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Improvement of photocatalytic activity in the
degradation of 4-chlorophenol and phenol in
aqueous medium using tin-modified TiO,
photocatalysts+

|. Rangel-Vazquez, ©** G. Del Angel,® E. Ramos-Ramirez,? F. Gonzalez, ¢
Prospero Acevedo-Pefia,® C. Martinez Gémez,® F. Tzompantzi,® Norma Gutiérrez-
Ortega® and J. G. Torres-Torres'

In this work, we present the synthesis of TiO, photocatalysts modified with different % mol of tin using the
sol—gel method. The materials were characterized using different analytical techniques. The Rietveld
refinement, XPS, Raman and UV-Vis techniques confirm the substitution of tin in the TiO, structural
lattice due to changes in crystal lattice parameters, the low-energy shift of the Sn 3ds,, orbital,
generation of oxygen vacancies and the decreased band gap and increased BET surface area. The
material with 1 mol% tin shows superior catalytic activity compared to the references for the degradation
of 40 ppm 4-chlorophenol (3 hours of reaction) and 50 ppm phenol (6 hours of reaction). Reactions fit
pseudo first order kinetics in both instances. The increase in photodegradation efficiency was attributed
to the generation of energy levels below the TiO, conduction band caused by the incorporation of
1% mol of tin, oxygen vacancies, and the heterojunction formed between the brookite—anatase-rutile,
causing inhibition of the recombination of the electron (e7) and hole (h*) photogenerated species. The
easy synthesis, low cost and increased photodegradation efficiency of the photocatalyst with 1 mol% tin
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Introduction

Globally, humanity currently faces difficult challenges within
the ecological environment due to the increase in the human
population and the increase in industrialization, which have
repercussions and various consequences for living beings.">
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have the potential to favor the remediation of recalcitrant compounds in water.

Some effects that stand out are the deterioration of the ozone
layer, severe droughts, pollution of rivers and lakes, and the
scarcity of drinking water, which is the product of demographic
overexploitation and excessive use by different industries, such
as the use of phenolic compounds for the manufacture of
cosmetics and pharmaceutical products, paints, the textile
industry, etc.*® Additionally, the water used by these industries
is discharged as effluent into different water currents. This is
a dangerous practice that brings serious environmental
contamination and severe damage to human health that ranges
from simple headaches, to mutations, cancer, and even death
from over exposure to them.

Currently, the scientific community has turned its attention
to develop highly efficient alternatives for the elimination of
phenolic compounds due to the suspicion that the compounds
are endocrine disruptors (EDCs) and constitute a particular
priority group of the EPA.* There are several primary processes
such as chemical, physical and biological. However, these
methods are inefficient as the compounds are complex, chem-
ically stable, resistant and cannot be removed entirely.” An
alternative is the implementation of heterogeneous photo-
catalysis, since it is a process considered as a solution to the
environmental problem; for being friendly to the environment
and for its high efficiency in the elimination of recalcitrant

© 2023 The Author(s). Published by the Royal Society of Chemistry
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compounds™***® and for obtaining clean and renewable energy
through the photocatalytic water splitting process®'® so as not to
depend on fossil fuels.

TiO, is the most used and promising semiconductor for
photocatalytic applications due to its characteristics such as
non-toxicity, low-cost, resistance and chemical stability. Like-
wise, when it is irradiated with UV irradiation, electron and hole
charge carriers are photogenerated in the semiconductor,
which later migrate to the surface of the semiconductor where
the oxidation and reduction processes take place causing the
photodegradation of recalcitrant compounds.'»'> However,
TiO, has the disadvantage of rapid recombination of charge
carriers, lack of efficiency under sunlight, and bandwidth gap
(Eg) only activated under UV irradiation.

Recently there has been a great interest in implementing
new strategies to improve photoresponse using different light
sources (UV or UV-Vis). One way to delay the recombination
process of charge carriers for their application to degrade
recalcitrant pollutants and in the generation of renewable
energy sources is through various alternatives such as; doping
with metals such as Sn, Fe, Zr, Mn, W and Mo,"*"” non-metals
such as S, Br, N, P, g-C3N,, etc.,>*>'®*® coupling with another
semiconductor, semiconductor/non-metal or non-metal/non-
metal with different morphology favoring type II
heterojunctions,”™® generation of ternary hybrid materials
between semiconductors and non-semiconductors'®**** or
simply by impregnating noble metal nanoparticles.*

In the literature, it has been observed that the recombination
of charge carriers is inhibited by incorporating tin into TiO,,
due to the increase in redox potential and improved catalytic
activity.®**"** This effect is attributed to the incorporation of tin
into the TiO, lattice due to the similar ionic radius of Sn** (0.609
A) and Ti*" (0.605 A). Another factor, such as the synthesis
method, can directly influence the structural properties and
crystallinity, and enhance the photoactivity of tin-modified TiO,
photocatalysts. There are different synthesis methods and
precursors for obtaining tin-modified TiO, photocatalysts: sol-
vothermal, combustion, coprecipitation, etc.;>>** however, the
methods mentioned are expensive. In contrast, the sol-gel
method is a simple, easy and cheap process. For this reason, in
this manuscript, we report the synthesis of tin-doped TiO,
nanoparticles using the sol-gel method in order to study the
influence of tin in the TiO, structure. For the modification of
the photocatalysts, different mol percentages of tin were used
for doped-TiO,, and the TiO, and SnO, reference samples were
synthesized, to characterize them by different techniques later.
The catalytic activity of tin-doped photocatalysts was studied
through the degradation of 40 ppm 4-chlorophenol and 50 ppm
phenol in an aqueous medium under UV light irradiation.

Experimental
(a) Synthesis of photocatalysts and references

The reference photocatalysts (TiO, and SnO,) and doped-TiO,
(with 1, 3 and 5% mol of tin) were synthesized by the sol-gel
method, using the following precursors; titanium(iv) isoprop-
oxide (Aldrich), SnCl,-2H,0O (Aldrich), isopropanol (Aldrich),
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HCI (Aldrich) and deionized water. A desired ration of titanium
and tin precursors are placed into a flask containing isopropyl
alcohol, under a nitrogen atmosphere. Subsequently, the pH of
the transparent solution is adjusted to a value of 3 using HNOj3,
and left to reflux for 24 hours with constant stirring. Finally,
water and isopropanol are incorporated into the flask, main-
taining a 4 : 16 molar ratio (water-isopropanol), and refluxed for
another 24 hours. Subsequently, the photocatalysts are filtered
and washed with water to remove excess chlorine contained in
the tin precursor salt. The photocatalysts are dried in an oven at
120 °C for 12 hours. Henceforth the photocatalysts will be
named SnXT, where X corresponds to the molar percentage of
tin added during the synthesis (1, 3 and 5%), and the references
will be named SnOT and Sn100T.

(b) Characterization of photocatalysts

(b.1) TGA/DTA. The photocatalysts were characterized by
differential thermal analysis and thermogravimetric analysis in
a PerkinElmer Diamond Thermogravimeter Team Model 2200
equipment considering the temperature range of 25-1000 °C
with a heating rate of 10 °C min™" in a nitrogen atmosphere.

(b.2) X-ray diffraction. The photocatalysts crystalline
structure and phase composition were obtained in a Bruker D-8
Advanced diffractometer with a Cu X-ray tube. The diffraction
intensity as a function of the angle 260 was measured in the
interval from 10° to 70° with a step in 26 of 0.020415° per point.
The crystal structures were refined by the Rietveld method using
a fundamental parameter approach for the refinements the
TOPAS code was implemented, version 4.2. The modeled
profiles are of the Lorentzian type and they were used to
parameterize the refinement in the following order: crystal size,
lattice parameters, crystal symmetry, and ion positions within
the crystal cell.

(b.3) XPS. X-ray photoelectron spectroscopy analyses were
performed in an UHV system PHI 5000 Versa Probe II, with an Al
Ko X-ray source (hv = 1486.6 €V) monochromatic with 100 um
beam diameter. The XPS spectra were obtained at 45° to the
normal surface in the constant pass energy mode (CAE) E, =
117.40 and 11.75 eV survey surface and high-resolution narrow
scan. Peak positions were referenced to the background silver
3ds/, photo-peak at 368.20 eV, having a FWHM of 0.56 eV, and C
1s hydrocarbon groups at 285.00 eV, Au 4f;, at 84.00 eV central
peak core level position.

(b.4) Raman. Raman spectroscopy of the photocatalysts
was measured in the range of 100-3500 cm ™' using an incident
laser with a wavelength of 532 nm, in a Raman DRX TM3
Thermo Scientific Microscope.

(b.5) UV-Vis absorption spectra. Diffuse reflectance spectra
(DRS) of the photocatalysts were obtained using a Varian Cary
100 UV-Vis spectrometer equipped with an integrating sphere.
The spectra were measured in the wavelength interval between
200 and 800 nm, using BaSO, as reference. The band gap (Eg) of
the photocatalysts were estimated using the modified Kubelka-
Munk theory ((F(R) x hv)*? vs. hv).

(b.6) SEM-EDS. The analysis of the morphology and the
dispersive energy spectra of the photocatalysts were measured
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in a JEOL 7600-F equipment with 15 kV acceleration and with
a field emission source. Elemental analysis and mapping were
performed with an Oxford INCA 20 mm? detector. The powders
were deposited on a carbon tape sample holder.

(b.7) TEM and HRTEM. TEM and HRTEM micrographs
were measured on a JEOL JSM7600-F high resolution field
emission transmission electron microscope. The samples were
ultrasonically dispersed in butanol and a drop of the resulting
suspension was deposited on a copper grid coated with a thin
layer of amorphous carbon. Comptage V2 was used to deter-
mine the crystal size distribution. High-resolution micrography
was used to measure the crystalline planes of the photocatalyst
in the different areas analyzed using the Digital Micrograph by
the Gatan Software team program.

(b.8) BET specific surface area. The textural properties and
the BET area of the photocatalysts are obtained by measuring
nitrogen adsorption-desorption at —196 °C using a Micro-
meritics Tristar II equipment. The pre-analysis treatment
consists of degassing at a temperature of 250 °C for 5 hours.

(b.9) Photoluminescence. The measurements of the pho-
toluminescence spectra were performed in a Scinco FS-2 spec-
trophotometer upon excitation at 320 nm in the wavelength
range between 350 nm and 600 nm.

(b.10) Determination of hydroxyl radicals (‘OH). The
formation of hydroxyl radicals on the surface of the photo-
catalyst by UV light irradiation was monitored by the fluores-
cence technique, using a probe molecule (terephthalic acid),
which reacts with hydroxyl radicals ("OH) and produces 2-
hydroxyterephthalic acid.*®** The experiment was carried out in
a Bach type reactor as follows: 0.2 g of the photocatalyst are
dispersed in 200 ml of the terephthalic acid solution with
a concentration of 5 x 10 * mol L " and 2 x 10™® mol L ™" of
NaOH. The mixture is left for a period of 1 hour without UV
radiation (lamp off) to achieve adsorption-desorption equilib-
rium of the probe molecule with the surface of the photo-
catalyst, then the UV lamp is turned on. The reaction was
monitored taking 3 ml aliquots at different times: 0, 5, 10, 15,
30, 45 and 60 min. Suspended particles were removed using
a 0.45 pm membrane. The formation of hydroxyl radials (‘OH)
was estimated by the change in fluorescence intensity in the
emission spectrum by 2-hydroxyterephthalic acid at Ae, =
425 nm with A = 315 nm, recorded using a PerkinElmer
Luminescence Spectrometer Model LS-50B.

(b.11) Electrochemical analysis. (Photo)electrochemical
evaluation of the formed semiconductor was evaluated in
a three-electrode cell with a quartz window to illuminate the
photocatalysts film using a Newport Q Housing (Model 60025)
with a 100 W Hg arc lamp. The photocatalysts film were sup-
ported onto FTO following the procedure previously reported.*
In brief, 10 mg of the powdered photocatalyst were suspended
in 500 pl of an ethanol/Nafion solution in an ultrasonic bath for
30 min. Once a stable suspension was obtained, the film was
formed by drop casting onto an FTO substrate with a delimited
area of 0.5 x 0.5 cm” and left to dry at room temperature
overnight. The semiconducting properties of the photocatalysts
films were evaluated through Mott-Schottky plots measured at
different potentials employing a sinusoidal AC perturbation of
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+10 mV at 400 Hz. Charge separation efficiency of photo-
catalysts was characterized by measuring the photocurrent
generation: (i) during a linear sweep voltammetry (v = 10 mV
s~') and (ii) at a fixed potential of 0.5 V vs. Ag/AgCl/3 M NaCl,
both under chopped illumination. Finally, the charge trans-
ference resistance of the films was measured through EIS
spectra at open circuit potential under illumination in
a frequency range from 100 kHz to 1 Hz employing a sinusoidal
AC perturbation of £10 mV.

(c) Photocatalytic tests for 4-chlorophenol and phenol
degradation

The catalytic activity is carried out in a Bach-type glass reactor,
incorporating 200 ml of solution of the pollutant under study.
The pollutant molecules are 40 ppm and 50 ppm of 4-chlor-
ophenol and phenol, respectively. The photocatalytic reaction is
carried out with an air flow (60 ml min™"), 1 g L™" of photo-
catalyst, at room temperature, and with constant agitation for
each of the experiments performed. The irradiation source is
a Pen-Ray Hg-lamp (1 = 254 nm and 4000 uW cm ™). Before
starting the photocatalytic reaction, the pollutant solution is left
with the photocatalyst without turning on the irradiation source
for 1 hour to achieve the adsorption-desorption equilibrium of
the probe molecule, at the end of the equilibration period, the
irradiation source is turned on to start pollutant degradation.
The phenol degradation reaction is monitored every hour for 6
hours and for 4-chlorophenol every 15 minutes during 3 hours
of reaction, using a 0.45 pum Millipore filter. Aliquots are
analyzed using an UV-Vis spectrometer (Agilent Cary 60)
following the absorption band at 278 nm for 4-chlorophenol
and 270 nm for phenol. The degradation of each probe mole-
cule is also followed by TOC (Total Organic Carbon) in a Shi-
madzu 50000 TOC equipment.

Results and discussion
(a) TGA/DTA

TGA/DTA profiles of Sn0T and Sn1T photocatalysts are shown in
Fig. 1a and b, respectively. In Fig. 1a, weight losses are observed
in the temperature ranges of 28-200 °C, 200-430 °C and 430-
550 °C. The first temperature interval corresponds to an endo-
thermic peak with a weight loss (6.5%) attributed to the evap-
oration of the residual solvent and the removal of water.'**' In
the second interval, the weight loss (4.8%) corresponds to an
exothermic peak and is associated with the combustion of
organic matter, elimination of structural hydroxyl groups and
the transition from the amorphous phase to the crystalline
anatase phase.®** In the third interval, an exothermic peak
centered at 482 °C is located, it is associated with the allotropic
transformation of anatase to rutile.*® The Sn1T photocatalyst
(see Fig. 1b) has the following range of 28-200 °C, 200-443 °C
and 443-521 °C. The first interval is associated with an endo-
thermic peak due to the loss of solvent and water with loss of
weight (7.5%). The second interval (weight loss (3%)) is corre-
lated to the combustion of organic matter, elimination of
structural hydroxyl groups, decomposition of chloride ions and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TGA/DTA analysis of photocatalysts (a) SnOT and (b) Sni1T.

the transition from the amorphous phase to the anatase phase
of TiO,.* The last interval of 443-521 °C is associated with the
crystalline phase transition from anatase to rutile and the
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incorporation of tin into the TiO, matrix is observed to reduce
the crystallization temperature of anatase to rutile compared to
TiO, and a peak is observed at 767 °C, associated with the
complete transformation of the nanocrystals from anatase to
rutile.** According to the analysis obtained, the calcination
temperature was determined for all materials at 400 °C for 4
hours.

(b) X-ray diffraction

Fig. 2 shows the diffraction patterns of the Sn0T, Sn100T and
SnXT photocatalysts where X = 1, 3 and 5% mol of tin. For the
SnOT photocatalyst, the crystallographic planes (101), (103),
(004), (112), (200), (105) (211), (213), (204) and (116) are shown,
corresponding to the Bragg reflections at 26 = 25.28°, 36.94°,
37.80°, 38.57°, 48.05°, 53.89°, 55.06°, 62.12°, 62.69° and 68.76°
which are associated with the tetragonal structure of the
anatase phase of TiO, (JCPDS 12-1272 Quality: Star (*), item (b)
in Fig. 2).*** However, at a temperature of 400 °C, the Sn0T
photocatalyst presents a small peak located at 27.53° as a func-
tion of angle 26, which corresponds to the (110) plane of the
tetragonal structure of the TiO, rutile phase (JCPDS 21-1276
Quality: Star (*), item (c) (*) within Fig. 2), this same effect of
obtaining rutile at low temperature (350 °C) has been previously
reported in the literature.” For the Sn100T photocatalyst, the
crystallographic planes (110), (101), (200), (111), (210), (211),
(220), (002), (310), (112) and (301) are shown, that correspond to
the peaks with reflection as a function of 26 = 26.59°, 33.88°,
37.95°, 38.99°, 42.64°, 51.78°, 54.76°, 57.85°, 61.89°, 64.76° and
65.98° which are associated with the tetragonal structure of
SnO, (cassiterite JCPDS 04-003-0649 Quality: Star (*), item (d)
inside Fig. 2).%°

For the other photocatalysts (see Fig. 2 left) SnXT, where X is
1, 3 and 5% mol tin, the reflections are observed as a function of
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Fig. 2 X-ray diffraction patterns of synthesized photocatalysts calculated by Rietveld refinement subsequently.
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Sn5T and Sn100T photocatalysts. Fig. 3a-c show the high-
resolution XPS spectra of Ti 2p, Sn 3d and O 1s for the above
mentioned photocatalysts. Fig. 3a shows the results of the
deconvolution analysis of the Ti 2p core level spectrum for the
Sn0T, Sn1T and Sn5T photocatalysts, in which two defined peaks
are observed that correspond to titanium with different oxidation
states; Ti** and Ti*". The deconvolution of the high-resolution Ti
2p spectra of the photocatalysts (Sn0T, Sn1T and Sn5T) shows
that the highest abundance corresponds to Ti'*, which can be
associated with the present crystalline phases detected by anatase
X-ray diffraction, brookite and rutile, and Ti** is observed in
a smaller proportion. The species of Ti*" is the product of the
reduction of Ti*" due to the chemical reactivity of titanium oxide
when synthesizing the photocatalysts by the incorporation of
a dopant, high vacuum conditions or ionic erosion.** In the Sn0T
photocatalyst, binding energies (BE) of the core level of Ti 2p;,
are observed at 458.70 eV, for TiO, (Ti**) at 458.85 eV and for

Ti,0; (Ti*") at 457.24 €V (Table 2). In the literature, several
authors report BE very close to the values obtained in our
deconvolution, for this reason in the present work the C 1s peak
is calibrated at 285.00 eV."**>*»* Another factor that the previ-
ously mentioned authors do not consider in deconvolution is that
there are different proportions of crystalline phases with the
same oxidation state (Ti**), and this causes the distance of the
central peaks of the Ti 2p core level doublet and the resolution of
the peak to change (FWHM). Therefore, we associate that the
modification of the BE distance between Ti 2p;/, and Ti 2py, is
due to the following: (1) there is not a single crystalline phase
with Ti*" in TiO,, (2) there are symmetry and resolution effects
due to the energy step (CAE) in spectrum acquisition and (3) the
presence of vacancies. The present data is based on the BE ob-
tained experimentally and corrected with the values of the core
level Ti 2p according to our calibration and resolution of the
spectrum. The separation of the Ti 2p doublet core level must be

Table 2 Binding energy and composition relative of each species core level of Ti 2p, O 1s and Sn 3d of the photocatalyst SnXT, where X=0, 1, 3,

5 and 100% mol of tin

TiO, Ti,0; TiO, Oxygen Tin
Ti 2pas O1s Sn 3ds),
Anatase Rutile Brookite
Sample Ti*"
(eV) Ti% oL o, (o} Sn**
SnoT 458.7 458.85 — 457.24 — 529.98 — 531.30 —
82.3 1.9 — 15.8 — 91.3 — 8.7 —
SniT 458.7 458.85 458.58 456.99 458.06 529.9 530.1 531.34 486.30
62.2 2.4 21.5 10.0 3.9 81.6 8.8 9.6 100
Sn5T 458.7 — 458.58 456.99 458.06 529.85 530.22 531.25 486.28
45.8 — 33.1 13.5 7.6 74.8 15.1 10 100
Sn100T — — — — — 530.5 — 531.92 486.6
— — — — — 91.5 — 8.5 100

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fixed for any oxidation state and crystalline phase, in our pho-
tocatalysts containing titanium the AE = 5.75 eV according to our
reference SnOT (anatase and rutile). Table 2 shows the BE of the
deconvolution analysis of the Ti 2p;, core level of the photo-
catalysts. The BE centered at 458.70 eV (82.4%) and 458.85 eV
(1.8%) are associated with the anatase and rutile phases in TiO,
(Ti*") and the BE at 457.24 eV (15.8%) is attributed to Ti*" in the
SnOT photocatalyst. On the other hand, in the SniT and Sn5T
photocatalysts a new contribution is presented with a BE
centered at 458.58 eV, which is attributed to the brookite phase of
TiO, (Ti*") with different relative abundances (21.2% Sn1T and
30.8% Sn5T) and a BE centered at 456.99 eV is presented due to
the contribution of Ti** (10.6% Sni1T and 13.5% Sn5T). The
displacement of the Ti** BE in the Sn1T and Sn5T photocatalysts
compared to the SnOT reference can be associated with the
oxygen vacancies generated and the possible incorporation of tin
in the Ti,O; structure.*

Fig. 3b shows the core level of the high-resolution spectrum
of Sn 3d for the photocatalysts Sn100T, Sn1T and Sn5T. For the
photocatalyst reference, Sn100T (SnO,), the core level shows
a doublet Sn 3ds, and Sn 3d;, with BE = 486.60 eV and
495.02 eV that corresponds to SnO, in an oxidation state Sn**
and no other contribution associated with metallic tin was
observed (Sn° metallic tin) or (Sn>").2**+** The AE for the core
level for doublet Sn 3d5,, and Sn 3d;/, is 8.42 eV (see Fig. 3b). For
the photocatalysts with different tin content, the core level of Sn
3ds/, has a BE = 486.30 eV (Sn1T) and 486.28 eV (Sn5T). Tin
incorporation in the Sni1T and Sn5T samples (Table 2) has
a shift at low energy (0.30 eV and 0.32 eV) compared to the
Sn100T reference, indicating that Sn** is incorporated into the
TiO, structure,'®?*32:46

The high-resolution spectra of O 1s (Fig. 3¢) of the Sn0T and
Sn100T photocatalysts show two contributions (see Table 2), the
first is bound to oxygen from the structural lattice for each
photocatalyst at 529.98 and 530.50 eV and the second is
attributed to surface hydroxyl groups located at 531.30 and
531.92 eV, respectively.*>*® In the high-resolution O 1s spectra,
three contributions located at 529.90, 531.34 and 530.10 eV
(Sn1T) and at 529.85, 531.25 and 530.22 eV (Sn5T) were
observed. These BE are associated with oxygen in the structural
lattice hydroxyl groups on the surface and the vacancies
generated by the incorporation of tin and interface formed
between the phases present in each of the photocatalysts
(anatase, brookite and rutile). Oxygen vacancies have been re-
ported to function as an electron trap, thus delaying charge
carrier recombination and enhancing photoactivity in the
degradation of recalcitrant compounds.***

(d) Raman

Raman spectroscopy is used to evaluate the incorporation of tin
into TiO,, crystallinity of the phases present, and structural
defects in the different synthesized photocatalysts. Fig. 4 shows
the main peaks associated with the fundamental modes of
vibration of TiO, (Sn0T) in anatase phase (A) located at
145 cm ' (Ey), 197 em ™ (Ey), 398 cm ™! (Byy), 519 em ™! (Ay,) and
641 cm ' (E,).** The fundamental modes of vibration of TiO,
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Fig.4 Raman spectra of SnXT photocatalysts: SnOT, Sn1T, Sn3T, Sn5T.

in rutile phase are located at 145 cm™ ' (Byy), 445 cm ™' (Ey),
610 cm '; so they are not observed in SnOT,* this can be
attributed to the small relative proportion found, based on the
Rietveld refinement and that this is totally dispersed in SnOT.
For SnXT modified photocatalysts; where X = 1, 3 and 5% mol of
tin (see Fig. 4), the vibration modes mentioned above corre-
sponding to the anatase phase (A) are observed and the vibra-
tion modes located at 245 cm™ ' (Ay,) are present at 322 cm !
(Big) and 364 (B,,) cm ™ '; which are associated with the brookite
phase (B*) of TiO,.*® For the Sn1T photocatalyst, the vibration
modes corresponding to rutile were not observed; this due to
the small proportion and that the majority dominant phases are
anatase and brookite, which are detected by means of XRD-
Rietveld refinement. The results obtained from the SnXT pho-
tocatalysts (X = 1, 3 and 5 mol of tin) show the coexistence of
crystalline phases (anatase and brookite) of TiO, and are
consistent with the results obtained by XRD-Rietveld and XPS.
For the reference Sn100T (not shown), its vibration modes are
located at 490 cm™*, 574 em ™!, 636 cm™* and 776 cm™'.*' In
modified materials with different tin content (Sn1T, Sn3T and
Sn5T) the vibration modes corresponding to SnO, are absent,
therefore; the incorporation of Sn*" into the TiO, structural
lattice is indicated and it is corroborated by XRD-Rietveld
refinement and XPS. Also, another effect that is observed
when incorporating tin (see Fig. 4 inset) is that the mode located
at 145 cm™ " suffers a shift towards the blue and a broadening,
this is attributed to the confinement of the phonon or non-
stoichiometry. This is associated with reticular defects in the
structural lattice due to the generation of oxygen vacancies
caused by the incorporation of tin (doping).*»*

(e) SEM-EDS

Fig. 5 shows the SEM micrographs and EDS spectra of each one
of the elements that constitute the SnOT and Sn1T photo-
catalysts. Elemental composition determined by EDS-mapping
of each of the samples for each of the elements, O (oxygen), Ti
(titanium) and Sn (tin), contained in SnoOT (Fig. 5a) and SniT
(Fig. 5b) are shown in Fig. 5. On the SEM-mapping images of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM analysis-mapping and elemental composition of the SnOT (a) and Sni1T (b) photocatalysts.

SniT tin was observed to be incorporated into the TiO, matrix
without notorious segregation of SnO, particles on the TiO,
surface, this fact is verified by XRD-Rietveld refinement and
Raman spectroscopy. The elemental composition was studied
by EDS in five different zones to obtain a better description for
each of the elements, as shown in ESI Fig. 1s.T The composition
of each one of them was observed to be variable depending on
the area where the EDS spectra were recorded and that the
particles do not have uniform morphology and crystal size. The
outstanding information of the spectra performed was obtained
from the average value with its respective standard deviation for
each of the elements of the Sn1T photocatalyst (see ESI Fig. 1s¥).
The tin element's atomic composition values obtained were
close to the value employed during the photocatalysts synthesis.

(f) TEM

The characterization of the photocatalysts to determine the
average particle size of Sn0T and Sn1T was performed by TEM.
Images of SnOT and Sn1T are shown in Fig. 6a and b, respectively.
The micrographs of the photocatalysts Sn0T and SniT confirm
these materials have heterogeneous morphologies and crystal
size. SnOT has an average size of 23 nm and when incorporating
the tin dopant at 1% mol, the average crystal size is 16 nm (Sn1T).
Therefore, the incorporation of tin has the effect of inhibiting

© 2023 The Author(s). Published by the Royal Society of Chemistry

particle growth in Sn1T compared to the SnOT reference, this fact
agrees with the results obtained, which the XRD-analysis Rietveld
corroborates. Incorporating a dopant into the structural lattice of
a metal oxide tends to decrease the crystal size compared to the
reference material; this effect has been reported in various pho-
tocatalysts for environmental applications.*

(2) HRTEM

Fig. 7 shows HRTEM micrograph of the Sn1T photocatalyst with
its respective analyzed areas (Fig. 7a-d). On the right side of
Fig. 7, the different regions analyzed using the FFT-HRTEM of
the Sn1T photocatalyst are observed. The planes (105), (200) and
(101) are identified from FFT-HRTEM, which are associated
with the interplanar distances 1.71 A, 1.90 A and 3.53 A that
correspond to the anatase phase (JCPDS PDF 21-1272 Quality
Star (*)). The crystallographic planes (032), (111) and (120)
correspond to the interplanar distances 1.97 A, 3.49 A and 3.51
A, which are attributed to the brookite phase (JCPDS PDF 29-
1360 Quality Star (*)). TiO, crystallographic planes corre-
sponding to rutile are absent, this is due to dispersion and low
relative concentration according to XRD-Rietveld refinement
analysis. The different zones were studied (FFT-HRTEM)
consecutively and it is not possible to detect the crystallo-
graphic planes corresponding to the cassiterite phase (SnO,).

RSC Adv, 2023, 13, 13862-13879 | 13869
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Fig. 6 TEM image analysis and average crystal size distribution of SnOT (a) and Sn1T (b) photocatalysts.

The evidence described above suggests that the dopant (tin)
is incorporated into the TiO, structural lattice for the photo-
catalyst (Sn1T), XRD-Rietveld, XPS and Raman corroborate this.
Additionally, the coexistence of crystalline phases (anatase and
brookite) in SniT (see Fig. 7 (left)) reveal the formation of
a heterojunction between them, this phenomenon has been
reported for a mixture of anatase and rutile.*?

(h) UV-Vis spectroscopy (diffuse reflectance)

The optical absorption of the synthesized photocatalysts can
be seen in Fig. 8. Determining the band gap value of the
different photocatalysts is crucial and is regarded as an

essential factor influencing the catalytic activity. Band gap
spectra are transformed using the Kubelka-Munk (K-M)
method. To determine and know the band gap of the photo-
catalysts, it is necessary to build the Tauc's graph [(K-M x hv)"
vs. energy (Av)]. In the literature an indirect transition has been
reported for the TiO, semiconductor, where the value of n =1/
2134652 The calculation of the band gap of the SnXT photo-
catalysts (X = 1, 3 and 5 mol%) is determined by fitting the
linear part of the spectrum in the Tauc's graph with the
intersection with the abscissa axis (hv) (see graphic inserted in
Fig. 8). The calculated band gap value of the different photo-
catalysts can be seen in Table 3, the value for the SnOT refer-
ence is 3.15 eV (anatase and rutile). Some researchers consider

Fig. 7 HRTEM image and their respective FFT-HRTEM images of the different areas analyzed (a—d) of the Sn1T photocatalyst.
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Fig. 8 Diffuse reflectance spectra (UV-Vis) and (inset) Tauc plot of the
different photocatalysts, (a) SNOT, (b) SniT, (c) Sn3T, (d) SN5T and (e)
Sn100T.

the possible transition of the TiO, band gap calculation
differently: for example, Fresno et al.** consider direct and
indirect transitions obtaining E, values of 2.94 eV and 3.19 eV,
respectively. Marzec et al.’>® report a value of 3.18 eV for an
indirect transition and Majrik et al.>** mention that the E, is in
the range of 3.0-3.1 eV and other authors generally report the
E, at 3.2 eV for (anatase) TiO,. Therefore, the obtained value of
E, calculated in this work for the Sn0T photocatalyst (anatase
and rutile) is within the range previously reported by the
authors cited above. For the reference Sn100T (SnO,) the E,
value is 3.6 eV, which coincides with what has already been
reported.”*® On the other hand, incorporation of tin (1, 3 and
5 mol%) into TiO, decreases the band gap to an interval
between 2.90 and 2.97 eV (see Table 3), displacing the
absorption edge towards visible spectrum. This modification
of the band gap is attributed: (1) to the transition of charge
transfer of the electrons of Sn** to the conduction band of
Ti0,,%” (2) to the incorporation of tin into the TiO, structural
lattice, and (3) to the interaction in the mixture of phases
(anatase, brookite and rutile) that must form states that
function as shallow traps created by oxygen vacancies causing
the band gap to decrease.*>*

View Article Online
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(i) BET specific surface area

The textural properties of the photocatalysts Sn0T, Sn100T and
SnXT, where X = 1, 3 and 5% mol of tin, and their respective N,
adsorption-desorption isotherms are shown in Table 3 and
Fig. 9. The BET area of the Sn0T and Sn100T photocatalysts are
42 m” g ' and 91 m® g~ !, respectively. The incorporation of tin
into the TiO, structure modifies the surface area with an
increase of 73-94 m?> g ' (see Table 3). The adsorption-
desorption isotherms of the photocatalysts (see Fig. 9) are
classified according to IUPAC as type IV,*® which are charac-
teristic of mesoporous materials. Sn0T and Sn100T have the H3
type hysteresis, which is characteristic of pores between plates
in the region of the mesopores. The Sn1T photocatalyst has the
H1 type of hysteresis, which is typical of ordered pores. Finally,
Sn3T and Sn5T photocatalysts have the H2 type of hysteresis,
where there are delayed condensation phenomena and pore
blocking.® The pore size of the SnXT photocatalysts is much
smaller compared to the references, 15.22 nm (Sn0T) and
15.83 nm (Sn100T) with values of 5.54, 2.81 and 2.59 nm for the
contents of 1, 3 and 5% of tin, respectively. Pore volume
decreased depending on the tin content of 0.21, 0.14 and
0.13 g cm* respectively, this may be due to the distortion of the
structural lattice by the incorporation of tin into TiO,.
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Fig. 9 Adsorption isotherms and desorption of N, photocatalysts
SnXT where X =0, 1, 3, 5 and 100 mol% tin.

Table 3 Textural properties, band gap (Eg) and kinetic parameters of the degradation of 40 ppm 4-chlorophenol and 50 ppm phenol using the

SnXT materials, where X = 0, 1, 3, 5 and 100 mol% of tin

Surface Pore Pore Band

specific size distribution  gap “ATOC  "Kapp X 107° s ac “TOC  Kapp X 107> 45 sc
Sample (BET, m*g ') (nm) (em® g™ (Bgy V) (%) (min™") (min) (%) (%) (min™") (min) (%)
SnOT 42 15.22 0.32 3.15 71.2 12.62 549 76.6 62 5.09 136.17 76.9
SniT 73 5.54 0.21 2.97 91.0 25.11 27.6 954 87 8.84 78.41 94.0
Sn3T 94 2.81 0.14 2.93 66.4 10.95 63.3 74.7 54 3.85 180.03 72.3
Sn5T 91 2.59 0.13 2.90 76.0 19.13 36.2 90.5 83 8.38 82.71 90.0
Sn100T 91 15.83 0.36 3.62 20.7 2.21 313.6 12.0 15 0.35 —_ 13.0

¢ TOC = total organic carbon of 4-chlorophenol at 180 minutes. ® Kapp = apparent speed constant calculated at 180 min. © ¢,, = average life time.
4 C= conversion (%) to 180 minutes. ° TOC = total organic carbon of phenol at 360 minutes. K,pp = apparent speed constant calculated at 360

minutes. ¥ C= conversion (%) at 360 minutes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(j) Photocatalytic activity

The photocatalytic activity of the materials synthesized and
calcined at 400 °C was performed by degradation of 4-chlor-
ophenol (40 ppm, A = 278) and phenol (50 ppm, A =270 nm), in
an aqueous medium, using UV light irradiation. The concen-
tration of the molecules was monitored by means of UV-Vis
spectrophotometry at different times (each 30 min for 4 chlor-
ophenol and each 60 min for phenol) during the UV irradiation.
Degradation of organic compounds does not take place in the
absence of a photocatalyst and UV light. The UV-Vis absorbance
spectra are shown in Fig. 10 for the photocatalytic degradation
for 4-chlorophenol (a) (Sn0T) and (b) (Sn1T), and phenol (c)
(SnoT) and (d) (Sn1T), the total time of reaction was 3 h and 6 h
respectively. Before initiating contaminant degradation, the
solution of pollutant with the photocatalyst was left in agitation
for one hour to allow equilibrium of adsorption-desorption of
the contaminant on the catalyst. In the photocatalytic reaction
of the 4-chlorophenol at 1 hour of adsorption, without UV light,
the materials SnOT, Sn1T, Sn3T and Sn5T were observe to
adsorb approximately between 18 and 22% of the pollutant and
that the Sn100T absorbs approximately 20% of the pollutant
(see Fig. 11a). If we observe Fig. 10a and b, where the UV
absorption spectra for Sn0T and Sn1T photocatalysts is shown,
when the solution is irradiated with UV light in both catalysts,
absorbance intensity is detected to increase for some time
before starting the photodegradation. This behavior, in which
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the concentration of the pollutant is higher than at the start
(after adsorption), is called the photoinduction period, this
effect has been reported commonly in hydroxylation reactions
in which free radicals have been seen to be involved.***

It can also be observed (Fig. 10) that the absorption band
after irradiation presents a red-shift forming a new absorption
band, this band can be attributed to the formation of an
intermediary with a different chromophore, such as hydroqui-
none (A =285 nm) or to the appearance of the ion phenolate (4
= 287 nm).**** In the same graph, it was observed that the
transitions of the aromatic group ® — 7* in the range of 190-
240 nm for the Sn1T photocatalyst decreases the intensity after
90 min of irradiation compared to the reference SnOT. The
photocatalytic reaction using the SnOT and Sn1T photocatalysts
(Fig. 10a and b) shows a band in the range of 250-310 nm,
which decreases considerably with respect to the irradiation
time in Sn1T until achieving almost the total degradation of 4-
chlorophenol. This band located in the interval mentioned
above was associated with the transitions ® — 7* and the
breakdown of the C-Cl link, which is very reactive. In Fig. 11a
the degradation of 4-chlorophenol as a function of the
temperature for pure and doped catalysts is exposed. The
photoinduction effect for all the photocatalysts at 30 minutes of
irradiation can be observed. Nevertheless, at 3 h of irradiation
(see Fig. 11a) the Sn1T and Sn5T exhibit more activity than the
Sn3T and SnOT photocatalysts. Whereas the pure Sn100T pho-
tocatalyst still presented the process of photoinduction.
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Fig. 10 UV-Vis spectra of pollutant degradation using photocatalysts; 4-chlorophenol (a) SnOT, (b) Sn1T and phenol (c) SnOT, (d) Sn1T.
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Fig. 11 Catalytic activity of SnXT photocatalysts followed by UV-Vis spectroscopy (left) and pseudo first order kinetics (right) for the degradation

of 40 ppm 4-chlorophenol (a) and (b) and 50 ppm phenol (c) and (d).

The mineralization of 4-chlorophenol was also followed by
TOC (see Table 4) and was reported for 180 minutes of reaction.
The values obtained by TOC analysis for 4-chlorophenol
mineralization are shown in Table 4. The most active photo-
catalyst in the mineralization of 4-chlorophenol was the Sn1T
with 91%, a higher value than for reference Sn0T, whose value
reached 71% in 3 hours of reaction. Degradation results and

kinetic parameters of 4-chlorophenol in SnXT materials can be
seen in the Table 4. The degradation of 4-chlorophenol was
adjusted to a kinetics of pseudo-first order showing that the
Sn1T has the highest K, value, of around double that of the
SnoOT reference and the highest conversion to 180 minutes with
95.4%. The half-life time of SnXT photocatalysts degradation is
lower than the respective references (see Table 4) and Sn1T

Table 4 Comparison of photocatalytic systems in the phase mixture in nanostructured materials of Sn-doped TiO,

Photocatalysts Preparation method

Pollutants

Work conditions

Ti;_Sn,0,
TiSn; (3% tin)®

Hydrothermal

Surfactant-assisted

Phenol (10 mg L™ 1)

(Anatase), UV light, 0.07 g
70 ml solution, degradation
84.5%, 6 h

Sn modified to TiO,

(0, 5,10 and 25%)"? technique
Black Sn0O,-TiO, ** Sol-gel
Sn:Ti1:2

SnO, doped-TiO, ** Sol-gel
1:9 % mol

Sn doped-TiO, (1% mol Sn) Sol-gel

in this work

© 2023 The Author(s). Published by the Royal Society of Chemistry

Diclofenac 3.57 mg L™
Acetaminophen 194.5 mg L ™"
Ibuprofen 2.82 mg L™*

Phenol (10 mg L)

Phenol (10 mg L)

Phenol (50 mg L)

(Anatase/rutile) (0% Sn) 25%
diclofenac, 17% acetaminophen
and 25% ibuprofen (10% Sn),
visible light, 5 mg and 25 ml 3 h
(Anatase/rutile) xenon lamp (500 W)
25 mg, 25 ml solution 82.3% 180
minutes

(Anatase/rutile) halogen lamp
(400 W) 50 ml solution 50 mg,
90% after 2 h
(Brookite/anatase/rutile) UV light,
(4.4 mW cm™?) 200 mg, 200 ml
solution 94% 6 h
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photocatalyst exhibits the shortest time (27.6 min~") compared
to the Sn3T and Sn5T photocatalysts.

The UV-Vis spectra for the degradation of 50 ppm of phenol
using the SnOT and Sn1T materials can be seen in Fig. 10c and
d and the degradation% as a function of time in Fig. 11c. For the
SnOT and Sni1T photocatalysts, around 15% and 9% of the
contaminant was adsorbed, respectively, for 1 hour to reach the
adsorption-equilibrium of the pollutant on the surface of the
photocatalyst in the absence of UV light. After this time, the UV
light was turned on and after 1 hour of irradiation, the Sn0T
photocatalyst presented the photoinduction process, like that
observed in the 4-chlorophenol degradation and presented
a new band which is attributed to the formation of hydroqui-
none (285 nm) as an intermediary. For the Sn1T photocatalyst,
after the adsorption process and 1 hour of irradiation, the
photoinduction process does not happen, but the degradation
process proceeds slower, diminishing absorbance for 1 h of
irradiation and producing hydroquinone (285 nm) as an inter-
mediary (Fig. 10c and d).

The results of the degradation, mineralization and the
kinetic parameters of phenol degradation over Sn0T, Sn100T
and SnXT photocatalysts are reported in Table 4. After the
irradiation of the polluted solution with UV light for 6 hours was
finished, the most active photocatalyst was observed to be the
SniT doped catalyst with a degradation of 94%. The order in
activity for the rest of the photocatalysts was: Sn5T > Sn0T >

View Article Online
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Sn3T > Sn100T with values of 90.0, 76.9, 72.3, 13.0 conversion%,
respectively (Fig. 11c and Table 4). Similarly, the mineralization
was followed by TOC during 6 hours of reaction, the most active
material was Sn1T with 87% of mineralization, the SnXT and
pure references of photocatalysts followed the same order that
the phenol degradation (Table 4). The experimental data of
phenol degradation was adjusted to kinetics of pseudo first
order (see Fig. 11d). The kinetic parameters Kypp, t1/2, are re-
ported in Table 4, where the best photocatalyst was observed to
be SniT.

(k) Fluorescence to determine the hydroxyl radical

The main species in the degradation or decomposition of
organic compounds in the photocatalytic process is the
hydroxyl radical ("OH). This species has a high oxidative
potential of 2.80 eV (V vs. NHE). Photogenerated hydroxyl
radicals during the photocatalytic process in an aqueous
medium come from two possible routes: (1) the OH- (hydroxy)
attached to the surface of the catalyst and (2) the "OH produced
by the photogenerated holes (h") in the valence band of the
semiconductor where the water is adsorbed. For this reason,
detecting the production of hydroxy radicals in the photo-
catalytic process in necessary to verify whether the photo-
generated hydroxy radicals on the catalyst surface are
responsible for the degradation of 4-chlorophenol and phenol.

250 500
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Fig. 12 Radical detection ("OH) by means of fluorescence using terep
representation of the relative concentration of *OH radical production.
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hthalic acid and NaOH, where (a) photolysis, (b) SnOT, (c) Sn1T and (d)
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The detection of hydroxyl radicals in the photocatalytic process
is complex under irradiation with a UV light source; however,
Ishibashi et al.** proposed a simple method to detect this
species. This consists of using terephthalic acid as a probe
molecule that functions as a trap of hydroxyl radicals. Tereph-
thalic acid has no fluorescence, but when trapping radicals
produces 2-hydroxyterephthalic acid that has fluorescence and
an emission length of 425 nm. Fig. 12 shows the fluorescence
graphics: (a) without catalyst, (b) pure SnOT and (c) the most
active catalyst Sn1T. The fluorescence intensity is observed to
have a maximum at 425 nm corresponding to the formation of
2-hydroxyterephthalic acid. The concentration of 2-hydroxyter-
ephthalic acid is directly proportional to the concentration of
the hydroxyl radicals photogenerated in the process of photo-
oxidation; therefore, the kinetics in the process of photo-
degradation of hydroxyl radicals is of zero order in the time
interval under study.®” The detection of radicals in the photo-
catalysts follows the descending order; Sn1T > SnOT > photol-
ysis. For the above, the incorporation of tin to the TiO, structure
lattice favors the load separation photogenerated as e~ (elec-
tron) and h* (hole) in the photocatalytic process in such a way
that it favors the increase of hydroxyl radicals on the surface of
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the catalyst improving the photocatalytic activity in the degra-
dation of 4-chlorophenol and phenol. The results obtained are
shown through the representation commonly used in Fig. 12d,
which confirms that Sn0T (TiO,) and Sn1T (TiO, doped with 1%
tin) have a higher production of radicals with respect to the
reaction in the absence of photocatalyst (photolysis), and at the
same time it is found that Sn1T produces a greater amount of
"OH radicals and this effect is associated with the material that
has the highest photocatalytic activity. The rate of radical
production is correlated with the slope and our results show
that the slope for photolysis is 3.15, for SnOT it is 6.39 and for
SniT it is 13.45. The production of ‘OH radicals in the photo-
catalyst Sn1T is twice the production of Sn0OT and 4 times more
than photolysis, this agrees with the results obtained in the
catalytic activity in the degradation of 4-chlorophenol (40 ppm)
and phenol (50 ppm).

(I) (Photo)electrochemical characterization

(Photo)electrochemical characterization of the synthesized pho-
tocatalysts is shown in Fig. 13a. The Mott-Schottky plots for all the
materials exhibit a positive slope indicating the n-type behavior of

a} :m} -I;E?# PT‘%‘r ) bl')':-" .|!||r'|f"|"||r
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Fig. 13

(Photo)electrochemical characterization of the photocatalysts. (a) conduction band edge position determined using Mott—Schottky

plots for all the photocatalysts. Photocurrent generation for Sn0T and Sn1T measured by: (b) linear sweep voltammetry (v = 10 mV s~%) and (c)
chronoamperometry at 0.5 V. (d) EIS measured for SnOT and Sn1T under illumination.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the photocatalysts; additionally, tin incorporation into de TiO,
displaces the flat band potential towards more negative values
only for Sn1T. This behavior can be related to the combination of
doping and the coexistence of three TiO, polymorphs in the
photocatalysts. Energetic states generated at the interfaces junc-
tion has been reported to displace the flat band potential towards
values more negative than the TiO, starting material.®* Mean-
while, when doping is performed with higher tin contents (Sn3T
and Sn5T) the flat band potentials displace towards less negative
values, closer to that measured for the Sn100T. This behavior
suggests the generation of energetic states below the conduction
band of the TiO,. As discussed previously in the text, tin incor-
poration into TiO, lattice generates oxygen vacancies.

The photocurrent generated during a linear swept voltam-
mogram or at a constant potential is a measurement of the
charge-separation process capability of the photocatalysts,
particularly, when generated states or heterojunction do not
trap the charge-carries. I vs. E and I vs. t plots were measured
under chopped illumination for the reference material Sn100T
and the oxide with the better photocatalytic behavior (Sn1T), see
Fig. 13b and c. Photocurrent measured (Fig. 13b) shows that
SniT can generate larger photocurrents than Sn0T due to the
improved charge separation promoted by the formation of the
anatase/brookite/rutile heterojunction and oxygen vacancies
generation caused by the tin doping. It is worth mentioning that
the measured photocurrent remains high even at lower or
negative potentials indicating that electrons are being effi-
ciently transported toward the current collector, leaving the
holes at the surface of the photocatalysts to perform water
oxidation. Additionally, Sn1T also exhibits a larger photocurrent
generation at a constant potential with high stability with time.

Finally, the EIS spectra (Fig. 13d) of the semiconductors were
evaluated at open circuit potential under illumination to esti-
mate the charge transfer resistance (diameter of the formed
distorted semicircle), which is inversely proportional to the
initial photocatalytic rate. The experimental spectra were fitted
with the equivalent circuit inserted in Fig. 13d. The continuous
lines show the best fitting of the equivalent circuit to the
experimental data. R stands for the solution resistance, R, for
the charge-transfer resistance, and CPEy, is a constant phase
element for the double-layer capacitance. A CPE has been
selected instead of a pure capacitor to compensate for the effect
of rugosity. Sn1T shows the lowest impedance values indicating
an improved charge transfer compared to Sn0T. The improved
charge separation and charge transfer in Sn1T together with an
efficient generation of oxidant species, are responsible for the
enhanced photocatalytic performance of this material. Sn1T
shows the lowest impedance values indicating an improved
charge transfer compared to SnOT. The improved charge sepa-
ration and charge transfer in Sn1T together with an efficient
generation of oxidant species, are responsible for the improved
photocatalytic performance of this material.

(m) Photoluminescence

It is well known that the photocatalytic activity of semi-

conductor materials is closely correlated with the

13876 | RSC Adv, 2023, 13, 13862-13879
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recombination of the photoinduced charge carriers, namely
electrons and holes. The electron-hole recombination often
gives place to photoluminescence and when it is present, the
slower the recombination process is, the lower the PL intensity
and the higher the photocatalytic activity are. Therefore, the
photoluminescent emission spectra are an important tool to
investigate the incorporation of impurity species, the migration
and transfer of photoinduced charge carriers, and the surface
defects, which have an impact on the recombination efficiency.
Regarding the anatase based TiO, photocatalyst, the photo-
luminescent emission spectra show bands ascribed to self-
trapped excitons, surface states associated with defects, and
oxygen vacancies,* all of them being beneficial for the catalytic
activity. Thus, in order to further support the best performance
of the Sn1T photocatalyst, ESI Fig. 257 shows the emission
spectra, upon excitation at 320 nm, of the photocatalyst Sn0T,
Sn1T, Sn3T and Sn5T annealed at 400 °C.

Noticeably, the lowest PL intensity, implying a slower
recombination rate, is observed in the emission spectrum of the
SniT photocatalyst agreeing with its best performance among
all the photocatalyst compound series. In addition, it is worth
mentioning that all the spectra show bands ascribed to nano-
particle size effects*® (448 nm), self-trapped excitons associated
with superficial oxygen deficiency® (467 nm), charge transfer
associated with vacancies due to Ti*" presence (487 nm) (see
XPS results), and oxygen vacancies on the TiO, surface (520
nm). Then, the photoluminescent results explain the enhance-
ment of the photocatalytic activity in the photocatalyst Sn1T as
due to the inhibition of the charge carrier recombination and
support the presence of Ti** and oxygen vacancies.

(n) Degradation mechanism

The results obtained above can help to propose the possible
mechanism by which the degradation of 4-chlorophenol and
phenol is carried out with the photocatalysts modified with
different % mol of tin. In the literature, the proposed mecha-
nism is the effect of the configuration between energy bands of
different band gap.*® This could be applicable to our photo-
catalysts due to the coexistence of the mixed phases and the
interfacial contact between them.

SnOT and Sn100T, photocatalysts with different band gaps
(3.15 eV and 3.6 eV), have their own electron affinity and
configuration positions between bands that are totally different
(CB and VB). Particularly in Sn0T, when irradiated with an UV
light source, charge carriers are generated, the electron (e”)
migrates to CB and the hole (h") remains in VB.

However, remember that in this photocatalyst there is
interfacial contact because there is a mixture of anatase and
rutile, CB of anatase is considered to be above (0.2 eV) the CB of
rutile, therefore a type II heterojunction. In the process, inter-
facial electronic transfer from anatase to rutile for the degra-
dation of contaminants, is considerable as there is a small
proportion of rutile, according to the DRX-Rietveld analysis, so
it is considered that there are energy states that function as
electron traps.®® In Sn100T the charge carrier recombination

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Possible electronic transfer process for the most active catalyst (Sn1T) in the decomposition of 4-chlorophenol and phenol.

process is very fast, so the catalytic activity is very low compared
to SnOT and Sn1T (see Table 4).

On the other hand, if both photocatalysts are considered to
be bound, Sn0T (3.15 eV) and Sn100T (3.6 eV) with respect to the
CB of each of them, the CB of Sn100T is below the CB of
SnOT.>***% However, in SnXT photocatalysts it should be
considered that the incorporation of tin affects the TiO, struc-
tural network due to the substitution of Sn** for Ti** in the TiO,
structural network, so that the substitution adds energy states
below the CB and they act as an electron trap and have the
function of separating the charge carriers and thus increasing
the photoactivity in the degradation of 4-chlorophenol and
phenol compared to the references.

In this work, the most active photocatalyst in the photo-
degradation of 4-chlorophenol and phenol is SniT (2.97 eV).
The increase in photoactivity is attributed to the interfacial
electron transfer process due to the coexistence of rutile-
anatase-brookite, structural defects in the interface and the
generation of oxygen vacancies due to the incorporation of tin
into the TiO, structural lattice. Fig. 14 shows the diagram
between bands and the interfacial electronic transfer process of
the charge carriers in the SniT (brookite-anatase-rutile) pho-
tocatalyst and that a type II heterojunction between them is
generated.

In this sense, the photogenerated electrons in the brookite
BC band decay to the states generated by tin and by oxygen
vacancies that function as an electron trap and consecutively,
due to the interfacial electronic transfer between them, they
migrate to the anatase BC. Next, the electrons accumulated in
anatase decay to the energy states generated by tin and by
oxygen vacancies in anatase and similarly act as an electron trap
and by the interfacial transfer between anatase and rutile these
decay into the rutile CB. The electrons in the CB of rutile is the
place where the reduction reaction takes place and the species
0, and OH”" are generated. As for the holes, they migrate

© 2023 The Author(s). Published by the Royal Society of Chemistry

from the valence band of rutile to anatase and consecutively
from anatase to brookite, this process can be carried out due to
the coexistence and interfacial interaction between the three
TiO, polymorphs and it is in the VB of brookite where the
process of oxidation of the contaminants takes place.

The Sn1T photocatalyst, as mentioned above, presented the
highest activity because it has an optimal dopant concentration,
this is attributed to structural changes due to the incorporation
of tin into the TiO, structural lattice, interfacial electron
transfer, and oxygen vacancies. These factors delay electron-
hole recombination, favoring the trapping of charge carriers in
the energetic states generated by the addition of tin, and they
function as an electron trap, showing superior photocatalytic
activity in the degradation of 4-chlorophenol and phenol.

For the incorporation of tin > 1% mol in the SnXT photo-
catalysts, the degradation of the contaminants can be observed
to be greater as compared to the references, this can be attrib-
uted to an increase in the surface area, a decrease in crystal size
and an increase in oxygen vacancies. However, no trend was
found as regards the increase of the properties mentioned
above that is a determinant in the degradation of 4-chlor-
ophenol and phenol despite the fact that the process of coex-
istence and interfacial interaction between brookite-anatase
also occurs compared to the more active photocatalyst (Sn1T)
(see Table 4).

Conclusions

The SnOT, Sn100T and SnXT doped with different X mol% tin
photocatalysts were prepared by the sol-gel method and tested
in the photocatalytic degradation of 4-chlorophenol and
phenol. The incorporation of tin to the matrix of pure TiO, has
three effects: (1) the tin ion is incorporated into the TiO,
network, (2) the mixture of anatase, brookite and rutile coexists
and (3) the TiO, particle size decreases at higher tin

RSC Adv, 2023, 13, 13862-13879 | 13877
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concentrations. Through XPS the substitution of tin in the TiO,
lattice was corroborated and the binding energies of core level
Ti 2p corresponding to the anatase and brookite phase were
allocated at 458.70 eV and 458.58 eV. The incorporation of tin at
different proportions to TiO, modifies the surface area and
band gap (E,). The photodegradation of 4-chlorophenol and
phenol was more efficient using the concentration of 1% mol,
because the ion Sn generates energetic stated, interfacial
interaction and oxygen vacancy that function as an electron trap
by the coexistence of heterostructure brookite-anatase-rutile,
both factors allow the delay of the electron-hole recombination.
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