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Abstract

In this work, a hydrothermal method was used to synthesize the radially aligned nano rutile
(RANR) TiO., using TiCls as a precursor. The synthesis temperatures, as well as the time
involved in the refluxing step of the synthesis were varied to obtain the optimum morphology
of the resulting TiO.. The optimum refluxing time for RANR TiO> synthesis was determined
to be 16 hours at 180 °C. The synthesized RANR TiO. with dandelion-like shapes had
diameters ranging from 300 nm to 800 nm and an average diameter of 560 nm. The RANR
TiO, had BET surface area of 68 m?/g, which is higher than that of the commercially available
Degussa P25 (45 m?/g). The RANR TiO-nanodiamond composites were all synthesized in situ
using the hydrothermal method with detonation nanodiamonds ranging from 0.1 to 1% mass
loading. BET surface area analysis showed an increase in the surface area of the RANR TiO;
with an increase in the amount of nanodiamonds used in its modification. Raman spectra
confirmed the presence of graphitic carbon and rutile TiO> in all the composite samples. The
results obtained from XPS analysis showed that oxygen, carbon and titanium were all present

in the sample but there was no evidence showing bond formation between titanium and carbon.

RANR TiO2 was the most effective in dye degradation due to their nano rod structure, which
increases light harvesting properties due to multiple reflections of light. All the other
composites did generally well with respect to dandelions in the first hour, but then the rate of
degradation decreased which could be attributed to the reduction in photocatalytic active sites
due to blockage by reactants. A good dispersion of the nanodiamonds and RANR TiO; (0.1%
loading) helped to create strong electronic interphase interactions. This helps to separate the
photogenerated electrons and positive holes, thereby increasing photocatalytic efficiency.

Calcination increased photocatalytic efficiency because of the increase in crystallinity of



materials which reduces electron/hole recombination, the increase in crystallinity was shown
by results from Raman spectroscopy. The photocatalyst recyclability studies showed that the
recovery of the catalyst after each cycle and the re-use was not effective as the degradation

efficiency decreased from 80% to 60% after 3 cycles.
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Chapterl: Introduction

1.1 Background information

The increase in the growth of industries over the past few years has had a negative effect on
the environment in terms of pollution. Water pollution is one of the major concerns as some
people do not have access to clean water supplies, especially in developing countries. The
discharge of untreated waste water into water bodies is also a concern, since it affects both
ground and surface water. A joint monitoring program by the World Health Organization
(WHO) and the United Nations Children’s Emergency Fund (UNICEF) released a report on
the progress of drinking water, sanitation and hygiene in 20172 This report stated that, in 2015,
29% of the global population did not have easy access to safe drinking water that is free from
contamination. One out of four people still used contaminated water sources?. WHO also
predicts that by 2025, almost half of the world’s population will be occupying water stressed
areas, hence there is a need to come up with cost effective methods of water purification so that

contaminated water can be re-used for several cycles?.

Conventional water treatment methods that are being used are chemical precipitation, ion-
exchange adsorption, electro-deposition and membrane systems, among others®. The main
challenge with these methods is that they use quite expensive technologies, especially for large
volumes of water. Photocatalysis is a cost-effective method for purification of water
contaminated with organic dyes. Textile, paper and leather tanning industries are the highest
contributors of dye waste®*. Since the discovery of nano materials, researchers have been trying
to control the architecture of TiO2 down to nano scale dimensions in order to form different

morphologies. Nano dimensional TiOz has the advantage of possessing unique properties and



superior performance with potential in various applications including catalysis®. Several
morphologies have been synthesized which include nano flowers, rods, tubes and wires 8. TiO,
is cheap, readily available, environmentally friendly, mechanically and thermally stable, as a

result, it can be used for different applications’.

Photocatalysis is the use of light to activate a catalyst, which then facilitates a chemical
reaction. Irradiation of a semiconductor, e.g. TiO,, with light that has energy higher than its
band results in photon absorption and excitation of an electron from the valence band (VB) to
the conduction band (CB). This leads to the formation of photogenerated holes in the VVB. The
excited electron and the generated positive hole can undergo recombination and the excess
energy is lost through non-radiative mechanisms®. Several methods of modifying TiO2 have
been applied in order to improve its photocatalytic activity. These methods work by reducing
the rapid recombination of photo generated electron/hole pairs, poor activation of TiO2 by
visible light and backward reactions®. Researchers have tried to enhance the catalytic
performance of TiO, by metal loading!®%, dye sensitization?!, metal ion doping®?%, the use of
semiconductor composites?*2>2® and carbonate salts'®?"?8, Electron donors, hole scavengers or
sacrificial agents such as organic compounds can be used to react irreversibly with the holes in

order to reduce electron-hole recombination, thereby increasing quantum efficiency*?.

Nanodiamonds are a relatively new class of materials obtained as a waste material from the
detonation of carbon-containing explosives!2. They are gaining interest in many applications,
due to their properties, which include the size ranging from 2 -10 nm. Also, they are a mixture
of sp? and sp® carbon, which can result in different behaviors as compared to other sources of

carbon®®. It has been recently discovered that these nanodiamonds exhibit photocatalytic



activity'*. The use of carbon to modify TiO- could increase its photo response in the visible

spectrum?,

1.2 Problem statement

TiO- is a semiconductor with the band structure suitable for photocatalysis; but, it has less
photocatalytic driving force due to the relatively positive CB of TiO2. The other problems
associated with TiO. are the recombination of photo generated electron/hole pairs, poor
activation by visible light and backward reactions. TiO2 utilizes mostly UV light for
photocatalysis, instead of visible light. This limits its application in photocatalysis, because UV
light constitutes only 4% of the solar radiation compared to visible light constitutes which 50%

of the solar radiation level®.

1.3 Justification

The TiO2 photocatalyst is cost effective, readily available, environmentally friendly, non-toxic,
mechanically and thermally stable!!. Radially aligned nano rutile TiO2 has high surface area
compared to other nano morphologies and the commercially available P25, Nano diamonds
are a promising material in photocatalysis, and they are obtained as a waste material in carbon-
containing explosives, hence there is a need to find novel applications for the material. Also,
nano-diamonds have the potential to be applied in composite synthesis, due to their unique
chemical, structural and mechanical properties’. The use of carbon to modify TiO2 could
increase its photo response into the visible spectrum, thereby increasing the activation of the
catalyst. Photocatalysis is a cost effective method for purification of water contaminated with

organic dyes, compared to other methods®®.



1.4 Aims and objectives

The aim of this research is to investigate the effect of modifying RANR TiO2 with
nanodiamonds on its physical and chemical properties, as well as in its photocatalytic property.
The specific objectives are:
i.  Synthesis of RANR TiO- using the hydrothermal method

ii.  Optimize RANR TiO> synthesis condition by varying refluxing time and temperature

iii.  In-situ modification of RANR TiO» with different amounts of nano diamonds

iv.  Characterization of the catalysts for structural, morphological and optical properties

using XRD, TEM, SEM, Solid state UV-Vis, PL and Raman spectroscopy.

v.  Photocatalytic dye degradation using the synthesized composites

1.5 Research questions

The questions below should be addressed to fulfill the aim of this research:
i.  How does temperature affect the synthesis of radially aligned nano rutile?
ii.  Does the formation and growth of the nano rods lead to an increase in surface area of
the photo catalyst?
iii.  Can nanodiamond modification of TiO increase its photo response into the visible
spectrum?

iv.  Can the TiO.-nanodiamond improve the photocatalytic performance of TiO2?

1.6 Dissertation Outline

¢+ Chapter 1: Introduction
Chapter 1 is an introduction which describes the background information, aims,

objectives and research hypothesis of this study. The problems in water purification



methods and the shortcomings of TiO> as a photocatalyst were discussed as well as the

justification for the choice of materials under study.

% Chapter 2: Literature review
This chapter gives a detailed literature review on the progress made in modifications of
TiO- for enhanced photocatalysis. The chapter discusses the work that has been done
by other researchers on the synthesis methods of TiO,, modification of TiO, by various

methods and application of the materials in photocatalysis.

% Chapter 3: Methodology
This chapter explains the hydrothermal synthesis of the catalysts, step by step, including
the reaction setups for the synthesis and application of the synthesized photocatalysts.
It also gives a detailed description on the theories of the instruments that were used for

characterization and dye degradation.

%+ Chapter 4: Characterization results
Chapter 4 describes the results obtained from several characterization techniques that

were used in this study.

%+ Chapter 5: Application in photocatalysis
Chapter 5 describes the trends observed in the photocatalytic degradation of methyl
violet by the synthesized catalysts. Rate of degradation of the organic dye was used to
compare the efficiencies of the photocatalysts.

¢+ Chapter 6: Results summary



This chapter summarized the characterization results obtained and the photocatalytic
activity of RANR TiO.- nanodiamonds composites.
¢ Chapter 7: Conclusion and future studies

Concluding statements as well as future direction and perspectives were suggested.
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Chapter 2: Literature review

TiO- is a semiconductor, which is also a transition metal oxide. It exists naturally in three
polymorphs, which are rutile, anatase and brookite. Both anatase and rutile have a tetragonal
structure, whereas brookite is orthorhombict. The polymorphs have different bandgaps which
are 2.96, 3.02 and 3.20 eV for brookite, rutile and anatase respectively. Rutile is the most stable
polymorph at most temperatures and pressure. The activity of the rutile phase as a photo
catalyst depends mainly on the synthesis method?. The photocatalytic activity of TiO, was first
discovered in the early 20" century, where it was found to be highly active under UV light
irradiation®. TiOzis cheap, readily available, environmentally friendly, non-toxic, mechanically
and thermally stable, therefore it can be used for different applications*, which include
pharmaceuticals, cosmetics, food colorants, automotive products, paints, adhesives and
catalysis®. TiO, was found to be one of the best materials suitable for photocatalysis because its
photogenerated holes are strongly oxidising and redox selective®. Some major drawbacks of
TiO2 have been discovered over the decades such as its poor visible photo response and the

rapid recombination of photo generated electron/hole pairs?.

2.1 TiO2 modification

The drawbacks of TiO> as a photocatalyst can be overcome by anion doping, dye sensitization,
noble metal loading, semiconductor composite, co-doping, capping, doping with metalloids,
hybridization and metal ion implantation’. Preliminary studies have shown that sacrificial
agents/ hole scavengers/ electron donors and carbonate salts can be used to react irreversibly
with the photogenerated holes thereby reducing electron/ hole recombination which in turn

increases quantum efficiency®.



2.1.1 Radially aligned nano rutile (RANR) TiO>

Nano dimensional TiO; has the advantage of possessing unique properties and superior
performance with potential in various applications, including catalysis®. A lot of research has
been undertaken to control the architecture of titanium dioxide, down to nano scale dimensions
with different morphologies. Several morphologies have been synthesized such as nano
flowers, rods, tubes and wires. RANR TiO> or dandelion-like titania is three dimensional and
has a high surface area. This can impact positively on a variety of economically important

technologies, especially in catalysis®.

Rutile 3D dandelion-like nanostructures were synthesized by a facile hydrothermal method
using TiCls as the source of titania. The effects of synthesis parameters, i.e. reaction time,
synthesis temperature and pH on the morphology and crystal phase of TiO, were investigated.
Dandelions with an average diameter of 1.5 to 2 um were synthesized at temperatures between
180 °C and 190 °C®. An increase in reaction time from 180 to 240 minutes and synthesis
temperatures between 180 °C and 190 °C, both increased the packing of nanorods to give
denser and compact dandelions. At pH less than 3 the formation of dandelions was favoured,
while an increase of pH from 3-5 reduced packing of the nanorods. A further increase of the
pH above 7 led to the formation of irregular nanorods®. Xuelian et al. showed that the nano
rods growth occurred via three steps, which are precipitation of TiO2 nanoparticles in solution
due to homogeneous nucleation, followed by the aggregation of the nano rods and finally
densely packed mature dandelions. They also suggested that in the nucleation and growth
mechanism, some newly nucleated nano rods which grow along the radial direction, misaligned
with respect to the originally aggregated nano rods, promote the growth of dense mature nano

rods®.
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Dandelion-like rutile TiO2 was also synthesized using the solvothermal method, with titanium-
n-butoxide (TNB) as the starting material or source of titania. The effect of increasing synthesis
temperature and TNB concentration on the morphology was studied. TNB concentrations of
less than 0.2 M led to a collapse of the dandelion structure, whereas concentrations between
0.3 M and 0.5 M gave the best dandelion-like structures. Increasing the reaction temperatures
from 120 °C to between 150 °C and 180 °C also increased the diameter of the spheres from 1
um to 1.5 pum, and the diameter of the nanorods from 5 nm to 10 nm. A further increase in
reaction temperature to 210 °C also increased the diameter of the spheres to 1-2.5 pum, as well
as the diameters of the nanorods to 35 nm*°. Dandelion-like structures with tapered tips showed
higher photocatalytic efficiency as compared to the ones with flat tops. The interspaces
between the nano rods act as light transfer channels and the tapered tip geometry favors lower
reflectance which leads to high absorption of light hence efficient light harvesting which is a

good property especially in photocatalysis °.

The hydrothermal method was used to synthesize dandelion-like TiO2 using hollow SnO;
spheres using toluene as a non-polar solvent for titanium (1V) butoxide. HCI was used to avoid
precursor hydrolysis. Jin Yi et al. suggested that TiO> crystal nuclei formed on the surface of
the SnO- spheres, the nanorods then grew towards the center of the spheres, thereby dissolving
them, leading to the formation of a dandelion-like structure. The synthesized photocatalyst was
used for application as anode materials for lithium ion batteries with high rate capacity and
cyclic stability. Their good performance was attributed to the morphology, which has high
surface areas, as well as the single crystalline building blocks that enhance electrons and

lithium ion transport®.
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Baloyi et al. also synthesized dandelion-like TiO2 using the hydrothermal method with a
synthesis temperature of 100 °C and refluxing for 24 hours. Temperatures below 100 °C such
as 80 °C yielded loosely packed nanorods, whereas high temperatures of 190 ‘C destroyed the
dandelion structure into TiO. sheet-like structures. Scale-up and reproducibility studies were
done and the results indicated that increasing the quantities of the starting materials had no
significant change on the structural and chemical characteristics of the dandelion-like TiOx.
The synthesized materials showed high photocatalytic activity in the reduction of Cr (V1) as
compared to P25. This was attributed to the high light-harvesting properties resulting from
multiple reflection of light due to the dandelion-like morphology of the nanorods, as well as

high surface areas!?.

2.1.2 Composite semiconductors

Composite semiconductors can be used to increase photocatalytic efficiency of TiO2. Coupling
semiconductors with different band gaps can lead to the injection of CB electrons from
semiconductor with a small bandgap to the other with a large band gap. The difference of
composite semiconductors from dye sensitization is that injection of electrons occurs between
the semiconductors, whereas in dye sensitization, electrons are from an excited dye to the
semiconductor. An example of a composite semiconductor is MOx-ZnO where M represents
W, V or Fe. Coupling semiconductors is successful if the semiconductor with the small
bandgap can be excited by visible light. Electron injection should be fast and efficient with
both the semiconductors being resistant to photo-corrosion and the CB of the semiconductor
with the larger bandgap needs to be more negative than Enamzo 2.

A nanodiamond-TiO2 composite was synthesized using a liquid phase deposition procedure for
application in photocatalytic degradation of microcystin-LA in aqueous solutions under

simulated solar light. Characterization techniques that were used include XRD, TEM, SEM,
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DRIFT analysis, DRUV-Vis among others. DRIFT analysis showed the broadening of the TiO-
band in the composite, which was attributed to the formation of Ti-O-C bond, i.e. a
heterojunction was created at the nanodiamond and TiO; interface. DRUV-Vis analysis results
showed a TiO> blue band shift in the composite, which was attributed to the presence of site
defects in the TiO- crystalline structure, due to the carbon in the nano diamonds. The addition
of nanodiamonds was reported to have increased the efficiency of the catalyst in the
photocatalytic degradation of microcystin-LA using solar light!3. This was attributed to the
good dispersion of the nano diamonds in the composite, which led to the creation of strong

electronic interface interactions®®.

A CuOH: cluster modified TiO. photocatalyst was prepared by precipitation using TiO:
powder as a support and Cu(NOs). as a precursor’*. The photocatalytic H, production by water
splitting was carried out in a pyrex flask at room temperature and atmospheric pressure with
the openings of the flask sealed. The gases produced were analyzed by GC. Characterization
was done by XRD, UV-Vis, BET and XPS analysis to understand the interactions between the
photo generated electrons and holes'®. The use of Cu(OH). clusters increased hydrogen
production by reducing electron-hole recombination. This was achieved because copper had a
lower conduction band than TiO2, so electrons could be transferred from the valence band of
titania to the conduction band of copper and the electrons were effectively used to reduce

protons to give hydrogen gas.

2.1.3 Anion doping

Anion doping of titania with anions such as N, F, C and S is an attempt to increase the photo
response of titania in the visible spectrum. The anions are more effective as compared to

cations, because of the reduced likelihood to form recombination centers. Nitrogen doped TiO>
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was prepared by oxidation of titanium nitride with H2O,, hydrothermally. The catalyst was
dispersed in the solution by ultra-sonication. An XPA-Il photochemical reactor with visible
light was used in the study. The nitrogen doped photocatalyst that was prepared with H.O> had
excellent stability and was recyclable. Photocatalytic activity increased with increase in H20>
concentration because H.O, oxidized TiN, thereby reducing N content.'’. Wu X. et al. also
used synthesized carbon doped TiO2 photocatalyst using a facile calcination assisted
solvothermal method. The photocatalyst had a high destruction ability of NO gas and also a
high degradation ability of methyl orange compared to the commercially available P25. Carbon
was doped into the TiO> lattice by replacing the oxygen sites with the production of oxygen
vacancy. Titanium tetra-n-butoxide was added dropwise to an ethanol/water mixture with
continuous stirring. The solution was then transferred to a Teflon-lined stainless-steel autoclave
and heated. This was then centrifuged, washed with distilled water and ethanol and then dried
at 60 °C overnight. Calcination was then done at different temperatures and the photocatalysts
were used for photocatalytic methyl orange degradation and decomposition of NO in a flow

type reactor®,

Three different sources of nitrogen were used to dope TiO2 which include urea, diethanolamine
and triethylamine. Diethanolamine showed the highest visible light absorption ability with the
smallest bandgap and the smallest anatase crystal size. A modified sol-gel method was used to
synthesize the catalyst using the three different nitrogen sources. For the photocatalysis, a
cylindrical reactor made from quartz glass was used where sodium nitride was used as a UV
filter to eliminate light with a wavelength less than 420 nm. TiO, doped with diethanolamine
showed the highest efficiency in 2-chlorophenol photodegradation, due to its high surface area

compared to the other doped catalysts. The undoped TiO. was the least photocatalytic active
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catalyst, this was attributed to the high bandgap energy which led to the formation of less OH

radicals as compared to the other catalysts™®.

2.2 Nano diamonds

Nanodiamonds are a zero-dimensional nanocrystalline carbon material with an sp® bonded
carbon/diamond core. They can be synthesized using various methods, which include laser
ablation, detonation of carbon containing explosives, high energy ball milling of diamond
microcrystals, chlorination of carbides, electron irradiation of carbon nano onions and plasma
assisted CVD?®. Detonation nanodiamonds have a narrow/ uniform size distribution of 2-7 nm
and large surface areas of approximately 300 m?g™. Nanodiamonds have a chemically inert
diamond (sp®) core and graphitic (sp?) carbon shell. The graphitic shell has functional groups

attached to it, which include ketones, carboxyl, alkyl and hydroxyl groups?’.

it

Figure 2.1: HR-TEM image showing the crystallographic structure of the nanodiamond
core (a) and (b) shows a model of detonation nanodiamonds with a diamond core in grey

and sp? hybridized carbon in black with different functional groups?.

Detonation nanodiamonds contain several impurities like metals and other sp? carbon

materials. Acidic treatment can be used to remove the metallic impurities, whereas HNO3/H20>
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can be used under pressure to remove other forms of carbon?. Nanodiamond surface groups
present depend on the purification method used. Raman spectroscopy has been used in
literature to provide important information but intense signals can arise due to the presence of
impurities attached to the sp? hybridized carbon. Nitrogen is the most common impurity which
occurs in the form of substituted carbon atoms®. The nitrogen atoms can have vacant sites
adjacent to them which are termed N-vacant sites. These N-vacant sites contribute to the
luminescent properties of nano diamonds and they have broad emission profiles which makes
them suitable for applications such as biomedical imaging®.

Nanodiamonds possess some of the properties of bulk diamonds which are hardness, optical
properties, biocompatibility, chemical stability, high thermal conductivity and resistance to
harsh environments. They also have unique mechanical and electronic properties. The unique
properties of nano diamonds make them useful in various applications, which are
nanocomposites, drug delivery, magnetic sensing, catalysis and electrochemistry®2, Detonation
nanodiamonds (obtained from carbon containing explosives) with an average diameter of 5nm
were reported to show photocatalytic activity. They were used for H> production by reduction
of water using laser pulse irradiation and were also used to reduce graphene oxide. Treatment
of the nanodiamonds with hydrogen increased their photocatalytic efficiency and this was

attributed to the H-terminated sites which acted as electron reservoirs®?.

2.3 Nanodiamond-TiO2 Composite

The presence of functional groups on the graphitic shell of the nanodiamonds makes surface
modification a possibility, which is important in composite synthesis®3. Combining TiO, with
other carbon materials has been proven to increase photocatalytic efficiency. This is due to the

formation of an interfacial electron transfer layer between TiO2 and the carbon, which increases
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the light harvesting ability of TiO. optimizing quantum yield hence increased photocatalytic
efficiency*.

Liquid phase deposition was used in the synthesis of nanodiamonds and TiO, composite and
the composite was used for application in the degradation of microcystin-LA using
photocatalysis'®. A 15-weight percent of oxidized nano diamonds (confirmed by TGA) was
used to modify the TiO.. A decrease in BET surface area from 118 m?/g to 81 m?/g was
reported, as well as an increase in crystallite size of the TiO, from 8 nm in pure TiO2 to 11 nm
in the composite. This was attributed to the competition of TiO> species on the oxidized nano
diamonds surface during synthesis, thereby increasing the size of TiO.. There was an increased
photocatalytic efficiency under solar simulation, which was attributed to a good dispersion of
the nano diamonds and TiO2, which led to an electronic interaction at the heterojunction

interface between the two materials®.

Another composite of TiO2 and nanodiamonds was prepared by atomic layer deposition. Micro
diamonds (1-2 um) and nanodiamonds (2-10 nm) were combined with TiO, and their
photocatalytic activity was compared®. The composite with a 15 wt% of nanodiamonds
oxidized at 703K showed an increase in photocatalytic activity in the degradation of
diphenhydramine under UV-Vis irradiation. The oxidation of the nanodiamonds gave rise to
the formation of new functional groups on their surface which included carboxylic acids,
anhydrides, lactones and phenols4. Hydrogen, oxygen treated and acid purified nanodiamonds
were prepared and their photocatalytic activity towards hydrogen production by reduction of
water was tested using 532 laser pulse irradiation accompanied by a multiphoton absorption
process. FTIR data obtained proved that oxygenation of nanodiamonds increased carbon-
oxygen double bonds, whereas hydrogenation decreased them. The hydrogenation of

nanodiamonds increased hydrogen production, i.e. quantum vyield, which suggested that
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hydrogen terminated sites acted as electron reservoirs®>2, This was referred to as the “‘transfer

doping’’ model.

2.4 Photocatalysis

Photocatalysis is the acceleration of a reaction by irradiation of light to a catalyst that lowers
activation energy. Heterogeneous catalysis occurs when the phase of the catalyst is different
from that of the reactant. Heterogeneous catalysis occurs in five steps which are the transfer of
reactants to the catalyst surface, adsorption of reactants on the catalyst surface (TiO>), reaction
in the adsorbed phase, i.e. photocatalysis, desorption of the products and finally, removal of
the products from the interface region. Absorption of photons in heterogeneous photocatalysis
occurs when the semi-conductor catalyst is illuminated with photons that have energy (E)
higher than that of the bandgap (Eg), i.e. hv > Eg where hv is the energy of the photons.
Heterogeneous photocatalysis is important due to its low cost since the catalyst is easy to
remove after the reaction, both oxidative and reduction reactions occur simultaneously and the
use of solar energy, which is a renewable energy resource®. It was discovered that TiO, was
able to degrade organic compounds in the presence of sunlight between the 1970’s and
1980°s%". Since then, researchers have been testing the degradation capability of other
compounds such as cyanides using TiO2*. Other applications of photocatalysis include
hydrogen production (water splitting), antitumor activity (cancer therapy), self-sterilization of

hospital floors and air purification among others as shown in figure 2.2.
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Figure 2.2: Picture showing applications of TiO in photocatalysis?.
Photocatalytic degradation of organic dye pollutants is one of the applications of TiO2. The

equations below show the photocatalytic dye degradation mechanism;

Semiconductor (TiO2) + light (hv}——>electrons + positive hole (1)
H.0 + h* — > 20H + 2H* ()
OH +h* — OH: (3)
O+ — Oy 4)
H20 + Oz + 2e- ——> H202 ()
H,0; + e- — OH: + OH- (6)
Methyl violet 2229 CO, + H,0 + other products (7)

The process involves the absorption of light by the photocatalyst (TiO2) which causes the
electron-hole separations, where the electron is excited to the conduction band (1)%. This
process is called photoexcitation and it only occurs if the energy of the photons (hv) is greater

than or equal to the band gap energy. Photoexcitation leads to the formation of positive holes
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(h*) in the valence band. The positive hole reacts with water to give OH™ and OH radicals (2
and 3), i.e. ionization of water“°. Oxygen ionosorption also occurs, where the excited electrons
react with oxygen to give the anion radical superoxide (4), which also oxidizes the organic dye
to give carbon dioxide and water (7)*142, Hydrogen peroxide can also be produced from the
reaction of water and oxygen in the presence of electrons (5). H.O> can be further reduced to
form OH radicals which can be used to attack the organic dye to give CO. and H20, hence

water purification (7).

Energy Level

4

Degradation
By-products

H +O0H

P H>,0O Oxidation

Figure 2.3: The mechanism of photocatalytic organic dye degradation.

Factors affecting photocatalytic efficiency are size, surface area, pore volume, crystalline
phase, pore structure and the exposed surface facets of the semiconductor photocatalyst®,
Structural dimensionality of the photocatalyst also affects the efficiency of the photocatalyst,
e.g. 0-D, 1-D, 2-D or 3-D structures. 0-D structures, e.g. spheres and one-dimensional
structures such as fibers, which look like a non-woven mat, give rise to less recombination of
photogenerated electron holes and photogenerated electrons, due to the short charge carrier

diffusion distance and light scattering properties. 2-D structures, e.g. nanosheets have smooth
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surfaces and are highly adhesive. 3-D structures, i.e. interconnected structures like the radially

aligned nano rutile (RANR) TiO2 synthesized in this study have high carrier mobility. 3D

structures have potentially large surface area- to-volume ratio which gives rise to efficient

diffusion pathways for organic pollutants into the semiconductor framework which leads to

efficient purification®.
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Chapter 3: Methodology

3.1 Synthesis method
3.1.1 Materials

Titanium tetrachloride (TiCls) 99% and Degussa P25 (80 % rutile, 20 % anatase) were supplied
by Sigma Aldrich, South Africa and they were used without further purification. Detonation
nanodiamonds were sourced from New Metals and Chemicals Corporation (Japan) and they

were used without purification or surface modification.

3.1.2 Preparation of RANR TiO:

A hydrothermal method was used to synthesize the RANR TiO». TiCls (12 mL) was added
dropwise to 160 mL of deionised water in an ice bath, while stirring. The solution was then
refluxed for 16 and 24 hours at various temperatures ranging from 50 to 235 °C. The resulting
slurry was cooled to room temperature and then centrifuged for 5 minutes. The solid was then
washed five times with warm distilled water to remove chloride ions. The synthesized catalyst

was air dried overnight.
TiCl, + deionised Reflux at 180 °C for Centnfuge' " washlng " . -«
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Figure 3.1: Hydrothermal synthesis of TiO..
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3.1.3 Modification of catalyst

Nanodiamonds were used as the carbon source and the modification was done, in-situ.
Different amounts of nano diamonds ranging from 0.1 to 1 weight %, with respect to the mass
of RANR TiO2 were added to water before addition of TiCls. The solution was then refluxed
for 16 hours at 185 °C. The resulting slurry was centrifuged, washed several times with warm
distilled water and the catalyst was air dried overnight. Some of the samples were calcined at
temperatures between 200 °C and 600 °C to increase the interaction between RANR TiO> and
nanodiamonds. All the resulting catalysts were characterized to determine the degree of
interaction between the RANR TiO. and the nano diamonds using characterization techniques

listed below.

3.2 Characterization of catalysts

3.2.1 XRD Analysis
XRD was done on the Bruker D2-205530 diffractometer using CuKa radiation (A = 1.5406 A)

at 30 kV/10 mA which was equipped with a data acquisition computer. All the samples were
scanned in the 260 range between 10°and 90°. PXRD is used to identify phases of a crystalline
material and their average crystallite size. The sample to be characterized were crushed into

fine powder.

3.2.2 BET Surface area analysis
A Micromeritics RS232 BET surface analyzer was used in this study to measure surface area,

pore size and pore volume of the synthesized materials.

3.2.3 SEM Analysis
Scanning Electron Microscopy (SEM) analysis for the synthesized samples was done on a FEI

Nova Nano lab 600 SEM. Fine powder samples were placed on a carbon tape and coated using

gold (Au) and palladium (Pd) in order to inhibit charging. Energy-Dispersive X-ray (EDX)
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spectroscopy connected to the FEI Nova Nano lab 600 SEM was used for elemental analysis.

The X-rays were captured using the INCA Microanalysis Suit version 4.08 package software.

3.2.4 TEM Analysis
Solid samples were prepared by sonication in ethanol to disperse the samples for TEM analysis.

A drop of the solution was added to a carbon coated copper grid and dried in air before analysis

using the FEI Technai T12 TEM with an accelerating voltage of 120 kV.

3.2.5 UV-Vis analysis
A Varian UV-Vis Spectrophotometer was used to determine the concentration of methyl violet

dye samples using a beam with a wavelength range between 190 nm and 800 nm.

3.2.6 FTIR Analysis
A Bruker Tensor 27 FTIR analyzer was used for FTIR analysis. Bruker Senterra Laser Raman

fitted with a 50x objective lens for imaging and an excitation wavelength of 532 nm was used

in this study.

3.2.7 TGA Analysis
TGA analysis was done on a Perkin EImer TGA Simultaneous analyzer STA 6000 Pyris Series

with temperatures of up to 900 "C. A Perkin Elmer STA 4000 analyzer was used for sample

analysis using a flow rate of 10 mL/min, heating rate of 10 ‘C/min and 10 mg samples.

3.2.8 XPS Analysis
A Thermo ECSAIab250Xi was used for XPS analysis with monochromatic Al ka x-rays

(1 486,7 eV), power of 300 W, x-ray spot-size of 900 um and pressure less than 10 mBar.

3.3 Catalytic activities in methyl orange degradation

The synthesized catalysts were applied in photocatalytic organic dye degradation (methyl
violet). The degradation efficiency of the composites was determined using 10 mg catalyst, 50
mL of 50 ppm methyl violet for 140 minutes and a comparison was made with pure RANR
TiO2. The catalyst was added to the dye solution which was stirred continuously for 2 minutes

in a dark room to homogenize the solution. Aliquots of the solution were taken every 20

27



minutes, after illumination by a solar simulator, using a 5 mL syringe attached to a 0.45 um
filter to filter off the catalysts. All the aliquots were analyzed by UV-Vis to determine methyl
violet concentration.

A Newport solar simulator was used as the light source and the dye solution with the catalyst
solution was placed in a quartz reactor. The instrument was set to provide light energy
equivalent to the sun. The experiments were all run in a dark room to make sure all the light
utilized was from the instrument only. A solar simulator is an instrument that provides
illumination in a confined space approximate to that from the natural sunlight. It comprises of
a light source, power supply and optical filters which modify the output beam. The light source

used was a xenon arc lamp.

3.3.1 Effect of increase in methyl violet concentration

The effect of an increase in methyl violet concentration from 5 ppm to 40 ppm was studied
using 10 mg RANR TiO and 50 mL of the dye for 60 minutes. The catalyst (10 mg) was added
to the 5 ppm dye solution and was stirred continuously for 2 minutes in a dark room to
homogenize the solution. Aliquots of the solution were taken every 10 minutes, after
illumination by a solar simulator, using a 5 mL syringe attached to a 0.45 um filter to filter off
the catalysts. All the aliquots were analyzed by UV-Vis to determine methyl violet
concentration. Similarly, all the other dye solutions, i.e. 10 ppm, 20 ppm and 40 ppm were
studied.

3.3.2 Effect of mass of photocatalyst

A study of the effect of an increase in mass of photocatalyst (5 mg to 40 mg) on the degradation
efficiency was done using RANR TiO2 and 50 mL of 10 ppm methyl violet. The catalyst (5
mg) was added to 50 mL of 50 ppm dye solution and was stirred continuously for 2 minutes in

a dark room to homogenize the solution. Aliquots of the solution were taken every 20 minutes,
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after illumination by a solar simulator, using a 5 mL syringe attached to a 0.45 pm filter to filter
off the catalysts. All the aliquots were analyzed by UV-Vis to determine methyl violet
concentration. The same method was used for the other catalyst with different weight, i.e. 10

mg, 20 mg and 40 mg.

3.3.3 Reproducibility studies

Recyclability of the catalyst through 3 cycles was also done using 10 ppm methyl violet and
10 mg of RANR TiO>. The catalyst was added to 50 mL of 10 ppm dye solution and this was
stirred continuously for 2 minutes in a dark room to homogenize the solution. Aliquots of the
solution were taken every 10 minutes, after illumination by a solar simulator, using a 5 mL
syringe attached to a 0.45 pm filter to filter off the catalysts. All the aliquots were analyzed by
UV-Vis to determine methyl violet concentration. The remaining solution was centrifuged and

the catalyst was washed with distilled water and re-used in the next cycle.
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Chapter 4: Results and discussion

4.1 Characterization of TiO»

Batches of TiO, were synthesized by varying reaction temperatures during refluxing from 50
°C and 235 °C. Fully formed and dense dandelion-like TiO> was formed at 180 °C. Refluxing
time was interchanged between 16 hours and 24 hours in the current study in order to determine
the optimum synthesis parameters of the dandelion-like TiO.. Aliquots were drawn at 4-hour
intervals in order to determine the growth pattern of the RANR TiO>. From the TEM results
obtained, it was observed that RANR TiO, was completely formed after 16 hours synthesis
time hence there was no need to continue the reaction up to 24 hours. All the other experiments
were run for only 16 hours. Several reaction times were recorded in literature ranging from 4
hours 5! to 24 hours 23, The differences in the reflux times from the ones recorded in literature
can be attributed to the slight variations in the reaction set ups, reaction conditions as well as

the different sources of titania used.

4.1.1 Powder X-ray diffraction
All the synthesized catalysts were characterized using XRD, this helped to determine the

phases of the TiO.. Figure 4.1 shows the XRD results for the synthesized catalysts and the
commercial Degussa P25. Diffraction angles of 26°, 36°, 38°, 42°, 54°, 56°, 63°, 64°, 69°, 70°
all correspond to the (110), (101), (200), (111), (211), (220), (002), (310), (310) and (112)
reflections respectively, which show the presence of rutile TiO2. Reference card numbers used
to match peaks are shown in Fig. 4.1. At synthesis temperatures below 200 °C, all the catalysts
were pure rutile. A mixture of rutile and anatase starts to format synthesis temperatures above
200 °C. The diffraction angles 23°, 48°, 75° and 86° all belong to anatase and they were present

in the commercially available Degussa P25 and other catalysts synthesized above 200 °C. No
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characteristic peaks for impurities were detected. The sharp peaks for P25 suggest that P25 was
more crystalline than the synthesized TiOz!. TiO, synthesized at 180 °C had a sharper and
narrower peak (at 26°) as compared to the rest of the synthesized TiO2, which suggests that

fully formed dandelions show enhanced crystallinity and growth®.
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Figure 4.1: XRD patterns for rutile TiO2 synthesized at different temperatures (°C)

compared to p25.

4.1.2 Microscopy Analysis (TEM and SEM)

The growth mechanism of the RANR TiO2 was determined by sampling 30 ml aliquots during
reflux every 4 hours of the reaction. TEM images showed that nucleation, then growth was
responsible for the formation of the dandelion-like TiO.. At the start of the reaction between
TiCls and H20, TiO2 nuclei are formed. The TiO2 nuclei are shown as the small dots (pointed
by the red arrows) in the images in Figure 4.2a and 4.2b at 4 hours and 8 hours respectively.

The TiO2 nuclei then aggregate and grow to form rods which then grow and self-assemble as

31




shown in Figure 4.2c (12 hours) or self-align radially forming half-dandelions, which then fully
grow to become dense dandelion-like structures (Figure 4.2 d).

.
'QS\‘IQOGnmg{;

1000 nm

Figure 4.2: TEM images for aliquots sampled after 4 hours (a), 8 hours (b), 12 hours (c) and
16 hours (d) synthesized at 180 °C.

Figure 4.3 shows the proposed mechanism highlighting nucleation of TiO2, formation and
growth of nanorods. This is then followed by self-alignment of the nanorods, until a full
dandelion structure is formed. Reflux temperature and reaction time were the main parameters
that affected the growth pattern of the RANR TiO2. A nucleation and nuclei growth-

dissolution-recrystallization growth mechanism was proposed in a similar study where
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nucleation first occurred to form TiO: islands, followed by growth of nanowires to finally give
RANR TiO>. Jin Yi et.al also suggested a similar mechanism, except that they used SnO>
spheres. TiO; crystal nuclei formed on the surface of the spheres, then nanorods grew towards

the centre forming the dandelion-like structure, thereby dissolving the SnO-°.

oo, - é
... /A

O7TiCL+H,Onucleus OTiO; wwTiO, nanorods Selforientationandgrowth  Dandelion-keTiCf

Figure 4.3: The proposed mechanism for RANR TiO> formation at a reflux temperature of

180 °C and reflux time of 16 hours.

The effect of reaction temperature on the morphology of TiO2 was also studied. TEM images
obtained for reaction temperatures lower than 140 °C show that the rods will be self-aligning
radially (Figure 4.4a and b) and at 140 °C (Figure 4.4c), they form structures which are almost
complete dandelions, but the rods are loosely packed. The increase in synthesis temperature to
180 °C leads to the formation of fully-formed dandelion-like structures, which are densely
packed (Figure 4.4d). At temperatures above 200 °C, the dandelion-like shape is lost, as shown
in Figure 4.4(e) and (f). Loosely packed nanorods were synthesized by Xuelian et al. at 160 °C
whereas dense, compact dandelion-like structures were synthesized using a temperature range
of between 180 °C and 190 °C . It was also reported temperature was an important factor in
the synthesis of RANR TiO2, 80 °C yielded loosely packed nanorods, 100 °C led to the
formation of perfect RANR whereas temperatures as high as 190 °C destroyed the dandelion-

like structure of TiO22
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Figure 4.4: TEM images for dandelions synthesized at 50 °C (a), 125 °C (b), 140 °C (c), 180
°C (d), 210 °C (e) and 235 °C (f).
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SEM was also used to confirm the morphology of the TiO. This characterization technique
was also important to show the 3-dimensional structure of the dandelion-like morphology of
the RANR TiO2. The RANR TiO2 were pictured as densely packed spheres with different sizes

as shown in Figure 4.5 below.
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Figure 4.5: Figure showing synthesized dandelions at 180 °C for 16 hours

The synthesized RANR TiO> had a wide size distribution range, ranging from 300 nm to 800
nm. The size of the dandelions is mostly affected by the synthesis method and synthesis
temperature. The average size of the dandelion-like TiO2 was 530 + 65.4 nm. The TEM images

in Figure 4.6 below show the dandelions with different sizes.
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Figure 4.6: TEM micrograph and insert showing dandelions of different sizes (left) and a

graph showing particle size distribution (right).

SEM with EDS was used for elemental analysis of the synthesized catalysts (Figure 4.7). Gold
and palladium were used to coat the samples to inhibit charging. Traces of chlorine (less than
0.5%) were also present in all the samples originating from the titanium precursor (TiCls). All
the samples were washed several times with warm distilled water after centrifuging in order to
get rid of chloride ions but the chloride was still present in trace amounts. The presence of trace

amounts of chloride was also confirmed by XPS analysis.

Quantitative results

Weight%

ull Scale 638 cts Cursor: 0.000 keV

Figure 4.7: SEM with EDS plot and quantitative results for the synthesized dandelions.

4.1.3 BET Surface Area Analysis

BET Surface area analysis was used to determine the surface areas of the synthesized catalysts.
The trend in surface areas corresponds to the TEM images obtained. All the synthesized photo
catalyst had high surface areas as compared to the commercially available catalyst (Degussa
P25). There was a decrease in surface area with increase in synthesis temperatures from 50 °C
to 180 °C. At low temperatures, the nano rods are small and still growing, hence the high
surface area. Above 50 °C, the rods continue to grow thereby decreasing surface area until at
180 °C, where they are fully grown to form complete dandelion structures. At temperatures

above 200 °C, the nano rods disintegrate to smaller particles, which results in the sudden
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increase in surface area. Table 4.1 shows the BET surface areas. The BET surface areas for
RANR in similar studies are shown in the table. The differences can be attributed to the

variations in synthesis temperatures of the dandelion-like TiOx.

Table 4.1: Table showing BET surface areas of the synthesized TiO> catalysts

Sample BET Surface area | Pore size (nm) References
(m’g™)

P25 45 6.5

TiO2 (50 °C) 164 25

TiO2 (125 °C) 83 4.0

TiO2 (140 °C) 81 4.0 This current project

TiO, (180 °C) 68 4.3

TiO2 (210 °C) 142 3.2

TiO, (235 °C) 148 2.5

Dandelions (100 °C) | 81 3.2 !

Dandelions (120 °C) | 40 3 6

Dandelions (180 °C) | 46 3 5

4.1.4 Solid State UV-Vis Analysis
Solid state UV-Vis analysis showed that all the photocatalysts absorbed light in the UV region

(350 nm) with almost the same absorption trend as shown in Figure 4.8. Another small peak

was also present in the visible region at around 530 nm as shown in Figure 4.8 which means
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that the photocatalysts absorb some light in the visible range. The high absorbance in p25, TiO;
synthesized at 180 °C and 125 °C is attributed to the increase in crystallinity as shown in the
sharp XRD peaks (Fig. 4.1). The lower absorbance in RANR 210 °C, 235 °C and 50 °C is also
attributed to the decreased crystallinity which is also shown by XRD peaks. Band gap energies
were calculated using a Tauc’s plot (Figure 4.9). Fitting absorption data to equations for both
direct and indirect bandgap transitions is a method that is used to determine band to band
transitions in a material®. A graph of (ohv)? vs Eg is used for direct transitions, a*? vs Eg for
indirect transitions, where a is the absorption coefficient, Eg is the band gap energy and hv is
photon energy. The value of hv extrapolated when a. is 0 gives an absorption energy equivalent

to the bandgap energy (Eg)®.
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Figure 4.8: UV-Vis graph showing effect of synthesis temperature on absorbance.
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Figure 4.9: Graph showing band gap calculations using Tauc plot.

All the synthesized catalysts absorption data fit the equations for direct band gap transitions
(Table 4.2). The direct band gap decreased as synthesis temperature increased up to 180 °C and
then started increasing with the increase in temperature to 235 °C. The fully formed dandelions

(180 °C) had the least band gap energy.

Table 4.2: Band gap energies

Sample Bandgap Energy (EV)

RANR TiO2 50 °C 3.1

RANR TiO2 125 °C 3.06

RANR TiO2 180 °C 3.04

RANR TiO2 210 °C 3.07

RANR TiO2 235 °C 3.08
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4.2 Characterization of nanodiamonds

The nanodiamond samples were obtained as a waste material from the detonation of carbon-
containing explosives (detonation nanodiamonds). Characterization was necessary to confirm
the presence of diamond grains in the sample and to determine their size, surface composition

and surface area.

4.2.1 PXRD Analysis of nanodiamonds sample
The diffraction angles (20) of 44°and 75.5° from the XRD pattern in Figure 4.10 correspond

to the (111) and (220) reflections of diamond which shows the presence of diamond grains in
the sample®. The length of nanodiamonds grain in the (hkl) direction was determined using the
Scherrer formula (Lnki = kA/Pnki CosOnki), where A is the wavelength used, Bnii is the Full width
half maximum of x-ray diffraction hkl, ©nk is the angle corresponding to the peak and k is a
constant’®, The length of nanodiamonds in the (111) direction is 3.6nm, which is in the range

of 2-10 nm*! as other calculated values in literature 3.8 nm'°, 5 nm?*2,
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Figure 4.10: XRD graph for the nanodiamonds sample.
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4.2.2 Microscopy Analysis
The TEM images in Figure 4.11 shows the presence of nanodiamond particles with sizes less

than 10 nm. The nanodiamonds in the TEM images appeared to be either spherical or elliptical

as shown in Fig. 4.11aand b.

Figure 4.11: TEM images for the detonation nanodiamonds at 200 nm (a) and 50 nm (b).

4.2.3 Raman Spectroscopic Analysis

There was background fluorescence in the RAMAN spectrum and after background
subtraction, the spectrum was still noisy due to the signal to noise ratio from the fluorescence.
The Gaussian and Lorentzian functions were used to show the presence of overlapping peaks
(Figure 4.12). The fluorescence was due to nitrogen vacant centres, as nitrogen is a common

impurity in nanodiamonds*®*4,
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Figure 4.12: Raman spectra of the nano diamonds sample

The presence of nitrogen in the nanodiamonds was confirmed by XPS. The peak at 1290 cm™
corresponds to diamond (sp® hybridized carbon), but it shifted from 1330 cm™, due to residual
stress in the material. It is also broad, which shows that the nanodiamonds were deformed
plastically and they have poor crystal quality. The peak at 1633.8 cm™ corresponds to sp?
hybridized carbon, which is present on the nanodiamonds outer shells. D and G bands of sp?
(graphitic carbon) present, explain the opaque grey colour of the sample. The mixture of sp?
and sp® hybridized carbon confirms the presence of nanodiamonds since they have a diamond

core with a graphitic shell*®*3,

4.2.4 FTIR Analysis

FTIR analysis was done to determine the functional groups present on the graphitic (sp?) carbon
outer shell of the nanodiamonds. FTIR is a highly sensitive method for the determination of
the surface chemistry of nanodiamonds?*, however, the presence of the diamond core can be
confirmed using Raman spectroscopy. The functional groups present originated from the
detonation of carbon-containing explosives, the type of the functional groups present highly

depends type of explosives used and the nanodiamonds purification process. In this study, the
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nanodiamonds used were not purified since the functional groups were required to increase the
interaction with TiO». FTIR results in Figure 4.13 show the presence of -OH stretching and
H20 bending vibrations at 3410 cm™ and 1605 cm™ respectively which is evidence that the
graphitic layer of the nanodiamonds (neighbouring carboxylic groups) adsorbed moisture from
the environment. This is evidenced by the drastic -OH and H20 peak reduction after annealing

in Fig. 4.20
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Figure 4.13: FTIR graph for nanodiamonds.

The peaks at 2850 cm™ and 2955 cm™ are due to the presence of stretch vibrations of the -CH>
and -CHj3 absorptions. The peak at 2340 cm™ is due to the presence of CO2 absorptions. The
peaks at 1260 cm™ and 1120 cm™ are due to the presence of -C-O-C groups on the surface. The
functional groups present in the sample were -OH, CO., CH2, CHs, C=C, -C-O-C among
others. The sp? hybridized carbon on the surface of nanodiamonds in a similar study were
functionalised with C=0, C-O and C-OH groups among others®®. The nanodiamond surface
characterised by Q. Zou et.al. also showed the presence of functional groups such as the OH,

H,0, CH3, CH2, COOH, C=0, CO; and -C-O-C-°.
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4.3 Characterization of RANR TiO2-Nanodiamond composite

Composite samples were synthesized in situ with 0.1, 0.5 and 1 weight % of nano diamonds.
The samples were calcined at 200 °C, 400 °C and 600 °C for 3 hours with a heating rate of
approximately, 4 degrees/min. Calcination was done in an attempt to increase the interaction
of the nanodiamonds with TiO2 and to also increase crystallinity of the composite. Calcination
temperatures were kept at 200 °C for the rest of the composites (0.1, 0.5 and 1 weight %), since

higher temperatures destroyed the dandelion-like structure of RANR TiOs..

4.3.1 TEM Analysis

TEM images show that the nanodiamonds were located on the tips of the nanorods, surrounding
the RANR TiO2 in TND 0.1% (Figure 4.15(a)). Increase in the nanodiamond loading from
0.1% to 1% showed that only a few nanodiamonds were surrounding the tips of the nanorods,
whereas the rest were not attached to the nanorods as shown in Figure 4.15(c) and 4.15(e).
Modification of the RANR TiO with nanodiamonds disrupted the nanorod structure (in Figure
4.15(a), 4.15(c) and 4.15(e)). Nanorods were regenerated by calcination, increasing the
crystallinity of the RANR TiO», which is shown by the increase in intensity of the Eg peak in
Raman analysis. Calcination at 200 °C helped to increase the interaction between the RANR
TiO2 and the nanodiamonds since more distinct dandelions were formed as shown in Figure
4.15(b), 4.15(d) and 4.15(f).

Calcination of the composites at high temperatures above 200 °C led to the loss of the nanorod
morphology, giving rise to a more uniform phase, which resembled spheres, as seen in Figure
4.15(g) and (h). Calcination of the materials led to the formation of more uniform
morphologies, as shown in Figure 4.15(b), (d), (f), (g) and (h), but BET surface area analysis

(Table 4.3) showed a drastic decrease in surface area with calcination, due to the collapse of
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pores. High temperatures above 600 °C could not be used, since TGA analysis showed that

nanodiamonds start to decompose above 600 °C.
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Figure 4.14: TEM images showing TiO2- nano diamonds samples (a) TND 0.1%, (b) TND
0.1% calcined at 200 °C, (c) TND 0.5%, (d) TND 0.5 % calcined at 200 °C, (e) TND 1%, (f)
TND 1% calcined at 200 °C, (g) TND 0.1% calcined at 400 °C and (h) TND 0.5% calcined

at 200 °C.

4.3.2 BET Surface Area Analysis

BET Surface area analysis showed that modification of the RANR TiO, with nanodiamonds
led to a significant increase in surface area, from 68 m?/g to 83 m?/g for the composite with 0.1
% loading as shown in Table 4.3. The surface area further increased to 107 m?/g and 156 m?/g
with an increase in nanodiamonds content of 0.5 and 1 % ,respectively, since the nanodiamonds
have high surface areas of 244 m?/g. The composite sample with the highest nanodiamond
loading (TND 1%) had the highest surface area because an increase in nanodiamond loading
also increased the amount of unattached nanodiamonds. The surface areas of the composites
were lower than the nominal value obtained by the finding the average of the surface areas of
the RANR TiO2 and the nanodiamonds. This discrepancy is evidence of contact between the
surface of TiO2 nanodiamond phases or it could be due to the formation of larger TiO- particles
during composite synthesis?. As surface area was increasing, the pore size was also decreasing.
Calcination led to a significant decrease in surface area of all the composites, this can be

attributed to the collapse of pores in the TiO,%

Table 4.3: BET surface area analysis of the composites

Material BET surface area (m?/g) Pore size (hm)
RANR TiO2 (dandelions) 68 4.3
Nanodiamonds 244 3.2
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TND 0.1% 83 3.8
TND 0.5% 107 3.6
TND 1% 156 3.5
TND 0.1%, 200 °C 64 3.3
TND 0.5%, 200 °C 76 3.1
TND 1%, 200 °C 120 3.0

4.3.3 Raman Spectroscopic Analysis
The band at 230 cm™ in the RAMAN spectra (Figure 4.16) is due to disorder induced scattering

or second-order effect which results from multi-phonon processes:®.

Intensity (cnts)

30000

20000

10000

—— TND 1% 200°C
—— TND 0.5% 200°C
——TND 0.1% 200°C
——TND 1%

—— TND 0.5%
——TND 0.1%

E Nanodiamonds

0

200

—
400

—
600

800

—T T
1000 1200

Raman (cm'l)

— T T
1400 1600 1800 2000

Figure 4.15: Raman graph showing the TiO2-nanodiamond composites.

The bands at 440 cm™ and 600 cm™ are due to Eq and Aiq phonons of Raman active single

crystalline rutile. The increase in intensity of the Eq peak (440 cm™) can be attributed to the

increase in crystallinity of TiO; after calcination®®. The band at 1600 cm™ in the composite can

be attributed to sp? hybridized carbon!’. The nanodiamonds were dispersed in all the samples,
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because low percentage loadings were used for synthesis or they were coated by the dandelions.
There is a peak at around 1640 cm™ in TND samples (Figure 4.17) which can be attributed to
sp? hybridized carbon in the nanodiamonds, but it broadened and shifted from 1590cm due to
residual stress in the material and deformation which could have been due to the interaction of

carbon with TiO- or due to the formation of new bonds between carbon and titanium*318,
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Figure 4.16: Raman graph (same as Fig. 4.16 above) showing the presence of sp® hybridized

carbon in a TiO2-nanodiamond composite samples.

4.3.4 Solid State UV-Vis Analysis
Solid state UV-Vis data (Figure 4.18) showed that the dandelions and TiO2-nanodiamond

samples all absorbed light at the same wavelengths (350 nm and 530 nm). There was not much
difference in the absorption between pure dandelions and the composites, also, the
nanodiamonds did not increase absorbance of light in the visible region as was expected. Uv-
vis data was used to determine band gap energies of the materials and to determine the type of
transitions in the band gap whether direct or indirect. Fitting absorption data to equations for
both direct and indirect bandgap transitions is a method that is used to determine band to band

transitions in a material. A graph of (ahv)?vs Eg was used to determine the band gap energies
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for direct transitions where a is the absorption coefficient, Eg is the band gap energy and hv is
photon energy in Figure 4.19. The value of hv extrapolated to 0=0 gives an absorption energy

equivalent to the bandgap energy (Eg)®.
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Figure 4.17: UV-Vis spectra of the TiO2-nanodiamond composites.

The solid-state UV-Vis data obtained for all the composites fit the equation for direct band gap
transitions which suggests that they were all direct bandgap semiconductors. Band gap energies
increased slightly from 3.04 eV (dandelions) after composite synthesis due to the high band
gap energy of nanodiamonds which is approximately 5 eV (Table 4.4). Increasing the
nanodiamond weight percentage loading also slightly increased the band gap energies.
Calcination led to a decrease in the band gap energies. Electronic transition from the VB to
the CB is electron dipole allowed for direct band gap semiconductors, this means that electronic

absorption and emission is usually strong which leads to more efficient absorption of solar
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energy®. Indirect bandgaps on the other hand have phonon assisted transitions because VB to
CB transitions are electrical dipole forbidden, both energy and momentum of the electron-hole

pair are changed during transmission hence weak absorptions®.

Table 4.4: Band gap energies for the composites

Sample Bandgap Energy (eV)
Dandelions 3.04
TND 0.1% 3.05
TND 0.5% 3.07
TND 1% 3.07
TND 0.1%, 200 °C 3.05
TND 0.5%, 200 °C 3.06
TND 1%, 200 °C 3.04
TND 0.1%, 400 °C 3.02
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Figure 4.18: Figure showing a Tauc’s plot for band gap energy determination

4.3.5 FTIR Analysis

FTIR analysis was done to determine the surface groups present in the TND composite ( 1 %
loading) and to determine if any new bonds were formed during the composite synthesis. FTIR
results in Figure 4.20 show the presence of -OH stretching and H2O bending vibrations in all
the samples except the once calcined at 3410 cm™ and 1605 cm™ respectively which is evidence
that the nanodiamonds outer shell (adjacent carboxylic groups) adsorbed moisture from the
environment. The peaks at 2850 cm™ and 2955 cm™ in nanodiamonds and TND are due to the
presence of stretch vibrations of the -CH; and -CHs absorptions. The peak at 2340 cm™ is due
to the presence of CO, absorptions. Peaks at 1400 cm™ and 1290 cm™ (-C-O-C-) became more
prominent after the composite synthesis which are evidence of interaction between the RANR
TiO2 and the nanodiamonds. Calcination of the composite removed almost all the moisture due

to evaporation.
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Figure 4.19: FTIR graph for the synthesized catalysts.

52



4.3.1 XPS Analysis
XPS analysis was used to determine elemental analysis, chemical bonds identification and

surface contamination determination on one composite sample that had 1% weight loading of
nanodiamonds. The results obtained show that oxygen, carbon, titanium were all present in the
sample as shown in Figure 4.21. Two impurities were also present on the surface of the sample
which are chlorine and nitrogen with atomic percentages of 1.4 % and 0.4 % respectively.
Chlorine (Cl 2p) could have been from the titanium tetrachloride which was used as the
titanium source during synthesis. The chlorine was also revealed by SEM with EDS as shown
in Figure 4.7. XRD and other characterization techniques did not reveal the presence of
chlorine since it is only available in small quantities. Attempts to remove the chloride ions was
done by washing the composite with warm distilled but it was not 100% effective. It was also
hard to tell if the chlorine was attached to TiO2 only, or to the nanodiamonds or both since the

composite synthesis was done in-situ.

The nitrogen (N 1s) present in the sample was from the detonation nanodiamonds as it is a
common impurity. Nitrogen comes from the nitrogen vacant (NV) centres in the nanodiamond
core, its presence was also confirmed by the high background fluorescence in Raman analysis
(Fig 4.12). Acid purification of nanodiamonds removes metallic impurities and modifies the
surface groups on the sp? hybridized outer shell carbon* not the diamond core. Other methods
of purification like the gas phase method® and ozone purification?® only modify or get rid of
non-diamond carbonaceous (sp?) products. In this current project, the nanodiamonds were used
as they were without purification in order to increase the interaction of the sp? functionalised

outer shell with TiO,.
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Figure 4.20: XPS survey spectrum for TiO2-nanodiamond sample with 1% weight loading.

Table 4.5: Elements with their corresponding binding energies and atomic weight

percentage
Element Peak Binding Energy (eV) Atomic Percentage (%)
O 1s 529.4 50.8
Cls 284.3 24.8
Ti2p 458.1 22.6
Cl2p 198.1 1.4
N 1s 399.8 0.4

Gaussian deconvolution was used to show the presence of overlapping peaks and to separate

them for easy identification. The additional peaks that were identified are shown in Figure 4.22.
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Three types of C 1s atoms were present as shown in Figure 4.22 below, this is supported by the
FTIR data. The most abundant one on the surface was from C-C bonds with 20.7 atomic
percentage with a peak at 284.4 eV, followed by C-O AT 286.1 eV, then finally O-C=0 at
288.4 eV with 3.3 % and 2.6 %, respectively. The C-C bonds on the surface were from the
graphitic carbon shell on the nanodiamonds and the C-O bonds can all be attributed to the
surface groups on the graphitic carbon shell of the nanodiamonds?®. There was no evidence
suggesting the presence of a Ti-C bond. Hashimoto suggested that a C 1s peak at 281.8 eV can
be attributed to a Ti-C bond which is formed by the substitution of some of the lattice oxygen

atoms®.
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Figure 4.21: XPS high resolution spectra for TiOz-nanodiamond sample with 1% weight

loading showing O 1s, C 1s, Ti 2p, Cl 2p.

The Ti 2p peak at 458.2 eV with 21.6 atomic percentage as shown in Figure 4.22 was due to

the presence of Ti 2ps2 which is also present in pure rutile TiO2. The peak at 464.0 eV with
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atomic percentage of 1.0 % can be attributed to the presence of Ti 2p12 which is also found in
pure rutile titania'®. There was no evidence suggesting the change of oxidation state of titanium
atoms. All the titanium atoms on the surface had an oxidation state of +4, if there was formation
of new bonds between titanium and carbon, then, a shift in the Ti 2ps2 and Ti 2py, to lower
binding energies was to be expected. This shift in binding energies can be attributed to the
presence of titanium with an oxidation state of +3 which is said to be due to the formation of

new bonds in the nanocomposite?*.

Oxygen was present with the highest atomic percentage of 50.8 %, the oxygen can be attributed
to both TiO> and the nanodiamonds. The O 1s atoms with the highest atomic composition of
42.9 % at peak position 529.5 eV can be attributed to a metal oxide which in this case is
titanium dioxide?X. The remaining two O 1s peaks were organic C-O (4.3 %) and organic C=0
(2.0 %) with binding energies of 531.0 eV and 532.3 eV. These two peaks provide evidence
that the nanodiamonds had oxygenated surface groups on the graphitic shell. Cl 2ps;2 (1.4 %)
and Cl 2p12 (1.3 %) were present with binding energies of 197.2 eV and 199.2 eV respectively.
The peak at 197.2 eV can be attributed to CI" ions physically adsorbed on the surface of the
composite whereas the peak at 199.2 eV can be attributed to CI™ ions incorporated into the
lattice of TiO2?*?3. Incorporating Cl in the TiO2 matrix could help in the creation of a new
impurity level in TiO, bandgap thereby increasing photocatalytic efficiency?2. Chlorine and
nitrogen were co-doped on TiO2 and this increased photocatalytic degradation of rhodamine B
and phenol?2. Chlorine doping was reported to increase photocatalytic efficiency of ZnWO4 on

the degradation of methylene blue by Huang and Zhu?3,

Table 4.6: Elemental identification after peak separation
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Element Peak Binding Energy (eV) Atomic Percentage (%)
O 1s (metal oxide) 529.5 42.9
O 1s (organic C-0) 531.0 4.3
O 1s (organic C=0) 532.3 2.0
C 15 (C-C) 284.4 20.7
C 1s (C-0) 286.1 33
C 1s (0-C=0) 288.4 2.6
Ti 2ps2 (TiOy) 458.2 21.6
Ti 2p12 (TiO2) 464.1 1.0
Cl 2pzp2 197.2 1.4
Cl 2p12 199.2 1.3
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Chapter 5: Photocatalytic activity

5.1 Degradation rate of synthesized composites

The rate of methyl violet degradation was determined by plotting a graph of C/C, (rate of dye
degradation) versus irradiation time (Figure 5.1), where Co is the initial concentration, i.e. 50
ppm and C is the concentration at any given time. A control experiment was done on methyl
violet in the presence of solar radiation, without a photocatalyst and the dye concentration did
not change. EDS and XPS confirmed the presence of Cl in the composite in the current study.
Chlorine and nitrogen were co-doped on TiO2 in a similar study and this increased
photocatalytic degradation of rhodamine B and phenol*. Chlorine doping was also reported to
increase photocatalytic efficiency of ZnWOs on the degradation of methylene blue by Huang
and Zhu?. Incorporation of Cl in the TiO, matrix could help in the creation of a new impurity

level in TiO2 bandgap, thereby increasing photocatalytic efficiency?.

The choice of degradation parameters for the composites was based on the photodegradation
studies that were done on RANR TiO2 in this current project (Fig. 5.3 and 5.5) as well as
parameters reported in literature*!21314 The reactions were done using 10 mg of composite
catalysts and 50 ml of 50 ppm methyl violet for 140 minutes using a solar simulator. Methyl
violet degradation was done for 140 minutes to allow for the photocatalytic reaction to

complete as shown by the levelling of the degradation rate (Fig. 5.1).

Nanodiamonds have been reported in literature to be photocatalytic active if the surface is
modified, e.g. by acidification'®!, hydrogenation® or oxidation®. In this study, detonated
nanodiamonds were used without surface modification since they already had functional
groups present as evidenced by FTIR results. The nanodiamonds were only active in the first

20 minutes of the reaction as shown in Figure 5.1. They showed to be good adsorbents, because
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they adsorbed a large amount of dye in darkness when the solution was being homogenized,
before illumination, compared to other catalysts. The high adsorbance of the nanodiamonds in
the dark can be attributed to their high BET surface area of 244 m?/g which creates more
adsorption sites. The low efficiency (29 %) of nanodiamonds on their own could also be
attributed to their large band gap energies, which are approximately 5 eV H. treated
nanodiamonds were reported to be highly photocatalytic active towards Hz production by

reduction of water, this was attributed to the action of H-terminated sites as electron reservoirs®.

Table 5.1: Degradation efficiencies using 50 ml, 50 ppm methyl violet and 10 mg of

synthesized photocatalysts at 140 minutes

Material Degradation efficiency %
RANR TiO; (dandelions) | 97
TND 0.1% 89
TND 0.5% 87
TND 1% 86
TND 0.1%, 200 °C 90
TND 0.5%, 200 °C 88
TND 1%, 200 °C 87
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Figure 5.1: Graph showing rate of dye degradation of methyl violet against irradiation time

for the synthesized composites.

RANR TiO, (dandelions) were the most effective in photocatalytic degradation of methyl
violet with a degradation efficiency of 97 % after irradiation time of 140 minutes (Figure 5.1).
This can be attributed to the high surface areas (Sser= 68 m?/g) of the dandelion-like structures
which gives the TiO strong light absorption capacity. The dandelion-like morphology favours
multi-reflections on the nano rods which improves production of charge carriers®. The high
surface areas of RANR TiO: increase photocatalytic activity because of the presence of more
surface-active sites for adsorption of the dye (reactant), easy transportation of reactant and

product molecules through the pores®.

Modification of the dandelions with 0.1 wt.% nanodiamonds increased the rate of dye
degradation in the first hour as shown in Figure 5.1, due to the increase in surface area from 68
m?/g to 83 m?/g. The increase in weight percentage from 0.1% to 1% led to a decrease in
degradation rate because from the TEM images obtained, some of the nanodiamonds were not

attached to the rods as the weight percentage was increased. The nanodiamonds could have
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decreased the degradation rate since they were shown not to be efficient on their own. All the
other composites did generally well with respect to dandelions in the first 60 minutes (Figure
5.1), however, the rate of degradation decreased after 60 minutes which could be attributed to
the reduction in photocatalytic active sites due to accumulation of reactants and reaction

intermediates on the catalyst surfaces.

The functional groups on the surface of the nanodiamonds that were determined by XPS and
FTIR, e.g. -OH and other oxygen containing groups create a surface dipole layer that can affect
the composite interface electron affinity. The presence of hydrogen bonds on H-terminated
nanodiamond surfaces could shift the conduction band above the vacuum energy level. The
electrons can then be transferred directly to the surrounding media via surface states’. A good
dispersion of the nanodiamonds and RANR TiO2 (0.1 % loading) can help create strong
electronic interphase interactions, i.e. transfer of electrons from the nano diamonds CB to the
RANR TiO; CB, and also, the transfer of RANR TiO> holes from the VB to the nanodiamonds
VB. This helps to separate the photogenerated electrons and positive holes thereby increasing
photocatalytic efficiency*. Calcination helped to increase photocatalytic efficiency thereby rate
of degradation was also increased in all cases this was due to the increase in crystallinity of the

composites as shown by Raman analysis which helps to reduce electron/hole recombination.

5.2 Effect of varying amount of photocatalyst

RANR TiO. was used to study the effect of varying the amount of photocatalyst, since it
showed the highest degradation efficiency, compared to the other composites. The
photocatalyst mass was varied between 5 mg and 20 mg, using 10 ppm of methyl violet as
shown in the Uv-vis data in Figure 5.2. Photocatalytic dye degradation efficiency was found to

be proportional to the amount of photocatalyst used (Figure 5.3). An increase in amount of
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catalyst also increased degradation efficiency. The photocatalyst with mass of 40 mg showed
the highest efficiency (99 %) at 60 minutes (Figure 5.3). The high amount of photocatalyst led
to an increase in the number of active sites on the photocatalyst surface. The increase in the

active sites resulted in an increase in the hydroxide and superoxide radicals produced.
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Figure 5.2: UV-Vis graphs for effect of amount of catalyst on degradation efficiency study.
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Figure 5.3: Graph showing the effect of mass of RANR TiO2 on degradation efficiency in
50 ml of 10 ppm methyl violet.
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5.3 Effect of initial dye concentration

The concentration of methyl violet was varied between 5 ppm and 40 ppm in order to determine
the effect of increasing dye concentration on the degradation efficiency as shown in Figure 5.4
and 5.5. The 5 ppm dye solution had the highest degradation efficiency of 90 % followed by
10 ppm, 20 ppm and lastly 40 ppm with 65% efficiency at 60 minutes (Figure 5.5). The
degradation efficiency was found to be inversely proportional to the concentration of methyl
violet. This is because as the concentration of the dye is increased, the competitive adsorption
of -OH" on the active sites of the catalyst decreases as the equilibrium adsorption of dye on the
active sites increases. This leads to a reduction in the formation rate of the OHe radical hence

a decrease in degradation efficiency®. A similar trend was also reported by Baloyi et al. of the

decrease in reduction rate of Cr (V1) with increase in initial dye concentration®,
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5.4 Recyclability studies

The RANR TiO; photocatalyst (10 mg in 50 ml, 10 ppm methyl violet) was re-used 3 times
after the initial experiment. All the reactions were run for 60 minutes as shown in the graph in
Figure 5.6 and 5.7. The recyclability studies showed that the recovery of the catalyst after each
cycle was not 100% effective hence the re-use was also not effective. The degradation
efficiency of the photocatalyst decreased from 80 % to 60 % after the third cycle (Figure

5.7). The degradation rate also decreased with increase in number of cycles suggesting that
some of the photocatalyst active sites were blocked after the end of each cycle hence lower

degradation efficiency.

Recovering the catalyst after each cycle was a challenge since some of the photocatalyst was
lost during washing with distilled water before re-use in the next cycle. Some of the catalyst
was also lost when aliquots were drawn during the course of each reaction. The decrease in
efficiency of the photocatalyst can also be attributed to loss of catalyst at the end of each cycle.

A similar trend in recyclability was also observed by Teixeira et.al., a decrease in degradation
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efficiency after 3 cycles using TiO2 and ZnO nanoparticles was reported®. The photocatalytic
activity of Au-TiO: in the degradation of methyl blue over 10 cycles, as reported in a similar
study®'. The excellent activity was attributed to the effective cleaning of active sites of the

catalyst by photodegradation before the next cycle!!,
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Figure 5.6: Graph showing UV-Vis data for recyclability studies for the photocatalyst.
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Figure 5.7: Degradation efficiency graph for recycled photocatalyst using 10 mg catalyst

and 50 ml of 10 ppm methyl violet.
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Chapter 6: Results summary

6.1 Material synthesis

Rutile TiO2 nanorods with dandelion-like structures were successfully synthesized at an
optimum temperature of 180 °C for 16 hours using a hydrothermal method. The dandelions
had diameters ranging from 300 nm to 800 nm and an average diameter of 560 nm. The
synthesis time was kept at 16 hours for all other materials that were synthesized because the
samples that were synthesized below 16 hours had half shaped dandelion structures. This was
also true for materials that were synthesized below 180 °C, which leads to the conclusion that

nanorods growth and dandelion formation is dependent on both temperature and reaction time.

The BET results show that the synthesized dandelions had higher surface areas (68 m?/g) as
compared to the commercially available p25 (45 m?/g). This is due to the morphology of the
RANR TiO2 which is also three dimensional. SEM and TEM were used to confirm the
morphology of the RANR TiO2 which was found to be dandelion-like. TEM results obtained
from the aliquots collected every 4 hours as the reaction proceeded showed that nucleation and
growth were responsible for the formation of the dandelions. The rods grow and self-align
radially forming half-dandelions which then fully grow to become dense dandelion-like
structures as shown in the figure below. XRD confirmed the presence of rutile in the
synthesized materials. The TiO2 samples that were synthesized at temperatures below 180 "C
were all pure rutile, but as synthesis temperatures were increased, a mixture of rutile and
anatase was formed with mainly rutile. This contradicts claims which were made in literature,

but, from the XRD results that were obtained, it is possible to produce anatase at high
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temperatures, and that the polymorphs that are formed not only depend on temperature, but

also depend on the synthesis method used and the reaction conditions.

The characterization techniques used showed positive results which confirmed the presence of
nanodiamonds. XRD confirmed the presence of diamond grains since all the peaks that were
present were matched to diamond. BET was also useful in determining the surface area of the
nanodiamonds which was found to be 244 m?/g. The detonation nanodiamonds had impurities,
and nitrogen was one of the main impurities. The Raman spectra obtained supports this because
several overlapping fluorescence peaks were present which were due to the present of nitrogen
vacant sites in the nanodiamonds core. XPS confirmed the presence of 0.4% Nitrogen (N Is)
on the surface of the nanodiamonds. The presence of oxygenated surface groups on the

nanodiamonds surface was also confirmed by XPS and FTIR.

The TiO2-nanodiamond composites were all synthesized in situ using the hydrothermal method
with nanodiamonds ranging from 0.1% to 1% loading. TEM results show that calcination of
the composite above 200 °C leads to a loss in shape of the nanorods and a formation of a
spherical morphology with low surface areas which was not desired. BET surface area analysis
shows an increased surface area after modification of the RANR TiO; using the nanodiamonds.
Raman spectra confirmed the presence of graphitic carbon and rutile in all the composite
samples. XPS was used to determine the elements present in one of the composite samples with
1% loading and to confirm if any bonds were formed between titanium and carbon. The XPS
results showed the presence of carbon, titanium, oxygen and chlorine on the surface of the
composite but did not show any evidence that Ti-C bonds were present in the material. All the
Ti 2p peaks in the nanocomposite were for titanium in the +4 oxidation state and they had the

same binding energies as pure rutile. A change in oxidation state or a shift in the binding
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energies would have meant the presence of Ti-C bonds. The carbon (C 1s) peaks that were

present on the composite surface were all from the nanodiamonds.

6.2 Photocatalysis

In this study, detonation nanodiamonds were used without surface modification since they
already had functional groups as evidenced by FTIR and XPS. The nanodiamonds were not
photocatalytic active, but they showed to be a good adsorbent material because they adsorbed
a large amount of dye in darkness when the solution was being homogenized before
illumination as compared to other catalysts. The high adsorbance of the nanodiamonds in the
dark can be attributed to their high BET surface areas of 244 m?/g. The low efficiency of
nanodiamonds on their own could be attributed to their large band gap energies which are

approximately 5 eV.

Dandelions were the most effective in dye degradation due to the nanorod structure which
increases light harvesting properties from multiple reflections. All the other composites did
generally well with respect to dandelions in the first hour but then the rate of degradation
decreased which could be attributed to the reduction in photocatalytic active sites due to
blockage by reactants. A good dispersion of the nanodiamonds and RANR TiO2 (0.1% loading)
helped to create strong electronic interphase interactions i.e. transfer of electrons from the nano
diamonds CB to the RANR TiO- CB, and also the transfer of RANR TiO> holes from the VB
to the nanodiamonds VB. This helps to separate the photogenerated electrons and positive holes

thereby increasing photocatalytic efficiency.

Calcination increased photocatalytic efficiency because calcination increases crystallinity of

materials which helps to reduce electron/hole recombination. Photocatalytic dye degradation
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efficiency was found to be directly proportional to the amount of photocatalyst used whereas
degradation efficiency was inversely proportional to the concentration of methyl violet. The
photocatalyst recyclability studies showed that the recovery of the catalyst after each cycle was
difficult because some of the catalyst was lost during washing with distilled water before re-
use. The re-use was not effective as the degradation efficiency decreased from 80% to 60%

after 3 cycles.
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Chapter 7: Conclusion and future studies

7.1 Concluding statements

7
L X4

7

Optimization of RANR TiO; synthesis by varying refluxing time and temperature was
successful. The optimum reflux temperature was 180 °C for 16 hours using the
hydrothermal method.

In-situ modification of RANR TiO> with different amounts of nanodiamonds ranging
from 0.1% to 1% was done and the composites were used in photocatalytic degradation
of methyl violet.

Modification of RANR TiO2 with nanodiamonds helped to increase the rate of
photocatalytic methyl violet degradation in the first hour, however, RANR TiO;

showed the highest photocatalytic efficiency after 140 minutes.

7.2 Future studies/ research

R/
L X4

/7
A X4

Further kinetic studies to account for the formation of anatase at temperatures higher
than 200 °C.

A study to come up with a more effective way to wash off all chloride ions from the
RANR TiO: since washing off several times with warm distilled water did not
completely get rid of all the chlorine.

A study to determine the effect of the chlorine present in the composite on the overall
photocatalytic efficiency.

Studies to improve the interaction between RANR TiO; and nanodiamonds by tuning

the surface groups on the nanodiamond graphitic shells.
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Appendix A

Additional PXRD data for commercially available TiO, p25 and other synthesized TiO>
catalysts at various temperatures.
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PXRD graphs for p25, TiO> catalysts synthesized at 50 °C and 80 °C for 16 hours.
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PXRD graphs for TiO- catalysts synthesized at 100 °C, 125 °C and 135 °C for 16 hours.
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PXRD graphs for TiO- catalysts synthesized at 140 °C, 180 °C and 195 °C for 16 hours.
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PXRD graphs for TiO> catalysts synthesized at 210 °C, 235 °C for 16 hours and 180 °C for 4
hours.
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Appendix B

C mode | det
03x|50mm| SE |ETD

SEM images for synthesized RANR TiO2 at 180 °C for 16 hours
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SEM images for synthesized RANR TiO; at 210 °C for 16 hours
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TEM images for synthesized RANR TiO2(a), P25 (b) and nanodiamonds (c and d)
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UV-Vis data for methyl violet photocatalytic degradation studies

Concentration Analysis Report

Report time
Instrument Settings
Instrument
Instrument version no.
Wavelength (nm)
Ordinate Mode
SBW (nm)

Ave Time (sec)
Beam mode

Beam interchange
Replicates

Standard/Sample averaging

Appendix C

2018/11/28 09:45:01 AM

Cary 100
12.0
464.00
Abs
15
0.10
Double auto select
Normal
2
OFF

Weight and volume corrections OFF

Fit type Linear

Min R\f1\'b2 0.95000

Concentration units ppm

Zero Report

Read Abs nm

Zero (0.0114) 464.00

Calibration

Collection time 2018/11/28 09:4
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Standard Concentration F Mean
ppm
1
0.0
Std 2
2.0
Std 3
4.0
Std 4
6.0
Std 5
8.0
Std 6
10.0
Calibration eqn Abs
Correlation Coefficient 0.9 7115

Calibration time

Analysis

Collection time

SD %R SD Readings

-0.0005
-0.0005 0.0000-9.6  -0.0004
0.0343
0.0342 0.0000 0.10 0.0342
0.0963
0.0962 0.0001 0.13  0.0961
0.1130
0.11310.0002 0.17 0.1133
0.1346
0.1346 0.0000 0.00 0.1346
0.1924
0.1924 0.0001 0.04 0.1923

#FIELD! *Conc +

2018/11/28 09:52: 30 AM

2018/11/28 09:52:30 AM
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Sample Concentration F  Mean
ppm
Sample 1

3.2
Sample 2

2.4
Sample 3

1.1
Sample 4

0.5
Sample 5

0.3
Sample 6

0.3
Sample 7

8.0
Sample 8

2260

SD %R SD Readings

0.0617 0.0000 0.07

0.0471 0.0002 0.52

0.0243 0.0003 1.03

0.0134 0.0000 0.21

0.0082 0.0001 0.85

0.0082 0.0000 0.61

0.1494 0.0001 0.07

0.4167 0.0001 0.02
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Sample 23
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0.3106 0.0000 0.01
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