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Abstract: The tin-doped TiO, powders obtained by sol-gel and microwave-assisted sol-gel methods
were investigated. The synthesis took place in a basic medium (pH 10, ammonium hydroxide, 25%)
starting from tetrabutyl orthotitanate in its parental alcohol. In the case of the dopant, Tin(II) 2-
ethylhexanoate as SnO, precursor was used in the amount of 1, 2, or 4 mol % SnO;. Based on thermal
analysis data, the powders were thermally treated in air, at 500 °C. The comparative investigation of
the structure and morphology of the nanopowders annealed at 500 °C was performed by scanning
electron microscopy (SEM), high-resolution transmission electron microscopy with selected area
electron diffraction (HRTEM/SAED), scanning transmission electron microscopy (STEM) coupled
with EDX mapping, Fourier transmission infrared (FTIR), UV-Vis, Raman and photoluminescence
(PL) spectroscopy, X-ray diffraction (XRD), and X-ray florescence spectroscopy (XRF). The obtained
materials were tested for the photocatalytic removal of methyl orange dye from aqueous solutions. High
degradation efficiencies (around 90%) were obtained by Sn doping after 3 h of UV light irradiation.

Keywords: Sn-doped TiO;; sol-gel method; microwave-assisted so-gel method; photocatalytic degra-
dation of methyl orange dye

1. Introduction

The presence of toxic and non-biodegradable azo dyes, including the well-known
methyl orange, in industrial effluents from textile and dye manufacturing activities, causes
severe health risk factors for living organisms and the environment. To solve this problem,
several chemical, biological, and physical techniques, as well as mixed methods have been
used [1,2]. Among them, photocatalytic degradation has great potential for the treatment
of wastewater with a high content of organic pollutants, being a simple, cost-effective,
and environmentally friendly technology [3]. The process of photocatalytic degradation
of organic pollutants in an aqueous medium is based on the capacity of a photocatalytic
material to generate under irradiation electrons and holes that will further interact with
hydroxyl ions and oxygen from the reaction medium. Thus, reactive oxygen species are
obtained, responsible for the degradation of organic pollutants [1]. Various photocatalytic
systems based on TiO,, ZnO, ZrO,, ZnS, NiO, WOx, SnO,, and CdS were synthesized for
this purpose [4,5]. Among these, TiO, has been extensively used as a photocatalyst due to
its properties, such as environmental friendliness, low cost, excellent electronic and optical
properties, non-toxicity, high chemical stability, and strong oxidation activity [6-12].

Titanium dioxide is an n-type semiconductor that crystallizes in three polymorphic
phases: anatase, brookite, and rutile [13]. Among these, anatase has the best photocatalytic
activity due to a longer lifetime of photogenerated electrons [14,15]. Moreover, it has often
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been reported that a mixture of anatase-rutile phases has better photocatalytic properties
than the anatase itself. This behaviour is explained by a better separation of photogenerated
charge because electrons transfer can occur between the two phases [16].

It is fundamental to improve the properties of the titanium dioxide, determined by
the features appropriate for the designed application.

Highly significant is the synthesis method, which has a considerable influence on the
properties of the materials. The general tendency is to limit external interferences over
the system and to use rather closed or well-controlled systems. By using soft chemical
methods, regulation of the stoichiometry and purity of the studied systems can be carried
out [17-19].

Pristine and doped TiO, powders were synthesized by several processes as the ceramic
method or liquid phase methods, such as coprecipitation [20], the hydrothermal method [21-23],
sol-gel process [20,24-27], sol-gel assisted by ultrasounds [20,28], microwave-assisted hy-
drothermal method [29], or sol-gel assisted by microwaves [20,30-32].

The sol-gel method is an intensive technique used with large industrial applications.
This process presents advantages, such as low cost, formation of materials with clearly
specific arrangements that can be controlled by the type of precursors, synthesis at low
temperatures, and obtaining products with different shapes [20,33,34].

The microwave-assisted sol-gel method obtains, lately, more attention to TiO, materials
preparation [35,36]. Micro- and macroscopic features of nanoparticulate materials, such
as particle size, purity, shape and morphology, surface defects, as well as the kinetic of
reactions, were improved by using microwave irradiation [37]. By varying the temperature
and reaction time, and the composition of the system, the solid state, and phase composition
can be directed [38,39].

The narrow spectrum of their photocatalytic activity (only UV), the rapid recombi-
nation of the photogenerated electron-hole pairs, and the low adsorption of the organic
dye represent the main disadvantages of the conventional systems. A multi-component
system as Sn-doped TiO; is a solution for improving the photocatalytic performances by
suppressing charge carrier recombination, widening of band gap energy that allows its
activation under visible light irradiation, and also by obtaining a hybrid structure of anatase
and rutile in the case of a high content of Sn dopant [3,4]. Increasing TiO, efficiency under
visible-light activation has been one of the most requested enhancement and a facile way
to accomplish that is by TiO, modification with metal or non-metal species. Tin turns out
to be a noteworthy doping element to enhance the photocatalytic activity of both TiO,
phases, anatase [40,41], and rutile [13,42]. It was reported an increase by several orders of
magnitude in the degradation rate of the toxic dyes under UV irradiation when anatase
was doped with tin [42,43]. It can be explained by a change in the electronic structure of
anatase by lowering the band gap (shifting the absorption edge towards the visible light
region). However, the main drawback of these materials consisted in the segregation of
SnO, [44]. Given the similar ionic radii of the Sn** (0.69 A) and Ti** (0.61 A), tin can easily
substitute titanium in anatase and rutile polymorphs [43].

In this work, a novel and simple one-step method was proposed to synthesize Sn—
doped TiO, with enhanced photocatalytic properties compared to pristine TiO,. It studied
the influence of microwave on the structural, morphological, textural, and optical prop-
erties of materials and how all of these factors influence the photocatalytic activity in the
degradation of methyl orange (MO) dye. Furthermore, it evaluated the effect of the tin
amount incorporated by the microwave-assisted sol-gel method on the main important
characteristics of materials for photocatalytic performances. From the thermal analysis, we
found out that 500 °C was a suitable temperature for the elimination of the organic parts
from the studied samples and for obtaining crystalline phases. Single-phase anatase in the
Sn-doped TiO, system was identified by XRD measurements. Based on these results, we
investigated the tin quantity impact on the photocatalytic capacity of these materials for
the degradation of methyl orange dye.
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2. Results and Discussion

Sn-doped TiO, powders, prepared by sol-gel (TiO, /SnO; = 98/2) and microwave as-
sisted sol-gel methods (TiO,/SnO; = 99/1, 98/2, and 96/4), were investigated for structure,
morphology, and photocatalytic activity. The properties of these samples were discussed as
against undoped TiO, samples.

2.1. Thermal Treatment

The thermal behaviour of the materials gives information about the stability of the
materials with respect to temperature. In order to determine the thermal properties and
stability of the as-prepared materials, TG/DTA /DTG has been used. The behaviour of
the samples against thermal treatment, respectively TG/DTA /DTG curves, are shown in
Figure 1 for the 25n-TiO, samples, and in Figure 2 for the 15n-TiO, and 45n-TiO, samples.
In Figure 1a, the TG curves of the 25n-TiO, MW sample prepared by the microwave-
assisted sol-gel method shows a mass loss of 24.46%. Three important thermal effects were
noticed on the DTA curve. The endothermic effect at 62 °C is assigned to the removal of
adsorbed water and alcohol. The exothermic effect at 274 °C was assigned to the decom-
position and the subsequent burning out of the organic residues, and dehydroxylation
(elimination of structural hydroxyls). The second exothermic effect at 432 °C was assigned
to the conversion of Ti(OH), into TiO, (dehydroxylation) and the occurred crystallization
of the anatase. In Figure 1b, the TG curves of 25n-TiO, SG sample prepared by the sol-gel
method shows a similar behaviour with a total mass loss of 22.33%. The mass loss within
the temperature range up to 100 °C in this case is due to the removal of the free or adsorbed
water molecules and alcohol, and it corresponds to the endothermic effect at 79 °C. The
mass loss within the temperature range of 100-500 °C is due to the burning out of organic
residues and the removal of the structural hydroxyls. The corresponding exothermic effect
to the combustion of organic matter is located at 269 °C. The exothermic effect at 441 °C
can be assigned to the crystallization of the anatase, accompanied by dehydroxylation.
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Figure 1. The TG (red)/DTG (blue)/DTA (black) curves of 25n-doped TiO, sample prepared by
(a) microwave-assisted sol-gel method and (b) sol-gel method; heating rate was 10 °C/min and using
air as carrier gas.
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Figure 2. The TG (red)/DTG (blue)/DTA (black) curves of doped TiO, sample prepared by
microwave-assisted sol-gel method (a) 1% Sn and (b) 4% Sn; heating rate was 10 °C/min and
using air as carrier gas.

In Figure 2, the TG curves of 15Sn-TiO, MW and 4Sn-TiO, MW samples prepared
by the microwave-assisted sol-gel method show a total mass loss of 21.04% for 1% and
22.33% for 4%, respectively. In both cases, the mass loss takes place in the temperature
range up to 500 °C and it can be assigned to the release of the physically absorbed water
and the alcohol, which has the corresponding endothermic effect at 60 °C for 1Sn—TiO,
MW and 66 °C for the sample 45n-TiO, MW. The exothermic effect located at ~270 °C
for both samples (1Sn-TiO, MW and 45n-TiO, MW) is due to the burning out of organic
residues. The second exothermic effect, located at 425 °C for the sample 1Sn-TiO, MW
and 466 °C for the sample 45Sn—-TiO, MW, can be assigned to the conversion of Ti(OH),4
into TiO; (dehydroxylation) and the occurring crystallization of the anatase. For all four
samples, no further mass loss could be observed at temperatures above 500 °C.

The preparation method does not significantly affect the thermal behaviour of the
samples, and minor shifting of the thermal effects is noticed. The sol-gel process is strongly
influenced by the pH of the reaction medium, as one of the most relevant parameters. The
most sensitive parameters to the pH medium are the rate of the hydrolysis and condensation
processes. Literature data recorded critical differences during the sol-gel process as the
pH of the solution varied from the acidic to basic medium. The pH of sol controls the
amount of H" or OH™ ions in the sol that effectively determines the polymerization of the
metal-oxygen bonds. A slow gelation process was noticed at strongly acidic values (pH
up to 5) that favour the formation of an extended network in solution, primarily prepared
for films and coatings. Nanoparticles formed in a basic medium solution (pH > 9) due to
enhanced hydrolysis and a fast gelation process [45,46].
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2.2. X-ray Diffraction

Figure 3 shows the X-ray diffractograms of the sol-gel prepared Sn-doped TiO, samples
(Figure 3a) and the microwave-assisted sol-gel prepared Sn-doped TiO, samples (Figure 3b),
thermally treated at 500 °C. The corresponding diffraction patterns of the undoped TiO,
samples, thermally treated at 450 °C, were used as a reference. All the diffraction lines
matched well against ICDD file no. 21-1272, corresponding to TiO,, the anatase phase. No
polymorphs of titanium dioxide (rutile or brookite) or tin-based compounds were detected
within the limit of the instrument, implying that tin enters into the anatase lattice. The
impact of different Sn proportions on the anatase crystals was investigated in terms of
lattice parameters, and crystallite size and the results are listed in Table 1.
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Figure 3. X-ray diffractograms of (a) the sol-gel prepared samples and (b) microwave-assisted sol-gel

prepared samples, thermally treated.

Table 1. The lattice parameters and the estimated crystallite size of the samples.

Lattice Parameters Crystallite Size

Sample . Al Al [nm]

TiO, SG (450 °C) 3.787815 4+ 0.000310  9.506687 + 0.000819 15
25n-TiO, SG 3.791404 4+ 0.000399  9.520856 + 0.001049 13

TiO, MW (450 °C) 3.788359 4+ 0.000278  9.508230 =+ 0.000739 16
1Sn-TiO, MW 3.790160 £ 0.000314  9.520975 =+ 0.000826 15
25n-TiO, MW 3.792443 4+ 0.000516  9.517577 £ 0.001358 11
45n-TiO, MW 3.793325 4+ 0.000453  9.524177 + 0.001197 11

TiO;,, anatase (ICDD 21-1272) 3.7850 9.5140 -

Based on the XRD data, the anatase lattice parameters and the crystallite size were
altered by tin doping compared to the standard ICDD file. The lattice parameters increase
when the concentration of tin dopant increases, which can be explained by the larger
effective radius of Sn** (0.69 A) compared to that of Ti** (0.61 A).

2.3. X-ray Fluorescence (XRF)

The presence and the amount of Sn dopant in the TiO, matrix were measured employ-
ing X-ray fluorescence. Tin was detected in all the samples, and the quantities (by mass%
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for each element) are listed in Table 2. There is no difference between the amount of tin
(mass%) detected in the samples 25n-TiO, MW and 45n-TiO; MW, and can be explained
by reaching the solubility limit by this preparation method.

Table 2. XRF results of the analyzed samples.

Sample Composition Values UM. Line
Ti 57.7822 mass% Ti-KA
Sn 24174 mass% Sn-KA
25n-TiO, SG (@) 38.4619 mass% O-KA
C, S, Si, Al (traces) 1.3385 mass%
Ti 57.0156 mass% Ti-KA
15n-TiO, MW Sn 1.2449 mass% Sn—-KA
(@) 40.2381 mass% O-KA
C, Si, S (traces) 1.5014 mass%
Ti 56.9732 mass% Ti-KA
25n-TiO, MW Sn 3.5977 mass% Sn-KA
O 38.0233 mass% O-KA
C, Si, S (traces) 1.4059 mass%
Ti 54.8955 mass% Ti-KA
4Sn-TiO, MW Sn 3.4533 mass% Sn-KA
O 39.9122 mass% O-KA
C, Si, S (traces) 1.7391 mass%

2.4. SEM Results

The SEM investigation was realized to bring information about the morphologies
of the studied samples. Figure 4a—d shows the images of thermally treated samples at
500 °C, and also presents comparative images of surface morphology of 2% Sn-doped TiO,
obtained by SG (a) and MW (b), respectively.

For the 25n-TiO, SG sample, the particles have a quasi-granular-like morphology and
an average width of 300 nm, slightly smaller than the comparative sample obtained for a
similar composition by the MW-assisted method (Figure S1 from Supplementary Materials
shows details of particle sizes). In the 25n-TiO, MW case, the particles are rather spherical
and well defined, with a mean diameter of around 500 nm. For (b) and (c) images, samples
prepared by the MW route have polydisperse morphology, the quantity of dopant does
not seem to influence the shapes and sizes of nano-grained particles, which are almost
similar to the 25n-TiO;, SG sample, as Raman measurements reported. Taking into account
the values of the average crystallite size (Table 1) determined from the XRD data, one
can conclude that the particles noticed in the SEM images are polycrystalline or could be
aggregates of small, single-crystal nanoparticles with a high tendency of agglomeration,
often observed in wet—-chemically prepared TiO, systems [47-49]. In order to see more
clearly a potential structuring of these particles, TEM investigations are required.
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Figure 4. SEM images of thermally treated samples (a) 2Sn-TiO, SG, (b) 25n-TiO; MW, (c) 1Sn-TiO,
MW, and (d) 45n-TiO, MW, respectively.

2.5. TEM/HRTEM/SAED Investigations

The results of TEM/HRTEM/SAED investigations for the powdered samples ther-
mally treated at 500 °C are presented in Figure 5. As it was supposed, the lower magnifica-
tion TEM images show that the so-called submicron, spherical particles observed in the
SEM images are actually aggregates of polyhedral primary nanoparticles, almost uniform
as shape and size (Figure 5a,d,g,j). It is hard to provide an accurate estimation of the particle
average size, since isolated nanoparticles were distinguished just in the proximity of the
aggregate’s surfaces. However, a rough estimation indicates that the values of the sizes
of these nanoparticles are ranged between 8-22 nm, which is consistent with the average
crystallite sizes of Table 1. This proves the single-crystal nature of these particles for all
four powders under investigation. The long-range ordered fringes inside the nanoparticles
revealed by the HRTEM images of Figure 5b,e,h k, as well as the well-defined dashed
diffraction rings consisting of bright spots of the SAED patterns, show that despite their
size, the nanoparticles exhibit a high crystallinity degree, irrespective of the dopant content
or synthesis method (Figure 5¢fil).
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Figure 5. (a,d,g,j) TEM images, (b,e,h, k) HRTEM images, and (c,f,i,1) SAED patterns of thermally
treated samples: (a—c) 25n-TiO, SG, (d—f) 25n-TiO, MW, (g-i) 1Sn-TiO; MW, and (j-1) 4Sn-TiO, MW,
respectively.

2.6. STEM/EDX Investigations

The EDX spectra of the Sn-doped TiO, powders confirm the exclusive presence of
the Ti, Sn, and O species that make up the anatase solid solutions, which rules out any
contamination during the synthesis process (Figure S2 from Supplementary Materials).

The overall and elemental EDX maps (Figure 6b—d,f-h,j-1) recorded on the areas
displayed by the STEM images of Figure 6a,e,i show a high compositional homogeneity of
all four powders due to the uniform incorporation of the tin dopant into the host crystalline
lattice. These results are consistent with the XRD data revealing the presence of the single
anatase phase and the absence of any segregation of any residual secondary phases.
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Figure 6. STEM image and the overall and elemental EDX maps of the 25n-TiO, SG sample (a—d),
25n-TiO, MW sample (e-h), and 45n-TiO, MW sample (i-1).

2.7. Textural Characterization

For the textural characterization of the thermally treated Sn-doped TiO,, the adsorption
—desorption isotherms Nj were registered and are shown in Figure 7. All the analyzed
materials show type-IV adsorption-desorption isotherms with H2-type hysteresis loops
(inset of Figure 7), characteristic for mesoporous materials with complex pore structures
in which network effects are relevant [50]. The calculated textural parameters are listed in
Table 3. It can be noticed that, by increasing the dopant amount from 1% to 4%, the samples
obtained by the microwave-assisted sol-gel method have increased specific surface areas.
The total pore volume has the same value of 0.100 cm3g~! for samples doped with 1% and
2% Sn, and increases slightly in the sample doped with 4% Sn (0.113 cm3g~!). There is
no clear relationship between the average pore size and the Sn content. However, for all
four samples, the pore size distribution determined by the BJH model is relatively narrow,
ranging from 2.5 to 6 nm, with the average values shown in Table 3. For the sample doped
with 2% Sn obtained by the sol-gel method, the total pore volume is the smallest of all four
samples (0.093 cm3g~!), while the specific surface area is smaller compared to that of the
sample doped with the same amount of Sn, but obtained by the microwave-assisted sol-gel
method. An explanation could be the release of a volume of gas from the sample during
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the microwave irradiation, which causes the appearance of a larger volume of pores, and,
implicitly, a larger specific surface area for the microwave-assisted sol-gel samples.
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Figure 7. The nitrogen adsorption—desorption isotherms of the samples: (a) 1Sn-TiO, MW,
(b) 25n-TiO; MW, (c) 25n-TiO; SG, and (d) 45n-TiO; MW, respectively (inset: pore-size distribution).

Table 3. The specific BET surface areas (Sggr), total pore volume (Vy,)), and average pore diameter

(d) of the samples.
Sample SBET Viotal dpyH
TT 500 °C (m2g—1) (cm3g~1) (nm)
15n-TiO, MW 51.6 0.100 5.55
25n-TiO, MW 66.9 0.100 4.39
25n-TiO, SG 57.9 0.093 4.84
4Sn-TiO, MW 68.4 0.113 4.92

2.8. Raman Spectroscopy Analysis

Raman spectra of the xXSn-TiO; powders are illustrated in Figure 8. The anatase phase
is noticeable in the 15Sn-TiO, MW sample by its bands at 398 cm™! (B1g) and 633 em~ ! [41].
This result is analogous with the spectral findings for the tin-doped titania photocat-
alysts obtained by hydrogen peroxide method with a tin oxide content up to 7% [43].
Increasing tin content triggers the formation of the rutile polymorph (447 cm~!, E,, and
606 cm 1, A1g [40]) in the 45n-TiO; powders. While the 25n-TiO, SG sample resembles the
1Sn-TiO, MW, the spectral features of the 25n-TiO, MW are comparable with the ones for
the 45n-TiO, MW. However, a small quantity of brookite (498 cm~ 1, Blg, and 584 cm™1,
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Bog [41]) might form in the 25n-TiO, MW samples. Formation of brookite have been
reported for tin-doped titania films (3 at.% Sn), annealed at 450 and 500 °C [51]. More-
over, SnO; gives a spectral feature at about 472 cm~! due to the symmetric stretching of
Sn-O [52].

] & .
Y bﬁ"\: w  606(R) xSn-TiO,
o A ——4Sn-MW
200 - —2Sn-SG
——2Sn-MW
0 —— 1Sn-MW
c
=
o
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2
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£
0 -

300 600 900 1200
Raman shift (cm™)

Figure 8. UV-Raman spectra of the xXSn-TiO, MW /SG powders (R and A stand for rutile and anatase).

2.9. UV-Vis Spectroscopy Analysis

Figure 9 illustrates the UV-Vis absorption spectra of the Sn-doped TiO, nanopowders.
All the samples show a strong and broad absorption band in the UV domain due to the
interband electronic transitions of TiO, from the valence band to the conduction band.
A weak absorption band is observed between 410-525 nm for TiO, MW and 1Sn-TiO, MW
samples. This band can be assigned to d—d transitions of Ti** localized states, suggesting
the presence of some structural defects that influence the photocatalytic properties of
materials [53]. This weak absorption band was not observed in the case of the samples with
a higher tin content, indicating a decrease in the number of defects.

A slightly red shift of absorption spectra was recorded only for the sample with
2.0% Sn, probably due to the presence of a mixture of phases anatase-rutile, according to
the Raman results, the last one having a smaller band gap than anatase. The xSn—doped
materials have band gap values between 3.11 and 3.18 eV (Table 4). The values lower than
3.2 eV of the band gap energy obtained by Sn doping is attributed to the new interband
energy levels that are available to accept the excited electrons from the valence band of
TiO, [54]. The 25n-TiO; MW sample (3.11 eV) presents the lowest value due to the co-
existence of titanium dioxide polymorphs (anatase—rutile) and also due to the interband
levels induced by tin ions. Thus, the required energy for electrons transfer from the valence
band of TiO; to the nearest unoccupied energy level is lower in the sample doped with
2% Sn compared to the other doped photocatalysts.
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Figure 9. UV-Vis absorption spectrum for Sn-doped TiO, nanopowders.

Table 4. Band gap values for the synthesized samples.
Sample Band Gap (eV)
1Sn-TiO, MW 3.18
25n-TiO, MW 3.11
4Sn-TiO, MW 3.16
2Sn-TiO, SG 3.13

2.10. Photoluminescence (PL) Analysis

Figure 10 shows the photoluminescence (PL) spectra of the synthesized nanopowders.
In the case of pure TiO; obtained in the presence of microwaves, a main peak located at
~392 nm was recorded. This can be assigned to the direct recombination of electrons (e™)
from the valence band with holes (h™) formed on the conduction band after excitation [55].

PL Intensity, a.u.

=

TiO, SG 8

TiO, MW %

e 125n-TiO,SG Eé

. (=]

25n-TiO,MW ﬁ
48n-TiO,MW

350 460 4.%0 560
Wavelength, nm

360 390 420 450 480
Wavelength, nm

510

Figure 10. Photoluminescence spectra for Sn-doped TiO, samples prepared by different methods
(Aexc =320 nm).

By the doping of TiO; prepared by the microwave-assisted sol-gel method with a low
concentration of SnO; (1 and 2%), a widening of the photoluminescence emission band in



Catalysts 2023, 13, 534

14 of 23

a low-energy range was shown, corresponding to a combination of different phenomenon:
indirect band-to-band recombination (416 nm), excitons (437 nm) and trapped electrons
from oxygen vacancies (461 nm), and surface defects (500 nm) [55,56]. The appearance of
oxygen vacancies or crystal defects can be explained by the replacement of Ti** ions with
Sn**, taking into account that the radius of tin ions (0.69 A) is close to that of titanium
(0.61 A) [55]. The highest intensity of the PL emission recorded for the 1Sn-TiO, MW
sample indicates the formation of more defects, the signals being attributed to excitons
originating from surface oxygen vacancies and defects. The similarity between the PL
emission spectra of the pure TiO, MW (450 °C) and 45n-TiO, MW samples suggests that a
higher concentration of SnO, does not lead to the appearance of defects or oxygen vacancies,
only to a phase transformation from anatase to rutile, as Raman results evidenced.

2.11. Photocatalytic Activity

To investigate the photocatalytic capacity of tin-doped titania photocatalysts, their
ability to generate under irradiation -OH radicals (the main active species involved in the
degradation of organic dyes [57]) was evaluated by a photoluminescence method, using
terephthalic acid (TA), which readily reacts with -OH radicals in aqueous solution. The
PL intensity recorded for the resulting compound (2-hydroxyterephthalic acid—TAOH) is
proportional to the amount of -OH radicals generated under irradiation. Figure 11 shows
the fluorescence emission spectra of TAOH resulting after interaction between TA and
-OH radicals generated by synthesized Sn-doped TiO, samples under irradiation. It was
noticed that there was a gradual generation of -OH radicals with irradiation time for all the
samples, but the best results were obtained for 4Sn-TiO, MW.

—a— 150-TiO, MW
300 - —4—450-Ti0, MW

——28n-TiO, MW

——25n-Ti0, SG
200

100

Fluorescence Intensity, a.u.

=
T

0 20 40 60 80 100 120
Time, minutes

Figure 11. Fluorescence emission spectra of TAOH resulted after interaction between TA and -OH
radicals generated by synthesized Sn-doped TiO, samples under irradiation.

The synthesized materials were tested in photocatalytic degradation of methyl orange dye
under UV and visible-light irradiation. Figure 12a,b illustrates the photocatalytic results.

The 45n-TiO, MW photocatalyst had the highest efficiency in both irradiation condi-
tions, probably due to its higher capacity to generate hydroxyl radicals, as was highlighted
before (Figure 11). Even if the capacity to generate hydroxyl radicals is lower for the
25n-TiO; MW sample than 15n-TiO, MW, a better activity in the degradation of methyl
orange was observed for the first one. There are two possible explanations: (1) the presence
of anatase-rutile polymorph mixture that enhances the photocatalytic activity as the rate of
electron-hole recombination is decreased [58], and (2) a higher surface area (Table 3) that
facilitates the contact between the adsorbed dye molecules and the active sites dispersed
on the photocatalyst surface.
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100 | —=—1Sn-TiO, MW
40k —e—25n-TiO, MW
—a— 4Sn-TiO, MW
80 —v—Tio, MW
30 ——28n-TiO, SG
60

20

—=—1Sn-TiO, MW

Discoloration efficiency (%)
Discoloration efficiency (%)

40r —e—2Sn-Ti0, MW
—+— 4Sn-TiO, MW 10
20r ——TiO, MW
of 0
0 1 2 3 0 1 2 3 4 5
Time (h) Time (h)
(a) (b)

Figure 12. Photocatalytic activity of synthesized Sn-doped TiO, samples under UV (a) and visible
light (b) irradiation.

There are various recent reports on the photocatalytic degradation of organic dyes
in water in the presence of TiO, doped with different concentrations of tin. A compar-
ative analysis of the main characteristics of Sn-doped TiO, photocatalysts used for the
degradation of dyes was summarized in Table 5. Although it is difficult to compare the
photocatalytic results because there is a diversity regarding the experimental conditions
(synthesis method, dopant concentration, light irradiation, time, type of the dye, and its
concentration), it can be observed that the materials obtained in the present work show high
photocatalytic activity in contrast to similar others used in the photocatalytic degradation
of methyl orange (Table 5). An important contribution to the photocatalytic performances
of the samples is also the high dispersion of tin in the TiO, structure obtained by the
proposed synthesis method, as was highlighted by the STEM images and elemental EDX
maps (Figure 6).

Table 5. A comparison of the main characteristics of Sn-doped TiO, materials used for photocatalytic
degradation of dyes: A-anatase, R-rutile, B-brookite.

Sn Content, TiO, Dye Concentration, Light Degradation
Method [mol.%] Phase [M] Irradiation Efficiency, [%] Ref.
0.5 96%
Wa:er m"leiule 1 A/R l\gtgyllgrjg ﬂ‘;e Visible 97% [59]
ranspor 5 84%
Methylene blue uv 98%
Sol-gel 5 A (6 % 1075 M) visible 77% [60]
3 83%
Heat treatment 5 A l\éeti‘yllooj-,a;%e uv 85% [61]
7 90%
0.75 Methyl orange 73%
Sol-gel 1 A (6 x 1075 M) uv 64% [62]
Methylene blue . o
Sol-gel 3 A/R 3 x 10-5 M) Visible 79.5% [55]
A uv Vis
. . 1
Mlcrowszgfig ealssmted ) A/R/B hz[let:};locirsarl\l/%e Vilsjigle 883/0 27:/0
4 A/R 91% 37% Present work
94% 41%
Sol-gel 2 A Methyl orange Visible 29%

(1 x 1075 M)
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Under visible-light irradiation (Figure 12b), the efficiency of the photocatalyst pre-
serves a similar tendency as in the case of UV irradiation. Furthermore, it was evidenced
that there was an extension of TiO, photocatalytic activity to the visible light region by
doping with tin, obtaining an increase of discoloration efficiency from 14% for the TiO,
MW (450 °C) sample to 41% by doping with 4% tin (45Sn-TiO, MW) after 5 h of irradiation.

The improved photocatalytic capacity of this sample could be explained by the syner-
gistic effect of several textural, structural, and optical properties generated by the incorpora-
tion of tin in a concentration of 4% in the TiO, structure. Thus, the replacement of Ti** ions
by Sn** ions causes a slight deformation of the TiO, network and the appearance of surface
defects, which implies unsaturated cations and surface hydroxyl groups involved in the ad-
sorption of dye molecules [60,61]. Furthermore, a higher surface area, as was found for the
45n-TiOy MW sample (Table 3), means a higher number of unsaturated sites that contribute
to the increase of photocatalytic activity. Another crucial role of Sn dopants in improving
the photocatalytic activity of TiO; is its ability to promote the phase transformation from
anatase to rutile. A mixture of anatase-rutile, as was evidenced by Raman spectroscopy
for the samples with a higher Sn content, is beneficial in photocatalysis due to a better
separation of the e~ /h™ pairs [16]. An increase in the lifetime of photo-generated species
is also obtained by the tin doping itself, which provides new intermediate energy levels
available for the transfer of electrons from the conduction band of TiO, to the conduction
band of SnO5,, as was illustrated in Figure 13.

e

YN ﬁegradati(ﬂ)ﬂﬁ“‘\J
{\NIO) _products_~

Figure 13. The proposed mechanism of MO dye degradation on the Sn-doped TiO, photocatalysts.

The photocatalytic degradation mechanism of methyl orange dye by the active species
resulting after the photoactivation of Sn-doped TiO, materials was investigated previ-
ously [59,60,63]. The hydroxyl radicals are the main reactive oxygen species responsible for
the photocatalytic degradation of organic pollutants from wastewater [59]. In the present
study, it was evidenced that there was a direct dependence between the amount of hydroxyl
radicals generated by the synthesized photocatalysts (determined by the terephthalic acid
method, Figure 11) and their photocatalytic performance (Figure 12), suggesting that the
discoloration of the MO dye was mainly due to the hydroxyl reactive species. As was
illustrated in Figure 13, under light irradiation, the excited electrons (e™) from the valence
band of TiO, are transferred in the conduction band with the formation of paired holes
(h*). Because the Fermi level of SnO; is lower than that of TiO;,, the photoexcited elec-
trons from the valence band of TiO, are easily transferred to the conduction band of SnO,,
thus increasing the electron-hole pairs separation. Therefore, a large quantity of holes is
available for the oxidation of water with the formation of hydroxyl radicals. In addition,
the degradation pathway of methyl orange involves a direct attack of the azo bond by



Catalysts 2023, 13, 534

17 of 23

reactive -OH species, followed by an electrophilic attack of the benzene ring, as reported
before [64]. The same degradation mechanism seems to be valid in the present work, as
was suggested by UV-Vis spectroscopy (Figures 14 and S3a,b). It is well-known that the
absorption spectrum of methyl orange contains two important peaks at 464 and 271 nm,
assigned to the azo group and benzene rings structures, respectively [65]. During the
photocatalytic experiment made with a 45n-TiO; MW sample, a decrease of both specific
peaks was observed (Figure 14), indicating the splitting of the azo bond (-N=N-). The
shift of the absorption peak located at 271 nm towards lower wavelengths in the first
hours of photocatalytic reaction indicates some structural changes of the dye (possible
hydroxylation of the benzene ring), as has already been reported [64-66]. However, at the
end of the reaction, no absorption band located at wavelengths < 270 nm was observed,
indicating destruction of the aromatic rings [65]. The same behavior was shown for all the
samples used in the photocatalytic degradation of methyl orange under UV (Figure S3a)
and visible-light irradiation (Figure S3b).

N
- S azo group
=} structures .
© NaOsS methyl orange initial
~ 0.2 —1h
8 —2h
. —3h
©
o]
) benzene rings
o 0.1 structures
QO
<

0'0 1 1 1

200 300 400 500 600

Wavelength (nm)

Figure 14. UV-Vis absorbance spectra of MO during photocatalytic reaction under UV for 45n-TiO,
MW sample.

3. Materials and Methods
3.1. Gels and Powders Preparation

The Sn-doped TiO; powders were prepared by sol-gel or by microwave-assisted sol-gel
methods. The initial calculated compositions correspond to a TiO:SnO, molar percentage
of 96:4 98:2 and 99:1, respectively. The reaction started from tetrabutyl orthotitanate
(Merck, Hohenbrunn, Germany) [TBOT=Ti(OC4Hj)4] as TiO, precursor and Tin(II) 2-
ethylhexanoate [CH3(CH;)3;CH(C,H5)CO;]5n (Sigma-Aldrich, Steinheim, Germany) as
SnO; precursor. The butyl alcohol C4Hg-OH (J.T. Baker, Deventer, Holland) was used as
the solvent; triethanolamine (TEA) (Merck, Darmstadt, Germany) acts as a chelating agent,
being added in a molar ratio Tin(II) 2-ethylhexanoate:chelating agent = 5:1, water (H0), as
hydrolysis agent; and ammonium hydroxide (NH4OH) (Riedel-de Haén, Seetze, Germany),
as catalyst. The preparation procedure was described in detail in Ref. [19]. The main
difference between the two methods is the exposure of the precursor solution to microwave
irradiation for 10 min at 200 W for the microwave-assisted sol-gel method. The filtered
and dried powders were subjected to thermal treatment for 1 h at 500 °C, based on the
TGA/DTG/DTA results. In Figure 15, a flow diagram of the preparation routes is shown.

The samples were labeled (xSn-TiO, MW, where x is 1, 2, or 4) for the microwave-
assisted sol-gel method and (25n-TiO; SG) in the case of the sol-gel method.

The composition of the initial solutions and the experimental conditions used are
presented in Table 6.
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Figure 15. The flow diagram of the sample preparation by sol-gel method.

Table 6. Composition of the initial solution and the experimental conditions of sol preparation.

Molar Ratio Experimental Conditions
Sample Reagents - ROH 0O talvst pH Sol O :
T102/Sn02 Y precursor Epreiursor Z%‘e?:uzssor TCO t (min)
15n-TiO; MW 99/1 36.5 3 0.003 10 60 10
25n-Tio; M TOCHo)s + e 36.5 3 0.003 10 60 10
Tin(II) 2-
4SI'l—Ti02 MW ethylhexanoate 96/4 36.5 3 0.003 10 60 10
25n-TiO, SG 98/2 36.5 3 0.003 10 25 60

ROH = C4H,-OH.

3.2. Methods of Gels and Powders Characterization

The thermal behavior of the as-prepared samples was determined by thermogravimet-
ric and differential thermal analysis (TG/DTG/DTA) using Mettler Toledo TGA /SDTA 851°¢
(Greifensee, Switzerland) equipment in open Al,O3 crucibles in a flowing air atmosphere.
The maximum temperature was set at 800 °C and the heating rate was of 10 °C/min.

Secondary electron micrographs were recorded in a high-vacuum mode using SEM
Quanta 3D FEG (FEI, Brno, Czech Republic) equipment at an accelerating voltage of 5 kV.
The powders were placed on carbon conductive band and scanned without coating.

To investigate in detail the powders morphology and crystallinity, TEM/HRTEM/SAED
investigations were performed by means of a TITAN THEMIS ultra-high-resolution electron
microscope from Thermo Fisher Scientific (Hillsboro, OR, USA). For the acquisition of the
EDX spectra and elemental maps, the transmission electron microscope was operated
in STEM (scanning transmission electron microscopy) mode at 300 kV using a HAADF
(high-angle annular dark-field) detector for imaging and in column window less 4 Super
EDX detector for elemental analysis.

UV-Raman spectra were collected by means of a Labram HR 800 spectrometer (Horiba
France SAS, Palaiseau, France) equipped with a 325 nm laser (Kimmon Koha Ltd., Tokyo,
Japan), a grating of 2400 lines, and a 40x /0.47 NUV objective (Olympus Corporation, Tokyo,
Japan). The Edge filter prevented us from recording Raman spectra bellow 260 cm .

The textural analysis of the samples was performed through N, physisorption at
196 °C using a Micromeritics ASAP 2020 analyzer (Norcross, GA, USA). Prior to each
measurement, the samples were degassed under vacuum at 200 °C for 5 h. The specific
surface areas were calculated using the Brunauer-Emmett-Teller (BET) equation and the
total pore volume was estimated from the amount adsorbed at the relative pressure of 0.99.
The pore-size distribution (PSD) curves were obtained from the desorption data using the
Barrett-Joyner-Halenda (BJH) model.
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X-ray diffraction (XRD) patterns were recorded using a PANalytical Empyrean diffrac-
tometer (Malvern Panalytical, Malvern, UK) with Ni-filtered Cu Ko radiation (A = 0.15406 A).
The equipment was set on theta-theta geometry, with 1/4° divergence slit, 1/2° anti-scatter
slit, and 0.02° soller slit on the incident beam side; and 1/2° anti-scatter slit mounted on
a PIXCel3D detector operating in 1D on the diffracted beam side. The scan parameters
were: range 10.0000-80.0107°, step size 0.0263°, and counting time per step of 255 s. Phase
analysis was performed using HighScorePlus 3.0.e software coupled with the ICDD PDF4+
2022 database. Determination of the unit cell parameters and average crystallite size was
performed by Rietveld formalism, using a polynomial background with 4 parameters and
a Pseudo—Voigt function for peak profiles.

Rigaku ZSX Primus II spectrometer (Rigaku Corp., Tokyo, Japan) with wavelength
dispersion in vacuum was used for the elemental analysis of the materials. The SQX
analytical software from Rigaku for semi-quantitative standardless analysis was used to
calculate the chemical composition of the samples.

The UV-Vis diffuse reflectance spectra were recorded on a JASCO V570 spectropho-
tometer (Tokyo, Japan). As reference, a certified reflectance standard, spectralon, has been
used and the measurements were carried out in the range 800-200 nm.

The photoluminescence spectra (PL) of the powders were recorded with an FLSP 920
spectrofluorometer (Edinburgh Instruments, Livingston, UK). The excitation source was a
Xe lamp, excitation wavelength 350 nm, and spectra were recorded between 350 and 600 nm.
A spectrofluorometer FluoroMax 4P (Horiba Jobin Yvon, Northampton, UK) was used for
the evaluation of materials capacity to generate hydroxyl radicals in solution during light
irradiation. This method involves the use of terephthalic acid (TA) (5 x 10~* M TA solution,
prepared in aqueous solution of NaOH with 2 x 1073 M concentration) that interacts
with the hydroxyl radicals generated by the photocatalytic materials during irradiation
(Aexc = 312 nm), resulting a highly fluorescent compound (2-hydroxyterephthalic acid).

The photocatalytic experiments were carried out by adding 5 mg of photocatalyst to
10 mL of methyl orange dye (MO) solution (1 x 107> M). Prior to irradiation, the reaction
mixture was stirred in dark for 30 min to allow MO molecules to adsorb on the surface of
the photocatalysts. Then, the reaction mixture was irradiated under stirring with a UV-Vis
lamp at desired wavelengths. At regular intervals of time, the same aliquots of MO solution
were taken, filtered, and spectrophotometrically recorded using the same JASCO V570
spectrophotometer in order to evaluate the progress of the photocatalytic reaction. The
discoloration efficiency was evaluated as reported before [34,44,67].

4. Conclusions

Nanostructured Sn-doped TiO, powders were obtained/prepared by sol-gel and
microwave-assisted sol-gel methods in a basic medium. In the case of the microwave-
assisted sol-gel method, the Sn-doped TiO, was synthesized under mild conditions of short
time exposed to microwaves for 10 min at 200 W.

The morphology of the samples shows nanometer size particles and quasi-granular-
like morphology, and an average width between 300-500 nm.

The X-ray diffraction investigation detected single-phase anatase in all the samples
thermally treated at 500 °C. TEM images show aggregates of spherical particles, as also
observed in SEM images. HRTEM/SAED results indicated a high crystallinity degree of
nanoparticles, and STEM images showed uniform incorporation of the tin dopant into the
TiO, lattice. The elemental EDX maps show a high compositional homogeneity due to
the uniform incorporation of the tin dopant into the host crystalline lattice, no matter the
synthesis route.

The synthesized materials proved high photocatalytic activity in methyl orange dye
(MO) removal from water under UV and visible-light irradiation. Better photocatalytic
results were observed for the samples obtained by the microwave-assisted sol-gel method
due to the textural and structural properties thus obtained, as a higher surface area and the
co-existence of anatase—rutile phases. A direct correlation between the formation of -OH
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radicals and photocatalytic performances was evidenced, suggesting that the hydroxyl
radicals are the main species involved in the degradation of MO.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13030534/s1, Figure S1: SEM images with particle sizes
measurements of thermally treated samples (a) 2Sn-TiO2 SG, (b) 25n-TiO2 MW, (c) 1Sn-TiO2 MW,
and (d) 4Sn-TiO2 MW, respectively; Figure S2: EDX spectra of the Sn-doped TiO2 powders; Figure S3:
UV-Vis absorbance spectra of MO before and after photocatalytic experiment using xSn-TiO2 MW
materials under (a) UV and (b) visible-light irradiation.
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