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Abstract

One-step TiO, nanoparticle synthesis based on the interaction between thiourea and metatitanic acid is applied for
sulfur and carbon anatase codoping. The synthesis of the doped TiO, has been monitored by means of differential
thermal analysis and thermogravimetric analysis (DTA-TG), which allows determining the optimal thermal conditions
for the process. Electron microscopy showed micrometer-sized (5-15 um) randomly distributed crystal aggregates,
consisting of many 15-40-nm TiO, nanoparticles. The obtained phase composition and chemical states of the
doping elements are analyzed by means of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), infrared
(IR) and Raman spectroscopies, and electron paramagnetic resonance (EPR). XRD displays in both samples (doped
and pristine) the existence of only one crystalline phase—the tetragonal modification of TiO,—anatase. Further
data assessment by means of Rietveld refinement allowed detection of a slight ¢ lattice parameter and volume
increase related to incorporation of the doping elements. XPS demonstrated the presence of carbon and
sulfur as doping elements in the material. It was confirmed that carbon is in elemental form and also present
in oxygen-containing compounds, which are adsorbed on the particle surface. The binding energy for sulfur
electron core shell corresponds to the established data for sulfate compounds, where sulfur is in 6+ oxidation
state. The synthesized S- and C-codoped TiO, showed excellent photocatalytic performance during the degradation of

hydrogen generation from ethanol under ultraviolet light.

spectroscopy

organic dyes (hodamine B, methylene blue), gas-phase oxidation of ethanol under visible light, and photocatalytic
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Background

One of the promising directions in solving global prob-
lems of alternative energy and environment is the appli-
cation of advanced technologies based on photocatalytic
processes. Catalytically active TiO, has been a subject of
considerable attention due to its optical properties,
chemical stability, non-toxicity, and high photoactivity.
Therefore, this type of material is widely used for de-
composition and synthesis of a number of organic
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compounds [1]. Furthermore, photocatalytic TiO, has
already been implemented in different practical fields
such as antiviral and antibacterial agent [2, 3], for the
destruction of cancer cells [4, 5], decomposition of vola-
tile organic compounds, and water splitting. TiO, is es-
sential in medical and dental research due to its
favorable properties, i.e., biocompatibility and low re-
activity [6]. It already finds application in the construc-
tion of dental implants and hollow drug-containing
structures. For instance, TiO, nanotubes are imple-
mented in medicine for gradual drug release [7].

One of the most important actual applications of TiO,
lies in the field of renewable energy conversion and stor-
age [8]. The overall trend of the world’s energy systems
requires broader introduction of hydrogen energy. In

© 2016 Ivanov et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-016-1353-5&domain=pdf
mailto:bobitski@polynet.lviv.ua
http://creativecommons.org/licenses/by/4.0/

Ivanov et al. Nanoscale Research Letters (2016) 11:140

particular, the development of new technologies for
hydrogen production through the design of suitable
catalytic materials such as TiO, is highly important. Ad-
vanced photocatalytic methods can lead to a significant
cost reduction of both the hydrogen and the auxiliary
systems. However, development of competitive materials
with improved catalytic performance is required.

In particular, the doping of TiO, structures with extra
elements allows sensitizing the material in the visible
wavelengths and/or increasing the photoactivity in the
ultraviolet spectrum [9]. Doping with transition metals
such as Fe, Mn, V, and Cr [10-15] displays low photo-
catalytic activity due to the thermal instability of the
material [16] and furthermore creates environmental
concerns. In the recent years, modification of TiO, with
nonmetal elements has received much attention, since
they demonstrate effective doping, do not introduce eco-
logical issues, and offer a low production cost. For ex-
ample, the incorporation of nitrogen [17-22], carbon
[23-26], sulfur [27-29], and iodine [30] in TiO, struc-
ture can lower its band gap and therefore shift its optical
response to the visible light region.

Among the other non-metallic elements sulfur doping
displays a significant scientific interest and practical im-
portance for the enhancement of TiO, photocatalytic
properties [31, 32].

It was recently found that sulfur-doped TiO, exhibits
a strong antibacterial effect under visible light, enabling
effective inhibition of Micrococcus lylae and most of the
Gram-positive bacteria [9]. The formation of hydroxyl
radicals during irradiation of the structure by visible
light plays a central role for the bactericidal activity of
the material.

In most of the cases, the doping by appropriate
amount of sulfur allows the use of S-TiO, photoelec-
trodes in the visible spectrum region. Nevertheless, the
structural aspects of sulfur integration in TiO, are still
debatable. Practically, the sulfur amount and its distribu-
tion in the TiO, structure are to great extent influenced
by the synthesis conditions. Recent studies in the field
showed that sulfur is included in form of $** and S°
predominantly on the surface of TiO, nanoparticles [31].
On the other hand, there are significant proofs that sul-
fur is integrated in the TiO, lattice forming S-Ti-O
bonds [32].

The doping of TiO, with carbon brings considerable
potential advantages over other types of non-metallic
doping. Carbon increases the conductivity of the structure
[33], can accept the photon-excited electrons, enhances
the separation of photo-generated carriers [34, 35], and
displays visible light absorption in the wavelength of 400—
800 nm [36, 37]. Most of the structural analyses of
carbon-doped TiO, indicated incorporation of this
element into the lattice, substituting an O atom and
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forming O-Ti—C bond. The visible light absorbance
in this case can be explained by the formation of a
hybrid orbital above the valence band of TiO, caused
by carbon integration [38, 39].

Optimization and tuning the photocatalytic properties
of the doped TiO, is important with respect of its prac-
tical application. One of the appropriate methods in this
direction is TiO, co- and multiple doping, showing in a
number of cases visible synergetic effects. Literature
survey on sulfur-carbon TiO, codoping shows that the
topic is just approached and requires further analytical
information on the influence of synthesis method and
different structural factors.

In the present work, one-step TiO, nanoparticles syn-
thesis based on the interaction between thiourea and
metatitanic acid is applied for sulfur and carbon anatase
codoping. The integration of the doping elements is
characterized by a number of physical methods, reveal-
ing the structural aspects of the doping process. A cen-
tral task in our study is to test the photocatalytic activity
of the SC-codoped TiO, during decomposition of
methylene blue, gas-phase photocatalytic oxidation of
ethanol, and photocatalytic hydrogen generation from
ethanol. According to the authors’ knowledge, the SC-
TiO, material has not yet been tested for the processes
of photocatalytic ethanol oxidation and hydrogen gener-
ation. The impact of sulfur as a doping element in TiO,
is discussed in terms of its photocatalytic activity, com-
pared to other already known TiO, dopants.

Methods

Chemicals and Materials

Thiourea was provided by Wako Pure Chemical Indus-
try. Other chemicals were obtained from commercial
sources as guaranteed reagents and were used without
further purification.

Synthesis of SC-codoped and Non-doped TiO,
Nanopowders

Two samples of SC-codoped TiO, nanopowders were
synthesized using a solid-phase method; 12.2 g (sample
1) and 18.6 g (sample 2) of a metatitanic acid and 12.8 g
(sample 1) and 6.4 g (sample 2) of thiourea were tritu-
rated in an agate mortar to obtain a homogeneous mass,
which was further annealed in air atmosphere at 500 °C
for 1 h.

The resulting powder samples differ in the amounts of
doping elements. According to EDX analysis, sample 1
contains 0.23 wt.% sulfur and 10.68 wt.% carbon and
sample 2 contains 045 wt% sulfur and 2.38 wt%
carbon. The white non-doped TiO, nanopowder was
synthesized from metatitanic acid in the absence of thio-
urea under identical thermal conditions.
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Structural and Spectroscopic Characterization

The morphology and particle size of prepared nanoparti-
cles were analyzed by SEM and TEM. A high-resolution
scanning electron microscope Hitachi S-4800 II was
used. The JEOL-JEM-1011 TEM microscope, operated
at an accelerating voltage of 80 kV with a resolution of
0.2 nm, was used. The powder samples were prepared
by air-drying a drop of a sonicated suspension onto
copper grids.

The phase identification of sulfur-doped TiO, struc-
ture was carried out by powder X-ray, using a Siemens
D5000 diffractometer in reflection mode with Cu target
Ka radiation. XRD patterns were recorded in the 26
range of [15; 100°] with a step size of 0.02° and a stay
time of 1 s/step.

Differential thermal analysis and thermogravimetric ana-
lysis (DTA-TG) was performed in air in the temperature
range T=[20 °C; 800 °C] at a scan rate of 10 °C min !
using derivatograph Q-1500 Paulik.

The optical properties were characterized by light ab-
sorption in the UV-vis and infrared region (FTIR) and
Raman spectroscopy. The UV-vis absorption spectra for
pure TiO, and TiO, doped by sulfur samples were re-
corded by an Evolution 300 UV-vis spectrophotometer
(Thermo Scientific) in the range from 300 to 800 nm.
The FTIR spectroscopy measurements were per-
formed by Specord M-80 spectrometer in the middle
infrared wavelengths (400—4000 cm™'). The Raman
spectra were obtained using the Smart Raman DXR
(Thermo Scientific) spectrometer. The semiconductor
laser of 12-mW power and 780-nm wavelength was
used as a light source.

The analysis of surface composition was carried out by
means of X-ray photoelectron spectroscopy (XPS) using
XSAM-800 Kratos spectrometer. The sample surface
composition was determined using photoelectron line
area ratio taking into account their sensitivity factors.
The thickness of analyzed layer was ~5 nm.

The zeta potential measurement was performed by
means of Zetasizer (Malvern Instrument Ltd.). The
tested samples were suspended in water (pH=7),
vortexed and sonicated before measurement. The ex-
periments were repeated three times for each sample,
at T=25 °C (£0.1 °C) and 1 mL of sample volume.
The electrophoretic mobility and zeta potential were
determined according to Smoluchowski’s equation.

EPR spectra of nanopowders were investigated in air
at room temperature using spectrometer RADIOPAN
X-85.

Photocatalytic Measurements, Sample Preparation

Photocatalytic properties of synthesized powders were
evaluated during the degradation of organic dyes (I),
photocatalytic hydrogen generation in water-alcohol
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suspensions (II), and gas-phase oxidation of volatile
organic compounds (III).

() Photocatalytic activity of gel samples containing
SC-TiO, nanoparticles has been tested for the decom-
position of rhodamine B and methylene blue. Activation
process has been performed using power LEDs with
emission bands in the visible range of the spectrum
(A =455 nm, A =525 nm).

Gelatin and polyvinyl alcohol (PVA) were selected
as available and environment-friendly raw materials
for obtaining gel—SC-TiO, coatings. However, the
application of gelatin is not practical due to the in-
sufficient gel stability at low temperatures (3—-6 °C).
For the synthesis of gels based on PVA, aqueous
solutions of varying content (5, 10, 15, 20, and
25 wt.%) were prepared. In order to dissolve PVA,
the solutions were heated at 100 °C for about
10 min. Solutions containing 25 and 20 % (w/w) PVA
have been instantly transformed into a gel, 15 % in
10-15 min and 5 % in 1 day. Therefore, 10 % PVA
solution was selected for our research, since its gel
transition takes approximately 2 h, which is sufficient
for the necessary operations. The required amount of
synthesized SC-TiO, and hydrogen peroxide was
added to the viscous PVA solution (~1 h after prep-
aration) and stirred. This solution was applied to the
inner surface of a quartz cuvette. After the formation
of the gel, the surface is ready for photocatalytic
reactions.

(II) Kinetic studies of hydrogen generation have been
carried out in a thermostatted glass reactor (volume of
10.0 ml). The suspension of water, alcohol (ethanol con-
taining 4 mol/L H,0), and sample of SC-TiO, (0.05 g)
was placed in the reactor. Irradiation of the reactor has
been performed by a mercury lamp with DRSh ~ 1000\ =
365 nm (UFS-2, the light intensity (Iy=7-10"° Einstein/
min) was measured by ferrioxalate actinometer); 0.01 g of
Pd/SiO, was acting as a catalyst. The temperature of the
reaction mixture was equal to 40 °C. During the reaction,
the solution was not stirred. Solutions were evacuated
before radiation. The amount of formed hydrogen in the
reactor during irradiation of the solution was deter-
mined chromatographically by means of LHhM-8MD
chromatograph with thermal conductivity detector.
The measurements were performed by using carrier
gas argon and chromatograph columns filled with
molecular sieve NaX.

(III) The study of ethanol gas-phase oxidation kin-
etics was carried out in a thermostatted glass reactor
(volume of 130 ml). Two milliliters of ethanol with a
sample of SC-TiO, (0.05 g) was placed in the reactor. Ir-
radiation of the reactors has been performed by a mercury
lamp with DRSh ~ 1000 A =310-390 nm (UFS-2); the
light intensity was 1.2-107° Einstein/min and the
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light of mercury lamp with DRSh~ 10002 >420-
440 nm (UFS-2). The temperature of the reaction
mixture was ~20 °C. During the reaction, the solution
was not stirred. The amount of the ethanol remaining
in the reactor and quantity of the generated acetalde-
hyde were determined chromatographically. The con-
centration of ethanol and acetaldehyde was measured
by Chrome-5 chromatograph with flame ionization
detector (column filled by SEPARON-SDAO8 and
carrier gas argon).
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Fig. 1 Thermogravimetric (DTA-TG) measurements for metatitanic
acid (a), thiourea (b), and a mixture of thiourea and metatitanic
acid ()
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Results and Discussion

Synthesis and Structural Characterization

The processes taking place during the synthesis of SC-
codoped TiO, nanoparticles were characterized by
means of thermogravimetry, where the thermal behavior
of the individual reaction components (thiourea and
metatitanic acid) and their mixture was analyzed.

According to the DTA (Fig. la), the thermolysis of
metatitanic acid can be divided into three stages. The
first step (100—205 °C), accompanied by an endothermic
effect at 175 °C, corresponds to the dehydration of meta-
titanic acid. The second most time-consuming step is
the crystallization of anatase, which takes place in the
temperature range 205-815 °C. Finally, phase transform-
ation in a rutile polymorph modification occurs at tem-
peratures above 815 °C (third step). The total weight
loss in the temperature range 0-500 °C is 9.4 wt.%.

The DTA data for the thermal behavior of thiourea are
limited. The results of thermolysis of thiourea can be de-
scribed using the reference data [40]. According to the lat-
est, thiourea is melting at a temperature of 182 °C without
loss of mass, accompanied by endothermic effect. Above
this temperature, it decomposes forming NH3, H,S, CS,,
and other gaseous products with significant weight loss.
The endothermic effect related to thiourea melting was
confirmed by the DTA measurements (Fig. 1b). The ther-
mal analysis of thiourea shows further exothermic

Table 1 TiO, crystal lattice parameters assessed by Rietveld
refinement method

Sample Lattice parameters

a A ¢ A c/a v, A
Pure TiO, 3.786 9.505 25105 136.25
Sample 1 3.785 9.527 25167 136.52
Sample 2 3.783 9.513 25145 136.17
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Fig. 3 Raman spectra of non-doped TiO, (blue) and SC-doped TiO,
powders (sample 1 red, sample 2 green)

350

reaction above 275 °C caused by the decomposition of the
compound and the process is accompanied by evolution
of the above mentioned gaseous products. Finally, at tem-
peratures higher than 450 °C, an exothermic process re-
lated to thermal oxidation of organic residues, including
sulfur, which is evidently formed by decomposition of
thiourea (b.p. sulfur = 444.6 °C) can be observed. Figure 1c
shows the DTA curve of a mixture between metatitanic
acid and thiourea. Based on the above described analysis
of thermolysis of metatitanic acid and thiourea, the ther-
mal decomposition of their mixture can be interpreted as
follows:

(i) Endothermal process with a maximum at 135 °C
related to a dehydration metatitanic acid;

(ii)Endothermal effects with a maximum at 175 and
195 °C connected to the melting of thiourea;

(iii) Exothermal process at 240 °C linked to crystallization
of anatase within presence of thiourea and
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simultaneous thermal degradation to the above
described gaseous products;

(iv) Exothermal processes with a maximum at 315 and
415 °C showing the thermal oxidation of the organic
residues, sulfur, and continued crystallization of
anatase.

X-ray phase analysis of the mixture between metatita-
nic acid and thiourea, annealed at 315 °C at a heating
rate of 10 °C/min, displays the anatase crystallization,
confirming our statements.

Based on the literature data [41, 42] and DTA results
for the mixture of thiourea and metatitanic acid (Fig. 1c),
it can be concluded that the loss of weight on heating is
completed at a temperature of 415 °C, in contrast to
weight loss during individual thiourea thermolysis,
which lasts up to 500 °C and beyond. Obviously, in this
case, the formed elemental sulfur oxidizes slowly; and in
the case of the mixture, sulfur interacts with anatase.
Thus, it was determined that the optimum temperature
for the sintering of samples is 500 °C which is the
temperature of completion of the process with an exo-
thermic maximum at 415 °C.

The phase composition, obtained after thermal
treatment of the material, was analyzed by XRD. The
XRD patterns of doped SC-TiO, nanoparticles are
presented in Fig. 2.

Table 1 shows the values of the cell unit parameters
for powders of pure TiO, and TiO,, doped by sulfur and
carbon, refined by the Rietveld method [43]. X-ray ana-
lysis for both samples displayed the existence of only
one crystalline phase—the tetragonal modification of
TiO,—anatase. Nevertheless, a slight ¢ lattice parameter
and volume increase due to incorporation of additional
elements have been observed for the doped samples.

The obtained Raman spectroscopy results confirmed
the anatase crystal structure of doped TiO, nanoparticles.

Absorbance

" m
0

3500 3000 2500

-1
Wavenumbers, cm

Fig. 4 Infrared spectroscopy of TiO, materials. Sample 1 red, sample 2 green, non-doped TiO, black
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Fig. 5 X-ray S2p, C1s, Ti2ps,,, and O1s core level photoelectron spectra for SC-TiO, material

Figure 3 shows Raman spectra of pure TiO, and TiO,
doped by sulfur.

Spectra of sample I and sample II SC-doped TiO,
powders are similar with main lines at 638, 516, 396,
and 145 cm™', which confirm the structure of anatase.
The Raman lines can be assigned as the Eg, Ay, By, and
Eg modes of the anatase phase, respectively [44]. The
most informative is E, band at 145 cm™" arising from
the external vibration of the anatase structure. If the line
becomes weak or broad, there occur probably the local
lattice imperfections [45].

The chemical structure of the synthesized materials
has been further analyzed by IR spectroscopy (Fig. 4).
Powder IR spectra allowed selecting six main absorption
bands at 3700-3500, 2350-2000, 1650-1000, 1470-
1180, 11801030, and 750-400 cm ™.

In the IR spectrum of the samples, the absorption
band at 3700-3500 cm™' is due to vibrations of OH
bonds on the surface of TiO,. It can be seen that the ab-
sorption has a low intensity, due to a small amount of
OH groups as a result of relatively high annealing tem-
peratures [46]. The bands observed in the region at
2350-2000 and 1650—-1500 cm™" are related to a pres-
ence of adsorbed carbon monoxide [47]. The absorption
at 1700-1000 cm ™ is characterized with vibrations in
the surface-linked carboxyl compounds. The observed
oscillations at 1560 and 1350-1420 cm™* allowed us to
attribute the resulting carbonate-carboxylate group to
the bidentate carbonate [47-49]. Absorption band at
2200-2000 cm ™! relates to vibrations of the C=0O bonds
in complexes that are decomposed at 150 °C. Such form
occurs only due to adsorption interaction of carbon
(II) oxide at 20 °C with the surface of TiO,. The os-
cillation maxima at 2347, 2064, and 2215 cm™' are
related to CO adsorption, showing that the sample
substantially adsorbs CO.

Table 2 Quantitative elemental analysis of TiO, samples

The band at 1470-1000 cm™', visible only for the
doped TiO, samples, characterizes sulfur-containing
functional groups. In particular, according to [48], the
absorption at 900-700 cm ™ is associated with the vibra-
tions of v S—O. Furthermore, the presence of additional
band in the range 1100-1040 cm ' is linked to v S=O
vibrations and 14001310 cm ™ and 1230-1120 cm™ to
v SO, vibrations. In the particular case of SC-TiO,, the
presence of absorption with maximums at 1379, 1348,
and 1113 ¢cm™! can be attributed to variation of v SO,
oscillations, characteristic for a sulfate group. The weak
absorption peaks at 1260-1150, 1080-1010, and 700-—
600 cm™" are representative for SO,OH group.

Vibrational frequency of v O—O bonds in O~ ions can
be identified in the range 1180-1060 cm™ [47]. As it
can be seen from the figure, the peaks at 1113 and
1024 cm™" are slightly shifted to lower frequencies but
obviously are responsible for the vibrations of v O-0.
Actually, the existence of such bonds suggests activity of
the synthesized powders towards photocatalytic oxida-
tion processes.

Finally, the absorption at 750-400 cm™" can be attrib-
uted to oscillations of the atoms in Ti—O and Ti—O-Ti
bonds. In particular, the disappearance of the absorption
band (750-550 cm™) is due to the breaking of surface
Ti—O bonds during high-temperature treatment [50].

In order to characterize the chemical composition of
the TiO, structure and to determine the elemental oxi-
dation states, the material was analyzed by means of
XPS. X-ray core level photoelectron spectra for Cls,
Ols, S2p, and Ti2p3/, are presented in Fig. 5.

The analysis showed identical features for both
types of doped SC-TiO, samples. The results display
big amount (about 30 %) of carbon, where three sig-
nal components at binding energies of 285.0, 287.0,
and 289.0 eV are observed. The main maximum at

Location C % at. O, % at. Ti, % at. S, % at.
Surface (XPS) 303 50.0 16.8 28
C-H~90 % E,=4588¢eV E,=1688¢eV
C-0~10% Ti* ~100 % S5~ 100 %
Volume (EDX) 238 40.16 57.02 045
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Fig. 6 SEM imaging of the synthesized SC-TiO, nanoparticles

285.0 eV is attributed to elemental disordered carbon.
However, multiple carbon sources, including adventi-
tious carbon (in vacuo or external post-synthesis con-
tamination) and chemical doping during synthesis
theoretically can be the origin of its presence. Typic-
ally, the in vacuo contamination rates are very low
compared with the detected carbon amount in our
work. In most of the cases, adventitious carbon is in
form of up to a nanometer thin island-type deposit,
which thickness is far below the penetration depth of
XPS source. Therefore, the detected high amount of
surface carbon originates probably not from in vacuo
contamination. Furthermore, the powder samples for
XPS measurements are coated on a carbon tape at-
tached to the sample holder, where a complete cover-
age of the substrate was achieved in order to exclude
eventual signal from the carbon tape. On the other
hand after annealing at high temperature in oxygen-
containing atmosphere (for our experimental condi-
tions 1 h at 500 °C in air), the existence of high
amount of elemental carbon is less probable, suggest-
ing that the high-intensity peak at 285 eV can be a
result from external post-synthesis (not in vacuo)
contamination.

The shoulder at 287.0 and the maximum at 289.0 eV are
attributed to C-O and C=O bonds, where carbon can
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substitute lattice Ti atoms forming a Ti—-O-C structure
[51]. C=0 groups are usually adsorbed on the surface,
terminating the carbon interface or adsorbed on TiO.,.
Furthermore, the results from the infrared spectroscopy
correlate well with XPS analysis confirming the presence
of carbon-oxygen groups on the SC-TiO, surface.

Oxygen is involved in the form of oxides (Eb=
530.6 eV), carbon-containing and OH groups adsorbed
on the surface (shoulder at 532 eV). The binding energy
of titanium (459.0 £ 0.3 eV) and sulfur (169.0 +£ 0.3 eV)
core shell for SC-TiO, powders corresponds to estab-
lished data for TiO, and MeSO, compounds, respect-
ively. In particular, sulfur is found exclusively in the
oxidation state +6.

In order to characterize the spatial distribution of
the doping elements, XPS data were compared with
EDX analysis, providing the elemental composition
from powder volume. Information about the surface
and volume elemental quantities in SC-TiO, material
is summarized in Table 2. It can be seen that sulfur
and carbon are concentrated predominantly in the
upper (periphery) layer of the nanoparticle. The quan-
tification of the chemical elements detected by XPS
analysis displays 2.8 % sulfur and 30.3 % carbon on
the TiO, nanoparticle surface, while the concentration
of both elements drops to 0.45 % for S and 2.38 %
for C detected in the powder volume. The spectra
and detailed analytical results from EDX analysis can
be seen in Additional file 1.

Surface morphology of the synthesized TiO, powder
was characterized by SEM and TEM. SEM imaging
showed micrometer-sized randomly distributed crystal
aggregates, in the range of 5-15 pm (Fig. 6). The
high magnification imaging revealed that the observed
crystal aggregates consists of many 15-40-nm TiO,
nanoparticles.

The obtained results by TEM particle morphologies
are shown in Fig. 7. The size of pure TiO, particles is
under 200 nm. The particles in SC-TiO, samples are
about 10 times smaller. For the doped material, the
range of separate nanoparticle size is from 10 to 30 nm,
wherein an average size of particles for sample 1 is about
20 nm and for sample 2 is 15 nm.

Fig. 7 TEM imaging of SC-TiO, nanopowder samples. TiO, (a), sample 2 (b), sample 1 (c)
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Table 3 The zeta potential, electrophoretic mobility, and dynamic light scattering analysis (hydrodynamic diameter and polydispersity)

for non-doped TiO, and SC-TiO, powders

Sample Zeta potential (mV) Electrophoretic mobility (umcm/Vs) Particle size (nm) Polydispersity index
Pure TiO, —43.5 mV +0.7 -3.18 41 024
Sample 1 —242 mV +£1.0 =175 683 042
Sample 2 —250 mV +0.5 -167 660 046

Particle size and its distribution were assessed also by
a laser dynamic light scattering (DLS) and the results
complemented by Zeta-potential measurements are
present in Table 3. The DLS particle size showed much
larger dimensions in comparison to the obtained by
microscopic methods. This suggests that nanoparticles,
especially after doping by sulfur have a tendency to
interact and to form bigger aggregates, which are not
detected like separate nanoparticles but as aggregates.
This effect was observed also on SEM images at low
magnification (Fig. 6).

The zeta potentials of all TiO, samples, summarized
in Table 3, showed negative values. The values of zeta
potential for SC-doped TiO, samples are about -25 mV
which closely resemble the threshold value, indicating
moderate stability of tested materials and low interaction
affinity. Completely stable suspensions are considered,
those with particles less than —30 or higher than 30-mV
zeta potential. This condition is met by pure TiO, and it
is consistent with literature data [52].

Figure 8 shows UV-vis absorption spectra of TiO,
and SC-doped TiO, samples. The maximum of ab-
sorbance for non-doped TiO, was observed at
around 350 nm, with the absorption edge around
400 nm. The edge defined by extrapolation the curve
steep slope was about 415 nm. The SC-TiO, samples
showed broader absorption bands than non-doped
TiO, and marked shift of the absorption edge to a
longer wavelengths. Both types of doped nanoparticle

samples have similar absorption spectra in the UV
and visible region. However, in case of sample 2, the
intensity difference between the absorption band and
the background was less than in the case of sample
1. The absorption edge for SC-doped nanoparticles
is localized around 485 and 475 nm for sample 1
and sample 2, respectively (without the curve ex-
trapolation). The observed absorption band broaden-
ing and the spectral shift to the visible region are
signs for improvement of the photocatalytic proper-
ties of SC-TiO, nanoparticles compared to standard
TiO,. This suggests that the material is still catalyt-
ically active in UV region and additionally in some
part of the visible spectrum [53].

EPR spectra of the powder samples, measured in dark
and under illumination with blue (460 nm) and green
(525 nm) diodes (0.01 W/cm?), are shown in Fig. 9.

It can be seen that the spectrum displays only one nar-
row line with the g-factor of 2.004 + -0.001. The ampli-
tude of the line does not depend on the illumination in
this spectral range. The line with g-factor 2.004 is associ-
ated with a single-electron-trapped oxygen vacancy [54].
Therefore, sensitization process of the nanopowders
doped by sulfur and carbon is a result of the formation
of additional oxygen vacancies in TiO, structure.

Photocatalytic Properties of SC-doped TiO, Samples
Photocatalytic activity of the SC-doped TiO, nanopow-
ders was tested for the discoloration of solutions
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Fig. 8 UV-vis absorption spectra of TiO, and SC-doped TiO, samples
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Fig. 9 Electron paramagnetic resonance of the SC-TiO, measured in
the dark (black), under illumination by blue diode (blue) and under
illumination by green diode (green)

310

containing rhodamine B and methylene blue. The sam-
ples were further applied for photocatalytic generation
of hydrogen in the visible light wavelength.

The photochemical degradation of rhodamine B was
conducted in the presence of hydrogen peroxide. In order
to determine the optimal concentration of hydrogen per-
oxide for the photocatalytic degradation reaction, the
aqueous solutions of PVA, containing different H,O,
amounts (2, 4, 6, and 8 wt.%), were used for the prepar-
ation of the photocatalytic coatings. Next, rhodamine B
solution was transferred in the cuvette with gel-like
coating. Measurements of the sample absorption were
performed at different activation intervals (Fig. 10a). The
obtained results showed a significant impact of the H,O,
concentration on the photodegradation rate. The most
efficient degradation of rhodamine B (¢ = 10 min) was ob-
served for the sample containing 6 % hydrogen peroxide.
To visualize the completion of photocatalytic decompos-
ition reaction of rhodamine B, optical imaging of the
solution discoloration is presented as insets in Fig. 10.
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Keeping constant the optimal concentration of hydro-
gen peroxide (6 wt.%), the gels with different content of
SC-TiO, (2, 8, 14, and 20 wt.%) were prepared to deter-
mine the effect of its amount on the photocatalytic activ-
ity of the coating. Methylene blue was poured in the
cuvette with gel-like coating and the measurement of
the sample absorption was carried out similar to the pre-
vious one (Fig. 10a). The kinetic dependences (Fig. 10b)
show that 10 times increase of SC-TiO, amount in the
gel results in reduction of the decomposition duration of
methylene blue already by about 6 times. Similarly, im-
ages of the solution before and after the discoloration
are inserted in Fig. 10b.

The obtained results show that the nanosized SC-
TiO,, introduced in gel-like matrix, has high photocata-
lytic activity for the degradation of organic dyes. This
effect can be explained, by the sulfur-carbon doping of
the TiO, particles, providing extension of the light
absorption to the visible range of the spectrum. Add-
itionally, the use of SC-TiO, with H,O, makes possible
to enhance the generation of OH radicals, which facili-
tates the kinetics of organic pollutants oxidation.

The SC-TiO, material was further tested for the reac-
tions of gas-phase oxidation of ethanol under visible
light and photocatalytic hydrogen generation from etha-
nol under ultraviolet light. The results summarized in
Table 4 show that quantum vyield of hydrogen generated
during UV light irradiation of the synthesized SC-TiO,
samples is similar to the known reference samples [4]
and commercial TiO, Degussa P25 [5]. It should be
noted that during irradiation of the SC-TiO, samples
with visible light, emission of molecular hydrogen was
not observed.

It was established that SC-TiO, samples synthesized by
both methods are active in the photocatalytic oxidation of
ethanol under visible light (sample 1 (C,HsOH) = 3.5 x
10~® mol/min, sample 2 (C,H;OH) = 2.3 x 10~® mol/min).

The kinetic curves of gas-phase photocatalytic oxida-
tion of ethanol by using sample 1 and sample 2 are
presented on Fig. 11.
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Table 4 Characteristics of TiO, samples

Sample S, mz/g y (H)?, UV V (C2H5OH)b, *10” mol/min, UV
Sample 1 523 0.15 14

Sample 2 557 0.20 35

TiO, [4] 141.0 0.20 -

Degussa P25 [5]  50.0 0.21 2.7

?Quantum efficiency of molecular hydrogen
bGas-phase oxidation rate of ethanol

The results indicate that the ethanol oxidation kin-
etic depends strongly on the method for synthesis. In
the case of sol-gel-synthesized sample (sample 2), the
ethanol concentration rapidly drops in 15 min, which
allows detecting the maximum of acetaldehyde gener-
ation at the moment of almost complete dissociation
of ethanol. In contrast, ethanol oxidation catalyzed by
TiO, synthesized by solid-state method (sample 1) is
characterized by lower reaction rate, where the
complete conversion of ethanol is achieved for more
than 25 min and no maximum of acetaldehyde con-
centration is observed. The differences in the catalytic
activities of the samples can be explained by the par-
ticular surface chemistry and defect density achieved
by both synthetic methods. In general, SC-TiO, materials
display good photocatalytic activity for the gas-phase
ethanol oxidation, which makes them appropriate for
air decontamination.

Conclusions

Sulfur and carbon TiO, codoping was accomplished by
the interaction between thiourea and metatitanic acid.
The nanopowder material was characterized by a num-
ber of physical methods.

35-

D’)
304 Sample 2

—1—ethanol
——acetaldehyde

25

20+

15+

Concentration 106, mole/l

Fig. 11 Kinetics of gas-phase oxidation of ethanol
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The synthesis of the SC-TiO, was studied by means
of DTA-TG, which allowed determining the optimal
temperature conditions of 500 °C for the synthesis and
thermal post-treatment of the samples. Electron micros-
copy showed micrometer-sized (5-15 pm) randomly dis-
tributed crystal aggregates, consisting of many 15-40-nm
TiO, nanoparticles.

All types of TiO, materials are crystallized in the
anatase tetragonal phase. The incorporation of dop-
ing elements into the anatase crystal lattice was
evidenced by XRD. It was confirmed that carbon is
present in elemental form and also exists in carbon-
oxygen compounds. The binding energy of titanium
and sulfur core shells for SC-TiO, powders corre-
sponds to established data for TiO, and MeSO,
compounds, respectively. XPS analysis revealed that
sulfur is exclusively in 6+ oxidation state. Compari-
son of XPS and EDX data suggests that the doping
elements are concentrated predominantly at the
particle surface.

The EPR analysis revealed that the sensitization
process of the nanopowders doped by sulfur and carbon
is a result of the formation of additional oxygen vacan-
cies into TiO, structure, which are essential for the
photocatalytic activity of the material.

The synthesized SC-TiO, nanopowder can be applied
in the processes of photocatalytic organic dyes degrad-
ation, gas-phase oxidation of water-alcohol mixtures,
and hydrogen generation from ethanol, where the mater-
ial exhibits high photocatalytic activity.

Additional File

Additional file 1: EDX spectrum and analytical results for elemental
composition of samples 1 and 2. Figure S1. EDX spectrum and analytical
results for elemental composition of Sample 1. Figure S2. EDX
spectrum and analytical results for elemental composition of Sample 2.
(DOCX 32 kb)
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