦C/30 min  3.14 3.10 179 – 4.3 –
215 ◦C/60 min  3.10 3.10 194 – 4.9 –

0.01S/TiO2

180 ◦C/30 min  3.15 3.10 232 – 4.3 –
215 ◦C/30 min  3.13 3.10 – – – –
215 ◦C/60 min 3.10 3.12 201 112 4.9 6.6

0.1S/TiO2

180 ◦C/30 min 3.15 3.11 224 – 4.3 –
215 ◦C/30 min  3.13 3.10 – 123 – 6.6
215 ◦C/60 min  3.10 3.10 – 119 – 6.6

a ◦
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As determined by N2 adsorption–desorption isotherms at −196 C.
b Ebg: band gap as determined by UV–vis DRS by applying the Kubelka–Munk fun

orresponds to the point where the linear increase of the Kubelka–Munk function s

f the dried samples ranges from 4.3 to 6.6 nm by increasing the
emperature and reaction time. After the calcination process, in all
ases the pore diameter is 6.6 nm.

In the xFe/TiO2 samples, the SBET values also decrease by increas-
ng the temperature and reaction time, however the values are
igher than the TiO2 by increasing the iron weight percentage
0.005, 0.01 and 0.1) at 215 ◦C by 30 and 60 min  of reaction time.
his effect was presented and studied in previous reports [68]. Also
s in the pure TiO2, the SBET values decrease after the calcination
rocess although a change is appreciated independent of the Fe
eight percentage used when the synthesis condition is at 180 ◦C

or 30 min  a decrease of 53% in the SBET value is observed but in
he case of when the synthesis condition is of 215 ◦C for 60 min,
he decrease in the SBET value is only of 44%. By analyzing the
esults of the effect of the Fe on the textural properties of the dried
Fe/TiO2 samples, it appears that Fe limits the temperature effect
nd improves the SBET of the TiO2. The pore diameter for all cases
nd before the calcination process is around 4.9 nm and it changes
o 6.6 nm as the un-doped TiO2.

For the S-doped TiO2, the SBET values also decrease by increas-
ng the temperature and reaction time as was discussed with the
n-doped and Fe-doped TiO2. The SBET values are higher than the
iO2 by increasing the sulfur weight percentage (0.005, 0.01 and
.1) at 215 ◦C by 30 and 60 min  of reaction time. After the thermal
reatment, the SBET values present the same tendency of decreasing
s in the previous samples.

.1.2. Morphological and structural analysis (SEM and HRTEM)
In Fig. 2 is presented the SEM micrographs for the un-doped,

e- and S-doped TiO2. The surface appearance in all cases (in all
opant weight percentage used) is formed by similar rhombo-
edra geometry with different particle sizes and dispersed in a

on-homogeneous way. It is not possible to observe a remark-
ble difference in morphology between the TiO2 and the doped
amples. By the EDS analysis the only elements detected were the
i and O, no presence of Fe and S was observed. This could be
, F(R), and the method proposed by Tandon and Gupta [66], according to which Ebg

attributed to the small amount of the dopant added to the syn-
thesis.

In Fig. 3(a) is presented the TEM analysis in scale of 50 nm show-
ing for the un-doped TiO2 a particle size around of 25 nm,  also it
is possible to observe that the clusters are formed by sintering of
the crystallites and that the boundary between grains is less obvi-
ous than in the sample synthesized by the usual sol-gel method
(micrographs are not shown). In the case of the 0.1 wt% S-doped
sample (Fig. 3(b)), the shape of the crystallites is similar. Fig. 3(c)
shows a HRTEM image of the 0.1S/TiO2 sample in scale of 10 nm.  The
HRTEM image of this sample shows the crystalline TiO2 nanopar-
ticles having mainly spherical shape. The spacing between the two
adjacent lattice planes (about 0.315 nm)  matches with the d value
reported for TiO2 [1 0 1] face [69]. The fact that the particle consists
of pure TiO2 was  confirmed by EDS. The grain size of TiO2 parti-
cles in anatase phase is about 11 nm.  Although the presence of S
species in the 0.1S/TiO2 photocatalyst was  confirmed by EDS, the
HRTEM did not show S particles probably due to a very low S loading
(0.1 wt%) as well as the limitation of this technique for visualizing
average sample composition.

3.1.3. Band gap measurements
UV–vis DRS technique was  used to study the influence of

synthesis conditions on the band gap (Ebg) of the synthetized
samples. The band gap energies estimated from the UV–vis
absorption spectra are listed in Table 1. The band gap of the pure
TiO2 decreases according the synthesis conditions; it shows that at
higher temperature and longer reaction time the band gap changes
from 3.15 to 3.10 eV. After the calcination process the bang gap
value remains constant, at the synthesis condition of 180 ◦C for
30 min  of reaction time (3.15 eV) and it changes to 3.12 eV at 215 ◦C
for 30 and 60 min  of reaction time, respectively. These values are in

good agreement to the literature (3.10–3.20 eV for anatase phase)
[9,68]. In the case of the Fe-doped samples, the band gap values
are in the range between 3.11 and 3.18 eV, and by changing the
synthesis conditions no remarkable change is appreciated upon the
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Fig. 2. SEM micrographs for the

ron weight percentage is increased (0.005–0.1 wt.%). In all cases
fter the calcination process the band gap is modified to 3.10 eV.

For the S-doped TiO2, the band gap values are between 3.15
nd 3.10 eV, at 180 ◦C for 30 min  of reaction time and 215 ◦C for
0 min  of reaction time, respectively, showing a decrease in the
alues according the temperature and reaction time increase and
pproaches the value recorded for pure TiO2. These values remain
n the same range no matter the change in the wt.% S incorporated
uring the synthesis. Finally, after the thermal treatment at 450 ◦C
y 3 h the band gap values are adjust to 3.10 eV as in the Fe-doped
amples.

.1.4. X-ray diffraction (XRD)

Wide-angle XRD diffraction patterns were recorded to study the

nfluence of synthesis conditions on the formation of any crys-
alline species in the TiO2, xFe/TiO2 and xS/TiO2 samples. XRD
atterns of un-doped TiO2 are shown in Fig. 4(a). By changing the
ped, and Fe- and S-doped TiO2.

synthesis conditions and with the further thermal treatment, it
is possible to see how the sample is getting ordered. The diffrac-
tion peaks detected in 2� (25.4◦, 37.8◦, 48.1◦, 53.9◦, 55.2◦, 62.8◦,
68.6◦, 70.3◦, 75.1◦) at the different synthesis conditions and after
the calcination process indicates the presence of the crystalline
anatase phase (JCPDS no.: 00-004-0477) [69]. From the diffrac-
tion pattern peak intensity, a preferential orientation of the plane
(1 0 1) can be proposed. No diffraction signal appears showing the
rutile phase. For the xFe/TiO2 and xS/TiO2 samples (Figs. 4(b) and
(b), respectively), the effect of the calcination temperature is the
same as in the case of the pure TiO2, the anatase phase is getting
ordered by the thermal process and no presence of rutile phase
is detected as well no signal can be attributed to other crystalline

phase of iron oxide or sulfur compounds. As it was mentioned, no
presence of rutile phase was observed in any of the tested mate-
rials, that is why, the fraction of anatase XA, is considered to be 1
[13,70].
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Fig. 3. TEM images of undoped TiO

The crystallite sizes were calculated by the Debye–Scherrer
quation and they are compiled in Table 2. For the un-modified
iO2, the crystal size increases from 5.7 to 6.7 nm by changing the
ime and temperature of the synthesis procedure. After the calcina-
ion process these values increases to 9.7 nm (almost twice its size),
owever by increasing the time (60 min) and temperature (215 ◦C)
t the synthesis procedure the crystal size only increases to a value
f 8.9 nm (see Table 2). In the case of the Fe-loaded TiO2 samples,
he effect is the same. For example, for the 0.005Fe/TiO2 sample cal-
ined at 450 ◦C, an increase of temperature from 180 to 215 ◦C led to

 small increase of the crystal size from 9.1 to 10.2 ◦C, however fur-
her increase of reaction time resulted in a decrease of crystal size
o 8.5. About the S-doped TiO2, the crystal size is slightly smaller
han the TiO2 and xFe/TiO2 samples, the values before the calcina-
ion processes are between 4.9 and 6.5 nm.  By modifying the time
o 60 min  and temperature at 215 ◦C in the synthesis procedure the
rystal size changes from 10.2 to 8.0 nm.  In a representative way,
o explore the calcination temperature on the crystal size, some of

he materials were calcined at 550 ◦C and 700 ◦C showing that the
rystal size increases more than twice its size as compared with
he samples thermally processed at 450 ◦C (Table 2). It is empha-
ized here that microwave assisted synthesis favors the formation
and 0.1S/TiO2 (b) and (c) samples.

of crystalline anatase at temperatures substantially lower than that
needed by conventional calcination.

Considering the crystal size of the samples prepared under the
same synthesis conditions and calcination temperature (Table 2), it
appears that the xS/TiO2 and xFe/TiO2 samples show similar or even
somewhat smaller crystal than the parent TiO2 sample. For exam-
ple, after calcination at 450 ◦C, TiO2, 0.01Fe/TiO2 and 0.1S/TiO2
samples prepared at 180 ◦C for 30 min  show similar crystallite sizes
of 9.7, 9.4, and 9.4 nm,  respectively. Thus, the changes in crystal
sizes are very small, if any, for doped samples with very low loading
as the ones employed in this study.

3.1.5. Raman spectroscopy
The crystal phase of the TiO2, 0.01Fe/TiO2 and 0.005S/TiO2

photocatalysts was  also confirmed with micro-Raman spec-
troscopy (Figs. 5 and 6). Using this technique it was possible
to observe that dried TiO2 sample shows only four typical
lines corresponding to anatase phase, 147(Eg), 401(B1g), 516(A1g)

and 640(Eg) cm−1 (Fig. 5(a)), having good agreement with those
reported for the anatase phase [9]. After the sample calcination
at 450 ◦C for 3 h, a new signal at 195(Eg) cm−1 appears and the
other signals are better defined (Fig. 5(b)). In addition, dried TiO2
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Table 2
Influence of the sample synthesis conditions and calcination temperature on the
crystal size as determined by XRD data.

Material Microwave
synthesis
conditions

Crystal size (nm)

Dried samples Calcined

450 ◦C 550 ◦C 700 ◦C

TiO2

180 ◦C/30 min 5.7 9.7 – –
215 ◦C/30 min 6.1 9.5 20.2 39.3
215 ◦C/60 min 6.7 8.9 – –

0.005Fe/TiO2

180 ◦C/30 min 5.5 9.1 – –
215 ◦C/30 min 5.9 10.2 – –
215 ◦C/60 min 6.0 8.7 – –

0.01Fe/TiO2

180 ◦C/30 min 5.8 9.2 – –
215 ◦C/30 min 6.0 9.8 18.4 45.9
215 ◦C/60 min 6.4 8.5 – –

0.1Fe/TiO2

180 ◦C/30 min 5.7 9.4 – –
215 ◦C/30 min 6.1 9.1 – –
215 ◦C/60 min 6.0 9.3 – –

0.005S/TiO2

180 ◦C/30 min 4.9 9.7 – –
215 ◦C/30 min 6.1 10.2 – –
215 ◦C/60 min 6.3 8.3 18.8 37.6

0.01S/TiO2

180 ◦C/30 min 5.8 9.8 – –
215 ◦C/30 min 5.9 9.6 – –
215 ◦C/60 min 6.2 8.5 – –

180 ◦C/30 min 5.4 9.4 – –
◦

ig. 4. XRD diffraction patterns of synthetized TiO2 (a), 0.05Fe/TiO2 (b) and
.05S/TiO2 (c) photocatalysts.

ample shows a shift of the 147(Eg) signal to lower values sug-
esting that the arrangement of the crystalline structure is taking
lace by changing the synthesis parameters (see inset of Fig. 5(a))
13,68,71]. In the case of the Fe- and S-doped samples at the differ-
nt amounts of dopant used, the same effect is presented (Fig. 6(a)
nd (b), respectively): after the thermal process at 450 ◦C, the miss-
ng signal at 195(Eg) cm−1 appears and a shift of the 147(Eg) cm−1

ignal to lower values also is observed as in the un-doped TiO2 sam-
les. No presence of the rutile phase is detected as was observed in
he XRD results, too. Finally, the comparison of Raman bands posi-
ion of TiO2, 0.01Fe/TiO2 and 0.1S/TiO2 samples prepared under the
ame synthesis conditions (Figs. 5 and 6) does not show any shift in
he bands upon TiO2 doping with small amounts of S and Fe dopants
0.005–0.1 wt.%).
.1.6. Surface characterization by XPS
Wide survey scans (300–1300 eV) were recorded for all samples.

eaks belonging to Ti2p, O1s, OKLL (Auger) and C1s (contamination)
0.1S/TiO2 215 C/30 min 6.0 8.0 – –
215 ◦C/60 min 6.5 8.0 19.2 35.0

were clearly distinguished. Then high resolution O1s, Ti2p and S2p
and Fe2p were recorded at 20 eV pass energy of the analyzer were
scanned. All samples displayed O1s and Ti2p peaks with high inten-
sity but S2p and Fe2p were only detected on the surface in 0.1S/TiO2
and 0.1Fe/TiO2 samples, respectively (see SI).

For the fresh 0.1S/TiO2 sample, a very weak S2p line at a
binding energy of 168.9 ± 0.2 eV, which is characteristic of S(VI)
species [72] was  detected, however it moved to a binding energy of
162.1 ± 0.2 eV upon Ar+ sputtering. As this energy belongs to sulfide
species (S2−), it can be inferred that sulfide is oxidized on the surface
layer to sulfate during the synthesis. Considering the previous study
by Hebenstreit et al. [73], the S2p peak at 162.1 ± 0.2 eV might well
account for the presence of S2− ions in the bulk which are resistant
toward oxidation along the calcination step. Similar results were
previously reported by Rockafellow et al. [31] and Miyauchi [72]
for Ar+ sputtered S-doped TiO2 samples.

The 0.1Fe/TiO2 sample showed a very weak Fe2p3/2 line at ca.
710.8 ± 0.2 eV, suggesting that iron remains as �-Fe2O3 domains
[74] but not as Fe3+ ions at titanium substitution sites in the
lattice. This peak remained unchanged for both fresh and Ar+-
sputtered samples. It is also emphasized that S2− and Fe3+ ions
are highly dispersed within the bulk as concluded from the exper-
imental S/Ti = 0.0021 ± 0.0002 and Fe/Ti = 0.0018 ± 0.0002 atomic
ratios, respectively, which are rather close to the theoretical value
(M/Ti = 0.0025) expected for a perfect, homogeneous distribution
of S2− and Fe3+ ions within the bulk TiO2.

Fig. 7 displays the O1s core-level spectra of TiO2, 0.1S/TiO2 and
0.1Fe/TiO2 samples synthetized at 215 ◦C for 60 min  and calcined
at 450 ◦C. As all O1s lines are asymmetric toward the high bind-
ing energy side, they were fitted to two components: a major
one at 529.9–530.0 eV due to Ti O Ti bonds and a minor one at
531.1–531.3 eV associated to surface hydroxyl groups [75,76]. The

ratio of the area of the component placed at high binding energy
(hydroxyl groups) and total area of the O1s line gives the OH/Ototal
percentage on the surface of the samples. The OH/Ototal values are
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ig. 5. Raman spectra of TiO2 sample synthetized at different microwave conditions
fter drying (a) and calcination at 450 ◦C (b).

.10, 0.13 and 0.15 for TiO2, 0.1Fe/TiO2 and 0.1S/TiO2 samples,
espectively (estimated error in this calculation is 11%). A larger
cidity of 0.1S/TiO2 sample with respect to pure TiO2 substrate
as confirmed also by means of TPD-NH3 technique (see inset of

ig. 10).

.2. Methyl red photodegradation

To optimize the catalyst synthesis conditions, the efficiency of
1 photocatalysts was compared by evaluating the percentage of
R decoloration in aqueous solution. For all synthesized photo-

atalysts the percentage of MR  decoloration at a reaction time of
 h is compared in Fig. 8. From these data it is clear that photoac-
ivity is determined by the synthesis conditions and calcination
emperature on TiO2-based samples. The TiO2 calcined at 550 ◦C
ith the synthesis conditions for 30 min  at 215 ◦C shows a high
hotocatalytic activity according to the rest calcination tempera-

ures and synthesis conditions, removing near of 44% after 3 h of
eaction time. Comparing this result with the xFe/TiO2 samples,
t is possible to observe that the incorporation of the Fe(II) ion to
he titanium dioxide by the microwave assisted synthesis does not
Fig. 6. Raman spectra of 0.01Fe/TiO2 (a) and 0.005S/TiO2 (b) samples after calcina-
tion at 450 ◦C.

show any improvement in the photocatalytic activity even when
the samples is calcined at 550 ◦C. These results are still under inter-
pretation of what can be causing the low catalyst efficiency. It is
worth to mention that all the powder samples were calcined at
different temperatures because no photoactivity was  presented by
using the dried samples having anatase phase.

By comparing these results with the xS/TiO2 materials, the per-
formance is improved when 0.005S/TiO2 and 0.1S/TiO2 samples are
calcined at 550 ◦C. With these photocatalysts is possible to achieve
a similar color removal (42%) in the case of the 0.005 wt.% of S (42%)
compared with the pure TiO2 (thermally treated at 550 ◦C) and a
higher color removal with 0.1 wt.% of sulfur, reaching 49%. This
result could be associated to the change in the textural properties
such as the surface area, crystal size and the time of the microwave
irradiance over the material. Considering the percentage of the
color removal on the samples calcined at 550 ◦C (Fig. 8), the most
effective photocatalysts were: 0.1S/TiO2 (215 ◦C for 60 min) > TiO2
(215 ◦C for 30 min) ≈ 0.005S/TiO2 (215 ◦C for 60 min). This trend
is discussed below on the basis of the catalyst activity–structure
relationship and by comparing the pseudo-first order reaction rate
constants for the most optimized catalysts.

In order to assess the effect of the initial concentration of the

dye on the kinetics of color disappearance, different concentra-
tions of initial methyl red solutions were tested (5, 10, 25, 40 and
50 mg  L−1). These experiments were performed using 0.1 wt.% of S
as a doping agent since this proportion showed the best results in
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Table  3
Influence of the initial methyl red concentration in solution on the kinetics of color disappearancea on TiO2 and 0.1S/TiO2 photocatalysts.

Concentration (mg  L−1) kobs (min−1) R2 kc (mg  L−1 min−1) R2 KMR ((mg L−1)−1)

TiO2

5 0.0095 0.945

0.015 0.950 0.191
10  0.0036 0.961
25 0.0021 0.966
40 0.0005 0.941
50 0.0003 0.945

0.1S/TiO2

5 0.0232 0.991

0.114 0.96 14.167
10 0.0141 0.988
25 0.0040 0.996
40 0.0030 0.975
50 0.0003 0.982

KMR: L

t
o
a
T
r
s
L
w
c
a

r

F
t

a kobs: pseudo-first order rate constant calculated from Eq. (2); kc, rate constant, 

he degradation tests previously carried out. The obtained values
f kobs ranged between 0.0095 and 0.0003 min−1 for the pure TiO2
nd between 0.0232 and 0.0003 min−1 for the S doped TiO2 (see
able 3). As can be observed from the data obtained, in all cases the
ate constant (kobs) decreases as the initial dye concentration of the
olution is increased. This observation can be explained using the
angmuir–Hinshelwood model (L–H model) [77,78], according to
hich the relationship between the degradation rate (r) and the

oncentration of the dye [MR] can be expressed as follows (Eqs. (2)
nd (3)) [77]:
 = kc
KMR[MR]

1 + KMR[MR]0
= kobs[MR] (2)
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un

ts
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ec
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Ti-O-Ti

O1s
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Ti-OH

ig. 7. O1s core-level XPS spectra of TiO2, 0.1Fe/TiO2 and 0.1S/TiO2 samples syn-
hetized at 215 ◦C for 60 min  and then calcined at 450 ◦C.
angmuir–Hinshelwood adsorption equilibrium constant.

1
kobs

= 1
kcKMR

+ [MR]0

kc
(3)

where KMR is the Langmuir–Hinshelwood adsorption equilibrium
constant, kc is the rate constant at the catalyst surface and kobs is
the pseudo-first order rate constant.

Fig. 9 shows that a plot of 1/kobs versus [MR]0 (Eq. (2)) results in a
linear relationship. Calculating the value of KMR from the intercept
and kc from the slope of the fitted straight line, it can be realized
that the presence of the dopant enhances the surface rate constants,
kc, when it is compared to the un-doped TiO2 (Table 3). In the
case of 0.1S/TiO2 sample the rate is enhanced from 0.015 (TiO2)
to 0.114 mgL−1 min−1. Also, KMR is higher for the 0.1S/TiO2 sample
[14.167 (mg  L−1)−1] than for the pure TiO2 [0.191 (mg  L−1)−1]. The

data treated using this model suggests that the dye reacts quickly
on the surface of the doped semiconductor samples, thus inhibi-
ting the blocking of the active sites of the semiconductor surface as
occurs on the un-doped TiO2.

Fig. 8. Photodegradation under UV irradiation of methyl red dye for 3 h. Influence of
the  synthesis conditions and calcination temperature on the photoactivity of TiO2-
based systems.
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Fig. 9. Plot of 1/kobs versus [MR]0 (from Eq. (2)).

. Discussion

The effective role of dopants depends on several factors such as
oncentration, dispersion within the particles, electronic configu-
ation and the energy level of the dopants with the TiO2 lattice [7].
or the Fe-doped samples, the XPS results suggest that iron remains
s �-Fe2O3 domains but not as Fe3+ ions at titanium substitution
ites in the lattice. On the contrary, for the S-doped samples, it is
ikely that S2− incorporates into the oxide lattice even though it
ecame oxidized and segregated as a sulfate phase during calcina-
ion. Therefore we consider that these S species and sulfate (or even
H groups) segregated at the grain boundaries may contribute the

eduction of electron–hole recombination rate.
Considering the possible changes in the energy level of the

opants, this work demonstrated that microwave synthesis of Fe
nd S-doped TiO2 samples at 180 ◦C for 30 min  followed by calci-
ation at 450 ◦C does not change to a significant extent the band
ap with respect to undoped TiO2 counterpart prepared under the
ame conditions (3.12–3.10 eV). Thus, the electronic factor does not
xplain the enhancement of MR  decoloriorization on the 0.1S/TiO2
ith respect to its undoped TiO2 counterpart. Moreover, regardless

f the synthesis conditions, all photocatalysts did not show the less
ctive rutile phase, as confirmed by XRD and Raman spectroscopy.
he transformation of anatase into rutile phase with increasing the
oncentration of dopants was observed for much higher loadings
han the ones used in this work [79].

It is commonly accepted that the mechanism of photocatalysis
ith semiconductors involves the formation of hydroxyl radicals

�OH) via two possible pathways: (i) when the valence band holes
h+), which are photogenerated upon band gap photoextitation,
xidize H2O, OH− ions and/or the catalyst terminal OH groups;
nd (ii) if molecular oxygen scavenges the electrons (e−) photogen-
rated in the conduction band [80,81]. Thus, the catalyst efficiency
ould be accounted by considering the different proportion of OH
roups available on the catalyst surface. The data in Fig. 10, strongly
uggest that the population of hydroxyl groups as measured by the
H/Ototal ratio (XPS) is a parameter that influences on the activity

or color removal. This trend could be expected because the sur-
ace hydroxyl groups can capture the photoinduced holes, produce
ctive hydroxyl radicals and prevent electron–hole recombination
t the same time. The correlation presented in Fig. 10 is not lin-

ar probably because the values of OH/Ototal ratio do not measure
urface acidity. Indeed, it was reported that the surface acidity of
ndoped TiO2 (anatase) and Fe-doped TiO2 is primarily of Lewis
ype [82]. Thus, in agreement with previous reports [83–85], we
Fig. 10. Influence of the sample acidity (from XPS) on the color removal. Inset shown
TPD-NH3 patterns of the TiO2 and 0.1S/TiO2 samples synthetized at 215 ◦C for 60 min
and  then calcined at 550 ◦C.

can conclude that whereas acidity may  not be the only factor which
influences activity, it certainly plays an important role in the MR
degradation.

Regardless of the dopant, a volcano-shaped curve was obtained
for methyl red degradation against TiO crystal size (Fig. 11(a)).
Catalyst calcination temperature (ºC)

Fig. 11. (A) Influence of the TiO2 crystal size on the photoactivity of TiO2-based
samples. (B) TiO2 crystal size (from XRD) against calcination temperature.
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emperature, as shown in Fig. 11(b). As a consequence, samples cal-
ined at 700 ◦C show a lower amount of available surface active sites
nd a lower interfacial charge-carrier transfer rate than their coun-
erparts calcined at 550 ◦C [5]. Additionally, this activity drop could
e explained by the presence of undesired rutile phase (around 84%
or the un-doped TiO2 and between 37 and 40% for the xFe/TiO2 and
S/TiO2, respectively). Thus, even though it is necessary to carry
ut a thermal treatment to the samples to obtain a photocatalytic
esponse, the microwave assistance generates a different morphol-
gy, it is possible to reduce the effect of the calcination temperature
ver the presence of rutile phase and also it is possible to overcome
he excessive decrease in the surface area than in the simple sol–gel
ynthesis method [77].

Summarizing, considering the catalyst characterization data,
he largest methyl red degradation on the 0.1S/TiO2 sample can be
ttributed to three factors. First, the 0.1S/TiO2 calcined at 550 ◦C
ossesses a strong surface adsorption ability to dye molecules
s was confirmed in the kinetic study. Second, this sample pos-
esses more surface hydroxyl groups than undoped TiO2 substrate,
s deduced from TPD-NH3 measurements (see inset of Fig. 10).
hird, the crystallinity of its anatase phase is high indicating a
ew lattice defects and easy separation of photogenerated elec-
rons and holes. As a consequence, the photogenerated radicals
hydroxyl and superoxide radicals) can easily react with methyl
ed molecules adsorbed on the catalyst surface. On the other hand,
n increase of the photoactivity with an increase of S content
trongly suggests that the positive effect of sulfur on the pho-
oactivity of TiO2 could be due to its ability to trap electrons.
his process might reduce the hole–electron pair recombination
t the TiO2 surface, as it was proposed previously [31]. Finally, con-
rary to the S-doping, the microwave irradiation does not appear
o be effective for the preparation of the xFe/TiO2 photocatalysts.

 similar conclusion was obtained by Žabová and Církva [86]
ho reported that the preparation of Fe3+-doped TiO2 photocat-

lyst by microwave irradiation is detrimental for degradation of
ono-chloroacetic acid and Rhodamine B under the UV irradia-

ion.

. Conclusions

In this work several TiO2-based photocatalysts were prepared
y a microwave-assisted synthesis methodology and tested in the
ethyl red dye photodegradation under UV irradiation at room

emperature. By using two different dopants such as the iron
nd the sulfur ions to modify the TiO2 and several temperatures
nd times of reaction in the microwave system and also differ-
nt calcination temperatures is possible to observe the changes
n surface area, crystalline phase, crystal size and band gap values
f the material. Those changes could be related to the photocat-
lytic activity efficiency and the best material obtained by this
tudy is the one doped at 0.1S/TiO2 synthesized by 60 min  at
15 ◦C in the reaction system and calcined at 550 ◦C reaching a
9% of color removal. A volcano-shaped curve was obtained for
ethyl red degradation against TiO2 crystal size (from XRD). For

he most active 0.1S/TiO2 sample, it is inferred that S species
ecrease the electron–hole recombination rate. Contrary to TiO2
oping with S2− ions, the microwave synthesis is not effective for
he preparation of effective xFe/TiO2 photocatalysts for the target
eaction.
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