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Enhanced Photocatalytic Degradation of Methylene Blue and Methyl Orange
Dyes via Transition Metal-Doped Titanium Dioxide Nanoparticles

Abstract

Herein, we reviewed the photocatalytic degradation of methylene blue and methyl orange using
titanium dioxide nanoparticles.The nanoparticles normally face challenges due to electron-hole
recombination effects and low surface area. Doping with transition metals such.as copper (Cu),
chromium (Cr), manganese (Mn), cobalt (Co) and nickel (Ni) is an alternative way of reducing
the electron-hole recombination effects, improves structural and electronic properties but also
reduces on the band gap energy below 3.0 eV. Photocatalyst which. is an advanced oxidation
process (AOP) is used as an alternative to remove both methylene blue and methyl orange dyes.
This process produces highly reactive oxygen species (ROS) such as hydroxyl radical, sulphates
and superoxide radical which create alternative pathways for the degradation of synthetic dyes to
less toxic by-products which are water, hydrochloric acid-and carbondioxide. This review further
discusses the synthesis techniques which include chemical vapor deposition, hydrothermal
synthesis, sonochemical synthesis, sol-gel method, spray pyrolysis, etc that are commonly used

in the preparation of pure and doped titanium dioxide nanoparticles.
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1. INTRODUCTION

The increase in industrialization and the need for cheap energy sources globally has seen a rise in
the contamination of the earth’s water bodies[1]. The industries associated with this rapid
increase include paper making, paint factories, food processing, and textile dyeing[2—
4].Industrial waste effluents contain a number of both inorganic and organic pollutants which
include toxic heavy metals, pesticides, pharmaceuticals, and dyes[5].Dyes are chemical species
that normally connect to the fabric of material to impart different colors [6]. It has been reported
that about 700,000 tons per year of various dyes from different colors are produced
commercially from the available 100,000 natural and synthetic dyes [6].Textile dyes that are
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directly discharged into the water bodies include methyl orange, methylene blue, malachite
green, crystal violet etc.These dyes are non-biodegradable, carcinogenic, and reduce the esthetic
nature of the aqueous environment thus posing a threat to both aquatic and human life[7-11].The
reactive dyes have been observed to have different functional groups onto which they attach to
the surface of the substrate hence a challenge during water treatment[12].

The treatment of dye-contaminated water follows four techniques i.e. physiochemical, biological,
physical, and chemical water treatment methods. Among these separation techniques the most
adopted include adsorption, biodegradation, membrane filtration, coagulation, reverse osmosis
and advanced oxidation processes (AOPs) have been used in the removal of these dyes[13-15].
Adsorption is the most commonly used wastewater treatment technique due to.its simplicity in
design, low cost, and availability [16]. However, it has some drawbacks such as the creation of
secondary toxicity, mechanical instability of the adsorbent but also low adsorption efficacy [17].
Advanced oxidation processes are generally defined as oxidation technologies that involve the
in-situ generation of hydroxyl radicals that are-highly reactive and are used in the degradation of
pollutants of emerging concern [18-20].AOPS are being used as alternatives since they remove
about 96 % of colored compounds compared to 49 % when adsorption is used for treatment
[21,22]. AOPs are used because they.have many advantages such as high mineralization, do not
create secondary toxicity, and rapid oxidation reaction rate [23-26].TheAOPs which include
sonochemical oxidation, \photocatalytic oxidation, Fenton reactions, electrochemical oxidation
reactions, and sulphate radical-based AOPs (SR-AOPs) are known to generate highly reactive
radicals that degrade organic pollutants. The AOPs have been observed to mineralize organic
pollutants through the ability to generate reactive oxygen species (ROS) which include the
hydroxyl radical . (-OH) [23,27], sulphates[28], and superoxide radical (-O3)[28]. AOPs are
divided “into two main categories i.e. heterogeneous and homogenous catalysis[29].
Heterogeneous catalysts have been successfully applied in environmental remediation through
the degradation of hazardous organic pollutants.Titanium dioxide (TiOz) which is a
heterogeneous photocatalyst, non-toxic, inexpensive, and highly reactive has been widely
applied in the photodegradation of synthetic dyes [30-32]. Titanium dioxide is known to
mineralize dyes into carbon dioxide (CO,), water, and HCI as such it does not produce toxic
intermediates but also the reaction occurs at room temperature[33-35].However, Titanium

dioxide faces a number of drawbacks such as electron-hole recombination which reduces
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quantum efficiency, low surface area which results in ineffective pollutant degradation but also
low ability to absorb visible light which restricts technological application[36]. Thus, to improve
visible light absorption, a number of modifications have been carried out such as doping with
metals and non-metals, dye sensitization, and coupling with other semiconductors. Doping with
transition metals reduces the recombination effects of the electrons and holes thus improving the
photocatalytic activity of TiO, nanoparticles [37]. This review aims to.describe the
photocatalytic degradation of methylene blue and methyl orange dyes using both doped and
undoped titanium dioxide nanoparticles.It also introduces the different synthetic technigues for
the fabrication of TiO, nanoparticles. It will further illustrate the characterization techniques of
the different titanium dioxide nanostructures and how they influence the degradation of the dyes
to less harmful by-products.

2. SYNTHETIC DYES

A dye is known as a synthetic or natural substance that when introduced into a medium interacts
with it through dispersion and dissolving in it[38]. They are applied in textiles due to the ability
to be fixed onto fabric but also absorption of a wide spectrum of colors from light. Dyes have a
chemical structure made up of three components which include chromophores (give the dye
color), auxochrome (enable fixation onto the substrate), and solubilizing groups (enhance
solubility in organic and aqueous solvents)[39,40]. The chromophore consists of a number of
groups such as the nitrg, nitroso, carbonyl, azo, alkenes, and thiocarbonyl [41]. Figure 1 shows

the different molecules containing chromophores and auxochromes.
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Fig 1. A schematic representation of dyes according to chromophores.

The auxochromes that enable the fixation of the dye but also its modification maybe acidic (SO3
or COOH) or basic (NRz, NH;, or NHR) in nature[42]. A molecule that contains both the
chromophore and auxochrome is known as a chromogen[43].In brief, dyes contain several
chromophoric, auochromic groups and conjugated systems (anthracene, benzene, perylene, etc).
There are about 8000 different synthetic dyes classified as either ionic or non-ionic as shown in



Figure 2. The ionic dyes are further divided into anionic and cationic while the non-ionic are

subdivided into Vat and Disperse dyes[44].
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Fig 2. A classification of the synthetic dyes:

Acid dyes are anionic sulfonated dyes with one or more acid functions with a high affinity for
basic fibers such as polyamides[43]. The majority of these dyes are applied on nylon, cotton,
polyamides and they constitute about-30-40 % of the total dye consumption[45,46]. Because of
the bright colors and. high solubility, .these dyes are widely applied in textile, printing,
pharmaceutical, and leather factories[47]. Figure 3 shows some of the common acid dyes.
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Fig 3.Chemical structures of some of the acid dyes

Reactive dyes are soluble anionic dyes, that tend to be repelled by cotton fabric that has a
negatively charged surface[48]. These dyes have a low degradability and are highly soluble in
water. With a variation in profile shades, vivid colors, colorfastness, and photolytic stability,
reactive dyes have seen tremendous application in the synthetic industry[38,49,50]. It is the most
applied dye when it comes to cellulosic fibers but also in proteins like silk and wool[51]. Figure

4 shows the most'.common reactive dyes.
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Fig 4. Chemical structures of some of the reactive dyes.

Direct dyes are anionic, water soluble and are widely used in the textile industries due to their
being cheap and economic factors[52]: They loosely bind with the fabric of the substrate, do not
dry up easily, and are applied at a temperature of 79.4 — 93.3 °C[53]. These dyes are observed to
have the tendency to be cold-washed because they have low fixation properties[54]. Some

examples of the direct.dyes are shown in Figure 5.
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Fig 5. Chemical structures of some of the direct dyes.

Vat dyesare reported to have excellent brightness properties but also colorfastness making them
easily identifiable[55]. They are also known to be soluble in water but also some dissolve in
sodium carbonate[54]. It is the most applied dye in the coloration of cotton substrate and it
represents 24 % of the cellulose fiber dye market[56,57].Vat dyes are held to cellulose through



hydrogen bonding and van der Waal forces of attraction[58]. Some of the Vat dyes are illustrated

in Figure 6.
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Fig 6. Chemical structures of some of the vat dyes.

Disperse dyes are non=ionic, colored, insoluble in water, contain either nitro or azo groups, and
are widely used in the dyeing of synthetic fiber in an aqueous dispersion[59]. They represent
about 44 % of the total dye produced and are normally applied to hydrophobic fibers[60,61].
Furthermore, they are known to be persistent and non-biodegradable[62]. Figure 7 shows some

of the commonly applied disperse dyes.



Disperse red 60 C.|I Disperse red 60

LI | [
l l || :
o OH (o] NH,

Disperse Red 19 Disperse blue 56

OH NH;

CH,CH,OH

i
N
/ \ ‘
N CH,CH,OH
\o\

NH, OH

Fig 7. Chemical structures of some of the disperse dyes.

3. TITANIUM DIOXIDE

Titanium diode also known as titania.is a transition metal oxide that naturally occurs and has a
chemical formula of TiO,[63]. It is a white pigment normally found in crayons, paint, electronic
components, cosmetics, rubber, plastics, and synthetic fibers. It is a semiconductor material
having a band gap of 3.2 eV corresponding to a wavelength of 390 nm [64]. Figure 8 shows the

three crystalline forms ofTitanium dioxide that are rutile, brookite, and anatase phases[65].

fa) {b) (<)

Fig 8. A cell unit of rutile, anatase and brookite TiO; crystalline phases [66].
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Anatase phase is considered to have the highest photocatalytic activities since it has some
crystallographic planes that are reactive [67,68]. However numerous studies have been done
which describe the rutile form to have comparable photocatalytic activity with that of anatase
[69-71]. Due to an increase in research on surface chemistry, TiO; has seen rapid applications
such as in coatings, photovoltaics, photocatalysis, photoelectrochemical cells, and sensors[72—
76]. This rapid growth has been observed in the fields of nanoscience and nanotechnology due to
the production of nanosized materials[77].Titanium dioxide nanoparticles in the nanometer range
have been applied in the photocatalytic degradation of organic pollutants, especially. synthetic
dyes[78-81]. The nanoparticles have an efficiency that can be modified for more efficient
photocatalytic degradation. Doping with different metals and non-metals isia better alternative
which is encouraged to improve the photocatalytic activity of the nanoparticles.

3.1 PHOTOCATALYTIC REACTIONS USING TiO3

Photocatalytic reactions are widely studied to describe the degradation of organic pollutants at
operational temperature and pressure through mineralization resulting in the generation of less
toxic products. TiO, will be used as the model to describe the photocatalytic mechanism for the
degradation of organic pollutants. Three equations describe the photocatalytic degradation of
organic pollutants. In the first stage,TiO, undergoes photo excitation which causes
photoinduction of electrons. The energy of the photon must be greater than the band gap thus

facilitating the generation of electrons (e™) and holes (k™) as shown in Equation 1.
TiO;+hv — e~ +h* 1)

The generated electron (e~) due to photoexcitation through band transitions moves from the
valence band-to the conduction band. Due to the migration of the electrons to the conduction

band, this creates holes (k™) in the valence band.

During the second stage, the holes and the photoinduced electrons react with H,O and O to form
highly reactive hydroxyl radical and superoxide radical (-O3). The O, adsorbed on the surface of
the photocatalyst reacts with the electron to form the superoxide radical (-O3) as shown in
Equation 2.

(o7} + e — -02_
(2)
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The radical then reacts with H,O to form the hydroperoxyl radical (HO,) as shown in Equation 3.

.05 + H,O — HO,
)
The holes oxidize H,O and OH  to generate the reactive hydroxyl radical as shown in Equation
4,
H,O/OH + h* — ‘OH
(4)
Lastly, the third stage is where the reactive hydroxyl radical, superoxide radical, and

hydroperoxyl radical react with the organic pollutants (OPs)-to generate carbon dioxide and

water which are environmentally friendly by-products as shown in Equation 5.
(-03)/(HO5)/-OH + OPs — CO; + H,0 (5)

Figure illustrates the whole photocatalytic mechanism for the degradation of organic pollutants

using TiO, semiconductors.
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Fig 9. Photocatalytic Mechanism for degradation of organic pollutants.
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3.2 PREPARATION AND CHARACTERIZATION OF TITANIUM DIOXIDE
NANOSTRUCTURES

Titanium dioxide nanostructures are synthesized using a number of techniques as will be
discussed in this review. The method of synthesis greatly influences some factors such as the
morphology, surface area, and surface vacancy sites but also photocatalytic activity. The
commonly used methods include hydrothermal synthesis, sol-gel, micelle method, solvothermal
synthesis, anodization, flame spray pyrolysis, electrospinning, microwave-assisted, thermal
oxidation, direct oxidation, spray pyrolysis, pulsed laser deposition, sonochemical synthesis, spin
coating, atomic layer deposition, and electrochemical deposition. Synthesis of TiO, nanoparticles
is based on a variety of precursors which include titanium trichloride (TiCls), titanium
isopropoxide (TTIP), titanium tetrachloride (TiCly), and titanium tetrabutoxide (TBT)[82-84].

Hydrothermal synthesisoccurs in an autoclave at elevated temperature and pressure where a
titanium precursor is mixed with water and peptizer (HNO3). The mixture is then calcined to
obtain the nanoparticles[85]. Figure 10 shows the hydrothermal synthesis of titanium dioxide

nanorods.
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Fig 10. A schematic representation of Titanium dioxide nanorods using hydrothermal synthesis
[86].
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Sol-gel process usually occurs when an inorganic precursor or metal salt is mixed with water or
organic solvent which results in the formation of a sol through hydrolyzing and polymerization.
The sol is then transformed into a gel through evaporation which on heating results in generation

of nanoparticles[85]. Figure 11 shows the sol gel method for synthesis of TiO, nanoparticles.
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Fig 11. Stepwise formation of nanoparticles using sol-gel synthesis. Reprinted with permission
ref [87]. Copyright 2020, Springer

Micelle method normally occurs in the presence of a surfactant as the micelles of TiO, precursor
are being formed in solution. When temperature changes are applied these micelles form TiO;

nanoparticles[85].

Related to the hydrothermal process is the solvothermal synthesis however the difference is that
during the preparation.an.organic solvent is mixed with the precursor. For the generation of
desired structures, high boiling point solvents are used which are effective at even high
temperatures ‘which generate the nanostructures[85]. Figure 12 the solvothermal synthesis

technique.
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Fig 12. A schematic representation of the solvothermal synthesis. Reprinted with permission ref
[88]. Copyright 2023, Springer

Anodization occurs when a potential is applied to TiO, metal foil dipped in a fluoride electrolyte
solution which results in the formation of the nanotubes. Optimization of the anodization time,
pH, electrolyte composition, and potential of the nanotube length can be controlled. Crystalline

nanotubes are formed through annealing of amaerphous TiO, at elevated temperatures[85,89,90].

Flame spray pyrolysis occurs when a titanium precursor is dissolved in water to generate a
solution which is then vaporized onto.the substrate using a spray nozzle and the process occurs at
temperature ranges of (300-500 °C). The spraying of the solvent onto a temperature substrate
causes evaporation of the solvent which then results in the formation of nanoparticles[91]. Figure

13 shows flame pyrolysis synthesis technique
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Fig 13. A diagrammatic representation of flame spray pyrolysis [92].

Electrospinning occurs when an electrical charge generates fibers in solution resulting in high

aspect ratio nanostructures[93]. Figure 14 shows electrospinning synthesis technique.
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Fig 14. A schematic representation of the electrospinning synthesis [94].

Microwave-assisted generates nanostructures when electromagnetic radiation is used to elevate

the temperature of dielectrics[95]. Figure 15 shows.micro-wave assisted synthesis of TiO; nano

powder.
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Fig 15. A schematic representation of the microwave-assisted synthesis of TiO,nano
powder[96].

Thermal oxidation occurs through the sputtering or evaporation of a thin TiO film at elevated
temperatures in the presence of oxygen for oxidation to happen which generates a TiO, compact
layer[97].
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Direct oxidation is similar to anodization in which it also uses oxidizing agents to generate the

preferred nanostructures[98].

Spray pyrolysis resembles flame spray pyrolysis however this method does not generate
nanoparticles but instead a dense layer of the TiO, precursor is formed on the substrate[99].

Pulsed laser deposition, occurs when a TiO, is compressed to form a disk which then acts as a
target of the laser. The disk is vaporized by the laser which causes condensation on the substrate
resulting in the generation of a thin film[100,101]. Figure 16 shows pulsed laser. deposition

method.

<l=

Fig 16. A schematic representation of pulsed laser deposition [92].

Sonochemical synthesis occurs when a solution containing the TiO, is ultrasonicated causing
intense local heating,. enormous cooling rates, and high pressure. This synthesis method
generates TiO, nanoparticles with a high aspect ratio[85,102].

Spin coating is a technique in which a TiO; precursor is spin-coated onto the substrate surface
resulting..in the formation of a compact layer[103]. Figure 17 shows spin coating synthesis

technique.
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Fig 17. A schematic representation of the spin coating method [92].

Atomic layer deposition occurs when a TiO, precursor mixed with water is.exposed to a
substrate which causes deposition of thick layers on the surface. To control.the thickness of the
generated layer several cycles are carried out[104]. A schematic process flow diagram of the
ALD is shown in Figure 18.
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(d)PrecursorBispulsedandreactswiththe  surface.  (e)Purgingwithinertcarriergas.  (f)Steps2—
Sarerepeatedfordesiredthickness[105].

Electrochemical deposition occurs when a TiO, precursor is deposited through electrochemical
treatment resulting in the formation of a compact layer. When the layer is subjected to heating
this generates a crystalline form[106].

4.  APPLICATION OF  TITANIUM DIOXIDE NANOPARTICLES IN
PHOTOCATALYTIC DEGRADATION OF SYNTHETIC DYES

Titanium dioxide nanoparticles have been applied in the degradation of synthetic dyes
particularly methylene blue and methyl orange. The photocatalytic activity of TiOz is influenced
by several factors such as surface area, hydroxyl group density, crystal structure, band gap, and
porosity [107]. Doping with non-metals and metals is a simple way of modifying the electronic
and structural properties of the nanoparticles as well as reducing on the electron-hole
recombination effects.Different metals are used in the modification of Titanium nanoparticles
and they include copper, nickel, cobalt, chromium, and manganese. These are known to improve
the photocatalytic activity of TiO, because of the fast transfer of the photogenerated electron
from the conduction band to the noble metal but also reduce the recombination of the holes with
the electrons due to improved charge separation[108,109].

4.1 COPPER-DOPED TITANIUM DIOXIDE NANOPARTICLES

Ikram et al [110]synthesized titanium dioxide nanoparticles doped with copper using the sol gel
method. Initially, X-ray diffraction analysis was determined and the crystalline phase of anatase
was observed with no copper peaks which signifies that all the copper might have formed
clustersthat were well incorporated into the surfaces of the nanoparticles Figure 19 (i). It is also
noticeable that the dopant peaks have a high intensity due to an increase in the crystallinity as the
dopant concentration increases[111]. FTIR spectroscopy showed the presence of Ti-O-Ti within
the range of 400-1000 cm-1 which means the presence of TiO,[112,113] Figure (i). Peaks
corresponding to Ti-O-N and O-H are also observed for the synthesized nanoparticles[113]. The
hydroxyl group is attributed to the physisorbed water on the nanoparticles during synthesis
which is caused by strong Lewis acidity due to the Ti** coordinately active species[111].HR-
TEM was carried out and it showed an ordered arrangement of the nanoparticles which form
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single layers at particular areas Figure (ii). The arrangement is well in agreement with x-ray
diffraction analysis as seen from (101) facet plane of the anatase phase. Ultraviolet visible
spectroscopy was carried out to determine the optical transition mainly caused by the transition
of electrons from the valence to the conduction band which gives information about the
absorption range Figure (iii). Pure TiO, shows an absorbance around 310 nm which is also
depicted by copper-doped TiO, which further moves towards the visible spectral range. The
increase in wavelength is caused by electronic transitions from O 2p to Cu 3d states, another
band is observed around 500-700 nm which is ascribed to d-d transition in.the 3d9.electronic
configuration of copper[114-116]. In addition, PL studies were carried out and-they showed
TiO; surface defects and oxygen vacancies at a peak position of 431 nm. It is noted that with an
increase in dopant concentration, the intensity of the PL peak. decreases which leads to a
reduction in recombination effects but also an improvement in the separation efficiency. PL
intense peak at 431 nm is caused by luminescence centers whese purpose is to enhance the
photostability of TiO,[117]. Figure 19 (iii) shows.the photocatalytic degradation of methylene
blue in the presence of pure and doped TiO, nanoparticles. It is observed that the degradation
increases as the dopant concentration increases due to the creation of an intermediate energy gap
but also in the reduction of recombination. Isotherm and kinetic studies of the nanoparticles on
methylene blue degradation were observed [118]. In the presence of visible light, the highest
degradation was observed to be 99 % for (0.09:1) of Cr: TiO, nanoparticles. Pure TiO, caused a

photocatalytic degradation of 40 % when the light was turned on.
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Fig 19. (i) X-ray diffraction and Fourier transform infrared spectroscopy peaks, (ii) HR-TEM,
(ii)kinetics, isotherm, and photocatalytic plots of the synthesized copper doped titanium dioxide

nanoparticles.
4.2 NICKEL-DOPED TITANIUM DIOXIDE NANOPARTICLES

Guan et al [119] developed Nickel doped Titanium dioxide nanoparticles for the
photodegradation of methylene blue dye. The doped nanoparticles were initially characterized
before they were added to the solution. X-ray diffraction in Figure 20 (i) shows thatthe Ni-
TiO, sample exhibits peaks at 25.28°, 37.80°, 48.05°, 53.89°, 55.06°, 62.69°, 70.31°, and 75.03°,
corresponding to the anatase phase (JCPDF 21-1272), with no other phases. The spectra do not
show any:Nickel peaks as such indicating that the dopant was successfully incorporated into the
crystal lattice of TiO,[120]. The scanning electron microscopy image in Figure 20 (i) showed
spherically-images of the doped nanoparticles which are homogeneous with a size range of 20-
30 nm. Using UV as shown in Figure 20 (ii) the Ni-TiO, nanoparticles have a particularly
broader absorption (visible spectrum) as compared to undoped as such degrade further
confirming that doping improves on the photocatalytic activity. Figure 20 (iii) shows the
photodegradation of methylene blue in the presence of solar and UV radiation for both doped

and undoped TiO,. It is observed that the photocatalytic activity of Ni-TiO, was superior with
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efficiencies of 92.7 and 96.3 % for UV and solar radiation respectively compared to 85.9 and
27.7 % for pure TiO,. In addition, the nitrogen desorption isotherm in Figure 20 (iv) confirms
that the doped TiO, has a mesoporous surface which can further cause the adsorption of small

dyes onto the photocatalyst surface[121].
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Fig 20. (i) X-ray diffraction and scanning electron microscopy, (ii) Ultraviolet-visible spectra of
pure and doped TiO, nanoparticles, (iii) nitrogen adsorption-desorption isotherm, (iv) UV
photocatalytic degradation methylene blue of Nickel doped titanium doped nanoparticles.

4.3 COBALT-DOPED TITANIUM DIOXIDE NANOPARTICLES

Mragui et al [122] synthesized cobalt-doped titanium dioxide nanoparticles using the sol gel and
precipitation. method. The X-ray diffraction in Figure 21 (i) shows peaks of pure anatase form as
observed. It is observed that the peaks of TiO, decrease as the concentration of cobalt is
increased (10%) which gives an insight that the nanoparticles have undergone some
transformation[123-125]. From this analysis, it is observed that the only peaks present as those of
pure TiO, and as such indicating that cobalt was well incorporated into the crystal lattice of the
nanoparticles. Figure 21 (ii) shows the scanning electron microscopy image of the TiO; has
agglomerated nanoparticles with irregular and spherical shapes which increase as the

concentration of cobalt increases[126]. In addition, UV-vis as shown in Figure 21 (iii) was
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carried out on the sample and it was observed that TiO, had an absorbance below 350 nm which
decreases as the wavelength tends to the visible range. Doped TiO, has an increase in absorbance
as the concentration of cobalt (1 — 10 %) increases which is an indication that the photocatalytic
activity of the nanoparticles increases. The Tauc’s plot insert also demonstrates that with 1 and
10 % cobalt concentration the band gap reduces to 3.05 and 2.94 eV respectively. Furthermore,
photoluminescence spectroscopy in Figure 21 (iv) which analyzes the electronic structure,
transfer behavior, and recombination effects of the electrons and holes demonstrated a reduction
as doping with cobalt was increased. It is worth mentioning that the PL intensity correlates with
electron/hole recombination effects and it shows a strong intensity peak.at 357 .nm which
relatesto pure TiO,[127]. Lower intensity PL peaks signify a decrease in.the recombination
effects thus a high photocatalytic activity. Lastly, the photodegradation of.methyl orange dye
was studied and it was observed that 1 % cobalt-doped TiO2 had the best photocatalytic activity
and this is also in agreement with the characterization techniques as shown in Figure 21 (v).
Previous studies have determined that an increase in the metal concentration results in

recombination which leads to a reduction inphotocatalytic activity[128-130].
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Fig 21. (i) X-ray diffraction, (i) scanning electron microscopy, (iii) Ultraviolet spectra of doped
and pure TiO,, (iv) X-ray photoelectron spectra, (v) photocatalytic degradation of methyl orange
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4.4 CHROMIUM-DOPED TITANIUM DIOXIDE NANOPARTICLES

Abushad et al [131]synthesized chromium-doped TiO;, nanoparticles using the sol gel method.
Transmission electron microscopyimageofundoped TiO; exhibits elongated nanoparticles with a
size range of 4 to 20 nm. Figure (ii) of TEM further showed that chromium-doped TiO,
nanoparticles had large particles and this was confirmed using the single distribution
histogram.Figure 22 (i) and (ii) using selected area electron diffraction (SAED) revealed the
bright spotty ring patterns which are responsible for the polycrystalline nature. Figure 22 (iii)
shows the X-ray photoelectron spectra (XPS) doped and undoped TiO, reveals.the existence of
the different elements that is TiO,, Cr, O, and C and it further demonstrates prominent peaks of
C 1s, O 1s, and Ti 2p. The Ti 2p peaks are consistent with Ti** valence oxidation state and then
the observed decrease in intensity is attributed to an increase in‘chromium doping due to a
reduction in the formation of a mixed oxide of titania. In figure 22 (iv) FESEM micrographs of
both doped and undoped TiO, show that agglomeration occurs in undoped TiO, compared to 5
% doped TiO, which is attributed to the magnetic interaction of the nanoparticles. Raman
spectrashow five active modes which correspond to TiOz while the sixth mode at 392 is assigned
to undoped and doped nanoparticlesf132,133] as shown in Figure 22 (v). In addition to the
Raman spectra, the insert figure shows a displacement in the wavelength as the concentration of
chromium increases which then decreases above 10 % due to lattice contraction thus causing a
blue shift[134].Figure 22 (vi A) shows the UV spectra of methylene blue before the addition of
the photocatalyst. Figure (vi B) shows the changes in methylene blue concentration for every
interval of 5 mins (5 — 40 mins) in the presence of pure TiO, and chromium-doped TiO,. Figure
(vi C) shows:the percentage of the methylene blue degraded by both pure and chromium-doped
TiO, and it is observed that 20 % chromium had the highest percentage (89.86 %).
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scanning electron microscopy, (v) Raman spectroscopy, (vi) UV absorbance peaks, changes in
methylene blue concentration and removal efficiency:studies of synthesized chromium doped
titanium dioxide nanoparticles.

4.5 MANGANESE-DOPED TITANIUM DIOXIDE NANOPARTICLES

Deng et al [135]synthesized manganese-doped TiO, nanoparticles using the sol-gel technique.
Initially, X-ray diffraction was carried it was observed that the peaks of pure and doped phases
are due to the anatase:nature of TiO, as shown in Figure 23 (i). It is seen that the peak width of
the anatase form broadens as the concentration of manganese is increased but also the manganese
oxide peaks are not observed even at concentrations of 12 %.In addition, XPS was carried out

and. it was observed that Ti 2p had two spin-orbit doublet peaks at Ti 2P3 /, and Ti 2P1/2Which

corresponds tothe Ti** valence oxidation state. Figure 23 (ii) shows the XPS peaks of 2 % and 12
% manganese concentration which shows multiple peaks in which the major represents an
oxidation state of Mn®*" while the minor peak with higher binding energy is due to a higher
oxidation state preferably Mn*". Figure 23 (iii) shows the UV spectra of pure and doped TiO>
nanoparticles. Pure TiO; shows a typical sharp edge at 400 nm due to the excitation of electrons
from the valence to the conduction band of the semiconductor. It is also observed that the
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manganese doped nanoparticles have a second absorbance peak which is in the visible spectral
region when the concentration is increased to 12 % the infrared region of the spectra is also
occupied. This is consistent with previous studies in which this causes a red shift which causes a
reduction in the band gap due to the introduction of curvy intermediates into the forbidden band
gap[136]. Figure 23 (iv) shows TEM analysis and it is observed that both doped and pure TiO;
have uniform nanocrystalline structure which is consistent with x-ray diffraction.Furthermore
(SEAD) was determined and it was observed that dark polycrystalline rings.are due to the
anatase form of TiO, and no phases are observed due to either formation. of oxides on the
surface. Figure 23 (v) shows that visible light photocatalytic degradation.of methylene blue was
studied using both doped and undoped TiO,. The undoped nanoparticles show a slight
degradation of methylene blue due to their low absorption inthe visible range. Titanium dioxide
nanoparticles doped with 0.2 % manganese had the highest photocatalytic activity due to a
narrower band gap, and the incorporation of manganese into the crystal lattice of TiO, which
generates intermediate bands but also the small-grain particles. which account for the large
surface area hence facilitate degradation[137]. It is worth mentioning from previous studies that
a high concentration affects the photocatalytic activity due to the creation of crystal defects that
act as recombination centers[137].
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Fig 23. (i) X-ray diffraction, (ii) X-ray photoelectron spectra, (iii) Ultraviolet spectra of doped
and undoped TiO2, (iv) TEM and SAED, and (v) photocatalytic degradation of methylene blue
of the synthesized nanoparticles.

5. CONCLUSION

Titanium dioxide nanoparticles are used in the photocatalytic degradation of synthetic dyes into
water and carbon dioxide which are less toxic by-products. Synthetic dyes are classified into
ionic and non-ionic dyes which can further be grouped into vat, disperse, acid, direct, and
reactive dyes. The nanoparticles have low photocatalytic activity during the degradation process
due to a wide band gap which favors electron-hole recombination effects. Doping with transition
metals such as chromium, cobalt, nickel, copper and manganese is an. alternative way of
improving the band gap to lower than 3.0 eV which reduces the recombination effects and
improves the structural and electronic properties. Synthesis of.doped titanium dioxide
nanoparticles is through a variety of techniques such as chemical vapor deposition, sol gel
method, sonochemical synthesis, spray pyrolysis, etc. The.sol gel method is used as an
alternative method since it generates crystalline particles with large surface area and gives off no
by-products. Characterization techniques such as Transmission electron microscopy, scanning
electron microscopy, x-ray diffraction, ultra-violet visible spectroscopy, and nitrogen desorption-
adsorption isotherms are used to analyze the doped nanoparticles and photocatalytic activity.
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