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ABSTRACT

Removal of pollutants in water has been a challenge and poses significant risk to human
health. As a result, research initiatives aimed to eliminate these pollutants have been on
the rise. Photocatalysis has shown incredible potential for water treatment since it is
affordable and utilizes solar energy. Tin (IV) Oxide (5n0,) has ardently been
investigated as a photocatalyst for water treatment due to its remarkable properties, non-
toxicity, and stability. However, its wide-bandgap and the tendency for some electrons
and holes to recombine have been cited among the limiting factors. This study, therefore,
aimed at preparing and optimizing Tin (IV) Oxide (5n0,) thin film by doping it with
varied proportions of Tungsten (VI) Oxide (W0O;) and to investigate the effect of Wo,
doping on the optical, structural and photocatalytic properties of the prepared samples.
Puresno, and five groups of Wo, /sno, (Wo, of 0.1, 0.3, 0.5, 1.5, and 2.0 wt.%) thin
films were successfully fabricated through Sol-gel Spin coating technique at a rotary
speed of 1200rpm for 30 seconds followed by annealing at 500 °C for 1lhr. The average
thickness of the prepared films was 135.4 nm. The photocatalytic properties of the
prepared samples were analyzed by studying the photo degradation of methylene blue
dye under UV light. The calculated rate constants for undoped 5n0, was 0.00256 min™
while Wa, /5n0. (1.5%wt.) yielded a degradation rate constant of 0.00519 min™ which
was twice that of pure Sn0, films. The mechanism involved in the enhancement of the
photocatalytic efficiency of the $n0, thin film due to the addition of W@, is explained
based on optical and structural characterization. Doping improved the optical absorbance
of the films and caused a red shift on the absorption edge of the films, decreasing the
band gap from 3.82 to 3.03 eV. X-ray Diffraction (XRD) studies revealed that the
prepared samples were, polycrystalline in structure, with the crystallite size of pure sno,
increasing after being doped bywa,. These results show that low-cost Wa, /5n0,
photocatalyst is a good candidate to eliminate organic pollutants from contaminated
water, which cause severe threats to health and the environment.

Keywords: Photocatalysis, Tin (IV) Oxide, Tungsten (VI) Oxide, Pollutants
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OPERATIONAL DEFINITION OF TERMS

Photocatalysis: It is the acceleration of a photoreaction in the presence of a
photocatalyst.
Sol-gel method: It is a wet-chemical technique for the synthesis of

nanostructures such as thin films and nanoparticles,

especially metal oxides.

Tin (1V) oxide: This is a semiconductor with a chemical formula sno, and

a wide direct band gap of about 3.7eV to 4.2eV.

Doping: It is the introduction of an impurity into an intrinsic (pure)

semiconductor to modify its properties.

Morphology: Is the study of the shapes, sizes, and structures of

nanostructured materials.

Optical Properties: It is the interaction of a material with light which includes

its absorbance, transmittance, and reflectance.

XVi



CHAPTER ONE
INTRODUCTION

1.1 Introduction

This chapter entails the problem that motivated this study, the objectives, and the
research questions which guided this research. In addition, the justification, scope of the

study, limitations, and assumptions made are also discussed.

1.2 Background to the Study

Photocatalysis is the acceleration of a photoreaction in the presence of a semi-conductor
photocatalyst (McNaught, 1997). It forms one of the alternatives for contaminated water
treatment (Hariganesh et al., 2020). It is based on the reaction between organic
contaminants in water and powerful oxidizing and reducing agents (h* and e") generated
by the Ultraviolet (UV) or visible light on the photocatalysts surface(Hasija et al., 2019).
In contrast to other methods, it possesses advantages because of simplicity, low cost,
non-toxicity, eco-friendliness, complete degradation of pollutants, as well as the

possibility of utilizing solar light(Ali et al., 2017; Zhu & Zhou, 2019).

At the moment, metal oxide photocatalysts such as Titanium dioxide (Ti0,), Zinc Oxide
(Zn0O), and Tin (IV) Oxide (Sn0,) have shown promising performance in the
elimination of organic pollutants (Chatterjee & Dasgupta, 2005; Han et al., 2014; Igbal
et al., 2018; Manikandan et al., 2018)however, they have low efficiency because of
wide-bandgap and high electron-hole pair recombination(lshchenko et al., 2021). This
hinders Tin (IV) Oxide (Sn0,) from being widely and practically used in pollution

degradation.

According to Koohestani, (2019), enhancement in photocatalytic performance is due to

improvement in optical properties i.e. light absorption properties, and reduction in the

1



recombination rate of the electron-hole pairs produced by light.Studies suggest that
doping significantly improves the optical and photocatalytic properties of Sn@, (Table
1). As a result, endeavors to create useful photocatalysts through doping are on the rise.

Dopants, such as Ag*, Wo,, and W have previously been reported to improve the
photocatalytic execution properties of oxide catalysts particularlyTi0,(Behnajady et al.,
2006; Ramos-Delgado et al., 2013; Y. Wang et al., 2016). In the presence of radiation,
the dopants act as electron-accepting species, thereby improving the photocatalytic
activity(Y. Wang et al., 2016). It follows therefore that Wo, as a dopant can serve to
decrease the recombination rate of Sn0, photocatalyst hence improving its
photocatalytic properties. Despite extensive studies that have been done on
W0, andsn0,, there is limited information on the combined use of these two materials
through doping for photocatalytic water treatment applications. Some of the works based

on doping Snd,are presented in Table 1.



Table 1

Summary of some Selected Works on Doped 5n0, thin films for Photocatalytic Studies.

Reference

Title of Study

Key findings

(Manikandan et al.,
2018)

(Raj et al., 2020)

(Zarei et al., 2022)

(Azim et al., 2021)

(Doyan et al., 2019)

Ag activated 5n0, films
for enhanced
photocatalytic dye
degradation against toxic
organic dyes

Study on the synergistic
effect of terbium-doped
Sn0, thin-film
photocatalysts for dye
degradation

Photocatalytic properties
of Zno/Sno0,
nanocomposite films: role
of morphology

GO — Snd,Nanocomposite
for Photodegradation of
Methyl Orange Under
Direct Sunlight Irradiation
and Mechanism

The Effect of Indium
Doped $n0, Thin Films
on Optical Properties
Prepared by Sol-Gel Spin
Coating Technique

Doping decreased the bang gap of
puresng, from 3.5eV and 3.2 eV.
5n0,: Ag film has better
photocatalytic activity thansno,

Tb doping with Sn0,increased
absorbance, and decreased the
bandgap values providing more
photon absorption which enhanced
the photocatalytic reaction
improving the rate constant

The Zn0/5n0,film had a higher
photodegradation rate of MB dye
under ultraviolet irradiation, than
pristine ZnO and 510, films due to
effective separation of hole—electron
pairs

The Wide bandgap of 5ng, was
tuned using GO which showed
enhanced photocatalytic
performance with greater surface
area compared to pure Sno,
5n0,Thin films underwent a drop in
bandgap from 3.64 to 3.57 eV with
increase in doping.

In this research, the choice of Tungsten (VI) Oxide (W@,) and Tin (IV) Oxide (Snd,) is

because of their remarkable optical and structural properties, non-toxicity, thermal

stability, chemical stability, good photostability and low-cost metal precursors

(Ishchenko et al., 2021; Nandiyanto et al., 2013; P. Singh et al., 2019; Y. Wang et al.,

2016).



The W0, /5n0,thin film synthesis can be done using a variety of techniques including
Sol-gel, Spray pyrolysis, Electroless deposition, Electroplating, Chemical bath
deposition, Chemical vapor deposition, Evaporation, and Sputtering(Jilani et al., 2017).
Among the methods, Sol-gel is a simple, fast, and low cost technique. It 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).

Keeping the aforementioned in mind in this study, controlled coupling by varying the
proportion of W@, in sn0,wasdone using the Sol-gel spin coating technique, and the
optical, structural, and photocatalytic properties of the prepared samples investigated
though spectrometric studies, X-Ray diffraction studies and by methylene blue (MB) dye
degradation studies under UV lightrespectively. Tin (IV) Oxide (5nd,) was optimized

for photocatalytic water treatment activity.

1.3 Statement of the Research Problem

Globally 1 in 3 individuals living today do not have adequate access to clean and safe
drinking water(United Nation, 2022). A World Health Organization (WHO) report
indicated that contaminated drinking water can spread illnesses such as; diarrhea,
cholera, dysentery, typhoid, and polio and are projected to cause many deaths
annually(Buchholz, 2022; World Heath Organization, 2022). Organic substances form
one of the major pollutants in contaminated water(G. Singh et al., 2021), as a result of
effluents containing toxic dyes discharged from various industries that contaminate
rivers and other water resources (Manikandan et al., 2018; Ojha & 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. Most procedures designed
to remove these pollutants are via flocculation, coagulation, precipitation, biological
oxidation, ion exchange, adsorption, and membrane processing (Piaskowski et al., 2018;
J. Sun et al., 2015). These techniques are often inefficient, slow, costly, and unfeasible
for large-scale applications or have other limitations (Crini & Lichtfouse, 2019). Hence
there is a need to utilize an affordable, effective and healthy approach. Photocatalysis has
shown incredible potential because of its advantages(Katwal et al., 2021). Tin (V) Oxide
(5n0,) Photocatalyst has been investigated for water treatment but electron-hole pair
recombination, wide bandgap, and poor light absorption have been stated among the
limiting factors(Azim et al., 2021). Research shows that doping expands the light
absorption range, promotes the generation of charge carriers, and improves electron-hole
separation(M. Sun et al., 2019), increasing the likelihood of charge carriers taking part in
photocatalysis. While doping is regarded as the most effective method for increasing
absorption capacity, exceeding a particular limit reduces absorption, lowering the
material's photocatalytic activity (Chebwogen et al., 2019).Hence there is need to find
the optimum dopant proportion for an efficient photocatalyst. In this work, the influence
of Tungsten (VI) Oxide (W0O,) doping on Tin (IV) Oxide (5n0,) was studied to
ascertain the best preparation and characterization parameters that would produce an

efficient Wo, /5n0, photocatalyst.

1.4 Objectives of the Study

1.4.1 Main Objective of the Study

The primary objective of this study was to investigate the photocatalytic influence of

W0, doping on 5n0, for contaminated water treatment.



1.4.2 Specific Objectives of the Study

The specific objectives in this research were:

To prepare thin films by the Sol-gel method with varying proportions of
W05insSn0,.

To investigate optical properties of the prepared W0, /Sn0, photocatalyst thin
films.

To investigate structural properties of the preparedWw g, /5n0,.

To test the photocatalytic activity ofSno, andwa, /5n0, thin films by subjecting

them to the methylene blue dye degradation test.

1.5 Research Questions

What is the optimal dopant proportion of Wo, in W@, /5n0, for an efficient
photocatalyst thin film?

What are the optical properties of the prepared Wo, /Sn0, photocatalyst thin
films?

What are the structural properties of the prepared Wa, /Sn0,?

What is the difference in photocatalytic activity of the pure 5ng, and

optimizedWa, /Snd, thin films?

1.6 Justification of the Study

Water contamination is a pressing global issue because of the increased number of deaths

caused by water-borne diseases (Buchholz, 2022; World Heath Organization, 2022). This

necessitates finding environment-friendly and low-cost approaches that do not need well-

developed infrastructure to treat water. Photocatalysis has shown incredible potential

since it is affordable, effective and eco-friendly. However, the low efficiency of

commonly used photocatalysts such as Tin (IV) Oxide (§n3,) has been a limiting factor.
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To address this problem, it is feasible to increase efficiency by modifying the optical
&structural properties of Tin (IV) Oxide (5n0,) thin films through doping it with a
suitable dopant such as Tungsten (V1) Oxide (W@;) through the sol-gel synthesis, which
is an effective technique to create excellent metal oxide nanostructures as opposed to
other methods. Additionally. Thin films are highly attractive because they can be coated

large areas suitable for industrial applications.

The findings of this research contributes to improving the photocatalytic efficiency of
Tin (IV) Oxide (5n0,), therefore moving a step closer to a broad use of photocatalytic
water treatment, which is an effective, affordable and healthy approach. Hence
contributing in enhancing the Kenya Vision 2030 ‘which aims to transform Kenya into a
newly industrializing, middle-income country providing a high-quality life to all its
citizens by 2030 in a clean and secure environment’ and the Sustainable Development

Goals; SDG 6 (Clean water and sanitation) and SDG 3 (Good health and well-being).

1.7 Scope of the Study

This research focused on the Optical & structural properties of Tin (IV) Oxide (5n0,)
doped with Tungsten (VI) Oxide (W0;) prepared by the sol-gel method and its
Photocatalytic activity. Therefore the findings of this study may not be generalized to

Tin (IV) Oxide doped with Tungsten (V1) Oxide prepared by other methods.

1.8 Limitation of the Study

The main limitation of this study is that the available X-Ray Diffraction (XRD)
equipment for structural characterization was a powder XRD, which could not be used to
characterize the thin films. However to investigate the influence of doping on crystal

structure, nanoparticles were prepared.



1.9 Assumption of the Study

This study assumed that the properties of the prepared Tin (IV) Oxide doped with
Tungsten (VI) Oxide (Wa,;/5n0,) were not influenced by changes in physical
conditions such as humidity and temperature. This is assumed because Tin (IV) oxide is

known to be stable.



CHAPTER TWO

LITERATURE REVIEW
2.1 Introduction

This section reviews the historical backdrop of photocatalysis, it presents related work
done by different scientists in connection to the preparation and properties of 5»0, and
W0, /Sn0,. In addition, it explains the theory of photocatalytic thin films, their optical,
morphological, and structural properties, and their applications in water treatment. The

conceptual framework and a summary of the research gaps are also presented.

2.2 Empirical review of Work done on Photocatalysis,Sn0, and W0 ;/5n0,.
2.2.1 Photocatalysis

In the late 1960s and early 70s, Fujishima andHonda found a relatively inexpensive and
widely available material, titanium dioxide, that acts as a photocatalyst when it is
exposed to UV light (Britannica, 2022). The findings of Fujishima &Honda led to other
advances in photocatalysis.To date, several photocatalyst compounds have been
investigated. Titanium (IV) Oxide (TiO,) has been the most thoroughly studied
photocatalyst material because it possesses a lot of advantages (Moma & Baloyi, 2019).
Tin (IV) Oxide (SnOy) has likewise been ardently explored for water purification and
environment decontamination(Azim et al., 2021). All this is aimed at improving the

efficiency of this material for the broad application of photocatalysis.

Since the discovery by Fujishima and Honda several materials have been studied for
their potential in photocatalysis and properties which makes them useful for application
in photocatalysis. Several important parameters have been studied and reported to be
taken into consideration when producing excellent photocatalyst materials. This

parameters include;



I.  The type of material (Badli et al., 2017; Nadarajan et al., 2018; Radhika et al.,
2019; Sakthivel et al., 2003; Vamvasakis et al., 2015)

ii.  Photocatalyst size, morphology, and surface chemistry(Arutanti et al., 2014;
Nagaveni et al., 2004; Nandiyanto et al., 2009, 2013)

iii.  Crystallite size and structure(Cheng et al., 2010)

iv.  Additional co-catalyst and doped material (Abdullah et al., 2016; Alshammari et
al., 2019; Arai et al., 2008; Armakovi¢ et al., 2019; Arutanti et al., 2014; Badli et
al., 2017; Nadarajan et al., 2018)

v.  Photocatalytic process condition (e.g. pH, temperature, illumination time,
radiation intensity) (Nandiyanto et al., 2016; Sakthivel et al., 2003; Zhang et al.,
2007)

vi.  Stoichiometrical composition between reactant and catalyst in the
photodecomposition process (Churbanov et al., 2007; Hayashi et al., 2003;

Sakthivel et al., 2003; Szilagyi et al., 2008)

2.2.2. Tin (IV) Oxide (SnOy)

A review done by Al-Hamdi et al., 2017on Tin (IV) Oxide as a photocatalyst for water
treatment showed that despite Tin (1) Oxide semiconductor having significant potential
for photocatalytic applications, the applicability of the pure sn0,is limited because of
the high activation energy of the compound and swift recombination rate of the
photogenerated electrons and holes. He concluded that to enhance the photocatalytic
activity, the Electron-Hole-Pair recombination needs to be addressed through doping the
material. Due to this, a need was created to find a suitable dopant material to avert these

issues.
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Haouanoh et al., 2019deposited Tin (IV) oxide (SnOy) thin films by the Sol-gel dip-
coating technique on glass substrates. He studied the influence heat treatment and
number of layers on structural, morphological, optical, and electrical properties. The
XRD Spectra revealed that the preheated temperature, number of layers, and annealing
temperature strongly influence the size of crystallites. UV-Vis spectroscopy showed
significant transparency in the infrared and visible domains (75%—96%). For all films,
the energy band gap was found to vary randomly with the preheated temperature; it
increased from 3.83 eV - 3.88 eV for three-layer and six-layer films respectively. This
shows that the preparation parameters are important to obtain a material of suitable

structural& optical properties for photocatalytic water treatment.

Patel et al., 2021synthesized Tin (IV) Oxide (SnO;) by sol-gel method. Using X-ray
Diffraction, Scanning Electron Microscopy, and Transmission Electron Microscopy for
characterization, he found out that the synthesized nanoparticles had a SnO; phase with a
tetragonal unit cell crystal structure with a direct band gap of 3.64 eV, and were well-
oriented, spherical in shape and polycrystalline. This showed that SnO, is a promising

photocatalytic material.

Yildirim et al., 2012used the Successive lonic Layer Adsorption and Reaction (SILAR)
method to deposit Tin (IV) Oxide (Sn0,) thin films on glass substrates at room
temperature. The influence of film thickness on structural, optical, morphological, &
electrical properties of the films was investigated. In addition, the films were annealed in
an oxygen atmosphere for 30 minutes at 400°C, and the film's characteristic parameters
were investigated. X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM)
analyses revealed that all of the films were polycrystalline with a tetragonal structure and
were well covered on glass substrates. An examination of the crystalline and surface
properties of the films, showed improvement with increasing film thickness. As the film
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thickness increased from 215 to 490 nm, the optical band gap decreased from 3.90 eV to
3.54 eV and the electrical conductivity changed from 0.015 to 0.815 (n-cm)™. The
optical band gap values as a function of film thickness were used to calculate the
refractive index (n). It was discovered that the thin films that were dense, uniform,
smooth, and well-adhered to the substrates. Also, the level of surface roughness
increased as the film surface deteriorated. When compared to the as-deposited film, the
annealed film surface was better, more compact, denser, and more uniform. By
annealing, the grains combined to form a crystalline film, hence increasing grain size. As
a result, the surface properties of Tin (IV) Oxide thin films were concluded to vary

significantly with film thickness and annealing temperature.

The decrease in band gap with increasing film thickness was attributed to crystallinity
improvement, morphological changes, atomic distance changes, and grain size changes.
During the growth process, it was discovered that some impurity levels (oxygen
vacancies and/or Sn interstitials, for example) increase near the conduction band as film
thickness increases. Furthermore, structural defects in the films were discovered to be
due to their preparation conditions, which could have given rise to the allowed states
near the conduction band in the forbidden region. With increasing film thickness, these
allowed states may have merged with the conduction band, resulting in a reduction of the
band gap. They also noted that the decrease in band gap with annealing temperature was
due to improved crystallinity &surface properties, in addition to the elimination of tin
hydroxide formation along grain boundaries, which is a more common phenomenon in
chemically deposited thin films. These findings show that preparation parameters such as
annealing temperature and film thickness have a significant impact on the properties of

prepared Tin (IV) Oxide thin film.
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Marikkannan et al. 2015 synthesized Tin oxide thin films for optoelectronic applications
using the sol-gel spin coating process on glass substrates at room temperature using three
different solvents: isopropanol, ethanol, and methanol. X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, atomic force microscopy (AFM), UV-vis
spectroscopy, photoluminescence (PL) analysis, and Raman spectroscopy were used to
characterize the variations in the structural, optical, and morphological properties of thin
films deposited with different solvents. The XRD patterns indicated that all of the films
were polycrystalline in nature and contained a mixed phase of tin (V) oxide and tin (1)
oxide in a metastable orthorhombic crystal structure, regardless of the solvents used for
preparation. The presence of Sn=0 and Sn-O was confirmed by FTIR spectra in all of
the samples. For all solvents, PL spectra revealed a violet emission band centered at 380
nm (3.25 eV). The UV-vis spectra revealed a maximum absorption band at 332 nm and a
high average transmittance of around 97% for thin film samples synthesized with

isopropanol and methanol. The AFM results show that the grain size varies with solvent.

The grain sizes of tin Oxide prepared with Isopropanol, Ethanol, and Methanol were
measured to be 62, 74, and 94 nm, respectively. Showing that thin films prepared by
methanol gives the highest grain size. Grain size significantly influences the properties of
a photocatalyst thin film. The optical & structural properties of the prepared thin films
suggested that this method of fabricating tin oxide is promising, and that additional work
is needed to analyze the electrical properties of the films to determine their viability for
various transparent conducting oxide applications. This work clearly demonstrates that
the solvent utilized prepare Tin (IV) Oxide thin films has a substantial effect on a

number of their properties, which are also very critical for photocatalytic applications.
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2.2.3. Doped Tin (1V) Oxide (SnO;) Photocatalyst

Azim et al., 2021 modified Tin (IV) Oxide (SnO,) properties by doping it with Graphene
Oxide (GO) for Photodegradation of Methyl Orange under direct sunlight irradiation. He
found out that; Modifying Tin (IV) Oxide (SnO;) by doping can narrow its wide bandgap
and enhance the photogenerated charge separation, the synthesized Graphene Doped-Tin
Oxide nanoparticles showed an efficient photodegradation of 94% for Methyl Orange
organic dye after 180 minutes. The wide bandgap of SnO, was tuned using GO which
showed enhanced photocatalytic performance and had a greater surface area. This shows
that doping is an attractive method to enhance the photocatalytic properties of Tin (IV)

Oxide.

An Experimental study done by Manikandan et al., 2018fm on Ag activated SnO, films
for enhanced photocatalytic dye removal against harmful organic dyes prepared by Spray
Pyrolysis technique found that the band gap values for the synthesized films are 3.5 for
Sn0,and 3.2 eV for 5n0,: Agthin films. This reduction in band gap was attributed to the
integration of Ag ions into the SnQ, lattice. The Methylene blue dye degradation test
indicated that the rate constant value of Sng.films is 0.0254min™ and that of Sn0,: Ag
films is 0.0193 min™ confirming that 5n0,: Agfilm exhibits superior photocatalytic
activity in comparison to 5n0, film(Manikandan et al., 2018) indicating that doping a

suitable method of improving the photocatalytic efficiency of §n0, thin films.

Doyan et al., 2019, investigated the influence of doping on the optical properties of
indium-doped Tin (IV) Oxide (§n0,) thin films using sol-gel spin coating technique.
Thermo Scientific's GENESYS UV-Vis Spectrophotometer was used to determine the
optical properties of the thin films. From the results of the analysis, indium doped

Sn0,thin films transmittance improved from 75 to 96.6% at wavelengths between 300
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and 350 nm and the maximum absorbance increased from 3.19 to 4.32 at a wavelength of
300 nm with an increase in doping percentage. It was discovered that Tin (V) Oxide thin
films undergo a drop in energy gap from 3.64 to 3.57 eV as the percentage of doping is
increased. Higher doping percentages all contribute to faster electron mobility in Tin
(V) Oxide thin films. The absorbance spectra showed that the absorbance values of thin
films increase as the doping percentage increases. Additionally, it was shown that
enhanced transmittance happens between 300 and 350 nm in wavelength. The highest
peak transmittance values at 350 nm wavelength were 75.0, 78.2, 87.1, 90.6, 94.7, and
96.6%, going in order of lowest to highest doping percentage. This denotes the
occurrence of electron motions brought on by photons with energies between 300 and
350 nm. The transmittance graph also seemed constant at wavelengths between 350 and
800 nm. From 2.91 to 2.35 eV, the optical activation energy of the thin films of Tin (IV)
Oxide decreased with increasing doping percentage. According to the findings of this
research, doped Sna,thin films showed greater conductivity and less band gap energy
and therefore it was concluded, Indium doped Tin (IV) Oxide thin films are of high
quality since they have a small energy gap. These properties are attractive qualities of a
good photocatalytic material. Hence doping is an effective way of improving the

properties of Tin (IV) Oxide thin films.

HA Jalaukhan et al., 2021 prepared and investigated the optical properties and
photocatalytic activity of Graphene Oxide-doped Tin (IV) Oxide thin films. They
employed spin coating technique to synthesize pure Tin (IV) Oxide (5n0,) and Tin (IV)
Oxide/Graphene Oxide (5na,/GO) thin films with varying concentrations of GO (0, 1, 2,
3, and 4 g/ml). All parameters for the reaction were carefully tuned to maintain the
excellent crystalline structure of the samples. To achieve this, Pure Sn0, and 5n0,/GO

thin films structural, optical, chemical, and morphological properties were carefully
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examined using X-Ray Diffraction (XRD) spectroscopy, Raman spectroscopy, Field
Emission Scanning Electron Microscopy (FESEM), and Ultraviolet-Visible (UV-Vis)
spectroscopy. The photocatalytic degradation of Methyl Orange under UV light
irradiation was also studied. The Graphene Oxide XRD analysis showed that the peak
was extremely sharp and high, which indicated that the Graphene Oxide structure had
good crystallinity. The photocatalytic activity of the produced samples assessed using
Methyl Orange dye under UV light irradiation results showed that increasing the

Graphene Oxide concentration enhance the $n0, thin film's photocatalytic activity.

2.2.4. Tungsten (V1) Oxide (W0;) as a Dopant

A review done by Wang et al., 2016 on improving the photocatalytic execution of
materials revealed that to overcome issues such as wide band gap, high electron-hole pair
recombination rate, and limited efficiency for the utilization of irradiated energy,
adjustments such as doping with a metal or metal oxide were applied. He found out that
modifiers, such as; 4g™, W0,, and W enhance the photocatalytic execution properties of
a catalyst by extending the absorption to the visible range(Y. Wang et al., 2016). This

indicates that W@, is a suitable dopant material.

Koohestani., 2019recovered tungsten in the form of Wg, nanoparticles from tungsten
alloys (W-Ni-Fe) through a chemical method and used them to produce
Tid,/Wa;composites. The composites were assessed utilizing X-ray Diffraction (XRD),
Field Emission Scanning Electron Microscopy (FESEM), Brunauera—Emmett—Teller
(BET), and DRS analyses. The results showed that as W@, increases in amount, the
specific surface area and optical band gap are reduced so that the 50%Wa, compound in
the composite brought about the specific surface area of 62.1 m*/g and an optical band

gap of 2.77 eV. He analyzed the photocatalytic execution of the composites by utilizing a
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methyl orange dye degradation test under the radiation of UV light. The outcomes
indicated that the composite of Ti@, — 20%Wa,with a specific surface area of 58.2
m2/g, and band gap energy of 2.94 eV had the highest capability of eliminating the dye.
This upgrade in the photocatalytic execution was ascribed to an improvement in light
absorption properties and a reduction in the recombination rate of the electron-hole pairs

produced by light.

2.2.5 Tin (1V) Oxide doped with Tungsten (V1) oxide (W0, /5n0,)

Jwad Abdul-Ameer et al., 2018synthesized Tin (V) Oxide doped with Tungsten (V1)
oxide by thermal evaporation Technique on glass substrates with 1% weight of Wa, in
5n0,, for gas sensing. Using UV-VIS Spectrophotometer and X-Ray Diffraction
(XRD)for characterization they found out that the synthesized films had; a
Polycrystalline structure, a reduced band gap of 2.5 eV, an elevated refractive index of
2.51 (Due to high porosity and surface roughness), a smaller grain size in the material
(which lowers the activation energy), Tungsten nanocluster over the Sn0, surface which
also reduced the activation energy, Large active surface area, an extinction coefficient of
0.024, an Elevated Transmission (>80%), and a rise in Several oxygen species & the
surface states (which reduce surface recombination centers and enhance charge
separation efficiency(C. Wang et al., 2015). This confirms that doping Sn0, with Wo,
is very practical for improving the optical properties of 5n0,such aswide band gap and

electron-hole recombination.

Shao et al., 2019synthesized pure Sn0O, and three groups of hollow W0, /Sn0,hetero-
nanofibers with different weights ratios (W05 of 0.1, 0.3, and 0.9 wt. %) using uniaxial
electro-spinning method combined with calcination. The study investigated gas sensing

properties and the working mechanism of W@, /5n0,hetero-nanofibers. Characterization
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was done using powder X-Ray diffraction (XRD) analysis, Field Emmision Scanning
Electron Microscopy(FESEM), Transmission Electron Microscopy (TEM), High
Revolution Transmission Electron Microscopy(HRTEM) with energy-dispersive (EDS)
detector and X-ray photoelectron spectroscopy(XPS). This study revealed that
Wa, /sno,with different contents of W@, show different gas sensing properties,
indicating that the optimal dopant proportion is important in constructing

Wa, /5n0,(Stojadinovi€ et al., 2016).

2.3 Theoretical review on $n0, and Photocatalyst Thin Films.

2.3.1 Structure of Sno,

2.3.1.1. Crystallographic structure

Tin (1V) Oxide (5n0,)cassiterite (rutile phase) has a tetragonal crystallographic structure
with space group P42/mnm and lattice parametersa =b = 4.731 A and ¢ = 3.189 A. Tin
Oxde Cassiterite’s crystallographic parameters are very close to Ti0, rutile. As with the
Sn0, rutile structure, It has SnOg octahedron building blocks, where each Sn cation is
attached to 6 oxygen anions (Ishchenko et al., 2021). Figure 1 below shows an

illustration the structure of the cassiterite Unit Cell;
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Figure 1

Sno,cassiterite Unit Cell

Note: Adapted from (Ishchenko et al., 2021)

2.3.2 Properties and Applications of Tin (1V) Oxide (520z)

Tin (IV) Oxide (Sn0,) is among the fundamental semiconductors in modern technology
with a wide band gap, it has a number of applications in materials science and
engineering. Sn0, Thin films are most often recognized as transparent conductors having
high electrical conductivities after donor atom doping. SnO, has been widely used
because of its mechanical stability, resistance to chemical corrosion, low cost of pristine
materials and its great optical transparency in the visible region. This semiconductor
material has a quadrilateral shape, has an energy band gap that ranges from 3.7 to 4.2
eV(HA Jalaukhan et al., 2021)and has got an n-type conductivity (Sefardjella et al.,
2013). Figure 2 illustrates the electronic band gap structure along high symmetry

directions.
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Figure 2

The Electronic Band Gap Structure of Tin oxide
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Note: Adapted from (Nabi et al., 2003)

In the SnO,electronic band structure, the maximum of the valence band (VB) mostly
gets contribution from oxygen 2p orbitals, while the minimum of the conduction band
(CB) is primarily because of tin 4s orbitals. Tin oxide has the ability to change
stoichiometry on the surface and become SnO, where 5n**can be reduced to S»n**. This
modification has a significant effect on the surface electronic structure, resulting in the
formation of Sn 5s derived surface states and lowering the work function of the
materials. The value of the photocatalyst work function can determine the photoactivity
of the photocatalysts(Maté&jova et al., 2014, 2015; Reli et al., 2015). Work function
measurements have previously been reported to be a very useful experimental guideline
for estimating the energy shift of valence and conduction bands of prepared
photocatalysts (Ko¢i et al., 2016). According to Koc¢i et al., 2016 research, the material
with the lowest work function was found to exhibit the highest photocatalytic
performance. The tight connection between the photocatalytic activity and the work

function clearly indicates that the electron-donor properties of the catalyst surface, as
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measured by the Fermi level position, are the primary factor controlling the reaction
rate(Koci et al., 2016). The work function parameter can also be used to evaluate
photocatalysts where surface electron availability is essential in surface-mediated redox

processes(Legutko et al., 2013; Maniak et al., 2011; Obalové et al., 2011).

The OGALE research team was credited with writing the first paper on the creation of
transparent semiconductor layers made of Sn0, in 2004. The crystalline structure of the
aforementioned layers was notable for its optical transmittance in the visible range,
which was about 60%, and its carrier density, which is roughly 1018 cm?®. Since then,
researchers have researched the creation of transparent semiconducting magnetic Tin
(IV) Oxide with significant impurities due to the increased interest in transparent

magnetic semiconductors in recent past(HA Jalaukhan et al., 2021).

Tin (IV) Oxide is an amphoteric colorless solid which shows high transmittance, It is
frequently characterized by oxygen vacancies, which improve its characteristics as an n-
type semiconductor, it is also characterized by good chemical & thermal stability(Bouras
et al., 2014; Yadav et al., 2014). Due to these morphological properties and since its
band gap corresponds to activation with photons of a wavelength of 350 nm (UV-A
range),lt is currently used in numerous fields like transparent electrodes, solar cells, heat
mirrors, gas sensors, battery materials, optoelectronic devices and raw material for
transparent films (Al-Hamdi et al., 2017; Anandan & Rajendran, 2015; Choi & Park,
2014; B. Liu & Aydil, 2009; J. Liu et al., 2016). The Optical transmittanceand excellent
conductivity makes Sn0O, very attractive for optoelectronic, photocatalytic and

photovoltaic applications (Bhattacharjee & Ahmaruzzaman, 2015).
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2.3.3. Fabrication of Tin (IV) Oxide (5n0,)

The preparation technique of photocatalytic thin films greatly influences its
effectiveness. The sol-gel route is an effective technique to create excellent metal oxide
nanostructures as opposed to other physical and chemical methods (Parashar et al.,
2020). Sol-gel is one of the simplest, quickest, low-cost technology, and it offers several
advantages like controlled stoichiometry, better homogeneity, low processing
temperature, high purity, effective control of properties, easy to implement, low cost,
high quality, and production of materials with large surface areas (Danks et al., 2016;

Parashar et al., 2020; Tseng et al., 2010).

Because of the controlled shape and size exhibited by the obtained products, the sol-gel
process has been investigated extensively for producing metal oxide nanostructures for
engineering and technological applications. Since Ebelman's preparation of silica gel in
1846, this method has been gradually improved, and sol-gel synthesized materials with
excellent magnetic, electrical, optical, thermal, and mechanical propertieshave been used
in a variety of applications (Pierre, 2020). Several types of materials, including thin
films, nanoparticles, glass, and ceramics, can be produced at a low cost using the sol-gel
method. Aside from that, the purity and quality of the yields from the sol-gel process
have opened up some new avenues in bioengineering fields such as drug delivery,
pharmaceuticals, organ implantation, and biomaterial synthesis(Kianfar & Suksatan,
2021; Thiagarajan et al., 2017). These benefits have enticed researchers and industrialists
to use this method extensively over the last few decades. Metal oxides are a type of
functional material that can be synthesized using the sol-gel process. Metal oxide can be
synthesized in sol-gel at a lower temperature as compared to solid-state

reactions(Thiagarajan et al., 2017).
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2.3.4 The Sol-Gel Method

This is a wet-chemical technique for the synthesis of nanostructures such as thin films
and nanoparticles. In this method, a Sol is obtained through polymerization or hydrolysis
reactions, by adding an appropriate solvent to the precursor material to form a
homogeneously mixed solution. The prepared sol can then be deposited onto preferred
substrates as thin films through spin coating or dip coating, or in the case of the synthesis
nanoparticles, the gelation process can be done either through the addition of polymers
or condensation of the sol which converts this sol to gel (Thiagarajan et al., 2017). The

Figure 3 below shows a schematic diagram of sol-gel processing;

Figure 3

Schematic Diagram of Sol-Gel Processing
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Note: Adapted from (Thiagarajan et al., 2017)

With regard to the deposition of thin films, in comparison to other techniques, the spin
coating has key advantages such as; Controlled film thickness, low operation cost,
uniformity, rapidness and the capability of easily scaling up (Chaudhary, 2021; Paras &
Kumar, 2021). It involves three significant stages; solution dispensing, spinning &

thinning, and solvent vaporization as shown in figure 4 below. The spinning draws the
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liquid coating into an even covering and then vaporizes to leave the required material on
the substrate in a uniform distribution. The rapid drying caused by the high spin speeds
and airflow results in great consistency at both the macroscopic and nano length scales
(Chaudhary, 2021). Spin coating parameters that affect the thickness of the film are; the
rotation speed and acceleration of the spinning plate (Boudrioua et al., 2017).Other
parameters that play a very essential role during thin film deposition by spin coating
process are the nature of the solution, the nature of the substrate, solution dispensing, and

the spin coating duration (Chaudhary, 2021).

Figure 4

Schematic Diagram of Spin Coating
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Note: Adapted from (Chaudhary, 2021)

Spin Speed: According to Chaudhary., 2021; Spinning speeds dictate the range of

thicknesses that a particular solution may attain. The amount of centrifugal force
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provided to the fluid, as well as the speed and turbulence of the air that is directly above
it, are all affected by speed. Because of the impact of centrifugal force, the deposited
solution flows radially once the substrate starts spinning and excess fluid spins off the
substrate. The fluid continues to thin more until the amount of centrifugal force is equal
to the viscosity. Even though the spin coating process is split into three steps, the time
between them is not always precisely defined. Spin coating generally readily forms a

rather uniform thin film from around 1000 rpm and above.

The nature of solution: A number of crucial requirements must be met by the source
substance and solvent employed in the spin coating process, which include stability in air
at ambient temperature as well as being less toxic. The spin time and spin
speed necessary to obtain the desired thickness are determined by many solution factors
such as viscosity, density, solvent evaporation rate, concentration, and surface
tension.(Chaudhary, 2021). As a result, the nature of the precursor materials used to
make the spin coating sol solution should be evaluated to ensure the prepared sol has the

required properties.

The nature of substrate: The substrate material has an impact on the overall quality of
the produced film. Generally, the substrate has to be chemically and thermally resistant
to the coating solution in order to tolerate the subsequent curing or heat treatment. To
guarantee comprehensive substrate coverage during dispense, a surfactant is sometimes
added to the formulation, or the substrate is changed to promote adequate wetting. The
substrate surface, for example, might shift from hydrophobic to hydrophilic based on the

nature of the fluid (Mouhamad et al., 2014).
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Solution Dispensing: Solution dispensing is the act of applying the fluid on the
substrates. An important consideration when introducing the sol solution on to the
substrate is whether static or dynamic dispense deposition process is used. In static
dispense procedure the spinning process begins and rapidly raised to the appropriate
speed, the static dispense process typically covers the whole substrate or the active

section of the substrate before spinning. (Chaudhary, 2021).

In the dynamic dispense, the substrate is spun and allowed to attain the necessary speed
before the liquid is introduced at the substrate's center. The centripetal force drags the
liquid farther from the middle of the substrate through the entire surface before it

dries.(Chaudhary, 2021).

Spin Coating Duration: This is the amount of time it takes for the spin coating to occur.
Most conventional spin coating techniques maintain the substrate rotating till the film is
totally dry, which is determined mostly by the boiling point of the solvent plus vapor
pressure under ambient conditions. For most solvents, 30 seconds is generally sufficient.
Higher boiling point solvents, on the other hand, may take substantially longer to dry,
hence solvents are typically employed as additives or in combination with extra drying
operations. The spin coating method has several factors that cancel and average out
throughout the spin phase, giving adequate time to regulate the deposition process by
integrating fluid flow as well as solvent evaporation processes to produce an extremely
thin coating layer.(Yimsiri & Mackley, 2006). During the evaporation process as
spinning continues, the viscosity rises until it is equal to the centrifugal force, at which
point the spin time is no longer sufficient to move the solution. Here, increasing the spin
time has no discernible effect on film thickness. This can take anywhere between 10

seconds and 1 minute (Chaudhary, 2021).
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2.3.5 Post deposition Heat Treatment

Annealing is a heat treatment process that alters a material's physical and chemical
characteristics. Many important applications of 5n0, depend on its electrical, structural
and optical properties. The fabrication method and heat treatment significantly impacts
material’s properties (Aghgonbad & Sedghi, 2018) and hence their technical
applications, such as water purification through photo degradation, and solar cells
(Mahdi et al., 2022; Praveen & Ojha, 2014; Yousefi et al., 2016, 2017, 2019; Yousefi,
Alshamsi, et al., 2021; Yousefi, Ghanbari, et al., 2021; Yousefi, Sobhani, et al., 2021).
Some of the optical properties influenced by Annealing Temperature are absorbance,
transmittance and optical band gap. Annealing process has been used in research to
improve optical, electrical and structural properties of deposited thin films. In some
semi-conductors thin films, increase in the annealing temperatures, may decrease the
optical band gap of films due to reduction of oxygen vacancies in the films(Hsu et al.,
2020). The size of crystallites, which has a strong influence on a material's photocalytic
performance, is directly related to the temperature in the fabrication process(Armakovié
et al., 2019; Marotti et al., 2006; Nandiyanto et al., 2017; Sharma et al., 2014).Typically,
annealing is used to increase the crystallinity of substances or shift their crystal structure
from an amorphous to a crystalline state(Abd-Elnaiem & Hakamy, 2022), this
improvement in crystallinity increases both carrier concentration and Hall mobility
reducing resistivity of the material, therefore increasing conductivity (Minami & Miyata,
2008). Improved crystallinity may also lead to a decrease in band gap (Yildirim et al.,
2012). This improvement in properties, makes the films high quality for applications in

optoelectronic devices and other applications (Doyan et al., 2019).
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2.3.6 Working Mechanism of a Photocatalyst

When solar energy is illuminated on photocatalytic material (photocatalyst), photons are
absorbed by it. A photon with an energy equal to or higher than the semiconductor band
gap will excite electrons (e ) from the valence band to the conduction band, generating
holes (h*) in the valence band. These generated carriers (¢, h*) migrate catalyst’s
surface, and since they are in contact with water (H,@) and oxygen molecules (@,), they
participate in redox reactions to induce the formation of hydroxyl radical (OH)
and superoxide Anion (057). The Super Oxide Anion and the hydroxyl radical produced
further participate in degrading organic pollutants to harmless by-products like carbon
(IV) oxide and water as shown in figure 5 below. Finally, clean water free from

pollutants is obtained. The following equations summarize the mechanism.

Activation reaction; Sn0, + hv = h™ +e~ (2.1)
Oxidation reaction; h* + OH™ — OH (2.2)
Reduction reaction; e™ + 0, = 05 (2.3)
Organic pollutants + 0;~ (or0H") = €O, + H,0 (2.4)
Figure 5

Working Mechanism of 5n@, Photocatalytic Material

0, " 6 14 HOO'

)

Oﬁ‘\ 0 1 2PN
organic pollutants : / Sn0, ' :> CO,, H,0

.

H,0/0H

Note: Adapted from (Al-Hamdi et al., 2017)
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The activation of e- and h+ is determined by the band gap energy in the photocatalyst
between VB and CB(Peird et al., 2001). Also the acceptable wavelength of the light
absorbed to induce the e- and h+ and transferred energy are determined by the band gap

(De Wijs & De Groot, 1999).

The chemical reaction that takes place between adsorbed reactants is a concentration-
dependent process where a greater concentration produces a quicker reaction and a
uniform quantity of the reactant is removed per unit time. In this situation, the
degradation kinetics are first-order Kkinetics, as illustrated byGajbhiye., 2012,
photocatalytic dye degradation functions in accordance to this type of kinetics.

In first-order Kinetics, the data obtained is expressed in an integrated form. The change in

concentration of a reactant A is expressed as;

=2 = kl4] 2.5)

Rearranging equation 2.5 gives;

aldl _
T = ~kedt (2.6)

Integrating equation 2.6 we obtain;

In[d]= -kt + C (2.7)
When t=0, [4] = [4,]

So that;

In[4,] = —k_(0)+C (2.8)
C = In[A,]

(2.9)

This yields;

In[A] = —k .t + In[4,]

(2.10)
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In[A] — In[4,] = —k,t (2.11)

c

[AJ —_ —_—
Ingey = —kt (2.12)

Equation 2.12 is the integrated form of the first-order equation normally referred to the
rate law of first-order kinetics. Where, [4,] is the initial concentration, [A] is final
concentration, t is time for reaction and k_ is rate constant obtained by calculating the
gradient of a plot of In A/Ay versus time. This is used to quantify the photocatalytic

activity of a material.
2.3.7 Photocatalytic Degradation Efficiency Limits

There are a few optical and structural drawbacks that limit the photocatalytic potential of
a material. Firstly is a wide bandgap, because of this, light absorption is only permitted
for photons with higher energy than the respective optical bandgap energy, thus it limits
the use of classical photocatalysts to the UV range of sunlight. This means that only 3-
4% of the solar spectrum is involved in a photocatalytic degradation reaction (Ishchenko

etal., 2021).

Secondly is the tendency for some electrons and holes to recombine (a few
nanoseconds), which reduces the likelihood for them to take part in photocatalysis hence

limiting their efficiency(lshchenko et al., 2021).

2.3.8. Doping of a Photocatalyst

In photocatalysts, doping has been utilized to enhance performance (M. Sun et al., 2019;
Y. Wang et al., 2016). This approach involves direct modification of the band gap
structure by generating additional energetic levels, to extend the light absorption and also
generate trap sites of carriers to avert fast recombination (Ishchenko et al., 2021). Doping

increases the charge separation and lifetime of a hole, hence reducing electron-hole pair
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recombination and improving photocatalytic execution(Karouei & Moghaddam, 2019;
Koe et al., 2020; Trochowski et al., 2019). Doping also incorporates impurity levels into
the catalyst's band gap. These levels may be close to the conduction and valence band
margins, overlapping with band states and so narrowing the band gap. The impurity
integration in the metal-oxide lattice may as well create oxygen vacancies which might
be responsible for the photocatalytic efficiency improvement (Ishchenko et al., 2021).

The photon-generated electrons move from more negative to less negative Fermi energy
in the conduction band (CB) to avert charge recombination, while holes flow from more
positive to less positive Fermi energy in the valance band (VB). Effective charge
separation can also be obtained, for instance; W@, as a dopant; Wa, (E.g. = 2.8 eV) can
work as an electron-accepting species in the presence of light, which is favorable for
producing electron-hole pairs and for improving photocatalytic activity. Doping
parameters that affect a material are; dopant concentration and dopant nature (Y. Wang

et al., 2016).

2.3.9 Morphological Properties of Photocatalyst Thin Films

The surface morphology of a photocatalyst plays an important role in the photocatalytic
activity of a material(Pascariu et al., 2019).The most criticalfactors affecting
photocatalytic activity are; surface area, surface area to volume ratio, grain size, and
crystallinity regardless of the material(Pascariu et al., 2019). Photocatalytic chemical
reactions occur on the surface, therefore increase in the specific surface area ought to
improve the efficiency of the process because larger contact area are exposed to the
reagents (Ishchenko et al., 2021). Charge-carrier separation can also be improved by

controlling the morphology of the photocatalyst(Molinari et al., 2020).
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Surface roughness and porosity of thin films are factors that also affect the efficiency of
a material. The presence of open pores in some semiconductors can permit the diffusion
of the reactants into the photocatalyst material increasing their efficiency. Ramirez-
Santos et al., (2012)carried out research on the enhanced photocatalytic activity of
titanium dioxide films via polyethylene glycol modification. They discovered that using
polyethylene glycol as a polymeric fugitive agent in the fabrication of titanium dioxide
films by sol-gel method producing porous, thin films. By using methyl-orange photo-
oxidation tests it was determined that the porosity of the films increased their
photocatalytic activity. They also found out that increasing the number of layers (from 1
to 5) in the porous Titanium dioxide film increases its photocatalytic response if the

generated pores are open, i.e. interconnected, allowing reactants and products to diffuse.

2.3.10 Structural Properties

Structural properties of like the degree of crystallinity and crystal sizes influence the
photocatalytic execution of the prepared material(Cheng et al., 2010; Nandiyanto et al.,
2020). Crystal structure helps to calculate the crystallite sizes through the Debye-Scherer

formula given by;

kA
(rmm) Bco=B

D (2.13)

Where k is the dimensionless shape factor with a value close to unity, A is the
wavelength of X-ray radiation, p is the full width of half maximum peak (FWHM) and &
is the Braggs’ angle in radians. Nandiyanto et al., (2020)who investigated the Correlation
between crystallite size and photocatalytic performance of Tungsten (VI) Oxide (W0;)
particles they found out that a raise in the crystallite size has a direct impact to the
improvement in the photocatalytic rate of the particles. The results showed that

crystalline W0, particles had better photocatalytic rate than the particles in amorphous
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state. Hence concluding that larger crystal size has strong correlation to the improvement
in photocatalytic performance of materials, which is in agreement with similar studies by

(Sharma et al., 2014)and (Armakovi¢ et al., 2019).

2.3.11. Optical Phenomena in Photocatalyst Thin Films
2.3.11.1. Thin Films Optics

This is the study of a material's optical characteristics and how it responds to
electromagnetic radiation incident on it. Photons incident on a semiconductor’s
surfacewill be either reflected from the top surface, absorbed in the material, or
transmitted through the material. The sum of absorptance A(4), reflectance R(4), and

transmittance T(4) is Unity (Holden et al., 1997).

A +ROY +T() =1 (2.14)

Where; A(4) = ‘;ﬁ R(A) = *:ri, T(A)=ZI

'{D
I,is the total intensity of incident radiation on the surface, I,, I, and I is the intensity

of the light absorbed, reflected, &transmitted respectively.

In absorption, the intensity of light I of the radiation is expressed as; (Pankove, 1975)

— Tk

I(z)=I,e ¢ ° (2.15)
Or
I(z) = Ie™™* (2.16)

Where z is the distance in meters moved by the radiation in the absorbing medium, and

a(A) is the absorption coefficient expressed as;

Zeak (A)

c

a(d) = (2.17)
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Where wis the frequency of the radiation, c is the speed of light, and k(1) is the

extinction coefficient responsible for absorption.

From the transmission data the absorption coefficient (o) can also be determined using
the relationship;

In=

g =T (2.18)

T
Where t is the film thickness, T is the transmittance andin is the Natural Logarithim.

2.3.11.2. Absorption Coefficient

The absorption coefficient spells out how far light of a specific wavelength may
penetrate before being absorbed into a material. It is influenced by type of material, the
preparation procedure, the surface morphology, and the wavelength of the incoming
radiation. Light is only poorly absorbed in a material with a low absorption coefficient,
and if the material is thin enough, it might appear transparent to that wavelength
(Educator, 2022). Its study provides data concerning electronic states in high-energy

areas and atomic vibrations in low-energy regions.

The absorption coefficient in semiconductors has a sharp edge where radiation energy
below the band gap is not strong enough to move an electron from the valence to the
conduction band, resulting in no light absorption. The possibility of absorbing a photon
is determined by the likelihood of a photon and an electron interacting in such a way that
they go from one energy band to another. The absorption coefficient for a photon with an
energy near to the band gap energy is relatively low because only electrons at the edge of
the valence band are excited, resulting in less absorption. However, with a high-energy
photon, both electrons on the valence band edge and those with energies close to the
band gap are exited. As a result, more electrons interact with the radiation, resulting in

greater absorption. (Chebwogen, 2019; Chebwogen et al., 2019).
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According to Tauc's relation, the absorption coefficient relates to the energy of light

quanta;
o = P Eg)” (2.19)

R

Where h is the Planck’s constant (6.626 x 107** Js), v is the frequency of the radiation,
and n provides the kind of transition, which might be either direct or indirect. In the case

of a direct band gap, n = %substituting for n in equation 2.19 and rearranging gives;

(ehv)® = hv —E, (2.20)
Therefore, a plot of (ahv)® against hvwill produce a curve with a straight line at a

certain portion. Extrapolation of the straight section of the graph to the point of

(ahv)* = 0 gives the energy band gap, E,.
2.3.11.3. Optical Constants Refractive Index and Absorption Coefficient

Knowledge of the optical constants n and k with respect to photon energy is necessary
when investigating thin film optical properties. A table of n and kcan be used to predict
the material’s response at each wavelength (Gaspari, 2018). Simple dielectric function
models aid in the realistic modeling of optical spectrum and enable parameter fitting to
acquire the required information. Examples of the models for simulation are as follows;
OJL interband transition model, Drude model for free carriers, KIM extended oscillator,
Brendel extended oscillator model, Harmonic oscillator, and Tauc- Lorentz interband
transition mode (Chebwogen, 2019; Chebwogen et al., 2019; Sap et al., 2011). The
model employed is determined on the substance being investigated and the spectral

range. The simulation model utilized determines which parameters must be adjusted.
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2.3.11.4. Optical Band Gap

The band gap (E,) is the energy required to shift an electron from the valence band into

the conduction band, given in electron volts (eV). In the case of semiconductor
absorption, a rise in absorption occurs at a certain energy value as a result of electrons
being stimulated from the valence to the conduction band. The band gap energy is the
smallest amount of energy that stimulates electrons confined in the valence band to move
freely inside the crystal lattice. These electron transitions in semiconductors can be either
direct or indirect (Chebwogen et al., 2019; Patterson & Bailey, 2010). In a direct
bandgap semiconductor, the top of the valence band (VB) and the bottom of the
conduction band (CB) occur at the same value of momentum as shown in Figure 6.
Figure 6

Diagram lllustrating Direct Band Gap transition
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Note: Adapted from (Rathod, 2014)

In an indirect bandgap semiconductor, the maximum energy of the valence band (VB)
occurs at a different value of momentum to the minimum in the conduction band (CB)

energy as shown in Figure 7 below.
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Figure 7

Diagram lllustrating Indirect Band Gap Transitions
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Direct band gap materials have been claimed to be more efficient than indirect band gap
materials for a variety of applications due to their higher absorption coefficient when
compared to indirect band gap semiconductors. Direct band gap materials often provide
for the lowest energy transfer from the valence to conduction bands without affecting the
wave vector (k). However, for electron transitions to occur in an indirect band gap
material, the wave vector must be modified with phonons. Therefore, as a result Tin (IV)

Oxide thin film direct band gap, it is appropriate for photocatalytic applications.
2.4 Conceptual Framework

The framework in figure 8below depicts the relationship that exists between independent
and dependent variables. Independent variables such as; the dopant proportion, annealing
time, annealing temperature, spin coating parameters and film thickness are factors that
ultimately influence the optical and morphological, and structural properties of a material

such as; Band gap, Charge separation, absorbance, optical constant scrystallinity, and
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crystallite size. These properties ultimately influence the photocatalytic performance of

materials (Rate Constant :K_).

Figure 8

Conceptual Framework
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2.5 Summary and Research Gap

degradation rate
(Rate Constant:K,)

\_

~

)

Although much research has been done on Tungsten (VI) Oxide (Wo;) and Tin (1V)

Oxide (5n0@,), there is limited information on the combination of these two materials

through doping for photocatalytic application. The table 2 below gives a summary of the

research gaps identified.
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Table 2

Research Gap

Authors Research Key Findings Research Gap
Al-Hamdi et  Tin dioxide as a >The applicability of the pure v'A need to find
al., (2017) photocatalyst for SnO, for water treatment is a suitable
water treatment: limited because of the high dopant material
(A review). activation energy of the to enhance
compound and swift photocatalytic
recombination rate of the performance
photogenerated electrons and ofsn0,
holes.
>To enhance the
photocatalytic activity, the
Electron-Hole-Pair
recombination needs to be
addressed through doping the
material.
Azimetal, GO —SnO,Nano >Modifying Tin (IV) Oxide by v'A Need to
(2021) composite for doping can narrow its wide modify and
Photodegradation ~ bandgap and enhance the synthesize
of Methyl Orange ~ Photogenerated charge Sn0, thin film
Under Direct separation. through doping
Sunlight >The synthesized Graphene it with other
Irradiation and Doped Oxide-Tin Oxide oxides to study
Mechanism nanoparticles showed an how they
Insight efficient photodegradation influence its
(Experimental (~94%) for Methyl Orange photocatalytic
study) organic dye after 180 minutes. activity.
>wide bandgap of 51, was
tuned using GO which showed
enhanced photocatalytic
performance with greater
surface area compared to
pure Sno,
Jwad Abdul- Comparative N0, >The synthesized v Lack of
Ameer et al.,  Sensing Sn0,: W0, had; research on
(2018) Characteristics of v A polycrystalline structure the

Sn0,: WO, Thin
Film Against Bulk
and Investigation
of Optical
Properties of the
Thin Film.
(Experimental
study)

v Areduced band gap of 2.5
eV

v" An Elevated refractive
index of 2.51 (Due to high
porosity and surface
roughness)

v Tungsten nanocluster over
the Sn0,surface which

Application
of

WO, /5n0,
prepared by
sol-gel
method for
photocatalytic
water
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Y. Wang et
al., (2016)

Shao et al.,
(2019)

The Application of
Nano- T'i0, Photo
Semiconductors in

Agriculture.
(A review)

Hollow

WO, /510,
Hetero-
Nanofibers:
Controlled
Synthesis and

High Efficiency of

Acetone Vapor
Detection.
(Experimental
Study)

reduced the activation
energy

v A Large active surface
area

v" An extinction coefficient
of 0.024

v" An elevated Transmission
(>80%)

v' Arrise in oxygen species
and the surface states

>To overcome wide band gap,
high EHP recombination &
Poor light absorption, doping
is applied.

>Metals or metal oxide doping
extends the Ti0, absorption to
the visible range

>Modifiers, such as;
Ag®,Wo,, and W, improve
photocatalytic execution of
Ti0,

>W0, (E.g. =2.8¢eV)can
work as an electron-accepting
species in the presence of
visible light

>Heterojunctions with
different contents of W0,
showed different gas sensing
properties

>QOptimal dopant proportion is
important in constructing
heterojunctions

treatment

A need for
further
analysis on
morphological
properties
using SEM
and TEM for
photocatalytic
water
treatment

v" Lack of

research on the
influence of
Wgo, asa
dopant on
Sn@, for
photocatalytic
water treatment

Need for
further
studies on
the optimal
dopant
proportion
for an
efficient
Wa, /5n0,
for
photocatalyt
ic water
treatment
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CHAPTER THREE
RESEARCH DESIGN AND METHODOLOGY
3.1 Introduction
This chapter presents the research design, materials, and methods that were used for the
preparation, characterization and photocatalytic activity study of puresno, and

W0, /Sn0,thin films.

3.2. Research Design

This was an experimental study and was carried out in the laboratory at room
temperature with the magnetic stirring rate of the solutions kept constant at within a
specific time depending on the solution being prepared. Spin coating of different groups
of wo,/sno, (Wo, of 0.0, 0.1, 0.3, 0.5, 1.5, 2.0 wt. %) was done at 1200 rpm for 30
seconds. Characterization and data analysis involved the use of UV-VIS
spectrophotometer, SCOUT software and X-Ray diffraction (XRD). The results obtained

are presented graphically and discussed.

3.3. Materials

The basic materials used in this work weresodium tungsten dihydrate (Na,W0,.2H,0,
99% Merck), nitric (V) acid (HNOz;, 65% Merck), hydrogen peroxide (H,0,, 30%
Merck), tin (11) chloride dihydrate (SnCl,.2H,0 Purified from Merck), ethanol (99.9%),

methylene blue powder, distilled water, acetone and Helmanex (I11) solution.

3.4. Preparation of Thin Films

3.4.1. Preparation of Sn0, and W05 /Sn0,precursors (sol solution)
Pure 5n0, and W@, /5n0,s0l solutions were prepared using Sol-gel technique according

to(Marikkannan et al., 2015; Naseri et al., 2010). In a typical synthesis to prepare Wo,
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precursor sol solution, 6 g of sodium tungsten dihydrate (Na,W0,. 2H,0) was immersed
in 30 ml of nitric acid solution (HN©;) for forty five minutes. After three washes with
distilled water, the obtained yellow-greenish precipitate was dissolved in 10 ml of
Hydrogen Peroxide (H,0,), 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 color changed from colorless to light yellow, and it was

stable for a long time. It was then left for 24 h aging.

Sn0, Precursor Sol solution was prepared by dissolving 0.5 mole of Tin (1) Chloride
dihydrate (5nCl,.2H,0) in ethanol. The prepared solution was magnetically agitated for
5 hours in a closed conical flask and aged for 24 hours at room temperature to improve

its viscosity.

The prepared 5n0, sol was mixed with controlled amounts of W, sol under magnetic
stirring for 2 hours to produce six groups of Wo, /s»no, (Wo, of 0.0, 0.1, 0.3, 0.5, 1.5,
2.0 wt. %). The prepared precursor sols were then labeled according to the percentage
doping proportion of WOZInW0O,/Sn0, as pureSn0,, WO;/51n0,(0.1%),

W0, /5n0,(0.3%), W0, /Sn0,(0.5%), WO, /Sn0,(1.5%), WO, /5n0,(2.0%).

3.4.2 Cleaning of Glass Substrates

The microscope glass slides to be used for thin film deposition were first cleaned in
soapy warm water and rinsed before being ultra-sonically treated in warm distilled water
for five minutes to remove any particles on the slides. They were then immersed in pure
acetone and ultra-sonically treated for five minutes to remove grease and oil stains. After
that minerals and metals on the surface of the glass sides were removed by treating them

ultra-sonically for 15 minutes in a solution containing a mixture of 2ml Hellmax (111) and
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100ml distilled water boiled to about 75°C (almost boiling). Finally, they were removed

and thoroughly rinsed in distilled water.

3.4.3. $n0, and W0, /5n0, Coating and Annealing Process

Spin coating was used for the deposition process. The prepared sol solutions of $no,
and W@, /sno,were transferred into a 2ml syringe and drops of the solution were
dispensed onto the cleaned glass slides covering the entire glass slide and then spin
coated at 1200 rpm for 30 seconds. After spin coating, the coated glass substrates were
then heat treated at 100°C for 10 min to remove any residual organic solvents. The films
were then annealed at 500°C for 1 hour in a Carborlite 301 Heating furnace. Figure 9

shows the Laurell 650M Spin Coater that was used in Spin Coating.

Figure 9
A photograph of Laurell 650M Spin Coater

3.5. Preparation of Nanoparticles

To investigate the influence of doping on crystal structure, nanoparticles were prepared
since the available X-Ray Diffraction (XRD) equipment was a powder XRD. To prepare

the nanoparticles, Aqueous ammonia solution (6 ml.) was added to 30ml of pure $n0,
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and W0, /5n0, sol solutions separately, drop wise under stable stirring. The resulting
gel was filtered through vacuum filtration and purified by washing with ethanol and then
dried for 5 hours at 100 °C. The formed nanoparticles were Annealed at 500°C for 2
hours in a carborlite 301 Heating furnace. Figure 10 below is a summary of the

procedure that was used;
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Figure 10

Schematic Diagram of the Experimental Procedure that was used

Adding
NH,OH Precipitation of
:L precursors

Spin Coating

Rpm: 1200

v

v

Drylng Drying
Temp: 100 °C Temp 100 °C

Anneallng Annealing
Temp: 500 °C Temp: 500 °C
[ Thin Films J [ Nano Particles
l v
Characterization Characterization
Optical: UV-Vis Structural: XRD

45



3.6 Instruments used in Characterization of Sn0, and W0, /5n0,.

3.6.1 Optical Characterization

The Shimandzu UV-VIS 2600 spectrophotometer was used to obtain absorbance spectra
of the thin films deposited on the glass substrate. The instrument wasfirst switched on
when all the sample compartments were empty. Settings of the desired wavelength
range, mode typeand the scan speed were made.A cleaned glass substrate was inserted as
a reference sample followed by pressing auto zero and then baseline to auto zero the
instrument before taking actual measurements. The spectrophotometer was set to
measure the absorbance of the films in the range of 200nm to900nm. Figure 11 below

displays the UV-VIS spectrophotometer that was used.

Figure 11

A photograph of the Shimandzu UV-VIS 2600 Spectrophotometer

3.6.2 Structural Characterization

The crystal structures of the nanoparticles were determined using X-ray diffraction

(XRD, Olympus TERRA-538) with CoKa (A = 1.7889 A) radiation at 30.3Kv and 0.006
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mA. The samples were analyzed over 20°-55° 26 with a step size of 0.02° 26.Figure 12

below displays the XRD that was used.

Figure 12

A Photograph of the Olympus TERRA-538 XRD

o '

3.6.3 Investigation of Photocatalytic Performance of the Thin Films

The photocatalytic execution of the prepared samples of pure Sn0, and W0, /5n0,
films was tested using the methylene blue dye degradation test under UV light radiation
using a system made up of a cabinet and a UV lamp and a magnetic stirrer. The sample
was first dipped in 80ml of methylene blue dye solution (3 ppm) in a glass beaker and
placed in the dark for 60 minutes to achieve adsorption-desorption equilibrium to be
reached, the contents were then moved into the UV cabinet and illuminated for 120
minutes at ambient temperature. 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
photo degradation process, dye sample of 2 ml was taken from the reaction solution at

every 30 minutes for absorption studies. Absorbance was measured using the UV-VIS
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Spectrophotometer and a graph plotted. The rate of degradation was then assessed by
comparing methylene blue degradation rates of puresn0, and W0, /5n0, films.

The pseudo-first-order kinetic model (Gajbhiye, 2012)was be used to quantify the
photocatalytic activity of the samples by finding the Kinetic rate constant k_ (min™);
According to this model the kinetic rate constant &, (min") is determined by using the

relation;
n (&) = —k.t (3.1)

Where; C, is the Sample concentration after degradation time t, €, is the initial
concentration of the sample after adsorption-desorption in the dark and In is Natural
Logarithm. Below is the experimental Set-up that was used for the photocatalytic
experiment.

Figure 13

The Experimental Set-Up that was used for the Photocatalytic Experiment
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3.7 Data Collection Procedure

A letter from Kabarak University Institute of Postgraduate Studies was obtained at the
start of this research work, allowing data collection and report writing. The University of
Zambia also provided an affiliation letter, granting the permission of using the equipment
in the School of Natural Sciences. An application for a temporary permit from Zambia
immigration was made for the duration of the research. Further a KUREC clearance was
obtained from Kabarak University Research and Ethics Committee that enabled me
obtained NACOSTI research permit, therefore getting the required ethical clearance to

proceed with my research work.

3.8. Data Analysis

SCOUT (Theiss, 2002)commercial software was used to analyze data. This software
simulates and analyzes various optical spectra such as absorbance, transmittance,
reflectance, ellipsometry, and photoluminescence. The program analyzes the measured
experimental data by fitting it to simulated data spectra that are either found inside or
provided into it. The software is a collection of models, including Classical Drude model
for free carriers, Extended Drude model for free carriers, Harmonic oscillator model,
Brendel extended oscillator model, Kim extended oscillator model, Leng oscillator
model, OJL interband transition model for amorphous materials, Tauc-Lorentz interband
transition model for crystalline materials, and User-defined expressions for optical

constants (including the option to define Cauchy models).

Optical constant models describe the response of matter to the electric fields of a light
wave. The main mechanisms are; acceleration of free charge carriers in conductive

materials (free charge carrier absorption), exciting oscillations of bound charges
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(vibrational modes), and lifting up electrons from an occupied electronic state to an

empty state (interband transitions).

The model to be used in fitting spectra is determined by the material under investigation
and the range of the spectrum being employed. Drude, Kim Oscilator, Tauc-Lorentz,
harmonic oscillator, and OJL interband transition model (Theiss, 2002)were employed in

this work.
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CHAPTER FOUR

DATA ANALYSIS, PRESENTATION AND DISCUSSION
4.1 Introduction

This chapter presents and discusses experimental results on the optical and structural
properties of sn0, and W@, /5n0, thin films. The optical property measured was
absorbance. Further the optical constants determined are also discussed, including the
refractive index, extinction coefficient and Optical band gap. Structural Properties
investigated include Crystallinity and Crystallite sizes. This chapter also includes
photocatalytic test results from the methylene blue dye degradation test, as well as how

the dopant proportion affected the material's rate constant.

4.2 Results and Discussion
4.2.1 Deposition of Pure Tin (IV) Oxide (§n@,) and W@, /5n0,Thin Films

Thin films of Tin (IV) oxide (5n@,)andWa, /5n0, (W0, of 0.0, 0.1, 0.3, 0.5, 1.5, 2.0
wt.%) films were successfully prepared on a glass substrate, a transparent colorless film
formed on its surface. The formation of a colorless transparent film on the surface of the
glass substrate confirmed the formation of Tin (IV) Oxide thin film, which resulted from
spin coating the sol to the substrates, translating it to the surface of the substrate, and
excess liquid spanned off, resulting in the formation of a uniform thin film on its surface.
The colorless color of Tin (IV) Oxide (5n0,)thin films obtained in this study is

consistent with those previously reported by(Lee et al., 2013)and (Boshta et al., 2010).

The average film thickness of the fabricated films were modelled using SCOUT
software (Theiss, 2002)where the obtained experimental spectra was fitted to the

simulated spectra within the software (at a range of 210-900 nm) with suitable optical
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model, based on the best fit between experimental and simulated spectra as illustrated in

Figure 13 below. The fabricated films had an average thickness of 135.4 nm.

Figure 14
An lllustration of Fitting of the Experimental to Simulated Spectra using the SCOUT

Software
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4.2.2 Optical Characterization of the Thin Films

4.2.2.1 Absorbance

The absorption potential of photocatalytic material plays an important role in improving
itscapacity to remove pollutants(Yang et al., 2016). Figure 15 below shows, the
maximum absorbance of the undoped Sn@, thin films is in the region (275 nm < A < 350
nm).This trend is in a good agreement with results that have been reported for pure $n0,
thin films deposited by Bhagwat et al., 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 incorporation of W05 into Sn0, which results in increased surface roughness,
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causing diffuse reflection and thus an increase in absorbance. In case of photocatalytic
effect greater absorption indicates the higher capacity for degradation of pollutants
(Islam & Kumer, 2020) because more electron-hole pairs will be produced that drive
photocatalytic reactions implying an improvement in the photocatalytic efficiency of the
films(Chen et al., 2020). W0, /5n0, (1.5 wt.%) exhibit the highest optical absorbance
with a wider absorption range in the visible region. Doping beyond 1.5% instead lowered
the absorbance of the films, because dopant proportion exceeding a particular limit
instead reduces its absorption (Chebwogen, 2019).

Figure 15

Absorbance against Wavelength for pure sn0, and Wo; /Sn0, thin films with different

proportions of Wo,
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4.2.2.2 Absorption Edge

From the Figure 16 below, the position of the absorption edge of Wa, /Sn0,thin film
shifts towards the higher wavelength side. This red shift according to Manikandan et al.,
2018indicates a decrease in the band gapwhen doped with a metal or Metal
Oxide. W0, /5n0, (1.5 wt.%) exhibits the greatest red shift with a wider absorption
range in the visible region. This red-shift can be attributed to a shift in the position of the
conduction or valence band, which results in a narrowing of the bandgap and, causing, a
red shift at the absorption spectrum's edge (Gao et al., 2019). Doping beyond 1.5%
instead caused a blue shift in the absorption edge of the prepared films indicating an

increase in band gap beyond the Wo, (1.5%) dopant proportion.
Figure 16

Effect of W0, doping on the Absorption edge of sna, films
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4.2.2.3 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 band gap E, was determined using Tauc’s relationship

ahv = A(hv — E,)" (4.1)

Where a is absorption coefficient, hv is photon energy and A is a constant relation
between absorption coefficient («), and photon energy (hw). Plots (ahv)*against hv of
pure Sn0, and WO, /5na,thin films were made, giving curves with a linear parts.
Extrapolation of the linear region to the hwv axis, give the band gaps (E,) of each film.
Figure 17 shows the plot of (ahw)? against hv for W0, /Sn0, thin films doped at varied

WO, proportions.

Figure 17

Plots of (ahu)? versus photon energy (hv) for (a) pure Sn0,, (b) W0, /Sn0, (0.1%)
(c)wa, /Sn0, (0.3%), (d) wa, /5n0, (0.5%) (e) wo,/Sn0, (1.5%) and (f) W0, /5n0,
(2.0%).
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Table 3

Energy (eV)

Summary of Band Gap Values for Wo, /5n0, Thin Films

Material Bang Gap (eV)
Sno, 3.82
WO, /Sn0, (0.1%) 3.31
WO, /Sn0, (0.3%) 3.26
WO, /Sn0, (0.5%) 3.05
WO, /Sn0, (1.5%) 3.03
WO, /Sn0, (2.0%) 3.14

Figure 18

Change in Band gap (Eg) with Doping Proportions of Wo,
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The calculated band gap values are 3.82, 3.31, 3.26, 3.05, 3.03, and 3.14 eVfor 5n0, and
Wo,/5n0, (WO;of 0.1, 0.5, 1.0, 1.5, 2.0 wt.%) thin films, respectively as shown in
table 3. The band gap of undoped Sn0,is consistent with work done previously by
Bhagwat et al., 2015 and Varghese et al., 2018. As WO, was introduced into Sn0, in
various doping proportions, a gradual decrease was observed in the band gap; however,
beyond 1.5 %wt. doping, it began to increase as shown in figure 18. This decrease is
associated with the red shift observed in the absorbance spectra, which is due to the
incorporation of W, into the sn0, lattice, which resulted in defects that narrowed the
band gap (Ishchenko et al., 2021). This decrease in the band gap is an important factor
for the enhancement of photocatalytic activity(Koohestani, 2019). The band gap value

for Wo, /510, (1.5%) is the shortest.

4.2.2.4 Optical Constants (n and k)

4.2.2.4.1. Refractive Index (n)

The refractive index is an important parameter for measuring light absorption during the
photocatalytic effect on degradation. A higher refractive index indicates a denser
medium (Islam & Kumer, 2020)as a result, the speed of light passing through the
material is slower, allowing for more light absorption hence generating more electron-
hole pairs that drive photocatalytic reactions. This explains the co-relation of the
absorbance profile in figure 15 and the refractive index in figure 19 between 250nm and
450nm. From Figure 19, wo,doping improves the refractive index of sn0,. The
increase in refractive index with Wo, doping can be attributed to the films' high porosity
(jwad Abdul-Ameer et al., 2018). The photocatalytic activity of a thin semiconducting
film is strongly dependent on the film porosity, thickness, and crystallite size, all of

which influence the refractive index.
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Figure 19

Refractive Index (n) vs wavelength for pure sng, and Wo, /Snad, thin films
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4.2.2.4.2 Extinction Coefficient

Extinction coefficient is a characteristic that determines how strongly a species absorbs
or reflects radiation or light at a particular 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 19 below, it is observedthat as wavelength increases, the extinction coefficient
decreases. The extinction coefficient, however, increases with dopant concentration and
was found to be maximum for the Wa,/Sn0, (1.5%) sample, resulting in lesser

scattering of light (Rathanasamy et al., 2023), and hence the high absorbance observed.
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Figure 20

Extinction coefficient (k)as a function of wavelength for pure sn0, and W@, /5n@, thin

films with different proportions of Wo,
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4.2.3 Structural Characterization of the Nanoparticles

The XRD pattern of pure sn0, and W0, /5n0, (1.5%) nanoparticles recorded in a 20
range from 20° to 55 is shown in Figure 21 below. The nanoparticles show a number of
strong Bragg reflections peaks at different angles, which can be indexed to (110), (101),
(200) in the 26 range from 20° to 55° which is consistent with studies done byAkram et

al., 2016 and Debataraja et al. 2017.

60



Figure 21

XRD patterns of (a) 5na, (b) W@, /5n0, (1.5%) nanoparticles

Intensity (a.u.)

20 25 30 35 40 45 50 55
Degrees (20)

The XRD configuration of both the doped and undoped Sn@, shown in figure 21 shows
that the particles are polycrystalline in structure due to the observed sharp diffraction
peaks. From the spectra there was also an indication of some amorphous substance, this
is due water present in the structure because of the use of Tin (Il) Chloride dihydrate as a
precursor which is unstable and is highly hygroscopic hence can easily absorb moisture
from the air, which affect the properties of the resulting nanoparticles. The particles
preferred orientation along the (110) plane. The (101), and (200) peaks coincide well

with standard data (JCPDS Card No0.88-0287) (Sagadevan & Podder, 2015).

The crystallite size was determined by Debye-Scherrer$ formula given by:

0,94
D=
Beoosd

(4.2)

Where A is the wavelength of X-ray radiation (1.7889 A), and B is the full width half

maximum (FWHM) of the peak. The size of the crystallite was determined to be
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58.74nm and 89.89nm for Sn@, and W0, /5n0, (1.5%) as shown in table 4. Larger
crystal size has strong correlation to the improvement in photocatalytic performance of
materials, (Armakovi¢ et al., 2019; Sharma et al., 2014). Therefore the increase in crystal
size due to doping Sn0, is an indication of an improvement in the photocatalytic

performance (Nandiyanto et al., 2020).

Table 4

Crystallite Sizes values for pure sn0, and W0, /5n0,(1.5%)

Material Crystallite Sizes (nm)
Sno, 58.74
wa, /Sn0, (1.5%) 89.89

4.2.4 Pure SnQ, andw @, /5n0, Photocatalytic Degradation of Methylene Blue

Based on the optical properties, the Wa, /5n0, (1.5%) thin film has superior optical
properties for photocatalytic application than all other samples. The photocatalytic
properties of pure s$n0, and Wa,/5n0, (1.5%) thin films were investigated using
methylene blue dye under UV light. A calibration curve was drawn using standard
methylene blue solutions to calculate concentration from measured absorbance, as shown

in Figure 22 below.
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Figure 22

Methylene Blue Calibration Curve
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In the photocatalytic experiment, fading of methylene blue solution was seen, showing
that degradation was taking place and hence an influence on its concentration. The main
absorption peak is located at 664 nm wavelength which corresponds to MB molecules.
Figure 23 shows that the absorption peak reduced with increased exposure time, showing
that the concentration of dye molecules in the aqueous solution decreased with

increasing illumination time.
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Figure 23
Absorption Spectra of Methylene Blue for (a) Sn0, and (b) Wo, /5n0, (1.5%) films
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In the photocatalysis mechanism, when light has an energy equal to or more than the
band gap is incident on the photocatalyst, this energy is absorbed by the electron in the
valence band and gets excited to the conduction band, leaving the holes, thus creating
electron—hole pairs. The generated electrons react with the surrounding oxygen and holes

react with hydroxide (OH) molecules to form superoxide anions (027) and hydroxide
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radicals (0H "), respectively. These 02~ and g0H~ further react with dye molecules

decomposing them into €0, and H,0. The following equations summarize the

mechanism;

Activation reaction; Sn0, + hv = h™ + e~ (4.3)
Oxidation reaction; h* +0H™ — OH (4.4)
Reduction reaction; e~ + 0, = 0; (4.5)
Organic pollutants + @5~ (or OH") = €@, + H,0 (4.6)

The induced photocatalytic degradation of organic pollutants is well known to follow the
pseudo first-order kinetic, which exhibits a linear relationship between In (C,/C.) and

the reaction time. The first-order reaction's kinetics equation is as follows:

Ce

In (;) = —kt (4.7)
Where; C, is the Sample concentration after degradation time ¢, and C_ is the initial
Methylene Blue concentation. Figure 24 shows a graph of In (C,/C,) versus time in
minutes for sampled films of the pure 5n0, and W0, /510, (1.5 w.t%) thin films.

Figure 24
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The gradient of the plot in figure 24 was used to find the rate constant, k_ (indicated in
figure 25) this enabled evaluation of the photocatalytic activity of the synthesized
samples. The rate constant dictates how quickly degradation occurs. The calculated rate
constant values from the above relation are 0.00256 and 0.00519 min™ for sn0, and

WO, /Sn0, (1.59%) films, respectively.

Figure 25

Influence of WO, doping on the Reaction Rate Constant
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Based on the obtained the results, Wo, /5n0, is more efficient than pure Sn0,, this can

be attributed to the following:

(i) Decreased Sn@, band gap after W@, 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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(i) Decreased electron-hole pair (EHP) recombination as a result of W@, incorporation
into the SnO, lattice; W0, acts as a trap to easily capture the photogenerated electrons
and holes on the surface of sn0, and thus delay EHP recombination (Manikandan et al.,
2018), which would otherwise decrease the photocatalytic activity of 5n0,.

(i) Improved light absorption of W0, /Sn0, indicating that more radiation is absorbed
exciting more electrons to the conduction band participating in the degradation

process(Enesca & Sisman, 2022).

(iv) Increased crystallite size of W0, /5n0, from 58.74 to 89.89nm. A larger crystal size
has strong correlation to the improvement in photocatalytic performance of
materials(Nandiyanto et al., 2020), which is in agreement with similar studies bySharma

et al., 2014 andArmakovi¢ et al., 2019.

These findings of this research are in agreement with that of Ramos-Delgado et al.,
2013, who found that Wo, /Ti0, showed improved photocatalytic behavior than bare
TiO, due to the formation of smaller clusters and a larger surface area that decreases
electron-hole pair recombination and results in a better contact area between the catalyst
particles and the pollutant, improving photocatalytic reactivity (Ramos-Delgado et al.,

2013)
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CHAPTER FIVE

SUMMARY, CONCLUSION AND RECOMMENDATIONS
5.1. Introduction

This chapter offers a summary of the findings of this study, conclusions, and

recommendations for further research.

5.2. Summary

Pure sn0, and W0, /5n0, were successfully prepared through the Sol-gel spin coating
technique. The influence of the W@, doping over the optical, structural and
photocatalytic properties of Snd,was investigated. A UV-VIS 2600 spectrophotometer
was employed for optical characterization of the fabricated films and absorbance
measurements were obtained whichshowed that Wo; /sn0, thin films have enhanced
absorbance with the peak absorbance shifting towards longer wavelengths. Optical
analysis shows that the deposited W05 /Sn0,thin films have a decreased band gap from
3.82 to 3.03 eV, confirming that these are good semiconducting films. An X-ray
diffraction equipment Olympus TERRA-538(Fisonga et al., 2022) was employed for
structural characterization which showed that the samples are crystalline. The
photocatalytic activity of the prepared films was investigated with Methylene Blue dye
under UV irradiation.wa, /Sno,films show superior photocatalytic activity than the
undoped 5n0, films. Therefore,doping Sno,with W0, is very effective in improving its
photocatalytic properties. These results show that low-cost Wa, /Sna, photocatalyst is a
good candidate to eliminate organic pollutants from contaminated water, which cause

severe threats to health and the environment.
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5.3. Conclusion

5.3.1. Fabrication of Sn0,and w0, /Ssn0,Thin Films

Sn0, and WO, /5n0,thin films were successfully prepared through the Sol-gel Spin

coating technique at a rotary speed of 1200 Rpm for 30 sec. This method was employed
because it is one of the simplest, quickest, and low cost techniques, with several
advantages such as controlled stoichiometry, better homogeneity, low processing
temperature, high purity, effective control of properties such as film thickness, and the

capacity to easily scale up.

The average film thickness of the fabricated films was modelled using SCOUT software
where the obtained experimental spectra was fitted to the simulated spectra within the
software with a suitable optical model. This was used since the necessary equipment that
would have been used to measure the film thickness directly such as Alpha step or

Atomic Force Microscope (AFM) was not working.

5.3.2. Determination of Optical and Structural Properties of Pure 310z and

wo,/5no,

The effect of the W04 doping over the optical properties & structural properties of the

prepared Sn0, and WO, /5n0, have been investigated. The properties obtained in

optical characterization are absorbance, refractive index, extinction coefficient and the

band gap energy of the fabricated films. The $n0, doped films were found to generally

have a high absorbance; the absorbance increased with increase in the dopant proportion.
However, doping beyond 1.5 w.t% instead decreased the absorbance. Doping resulted to

a red shift of the absorption edge with the peak absorbance shifting towards longer
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wavelengths, indicating a decrease in band gap.

Further Optical analysis show that the deposited W0, /Sn0, thin films have a reduced

band gap energy from 3.82 to 3.03 eV confirming that these are good semiconducting

films. The decrease in band gap confirmed the red shift noticed in the absorption edge.

Structural Characterization shows that the prepared samples are crystalline. Doped 5n0,

crystallite size was found to be large compared to pure Sn@, showing that there has

been an improvement in the structural properties of $n@, due to incorporation of WaQ,

for photocatalytic dye degradation.

5.3.3. Photocatalytic Performance of Pure §n0, and Sn0,Doped with Wao,

The photocatalytic activity of the deposited films has been studied against Methylene

Blue dye under UV irradiation. W@, /5n0, films show superior photocatalytic activity

than undoped Sn0@, film. Therefore, $n0O, doping with WO, is very effective for

improving $n0, photocatalytic properties. As a result, the W0, /5n0, catalyst is a

good candidate for the removal of toxic organic pollutants from contaminated water.
5.4. Recommendation for Further Research

i) The results obtained and described in this study demonstrate a strong effect of
W@, on the optical, structural, and photocatalytic characteristics of 5n0,. This
study, however, was limited to optical and structural aspects exclusively. Other

elements influencing photocatalysis include chemical characteristics and surface
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morphology. It is therefore suggested that surface and chemical characterization
of the films be done, to evaluate the effect of doping on the surface morphology,
chemical structure, and orientation of synthesized samples. This can be studied
using Scanning Electron Microscopy (SEM), Transmission Electron Microscopy

(TEM), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS).

Previous studies have indicated that the solvent used to prepare Tin (IV) Oxide
thin films has a significant influence on some of its optical and structural
properties, which are also very critical for photocatalytic applications. Therefore,
future work can be done using different solvents such as Methanol and
Isopropanol to see how they influence the photocatalytic efficiency of the

prepared material.

iii) Further study is required to characterize the electrical properties and investigate

additional deposition factors to improve the films for optoelectronic device
applications. Furthermore, the influence of varying annealing temperatures and
film thicknesses requires to be explored to improve film characteristics for
specific applications.

Further investigation to be done to determine Influence of film thickness on the
photocatalytic activity of the W0, /Sn0, thin films by varying the spin speed and
spin time of the spin coater. This will establish the optimum film thickness of the
films since it has been established that film thickness also influences the
photocatalytic activity of the films.

Surfactants have previously been studied and reported to influence the structural
morphology, physicochemical properties and contaminant removal performance
of photocatalysts. Therefore future studies can be done to prepare surfactant-

assisted photocatalyst of W0, /Sn0, to establish its influence.
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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 (SnO;) 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 (WO;) 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 WO0,/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 WO03;/Sn0, is a good candidate for
photocatalytic water treatment.

Keywords: Doping, sol-gel, photocatalysis, optical characterization, W03 /Sn0,

Introduction substances are one of the major pollutants in

Globally, one in three individuals living  contaminated water that are as a result of
today do not have adequate access to safe  substances such as toxic dye effluents
drinking water (United Nations 2022). A  discharged from various industries which
World Health Organization (WHO) report  contaminate rivers and other water resources
indicates that contaminated drinking water  (Manikandan et al. 2018, Ojha and Tiwary
can transmit diseases such as diarrhea, 2021). Therefore, research related to finding
cholera, dysentery, typhoid, and polio, which  affordable, effective, and healthy approaches
cause many deaths annually (Buchholz 2022,  to eliminate these toxic dyes has been on the
World Heath Organization 2022). Organic rise in recent years. Among various
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