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ABSTRACT

In this work, SiO2, MWCNTs, MWCNTs:SiO2, MWCNTs-TiO2, and MWCNTs:Ti02:S102
nanomaterials were synthesized and characterized by the use of different techniques to
ascertain novelty of the nanomaterials and also to establish their suitability for several
electrical, electronic and magnetic based device applications. The results, in general, indicate
that the nanocomposites were well prepared and the properties of MWCNTSs can be tuned by
introducing SiO2, TiO2, and a composite of SiO2 and TiO: in its matrix. This tunability of
properties leading to the suitability of the material for various applications has been explained

in this work.

Key terms: SiO2; TiO2; MWCNTs; MWCNTSs:S102; MWCNTs-Ti02; MWCNTSs: TiO2:S102;

composites; synthesis; characterization; electrical; electronic; magnetic
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Introduction
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1. 1. Background

The electronic and magnetic behavior of a material depends on the interaction of electrons in
the material when subjected to an electric and magnetic field. The theory of electron explains
electronic, magnetic, electrical, optical, and thermal properties of the material. This theory is
important since new technology depends on it [1]. For example, electronic materials are used
to fabricate devices for various applications such as light-emitting diode (LED), memories, and
displays. Magnetic materials are utilized for transformers, electric generators, loudspeakers,
motors, tapes, and tape recorders [1]. The current devices are unable to operate efficiently due
to an increase or change in demand. It is therefore important that new materials with improved
properties are developed to meet these technological challenges. The efforts in developing new
materials have led to the search of materials that are ballistic with a weak spin-orbit coupling
which yields long spin lifetime such as carbon nanotubes (CNTs) containing nano-magnetic
materials [2]. In this work, properties of multiwall CNTs (MWCNTs) would be established
and studied with the ultimate of improving its electrical and magnetic properties for various

applications, particularly for nano-electronics devices.

1.2. Motivation of the study

Understanding the interaction of spin electrons in nano-materials will enable avenue for novel
electronic and magnetic devices. The technology is at advantage of producing a very fast, high
density, less power consuming, non-volatile, and more versatile devices. The spin relaxation
time is described as a time at which the electrons diffuse within the material without losing
their coherence [3], which makes electronic and magnetic devices attractive for data processing
and storage capabilities. The materials with long spin relaxation time are, therefore, reliable for

electronic and magnetic applications.
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An attempt has been made to improve the spin relaxation time of different materials. Jiang et
al. [4] investigated the formation of a spin injection structure which is based on the crystalline
MgO/CoFe tunnel barrier. Although, the structure showed long spin relaxation time at 100 K.
The suggestion of sputter deposition fabrication of MgO by the author is still not understood,
hence not reproducible. It was noted that the giant magneto-resistance (GMR) effect of
MgO/CoFe was not studied. On the other hand, a material with long spin relaxation time

corresponds to a large decrease or no GMR.

Morley et al. [5] worked on FeCo and NiFe spin-valve devices and showed that the material
could have long spin relaxation time at room temperature. It was also observed that the
thickness of the non-magnetic spacer increases with a decrease in GMR. The increase in the
layer thickness will be a shortfall in the practical implementation of the structure. The reason
being that the thickness of the layer needs to be at the nanoscale to control the coupling between

the two ferromagnetic layers [6].

In-Mn:As and Ga-Mn:As [7,8] semiconductors have long spin lifetime and a Curie temperature
of 35 K and 100 K, respectively. Despite the long spin relaxation time, the Curie temperature
is low for practical implementation. The practical implementation of ferromagnetic materials
requires a temperature range of at least >300 K, a temperature at which the devices would be
expected to operate under. At this temperature, the materials however lose their permanent

magnetism [9].

Similar work on improving properties of the materials for memory storage application was
presented by Pramanik et al., Wang et al., and Park et al. [10-12]. In their work [10], nanowire
spin valves based on tri-layer cobalt, an organic, Alqs, and nickel were fabricated. The result
in this case showed a long spin relaxation time at 100 K. Despite the long spin relaxation time,

the procedure seemed complex and there is a possibility of inter-dispersion of these materials

3
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which could influence the results negatively. Furthermore, the long spin relaxation time

discovered at a low temperature is still a shortfall.

Wang et al. [11] worked on Fe/Alqs/Co spin-valves. In this case, a long spin relaxation time
and GMR approximately 5 % at 11 K were observed. GMR was also observed to vanish at 90
K. The GMR vanishing at a low temperature is a challenge for practical implementation, since
it shows that the device would be unstable, hence, unreliable during its operation time. In a
related study, Park et al. [12] studied the flow of electrons from an antiferromagnetic layer
(IrMn) to a non-magnetic metallic layer (Pt) through a tunnel barrier. A large GMR of
approximately 160 % at 4 K was detected. The effect of GMR later vanishes at 100 K. The low
temperature observed will be a challenge for practical applications. It can be noticed that as the

properties are being improved the temperature has been a challenge [13—15].

Hueso et al. [13] demonstrated an injection of spin currents from Lao.7 Sro3 MnO3 into CNT
and transform the spin information into a large electrical signal. The direct action of the
magnetic field on electric current calculated in their system was 61% at 5 K. This indicates

long spin relaxation time still at low temperature.

In their study, Tsukagoshi et al. [14] found MWCNTs/Co to have long spin relaxation time and
a decrease in GMR which later vanishes at 20 K. The vanishing of GMR at a low temperature
is a setback. Similar work on CNT/Fe and CNT/(Ga, Mn) was presented by [15], the GMR

vanishes at a low temperature, <30 K.

The interactions of spin electrons of some nano-composite materials have not been fully
understood. These materials have shown the potential to be suitable for various applications
[15]. The current study involves MWCNTSs materials which are more cost-effective and

promising materials compared with those used in previous studies [4,5,7,8,10-12]. These
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materials are most suitable due to their perfect spin-transport medium. MWCNTs also have
spin electron transport in one-dimensional and ballistic with a weak spin-orbit coupling which
yields a long spin relaxation time [16]. MWCNTs are diamagnetic material because they lack
a magnetic moment. Also, they are conducting in nature and are low-density materials [17,18].
Based on this fact, properties of MWCNTSs need to be improved by functionalizing them with
some nanoparticle materials to establish their magnetic moment, semiconducting behaviour
with high storage density, and to vary its magnetization for different electronic, electrical and

magnetic applications.

Silicon and Titanium dioxide were used to functionalize MWCNTs due to the fact that Silicon
and Titanium are cheaper and abundant in nature. Also, silicon is a semiconducting material
that can act as an insulating as well as a conducting material depending on the operating
condition. Titanium, on the other hand, has excellent physical properties such as lightweight,
corrosion resistance, and high strength which can be oxidized to produce titanium dioxide
(TiO2) [19]. TiO2 could be considered as a supporting nanomaterial due to its semiconducting
properties, nontoxic, and possibility of charge transfer characteristic [20]. It is of these reasons
silicon, titanium dioxide, and the composition of the two (Si and TiO2) were used to tune the
properties of MWCNTSs to establish the feasibility of the material to be used for electronic,

electrical and magnetic device applications.

1.3. Aim and objectives

The aim is to develop reliable functionalized MWCNTs for efficient electronic and magnetic

material-based devices.

The specific objectives are to:
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1. Synthesize MWCNTSs materials using spray pyrolysis and chemical vapor decomposition

methods;

2. Functionalize MWCNTSs materials with different concentrations of SiO2-NPs, TiO>-NPs,

and Ti02:Si102 using different methods;

3. Characterize the unfunctionalized and functionalized materials with different techniques;

4. Study the electronic, electrical, and magnetic properties of unfunctionalized and

functionalized MWCNTSs materials.

1.4. Structure of the thesis

Chapter one presents information on a general introduction to the electronic and magnetic
properties of MWCNTs, motivation, problems, aim, and objectives of the research. Chapter
Two consists of the overview, properties, synthesis, structure, functionalization, magnetism,
and applications of CNTs. Chapter Three consists of the experimental details, which involve
characterization techniques. Chapter Four studies the electronic, electrical, and magnetic
behavioral change of MWCNTs-Si02-NPs with the aim of developing a material with
improved properties for different electronic/magnetic applications. Chapter Five investigates
the electronic and electrical behavior of MWCNTs-TiO2 nanocomposites material with the help
of different techniques used in this article for electrical/electronic devices, particularly for
memristive devices. Chapter Six examines the electronic, electrical, and bonding properties of
MWCNTs:Ti:Si materials and explains the chemical bonding, electrical, and electronic
structure of the material. Chapter Seven contains a summary of chapter One to Six, general
conclusion, recommendations, and future work. The published papers to peer-review journals

are contained in the Appendix.
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Chapter Two

Overview of CNTs
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2.1. A brief history of CNTs

Carbon nanotubes (CNTs) have been discovered as carbon filament decades ago (1952) by
Russian scientists Lukyanovich and Radushkevich. It was quite unfortunate that their discovery
was not recognized by western scientists due to the cold war at that time. Access to their article
was limited and most of the Russian papers didn't appear in the database of literature [1]. In the
1970s, throughout oxygen combustion, carbon nanofilaments were formed as a by-product
alongside carbon fibers. Thereafter, lijima used HRTEM (high-resolution transmission
electron microscopy) to investigate these nanofilaments, which brought about CNTs discovery
in 1991 [2] and was given credit for making CNTs known to the science community. lijima [3]
and Bethune [4] also reported single-wall carbon nanotubes (SWCNTs) in 1993. The discovery
of CNTs opened ways for novel electronics due to their characteristics, which was proven

experimentally in 1998 [5].

2.2. Carbon nanotubes (CNTS)

Carbon materials exist in amorphous, diamond, and graphite structures. The well-known
allotropes of carbon are graphite and diamond [6]. Research methods have expanded the
existing knowledge about carbonaceous materials and more allotropes have been identified [6].
These allotropes include [7]: graphene, fullerene, and carbon nanotubes. Most research in
material science has been about the allotropes (graphitic carbon) due to their exceptional
electrical [7-9], thermal [7,9,10], and mechanical [7,9,11] properties for several applications
such as electronics, communication, storage, medical and composite materials [9,12]. Research
about nanotubes has accelerated over the last decade due to their better properties and have
begun to find several commercial applications [7]. After the discovery of CNT by lijima [13],
most research has been about synthesis, properties [7], and applications [12,14]. CNTs can be

synthesized and purified using different techniques. The most common techniques used in
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synthesizing CNTs are arc discharge, laser ablation (LA), and chemical vapor deposition
(CVD) [15]. The techniques used in purifying CNTs are oxidation, ultrasonication, acid

treatment, annealing, micro filtering, and functionalization techniques [12].

2.2.1. Synthesis of CNTs

Arc discharge method makes use of two graphite electrodes (cathode and anode), which were
steamed by 100 A DC current through a separation of 1 to 2 mm between the cathode and
anode in a helium atmosphere of 400 mbar. After this process, the cathode experiences a build-
up of the carbon rod. This method is mostly used in the production of MWCNTs and also, with
the introduction of catalysts like Mo, Ni, Co, or Fe, SWCNTs can be produced. Parameters like
metal concentration, temperature, type of gas used and inert gas pressure determined the quality
and quantity of the purity, lengths, and diameters of the obtained nanotubes. Thereafter, another
method was successfully introduced in 1996 by Smalley called laser ablation (LA), which
produces SWCNT in large quantities [16]. In the LA method, a composite of graphite-metal
(target) is placed in a furnace of high temperature up to 1200°C. A laser beam is then focused
on the target which scans through the surface for vaporization. There is some dirt produced
during this process, which is been cleaned by Ar gas flowing through the system from a very
high-temperature region into a water-cooled collector made of copper situated outside the
furnace. The LA method utilizes 1.2 percent of nickel/cobalt and 98.8 percent of the target, the
metal act as a catalyst in growing the SWCNTs [17]. Arc discharge and laser ablation are
techniques used in synthesizing CNTs with high quality. They, however, have the disadvantage
of being costly and low scale production. The purification of the obtained CNT is difficult due
to the mixture of unwanted carbon impurities and metal species. CVD is another well-known
technique used in synthesizing CNTs on a large scale, which has the degree of control over

length, diameter, and morphology. It also has a higher potential for industrial production [12],
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[15]. In the CVD process, nitrogen and hydrocarbon gas (methane, acetylene, and ethylene) are
disintegrated under atmospheric pressure on a catalytic metal hot substrate inside a reactor at
approximately 1000°C to maintain the growth of CNT on the metallic catalyst. Different
substrate can be used such as glass, SiO2, or Si for the deposition of solid catalyst, or injected
gas [18,19]. The morphology of CNTs can be controlled using a high magnetic field (10 T)
[20]. Types of CVD are radiofrequency (RF-CVD), microwave plasma (MPECVD), catalytic
chemical (CCVD) (thermal or plasma-enhanced (PE) oxygen assisted CVD) and hot-filament
(HFCVD) or water-assisted CVD. Nowadays, among the CVD techniques, CCVD is the most
used technique for synthesizing CNTs. In comparison with arc discharge and laser ablation,
using CCVD is more economical and has the advantage of large-scale production of pure CNTs

[21].
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Figure 2.1. Setup technique (a) arc discharge, (b) laser ablation, (c) thermal CVD [15].

2.2.2. Purification of CNTs

Oxidation technique is a process of removing carbonaceous impurities using oxidizing agents

such as H202 and H2SOa. The main disadvantage of this technique is that the impurities are not
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only oxidized but also the CNTs. In the ultrasonication technique, vibration is used to obtain a
pure CNTs in which the nanoparticles are separated and become more dispersed due to the
introduction of vibration. The separation of the particles depends on the reagent, solvent, and
surfactant used. Acid treatment is another well-known technique, which is used to remove
impurities such as metal catalysts from CNTs. The surface of the metal must be exposed by
oxidation or sonication before exposure to acid and solvated. The treatment has an effect on
the metal catalyst but little or no effect on the pure CNTs obtained. Annealing method also
involves the use of a very high temperature ranging from 873 to 1873 K to obtain a pure CNTs.
The high temperature causes the graphitic carbon to decompose. When using high-temperature
treatment of 1873 K, the metal will melt and can be separated from pure CNTs. Microfiltration
is also a purification technique that is based on particle size separation. In this technique, CNTs
are then trapped in a filter and other impurities are passing through the filter to obtain pure
CNTs. Another most used technique is the functionalization of CNTs, in this process, other
groups are been attached to the wall of CNTs, which makes them more soluble than the
impurities. This attachment makes easy separation of CNTs from the insoluble impurities

(metal) with filtration [12].

2.2.3. Structure of CNTs

CNT is a cylindrical fullerene or a wrapped graphene sheet (single layer of graphite atoms) and
consists of sp? hybrid carbon atom [12,22]. It exists in a single wall CNTs (SWCNTs), double-
wall CNTs (DWCNTs) and multiwall CNTs (MWCNTs) [12]. CNTs are arranged in a
hexagonal shape (honeycomb arrangement) with each carbon atom covalently bonded to the
other three carbon atoms. Nanotubes can either be an armchair, zigzag and chiral structures,
depending on the folding of graphene sheet [23]. The structures of CNTs are shown in Figures

2.2 and 2.3.
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Figure 2.2. Vector direction of chiralities of CNTs [12].
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Figure 2.3. Different structures chiralities of CNTs. (a) armchair (b) zigzag (c) chiral [12].

In SWCNT, the carbon nanotube is a sheet of graphene wrapped into a cylinder (one-atom

thick-layer of graphite) with open or closed ends with a definite size in a definite direction.

Putting the cylinder symmetric into consideration, the graphene sheet have several atoms, and

two out of these atoms are chosen, in which one serves as the origin. This sheet is wrapped till

the two atoms overlap. The tube circumference is equal to the length of the vector which is

pointing from one atom to the other and it is called a chiral vector (Figure 2.2). The axis of the

tube's direction and the chiral vector are perpendicular to each other. The difference in chiral
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vectors of SWCNTs has different electrical conductivity, mechanical strength, and optical
properties, while in DWCNTs, there are two SWCNTs with one nested within the other with
different diameters. MWCNTs, on the other hand, consist of multiple concentric SWCNTSs
where the interlayers are held together by Van der Waal's forces [22]. Two models used in
describing the MWCNTs structures are Russian Doll and Parchment models. In the Russian
Doll model, the sheets of graphite are arranged in concentric cylinders, while in the Parchment
model, a single sheet of graphite is wrapped in around itself, like a rolled newspaper. The
diameter of the outermost layer varies between a few nanometers (nm) and hundreds of
nanometers, while the length can be as long as 100 pm. These forms of CNTs are shown in

Figure 2.3.

Figure 2.4. (a) Single wall carbon nanotubes (SWCNTSs) (b) Double wall and carbon nanotube

(DWCNT) (¢) Multiwall carbon nanotubes (MWCNTs) [24].

MWCNTs are more attractive than SWCNTs because of their relatively low-cost production
and availability in large quantities [24]. However, because of their chemical inertness, carbon
nanotubes have to be functionalized to establish additional physical and chemical properties
for electronic applications [24].
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2.2.4. Properties of CNTs

Owing to one dimensional structure of CNTs, their electrical, thermal, and mechanical

properties have been established to a huge extent. Their significant properties are been

highlighted below.

2.24.1. Electrical properties

The electrical properties of CNTs depend on how the graphene sheet is been wrapped. Also,
tube diameters and chirality (n, m) have an effect on their electrical properties. Owing to the
direction in which CNTs is wrapped, they can either be semiconductor or metallic in nature
with large and small energy gap [25]. For example; CNTs with the zigzag and Armchair
structure are semiconducting and metallic material, respectively, while chiral has a unique
structure [26]. The name of the structures initiated from the shape of the cross-sectional ring.
The armchair structure has the chiral (n, n) direction at angle 30° with metal-like conductivity
[27] with pseudo forbidding gap ranging from 2 to 50 meV and diameter range of 3.0 to 0.7
nm [28], respectively. The zigzag structure has a chiral (n, 0) direction at angle 0° with
semiconducting properties [27]. They have forbidding gap associated to their diameter, which
range from < 0.4 to 2 eV with diameter > 3.0 and 0.4 nm [29], respectively. Chiral structure
has chiral (n, m) direction at angle 30° > 6 > 0° [27]. Naturally, CNTs have electrical
resistivity like a metal (107 to 10~ Q cm) [30] with a current flow a thousand times higher than

that of copper (10° A cm™) [31].

2.2.4.2. Mechanical strength

The honeycomb-like lattice of graphite in which its single layer makes up graphene with
several atoms are held together chemically by strong bonds [32]. Due to these bonds, graphite
is known as the largest basal-plane elastic modulus. Based on this fact, CNTs have been

predicted to have great high strength fibers. SWCNTSs for example, are harder than steel and
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are damage resistant to physical forces. The tip of CNTs bends when pressed but tends to
return to its original state when the force is removed without causing any damage to the tip.
This uniqueness of CNTs makes them useful for high-resolution scanning microscopy [33].
CNTs have superior mechanical properties with large surface area and less density of 200-900
m?g!, and 1-2 g cm?, respectively. A high Young’s modulus and tensile strength have been
reported for MWCNTs to be 1.8 TPa and 150 GPa and 1.0 TPa and 100 GPa for SWCNTs,

respectively [31,34].

2.24.3. Thermal conductivity

As wrapped graphene structures, CNTs are smaller in size. The quantum effects are of
significant and thermal conductivity and the low-temperature specific heat shows evidence of
1-D quantization of phonon band structure in CNTs [32]. Due to the uniqueness in structures
or shapes of CNTs, made their longitudinal thermal conductivity exceptionally greater than
that of graphite of range 1750-5800 W m™' K™! at 300 K which is following the thermal
conductivity of pure diamond [25]. CNTs also have high thermal stability up to~750 and ~2800

°C in air and vacuum respectively [34,35].

2.2.5. Functionalization of CNTs

Functionalization of CNTs is a deliberate introduction of impurity atoms or molecules into the
lattice of CNTs, either by physisorption or chemical bonding [26]. CNTs are functionalized to
modify their electrical, chemical, physical, and magnetic properties for various applications
[36]. As a result, functionalization could be a route to modify the properties of material towards
the desired application [26]. Attaching or restraining chemical or biological atoms or molecules
onto the surface of CNTs can also give room for biochemical sensors [26,37]. Functionalizing
CNTs with ferromagnetic nanoparticles or the adsorption of oxygen atoms transform their

diamagnetic to ferromagnetic behavior. When CNTs are wrapped into zigzag chirality, they
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act as a semiconducting material and are diamagnetic in nature, although, coating them with
titanium establish their conductivity and magnetization [26]. The two main methods used to
functionalize CNTs are covalent and non-covalent modification [12,36]. Covalent and non-
covalent modification attaches functional groups to the CNTs. The attachment of the functional
group can be on the ends or sidewall [36]. Furthermore, CNTs tend to agglomerate due to their
hydrophobic nature deterring their dispersion in the solvent. To disperse CNTs in a solvent, the
surface needs to be modified to decrease the hydrophobicity and improve the interfacial bond
to other material through chemical attachment [15]. Due to this uniqueness and the possibility
of modifying its surface, CNT becomes promising material for other many technological
applications [22] particularly for nanoelectronics devices [38]. It is mainly of these reasons that

the study is about CNTs.

2.2.5.1. Non-covalent modification of CNTs

Non-covalent functionalization does not disrupt the natural configuration of the CNTs with the
cost of stability [36]. Different techniques were used in carrying out non-covalent
functionalization. These techniques include metal, polymer biological, and Endohedral
functionalization. Metal functionalization involves the use of nanoparticles like Ni, Au, or Ag
to be decorated on the surface of CNTs [30]. Functionalizing CNTs with polymer energizes
the Van Der Waals forces to roll CNTs with polymer chains as seen in Figure 2.5 (D) [39]. The
conjugation of protein and DNA are attached to the wall of CNTs by biological
functionalization (Figure 2.5 (E)) to produce bioactive CNTs for drug carriers and bio-sensing
[30], [40]. Endohedral functionalization is a method whereby molecules are captured within

CNTs by the effect of a capillary tube [39] (Figure 2.5 (E)).
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2.2.5.2. Covalent modification of CNTs

The covalent process is very stable and the sp® hybridization is disrupted due to 6-bond formed.
During mechanical loading and production, the 6-bond formed normally contains defect sites,
which disrupt local bonds [26]. For example, functionalizing CNTs with HNO3 [41-43], H2SO4
/ HNO3 [44-46], H202 / H2SO4 [42,47] induced the formation of C=0O, C—OH and COOH
bonds [48,49], which are connected covalently to the structure of CNTs. Furthermore, the
attachment of nanoparticles (NPs) can also form a covalent bond directly by transforming the
carbon atom from sp? to sp® hybridization. This technique provides a strong covalent bond and
wide destruction which leads to a huge defect [30,39]. The different types of covalent and non-

covalent functionalization are presented in figure 2.5.

Figure 2.5. Possible modification for CNTs: (A) defect modification, (B) wall-side
modification, (C) bio- modification, (D) polymer modification, and (E) endohedral

modification [30].
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2.3. Magnetic CNTs

Elements of the periodic table are classified base on their positive and negative relative
permeability into ferromagnetic, antiferromagnetic, diamagnetic, and paramagnetic materials.
Ferromagnetic materials are iron, cobalt, and nickel with high permeability of 10? to 10°, which
makes magnetic moments in them parallel and equal. In Antiferromagnetic materials, the
reverse is the case whereby their magnetic moments are equal and antiparallel, which produces
nearly zero net magnetization. This only occurs in chromium [27]. Paramagnetic materials are
material (oxygen) with positive and low relative permeability. Diamagnetic materials like
noble gases and carbon are the weakest form of a magnetic material due to their very weak

negative relative permeability.

CNTs are diamagnetic materials, but the attachment of magnetic nanomaterials (MNMs) onto
its surface either by covalent or non-covalent modification makes them a potential material for
magnetic applications. The incorporation of MNM:s to a diamagnetic material with high relative
permeability induce a composite material with transitional magnetic behavior. The attachment
of MNMs is an appropriate way to control and align CNTs when exposed to an external
magnetic field [50,51]. This functionalized (F)CNTs surface also offers different surfaces that
match well with dispersing mediums. The FCNT's surface is used to overwhelm the high
connected electric resistance that occurs owing to their anisotropic behavior. Also, the
functionalization of the CNTs surface improves their mechanical properties by helping with
mechanical load transfer [52]. Due to nature (quasi-one-dimensional) of CNTs, making them
parallel alongside their longitudinal axes are best exploited [53]. Magnetic CNTs are used in
several applications such as biomedical applications [54], phase separation [55], microwave

absorbers [56,57], drug carriers [40,58], and wastewater treatment [59,60].
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2.3.1. Magnetic moment

Modifying CNTs with MNMs can be achieved by utilizing the techniques discussed above.
MNMs are materials that possess magnetic moment which can be used to manipulate CNTs in
several dispersing medium using an external magnetic field. When an electric current is
flowing through a wire it produces a magnetic field (H). The current density (J) is equal to the
curl of the magnetic field (V x H) with a stable electric field [27]. Also, when a current (I) is
introduced into a finite loop of area (A) with angular velocity (®) and charge (q), produces a
magnetic moment (m). Likewise, the electrons in a circular path moving with q = —e, velocity

(v=m % 1), and mass (me) as shown in figure 2.6 produced an orbit m (mo) and orbit [ [27].

m

Figure 2.6. Production of angular momentum (/) and magnetic moment (m) through current

flowing a loop [27].

2.3.2. Magnetic domains

A region in a magnetic material can be regarded as a magnetic domain when the magnetization
is in a homogenous direction. This indicates a single domain where the magnetic moments are
aligned pointing in the same direction. When the material is cooled beyond Curie temperature,

the region is then divided into smaller regions known as multi-domains. These multi-domains

22



Ph.D Thesis Oke James Ayodele; UNISA Physics

are separated by domain walls in which the magnetization in one domain is parallel to the other
or in a different direction [27]. The structure of the magnetic domain determines the magnetic
behavior of the material. The magnetization in each domain can be in different angles and are

categorized into single, 180°, 90° wall domains [61] as displayed in figure 2.7.

a b Cc
Figure 2.7. (a) single-wall domain. (b) 180° wall domain. (c) 90° wall domain [61].

2.3.3. Magnetic-hysteresis (M-H) loop

The magnetization of a material can be determined by using the M-H loop, which shows the
level of magnetization and demagnetization of that material as presented in figure 2.8. When
the magnetic field is applied, the domain walls accelerate in contrary to the crystal defects. This
is to direct the magnetic moment into the crystal axis, which is closely aligned to the direction
of the field. Therefore, making the material a single domain. The single-domain can then be
rotated from the easy direction to a parallel direction by an increase in the strength of the
magnetic field. The magnetization in the material reaches a magnetic saturation (Ms) and the
field applied is been removed, the material still retains its magnetization. This is known as
remanence magnetization (Mr). Furthermore, the retained magnetization needs to be reduced
to zero, which involves the reversal of the process, and the required field needed to do so is
known as a coercive field (Hc) [27]. This mechanism is analogous to the electrical hysteresis

loop. The figure below represents the M-H loop of a magnetic material.
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Figure 2.8. M-H loop of a magnetic material [27].

2.4. Electrical hysteresis loop and memristive behavior

Most CNTs are conducting material in nature but when functionalized with semiconducting
NPs using the methods discussed earlier, its electrical structure can be transformed into a
semiconducting material. It has been confirmed that most types of semiconductor spintronic
systems have memristive behavior [62]. The mechanism is based on a convenient control of
electron spin degree of freedom in nanostructures. If the external voltage (control parameter)
is changed, the tuning of electron spin polarization is deferred because of the relaxation and

diffusion processes, thereby causing hysteresis [63].
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Chapter Three

Experimental
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3.1 Characterization Techniques

The working principle of the equipment used in characterizing the synthesized nanomaterials
utilized for this study has been described in this section. Field emission scanning electron
microscopy (FE-SEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photoemission
spectroscopy (XPS), X-ray absorption near-edge spectroscopy (XANES), current-voltage (I-
V), superconducting quantum interference device (SQUID) and electron spin resonance (ESR)
techniques were used to characterize TiO2, SO2, MWCNTs, MWCNTs:SO2, MWCNTs-TiO2,
and MWCNTs:Ti02:S02 nanomaterials. All characterizations were carried out at room

temperature, except SQUID which was also measured at 40 K.

3.1.1. Field emission-scanning electron spectroscopy (FE-SEM)

FE-SEM spectroscopy is an image characterization method to study a microstructure and
morphology of nanomaterial. FE-SEM utilized a speed of beams to scan through the surface of
a material, as a result, sequences of radiations will be emitted, which is exploited and then form

images [1]. Such radiations emitted are:

1. Characteristic X-rays which arise from the energy difference between two electrons;

2. Secondary electrons less than 50 eV energy ejected from the outer orbital of the atoms
of the sample due to multiple inelastic scattering effects; and

3. Electrons that are scattered backward above 50 eV energy reflected out of the contact

volume of the specimen due to the elastic scattering effect.

The working principle of SEM is shown in figure 3.1 [1].
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Figure 3.1. Schematic working principle of SEM.

FE-SEM supplied by Jeol JEM of model 2100 was used to study the morphology of the

nanomaterial, which operates at a voltage range of 0.5 to 30 kV.

3.1.2. X-ray diffraction (XRD)

XRD is an essential technique which is used to characterize different materials and gives

information about:

1. Crystal structure;
2. Crystalline phases; and

3. Crystallite size.
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XRD depends on the constructive interference of X-ray monochromatic and crystalline
materials. Also, the X-ray monochromatic created in cathode ray tube depends on the
bombardment of energetic electrons and filtered to yield radiation, which is focused on the
material. Constructive interference is produced due to the interaction of the incident rays with
the material, i.e the interaction gives diffracted rays by obeying Bragg’s Law [2] and is given

as:

nA = 2dsin6 (3.1

where n is the reflection number, A is the X-ray wavelength, d is the lattice distance and 9 is

the diffracted angle. Figure 3.2 shows the schematic diagram of Bragg’s Law in XRD [2].

Incident X-rays Diffracted X-rays

2d sinB

Constructive interference when
nA=2d sin@
Bragg’s Law

Figure 3.2. Schematic diagram of the Bragg’s Law in XRD.

Moreover, Scherrer’s equation [3] below was used to calculate the crystallite size of the

nanocomposites materials.
D = kA/Bcos6 (3.2)

where D is the crystallite size, k is ~0.9, A is the wavelength of x-ray (1.54 A), B is the full

width at half maximum and 0 is the Bragg's angle.
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In this work, X-ray diffractometer supplied by Rigaku Smartlab was used to characterize the
samples with XRD technique. The wavelength (1) used was 0.154 nm with Cu Kg-line

radiation.

3.1.3. Raman spectroscopy

Raman spectroscopy is a characterization technique based on the scattering of inelastic
monochromatic light from the laser source which is focused on the sample. There is a transition
in the monochromatic light when interacting with the sample due to the rate of photons in the
laser. The sample absorbed and reemitted these photons from the laser light and gives
information concerning the defect in the sample. When compared with the monochromatic
frequency, there is a shift up or down in the speed of the reemitted photons. This shift is known

as the Raman effect. The rotation and vibration effect also depends on this shift [4].

Raman spectroscopy supplied by Horiba scientific XploRA with Laser light excitation energy

(Eex = 2.41 eV) at 532 nm was used to study the defect in the nanomaterials.

3.1.4. X-ray photoelectron spectroscopy (XPS)

XPS technique is used to examine the elemental composition of a material. Also to determine
the material's chemical and electronic state. The principle of XPS is based on photoelectron
spectroscopy which involves high energy radiation to eject core electrons from a sample [5, 6].
The diagram shown in figure 3.3 provides information on how core electrons are been ejected

from a sample.
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Figure 3.3. Schematic principle of XPS [5].
The kinetic energy used to ejecting the core electrons is given as:
KE = hv-E,- ¢ (3.2)

where KE is the kinetic energy of the electron, /4 is Planck's constant, v is the frequency of the

incident radiation, E» is the binding energy and ¢ is the work function.

The kinetic energy of the ejected electron can also be determined using equation 3.2. XPSisa
powerful tool with monochromatic Al K, radiation possessing excitation energy, hv = 1486.6
eV, and base pressure 1.2 x 10” Torr in which the presence and relative quantities of elements
can be detected in a sample. Afterward, high-resolution scans of the peaks give information
about the state and environment (hybridization, bonding, and functionalities) of atoms in the
sample, which makes it easy to understand the surface structure of the material. Thus, XPS
technique is used to determine the purity of the material. Furthermore, XPS spectra give

evidence of functionalization and can provide insight into the identity of the functional groups.

The core levels C 1s, O 1s, Si 2p, Si 2s, and Ti 2p of the nanomaterials were studied using XPS
KRATOS-SUPRA spectrometer with a base pressure of 1.2 x 10” Torr, monochromatic Al Ka

and radiation possessing excitation energy of hv = 1486.6 eV.
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3.1.5. X-ray absorption near edge structure (XANES) spectroscopy

XANES techniques is an essential tool for characterizing CNTs materials. It gives information
about the local electronic structure of a material in the form of bond hybridization (sp? and sp?).
In XANES spectroscopy, the photon beam exponential decay is measured with a specified
source of energy. The energy source of the photon beam can be increased randomly, which is
a key factor in which the X-ray absorption depends on. An edge is been created due to the
increase in the X-ray absorption of molecules or atoms. As the photon beam passes through the
material their energy is been measured [7]. This principle is based on Beer’s law and the photon

beam passing through the sample is given as:
I =1,e=*P (3.3)

where /I, is the incident photon intensity, x is the absorption coefficient and D is the component

concentrations in the material. The symmetry crystalline solid for p value is calculated using:

1vn

p=sTk o (34)
where V' 1s the unit cell volume, o; is the absorption cross-section and it is related to unit cell

and n elements. o; is in the order of 1IMbarn = 10~8cm? [7].

The XANES of the nanocomposites materials were investigated using Taiwan Light Source

(TLS) to study their electronic structures.

3.1.6. Current-voltage (I-V) characteristic

I-V technique is an essential tool to determine the electrical properties and conductivity of a
material. Metals are known to be conducting materials due to the fact that the interacting force
among electrons in them is very strong. This strong interaction results in the elimination of the
forbidden gap, which allows the easy flow of free electrons from the valence to conduction

band when heat or electric current is been introduced. Therefore, the electrical conductivity of
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a material depends on the easy flow and numbers of free electrons that can move to the

conduction band [8].

The I-V curves below are examples of the conducting and semiconducting structure of a

material.

Current
=

Voltage)-

Figure 3.4. Schematic diagram of a conducting I-V curve

A typical I-V curve has current flowing in a positive and negative path (forward and reverse
biased) with a voltage in the same direction. From figure 3.4, the curve cutting across the
positive and negative path, indicating a linear curve and ohmic behavior. From the curve, the
relationship between current and voltage can be written as 1/R, which is known as a constant

slope.

Current

Forward
Current
Breakdown
Voltage, Vz
ot e e — ——
Leakage Current Voltage
Avalanche

Current

—+—— Reverse Voltage

Figure 3.5. Schematic diagram of a semiconducting I-V curve
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A semiconducting [-V curve is non-ohmic and nonlinear in nature as depicted in figure 3.5.
From the figure, the current flowing through the positive path increases constantly until the
positive voltage reaches an internal voltage barrier limit and thereby forming a nonlinear curve.
On the other hand, the reverse-biased act as a diode. In the reverse-biased, there is a leakage
current, which is as a result of the generation of a diode blocking the flow of current. As this
process continues, the negative voltage becomes higher than the breakdown voltage. This result
in the superposition of the voltage breakdown and diode voltage provides a rapid increase in
the development of reverse current.

In this study, the electrical conductivity of the nanomaterials was studied using silver paste as
a conducting electrode and measured using Keithley 6487 with voltage sweep in the range of -

1 to 1 and steps of 0.01 V.

3.1.7. Superconducting quantum interference device (SQUID)

The magnetic behavior of a material can be measured using a superconducting quantum
interference device (SQUID). Though, the transition in magnetic fluxes of material in extreme
cases can be measured using this technique. Also, the technique is used in measuring the
magnetic properties of a material at a wide range of temperatures, which gives information

concerning the zero-field cooling (ZFC) and field cooling (FC) of the material.

SQUID type magnetometer with sensitivity less than 5 x 10 emu was used to measure the

magnetic properties of the studied nanomaterials at 40 K and 300 K.

3.1.8. Electron spin resonance (ESR)

ESR is a technique used in investigating samples with unpaired electrons and it is based on the
photon energy absorbed or emitted by the unpaired electrons in the material when subjected to

a magnetic field. When a material is inserted into the ESR system, microwaves and static
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magnetic field were two key factors used in observing the behavior of the unpaired electrons
in the studied material. The behavioral study of the electrons in the material provides
information concerning the condition of the material. Figure 3.6 shows the schematic diagram

of ESR process

In this work, ESR supplied by Bruker EMX at 9.45 GHz was used to study the defect arising

from ferromagnetism in the nanomaterials.

e S
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Microwaves ————_

/ N

Magnet

Figure 3.6. Schematic diagram of ESR process.
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Chapter Four

Electronic, Electrical and Magnetic Behavioural change of SiO--

NPs Decorated MWCNTSs
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4.1. Introduction

Carbon nanotubes (CNTs) such as single-wall carbon nanotubes (SWCNTs) and multiwall
carbon nanotubes (MWCNTSs) are man-made carbon allotrope which is consist of sp?
hybridized carbon atoms. After the discovery of CNTs by lijima in 1991 [1], different
techniques (arc discharge, laser ablation, and chemical vapor deposition (CVD)) [2] have been
used to synthesize CNTs. CVD is the most used technique in synthesizing CNTs on a large
scale in the presence of a catalyst, which has the degree of control over length, diameter, and
morphology. SWCNTs are graphene sheet rolled into a cylindrical shape and MWCNTs are

multiple SWCNTs nested into the other.

MWCNTs have been a material of focus due to their unique properties (electrical, thermal, and
mechanical strength) and has been known for future potential applications in electronic,
electrical, optical, and magnetic devices [3], depending on their structure and the form in which
they are applied. An increased non-linearity current-voltage (I-V) relationship was displayed
by different MWCNTs when connected under gold electrodes. On the other hand, nearly
decreased if the contact was placed at the top of the inscribed CNTs. CNTs also demonstrated
a promising application in electrochemical sensing due to their electrochemical stability, large
surface area, and rapid electron transfer [4]. Despite the uniqueness of CNTs, there is still a
need to transform its electronic, electrical, and magnetic properties to be tailored towards
different applications. Efforts have been made to transform their properties, an example is a

nitrogen and boron been introduced into the matrix of MWCNTs [5].

Silicon (Si) was used to functionalized MWCNTs in this research due to its high reactive centre
which made the enhancement of their properties possible compared to boron and nitrogen. This
possibility could give room to novel electronic, electrical, and magnetic nano-device

applications. It was proven theoretically that the sp® bond formed when Si is incorporated into
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CNTs relaxed outward [6]. The formation of sp® bond in the CNTs matrix is expected to
transform and enhance its electrical/electronic/magnetic behavior. Also, there are formation of
dangling bonds due to the chemical absorption of Si on the CNTs surface, which enables the
modification into a changed material. From the theoretical calculation of important theory, it
was observed that Si-doped CNTs behaved as a binding site for more functionalization of CNTs
with exceptional contact of several nanoparticles [7]. Silicon displayed an important role in
modifying the host structure compared to several elements of group IV due to its larger size.
On Si doping, the distinct energy level increases in the forbidden gap and thus reducing the
mobility of Si due to defect scattering. CNTs mobility has a minute negative effect when doped
with Si owing to the strong contact between carbon (C) and Si atoms. Therefore, the
arrangement of atoms and sp® formation in MWCNTSs:SiO2 structure was studied using

different techniques.

4.2. Methodology

4.2.1 Preparation of MWCNTSs

Spray pyrolysis [8] technique was used to synthesize MWCNTs. In this process, a mixture of
Fe(CsHs)z (ferrocene-catalyst) and C7Hs (toluene-carbon source) were prepared. Thereafter,
the mixture was atomized and fed into a quartz tube, which acts as a substrate in a horizontal
hot-wall reactor at 850°C-900°C. The argon flow was sustained for almost 40 minutes for the
completion of the growth of MWCNTs. Furthermore, the MWCNTSs were purified using the
mixture of nitric and hydrochloric acid in the ratio of 1:1 and was stirred for 90 minutes. The

MWCNTs were filtered and washed with distilled water to remove any waste from the acids.
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4.2.2 Preparation of SiO2 and MWCNTs:Si nanocomposites

The thermal decomposition method [9] was adopted to synthesize Si-NPs. The process involves
the thermal decomposition of chloro(dimethyl) octadecylsilane in a 1,3,5-trimethyl benzene
solvent at ~140 °C. Chloro(dimethyl) octadecylsilane was used due to its uniqueness under
low-temperature degradation compared to octadecylsilane which requires a high-temperature
degradation of greater than 200 °C and trichlorovinylsilane which evaporate at low-temperature
degradation greater than 90 °C due to lower boiling points. The synthesis was carried out in an
open atmosphere, which makes the oxidation of Si-NPs possible. Si02 and MWCNTs were
used at different concentrations of Si-1.5 at % and Si-5.75 at %, which were suspended in
toluene at >100°C and MWCNTs:SiO2 nanocomposites were obtained. The samples were

dropped cast on a silicon wafer and were left to dry for several hours.

4.2.3 Characterization

Different techniques were utilized to characterize SiO2, MWCNTs, and MWCNTs:Si
nanocomposites. The different techniques are Field emission scanning electron microscopy
(FE-SEM) (Jeol JEM 2100) with Energy-dispersive X-ray spectroscopy (EDS) for the study of
morphology and chemical impurities, X-ray diffraction (XRD) (Rigaku Smartlab X-ray
diffractometer and wavelength (A) of 0.154 nm with Cu Kq-line radiation) for the study of
crystalline structure, Raman spectroscopy (Horiba scientific XploRA with laser light excitation
energy (Eex = 2.41 eV) at 532 nm) for the study of the degree of graphitization, X-ray
photoemission spectroscopy (XPS) (KRATOS-SUPRA spectrometer with a base pressure of
1.2 x 10 Torr, monochromatic Al K. and radiation possessing excitation energy of hv = 1486.6
eV) and X-ray absorption near-edge spectroscopy (XANES) (carried out at Taiwan Light
Source (TLS), Hsinchu, Taiwan) for the study of electronic and chemical bonding properties.

The current-voltage (I-V) was measured using Keithley 6487 with voltage sweep ranging from
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-1to 1 for the study of electrical behavior. Silver paste was used to necessitate contacts between
the sample and electrical test probes. The stability of the contact was confirmed by the
continuity of the acquired I-V trends. A superconducting quantum interference device
(SQUID) (magnetometer with a sensitivity of <5 x 10) magnetometer was used to obtain the
hysteresis loop and the field-dependent magnetization. The electron spin resonance (ESR)
(Bruker EMX spectrometer at 9.45 GHz) of the samples were also measured for the
concentration of electron spin. All characterizations were carried out at room temperature,

except SQUID which was also measured at 40 K.

4.3. Result and discussion

4.3.1. Field emission-scanning electron microscopy (FE-SEM)

The FE-SEM images of SiO2, MWCNTs, and MWCNTs:Si nano-composites are shown in
figure 4.1 (a, b and c). (a) shows the morphology of SiO2 in a spherical image. (b) shows a
usual tube-like image. In (c), MWCNTs show a rough surface that confirms the deposition and
no agglomeration of SiOz. It can also be seen from the figure that SiO2-NPs are well-dispersed
and bounded to the surface of MWCNTs. The attachment and anchoring of SiOz to the surface
of MWCNTs is important for the variation of the electrical conductivity of MWCNTs. This
variation of conductivity is shown later in the text. The EDS spectrum of MWCNTs:Si
nanocomposites is presented in figure 3 (d). Carbon (C), oxygen (O), and silicon (Si) peaks
were observed without any impurity. The O peak observed could be from the MWCNTs O-

functional group.
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Figure 4.1. (a, b and ¢) SEM images for Si02, MWCNTs, and MWCNTs:Si nanocomposites.

(d) EDS spectra for MWCNTs:Si nanocomposites.

4.3.2. X-Ray Diffraction (XRD) Patterns

The crystal structure of MWCNTs, SiO2, and MWCNTs:Si nanocomposites are identified by
XRD patterns. Figure 4.2 shows the XRD patterns of SiO2, MWCNTs, and MWCNTs
functionalized with different concentrations (~1.5 and ~5.75 at %) of SiO2. A broad diffraction
peak 20 is observed at approximately 25.9° corresponding to a plane (002) of graphitic carbon.
Other peaks 20 are observed at 43.6° and 53.6° corresponding to planes (100) and (004),
respectively for MWCNTSs (JCPD 75-1621) [11]. In the same Figure, SiO2 shows a broad peak
with low intensity at 22.7° indicating the crystalline phase of SiO2 [10,12]. Another peak at 7°
assigned to Si (111) [13]. MWCNTs functionalized with 1.5 at % of SiO2 show the same peaks
as MWCNTs with additional peak 20 at 78.1° assigned to (110) plane, indicating that the
structure of MWCNTs was not destroyed. MWCNTs functionalized with ~5.75 at % of SiO2
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shows two peaks 26 at 7° and at 21.6° which is of very low intensity towards low 20 degree.
The observed carbon planes in the pattern of MWCNTSs functionalized with ~1.5 at % of SiO2,
which may be due to lower concentration of SiO2 in MWCNTSs suspension. These changes
were not observed with the higher concentration of SiO2, indicating that the increased

concentration of SiO2 has impacted the crystal structure of MWCNTs.

XRD

(002)

== MWCNTS

e MWCNTS:Si (1.5 at %)
MWCNTS:Si (5.75 at %)

— Si02

Intensity (arb. unit)

10 20 30 40 50 60 70 80 90
20 degree

Figure 4.2. XRD pattern for SiO2, MWCNTs, and MWCNTs:Si nanocomposites.

The scherrer’s equation (D = kA/Bcos0) [14] described in chapter three was used in calculating
the crystallite sizes of the unfunctionalized and functionalized nanomaterials. The crystallite

size of MWCNTs was calculated to be 2.84 nm. This value decreases to 2.58 nm for
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MWCNTs:Si with 1.5 at % and increases to 5.15 nm for MWCNTs:Si with 5.75 at %. The

variation in the crystallite size may be due to the formation of sp* hybridization in MWCNTs

[6].

4.3.3. Raman spectroscopy

Raman spectroscopy provides knowledge about the degree of hybridization, crystal disorder,
and ordered structure. The Raman spectrum of SiO2, MWCNTs, and MWCNTs functionalized
with different concentrations (~1.5 at % and ~5.75 at %) of SiO2 are shown in figure 4.3. (a)
shows first and second-order silicon peaks (Si1 and Si2) at 520 cm™ and 1036 cm™ which
indicates the absence of carbon material in the sample. (b) consist of four peaks comprises of
the D mode, G mode, 2D mode, and D+G mode [15]. The D (disordered) and G (ordered) mode
in the graphitic structure. The 2D and D+G mode occurred due to an implication of D mode
from second-order vibration and combined vibrational process of the D and G mode,
respectively. The D, G, 2D and D+G peaks are observed at 1340 cm™!, 1579 cm’!, 2675 cm’!
and 2929 cm™! [15], respectively for MWCNTSs. These peaks were also observed in (c) and (d),
an additional second-order silicon peak (Siz) was observed in (d) at 1063 cm™, which was due
to a high concentration of SiO2 used in functionalizing MWCNTs. Whereas, (c) did not show
any silicon peak due to the low content of silicon in the nano-composite. It was also observed
that the D and G peaks for MWCNTSs:Si with ~5.75 at % of SiO: shift towards lower
wavenumber (see Table 4.1). A peak was also observed at 1460 cm™ corresponding to D' peak
was due to phonon restrictions among the graphitic walls [16,17]. The observed change in the

structure indicates that SiO2 has impacted the structure of MWCNTs.
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Figure 4.3. Raman spectra for S102, MWCNTs, and MWCNTs:Si nanocomposites.

In order to identify the peaks height to determine the intensity ratios (In/Ig) of MWCNTSs and
MWCNTs:Si nano-composites, we have de-convoluted their Raman spectra with multiple
Gaussian fits and are presented in figure 4.4. Their peak positions (x), intensities (Int.) and

width (Aw) are also presented in Table 4.1.
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Figure 4.4. De-convolution Raman spectra for MWCNTs and MWCNTs:Si nanocomposites.

The Ip/Ic ratios were calculated from the intensity of D and G peaks and were used to evaluate
the degree of sp* and sp? hybridizations. The values are presented in Table 1. The Ip/IG ratio
increase slightly from 1.24 for MWCNTs to 1.25 for MWCNTs:Si with ~1.5 at % and then
decreases to 0.94 for MWCNTSs:Si with ~5.75 at %. The values obtained from the Ip/Ig ratios
1.25 and 0.94 is an indication of increase and decrease in defect structure, which means that
there is a conversion of carbon atoms leading to an increase in sp> hybridization. The Ip/Ig
ratios can also be confirmed from the width of D and G mode, the larger the width, the more

increase in sp? hybridization and vice versa.
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Table 4.1: Different parameters obtained from the deconvolution of Raman spectra for

MWCNTs and MWCNTs:Si nanocomposites.

1% order vibration D peaks G peaks D’ peaks
Raman  spectra Int. X A® Int. | x Ao |Int. | Xx A®
materials (auw) |(em™M)| (em™) | (auw.) | (em™)| (cm™)| (a.w.) | (em™) | (cm™)
MWCNTs 2.1 1343 | 92 1.6 1574 | 82 - -- -
MWCNTs:Si - (1.5 3.9 1336 | 91 2.6 1573 | 77 -- -- --
at %)

MWCNTs:Si (5.75 | 2.8 1298 | 18 3.8 1439 | 23 2.4 1460 | 24
at %)

2" order vibration 2D peaks D+G peaks 2G peaks /2D’ peaks
Raman spectra of

materials

MWCNTs 0.7 2679 | 118 0.5 |[2888 150 |-- -- --
MWCNTs:Si (1.5 1.4 2673 | 116 0.7 (2900 | 138 | -- -- -
at %)

MWCNTs:Si (5.75 | 1.5 2727 | 38 14.2 | 2924 | 43 12.3 | 2850 | 16
at %) 29.9 | 2873 |30

4.3.4. X-ray photoelectron spectroscopy (XPS)

The electronic structure, chemical bonding, and quantification of SiO2, MWCNTs, and
MWCNTs:Si nanocomposites were examined using XPS. Table 4.2 reveal each content of Si,

C and O present in various material (Si02, MWCNTs, and MWCNTs:Si nanocomposites).
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Table 4.2: XPS quantificational analysis of silicon (Si), carbon (C) and oxygen (O)

Nanomaterials XPS quantificational analysis
Siat % Cat% O at %
SiO2 36.40 - 63.60
MWCNTs - 98.37 01.63
MWCNTs:Si (1.5) 1.50 94.00 4.50
MWCNTs:Si (5.75) 5.75 85.00 9.25

The full XPS spectrum is presented in figure 3.5 with several peaks of index C 1s, O 1s, Si 2p,
and Si 2s configurations. These peaks were extracted and de-convoluted with Gaussian fits in

order to examine their peak positions which gives information about the bonding properties.

XPS Cls
MWCNTs O1s
(a)
Si02
O KLL i
si 2501 2P
L\ 1l

(b)

MWCNTs:Si (1.5 at %)

(©
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@
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Figure 4.5. XPS spectra for Si02, MWCNTs, and MWCNTs:Si nanocomposites.
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Figure 4.6 (a and b), 4.7 (a and b) and 4.8 (a and b) shows the de-convolutions of C 1s and O
Is for MWCNTs, MWCNTs:Si with ~1.5 at % and MWCNTs:Si with ~5.75 at %, respectively
and Si 2p and Si 2s for SiO2. Their peak positions (x) and intensities (Int.) are presented in
Table 4.3. The C 1s configuration for MWCNTs was located at 283.4 eV/284.1 eV and 289.9
eV corresponding to C=C and C-O chemical bonding, respectively. The O 1s configuration
was de-convoluted into two peaks at 530.4 eV and 532.1 eV, which are signatures of C=0 and
C-O[18], respectively. This bonding indicates that MWCNTs are more of carbon atoms. Figure
4.6 (c and d), 4.7 (c and d) and 4.8 (c and d) show the de-convolution of Si 2p and Si 2s for
Si02, MWCNTs:Si with ~1.5 at % and MWCNTs:Si with ~5.75 at %, respectively. Si 2p and
Si 2s configurations for SiO2 were de-convoluted into two and three peaks, respectively. These
peaks were observed at 100.7 eV, 101.1 eV and 150.1 to 153.1 eV corresponding to Si 2ps3/2,

Si 2p12 [19] and Si-Si bond [20], respectively.
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Figure 4.6. De-convolution of Cls and Ols XPS spectra for MWCNTs.
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From figure 4.7 (a), the C Is configuration is de-convoluted into three peaks located at 284.4
eV (C=C), 285.3 eV (Si-C-0) and 291.0 eV (-COOH). It was observed that these peaks shift
towards high binding energy, thereby forming a defect peak (285.3 eV) [21]. This means that
there is a structural change in the electronic behavior of MWCNTs:Si with ~1.5 at %. In figure
4.8 (a), the C 1s configuration was de-convoluted into two peaks at 281.7 eV and 282.1 eV
corresponding to C-Si bond [22], which is an indication of the strong formation of MWCNTs:Si
nanocomposites. The O 1s configuration of MWCNTSs:Si nanocomposites were shown in
figure 4.7 (b) and 4.8 (b) and were de-convoluted into two Gaussian peaks corresponding to

O-C and O-Si bond [28].
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Figure 4.7. De-convolution of Cls, Ols, Si 2s and Si 2p XPS spectra for MWCNTs

functionalized with 1.5 at % concentration of SiOx.
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Figure 4.8. De-convolution of Cls, Ols, Si 2s and Si 2p XPS spectra for MWCNTSs

functionalized with 5.75 at % concentration of SiOxz.

Figure 4.7 (¢ and d) and 4.8 (¢ and d) show the Si 2s and 2p spectra of MWCNTs:Si
nanocomposites. These peaks were decomposed into two and three Gaussian peaks for Si 2p
and Si 2s respectively as shown in the figures. However, these peaks are also observed in SiO2
as discussed earlier. From figure 4.8 (c and d), the decomposed peaks are observed from 100.8
eV to 102.9 eV which are assigned to Si-C or Si-C-O and the peak at 103.0 corresponds to Si-
O. In the case of figure 4.7 (c and d), the peaks ranging from 150.1 to 153.0 eV are Si-Si bond,
and other peaks greater than 153.0 eV are Si-O bond [20]. From the results discussed earlier,
it is obvious that there is a significant change in the bonding structures of MWCNTs:Si

nanocomposites. Also, the de-convoluted XPS spectra of MWCNTSs:Si nanocomposites
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confirmed the decrease in sp’ to an increase in sp> cluster as observed from Raman

spectroscopy.

Table 4.3: C 1s, O s, Si 2p and Si 2s XPS parameters obtained from the de-convoluted of

Si02, MWCNTs, MWCNTs:Si nanocomposites

Nanomaterials C 1s XPS O 1s XPS
Peak 1 Peak II Peak 111 Peak | Peak 11
Int. | x1 Int. | x2 Int. | X3 Int. | x1 Int. | x2

eV) | (au) [ (eV) | (au.) | (eV) | (au.) | (V) | (au) | (eV) | (au.)
MWCNTs 48.7 | 283.5 | 25.0 | 284.3 | 26.3 | 288.8 | 60.6 | 530.5 | 39.4 | 531.9
MWCNTs:Si | 49.4 | 284.4 | 24.7 | 285.3 | 25.8 | 289.5 | 56.2 | 531.5 | 43.8 | 533.0
(1.5 at %)
MWCNTs:Si | 87.8 | 281.8 | 12.2 | 282.4 | -- -- 67.6 | 529.2 | 32.4 | 529.8
(5.75 at %)

Si 25 XPS Si 2p XPS
SiO2 375 [ 150.7 | 389 | 151.9 | 259 [ 153.1 | 7241 | 101.2 | 7689 [ 100.8
MWCNTSs:Si | 270 | 151.6 | 588 | 154.1 | 142 | 156.3 | 28.0 | 100.4 | 72.0 | 103.0
(1.5 at %)
MWCNTSs:Si | 231 | 148.6 | 1224 | 150.6 | 851 | 151.6 | 60.0 | 99.4 | 40.0 | 100.2
(5.75 at %)

4.3.5. X-ray absorption near edge structure (XANES) spectroscopy

Figure 4.9, 4.10, and 4.11 show XANES spectrums of normalized C K-edge, O K-edge, and Si
L3»-edge for MWCNTs, MWCNTSs:Si nanocomposites and SiO2. From figure 4.9, the C K-
edge spectra display two features 7* and o*. The 7* and ¢* features correspond to sp? and sp*
configurations and were located at 286.2 and 293.5 eV, respectively [23,24]. Figure 4.9 also
shows an inset which is a Gaussian subtraction of 7* region ranging from 283.5 to 289 eV. The

inset reveals two features of 7* at 286.2 (sp> C-C bond) and 287.6 eV (C-H / Si-C(:H) / Si-
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C(:0) bond [25] for MWCNTs and MWCNTs with Si ~1.5 at %, but shift slightly towards high
photon energy for MWCNTs with Si ~5.75 at %. It was observed that the intensity of z*
increases for MWCNTs with Si ~1.5 at % and decreases for MWCNTs with Si ~5.75 when
compared to MWCNTs. The spectra difference between pristine MWCNTs and MWCNTs:Si
nanocomposites gives a clear understanding of the effects of SiO2 in MWCNTs. These indicate
the effect of Si-C(:O) and/or Si-C(:H) bonding on the electronic structure of MWCNTSs:Si
nanocomposites. The spectra difference also indicates an increase and decrease in the number
of unoccupied near-edge C 2p derived states in MWCNTSs with Si ~1.5 at % and MWCNTSs
with Si content ~5.75 at %, respectively. Also, it can be said that the variation in their intensities
as displayed by the inset corresponds to the variation in the Ip/I ratio as observed from the

Raman spectra of the nanomaterials.

C K-edge

X

MWCNTs:Si (5.75 at %)

MWCNTs:Si (1.5 at %)

MWCNTSs

0.12f
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Figure 4.9. C K-edge XANES spectra of MWCNTs and MWCNTs:Si nanocomposites.
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Figure 4.10. O K-edge XANES spectra of MWCNTs and MWCNTs:Si nanocomposites.

The XANES normalized O K-edge spectra of MWCNTs and MWCNTs:Si nanocomposites are
presented in figure 4.10. The spectrum displays n* and o* features as seen in C K-edge at
528.6/531.1 eV and 538-547 eV corresponding to transitions from C=0O (carboxylic) and C-
O/O-H (hydroxyl) groups [26]. Peaks (double structure) are also found at 533.8 and 535.1 eV
corresponding to the physical absorption of O2, which may occur throughout preparation [27]
as shown in each spectrum. The double structure was due to the use of chemicals during the
synthesis of MWCNTs and MWCNTs:Si nanocomposites. The O K-edge of MWCNTs:Si
nanocomposites shifted 0.4 eV towards low photon energy compared to MWCNTs. This shift
implies the relationship between Si, C, and O in MWCNTs. The double peaks at 533.7 and
535.1 eV are denoted to f2¢ and eg Si d states [27]. Considering the inset in figure 4.10, an
increase and decrease in intensity of n* were observed which correspond to increase and
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decrease in O vacancies for MWCNTs:Si nanocomposites with Si content of ~1.5 at % and
~5.75 at %, respectively when compared to that of MWCNTSs. The coupling among O 2p and

Si 3p states may result in the change in the intensity of MWCNTs:Si nanocomposites.

Si L, -edge

Normalized Intensity (arb unit)

0.00

102 105 108

100 105 110 115 120 125

Photon Energy (eV)

Figure 4.11. Si L3 2-edge XANES spectra of Si0O2 and MWCNTs:Si nanocomposites.

Figure 4.11 demonstrates the normalized XANES Si Ls»-edge spectrums of SiO2 and
MWCNTs:Si nanocomposites. The spectra show two structures A and B for each of SiO2 and
MWCNTs:Si nanocomposites and are separated by 2.0 eV. Structure A exhibits two features
that are also confirmed by the inset as seen in the figure. These features appear as a spin-orbit
doublet and are observed at 104 and 105 eV corresponding to the alterations of Si 2p32 and
2p112 core states, respectively to Si 3s derived states [27] with separation of 1.0 eV. Structure

B allowed the alteration of 2p to 3p corresponding to Si 3d or 3s derived states [27-29]. The
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inset in the figure shows a slight shift and variation in the intensities of MWCNTs:Si
nanocomposites, indicate a change of electronic structure and formation of the amorphous

phase is possible for SiO2 in MWCNTs.

4.3.6. Current-voltage (I-V) measurement

Figures 4.12 to 4.13 shows the current-voltage (I-V) curves of SiO2, MWCNTs, and
MWCNTs:Si nanocomposites. The I-V of these samples were measured at room temperature
ranging from -1 to +1 V. From the figures, SiO2, MWCNTs, and MWCNTs with Si ~1.5 at %
displayed an insulating and conducting behavior. The I-V curve of MWCNTs with Si ~5.75 at
% nanocomposites shows that the materials are semiconducting in nature. It was also observed
that the electrical conductivity of MWCNTs with Si ~1.5 at % is higher than that of MWCNTs
and MWCNTs with Si ~5.75 at %. The electrical conductivity of MWCNTs with Si ~1.5 at %
and MWCNTs with Si ~5.75 at % increases and decreases, respectively when compared with
that of MWCNTs. The variation in the conductivity of the nanocomposites was as a result of
the formation of a dangling bond in MWCNTs. The dangling bond builds up a separation
between the energy levels in the band gap of the nanocomposites structure. The separation
between the energy levels (hopping distances) may change constantly with a change in input
voltage. Hence, the higher the hopping distances the lesser the charge carrier which is
analogous to a minute flow of current. On the other hand, smaller hopping distance corresponds

to the maximum current.
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Figure 4.13. I-V curve for MWCNTs functionalized with 1.5 and 5.75 at % concentration of

SiOa.
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The 1I-V log plot of Si02, MWCNTs, and MWCNTs:Si nanocomposites were depicted in
figures 4.14 and 4.15. It was observed that the I-V log plot of MWCNTs with Si ~5.75 at %
shows a considerable hysteresis loop when compared to that of SiO2, MWCNTs, and
MWCNTs with Si ~1.5 at %. The observed loop indicates a charge storage capability and
ferroelectric behavior of the nanocomposite compared to that of SiO2, MWCNTs, and
MWCNTs with Si ~1.5 at % with no hysteresis loop. Considering figure 4.15, the hysteresis
loop of MWCNTs with Si ~5.75 at % implies semiconducting material than MWCNTs with Si
~1.5 at %. Comparing the cycles of Si ~5.75 at %, it was also observed that there is a variation
in one loop region to the other, indicating a Coulombic blockade/ recombination of holes and
electrons, which is in agreement with a single electron silicon transistor. Based on this fact,

MWCNTs:Si nanocomposites may be useful for ferroelectric devices.
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Figure 4.14. I-V log plot for SiO2and MWCNTs.
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Figure 4.15. I-V log plot for MWCNTs functionalized with 1.5 and 5.75 at % concentration of

Si0a.

4.3.7. M-H loop and temperature-dependent magnetization measurement

The magnetic properties of SiO2, MWCNTs, and MWCNTs:Si nanocomposites were measured
using a superconducting quantum interface device (SQUID) under room temperature of 300 K
and temperature of 40 K, and the M-H curves are shown in figure 4.16 (a). The values obtained
from this measurement were also presented in Table 4.4. From figure 4.16 (a (i and ii)), SiO2
and MWCNTs show a paramagnetic and ferromagnetic behavior, respectively. Considering
figure 4.16 (a (iii and iv)), it is observed that the magnetization for MWCNTs with Si ~1.5 at
% slightly increases, whereas decreases drastically for MWCNTs with Si ~5.75 at % when
compared to that of MWCNTs in figure 4.16 (a (1)), thus Si ~5.75 at % loses its ferromagnetic

behavior. The decrease in magnetization is attributed to tetrahedral Si-C bonding formation,
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indicating a strong interaction between MWCNTs and SiOz [20]. This interaction led to an
increase in sp® hybridization [20]. In reference to XPS spectra, the formation of Si-C-O (defect
structure) and -COOH/C-O bonding was observed and can be attributed to the slight increase
in the magnetization of MWCNTs with Si ~1.5 at %. The formation of these bonds was a result
of an oxygen functional group, which produce a positive center to capture an electron in a
restricted form [30,31]. The restricted electron retain magnetic moment which contributed to
the enhanced magnetization in MWCNTs with Si ~1.5 percent. These results also correspond

to the observations in C K-edge and O K-edge XANES spectroscopy.
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Figure 4.16. (a) Comparison of M-H loop for SiO2, MWCNTs, and MWCNTs:Si
nanocomposites at different temperatures. (b) Field cooling (FC) and zero-field cooling (ZFC)

for Si02, MWCNTs, and MWCNTs:Si nanocomposites.
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In order to have an in-depth understanding of magnetic properties, we have measured the field
cooling (FC) and zero-field cooling (ZFC) magnetization of SiO2, MWCNTs, and
MWCNTs:Si nanocomposites. Figure 4.16 (b) shows the temperature dependence FC and ZFC
of each material with an applied field of 500 Oe. From figure 4.16 (b (ii and iii)), a
ferromagnetic behavior is observed with an increase in the magnetic moment of MWCNTs
with Si ~1.5 at % compare to MWCNTs. FC and ZFC have confirmed the ferromagnetic
behavior of MWCNTs and MWCNTs with Si ~1.5 at %, which is analogous to the trend of the

M-H loop.

Table 4.4: Parameters obtained from M-H loops [Retentivity (Mr) Coercivity (Hc), Magnetic

and Saturation (Ms),] measured at 40 K and 300 K for SiO2, MWCNTs, MWCNTs:Si

nanocomposites
Materials 40K 300 K
Mr Hc Ms Mr Hc Ms
Si02 43 x 10* 515 |0.0057 [ 36.0x 10*| 379 | 49x10*
MWCNTs 73x 10 813 | 0.019 |25.0x10*| 112 | 140x10*
MWCNT:Si (1.5 at %) 76 x 104 689 | 0.022 [23.0x10*| 123 | 130x10*
MWCNT:Si (5.75 at %) | 0.071x 10* | 357 - 0.2x10* 60 --

4.3.8. Electron spin resonance (ESR)

Also, to understand the defect arising from ferromagnetism in SiO2, MWCNTs, and
MWCNTs:Si nanocomposites, a room temperature electron spin resonance (ESR) has been put
into consideration and are plotted in figure 4.17. A sharp microwave signal is observed for all
spectral. The values estimated from ESR are tabulated in table 4.5. These signals are observed
at high and low fields ranging from 3200 G to 1700 G, respectively. The ESR signal (line width

(AH)) changes from 203 to 367, 190 to 433, 117 to 711, and 148 to 1284 in the low and high
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field for Si02, MWCNTs, MWCNTs with Si ~1.5 and ~5.75 at % respectively. The Landé
gfactor (g-value) and Ag/g values vary with the percentage of SiO2 in MWCNTs:Si
nanocomposites. We observed a AH with active g value more than 4.0 and 2.0 at a low and
high field in ESR of MWCNTSs with Si ~1.5 and ~5.75 at %, respectively, which implies a
magnetic stage in MWCNTs [32]. The increase in AH with active g value above 2.0 may be
due to a shift in the resonance field (Hr) towards the lower field, indicating a broad AH has
overlapped the resonance line of an unpaired electron trapped within an oxygen vacancy. The
related effect has been reported by Majchrzycki et al. [33]. Pasy = (1- hv/hi) [34] was used to
calculate the asymmetric factor (Pasy), where hu and hi are the peak height (upper and lower)
from the zero lines. From the values calculated, we observed that an increase in SiO2 content
in MWCNTs:Si nanocomposite led to a gradual increase of Pasy and are presented in Table 4.5.
The gradual increase of Pasy led to a very high magnetic anisotropy in MWCNTs:Si

nanocomposites.
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Figure 4.17. ESR spectra for Si02, MWCNTs, and MWCNTs:Si nanocomposites.

The whole quantity of spin was assessed using: N = 0.285 x Iy- x (AH)? [35] to confirm the
magnetization in MWCNTs:Si nanocomposites as observed in M-H loop, where N is the total
spin, Ipp is the peak-to-peak height of signal and AH is the Gauss line width. Base on the
assessment of N, a higher N value was observed in MWCNTs with Si ~1.5 at % compare to
MWCNTs and MWCNTs with Si ~5.75 at % which led to the higher value of magnetization
in MWCNTs with Si ~1.5 at %. In reference to ESR result, MWCNTs with Si ~1.5 at % can

retain magnetism like pristine MWCNTs.
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Table 4.5: Parameters obtained from ESR of Si02, MWCNTs, MWCNTs:Si nanocomposites

at 300 K
Nanomaterials |  g- value AH H: Ag/g N Pasy
High | Low | High | Low | High | Low
field | field | field | field | field | field
SiO2 2.08 | 4.03 | 367 | 203 | 3243 | 1673 | 0.0375 | 3.67 x 10® | 0.32
MWCNTs 2.04 | 4.17 | 433 | 190 | 3298 | 1680 | 0.0182 | 6.11 x 10% | 0.23

MWCNTs:Si | 2.11 | 429 | 711 117 | 3198 | 1572 | 0.0511 | 7.54x10° | 0.24
(1.5 at %)
MWCNTs:Si | 2.04 | 4.11 | 1284 | 148 | 3303 | 1616 | 0.0182 | 3.65 x 10° | 0.56
(5.75 at %)

The magnetic and electrical behavior are related due to the fact that their properties changes
based on the mobility of free electrons among the atoms. The non-restricted electrons were
able to move freely to the conduction band from the valence band, which contributed to the
enhanced electrical conductivity [36]. The magnetism in a material can also be attributed to the
non-restricted electrons not captured by the positive center [37]. Moreover, the exchange
interactions between atoms can be enhanced by the non-restricted electrons, thereby improving

the ferromagnetism in MWNCTs:Si nanocomposite [37,38].

4.4. Conclusion

Si02, MWCNTs, and MWCNTs:Si nanocomposites were synthesized and their electronic,
electrical, and magnetic behavior were studied. It was observed that there is an
increase/decrease in the hybridization of sp’/sp? with a decrease/increase in the electrical

conductivity of the Si ~5.75/S1 ~1.5 at % nanocomposites, respectively. An electrical hysteresis

loop was observed for Si ~5.75 at % nanocomposite, indicating a ferroelectric behavior and a
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change in the electrical structure of MWCNTs. Also, the magnetic behavior of nanocomposites
showed a semiconducting structure compared to the semi-metallic structure of MWCNTs. In
conclusion, the Si-incorporation is another way to tune the electrical/ electronic and magnetic
properties of MWCNTs for electrical/ electronic, magnetic, and electro-magnetic device

applications.
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Chapter Five

Tuning the Electronic and Electrical Behaviour of MWCNTs-

TiO2 Nanocomposites.

79



Ph.D Thesis Oke James Ayodele; UNISA Physics

5.1. Introduction

Carbon nanotubes (CNTs) have attracted attention due to their unique electrical, thermal and
mechanical properties [1,2]. This uniqueness of CNTs has generated great interest for different
potential applications in various research areas such as solar cells, energy conversion devices,
sensors, electromagnetic interference shielding, hydrogen storage media, and micro-
electronics. [2—4]. In recent years, there have been demands from semiconductor industries for
nanomaterials with a high storage density [5,6]. It would be of huge interest if CNTs were been
used for ferroelectric and memristive devices. The main challenge is due to their low density
[1] and conducting nature [7]. To meet these demands, the surface of CNTs needs to be
modified. Modifying the surface of CNTs with nanoparticles is expected to offer excellent
performances in nano/microelectronic devices and are also useful for nanoprobe, nano cable,

coaxial, and sensor tips [8].

However, CNTs usually need sufficient binding sites to absorb precursors of nanoparticles
which normally result in low efficiency and weak dispersion in solution [9]. Purification of
CNTs through acid treatment are been used to attach additional binding sites such as hydroxyl,
carbonyl, and carboxyl groups (functional groups) to CNTs [9]. These functional groups on
CNTs do not only give room for the deposition of nanoparticles but also enhance their
dispersion in a solution [8,9]. Moreover, changing the number of chemical functionalities
attached to the surface of CNTs can control its electrical behavior. One promising approach is
the use of lightweight metal as a reinforcing phase on CNTs matrix. Metal like titanium has
excellent physical properties such as lightweight, corrosion resistance, and high strength which
can be oxidized to produce titanium dioxide (TiO2) [10]. TiO2-anatase could be considered as

a supporting nanomaterial due to its semiconducting properties [11].
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Several studies have emphasized the benefits resulting in the combination of CNTs-anatase-
TiO2 nanocomposites of their potential properties [12—15] owing to thermodynamic stability
and non-destructive of TiO2 and therefore better their properties to meet exceptional demands
in several applications (solar energy and optoelectronics). The anatase-TiO2 phase has
remarkable photocatalytic activity owing to its greater mobility electron carrier (80 cm?*V-!s™)
which are approximately 90 times rapid compare to the rutile phase [16]. Purifying CNTs
through acid treatment and synthesizing CNTs-TiO2 nano-composites using several techniques

have been reported [9,11,17-19].

In view of the above, we have synthesized MWCNTs-TiO2 nano-composites with different
concentrations of TiO2 (~15 and ~20 at %) by a simple hydrothermal technique to enhance the
electronic and electrical structure of MWCNTSs. The MWCNTs-TiOz electronic, structure, and

electrical behaviors were examined using different research techniques.

5.2. Methodology

5.2.1. Synthesis of MWCNTSs

Chemical vapor decomposition (CVD) [20] techniques were used to prepare MWCNTs. In the
CVD process, C2H2 (acetylene - carbon source) and CioHioFe (ferrocene - catalyst) were used
to prepare MWCNTs in a horizontal tube furnace. A quartz boat of ferrocene was fed in the
center of a quartz tube. An Argon (Ar) gas was introduced to flow through the furnace at a
heating temperature rate of 10°C min™!. Acetylene was then introduced alongside with N> as
the temperature increases to 900°C. The flow of acetylene was stopped after a reaction time of
60 min but the N2 was left flowing through the furnace. The boat was taken out of the furnace
after it was left to cool to room temperature and MWCNTs were obtained. The purification of

MWCNTs was employed using the method described in the previous study. MWCNTs were
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acid-treated in a 60mL of mixture 1:3 volume ratio (HNO: H2SO4) at 100 °C for 5 hours. The
content (mixture) was cooled, filtered, and washed with distilled water. Moreover, the content

was dried at 80 °C for 15 hours and a purified form was obtained.

5.2.2. Synthesis of MWCNTSs-TiO: nanocomposites

The hydrothermal process was employed to prepare MWCNTSs:TiO2. 10 mg of MWCNTSs was
dispersed in water and the purchased TiO: (Sigma-Aldrich (Pty) Ltd) was added at different
concentrations (Ti-15 at% and Ti-20 at %) to the suspension. The solution was sonicated for
15 min and thereafter, heated on a hot plate at 80°C for 5 hours. An Ar flow was introduced
across the surface of the suspension while heating to speed up the vaporization of water.
Afterward, the samples were kept in an oven to dry overnight at 100°C to prevent CNTs from
being oxidized in the presence of oxygen at a higher temperature. Furthermore, the samples
were deposited on a silicon substrate using a drop cast method and were air-dried overnight

prior to analysis.

5.2.3. Characterization

Characterization of TiO2, MWCNTs, and MWCNTs-TiO2 nano-composites were carried out
using Field emission scanning electron microscopy (FE-SEM) of model Jeol JEM 2100
coupled with Energy-dispersive X-ray spectroscopy (EDS) for the study of morphology and
chemical impurities, X-ray diffraction (XRD) of model Rigaku Smartlab X-ray diffractometer
and wavelength (A) of 0.154 nm with Cu K-line radiation was used for the study of crystalline
structure, Raman spectroscopy of model Horiba scientific XploRA with laser light excitation
energy (Eex = 2.41 eV) at 532 nm to study the degree of hybridization, X-ray photoemission
spectroscopy (XPS) of model KRATOS-SUPRA spectrometer with base pressure (1.2 x 107
Torr) and monochromatic Al Ka radiation possessing excitation energy (hv = 1486.6 eV) and

X-ray absorption near-edge spectroscopy (XANES) for the study of electronic and chemical
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bonding properties. The current-voltage relationship was measured with silver paste as
conducting electrodes using Keithley 6487 with voltage sweep ranging from -1 to 1 for the
study of electrical conductivity, ferroelectric, and memristive behavior. All characterizations

were done at room temperature.

5.3. Result and discussion

5.3.1. Field emission-scanning electron microscopy (FE-SEM)

The FE-SEM image of TiO2, MWCNTs, and MWCNTs-TiO2 nano-composites are shown in
Figure 5.1 (a), (b) and (c) respectively. Figure 5.1 (a) and (b) displayed a typical spherical and
tube-like shape, respectively. Figure 5.1 (c) shows the homogenous distribution of TiO:2
agglomeration on the MWCNTs surface. The agglomeration is due to more TiO2 on the
MWCNTs surface [21]. The aggregation of TiO2 over MWCNTs surface implies that
MWCNTs support the deposition and growth of TiO2 and also confirming a good contact
between MWCNTs and TiO2. These good connections between MWCNTs and TiO2 can be
due to the advantage of electron transfer. Figure 5.1 (d) shows the EDS spectra of
MWCNTs:TiO2 nano-composites. The spectra show a high level of carbon, low level of
oxygen, and titanium, indicating that there is no impurity contained in the nanocomposites

material.
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Energy (KeV)

Figure 5.1. (a), (b), (¢) SEM images of TiO2, MWCNTs and MWCNTs-TiO2 nanocomposite

(d) EDS spectra for MWCNTs: TiO2 nanocomposite.

5.3.2. X-Ray diffraction (XRD) patterns

Figure 5.2 shows the XRD patterns of TiO2, MWCNTs, and MWCNTs-Ti02 nano-composites.
In the case of MWCNTs, a broad diffraction peak 260 is observed at 25.9° corresponding to
(002) plane of graphitic structure and a less intense peak at 43.2° corresponding to (100) plane.
These peaks match with standard graphite carbon (JCPD 75-1621) [22]. The XRD pattern of
Ti102 shows characteristic peaks 20 at (101), (103), (004), (112), (200), (105), (211) (213) (204)
(116) (220) and (215) corresponding to 25.3° 37.1°, 37.9°, 38.7°, 48.1°, 54.2° 55.3° 62.6°,
62.9°,68.9°,70.3°and 75.3° anatase phase [11]. MWCNTSs-TiO:2 (15 at %) XRD pattern shows
the same peaks as TiO2, while that of MWCNTs-TiO2 (20 at %) shows the disappearance of
(103), (112), (105), (213) and (116) peaks. It was also observed that the (002) plane was

overlapped by (101) and there is a disappearance of (100) carbon peak. This may be due to
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much percentage of TiO2 in the nano-composites. Although, the presence of MWCNTSs was

later confirmed by Raman spectroscope.

XRD

(002)

e MWCNTSs

e Ti02
MWCNT:Ti (15 at %)

e MWCNT:Ti (20 at %)

Intensity (arb. unit)

(004)
@211)
) (204)
2 Fl 220

80
20 degree

Figure 5.2. XRD spectra for MWCNTs, TiO2, and MWCNTs-TiO2 nanocomposites.

The crystallite size (D) was calculated by Scherrer’s equation (D = kA/Bcos0) [20], which was
described in chapter three. The crystallite size of TiOz 1s 18.10, MWCNTs-TiOz (~15 at %) is
18.26 nm and MWCNTs-TiO2 (~20 at %) is 6.08 nm suggesting that MWCNTs allows the

growth of TiO2 in MWCNTs-TiO2 which is in agreement with FE-SEM result.

5.3.3. Raman spectroscopy

Raman spectroscopy provides information on the degree of hybridization and crystal disorder.

The Raman spectrum and its de-convolution are shown in Figures 5.3 and 4.4 respectively.
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Figure 5.3. Raman spectra for MWCNTs, TiO2 and MWCNTs-TiO2 nanocomposites
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From Figure 5.3, different peaks at 396, 516 and 636 cm™! correspond to Big, Aig, and Eg band

of the TiO:z anatase phase, respectively [23,24]. It can be seen that MWCNTs consist of four

main peaks at 1345, 1585, 2664, and 2912 cm™! which are assigned to D, G, 2D, and D+G

mode, respectively as expected for graphitic carbon [5]. The D and G mode is an indication of

disordered and ordered structure, respectively. The 2D mode is an overtone of D mode which

occurs due to the second-order vibration process and D+G mode occurs due to the vibration of

the D and G mode. These peaks are also observed in MWCNTs-TiO2 nano-composites with

additional three peaks associated with anatase TiO2 [23]. Moreover, these changes in

MWCNTs Raman spectra are due to the deposition of TiO2 on the surface of MWCNTs. Also,

the reduction and slight shift of Big, Aig, and Eg mode in MWCNTs-TiO2 (~15 at %) nano-
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composites Raman shift can be due to increasing in crystallite size of anatase TiO:
nanoparticles [18]. The MWCNTs-TiO2 (20 at%) shows further reduction and slight
broadening peaks indicating a reduction in the crystallite size [23]. These variations in

crystalline size are in agreement with the XRD result.
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Figure 5.4. De-convolution of Raman spectra for MWCNTs, TiO2 and MWCNTs-TiO2

nanocomposites

The values obtained from the de-convolution of MWCNTs and MWCNTs-TiO2 nano-
composite are displayed in Figure 5.4. Both MWCNTs and MWCNTs-TiO2 nano-composites
are de-convoluted into four Gaussian peaks corresponding to D, G, 2D, and D+G band and
their peak positions (x), intensities (y), widths (@) and ratio (In/Ic) of D and G band are

tabulated in Table 5.1. It is observed that there is an increase in the ® of D band and a slight
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shift of D and G peaks for MWCNTSs:TiO2 (~20 at%), whereas G band remains unchanged.
These observations indicate a more graphitic structure corresponding to an increase in sp’
hybridization. This observation was denied in MWCNTs-TiO2 (~15 at %) Raman spectra
resulting in an enhancement of sp® hybridization. Also, this effect is seen in the calculated
intensity ratios of the D and G band. The relative peak intensity ratio gives information about
the degree of hybridization of MWCNTs and MWCNTs:Ti nanocomposites [25,26]. The In/lc
ratio decreases from 1.3 for MWCNTs to 0.9 for MWCNT-TiOz (~15 at %) and increases to
1.7 for MWCNT-TiO2 (~20 at %). The decrease/increase in the Ip/IG ratio indicates a

decrease/increase in sp® hybridization.

The change observed generally in x, y, and ® for nanocomposites correspond to the
improvement of surface electric charge of the oxides in them [14]. Therefore, there is an
improvement in the surface charge of the oxides in MWCNTs-TiO2 owing to the fact that the
atoms of Ti substituted atoms of carbon in MWCNTs as seen later in XPS quantification results
(Table 5.2). This improvement induces a potential electronic change of n to w* and © to w*of

MWCNTs and among the n-orbit of the oxygen species of MWCNTs and TiO2 [14].

Table 5.1: Parameters obtained from the deconvolution of Raman spectra for MWCNTs and

MWCNTs-TiO2 nanocomposites.

Nanomaterials First-order Raman spectra Second-order Raman spectra Ratio

D Peak G Peak 2D Peak D+G Peak

Int. | x1 |Aw |Int.| X2 |Aw |Int. | x3 |Aw |Int. | x4 | Ao | In/lc

MWCNTs 2.1 1345|183 |1.6 | 1586 |74 [ 03 | 2664 |79 [0.1 | 2912 |87 |13

MWCNTs- | 5.2 | 134251 |5.7 | 1584 |64 |2.7 268285 [ 1.0 [2922]90 | 0.9
TiO2 (15 at %)

MWCNTs- | 6.6 | 1355 | 111 | 3.7 | 1604 | 64 | 0.3 | 2732 | 70 | 1.9 | 2938 |37 | 1.7
TiO2 (20 at %)
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5.3.4. X-ray photoelectron spectroscopy (XPS)

The electronic structure and chemical properties of TiO2, MWCNTs, and MWCNTSs:TiO2
nano-composites are analyzed using XPS and are presented in figures 5.5, 5.6, 5.7, and 5.8.
The composition and quantification of C, O, and Ti in MWCNT and MWCNTs-TiO2
nanocomposites were also analyzed and are tabulated in Table 5.2. It is observed that the values
in the Table show an increase in Ti and O content with a decrease in carbon content for
MWCNTs-TiO2 nanocomposites. This variation implies that the atoms of carbon have been

substituted by the atoms of Ti and O.

Table 5.2: XPS compositional and quantificational analysis of silicon (Ti), carbon (C) and

oxygen (O)
Nanomaterials XPS compositional and quantificational of nanomaterials
Tiat % Cat% Oat%
TiO2 33 -- 66
MWCNTs -- 98 02
MWCNTs-TiO2 (15 at %) 15 45 40
MWCNTs-TiOz2 (20 at %) 20 26 54

Figure 5.5 displays the full XPS spectrum showing several peaks for TiO2, MWCNTs, and
MWCNTs:TiO2 nano-composites. C 1s, O 1s, and Ti 2p configurations were extracted from
figure 5.5 and are presented in figure 5.6, 5.7, and 5.8. The extracted peaks were de-convoluted

to know their peaks positions and the types of bonds formed in the nanomaterials.
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Figure 5.5. XPS spectra for MWCNTs, TiO2, and MWCNTs-TiO2 nanocomposites.

In order to understand the bonding structures and electronic properties, we have de-convoluted
the C 1s, Ols and Ti 2p XPS spectra of MWCNT and MWCNTSs-TiO2 nano-composites with
several Gaussian fits as seen in figures 5.6, 5.7 and 5.8 and their peak intensities (Int.), positions
(x) and width (Aw) are presented in Table 5.3. For analyzing the chemical nature of carbon, we
study the high-resolution XPS spectrum of the C 1s, O 1s, and Ti 2p regions. In the case of C
Is XPS spectra for MWCNTs (figure 5.5), three major peaks were observed at 283.5 eV/ 284.3
eV and 288.8 eV corresponding to C=C and C=0 bonds respectively [27]. In O Is spectra of
MWCNTs, the peaks at 530.5 and 531.9 eV is assigned to C=0O/O=C-OH and C-OH bonding,

respectively [19].
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Figure 5.6. De-convolution of Cls and Ols XPS spectra for MWCNTs and Ti 2p spectra for

TiOx.

The de-convolution of C 1s, O 1s, and Ti 2p for MWCNTs-Ti0O2 nano-composites (Figure 5.7
and 5.8) pointed out different carbon, oxygen, and titanium species in the MWCNTSs-TiO2
nano-composites. The peaks located in C 1s spectra of MWCNTs shift to higher/lower binding
energy at 284.6/281.9, 285.4/283.4, and to lower binding energy at 287.5/285.6 eV for
MWCNTs with Ti content 15/20 at%, respectively. This shift implies that TiO2 has impacted
the electronic structure of MWCNTs. The peak at 285.4 is assigned to C-O. The Ols peaks
also shift towards higher/lower binding energy (see Table 5.3) corresponding to Ti-O and Ti-
O-H bond, respectively [28,29]. It is obvious that C—O, and Ti—O bonds (C 1s and O 1s) in C

Is and O 1s XPS spectra led to the good connection between MWCNTs and TiO: indicating
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Ti—O—C bonds are present [19,28], which is due to esterification reaction with hydroxyl groups

in MWCNTs: TiO2 nano-composites [30].
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Figure 5.7. De-convolution of Cls, Ols and Ti 2p XPS spectra for MWCNTs functionalized

with 15 at % of TiOa.

From figure 5.7 (c) and 5.8 (c), the de-convoluted Ti 2p configuration shows two peaks for

MWCNTs-TiO2 nano-composites. These peaks shift to the higher/lower binding energy for

MWCNTs-TiOz (15 at %)/MWCNTs-TiO2 (20 at %), respectively when compared to TiOx.

These peaks are observed at 459.30/455.60 and 465.10/461.43 eV corresponding to Ti 2p3.2

and Ti 2pi12 with constant core-shell spin-orbit splitting of 5.8 eV. This spin-orbit splitting

indicates the presence of Ti*" oxidation state [22,27]. Furthermore, the observed change in the
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binding energies of Ti 2p is due to the fact that electrons transferring through Ti—~O—C bonds

changed the electron density of Ti*" state in TiO2 [19].
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Figure 5.8. De-convolution of Cls, Ols and Ti 2p XPS spectra for MWCNTs functionalized

with 20 at % of TiOx.
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Table 5.3: Parameters obtained from the de-convolution of C 1s, O 1s, and Ti 2p XPS spectra.

Nanomaterials C 1s XPS
Peak | Peak 11 Peak III
Int. x1 A® Int. x2 Ao Int. | x3 A®
MWCNTs 3.1 288.8 | 6.5 1.3 2843 | 2.3 2.1 283.5 (0.7

MWCNTs-TiO2 | 0.4 287.5 | 3.3 0.9 2854 | 1.7 0.5 284.6 | 0.6
(15 at %)
MWCNTs-TiO2 | 0.2 285.6 | 1.3 0.3 2834 | 1.2 0.6 2819 | 1.2
(20 at %)

Nanomaterials O 1s XPS Ti 2p XPS
Peak | Peak 11 Peak I | Peak II
Int. x1 A® Int. x2 A® x1 x2

MWCNTs 0.7 5319 |22 2.6 530.5 | 2.7 - --
MWCNTs-TiO2 | 2.6 531.7 |25 3.8 5304 | 1.1 465.1 | 4593
(15 at %)
MWCNTs-TiO2 | 3.8 5282 |25 3.9 5269 |09 461.4 | 455.6
(20 at %)
TiO2 - -- -- -- - -- 461.4 | 455.6

5.3.5. X-ray absorption near edge structure (XANES) spectroscopy

XANES is an effective tool that was used in examining the electronic, structural, and chemical
information of TiO2, MWCNTs, and MWCNTs:TiO2 nanocomposites. The C K-edge, O K-
edge, and Ti Lsz-edge XANES spectra of TiO2, MWCNTs, and MWCNT:TiO:
nanocomposites are shown in figures 5.9, 5.10 and 5.11. The C K-edge shows similar spectra
for the nanomaterial as shown in the figure 5.9. From the same figure, the spectra display *
(C-C sp?) and o* structures at 286 and 293.0 eV, respectively for MWCNTs [31] and the peak
located at 287.5 eV is assigned to C-O/C-H bonding, which was as a result of the change in sp*

hybridization or metal bonding to MWCNTs lattice [32,33].
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Figure 5.9. C K-edge XANES spectra for MWCNTs and MWCNTs functionalized with 15 and

20 at % concentration of TiOx.

Figure 5.10 shows the XANES spectrum of O K-edge for TiO2, MWCNTs, and MWCNTs:Ti
nanocomposites. The O K-edge gives information on how TiO2, MWCNTs, and MWCNTs:Ti
nanocomposites has been oxidized (degree of oxidation). The spectra display n* and c*
structures. From w* structure, a double ©t* structure is observed at 528.5 eV and 530.5 eV
which are signature of C=0 bond. The ¢* structure at 538-544 eV is assigned to C-O and O-
H bonding [34]. The ©* and o* structures initiated from carboxylic and hydroxyl groups,
respectively. Other peaks are observed at 533 eV to 535 eV are physical absorption of O2 and

can be assigned to the splitting of #2¢ and eg bands owing to effects of crystal field [35]. This
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physical absorption is predicted to occur during the preparation of MWCNTs and
MWCNTs:TiO2 nanocomposites. Although, the range 532 to 536 eV in figure 4.10 indicates
the presence of O 2p to 7i 3d states [35]. The f2gand eg splitting is very sensitive to the degree
of hybridization and coordination number. Furthermore, the presence of O 2p hybridization
states to Ti 4sp bands is due to 540 and 546 eV peaks observed, which are even more sensitive

to long-range order [36].

O K-edge

TO* O*

MWCNTSs:Ti
(20 at %)

MWCNTs:Ti
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MWCNTSs

0.6
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;
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) 526, 528, 530, 532
525 530 535 540 545 550
Photon Energy (eV)

Figure 5.10. O K-edge XANES spectra for TiO2, MWCNTs, and MWCNTs functionalized

with 15 and 20 at % concentration of TiOxz.

Figure 5.11 displays the XANES spectrum of Ti L3z-edge for TiO2 and MWCNTSs:Ti

nanocomposites. The figure is considered to be a compound structure, owing to the merging
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of the interaction of atoms and the effects of the crystal field [36]. The Ti L32-edge shows
typical L3-edge and L»-edge regions. These regions are located 456.4 and 458.6 eV and 461.6
and 470.1 eV and are assigned to O 2p3» and O 2p12 Ti 3d bands respectively. The Ti 3d band
are been split into Ti t2g and eg bands by the effect of crystal field. Considering the inset in
figure 5. 11, a decrease in intensity with an increase in the content of Ti is observed. This
variation indicates that Ti atoms have substituted oxygen and/or carbon in the MWCNTs:TiO2

nanocomposites.

Til, -edge —TiO2
' MWCNTs:Ti (15 at %)
= MWCNTSs:Ti (20 at %)
L2-edge
L3-edgeﬂ - -

|

Normalized Intensity (arb unit)

0.6} Lyedge \ L,-edge
0.3F
R
0.0 L L .
456 460 464 468
1 N 1 N 1 N 1 N 1
455 460 465 470 475

Photon Energy (eV)

Figure 5.11. Ti L23-edge XANES spectra for TiO2 and MWCNTs functionalized with 15 and

20 at % concentration of TiOx.
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5.3.6. Current-voltage (I-V) measurement

Figures 5.12, 5.13 and 5.14, 5.15 shows the I-V characteristic curves and I-V log plot.
respectively of TiO2, MWCNTs, and MWCNTs-TiO2 nano-composites. The I-V data was
recorded from a voltage source ranging from -1 to +1 volt with an automatic voltage sweep
option in three cycles for each as shown in the figures. In figures 5.12 and 5.13, a conducting
structure is observed for MWCNTSs whereas a semiconducting structure is observed for
MWCNTs-TiO2 nano-composites. Also, an increase in the conductivity of MWCNTs-TiOz
nano-composites is observed compared to MWCNTs indicating that Ti has an impact on the
electrical structure of MWCNTs. Although, enhancing the conductivity of MWCNTSs was not
our aim since the material is highly conducting but it is to improve its memristive capacity.
From Figure 5.14 and 5.15, a significant hysteresis loop with an increased conductivity is
observed in MWCNTs: TiO2 nanocomposites. The hysteresis loop is indicative of ferroelectric
behavior and the increase in conductivity is due to free electrons in the conduction band. This
effect is lower in MWCNTs (see figure 5.14) due to the formation of a conducting structure.
Comparing features in Figure 5.15, the hysteresis loop which was observed in MWCNTs with
15 at % content of TiOz is higher than that of MWCNTs with 20 at % content of TiO2 indicating
higher charge storage properties and memristive behavior. The electrical features observed in
MWCNTs:TiO2 nanocomposites could be useful for ferroelectric, charge storage, and
memristive device applications. Also, It has been reported that conductive films are useful for

capacitors and batteries [37].
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Figure 5.13. I-V curve for MWCNTs functionalized with 15 and 20 at % concentration of TiOx.
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5.4 Conclusion

We have synthesized MWCNTs and MWCNTs-TiO2 nano-composites using CVD method and
hydrothermal process, respectively. Their electronic and electrical structure have been
examined with different characterization techniques. It was observed that the electrical
structure of MWCNTs transforms from a conductor to a semiconductor due to the introduction
of TiO2 nanoparticles. The nano-composite materials also displayed a pronounced hysteresis
loop indicating a ferroelectric, memristive, and charge storage behavior due to Ti" transfer in
MWCNTs-TiO2 nano-composites. We, therefore, conclude that these nano-composite
materials can be useful for different nano/microelectronic devices, particularly for memristive

and charge storage device applications.
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Chapter Six

Structural, Electronic and Electrical Behaviour of

MWCNTs:(TiO2:Si02) Nanocomposites
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6.1. Introduction

Carbon nanotubes (CNTs), graphene, and fullerene are graphitic carbon materials that are of
great interest as a result of their excellent electrical conductivity, thermal properties, and
mechanical strength [1]. The excellent properties of this graphitic carbon have been of
significance to researchers and have a likelihood of utilizing them for several applications in
areas such as hydrogen storage, electrochemical sensors, microelectronics and solar cells [1],
[2]. Over a few years, CNTs have attracted attentiveness when compared to graphene and
fullerene, as they entail the possibility of regulating their length, diameter, and morphology.
These have a very large impact on modifying their behavior for different functions [3]. CNTs
are cylindrical and hollow nanostructure with open or closed ends which are either in the form
of single-walled (SW) or multi-walled (MW). SWCNT behaves as a metallic or
semiconducting material with an energy gap ranging between 0 and 2 eV [4]. SWCNT having
closed ends are recognized as fullerene, which has limitations as they cannot be produced in
large quantities. These characteristics and behavior of MWCNTs made it an exceptional

material then fullerene and graphene.

However, CNTs properties need to be modified for numerous applications. Several researchers
have utilized metal oxide and heteroatoms like aluminum oxide (Al203), tin oxide (SnO2),
titanium dioxide (Ti02), zinc oxide (ZnO) [5], and silicon (Si) [6], boron (Br), nitrogen (N) [7],
respectively to modify the properties of MWCNTs for applications in various fields. Also, other
studies have functionalized TiO2-SiO2 with different concentrations of MWCNTs for
photocatalysis activity applications [8—10]. An alternative approach to be considered is
functionalizing CNTs with bi-dopant. To the best of my knowledge, functionalizing CNTs with
Si02-TiOz2 has not been given consideration elsewhere. Modifying the behavior of CNTs using
this bi-dopant can lead to a potential material for varieties of applications. This is because TiO2

is a none toxic element, has an excellent photocatalytic activity, resistant to corrosion, and can
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make electron transfer in CNTs possible, owing to its higher movement of free electrons [11].
On the other hand, the atoms or molecules of Si behave as a binding site for other atoms or
molecules [12], which provides dangling bonds through chemisorption on the surface of CNTs,
thereby, influencing the behavior of CNTs for various application in supplementary to the
identified ones [13]. Also, it was found that the atoms or molecules of Si relax outward and

make the formation of sp® bonding possible, which transforms the electronic behavior of CNTs

[6].

Our previous studies showed that MWCNTs-TiO2 NPs [14] and MWCNTs:SiO2 NPs [15] with
percentage concentrations of Ti ~15 & ~20 at % and Si ~1.5 & ~5.75 at %, respectively
transform the electrical structure, electronic and bonding properties of MWCNTs. Considering
their electrical conductivity, the conductivity of MWCNTs-TiO2 nanocomposites does not
change but increases when compared with MWCNTSs, whereas, the conductivity of
MWCNTs:SiO2 nanocomposites varies with 1.5 and 5.75 at % of Si on the surface of
MWCNTs. In both cases, an electrical hysteresis loop was observed, which indicates a
ferroelectric behavior. The results obtained from these previous studies serve as a motivation
to further modify the behavior of MWCNTSs with the combined effects of Si and TiO:2 on its

surface for several applications in addition to the know ones.

In this study, the composite of Si02:TiOz at different concentrations (Ti:Si ~6:6 at % and Ti:Si
~10:10 at %) on MWCNTs surface were prepared using hydrothermal technique. Afterward,
their electrical, electronic, and structural behavior were studied using different research
techniques. The novelty of this investigation is to enhance the properties of the material for
multidisciplinary  applications  (opto/nano/microelectronics and catalytic  activities
applications), particularly for charge storage and memristive based devices and also for

photocatalysis application.
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6.2. Methodology

6.2.1. Synthesis of TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si

Ferrocene (CioHioFe), acetylene (C2H2), toluene (C7Hs), chloro(dimethyl) octadecylsilane,
1,3,5-trimethylbenzene, octadecylamine and TiO2 were purchased from Sigma-Aldrich (Pty)
Ltd.

MWCNTs were synthesized using a spray pyrolysis procedure [16]. The process involves the
use of ferrocene (Fe(CsHs)2) as catalyst and toluene (C7Hs) as a carbon source to form a
solution. Afterward, the solution was positioned in a quartz tube and then inserted into a hot-
wall reactor of temperature 850 °C - 900 °C. An argon flow was then introduced through the
system until the growth of MWCNTSs was completed (40 min). Moreover, acid treatment was
used to purify the obtained MWCNTs. The solution of hydrochloric and nitric acid at ratio 1:1
was added to MWCNTs and stirred for 90 min. The mixture was then filtered to obtain pure
MWCNTs.

The thermal decomposition technique [17] was utilized to prepare Si-NPs. In this process, the
solution of 1,3,5-trimethylbenzene and chloro(dimethyl) octadecylsilane in presence of
octadecylamine was placed in a quartz pipe in a vacuum condition and heated at a temperature
of ~140 °C for 120 minutes. The mixture was left to air dry at room temperature to obtain Si-
NPs. Silicon was oxidized upon exposure to air leading to the formation of SiOx.
Hydrothermal technique [18] was adopted to obtain MWCNTs:Ti0O2:Si02 nanocomposites.
MWCNTs (10 mg) were dispersed in water. TiO2 and SiO2 were added to MWCNTs
suspension at two stoichiometric ratios (Ti:Si = 6: 6 at%) and (Ti:Si = 10: 10 at%). The
solutions were sonicated for 30 minutes and stirred at 80°C on a hot plate. Thereafter, we
introduced an Ar flow through the suspension surface while the process of heating is still on

to speed up the water vaporization. Afterward, MWCNTs:Ti02:Si02 nanocomposites (NCs)
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were obtained in an oven at 100 °C after 15 hours. The samples were dropped cast on silicon

wafers and air-dried for characterization purposes.

6.2.2. Characterization

Characterization of TiO2, Si02, MWCNTs, and MWCNTs: Ti:Si nanocomposites were carried
using different techniques. The morphology of the nanomaterials was studied utilizing FE-
SEM JSM-7800F supplied by JEOL Ltd. The crystallite structures were investigated using
Smartlab X-ray diffractometer with 0.154 nm Cu Ka radiation line supplied by Rigaku. Raman
spectra of the nanomaterials were studied using scientific XploRA of LASER light excitation
energy of ~2.41 eV at 532 nm from HORIBA. The core shells which provide information about
the electronic structure were examined utilizing KRATOS-SUPRA spectrometer with
monochromatic Al Ka radiation of pressure and excitation energy of 1.2 x 10 Torr and 1486.6
eV, respectively. The XANES spectra measurements of Ti L3 2-edge, Si L3 2-edge, C K-edge,
and O K-edge were achieved using Taiwan Light Source (TLS) at NSRRC (National
Synchrotron Radiation Research Centre), Hsinchu, Taiwan. The electrical conductivity of the
nanomaterials was performed using conducting silver paste as electrodes to study their
electrical properties. The I-V measurements were carried out using Keithley 6487 with a
voltage sweep from-1to+1 V(-1to0V,0to—1V,+1to 0V, 0to+1 V) in 3 cycles for each
studied material. The voltage was saturated at 1 V with an applied current limit of 2.5 mA. All

characterizations were performed at room temperature.

6.3. Result and discussion

6.3.1. Field emission-scanning electron microscopy (FE-SEM)

Figure 6.1 displays the FE-SEM images of TiO2, SiO2, MWCNTs, MWCNTs:Ti:Si

nanocomposites, and EDS spectra of MWCNTs:Ti:Si nanocomposites. In Figure 6.1, (a-c)
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shows typical images of TiOz, SiO2, and MWCNTs, respectively. (d) exhibits a tube shape,
like roots of a tree with no agglomeration, implying a good dispersion of TiO2 and SiO:z on the
MWCNTs matrix. (e) also shows a tube-like shape along-side with agglomerations on the
surface of MWCNTs which may be due to an increased percentage of TiO2 and SiO2. This
indicates a good contact and growth of TiO2 on the MWCNTs surface, which is later confirmed
by XRD. The spectra in (f) display different peaks corresponding to carbon, oxygen, titanium,
and silicon denoted by C, O, Ti, and Si respectively. The presence of O in the nanocomposite
may be due to the hydroxyl functional group of MWCNTs or from TiO2 and SiO2 nanoparticles.

It is also observed that the spectra do not exhibit any contamination.

MWCNTs:Ti:Si (10:10 at%)

Ti
2 4 6
Energy (KeV)

Figure 6.1. (a, b, ¢, d and e¢) FESEM images for TiO2, Si02, MWCNTs, and MWCNTs: Ti:Si
nanocomposites. (d) EDS spectra for MWCNTs:Ti:S1 nanocomposites.
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6.3.2. X-Ray Diffraction (XRD) Patterns

XRD shows the crystal structure of TiO2, Si02, MWCNTs, MWCNTs:Ti:Si nanocomposites
as presented in figure 6.2. The XRD spectrum of MWCNTSs shows usual graphitic carbon peaks
20 at 25.9°,43.6°, and 53.6° assigned to plane (002), (100), and (004) respectively [19]. A low
intense 20 peak at 7° [20] and 22.7° [21,22] corresponding to (111) and SiOz, respectively are
observed for the pattern of SiOa2. Typical peaks 20 at 25.3°, 37.1°, 37.9°, 38.7°, 48.1°, 54.2°,
55.3° and 62.9° are assigned to (101), (103), (004), (112), (200), (105), (211) and (204) plane
of TiO2 anatase phase [23]. In the XRD spectrum of MWCNTs:Ti:Si nanocomposites, the same
peaks is observed as seen in the TiOz pattern with additional rutile phase 26 at 27.3° and 41.4°
assigned to (110) and (111) plane, respectively [24,25]. This indicates that TiO2 and SiO2 have
impacted the crystal structure of MWCNTSs. Also, a minute carbon peak is observed in the
pattern of MWCNTs:Ti:Si (~6:6 at %), which later disappeared as Ti:Si atoms increases on the
surface of MWCNTs, which implies that Ti atoms were gradually replacing carbon atoms as
the content of Ti:Si increases. The absence of Si peaks doesn't indicate the absence of Si content
in the nanocomposites, which may be due to the fact that Ti peaks might have overlapped its

peaks.
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Figure 6.2. XRD spectra for TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites.

D = kMPBcos® [26] Scherrer’s equation was used to estimate the crystallite size of
nanomaterials, the parameters in the equation has been described earlier in chapter three. The
crystallite size was estimated from (101) plane of TiO2, MWCNTs:Ti:Si (~6:6 atom %) and
MWCNTs:Ti:Si (~10:10 at %). The crystallite size of TiO2 is 18.10, MWCNTs:Ti:Si (~6:6 at
%) 1s 19.09 nm and MWCNTSs:Ti:Si (~10:10 at %) is 19.27 nm suggesting the growth of TiO2

in the nanocomposites.

6.3.3. Raman spectroscopy
Raman is an essential tool that gives information about the degree of hybridization of carbon

materials. Figure 6.3 represents the Raman spectrum of TiO2, SiO2, MWCNTs,
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MWCNTs:Ti:Si nanocomposites. The spectra of TiO2 display several peaks and are located at
396 cm! for Big, 516 cm™! for Aig, and 636 cm! for the Eg band of anatase phases [27,28]. For
SiO2 spectra, Two peaks are observed at 520 and 1036 cm™! assigned to Sii and Siz (1st and
2nd silicon peaks). The peaks observed in both TiO2 and SiO2 indicate that carbon species was
not present in the nanomaterials. As shown in the figure, MWCNTs exhibits four key peaks.
These peaks are observed at 1345 cm™! for D peak, 1585 cm™ for G peak, 2664 cm™ for 2D
peak, and 2912 for cm™ D+G peak [29]. From D (disordered peak) and G peaks (ordered peak),
we can understand how graphitized is the structure and to what level is the degree of
hybridization of carbon material. The occurrence of a 2D peak was owing to the 2nd-order
vibrational effect of the D band. The appearance of the D+G peak was also due to the 2nd-
order combined vibrational effect of the D and G band. The combined effect of TiO2 and
MWCNTs brings about the occurrence of anatase phase and usual graphitic features in
MWCNTs:Ti:Si nanocomposites and no SiO2 peak is observed. It can be said that the SiO2
peaks might have been overlapped by anatase TiO2 peaks. The change in the Raman spectrum
of MWCNTs indicates that Ti:S1 has changed the structure of MWCNTs. Also, the slight shift
of anatase peaks in the nanocomposites may be due to an increase in the crystallite size of
anatase TiO2 nanoparticles [30] as observed from XRD. From the de-convolution of
MWCNTs:Ti:Si (~10:10 at %) spectra in figure 6.4, a peak is observed at 1658 cm
corresponding to D" peak which occur due to the broaden and a slight shift of G band and also

due to phonon restrictions among the graphitic walls [31,32].
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Figure 6.3. Raman spectra for TiO2, SiO2, MWCNT, and MWCNTs:Ti:Si nanocomposites.
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The Ip/Ic ratios of Raman spectrum plays a vital role in understanding the degree of hybridization of
carbon materials. To obtain the Ip/IG ratios, the Raman spectra of the MWCNTs and MWCNTSs:Ti:Si
nanocomposites were de-convoluted into multiple Gaussian lines and are depicted in figure 6.4. The
parameters obtained from the deconvolution of the Raman spectrum are also presented in Table 6.1.
From figure 6.4 (b), it was observed that the width of D and G band got narrowed for Ti:Si (6:6 at%)
deposition. Also, The intensity of D band decreases to an increase in the intensity of G band. These
observations maybe be due to the longer isothermal exposure time rate of the nanocomposite. From
figure 6.4 (c), a slight broadening of G band with occurrence of D' band for Ti:Si (10:10 at%)
deposition was observed compared to MWCNTs, indicating a decrease in sp? cluster. The I/l ratios

were calculated to be ~1.18 for MWCNTs, ~0.16 for Ti:Si (6:6 at%), and ~0.97 for Ti:Si (10:10 at%)
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NCs. The observed variation in the Ip/lg ratio indicates a reduction of defect density due to the
replacement of a carbon by Ti:Si atoms on the surface of MWCNTs. However, it is noted that the In/Ic
ratio for Ti:Si (10:10 at%) is higher than (6:6 at%) for Ti:Si decorated MWCNTs-NCs. This variation

in the ratio with the concentration, indicates a structural change of the nanocomposite and it is

Oke James Ayodele; UNISA

consistent with those of XRD results discussed above.
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Figure 6.4. De-convolution of Raman spectra for MWCNTs and MWCNTs:Ti:Si

nanocomposites.
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Table 6.1: Parameters obtained from the deconvolution of Raman spectra for MWCNTs and

MWCNTs:Ti:Si nanocomposites.

1*" order vibration D peaks G peaks D' peaks
Raman spectra | x A® Int. X Ao |Int. |x Ao | Int.
materials (em™) | (em™) | (aw) | (em™)| (em™)| (2w) | (em™)| (em™)| (a.u.)
MWCNTs 1343 |92 2.1 1574 | 82 1.6 |- - -

MWCNTs:Ti:Si 1336 |91 3.9 1573 | 77 26 |- -- --
(~6:6 at %)

MWCNTs:Ti:Si | 1298 | 18 2.8 1439 |23 [38 [1460 [24 |24
(~10:10 at %)

2™ order vibration 2D peaks D+G peaks In/lc
Raman spectra of

materials

MWCNTs 2679 118 0.7 2888 | 150 | 0.5 1.18
MWCNTs:Ti:Si 2673 116 1.4 2900 | 138 [ 0.7 0.16
(~6:6 at %)

MWCNTs:Ti:Si 2727 | 38 1.5 2924 | 43 14.2 0.97
(~10:10 at %)

6.3.4. X-ray photoelectron spectroscopy (XPS)

The electronic structure, chemical bonding, and quantification of TiO2, SiO2, MWCNTs, and
MWCNTs:Ti:Si nanocomposites was examined using XPS spectroscopy. Table 6.2 reveal the
percentage of each content of Ti, Si, C, and O present in various material. The Table also shows
that carbon content decreases as Ti and Si content increases on MWCNTs surface, translating
to the gradual replacement of carbon atoms by Ti:Si atoms. The full XPS spectra are presented
in figure 6.5 with several peaks of index C 1s, O 1s, Ti 2p, Ti 3p, Si 2p, and Si 2s configurations.
These peaks were extracted and de-convoluted with Gaussian fits to examine their peak
positions which gives information about the bonding properties.
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Table 6.2: XPS quantificational analysis of titanium (Ti), silicon (Si), carbon (C) and oxygen

©)
Nanomaterials Quantificational and compositional analysis from XPS
Tiat % Siat % Cat% O at %
TiO2 34 - -- 66
SiO2 -- 36 -- 64
MWCNTs -- - 98 02
MWCNTs:Ti:Si (~6:6 at %) 6 6 59 29
MWCNTs:Ti:Si (~10:10 at %) 10 11 27 52
XPS Cls
MWCNTs
01s

(2)

(c)

Intensity (arb. unit)

MWCNTs:Ti:Si
(6:6 at %)

MWCNTs:Ti:Si
(10:10 at %)

SiO
sizs 2
Si 2p

1200 1000

800 600 400

Binding energy (eV)

200 0

Figure 6.5. XPS spectra for TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites.
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XPS is an essential tool that was used to examine the bonding and electronic structure of the
nanomaterials. The spectra of these materials were de-convoluted with Gaussian line into
several peaks as depicted in figures 6.6, 6.7, and 6.8, and their peak positions (x), width (Aw),

and intensities (Int.) are shown in Table 6.2.

Table 6.3: Parameters obtained from the de-convolution of C 1s, O 1s, Ti 2p, and Si 2p XPS

spectra
Nanomaterials C 1s XPS
Peak I Peak II Peak 111
C=C C=C/C-C/C-O 0=C-O
Int. X Aw Int. X A® Int. X A
MWCNTs 31387 | 283.5 | 0.7 7554 | 2843 | 2.3 1944 |290.0 | 6.5

MWCNTs:Ti:Si | 2658 | 284.6 | 1.2 890 285.7 | 2.2 -- -- -
(6:6 at %)
MWCNTs:Ti:Si | 776 284.6 | 1.7 264 286.3 | 1.9 -- -- -
(10:10 at %)

O 1s XPS
Ti-O-Ti/Ti-O-H Peak — I Peak —II
C=0/C-0/Ti-O-Si C-0O/Si-0-Si
MWCNTs -- -- -- 240 530.5 | 2.0 287 531.9 | 2.7
MWCNTs:Ti:Si | 310 528.6 | 1.5 2373 | 530.6 | 1.7 2019 |5324 (23

(6:6 at %)
MWCNTs:Ti:Si | 360 5283 | 1.8 3355 |530.2 | 1.7 2689 |[532.0 |24
(10:10 at %)

Ti 2p XPS
Ti** 2pse Peak | Peak II
Ti*" 2ps Ti*" 2pus2
TiO2 -- -- -- 38748 | 455.6 | 1.0 10967 | 461.3 | 1.8

MWCNTs:Ti:Si [ 229 | 457.3 | 1.7 | 1558 |4592 | 1.5 |477 |464.8 (2.0
(6,6)
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MWCNTs:Ti:Si | 414 | 457.1 | 2.4 | 2256 |4592 1.5 |710 |464.9 |19
(10, 10)

Si 2p XPS
Peak — I Peak —II Peak — 11
Si-C/ Si-C-O Si-C/ Si-C-0/ Si-O Si-O
SiO2 3044 | 100.6 | 1.2 101.1 | 1.6 6625 | -- -- -
MWCNTs:Ti:Si | 199 102.1 | 2.3 103.6 | 1.5 225 |72 104.6 | 0.6

(6:6 at %)
MWCNTs:Ti:Si | 187 101.7 | 1.7 103.3 | 1.8 351 |72 104.8 | 1.4
(10:10 at %)

Figure 6.6 represents the deconvolution of C 1s and O 1s core-level spectra of MWCNTs, Ti
2p of TiOz2, and Si 2p of SiOz. Considering the C 1s of MWCNTs, peaks are located at 283.5,
284.0, and 290.0 eV, which are signatures of C=C and O=C-O [33,34] bonding, respectively.
In the case of the O 1s spectra, peaks are observed at 530.4 and 532.1 eV assigned to C=0 and
C-0 [33], respectively. The peaks observed for the core level of Si 2p are found at 100.6 and
101.1 eV corresponding Si 2p3/2 and 2pi2 [35]. The Ti 2p core level was de-convoluted into
two peaks at 455.6 and 461.3 eV, which are signatures of Ti 2p32 and Ti 2p12 oxidation state,
respectively. The spin energy splitting between then was calculated to be 5.7 eV, which

indicates that the Ti*" state is present [4].
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Figure 6.6. XPS de-convolution of (a and b) Cls and Ols spectra for MWCNTs. (¢) Ti 2p

spectra for TiO2. (d and e) Si 2s and 2p spectra for S10x.

Figure 6.7 and 6.8 represent the de-convolutions of C 1s, O 1s, Ti 2p and Si 2p core levels of
MWCNTs:Ti:Si (~6:6 at %) and MWCNTs:Ti:Si (~10:10 at %), respectively. For C 1s de-
convoluted spectra, two peaks are observed at 284.6/284.7 and 285.7/286.3 eV for
MWCNTs:Ti:Si (~6:6 at %)/MWCNTs:Ti:Si (~10:10 at %), respectively. In comparison with
the C 1s of MWCNTs, it was observed that these peaks shift towards high binding energy
resulting in a defect peak at 285.7 eV for MWCNTs:Ti:Si (~6:6 at %). The defect peak is an
indication of weak attachment within MWCNTs: Ti:Si (~6:6 at %) nanocomposite. For O s of
MWCNTs:Ti:Si (~6:6 at %) and MWCNTs:Ti:Si (~10:10 at %), a shift in peaks positions are

observed compared to O 1s of MWCNTs. These peaks positions shift to 528.6/530.5, 532.4 eV
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and 528.3/530.2, 532.0 eV corresponding to Ti-O-Ti/Ti-O-H/C=0/Ti-O-Si group [9,36], Si-

O-Si chemical bonding [9,36] for MWCNTs:Ti:Si (~6:6 at %) and MWCNTs:Ti:Si (~10:10

at %), respectively. The chemical bonding Ti-O-Si is an indication of TiO:2 and SiO:

connection.
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Figure 6.7. De-convolution of Cls, Ols, Ti 2p, and Si 2p XPS spectra for MWCNTs:Ti:Si

nanocomposites.
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Figure 6.8. Deconvolution of Cls, Ols, Ti 2p, and Si 2p XPS spectra for MWCNTs:Ti:Si

nanocomposites.

The core levels of Ti 2p of MWCNTSs:Ti:Si (~6:6 at %) and MWCNTs:Ti:Si (~10:10 at %)
also shift towards high binding energy compare to Ti 2p of TiO2, with additional peak at 457.3,
eV for MWCNTs:Ti:Si (~6:6 at %) and 457.1 eV for MWCNTs:Ti:Si (~10:10 at %). The
observed shift confirms the decoration of Ti on the MWCNTs surface [37,38]. The additional
peak observed in the Ti 2p of the nanocomposites indicates the presence of Ti*" state [4,37]. It
can be said that the deposition of Ti:Si on the surface of MWCNTs led to the occurrence of
Ti*" state in MWCNTs:Ti:S nanocomposites. It has been reported elsewhere that Ti** states
can form radicals with Oz [39]. From the previous report [40], the mechanism of photocatalysis

of TiO2 when exposing to light has been established, which reveals the generation of electron-
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hole pair in the surface of the material. The generation of electron-hole pairs is associated with
a short penetration depth from the formation of radical owing to oxidizing agents. The observed
Ti’** state and its ability to form oxidizing radicals with Oz can make the nanocomposites useful
for photocatalytic activity application. The de-convoluted XPS Si 2p spectra for
MWCNTs:Ti:Si (~6:6 at %) and MWCNTs:Ti:Si (~10:10 at %) shows peaks at 102.1 and
103.6 for MWCNTs:Ti:Si (~6:6 at %) and 101.7 and 103.3 eV for MWCNTs:Ti:Si (~10:10 at
%). These peaks are assigned to Si-C/Si-C-O [41,42]. The third peaks at 104.6 and 104.8 are
the signature of Si-O bonding [43]. This implies that the electronic and bonding system has

been influenced due to the deposition of Si on the MWCNTSs matrix.

6.3.5. X-ray absorption near edge structure (XANES) spectroscopy

XANES is an essential tool in probing the local electronic structure of a material. XANES
spectroscopy was used to investigate the local electronic structure as well as surface chemistry
of TiO2, Si02, MWCNTs, and MWCNTs:Ti:Si nanocomposites. Their C K-edge, O K-edge, Si
Ls2-edge, and Ti L3 2-edge spectra were depicted in figures 6.9, 6.10, 6.11 and 6.12. Figure 6.9
represents the C K-edge spectra of MWCNTs and MWCNTs:Ti:Si nanocomposites. Similar
spectra are observed for the nanomaterial and peaks are located at 286.2 eV which is a signature
of * (sp?) and 293.1 eV is assigned to 6* (sp®) [19,44,45]. The inset in the figure was extracted
using a Gaussian function from 283.5 to 288.5 eV. The inset shows that ©* is been split into
two peaks at 286.2 and 287.6 eV, which was a formation of C-C and C-H bond [46]. Taking
the spectra intensities displayed by the inset into consideration, there is a variation in the
intensities indicating that the sp® content of MWCNTs is decreasing gradually translating to a

rise in sp’ content as observed from Raman.
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Figure 6.9. C K-edge XANES spectra of MWCNTs and MWCNTs:Ti:Si nanocomposites.

The O K-edge spectra give information concern the oxidation state and it is displayed in figure
6.10. From the figure, there are two major peaks for MWCNTs at 528.6 and 540 eV assigned
to t* and o* features, respectively. The bi-edge observed for n* features at 528.6 and 530.1 eV
as shown by the inset in the figure, initiated from the carboxylic group [47] and c* features
was as a result of hydroxyl group [47]. Considering the spectra of the nanocomposites, a slight
energy shift was observed implying the interaction of Ti:Si with O and C on the surface of
MWNCTs. The appearance of peaks (533.7 and 535.1 eV) within the range 530 and 536 eV in
the figure was a result of the physical absorption of O: during the preparation of the
nanomaterials. These peaks were signatures of #2¢ and eg. The range between them is due to the

orbit segregation of Ti 3d [48] and Si d states [49]. Also, the observed region from 530 - 536
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eV appears due to the interaction of O 2p with the orbit of 25 and eg [48,49]. The above region
of 536 eV occurs as a result of the interaction between O 2p and Si 3sp-Ti 4sp states [50]. From
the inset presented in the figure, it was perceived that there is a decrease in the intensities of

the nanocomposites compare to MWCNTs, implying de-oxidation as occur.
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Figure 6.10. O K-edge XANES spectra of MWCNTs and MWCNTs:Ti:Si nanocomposites.

Figure 6.11 represents the Si Ls»-edge XANES spectra of SiO2 and MWCNTs:Ti:Si
nanocomposites. The spectra in the figure displayed binary features denoted by A and B and
the separation between them is 3 eV from each other. Taking structure A into consideration, it
was observed that the structure is split into two peaks at 103.8 and 105.0 eV as a result of a
change in Si 2p to Si 3s derived states with separation 1.3 eV between them, translating to poor

resolute peaks [49]. The appearance of structure B is owing to the transition from Si 2p to Si

128



Ph.D Thesis Oke James Ayodele; UNISA Physics

3p in relation to Si 3s state from the hybridization of Oz 2p orbitals [49,51]. The above region
of 105.0 eV are transition from Si 2p to Si 3d state [50]. The inset in the figure was extracted
from the main spectra using the Gaussian function. Considering the inset, the intensities of the
nanocomposites increases compare to that of SiO2. This suggests that there is a change in the

electronic structure of MWCNTs by the inclusion of Si.
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Figure 6.11. Si L3 2-edge XANES spectra of SiO2 and MWCNTs:Ti:Si nanocomposites.

Figure 6.12 represents the Ti Ls2-edge XANES spectra of TiO2 and MWCNTSs:Ti:Si
nanocomposites. The spectra in the figure depicted a complex feature of regions L2-edge and
Ls-edge signifying Oz 2p12 and 2p3» Ti 3d states, respectively. These regions appeared due to
atomic contact and the effect of the crystal field [52]. The L:-edge and L;-edge region were
divided into binary peaks each by the effect of the crystal field and are assigned to t2g and eg

bands as viewed in the figure. These bands are positioned at 456.3 (t2g), 458.5 (eg) and 461.6
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(t2g), 463.9 eV (eg) [52] for Ls-edge and L:-edge region, respectively. Concerning the inset in

the figure, the difference in the intensities of TiO2 and MWCNTs:Ti:Si nanocomposites suggest

the substituted of O or/and C by Ti in the nanocomposites.
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Figure 6.12. Ti L3 >-edge XANES spectra of TiO2 and MWCNTs:Ti:Si nanocomposites.

6.3.6. Current-voltage (I-V) measurement

The electrical conductivity of SiO2, TiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites

were examined using the current-voltage (I-V) technique. The data obtained from their

measurement were plotted and are depicted in figures 6.13, 6.14, and 6.15. The electrical

conductivity was measured in three cycles as displayed in the figures. The electrical structure

of MWCNTs and SiO2 indicates a conducting and insulating material, respectively, while TiO2

and MWCNTs:Ti:Si nanocomposites are semiconducting in nature. It is obvious that the
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inclusion of TiO2 and SiO2 on the surface MWCNTs transform the electrical structure of the
nanocomposites. Considering the electrical conductivity of MWCNTSs:Ti:Si nanocomposites,
an increased variation was observed compared to MWCNTs due to the inclusion of TiO2 and
Si0O2 nanoparticles. The electrical conductivity of MWCNTs:Ti:Si (~10:10 at%) is higher than
that of MWCNTs:Ti:Si (~6:6 at%) nanocomposites. It was observed that the introduction of
Si0z2 is responsible for the variation in the electrical conductivity of the nanocomposites when
compared to our previous work [14]. The increase in the conductivity is associated with the
dangling bond formed by SiO2 in MWCNTs, which creates several levels in the energy gap
and more mobility of free electrons from Ti:Si was able to jump freely to conduction band from
valence band. Similarly, the higher conductivity in MWCNTs:Ti:Si (~10:10 at%) nanomaterial
was due to higher numbers of free electrons, which were able to move freely to the conduction

band from valence band, owing to an increased percentage of Ti:Si on MWCNTSs matrix.
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Figure 6.13. I-V curve for SiO2 and TiOx.
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Figure 6.14. I-V curve for MWCNTs and MWCNTs:Ti:Si (6:6 at %) nanocomposite.
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The I-V log plot of the nanomaterials is shown in figures 6.16, 6.17, and 6.18. The log plot
reveals the electrical hysteresis loop in each case as displayed in the figures. From these
figures, it was observed that TiO2 and the nanocomposites materials depicted a small hysteresis
loop compared to SiO2 and MWCNTs with none. The observed hysteresis loops imply charge
storage capability, memristive, and ferroelectric behavior. The previous review on the
memristive capability of TiO2 [53] established its ionic bonding structure which is associated
with Ti ** and O". Apparently, oxygen vacancies can easily translate ionically thereby leading
to an auto-doping phase behavior. The constituent oxygen ions can easily cause an anodic
attachment. The ionic translation and anodic attachment are consistent with previously
reported ReRAM properties [54]. Furthermore, SiO2 has insulating properties that are useful
for the fabrication of memory devices. The previous report of Yao et al [55] on SiO2 showed
encouraging resistive switching and memories. The main mechanism has been the switching
property originating from switching sites that are embedded in SiO2 and nanogap region that
are associated with Si-Si bonds. The hysteresis loop region of MWCNTs:Ti:Si (~6:6 at %) is
higher than that of MWCNTSs:Ti:Si (~10:10 at %), suggesting higher charge storage and
memristive capability.

Although, pristine MWCNT gives conducting electrical features, however, the inclusion Ti:Si
leads to semiconducting behavior with an apparent hysteresis loop that is associated with
charge storage behavior. Presumably, the formation of MWCNTs:Ti:Si leads to an attachment
of ionic Ti ** and Si-Si bonds which could be a major factor in the observed memristive /charge
storage behavior. Also, the increase in the conductivity of the nanocomposites can be attributed
to the decrease in oxygen vacancy as observed in O K-edge XANES spectra.

The decoration of TiO2 and SiO2 on MWNCTs surface transform its electrical system as
confirmed in the figures. The nanocomposites materials are said to be useful for ferroelectric

device applications based on the obtained results.
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Figure 6.17. I-V log plot for MWCNTs and MWCNTs:Ti:Si (6:6 at %) nanocomposite.
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Figure 6.18. I-V log plot for MWCNTs:Ti:S1 (10:10 at %) nanocomposite.

The agglomeration observed on the surface of MWCNTs:Ti:Si from FE-SEM image indicates
a growth of Ti on MWCNTs surface and it is consistent with XRD and Raman results. The
observed growth of Ti was confirmed by XRD due to the calculated increase in the crystallite
sizes of Ti in the nanocomposites. This increase in crystallite size also corresponds to the
decrease in the Ip/IG ratios of the nanocomposites. The blue shift and the broadening of G band
with occurrence of D' band observed from Raman spectra of the nanocomposite when
compared to that of MWCNTs is in agreement with XANES and XPS data. The XPS Cls
spectra for nanocomposites show a positive shift to that of pristine MWCNTSs. The XANES C
K-edge spectra show a steady decrease in the intensities of n* (C-sp?) with the concentration
of the bi-dopant in comparison with MWCNTs. This observation signifies a reduction in the
sp? clusters of MWCNTs with a corresponding increase in sp® clusters. The electrical

conductivity of the nanocomposites increases for Ti:Si ~ 6:6 at% and further increase for Ti:Si
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~10:10 at% with a considerable hysteresis loop that is associated with charge storage
behaviour. As observed from the XANES spectra, the intensities of O K-edge showed the same
trend as C K-edge. This observation translates to a reduction in oxygen (O) vacancies as
inversely reported in a previous study [56]. The reduction in O vacancy may be responsible for
an increase in the concentration of the mobile electrons resulting in an increase in electrical

conductivity of the nanocomposites [57].

6.4. Conclusion

The structural, electrical, and electronic transition of MWCNTs:Ti:Si nanocomposites have
been examined using different research techniques. It was perceived that the sp? content of
MWCNTs decreased with increased Ti:Si content as observed from Raman spectroscopy.
These observations correspond to the variation in the intensities of XANES C 1s spectra,
indicating a transition in the electronic configuration of MWCNTs. XPS reveals the chemical
bonding of the nanocomposites materials which shows that TiO2 and SiO2 were connected
through Ti-O-Si bonding. The observed Ti*" bond from XPS is capable of forming oxidizing
radicals with O2 which could be useful for photocatalytic applications. The electrical
conductivity of the nanocomposites increased but varies when compared to MWCNTs with a
considerable electrical hysteresis loop. The results from this study reveal the possibilities of
utilizing MWCNTs:TiO2:Si02 nanocomposites for several electricals, electronic, and

photocatalytic activity applications.

136



Ph.D Thesis Oke James Ayodele; UNISA Physics

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

A. Kumar, K. Kumar, P. K. Ghosh, and K. L. Yadav, “MWCNT/TiO2 hybrid nano filler
toward high-performance epoxy composite,” Ultrason. Sonochem., vol. 41, no. 3, pp.

3746, 2018.

R. H. Baughman, A. A. Zakhidov, and W. A. de Heer, “Carbon Nanotubes — the Route

Toward,” Sci. compass, vol. 787, no. 2002, pp. 787-792, 2012.

M. Daenen, R. D. de Fouw, B. Hamers, P. G. A. Janssen, K. Schouteden, and M. A. J.
Veld, “The Wondrous World of Carbon Nanotubes,” Eindhoven Univ. Technol., no. 2

pp. 1-35, 2003.

M. Bozi¢ et al., “Enhanced catalytic activity of the surface modified TiO2-MWCNT
nanocomposites under visible light,” J. Colloid Interface Sci., vol. 465, no. 4 pp. 93—

105, 2016.

V. V. Bolotov et al., “Formation of the N-MWCNT/TiOx nanocomposite structure using
magnetron method for gas sensing application,” AIP Conf. Proc., vol. 1876, no. 2017,

2017.

R. J. Baierle, S. B. Fagan, R. Mota, A. J. R. da Silva, and A. Fazzio, “Electronic and
structural properties of silicon-doped carbon nanotubes,” Phys. Rev. B - Condens. Matter

Mater. Phys., vol. 64, no. 8, pp. 854131-854134, 2001.

J. J. Adjizian et al., “Boron- and nitrogen-doped multi-wall carbon nanotubes for gas

detection,” Carbon, vol. 66, pp. 662—673, 2014.

B. Czech, W. Buda, S. Pasieczna-Patkowska, and P. Oleszczuk, “MWCNT-Ti02-S102

137



Ph.D Thesis Oke James Ayodele; UNISA Physics

[9]

[10]

[11]

[12]

[13]

[14]

[15]

nanocomposites possessing the photocatalytic activity in UVA and UVC,” Appl. Catal.

B Environ., vol. 162, pp. 564-572, 2015.

B. Czech and W. Buda, “Photocatalytic treatment of pharmaceutical wastewater using
new multiwall-carbon nanotubes/Ti02/Si102 nanocomposites,” Environ. Res., vol. 137,

pp. 176-184, 2015.

B. Czech and K. Tyszczuk-Rotko, “Visible-light-driven photocatalytic removal of
acetaminophen from water using a novel MWCNT-Ti02-Si02 photocatalysts,” Sep.

Purif. Technol., vol. 206, no. May, pp. 343-355, 2018.

D. C. Hurum, K. A. Gray, T. Rajh, and M. C. Thurnauer, “Recombination pathways in
the degussa P25 formulation of TiO 2: Surface versus lattice mechanisms,” J. Phys.

Chem. B, vol. 109, no. 2, pp. 977-980, 2005.

C. Song et al., “Functionalization of silicon-doped single walled carbon nanotubes at
the doping site: An ab initio study,” Phys. Lett. Sect. A Gen. At. Solid State Phys., vol.

358, no. 2, pp. 166—-170, 2006.

C. Gao, Z. Guo, J. H. Liu, and X. J. Huang, “The new age of carbon nanotubes: An
updated review of functionalized carbon nanotubes in electrochemical sensors,”

Nanoscale, vol. 4, no. 6, pp. 1948-1963, 2012.

J. A. Oke, D. O. Idisi, S. Sarma, S. J. Moloi, S. C. Ray, and K. H. Chen, “Diamond &
Related Materials Tuning of electronic and electrical behaviour of MWCNTs-TiO 2

nanocomposites,” Diam. Relat. Mater., vol. 100, no. 6, pp. 107570, 2019.

J. A. Oke et al., “Electronic , Electrical , and Magnetic Behavioral Change of SiO 2 -

NP- Decorated MWCNTSs,” ACS Omega, vol. 4, no 11, pp. 14589-14598, 2019.

138



Ph.D Thesis Oke James Ayodele; UNISA Physics

[16]

[17]

[18]

[19]

[20]

[21]

[22]

V. Vatanpour, S. S. Madaeni, R. Moradian, S. Zinadini, and B. Astinchap, “Fabrication
and characterization of novel antifouling nanofiltration membrane prepared from

oxidized multiwalled carbon nanotube/polyethersulfone nanocomposite,” J. Memb. Sci.,

vol. 375, no. 1-2, 2011.

P. Das, A. Saha, A. R. Maity, S. C. Ray, and N. R. Jana, “Silicon nanoparticle based
fluorescent biological label via low temperature thermal degradation of

chloroalkylsilane,” Nanoscale, vol. 5, no. 13, pp. 5732-5737, 2013.

D. Chaudhary, N. Khare, and V. D. Vankar, “Ag nanoparticles loaded TIO2/MWCNT
ternary nanocomposite: A  visible-light-driven photocatalyst with enhanced
photocatalytic performance and stability,” Ceram. Int., vol. 42, no. 14, pp. 15861—

15867, 2016.

V. B. Koli, A. G. Dhodamani, A. V. Raut, N. D. Thorat, S. H. Pawar, and S. D. Delekar,
“Visible light photo-induced antibacterial activity of TiO2-MWCNTSs nanocomposites
with varying the contents of MWCNTSs,” J. Photochem. Photobiol. A Chem., vol. 328,

no. May, pp. 50-58, 2016.

R. Casati, M. H. Nasab, M. Coduri, V. Tirelli, and M. Vedani, “Effects of platform pre-
heating and thermal-treatment strategies on properties of alsilOmg alloy processed by

selective laser melting,” Metals (Basel)., vol. 8, no. 11, p. 954, 2018.

Y. Chen, N. Du, H. Zhang, and D. Yang, “Facile synthesis of uniform MWCNT@Si
nanocomposites as high-performance anode materials for lithium-ion batteries,” J.

Alloys Compd., vol. 622, pp. 966972, 2015.

Y. Luo et al., “Electric field induced structural color changes of Si02@TiO2core-shell

colloidal suspensions,” J. Mater. Chem. C, vol. 2, no. 11, pp. 1990-1994, 2014.
139



Ph.D Thesis Oke James Ayodele; UNISA Physics

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

S. Delpeux, A. Jitianu, S. Bonnamy, R. Benoit, T. Cacciaguerra, and F. Béguin,
“Synthesis and characterization of carbon nanotubes—TiO2 nanocomposites,” Carbon

N. Y., vol. 42, no. 5-6, pp. 11471151, 2004.

N. D. Abazovié, M. I. Comor, M. D. Drami¢anin, D. J. Jovanovi¢, S. P. Ahrenkiel, and
J. M. Nedeljkovi¢, “Photoluminescence of anatase and rutile TiO2 particles,” J. Phys.

Chem. B, vol. 110, no. 50, pp. 2536625370, 2006.

Y. S. Hu, L. Kienle, Y. G. Guo, and J. Maier, “High lithium electroactivity of nanometer-

sized rutile TiO2,” Adv. Mater., vol. 18, no. 11, pp. 1421-1426, 2006.

L. A. A. Rodriguez and Di. N. Travessa, “Core/Shell Structure of TiO2-Coated
MWCNTs for Thermal Protection for High-Temperature Processing of Metal Matrix

Composites,” Adv. Mater. Sci. Eng., vol. 2018, 2018.

J. Yu, T. Ma, and S. Liu, “Enhanced photocatalytic activity of mesoporous TiO2
aggregates by embedding carbon nanotubes as electron-transfer channel,” Phys. Chem.

Chem. Phys., vol. 13, no. 8, pp. 3491-3501, 2011.

J. Yu, J. Fan, and B. Cheng, “Dye-sensitized solar cells based on anatase TiO2 hollow
spheres/carbon nanotube composite films,” J. Power Sources, vol. 196, no. 18, pp.

7891-7898, 2011.

S. C. Ray, S. K. Bhunia, A. Saha, and N. R. Jana, “Electric and ferro-electric behaviour
of polymer-coated graphene-oxide thin film,” Phys. Procedia, vol. 46, no. 19, pp. 62—

70, 2013.

S. D. Delekar et al., “Structural and Optical Properties of Nanocrystalline TiO2 with

Multiwalled Carbon Nanotubes and Its Photovoltaic Studies Using Ru(II) Sensitizers,”

140



Ph.D Thesis Oke James Ayodele; UNISA Physics

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

ACS Omega, vol. 3, no. 3, pp. 2743-2756, 2018.

W. Kiefer, A. P. Mazzolini, and P. R. Stoddart, “Monitoring oxidation of multiwalled
carbon nanotubes by Raman spectroscopy,” J. Raman Spectrosc., vol. 38, no. 4, pp.

1538-1553, 2007.

D. O. Idisi et al., “Electronic, electrical and magnetic behaviours of reduced graphene-
oxide functionalized with silica coated gold nanoparticles,” Appl. Surf. Sci., vol. 483,

no. 12, pp. 106-113, 2019.

T. I. T. Okpalugo, P. Papakonstantinou, H. Murphy, J. McLaughlin, and N. M. D.
Brown, “High resolution XPS characterization of chemical functionalised MWCNTs

and SWCNTs,” Carbon N. Y., vol. 43, no. 1, pp. 153-161, 2005.

D. Su, C. L. Teoh, A. Samanta, N. Y. Kang, S. J. Park, and Y. T. Chang, The
development of a highly photostable and chemically stable zwitterionic near-infrared

dye for imaging applications. Chem. Comm., vol. 51, no. 19, pp.3989-3992, 2015.

L. Zhang, N. Kuramoto, Y. Azuma, A. Kurokawa, and K. Fujii, “Thickness
Measurement of Oxide and Carbonaceous Layers on a 28 Si Sphere by XPS,” IEEE

Trans. Instrum. Meas., vol. 66, no. 6, pp. 1297-1303, 2017.

H. Zhang, X. Luo, J. Xu, B. Xiang, and D. Yu, “Synthesis of TiO2/Si02 core/shell

nanocable arrays,” J. Phys. Chem. B, vol. 108, no. 39, pp. 14866—14869, 2004.

B. S. Huang, H. H. Tseng, and M. Y. Wey, “Comparison of visible-light-driven routes
of anion-doped TiO2 and composite photocatalyst,” J. Ceram. Soc. Japan, vol. 117, no.

1366, pp. 753-758, 2009.

X. Zhou, X. Ge, R. Tang, T. Chen, and G. Wang, “Preparation and catalytic property of

141



Ph.D Thesis Oke James Ayodele; UNISA Physics

[39]

[40]

[41]

[42]

[43]

[44]

modified multi-walled carbon nanotube-supported TiO2 for the transesterification of
dimethyl carbonate with phenol,” Cuihua Xuebao/Chinese J. Catal., vol. 35, no. 4, pp.

481489, 2014.

L. Bin Xiong, J. L. Li, B. Yang, and Y. Yu, “Ti 3+ in the surface of titanium dioxide:
Generation, properties and photocatalytic application,” J. Nanomater., vol. 2012, no. 5,

pp. 1-13, 2012.

K. Szot, W. Speier, G. Bihlmayer, and R. Waser, “Switching the electrical resistance of
individual dislocations in single-crystalline SrTiO3,” Nat. Mater., vol. 5, no. 4, pp. 312—

320, 2006.

M. Pedio, F. Borgatti, A. Giglia, N. Mahne, S. Nannarone, S. Giovannini, C. Cepek, E.
Magnano, G. Bertoni, E. Spiller and M. Sancrotti, Annealing temperature dependence

of C60 on silicon surfaces: bond evolution and fragmentation as detected by

NEXAFS. Phys. Scr., vol. 2005, no. 115, p.695, 2005.

H. X. Deng, S. H. Wei, S. S. Li, J. Li, and A. Walsh, “Electronic origin of the
conductivity imbalance between covalent and ionic amorphous semiconductors,” Phys.

Rev. B - Condens. Matter Mater. Phys., vol. 87, no. 12, pp. 1-5, 2013.

S. C. Ray, D. K. Mishra, A. M. Strydom, and P. Papakonstantinou, ‘“Magnetic
behavioural change of silane exposed graphene nanoflakes,” J. Appl. Phys., vol. 118,

no. 11, 2015.

C. W. Pao, S. C. Ray, H. M. Tsai, Y. S. Chen, H. C. Chen, I. N. Lin, W. F. Pong, J. W.
Chiou, M. H. Tsai, N. G. Shang and P. Papakonstantinou, “Change of structural
behaviors of organo-silane exposed graphene nanoflakes,” J. Phys. Chem. C, vol. 114,

no. 18, pp. 8161-8166, 2010.
142



Ph.D Thesis Oke James Ayodele; UNISA Physics

[45]

[46]

[47]

[48]

[49]

[50]

[51]

S. C. Ray, C. W. Pao, H. M. Tsai, J. W. Chiou, W. F. Pong, C. W. Chen, M. H. Tsai, P.
Papakonstantinou, L. C. Chen, and K. H. Chen, “A comparative study of the electronic
structures of oxygen- and chlorine-treated nitrogenated carbon nanotubes by x-ray

absorption and scanning photoelectron microscopy,” Appl. Phys. Lett., vol. 91, no. 20,

pp. 202102, 2007.

A. Kuznetsova, I. Popova, J. T. Yates Jr, M. J. Bronikowski, C. B. Huffman, J. Liu, R.
E. Smalley, H. H. Hwu and J. G. Chen, “Oxygen-containing functional groups on single-
wall carbon nanotubes: NEXAFS and vibrational spectroscopic studies,” J. Am. Chem.

Soc., vol. 123, no. 43, pp. 10699-10704, 2001.

S. Banerjee, T. Hemraj-Benny, S. S. Wong, M. Balasubramanian, J. A. Misewich, and
D. A. Fischer, “Ozonized single-walled carbon nanotubes investigated using NEXAFS

spectroscopy,” Chem. Commun., vol. 10, no. 7, pp. 772-773, 2004.

M. Magnuson, M. Mattesini, S. Li, C. Hoglund, M. Beckers, L. Hultman and O.
Eriksson, “Bonding mechanism in the nitrides Ti2 AIN and TiN: An experimental and
theoretical investigation,” Phys. Rev. B - Condens. Matter Mater. Phys., vol. 76, no. 19,

pp. 1-9, 2007.

Z.Y. Wu, F. Jollet and F. Seifert, “Electronic structure analysis of a-SiO2 via x-ray
absorption near-edge structure at the Si K, L.2,3 and O K edges,” J. Phys. Condens.

Matter, vol. 10, no. 36, pp. 8083—-8092, 1998.

M. W. Gaultois and A. P. Grosvenor, “XANES and XPS investigations of (Ti02)x(SiO
2)1-x: The contribution of final-state relaxation to shifts in absorption and binding

energies,” J. Mater. Chem., vol. 21, no. 6, pp. 1829-1836, 2011.

S. Di Mo and W. Y. Ching, “X-ray absorption near-edge structure in alpha-quartz and
143



Ph.D Thesis Oke James Ayodele; UNISA Physics

[52]

[53]

[54]

[55]

[56]

[57]

stishovite: Ab initio calculation with core-hole interaction,” Appl. Phys. Lett., vol. 78,

no. 24, pp. 3809-3811, 2001.

F. M. F. de Groot, M. O. Figueiredo, M. J. Basto, M. Abbate, H. Petersen, and J. C.
Fuggle, “2 p X-ray absorption of titanium in minerals,” Phys. Chem. Miner., vol. 19, no.

3, pp. 140-147, 1992.

E. Gale, “Ti02-based memristors and ReRAM: Materials, mechanisms and models (a

review),” Semicond. Sci. Technol., vol. 29, no. 10, pp. 1-29, 2014.

J. Yao, Z. Sun, L. Zhong, D. Natelson, and J. Tour, “Supporting Information - Resistive

Switches and Memories from Silicon Oxide,” Nano Lett., vol. 10, no. 1, pp. 1-7, 2010.

J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang, Y. Horiuchi, M. Anpo and D.W.
Bahnemann, Understanding TiO2 photocatalysis: mechanisms and materials. Chemical

reviews, vol. 114 no. 19, pp. 9919-9986, 2014.

Z. Shuai, L. Wang and Q. Li, Evaluation of charge mobility in organic materials: from
localized to delocalized descriptions at a first-principles level. Advan. Mater., vol. 23,

no. 9, pp. 1145-1153, 2011.

B. Ghosh, S.C. Ray, M. Pontsho, S. Sarma, D.K. Mishra, Y.F. Wang, W.F. Pong, and
A.M. Strydom, Defect induced room temperature ferromagnetism in single crystal, poly-
crystal, and nanorod ZnO: A comparative study. J Appl. Phys., vol. 123, no. 16, pp.

161507, 2018.

144



Ph.D Thesis Oke James Ayodele; UNISA Physics

Chapter Seven

Summary, Conclusions, Recommendations and Future work

145



Ph.D Thesis Oke James Ayodele; UNISA Physics

7.1 Thesis summary

The electronic and magnetic behavior of a material depends on the interaction of electrons in
the material when subjected to an electric and magnetic field. The theory of an electron
excellently explains the electronic, magnetic, and electrical properties of the material. This
theory is important since new technology depends on it. The efforts in developing new
technology have led to the search of carbon nanotubes (CNTs), which was utilized for this

study.

Carbon materials exist in amorphous, diamond, and graphite structures. The well-known
allotropes of carbon are graphite and diamond. Research methods have expanded the existing
knowledge about carbonaceous materials and more allotropes have been identified. These
allotropes include graphene, fullerene, and carbon nanotubes. Most research in material science
has been about the allotropes (graphitic carbon) as a result of their excellent electrical
conductivity, thermal properties, and mechanical strength. Over a few years, CNTs have

attracted attentiveness when compared to graphene and fullerene, due to their better properties.

After the discovery of CNTs by lijima in 1991, different techniques (arc discharge, laser
ablation, and chemical vapor deposition (CVD)) have been used to synthesize CNTs. Arc
discharge and laser ablation are techniques used in synthesizing CNTs with high quality.
However, they have a disadvantage of being costly and low scale production. CVD is the most
used technique in synthesizing CNTs on a large scale in the presence of a catalyst, which has
the degree of control over length, diameter, and morphology. Due to the catalyst used, CNTs
can be purified using oxidation, ultrasonication, acid treatment, annealing, micro filtering, and

functionalization techniques. CNTs consist of single-wall (SW) CNT, double-wall (DW)
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CNTs, and multi-wall (MW) CNTs, which are hollow, cylindrical nanostructures (wrapped

graphene sheet) with open or closed (fullerene) ends.

The structure of CNTs depends on how the graphene sheet is been wrapped, which gives
armchair, zigzag and chiral structures. These structures also have an effect on their electrical
properties. Most CNTs are conducting and diamagnetic in nature. The surface of CNTs needs
to be modified to establish its semiconducting and magnetic behavior. The two main methods
used in functionalizing CNTs are covalent and non-covalent modification. The attachment of
semiconducting and magnetic nanomaterials onto its surface either by covalent or non-covalent
modification makes them a potential material for different electronic and magnetic

applications.

The current study involves MWCNTs (a type of CNTs) which are more cost-effective and
promising materials for several applications. The material is one-dimensional with perfect spin-
transport medium and is ballistic with a weak spin-orbit coupling which yields a long spin
relaxation time. SWCNTSs act as a metallic or semiconductor with 0 to 2.0 eV bandgap.
MWCNTs are composed of several coaxial SWCNTs and mostly conducting in nature.
SWCNT having closed ends are recognized as fullerene, which has limitations as they cannot
be produced in large quantities. These characteristics and behavior of MWCNTSs made it an

exceptional material then fullerene and graphene.

Despite the unique properties of MWCNTs, there is a need to modify its properties for preferred
and more device applications, which is due to the following reasons; MWCNTSs lack a magnetic
moment which made them diamagnetic materials. Also, MWCNTs are conducting in nature
and are low-density materials. Based on this fact, MWCNTs needs to be functionalized with
some nanoparticle materials to establish their magnetic moment, semiconducting behavior with

high storage density, and to vary its magnetization for different electronic, electrical, and
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magnetic applications. Silicon dioxide (SiOz), Titanium dioxide (TiO2), and a composite of
Si02:TiO2 were used to functionalize MWCNTs, the reason being that they are cheaper and
abundant in nature. Also, silicon is a semiconducting material that acts as an insulating as well
as conducting material. On the other hand, titanium has excellent physical properties such as
lightweight, corrosion resistance, and high strength which can be oxidized to produce TiOx.
TiO2 could be considered as a supporting nanomaterial due to its semiconducting properties,

nontoxic, and possibility of charge transfer behavior.

Si02, TiO2, and SiO2:TiO2 were used to functionalize MWCNTs using the covalent method.
The materials used in synthesizing these nanomaterials were purchased from Sigma-Aldrich
(Pty) Ltd. The synthesis of SiO2, MWCNTs, MWCNTs:Si02 MWCNTs-TiO2, and
MWCNTs:Ti02:Si02 nanocomposites were performed using thermal decomposition, spray
pyrolysis and CVD, toluene suspension and hydrothermal process, respectively. The sample
characterizations were also performed using FE-SEM, XRD, Raman spectroscopy, XPS,
XANES, IV, SQUID, and ESR to establish their electrical, electronic, and magnetic

properties.

Si02, MWCNTs, and MWCNTs:Si nanocomposites were prepared and characterized using the
above techniques. MWCNTs were decorated with SiO2 at two different concentrations of Si
~1.5 at % and Si ~5.75 at %. The FE-SEM images of SiO2 and MWCNTs displayed a typical
spherical and tube-like profile, respectively. MWCNTs:SiO2 nanocomposites depicted a root-
like profile, indicating uniform deposition of SiO2 onto the surface of MWCNTs. The EDS
spectra showed that there are no impurities in the nanocomposites. From the XRD patterns of
Si02 and MWCNTs, usual peaks were observed. The pattern of Si ~1.5 at % showed that the

structure of MWCNTs was not destroyed and that of Si ~5.75 at % revealed that carbon atoms
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were replaced by Si atoms. The In/IG ratios observed from Raman were indications of an

increase in sp? and sp® content for Si~1.5 at % and Si ~5.75 at % nanocomposites, respectively.

The Raman result corresponds to the increase and decrease in the intensities of C K-edge
spectra, making sp® content richer for Si ~5.75 at %. The O K-edge spectra also displayed an
increase and decrease the intensities of Si ~1.5 at % and Si ~5.75 at %, implying an increase
and decrease in the number of O vacancies, respectively. The XPS spectra depicted a defect
structure for Si ~1.5 at% and a strong bond for Si ~5.75 at % nanocomposites. From the M-H
loop, it is observed that the magnetization slightly increases and decreases drastically for Si
~1.5 at% and Si~5.75 at %, respectively. In reference to XPS spectra, the strong bond between
MWCNTSs and SiO: (Si-C tetrahedral bonding) led to an increase of sp® hybridization, thereby
decreasing the magnetization of MWCNTs. On the other hand, the formation of Si-C-O (defect
structure) and ~COOH/C-O bonds led to a slight increase in the magnetization of MWCNTs.
This increase was a result of the oxygen functional group, which produce a positive center to
capture an electron in a restricted form. The restricted electron retained magnetic moment
which contributed to the enhanced magnetization in Si~1.5 at %. These results also correspond

to the observations in C K-edge and O K-edge XANES spectroscopy.

The electrical conductivity of Si ~1.5 at % increases, which is due to different energy levels
created by the dangling bond formed in MWCNTSs and the non-restricted electrons were able
to move freely from valence band to conduction band. The slight decrease in the electrical
conductivity of Si ~5.75 was due to the transformation from the conducting nature of

MWCNTs to a semiconducting structure of the nanocomposite.

The synthesis and characterizations of TiO2, MWCNTs, and MWCNTs:Ti nanocomposites
were achieved using the research methods mentioned earlier. TiO2 was deposited on the surface

of MWCNTs at Ti ~15 at % and Ti ~20 at % concentrations. TiO2, MWCNTs, and

149



Ph.D Thesis Oke James Ayodele; UNISA Physics

MWCNTs:Ti nanocomposites displayed the spherical, tube-like, and homogenous distribution
of TiO2 agglomeration on MWCNTs surface, respectively. The EDS spectra confirmed that the
nanocomposites contain carbon, oxygen, and titanium materials. From XRD, a usual pattern
was observed for MWCNTs, while TiO2 and MWCNTs:Ti nanocomposites depicted anatase-
TiOz2 phase, indicating carbon atoms were replaced by Ti atoms. The calculated crystallite size
showed an increase for Ti~15 at % and decreases for Ti ~20 at % when compared to MWCNTs.
Raman showed the Ip/Ig ratio of 1.3 for MWCNTs, the inclusion of Ti ~15 at % in MWCNTs
decreases the ratio to 0.9 and on Ti ~20 at % inclusion, the ratio increases to 1.7. The variation
in the In/IG ratio indicates a decrease and increase in sp® hybridization. It was observed from

XPS, that the increase in Ti content in MWCNTs decreases its carbon content.

XPS also shows that the C—O and Ti—O bonds from C 1s and O 1s, respectively led to the good
connection between MWCNTSs and TiO2, indicating Ti—~O—C bonds are present. Ti*" oxidation
state was also present as a result of electrons transferring through Ti—O—C bonds, which change
the electron density in MWCNTs: Ti nanocomposites. From C 1s XANES spectra, the observed
C-O/C-H bonding was as a result of a change in sp® hybridization or metal bonding to
MWCNTs lattice. A decrease in the intensity of Ti L3 2-edge XANES spectra with an increase
in the content of Ti also confirms that Ti atoms were replaced by oxygen and/or carbon in the
MWCNTs. The observed changes in XPS and XANES indicate that TiO2 has influenced the

bonding and electronic structure of MWCNTs.

The electrical conductivity of MWCNTs:Ti nanocomposites increases compared to MWCNTs.
Although, enhancing the conductivity of MWCNTSs was not our aim since the material is highly
conductive but it was to improve its memristive capacity. The hysteresis loop which was
observed in MWCNTs with ~15 at % content of TiO2 is higher than that of MWCNTSs with 20

at % content of Ti0O: indicating higher charge storage properties and memristive behavior.
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The previously mentioned characterization techniques were used to study the synthesized TiOz,
Si02, MWCNTs, and MWCNTSs:Ti:Si nanocomposites to establish the novelty of the
nanocomposites materials for various applications. TiO2:SiO2 was included in the suspension
of MWCNTs at different stoichiometric ratios of Ti:Si ~6:6 at % and Ti:Si ~10:10 at %. The
images of TiO2, Si02, MWCNTs, and MWCNTs:Ti:Si nanocomposites depicted a roughly
spherical, ball cluster, tube-like, and root-like profiles, respectively. The Ti:Si ~6:6 at %
nanocomposite showed a uniform dispersion of TiO2:Si02 on MWNCTs lattice, while that of
Ti:S1~10:10 at % nanocomposite displayed some agglomeration. The observed agglomeration
indicates that MWCNTs allowed the growth of Ti on its surface as confirmed later by XRD.
The EDS displayed a spectrum without contaminants in the nanocomposites. The XRD patterns
presented normal peaks for anatase TiO2, SiO2, and MWCNTs, while the nanocomposites
showed anatase and rutile phases of TiOz, indicating TiO2 and SiO2 changed the crystalline
structure of MWCNTs. The Ti:Si ~6:6 at % nanocomposites also displayed a very less intense
carbon peak, which later vanished as Ti:Si content increases on MWCNTs lattice, implying
that carbon atoms were gradually replaced by Ti atoms. The calculated crystallite size showed

an increase in the growth of Ti on MWCNTs lattice.

Raman spectra of the nanocomposites depicted three peaks (Big, Aig, and Eg) of anatase TiO2
with four carbon peaks (D, G 2D and D+G) for MWCNTs. A slight shift was observed for the
anatase peaks of the nanocomposites when compared to pristine anatase TiO2, which may be
due to an increase in the crystallite size of anatase TiOz as observed from XRD. The In/IG ratios
of MWCNTs and the nanocomposites were calculated to ascertain the degree of their
hybridization and graphitization. The Ip/Ic ratios were obtained from the peak intensity of D
and G peaks. The ratios showed a decrease in the In/Ig ratios, which is an indication of an
increase in sp’ hybridization but a decrease in graphitization. This decrease implies that carbon

atoms were replaced by Ti:Si atoms.

151



Ph.D Thesis Oke James Ayodele; UNISA Physics

From C K-edge XANES spectrum, there is a variation in the intensities of MWCNTs and Ti:Si
nanocomposites, indicating that the graphitization of MWCNTs is decreasing gradually
translating to a rise in sp® content as observed from Raman. The O K-edge spectra also depicted
a decrease in the intensities of the nanocomposites compared to MWCNTs, implying de-
oxidation has occurred. XPS revealed the chemical bonding of the nanocomposites materials
which shows that TiO2 and SiO2 were connected through Ti-O-Si bonding and other bonds like
Ti-O-T1/Ti-O-H/C=0/Ti-O-Si were responsible for the deoxidation observed in O K-edge
XANES spectra. The observed Ti*" state from XPS can form oxidizing radicals with O2 which

can be useful for photocatalytic activity.

The electrical structure of MWCNTs and SiO2 displayed conducting and insulating structures,
respectively, while TiO2 and MWCNTs:Ti:Si nanocomposites are semiconducting in nature.
An increased variation was observed in the electrical conductivity of Ti:Si nanocomposites
compared to MWCNTs. The increase in conductivity may be due to the numbers of non-
restricted electrons that were able to jump from the valence band to the conduction band. The
I-V log plot displayed a small hysteresis loop for the nanocomposites material, implying a

ferroelectric behavior.

7.2 Conclusions

This study synthesized and characterized TiO2, Si02, MWCNTs, MWCNTs:Si02 MWCNTs-
TiO2, and MWCNTs:Ti02:S102 nanocomposites using different research technique and their
electronic, electrical, and magnetic behavior were studied. The results obtained were discussed

in chapters four, five, and six and the following conclusions were deduced accordingly:

The study of MWCNTs:SiO2 showed that the electrical conductivity of the Si ~1.5 and Si ~.75

at % nanocomposites increases and decreases, respectively when compared with MWCNTs.
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An electrical hysteresis loop was observed for Si ~5.75 at % nanocomposite, indicating a
ferroelectric behavior. Also, the magnetic behavior of nanocomposites showed a
semiconducting structure compared to the semi-metallic structure of MWCNTSs with a variation

in the magnetization of the nanocomposites.

The study of MWCNTs-TiO2 nanocomposites showed that the electrical structure of MWCNTSs
transforms from a conductor to a semiconductor with an increase in electrical conductivity due
to the introduction of TiO2 nanoparticles. The nanocomposite materials also displayed a
pronounced hysteresis loop indicating a ferroelectric, memristive, and charge storage behavior

due to Ti" charge transfer in MWCNTs.

The investigated MWCNTs:TiO2:SiO2 nanocomposites revealed that Ti** state is present in the
nanocomposites. The observed Ti** bond is capable of forming oxidizing radicals with O
which could be useful for photocatalytic applications. The electrical conductivity of the
nanocomposites increased but varies when compared to the metallic structure of MWCNTs. A
semiconducting structure was also observed for the nanocomposites with a minute electrical

hysteresis loop, indicating a change in the electrical structure of MWNCTs.

In general, these studies revealed different routes in tuning or modifying the electrical,
electronic, and magnetic behavior of MWCNTs for different electrical, electronic, and

magnetic device applications.

7.3 Recommendations

This study has established the electrical, electronic, and magnetic behavior of MWCNTs:SiOz,
MWCNTs-TiO2, and MWCNTs: Ti02:Si02 nanocomposites and has shown different ways in
which they can be synthesized and characterized. It has also established the fact that TiOz,

Si02, and Ti02:S102 can tune properties of MWCNTs for different applications. Hence, these
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nanocomposites materials could be useful for different electrical, electronic, and magnetic
applications where ferroelectric, ferromagnetic, memristive, charge storage, and photocatalytic

behavior are preferred.

7.4 Future work

Means to improve the properties of MWCNTSs using covalent functionalization through
different synthesis methods have been achieved. However, more methods should be explored
in synthesizing and purifying MWCNTs in other to develop or produce more cheaply and good
quality of MWCNTs. In addition, effort should be made in the covalent functionalization of
MWCNTs using non-acid as an oxidizing agent to avoid large usage of acid. Moreover, further
work needs to be done on the functionalization of MWCNTs using the non-covalent method to

improve their properties for several novel applications.

154



Ph.D Thesis Oke James Ayodele; UNISA Physics

Appendix

Published Papers

155



Ph.D Thesis

Appendix 1

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

1\ ACS

Oke James Ayodele; UNISA

Physics

©

L J O I v I EGA & Cite This: ACS Omega 2019, 4, 1458914598

http//pubs.acs.org/journal/acsodf

Electronic, Electrical, and Magnetic Behavioral Change of SiO,-NP-

Decorated MWCNTs

James A. Oke,’ David O. Idisi,” Sweety Sarma,’ Sabata J. Molor, Sekhar C. Ray,®

'® Kuan Hung Chen,”

Anirudha Ghosh,” Abhijeet Shelke,” and Way Faung Pong™"

'Departrnent of Physics, CSET, University of South Africa, Private Bag X6, Florida, 1710, Science Campus, Christiaan de Wet and

Pioneer Avenue, Florida Park, Johannesburg, South Africa
tDep:u'tl'run'n of Physics, Tamkang University, Tamsui 251, Taipei, Taiwan

ABSTRACT: Silicon-oxide-nanoparticle (SiO,-NP) heteroatoms were
decorated/deposited onto multiwall carbon nanotube (MWCNT) surface
to tune the properties of MWCNTSs for electronic and magnetic
applications. To achieve this objective, SiO;-NPs and MWCNTSs were
prepared and suspended together into toluene and heated at <100 °C for
the formation of MWCNTSs/SiO,-NP nanocomposites. A change in the
microstructure, electronic, electrical, and magnetic behaviors of MWCNT
nanocomposites decorated/deposited with silicon content was investigated
using different techniques, viz., scanning electron microscopy, X-ray
diffraction, Raman spectroscopy, and X-ray photoelectron spectroscopy
for structural, compositional, and electronic structure, while current—voltage
was used for electrical properties and field-dependent magnetization and
electron spin resonance techniques were used for magnetic properties. The
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results indicated that SiO,-NPs adhered onto MWCNTS, resulting in variation in the material conductivity with the Si-NP
content. The coercivity of MWCNT nanocomposites adhered with 1.5 atom % Si-NPs (H-@40 K = 689 Oe) is higher than that
of those adhered with 5.75 atom % Si-NPs (H.@40 K = 357 Oe). In general, the results provide information about the
possibilities of tuning the electronic, electrical, and magnetic properties of MWCNTs by adherence of SiO,-NPs onto them.

This tuning of material properties could be useful for different electronic and magnetic device applications.

1. INTRODUCTION

Since their discovery in 1991, single-walled and multiwalled
carbon nanotubes (CNTs) have been materials of choice for a
variety of applications due to their unique physical and
electrical properties. The materials also possess properties that
make them suitable for fabrication of electrochemical sensors.”
Despite their potential for these applications, electronic,
electrical, and magnetic properties of CNTs need to be
tailored for more different device-based applications. Over few
decades, significant progress has been made by various
researchers in exploring graphitic carbon materials such as
graphene, fullerene, and CNTs owing to their unique
properties for different applications.”™" Zhang et al. explored
the CNT semiconductor composites and other carbon
materials for photocatalytic properties and their results showed
a significant activity.” Other studies also showed the possibility
of tuning the properties of multiwalled carbon nanotubes
(MWCNTSs) by introducing heteroatoms like nitrogen and
boron.”

Theoretical studies have shown that in CNTSs, Si atoms relax
outward and form a sp® bonding to change the electronic and
magnetic behaviors of the material.” Silicon (Si) atoms
chemisorb on the surface of CNTs to provide dangling
bonds that change the properties of the material for different
applications in addition to the known ones.” Silicon atoms

v ACS Publications  © 2019 American Chemical Society

can be binding centers for various atoms or molecules. making
CNTs easier and more attractive for functionalization.” Silicon,
therefore, could be a preferred element to functionalize CNTs
due its large atomic size, which distorts the host lattice to
generate/induce defects in the material.

In comparison to other dopants like nitrogen and boron,
effects of silicon on properties of CNTs have not been fully
explained nor understood. In comparison to theoretical
studies, there is scarce experimental data presented on CNTs
deposited with Si nanoparticles (NPs). In the present study,
MWCNTSs are a material of interest because they have better
properties than graphene and fullerene. Although they have
similar properties, graphene is a semiconductor with a zero
forbidden gap,” while CNTs are metallic or semiconductor
with the forbidden gap ranging from 0 to 2 eV.'™'" The
technique used in the production of CNTs has control over its
length, diameter, and morphology,'l which have a great
influence in tailoring their properties for preferred applications.
On the other hand, fullerene is a single-wall CNT (SWCNT)
with closed ends and have similar properties to those of
MWCNTSs. The advantage of MWCNTSs over SWCNT is that
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Figure 1. Scanning electron microscopy of (a) SiO,-NPs, (b) MWCNTS, and (¢) MWCNTSs/SiO,-NPs (Si-NPs = 1.5 atom %). (d) X-ray
diffraction pattern, (¢) Raman spectra for Si-NPs, MWCNTs, MWCNTSs/SiO,-NP (Si-NPs = 1.5 atom %) nanocomposites, and MWCNTSs/SiO,-
NP (Si-NPs = 5.75 atom %) nanocomposites. First-order and second-order deconvoluted Raman spectra for (f) SiO;-NPs, (g) MWCNTSs, (h)
MWCNTSs/Si0,-NP (Si-NPs = 1.5 atom %) nanocomposites, and (i) MWCNTs/SiO,-NP (Si-NPs = 5.75 atom %) nanocomposites.

there is a possibility to produce them in large ql.l:u':t:it)r;'2
hence, we studied MWCNTSs. We have synthesized MWCNT
and deposited different concentrations of Si-NPs on
MWCNTs and studied their structural, electronic, electrical,
and magnetic properties using different spectroscopic
techniques. The Si-NPs got oxidized during the synthesis
process to form silicon-oxide-nanoparticles (SiO,-NPs) and
adhered onto MWCNTSs. Our motivation is that due to the
adherence of Si-NPs, MWCNTs are a potential candidate for
ferromagnetic and electromagnetic nanodevice applications.
This motivation is based on the data acquired using different
material research techniques.

2. RESULTS AND DISCUSSION

2.1. Surface Morphology. Surface morphologies of SiO,-
NPs, MWCNTs, and MWCNTs/SiO;-NP (Si-NPs = 1.5 atom
%) nanocomposites are shown in Figure la—c. Figure la shows
small aggregates of SiO,-NPs, with size distribution varying
from 50 to 100 nm. Figure 1b clearly indicates the formation of
MWCNTSs with a uniform diameter with little contamination,
while Figure lc confirms the decoration/deposition of SiO;-
NPs on the surface of MWCNTS as indicated in the tree-buds-
like structure on the anchored branches. It can also be seen
from the figure that SiO;-NPs are well-dispersed and bounded
to the surface of MWCNTSs. This attachment and anchoring of
Si0;-NPs to the surface of MWCNTS is important for the
variation of the electrical conductivity of MWCNTSs and for
the prevention of an aggregation behavior of SiO,-NPs during
the whole charging/discharging process among Si@C/CNTs
(mixture of Si@C and CNTs) and oxygen. This variation of
conductivity is shown later in the text. However, it is noted
that as they were exposed to air, the Si-NPs were oxidized
during the synthesis process to form SiO,-NPs on the surface
of MWCNTs.

2.2, X-Ray Diffraction. Figure 1d shows the X-ray
diffraction (XRD) spectra for all the synthesized nano-
composites, The spectrum for MWCNTSs show a prominent
peak at 20 = 26° corresponding to the (002) plane of the
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graphitic structure'” and less intense peaks at 20 & 44 and 53°
corresponding to the (100) and (004) reflection,'’ respec-
tively. This structure matches with that of pristine MWCNTs
and/or standard graphite carbon, indicating a well-graphitized
MWCNTs'" without carbonaceous impurities and/or catalytic
metal particles on the surface of the MWCNTS. The adherence
of 1.5 atom % Si onto MWCNTS results in an additional peak
at 20 ~ 78° corresponding to the (110) plane'” along with the
(002), (100), and (004) planes, indicating that the structure of
MWOCNT is still intact. However, when oxidized Si-NPs (5.75
atom %) is adhered onto MWCNTS, these peaks disappeared,
resulting in two peaks at lower angles of 20 = 22 and 7°. We
assume that these two peaks may arise from $i0,/Si=0-C
and Si—Si structures respectively.'™'” Casati et al. found a peak
at 260 = 6.5° in AlSi;oMg alloy and cliimed that the peak arises
from silicon and is a reflection of Si (111),'” whereas the peak
at 20 ~ 22° is consistent with crystalline SiO, as previously
reported by Svavarsson et al.'

2.3. Raman Spectroscopy. Figure le shows the Raman
spectra of the synthesized SiO,-NPs, MWCNTs, and their
nanocomposites. A wide peak at ~520 em™" observed for SiO,-
NPs is attributed to the Si pd:ak."a In the case of MWCNTs,
four main peaks observed at approximately 1345, 1585, 2693,
and 2937 cm™' correspond to the D-band (disordered
graphitic), G-band, 2D-band, and (D + G)-band, respec-
tively.'”™* The D-peak is due to defected graphite.'””*" The
G-peak, on the other hand, has been found to be due to the
doubly degenerate zone centered around the E,. mode
resulting from the stretching modes of C—C bonds of typical
graphite'” The 2D peak is an overtone of the D peak and
occurs due to a second-order vibration process, and the D + G-
peak occurs due to the combined vibration of D and G modes.
These four peaks were also observed when different oxidized
Si-NPs concentrations (1.5 and 5.75 atom %) were decorated/
deposited on the MWCNTSs surface and are found to be
shifted slightly toward a lower wavelength for MWCNTSs/
$i0,-NPs (Si-NPs = 1.5 atom %). In the case of MWCNTSs/
Si0,-NPs (5.75 atom %), a peak representing SiO, is observed
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in addition to four carbon peaks of MWCNTSs. The existence

of a SiO; peak in the Raman spectra indicates that Si-NPs were g

oxidized to form SiO,-NPs on the surface of MWCNTs (Table e o'
1). The peak may also be due to the relatively high Es “@e
concentration of silicon atom onto MWCNTs. Thus, the ::
measurements may also confirm that SiO,-NPs have been

deposited on MWCNTSs matrices. Presumably, the shift in the

peak positions is consistent with the shift in the XRD spectra, s

implying the formation of the MWCNTSs/SIO,-NP nano- £

composites. Due to the large surface area of silicon,”” the atom "E"g o S e
can easily create a bond length stretching, which leads to a =

significant softening effect of the MWCNT/SiO,-NP compo- =

sites.”” The adherence of silicon also induces a low-frequency

shift of the MWCNTS spectrum. The first- and second-order ~

Raman spectra deconvoluted into two Gaussian lines for %% m 9 5
MWCNTSs and MWCNTs/SiO,-NPs (Si-NPs = 1.5 atom %) =

and three Gaussian lines for MWCNTSs/SiO,-NP (Si-NPs =

S
S
24
A
:
g
:
Z
S
s
s
£
5.75 atom %) nanocomposites are shown in Figure 1f=h. The i E
evaluated peak intensities (int.), peak widths (A@), and peak v e
positions (x) of the deconvoluted spectra are presented in g £
Table 2. It can be seen from the table that the peak widths of 5 E
D- and G-bands are low (narrow) for MWCNTSs/SiO,-NP = %
composites. The narrowing of the peak width is due to ] s
reduction of defects as a result of substitutional SiO, atoms. To . g
understand the degree of crystallization of the nanocomposites, = 2
In/I; ratio was calculated from the deconvoluted Raman 2 g &
peaks. The Ip/I; ratios are 1.3, 1.5, and 0.74 for MWCNTS, :G 1% 3
MWCNTS/SiO,-NPs (Si-NPs = 1.5 atom %), and MWCNTs/ 3 g =
8i0,-NPs (Si-NPs = 5.75 atom %), respectively. The variation = g
of the ratio indicates the degree of disordered carbon atoms in T £
the rl:lnocorrll:ln:)sitt:s‘w'_z"'2 The high ratio (Ip/I;) of the % ;
nanocomposites indicates a structural change of the a 3
composites. In MWCNTSs, SiO,-NPs change the crystal "~ jg
structure of the composites. We have estimated the crystallite EA 8
size using the Tuinstra—Koenig relation” ‘ﬁ & ;
‘ 55 ¥
44( 241 o= _
L, (nm) = — —] R #
R\ E Tw 2 £ % 2 5
o . ) - : T - 3 -
where the energy difference “R” is the integrated intensity ratio O g || 3
Ip/I; and E, is the excitation laser energy (%~2.33 eV). The s> E&| _
crystallite size of MWCNTs/SiO,-NP (Si-NPs = 5.75 atom %) é 7 &8 g 20 3x%
nanocomposite is higher than that of pure MWCNTSs as £ ?i"e' G235 ¥ <
tabulated in Table 1. A change in L, is due to oxidized silicon £ % | 2 o
atoms relaxing outward and forming a sp® bond in the PP :E.g =
MWCNTSs/SiO,-NP nanocomposite. This conjecture is in E\g é_ i 52
good agreement with the XRD results as discussed above. E = 8 g 5 z %
2.4, X-Ray Adsorption Near Edge Spectroscopy. The E 59
C K-edge X-ray adsorption near edge spectroscopy (XANES) E o
spectrum in Figure 2a shows that there is a transition from C -3 ; % )
1s core to p-like final states above the Fermi level (E;). The Ug'“ g B
spectrum also shows the 7% features that are associated with = 8 2 5
sp’-bonding configurations at ~285.5 (+0.1) eV and o* E= ot R
features at ~292.8 eV. The 7* region was subtracted within the g a; nae
range of 284—289 eV using a Gaussian line and is shown as an _g g s %
inset in Figure 2a. The inset shows double structural features 2% )
centered at ~285.5 (+0.1) and 287.1 eV for MWCNTSs and 'g‘ : o
MWCNTs/Si0,-NP nanocomposites, respectively. The inten- E- I as
sity of pure MWCNT is found to be higher than that of S & 232
MWCNT/SiO;-NP (Si-NPs = 5.75 atom %) and lower than C E -
the intensity of MWCNTs/SiO,-NPs (Si-NPs = 1.5 atom %). S Z E z &
As suggested elsewhere,” these features in the 7* region may o o2 z E
indicate that C—H or Si—C(:H) or Si—C(:0) and sp* C—C o Z LR
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Table 2. Different Parameters Obtained after De-Convolution of Raman Spectra of $i0,-NPs, MWCNTs, MWCNT3s/SiO,-NPs
(Si-NPs = 1.5 atom %), and MWCNTs/SiO,-NPs (Si-NPs = 5.75 atom %)

x(em™) Aw (em™) int (au) x(em™) Aw (em™") int (au) x(cm™) Aw (cm™') int. (au)

First Order Raman Spectra Peak-1 (D-band) Peak-11 (G-band) Peak-111 D'-band
MWCNTSs 1343 92 2.1 1574 82 1.6
MWCNTSs/Si0,-NPs (Si-NPs = 1.5 atom %) 1336 91 39 1573 77 26
MWCNTSs/Si0,-NPs (Si-NPs = 5.75 atom %) 1298 18 28 1439 23 38 1460 24 24
Second Order Raman Spectra (2D-band) (D + G)-band (2G-band/2D"-band)
MWCNTs 2679 118 0.7 2888 150 0.5
MWCNTSs/Si0;-NPs (Si-NPs = 1.5 atom %) 2673 116 1.4 2900 138 0.7
MWCNTSs/Si0,-NPs (Si-NPs = 5,75 atom %) 2727 38 1.5 2924 43 14.2 2850 16 123
2873 30 299
=T TR v
- SNPuS S 0% | ——s0,5m S
[ — AT %) ~

Normalized Intensity (arb. unit)

Normalized Intensity (arb. unit)

V284 286 288

NS ) /

Normalized Intensity (arb. unit)

102

285 290 295 300 305 310 530 535 54
Photon Energy (eV) Photon Energy (¢V) Photon Energy (V)

0 545 550 100 105 110 115 120 125

Figure 2. X-ray absorption near edge structure (XANES) spectroscopy for MWCNTs, MWCNTs/SiO,-NPs, and SiO,-NPs: (a) C K-edge, (b) O

K-edge, and (c) Si-Ly,-edge.
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Figure 3. (a) C Is and (e) O 1s XPS spectra for MWCNTs, MWCNTSs/SiO,-NP (1.5 atom %) nanocomposites, and MWCNTSs/SiO,-NP (5.75

atom %) nanocomposites. Deconvoluted C 1s (b=d) and O 1s (f=h) XPS

spectra for MWCNTs, MWCNTSs/SiO,-NP (Si-NPs = 1.5 atom %)

nanocomposites, and MWCNTSs/SiO,-NP (Si-NPs = 5.75 atom %) nanocomposites. (i) Si 2p XPS spectra and (j—1) deconvoluted Si 2p XPS of Si-
NPs, MWCNTSs/S$i0,-NP (Si-NPs = 1.5 atom %) nanocomposites, and MWCNTSs/SiO,-NP (Si-NPs = 5.75 atom %) nanocomposites.

bonds have been formed. Effects of Si—C(:H) and/or Si—
C(:0) bonding on the electronic structure of MWCNTSs is
confirmed by the difference in the intensities of the
nanocomposites. These results indicate that the MWCNTSs
changes the near-edge unoccupied C 2p states upon SiO,-NPs

14592

decoration/deposition on the surface of MWCNTs, causing
their structural/electronic properties to change. The normal-
ized O K-edge XANES spectra of the nanocomposites in
Figure 2b show several peaks at ~529 and ~531 eV and a
double structure at ~533/~335 eV in the % region. The
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origin of the peaks at ~529 and ~531 ¢V is attributed to bond
resonance transitions from carboxylic groups and hydroxyl
groups ' The observed double structure peaks at ~533 and
535 eV in each O K-edge spectra were assigned to the
physisorbed 02 that may occur during the nanocomposite
synthesis process. The peak at ~540.5 eV for MWCNTs is
assigned to o*"’ and is shifted to 0.4 eV toward the lower
energy for MWCNTSs/Si0,-NPs, indicating that the oxidized
Si-NPs interacted with C and O in MWCNTSs. The subtracted
background shown as an inset of Figure 2b indicates that the
intensity of MWCNT is higher than that of MWCNTSs/SiO,-

e Faze moaws - . ash 5 1 a1 PR 7
INFS (D1IFINI's = D./> altom “o) anda lower nan nat ol

MWCNTS/SiO,-NP (Si-NPs = 1.5 atom %) nanocomposites.
This variation of intensities indicates that O 2p and Si 3p states
are coupled in MWCNTSs/SiO;-NPs. Figure 2c¢ shows the
normalized Si L;,-edge XANES spectra of SiO,-NPs and
MWCNTSs/SiO,-NP composites. Spectral features, A and B, in
Figure 2c¢ for MWCNTs and MWCNTs/SiO,-NPs are
separated by ~2.0 eV. Feature A shows a splitting of l 0 eV,
indicating a poor resolved features at ~104 and 103 eV." The
double split of A might be a spin—orbit doublet due to the
transition of Si 2p;;; and 2p, ;; core states to the antibonding Si
3s derived states.  The feature B, on the other hand, can be
explained in terms of the Si 2p-to-3p transition and/or is
associated with the resulted Si 3s or 3d derived states from
hybridization with O 2p orbitals.”*** Both spectral features are
shifted slightly toward the lower energy, indicating that the
electronic structure of MWCNTs changed due to the
incorporation of $iO;-NPs in the MWCNTSs matrice.

2.5. X-Ray Photoelectron Spectroscopy. The chemical
states of carbon/oxygen/silicon atoms in nanocomposites is
shown by C 1s, O Is, and Si 2sp X-ray photoelectron
spectroscopy (XPS) spectra in Figure 3. Table | presents the
elemental composition (C, O, and Si), quantification (atom %)
and the weight percentage (wt %) obtained from XPS
measurements. Quantificational analysis of C, O, and Si in
MWCNT composites are explained in terms of the data
presented in Table 1. It can be observed from the table that
carbon/oxygen atoms are replaced/substituted by oxidized Si-
NPs atoms. C 1s, O 1s, and Si 2sp XPS spectra were
deconvoluted into different Gaussian lines (see Figure 3), and
their different parameters are tabulated in Table 3. C 1s peak
observed at ~283.5/284.4 ¢V (peak I/peak II) for MWCNT's
in Figure 3b is assigned to the C=C bond (carbon sp’-
hybridization). This peak is shifted toward higher energy at
~285.3 eV for the low concentration of oxidized Si-NPs (1.5
atom %) deposited MWCNTSs and is shown in Figure 3c. This
peak is known as a “defect peak™ or a Si—C—O bonding
peak,’ indicating a change in structural and electronic
behavior of the composites due to SiO,-NPs deposition. The
peaks at 288.8/289.5 eV for MWCNTSs and MWCNTSs/SiO,-
NPs (Si-NPs = 1.5 atom %), arise from >C—0/—COOH
bonds and/or along with Si bonds. The C 1s peak of oxidized
Si-NPs decorated MWCNTs shifts towards a lower energy,
significantly indicating the formation of sp*-rich material. The
deconvoluted C 1s XPS peaks of MWCNTSs/SiO,-NP (Si-NPs
= 5.75 atom %) nanocomposites are observed at ~281.8 :md
~282.4 eV which are strong indicators of the C—Si bonds,’
and confirm the formation of MWCNTSs/SiO,-NP nano-
composites.

MWCNTSs spectrum shows two de-convoluted O Is peaks at
530.5 and at 531.9 eV assigned to C=0 and C-0,
respectively. The two subpeaks at 533.3 and 5327 eV for
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5.75 atom

Table 3. Deconvoluted C 1s, O 1s, and Si 2p XPS Results of Si0,-NPs, MWCNTs, MWCNTs/SiO,-NPs (Si-NPs = 1.5 atom %) and MWCNTSs/Si0,-NPs (Si-NPs

%)

Aw (eV) int. (au)

x (eV)

x(eV) Aw (eV) int (au)

x (eV) Aw (eV) int. (au)

Aw (eV)  int. (au) x(eV) Awm (eV) int. (au)

x (eV)

Peak-1 (C=0) Peak-11 (C-0)

Peak-111 {C—O-)-Sif—COOH-
Si

Peak-1l (C=C)

Peak-1 (C=C/C-S5i)

C Is and O 1s XPS

5319 22 394

60.6
562

67.6

I = Si=C/8i~C~0/5i-0

101.2

27

284.3 23 250 2888 6.5 263 530.5
247

487
49.4

0.7

2835

2844

MWCNTs

533.0 20 438

529.8

6.2 25.8 5315 23

2895

22

285.3
2824

0.7

MWCNTs/Si0y-NPs (Si-NPs = 1.5 atom %)

324

2.1

24
Peak-11 (Si=Si)

0.9 87.8

Peak-1 (Si=Si)

281.8

MWCNTs/Si0,-NPs (Si-NPs = 5.75 atom %)

Il = Si=C/8i=C~0/8i-0

Peak-1I1 (Si=Si)

Si 25 and Si 2p XPS

7689

1.2
24

741 100.8

280
60.0

1.3
3.1

34 259

49

153.1
156.3
1516

375 1519 1.7 389
154.1 22

44
23

2.1

150.7
151.6
148.6

MWCNTSs/Si0,-NPs (Si-NPs = 1.5 atom %)

Si0,-NPs

720

103.0

100.2

100.4
9.4

142

588

40.0

12 2.1

29

1.5 1224

150.6

231

MWCNTS/Si0,-NPs (Si-NPs = 5.75 atom %)
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MWCNTSs/Si0,-NP nanocomposites are due to the O—C and
O-—Si groups, respectively.’® The Si 2p and 2s XPS spectra of
Figure 3i show the main peaks at ~100 and ~150 eV,
respectively, for Si-NPs. These XPS spectra for Si 2p and 2s are
also observed in Figure 3j—l for MWCNTSs/SiO,-NP nano-
composites with different peak positions. Different decom-
posed peaks between ~99.0 and 102 eV for Si 2p are assigned
to Si—C/$i—C—0 and that at ~103.0 eV to Si—0." " The
peaks at ~151.1—153.0 eV range for Si 2s XPS spectra are Si—
Si peaks and those above 153.0 eV are assigned to Si—0."
These results clearly indicate that SiO,-NPs are responsible for
the change in the electronic and bonding structure of the
MWCNT/SiO,-NP composites. Based on the XPS decom-
posed peak intensity, it can be hypothesized that SiO,-NPs are
responsible for the change in structural properties of
MWCNTSs and can make a material rich in sp’. This hypothesis
is confirmed by the data acquired from the Raman spectra.
2.6. Current—Voltage (/-V) Measurement. Figure 4a
shows that the ohmic [-V relationship is more pronounced for

x 1074 x10%
af o aweNTy 10 () MWCNT
N 10" M:.
-
o 1" cxele 10"‘ * 2t cxeld
. Sy
= 2™ oveld
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Figure 4. (a=c) Current (I)=voltage (V) linear and (d—f) (InI=V)
relationships of MWCNTSs, MWCNTSs/SiO,-NP (Si-NPs = 1.5 atom
%) nanocomposites, and MWCNTs/SiO,-NP (Si-NPs = 5.75 atom
%) nanocomposites, respectively [there are two cycles measurements
of (I-V) and (In [=V) for each case].

MWCNT. The results in Figure 4b,c also show that in
MWCNTSs, SiO;-NPs are responsible for the change in
conductivity of the composites. As the concentration of the
deposited SiO;-NPs increases, the -V tends to deviate from
ohmic to nonohmic behavior with a slight decrease in the
electrical conductivity of the composites from conducting to
semiconducting. The increase in conductivity of MWCNTs/
SiO; (Si-NPs = 1.5 atom %) is due to a dangling bond formed
in MWCNTs due to decreased silicon content.'' The bond
creates levels in the forbidden gap of the material that generate
charge carriers to contribute to the measured current. On the
other hand, a slight decrease in the electrical conductivity may
be due to the change in the electrical structure of MWCNTS.
The I-V hysteresis loops for MWCNTSs and MWCNTs/SiO,-
NP nanocomposites are shown in Figure 4d—f. Unlike in the
case of MWCNTs and MWCNTSs/SiO,-NPs (Si-NPs = 1.5
atom %), a small -V hysteresis loop is observed for
MWCNTS/SiO,-NPs (Si-NPs = 5.75 atom %), indicating a

charge storage property of these composites. The loop area of
the first cycle is higher than that of the second cycle, signifying
a Coulombic blockade and an electron—hole recombination,
which is consistent with the silicon single-electron transistor."
Figure 4e,f shows that the loop for MWCNTSs/SiO,-NPs (Si-
NPs = 5.75 atom %) has an area larger than that for the
MWCNTSs/SiO,-NPs (Si-NPs = 1.5 atom %). The larger
hysteresis loop indicates that the material has a high charge
storage behavior. Based on the current (conductivity) variation
of MWCNTSs with the oxidized Si-NPs concentration, we can
hypothesize that the material could be useful for ferroelectric
device applications.

2.7. M—H Hysteresis Loops. The magnetic-field-depend-
ent M—H hysteresis loops of the synthesized composites are
presented in Figure Sa—d. In Figure 5ab, a paramagnetic
behavior is observed for SiO,-NPs, whereas pure MWCNTSs
show a ferromagnetic behavior. Considering Figure 5c,d, the
magnetization of MWCNTs/SiO,-NPs (Si-NPs = 1.5 atom %)
increases slightly but decreases for MWCNTSs/SiO,-NP (Si-
NPs = 5.75 atom %) nanocomposites. These results indicate
that ferromagnetic behavior gets suppressed as the concen-
tration of SiO,-NPs in MWCNTs increase. The hysteresis
loops measured at 40 and 300 K are used to explain this
variation of the magnetization, and different magnetization
parameters are tabulated in Table 4. The structural change of
MWCNTs can be explained in terms of variation of
magnetization (Mg). The reduction of Mg is due to the
formation of Si—C bonding along with Si—O, making the
material rich in sp“. The interaction of silicon atoms with other
elements in MWCNTs has been explained elsewhere with
possibilities of reducing sp2 while increasing sp" hybrid-
ization. """

2.8. Zero Field Cooling and Field Cooling. The
temperature dependence of zero field cooling (ZFC) and
field cooling (FC) measurements of SiO,-NPs, MWCNTSs, and
MWCNTSs/SiO,-NPs are presented in Figure Se—g. The figure
shows that MWCNTs and MWCNTSs/SiO,-NPs have
ferromagnetic features and thus are in agreement with the
ferromagnetic behavior observed in the M—H hysteresis loops.
This study reveals that the oxidized Si-NPs are responsible for
the semiconducting magnetic behavior of MWCNTSs. This
ability to control the structural behavior of MWCNTSs by
manipulating their structure opens new vistas for more
electronic and spintronic devices. As a low toxicity material,
the ability to control the properties of MWCNTS also gives
room for applications in biomedicine.

2.9. Electron Spin Resonance. Figure 5i—l shows the
ferromagnetism behavior of the nanocomposites using electron
spin resonance (ESR) technique at room temperature. A
prominent resonant microwave absorption signal (H,) is
observed at around 3200 G/1600 G for high/low field in the
figure. The linewidth (AH) of ESR signals are 367/203, 433/
190, 711/117, and 1284/148 for Si-NPs, MWCNTs,
MWCNTSs/SiO,-NPs (Si-NPs = 1.5 atom %), and
MWCNTSs/Si0;-NPs (Si-NPs = 5.75 atom %) in high/low
field, respectively. Parameters calculated from the ESR spectra
are presented in Table 5. The g-value (Landé g factor) or Ag/g
value changes with the deposition of $iO,-NPs on MWCNTs
surface. From Table 5, the linewidth with an effective g value
for MWCNTs/SiO,-NP (Si-NPs = 1.5 atom %) nano-
composites is higher than that for pure SiO,-NPs, MWCNTS,
and MWCNTSs/Si0,-NPs (Si-NPs = 5.75 atom %), indicating
that MWCNTSs/SiO,-NPs (Si-NPs = 1.5 atom %) have a
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Figure 5. Magnetic hysteresis loops obtained for (a) SiO,-NPs, (b) MWCNTS, (¢) MWCNTS/SIiO,-NP (Si-NPs = 1.5 atom %) nanocomposites,

and (d) MWCNTSs/SiO,-NP (Si-NPs = 5.75 atom %) nanocomposites at 300 and 40 K. T

ure de e of of (e) SiO,-

NPs, (f) MWCNTs, (g) MWCNTSs/SiO,-NPs (Si-NPs = 1.5 atom %), and (h) NIWCNTSTI"SEOZ-NPS (Si-NPs = 575 atom %) with applied
magnetic field of 500 Oe after zero field cooling (ZFC) and field cooling (FC). Electron spin resonance spectra for (i) Si-NPs, (j) MWCNTs, (k)
MWCNTSs/Si0,-NP (Si-NPs = 1.5 atom %) nanocomposites, and (1) MWCNTSs/SiO,-NP (Si-NPs = 5.75 atom %) nanocomposites at 300 K.

Table 4. Magnetization Parameters [Magnetic Saturation (M), Retentivity (M), and Coercivity (H.)] of Si-NPs, MWCNTs,
MWCNTs/Si0,-NPs (Si-NPs = 1.5 atom %) and MWCNTs/Si0,-NPs (Si-NPs = 5.75 atom %) Obtained from the M—H

Hysteresis Loops Measured at 300 and 40 K

@300 K @40 K
He Hc
magnetization (M—H loops) Mg % 107 (emu/g) My % 107 (emu/g) (Oe) Mg x 107" (emu/g) Mg % 107* (emu/g)  (Oe)
Si03-NPs 49 360 379 57 43 515
MWCNTs 140 250 112 190 73 813
MWCNTSs/SI0,-NPs (Si-NPs = 1.5 atom %) 130 23.0 123 220 76 689
MWCNTS/Si0,-NPs (Si-NPs = 5.75 atom %) 00.2 60 0.07 357
Table 5. Electron Spin Resonance Parameters of Si-NPs, MWCNTs, MWCNTSs/SiO,-NPs (Si-NPs =1.5 atom %), and
MWCNTSs/Si0,-NPs (Si-NPs = 5.75 atom %) Measured at 300 K
AH (Gauss) H, (Gauss) g-value
magnetization (ESR) high field low field high field low field high field low field N (no. of spin) P Aglg
Si0,-NPs 367 203 3243 1673 2.08 4.03 367 x 10* 032 00375
MWCNTs 433 190 3298 1680 2.04 417 6.11 x 10* 023 00182
MWCNTSs/SiO,-NPs (Si-NPs = 1.5 atom %) 711 17 3198 1572 211 429 7.54 x 10° 024 00511
MWCNTs/Si0,-NPs (Si-NPs = 5.75 atom %) 1284 148 3303 1616 2.04 4.11 3.65 % 10° 0.56 0.0182

higher magnetic phase in MWCNTs."" Similar values have
been reported elsewhere for other forms of carbon.” A
possible overlap of the broad linewidth with resonance line of
an unpaired electron that is trapped in an oxygen vacancy in
MWCNTSs makes H, to shift toward the lower field for the g-
value greater than 2. Majchrzycki et al.’ have reported similar
results on functionalized graphene materials. The asymmetric
factor (P,,,) was estimated using the relation P, = (1 — h,/
Iy),"" where hy, and Iy are the upper and lower peak heights,
respectively, from zero line. It was observed that P, increases
gradually with an increase of oxidized Si-NPs content in
MWCNTSs, as shown in Table The highest magnetic
anisotropy was obtained for MWCNTSs/SiO,-NPs (Si-NPs =
1.5 atom %). The total number of spin (N) regarding the ESR
resonance was calculated using the following relation: N

5
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0.285 X I,_, X (AH)%™ where I,_, is the peak-to-peak height
of the ESR signal (in au) and AH is the linewidth in Gauss.
The Ag/g and N values are high in the case of MWCNTSs/
SiO,-NPs (Si-NPs = 1.5 atom %) nanocomposites leading to a
high value of magnetization. These results confirm that the
MWCNTS/Si0,-NP (Si-NPs = 1.5 atom %) nanocomposites
can preserve the magnetism as MWCNTSs that could be very
useful for electromagnetic applications.

As observed from Raman spectra, the sp® content is higher in
MWCNTS/SIO,-NP (Si-NPs = 1.5 atom %) and lower in
MWCNTSs/Si0,-NP (Si-NPs = 5.75 atom %) composites than
in pure MWCNTs, thereby giving rise to sP" content for 5.75
atom % oxidized Si-NP-deposited MWCNTs. This observation
is consistent with XPS and XANES data. The XPS spectra for
pure MWCNTSs show that the spu2 C=C peak at ~284.4 eV
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shifted toward a high binding energy, thereby forming a defect
peak at 285.3 eV with a decrease in the intensity of the
MWCNTs/Si0,-NPs. This defected peak is ~0.9 eV higher
than that of pure MWCNTs. The weak attachment bond of
MWCNTs/SiO,-NPs (Si-NPs = 1.5 atom %) on the surface of
MWCNTs can be attributed to this defected peak. The
increase/decrease in the intensity of C K-edge XANES spectra
correspond to a increase/decrease in the I/l ratio, indicating
a change in structural/electronic nature of MWCNTSs/SIO,-
NPs. The observed change in the structural/electronic
properties of MWCNTSs due to the deposition of SiO,-NPs
(Si-NPs = 1.5 atom %) content leads to the formation of the
Si—C—0 and C—O/—COOH bonds due to oxygen (O)
vacancy created, which may be responsible for the higher
magnetization. The presence of oxygen functional group
creates a positive center, which captures an electron in a
localized form."™" The local electrons possess magnetic
moments that improve the magnetism in MWCNTSs/SiO,-
NP (Si-NPs = 1.5 atom %) nanocomposites. The strong
interaction (tetrahedral bonding Si—C) between the atoms of
Si and C may be responsible for the rapid decrease in the
magnetization of MWCNTSs due to an increase in the SiO,-
NPs content.'” The relationship between the electrical and
magnetic properties of MWCNT:SiO,-NPs can be clarified by
the transport properties of the MWCNTs/SiO,-NP nano-
composites, The ferromagnetism induced in MWCNT/SiO;-
NPs was also based on the delocalized electrons not trapped by
O vacancy.”’ The magnetic and electrical properties are mainly
due to the mobility of electrons between the atoms. The
delocalized electrons allow for easy transition between the
valence and the conduction bands, leading to an enhancement
in electrical mm:luncti\t'ity."‘I In addition, the delocalized
electrons also enhance the exchange interaction of atoms,
which eventually improves the ferromagnetic behavior of
MWCNT/SiO,-NP nanocomposites.”’

3. CONCLUSIONS

The electrical, electronic, and magnetic behaviors of the
synthesized MWCNTSs and MWCNTSs/SiO,-NP nanocompo-
sites have been investigated. We observed that there is a
change in the structure of MWCNTs from sp’ to sp*rich
hybridized carbon atoms with a change in the electrical
conductivity of MWCNTSs due to the deposition/decoration of
Si0,-NPs on the surface of MWCNTSs. The formation of Si—
C, Si—Si, and Si—O—C/Si—O bonding features was observed,
indicating that SiO,-NPs impacted the chemical bonding and
electronic structure of MWCNTSs. The magnetization of
MWCNTSs varies as a function of oxidized Si-NPs content
adhered onto the surface of MWCNTs lattice. We therefore
conclude that the deposition/decoration of oxidized Si-NPs on
the surface of MWCNTs is an alternative method to tailor the
structural, electrical, and magnetic properties of MWCNTSs for
future electronic and magnetic device applications.

4. EXPERIMENTAL DETAILS

4.1. Synthesis Process. Spray pyrolysis process was used
to prepare MWCNTSs using a solution of ferrocene (C,,H, Fe
as a catalyst) and toluene (C;Hg as a carbon source),”
whereas thermal decomposition process was used for the
synthesis of silicon nanoparticles (SiO,-NPs) using chloro-
(dimethyl) octadecylsilane in 1,3,5-trimethylbenzene in the
presence of octadecylamine.” Since the synthesis process of
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the nanocomposites was carried out in an atmospheric
pressure, Si-NPs were oxidized to form SiO,-NP. For the
preparation of MWCNT:SiO,-NPs composites, we used SiO,-
NPs and MWCNTs at two different stoichiometric ratios (Si-
NPs = 1.5 atom % and Si-NPs = 5.75 atom %), which were
suspended in toluene and heated at above 100 °C to obtain
MWCNTSs/Si0,-NP nanocomposites. The deposited SiO,-
NPs have been found to be possibly deposited on the
MWCNT's matrices.

4.2. Measurements. SiO,-NPs, MWCNTSs, and
MWCNTSs/SiO,-NP nanocomposites were characterized by
the use of different techniques to establish and study the
change in their surface morphology, microstructure, electronic,
and magnetic properties due to the deposition of SiO,-NPs in
the MWCNT lattice. The deposited SiO,-NPs on MWCNTs
were denoted as MWCNTs/SiO,-NPs (Si-NPs = 1.5 atom %)
and MWCNTSs/SiO,-NPs (Si-NPs = 5.75 atom %) translating
to 1.5% and 5.57 atom % of Si-NPs concentration in
MWCNTs, respectively. The SiO,-NPs, MWCNTs, and
MWCNTSs/Si0,-NPs was drop-cast on a silicon substrate
and air-dried overnight prior to measurements. All measure-
ments were performed at room temperature except magnetic
measurements. To obtain the surface morphology of SiO,-
NPs, MWCNTSs, and MWCNTs/SiO,-NP nanocomposites,
field emission scanning electron microscopy (FESEM) images
were recorded using a JSM-7800F FESEM from JEOL Ltd.
coupled with an UltraDry EDS detector. The structural studies
of the synthesized composites were performed using a Rigaku
Smartlab X-ray diffractometer (0.154 nm Cu Ka line). Raman
spectra were recorded using a HORIBA scientific XploRA at
532 nm (~241 eV) LASER light excitation energy. The
surface morphological structures were studied using JEOL JEM
2100. The C K-edge, O K-edge, and Si L;,-edge XANES
measurements were performed at the Taiwan Light Source
(TLS), Hsinchu, Taiwan. The core shells C 1s, O 1s, and Si
2sp were performed using a KRATOS-SUPRA spectrometer
with a monochromatic Al Ka radiation possessing an excitation
energy, hv = 1486.6 eV, and a base pressure 1.2 X 10~ Torr at
UNISA (Florida Science Campus). The electrical conductivity
was studied using Keithley 6487 with a voltage sweep ranging
from —0.6 to +0.6 V. In this measurements, silver paste was
used as the conducting electrodes to investigate the electrical
behavior of the materials. The range voltage of 0—+0.6 V,
+0.6—0V, 0—=0.6 V, and —0.6—0 V was used to obtain the I—
V data. The value of 0.6 V was the highest voltage applied for
the current limit of 2.5 mA. A SQUID-type magnetometer with
a sensitivity of <5 X 107 emu was used for the M—H loop and
FC/ZFC measurements. All the measurements were per-
formed at room temperature. Electron spin resonance (ESR)
spectra were recorded using a Bruker EMX spectrometer at
9.45 GHz. Details of these measurement techniques are
available elsewhere.”

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: Raysc@unisa.ac.za.
*E-mail: wipong@mail.tku.edu.tw.

ORCID“©

Sekhar C. Ray: 0000-0003-3202-4739

Notes

The authors declare no competing financial interest.

DOK: 10.1021/acsomega. 9001958
ACS Omega 2019, 4, 1458914598



Ph.D Thesis

ACS Omega

Oke James Ayodele; UNISA

Physics

B ACKNOWLEDGMENTS

The financial support received from the National Research
Foundation (NRF), South Africa (Grant nos. 105292, PD-
TWAS150813137166, and EQP13091742446) is gratefully
acknowledged by J.A.O,, D.O.L, §.J.M,, 8.5, and S.C.R.

B REFERENCES

(I) II]ima, 5. Helical micr
354, 356.

(2) Gao, C.; Guo, Z; Liu, J. H.; Huang, X. J. The new age of carbon
nanotubes: an updated review of functionalized carbon nanotubes in
electrochemical sensors. Nanoscale 2012, 4, 1948—1963.

(3) Zhang, N.; Yang, M.-Q;; Liu, S,; Sun, Y.; Xu, Y.-J. Waltzing with
the Versatile Platform of Graphene to Synthesize Composite
Photocatalysts. Chem. Rev. 2015, 115, 10307-10377.

(4) Chen, Y.; Xie, X.; Xin, X;; Tang, Z.-R;; Xu, Y.-]. Ti3C2T X-Based
Three-Dimensional Hydrogel by a Grap Oxide-Assisted Self-
Convergence Process for Enhanced Photoredox Catalysis. ACS Nano
2019, 13, 295-304.

(5) Zhang, N.; Zhang, Y.; Yang, M.-Q,; Tang, Z.-R.; Xu, Y.-J. A
Critical and Benchmark Comparison on Graphene-, Carbon Nano-
tube-, and Fullerene-Semiconductor Nanocomposites as Visible Light
Photocatalysts for Selective Oxidation. J. Catal. 2013, 299, 210-221.

(6) Adjizian, J. J.; Leghrib, R; Koos, A. A; Suarez-Martinez, I;
Crossley, A.; Wagner, P.; Grobert, N.; Llobet, E.; Ewels, C. P. Boron-
and nitrogen-doped multi-wall carbon nanotubes for gas detection.
Carbon 2014, 66, 662—673.

(7) Baierle, R. J; Fagan, S. B;; Mota, R.; da Silva, A. ].; Fazzio, A.
Electronic and structural properties of silicon-doped carbon nano-
tubes. Phys. Rev. B 2001, 64, No. 085413,

(s) Song, C.; Xh, Y.; ZI‘I‘.‘IO, M<; Ll.l.t, X‘; U, F‘; Hl.l:lng, B.; Zhang, H‘;
Zhang, B. Functionalization of silicon-doped single walled carbon
nanotubes at the doping site: an ab initio study. Phys. Lett. A 2006,
358, 166—170.

(9) Meric, L; Han, M. Y,; Young, A. F; Ozyilmaz, B; Kim, P;
Shepard, K. L. Current saturation in zero-bandgap, top-gated
graphene field-effect transistors. Nat. Nanotechnol. 2008, 3, 654.

(10) Slepyan, G. Y.; Maksimenko, S. A.; Lakhtakia, A.; Yevtushenko,
0.; Gusakov, A. V. Electrodynamics of carbon nanotubes: Dynamic
conductivity, impedance boundary conditions, and surface wave
propagation. Phys. Rev. B 1999, 60, No. 17136.

(11) Pennington, G.; Goldsman, N. Semiclassical transport and
phonon scattering of electrons in semiconducting carbon nanotubes.
Phys. Rev. B 2003, 68, No. 045426.

(12) Daenen, M.; De Fouw, R. D.; Hamers, B; Janssen, P. G;
Schouteden, K; Veld, M. A. The Wondrous World of Carbon
Nanotubes—A Review of Current Carbon Nanotube Technologies;
Eindhoven University of Technology, 2003; pp 1-96.

(13) Atchudan, R;; Pandurangan, A.; Joo, J. Effects of nanofillers on
the thermo-mechanical pmpcrtlcs and chemical resistivity of epoxy
J. N i. Nanotechnol. 2015, 15, 4255—-4267.

(14) Zh:mg, X; Fu, ].; Zhang, Y.; Lei, L. A nitrogen functionalized
carbon n.‘motubc cathode for highly efficient electrocatalytic
generation of H,0, in Electro-Fenton system. Sep. Purif. Technol.
2008, 64, 116~123.

(15) Ciomaga, C. E.; Padurariu, L.; Curecheriu, L. P,; Lupu, N;
Lisiecki, I; Deluca, M,; Tascu, S; Galassi, C.; Mitoseriu, L. Using
multi-walled carbon nanotubes in spark plasma sintered Pb
(Zrg47Tigs3)Oy ceramics for tailoring dielectric and tunability
properties. J. Appl. Phys. 2014, 116, No. 164110.

(16) Casati, R;; Hamidi Nasab, M.; Coduri, M.; Tirelli, V.; Vedani,
M. Effects of Platform Pre-Heating and Thermal-Treatment Strategies
on Properties of AlSi ;Mg Alloy Processed by Selective Laser Melting,
Metals 2018, 8, No. 954.

(17) Svavarsson, H. G.; Amardottir, H.; Einarsson, S.; Albertsson,
A.; Brynjolfsdottir, A. In Applications of Unmodified Geothermal Silica
far Protein  Extraction, Proceedings of the World Geothermal
Congress, Melbourne, Australia, 2015; pp 1-8.

of graphitic carbon. Nature 1991,

14597

164

(18) Senez, V.; Armigliato, A.; De Wolf, L; Carnevale, G. P.; Balboni,
R.; Frabboni, S.; Benedetti, A. Strain Determination in Silicon
Microstructures by Combined TEM/CBED, Process Simulation and
micro-Raman Spectroscopy. J. Appl. Phys. 2003, 94, 5574—5583.

(19) Ferrari, A. C.; Robertson, J. Interpretation of Raman spectra of
disordered and amorphous carbon. Phys. Rev. B 2000, 61, No. 14095.

(20) Ray, S. C; Bhunia, S. K; Saha, A; Jana, N. R. Electric and
Ferro-electric behaviour of polymer-coated graphene-oxide thin film.
Phys. Procedia 2013, 46, 62—70.

(21) Ferrari, A. C.; Basko, D. M. Raman spectroscopy as a versatile
tool for studying the properties of graphene. Nat. Nanotechnol. 2013,
8, 235.

(22) Soin, N;; Roy, S. S.; Ray, S. C.; McLaughlin, J. A. E.xcuatiun
energy dependence of R.tm.m bands in multiwalled carbon
J. Raman Spectrosc. 2010, 41, 1227—1233.

(23) Murphy, H.; Papakonstantinou, P.; Okpalugo, T. T. Raman
study of multiwalled carbon nanotubes functionalized with oxygen
groups. . Vac. Sci. Technol, B: Microelectron. Nanometer Struct.
Process,, Meas,, Phenom. 2006, 24, 715=720.

(24) Moene, R; Makkee, M.; Moulijn, J. A. High surface area silicon
carbide as catalyst support characterization and stability. Appl. Catal,
A 1998, 167, 321-330.

(25) Tarui, T.; Takahashi, T.; Ohashi, S.; Uemori, R. In Effect of
Silicon on the Age Softening of High Carbon Steel Wire, Proceedings of
the 35th Mechanical Working and Steel Processing Conference; Iron
& Steel Society of AIME, 1993; pp 231-239.

(26) Jin, Y. Z; Gao, C; Hsu, W. K; Zhu, Y,; Huczko, A;
Bystrzejewski, M.; Roe, M.; Lee, C. Y.; Acquah, S.; Kroto, H.; Walton,
D. R. Large-scale synthesis and characterization of carbon spheres
prepared by direct pyrolysis of hydrocarbons. Carbon 2005, 43,
1944-1953.

(27) Tuinstra, F.; Koenig, J. L. Raman spectrum of graphite. |. Chem.
Phys. 1970, 53, 1126—1130.

(28) Pao, C. W;; Ray, S. C; Tsai, H. M.; Chen, Y. S;; Chen, H. C;
Lin, I. N; Pong, W. F; Chiou, J. W; Tsai, M. H.; Shang, N. G;
Papakonstantinou, P.; Guo, J.-H. Change of structural behaviors of
organo-silane exposed graphene nanoflakes. J. Phys. Chem. C 2010,
114, 8161-8166.

(29) Ray, S. C; Pao, C. W,; Tsai, H. M.; Chiou, J. W.; Pong, W. F;
Chen, C. W,; Tsai, M. H.; Papakonstantinou, P.; Chen, L. C,; Chen,
K. H. A comparative study of the electronic structures of oxygen-and
chlorine-treated nitrogenated carbon by x-ray absorption
and scanning photoelectron microscopy. Appl. Phys. Lett. 2007, 91,
No. 202102.

(30) Terekhov, V. A,; Terukov, E. L; Trapeznikova, I. N.; Kashkarov,
M.; Kurilo, O. V.; Turishchev, S. Y.; Golodenko, A. B,;
Domashevskaya, E. P. A study of the local electronic and atomic
structure in a-5i,C,_, amorphous alloys using ultrasoft X-ray emission
spectroscopy. Semiconductors 2005, 39, 830—834.

(31) Banerjee, S.; Hemraj-Benny, T.; Balasubramanian, M.; Fischer,
D. A; Misewich, ]. A;; Wong, S. S. Ozonized single-walled carbon
nanotubes investigated using NEXAFS spectroscopy. Chem. Comnun,
2004, 772-773.

(32) Stohr, . NEXAFS Spectroscopy; Springer Science+Business
Media, 2013.

(33) Wu, Z. Y,; Jollet, F.; Seifert, F. Electronic structure analysis of
via x-ray absorption near-edge structure at the Si K, and OK edges. J.
Phys.: Condens. Matter 1998, 10, 8083.

(34) Mo, S. D.; Ching, W. Y. X-ray absorption near-edge structure in
alpha-quartz and stishovite: Ab initio calculation with core—hole
interaction. Appl Phys. Lett. 2001, 78, 3809-3811.

(35) Shang, N. G.; Papakonstantinou, P.; McMullan, M.; Chu, M;
Stamboulis, A.; Potenza, A.; Dhesi, S. S.; Marchetto, H. Catalyst-free
efficient growth, orientation and biosensing properties of multilayer
graphene nanoflake films with sharp edge planes. Adv. Funct. Mater.
2008, 18, 3506—3514.

(36) Maruyama, T.; Naritsuka, S. Nanotechnology and Nanomaterials:
Carbon Nanotubes—Synthesis, Characterization, Applications, In
Yellampalli, S., Ed.; Department of Material Science and Engineering,

ks

DOK: 10.1021/acsomega. 9b01958
ACS Omega 2019, 4, 1458914598



Ph.D Thesis

ACS Omega

Oke James Ayodele; UNISA

Physics

Meijo University: Japan, 2011; https://www.intechopen.com/books/
carbon-nanotubes-synthesis-characterization-applications.

(37) Pedio, M.; Borgatti, F.; Giglia, A;; Mahne, N.; Nannarone, S.;
Giovannini, S.; Cepek, C.; Magnano, E; Bertoni, G.; Spiller, E.;
Sancrotti, M.; Giovanelli, L.; Floreano, L.; Gotter, R.; Morgante, A.
Annealing temperature dependence of C60 on silicon surfaces: bond
evolution and fragmentation as detected by NEXAFS. Phys. Scr. 2005,
2005, No. 695.

(38) Moulder, J. F.; Stickle, W. F.; Sobol, P. E. KD Bomben
Handbook of X-Ray Photoelectron Spectroscopy: A Reference Book of
Standard Spectra for Identification and Interpretation of XPS Data;
Electro Inc.: USA, 1992; p 42.

(39) Deng, H. X.; Wei, S. H; Li, S. S; Li, J.; Walsh, A. Electronic
origin of the conductivity imbalance between covalent and ionic
amorphous semiconductors. Phys. Rev. B 2013, 87, No. 125203,

(40) Ray, 8. C,; Mishra, D. K.; Strydom, A. M.; Papakonstantinou, P.
Magnetic behavioural change of silane exposed graphene nanoflakes. J.
Appl. Phys. 2015, 118, No. 115302.

(41) Raciukaitis, G.; Brikas, M.; Kazlauskiené, V.; Miskinis, J.
Doping of silicon with carbon during laser ablation process. Appl.
Phys. A 2006, 85, 445—-450.

(42) Fujiwara, A;; Takahashi, Y.; Murase, K. Observation of single

electron-hole recombi and phot d

pumped current in an
asymmetric Si single-electron transistor. Phys. Rev. Lett. 1997, 78,
No. 1532

(43) Mostafa, M.; Banerjee, S. Effect of functional group topology of
carbon nanotubes on electrophoretic alignment and properties of
deposited layer. J. Phys. Chem. C 2014, 118, 11417-11425.

(44) Rao, S. S,; Stesmans, A; Noyen, ]. V.; Jacobs, P.; Sels, B. ESR
evidence for disordered magnetic phase from ultra-small carbon
nanotubes embedded in zeolite nanochannels. Eumphys. Lett. 2010,
90, No. 57003.

(45) Gerstner, E. G.; Lukins, P. B.; McKenzie, D. R.; McCulloch, D.
G. Substrate bias effects on the structural and electronic properties of
tetrahedral amorphous carbon. Phys. Rev. B 1996, 54, No. 14504.

(46) Majchrzycki, L.; Augustyniak-Jablokow, M. A.; Strzelczyk, R.;
Mackowiak, M. Magnetic Centres in Functionalized Graph Acta
Phys. Pol, A 2015, 127, No. 540.

(47) Das, ]; Mishra, D. K; Srinivasu, V. V. Spin canting and
magnetism in nano-crystalline Zn,_,ALO. . Alloys Compd. 2017, 704,
237-244.

(48) Bleaney, B.; Rubins, R. S. Explanation of some Forbidden
Transitions in Paramagnetic Resonance. Proc. Phys. Soc. 1961, 77,
103.

(49) Ghosh, B.; Ray, S. C.; Pattanaik, S.; Sarma, S.; Mishra, D. K,;
Pontsho, M.; Pong, W. F. Tuning of the electronic structure and
magnetic properties of xenon ion implanted zinc oxide. J. Phys. D:
Appl. Phys. 2018, 51, No. 095304

(50) Wu, T.; Sun, H; Hou, X; Liu, L; Zhang, H.; Zhang, ].
Significant room-temp gnetism in TiO, thin
films. Microporous Mesoporous Mater. 2014, 190, 63—66.

(51) Shuai, Z.; Wang, L; Li, Q. Evaluation of Charge Mobility in
Organic Materials: From Localized to Delocalized Descriptions at a
First-Principles Level. Adv. Mater. 2011, 23, 1145—-1153.

(52) Ohno, H. Making nonmagnetic semiconductors ferromagnetic.
Science 1998, 281, 951-956.

(53) Vatanpour, V.; Madaeni, 5. S.; Moradian, R.; Zinadini, S.;
Astinchap, B. Fabrication and characterization of novel antifouling
nanofiltration membrane prepared from oxidized multiwalled carbon
nanotube/polyethersulfone nanocomposite. J. Membr. Sci. 2011, 375,
284-294.

(54) Das, P; Saha, A,; Maity, A. R; Ray, S. C; Jana, N. R. Silicon
nanoparticle based fluorescent biological label via low temperature
thermal degradation of chloroalkylsilane. Nanoscale 2013, 5, 5732—
5737.

(55) Idisi, D. O,; Ali, H,; Oke, J. A;; Sarma, S.; Moloi, S. J.; Ray, S.
C.; Wang, H. T;; Jana, N. R;; Pong, W. F.; Strydom, A. M. Electronic,
electrical and magnetic behaviours of reduced graphene-oxide

ferrc

14598

165

functionalized with silica coated gold nanoparticles. Appl. Surf. Sci.
2019, 483, 106—113.

DOL: 10.1021/acsomega. 901958
ACS Omega 2019, 4, 14589--14598



Ph.D Thesis Oke James Ayodele; UNISA Physics

Appendix 2

Diamond & Related Materials 100 (2019) 107570

Contents lists available at ScienceDirect

DIAMOND

SEAIRD. s

Diamond & Related Materials

journal homepage: www.elsevier.com/locate/diamond

Tuning of electronic and electrical behaviour of MWCNTs-TiO, )
nanocomposites =

James A. Oke", David O. Idisi", Sweety Sarma®, S.J. Moloi’, Sekhar C. Ray™", K.H. Chen”,
A. Ghosh", A. Shelke”, S.-H. Hsieh‘, W.F. Pong™"

* Department of Physics, CSET, University of South Africa, Private Bag X6, Florida, 1710, Science Campus, Christiaan de Wet and Pioncer Avenue, Florida Park,
Johannesburg, South Africa

* Department of Physics, Tamkang University, Tamsui 251, Taipei, Taiwan

“Ni ! h Rad, R h Center (NSRRC), 101 Hsin-Ann Rd., Hsinchu Sci. Park, Hsinchu 30076, Taiwan

ARTICLE INFO ABSTRACT

Keywords: The improvement of electronic structure and electrical behaviour of low-density materials have been of great

TiO, concern. Multiwall carbon nanotube (MWCNT) has been identified as a low-density material, which needs at-

mﬁﬂ’ e tention to be used mostly as a strengthening phase in lightweight metal lattice composites (MLC). In this work,
5Ti0,

vaporization and drying process were used to produce TiO; incorporated MWCNTs nanocomposites. The in-
corporation of TiO is to improve electronic system as well as electrical behaviour of MWCNTs in oxidized
atmosphere, which is essential in most of MLC processing methods. We have used field-emission scanning
electron microscopy Raman spectroscopy, X-ray diffraction and X-ray photoemission spectroscopy techniques for
the study of structural and electronic properties; whereas current-voltage technique was used for the study of
electrical behaviour of the nanocomposites. The observed change in electrical behaviour of the nanocomposites
with improvement of electric/bonding structure indicates possibilities of the material properties be tailored for

Raman spectroscopy
Xprs

1-V measurements

electronic/electrical devices as well as photo-catalytic activity applications.

1. Introduction

Multiwall carbon nanotubes (MWCNTSs) have been considered as a
potential material for varieties of applications owing to their remark-
able photoelectrical, mechanical, chemical stability. With distinctive
electronic properties, the material has several possible applications [1]
in research areas such as hydrogen storage media, energy conversion
devices, electromagnetic interference shielding, sensors, solar cells and
microelectronics devices [2-4]. In trying to improve the performance to
meet new demands of unconventional requests in different areas such
as optoelectronics and solar energy utilization [5]. Some works have
highlighted the synthesis of CNTs-anatase titanium dioxide (CNT-TiO3)
double nanocomposites with synergetic mixture of their essential
properties [6-9]. The introduction of TiO; was motivated by its non-
toxicity and long-term thermodynamic stability. The anatase-phase of
TiO, exhibits an impressive photocatalytic activity and is higher than
the rutile phase owing to its high mobility of free electrons
(80cm®V~'s™ 1), =90 times faster than that of rutile phase [10]. The
advantage of the mixture CNTs and TiO; semiconductor composites can
be extended to the defined carbon structures with tailored electronic

* Corresponding authors.

properties for optoelectronics and/or microelectronics devices. Several
researchers have synthesized CNTs-TiO; using sol-gel [11-14], hydro-
thermal treatment [15-17], electro-spinning [18,19], hydrolysis
[20-22], laser pyrolysis [23] and electrode-position [24] techniques.
Huang et al. [14]) and Tettey [25] et al. studied the electrical con-
ductivity of CNTs-TiO, composites materials and found that the con-
ductivity of the CNTs increases due to the incorporation of TiO;. Most
of these works [11-13,15-25], TiO; is the parent material doped with
different concentrations of CNTs and their focus was to tailor con-
ductivity, electronic, photo catalysis, electro catalysis and optical
properties of the materials for solar cells. Both TiO2 and MWCNTSs ex-
hibit antifouling properties that potentially complementary each-other.
The novelty of the work presented here is the investigation and to es-
tablishment of possibilities of the material having improved com-
plementary properties for applications such as the catalytic activities,
optoelectronics, and microelectronics devices. In additions, the stability
of the materials as a nano-filler for non-photo-coupled applications will
be reported for the first time in this work. In this present study, we have
synthesized multi-walled carbon nanotubes (MWCNTs) by chemical
vapour decomposition (CVD) process. TiO: with different

E-mafl addresses: Raysc@unisa.ac.za (S.C. Ray), wipong@mail.tku.edu.tw (W.F. Pong).
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Fig. 1. FE-SEM images of (a) TiOzpowder (< 25nm), (b) synthesized MWCNTSs and (c) MWCNTSs-TiO; (Ti-15 at.%) nanocomposites. (d) X-ray diffraction
spectra and (¢) R specttra of TiO,, MWCNTSs and MWCNTSs-TiO, nanocomposites (Ti-15 at.% and Ti-20 at.%), respectively; (f) first/second order Raman

spectra of MWCNTs, MWCNTSs-TiO; (Ti-15 at.%) and MWCNTs-TiO; (Ti-20 at.%), (g) first/second order deconvoluted Raman spectrum of MWCNTS, (h) first/second
order deconvoluted Raman spectrum of MWCNTS-TiO; (Ti-15 at.%) and (d) first/second order deconvoluted Raman spectrum of MWCNTSs-TiO; (Ti-20 ar.%).

concentrations (15 and 20 at.%) were incorporated in MWCNTs using
hydrothermal method with the aim to tailor its properties for micro and
nano-electronic devices applications, especially for memristive devices
through increasing the current (I) - voltage (V) characteristics loops.
The purpose of this research was to investigate the novel and com-
plementary effects of TiO; NPs and MWCNTSs nanocomposites on three
important properties: microstructural, electronic and bonding proper-
ties and enhancing the current (I) - voltage (V) characteristics loops
area through several cycles electrical measurements. In trying to
achieve this material properties, different characterization techniques
have been used for the study of microelectronic structure and electrical
behaviour of the synthesized nanocomposites.

2. Experimental details

Acetylene (CzH3), ferrocene [Fe(CsHs)z] and TiO; were purchased
from Sigma-Aldrich (Pty) Ltd. CVD techniques was adopted to synthe-
size MWCNTs in a horizontal tube furnace using acetylene (CzHz) and
ferrocene [Fe(CsHs);] as carbon source and catalyst precursor, re-
spectively. The ferrocene (0.2g) was spread over a quartz boat and
placed in the centre of the quartz tube. The furnace was then heated at
10°Cmin~" under the flow of Argon (Ar) gas. C;Hz was introduced
along with N, when the temperature reaches 900 °C. After 60 min of
reaction time, the flow of C;H, was stopped and the furnace was cooled
to room temperature. The boat was taken out from the furnace and the
synthesized MWCNTs were collected. The synthesized MWCNT were
washed with nitric and hydrochloric acid and filtered in other to re-
move impurities [17]. For the synthesis of anatase-TiO, and MWCNTs
composite structures with different Ti at.%, we have used hydrothermal
method following vaporization and drying technique [17].

Initially 10 mg of synthesized MWCNTs was dispersed in water and
sonicated for 10 min. Afterwards, TiOz-powder (particle size < 25 nm)

was added to the suspension while stirring in different stoichiometric
ratios. The mixture was stirred on a hot plate at 80 °C with the flow of
Ar through the surface of the mixture to speed up the vaporization of
water. Thereafter, the mixture was kept in an oven at 100 °C to dry for
15 h for formation of the MWCNTs-TiO; nanocomposites.

Different characterization techniques used to characterize the pre-
pared nanocomposites were X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), Raman spectroscopy, X-ray
absorption near edge structure spectroscopy (XANES), X-ray photo-
emission spectroscopy (XPS) and current-voltage (I-V) [26]. All mea-
surements were performed at room temperature. To obtain the surface
morphology of TiOz, MWCNTs, and MWCNTs-TiO2 nanocomposites,
field emission scanning electron microscopy (FE-SEM) images were
recorded using a JSM-7800F FESEM from JEOL Ltd. coupled with an
UltraDry EDS detector. The structural studies of the synthesized com-
posites were performed using a Rigaku Smartlab X-ray diffractometer
(0.154 nm Cu Ka line). Raman spectra were recorded using a HORIBA
scientific XploRA at 532 nm (~2.41 eV) LASER light excitation energy.
The surface morphological structures were studied using JEOL JEM
2100. The C K-edge, O K-edge, and Ti L3 >-edge XANES measurements
were performed at the Taiwan Light Source (TLS), Hsinchu, Taiwan.
The core shells C 1s, O 1s, and Ti 2p were performed using a KRATOS-
SUPRA spectrometer with a monochromatic Al Ka radiation possessing
an excitation energy, hv = 1486.6eV, and a base pressure
1.2 x 10~ ?Torr at UNISA (Florida Science Campus). The electrical
conductivity was studied using Keithley 6487 with a voltage sweep
ranging from —1.0 to +1.0V. In this measurement, silver paste was
used as the conducting electrodes to investigate the electrical behaviour
of the materials. The range voltage of 0 — +1.0V, +1.0—-0V, 0 —
=1.0V, and = 1.0 — 0V was used to obtain the I-V data. The value of
1.0V was the highest voltage applied for the current limit of 2.5 mA.

167



Ph.D Thesis

JA. Oke, et al.

Table 1

Oke James Ayodele; UNISA

Physics

Diamond & Related Materials 100 (2019) 107570

Compositional/quantificational analysis from XPS, crystallite size from XRD and (Ip/lI¢) ratio from Raman Spectra.

Compositional and quantificational analysis from XPS Crystallite size (nm) (1p/15) ratio
from XRD from Raman spectra
C aL% O aL% Ti at.%
Tio, - 66 33 18.10 -
MWCNTs 98 0z - - 1.6
MWCNTSs-TiO; (Ti-15 at.%) 45 40 15 18.26 1.2
MWCNTSs-TIO, (Ti-20 ar.%) 26 54 20 06.08 21
Table 2
Different | s obtained after de-convolution of R spectra.
First order Raman spectra Second order Raman spectra
Peak - 1 Peak - 11 Peak - 111 Peak - 1 Peak - 11 Peak - 111
(D-band) (Auxiliary D-band) (G-Band) (2D-Band) (D + Aux.D)-Band (D + G)-Band
x Ay Int. x A Int. x Ay Int. x Ay Int. x Aw Int. x Ay Int.
em™) (em™) (@uw) (@) (@) @uw) @) (@) @u) (@@ (@m') @u) (@) (@) @) (@@ ") (@@ ') (au)
MWCNTs 1345 83 21 1471 72 0.5 1586 74 1.6 2664 79 0.3 2746 148 0.2 2912 87 0.1
MWCNTs-TiO; 1342 51 5.2 1456 195 1.5 1584 64 57 2682 85 27 2799 70 03 2922 % 1.0
(Ti-15 at.%)
MWCNTs-TIO, 1348 111 6.6 1504 94 1.1 1595 64 3.7 2732 70 0.3 2827 43 0.2 2938 37 1.9
(Ti-15 at%) - - = = = e = = . = = &= 2876 33 05 - —~ =

3. Results and discussion
3.1. Surface morphology

FE-SEM images of TiO;, MWCNTs and MWCNTs-TiO; nanocompo-
sites are shown in Fig. 1(a—c), respectively. The images show a usual
spherical shape and tubular-like shape structure of TiO, nanoparticles
and MWCNTs. The images also indicate that TiO; is closely and
homogenously bounded to the surface of MWCNTs yet displayed
minute agglomeration along the surface of MWCNTs, [27]. The ag-
gregation observed in the figure indicates that TiO, is well deposited/
grown on the MWCNTSs surface. This type of connection might result in
free electrons transfer among TiO, and MWCNTSs nanomaterials hence
improving electronic and electrical properties of the nanocomposites.

3.2. X-ray diffraction

Fig. 1(d) displays the XRD patterns of TiO2, MWCNTSs and MWCNTSs-
TiO; nanocomposites. The XRD pattern of TiO; shows characteristic
peaks at 20 ~25.3°, ~37.1°, ~37.9", ~38.7", ~48.1°, ~54.2", ~55.3"
and ~62.9" corresponding to anatase-phase of (101), (103), (004),
(112), (200), (105), (211) and (204), respectively [28]. In the case of
MWCNTS, a broad diffraction peak 20 = 25.9" corresponding to (002)
of graphitic features and a less intense peak at =43.2" corresponding to
(100) reflection match well with standard graphite carbon [29]. The
patterns of MWCNTSs-TiOz (Ti-15 at.%) and MWCNTSs-TiO; (Ti-20 at.%)
show similar peaks as TiO; with (103), (112) and (105) peaks not ob-
served for MWCNTSs-TiOz (Ti-20 at.%) pattern. It can be seen that the
(002) plane for MWCNTs overlaps with that of (101) and the carbon
plane (100) disappeared for MWCNTSs-TiO; nanocomposites pattern.
This pattern may be due to the presence of TiO; in the MWCNTs. We
have obtained the crystallite size, D (nm) of TiOz in (101) plane of
MWCNTSs-TiOz (Ti-15 at.%) and MWCNTSs-TiO2 (Ti-20 at.%) using
Scherrer's equation (D = ki/fcos8), where k is ~0.9, & = 1.54 A (wa-
velength of X-ray), B is full width at half maximum and 6 is the Bragg's
angle. The crystallite sizes were found to be 18.10 nm, 18.26 nm and
6.08 nm for TiO;, MWCNTs-TiO; (T-15 at.%) and MWCNTSs-TiO, (Ti-20
at.%), respectively (see Table 1), suggesting the growth of TiO; on the
MWCNTs surface.

3.3. Raman spectroscopy

Fig. 1(e) shows that TiO; has three prominent peaks at —~398, ~519
and ~642cm " which are allocated to TiO-anatase phase of Byg, Ajg
and E; mode, respectively [30,31]. In the case of MWCNTs, four main
peaks at ~1345, ~1585, ~2664 and ~2912 em™! correspond to D-
band, G-band, 2D-band and (D + G)-band, respectively [32-37]. The G
band owes to the binary degenerate zone centre Ez; mode while the D-
band owes to the defected graphite [32-37]. The 2D band is an over-
tone of D band and it occurs due to the second order vibration process,
and D + G band occurs due to the combine vibration of D- and G-bands.
MWCNTSs-TiO2 nanocomposites, on the other hand, show the combine
effect i.e. the Raman peaks that arise from anatase-phase of TiO, and
MWCNTs. These combined effects are due to introduction of TiO,-
anatase phase on MWCNTS surface. It is also observed that the intensity
of all three anatase-phase-TiO; peaks (Byg, Ay; and E; mode) are re-
duced drastically with their peak positions shifting towards lower en-
ergy from 398 — 395 — 388 (B;y), 519 — 511 — 508 (A,) and 642 —
636 — 629 (Eyg) for TiOz — MWCNTs-TiO2 (Ti-15 at.%) — MWCNTs-
TiO2 (20 at.%), respectively. These peak shifts imply a reduction in
crystal matrix vibrational energy [38] hence erystallinity consistence
with the crystallite size obtained from XRD. For a detailed micro-
structural study, we have de-convoluted first order and second order
Raman spectra into three Gaussian lines for each and these are shown in
Fig. 1 and the results are tabulated in Table 2. For de-convolution of the
first order Raman spectra, we consider one auxiliary D-lines along with
D and G-bands. The comparative intensity proportion of the D and G-
bands is the index of graphitization to examine the MWCNTs/MWCNTs-
TiO; nanocomposites microstructure [39]. We have obtained the pro-
portion (Ip/15) of MWCNTSs-TiO, as 1.2 (Ti: 15 at.%) and 2.1 (Ti:20 at.
%), compared to MWCNTSs (1.6) as given in Table 1, showing the gra-
phitic system of MWCNTs-TiO2; nanomaterials varies, according to the
TiOz-content bonded on the MWCNTs surface after formation of
MWCNTSs-TiO; nanocomposites. It is observed that the G-band peak-
width (Aw) does not change, while that of D-band Aw increases sig-
nificantly for the MWCNTs-TiO2 (20 at.%) nanocomposites. The in-
crease of D-band width with the shifts of D- and G-bands signifies the
formation of more graphitic nature of the MWCNTSs-TiO; nanocompo-
sites. The 2nd order Raman spectra was also de-convoluted into three
Gaussian lines assigned as 2D-peak, which is the overtone of D-peak,
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Fig. 2. XPS of (a) C 1s, (b) O 1s, (c) Ti 2p for MWCNTs, MWCNTSs-TiO; (Ti-15 at.%6) and MWCNTSs-TiO; (Ti-20 at.%); (d-f) deconvoluted C 1s (g-i) deconvoluted O 1s
XPS spectra of MWCNTs, MWCNTSs-TiO; (Ti-15 ar.%) and MWCNTSs-TiO; (Ti-20 at.%); (j-1) Ti 2p spectrum of TiO,, MWCNTSs-TiO; (Ti-15 at.%) and MWCNTSs-TiO,

169



Ph.D Thesis

Oke James Ayodele; UNISA

Physics

J.A. Oke, et al. Diamond & Related Materials 100 (2019) 107570
Table 3
Different p ters ob d after de on of C 15, O 1s and Ti 2p XPS spectra.
C 15 XPs O 15 XPS Ti 2p XPS
Peak - 1 Peak - 11 Peak - 111 Peak - 1 Peak - 11 Ti2pss Ti2pa
x Aw Int. x Ao Int. x A Int. x Ay Int. x Aw Int. x x
V)  (eV) (amw) (V) (eV) (aw) (eV) (V) (auw) (eV)  (eV) (aw) (eV)  (eV) (amw) (eV) (eV)
MWCNTs 2835 0.7 21 2843 23 1.3 2888 6.5 31 5305 2.7 26 5319 22 0.7 - -
MWCNTs-TiO; (Ti-15 at.%) 2846 0.6 0.5 2854 1.7 0.9 2875 33 0.4 5304 1.1 38 531.7 25 26 459.3 465.1
MWCNTs-TIO, (Ti-20 at.%) 2819 1.2 06 2834 1.2 0.3 2856 13 02 5269 09 39 528.2 25 38 455.6 461.4
Tio, - - - - - - - - - - - - - - - 455.6 461.4
(a) C K-edge (b) O K-edge
MWCNTs:Ti
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Fig. 3. XANES spectra of MWCNTs, MWCNTS: TiO2 (Ti: 15 at.%) and MWCNTs:TiO; (Ti: 20 at.%) nanocomposites (a) C K-edge, (b) O K-edge and (c) Ti-Lyz-edge.

D + G peak the combine vibration of D- and G-modes and the combined
vibration of auxiliary-D with D-bands. The overall change of different
peak positions, peak widths and their intensities in the nanocomposites
attributes to the improvement of surface electric charge of the oxides in
the nanocomposite owing to the decoration of TiO,, inducing a pro-
mising electronic change of n — a* of MWCNTSs and n — a* among the
n-orbit of the oxygen species of TiO, and MWCNTSs [40].

3.4. X-ray photoelectron spectroscopy

XPS was used to obtain the composition and quantification of C, O
and Ti for MWCNTs and MWCNTs-TiO; (15 and 20 at.%) nano-
composites and these are shown in Table 1. From the table, we observed
that carbon content decrease with an increase Ti at.% in the MWCNTs-
TiO; nanocomposites indicating carbon atoms is replaced by Ti-atom
and TiO; is bonded on the MWCNTSs surface to enhance the surface
electric charge of the oxides in the nanocomposites. For details bonding
and electronic behaviour study of the MWCNTSs-TiO, nanocomposites,
we have used XPS spectra of C 1s and O 1s and Ti 2p presented in
Fig. 2(a—c) respectively. It is found that the peaks of C 15, O 1s and Ti 2p
XPS spectrum of lower Ti-content (15 at.%) nanocomposites are shifted
at higher binding energy side while that of higher Ti-content (20 at.%)
shifted at lower binding energy side compared to pure MWCNTSs. At the
same time, the intensity of carbon content decreases and that of oxygen
content increases with Ti-content in the MWCNTSs-TiO; nanocomposites

indicating the formation of different electronic structured MWCNTs-
TiO, nanocomposites. For details study, the spectra of C 1s and O 1s for
MWCNTs/MWCNTSs-TiO, nanocomposites were de-convoluted into
three and two Gaussian lines respectively as shown Fig. 2(d-f) & (g-i),
and their peak positions (x), peak width (Aw) intensities are pr d
in Table 3. In the case of XPS spectra of C 1s, three main peaks at
~283.5/~284.3¢V and ~288.8¢V assigned to sp* C=C and C=0
bonding, [28] respectively are observed in MWCNTs as shown in
Fig. 2(d). These peaks are shifted to 284.6/281.9 eV, 285.4/283.4 eV
and 287.5/285.6eV respectively for the MWCNTs-TiOz (15 at.
%)/MWCNTs-TiO2 (20 at.%) nanocomposites, respectively after TiO;
bonded with MWCNTSs implying that the TiO; imparted the structural
change in MWCNTSs-TiO2 nanocomposites. Considering the XPS spectra
of O 1s, two peaks located at =530.5 and =531.9 eV for the MWCNTs
correspond to C=0/0=C-OH and C-OH group, respectively [41].
These peaks are shifted at lower binding energy at ~530.4/526.9 (1)
and 531.7/528.2eV (lI), respectively for the MWCNTs-TiO; (15 at.
%)/MWCNTs-TiO, (20 at.%) nanocomposites. This shift may be due to
a formation of different bonding like Ti-C/Ti-O-H/Ti-OH and C=0 in
anatase TiO; [42,43] whereas the 531.7 eV peak is associate to Ti-O-H
or C=0 [44]. However, these functional groups in MWCNTs-TiO; na-
nocomposites experience an esterification reaction and C-O-Ti or
0= C-0-Ti bonding [30]. This is due to reaction with Ti precursor -OH
groups [30]. The Ti 2p core level binding energy regions of TiOz and
MWCNTSs-TiO; (15 at.%)/MWCNTSs-TiO, (20 at.%) nanocomposites are
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Fig. 4. (a=d) Current (I)-Voltage (V) linear and (e-h) (In I-V) relationships of TiO,;, MWCNTs, MWCNTs-TiO; (Ti-15 at.%) and MWCNTs-TiO, (Ti-20 ar.%) re-
spectively [Each case three cycles measurements of (I-V) and (In I-V)].

shown in Fig. 2(j-1). The two peaks of Ti 2p located at ~459.3 and at Ti** oxidation state [28,44]. The observed change in their binding
~465.1 eV are assigned to Ti 2ps,5 and 2p, -, respectively with core- energies of Ti 2p is due to the electrons moving through Ti-O-C bonds
shell spin-orbit splitting of 5.8eV. These two peaks are shifted to with change of electron density of Ti** in TiO, [43] (Table 3).
~455.6 eV and ~461.4 eV respectively keeping spin-orbit splitting the

same for both MWCNTs-TiO2 nanocomposites implying the presence of
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3.5. X-ray absorption near edge spectroscopy

XANES is an effective technique to examine the local and electronic
structures and surface chemistry of MWCNTSs. The XANES spectra of C
K-edge, O K-edge and Ti L3 z-edge for TiO;, MWCNTs and MWCNTSs-
TiO, nanocomposites are presented in Fig. 3. The figure shows that the
C K-edge spectra of MWCNTs and MWCNTSs-TiO2 nanocomposites are
similar. The double structures at ~286 and ~293.0 eV are transitions of
a* (C-C) and o* for MWCNTs, respectively [29,44]. The peak at
~287.5 ¢V is identified as change in hybridization to sp” states owing to
C—H and/or C—0 bonding or change in metal bonding with the lattice
of MWCNT [44,45]. Fig. 3(b) displays edge jump XANES spectra of O K-
edge which give more vital evidence concerning the degree of oxidation
of MWCNTs and MWCNTSs-TiO, nanocomposites. The spectra exhibit
typical structures at 528.5 and 530.5 eV corresponding to transitions of
a* (C=0) and 538-544 eV peaks corresponding to o* (C—0 and O—H)
integating from carboxylic and hydroxyl groups, respectively [46].
Apart from these peaks, a double structure peak at ~533 eV and 535 eV
shown within the range of 530-536 eV in the spectra of O K-edge as-
signed to the physisorbed O, [47], is expected to arise from the che-
micals as well as TiO; used during the synthesis of the nanocomposites.
However, the spectra regions of 530-536 ¢V in MWCNTs-TiO, nano-
composites are recognized as the hybridization of O 2p to Ti 3d states
[48]. The degenerate Ti 3d band splits into two peaks, 533 eV and
535 eV corresponding to tz; and e splitting owing to the effect of crystal
field [48]. This splitting is very sensitive to the degree of hybridization
and coordination number. The peaks at ~540 eV and at ~546 eV, on
the other hand, are recognized as the hybridization of O 2p to Ti 4sp
state [49,50] that are sensitive to long-range order. The complex system
of Ti Lys-edge XANES spectra occurs due to connection of atomic
contact and crystal field effect [51,52]. Fig. 3(c) displays the Ti Ly 3-
edge XANES spectra of MWCNTs/MWCNTs-TiO; nanocomposites and
the characteristic XANES spectrum of TiO; nanoparticles. The L3 and Lz
regions are assigned to O 2p3»-Ti 3d and O 2p,,»-Ti 3d alterations,
respectively. The regions at ~456.4, 458.6 and 461.6, 470.1 eV corre-
spond to crystal field splitting of 3d band into tz; and e; bands. Since the
Ti e; orbitals pointed straight to the direction of 2p orbitals of the
neighbouring O atoms, the e; band is more delicate to the local atmo-
sphere. The intensity for both L3 and Ly decreases with increase of Ti-
content (at.%) as shown in an inset of (c). This variation of regions with
Ti-content indicates carbon and/or oxygen is replaced by Ti-atom in the
MWCNTSs-TiOz nanocomposites.

3.6. Current-voltage (1-V) measurement

Electrical conductivity study were performed using current (I) -
voltage (V) relationships of TiO,, MWCNTs, MWCNTSs-TiO, (Ti-15 at.%)
and MWCNTSs-TiO; (Ti-20 at.%). The results are shown in Fig. 4.
Working electrodes for solar cells depends on electrical property of a
material owing to the constant flow of electrons leading to an effective
gathering of photoelectrons generated by TiO, nanomaterial as well as
MWCNTSs [15]. Batteries and capacitors can be produced from these
conductive films [53]. The current-voltage (I-V) characteristics data
was recorded for sweeping voltage fromOto +1V, +1to0V,0to =1
and —1 to 0 and are presented in different ways to properly understand
the conduction mechanism. Fig. 4(a-d) linear 1-V curve; whereas
Fig. 4(e<h) shows log (I) versus V for TiO;, MWCNTs, MWCNTSs-TiO,
(Ti-15 at.%) and MWCNTs-TiO; (Ti-20 at.%) nanocomposites device
respectively. The focus of the current-voltage measurements study of
MWCNTSs-TiOz (Ti-20 at.%) nonocomposites is geared to improve the
memristive behaviour by changing the electrical conductivity of
MWCNT. Since MWCNT is conductive as shown in Fig. 4(b) and then
composite with TiO, enhance the memristive capability. In each case,
we presented three cycles [-V curve to ascertain ferroelectric behaviour
of these materials. The range of the voltage source was =1 to +1V
with an automatic voltage sweep option in three cycles for each are
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shown in the Fig. 4(e<h). The linear (I-V) behaviour clearly shows that
the MWCNTs is a conducting material in nature while non-linear be-
haviour of TiO; and MWCNTs-TiO2 nanocomposites are semi-con-
ducting materials. Log (I) vs V characteristics curve exhibit extended
memristive properties by enhancing the I-V loops area in TiOs-
MWCNTSs nanocomposites materials. It is observed during second and
third cycle -V measurements that the composites may have charge
storage mechanism that could be comparable with the electrical con-
ductivity measurements of bristle-like TiO;-MWCNT nanocomposites
[14,25]. This conjecture is confirmed in Fig. 4(e-h), where the trends
for MWCNTs-TiO; (Ti-15 at.%) have higher memristive as well as
charge storage behaviour. Particularly, the MWCNTSs-TiO; (Ti-15 at.%)
shows a considerable electric [-V hysteresis loop indicating a ferro-
electric behavior, which could be useful for ferroelectric applications.
Higher conductive I-V hysteresis loops is found to be more considerable
for MWCNTSs-TiO; (Ti-15 at.%) due to deposition of TiO; impurity in Ti-
sites on the MWCNTS surface and availability of higher number of free
electrons to contribute to the measured current.

4. Conclusion

MWCNTs and MWCNTSs-TiO; nanocomposites have been synthe-
sized using chemical vapour deposition and hydrothermal process, re-
spectively. The electronic and electrical behaviour of the synthesized
MWCNTs/MWCNTSs-TiO; nanocomposites were studied using FESEM,
XRD, Raman, XPS and 1-V techniques. We observed for the first time
that MWCNTS change from a conducting to a semiconducting material
when incorporated with TiO, nanoparticles. The TiO, incorporated
MWCNTSs nanocomposites showed the tailored microstructural, elec-
tronic and electrical properties for their application towards micro and
nano electronic devices, especially for memristive devices, charge sto-
rage and ferroelectric devices due to transfer Ti-charge into MWCNTSs as
well as photo-catalytic activity applications. Therefore, these possibi-
lities of tailoring MWCNTs can make the material suitable for different
electrical/electronic device applications.
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ARTICLE INFO ABSTRACT

Keywords: We have synthesized h xide (GO) by the modified hummer's process and subsequently reduced it with
R-GO gold-nanoparticles U\u NPs) using silica coated colloidal Au-NPs and hydrazine monohydrate solutions to form
R-GO:Au-NPs r-GO:Au-NPs nanocomposites, We have studied the microstructure, electronic, electrical and magnetic properties
XANES of r-GO and r-GO:Au-NPs nanocomposites. We have observed from the Raman spectroscopy that the intensity of
m D-peak (disorder) gets reduced with respect to G (graphite-cluster) in r-GO:Au-NPs composites. The reduction of
v Ip/1g; ratio obtained from Raman spectra [r-GO: 1.22 — r-GO:(Au-NPs), ss: 0.98] clearly indicates that the sp*-

cluster is reduced in r-GO:Au-NPs nanocomposites. The reduction of sp™-cluster and/or enhancement of sp™-
cluster is due to replacement of sp”-cluster by the Au-NPs. This observation also observed from the X-ray ab-
sorption near edge structure (XANES) spectroscopy, X-ray ph py (XPS) that
are consistence wnh reduction of conductivity as we observe from the current (I) - voltage (V) characteristics of

tron spect

the nanoc

nocomposites. We belleve that the reducllon of cnndul:mfuy and
nanocomposites would be most

applications.

ic M-H hy is loops show the magnetization is enhanced in r-GO:Au-NPs na-
h ement of gl of r-GO:Au
itable for fe lectr ignetic materials for the memory storage device

1. Introduction

Carbon-based nanomaterials such as carbon nanotubes, graphene
and mesoporous carbon are important supports for the metal nano-
particles in heterogeneous materials [1-3]. Among them, graphene, a
novel one-atom-thick two-dimensional graphitic carbon system, has
attracted particular research interest due to its high surface area, ex-
cellent mechanical, thermal and electrical properties [4-6]. However,
the decoration of metal nanoparticles on the pristine graphene is very
difficult, but the reduced graphene oxide (r-GO) which contains dif-
ferent oxygen groups can directly bound to the carbon skeleton of a
two-dimensional graphene-derived backbone as an ideal support for
decoration of the metal nanoparticles. The surface oxygen functional-
ities in r-GO serve as reactive sites for the direct nucleation and growth
of metal nanoparticles on the r-GO surface. This GO/r-GO is a two-

* Corresponding author.
E-mall address: Raysc@unisa.ac.za (5.C. Ray).

https://doi.org/10.1016/j.apsusc.2019.03.271

dimensional (2D) nanomaterial, has attracted tremendous attention
recently because of its extraordinary properties like graphene. Due to
unevenly distribution of oxygen functionalities at the graphene-surface,
the metal nanoparticles are also not even at the graphene surface [7].
To achieve a better distribution of metal nanoparticles like Ag, Au and
other noble metal nanoparticles, both non-covalent and covalent
methods have been applied in the modification of r-GO surface [8]. Due
to the less stability of GO/r-GO, the chemical modification becomes
essential to improve its stability and introduce special functionalities.
The unique metal-decorated r-GO nanostructure holds great promise for
the potential applications in extensive technological territories, such as
nano-electronics [9], super-capacitors [10], batteries [11], and sensors
[12]. Many nanomaterials such as Au-NPs are used to fabricate GO/r-
Go-Au-NPs nanocomposites [13,14]. Zhang and co-workers constructed
a sensor based on reduced graphene oxide (r-GO) hollow microspheres;
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which was encapsulated with gold nanoparticles (Au-NPs) by spray
drying for the sensor applications [14]. In this present study, we have
used gold nanoparticles (Au-NPs) for the reduction of GO and hence
formation of r-GO:Au-NPs nanocomposite. In this r-GO:Au-NPs nano-
composite materials, the Au-NPs act as an ad-atoms on the surface of r-
GO:Au-NPs nanocomposite and enhances the magnetic properties at
nanoscale range.

In this study, r-GO:Au-NPs nanocomposite was prepared and it's
structural, electronic, electrical and magnetic behaviours for future
electronic and magnetic devices applications were studied. X-ray dif-
fraction (XRD) and transmission electron microscopy (TEM) techniques
were used to study crystal structure and surface morphology of r-GO
and r-GO: AuNPs nanocomposites. Raman spectroscopy, X-ray absorp-
tion near edge structure (XANES) and X-ray photoemission spectro-
scopy (XPS) techniques were used for the study of electronic structure
and bonding properties of the composites. Ultraviolet photoemission
spectroscopy (UPS) technique was used for the study of electronic
structure at the valence band states and density of states (DOS) of r-GO
and r-GO: Au-NPs nanocomposites. Furthermore, electrical properties
and magnetic behaviour were studied using current (I)-Voltage (V)
characteristics and high sensitivity M-H hysteresis loops techniques,
respectively.

2. Experimental details

2.1. Preparation of graphene oxide

Colloidal graphene oxide was prepared by modified Hummer's
method as demonstrated by our past report [15]. 300 mg graphite
powder and 150 mg sodium nitrate were mixed with 8 mL concentrated
sulphuric acid in a beaker. The solution was cooled to 0 °C with 900 mg
of KMnO, added stepwise under constant stirring. Following thirty
minutes 20 mL water was added in two phases and appropriately bring
the mixture to room temperature. 300 L of 3% H,0, was added to
permanganate to form homogeneous mixture. The solid was washed
with boiling water and air dried before dispersed in distilled water by
sonication. The solution was then centrifuged at 3000 rpm to expel
larger particles and the supernatant was used as colloidal GO solution
with the concentration of one mg/mL.

2.2. Preparation of reduced graphene oxide (r-GO)

Reduced graphene oxide (r-GO) was prepared by chemical reduc-
tion method as per our previous report. At first, 6 mL GO solution
(concentration one mg/mL) was taken in a beaker and 60uL of hy-
drazine monohydrate solution was added stepwise with constant stir-
ring. Then the mixture was heated at ~70-80 C for 40 min, where the
brown coloured solution turned into a black precipitate. The precipitate
was washed with water to remove excess reagents. The precipitate was
then dried using air-dryer and collected as r-GO.

2.3. Preparation of silica coated colloidal Au-nanoparticle solution

For the preparation of silica coated colloidal Au-nanoparticle solu-
tion; 40 uL toluene solution of (3-mercaptopropyl) trimethoxysilane
(0.1 M) was added to 2 mL of toluene solution of AuCl, (0.1 M, prepared
in the presence of one equivalent of didodecyldimethylammonium
bromide) with stirring condition, followed by 200 pL of toluene solution
of tetrabutylammonium borohydride (0.02 M, prepared in the presence
of one equivalent of didodecyldimethylammonium bromide). After
that, 400 pL. of toluene solution of 3-(2-aminoethylamino) propyldi-
methoxymethylsilane (0.1 M) was added and heated at 65-70 °C for 1 h.
Next, a pink precipitate was appeared and washed with toluene and
chloroform repeatedly. Finally, the precipitate was dissolved in 2mL of
distilled water.
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2.4. Preparation of reduced graphene oxide-gold nanoparticles
nanocomposites (r-GO:AuNPs)

In order to prepare the r-GO:AuNPs nanocomposite, 5 mL GO so-
lution (concentration 1 mg/mL) was taken in a beaker and 5 mL of silica
coated colloidal Au nanoparticle solution was added dropwise with
constant stirring. Next, 50 uL. hydrazine monohydrate solution was
added to the mixture and heated at ~70-80°C for 40 min. As time
progressed, the brown coloured solution turned black with the ap-
pearance of precipitate. The black precipitate was collected, completely
washed with refined water, dried and collected as r-GO:AuNPs nano-
composites.

Characterization of the r-GO and r-GO:Au-NPs composites were
carried out by X-ray diffractometer (XRD) and transmission electron
microscopy (TEM) techniques using a Rigaku Smart-lab with Cu K,
radiation (Ni-filter) at 1.54 A and FEI Tecnai G2 F20 microscope re-
spectively. The C and O K-edge XANES measurements were performed
at the National Synchrotron Radiation Research Centre (NSRRC),
Hsinchu, Taiwan. The core-level XPS spectra were recorded on a
KRATOS-SUPRA spectrometer at UNISA (Florida Science Campus),
South Africa using monochromatic Al K, radiation with excitation en-
ergy hv = 1486.6 eV having base pressure 1.2 x 10~ *Torr. The UPS
spectra were also recorded using KRATOS -SUPRA spectrometer using
He-ll (hv = 40.81eV) excitation and the base pressure was
~1.2 x 10~ "Torr. Raman spectra were measured using HORIBA
Scientific XploRA at 532 nm (~2.41 eV) LASER light excitation energy.
Magnetic properties were measured using a superconducting quantum
interference device (SQUID)-type magnetometer. The current (I) - vol-
tage (V) relationship was measured with silver (Ag) conductive paste as
the contacting electrodes using the commercial software, controlled by
Keithley pico-voltage source meter to study the electrical properties of
these composites.

3. Results and discussion

The transmission electron spectroscopy (TEM) images of typical r-
GO and r-GO: Au-NPs composites materials are shown in Fig. 1(a) and
(b) respectively. The TEM image of r-GO:Au-NPs composites shows that
the distribution of Au-NPs on the surface of r-GO is not homogeneous.
This non-uniform distribution is may be due to aggregation of some
particles and/or Au-NPs preferentially attached to the edge of r-GO.
Details of the distribution/attachment-mechanism could be available
elsewhere [15]; where it is stated that the Au-NPs attachments to r-GO
is due to electrostatic interactions between r-GO and Au-NPs, and
covalent-bond formation through reaction of different oxygen func-
tional groups present on the r-GO surface on the gold nanoparticle
surfaces. Atomic force microscopy (AFM) images of r-GO and r-GO:Au-
NPs nanocomposite with their corresponding height profiles are shown
in Fig. 1(c, e) and (d, f), resspectively. Images and height profiles in-
dicate that r-GO and r-GO:Au-NPs nanocomposites are few layer GO.
Fig. 1(g) shows the XRD patterns of r-GO and r-GO: AuNPs nano-
composites; where a wide diffraction peak is observed at 20 = 26.2°
corresponding to (002) plane of graphite-structure. In addition, XRD
pattern exhibit peaks at 20 values of 28.50°, 33.50°, 35.27°, 44.31°,
45.85° and 54.06° that correspond to Au-lattice planes of (220), (311),
(222), (331), (420), and (511), respectively. These diffraction peaks
suggest that Au-NPs are attached on the surface and they exists in r-GO
matrix. The intensity and the shape of the peaks are the consequences of
the face centered cubic (fcc) phase of Au-NPs-crystals. All peaks in the
XRD pattern matches with JCPDS data (JCPDS-PDF No. 01-1172). From
full-width at half- maximum (FWHM) of diffraction peaks, the average
size of Au-NPs is estimated using Debye-Scherer eq. 2R = 0.90/f cosd
[16], where 2R is the size (diameter) of NPs, B is the full width half
maxima (FWHM) of XRD peak in radians, 0 is diffraction angle and 2 is
wavelength of X-ray (1.54 A). The average size of Au-NPs is about =
10-15nm. Raman spectroscopy has played an important role for

175



Ph.D Thesis

D.0. Idisi, et al.

Oke James Ayodele; UNISA

Physics

Applied Surface Science 483 (2019) 106-113

Intensity (arb. unit)

100 200 300 400 500
Distance (nm)

o —r-GO

L

= r-GO:(Au-NPs)
~———r-GO:(Au-NPs),
r-GO:{Au-NPs) i

10 20

i
£
=
2

-

100 200 J00 400 500 600
Distance (nm)

D-peak
g (h) G-peak
D
GO
(gl = 1.22)
FGOHAR-NPs)y y
‘\
|
=
E A
< M o (ol = 118}
S |rGO:AN NP
; g1 = 1.15)
FGONAR-NPs),
(15 = 0.98)
i p i . . i i
30 40 S0 60 1000 1200 1400 1600 1800 2000
20 Raman shift (cm™!)

Fig. 1. A typical transmission electron micrtoscopy (TEM) image of (a) r-GO and (b) r-GO:Au-NPs nanocomposites; Atomic force microscopy (AFM) images of (c) r-
GO and (e) r-GO:Au-NPs nanocomposite and their corresponds height profiles, (d) r-GO and (f) r-GO:Au-NPs nanocomposites, respectively [With height profile
showing the thickness of r-GO and r-GO:Au-NPs composites]; (g) XRD patterns of r-GO and r-GO:Au-NPs nano-composites, (h) Raman spectroscopy of r-GO and r-

GO:Au-NPs nanocomposites.

characterizing graphitic materials because it is able to provide in-
formation on crystalline size, the degree of hybridization, crystal dis-
order, the extent of chemical modification, and distinguish single layer
graphene or nanotubes from multilayer ones. The micro-Raman spectra
of r-GO and r-GO:Au composites are shown in Fig. 1(h). They exhibit
two main characteristic peaks: the G mode, a doubly degenerate (TO
and LO) phonon mode (E;, symmetry) at the Brillouin zone center
observed at ~1578cm ™', originating from in-plane vibration of sp*
carbon atoms; the D mode arising from the doubly resonant disorder-
induced mode (~1343cm™") [17-19]. In addition a very weak peak,
the symmetry-allowed 2D overtone mode (~2700cm™") [17-19] is
also observed in our r-GO and r-GO:Au-NPs (not shown in this figure).
The r-GO shows a prominent D peak with intensity comparable to G
peak, in sharp contrast to the smaller D peak of r-GO:Au-NPs, indicative
of significant structural order due to the removal of oxygen from the
surface of r-GO. The D band, attributed to in-plane A,; (LA) zone-edge
mode, is innately Raman-active at the graphitic edges [17-19]. The
decrease in I/l ratio from ~1.22 for r-GO to 0.98 for r-GO: (Au-
NPs), g5 indicates a decrease of defect-structure of r-GO:Au-NPs com-
posites. The G peak of r-GO: (Au-NPs), s is shifted to higher wave-
numbers (~ 13 cm ') and broadens with respect to that of r-GO. It was
related to the emergence of a new Raman active band (D’ mode,
~1620cm ') overlapped with the G band [17]. The D’ band, usually
inactive, becomes Raman-active due to phonon confinement caused by
defects [20]. Besides the influence of D’ band, Kudin et al. [21] have
considered the contributions from the isolated double bonds as being
responsible for yielding Raman bands at little higher frequencies, for
oxidized r-GO and r-GO:Au-NPs.

The high-resolution C K-edge and O K-edge XANES spectra of r-GO
and r-GO:Au-NPs nano-composites are shown in Fig. 2 (a, b), respec-
tively. These C K-edge spectra provides a clear presence of both un-
occupied a* (1 s—x*) and o* (1 s —0*) states around 284.8 eV and
292.5 eV respectively [22]. In O K-edge these peaks are observed at
533.8eV and 541.3 eV respectively. In C K-edge the n* feature at
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~284.8¢V is typical of the C=C bond (sp®), while the o* feature at
~292.5€V is typical of the tetrahedral C—C bond (sp®). In O K-edge the
ai* feature at ~533.8eV is the n*._, bands and the o* features at
541.3eV is the 0*.._, bands. These n* (1 s —a*) and o* (1 s—0*)
states in C K-edge and O K-edge XANES spectra reveal that r-GO and r-
GO:Au-NPs composites maintain the aromaticity of the original pristine
material r-GO. Although GO/r-GO/r-GO: Au-NPs produces a plethora of
O-related resonances, unfortunately, XANES database in literature is
not rich enough to de-convolute and assign all the peaks. Upon judi-
cious review of the available literature, we have assigned the peak-
positions [22,23] as shown in Fig. 2(a) & (b). Both C K-edge and O K-
edge are slightly shifted at higher energy indicating the structural
change/modification. Among the three resonance 286.7eV (I,),
288.6 eV (I,) and 290.0 eV (1,) in between x* and o* of C K-edge, the I,
and I are assigned to n* (C=0/COO0H) and =n* (COOH) respectively.
Whereas the peak 288.6 eV (1) is assigned to few layer graphene [23]
and was attributed to the free electron like set of bands corresponding
to electron excitations lying between graphite layers (interlayers
states). Some researchers have provided the evidence that this feature
(~289 eV) originates from — COOH moieties present in GO/r-GO [24].
In the above of o* region the peaks are observed at 295.4eV (l),
298.8 eV (I5) and 303.4 eV (I,) and are assigned as C=0 moieties [25].
We have estimated the n* intensity of C K-edge/O K-edge by integrating
the w*-area after subtracting a Gaussian lines as shown in Fig. 2(a, b)
and found a small change (see Table 1) that confirms the formation of
different structure moiety. Moreover, the reduction of x* intensity in C
K-edge XANES spectra implies the decrease of sp” content that is con-
sistent with the value of 1;,/1; obtained from Raman spectra indicating a
steady increase in the sp” content induced by Au-NP in the r-GO:Au-NPs
nanocomposites.

Fig. 3 (a, b) shows the C 1 s and O 1 s XPS spectra respectively of the
r-GO and r-GO: Au-NPs composites. It is observed that the peak posi-
tions of both C 1 s and O 1 s for r-GO: (Au-NPs), .. is shifted at lower
energy side and for r-GO: (Au-NPs), 44, the peak is shifted at higher
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Fig. 2. X-ray absorption near edge structure (XANES) spectroscopy of r-GO and r-GO:Au-NPs nano-composites (a) C K-edge and (b) O K-edge.

energy side suggesting that the Au-NPs composites significantly influ-
ences the structural property of r-GO. It is found that the C/O ratio
decreases with Au-NPs (see Table 1) and that further confirms the
change of r-GO and r-GO:Au-NPs structural matrix. BothC1sand O 1s
are de-convoluted into different components and their peak positions,
intensity and full-width-half maximum are tabulated in Table 2. The C 1
s spectrum consists of peaks that correspond to sp* carbon around
284.8eV, O-H/0-C-0 around 286.2eV and C=0 around 288.4 eV
[26]. All the films show a dominant peak around 284.8 eV. However, r-
GO and r-GO: Au-NPs composites show usual XPS spectral pattern of
GO. It is rather interesting to note that the higher concentration of Au-
NPs composites r-GO: (Au-NPs), ss, there is a significant reduction of
carbon signals (sp®-C) and increase of oxygenated carbon signals (O—H
/ 0-C-0 and C=0). Szwarckopf et al. [27] reported that the Au-atoms
could directly substitute vacancies in sp” sites. In our present study, sp*
C—C peak is observed around 284.6 eV in r-GO, but the peak intensity
of r-GO:Au-NPs is decreased and showing defected sp® peak at

285.0 eV eV which is 0.4eV higher than r-GO. Presumably, gold is
weakly attaching to sp* carbon since the C 1 s XPS signal at 285.0 eV
related to defected sp” is observed. This “defect peak” slightly shifts to
higher binding energy, which is probably due to carbon atoms out of sp*
configuration. XPS observations are shown in Table 1. This “defect
peak” (285.0eV) is due to carbon atoms involved in real structural
defects. It also shows that the metal intercalation in graphite results in a
defect peak with a slightly shift at high binding energy [27]. It was
reported that carbon atoms bound to carbon atoms out of strictly sp*
configuration give rise to a C 1 s peak around 285.0 V. Such a high-
energy shifted peak is also reported in carbons in partially sp°/sp” hy-
bridized state [28]. Also a peak in 283.9¢V is observed in r-GO:(Au-
NPs), 55 and is assigned to C—Au and is observed in graphene gold
hybrids [29]. The barrier for Au-atoms to migrate between two C—C
bond is of approximately 0.1 eV and therefore, at room temperature, it
is possible that Au-atoms can migrate quite easily along the C—C bond
[30]. Thus, adsorption and weak bonding of graphene on Au is possible.

Table 1
El | P and g fication analysis from XPS, XANES and Raman spectra analysis.
C 13 (ar%) 01 s (ar.%) Au 4f (ar.9%) C/0 ratio from XPS a*.Intensity from XANES (In/1g) ratio from Raman
C K-edge 0 K-edge
r-GO 53.37 46.63 - 114 1.14 0.75 122
rGO: (Au-NPs)a13 54.52 45.48 0.11 1.20 - - 1.18
1GO: (Au-NPs), 22 61.65 38.34 0.22 1.61 0.95 0.78 1.15
rGO: (Au-NPs)y sa 7114 23.99 4.88 296 0.98 0.62 0.98
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Fig. 3. X-ray photoemission spectroscopy (XPS) of r-GO and r-GO:Au-NPs nanocomposites (a) C 1 s and (b) O 1 s.

Table 2

De-convoluted different parameters from C 1 s and O 1 s X-ray photoemission spectroscopy.

C 1 s X-ray photoemission spectroscopy

0 1 s X-ray photoemission spectroscopy

Peak Peak | Peak 11 Peak 111 Peak 1 Peak 11 Peak 111
(C~Au) (sp*-C) (0~H/0.C-0) (C=0) (0-H) (C-0) (C=0)
X Aw A x1 Awl  al x2 Aw2 a2 x3 Aw3d a3 x1 Aw]l  al x2 Aw2 a2 x3 Awd a3
(V) (eV) (aw) (eV) (eV) (aw) (eV) (eV) (auw) (eV) (eV) (aw) (eV) (eV) (auw) (eV) (eV) (am) (eV) (eV) (aw)
r-GO - - - 2846 15 755 2862 1.1 87 2833 31 157 5313 18 319 5319 15 560 5323 18 7.7
r-GO:Au - - - 2843 15 806 2863 1.2 66 2883 19 52 5310 16 267 5317 17 650 5327 21 82
(0.22 at.%)
r-GO:Au 2839 1.0 83 2850 13 514 2862 12 199 2870 33 204 5319 19 369 5324 13 570 5341 1.9 6.0
(4.88 at.%)

Based on these studies and from our XPS analysis we assume that gold is
attaching to sp® carbon sites. This weak attachment of Au to sp® carbon
sites results in a defected sp”, which is consistent with XPS results. In O
1 s XPS spectra, different de-convoluted peaks are identified and are
summarized in Table 2, The peaks of r-GO are at ~531.3 eV, 531.9eV
and 532.3eV that are assigned to C=0 (oxygen doubly bonded to
aromatic carbon), C—O (oxygen singly bonded to aliphatic carbon), and
phenolic (oxygen singly bonded to aromatic carbon) groups respec-
tively [31]. These peaks are shifted at higher binding energy and their
intensities change slightly for the r-GO:(Au-NPs), ss indicating Au-NPs
influence the structural change in r-GO:Au-NPs.

In order to quantify the density of states (DOS) of valence electrons
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corresponding to various bonding and mixed states, the ultraviolet
photoemission spectra (UPS), He-ll (hv = 40.8eV) of r-GO and r-
GO:Au-NPs along with Au-NPs as a reference within the range of 0 to
16 eV are shown in Fig. 4. All spectra are de-convoluted into different
component peaks after background subtraction as shown in Fig. 4. The
spectrum of Au-NPs reveals that there are about four component peaks
in the valence band structure in the range 0 to 16 eV. These four peaks
are 2p-n (~3.5eV), 2n-0 (~7.6 V), 25-2p mixed states (~10.6 eV) and
25 (~15.4eV). Using Au-NPs as the reference, ultraviolet photoemis-
sion spectra (UPS) of r-GO and r-GO:Au-NPs were processed for de-
convolution into different Gaussian component peaks. These peaks are
2p-n (~4.9eV), 2p-(n-0) overlap (~6.5eV - 7.8eV), 2p-o (8.0eV -
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decrease/increase of Au-NPs ad-atoms on the r-GO:Au-NPs nano-
composites surface. It is noticeable that in case of r-GO:(Au-NPs), s,
the 2p-o peak (~7.8 eV) is strong compared to r-GO/r-GO:(Au-NPs), ,»
due to decrease of oxygen species as observed in O 1 s XPS spectrum.
Since, r-GO contains plenty of C and O bonding, the valence band
structure is superimposed of partial DOS of C and O (2p and 25 elec-
trons) [36]. On functionalization of Au-NPs with r-GO, the peak posi-
tion of 2p-m band (—~4.9eV) shifted away from fermi-edge and de-
creased considerably in intensity accompanied by appearance of 2p-(a-
o) overlap band ~7.8eV. The o band and s-p mixed band and 2s band
were found to shift to higher binding energy in r-GO:(Au-NPs), gs. The
increase in DOS of m-electrons centered at ~3.9 eV with concomitant
appearance of m-0 overlap band and blue shift of 2p-o band are at-
tributed to increase in graphitic carbon network. This explicates the
effect of oxygen in controlling the valence band structure of r-GO and
hence tunability of r-GO.

The M-H curves for the pristine r-GO and r-GO:Au-NPs were eval-
uated from -10kOe < H < 10kOe at room temperature 300 K and at
40K. Fig. 5(a) shows the measured M-H loops for the r-GO and r-GO:
(Au-NPs), ss; with high concentration Au-functionalized r-GO:Au-NPs
displaying the higher magnetization. Suda et al. [37] studied the
magnetization of two different sized Au-NPs (1.7 nm and 5.0nm in
diameter) and found that the smaller particles were ferromagnetic and
the larger ones were diamagnetic. In our present study, Au-NPs show
completely diamagnetic in nature, which may be due to comparatively
larger size; whereas the r-GO is ferromagnetic as also found in our
earlier studies [38,39]. However, the magnetization of r-GO:Au-NPs is
ferromagnetic and is higher than r-GO confirming that the ferro-
magnetism is enhanced on Au-functionalized r-GO. The origin of
magnetisation in Au-functionalized r-GO/graphene is still controversial
and not known. However, in our present case we have found that the r-
GO:(Au-NPs), 55 have higher graphitic in nature and even presence of
higher number of oxygen functionalized groups that could be re-
sponsible for the higher magnetization. Besides the Au-NPs-content,
C—Au bond is also formed as we observed in XPS study that it induces
more defects in the GO: (Au-NPs), s structure and enhanced magne-
tization. Fig. 5(b) shows a linear in two cycles, within the range + 1V
to —1V. From this characteristic it is clear that the conductivity de-

Fig. 4. Ultraviolet photoemission spectroscopy (UPS), He-ll (hv=40.8¢V) of
Au-NPs, r-GO and r-GO:Au-NPs nanocomposites.

10.2eV), 2s5-2p mixed states (9.4eV-119eV), and 2s
(~14.5eV-15.0eV) [32]. The convoluted peak positions (x) and their
intensity (a) as well as full-width-half-maximum (Aw) of Au-NPs and r-
GO:Au-NPs are tabulated in Table 3. The features at ~11.7 ( = 0.2) eV
and 14.6 eV ( = 0.2) are attributed to the o and x bonding of C = O,
and the O lone pair [33-35]. In case of r-GO:(Au-NPs), .- the spectrum
is shifted towards fermi-edge, whereas for r-GO:(Au-NPs), 44 the spec-
trum is shifted away from the fermi-edge with respect to r-GO in-
dicating the density of states increases and then decreases with

cr when Au-NPs is incorporated with r-GO. High current for r-GO
can be attributed to presence of high number of sp*-cluster. This current
is reduced in r-GO: (Au-NPs); 22/1-GO: (Au-NPs), 55 composites due to
reduction of sp*-clusted by the atomic/structural re-arrangement as we
observed in Raman, XANES and XPS results. In our present study, it is
observed that the magnetization is enhanced with reduction of elec-
trical conductivity because the concentration of Au-NPs is higher due to
formation of C—Au bonds and Au-0 in the r-GO:Au-NPs nanocompo-
site structures. The weak attachment of Au-NPs and reduction of C—-C
sp” atoms are responsible for low mobility that leads to drop in con-
ductivity. As a result the magnetization of r-GO:Au-NP nanocomposite
is enhanced.

Table 3
De-c luted different par from valence band photoemission spectroscopy from He - Il (hv = 40.8 V) excitation.
Peak I Peak 11 Peak 11l Peak IV Peak V Peak V1
2p-x state 2p-(n-0) overlap state 2p-0 state 235-2p mixed states 25-2p mixed states 25 state
x1 Awl  al x2 Awl a2 x3 Aw3 a3 x4 Awd a4 x4 Awd a4 x5 Aw5 a5
(eV) (eV) (auw) (eV) (eV) (a.u.) (eV) (eV) (auw) (eV) (eV) (au.) (eV) (eV) (au.) (eV) (eV) (aw)
Au-NPs 35 26 27 - - - 76 32 560 - - - 106 28 30.9 154 29 103
r-GO - - - 6.5 20 20.0 8.1 29 470 10.5 24 18.5 11.7 1.5 7.7 145 17 6.8
r-GO:Au - - - 6.5 24 43.1 80 21 19.6 9.4 1.6 14.1 11.0 1.7 15.6 146 19 7.6
(0.32 at.%)
r-GO:Au 4.9 1.0 35 7.8 29 57.0 102 27 316 - - - 119 1.8 7.9 15.0 - -
(4.88 aL%)
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Fig. 5. (a) Magnetic moment (M) versus magnetic field (H) curves of r-GO and r-GO:Au-NPs nanocomposites and (b) Current (I) - Voltage (V) characteristics of r-GO

and r-GO:Au-NPs nanocomposites.

4. Conclusion

We have synthesized graphene-oxide (GO) and subsequently re-
duced it with gold-nanoparticles (Au-NPs) using silica coated colloidal
Au-NPs and hydrazine monohydrate solutions to form r-GO:Au-NPs
nanocomposites. We studied their electronic, electrical and magnetic
properties. TEM image shows that the distribution of Au-NPs on the
surface of r-GO:Au-NPs is not homogeneous and may be due to ag-
gregation of some particles and/or Au-NPs preferentially attach to the
edge of r-GO. The reduction of n* intensity in C K-edge XANES spectra
implies the decrease of sp” content that consistent with the value of I,/
I; ratios obtained from Raman spectra that indicates an increase in the
sp” content induced by Au-NP in the r-GO:Au-NPs nanocomposites. The
density of states changes with Au-NPs ad-atoms on the r-GO:Au-NPs
nanocomposites surface. With this ad-atoms (Au-NPs) on the r-GO:Au-
NPs nanocomposites surface the magnetization and electrical con-
ductivity changes due to formation of C—Au bonds and Au—0 in the r-
GO:Au-NPs nanocomposite structures. Based on these results it can be
concluded that r-GO:Au-NPs nanocomposites could be useful for mag-
netic and electronic device applications.
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ABSTRACT

We have synthesized r-GO-ATA-Fe;O3 nanocomposites and studied their microstructural and electromagnetic properties for future possible
magnetic resonance imaging for biomedical application. X-ray diffraction, transmission electron microscopy, Raman spectroscopy, X-ray
photoelectron spectroscopy, and X-ray absorption near edge spectroscopy were used to study the structural and electronic properties, while
a superconducting quantum interface device magnetometer was used for investigating the magnetic behavior of the nanocomposites. The
nanocomposites have been found to reduce the graphitic structure of GO due to the substitution of carbon/oxygen and/or iron nanoparti-
cles. Conversely, the electrical conductivity of nanocomposites is found to be high due to the formation of Fe—C/Fe—O bonds in the struc-
ture of the nanocomposites. The composites also exhibit superparamagnetic features as observed from the M-H hysteresis loop with
saturation magnetization of 0.1 emu/g at 1.8 K temperature. The results, in general, suggest possible applicability of r-GO/Fe,05 nanocom-
posites as an effective multifunctional platform for magnetic resonance imaging in biomedical applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099892

1. INTRODUCTION

Magnetic resonance imaging (MRI) is a versatile medical
imaging technology that has attracted enormous attention from
researchers because of the noninvasive technique that is involved.
Graphene oxide (GO) and/or reduced graphene oxide (r-GO) is a
material that has been used as a contrast agent in imaging modalities
due to its excellent biocompatibility, cellular uptake, bioconjugation
possibilities, and broad-wavelength absorbance characteristic.’ Due
to its diamagnetic nature, the material has, however, not been inves-
tigated for possibilities of it being used as an MRI contrast agent.”
It is therefore important that studies are carried out on GO/r-GO in
order to manipulate it to have properties that are suitable for this
application. In addition to the excellent properties of GO/r-GO,

there is strong evidence that the defects can be created in the mate-
rial. The created defects break the symmetry between graphene sub-
lattices resulting in an induction of magnetic moment. As a result,
the magnetic behavior of GO/r-GO can be altered possibly as a
novel contrast agent for MRI applications. '

In MRI systems, high magnetic fields (ranging from 1.5 to
7'T) are used to achieve sufficient signal for short imaging time
(less than few minutes) with a high spatial resolution (less than a
millimeter). The GO/r-GO contrast agent, on the other hand, is used
in clinical MRI to enhance the image contrast by either increasing
(positive contrast)” or decreasing (negative contrast)”™ the local
magnetic resonance signal. In achieving this, longitudinal (T,;) and
spin relaxation times (T;) need to be reduced for positive and

J. Appl. Phys. 126, 035301 (2019); doi: 10.1063/1.5099892
Published under license by AIP Publishing.
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negative contrast, respectively. T, comes from the fluctuating electron
spin moment of the contrast agent coupling, while T, comes from
the long-range magnetic dipolar fields of the magnetic particles,
leading to a short T and a reduced magnetic resonance signal.”

For MRI applications, Fe;O; nanoparticles have been widely
explored and have received significant attention as sources of the
superparamagnetic magnetic field that is essential for the application.
The advantage of FeyO, nanoparticles gives rise to an induced local-
ized inhomogeneity of the magnetic field."""" Jeong et al."” synthe-
sized y-Fe;Os and established the superparamagnetic properties
where magnetic relaxation of the material was investigated. However,
reduction in magnetic signal intensity was observed due to a steady
drop of Ty. Ai et al." and Liu et al."' modified Fe;0; with polymeric
micelles to alleviate the relaxation problem. However, Fe;O4 nanopar-
ticles were found to aggregate when applied in vivo, thereby leading
to a decrease in blood circulation.” The effect of superparamagnetic
iron oxides nanoparticles (SPIONs) Fe,Ox comprises of polydisperse
inorganic cores with hydrodynamic diameter. The SPIONs can
inhibit renal clearance after treatment leading to accumulation of iron
in the body. The accumulated iron may cause negative MRI contrast
in the long run.'”" To overcome this aggregation of Fe;O, nano-
particles and iron accumulation in the body, the composition
of GO/r-GO and Fe;Oy is a possible material to be used due to
its hydrophilic, nontoxic, and biocompatible properties. The
GO/r-GO-Fe;0, composition was explored for MRI applications, ™"
and the results showed an enhancement of cellular MRI contrast.
GO-Fe;03 nanocomposites, on the other hand, have not been widely
explored as a contrast agent for MRI applications.

In our earlier study ' about the magnetic behavior of nitro-
genated graphene oxide functionalized with different types of iron
oxides, we have not used any capping and/or stabilizing agent
during functionalization of GO/r-GO. But, in the present study,
we synthesized r-GO-ATA-Fe,0; nanocomposites using copreci-
pitation. 2- Aminoterephthalic acid (ATA) was used as a capping/
stabilizing agent due to its proven surface coating potential and
shorter chain length which can enhance the magnetic properties
of Fe;05. " Electronic and magnetic properties of the composites
for a contrast agent in magnetic resonance bioimaging applica-
tions were studied. In this case, challenges related to T; and aggre-
gation can be controlled with an introduction of GO/r-GO in
r-GO-ATA-Fe,0; nanocomposites,

In this study, transmissions electron microscopy (TEM) was
used for the study of surface morphology, while for electronic and
microstructural properties of the nanocomposites, X-ray diffraction
(XRD), Raman spectroscopy, Fourier transform infrared spectro-
scopy (FTIR), and X-ray photoelectron spectroscopy (XPS) were
used. X-ray absorption near edge structure (XANES) spectroscopy
was used to ascertain the bonding structure of GO/r-GO and
r-GO-ATA/Fe; 05 nanocomposites. The electrical conductivity and
superparamagnetic properties of the composites were explored
using the current-voltage (I1-V) technique and high sensitivity
M-H hysteresis loops, respectively, in this work.

Il. EXPERIMENTAL DETAILS

GO, r-GO, and r-GO-ATA-Fe;0; were synthesized using
ferrous chloride [Fe(Cl), - 4H,0), ferric chloride [Fe(Cl)y - 6H,0],
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2-aminoterephthalic acid (ATA), ammonium hydroxide (NH,OH),
and potassium hydroxide (KOH). All chemical reagents were
acquired from Fisher Scientific and Sigma Aldrich. Initially, GO
sheet, which is the anchor material, was prepared by the modified
Hummers method and subsequently reduced using 3 ml of ammo-
nium hydroxide (NH,;OH). During the synthesis process, an
aqueous solution of the prepared GO (20 ml) was magnetically
stirred at the rate of 500 rpm for 6 h at a constant temperature of
70°C. GO-NH,OH was left to stir overnight for the formation of
black pigments. To reduce the effect of agglomeration and disper-
sion, the mixture was centrifuged at a rate of 5000 rpm.

The r-GO mixture was then washed several times using deoxi-
dized water to reduce impurities and ammonia residues. The final
r-GO powder was collected by drying the aqueous solution in an
oven heated up to 60 °C. The Fe,Oy nanoparticles were prepared
using the chemical coprecipitation technique where 2-
aminoterephthalic acid (ATA) was used as a capping agent. The
procedure involves the mixture of 1.17 g of FeCl; - 6H,0, 0.43 g of
FeCl, - 4H,0, and 0.82g of ATA with 22.5 ml of pure water in a
150 ml flask. The entire mixture was stirred using a magnetic stirrer
with a flask on a hot plate, 60°C for 1h. The reaction process
occurred under the flow of N; gas to avoid thermal degradation.
While stirring, 2.5 ml of NH;OH mixed with water was added into
the mixture. The pH range of the mixture was 10-11, and it was
robustly stirred for another 1 h with the plate heated to a high tem-
perature (80 °C). The nucleated iron oxide nanocomposite was left
to cool to room temperature. The mixture was then magnetically
separated and washed using ethanol and collected as ATA-Fe,0;.

The homogencous aqueous mixture of GO containing
0.1 mgml~" was added to the ATA-Fe,O; mixture and ultrasoni-
cated in a sonicator bath at room temperature. The sonication
process aims to give a uniform dispersion of the particles. The
mixture was thereafter dried in a microwave and collected as the
r-GO-ATA-Fe;O3 nanocomposite.

The structural studies of the synthesized composites were per-
formed using a Rigaku Smartlab X-ray diffractometer (0.154 nm
Cu Ka line). Raman spectra were measured using HORIBA scien-
tific XploRA at 532 nm (~2.41 ¢V) LASER light excitation energy.
The surface morphological structures were studied using JEOL JEM
2100. The Fe Ly, y-edge, C K-edge, and O K-edge XANES mea-
surements were performed at the Taiwan Light Source (TLS),
Hsinchu, Taiwan. The core shells C 1s, O 1s, and Fe 2p were per-
formed using a KRATOS-SUPRA spectrometer with monochro-
matic Al K, radiation possessing excitation energy, hv = 1486.6 ¢V,
and base pressure 1.2x 107" Torr at UNISA (Florida Science
Campus). The ultraviolet photoelectron spectroscopy (UPS) spectra
were obtained using He-I (hv=21.22¢V) and He-II (hv=40¢V)
using the same KRATOS-SUPRA spectrometer. The electrical con-
ductivity was studied using Keithley 6487 with voltage sweep
ranging from =1 to 1 V. A SQUID-type magnetometer that has a
sensitivity of <5x 107" emu was used for the M-H loop. All the
measurements were performed at room temperature.

1ll. RESULT AND DISCUSSION

TEM images of Fe-NPs and of r-GO-ATA-Fe,0; nanocompo-
sites are shown in Figs. 1(a) and 1(b), respectively. The morphology

J. Appl. Phys. 126, 035301 (2019); doi: 10.1063/1.5099892
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FIG. 1. Transmission electron microscopy of (a) Fe-NPs and (b) r-GO-ATA-Fe,0, nanocomposite. (c) X-ray

Raman shift (cm”) Binding Energy (eV)

diffraction and (d) Raman spectroscopy of GO, r-GO, and

r-GO-ATA-Fe;0, nanocomposites. (e) Fe Ly ,-edge X-ray absorption near edge structure (XANES) and (f) Fe 2p X-ray photoelectron spectroscopy of r-GO-ATA-Fe, 04
nanocomposites.

indicates that Fe-NPs are completely dispersed in r-GO and have
formed their iron oxide nanocomposites.” The images show spher-
ical composites of the nanoscale range with an average size of
Fe-NPs as ~8-10 nm. Images do not show the agglomeration of the
composites but a homogeneous dispersibility of the r-GO-Fe,0,
nanocomposites. The formation of r-GO-Fe;O3 nanocomposites can
be observed from Fig. |(b) with different particles in the composites.

The XRD measurements for GO, r-GO, and r-GO-ATA-Fe,0,
nanocomposites are shown in Fig. 1(c). The obtained structure of
r-GO-ATA-Fe,0; is similar to the spinel phase of FeyO4 with
JCPDS card no. 19-0629."" As expected, the XRD spectra confirm
the amorphous nature of graphene oxide as indicated by the hump
with the (002) peak. There is a significant decrease in the intensity
of the peak when r-GO is attached to ATA-Fe;05. The decrease in
the intensity shows the formation of the r-GO-ATA-Fe,04

nanocomposite. Fe (400) and Fe (422) peaks are consistent with
Fe40, as obtainable for iron oxide nanoparticles.” "

Figure 1(d) shows the Raman spectra of GO, r-GO, and
r-GO-ATA-Fe,04 nanocomposites. Two prominent peaks (D and G)
are observed at ~1334 and ~1583 cm™', respectively. The G peak
arises from the degenerate (TO and LO) Ez¢ phonon vibration modes
at the Brillouin zone,” whereas the D peak is attributed to the induced
defect. We have obtained the information about the structural defect
from the Ip/lg; ratio using the "D"/*G" peak height. The Ip/lg ratio is
found to be reduced from 0.46 (GO) = 0.43 (r-GO-ATA-Fe;0;5 nano-
composites) that are given in Table 1. A decrease in the ratio confirms
the reduction of sp” clusters with an increase in sp* content. The down-
ward shift of the D peak from 1334em™ (GO)— 1314em™
(r-GO) — 1313 ¢em™! (r-GO-ATA-Fe;0;) is also observed. This shift
may be attributed to the recovery of a hexagonal carbon network.” =
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TABLE |. Elemental compositions/quantification (XPS), sp® content (XANES), (Io/l) ratio (Raman), work function (6), valence band maximum (VBM), saturation magnetiza-

tion (Ms), and coercivity (Hc).

Cls Ols Fe2p C/O  spicontent Ip/lg 6] VBM M @1.8K
(at.%) (at.%) (at.%)  ratio (a.u.) mtio (V)  (eV)  (emu/g)x 107° He (O¢)
GO 63.8 36.2 1.76 073 0.46 3.8 25 0.31
r-GO 720 28.0 2557 0.39 045 0.15
r-GO-ATA-Fe,04 61.0 34.0 5.0 1.79 0.28 043 3.67 27 0.93 11 @ 300 K
30 @ 40K
58@ 18K

Figure 1(¢) shows the Fe Ly y-edge XANES spectrum of the
r-GO-ATA-Fe; O3 nanocomposite along with Fe;O3 as a reference.
The features of r-GO-ATA-Fe;O; nanocomposites spectrum are
similar to the Fe;O; spectrum confirming the formation of an r--
GO-Fe;0; composite. Two doublet types, Ly and Ly edges, are
shown in the figure. These edges correspond to the lr:msnwn of an
clectron from 2py; to 2py energy levels, respectively. = The
energy separation of peaks in the Ly-edge is ~14eV for r--
GO-ATA-Fe,; 05 nanocomposites. The Ly-edge displays two pcaks
at ~708.2¢V and ~709.6 ¢V, and this pattern is the same for Fe**
and Fe* although the relative intensity is very different. In the case
of the reference, Fe,O;, this peak is ~0.2 ¢V, lower than that of r--
GO-ATA-Fe;03 nanocomposites. The Ly-edge also displays two
peaks at ~720.2 ¢V and at ~721.5 ¢V. Both peaks in Fe Liy- and Fe
Ly-absorption edges confirm the iron atoms in the metallic envi-
ronment. We have estimated the intensity of both edges and com-
pared them with that of the reference, Fe;Os, and found that the
intensity of r-GO-ATA-Fe;05; nanocomposites is slightly lower
indicating that the formation of r-GO-ATA-Fe;O3 nanocomposites
is by substitution of “Fe” with the carbon and/or oxygen atoms in
the composite.” "'

Fe 2p core-level spectra for “r-GO-ATA-Fe,0;" nanocompo-
sites are shown in Fig. 1(f). Fe 2py» and Fe 2py, peaks are
observed in the figure. The binding energies for the Fe 2py; peak
at ~709.6 eV and at ~722.6 ¢V for the Fe 2p,;, peak are found in
the 2p core level with a satellite structure. These results agree with
the reported values of Fe;O; ' Both Fe 2py;, and Fe 2p,;; have a
shoulder along with their main peaks. The binding energies of
these two components, Fe** and Fe*, are 708.1 ¢V and 710.1 eV
for Fe 2py,, whereas for Fe 2p,,; are 721.8 ¢V and 724.1 eV. These
energies have been reported for “r-GO-ATA-Fe;0;3" nanocomp

states are assigned to ls—n" C=0 and Is—=0¢" C—0/C=0,
respectively. ~ It can be seen from Figs. 2(a) and 2(c) that the
spectral features of both C K-edge and O K-edge for the nanocom-
posites are similar. The n* regions are subtracted using Gaussian
lines shown as the inset of Figs. 2(a) and 2(¢) with dotted lines. We
have estimated the n* area (x*/6* ratio) from C K-edge XANES
spectra and found a change from 0.73 (0.98) — 0.39 (0.95) — 0.28
(0.88) of GO, r-GO, and r-GO-ATA-Fe;O; nanocomposites,
respectively. This change indicates that the composites lose their
sp3 content in the r-GO-ATA-Fe;O; nanocomposite structure.
Similarly, in O K-edge XANES spectra, these values change
from 0.91 (0.66) — 0.88 (0.64) — 0.92 (0.65) indicating that the
oxide contents decrease in the r-GO-ATA-Fe;O; nanocomposite.
Figures 2(b}=2(d) and 2(f)=2(h) show three peaks at ~283.2 (10.1) ¢V,
~284.5 (£0.1) eV, and ~285.1¢V for the C K-edge. Intensities of
these peaks decrease showing a decrease in sp*-hybridized carbon.
In the O K-edge, two deconvoluted peaks arise at ~530.8 eV and
532.0 ¢V, respectively, and their intensities change slightly indicat-
ing small deoxidation. Deconvoluted different parameters, viz.,
peak position (x), peak width (Aw), and their intensity obtained
from the C K-edge and O K-edge XANES spectra are tabulated in
Table 11,

Figures 3(a) and 3(¢) show the C 1s and O 1s XPS spectra for
GO, r-GO, and r-GO-ATA-Fe;O3 nanocomposites, respectively.
The composition and quantification of GO, r-GO, and r-GO-ATA-
Fe;O3 nanocomposites are tabulated in Table 1. The spectral
features of C 1s and O 1s of r-GO-ATA-Fe,0; nanocomposites are
different from that of GO and r-GO. Spectral features of C 1s and
O 1s for r-GO shift to lower energy as shown in Figs. 3(a) and 3(¢).
This shift indicates a change in their electronic/bonding structures.

sites.” These components are marked 1 and 11 in Fig. 1(1). The
main peaks were explained in terms of core-shell spin-orbit splitting
of 13.2¢V, and their each double-subpeaks shown in Fig. 1(1) has
been observed before in transitional-metal carbides and they corre-
spond to the usual ligand-field splitting (x2.0eV). "

Figure 2 shows the normalized C K-edge and O K-edge X-ray
absorption near edge structure (XANES) spectra of GO, r-GO, and
r-GO-ATA-Fe;05 nanocomposites. The spectrum in Fig. 2 clearly
shows the presence of states, unoccupied n* (1s— x*) at 2.85.2eV
and ¢* (ls—¢*) at 291.0¢V, indicating that GO/r-GO/r-GO-
ATA-Fe;05 nanocomposites still display the ticity of the
original pristine graphene.” ~ The normalized O K-edge XANES
spectra also show these states, at ~531.0 ¢V and ~541.8.0 eV. These

For a detailed study of their electronic and bonding structures, we
have deconvoluted Cls and O 1s XPS spectra into four and three
Gaussian lines as shown in Figs. 3(b)=3(d) and 3({)=3(h), respec-
tively. One additional Gaussian peak of O ls spectrum for the
r-GO-ATA-Fe;05 nanocomposite at 531.5¢V is assigned to oxygen
double-bonded to carbon. " The origin of other peaks of C 1s
spectrum for GO's are ~283.8 eV, 285.7 ¢V, 286.1 ¢V, and 287.3 eV,
respectively, labeled as 1, 11, 111, and IV in the figure. These four

peaks are assigned to sp® C= < h}'dwxylfphcnohc group, epoxy
group, and >C=0, respectively.” """ In the case of r-GO, thcse
peaks are shifted toward lower energy at ~281.5¢V (pre- sp*-C),
~2832¢V (p>-C), ~284.2 ¢V (sp*-C), and ~285.5 ¢V (C—0), respec-
tively. """ In the case of the r-GO-ATA-Fe;O; nanocomposite,
the bond structure, Fe—C at ~282.8 ¢V (peak-1), C—Fe andfor .rpz-C
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FIG. 2. (a) C K-edge and (e) O K-edge x-ray absorption near edge structure (XANES) spectroscopy of GO, r-GO, and r-GO-ATA-Fe, 0, nanocomposites. The inset shows

the =" region of C K-edge and O K-edge XANES spectra. (b)-{d) C K-edge and (f
tively, of GO, r-GO and r-GO-ATA-Fe,0, nanocomposiles.

at ~284.5¢V (peak-1I), epoxy group at ~286.3 ¢V (peak-III), :md
>C=0 at ~287.7 ¢V (peak-1V) have been reported before.” ™ """
The deconvoluted peaks of O 1s spectra for GO/r-GO
(r-GO-ATA-Fe;03 nanocomposite) are 530.1/527.7 (527.5) eV

}-(h) O K-edge XANES spectra deconvoluted into three and two Gaussian lines, respec-

(peak-1), 531.3/529.1 (528.7) ¢V (peak-11), and 532.2/530.3 (530.2) eV
(peak-111). The peak arising at at ~5302 (+0.1)eV is associated
with quinone groups. The peak at ~531¢V is assigned to C=0
(oxygen doubly bonded to aromatic carbon) whereas the peak at

TABLE Il. Deconvoluted different parameters from C K-edge O K-edge XANES spectra.

C K-edge XANES

O K-edge XANES

Peak-1 Peak-11 Peak-111 Peak-1 Peak-11
x Am Int. x Awm Int. X Aw Int. x Awm Int. x Awm Int.
(V) (eV) (auw) (eV) (eV) (am) (eV) (eV) (auw) (eV) (eV) (am) (eV) (eV) (aw)
GO 2833 1.21 3.32 2844 076 1.92 285.1  0.62 199 5309 098 44 532.1 1.01 4.7
r-GO 283.1 0.85 1.32 2845 0.88 1.29 285.1 057 123 5308 097 4.2 5320 1.02 4.5
r-GO-ATA-Fe,O; 283.1 0.83 0.96 2847 0.80 0.97 285.1 052 083 5308 1.06 4.7 5320 099 4.3
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FIG. 3. (a) C 15 and (e) O 1s x-ray pholoelectron emission spectroscopy (XPS) of GO, r-GO, and r-GO-ATA-Fe,0, nanocomposiles. (bj-{d) C 15 and (f}-(h) O 1s XPS
spectra deconvoluted into four and three Gaussian lines, respectively, of GO, r-GO, and r-GO-ATA-Fe,0, nanocomposites.

~532¢V is associated with C—O phenolic group (oxygen singly
bonded to aliphatic carbon). The peak at ~527.6 (+0.1)eV is

from C 1s and O 1s XPS spectra are tabulated in Table 111, We
have also found a different oxygen group with carbon/iron, like

associated with carbon -oxygen and the peak at 528.7 ¢V is attrib- alkoxy, epoxy, O—H, C=C, C=0, and Fe—0, in GO, r-GO, and
uted to oxides of iron."" Deconvoluted different parameters, viz., r-GO-ATA-Fe;O3 composites from Fourier transform infrared
peak position (x), peak width (Aw), and their intensity obtained spectroscopy as shown in Fig. S1 in the supplementary material.
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TABLE lll. Deconvoluted different parameters from C 1s and O 1s XPS and He-ll UPS.

Peak-1 Peak-11 Peak-111 Peak-1v

X A Int. .- Awm Int. X Aw Int. X Awm Int.
(eV) (eV) (a.u.) (eV) (eV) (a.u.) (eV) (eV) (a.u.) (eV) (eV) (a.u.)

C 1s X-ray photoemission spectroscopy (XPS)

GO 2838 1.7 2.1 285.7 1.2 1.0 286.1 1.5 0.5 287.3 3.1 0.5

r-GO 281.5 1.1 0.9 283.2 1.7 0.8 284.2 1.6 0.2 285.5 1.8 0.3

r-GO-ATA-Fe;04 282.8 1.8 1.3 284.5 19 14 286.3 1.7 0.6 287.6 2.7 0.4
O 1s X-ray photoemission spectroscopy (XPS)

GO 530.1 1.9 1.8 5313 1.6 26 532.2 1.7 1.2

r-GO 527.7 1.5 0.6 529.1 1.7 1.3 530.2 1.9 0.8

r-GO-ATA-Fe, O, 527.5 1.6 0.7 528.7 1.8 14 530.2 1.6 1.7 531.5 24 1.7
Ultraviolet photoemission spectroscopy (UPS), He-11 (hv = 40.8 ¢V excitation)

GO 4.9 2.7 0.3 6.7 2.3 0.3 8.5 2.8 0.4 10.9 33 0.2

r-GO 7.2 24 0.1 9.1 35 0.4 11.2 L7 0.1 13.0 1.5 0.1

r-GO-ATA-Fe, 0, 4.7 34 0.2 74 3.6 0.4 10.2 3.0 0.2 11.8 29 0.1

(®UPSHel — G0 () Work Function

Qvs2122¢V) = R-GO-ATA-Fe,0,

40 45 50 55

(¢) Valence band maximum

Intensity (arb. unit)
Intensity (arb. unit)

S

5 10 15 20
Kinetic Energy (eV)

25 18 19 20 21 22
Kinetic Energy (eV)

FIG. 4. (a) Ultraviolet pholoemission spectroscopy (UPS) of (a) GO and r-GO-ATA-Fe,0, nanocomposiles al an exciled energy hy=21.22 eV (He-l). (b) Lower kinetic
energy part of UPS for estimation of work function and (c) upper kinetic energy part of UPS for estimation of valence band maximum (VBM).
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However, the spectral feature and peak shift of C 1s and O 1s XPS
spectra for r-GO-ATA-Fe,03 nanocomposites indicate a change in
the structural network of r-GO with Fe-NP atoms. "'

To gain further insight into the effect for the r-GO-ATA-Fe,.
O3 nanocomposite, we have studied the valence band density of
states (DOS) near the Fermi level by carrying out UPS measure-
ments at He-1 (hv=21.22¢V) and He-Il (hv=40.81) radiation as
shown in Figs 4 and 5, respectively. The Ag thin film was used for
the Fermi level edge (E;), appearing at ~21.22 ¢V (not shown here),
which is in excellent agreement with the excitation energy of the
He-I line. It was reported from the first-principles calculations that
changcs in magnetic properties can be attributed to defect induc-
tion.” The created defect in a single atom of graphene related
lattice causes a shift in the quasilocalized states at the Fermi level.
The quasilocalized state lying at the Fermi level is the main conlrib
utor to the itinerant magnetism in graphene.’” From Fig. 5, a shift
of r-GO away from the density of states (DOS) indicates a dccreasc
in the DOS of r-GO."" Then, DOS of r-GO-ATA-Fe,0, is

@ —co

UPS (He ll) — GO

hv=40.8eV r-GO-Fe,0,
E

L}

CE I R

Oke James Ayodele; UNISA

Physics

ARTICLE scitation.org/journalljap

enhanced compared to r-GO, and it is confirmed by the increase of
magnetization as shown in Figs. 6(e)=6(g). In this case, the
decrease in DOS indicates a reduction in the sp? C-C cluster with
the formation of new bonds as indicated by XPS. The formation of
the new bonds gives an increase in the magnetization that will be
discussed in Figs. 6(¢)-6(g). The energy difference between the
valence band maximum (VBM) and the Fermi level (E;— Eyy) was
then estimated from the intersection of the slope of each spectrum
in an inset of Fig. 4(c) (VB edge) with the extrapolated background
providing the valence band maximum (VBM) position of GO and
r-GO-ATA-Fe,03 nanocomposites. The VBM position of GO and
r-GO-ATA-Fe; O3 nanocomposites is 1.8¢V and 2.5¢V, respec-
tively, and are shown in the upper inset of Fig. 4(c). From the UPS
He-1 spectra, we also estimated the work function of GO and
r-GO-ATA-Fe,O; nanocomposites following the same process as
shown in Fig. 4(b). The work function of GO and r-GO-ATA-Fe;.
O3 nanocomposites are 3.8¢V and 4.1¢V, respectively, that are
given in Table 1. The variation of the work function and valence
band maximum are related to the dipole moment. For instance, the
difference in work function (0.3 ¢V) implies a reduction in dipole
moment, which has an impact on the charge redistribution. The
charge redistribution gives rise to unpaired electrons (vacancies)
which eventually influence the magnetization of r-GO-ATA-Fe,04
nanocomposites.’

The UPS spectra corresponding to the VB DOS of GO, r-GO,
and r-GO-ATA-Fe,O; nanocomposites obtained at He-11 radiation
(~40.81 ¢V) are shown in Fig. 5. The overall photoemission inten-
sity changes from 0.9 (GO)=—0.6 (r-GO)—0.7 (r-GO-ATA-
Fe;0;), and their Fermi edges shifted to 2.5¢V —4.5¢V = 29¢V
(GO = r-GO = r-GO-ATA-Fe;0; nanocomposites) revealing the
insulating nature of the material. Different methods used to deter-
mine the Fermi level of a graphitic material have found it ranging
from 2 eV to 12 eV showing characteristics of C 2p electrons. The
binding energy ranging from 12 to 22 ¢V, on the other hand, corre-

Intensity (arb. unit)

Binding Energy (eV)

FIG. 5. (a) Ultraviolet photoemission spectroscopy (UPS) of GO, r-GO, and
r-GO-ATA-Fe,05 Deconvoluted into four Gaussian lines of

nanocomposites.
(b) GO, (c) r-GO, and (d) r-GO-ATA-Fe,0, nanocomposites.

P to C 2s valence electrons, followed by the O 2s region at
higher binding energy.”” For a detailed study, we have deconvoluted
the spectra into four Gaussian lines and restricted the binding
energy range of 0-16 ¢V as shown in Figs. 5(b)=5(d). The deconvo-
luted Gaussian lines of GO/r-GO (r-GO-ATA-Fe;O3 nano-
composite) are 4.9 /7.3 (4.8) eV (peak-1), 6.7/9.1 (7.4) eV (peak-11),
8.5/11.1 (10.2) eV (peak-111), and 10.9/13.0 (11.8) eV (peak-1V),
respectively. The different Gaussian peaks are assigned as the C-2p,
(49£0.1eV), 2p-(n-0) overlap state (7.0:£03eV), C-2p,
(8.8 £0.3eV), C-2sp mixed state ((11.4 £ 0.4 eV), and C-2s (13 eV).
However, some researchers have reported that the peaks at
~13.25¢V and at 11.78eV are due to ¢ and 7 bonds arising
from C=O and the O lone pair bonds, respectively.” """
Deconvoluted different parameters, viz., peak position (x), peak
width (Am), and their intensity obtained from UPS spectra (He-11)
are also tabulated in Table 111

The current-voltage (I-V) measurements were recorded at a
sweeping voltage loop of 0 to +1 V and then from +1 to =1 V and
then =1 to 0. The results are presented in different ways to under-
stand the conduction mech of the comp Figures 6(a)
and 6(b) show the linear I-V loops, and Figs. 6(c) and 6(d) show
the In 1=V loops of r-GO and r-GO-ATA-Fe;O3 nanocomposites,
respectively. Both r-GO and r-GO-ATA-Fe;O5; nanocomposites
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show the semiconducting behaviors with r-GO-ATA-Fe;Oy nano-
composites having higher conductivity. Two successive (I-V) cycle
measurements show the presence of a very weak ferroelectric
behavior. The semiconducting behaviors of r-GO originate from
the polarization of adsorbed molecules and the defects that might
be introduced in the GO sheet during the reduction process. The
reduction in the conductivity of the first and second loops is
attributed to the Coulomb blockade originating electron-hole
recombination and electron tunneling resistance. The variation in
the electrical conductivity proves the importance of tuning the rela-
tionship of conductivity and mlntlve mlra extracellular  fluid
volumes in tissues of MRI applications.

To correlate the electrical behavior with magnetic properties,
we have measured the M-H hysteresis loops of GO, r-GO, and
r-GO-ATA-Fe;05 nanocomposites at the different temperature
conditions, viz., 1.8 K, 40 K, and 300 K as shown in Figs. 6(c)=6(g).
A slight dependence of tization on the field indicated a
superparamagnetic behavior at 300 K. It is shown that the magneti-
zation increases with a decrease in the measurement temperature
due to the atomic spins that tend to get casily aligned at low tem-
perature. ©' GO and r-GO nanocomposites show a weak

temperature, viz., 300K, 40K, and 18K of (e) GO, (f) r-GO, and (g) r-GO-ATA-Fe,0,

ferromagnetic behavior, whereas the r-GO-ATA-Fe;O3 nanocom-
posite shows a superparamagnetic behavior. The values of satura-
tion magnetization (M,) for r-GO-ATA-Fe;O3 nanocomposites is
~0.68 x 10" emu/g (300 K) and 0.93 x 10" emu/g (1.8 K) as tabu-
lated in Table 1. These values are smaller than that of the bulk Fe
%220 emu/g. The value of M, for the nanocomposites with gra-
phene and Fe,O, contents is due to the Fe particle size and the
loading of Fe2O: on the surface of graphene. Figures 1(a) and 1(b)
reveals that the particle size of the naked Fe-loaded nanoparticles is
similar indicating an inconsiderable effect of particle size on M,.
Thus, the value of M, depends on the loading content of Fe
nanoparticles. The quantification of Fe nanoparticles was 5 at. %
that was estimated using XPS analysis and is given in Table L
Superp gnetism makes magnetic nanoparticles to disperse
easily in r-GO-ATA-Fe;0, nanocomposites as observed in the
TEM image of Fig. 1(b) possessing negligible magnetic interactions
between each other and avoid magnetic clustering. We have
obtained the coercivity (He) of r-GO-ATA-Fe,O3 nanocomposites
as =11 Oe (see Table 1) and is higher than bulk Fe= 0.9 Oc at the
room temperature (300K) comparable with superparamagnetic
behavior. The low coercivity observed in the r-GO-ATA-Fe,0,
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nanocomposite signifies the characteristics of a soft magnet of
SPIONs, which are a good candidate for MRI applications.~ The
origin of the magnetization may be attributed to the vacancies
created by the hydroxyl/oxygen attached to the surface and basal
plane of GO/r-GO." The increase in the magnetization of
r-GO-ATA-Fe;05 nanocomposites with respect to GO is a conse-
quence of defect generation due to the functionalization."" The
defect induced from functionalization increases the crystalline size
from $nm (GO) to 10nm (r-GO-ATA-Fe;0O;) and decreases
Raman Ip/lg values 0.46 (GO)— 0.43 (r-GO-ATA-Fe;0s). This
inevitably leads to the formation of new bonds (Fe—C, C—Fe, and
N=C) as indicated by XPS. Superparamagnetic behavior has been
reported previously in nanocomposites having a diameter range of
3-50 nm with a single domain magnetic particle.” The origin of
the magnetization of r-GO-ATA-Fe;O; nanocomposites may be
due to the contributions of Fe-NPs atoms’ presence in Fe;0; as dis-
cussed above. Iron falls under 3d transition metals which are ferro-
magnetic by nature. The exchange of atoms between atoms of
carbon/Fe could be the result of magnetism in r-GO-ATA-Fe,Oy
nanocomposites. This possibility of manipulating the superpara-
magnetic nanoparticles of the composites by applying a magnetic
field is extremely important for applications in biological and
biomedical fields, particularly for magnetic resonance imaging
(MRI) applications.

IV. CONCLUSION

We have successfully synthesized GO, r-GO, and r-GO-ATA-
Fe;O: nanocomposites through the wet chemical bottom up
approach, where GsO/r-GO was functionalized with Fe,O; using
2-aminoterephthalic acid (ATA) as a capping/stabilizing agent. The
electronic, structural, and bonding properties showed carbon,
oxygen, and iron bonded with GO/r-GO structures. The appear-
ance of the bonding between -O-C- and -C-O-Fe-O allows for
the tuning of the electrical and magnetic properties of r-GO-ATA-
Fe,O; nanocomposites. The electrical properties of r-GO were
enhanced when functionalized with Fe,O; for the synthesis of
r-GO-ATA-Fe;05 nanocomposites. The r-GO-ATA-Fe; Oy nano-
composite shows a superparamagnetic behavior that could be
useful for the contrast agent for the magnetic resonance imaging
application.

SUPPLEMENTARY MATERIAL

See the supplementary material for FTIR spectra and details
of GO, r-GO, and r-GO-ATA-Fe;03.
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Reduced graphene oxide (r-GO) nanocomposites are very useful for different applications such as mag-
netic storage media and bio-imaging/biomedical applications and recently have been found to be very
useful in electronic and magnetic resonance imaging contrast agent where r-GO was functionalized with
silica coated gold and iron oxide nanoparticles. The potential material for these different applications was
established by experimental data where the microstructural, electronic, electrical and magnetic proper-
ties were studied. In the present study, we have compared the electronic and magnetic properties of
these nanocomposites (r-GO: Au NPs & r-GO: Fe,03 NPs) using different experimental data. The data is
verified with density functional theory (DFT) calculations to elucidate the relationship between the den-
sity of state (DOS) and their magnetic properties. Coupled with the experimental data, the DFT studies
revealed that the m. ization enhancement of rGO: Au-NPs is mainly due to the nano-sized clusters
with addition of Au 3d and O 2p orbital states as contributors; whereas that of r-GO: Fe,0, NPs is mainly
due to Fe 2p, Fe 3d and O 2p orbital states as contributors.

@ 2020 Elsevier Ltd. All rights reserved.

Selection and peer-review under responsibility of the scientific committee of the Third International
Conference on Advanced Energy Materials.

1. Introduction

impact by Au atoms in the GOJr-GO matrix can cause a catalyst
effect, leading to electronic perturbations in the composite. The

There has been an upward surge in graphene research owing to catalytic process is attributed to electron-transfer between
the potential application it offers. Graphene oxide (GO)/reduced graphene-gold interactions. Zhengshan et al. [8] found that the
graphene oxide (r-GO) as an alternative and derivative of pristine electromagnetic (EM) absorption of the nanocomposites was
graphene has found application in various areas of science and enhanced after «- Fe,05 nanocrystal was functionalized with GO.

technology such as biomedicine, optoelectronics, energy conver- The enhanced EM absorption was attributed to the well-
sion etc. [1-3]. The tuning of the electronic properties of GO is dispersed Fe;05 over r-GO. Zhang et al. [9] used a-Fe;04/r-GO
essential for the modification of the electronic structure of zero- nanocomposite for detection and removal of organic pollutant.
band gap of pristine graphene [4]. The zero-band gap of pristine The report of Zhang et al. showed the surface area of r-GO was
graphene is a draw back for being used for electronic devices. enhanced when functionalized with «-Fe,0; nanoparticles.

One of the ways to modify the electronic structure and magnetic The mechanism of Au and Fe adsorption on GO/r-GO which are
behavior of GO/r-GO is through covalent and non-covalent func- responsible for the enhanced properties can be attributed to the

tionalization with metals [5].

sites occupied by the introduced atoms in the carbon matrix

Au and Fe have been found to be promising metals to function- | 10]. The adsorbed atoms cannot be easily probed with experimen-
alize GO/r-GO. Li et al. |6] explored r-GO: Au-NPs for super- tal techniques. Although the sensitivity of spectroscopic probes can
capacitor applications where femto-laser writing technique was analyze data point, however, the site location of atoms especially
used. Huang et al. | 7] controlled the size of Au and GO[r-GO for sur- for r-GO matrix cannot be easily accounted for. It is with this rea-
face enhanced Raman scattering and catalytic activities. The son that theoretical studies on r-GO composite is essential in order

. Comsp-ondins author.

to fully understand the effect of metals on the properties of the rGO
composite. The studies would lead to understanding of charge dis-
tribution and absorption of Au and Fe on rGO matrix.

E-mail address: RayscdPunisa.ac.za (S.C. Ray).
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The density functional theory (DFT) has been explored to under-
stand the adsorption and electronic properties of carbon related
materials. Xiaoxing et al. [11] studied experimentally the sensing
capability of Au modified graphene for H,S and SOF; gas. After-
wards, DFT was used to interpret the interaction between the gases
and the surface of Au-modified graphene. Their density of state
(DOS) and Mulliken population findings showed that there is a
charge transfer between “Au” and graphene with van der Waals
effect dominating the adsorption in graphene. Yunfang et al. [12]
explored the interaction between graphene sheet and Fe-
nanowires using molecular dynamic DFT calculations. A relative
orientation between the Fe-nanowires and the graphene sheet
was observed to have significant impact on the self-scrolling of
the sheets. In all these studies, very less attention has been devoted
to the impact of “Au” and “Fe" adsorption on graphene as it per-
tains to its magnetic behavior. Hence, theoretical studies is essen-
tial for clarity on the adsorptive behaviour of the rGO composite.

Our recent experimental studies [14,16] on the electronic and
magnetic properties of GO/r-GO functionalized with “Au-NP" and
“Fe;03-NPs" showed a relationship between the DOS and their
magnetic behaviors. Our results showed an enhancement of mag-
netization and the material potential for the device to be used
for dielectric charge storage and magnetic resonance imaging con-
trast agent. In this present study, we have compared the effect of
the electronic structure of Au and Fe;03-NPs on the magnetic prop-
erties of rGO using DFT calculations to probe the relationship
between the DOS and the magnetization. Additionally, the results
of the partial density of state (PDOS) showed that O 2p, Au 3d
and Fe 3d are additional contributors to the magnetization of the
composites.

2. Experimental details

The GO was synthesized using the modified Hummer's method
as previously reported in our work [13]. The obtained GO was
chemically reduced using ammonia hydroxide (NH;OH) and sepa-
rated into three parts for functionalization purposes. The obtained

r-GO was functionalized with silica coated Au-NPs. The silica coat-
ing of the Au-NPs allows easy branching of the Au clusters and
attachment on r-GO [14]. The Fe,Os NPs was initially prepared
using co-precipitation method [15]. Then Fe;05 NPs was capped
with 2-aminoterepthalic acid for stabilization. The other part of
r-GO was functionalized with the ATA-Fe;0;. The prepared r-GO,
r-GO: Au-NP and r-GO: Fe;03 NPs are used for this present study.
Details of the experimental procedures are given in our previous
reports [14,16] and characterization techniques employed in the
samples.

3. Theoretical calculations

The electronic and magnetic properties of r-GO, r-GO: Au-NP
and r-GO: Fe,0; were explored using plane wave pseudopotential
density functional theory calculation using the CASTEP [16] code.
The r-GO is assumed to possess epoxide and hydroxyl groups, so
graphene structure was constructed to include both C=0 and C-
OH as shown in later section. Full geometry optimization of the
r-GO structure was carried out using a 5 x 5 x 1 supercell con-
structed from graphite ceramic crystal as proposed by the formal-
ism of Moon et al. [17]. The Vanderbilt ultrasoft pseudopotentials
[18] and the general gradient approximations (GGA) [19] of
Perdew-Burke-Ernzenhorf (PBE) were used for the estimation of
core-level electron interactions and in-situ Coulomb interactions
respectively, while optimization was carried out using 5 x5 = 1
Monkhorst-Pack k-grid points and a plane wave cut-off energy of
600 eV.

4. Results and discussions

The morphology of r-GO, r-GO: Au-NP and r-GO: Fe;03-NPs as
indicated by scanning electron microscopy and energy dispersion
X ray spectroscopy (EDX) are shown in Fig. 1(a)-(f). The sheets of
r-GO exhibit flake-like structure which is consistent with ther-
mally exfoliated GO/r-GO as previously reported [20]. The effect
of functionalizing r-GO with Au-NP gives a change in the shape

(d) —GO (e) —— GO Au-NP o FGO-ATAFe
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Fig. 1. Surface morphology scanning electron microscopy images of (a) r-GO, (b) r-GO: Au-NPs, (c) r-GO: Fe;0y; (d)-(f) EDX spectra of r-GO, r-GO: Au-NPs and r-GO: Fe;0,
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of the sheets as shown in Fig. 1(b). The r-GO:Au-NPs composite
gives a cluster like features indicating the attachment of Au atoms
on the surface of r-GO. The case of r-GO functionalization with
Fe,05 gives granular clusters indicated possible agglomeration.
The EDX spectra shown in Fig. 1(d)-(f) gives the composition of
the composite. The observed Na and Si peaks indicate impurities
from the residue of the reduction procedure and silicon wafer that
was used for the SEM measurements respectively.

The transmission electron microscopy (TEM) images crystalline
structures of r-GO, r-GO: Au-NP and r-GO: Fe;03-NPs are shown in
Fig. 2(a-c), respectively. A non-homogeneous dispersion of the
particles is observed in most part of the particle distribution for
r-GO and r-GO: Au-NP. This may be due to clustering of the parti-
cles and the nature of Au-attachment to the edge of r-GO. Based on
the effect of the clustering, the estimation of particles sizes is
impossible. However, weak agglomeration is also observed in the
case of r-GO: Fe,05-NPs with significant homogeneous dispersion
of the particles where the size is estimated to be =10 nm. Fig. 2
(d) shows the XRD pattern of r-GO, r-GO: Au-NP and r-GO:
Fe,05.-NP. The relevant peaks for r-GO and r-GO: Au-NP matches
with JCPDS-PDF card No. 01-1172. For r-GO, the peak at
20 = 26.2° is associated with the (002) reflection plane [21]. The
peaks for r-GO: Au-NP includes 20 = 54.5° and 20 = 56.2°, which
are assigned to (420), and (511) reflective planes respectively
[22]. The XRD pattern confirms the formation of the r-GO: Au-NP
composite, which is a consequence of the FCC phase, exhibited
by Au-atoms. In the case of r-GO: Fe;0;, two distinct peaks at
20 = 43.2° and. 20 = 50.3° observed are assigned to the reflective
planes of (400) and (4 2 2), respectively. Consequently, the r-
GO: Fe;03 composite can be associated to the spinel phase exhib-
ited by Fe;04 Using the Scherrer equation, the crystalline size of r-
GO and the composites were estimated to be in the range of =10-
15 nm. The crystalline sizes are consistent with the range obtained
from TEM images.

The core level Au 4f and Fe 2p x-ray photoelectron spectroscopy
(XPS) are shown in Fig. 2(e) and (f) respectively; where core level
doublet state with the degenerate features of Au 4f and Fe 2p are
clearly observed. The binding energies of Au 4f and Fe 2p bands
are influenced by the oxidation state of Au and Fe respectively.
The Au 4fs;; and Au 4f;), doublet state suggest the transition state
of Au (0) (~84.6 eV) and Au (1) (~88.5 eV) of Au thiolate [23], sug-
gesting the coexistence of Au (0) and Au (1) in both Au-NCs. How-

707 714 721 728 1M
Biadiag Escrgy (¢V)

10 0 M 0 2 8 87 50
20(degrees) Binding Encrgy (eV)

Fig. 2. Surface morphology transmission electron microscopy images of (a) r-GO
(b) r-GO: Au-NPs, (c) r-GO:Fe;04; (d) XRD of r-GO, r-GO: Au-NPs and r-GO:Fe;04; X
ray photoelectron spectroscopy of (e) Au 4f and (f) Fe 2p.

ever, upon composites with r-GO, the BE of both Au 4fs;; and Au
4f7, doublet shifts towards higher values. Fig. 2(f) shows the bind-
ing energy for Fe 2p;;; peak at ~709.6 eV and at ~722.6 eV for Fe
2pyj2 peak are found in 2p core level with the satellite structure.
The Fe 2ps;; peak at ~709.6 eV is higher than Fe-metal (706.7 eV)
and lower than Fe;0; (710.8 eV) indicating the formation of r-
GO: Fe;05 nanocomposites.

The C 15 and O 1 s core level XPS spectra for r-GO, r-GO: Au-NP
and r-GO: Fe,05 are shown in Fig. 3(a=h). The C 1 s spectra of r-GO:
Au-NP and r-GO: Fe;05 have shifted to higher energy levels. The
shift to higher binding energy implies energy transfers between
the Au and Fe atoms to r-GO clusters. The C 1s and O 1 s spectra
are deconvoluted into four and three peaks respectively using
Gaussian function. The peak indicated at ~284.8 eV is attributed
to sp? C=C cluster, the peak arising at ~286.0 eV is assigned to O-
H/O-C-0 and 287.3 eV is attributed to 0-C=0 bonds [24,25]. The
impact of Au-functionalization gives an additional peak with a
slight shift in the peak position of the r-GO peaks. The peak at
283.7 eV can be attributed to C-Au bond that is mainly due to
the weak attachment of Au atoms to carbon atoms [26). Other
peaks shifted slightly to higher binding energies: 284.4 —
2854eV (peak 1), 286 — 286.3eV (peak IlI) and 2873 —
287.7 eV (peak IV). The impact of GO functionalization with Fe
gives a significant shift in the peak positions with formation of
new bonds. The peaks occurring at ~282.4 eV and ~282.8 eV are
assigned to Fe-C and C-Fe, respectively. The peaks at ~284.5 eV
and ~286 eV are attributed to sp’ C-C and epoxy groups respec-
tively [27,28]. The O 1s peak position of r-GO, 531.9 1, 533.0
and 534.1 eV are assigned to C=0, C-O and C-O0H respectively
[29]. The impact of Au and Fe leads to a shift in the peak positions
of r-GO. Presumably, the peak shift is mainly attributed to energy
transfer between GO and Au-Fe atoms. The energy transfer can
be seen as chemical shift and are associated with electronegativity
[30]. The relationship between the degree of oxidation in GO and
electronegativity has been previously reported [31]. In this case,
the impact of Au and Fe on GO functionalization leads to an
increase in oxidation due to oxygen vacancies, which causes an
increase in the electronegative functional groups. These defected
electronegative functional groups are responsible for the shift in
the observed XPS spectra.

Defect induced magnetization has enormous dependence on
the DOS of the mobile electrons. These mobile electrons are
responsible for the generation of the magnetic moment of r-GO
[32]. The ultra-violet spectroscopy (UPS) He Il (hv=40.8eV)
enables the probing of the valence band state which clarifies the
DOS of the nanocomposites. Fig. 3(i-j) gives the valence band pho-
toelectron spectroscopic of r-GO, r-GO: Au-NP and r-GO: Fe,0s
nanocomposites. The deconvoluted Gaussian peaks ~10.8 eV
(peak 1), ~ 8.6 eV (peak 1), ~ 7.2 eV (peak lll) and ~6.3 eV (peak
IV) are assigned to 2 s, 2sp mixed state, 2ps and 2n, overlap state
respectively. The impact of Au and Fe functionalization leads to
shift in the peak position. In the case of r-GO: Au-NP, these peaks
are shifted as: ~10.8 - 11.4eV, ~86 —9.7¢eV, ~7.2 - 7.6eV
and ~6.3 — 5.9 eV respectively [33]. The shift to higher binding
energies signifies an increase in the DOS. The increased DOS
indicates a recovery of the carbon network in r-GO. The carbon net-
work recovery can be attributed to the weak Au-attachment onto
r-GO [34.35|. The carbon network recovery also implies the
insignificance of oxygen moieties in the control of the band struc-
ture of r-GO. The effect of Fe functionalization gives an opposite
shift in the peak positions of r-GO. These shifts are ~10.8 —
114 - 11.1eV, ~862 97 -92eV, ~7.2-76—-73¢eV and
~6.3 — 5.9 — 5.6 eV). The downward shift in the peak positions
signifies a decrease in the DOS of r-GO [36). Presumably, there is a
reduction in the sp” C-C network with formation of sp’ C-C clusters
for both nanocomposites. This observation is consistent with newly
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Fig. 4. M-H hysteresis loops of r-GO, r-GO: Au-NPs and r-GO: Fe,0, nanocomposites (a-c) Room temperature (300 K) and (d-f) Low temperature (40 K).

formed C-Fe and Fe-C bonds that was revealed inthe C 1 sspectraof  being <50 nm. The main distinction is the improved magnetism
XPS. with respect to r-GO. As observed, the saturation magnetization

Fig. 4 (a-f) shows the M-H loop for r-GO, r-GO: Au-NP and r-GO: (Ms) of r-GO: Au-NP ~3 x 10°* (emu/g) is about three times of
Fe;03 NP at room temperature (300 K) and low temperature (40 K). the magnetization of r-GO. The improved magnetization can be
The weak coercivity and negligible remanence implies superpara- attributed to the defects induced by the C-Au bond as observed
magnetic properties which is a consequence of the particle size in XPS. Bulk Au is considered diamagnetic in nature however,
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recent reports have indicated a possible reorientation of the atomic
spins when the size of Au particles are miniaturized [3738]. The
interaction of the miniaturized reoriented Au spins (diamag-
netism — ferromagnetism) with the carbon network enhances sp*
clusters which could be the reason for the enhanced magnetiza-
tion. The impact of low temperature does not impair the magneti-
zation of both r-GO and r-GO:Au-NP implying the electrons
responsible for the magnetic moment are not affected by the tem-
perature. In the case of r-GO: Fe;0s;, more improvement in the
magnetization of r-GO with Ms ~6.7 x 10~ emu/g is observed.
The improvement can be attributed to the increased sp® C-C clus-
ters from the new defects of the C-Fe and Fe-C bonds. The attach-
ment of Fe to carbon atoms is stronger in comparison to the weak
attachment of Au atoms to the carbon network [39]. The enhance-
ment of r-GO:Fe;05 is consistent with previously reported data
[40], where the magnetization improvement was explained in
terms of transition of Fe*" — Fe*" states.

To further elucidate the relationship between DOS and the mag-
netization enhancement in r-GO nanocomposites, first principles
DFT calculations were performed usinga 5 = 5 x 1 supercell model
proposed by Moon et al. [ 17]. The concentration of Au and Fe-O as
indicated in the experimental results were considered accordingly.
The DFT calculations did not consider possibility of experimentally
obtained defect inhomogeneity such as dopant aggregation or
simultaneous interstitial and edge site occupancy. The Au and Fe-
0 atoms were maintained at either the edge or interstitial sites in
the r-GO lattice, as illustrated in Fig. 5(b-f). The different atomic
lattice site configuration locations were considered in order to
ascertain preferred sites for optimum magnetization. The calcu-
lated magnetization for r-GO was 1.95 pg whereas with the inclu-
sion of Au in the edge site, the magnetization decreases to 1.56 pg.
This magnetic reduction behavior can be attributed to the weak
attachment of the C-Au bond [41] resulting from structural geom-
etry relaxation. At the edge site the C-Au bond stretches by 0.6 A in
comparison with C-C (1.41 - 2.01 A), while at the interstitial site,
the C-Au bond length reduces marginally (2.05 - 2.01 A) which is
consistent with our previous report [13].

An interesting observation is the slight decrease of the magne-
tization when the Au atoms are located interstitially, compared to
the edge site (1.56 pg — 1.41 pg). The decrease in magnetization
implies that interstitial site is not favorable for C-Au bond in terms
of magnetization. Recent reports suggest Au atoms are better
adsorbed at the edge of graphene [40], which could be the reason
for the magnetization being slightly higher at the edge in compar-
ison with interstitial site location. The contributions of O 2p as
shown in Fig. 5(c) are less significant in comparison with Au 3d;
however, the 0-2p defects are attributed to the oxygen vacancies
in r-GO [42].

In correlation with the experimental results, the magnetization
of r-GO: Au-NP is greater than pristine r-GO. Based on this incoher-
ence between the magnetization of the theoretical and experimen-
tal results, we hypothesize that the enhanced magnetization in the
experimental result implies the dependence of magnetization of r-
GO: Au composite on the cluster size and not necessary on the C-
Au bonds interactions. Since the diamagnetic Au spins re-
orientate when the particle size is reduced |38, there is a possibil-
ity of exchange interaction between C, O and Au magnetic
moments thereby leading to the enhanced magnetization as indi-
cated in the experimental data.

A decrease in magnetization for rGO-Fe-O is observed for Fe
atoms in the edge site of the r-GO lattice with a low magnetization
of ~0.47 uB in comparison with rGO (1.95 uB). The low magnetiza-
tion of r-GO: Fe-O composites may be attributed to weak exchange
interaction between C and Fe magnetic moment due to non-easy
magnetization site of Fe atoms. Significant improvement in magne-
tization is observed when the Fe atoms are located interstitially
(3.76 pg) in the carbon matrix. The behavior is consistent with pre-
vious reports where transition metals prefer hollow absorption in
comparison with top positions [43,44|. Therefore, the interstitial
site favors easy magnetization associated with Fe due to strong
exchange interaction with C magnetic moments in comparison to
edge site [45].

Fig. 5(d-g) shows the DOS of r-GO with Au and Fe-O adatoms at
different defect location. The defect created by virtue of the

©Carbon . Hydrogen
®)

@ Oxygen

rGO: Au-NP

E 3 3
I at the Interstitial sites I 10 i Energy (es') h

DOS (clectron'cV)

.
. . -1

rGO: Fe.O

Fig. 5. Relaxed ball and stick illustration of (a) r-GO with C-0 and C-OH defects, (b) r-GO: Au with defects located at the edge sites, (c) r-GO: Fe-O with defects located at the
edge sites and their (d) total density of states at the edge sites. Relaxed ball and stick illustration of (¢) r-GO with C-0 and C-OH defects, (f) r-GO: Au with defects located at the
interstitial sites, (g) r-GO: Fe-O with defects at the interstitial sites and their (d) total density of states at the interstitial sites.
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adatoms causes a shift away from the Fermi level. The impact of
the defect position on the DOS is represented in Fig. 5(d-g) respec-
tively. The shift in the energy level of rGO:Au composite is insignif-
icant when either of the atoms are at the edge or at interstitial
sites; although a slight increase in the DOS at the Fermi level is
observed for interstitial defect site. rGO:Fe-O composite showed
similar behaviour with a slight increase in the DOS at the Fermi
level when the Fe-O atoms are located interstitially.

Fig. 6 shows the partial density of state (PDOS) of r-GO, r-GO: Au
and r-GO: Fe-O indicating the contributions of the different core
states to the total DOS. The contributions from C-2p and O-2p are
much significant in comparison with C-2 s and 0-2 s in the case of

r-GO. The C-2p and 0-2p are attributed to the n and o bond
hybridization, which is consistent with pristine graphene [46].
The PDOS for Au 3d and Fe 3d are also indicated in Fig. 6(b-e). The
magnetization of r-GO: Au can be attributed to contributions from
0-2p and Au-3d. Although the experimental data indicates contri-
butions from Au 4f doublet state, the exchange interaction between
0O 2p and Au 3d from DFT calculations gives another possibility for
the magnetic enhancement of rGO: Au-NP. The case of r-GO: Fe-O
shows significant contribution from 3d core state in comparison
with Fe 2p (not shown in Fig. 6) which implies the impact of the
exchange interaction between de-localized 3d and C-2p electrons
leading to the enhanced magnetization [47]. The enhanced magne-

10

- (3) 6o

0 —

PDOS (electrons/eV)

310 5

Energy (eV)

Fig. 6. Partial density of states (PDOS) showing contribution from C, Au, Fe and O orbitals in (a) r-GO, (b) r-GO: Au at edge sites, (¢) r-GO: Au at interstitial sites, (d) r-GO: Fe-O
at edge sites and (e) r-GO: Fe-0 at interstitial sites. [Minimal contributing orbitals to the PDOS are C 25, 0 25, Au 45 and Fe 2p (not shown)].
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tization from the experiment can also be attributed to the contribu-
tions from the C-2p, Fe-3d and Fe-2p exchange interactions.

5. Conclusion

We compared the electronic and magnetic properties of our
previously reported work on r-GO: Au-NP and r-GO: Fe:03
nanocomposites using experimental results and DFT calculations.
The XRD and TEM results showed cluster size for the composites
are in the range =10-15 nm with weak agglomerations. The mag-
netization of r-GO was enhanced with the introduction of defects
from Fe and Au atoms. The DFT calculations showed the enhanced
magnetization of r-GO: Au-NP composites is mainly due to the
nanosized clustered sized with additional contributions from O
2p and Au 3d orbital state whereas that of r-GO: Fe;0; is mainly
attributed to the exchange interaction between C-2p, Fe-2p and
Fe-3d orbital core states. The DFT calculations proffers the possibil-
ity of clarifying the contributors to the enhanced magnetization in
GO/r-GO when functionalized with Au and Fe,05 nanoparticles.
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ABSTRACT
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We have functionalized multiwall carbon nanotubes (MWCNTs) with the composition of $iO; and TiO;
(MWCNTSs:TiO5:8i05) at different Ti:Si stoichiometric ratios (Ti:Si = 6:6 at% and =10:10 at%) using the hy-
drothermal process. The micro-structural, electronic and electrical properties of the unfunctionalized and
functionalized MWCNTs were studied. Changes in surface morphology, degree of hybridization, crystallite
structure and bonding structure due to functionalization were studied using field-emission scanning electron
microscopy, Raman spectroscopy, x-ray diffraction, x-ray photoemission spectroscopy (XPS) and x-ray absorption
near edge structure (XANES) spectroscopy techniques. Memristive and charge storage properties for MWCNTSs:
Ti0,:5i0; nanocomposites (NCs) are more p d on NCs functionalised with high stoichi ic ratio (Ti:
Si = 10:10) due to the contribution of Ti** and Si 2p core states as indicated by XPS and XANES results. The
tunability of electrical conductivity is shown by an increase in the measured current and semiconducting 1-V
behaviour of the material as a result of high content of Ti-charge transfer. These observed changes in the
electrical behaviour and electronic/bonding structure of the NCs indicate that the material could be useful for
electrical/electronic applications and photocatalytic activity.

1. Introduction

Graphitic carbon nanomaterials such as fullerene, graphene, and
carbon nanotubes (CNTs) have been of great research interest due to
their excellent electrical conductivity, mechanical strength, and thermal
properties [1]. These properties enable the materials to be useful for
different applications such as electrochemical sensors, microelectronics,
hydrogen storage, energy conversion devices, solar cells, and electro-
magnetic interference shielding [1-3]. Among these nanomaterials,
CNTs have attracted enormous attention over the years, owing to the
possibility of controlling their diameter, length, and morphology, which
are parameters that have a large impact on tuning electronic and elec-
trical behaviour of the material for several applications [4]. CNTs are
cylindrical and hollow nanostructure with open or closed ends which are
either in the form of single-walled (SW) or multi-walled (MW). SWCNT
behaves as a metallic or semiconducting material with an energy gap
ranging between 0.0 and 2.0 eV [5].

MWCNTSs are composed of several coaxial SWCNTs. SWCNTs with

* Corresponding authors.

closed ends are known as fullerene and their limitations are that they
can not be produced in large quantities. This shortfall leaves only
MWCNTSs more attractive than both graphene and fullerene. Regardless
of their potential characteristics, the properties of MWCNTSs need to be
tuned for more and preferred applications. Several researchers have
used heteroatoms such as nitrogen (N), boron (Br) [6] and silicon (Si)
[7] and metal oxide like titanium-dioxide (TiO3), tin oxide (Sn03), zinc
oxide (ZnO) and aluminum oxide (Al;03) [5] to tailor properties of
MWCNTSs for applications in different fields. MWCNTs have also been
utilized as a functionalizing agent in TiO2/5i0; matrix for photocatalytic
application [9-11].

Our intention to introduce TiOz and $iOz in the lattice of MWCNTSs
due to exploiting the material stability for solution-based applications.
As, it is known that MWCNTs are low-density material and are mostly
conducting in nature because of their statistical probabilities and re-
strictions on the relative diameters of the individual tubes, and one of
the shells, which makes them a zero-gap metal [5]. The effects of TiO2
and SiO; as a bi-dopants on the lattice of MWCNTs have not been
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explored nor understood. The choice of these bi-dopants is based on the
possibility of Si atoms to act as a binding site for several molecules or
atoms on the lattice of CNTs [12]. Si-atoms provide dangling bonds on
CNTs surface through chemical absorption, influencing properties of
CNTs for several applications [12]. TiOg, on the other hand, possesses a
remarkable photocatalytic activity and the possibility of electron
transfer in CNTs due to its high mobility of free electrons [14]. Mean-
while, memristive as a nonlinear circuit property is invaluable and it is
applicable for electronic devices especially computer processors and
memory. A recent review of TiOy [15] has explored the use in charge
storage memristive applications using the ionic and other encouraging
properties of TiO; material.

In our previous work, we studied the electrical and magnetic prop-
erties of MWCNTSs:Si02-NPs [16] and MWCNTs:TiO2-NPs [17] with
different concentrations of Si (Si = 1.5 & 5.75 at%) [16] and Ti (Ti = 15
& 20 at%) [17] for various applications. The electrical conductivity of
MWCNTS:Si02-NPs was found to vary as a function of $i0O; concentra-
tion, while that of MWCNTSs:TiO2-NPs remained unchanged. An increase
in electrical hysteresis loop was observed on MWCNTSs:TiO2-NPs
compared to MWCNTS. Based on their individual effects on properties of
MWCNTs [16,17], TiO2 and SiOz as a bi-dopant may improve the
properties of the material for more applications. It is with this reason, we
have functionalized MWCNTSs with the composition of TiO, and SiO; at
two different Ti:Si stoichiometric ratios (Ti:Si = 6:6 at% and Ti:Si
=10:10 at%) on the surface of MWCNTSs using hydrothermal process.
The present investigation is to establish the novelty of material prop-
erties for multidisciplinary applications like nanoelectronics, micro-
electronics, optoelectronics, and catalytic activities material-based
devices. Focusing these applications, we have studied structural, elec-
trical, and electronic behaviour of the prepared samples to establish and
ascertain the feasibility of tuning the properties of MWCNTSs by incor-
porating with the bi-dopant (Ti:Si) particularly for memristive and
charge storage applications. To accomplish this goal, the properties of
the prepared nano-composites materials were investigated using
different experimental characterization techniques.

2. Experiments
2.1. Synthesis procedure

Ferrocene (CjgHjoFe), acetylene (CyHz), toluene (CyHg), chloro
(dimethyl) octadecylsilane, 1,3,5-trimethylbenzene, octadecylamine
and TiO; were purchased from Sigma-Aldrich (Pty) Ltd. MWCNTs were
synthesized using a spray pyrolysis procedure [16,158]. The process in-
volves the use of ferrocene (Fe(CsHs),) as catalyst and toluene (C7Hg) as
a carbon source to form a solution. Afterward, the solution was posi-
tioned in a quartz tube and then inserted into a hot-wall reactor of
temperature 850 “C-900 “C. An argon flow was then introduced through
the system until the growth of MWCNTs was completed (40 min).
Moreover, acid treatment was used to purify the obtained MWCNTS. The
solution of hydrochloric and nitric acid at ratio 1:1 was added to
MWCNTS and stirred for 90 min. The mixture was then filtered to obtain
pure MWCNTS.

Thermal decomposition techniques [16,19] was utilized to prepare
Si-NPs. In this process, the solution of 1,3,5-trimethylbenzene and
chloro(dimethyl) octadecylsilane in the presence of octadecylamine was
placed in a quartz pipe in a vacuum condition and heated at a temper-
ature of ~140 “C for 120 min. The mixture was left to air dry at room
temperature to obtain Si-NPs. Silicon was oxidized upon exposure to air
leading to the formation of $i0Oz. Hydrothermal technique [17,20] was
adopted to obtain MWCNTSs: TiO2:5i02 nanocomposites. MWCNTSs (10
mg) were dispersed in water. TiO; and SiOz were added to MWCNTs
suspension at two stoichiometric percentages (Ti:Si = 6: 6 at%) and (Ti:
Si = 10: 10 at%). The solutions were sonicated for 30 min and stirred at
80 “C on a hot plate. Thereafter, we introduced an Ar flow through the
suspension surface while the process of heating is still on to speed up the
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water vaporization. Afterward, MWCNTSs:TiO2:5i02 nanocomposites
(NCs) were obtained in an oven at 100 “C after 15 h [21]. The synthe-
sized powder samples were dissolved in methanol and dropped cast on a
silicon wafer and then air-dried at room temperature for measurements
and characterization. For each sample measurements were performed
2-3 times at different spots on the surface to ascertain the uniformity,
validity and reliability of the acquired results.

2.2. Characterization

Different characterization techniques were used to study the
morphology (field emission scanning electron microscopy (FE-SEM)),
crystallite structure ([X-ray diffractometer (XRD)], graphitization
(Raman spectroscopy), local electronic structure [x-ray absorption near-
edge spectroscopy (XANES)], chemical and bonding properties [x-ray
photoelectron spectroscopy (XPS)] and electrical behaviour [current
(I)-voltage (V) technique]. The morphology of the nanomaterials was
studied utilizing FE-SEM JSM-7800 F supplied by JEOL Ltd. The crys-
tallite structures were investigated using Smartlab X-ray diff ;ractometer
with 0.154 nm Cu Ka radiation line supplied by Rigaku. Raman spectra
of the nanomaterials were studied using scientific XploRA of LASER light
excitation energy of ~2.41 eV at 532 nm from HORIBA. The core shells
which provide information about the electronic structure were exam-
ined utilizing KRATOS-SUPRA spectrometer with monochromatic Al Ka
radiation of pressure and excitation energy of 1.2 x 10" Torr and
1486.6 eV, respectively. The XANES spectra measurements of Ti Ly -
edge, Si Ly z-edge, C K-edge, and O K-edge were achieved using Taiwan
Light Source (TLS) at NSRRC (National Synchrotron Radiation Research
Centre), Hsinchu, Taiwan. The electrical conductivity of the nano-
materials was studied by -V measurements using Keithley 6487 with a
voltage sweep from-1t0 +1V(~1to0V,0t0 -1V, +1to 0V, 010 +1
V) in 3 cycles for each studied material. All characterizations were
performed at room temperature. Silver paste was used to necessitate
contacts between the sample and electrical test probes. The stability of
the contact was confirmed by the continuity of the acquired I-V trends.
Details of these experimental set-ups and characterization techniques
can be found elsewhere [16,17].

3. Result and discussion

The FE-SEM images of TiOz, $i0z, MWCNTs, MWCNTSs:Ti:Si (6:6 at
%), and MWCNTS:Ti:Si (10: 10 at%) NCs are presented in Figs. 1 (a—e),
respectively. The images of TiOz, SiOz, and MWCNTs depict a typical
spherical shape, balls clusters (50 nm-100 nm), and uniform tube-like
profile, respectively. The image of MWCNTs:TiO2:5i02 shows that Si:
Ti =6:6 at% is bounded to the surface of MWCNTSs, indicating a good
dispersion and prevention of Ti:Si clusters. The FE-SEM images of
MWCNTs:TiO2:5i02 (Si:Ti =10:10 at%) display a uniform deposition
with agglomeration on the surface of MWCNTSs due to increased per-
centage of TiOz and SiO2 on MWCNTSs matrix [22]. These images indi-
cate the growth of Ti on the surface of MWCNTSs as confirmed by XRD
results (shown later). This type of deposition on its surface might result
in free electrons transfer of TiO3 in the MWCNTSs nanomaterials, hence
enhancing the electrical properties of the NCs due to high electron
mobility property of TiOg.

The crystal structures of the prepared NCs studied using XRD tech-
nique are displayed in Fig. 1 (f). XRD pattern of TiO3 displays peaks at 20
25.3" (101), ~37.1° (103), ~37.9° (004), ~38.7" (112), ~48.1" (200),
~54.2° (105), ~55.3° (211) and ~62.9" (204) of anatase-phase [23].
The pattern of Si shows peaks at 7° (111) [24] and 22.9° (SiO2) [25]
indicating that silicon was oxidized during the synthesis process. Two
peaks at 2~26" (100) and ~44" (002) plane of graphitic carbon [25,26]
are observed for MWCNTSs. The deposition of Ti:Si = 6:6 and Ti:Si =
10:10 on the surface of MWCNTs Its in ph as observed
for TiO2 and they also revealed rutile phases at 2 ~27.3" (110) and
~41.4° (111) [27,28]. MWCNTs: Ti:Si (6:6 at%) also shows a very less
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Fig. 1. (a), (b), (<), (d) and (e) Field emission scanning electron microscopy images (FE-SEM) of $i0;, TiO;, MWCNTSs, MWCNTS:Ti:Si (Ti:Si = 6:6 at%) and MWCNTs:

Ti:Si (Ti:Si = 10:10 at%) NCs, respectively; (f) and (g) X-ray diffraction spectra and Raman spectra of SiOy, TiO;, MWCNTs, MWCNTSs:Ti:Si NCs (Ti:Si
Ti:Si = 10:10 at%), respectively; (h) First and second order Raman spectra of MWCNTs, MWCNTs:Ti:Si (Ti:Si =
(i) (j) and (k) deconvolution of first and second order Raman spectra of MWCNTs, MWCNTs:Ti:Si (Ti:Si

= 6:6 at% and
6:6 at%) and MWCNTs:Ti:Si (Ti:Si = 10:10 at%) NCs;
= 6:6 at%) and MWCNT=:Ti:Si (Ti:Si = 10:10 at%) NCs,

The Scherrer's equation (D = ki/pecosd) [29] was used to obtain the
crystallite size of TiOz in (101) plane of MWCNTSs:Ti:Si (Ti:Si = 6:6 at %)
and MWCNTSs:Ti:Si (Ti:Si = 10:10 at %), where k is ~0.9, L = 1.54 A
(wavelength of x-ray), f is full width at half maximum and 0 is the
Bragg's angle. The crystallite sizes for TiOz, MWCNTSs:Ti:Si (Ti:Si = 6:6
ar%) and MWCNTSs:Ti:Si (Ti:Si = 10:10 at %) were found to be 18.10,
19.09 and 19.27 nm, respectively. The observed increase in crystallite
sizes indicates a growth of anatase TiOz on the wall of MWCNTSs as
confirmed by FE-SEM images (Table 1).

respectively.
Table 1
Values of quantifi land ¢ ysis from XPS, I/1g ratio from
Raman Spectra, and crystallite su.e from XRD.
Quantificational and
compositional analysis from (/1) ratio Crystallite Size
XPS from Raman  (nm)
cCat © Si T Spectra from XRD
% % % m% 5
TiO2 - 6 - 35 - 18.10
Si0, - 64 36 - - <
MWCNTs 98 02 - - 1.18 -
MWOCNTs:Ti:Si 59 29 6 6 0.16 19.09
(6:6 ar%)
MWOCNTs:Ti:Si 27 53 10 10 0.97 19.27
(10:10 ar%)

intense (002) carbon peak which vanishes as Ti:Si content increases on
MWCNTSs matrix, indicating carbon atoms were gradually replaced by Ti
atoms. This replacement is confirmed by an increase in the intensity of
(101) plane of TiO3. Thus, Ti:Si has changed the structure of MWCNTS.

spectroscopy technique was used to examine the degree of
hybridization of MWCNTs and MWCNTSs:Ti:Si NCs and the data is pre-
sented in Fig. 1 (g-k). Fig. 1 (g) shows three high intense peaks at ~398
(Byg), ~519 (A1g) and ~642 cm (E‘) for TiO3 anatase phase [30,31].

For Si03, a first-order peak is observed at ~520 em’ correspondmg to
Si/Si0; peak [32]. Raman spectra of MWCNTSs consist of four main
peaks at ~1345 (D peak) em’!, ~1585 (G peak) em'!, ~2664 (2D peak)
em” and ~2912 (D + G peak) em” as expected for carbon and
carbon-nanostructured materials [33]. The D and G peaks are an indi-
cation of disorder (sp® hybridization) and ordered (sp* hybridization)
peaks, respectively in the carbon-based materials. The 2D peak is a
signature of a second-order vibration process of D peak and the

Table 2
Different parameters of o-peak, G-peak, D -peak, 2D-peak and (D + G) peak, obtained from first and second order Raman specira.
First-order Raman spectra Second-order Raman spectra
D peak G peak D’ peak 2D peak D + G peak
Samples
x A Int. x Aw Int x Aw Int. x Aw Int. x Auw Int.
em™")  (em™") (auw) (em™™)  (em™) (aw) (em™") (em) (a. em™)  (em™") (a. em™")  (em") (a.
w) w) uw)
MWCNTs 1345 68 18.17 1586 66 1535 - - - 2678 104 419 2933 102 1.83
MWOCNTs:Ti:Si 1342 43 21.90 1570 34 1348 - - - 2687 83 617 - - -
(6:6 ar’%)
MWOCNTs:Ti:Si 1333 70 1400 1575 71 1442 1658 47 10 2677 44 253 2935 9 13.5
(10:10 ar%)
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occurrence of D + G peak is due to the D and G mode vibration process.
These peaks were also observed on MWCNTS: Ti:Si NCs with additional
peaks associated with the anatase phase of TiO3 [30]. Si/SiOz peak was
not observed because it could have been overlapped by TiO; peaks. In
the case of MWCNTs: Ti:Si (10:10 at%), an additional D" peak is
observed at 1658 cm™, which is due toa slight shift and broadening of G
band. The D' band is always inactive but becomes active due to defects
(restriction of phonon) among the graphitic walls [21,34] Moreover,
these changes of MWCNTSs are due to decoration of Ti:Si on the surface of
MWCNTSs. A slight shift and reduction in the intensity of Byg, Ajg, and Eg
mode in MWCNTS: Ti:Si NCs Raman shift is possibly due to an increase in
crystallite size of TiOz on the surface of MWCNTs [35]. To have an
in-depth knowledge about the degree of hybridization, we have
de-convoluted the Raman spectra of MWCNTSs and MWCNTS: Ti:Si NCs
with several Gaussian lines. From the de-convoluted Raman spectra, we
were able to deduce parameters that are tabulated in Table 2. From
Fig. 1(j), it was observed that the width of D and G bands got narrowed
for Ti:Si (6:6 at%) deposition. Also, the intensity of D band decreases
with an increase in the intensity of G band. These observations maybe be
due to the longer isothermal exposure time rate of the nanocomposite,
which aided the decrease in amorphous carbon in MWNCTs [35]. From
Fig. 1(k), a slight broadening of G band with occurrence of D' band for
Ti:Si (10:10 at%) deposition was observed, indicating a change in
microstructural behaviors of these materials. The Ip/lg ratios were
calculated to be ~1.18 for MWCNTs, ~0.16 for Ti:Si (6:6 at%), and
~0.97 for Ti:Si (10:10 at%) NCs. The observed variation of Ip/lIg ratio
indicates a decrease in the sp” cluster and a reduction of defect density
due to the replacement of carbon by Ti:Si atoms on the surface of
MWCNTSs. However, it is noted that the Ip/lIg ratio for Ti:Si (10:10 at%)
is higher than (6:6 at%) for Ti:Si decorated MWCNTSs-NCs t implying that
microstructural change has occured in MWCNTS:(Ti:Si). This variation
of the ratio with concentration is in consistent with XRD results dis-
cussed above (Table 3).

The XANES spectra in Fig. 2 (a-d) depict the C K-edge, O K-edge, Si
Ly z-edge, and Ti Ly 2-edge for TiOy, SiOz, MWCNTSs, and MWCNTs: Ti:Si
NCs. In each case, the inset shows magnified near-edge features, which
were subtracted from the main near-edge spectra using the Gaussian line
as the background, as shown in the dotted line in Fig. 2 (a-d). In C K-
edge spectra, the binary features x* and o* are located at approximately
286.2 eV (sp”) and 293.1 eV (sp”), respectively [26,36,37]. It was
observed that the z* region displays two features which are represented
by an inset in Fig. 2 (a). The two features are located at ~286.2 and
~287.6 and are attributed to C-C and C-H bonds [35], respectively.
From the inset, a gradual decrease in the intensities of the nano-
composites is observed indicating a defect in the graphitization of
MWCNTSs. The O K-edge for the MWCNTs and MWCNTSs:Ti:Si presented
in Fig. 2(b) shows z* and o* structures. The x* structure also displays
two peaks at —~528.6 eV and ~530.1 eV which are assigned to the car-
boxylic (C=0) group [39]. These peaks shift slightly towards low
photon energy for the NCs, signifying the reaction of C and O with Ti-Si
in the lattice of MWCNTs. The o* bond located at 540 eV is assigned to
the hydroxyl (C—OH) group [39] which is mostly due to interactions of
C-H bonds. Two peaks at ~533.7 and ~535.1 eV are attributed to the
physical absorption of oxygen between 530-536 eV region [40]. These
two peaks are assigned to tzg and ¢; orbit separation of Ti 3d and Si 3d
states [41,42]. The photon energies above 536 eV are signatures of ox-
ygen 2p interaction with Ti 4sp and Si 3sp states [43]. The inset in Fig. 2
(b) also shows a similar trend in intensities as observed in C K-edge
spectra, implying de-oxidation has occurred.

The Si L3 2-edge of $iO2 and MWCNTS:Ti:Si NCs spectra are shown in
Fig. 2 (c). Doublet orbital splitting (A and B) of SiOz is consistent with Si
core states [44]. Taking structure A into consideration, binary peaks are
confirmed at ~103.8 eV and —~105.0 eV with 1.2 eV apart, implying a
poor resolute peak [45]. A change from silicon 2p — 3s derived states (i.
e. core to anti-bonding states) induces a binary split of A, which is a
spin-energy bi-edge [45]. The structure of B is due to the change from
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Fig. 2. X-ray absorption near edge structure (XANES) spectroscopy of $iOy, TiO2, MWCNTs, MWCNTs:Ti:Si (Ti:5i = 6:6 at%) and MWCNTs:Ti:Si (Ti:5i = 10:10 at%)

NCs (a) € K-edge, (b) O K-edge, (c) Si- Ly, -edge and (d) Ti- Ly » -edge.

silicon 2p — 3p which is related to 3s states from oxygen 2p hybridized
orbitals [45]. A broadening region above B structure corresponds to the
silicon 2p — 3d transition [43]. In reference to the inset in Fig. 2 (c), itis
observed that there is a variation in the intensity of MWCNTSs:Ti:Si NCs
implying that Si has contributed to a change in the electronic structure
of MWCNTS. The Ti Ly 2 .edge spectra of TiOz and MWCNTSs:Ti:Si NCs are
depicted in Fig. 2 (d). The spectra show a complex structure of Ly-edge
and Ly-edge regions that occur because of crystal field effect and atomic
contact [46]. The Ly-edge and Lz-edge regions correspond to oxygen
2p3,2 and 2p 7 titanium 3d bands, respectively. The effect of the crystal
field has divided titanium 3d band into two bands (tzg and e;) which
brings about the binary features observed in Ly-edge and Lz-edge regions

as shown in the figure. These features are located at approximately
456.3 eV, 458.5 eV, and 461.6 eV, 463.9 eV, which are assigned to tz,
and eg bands [46], respectively. The inset in Fig. 2(d) shows a variation
in the intensities of TiOz and MWCNTSs:Ti:Si NCs spectra, implying ox-
ygen and/or carbon substitution/ attachment by Ti atom.

XPS technique was used in probing the electronic structure and
bonding properties of TiOz, 5i02, MWCNTs, and MWCNTSs:Ti:Si NCs.
Fig. 3 (a-d) displays the comparison of C 1s, O 1s, Ti 2p, and Si 2p XPS
spectra for each material and their composition and quantification pa-
rameters are presented in Table 1. The variation in the intensities of C 1s,
O 1s, Ti 2p, and Si 2p spectra for TiOz, 5i0z, MWCNTS, and MWCNTS:Ti:
Si NCs shown in the figure, confirms the functionalization of MWCNTs
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Fig. 3. (a) C 15, (b) O 1s, () Si 2p and (d) Ti 2p x-ray photoelectron spectroscopy (XPS) of TiOy, $i0;, MWCNTs, MWCNTs:Ti:Si (Ti:Si = 6:6 at%) and MWCNTs:Ti:Si

(Ti:

= 10:10 at%) NCs; (e-g) and (h-j) Deconvolution of C 1s and O 1s XPS spectra, repectively for MWCNTs, MWCNTSs:Ti:Si (Ti:Si = 6:6 at%) and MWCNTs:Ti:Si (Ti:

Si = 10:10 at%) NCs; (k-m) Si 2p spectra of $i0;, MWCNTSs:Ti:Si (Ti:Si = 6:6 at%) and MWCNTs:Ti:Si (Ti:Si = 10:10 at%) NCs; (n-p) Ti 2p spectra of TiOz, MWCNTSs:

Ti:Si (Ti:Si = 6:6 at%) and MWCNTs:Ti:Si (Ti:Si = 10:10 at%) NCs.

and oxidation of Ti and Si nanoparticles. The C 1s, O 1s, Ti 2p, and Si 2p
XPS spectra were de-convoluted into several Gaussian lines and are
presented in Fig. 3 (e-p). The C 1s of MWCNTS were de-convoluted using
Gaussian lines into three peaks at ~283.5/~284.0 and ~290.0 eV cor-
responding to C-graphite/C=C (sp”) and O = CO— or x-2* bonding [47,
48], respectively. These peaks (C-graphite/C=C (sp®)) shifted to ~284.6
/~285.7 eV for MWCNTSs:Ti:Si (6:6 at%) and ~284.7/~286.3 eV for
MWCNTSs:Ti:Si (10:10 at%) indicating a structural change due to the
introduction of Ti:Si on MWCNT matrix. The O 1s XPS spectra are
depicted in Fig. 3 (h-j) and were de-convoluted using Gaussian lines into
two and three peaks for MWCNTSs and MWCNTSs:Ti:Si NCs, respectively.
From the O 1s of MWCNTS, peaks are located at ~530.4 eV and ~532.1
eV which are signatures of C=0 and CO— [48], respectively. These
peaks shifted to ~528.6/~530.5 for MWCNTs:Ti:Si (6:6 at%) and
~528.3/~530.2 for MWCNTs:Ti:Si (10:10 at%) which are the signatures
of hydroxyl and oxygen (Ti-O-Ti/Ti-O-H/C=0/Ti-0-8i) groups [10,49],
respectively. These bonds indicate that SiO; did not bond into the matrix
of TiOz but was connected to TiOz through Ti-O-Si chemical bonding.
The peaks at ~532.4 eV and ~532.0 eV for NCs confirm the presence of
the $i-0-Si bond [10,49]. The Si 2p XPS spectrum in Fig. 3 (k-m) dis-
plays two peaks for SiO; and three peaks for MWCNTSs:Ti:Si NCs. The
peaks were located at ~100.6 eV and ~101.1 eV corresponding to Si-Si
bond and these peaks shift towards high binding energy at —102.1,
~103.6 and ~-101.7, ~103.3 ¢V for MWCNTs:Ti:Si (6:6 at%) and
MWCNTSs:Ti:Si (10:10 at%), which are signatures of Si-C-0/Si-C [50,
51], respectively. The peaks at ~104.6 eV and —~104.8 eV correspond to
$i-O bonding [52]. This shift indicates that Si has an impact on the
bonding and electronic system of MWCNTSs. Fig. 3 (n-p) represents the
core level of Ti 2p and its peaks were de-convoluted into two and three
peaks for TiOz and MWCNTSs:Ti:Si NCs, respectively. For Ti 2p XPS
spectrum, peaks are located at ~455.6 eV (Ti** 2ps/2) and ~461.3 eV

(Ti** 2p1,2) with a spin energy splitting of ~5.7 eV, indicating the
presence of Ti** state [5]. These peaks shift towards high binding energy
with an appearance of a new peak at —457.3 eV and —~457.1 eV for
MWCNTSs:Ti:Si (6:6 at%) and MWCNTSs:Ti:Si (10:10 at%) NCs, respec-
tively. The blue shift in their energies signified that Ti is deposited on
MWCNTS at a different region to that of pristine TiO; [53,54] and the
occurrence of the new peak indicates that Ti®* state is also present [5,
52]. It is obvious that Ti:Si led to the observed Ti** in MWCNTSs:Ti:Si
NCs and Ti** can form radicals when reacting with O [55]. Previous
review reporting on the photocatalytic mechanism of TiO; established
the generation of electron-hole pair in the surface of the material when
exposed to light. The electron-hole pair generation is attributed to a
short penetration depth from radical formation due to oxidizing agents
[55,56].

The 1-V plots and hysteresis loops for TiOz, SiOz, MWCNTs,
MWCNTS:Ti:Si (6:6 at%), and MWCNTSs:Ti:Si (10:10 at%) are displayed
in Fig. 4. For all samples the trends are solid (continuous) indicating a
stable contact between the samples and the probes. It can be seen from
Fig. 4, that the measured current for SiO: is lower than that of other
samples indicating an insulating behaviour of the material. In compar-
ison to other plots, the I-V trends obtained from MWCNTSs are relatively
ohmic indicating a well-known conducting behaviour of the material
[5]. The trends, however, changes from conducting to semiconducting
behaviour as Ti:Si is introduced on the surface of MWCNTS. As observed
in Figs. 4 (d) & 4(e), the semiconducting behaviour of the material after
the introduction of Ti:Si can be explained by switching properties at
+0.5 V. This switching property originates from switching sites that are
embedded in SiO; and nanogap region that are associated with Si-Si
bonds. This encouraging switching properties of SiO; was reported in
detail by Yao et al [57]. The observed increase in the measured current
indicates that the conductivity of the material increases with an
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Fig. 4. (a-e) and (f-j) linear and log current-voltage (I-V) measurement, respectively of SiO,, TiO;, MWCNTs, MWCNTSs:Ti:Si (Ti:Si = 6:6 at%) and MWCNTs: Ti:Si (Ti:

Si = 10:10 at%) NCs [Three cycles measurements of linear and log I-V].

increases in an introduced Ti:Si content. A high conductivity is associ-
ated to an increase in the concentration of mobile electrons due to Ti:Si
content on the lattice of MWCNTS [58]. An increase in the conductivity
of the material with an increases in the concentration of the introduced
TiO; on the surface of MWCNTSs was reported before [17]. Based on the
results presented then [17] and the ones presented here, it can be safely
concluded that the introduction of $i0; with TiO; on the surface of
MWCNTs increases the electrical conductivity of MWCNTSs:Ti:Si-NCs. In
addition to the tunability of the material conductivity for various ap-
plications, this work also indicates that properties can be tuned to make
the more suitable for electronic switching devices.

The results presented in Fig. 4 also show the functionalised MWCNTs
are promising for memristive and charge storage material-based devices.
Possibilities of the material to be suitable for these applications is based
on the observed hysteresis I-V loop in the figure. Based on a low
measured current fo $i0O; and ohmic I-V of MWCNTSs it was safely
assumed that the experimental set -up would result in a reliable data and
three loops would be enough to establish and study the memristive and
charge storage behaviour of our samples. The previous review on the
memristive capability of TiOz [15] established its ionic bonding

structure which is associated with Ti** and O, Apparently, oxygen
vacancies can easily translate ionically thereby leading to an
auto-doping phase behaviour. The constituent oxygen ions can cause an
anodic attachment. The ionic translation and anodic attachment are
consistent with previously reported ReRAM properties [59]. Further-
more, the observed insulating properties of SiOz are useful for the
fabrication of memory devices. The previous report by Yao et al. [57] on
5i0; showed encouraging resistive switching and memories. The fourth
circuit-states, which is associated with memristors depends on the rate
of change of magnetic flux and charges. Since both flux and charges are
dependent on current and voltage, 1-V characteristics can be used to
study memristive behaviour of the material [60]. Moreover, reports
have indicated memristive characters when an I-V trend is either
non-zero or zero origin crossing [61,62]. As described in the review by
Sun et al. [63], the non-zero and zero-crossing point structures signify
capacitance and memristive states which are attributes of a memristor.
Although, pristine MWCNT gives conducting electrical features, how-
ever, the inclusion of Ti:Si leads to a semiconducting behaviour with an
apparent hysteresis loop that is associated with charge storage behav-
iour. Presumably, the formation of MWCNTs:Ti:Si leads to an

207



Ph.D Thesis

J.A. Oke et al

attachment of ionic Ti** and Si-Si bonds which could be a major factor
in the observed charge storage behaviour which is comparable with
memristive features that were previously reported [63]. From the above
results, we suggest that the NCs will be a potential candidate for ferro-
electric devices too due to the observed hysteresis loops. The stability of
the material for these applications has confirmed by more loops else-
where [63]. Furthermore, the oxygen vacancies that are created by O~
can also lead to the formation of oxidizing radicals which could be useful
for photocatalytic applications [64].

The agglomeration observed on the surface of MWCNTSs:Ti:Si from
FE-SEM image indicates a growth of Ti on MWCNTs surface and it is
consistent with XRD and Raman results. The observed growth of Ti was
confirmed by XRD due to the calculated increase in the crystallite sizes
of Ti in the nanocomposites. This increase in crystallite size also corre-
sponds to the decrease in the Ip/Ig ratios of the nanocomposites. The Ip/
Ig ratios calculated from Raman spectra of the nanocomposites de-
creases for Ti:Si ~10:10 at% and further decrease for Ti:Si ~6:6 at%
when compared to that of MWCNTSs. These observed decreases are in
agreement with XANES and XPS data. The XPS C1 s spectra for nano-
composites show a positive shift to that of pristine MWCNTSs. The XANES
C K-edge spectra show a steady decrease in the intensities of x* (C-sp®)
with the concentration of the bi-dopant in comparison with MWCNTSs,
corresponding to the steady decrease in the Ip/l; ratios of the nano-
composites. This observation signifies a reduction in the sp? clusters of
MWCNTSs with a corresponding increase in sp’ clusters. The electrical
conductivity of the nanocomposites increases for Ti:Si =~ 6:6 at% and
further increase for Ti:Si =10:10 at% with a considerable hysteresis loop
that is associated with charge storage behaviour. As observed from the
XANES spectra, the intensities of O K-edge showed the same trend as C
K-edge. This observation translates to a reduction in oxygen (O) va-
cancies as inversely reported in a previous study [65]. The reduction in
O vacancy may be responsible for an increase in the concentration of the
mobile electrons resulting in an increase in electrical conductivity of the
nanocomposites [59].

4. Conclusion

TiOg, §i0z, MWCNTS, and MWCNTSs:Ti:Si nanocomposites have been
synthesized and characterized by the use of different techniques. Their
structural, electronic, and electrical behaviour have been studied. The
FE-SEM image shows good dispersion and agglomeration of Ti:Si on the
surface of MWCNTSs due to the introduction and variation of Ti:Si con-
tent on the MWCNTs matrix. It was observed from Raman that the
introduction of Ti:Si results in a decrease in the spz cluster in MWCNTs,
which is consistent with the decrease in the intensities of XANES C K-
edge, making in MWCNTSs rich of spa cluster. The I-V behaviour of
MWCNTSs changes from conducting to semiconducting behaviour due to
the inclusion of SiO3 and TiO; on its surface. The transformed structure
also displays an increasing electrical conductivity due to higher content
Ti in the MWCNTs. The inclusion of TiOz and SiOz NPs in MWCNTs
reveals the possibility of tuning the electronic/electrical behaviour of
MWCNTSs. By virtue of the charge storage properties induced onto
MWCNT by ionic Tia", §i-Si, and O™ bonds, the NCs could find appli-
cations in memristive devices and photocatalytic activity.
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