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a b s t r a c t
The effect of chalcogens such as sulphur (S), selenium (Se), and tellurium (Te) on the anatase to rutile
phase transition (ART) of titanium dioxide (TiO2) was investigated. 2 mol % of chalcogen doped TiO2
was synthesised via a sol–gel technique. The as-synthesised samples were calcined at different temperatures from 500 °C to 800 °C for 2 h. X-ray diffraction (XRD) and Raman spectroscopy were used to study
the ART of TiO2. Te -TiO2 showed the highest anatase phase (44%) at 750 °C as compared to other samples.
X-ray photoelectron spectroscopy (XPS) and UV–visible diffuse reflectance spectroscopy (UV-DRS) was
further utilised to investigate the oxidation state and optical properties. UV-DRS results showed that
the substitutional doping of chalcogens in the TiO2 lattice enhanced visible light absorption. The photocatalytic efficiency was tested for the disinfection of Escherichia coli (E.coli) under visible light irradiation.
It is noted that while the chalcogen modified TiO2 improved the anatase stability the antimicrobial activity is not significantly enhanced compared to pure anatase TiO2 under visible light illumination. Te-TiO2
attained 100% disinfection within 70 min of visible light irradiation and maintained equal antibacterial
efficiency as pure TiO2 at 750 °C.
Ó 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the E-MRS Fall Meeting,
2019. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction
The spreading of infectious diseases from viruses and bacteria is
one of the major public health concerns in recent years [1]. Hightouch surfaces, like sinks and faucets, bed rails, doorknobs, grab
bars, rails etc. are acknowledged to be a pool of infectious agents,
which can pose a risk for our health [2]. Hence, they are recommended to be disinfected to reduce the chances of spreading infectious diseases [3]. Introducing self-disinfecting materials in the
manufacturing of high touch surfaces can be one of the solutions
for preventing the spread of infectious diseases. In past decades,
many researchers reported the antibacterial efficiency of photocatalysts [4–6]. These materials garnered significant attention due to
direct utilisation of sunlight or visible light for the disinfection of
microorganisms. Titania (TiO2) is the most extensively studied
photocatalyst for antimicrobial applications [7–9]. Amongst the
three polymorphs of TiO2 (anatase, rutile and brookite), anatase
⇑ Corresponding author.
E-mail address: pillai.suresh@itsligo.ie (S.C. Pillai).

shows the highest photocatalytic activity Even though anatase
has larger bandgap (3.2 eV) than rutile (3 eV), the higher surface
adsorption capacity to hydroxyl groups and lower charge carrier
recombination aids in its higher photocatalytic activity [10,11].
At higher calcination temperature (above 500 °C), the anatase
undergoes a phase transition to rutile, thereby altering its properties and performance [12,13]. This onset temperature and the rate
of polymorphic reaction, are dependent on different parameters
such as grain size, impurities, morphology, sample synthesis
method etc. [10,14]. This phenomenon of anatase to rutile transition (ART) is a major drawback for using TiO2 as an additive to high
touch surfaces or other indoor materials, as they are manufactured
at very high temperatures. Furthermore, the photocatalytic activation of TiO2 under UV light limits the prospects of using this material in indoor applications [13]. Doping of metals (cation) or nonmetals (anion) into the TiO2 lattice is a convenient technique to
increase the ART at high calcination temperature and enhance
the visible light absorption [8,11]. Non-metal doping has been
reported to move the absorption towards the visible light region
effectively and to inhibit the ART [15–19]. Effects of dopants such
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as N[20–22], C[23,24], F[25] in TiO2, on the enhanced photocatalytic activity and visible light absorption are widely investigated.
It is reported that S doped TiO2 increased visible light absorption of
titania [16,17,26] and Stengl et al. reported that co-doping of Se
and Te aided in the enhanced photocatalytic activity of titania
[4,27,28]. However, there is no experimental analysis done on
the effect of chalcogen elements (S, Se, Te) in visible light activation of TiO2. Zheng et al. reported the first principle calculations
on the impact of chalcogens for the visible light absorption of
TiO2[29]. However, there is a lack of comparative experimental
studies, which detail the understanding of the effect of these elements in ART and microbial disinfection.
In the current work, we studied the effect of chalcogens (S, Se,
Te) on the anatase phase stability of TiO2 at high calcination temperature. 2 mol% of S/Se/Te doped TiO2 samples were synthesised
through a sol–gel technique. The optical properties were measured
to examine the shift of light absorption from UV to the visible
region. The antimicrobial efficiency of chalcogen doped TiO2 was
investigated against E. coli in visible light condition.
2. Materials and methods
2.1. Chemicals
All the chemicals used in this study were analytical grade, and
they were used as received without further purification. Titanium
isopropoxide (97%), telluric acid, selenium chloride and elemental
sulphur were purchased from Sigma-Aldrich. Isopropanol (99.5%)
and Escherichia coli (ATCC-25922) was purchased from VWR and
LGC standards, respectively. All the experiments were conducted
using deionised water.

The elemental analysis was performed by X-ray photoelectron
spectroscopy using a Thermo Fisher Scientific, K-Alpha+ spectrometer. UV–vis spectra were recorded through a Perkin- Elmer spectrophotometer with BaSO4 as the reference. The charge carrier
recombination process, was analysed using photoluminescence
(PL) spectroscopy with an excitation wavelength of 350 nm, using
a Perkin-Elmer LS55B luminescence spectrometer. The photocatalytic microbial disinfection was performed in a Q-Labs (Q-sun
Xe-1-S) weathering and photo-reactor with Xenon arc lamp irradiation, that simulates sunlight irradiation from a window with an
irradiation intensity of 1.1 W/m2 and a chamber temperature
maintained at 38 °C.
2.4. Microbial disinfection
Disinfection of E. coli (ATCC-25922) under light irradiation with
catalyst was used to study the photocatalytic activity of the prepared samples. E.coli was inoculated in nutrient broth (20 ml)
and incubated for 24 h at 37 °C. An inoculum of bacteria was serially diluted in PBS solution and transferred to 0.9% NaCl solution to
get 104 CFU/ml in the working solution. The catalyst (30 mg) was
added to the prepared solution (30 ml), and the reaction mixture
was kept for irradiation under stirring. The whole experiment
was conducted for 100 min. At a regular time interval (20 mins),
1 ml aliquots were sampled out, and 100 ml was plated on a prepared agar plate. The plates were incubated at 37 °C for 24 h.
Lastly, the colonies formed on the incubated plates were counted
and recorded as CFU/ml. Simultaneously, the same samples were
tested in the absence of light.
3. Results and discussion

2.2. Synthesis of chalcogen (X) doped TiO2 (X = S, Se, Te)

3.1. Structural analysis

The synthesis method of chalcogen doped TiO2 was similar to
our previous report [8]. The detailed method was as follows; Titanium isopropoxide (22 ml) was dissolved in isopropanol (200 ml)
and subjected to stirring for 15 min (solution A) at room temperature. To prepare a 2 mol % S doped TiO2 solution, elemental sulphur
(0.1144 g) was dispersed in deionised water (solution B) and dropwise added to the solution A under vigorous stirring. The resultant
sol was transferred into a glass plate and kept 2 h for ageing at
room temperature. The resultant gel was dried for 24 h at 100 °C.
The dried powder was then calcined using a muffle furnace at different temperatures ranging from 500 °C to 800 °C, with an increment of 50 °C with a ramp rate of 10 °C/min for a holding time of
2 h. Similarly, Se and Te doped TiO2 was prepared by adding selenium chloride and telluric acid as the precursors. The control samples, anatase and rutile, were synthesised by the same procedure
without adding the chalcogen precursors.

The phase content and crystallinity of as-synthesized samples
were analysed using XRD. Fig. 1 illustrates the XRD diffractograms
of anatase, rutile and chalcogen doped TiO2. The peak intensities
observed at 25.4° and 27.3° are assigned to the anatase and rutile
phases of TiO2, respectively [8]. In case of S and Se doped TiO2 samples, the complete ART occurred at 700 °C, though the anatase
phase was retained up to 650 °C. However, for Te doped TiO2, the
ART occurred at a temperature as high as 800 °C. The maximum
anatase percentage (44%) has remained until 750 °C for Te- TiO2.
Table 1 summarises the anatase percentage, average particle size
and lattice parameters of pure and chalcogen doped TiO2.

2.3. Characterisation
X-ray diffraction (XRD) patterns were documented using a Siemens D500 X-ray powder diffractometer under Cu Ka radiation
(k = 0.15418 nm). The percentage of anatase phase in the calcined
samples were calculated using the Spurr equation as given below;
[11]

FR ¼

1
1 þ 0:8½IA ð101Þ=IR ð110Þ

ð1Þ

Where FR is the percentage of rutile phase; IA (1 0 1) and IR (1 1 0)
denotes the intensities of anatase and rutile peaks respectively.
Raman spectra were obtained using a Horiba Jobin Yvon LabRAM HR-800 at room temperature with 660 nm laser excitation.

Fig. 1. XRD of anatase, rutile, chalcogen (S and Se (650 °C), Te (700 °C)) doped TiO2.
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Table 1
The average particle size, anatase percentage and lattice parameters of various samples.
Samples

Calcination temperature (°C)

Particle size (nm)

Anatase phase (%)

a (nm)

c (nm)

Anatase
S-TiO2
Se-TiO2
Te-TiO2

500
650
650
750

11.38
20.05
20.61
28.27

100
48
50
44

0.377
0.377
0.376
0.375

0.947
0.948
0.949
0.951

main intensity peak full width at half maximum (FWHM), and h is
the Bragg’s angle. As observed in Table 1, the particle size is directly
related to the calcination temperature. The average particle size of
Te doped TiO2 (calcined at 750 °C) is 28.27 nm, whereas, S and Se
doped TiO2 (calcined at 650 °C) have an average particle size of
20 nm. The average particle size increased with respect to the calcination temperature. The lattice parameters were calculated to
probe the effect of chalcogens on TiO2 lattice. The unit cell parameters were calculated using miller indices using the formula,

1
¼
dhkl

Fig. 2. Raman spectra of controls (anatase and rutile) and chalcogen (S, Se and Te)
doped TiO2.

Generally, the ART of undoped titania occurs in the range of 500 °C
 600 °C. The introduction of the dopant precursor solution during
the polycondensation process results in uniform dispersion, which
leads to the formation of cornered shared TiO6 octahedra, which
promotes the ART at higher temperatures [28].
From XRD patterns by using the Scherrer equation, the average
particle size was calculated [30].

U¼

Kk
bcosh

ð2Þ

Where U is the average crystallite size; K implies the shape factor
with a value close to 1; k is the X-ray wavelength used; b is the



2
2
h þk
a2

2

þ

l
c2

ð3Þ

where hkl are Miller indices, a and c are the lattice parameters, dhkl
is the interplanar spacing between the crystal planes (hkl) determined by Bragg’s law (2dhkl sinh ¼ nk). The lattice parameters ‘a’
and ‘c’ for undoped and chalcogen doped samples (in a tetragonal
system of anatase form a = b – c) were calculated using the two
appropriate reflections, [1 0 1] and [2 0 0], respectively. It is
observed that the c value is slightly increased when moving down
the group (on increasing the atomic number) from sulphur to selenium. At the same time, the value of a decreased as compared to the
a value of anatase.
Raman spectroscopy was utilised to investigate the defects and
phase content of samples (Fig. 2). The Raman peaks for anatase
were observed at 147 cm1 (1Eg), 197 cm1 (2Eg), 396 cm1 (A1g),
516 cm1 (2B1g) and 638 (3Eg) cm1, respectively. On the other
hand, the Raman active modes for rutile were observed at
144 cm1, 238 cm1, 446 cm1 and 612 cm1 for A1g, B1g, B2g and
3Eg bands, respectively [12,31,32] . The Raman spectra of TiO2 anatase was not influenced by S and Se dopants. However, the 1Eg
peak of Te-TiO2 at 147 cm1 showed a hypsochromic shift, as displayed in the inset of Fig. 2. This is accredited to the distortion of

Fig. 3. (a) UV– Vis DRS spectra (b) Tauc plots of anatase and chalcogen (S, Se and Te) doped TiO2.
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TiO2 lattice, which leads to increased lattice strains by insertion of
the Te atoms.
3.2. Optical analysis
The optical properties of as-prepared samples were studied by
UV–vis DRS spectroscopy. Fig. 3 (a) displays the UV– vis DRS spectra of anatase chalcogen (S, Se and Te) doped TiO2. TiO2 exhibited
its characteristic absorption around 380 nm. On the addition of
chalcogen elements, the tail end of the samples are shifted from
UV to visible region [27]. In the chalcogen group, an increase in

atomic number (S to Te) increases the probability of cationicdoped TiO2 formation rather than an anion doping. It is expected
that the semi-metallic features are introduced in TiO2 by the addition of Se or Te (since TiSe2 and TiTe2 are semimetals). This aids in
raising the fermi level of metal closer to the conduction band maxima of TiO2 [29,33]. The transition observed in the visible is related
to the smaller secondary transitions which could be slightly noted
in the case of Se and Te doped samples [28,29]. The cationic doping
in titania lattice is conferred from the XPS analysis as discussed
further.
The bandgap energy was calculated using Kubelka-Munk function F(R) [34].

F ðRÞ ¼

Fig. 4. PL spectra of anatase (control) and chalcogen (S, Se and Te) doped TiO2.

ð1  RÞ2
2R

ð3Þ

Where R indicates the absolute reflectance of the sample. Fig. 3
(b) shows the optical band gap energy of S, Se and Te doped TiO2.
The bandgap energy values of anatase, S–TiO2, Se–TiO2 and Te–
TiO2 are estimated to be 3.22 eV, 3.15 eV, 3.05 eV and 3.12 eV,
respectively. As discussed earlier, the cationic doping in TiO2 lattice
results in the introduction of new energy levels in the bandgap of
TiO2, which contributes to upgrading the electron-hole separation
on the catalyst surface [28,29].
Photoluminescence (PL) spectroscopy provides crucial details
about the electron-hole pairs separation and the charge transfer
pathway. Fig. 4 demonstrates the PL spectra of anatase, S–TiO2,
Se–TiO2 and Te–TiO2. It is noticed that the PL pattern of anatase
TiO2 is not affected by the chalcogen doping. Nevertheless, a
quenching effect is noted for the chalcogen TiO2. This indicates
the improved charge carrier separation and delayed electron-hole
recombination [35] through the introduction of new energy levels.
The PL intensity of Te- TiO2 is lower as compared to the other samples. PL results suggest that the lifetime of charge carriers on the
TiO2 surface could be prolonged by the addition of chalcogens.

Fig. 5. XPS anatase, chalcogen (S, Se and Te) doped TiO2; (a) Survey spectrum (b) Ti 2p spectra (c) O 1s spectra.
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3.3. Elemental analysis
The elemental compositions of as-synthesized samples were
analysed using XPS. Fig. 5(a) displays the XPS survey spectra of
anatase, S–TiO2, Se–TiO2 and Te–TiO2. The presence of chalcogens
in TiO2 samples are confirmed from the survey spectra. The chalcogen doping on TiO2 could occur in various ways such as substitutional, interstitial and surface [36]. There are several factors such
as formation energy, ionic radii and synthesis conditions could
govern the doping strategy. Previous studies confirmed that interstitial doping does not remain stable under normal synthesis processes [29]. The chalcogen atoms can have various oxidation states
(2, 0, +4, and + 6). In the case of oxygen-rich conditions, the formation energies of cationic doping are much smaller when compared to anionic doping [29,33].
The high-resolution XPS spectra of Ti 2p is observed at 458.8 eV
and 464.3 eV for Ti 2p3/2 and Ti 2p1/2, respectively [13] (in Fig. 5
(b)).This suggests that Ti exists in its + 4 oxidation state. In the case
of chalcogen doped TiO2, the Ti peaks are slightly shifted to a
higher binding energy value, which validates the possible distortion in the TiO2 lattice by the insertion of chalcogens [13]. Fig. 5
(c) shows the high-resolution XPS spectra of O 1 s peaks of different samples. The peak noted at 530 eV is attributed to the Ti-O
bond. In contrast, the chalcogen doped TiO2 samples exhibit a
small peak. At  531 eV, which could be ascribed to the X-O bonds
(X = S, Se, Te) [4,28,33].
Fig. 5 displays the high-resolution XPS spectra of S 2p, Se 3d
and Te 3d in chalcogen doped samples. The S 2p peak is
observed at 168.4 eV in Fig. 6(a) is due to the presence of S6+
cation [33]. The strongest peaks observed at 168.4 eV, and
169.5 eV are attributed to the presence of S 2p3/2 and S 2p1/2
peaks. The ionic radii of chalcogen atoms in different oxidation
states are given in Table 2. In the case of S, the ionic radii of
S2 are greater than that of O2. Similarly, the bond strength
of Ti-S bond [418.0 KJ/mol] is less than that of Ti-O bond
[672.4 KJ/mol]. Thus, the substitution of Ti4+ by S6+ is chemically
more favourable than replacing O2 by S2 [29]. In Se doped
TiO2 samples, the Se 3d peak is observed at 61 eV (Fig. 6(b))
[28]. The absence of Se peak at lower binding energy indicates
that there is no elemental Se0. Likewise, Fig. 6(c) displays the
spectrum of Te 4d, the peaks at 576.5 eV and 586.9 eV are
accredited to Te 4d5/2 and 4d3/2 peaks, respectively[4]. With an
increase of atomic number, the ionic radii of the elements also
increase and, the electronegativity decreases. The oxygen-rich
conditions could enhance the probability of cationic doping
[37]. The formation energies decrease with an increase in atomic
number in chalcogens and, hence, this assures the stability of
Se4+ and Te4+ as compared to Se2 and Te2 respectively [29].

Table 2
The ionic radii of anion and cations.
Anions

Ionic radii (Å)

Cations

Ionic radii (Å)

O2–
S2Se2Te2-

1.35
1.84
1.98
2.21

Ti4+
S6+
Se6+/ Se4+
Te6+/ Te4+

0.605
0.29
0.42/0.28
0.56/0.43

Fig. 7. Photocatalytic inactivation of E. coli with anatase, rutile, chalcogen (S, Se and
Te doped) TiO2.

3.4. Photocatalytic microbial disinfection
The photocatalytic efficiency of as-prepared samples was evaluated for the disinfection of E.coli in brine solution under visible
light irradiation. As displayed in Fig. 7, the CFU/mL remain unaltered under both dark and light conditions without the presence
of a catalyst. This confirmed that the samples do not exhibit any
bactericidal properties under dark conditions. On the other hand,
when the photocatalyst (1 g/L) was present, Te doped TiO2 samples
elucidated the higher disinfection efficiency as compared to S–TiO2
and Se–TiO2. The anatase and Te doped TiO2 showed 100% disinfection of E.coli within 70 min. Whereas the rutile, S–TiO2 and Se–TiO2
samples achieved the complete disinfection after 90 min of light
irradiation. The inactivation process is ascribed to the synergetic
effect of TiO2 and chalcogens.

Fig. 6. High resolution XPS spectra of (a) S 2p in S doped TiO2; (b) Se 3d in Se doped TiO2; (c) Te 4d in Te doped TiO2.
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Even though the introduction of both S and Se atoms improved
the visible light absorption and preserve the anatase, it did not display any promising bactericidal efficiency when compared to anatase and Te–TiO2. Among the chalcogen doped TiO2, the PL
intensity of Te–TiO2 is significantly lower than other chalcogen
doped samples. Thus, the reduced recombination of electrons and
holes, aids in the generation of more reactive oxygen species
[38]. The photo-generated e- and h+ can react with oxygen and

H2O to produce O
2 (superoxide radicals) and OH (hydroxyl radical), respectively. These ROS (reactive oxygen species), results in
the decomposition of bacteria via cell damage and leakage of minerals [39].
4. Conclusions
In this present study, the effect of chalcogens on the anatase to
rutile transition of TiO2 has been studied successfully. S, Se and Te
doped TiO2 were synthesised and compared the photocatalytic
activity with pure anatase and rutile phases of TiO2. It was
observed that, on moving down the group, the dopants retained
the anatase phase (44%) of TiO2 even at high calcination temperature. The cationic doping of these chalcogens in the TiO2 lattice is
confirmed by XPS. The chalcogen doping results in the formation
of intermediate energy levels in the bandgap of TiO2, which extend
the lifetime of charge carriers. This is confirmed by the enhanced
absorption in the visible region of chalcogen doped TiO2. Under
visible light irradiation, the bactericidal efficiency of Te–TiO2
showed the same activity as the control anatase, which confirms
that the presence of Te atom retains the photocatalytic activity of
TiO2 even at 750 °C.
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