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ARTICLE INFO ABSTRACT

Keywords: The objective of this research was to investigate how the photocatalytic activity of pure TiO2 can be improved by
Sn0Oy-modified TiO, SnO, modification. Different molar ratios of tin to titanium were prepared. The correlation between tin con-
Photocatalytic activity centration and structural properties was investigated to explain the mechanism of photocatalytic efficiency and
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Thin films
XAS analysis

to optimize the synthesis conditions to obtain enhanced activity of the SnO-modified TiO2 photocatalysts under
UV-irradiation. The SnOz-modified TiO2 photocatalysts were prepared by a low-temperature sol-gel method
based on organic tin and titanium precursors. The precursors underwent sol-gel reactions separately to form
Sn0,-TiO; sol. The sol-gels were deposited on a glass substrate by a dip-coating technique and dried at 150 °C to
obtain the photocatalysts in the form of a thin film. To test the thermal stability of the material, an additional set
of photocatalysts was prepared by calcining the dried samples in air at 500 °C. The photocatalytic activity of the
samples was determined by measuring the degradation rate of an azo dye. An increase of up to 30% in the
photocatalytic activity of the air-dried samples was obtained when the TiO2 was modified with the SnOz in a
concentration range of 0.1-1 mol.%. At higher SnO; loadings, the photocatalytic activity of the photocatalyst
was reduced compared to the unmodified TiO,. The calcined samples showed an overall reduced photocatalytic
activity compared to the air-dried samples. Various characterization techniques (UV-Vis, XRD, Na-physisorption,
TEM, EDX, SEM, XAS and photoelectrochemical characterization) were used to explain the mechanism for the
enhanced and hindered photocatalytic performances of the SnOy-modified TiO, photocatalysts. The results
showed that the nanocrystalline cassiterite SnO; is attached to the TiOz nanocrystallites through the Sn-O-Ti
bonds. In this way, the coupling of two semiconductors, SnO, and TiO3, was demonstrated. Compared to
single-phase photocatalysts, the coupling of semiconductors has a beneficial effect on the separation of charge
carriers, which prolongs their lifetime for accessibility to participate in the redox reactions. The maximum in-
crease in activity of the thin films was achieved in the low concentration range (0.1-1 mol.%), which means that
an optimal ratio and contact of the two phases is achieved for the given physical parameters such as particle size,
shape and specific surface area of the catalyst.

1. Introduction this respect, TiO has particular electronic structure as it allows simul-
taneously the oxidation of hydrogen and the reduction of oxygen. TiO; is

In photocatalysis, the positions of the energy levels of the band gap of the most widely used among the other semiconductors. Besides, TiO,

a semiconductor determine the chemical potentials of the photo- also has other advantageous physiochemical properties such as avail-
generated electrons and holes to participate in redox reactions [1]. In ability, low cost, biocompatibility, chemical stability and corrosion
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resistance [2]. For these reasons, titanium dioxide is used in numerous
applications: water purification, degradation of air pollutants, removal
of pesticide residues, self-cleaning coatings, dye-sensitized solar cells,
water splitting, etc. However, there is a continuous search for novel,
more efficient photocatalysts with improved beneficial properties or
avoiding their weaknesses.

One of the drawbacks of TiO, photocatalyst is high electron-hole
recombination rate [3,4] and coupling with other semiconductors is
one of the strategies to improve its efficiency. It has been shown that a
mixture of anatase and a small percentage of rutile phase improves the
photoefficiency compared to anatase phase alone, although it is
considered the most efficient among TiO5 phases [2]. This approach is
successfully applied in the benchmark TiO, photocatalyst Degussa P25
(Evonik) [5,6]. Since cations of some elements, such as Sn, promote the
conversion of anatase to rutile at much lower temperatures compared to
undoped TiOz [7], these cations can be used as promoters to induce an
anatase/rutile coupled system with enhanced photoactivity [8].

When low concentrations of Sn are used to modify TiO,, the con-
version of anatase to rutile is the energetically preferred situation
[8-12]. At higher Sn contents (above 10 mol.%), the surface segregation
of SnOy clusters has often been observed [8,11]. Tin in the form of oxide,
SnO,, has been successfully used in coupled systems with TiO, in spite
its wide band gap (3.8 eV) [13-16]. In both cases, either by doping TiO,
with Sn ions or by forming a composite with SnO,, a coupled system of
two semiconductors with enhanced photoactivity is formed.

Two semiconductors with different band gaps enhance the photo-
generated charge carrier separation as long as the relative energies of
the bands and the contact between the components are sufficient [2]. In
this way, electrons migrate from the higher energy conduction band to
the lower energy one, while holes migrate from the lower valence band
to the higher energy one. The physical separation of the charges reduces
the recombination rate and thus improves the photocatalytic perfor-
mance by increasing the lifetime of the charge carriers. In the case of
TiO5/Sn0, diphase system, the relative energy position of the bands and
the process of charge carrier separation is schematically depicted in
Fig. 1.

In addition to the width of the band gap and its position relative to
the energy levels of various redox potentials, there are other factors,
such as crystallite size, morphology and surface area, that characterize
an efficient photocatalyst [2]. And for any composite system, an opti-
mum ratio of two phases is expected to achieve maximum photocatalytic
performance. However, this ratio strongly depends on the extent of
contact between the different phases and thus on the preparation
method. For this purpose, an optimal ratio between the two phases has
to be determined to obtain sufficient bonding of two semiconductors.

In most reported synthesis methods, inorganic salts SnCl, or SnCly
are used as Sn source [13-17] which requires high temperatures to
remove chlorine ions from the solution. Very rarely, Sn alkoxides are
used as the starting material [18-20]. In this study, we used organic Ti-
and Sn-tetraisopropoxide and a sol-gel synthesis route to prepare
high-purity materials at low temperatures. Low-temperature treatment
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Fig. 1. Relative energy position of the bands and the process of charge sepa-
ration in the TiO5/SnO, system.
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of the films was used to make the coatings potentially even more
applicable, for example, on the inbuilt surfaces or on substrates that are
thermosensitive.

In our previous work [8], we have improved the photocatalytic
properties of TiOy by incorporating Sn cations into the TiO, crystal
structure of titania nanoparticles. In this work, we report about a
TiO2-SnO; coupled system of two semiconductors with enhanced pho-
toactivity. We achieved the formation of a mixed system by a sol-gel
synthesis route in which the Ti and Sn precursors underwent the
condensation and hydrolysis processes separately. The sols were addi-
tionally mixed together and then deposited on the glass substrates by a
dip-coating technique to obtain thin films. After drying (at 150 °C), the
films show an improved photoactivity compared to unmodified TiOo,
implying that the active phases are already achieved during the for-
mation of the sols. To the best of our knowledge, this is the first report of
evidence for the coupling of two semiconductors, SnO3 and TiO,, at the
atomic level at the low temperature synthesis conditions with boosted
photocatalytic activity of transparent thin films. We found that in the
low concentration range of SnO, (below 1 mol.%), an optimal ratio
between titania and cassiterite phases is obtained, which facilitates
charge separation and enhances the photocatalytic efficiency of SnO,--
modified titania films compared to unmodified one.

2. Materials and methods
2.1. Preparation of photocatalysts

Adapting our previously proposed synthesis route [8], we have
separately prepared unmodified TiO, and SnO; sol by using titanium(IV)
isopropoxide (TiTIP, 97%, from Aldrich) as a source of titanium and tin
(IV) isopropoxide (SnTIP, 10 wt%, from Alfa Aesar) as a source of tin.
The selected precursors were stirred with ethanol absolute (from Carlo
Erba) in equal molar ratios. Acidic water, 0.25 M HNOs, was prepared
separately (from concentrated nitric acid (70%, from Acros Organics)
and double deionized water by a NANOpure system, Barnstead) in the
amount of 100-time molar excess to metal and added to metal alkoxide
solution dropwise under vigorous stirring to disperse the hydrolysed
drops homogeneously. The hydrolysis of metal alkoxides resulted in the
formation of amorphous white precipitates. After refluxing for 48 h at
85 °C, a stable milky white (in the case of TiO5) or yellowish (in the case
of Sn0y) sols were obtained. In the next step, both TiO3 and SnO; sols
were stirred together for 1 h at ambient temperatures in different Sn: Ti
ratios, marked as xSnO»-TiO,, where x denotes the relative amount of Sn
in mol.%. Five different SnO, concentrations were selected (0.05; 0.1;
0.5; 1 and 10 mol.%).

Unmodified and SnO,-modified titania thin films (thickness of about
150 nm) were deposited on both sides of microscopic glass slides (LLG
Labware, 70 mm x 12.5 mm x 1 mm) by a dip-coating method. The
substrate was dipped into the sol at room temperature and withdrawn at
the speed of 10 cm/min. The coated films were dried at room temper-
ature and then heated at 150 °C for 2 h. In addition, another set of
coatings were prepared by further calcination at 500 °C in air for 2 h. All
films obtained in this work are transparent over the whole visible
spectral range, as demonstrated by UV-vis transmittance spectra (Fig. S1
in Supplementary Materials), and uniform (SEM image in Fig. S2a in
Supplementary Materials). The thickness of a single layer is 110-150 nm
(SEM image in Fig. S2b in Supplementary Materials).

The sample powders of the photocatalysts were prepared by
scratching off the films from the glass substrates, followed by grinding in
a mortar.

2.2. Characterization methods
The photocatalytic efficiency of the thin films was determined by

measuring the degradation rate of azo dye plasmocorinth B (PB, 60%
from Sigma Aldrich, initial concentration of 12 mg/1). The experiment
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was performed in a home-made photoreactor [21] with six UV-lamps
(Blacklight Blue, 36 W/m?) placed around the central cell. The cell
consisted of eight glass slides covered with one layer of photocatalyst on
both sides of the glass (total film-liquid surface area of 96 cm?). The PB
solution was purged with oxygen (flow rate of 100 ml/min) to addi-
tionally enhance oxidative mineralization of the dye. Dye concentration
decrease upon UV-irradiation time was determined spectrophotometri-
cally (Agilent Cary 60 UV-vis Spectrophotometer, > = 400-800 nm) by
monitoring the dye absorbance maximum (Apax ~ 527 nm), converted
to concentration using Beer-Lambert law [22], A = ¢+1-c, where A is the
absorbance of the PB solution at 527 nm excitation at different illumi-
nation times, c¢ is the molar concentration of PB at different illumination
times, ¢ is the molar absorptivity coefficient (36,126 1 mol™! em ™" for
PB) and [ is the optical path length. Dye discoloration is a degradation
process [23], described as first-order reaction kinetics [21], ¢/co = e'k“,
where k; is a first-order rate constant and used for the numerical eval-
uation of photoefficiencies of the catalysts. At the initial times the dye
degradation can be approximated by linear function (c/cp ~ 1 - kj -t).
For all the samples, unmodified and SnO,-modified photocatalysts, the
effect of dye adsorption process was separated from the effect of pho-
tocatalytic degradation of the dye by starting the UV-illumination of the
cell after there was no decrease of dye concentration in the dark
detectable (approximately after 30 min). A prolonged measurement was
carried out in the dark conditions on the unmodified TiO5 photocatalysts
dried at 150 °C to prove that there is no decrease of PB dye concentra-
tion over irradiation time due to adsorption. The result is presented in
Fig. 3a as grey squares. Moreover, the degradation of PB itself under UV
can be excluded [24].

As a reference, the photoactivity of the commercially available SGG
Bioclean® glass was measured in the same reactor and under the same
conditions with the same geometric area exposed to UV irradiation. The
photodegradation rate constant k; was determined and compared with
the unmodified TiO, sample dried at 150 °C. The result is shown in the
histogram in Fig. 3b and in Table S3 (in Supplementary Materials).

For comparison, the photoactivity of the unmodified TiO, sample
dried at 150 °C in simulated waste water was also measured (detailed
composition is described in Supplementary Materials in Table S4). The
photodegradation rate constant k; was determined and compared with
the k; constant obtained from the experiments with the azo-dye dis-
solved in deionized water. The result is shown in Table S3 (in Supple-
mentary Materials).

The repeatability of the photocatalytic experiment (further infor-
mation in the Supplementary Materials in Section 2.1) was tested by
repeating the entire experiment under the same conditions. For this
purpose, three sets of unmodified TiO2 photocatalysts dried at 150 °C
were prepared in the form of thin films and stored in the dark. The
constant rates k; in the photodegradation experiments can be deter-
mined with a relative accuracy of 1%.

The reusability of the photocatalysts (further information in Sup-
plementary Materials in Section 2.2) was tested by repeating the pho-
tocatalytic experiment three times with the same set of photocatalyst
(Sn-modified TiO5 with 0.5 mol.% Sn, dried at 150 °C). Between the
repetition, the glass slides coated with the photocatalyst were washed
with deionized water and placed in the UV-chamber for 5 h to clean up
any possible residue products adsorbed on the surface from previous
photodegradation experiments. The photodegradation rates of the
reused samples differ within 5%, indicating that the adhesion of the
films, although heated only to 150 °C, is good enough to be reused.

The crystalline structure of the photocatalyst powders was analysed
by X-ray diffraction (XRD) patterns taken with Rigaku Mini Flex 600
powder diffractometer in reflection mode using Cu Ka irradiation. The
quantitative phase composition analysis and evaluation of the lattice
parameters were performed by Rietveld refinement method using
PANalytical X'Pert High Score Plus software [25]. The crystallite size
was determined by the Scherrer formula [26]: d = 0.91/(f cosf), where
d is the crystallite size in nm, 1 is the wavelength of X-ray in A
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(1.5418 A), p is the full width of diffraction peaks at half maxima
(FWHM) in radians, and 6 is the Bragg angle. Diffraction peaks of the
(101) anatase, (121) brookite and (110) rutile for titania and (110) for
cassiterite SnO2 were used to evaluate the crystallite size. JCPDS data-
bases 96-900-9087 for anatase, 96-900-4139 for brookite, 96-900-4145
for rutile TiO5 and 96-210-4755 for cassiterite SnO5 were used for the
peaks identification.

The BET specific surface area of the photocatalyst samples in powder
form was evaluated from Ny sorption isotherms obtained at 77 K using a
Tristar 3000 Micromeritics volumetric adsorption analyser. The BET
specific surface area was calculated from adsorption data in a relative
pressure range from 0.01 to 0.95 [27]. The pore size distributions were
calculated from  nitrogen  adsorption data  using the
Barrett-Joyner-Halenda method [28].

The electron microscopy analysis was performed by field-emission
transmission electron microscope (JEM-2100F, JEOL) operated at
200 kV. The microscope is equipped with a scanning transmission
electron microscopy (STEM) unit and a detector for energy-dispersive X-
ray (EDX) mapping and spectroscopy (X-MAX80T, Oxford). The samples
were prepared by immersing a Lacey-carbon TEM grid in a water sus-
pension of photocatalyst powders and air-dried at room temperature.
The images were analysed using ImageJ 1.52a software [29].

The morphology and thickness of thin films was examined using a
field emission scanning electron microscope (Ultra Plus Zeiss), using a
primary electron voltage of 20.0 keV. Selected sample photocatalysts
were deposited on a silicon wafer in one layer by dip-coating at the
speed of 10 cm/min and dried at 150 °C for 2 h.

The local atomic structure around Sn cations in the SnOy-modified
titania and reference SnO, photocatalysts was analysed by X-ray ab-
sorption spectroscopy. Sn K-edge EXAFS (Extended X-ray Absorption
Fine Structure) spectra of the samples were recorded at room tempera-
ture in the transmission detection mode at the P65 beamline of PETRA
III, DESY, Hamburg, Germany. The powders of SnOy-modified titania
photocatalyst and crystalline SnO, reference sample (Sigma Aldrich)
were prepared as self-supporting homogenous pellets with total ab-
sorption thickness (ud) about 2 above the Sn K-edge. A Si (311) crystal
monochromator was used with energy resolution of about 3 eV at the Sn
K-edge (29,200 eV). Higher-order harmonics were removed by a flat Pt
coated mirror placed in front of the monochromator. The intensity of the
monochromatic X-ray beam was measured by three consecutive ioni-
zation detectors (5 cm long ionisation chambers; the first filled with
400 mbar Kr and 600 mbar N», the second and the third with 1000 mbar
Kr). The samples were mounted on the sample holder placed between
the first and second ionization detector. The absorption spectra were
measured in the energy region from —150 eV to +1000 eV relative to
the Sn K-edge. In the edge region equidistant energy steps of 0.25 eV
were used, while in the EXAFS region equidistant k steps of 0.03 A~
were collected. Up to three repetitions of the scans with integration time
of 0.2 s/step were superimposed to improve signal-to-noise ratio. The
exact energy calibration was established with simultaneous absorption
measurement on a 20-micron thick Sn metal foil placed between the
second and the third ionization chamber. Absolute energy reproduc-
ibility of the measured spectra was +0.03 eV. The quantitative analyses
of EXAFS spectra were performed with the IFEFFIT program package
[30]. Structural parameters of the EXAFS spectra were quantitatively
resolved by comparing the measured signal with the model, constructed
with the FEFF6 program code [31], in which the photoelectron scat-
tering paths are calculated ab initio from a tentative spatial distribution
of neighbour atoms.

Photoelectrochemical measurements were carried out as previously
described in [32] using a Metrohm Autolab PGSTAT302N Potentiostat
in a standard three-electrode cell with the sample deposited on fluorine
doped tin oxide (FTO) as the working electrode, platinum electrode as
the counter electrode, and Ag/AgCl electrode as the reference electrode.
The electrolyte solution was 0.5 M NaySO4. Photocurrent transients
were recorded at a potential of 0.6V vs Ag/AgCl electrode.
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Electrochemical impedance spectroscopy (EIS) was performed in dark
and under UV-vis illumination in the frequency range of 0.1 Hz-10 kHz
with an applied potential of 0.6 V vs Ag/AgCl electrode. Mott-Schottky
experiments were conducted with a potential step of 50 mV at a constant
frequency of 10 kHz. A 50 W light-emitting diode source with an
emission centered at 382 nm was used for irradiation. The average
values of the radiation reaching the sample surface, measured with a
DeltaOhm 9721 radiometer and matching probes, were 52.8 and
41.6 W/m? in the 315-400 and 450-950 nm ranges, respectively.

A schematic diagram of the photocatalyst preparation and charac-
terization is presented in Fig. 2.

3. Results and discussion
3.1. Photocatalytic activity results

The photocatalytic activity of the photocatalysts in the form of thin
films was determined by measuring the degradation of PB dye as a
function of UV-irradiation time. The degradation of PB dye as a function
of UV-illumination time for unmodified TiO5 and SnO,-modified TiO,
film catalysts with different SnO5 concentrations (0.05-10 mol.%) and
pure SnO; catalyst (obtained from SnO; sol) are shown in Fig. 3a for the
dried and in Fig. S5 for the calcined samples (Supplementary Materials).
The best fit values of the rate constants k; obtained for the unmodified
and SnOy-modified TiO, catalysts with different SnO, loadings are
presented in Table S3 (Supplementary Materials), together with the
relative photocatalytic activities, calculated with respect to the value of
the rate constant k; of the unmodified TiOy photocatalyst dried at
150 °C. The histogram of the relative photocatalytic activities of the
unmodified and SnO,-modified, dried and calcined, samples is shown in
Fig. 3b.

The photocatalysts dried at 150 °C show up to 30% improved rela-
tive photocatalytic activities when the TiO5 is modified with low SnOy
concentrations (0.1-1 mol.%). The best performing among them is the
0.1Sn0,-TiO, sample. When the SnO, concentration increases above
1 mol.%, the photocatalytic activity remains in the range of the un-
modified TiO,. Calcination of the samples results in an overall reduced
photoactivity. The relative photocatalytic activity of the calcined un-
modified TiO, is about 30% lower than the photocatalytic activity of the
unmodified TiO5 sample dried at 150 °C. The calcined 0.1SnO»-TiOy
sample shows only about 5% lower relative activity. The samples with
SnO, concentrations above 1 mol.% have 15-20% reduced performance

TiTIP + EtOH

‘ n(TiTIP) : n(EtOH ) = 111 ‘
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Fig. 2. Schematic diagram of the methodology.
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compared to the dried unmodified TiO, and remain comparable to the
activity of the calcined unmodified TiO,. The pure SnO; catalyst shows
an insignificant photocatalytic performance.

For comparison, the degradation rate of PB in simulated wastewater
was tested on the unmodified TiO; sample dried at 150 °C. The photo-
efficiency here is reduced to only 20% of that in deionized water. The
result (shown in Fig. 3b) is expected since the wastewater contains other
organic molecules that are degraded in the presence of the photo-
catalyst. Even though the degradation kinetics is slower, this only means
that longer exposure times would be required to completely degrade the
dye.

Furthermore, the photoefficiency of the prepared photocatalysts is
compared with the commercially available Bioclean® glass. The refer-
ence glass shows only about 50% of efficiency compared to the un-
modified TiO5 sample dried at 150 °C. This is also to be expected since
such a commercial coating with high transparency is primarily used as a
self-cleaning glass, where fast kinetics of photocatalytic degradation is
not required. In this respect, our thin films, which are also transparent to
visible light, show enhanced photoactivity even in aqueous phase.

3.2. Crystalline structure (XRD)

The XRD patterns of the unmodified TiO3, SnOz-modified TiO5 and
pure SnO, (from SnO; sol) powder samples are shown in Fig. 4a for the
dried and in Fig. 4b for the calcined photocatalysts. All samples,
regardless of the temperature treatment and SnO, concentration, show
diffraction peaks of crystalline TiO (anatase, brookite and in some cases
rutile) and also very broad peaks of crystalline SnOy (at high SnO,
concentrations). The diffractogram peaks of the dried powder catalysts
(Fig. 4a) are broad; nevertheless, they are characteristic enough to
confirm the formation of crystalline phases despite the treatment at low
temperature (150 °C). Calcination (at 500 °C) promotes crystallization
and growth of crystallites, which is evident from the sharp and distinct
peaks of the diffractograms (Fig. 4b).

The most intense diffraction peaks of (101) anatase, (121) brookite,
(110) rutile and (110) cassiterite were used to determine the lattice
parameters and relative proportion of each phase, as well as the crys-
tallite sizes (the values are tabulated in Supplementary Materials in
Table S5 for the samples dried at 150 °C and in Table S6 for the samples
calcined at 500 °C). Within the estimated error bars, the SnO, modifi-
cation of TiO, does not affect the size of the crystal unit cell parameters
in comparison to the unmodified TiO5 photocatalyst. The relative
amount of each phase depends on the SnO, concentration and the
temperature treatment of the powders.

The relative amount of each crystalline phase for the unmodified and
SnO,-modified TiO, photocatalysts are presented in histograms in
Fig. 4c for the dried and Fig. 4d for the calcined samples). Only two
crystalline phases of TiO, (anatase and brookite) are detected in the
dried unmodified and SnOs-modified samples at low SnO, concentra-
tions (0.05-1 mol.%). The analysis shows that there is 70% anatase
present, the rest is brookite and no rutile phase is detected. When the
SnO; concentration is increased above 1 mol.%, the relative amount of
the rutile TiO, phase increases. This is expected, since Sn is a promoter
of the anatase to rutile transformation [8]. When SnO, concentration is
10 mol.%, 20% rutile TiO, is present in addition to 60% anatase and
20% brookite. There is no crystalline SnO; structure detected in the
dried SnOy-modified samples at any of the investigated SnOy concen-
trations up to 10 mol.%.

Calcination of powder catalysts at 500 °C significantly promotes the
transformation of the anatase to the thermodynamically stable rutile
phase in unmodified and all SnOy-modified samples. In the calcined
unmodified TiO, there is 16% rutile. The relative amount of rutile in-
creases up to 85-90% in the samples with low SnO, concentrations
(0.05-0.5 mol.%). In these samples the anatase phase is still present in
15-10% but the brookite vanishes. In the samples with higher SnO,
concentration (1 and 10 mol.%) all three crystalline TiO, phases are
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Fig. 4. XRD patterns of unmodified TiO, and SnO,-modified TiO, powder photocatalysts dried at 150 °C (a) and calcined at 500 °C (b). Relative amount of anatase
(A), brookite (B), rutile (R) and cassiterite (C) crystalline phases in unmodified and SnO»-modified TiO, powder photocatalysts dried at 150 °C (c) and calcined at

500 °C (d). x denotes mol.% of SnO in SnO,-modified TiO, photocatalysts, where x = 0 means unmodified TiO; and x = 100 means sample powder obtained from
pure SnO, sol.
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present: rutile (50%), anatase (40%) and brookite (about 10%). In
addition, a 1-5% crystalline SnO, cassiterite phase is also detected.

The crystallite size values, determined from the width of the
diffraction peaks, are summarized in Supplementary Materials in
Table S5 for the dried samples and in Table S6 for the calcined ones. The
histograms of the crystallite sizes are shown in Supplementary Materials
in Fig. S6 for the dried (a) and calcined (b) samples. In the dried powder
samples, the size of the anatase crystallites is about 4 nm, brookite 6 nm
and rutile 3 nm. After calcination and at the SnO, concentration below
0.5 mol.%, the size of the anatase and rutile crystallites grows to about
20nm and 30 nm, respectively. At higher SnO; concentrations
(1-10 mol.%), the size of anatase and rutile decreases with increasing
SnO, concentration. This phenomenon is in the literature known as the
growth-retarding effect of the Sn on titania [33-35]. In the 10SnO,-TiO2
sample, the size of the detected cassiterite crystallites is about 6 nm.

A comparison of the XRD data with the photocatalytic properties of
the samples shows that the photocatalytic efficiency is reduced by the
growth of the crystallite sizes (after calcination of the samples) and by
the excessive formation of the rutile crystal phase (in the case of calcined
samples and the dried samples with high amount of SnO). The XRD
results cannot explain the improved activity of the dried SnOs-modified
photocatalysts with low SnO; concentrations (0.1-1 mol.%) because no
differences in the crystalline structure were detected between them.
However, it should be noted that even though no rutile TiO, and
cassiterite SnO5 crystallites are detected in these samples, it cannot be
excluded that smaller rutile TiO5 and cassiterite SnO nanoparticles with
sizes below the detection limit of XRD are present. To clarify this point,
the Sn K-edge EXAFS analysis is used and presented below.

3.3. BET specific surface area

The values of BET surface area and average pore size of the dried and
calcined, unmodified and SnO,-modified TiO5 samples, are tabulated in
Table S7 (Supplementary Materials). A histogram of BET surface area is
presented in Fig. 5a and a histogram of average pore sizes in Fig. 5b.

All dried SnO»-modified samples have approximately the same spe-
cific surface area (200 m?/g) and the average pore size (8 nm) regard-
less of SnO5 concentration. Therefore, also these results cannot explain
the differences in the photocatalytic activities between them.

However, calcination of the powders results in about 4-times smaller
BET specific surface area and about 3-times larger pore sizes in com-
parison to the dried samples. The smaller BET values of the calcined
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samples are in agreement with the overall reduced photocatalytic ac-
tivities compared to the dried samples. But the lowest BET value
(2.3 m?/g) for the calcined 0.1Sn0,-TiO5 sample is contradictory to the
fact that this sample shows the best photocatalytic performance in the
calcined series. Again, this suggests that the BET values cannot explain
all the observed differences in the photocatalytic activities between the
samples that are equally thermally treated.

The BET results are in agreement with the values of crystallite sizes
obtained by XRD: the smaller the BET is, the larger the size of crystallites
after calcination. As a result, there are fewer active sites per unit mass in
the calcined samples, which partly explains the decrease of photo-
catalytic activity after calcination.

3.4. Electron micrographs (TEM)

The morphology of the SnOz-modified photocatalysts (0.5 and
10 mol.% SnO,) calcined at 500 °C were examined by TEM and HRTEM.
At the low SnO5 concentration (0.5 mol.% SnO,) there are smaller quasi-
round and larger quasi-square shaped TiO, crystallites observed
(Fig. S7a in Supplementary Materials). The size of the titania nano-
particles, observed by TEM, coincides with the size of the crystallites,
observed by XRD. In our case, the sizes of the crystallite domains
(determined by XRD) are comparable to the size of the particle sizes
(observed by TEM), since we are in the nano size range. The observed
anatase nanoparticles are in the size range of 15-20 nm (Fig. S7b in
Supplementary Materials), while the observed rutile nanoparticles are
found in the size range of 30-40 nm (Fig. S7a in Supplementary Mate-
rials). At high SnO; concentration (10 mol.%), the anatase and rutile
nanoparticles are smaller and are comparable to the crystallite size
range of 10-20 nm (Fig. S7c in Supplementary Materials).

A separate phase is observed in the calcined catalysts with 10 mol.%
SnO,. In some cases it can be seen as round droplets among the crys-
talline titania agglomerates (Fig. 6a). The droplets, which do not display
a crystalline structure, are quickly formed (in less than one minute)
under electron irradiation during the TEM imaging. In some cases, the
droplets were observed to coalesce to form a larger droplet. The insta-
bility under the electron beam and the darker contrast (which indicates
the drops are composed of heavier atoms than titanium, i.e. Sn) are
compatible with the hypothesis that this is SnOx phase.

The EDX elemental mapping on clusters of 10SnO»-TiO2 photo-
catalyst calcined at 500 °C (Fig. 6b) shows that there are Sn rich and Sn
depleted regions over the titania nanocrystallites. The presence of

[ Powders dried at 150 °C
10 + [ Powders calcined at 500 °C

Average pore size (nm)

0 0.05 0.1 05 1 10
x in xSnO,-TiO, (mol.%)

(b)

Fig. 5. Histogram of BET specific surface area (a) and average pore size (b) of unmodified and SnO,-modified TiO, samples dried at 150 °C and calcined at 500 °C. x
denotes mol.% of Sn in SnO,-modified TiO, photocatalysts, where x = 0 means unmodified TiO,.
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Fig. 6. (a) TEM micrograph of 10SnO,-TiO, photocatalyst calcined at 500 °C. SnOy droplets among TiO, crystallite are indicated. (b) STEM image and elemental
EDX maps of Ti (green) and Sn (red) in 10SnO,-TiO, photocatalyst calcined at 500 °C. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

regions where the Sn is not detected confirms that Sn is not homoge-
neously distributed within the titania crystallites, as expected if Sn forms
a separate phase.

3.5. Sn K-edge EXAFS

To clearly identify the mechanism responsible for the enhanced or
hindered photocatalytic properties in SnOs-modified TiO photo-
catalysts and to clarify the role of Sn cations in the photocatalytic pro-
cess of TiOo, the structural features below 1 nm had to be recognized.
For this purpose, the Sn K-edge EXAFS analysis was used to determine
the local structure around the Sn cations and their site of incorporation
on the titania nanoparticles in the photocatalysts.

The k®-weighted Sn K-edge EXAFS spectra of the dried SnO»-modi-
fied TiOy photocatalysts (with 0.1, 0.5, 1 and 10 mol.% SnO;), one
additionally calcined sample (with 1 mol.% SnO;) and the reference
SnO, are shown in Fig. S8 (in Supplementary Materials) and their
Fourier transforms in Fig. 7.

The Fourier transform spectra (Fig. 7) reveal the contributions of
consecutive shells of Sn neighbours from 1 A to about 4 A. The quali-
tative comparison of the FT-spectra shows no significant structural dif-
ferences around Sn cations between the samples, regardless of the
concentration of SnO; and the temperature treatment of the samples.
Moreover, the FT-spectra of the SnO»-TiO, samples are similar to that of
the reference crystalline SnO, but with a reduced amplitude of the
second and third shell of the neighbour atoms, indicating the presence of
SnO; nanoparticles with cassiterite structure.

A mixture of two Sn local structures is expected in the SnO,-modified
TiO4 photocatalysts. Besides Sn local structure typical for the cassiterite,
rutile-type SnO,, some Sn cations can be attached to the surface of
titania nanoparticles around them, forming Sn-O-Ti bridges.

The Sn K-edge EXAFS spectra of the SnO,-modified TiOy catalyst

samples are modelled with a combined FEFF model, composed of
neighbour atoms at distances typical for the expected nanocrystalline
cassiterite SnO5 and Sn atoms attached to the surface of TiO5 nano-
particles (relative amount of Sn-O-Ti bridges). A detailed description of
the two FEFF models and the obtained best fit parameters in EXAFS fits
are given in Supplementary Materials.

The EXAFS results show that the rutile-type SnO; phase is formed in
all SnOy-modified TiO, photocatalysts. The crystalline local SnOy
structure is already formed in the low-temperature treated catalyst, i.e.,
after drying at 150 °C (not detectable by XRD). Calcination of the
samples at 500 °C does not change the parameters of the crystalline
SnO; neighbour structure. The first shell of the nearest oxygen neigh-
bours is identical for all samples as described in the bulk SnO,. The
crystal lattice interatomic distances and Debye-Waller factors are the
same for all samples regardless of SnO, concentration and temperature
treatment, in agreement with the rutile-type SnOs cassiterite reference
structure (Table S8 in Supplementary Materials). However, the coordi-
nation numbers of the second and third Sn neighbour shells are for about
50% smaller than expected in the rutile SnO, bulk (Table S9), which
indicates that nanosized crystalline SnO, particles are formed on the
surface of the TiO nanoparticle.

Furthermore, the EXAFS results show that the SnO nanoparticles are
attached to the TiO, phase via Sn-O-Ti bonding. The relative amount of
the Sn-O-Ti bridges is the same (10% + 5%) at all SnO, concentrations
in all SnOy-modified TiO» photocatalysts dried at 150 °C. The relative
amount of the Sn-O-Ti bridges is maintained even after calcination at
500 °C.

The EXAFS results supplement the HRTEM observations, where the
SnOy is observed on the titania surface. Thus, the SnO; phase is in the
form of small crystalline cassiterite nanoparticles, attached to the sur-
face of the titania nanoparticles, so there are sufficient connections be-
tween the TiO, and cassiterite SnO, nanoparticles at the atomic level.
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Fig. 7. Fourier transform magnitudes of the k>-weighted Sn K-edge EXAFS
spectra measured on SnOs-modified TiO, photocatalysts dried at 150 °C and
calcined sample with 1 mol.% of SnO,. The spectrum of crystalline SnO,
(cassiterite) reference is added for comparison. The FT-spectra are calculated in
the k-range of 4.5-14.5 A~1 (black solid line — experiment, red dashed line —
EXAFS model calculated in the R-range of 1.2-4.0 A). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

3.6. Photoelectrochemistry

The transient current response measurements, which are shown in
Fig. S9a, exhibit an anodic stationary photocurrent, appearing promptly
upon switching on the light, with the presence of spikes of the same sign,
and then decreasing sharply to finally reach a steady-state value. EIS
measurements were performed to investigate the kinetics of charge
transfer at the solid-liquid interface, and the data were fitted to the
equivalent model as illustrated in Fig. S9b. Mott-Schottky plots
(Fig. S9c) were obtained by electrochemical impedance measurements
at a constant frequency of 10 kHz. The electronic properties of the dried
and calcined xSnO,-TiO, thin films were assessed in terms of the flat
band potential (Epp) and the donor density (Np), which can be obtained
from the intercept with the x-axis and the slope of the linear part of the
plot, respectively (See Eq. S1). The steady-state photocurrent density

Table 1
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(J), the semiconductor/electrolyte charge transfer resistance (Rcr), the
donor density (Np), and the flat band potential (Egg) values of dried and
calcined xSnO»-TiO, samples are listed in Table 1.

Results in Table 1 indicate that the addition of SnO, does not affect
significantly the photoelectrochemical properties of TiO5. Conversely,
the temperature treatment (i.e. dried at 150 °C vs. calcined ta 500 °C)
shows a more prominent effect. Samples that have been calcined exhibit
significantly higher photocurrent density, lower charge transfer resis-
tance, and more donor states than those that have been dried. This,
however, is in contradiction to what has been observed with the pho-
tocatalytic activity results. In the case of the dried samples, the contact
between the semiconductor and the electrode can be considered the
major reason for such performance, while, in the case of calcined sam-
ples, it is the % of rutile that plays a more influential role. Higher rutile
% in calcined samples leads to an improved water photosplitting process
and, consequently, higher photocurrent [36,37]. On the other hand,
higher anatase % in the dried samples leads to an improved dye
degradation process and, consequently, higher photocatalytic activity in
the presence of the targeted dye [38,39]. The higher % of rutile in
calcined samples also improves the absorption of visible light. Rutile has
a typical band gap value of 3.0 eV (in comparison to 3.2 eV of anatase)
and hence is more capable of absorbing visible light. This could explain
the higher photocurrent observed for calcined samples in comparison to
those that were dried. It is important to note here that the photocatalytic
activity runs were performed under pure UV light (centered at 365 nm),
while the photoelectrochemical characterizations were done under
UV-vis irradiation (centered at 382 nm). In the future, to obtain a better
insight into the correlation of both experiments, the conditions should
be equalized.

4. Conclusion

The objective of this research was to investigate how the photo-
catalytic activity of pure TiO5 can be improved by tin modification. Sn
oxide was used to prepare SnO,-TiO5 photocatalysts, in contrast to our
previous work [8], where Sn-modified TiO, photocatalysts were pre-
pared by using Sn cations as promoter of anatase to rutile trans-
formation. In both cases, we have developed a new low-temperature
sol-gel synthesis route, based on organic Ti and Sn precursors. In the
present case the precursors underwent sol-gel reactions separately to
form SnO5-TiO5 sol (SnO,-modified TiOy), while in the previous case the
precursors underwent sol-gel reactions together to form Sn-TiO; sol
(Sn-modified TiOs).

The SnOs-modified TiO, sol-gels were deposited on a glass substrate
by a dip-coating technique and dried at 150 °C to obtain the photo-
catalysts in the form of a thin film. To test the thermal stability of the
material, an additional set of photocatalysts was prepared by calcining
the dried samples in air at 500 °C.

The photocatalytic activity of the air-dried photocatalysts is
increased up to 30%, when TiO5 is modified with low SnO; concentra-
tions (0.1-1 mol.%). At higher concentrations, the dried samples show
lower photocatalytic activity compared to the unmodified TiOy photo-
catalyst. The results of the BET specific surface area, pore size, crystal
size and crystal lattice parameters show no distinct features to explain
the differences between the activities of the dried samples. The main

Photoelectrochemical properties of dried and calcined xSnO,-TiO5 samples. N and Egp values for calcined 0.1% SnO,-TiO, were not computed due to possible

contamination or poor film/substrate adhesion.

Sample J [pA/cm?] Rer [kQ/cm?] Np x10'° [em 3] Epg [V vs. Ag/AgCl] J [pA/cm?] Rer [kQ/cm?] Np x10'° [em 3] Epg [V vs. Ag/AgCl]
Dried at 150 °C Calcined at 500 °C

TiO, 0.9 44.8 9.8 -0.53 1.0 17.2 23.3 -0.60

xSn0,-TiO5 x [mol.%]

0.1 0.8 48.4 6.5 -0.53 1.5 15.3 - -

10 0.3 34.8 7.5 -0.54 1.8 16.1 16.7 -0.47
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difference between them is the crystalline structure. EXAFS results show
that nanostructured cassiterite SnOz is formed already in the low-
temperature treated samples. The SnO, nanoparticles are directly con-
nected to the surface of TiO2 nanocrystallites via the Sn-O-Ti bonding. In
this way a coupled system of two semiconductors SnO,-TiOs is formed.
An optimal ratio and a sufficient contact of the two phases is achieved in
the low SnO; concentration range (0.1-1 mol.%), and consequently
these samples are the most photocatalytically active. The synergy of the
two semiconductors has a beneficial effect on the increased lifetime of
the photogenerated electrons and holes through an effective charge
carrier separation. The mechanism of improved photoactivity is analo-
gous to that we found in the Sn-modified TiO; [8], where in a same way
a coupled system of two semiconductors (anatase-rutile TiO,) facilitates
charge separation and enhances the photocatalytic efficiency of titania
coatings.

Calcination at 500 °C of the SnOy-modified TiO2 photocatalysts in-
duces significant structural changes: the titania nanocrystals grow, have
a smaller specific surface area and a larger average pore size, resulting in
an overall reduced activity compared to the samples dried at 150 °C. In
addition, the calcination promotes the transformation of the anatase to
the thermodynamically stable rutile phase. The relative amount of the
rutile TiO, phase increases significantly in all photocatalysts with
different SnO; concentrations. As a result, the photocatalytic activity is
greatly reduced because under UV irradiation the rutile has a lower
photocatalytic efficiency in comparison to the anatase. Higher SnOy
concentration increases the amount of the cassiterite SnO5 nanoparticles
located on and/or adjacent to the TiOy nanocrystals. The amount of
cassiterite nanoparticles, effectively bonded to the titania nanoparticles,
remain unchanged, therefore the photo-efficiency remains almost at the
level of the calcined unmodified TiOo, since the SnO5 per se does not
show photocatalytic activity. It might be expected that significantly
higher amounts of the SnO5 modifier (20-50%) would lead to an obvi-
ously hindered photocatalytic activity due to a shielding effect of the
cassiterite, covering titania nanoparticles. Moreover, it will be inter-
esting to test the SnO2-modified TiO» photocatalysts also for the effi-
ciency to other contaminants of emerging concern (i.e., pharmaceutical
pollutants, such as antibiotics, etc.).
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