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Abstract

Organic pollutants in water have been a challenge and pose significant risks to human health.
As a result, research efforts to eliminate these pollutants have been on the rise. Photocatalysis
has shown incredible potential in water treatment containing organic pollutants since it is
affordable and utilizes solar energy. Tin oxide (Sn0,) has ardently been investigated as a
photocatalyst for water treatment due to its remarkable properties such as; non-toxicity, and
stability. However, its wide band gap and the tendency for some electrons and holes to
recombine during its use have been cited to be among limiting factors affecting its
effectiveness. This study, therefore, aimed to optimize SnO, thin films by doping it with varied
proportions of Tungsten oxide (WO3) using Sol-gel technique and investigating the effects of
WO; doping on the optical and photocatalytic properties of the prepared films. From the
results, the calculated rate constants for Sn0O, and W0, /Sn0,(1.5%wt.) were 0.00256 min™
and 0.00519 min™, respectively, and the corresponding band gaps were 3.82 and 3.03 eV,
suggesting that doping improved the optical absorbance of the films and caused a red shift of
the absorption edge of the films. These results show WO5;/Sn0, is a good candidate for
photocatalytic water treatment.
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Introduction

Globally, one in three individuals living
today do not have adequate access to safe
drinking water (United Nations 2022). A
World Health Organization (WHO) report
indicates that contaminated drinking water
can transmit diseases such as diarrhea,
cholera, dysentery, typhoid, and polio, which
cause many deaths annually (Buchholz 2022,
World Heath Organization 2022). Organic

substances are one of the major pollutants in
contaminated water that are as a result of
substances such as toxic dye effluents
discharged from various industries which
contaminate rivers and other water resources
(Manikandan et al. 2018, Ojha and Tiwary
2021). Therefore, research related to finding
affordable, effective, and healthy approaches
to eliminate these toxic dyes has been on the
rise in recent years. Among various
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decontamination techniques, photocatalysis
has shown immense potential due to its
simplicity, low cost, non-toxicity, eco-
friendliness, complete  degradation  of
pollutants, and the ability to use abundant
solar energy (Ali et al. 2017, Zhu and Zhou
2019). Metal oxide photocatalysts such as
TiO,, ZnO and Sn0O, have shown promising
performance in the removal of organic
pollutants (Chatterjee and Dasgupta 2005,
Han et al. 2014, Igbal et al. 2018). However,
wide-bandgap and high electron-hole pair
recombination affect their photocatalytic
efficiency (Ishchenko et al. 2021), thus
preventing extensive and practical use in
photocatalytic  applications (Ameta and
Sharma 2015). Studies suggest that doping
significantly improves the optical and
photocatalytic properties of Sn0O, (Table 1).
Specifically, dopants, such as Ag*™, W0, and

W have previously been reported to improve
the photocatalytic execution properties of
oxide catalysts particularly TiO, (Behnajady
et al. 2006, Ramos-Delgado et al. 2013,
Wang et al. 2016). In the presence of
radiation, the dopants act as electron-
accepting  species, thereby improving
photocatalytic activity (Wang et al. 2016). It
follows therefore that WO5 as a dopant can
serve to decrease the recombination rate of
Sn0, photocatalyst hence improving its
photocatalytic properties. Although much
research has been done on WO; and SnO,,
there is limited information on the
combination of these two materials through
doping for photocatalytic water treatment
applications. Some of the works based on
Sn0, are presented in Table 1.

Table 1: Summary of some selected works on doped SnO,, thin films for photocatalytic studies

Reference Title of study Key findings
Manikandan Ag activated SnO, films for ~ Doping decreased the bang gap of pure SnO,
et al. (2018) enhanced photocatalytic dye  from 3.5eV and 3.2 eV.
degradation against toxic Sn0,: Ag film exhibits better photocatalytic
organic dyes activity compared to SnO,
Raj et al. Study on the synergistic Doping tin(IV) oxide (SnO,) with Tb
(2020) effect of terbium-doped increased Sn0,’s absorbance, and decreased
SnO,, thin film its band gap values providing more photon
photocatalysts for dye absorption which enhanced the photocatalytic
degradation reaction improving the rate constant
Zarei et al. Photocatalytic propertiesof  The  Zn0O/SnO, film had higher
(2022) Zn0/Sn0, nanocomposite photodegradation rate of methylene blue dye
films: role of morphology under ultraviolet irradiation, than that of the
pristine ZnO and SnO, films due to the
effective separation of hole—electron pairs
Azim et al. GO — SnO, Nanocomposite  wide band gap of Sn0O, was tuned using GO
(2021) for photodegradation of which  showed enhanced photocatalytic
methyl orange under direct performance with greater effective surface
sunlight irradiation and area compared to pure SnO,
mechanism
Doyan et al. The effect of indium doped Sn0, thin films underwent a drop in band gap
(2019) Sn0, thin films on optical from 3.64 to 3.57 eV with increase in doping.

properties prepared by Sol-
Gel Spin Coating Technique

The W05 /Sn0, thin film synthesis can be
achieved using several techniques including
Sol-gel, Chemical Bath Deposition, Spray
Pyrolysis, Electroplating, Electroless

Deposition, Chemical Vapour Deposition,
Evaporation, and Sputtering (Jilani et al.,
2017). However, in this study Sol-gel was
preferred because it is a simple, fast, and low
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cost technique, that has several advantages
such as controlled stoichiometry, better
homogeneity, low processing temperature,
high purity, effective control of properties
such as film thickness, and the ability to
easily scale up (Chaudhary 2021, Huang et al.
2021, Parashar et al. 2020, Tseng et al. 2010).

Materials and Methods
Preparation of Sn0, and W03/Sn0, thin
films

The materials used were sodium tungsten
dihydrate (Na,WO0,.2H,0, 99% Merck),
nitric (V) acid (HNO;, 65% Merck),
hydrogen peroxide (H,0,, 30% Merck),
tin(ll) chloride dihydrate (SnCl,.2H,0
purified from Merck), ethanol (99.9%),
methylene blue powder, distilled water,
acetone and Helmanex(I11) solution.

Pure SnO, and WO5;/Sn0O, thin films
were prepared using Sol-gel spin coating
technique (Marikkannan et al. 2015, Naseri et
al. 2010). In a typical synthesis to prepare
WO; precursor sol solution, 6 g of sodium
tungsten dihydrate (Na,WO,.2H,0) was
immersed in 30 ml of nitric acid solution
(HNO3) for 45 minutes. After three washes
with distilled water, the obtained yellow-
greenish precipitate (H,WO0,) was dissolved
in 10 ml of hydrogen peroxide (to aid
oxidizing H,W0, to WO;), and 1 ml of
ethanol was added to the solution. After 24
hours, it was exposed to light for 2 hours
using a commercial 105 W lamp to
concentrate the solution. The solution's
colour changed from colourless to light
yellow, and it was stable for a long time. It
was then left for 24 h aging. Sn0O, Precursor
Sol solution was prepared by dissolving 0.5
mole  of tin(ll) chloride  dihydrate
(SnClL,.2H,0) in ethanol. The prepared
solution was magnetically stirred for 5 hours
in a closed conical flask and aged for 24
hours at room temperature to increase its
viscosity. The prepared SnO, sol was mixed
with controlled amounts of WO; sol under
magnetic stirring for 2 hours to produce six
groups of W03/Sn0, (WO of 0.0, 0.1, 0.3,
0.5, 1.5, 2.0 wt.%). Before deposition, the
glass substrates were cleaned thoroughly with
liqguid soap, acetone, and Helmanex(lll)

solution using an ultrasonic cleaner to
remove organic particles that might be found
on the surface of the glass substrates. Finally,
they were rinsed with distilled water and
dried. The as-prepared sol solutions were
spin-coated for 30 seconds at 1200 rpm on a
glass substrate. After spin coating, the coated
glass substrates were dried at 100 °C for 10
minutes to remove any remaining organic
solvent. Finally, the prepared thin films were
annealed for one hour at 500 °C in a
Carborlite 301 heating furnace.

Optical characterization

The optical properties of the undoped
Sn0, and WO,/Sn0, (WO, of 0.1, 0.3, 0.5,
1.5, 2.0 w.t %) thin films were investigated
using UV-VIS spectroscopy (Shimandzu UV-
VIS 2600) in the wavelength range 200 to
900 nm. This rage is used because it covers
the wavelength spectrum relevant to Sn0,’s
wide-band gap nature and absorption edge,
all of which are important in driving
photocatalytic reactions.

Further optical properties were modelled
using SCOUT software (Theiss 2002) where
the obtained experimental spectra were fitted
to the simulated spectra. The software is a
package of a variety of models. The choice of
the model to be used in fitting of the spectra
depends on the material being studied and the
range of the spectrum being used. The
models used in this work were Drude, Kim,
Tauc-Lorentz, the harmonic and OJL
interband transition model.

Evaluation of photocatalytic activity

The photocatalytic execution of the
prepared samples of pure SnO, and WO5/
Sn0, films was investigated using the
methylene blue dye degradation test under
UV light radiation using a system composed
of a cabinet with a UV lamp and a magnetic
stirrer as shown in Figure 1. The sample was
first dipped in 80 ml of methylene blue dye
solution (3 ppm) in a glass beaker and put in
the dark for 60 minutes to attain the
adsorption-desorption balance, the contents
were then moved into a cabinet containing a
UV lamp and illuminated for 120 minutes at
ambient temperature. Illumination was done
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at 120 minutes at ambient to minimize
variations caused by potential changes in
light intensity and other environmental
factors like temperature over longer periods
of time. To achieve a constant light intensity
on the film's surface, the distance between the
light source and the film was kept constant.
During the photodegradation process, a dye
sample of 2 ml was taken from the reacting
solution every 30 minutes for absorption
studies. Absorbance was measured using the
UV-VIS spectrophotometer and a graph was
plotted. The rate of degradation was then
evaluated by comparing the methylene blue
degradation of pure SnO, and WO5/SnO,
(1.5%).

The pseudo-first-order Kinetic model
according to Gajbhiye (2012) was used to
quantify the photocatalytic activity of the
samples by finding the kinetic rate constant
k. (min™Y); According to this model the
kinetic rate constant k. (min™) is determined
by using the relation;

Results and Discussion

In (%) = —k,t (1)

Where; C, is the sample concentration after
degradation time ¢, C, is the initial
concentration of methylene blue and k.. is the
rate constant.

9.UVLamp (\=366nm)  8.MB- Dye Solution

RS

7.Thin Film

1.Thread —_| on Glass Slide

-+——6.Wooden
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Beaker | -

5. Magnetic Bar

3. Magnetic Stirrer 4, stand

Figure 1: The experimental set-up that was
used for the photocatalytic experiment.

The films had an average thickness of 135.4 nm as simulated from SCOUT software. See

Figure 2.
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Figure 2: An illustration of fitting of the experimental to simulated spectra using the SCOUT

software.

Absorbance
Figure 3 shows, the maximum absorbance
of the undoped SnO, thin films is in the

region (275 nm < A < 350 nm), which is
consistent with the results reported for pure
Sn0, thin films deposited by Bhagwat et al.
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(2015) and Doyan et al. (2019). As observed
from the spectra, there is an increase in
absorbance after doping the material. This
increase is due to the incorporation of WO,
into Sn0, which results in increased surface
roughness, causing diffuse reflection and thus
an increase in absorbance. It should be noted
that the absorption ability of photocatalytic
materials plays an important role in removal
effects of pollutants (Yang et al. 2016).
Greater absorption indicates a higher ability
for the degradation of pollutants (Islam and

Kumer 2020), implying an improvement in
the photocatalytic efficiency of the films
(Chen et al. 2020). WO5/Sn0, (1.5 wt.%)
exhibits the highest optical absorbance with a
wider absorption range in the visible region.
Doping beyond 1.5 wt.% instead lowers the
absorbance of the films. The figure also
shows that the position of the absorption edge
of the WO5/Sn0, thin film shifts towards the
higher wavelength side. This red shift
indicates a decrease in the band gap size
(Manikandan et al. 2018).

Lo — sno,
: —— WO0,/Sn0, (0.1%)
WO,/Sn0, (0.3%)
08 —— WO0,/Sn0, (0.5%)
: —— WO,/Sn0, (1.5%)
2 WO,/SnO, (2.0%)
§ 0.6+
o)
S
o
w
<044 /
0.2/ /
]
0.0

L]
300

L]
400 500

L] L] L]
600 700 800 900

Wavelength (nm)
Figure 3: Absorbance as a function of wavelength for pure SnO,and W05 /Sn0, thin films

with different proportions of WO;.

Optical band gap

The excitation of an electron from the
valence band to the conduction band by
absorption of photon energy depends on the
band gap of the material. The optical band
gap E; was calculated using Tauc’s relation
(Sonmezoglu et al. 2011)
ahv = A(hv — Ep)" (2)
Wwhere a is the absorption coefficient, v is the
photon energy, and A is a constant relation
between the absorption coefficient (a), and
photon energy (hv). Since SnO, is a direct

band gap material n = 1/2, plots of (ahv)?
against hv of pure Sn0, and W05/Sn0O, thin
films were made, giving curves with linear
parts. Extrapolation of the linear region to the
hv axis was done, and the intercepts give the
band gaps (Eg) of each film. Figure 4 shows
the plot of (ahv)? against hv for W05 /Sn0,
thin films doped at varied WO5 proportions.
The extracted band gap data is presented in
Table 2.
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Figure 4: Plots of (ahv)? versus photon energy (hv) for (a) pure Sn0O,, (b) W05 /Sn0, (0.1%)
(c)W03/Sn0, (0.3%), (d) WO5/Sn0O, (0.5%) (e) WO5/Sn0, (1.5%) and (f) WO5/SnO,

(2.0%) thin films.

Table 2: Summary of calculated band gap values for WO5 /Sn0, thin films

Materials Band gap (eV)
SnO0, 3.82
WO3/Sn0, (0.1%) 331
WO3/Sn0, (0.3%) 3.26
WO /Sn0, (0.5%) 3.05
WO053/Sn0, (1.5%) 3.03
WO5/Sn0, (2.0%) 3.14
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Figure 5: Change in band gap (Eg) with doping proportions of WO;.

The band gap of undoped SnO, is
consistent with previous work done by
Bhagwat et al. (2015) and Varghese et al.
(2018). From Figure 5 it can be seen that as
WO; was introduced into SnO, in various
doping proportions, a gradual decrease was
observed in the band gap; however, beyond
1.5 %wt. doping, it began to increase. This
decrease is associated with the red shift
observed in the absorbance spectra, which is
due to the incorporation of WO, into the
SnO, lattice, which resulted in defects that
narrowed the band gap (Ishchenko et al.
2021) while the increase beyond 1.5 %wit.
doping is associated to the blue shift observed
in the absorbance spectra. This reduction in
the band gap is a key factor for the
enhancement of photocatalytic  activity
(Koohestani 2019), because more electrons
are able to gain kinetic energy and move to

the conduction band, where they participate
in the degradation process.

Extinction coefficient (k)

The extinction coefficient is a property
which determines the extent to which a
species absorbs or reflects light or radiation at
a specific wavelength (Ubi et al. 2022). It is
usually used to represent the magnitude of
total amount of photons attenuated whenever
the electromagnetic waves travel into the
target material (Rathanasamy et al. 2023).
From Figure 6, it is observed that an increase
in wavelength leads to a decline in the
extinction  coefficient. The  extinction
coefficient, however, increases with dopant
concentration and was found to be highest for
the WO;/Sn0, (1.5%) sample, resulting in
lesser scattering of light (Rathanasamy et al.
2023), leading to higher absorbance.
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Figure 6: Extinction coefficient (k) as a function of wavelength for pure SnO, and W05 /SnO,

thin films with different proportions of WO;.

Photocatalysis studies

Based on the optical properties, it is clear
that the WO5/Sn0, (1.5 wt.%) thin film has
superior optical properties for photocatalytic
applications than all other samples. The
photocatalytic properties of pure Sn0O, and
WO0;/Sn0, (1.5 wt,%) thin films were
investigated using methylene blue dye under
UV light. A calibration curve was made using

1.0

standard methylene blue solution to calculate
the concentration from measured absorbance,
as shown in the Figure 7. To obtain the
calibration curve, the absorbance of each
standard solution was measured using a UV-
VIS spectrophotometer, then a plot of the
absorbance values against their known
concentrations was made.

0.9+

—— y=0.16x +0.014

r =0.995

0.8 =

Absorbance (a.u.)
o o o o o o
N W N O o N
'l 'l 'l 'l 'l 'l

o
=
L

°
o

3 4 5

Concentration (ppm)
Figure 7: Methylene blue calibration curve.
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In the photocatalytic experiment, fading
of methylene blue solution was observed
during the experiment, implying that
degradation was taking place, hence an effect
in its concentration. The main absorption
peak located at 664 nm corresponding to MB

06

054

o
~
i

—— 120 min

o
w

Absorbance (a.u.)
o
[

o
M

0.0+

400 500 600 700 800
Wavelength (nm)

molecules. Figure 8 shows that the absorption
peak decreases with increasing exposure
time, indicating that the concentration of dye
molecules in the aqueous solution decreases
with increasing irradiation time.

0.6
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Figure 8: Absorption spectra of methylene blue for (a) Sn0O, and (b) WO5/Sn0, (1.5%) films.

In the photocatalysis mechanism, when
light with energy equal to or higher than the
band gap energy is incident on a
photocatalyst, the energy is absorbed by the
electron in the valence band and gets excited
to the conduction band, leaving holes, thus
creating electron-hole pairs. The generated
electrons react with the surrounding oxygen,
and the holes react with OH molecules to
form superoxide anions (0?~) and hydroxide
radicals (OH™), respectively. These 02~ and
OH~ further react with dye molecules
(organic polutants) decomposing them into
CO, and H,0. The following equations
summarize the mechanism:

Activation reaction;

SnO, + hv - h* +e” (3)
Oxidation reaction;

h* + OH™ —» OH (4)
Reduction reaction;

e+ 0, - 05 (5)
Organic pollutants + 05 (or OH) - CO, +
H,0 (6)

The induced photocatalytic degradation of
organic pollutants is well known to follow the
pseudo first-order kinetic, as indicated by
Gajbhiye (2012), which exhibits a linear
relationship between 1In (Cy/C,) and the
reaction time, t. (equation 2.1). Figure 9
shows a graph of In (Cy/C,) versus time in
minutes for sampled films of the pure SnO,
and WO5;/Sn0, (1.5 wt.%) thin films.
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Figure 9: Plot of In (Cy/C,) vs Irradiation time.

The slope of the plot in Figure 9 was used
to determine the rate constant, k. indicated in
Figure 10 below which enabled quantification
of the photocatalytic activity of the prepared
samples. The rate constant determines how
fast the degradation takes place. The

0.006

calculated rate constant values from the
above relation (equation 1) are 0.00256 and
0.00519 min* for Sn0O, and WO,/
Sn0, (1.5%) films, respectively.

0.005 «

D)

m

0.004 =

o
o
o
w
»

Rate Constant (m
o
o
o
N

0.001 «

0.000 =

SnO,

0.00519

0.,/Sn0,

Material

Figure 10: Influence of WO5 doping on the reaction rate constant.

Based on the results, W0O5/Sn0, is more
efficient in degrading organic pollutants than
pure SnO,, which can be attributed to the
following:

(i) Decreased SnO, band gap after WO,
incorporation, from 3.82 to 3.03 eV. This

decrease is important in increasing
photocatalytic activity (Koohestani 2019)
because more electrons are able to gain
kinetic energy and move to the conduction
band, where they participate in the
degradation process.
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(ii) Decreased electron-hole pair (EHP)
recombination as a result of WO,
incorporation into the Sn0O, lattice; WO acts
as a trap to easily capture the photogenerated
electrons and holes on the surface of SnO,
and thus delay EHP recombination
(Manikandan et al. 2018). This is evident in
the increased rate constant, showing that the
generated electron-hole pairs are contributing
to the material's improved photocatalytic
performance rather than being lost through
recombination.

(iii) Improved light absorption of W03 /Sn0O,
implying that more radiation is absorbed
exciting more electrons to the conduction
band taking part in the degradation process
(Enesca and Sisman 2022). These findings
are consistent with those of Ramos-Delgado
et al. (2013), who concluded that WO, /TiO,
exhibited better photocatalytic behavior than
bare TiO, due to the formation of smaller
clusters and a higher surface area, which
reduces electron-hole pair recombination
resulting in a better contact area between the
catalyst particles and the pollutants (Ramos-
Delgado et al. 2013).

Conclusion

Pure SnO, and WO5;/Sn0O, thin films
were successfully fabricated through the Sol-
gel spin coating technique. The influence of
the WO; doping over the photocatalytic
properties of SnO, thin films was
investigated. Optical analysis revealed that
doping SnO, thin films with WO; leads to a
reduction in band gap. The absorbance
measurements showed that WO;/SnO, thin
films have enhanced absorbance with the
peak absorbance shifting towards longer
wavelengths. The photocatalytic activity of
the deposited films was studied with
methylene blue dye under UV irradiation.
WO0;/Sn0, films show superior
photocatalytic activity than the undoped
Sn0, films. Therefore, Sn0O, doping with
WO is likely to be effective in improving the
photocatalytic properties of Sn0O,.
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