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ABSTRACT

Graphenated polyaniline nanocomposite for the determination of (PAHS) in water
0.0. Tovide
PhD Thesis, Department of Chemistry, University of the Western Cape, November 2013.

The thesis presents a simple, sensitive, low cost and a novel graphenated polyaniline doped
tungsten trioxide nanocomposite, as an electrochemical sensor for the detection and
quantitative and determination of PAHSs, which are ubiquitous, toxic, as well as dangerous
organic pollutant compounds in the environment. The selected PAHs (anthracene,
phenanthrene and pyrene) in wastewater were given priority as a result of their threat to
human nature and that of the environment. In order for a healthy, non-polluted and well
sustainable environment, there is need for an instrument that is capable of detecting and
quantifying these organic pollutants onsite and also for constant monitoring. The
nanocomposites were developed by chemical and electrochemical methods of preparations,
exploiting the intrinsic properties of polyaniline, graphene and tungsten trioxide
semiconducting materials. Chemically, graphene-polyaniline (GR-PANI) nanocomposite was
synthesised by in situ polymerisation method, then casted on a surface of glassy carbon
electrode to form GR-PANI modified electrode. The properties of the prepared electrode
were investigated through morphological and spectroscopic techniques, which confirmed the
formation of the composite. The electroactivity of the prepared modified electrode revealed
great improvement in cyclic and square wave voltammetric response on anthracene. A
dynamic range of 2.0 x 10° to 1.0 x 10° M and detection limit of 4.39 x 107 M was

established.



The electrochemical method involves electrochemical deposition of mixture of tungsten
trioxide and aniline monomer unto the surface of a graphene modified electrode, to form a
composite of graphenated polyaniline doped tungsten trioxide (PANI|WO3|GR) and then used
as an electrocatalyst on a glassy carbon electrode. Morphological and spectroscopic
characterisations such as Fourier transform infrared spectroscopy (FT-IR), RAMAN,
Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), Atomic
force microscopy (AFM) and Ultra violet visible (UV-vis) spectroscopy confirmed the
successful synthesis of graphene, polyaniline and the doped polyaniline film with tungsten
trioxide as well as their intercalation with graphene thin film. The properties of the prepared
films were also investigated by electrochemical methods. The cyclic and square wave
voltammetric results revealed the electrocatalytic activities of the PANI|WO;|GR sensor
towards the oxidation of phenanthrene, anthracene and pyrene. The limit of detection for
phenanthrene was 0.123 pM (1.23 x 10 nM) over a dynamic range of 1.0 to 6.0 pM. A
dynamic linear range of 1.0 to 10.0 pM was attained with a limit of detection of 0.136 pM
(1.36 x10™ nM) for anthracene. Pyrene gave a limit of detection of 0.132 pM (1.32 x 10™
nM) over a linear dynamic range of 1.0 to 10.0 pM. The PANI|WO3|GR sensor showed an
excellent sensitivity, reproducibility and long-term stability to the various PAHSs studied and
the limit of detection (LOD) determined were comparable with WHO standards and
specification for PAHs which is 1.12 nM (1120 pM) in water. This study offered a new

technology that can be useful in real time determination of PAHSs.
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CHAPTER ONE

INTRODUCTION

1.1 Background

One of the basic necessities that determine a healthy life is an environment that is free of
contaminant and which is expectant of human beings and other living organism. However,
human actions through anthropogenic activities have greatly impacted the rate of supply of the
major nutrients that constrain the productivity, composition, and diversity of terrestrial
ecosystem. The releasing of harmful contaminants into the environment causing instability and
harm to the ecosystem is termed as pollution. Unwanted changes in the environment then
occurred, which involves the physical, biological and chemical changes in air, water and land,
affecting human life in one way or the other. It has become a serious issue in developing
countries due to rapid growth, development, industrialization, agricultural and lack of
regulations. Pollution is the root cause of many diseases that kills and disable human organism.
Water is said to be polluted when there is any physical, biological or chemical change in water
quality that adversely affects living organisms or makes water unsuitable for use which then
becomes a great threat to the life of human beings as well as the ecosystem. Unmanaged
wastewater can be a source of pollution, a hazard for the health of human populations and the
environment alike. The principal contaminants include toxic chemicals, nutrients and
biodegradable organics, bacterial as well as viral pathogens [1]. These contaminants are either
in solution or as particulate matter and are carried along in the water from different sources and
affect water quality. They can have (bio-) cumulative, persistent and synergistic characteristics
affecting ecosystem health and function, food production, human health and wellbeing, and
undermining human security. The prime water pollutants including,

dichlorodiphenyltrichloroethane (DDT), polychlorinated biphenyls (PCBs) and polyaromatic
1



hydrocarbons (PAHS), persist in the natural environment and giving rise to bioaccumulation in
the tissues of aquatic organisms [2]. These prolonged and persistent organic pollutants are
transferred up the food chain and they can reach levels of concern in fish species that are eaten
by humans. Moreover, bacterial and viral pathogens can pose a public health risk for those who
drink contaminated water or eat raw shellfish from polluted water bodies. Polyaromatic
hydrocarbons (PAHs) are among the most persistent organic and major environmental
pollutants that need constant monitoring due to their toxicity [3]. They are chemical
compounds made up of carbon and hydrogen atoms forming two or more fused aromatic rings
without any heteroatom or substituent [4]. PAHSs are lipophilic in nature; even though, few of
them can slightly dissolve in water. They are ubiquitous in the environment, produced as by-
product of combustion of fossil fuels, coal tar deposits, oil, through anthropogenic activities or
naturally by forest fires, volcanoes, plants, fungi and bacteria [5]. They are widely distributed
in soil, air, water, also in ocean, river sediments and sludge [2]. PAHSs are organic compounds
that are persistent in the environment and liable to bioaccumulation through the food web [6],
thus, causing adverse effect on human health and the environment. They are being identified as
carcinogenic, teratogenic and mutagenic contaminants even at relatively low levels, thus a
great concern. [7-8]. Their resistance to degradation has actually allows them a long
environmental half-life, and the toxicity as well as release of these chemicals consecutively
over time results in their accumulation and will impose global environmental problem. As a
result, government and environmental scientists worldwide have gone thorough research so as
to decrease and manage their risk to people and the environment. Recent studies have focused
on developing methods for monitoring traces of PAHs. However, analysis and monitoring have
generally focused on some selected 16 PAHSs highlighted by the US Environmental Protection
Agency (EPA) [9-10]. Because PAHs are hydrophobic in nature, thus, their persistent in the

aquatic environment and could even exist in micro level, once in the water system, it becomes
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difficult to treat even by conventional methods due to their persistency and non-reactivity in
water [11]. Degradation of organic pollutants from contaminated water by electrochemical
method through oxidation has shown to be an adaptable, non- discriminating, reliable and
efficient technique that is capable of decreasing the extensive variety of organic pollutants [12-
15]. In this study an electrochemical method, inform of an electrochemical sensor based on
polyaniline /tungsten oxide/graphene nanocomposite is developed. The composite is used to
modify glassy carbon electrode through application of positive potentials at which the
contaminated water is simply passed through the electrode in an electrochemical cell, oxidation
occurred directly on the surface of the electrode, and hence an identification and determination
of the specific PAHs- anthracene, phenanthrene and pyrene which are some of the carcinogenic

PAHSs selected to be among the priority pollutants by EPA.

1.2. Problem statement

The concern about the human health risks associated with the exposure to mutagenic,
teratogenic and carcinogenic polyaromatic hydrocarbons in the environment has brought about
the interest in the development of a suitable method of analysis that is cheaper and easier to use
in identifying and quantifying them. Despite the effectiveness of conventional methods in
terms of high accuracy and low detection limit of the techniques which includes: immunoassay,
gas chromatography and high performance liquid chromatography (HPLC) with UV-vis
absorbance or fluorescence, and capillary electrophoresis (CE) equipped with laser-induced
fluorescence, that have been reported and adopted, however, they have limitations; in that, they
are very costly, time consuming, laboratory borne, they need a lot of skill in the operation and
sometime suffer from low detection limit. Furthermore, a large amount of sample volume and
solvent are needed in separation and extraction procedures. Apparently, there is the need to

overcome all these challenges. Consequently, a cheaper, faster, easier to use, low power



consuming, miniaturizable, user friendly, and on site analytical device suitable to compliment
or substitute for these classical methods is developed in form of a graphenated polyaniline
nanocomposite based electrochemical sensor for the detection and quantitative determination

of PAHSs.

1.3. Rationale and motivation
The discovery of polymer nanocomposite opened a new dimension in the field of materials
science. In particular, the use of inorganic nanomaterials as fillers in the preparation of
polymer/inorganic composites has attracted increasing interest owing to their unique properties
and numerous potential applications in the automotive, aerospace, construction and electronic
industries [16-20]. Recently, carbon-based nanofillers such as carbon black, expanded graphite,
foliated graphite, carbon nanotubes (CNTs) and graphene have been introduced to the
preparation of polymer nanocomposite [21-24]. Among the carbon compositing materials,
carbon nanotubes (CNTs) have proven to be very effective as conductive fillers. The only
drawback of CNTs as nanofiller is their higher production cost; therefore, the mass production
of CNT based functional composite materials is very difficult. Graphene is two dimensional
carbon nanofiller with one-atom-thick planar sheet of sp> bonded carbon atoms that are densely
packed in a honeycomb crystal lattice. It is regarded as the "thinnest material in the universe"
with tremendous application potential [25-26]. Graphene is predicted to have remarkable
properties, such as high thermal conductivity, superior mechanical properties and excellent
electronic transport properties [27-28], [29], [30-31]. These intrinsic properties of graphene
have generated enormous interest for its possible implementation in a myriad of devices [32].
The main thrust of this study is to use the synergism of electrochemical and molecular
electronic concepts in the development of novel nano-structured or nanometer scale sensor

devices for environmental analysis of anthropogenic persistent organic pollutants (POPS)



contained in industrial and domestic wastewater systems. Our current interests are on
polyaromatic  hydrocarbons  (PAHs) including anthracene, phenanthrene, pyrene,
benzo[a]anthracene and benzo[a]pyrene. These compounds are known to have varying degrees
of toxic, mutagenic or carcinogenic activities. The World Health Organization (WHO) has set
aside some guidelines concerning the pollution of polyaromatic hydrocarbons. A concentration
below 15 ng L™ for each polyaromatic hydrocarbon and 700 ng L™ for benzo[a]pyrene has
been recommended by the WHO [33]. Also, the recommended concentration of 8 PAHSs in
drinking water has been estimated to be lower than 200 ng L™ and concentration range of 0.1 to
830 ng L™ should not be exceeded in surface water. The European Union as well as the United
State Environmental Protection Agency (USEPA) has also specified permissible limits for the
16 priority PAHs [34].

Presently, instrumental methods of analysis involving chromatographic (TLC, GC,
HPLC) [35-37], spectroscopic (UV-Vis, IR, MS) [37-38] or coupled techniques (GC-MS) [39],
are heavily relied upon for environmental analysis. These instrumental techniques are usually
expensive, amenable on-site applications require extensive pre-treatment stages before analyte
quantification and they failed to indicate whether the compounds are accessible for assimilation
by living organisms. The rationale for this proposed study is the need for relatively low cost,
miniaturized and easy-to-use hand-held nanosensor systems for onsite application, which to a
great extent maintains sample integrity. Environmental impedimetric and chemosensor devices
containing intrinsically conducting polymer (ICP) nanotubes that have been graphenated and
doped with tungsten oxides will be developed and applied for real-time determination and

speciation of PAHSs associated with industrial wastewater effluents.



1.4. Research aim and objectives

14.1. AIM

To develop a novel method for harnessing the properties of electro conductive polymers in
sensor technology by using polymeric nanotubes blends in the preparation of high performance
sensor devices. Success in this will have a long term impact for the development and
promotion of scientific and technical knowledge in the field of chemistry for industrial

agricultural, research, medical, pharmaceutical, environmental or other peaceful purposes.

1.4.2. Objective of the study includes:

(1) To prepare graphene.

(i) To electrochemically and chemically prepare graphenated polymers.

(iii) To produce novel graphenated polymers doped with transition metal oxides for the
production of ultra-sensitive PAHs sensor systems

(iv) To characterize, interrogate and model the responses of the graphenated PANI sensor
composite by instrumental, electrochemical, microscopic impedimetric and
spectroscopic techniques.

(v) To develop high performance gold, platinum and carbon disc or screen-printed nano-
sensor devices.

(vi) To determine the detection limit, sensitivities and analytical linear ranges of the PANI

sensor systems with respect to various PAHS.

1.5. Research framework

The study of the objective is illustrated in the scheme below.
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1.6. Thesis statement

lectrochemical
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Characterisation

Graphenated polyaniline nanocomposite should have suitable electrochemical and

electrocatalytic properties that make them applicable for real time determination of

polyaromatic hydrocarbons.



CHAPTER TWO

LITRATURE REVIEW

This chapter presents a literature review comprising of impact of wastewater and persistent
organic pollutants (POPs) on the environment, properties, toxicity, effect, distribution and
various sources of PAHs. Nanocomposites based on polyaniline, graphene and tungsten oxide,
their method of synthesis and possible application. Also, a brief background of the

characterisation techniques used in the study is discussed.

2.1. Wastewater

The activities by human on the environment have a created a great impact on the biological and
diversity of our aquatic ecosystem. The aquatic environment is affected through discharge of
contaminated water into the environment thus polluting the water of downstream users. As an
illustration, water that passes through the hydrological system from the mountain summit to the
sea, is been captured by the activities of human society who took this water into their custody
and put it through processes such as diversion, extraction as well as treatment, then reused it to
sustain the communities and economies throughout the watershed which include agriculture,
industrial and municipal [40]. However, the activities failed to return the extracted water in the
same condition that it was captured but discharged it into the environment, constituting
wastewater. An astounding value of about 80 to 90% of all wastewater generated in the
developing counties have been reported to have being discharged directly into surface water
bodies [41]. Through this, the biological diversity of aquatic ecosystem is impacted and the

basic integrity of life is disrupted [42-43].



Wastewater can be regarded as any water that has been adversely affected in quality by
anthropogenic influence via liquid waste discharged by domestic residences, commercial
properties, industry, and/or agriculture including a wide range of potential contaminants such
PAHSs at higher concentrations via bioaccumulation [40, 44-45]. It becomes obviously a source
of pollution, especially when not well managed, endangering the health of human populations
as well as the environment. About 60 per cent of global ecosystem service was reported by the
millennium ecosystem assessment [46] to have been degraded or used unsustainably as result
of wastewater. It can among other things be polluted with countless of diverse components of
persistent organic pollutants such as pathogens, organic compound, synthetic chemicals,
nutrients, organic matter and heavy metals, which can either, be in solution or as particulates
matters, distributing into different sources and have (bio-) accumulative, persistent and
synergistic characteristics that can affect the ecosystem health and function, food production,
human health as well as wellbeing [40], according to the illustration in Figure 1, about 70 per
cent of water has been used in other productive activities before entering urban areas, which
are left at the mercy of just 8 per cent and the rest percentage shared by the industry [47-48].
Figure 1a showed the illustration of extraction of water and reused along the supply chain and
Figure 1b, a typical example of wastewater discharged directly into the water bodies from a

source point.
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Figure 1. Extraction of water and reused along the supply chain (a) [40] and a typical

example of wastewater discharge directly into the water bodies from a source point (b).
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2.1.2. Persistent organic pollutants (POPs)

Persistent organic pollutants (POPs) are chemical substances that have the ability to persist in
the environment, bioaccumulate through the food web, and pose a risk of causing adverse
effects on human health and the environment [49]. This group of priority pollutants consists of
pesticides such as dichlorodiphenyltrichloroethane (DDT) [50], industrial chemicals (such as
polychlorinated biphenyls (PCBs), polyaromatic hydrocarbon (PAHS), generated accidental by-
products of industrial processes (such as dioxins and furans) or combustion processes (e.g.
PAHSs). They are released into the environment through natural and various human activities of
which human activities makes the greater contributor. Comprehensively, reported studies have
it that POPs are among the most dangerous pollutant released into the environment by human
[51]. The following can be generally associated with Persistent organic pollutant (POPs):

-They are toxic, a source of deleterious health effect such as birth defects (teratogenic),
mutagenic, damage of immune and respiratory systems as well as critical organs. The hormone
system dysfunction such as damage to the reproductive system, sex-linked disorder, and
shortened lactation periods for nursing mothers, as well as endocrine disruption having
developmental and carcinogenic effects, are all associated with POPs [52].

-They resist breakdown in water but soluble in fatty tissue, which makes them to be
bioavailable to mammals. They bioaccumulate exponentially up the food chain [53], attaining
the greatest magnitudes in mammals and humans [54]. Besides, these substances have been
reported to bioconcentrate under typical environmental conditions [49, 52, 55]. A factor of
about 70,000 times concentration of the same POPs has been reported to bioconcentrate in the
tissue of fish by Jacobs et al. [56].

-They are semi-volatile, thus, capable of travelling great distances through cycles of
evaporation and atmospheric cycling and deposited via wind and water, regionally and globally

[49, 55, 57]. POPs have been found continentally and in every major climate zone, including
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remote regions such as oceans and deserts. They are also found in the body fat of human beings
and every wildlife species. Thus, exposure to these contaminants by every individual could
cause the health effect. Although, some of the POPs in the Stockholm convention [57] are no
longer produced in the United States, people can still be at risk from POPs that are persisted in

the environment [58].

2.2. Polyaromatic hydrocarbons

Among the most persistence organic pollutants extensively studied in the environment,
polyaromatic hydrocarbons (PAHS) are more ubiquitous. They are in the air, water, soil and
food, the more dangerous they are to plants, animal and human [7]. PAHs are organic
compounds that contain more than one fused benzene rings, e.g. naphthalene to anthracene
with the lower molecular weight (two or three aromatic rings) and chrysenes to coronenes with
higher molecular weight (four to seven atomic rings). Polycyclic aromatic hydrocarbons are
lipophilic, in the sense that they can mix more easily with oil than water, with the larger
compounds being less water-soluble and less volatile. Hence, PAHSs are found primarily in soil,
sediment and oily substances, than in water or air. They are product of incomplete combustion,
either through natural or anthropogenic activities, and are generally found in complex mixtures.
The natural sources comprises of forest fires, volcanic eruption, fossil fuel, pyrolysis of organic
materials etc. [59]. The main sources of PAHSs is through anthropogenic activities which
comprises of combustion of fossil fuels inform of burning of coal oil and natural gas,
petroleum spills, run offs from agriculture, industrial effluents etc. PAHs can be found to
adsorb unto airborne particles when in gas phase and are capable of adsorbing on particulate
matters when dissolved in water, for instance, groundwater, wastewater and drinking water.
Reaction with pollutants like ozone, nitrogen oxide and sulfur dioxide can occur also when in

the atmosphere [60]. Because of the prevalent sources and persistence properties,
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bioaccumulation and ubiquitous nature of PAHS, it has been considered as carcinogenic,
mutagenic and teratogenic [61]. The emission and adsorption of PAHs in the air and water
respectively, and the tendency to be transported more farther than expected [62]. Spillage of
fuel like petroleum, oil as well as coal product has resulted in emission of PAHSs, causing
deleterious effect on the aquatic life and environment [5, 63]. The detection and determination
of PAHSs revealed a high level of toxic effect on green alga and some organism in the aquatic
environment [64]. Furthermore, PAHSs have increasingly attracted the awareness that it can lead
to biochemical, immunologic, genetic, and reproductive effects, and have been extensively
observed in fish and other animals from marine and freshwater environments upon exposure
[65-66]. The vulnerability to PAHs and potential health risk connected to the distribution has

recently raised the interest and greater focus by researchers.

2.2.1. Formation and characteristics of PAHs

PAH are numerous classes of organic compounds which comprises of two or more units of
benzene rings fused together. They can occur as complex mixtures without heteroatom or
substituent. They are non-polar and hydrophobic in nature, thus, they are only soluble to some
extent in water and their solubility also depends on their molecular weight, i.e. the higher the
molecular weight, the less soluble they are. Their persistence in the environment due to
bioaccumulation and biodegradation has resulted in the recognition of some of these
compounds as priority pollutants in wastewater. Among the 16 PAHs listed as priority
compounds by the environmental protection agency (EPA) are Acenaphthene, Acenaphtylene,

Anthracene, Fluorene, Phenanthrene, Pyrene etc. according to Figure 2 [33, 67].
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Figure 2. The chemical structure of some of the 16 PAHSs listed as priority.

The physical and chemical characters of PAHs can be associated to their molecular weights. In

terms of vaporisation, oxidation and reduction properties, their resistivity increase with
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increase in molecular weight hence aqueous solubility decreases which resulted into the
difference in their behaviour, distribution, as well as their effect on biological system in the
environment. The lower molecular weight PAHSs tends to be more soluble and volatile than the
higher molecular weight PAHs which are readily soluble in organic solvents. Their
hydrophobic nature enables them to able to absorb unto suspended particulate in the aquatic
environment [68]. Hence, they settled and accumulate unto the bottom sediments which
determine their persistence and susceptibility to biodegradation in the aquatic environment.
PAHSs with high boiling points are highly lipophilic and difficult to dissolve in water [69].
Wang et al, Mai et al, and Yunker et al. [70-72], have all investigated the distribution and
concentration of PAHSs in aquatic environment Weig et al. [73] reported the concentration of
PAHs in the contaminated environment to be in excess of 1000 ng/L and to have been
associated with urban runoffs, sewage outfalls and wastewater from industrial area discharges
These high concentrations of PAHs could go into human body through food webs, and cause
deleterious effect on human health. Hence, investigating the concentration and distribution of
PAHs in the environment will provide an important record and useful background for risk
assessment, future studies, wastes disposal and management. Several are available and have

been employed in the detection.
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2.2.2. Toxicity: exposure and carcinogenicity of PAHs

2.2.2.1. Exposure

Polyaromatic hydrocarbons represent a greater part of group of persistent organic pollutant
(POP) and ubiquitous compounds in nature. They formed the main hazards released by various
petroleum hydrocarbons or coal tar derived product, variety of combustion processes and
industrial processes to the environment. PAHs are transported into all tissues of the human
body containing fat, stored in liver and kidneys spleen, adrenal glands and ovaries, and thereby,
accumulate by repeated and long-term exposure [74]. Exposure to PAHs through tobacco
smoke, wood smoke and consumption of foods formed the major sources of the united state
population to PAHs [74]. Others include vehicle emission, residential heating, cultural burning,
waste incineration and emission from industrial processes. Burning of coal, wood, gasoline or
other product burnt in soil can also be a source of exposure [75]. Human can also be exposed to
PAHs via water consumption, either in surface water or sediment. PAHs can undergo
processes like volatilization, oxidation and biodegrading, and binding to suspended particles or
sediment through adsorption or accumulates in plants or aquatic organisms. Due to the wide
exposure, they have the tendency to be transported to the human tissues and stored in fats, liver
and kidney and repeatedly bio accumulate and causing deleterious effect to human health [76].
In addition, main exposure of the united state population to PAHS, include inhalation of
tobacco smoke, wood smoke, air from traffic emission and consumption of food contaminated
with PAHSs [77]. The levels of exposure to PAHs by humans and biological response play a
major role in investigating the risk associated with PAHs. The variability in human activities,
concentrations and inhalation rate can then be estimated. However, different PAHs species

have different properties and this account for their behaviour and toxicity in the environment.
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Risk assessment and toxicity of the groups of PAHs are often estimated on the basis of

benzo[a]pyrene (Bap) concentration [78].

2.2.2.2. Toxicity and Carcinogenicity

A wide range of effect due to toxicity including blood cell damage that leads to anaemia,
immune-toxicity, mutagenic, damage to foetus has been associated with PAHs. Carcinogenetic
effect has been extensively studied to be the most serious toxicity of PAHs [8]. The earlier
studies on carcinogenicity of coal tar extract have been related to these observations about
PAHs. Hence, benzo[c]fluorene was found to form major constituents of coal tar, in strongly
induced DNA-adduct formation [79-81]. The annual number of lung cancer cases attributed to
carcinogenic PAH compound was estimated at 58 persons per million in 2005 [82]. Cancer
sufferers of Beijing inhabitants in 2007 were reported to be 1.7% through inhalation of PAH in
ambient air [83]. Some PAHSs have been reported to be a causative agent of lung deceases [84],
as well as pancreatic [85]. Prostate and cervical cancers in humans and animal models have
also been reported to be associated with PAHs [86-87]. Lee et al. [88], in a community-based
case-control study through pap smear screening and biopsy examination, reported a high level
of cervical tumorigenesis in chefs that were exposed to PAHSs in kitchens with poor fume

ventilation during the main cooking life.

2.2.3. Occurrence, sources and distribution in the environment

Polycyclic aromatic hydrocarbons (PAHs) are the common and prevalent environmental
contaminants that occurred in atmosphere, water, soil, sediment and organism [89-92]. They
are usually generated from natural processes and anthropogenic activities and then introduced
into the environment via diverse routes. Due to their hydrophobic and solubility nature, they

have the affinity to be associated with the particulate phase, subjecting to major processes such
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as volatilisation, adsorption, and dissolution unto these particles and eventually unto the

sediments of lakes, marine, sea water etc. with consequences for bioaccumulation [93-94].

2.2.3.1. Natural sources

Naturally, PAHs can be in three different forms; high temperature pyrolysis of organic
material, low to moderate temperature digenesis of sedimentary organic materials to form fossil
fuel, and direct biosynthesis by microbes and plant [93]. Thus, the main contributors to natural
sources can be associated with burning of forest fire, agricultural burning and plain fires
whereby the PAHs from these sources are liable to adsorb unto suspended particulate and
eventually enter the terrestrial and aquatic environment as atmospheric fallout [95-96]. Once in
the atmosphere, they may undergo photolytic and chemical (ozone) transformations, in which
they however, remains in the atmosphere for a long period due to degradation. As such, they
are distributed globally, even appearing in such places like remote areas, e.g. Antarctica [97].
Other natural sources include bituminous fossil fuels, for instance, coal and crude oil deposits
consequently to diagenesis. PAHs of low molecular weight (LMW) such as phenanthrene, as
well as high molecular weight (HMW) such as pyrene, benzo[a]anthracene, benzo[a]pyrene
etc. have all been identified with carbon coal [98]. Volcanoes activities as well as biosynthesis

by algae and bacteria also contribute to natural sources of PAHSs [93].

2.2.3.2. Anthropogenic sources

Anthropogenic activities are those that are derived from human activities. And one of the major
contributors is incomplete combustion of organic matter at high temperature, especially during
pyrolysis. Anthropogenic can generally be divided into two categories: direct discharges into
aquatic environment and discharges into atmosphere [93]. Sources of PAHs discharged directly
into water body are: accidental spillage, leakages from fluids containing PAHSs e.g. wastes oils

and gasoline, industrial and domestic wastewaters, urban runoff, and discharges originating
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from landfills, use of creosoted pilings for docks and other shoreline structures while
atmospheric discharges can further be categorized into: mobile and stationary categories. The
mobile category includes contributors from vehicular petroleum and diesel petrol. Emission of
exhaust fumes from vehicles formed the main emitters, others include, automobile, railways,
ships and aircraft via the use of diesel, coal, gasoline, oils and lubricant. Urban area are the
major contributors in mobile sources of PAH emission [99]. Emission of PAHs from these
sources via exhaust fumes are adsorbed unto particulates where photolytic degradation or
deposition onto street surfaces could occur, after which they are precipitated and washes into
drainage system and eventually flushed into the aquatic environment. Stationary category
entails a large variety of incomplete combustion process including residential heating,
industrial activities, incineration agriculture activities and power generation which results in
high accumulation of PAHs concentration [100]. PAHs are added into the environment from
these sources either through pyrolysis, or during industrial processes. The PAHSs are adsorbed
onto particulate in the air if not degraded and then deposited onto the water, as well as the

surrounding terrestrial environment [89-90].

2.2.3.3. PAHSs in sources to the aquatic environment

Polyaromatic hydrocarbons (PAHS) in aquatic environment can be found to originate from
three different sources: pyrogenic, petrogenic and diagenetic [101]. Pyrogenic PAHs are four to
six benzene rings that are mostly dominated by non-alkylated PAHs compounds. Pyrogenic
PAHSs are formed during combustion in forest fire or biomass, volcanoes and anthropogenic
activities e.g. wood ovens, industry etc. [101]. Emission could also be from shipping and long-
range transport from land areas or flaring at offshore oil installations [102].

Petrogenic PAHSs are also enriched in 2- and 3-ring, lower molecular weight (LMW) and are

majorly alkylated compounds. They are formed during the conversion of organic matters to
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petroleum and coals [103], or anthropogenic as a result of oil spills [104]. The alkylated
structure of petrogenic PAHSs reflects the ancient plant material from which the compounds are
formed [105]. Diagenic PAHSs refer to PAHs from the biogenic precursors, like plant terpenes,
leading to the formation of compounds such as retene and derivatives of phenanthrene and
chrysene [106]. Perylene is another common diagenetic PAH, although its exact formation
process remain unclear, because an anaerobic process appears to be involved [107]. While
diagenetic PAHSs are frequently found at the background level in the recent sediments, they
often dominate the assemblage of PAHSs present in older sediments deposited human industrial
activity [108]. A potential fourth source of PAHSs is biogenic, i.e. purely from bacteria, fungi,
plant or animals in sedimentary environments without any contributions from diagenetic
processes [109]. Unlike petrogenic PAHSs, they are not strongly varied in chemical structures
but are usually found individually or in easy mixtures e.g. perylene, found in sediments of
Northern Barents Sea [110]. Wu et al. [111] supported the observation that the composition of
PAH molecules in the sediments differed from the commonly found in petroleum, and that
most PAHSs in aquatic environments originated from pyrogenic sources. However, petrogenic
PAHSs can also occur alone or in combination with pyrogenic PAHs. Generally, petrogenic
PAHs appear to be associated with local or point sources, such as refineries and other
petroleum industries, and adjacent to road and navigational routes. This is in contrast with the
distribution of pyrogenic PAHs, which occur on broader geographic scales [112]. Finally,
diagenetic PAHs occur at the background levels, although anthropogenic sources (e.g.
perylene) can contribute to these types of PAHs. Thus, a strong relationship exists between
PAHs source and distribution, with pyrogenic PAHs often dominating in the aquatic
environment in terms of concentration and geographical distribution [112]. Another important
difference between pyrogenic and petrogenic PAHSs is that petrogenic PAHs do not occur in the

sedimentary record to the same extent as pyrogenic PAHSs, fewer petrogenic PAHSs are released

20



into the environment. However, pyrogenic PAHSs associated with soot and carbon appeared to
be far more persistent and largely protected from various forms of environmental degradation

[112].

2.2.3.4. Distribution of PAHSs in sources to the Marine environment

The major sources of PAHSs to the costal marine environment include urban runoff, wastewater
effluents, industrial outfalls, atmospheric deposition, and spills and lakes during the transport
and production of fossil fuels [112]. These compounds are environmentally important because

of their carcinogenic or mutagenic nature.

2.2.3.5. Point sources

Point sources are those that are directly discharged into the marine environment from
identifiable pipes or outfalls. Municipal wastewater facilities and industrial outfalls are majorly
the point sources for most estuaries. The concentration of total PAHs in wastewater from North
American and European municipalities ranges from < 1ug L™ to 625 pg L™ [112]. A high
value of 216.5 pg L™ has been observed for the Los Angeles county sanitation District which,
unlike most other wastewater facilities, receives a large fraction of effluent from petroleum
refineries. This effluent is dominated by two- and three- ringed PAHs (naphthalene,
phenanthrene, and substituted naphthalene, phenanthrene) which is consistent with a strong
signal from petroleum, either derived from refinery effluent or from urban runoff, and has been
observed in Rhodes Island, USA, wastewater effluents [113]. High concentration (625 pg L™)
associated with oil shipping and refinery operation has been reported from effluents in the
Eastern Mediterranean Sea [114]. Concentration ranges for wastewater treatment plants that
serve primarily for domestic waste are generally less than 5 pug L™ [74]. Sewage sludge

generated from the treatment of wastewater contain level of PAHSs in the order of 1.6 pg L™ dry
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weight, range 1.2 - 5.3 ug L™, depending upon the fraction of industrial waste in the treatment

stream [74].

2.2.3.6. Distribution of PAH in Marine water

The concentration of total PAHs in the marine water are quite variable ranging from
undetectable to 11 pg L™ [74]. The concentration ranges are so large that even within a
relatively small geographic region; it is difficult to distinguish between areas. Generally,
gradient does however occur where offshore concentrations are the lowest. [74]. PAHSs in water
partition between dissolved and particulate fraction, depends upon the solubility of the
individual PAHs and the availability of binding substrate such as suspended particulate,
according to the distribution of PAHs in seawater sample from the USA, UK and China [74].
Naphthalene is either the most, or nearly the most, dominant PAHs in the sample from the

Hong Kong vicinity [115].

2.2.3.7. Distribution of PAHSs in Marine sediments

The distribution of PAHSs in the marine sediment is largely controlled by their solubility and
hydrophobicity, making sediment their primary repository. As such, PAHs have been measured
in sediment from a great number of regions around the globe. The distribution of individual
PAH compound in sediments sample is generally dominated by 4, 5, and 6- ring species [74].
This is in contrast to the constituents in the dissolved or vapour phase or air, precipitation and
seawater, which tends to be dominated by 2- and 3-ring species. The specific ratio of parent
PAHs and parent to alkyl homolog distributions of PAHs are useful to determine the
dominance of petrogenic versus pyrogenic sources. Parent compounds that do not contain alkyl
constituents are indicative of pyrogenic sources such as, soot and other combustion-derived
materials whereas, PAH distributions, dominated by alkyl constituents are representatives of

petroleum sources [74].
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2.3. Chemistry of the monitored PAHs

2.3.1. Anthracene (ATN)

Anthracene is a member of the low molecular weight polyaromatic hydrocarbon. It is a
colourless and solid compound consisting of three fused aromatic rings with a chemical
formula of C4Hy varying in appearance from colourless to pale yellow crystal like coal,
Figure 3. It is hydrophobic because of non-polarity of the chemical structure [116], but it is
soluble in a variety of organic solvents, such as toluene, ethanol, methanol, benzene, and
carbon disulfide. Anthracene like other PAHs is a constituent of coal tar and commonly
generated during combustion processes and pyrolysis of organic matters, Oil and petrol spillage
into water bodies and is one of the numbers of polycyclic aromatic hydrocarbons (PAHS) on
EPA's priority pollutant list. Exposure to anthracene arises through various ways such as oil
spillage into water bodies, tobacco smoking, drinking water, breathing air or ingesting food
that has been contaminated with combustion product. Eating grilled and charring food is
another means of exposure to anthracene. It appears to aim at stomach, intestines, and lungs,
liver, fat tissues, once in the body and there has been indication that it is probable to be an
inducer of tumour [117-118]. Exposure to high doses of anthracene for a short time can cause
damage to the skin, burning, itching and edema and a build-up of fluid in tissue can also occur

when anthracene is ingested.

Figure 3. Structure of Anthracene.
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2.3.2. Phenanthrene (PHE)

Phenanthrene (PHE) is a member of group of polycyclic aromatic hydrocarbon. It is composed
of three fused rings of benzene with a molecular formula of C14H10. It is a colourless crystal-
like solid with a faint odour, but can also appear as a white powder having blue fluorescence
Figure 4. It has a boiling and melting point of 332 °C and 101 °C respectively. Phenanthrene is
nearly insoluble in water but soluble in most low polarity organic solvent such as acetonitrile,
benzene, toluene, carbon tetrachloride, chloroform, and ether or acetic acid. Phenanthrene is
more stable than its linear isomer anthracene, based on the clar’s rule, a theory for stabilizing
hydrogen-hydrogen bonds [119]. The name phenanthrene is a composite of phenyl and
anthracene [120] and the reactions of phenanthrene typically occur at the 9 and 10 positions
including its oxidation reaction to form phenanthrenequinone [121-122], and has also been
identified as one of the priority pollutant by the United States Environmental Protection

Agency [37, 67, 123].

Figure 4. Structure of Phenanthrene.
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Phenanthrene is among the persistent organic pollutants and a hydrophobic contaminant that is
widely distributed in the environment, occurring as natural constituents of fossil fuels and their
anthropogenic pyrolysis products [124]. It is widely distributed in the aquatic environment and
has been identified in surface water, tap water, wastewater, and dried lake sediments. It has
also been identified in seafood collected from contaminated waters and in smoked as well as
charcoal-broiled foods [37, 67]. Exposure to phenanthrene is thus mainly from the
environment. Fumes from vehicle exhaust, coal, coal tar, asphalt, wildfires, agricultural
burning and hazardous waste sites are all sources of exposure. Eating foods grown in
contaminated soil or by eating meat or other food contaminated with phenanthrene [125].
Exposure to phenanthrene can also be from working in a plant that makes coal tar, asphalts and
aluminium, or that burns trash, facility that uses petroleum or coal, where wood, com and oil
are burned [126]. Inhaling phenanthrene can cause nose and throat irritation, skin contact can
result to rash, skin, burns, blisters or skin allergy. Ingestion through food or water can affect

the fat tissues, kidney and the liver [127].
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2.3.3. Pyrene (PYR)

Pyrene is among the group of polycyclic aromatic hydrocarbons (PAHSs) and also a persistent
organic pollutant, consisting of four fused benzene rings, resulting in a flat aromatic system. It
is a colourless solid with a chemical formula of CigH10. The melting point ranges between 145
— 148 °C and boils at 404 °C [128]. Pyrene is ubiquitous in the environment as a by-product of
the manufactured gas process and other incomplete combustion organic compounds [128]. It is
present at thousands of sites throughout the United States and has been shown to be involved in
the bacterial co-metabolism of the potent carcinogen benzo[a]pyrene [129]. Exposure to pyrene
could be by eating smoked fish or meats [130]. It has also been found in surface and drinking
water as well as in ambient air [128]. Subchronic oral exposure to pyrene produced
nephropathy, decreased kidney weights, increased liver weights, although, slight

haematological changes has been discovered in mice [131].

g

Figure 5. Structure of Pyrene.
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2.4. Method of detection of polyaromatic hydrocarbon (PAHS)

Polyaromatic hydrocarbons (PAHSs) have been traditionally detected and quantified by using
several analytical techniques which include high performance liquid chromatography (HPLC)
with UV-vis absorbance or fluorescence [132-133], titrimetry [134], mass spectroscopy [135],
gas chromatography-mass spectrometry (GC-MS) [136], immunoassay and capillary
electrophoresis (CE) equipped with laser-induced fluorescence [137], with acceptable
accuracy, precision and specificity. However, they are not cost effective and methods of
analysis are time consuming; a lot of chemical derivatisation procedure as well as large amount
of organic solvent are required. Many of them are too cumbersome and not portable enough for
field analysis. Moreover, it needs the assistance of an analytical chemist. Therefore, a suitable
and cost effective method of analysis that can overcome all the above mentioned limitations of
classical method, inform of Electroanalytical method is developed. Electroanalytical methods
are regarded as a better and efficient method of determining PAHSs in the environment. It has
recently attracted a great deal of attention due to its adaptability and which has allowed its
application in treatment and quantification of gases liquids and solids. It is environmentally
friendly unlike other methods because the main reagent is electron which is referred to as
“‘clean reagent’’[138-139]. Other advantages include its energy efficiency whereby potential,
voltage drops and side reaction are controlled, electrodes and cells can be designed to minimise
power losses owing to poor current distribution. Consequently, electroanalytical method has
found several applications in environmental science such as, electrochemical method of
monitoring environmental carcinogens [140], electro-dialysis treatment of nitrogen in
wastewater [141]. Electrodeionisation by direct and indirect anodic oxidation [142-143], to
mention a few. Another point of interest in this present work is in the choice of electrolyte as
the medium for detection of analyte. Acetonitrile, as a common and generally choice of

electrolyte in the quantification of polyaromatic hydrocarbon is a non-aqueous electrolyte and
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need the assistance of a supporting electrolyte to enhance conductivity and current migration.
However, considering PAHS in their aqueous environment, it becomes our interest to use an
electrolyte that is aqueous, more conducting and that can also allow the detection of PAHS in
the aqueous environment. In this work, the choice of aqueous hydrochloric acid (HCI) as the
working electrolyte in the detection and quantification of polyaromatic hydrocarbon goes along
with the fact that HCI is a strong electrolyte due to its ability to ionize completely in water; it is
more electrically conducting and has affinity for electroactive species, hence, the choice of HCI

as the working electrolyte [144-145].

In this work and for the first time, an electrochemical method for the determination of PAHs
has been developed in form of graphenated modified polyaniline doped tungsten oxide,
constructed by electrodeposition of a mixture of polyaniline and tungsten trioxide on the
surface of a graphene modified glassy carbon electrode which was then, used as an
electrochemical sensor.

Review work on conducting polymer, graphene and metal oxide is further outlined in the

chapter below.

2.5. Conducting polymers (Intrinsically conducting polymers, ICP)

A polymer can be referred to as a large molecule (macromolecule) composed of repeating
structural units or chains typically connected by covalent chemical bonds. It essentially refers
to a large class of natural and synthetic materials with a variety of properties and purposes
[146-147]. Familiar examples of polymers comprises of plastics and proteins [148]. A simple
example is Polyethylene [149]. However, polymers are not just limited to be mostly carbon

backbones, an element like silicon can also form recognizable materials such as silicones, e.g.
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polydimethylsiloxane [150-151]. The bases for the backbone of DNA can also be traced to
Phosphodiester bonds. Natural polymers such as protein and nucleic acid have essentially
contributed to biological processes and the main constituent of wood and papers are from a
natural polymer cellulose [152-153]. The reality that polymers have been considered as
insulators has not hindered their usage as inactive semiconductors especially due to their light
weight and greater ease of fabrication. The appearance of conducting polymers which are
conjugated can be dated back to the 70s and has opened up new era in the world of research.
The new class of polymers possessing high electronic conductivity (electronically conducting
polymers) was discovered by three collaborating scientists, Alan J. Heeger, Alan G.
MacDiarmid and Hideki Shirakawa. They played a major role in this breakthrough, and which
later earned them the Nobel Prize for Chemistry in 2000 “the discovery and development of
electronically conductive polymers”. The preparation of polyacetylene and its large increase in
conductivity after doping revealed the first conductive polymer by the group and the earliest to
be recognized in the field of research [154]. Though, the polymers due to their extended =-
conjugation has made doping possible, making them electrically conducting [155-156], but,
they are surrounded with some limitations, which includes their poor processability and
instability to surrounding environment, and this has rendered them unappealing for
technological applications. Recently, conjugated conducting polymers with ease of
processability (hence, soluble) and which will not lose their stability even in the doped form
has been prepared [157]. This has generated much more interest in applied science and
technology as a result of their unique electrical and physical properties, controllable chemical
and electrochemical properties, chemical stability, high electron affinity and low cost [158],
and readily available for various applications in areas such as biosensor [159-160],
rechargeable batteries [161-162], light emitting diodes (LED) [163-165], electrochromic

display devices [166-167], transistor and data storage devices [168-169], electromagnetic
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interference (EMI) shielding [170-171], chemical sensors [172-173] and actuator [174] have

been explored.
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Figure 6. Overview of some applications of conducting polymers.

The emergence of conjugated conducting polymers preferably referred to as intrinsically
conducting polymer (ICPs) has constituted a significant goal in modern research [175-176].
The various ICPs includes polyacetylene (PA), polyaniline (PANI), polypyrrole (PPy),
polythiophene (PTh), poly(p-phenylenevinylene) (PPV), poly(3,4-ethylene
dioxythiophene)(PEDQOT), polyfuran and their derivatives [159]. These common forms of ICPs
in their neutral states are however converted into semi-conductive or conductive states through
chemical or electrochemical redox reactions. To broaden the functions or improve the
performances of these polymers, ICPs are often doped with other functional materials to form

composites. The variability of the conductivity i.e. the ease with which the polymers can be
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reversibly switched between insulating and conducting form is an interesting and exploitable
property [177]. Poly(acetylene) the simplest intrinsically poly conjugated polymer opened up
the first synthesis and initiated the progress in the scientific investigation of conducting
polymers properties hence, the reaction of poly(acetylene) with bromine or iodine vapours
rendered the polymer conductive [178]. Further studies demonstrated that the reaction is redox
and consists of neutral polymer chains which transformed into polycarbocations at the insertion
of the bromine or iodine anion in order to neutralize the positive charge imposed on the
polymer in the course of doping reaction, i.e. a counterion is formed which is the reduced form
of the oxidising agent (corresponding to a p-type doping) or the oxidised form of the reducing

agent (corresponding to n-type doping) [179-180].

2.5.1. Conductivity in conducting polymer

The following are the characteristics for a polymer to be electrically conducting:

It has to behave like a metal, that is, its electrons must be in a movable state and not

bound to the atoms.

- Polymers must consist of alternating single and double bonds, called conjugated double

bonds.

- Every bond contains a localized “sigma” bonds which is the bases of a strong chemical
bond. Similarly, every double bond also contains a less strongly localized “pi” bond

which is weaker in conjugation.

- Electrons must be easily removed (oxidation) or added (reduction) without much
interference of the “sigma” bonds which is primarily responsible for holding the

polymer together. The process known as doping is of two types, the p- and n- type of
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doping and can be achieved chemically or electrochemically. Consequently to electro-

neutrality, doping requires the incorporation of a counter-ion.

The mechanism of conduction in conducting polymers is very complex due to its wide
magnitude of conductivity which involved different mechanisms within different regimes. In
order to understand the mechanism behind doping and conductivity in conducting polymer, the
concepts of polarons, bipolarons, and solitons have been proposed, consequently, the nature of
charges appearing on the polymer chains upon doping and the electronic band in the polymers

has also been examined [181-183].

2.5.2. Polarons

The polaron is a radical ion (spin %) associated with a lattice distortion, and the presence of
localized electronic states in the gap referred to as polaron states. The ability of a charge to
significantly cause deformation around the lattice is the manifestation of a strong electron-
phonon coupling which is thus denoted as P + or p — depending on the sign of the charge. The
level of polarons is within the upward shift of the highest occupied molecular orbital (HOMO)
and the downward shift of the lowest unoccupied molecular orbital (LUMO), as a result,
charge localization process is favourable relative to the band process, thus a localized
electronic state in the gap [144]. This is different compared to a case of inorganic
semiconductor as shown in Figure 7. In the Figure 7a, the level of the midgap are the level of
the distorted region and are effectively added to the undistorted states described as the HOMO
and LUMO. The formation of these distorted level is favourable since it gives rise to an overall
reduction in energy which is referred to as binding energy, associated with the formation of a

polaron. However, there could also be a bi-polaron being formed at this stage, Figure 7b
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Figure 7. Distorted geometry of the excited state (lattice relaxation) results in a reduction
of the ionization potential AIP (i), accommodation of charged within two ‘polaron’ states
within the semiconductor gap (ii) (@) and A geometry representation of (i) a single
polaron [radical ion coupled to a lattice distortion, having spin 1/2, charged +e and (ii) a
doubly charged bipolaron [spinless di-ion coupled to a lattice distortion], having a spin 0

and charged *2e (b). [144]
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2.5.3. Bipolarons

A bipolaron is a bound pair of two polarons, formed when two polarons (i.e. the combination
of electron and distortion) of like charges come to interact in a conjugated system. Of course,
the two polarons must be close enough to share the same distortion and develop a lower
energy, which effectively leads to attraction between the two polarons. If the interaction is
large enough, then a bound bipolaron will be formed. This can be related to, theory of
conductivity of a material consisting of two electrons coupled through a lattice vibration, i.e. a
phonon. The formation of a bipolaron implies that the energy gained by the interaction with the
lattice is larger than the coulomb repulsion between the two charges of same sign confined in
the same location. Bipolarons and polarons process leads to carrier mobility which results in
high conductivity of the polymers i.e. in doped conducting polymers such as polythiophene

[145].

2.5.4. Solitons

Owing to the quasi one dimensional nature of conjugate polymers, the interaction between the
electron and the carbon backbones in the system leads to instability in relation to the
dimerisation of the lattice, which is usually portrayed as an alteration of single and double
bonds. As a result, an excitation state referred to as, solitons occurred. Solitons can be referred
to as mobile charge or neutral defect or ‘‘kink’’ in the polymer chain that propagate down the
chain and reduces the barrier of interconversion. Compared to a polaron, a solitons has an
unusual spin charge separation: a neutral solitons has spin %2 while a charge solitons is spinless.
Polaron, bipolaron and solitons are commonly believed to play major roles role in doping [183-
184]. The formation of the charged carriers in doped polyaniline [147] shows that controlling

the concentration of dopant can lead to an enhancement in conductivity due to formation of
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charge carrier i.e. polarons/bipolaron which are facilitate through manipulation from the
external potential and the coulombic field of counterion distributed along the chains [147].
Figure 8 showed the schematic illustration of doped polyaniline showing the formation of

charge carries polarons (radical cations) and bipolaron (dications).

H ..
Emaldine N = N
H n

base
+2H @ Formation of
(Doping) bipolaron
H H
s ot
Bipolaron ® = aA® -
: H n
Internal redox Formation of
reaction polarons

Izi>

H H

W\ @/
N
H n

Figure 8. Schematic illustration of doped polyaniline showing the formation of charge

carries polarons (radical cations) and bipolaron (dications).

The bases of conductivity in heterocyclic conjugated polymer can be attributed to the nearby
sp? hybridised carbon centres in the polymer back bones. A valence electron on each centre
resides in a p, orbital, which is orthogonal to the three sigma-bonds. During doping, by
oxidation, the electron in these delocalized orbital attained high mobility and some of these
electrons are removed. Thus, a conjugated p-orbital is formed as a one dimensional electronic
band. In this case, the electrons within this band are partially emptied and are mobile.

Theoretically, an unfilled band can accept electrons if the same material is doped by reduction.
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As a matter of fact, most organic conductors are doped oxidatively to give p-type materials.
Delocalisation is limited by both disorder and coulombic interactions between electrons and
hole, and generally, materials with conductivities less than 10® S cm™ are considered
insulators, while those between 10® and 10° S cm™ are semiconductors and those with
conductivities greater than 10° S cm™ are considered conductor [185-186].

The uniqueness for the conducting properties of conjugated polymers is actually derived from
the delocalisation of p-electron bonding along the polymer chain. The ease at which the system
can be oxidised or reduced is very important and this account for the choice of = — bonding
system which can easily be twisted without much interference of the ¢ (sigma)-bonds which is
mainly the dependable bond that is holding the polymer together. Unlike poly(acetylene) and
purposely because of its limitations, heterocyclic conjugated polymers in the form of
poly(aniline), poly(pyrrole), poly(thiophene), poly(furan) and their derivatives, which are
known to be thermally stable due to their aromaticity can be easily prepared by electrochemical
or chemical oxidation of their neutral polymers. The mechanisms of the two types of
preparations lead to the polymers in their doped (oxidised) state. The neutral polymer can thus
be obtained when they are reduced by electrochemical or chemical methods. Some various
types of conducting polymers, structures, conductivities (S cm™), and type of doping (n or p)

for some conducting polymers are listed out in Figure 9
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Figure 9. Structure, conductivities (S cm™) and type of doping (n or p) for some

conducting Polymers.

2.6. Synthesis of polymer

Polymers that can be transformed into conductive polymers have more than one techniques of
preparation, but the significant lead, is the incorporation of the extended m electron
conjugation. Among several techniques for the preparation of polymers, oxidative coupling of
the monocyclic precursor through standard polymerisations are mostly and extensive
preparation techniques, and can either be chemical or electrochemical polymerisation [187].
Other wvarious methods which include conventional [188], polycondensation [189],
photochemical [190-191], plasma polymerisation, chain polymerisation, step growth
polymerisation, concentrated emulsion polymerisation, chemical vapour deposition, solid-state
polymerisation [152] to mention a few, have also been employed but with reported
disadvantage such as, use of costly chemicals and time consumption [154].

The two different methods that have been extensively and generally used for the synthesis of
conductive polymers are then discussed, i.e. Electrochemical and chemical polymerisation.
The reaction mechanism of the two techniques is based on oxidative coupling of monomer to
produce polymer. Oxidative polymerisation is usually adopted in synthesising polymeric

(oligomeric) products from various classes of monomers (aromatic amines, phenols,
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thiophenols, aromatic hydrocarbons and heterocycles [192]. The monomers used are normally
characterised by pronounced electron donor properties and high oxidation tendency. These
properties, in particular, are intrinsic to aromatic amines, phenols and thiophenols or sulphur-
and nitrogen-containing heterocyclic compounds due to the presence of electron donor
substituent in benzene or heterocyclic ring. Oxidation of monomer takes place under the action
of inorganic (or organic) oxidising agent (chemical oxidation) or the applied potential
(electropolymerisation). During this process, cation or cation radical sites are generated in
monomer (polymer) molecule, thus initiating polymer growth. In oxidation polymerisation, the
oxidation reaction mechanism is illustrated on the chemical structure of polyaniline in Figure
10. A number of different initial products are likely to be generated which may be associated to
differences in reaction condition. This frequently have a deep effect on the material’s oxidation
state, particle size, molecular weight, and degree of aggregation. The initial oxidation produces
cation [(phNH,)] * which can react with another aniline molecule through para position to
produce polyaniline. Reaction can alternatively take through ortho or para positions but with
much less probability than para. At the ortho position, reaction leads to further oxidation which
produces phenazine-like moieties along the backbone of the polymer. Furthermore, aniline
reacting through tail to tail, or head to head coupling will produce benzidine or azobenzene

moieties respectively [193-194].
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Figure 10. Schematic illustration of oxidation of aniline showing initial product of

oxidation to resulting polymer [194].

2.6.1. Chemical oxidative polymerisation

The method is broadly used to synthesize large amount of conducting polymers and does not
involve the use of electrode. The oxidation of the monomers to cation radical and the coupling
of these cation radicals to form dications in a repetitive process and in the presence of an
oxidising agent, to produce polymer, is referred to as chemical oxidative polymerisation. In a
chemical synthesis, the monomer is exposed to an oxidising reagent in a basic medium e.g.

ammonium persulfate (APS) or anhydrous FeCl3 the reaction is then initiated, resulting in the
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formation of the polymer in its doped and conducting state. Figure 11 showed a typical
illustration of chemical oxidation reaction of polymer e.g. polyaniline. A neutral polymer can
as well be achieve if the material is made to pass through a strong reducing agent such sodium

borohydride, hydrazine or ammonia [195].

4n ONHZ + 5 n(NH4)2S208
b O
HSO,

HSG,

+ 3n HzSO4 + 5n (NH4)ZSO4

Figure 11. Schematic illustration of chemical synthesis of polymer (e.g. polyaniline).
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2.6.2. Electrochemical polymerisation

In electrochemical polymerisation, the use of electrode is alternatively involved. The process
is usually carried out in a single or dual-compartment cell by adopting a standard cell three
electrode configurations in a supporting electrolyte normally dissolved in an appropriate
solvent. The condition of method can be through potentiostatic (under voltage condition),
potentiodynamic or galvanostatic (under current condition), using a suitable power supply.
Electrochemical method of synthesis is a simple method to take up, and apart from the
advantage of obtaining a conductive polymer which is doped at the same time, the process
allows a broadly choice of cation ion and anions as ‘‘dopant ion’’ for use [196-199]. The
synthesis method by electropolymerisation also depends on oxidation reaction, although
reduction reaction is also possible [175].

Simple aromatic benzoid (e.g. aniline) and heterocyclic (pyrrole) are more preferably
synthesised using this method especially where it involves a polymer thin film electrode. The
conducting polymers of the monomers are easily controlled and can be obtained in an oxidised,
high conducting state. However, the oxidation state of the polymer can be fine-tuned
electrochemically, e.g. potential cycling between the oxidised, conducting state and the neutral,
insulating state or by using a suitable redox compound. Therefore, the fate of the reactive
specie depends on the experimental condition such as, the composition of the solution,
temperature, potential or the rate of change in potential galvanostatic current density, material
of the electrode and even the state of electrode surface.

In the synthesis of a polymer, studies revealed the mechanism to usually involve, a monomer
dissolved in a solution of a supporting electrolyte by an external potential and leading to the
formation of a cation radical as the initial reaction step, followed by a dimerisation reaction and
then a stepwise chain growth proceed via the association of a radical ion or the association of a

cation radical with a neural monomer. Usually, the oxidation is accompanied by transfer of two
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electrons (2¢7) per monomer unit, whereby, elimination of two protons (2H") occurred from
each monomer unit to yield a neutral dimer, the dimer is oxidised and the process is repeated
until the electroactive polymer film is deposited onto the conducting substrate. Thus, the
deposited polymers is typically in its oxidised state [doped form], more reason for the presence
of a supporting electrolyte to compensate for the positive changes along the polymer backbone

[198].
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2.7. Polyaniline

Among the family of intrinsically conducting polymers (ICP), polyaniline (PANI) has been
found to be attractive and extensively studied owing to the good environmental stability, ease
of synthesis, low cost, high electrical conductivity, and mechanical flexibility, attained by the
polymer. It has unique multiple oxidation states as well as acid /base doped/dedoping response
which has actually make it excellent for acid/base chemical vapour sensor. All these properties
have prompted its potential application in various devices such as supercapacitors[200],
sensor[201], electrochromic[202], actuators[203]. Other application includes its use for making
electromagnetic shielding[171], antistatic coating and flexible electrodes [204]. Although, as
earlier reported by researchers [205-207], the discovery of polyaniline, can be dated back to its
intermittent report in the early 20" century. Investigation continued until 1862, when the
ultimate report included the electrochemical method for the determination of small quantities
of aniline [208-210]. The hypothesis then survived through some experiments by A.G.
MacDiarmid and his co-workers, by demonstrating that the conductive state of polyaniline
occurred from the protonic doping of emeraldine form of polyaniline [211-213]. This
conductive polymer, polyaniline, continued to extensively gained attention, offering chances to

deal with basic matters of importance to technology including e.g. metal-insulator [214].

2.7.1. Structure and oxidation state of polyaniline

The structure of polyaniline in its mixed oxidation state is shown in Figure 12, n equals the
degree of polymerisation (DP) and the oxidation state is determined by the y values:
Pernigraniline (y = 0) is the completely oxidised form of polyaniline (with imine links instead
of amine links). Leucomeraldine (y = 1) represent the fully reduced form of polyaniline while

emeraldine (y = 0.5) contains an equal fraction of both reduced and the oxidation form as
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shown in Figure 13. Emeraldine form of polyaniline is often referred to as base (EB), is
neutral, if doped, (i.e. the imine nitrogen has been protonated by an acid.) it is called
emeraldine salt (ES), termed as protonation [215]. The polyaniline structure showed two main
units, diiminoquinone-diaminobenzene as shown in Figure 11, during protonation, these two
trapped unit in the emeraldine base are delocalized and the resulting emeraldine salt is formed.
Thus, emeraldine base is best considered as the most useful form of polyaniline [216], apart
from been highly stable at room temperature, the doped form, which is emeraldine salt (ES),is
highly electrically conducting [217]. The two other forms of polyaniline, leucomeraldine and
pernigraniline are poor conductors, even in their doped state. This transformation of
polyaniline to different forms with different colours, apart from the oxidation state, showed
part of the uniqueness in its properties compared to other polymers. The emeraldine salt (green
colour) obtained as the product from the polymerisation of aniline in acidic medium
(electrolyte) can easily be further oxidised to pernigraniline (dark blue colour), which can
further be treated with alkali to form violet pernigraniline. However, emeraldine salt can also
be reduced to leucomeraldine. All the various stage of reduction and oxidation conformation
and colours has led to the differences in the conductivity of polyaniline which has provided its
application in some devices such as supercapacitors electrochromic [218-219]. Figure 14
showed the different structure of polyaniline in its doped form, from fully reduced

leucomeraldine via protoemeraldine to fully oxidised pernigraniline.
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Figure 13. Structure of Polyaniline in its different form of oxidation states.
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Figure 14. Different structures of polyaniline in its doped form.

2.7.2. Conductivity in polyaniline

Conductivity in polyaniline makes it one of its uniqueness compared to other electroconducting

polymers, in that, the formation of the radical cation in the mechanism as well as the

conjugation double bond system involve nitrogen atoms, whereas, in other electoconducting

polymers, the formation of their radical cation ions involve carbon atom. As a result, the

electrical conductivity of polyaniline reliance is on both the level of oxidation and reduction.

Thus, the emeraldine form of polyaniline provides the opportunity to be protonated by doping

to form a conducting form of emeraldine salt as illustrated in Figure 15. According to the

bipolaron and polaron model proposed for emeraldine salt conductivity by Wallace et al. [220],

and later established by Patil et al. [221], that formation of polaron as charge carrier elucidates
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the high conductivity in polyaniline. Reported studies by Xue et al. [222] revealed that the
degree of doping can actually determines the rate of conductivity, studies also reported that the
highest conductivity of polyaniline can be attained at 50% degree of doping, which is
associated with the emeraldine salt of polyaniline [220, 222-224], and the conductivity level
and variation in their order of magnitude to be 10?2 S cm™ for undoped emeraldine and up to

10° S cm™ for doped emeraldine [220].

emeraldine salt

Figure 15. Schematic illustration of doped form of polyaniline (emeraldine salt) for

protonation.



2.7.3. Synthesis of polyaniline

The method of synthesis commonly adopted to prepare polyaniline is electrochemical and
chemical oxidative polymerisation method. The chemical oxidative polymerisation method of
synthesis, involving the presence of an oxidising agent in acidic medium has been illustrated in
Figure 11. The electrochemical method of preparing polyaniline is most widely and reliably
used owing to its ability to direct the experimental condition for suitable purposes. The
initiation and termination step of the reaction can be controlled as well as the scanning
potential with electrochemical method of preparing polyaniline. However, studies have
reported that, the type of polyaniline formed in terms of structural morphology, properties, type
of film deposited on the substrate (thin or thick film) and type of substrate used and even
conductivity, can be associated with the reaction conditions such as, type of supporting
electrolyte and the pH [225-226], concentration of the choice of monomer [227], the applied
potential and type of solvent [220] and using suitable redox compound [228-229]. Furthermore,
choices of techniques that can be employed during synthesis of polyaniline by polymerizing
aniline are, a constant potential (potentiostatic); constant current (galvanostatic); and a
potential scanning/cycling or sweeping, and each with its different results. Polymer powder
which glued weakly on the surface of the electrode has been formed at constant potential [230-
231], while an experiment performed through electro-oxidation of aniline by potential
sweeping, produced an evenly distributed, thin film that remained stuck on the surface of the
electrode [232-233]. The general mechanism involved in the electrochemical synthesis of
polyaniline from aniline monomer is illustrated in Figure 16, showing the radical cation from
aniline monomer which is considered to be the rate determining step of the reaction, coupling
to generate dimerisation, removal of two H™ ion to generate a neutral dimer, and further chain
propagation through oxidation of the neutral dimer into dimer radical that can react with a

monomer or dimer, giving rise to elongation of the polyaniline backbone. The chain
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propagation finally leads to formation of a polymer (e.g. polyaniline film on the electrode [227,

234]
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Figure 16. Possible reaction mechanism to generate polyaniline from polymerisation of

aniline.
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An electrochemical synthesis of a polyaniline performed using a glassy carbon electrode can be
shown from the cyclic voltammograms in Figure 17 below. Analysis was carried out in 1 M
HCI solution at a potential scan rate of 50 mV/ s by cycling the potential between -200 and
+1100 mV. The polyaniline showed a well redox activity. The two main anodic peaks assigned
A and B, are reported to be corresponding to the transformation of leucomeraldine base to
emeraldine salt and emeraldine salt to pernigraniline salt of polyaniline while the reverse, C'
and A' are both corresponding to the conversion of pernigraniline salt to emeraldine salt and
emeraldine salt to leucomeraldine base. The redox couple B/B' in the centre of the CV is
regarded as an impurities such as the benzoquinone and the hydroquinone in the polyaniline.
An increase observed in the redox peaks gave an indicated of formation of a conducting

polymer on the electrode. This has also been confirmed and reported from studies [235-238].
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Figure 17. Electropolymerisation of Polyaniline in 1 M HCI solution at a potential scan

rate of 50 mV/ s and window potential between -200 and +1100 mV
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2.7.8. Doping in polyaniline

The basic method behind doping as earlier mentioned are the quasi-particles, referred to as
polaron, bipolaron and solitons according to charges and spin distribution, especially in
conjugated polymers. These formed the bases behind their conductivity in any suitable
environment. Usually, polyaniline has appeared as a promising candidate among these groups
of polymer owing to its ability to exist in a variety of protonation and oxidation forms as earlier
illustrated in Figure 13. The protonated emeraldine, produced during the oxidative
polymerisation of aniline in aqueous acid, is electrically conducting due to the presence of the
cation radical in its structure. These positive charged units on the structure are then balanced by
negative charged counterion (conjugated base) from any dopant such as chloride or sulphate
ions which are usually inserted during electrochemical polymerisation and as well referred to
as protonic acid doping. However, the concentration of dopant from studies reported to have
profound effect on the morphology, conductivity and electrocatalytic activity of polyaniline
and the polarisation method [179]. Experimental studies by Nair et al. [239], also reported the

order of growth of polyaniline to increase with the increase in the size of the dopant.

2.8. Nanocomposite

The research on composite has brought about the benefit to develop a material that can offer
possible properties and can precisely be suitable for a certain requirement. Nanocomposite can
be regarded as a material that consists of two or more phases of solid, metal, gels, colloids or
polymers in different dimensional, where one of the phases could be bulky and the other in a
nano-dimensional phase combining together. Consequentially, the property of the
nanocomposite is differing from the individual component materials as a result of the

differences in structure and chemistry. Organic/inorganic materials as a class of nanocomposite
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have captured the interest of researcher. Important effort is focused on the ability to get control
of the nanoscale structure by means of innovative synthetic approaches. The properties of
nanocomposite material depend not only on the individual parents but also on their morphology

and interfacial characteristics.

2.8.1. Polymer nanocomposites

Polymer nanocomposites (PNC) consist of a polymer or copolymer having nanoparticles or
nanofillers dispersed in the polymer matrix. These may be of different shape (e.g., platelets,
fibres, spheroids), but one dimension must at least be in the range of 1-50 nm. These poly
nanocomposites belong to the category of multi-phase systems (viz. blends, composites, and
foams) that consume nearly 95% of plastics production. These systems require orientation of
the dispersed phase, controlled mixing/compounding, stabilization of the achieved dispersion,
and the compounding strategies for all multi-phase systems, including PNC. However,
nanomaterial of conducting polymers is of special interest as their properties are considerably
different from the properties of corresponding macroscopic materials. Usually, a change in
surface properties is observed when a conducting polymer is surrounded by a dopant, either
nanomaterial or bulky substances such as nanotubes, nanoclusters, nanoparticle nanocystals
quantum dot, graphene transition metal oxide etc. as illustrated Figure 18. This however,
forces the polymer backbones to interact with the molecules. A nanocomposite with different
morphology is formed and which is capable of solubilising the conducting polymer.
Nanomaterial of polyaniline can effectively provide a controlled electrochemical catalysis,
orientation and solubilisation, as a result of the formation of micelles and obviously enhancing
the quality of the polymer which has given them potential in application such as sensors.
Conducting polymer nanomaterial for a sensor construction has gained a lot of recognition

owing to the large surface area. Therefore, some properties of the nanomaterial that may have
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influence on the sensitivity of the devices should be given more concern, in terms of sizes,
shapes and surface area of the nanomaterial. There is increase in surface area-to-volume ratio
as the particles get smaller, leading to an increase in dominance of the behaviour of atoms on
the surface area of particle over that of those interior of the particle. This higher surface area of
the nano-particles affects the properties of the particles when they are reacting with other
particles, the interaction with the other particles within the mixture is more and then increasing
the strength, heat resistance and many other properties as well as factors do change for the
mixture. Controlling these can invariably improve the material properties and function of the
device. Fabricating conducting polymer nanocomposite-based sensors with high sensitivity as
well as fast response time should also be of great desire and attraction. Conducting polymer
nanocomposite with large specific surface area has been predicted to be an excellent sensing
materials [240]. A relatively long time response has been noticed as a result of slow penetration
in bulky polymer fabricated sensor [241-242]. Band gap in nano tubes has been controlled
through particle sizes [243-244], mechanical properties have also been studied to be size
dependent [245]. The yield strength and hardness of microstructure polycrystalline materials

typically increases with decrease in size particles.
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Figure 18. Schematic illustration of some materials of polymer nanocomposites.

The behaviour of materials formed from nanocomposites is different in comparison with
conventional composites with microscale structure. Owing to the small size of the structural
unit and the high surface-to-volume ratio [246], the properties of composite materials are
greatly influenced by the degree of mixing between the two phases [209]. In conventionally
filled polymers, the constituents are immiscible, resulting in a coarsely blended
macrocomposite with chemically distinct phases, which resulted in poor physical attraction
between the organic and inorganic components, leading to agglomeration of the inorganic
components and therefore, weaker materials are achieved [247]. Besides, the micrometer size
particles act as strains as a result of the concentration, whereas, in nanocomposite, problem of
strains are avoided for the fact that the components are combined at nanoscale. Therefore, the
structure of the composite also depends largely on the extent to compatibility of the organic

and the inorganic component [247]. However, in polymer nanocomposite preparation, Clays
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are usually used as additives because they are composed of layered silicates that can intercalate
organic molecules. Analysis of smectite clay has shown that there are several levels of
organization within the clay minerals. The smallest, primary particles are on the order of 10 nm
and are composed of stacks of parallel lamellae with an average of 10 sheets per particle.
Macroaggregates are formed by a lateral joining of several primary particles, and aggregates
are composed of several primary particles and microaggregates. So, the lack of affinity
between the hydrophilic silicate and the hydrophobic polymer makes it difficult to achieve a
homogeneous mixture [248]. Therefore, Compatibility between the silicate clay layers and the
polymers is achieved by ion exchange reactions. While the interlayer cations of silicate clays
are usually Na', Ca?*, or K': exchange reactions with an organic cation increases the
organophilicity of the clay layer surface. This lowers the surface energy and improves wetting
with the polymer matrix [247]. In the cause of this, two particular characteristics of layered
silicate particles are exploited in nanocomposite preparation; one, the silicate particles can be
dispersed into individual layers, with a thickness of - 1 nm, and two, is the ability to fine-tune
their surface chemistry through the exchange reactions with organic and inorganic cations
[249]. Therefore, to prevent agglomeration and make the surface of the ultrafine particles
stabilised, repulsive interparticle forces are then essential. The use of ionic surfactants is
usually employed [250], as such, cation exchanged silicate are easily dispersed in an organic
matrix, forming composites of two types which are: Intercalated structures where there can be
an increased but relatively constant separation between the silicate layer [247-248]. Here the
polymer chains are able to intercalate between the host layers in a crystalline repetitive manner
to form a well ordered composite [249]. Exfoliated nanocomposite is another type, in which the
unstacked mineral blocks are highly diffuse in the polymer, with a random interlayer distances

and orientation [247, 249]. Therefore, in forming polymer nanocomposites, two types of
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nanocomposites are thermodynamically achievable and which are; intercalation and exfoliation

nanocomposites.
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2.8.2. Methods of preparation of polymer nanocomposite

Quite a number of methods of preparation have been employed in the preparation of polymer
nanocomposite. Apart from the sol—gel process [251-252] and monomer/polymer grafting to
clay layers [253]. Others method of synthesis that are later discussed includes melt method,

solution mixing and in-situ intercalative polymerisation method.

2.9. Graphene

Graphene is a leading light on the horizon of technology especially in chemistry, physics and
materials science and as such now speedily on the increase. This strictly two-dimensional
material exhibits outstandingly and surprisingly high crystal and electronic quality. Regardless
of its short history, has already made known a large amount of its potential applications
including filed emission, electronics, sensor and energy. By and large, graphene represent a
theoretically new class of materials that are only one atom thick and, this basic concept has
opened up a new ways into a technology that has never ceased to amaze and keep on to yield
productive sights for more applications in the world of science and technology. Graphene is the
two dimensional allotrope of carbon, a one atom thick planar sheet of sp®-bonded carbon-
carbon distance of 0.142 nm forming a densely packed honeycomb crystal lattice in structure.
[254]. The name was invented in 1962 by Hanns-peter Boehm who combined graphite and the
suffix—ene, describing graphene as the single layers of stacked sheets of graphite [255]. This
interesting material was discovered later in 2004 from University of Manchester by A.K Geim
and his co-workers, through a simple scotch tape experiment which later awarded them, a
noble price in 2010 [256-257]. This breakthrough has recently resulted in an award of a £1
billion grant by the European Union at the program for research and innovation, on ‘Graphene

and Human brain project’ presented by the commission as part of its EU budget proposal for
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2014 to 2020, (EU press report 2013) [258]. This gave an indication that research on graphene
is one of an emerging translational nanotechnology and will continue to make profound impact
in various aspects of technology. Regarded as a two dimensional honeycomb lattice, graphene
is the basic structural and mother of all other dimensional allotropes of carbon as shown in
Figure 19. It can be wrapped up into Zero dimensional (0OD) fullerenes, rolled into one
dimensional (1D) nanotubes or stacked into three dimensional (3D) to form graphite [259].
Conversely, graphene though described as an integral part of 3D material, had been alleged not
to exist freely [260-261], and thermodynamically unstable regarding its structure formations of
different dimensions. The notion was later proved wrong, when a free standing graphene was
surprisingly discovered and supported by numerous experiments to back it up [262], and finally
confirmed with certainty that its charge carriers were massless Dirac fermions [254, 263-264],
as well as exhibiting high crystality[265-266]. And these discoveries led to a blast in the

interest of graphene.
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Figure 19. Graphitic forms of graphene showing the different types of dimension.

Consequently, graphite has been known as an abundant and naturally occurring mineral [267-
268] and allotrope of carbon [269]. It is basically referred to as draw or write, and then
applicable in pencil [270-271]. Hence, when one writes with a pencil on a sheet of paper,
graphene stacks is actually been produced and somewhere among these stacks are individual
graphene layers. Unlike other forms of carbon e.g. diamond, graphite is an electrical conductor,
due to its electronic structure [272-273], and much more stable than other forms of carbon.
Thus, use in such application as counter electrodes for dye-sensitized solar cells [274-275]. The
morphology of graphite revealed layers of planar structure of carbon atoms arranged in a
honeycomb lattice to each other with a separation of 0.142 nm and the distance between the
plane is 0.335 nm, bounded by weak dispersed forces.(van der Waals forces ) [276]. The van

der waals forces adjacently binding the sheets together can be removed by different
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experimental approaches that brings about the possible route to single layer of graphene sheet
[277-278].

This advance allowed easy production of high-quality and crystalline graphene and opened
ways to massive experimental activities unabatedly [277]. A typical structure of a natural
graphite and layer of graphene sheet from graphite is illustrated in Figure 20 and Figure 21

respectively below.

e e L S
== S e
e e ey
| [ H
] H ]

EVan der wallalsforces!: n \‘ QQ N ’\
R et el B S N AT
oo e e NIRRT NN
-:‘—®~_:1=: === — .’s\.’\-’\’a' -' ‘;

Wan der wd|als Vi orcesi N
' 1

~~ o
_-— — "N NS
SRl k. b et ~ )

e e e =g
her— o ol e
—

Graphite Graphene

Figure 21. Schematic illustration of graphite stacked layered sheets to single layer of

graphene.
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2.9.1. Properties of graphene

Graphene has distinctively emerged as an exciting material, capturing the interest of every
individual in the world of research, strictly owing to its intrinsic and exceptional properties
which include excellent electron mobility through its atom thick sp? bonded 2-D structure
[254], current density, superior thermal conductivity [279-280], high mechanical and tensile
strength [264, 281-282], optical transmittance [283] and fascinating transport phenomena such
as quantum Hall Effect [284] and surface area of over 2,600m?/g [285]. Table 1 presents the
outstanding properties of graphene. These intrinsic properties as well as its easy availability,
have enabled graphene to find potentials in numerous applications, for example, electronic
devices [286], field emitters[287], batteries [288-289], solar cells [290-291], electronic display
[292], sensors [293], thermally and electrically conducting composite, and structural composite

with enhanced mechanical properties [294].
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Table 1. Some of the unique properties of graphene.

Property Graphene Reference
Electron mobility 15000 cm® Vs™ [279]
Resistivity 10° Qcm [279]
Thermal conductivity 484-53x10° Wn'K? [279]
Coefficient of thermal -6x10°K? [279]

expansion

Elastic modules 05-1TPa [264]
Tensile strength 130 GPa [264]
Transmittance > 95% for 2 nm thick film [283]

> 70% for 10 nm thick film

The remarkable electronic properties of graphene can be attributed to the nature and major
character of bounding in sp? hybridisation. Hybridisation (i.e. combining of atomic orbitals to
form hybrid orbitals) in carbon atom which is the primary and elementary constituent of
graphene, is associated with 6 electrons with an electronic configuration of 1s22s?2p® . This
represents the atomic ground state configuration, where the four valence electron that initiates
bonding are, the two electrons in 2s subshell and two electrons in the 2p subshell. This is
illustrated in Figure 22. For hybridisation to take place, one of the 2s electron is promoted into

the empty 2p orbitals and this resulted into an excitation state where a bond can then be
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formed. However during hybridisation, the number of hybrid orbitals formed determines how
many numbers of atomic orbitals are mixed and this is what brings about the different forms of

hybrid orbitals sp, sp?, sp® etc.
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Figure 22. The electronic configuration of graphene in the ground and excited state.

In graphene, sp? hybridised orbitals are responsible for bonding. From the excited state, three
atomic orbitals, 2s and two 2p (2px and 2py) mixed to form three hybrid orbital for each of the
carbon atoms leaving an unmixed 2p orbital which represent the unbonded fourth electrons in
the orbital and also participate in bonding by contributing the one electron per carbon atom.

This is illustrated in Figure 23.
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Figure 23. llustration of hybridisation in graphene.

Each carbon atom is sp? hybridised and is been represented by the three equal lobes pointing
outwards in a plane and forming sigma bond with sp® of the neighbouring carbon atoms and

one 2p, which occupies a pi orbital that participate in bonding, extending vertically above and
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below the plane as shown in Figure 24a. Hybridisation of these three equal formed lobes
spreads and one 2p, which occupies a pi orbital that participate in bonding, creates movement
of electrons across the whole graphene sheets and forming delocalisation of the n electrons
over the whole structure. The carbon-carbon distance is estimated to be 0.142 as shown in
Figure 24b, behaving like massless relativistic particles [262] and interacting with the periodic
field of the hexagon crystal lattice that later forms Dirac fermions, described as cone like
energy bands [295]. This uniqueness makes graphene an extremely good electrical conductor
compared to ordinary semiconductor and also contributes to other remarkable properties of

graphene.

Considering the astonishing electronic quality exhibited by graphene as crystal, it is quite
dissimilar from a three —dimensional material like silicon. The energy of quasiparticles which
can be described by energy bands, in graphene, the behaviour is different compared to an
ordinary semiconductor. In an ordinary semiconductor, the conduction and valence band are
separated by a band energy referred to as band gap and which obviously represents the amount
of energy required to increase the electron from the valence band to the conduction band and
with a parabolic band structure Figure 25a. But as for graphene, the band structure showed
valence band and the conduction band to be smooth sided cones which meets at a point (k)

referred to as, Dirac point Figure 25b [296].
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Figure 24. Schematic view of the sp® hybrid orbital and (b) View of hexagonal lattice in

graphene [297].
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Figure 25. Schematic view of energy band in (a) 3-D and (b) 2-D graphene [296].

An exciting result of the above exceptional band structure in graphene is the ability of the

electrons to move freely without collision and at enormous distance, thus their capability of
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greater electrical conductivity (10 to 100 times) than a normal semiconductor even at room
temperature (e.g. silicon) thus, a promising candidate such as electronic, sensor, computing,

biomedical and in many other applications.

2.9.2. Methods of graphene synthesis

In an attempt to come up with a technique that can yield a quality and large amount of
graphene, numerous preparation methods have been developed and even currently in process,
but each one with a unique characteristic. Nevertheless, a 2-D crystal with a single atomic
plane graphene is the priority. Emphasis has been made on number of layers of graphene to
play a vital role in actually coming up with a material that serves the purpose in terms of
electronic properties and an expected semiconductor [264, 296]. Some of the numerous

approaches are discussed:

2.9.2.1. Mechanical exfoliation and cleavage

Exfoliation technique has been the earliest attempt of synthesis of graphene from bulk of
highly ordered pyrolytic graphite (HOPG) [262, 264]. Novoselov and his workers, through
mechanical exfoliation, were the first to obtain a free standing single graphene sheet by use of
cohesive tape enough to break the weak van der waals forces binding the bulky layers of
graphite and repeatedly peeling the crystals into increasingly thinner pieces, a method referred
to as scotch tape method [25]. Although, a large defect free material with excellent electronic
properties compared with other techniques is achieved by this approach, it is only limited by
the size of the isolated graphene flakes obtained, only a few micrometres in size are usually
produced and also has the tendency of restacking or crumple [298]. The exfoliation technique
opened up diverse ways of modification by researchers so that they can come up with
techniques that can avoid the limitations and more especially an intrinsic, stable and pure 2-D

crystal [266], which can be visible by naked eyes. Other means of mechanical exfoliation is
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through chemical oxidation of graphite, the graphite oxide is then exfoliated to provide large
amount of graphite oxide monolayer which unavoidably yielded a substance with defects as a
result of the chemical treatment [299]. A defect free monolayer graphene among other
researchers has then been demonstrated [31, 300]. Although, a high cost of solvent (N-methyl-
pyrrolidone) and high boiling point which can actually affects the graphene deposition are
involved. Through the use of surfactants, Lotya et al. [301] and Green et al. [302], have been
able to produce a graphene monolayer that is however stabilised against aggregation and
thickness controlled. Similarly, exfoliation can be through absorption of small molecules
between the layers of graphite or by non-covalently attaching molecules of polymers onto the
sheets of the graphite to form graphite intercalation compounds (GICs) [303]. Agglomeration
in graphite is however reduced by this method and the graphitic layer is protected by the guest
molecules. Thus, the interaction of the molecules with graphite layer by charge transfer can
either increase the in plane electrical conductivity or decreases the conductivity when it forms
covalent bonds, due to the interruption of the conjugated sp? system. A high quality single layer
graphene that is stable has also been produced through expansion of graphite, using
concentrated sulphuric acid which has proven to be the best ultrasonic solvent to offer an
optimum condition of preparation. This acid intercalated expandable graphite (EG) could be
prepared by means of ultrasound irradiation, chemical oxidation or electrochemical process
[304-305]. Chia et al. [306] and Li et al. [307] has reported a hundred times in volume of
graphite expanded at high temperature. Other approaches that have shown potentials to the
preparation of graphene sheets besides mechanical exfoliation are epitaxial growth from silicon

carbide (SiC), chemical vapour deposition (CVD) and chemically derived graphene method.
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2.9.2.2. Epitaxial growth on silicon carbide

In variation to mechanical exfoliation approach of producing graphene is the epitaxial growth
on silicon carbide. This process requires the heating of silicon carbide at a very high
temperature (above 1100 °C) to get reduced to graphene. The epitaxial graphene produced
from this process depends on the size of the silicon carbide substrate and this can have
influence some properties like the thickness, motilities (with extreme large temperature
dependence), carrier density [308] as well as some of the electronic band structure of the
graphene produced [309] and quantum Hall effect [285]. Improvement on the substrate quality
and better understanding of the growth process can actually improve the quality of the
graphene produced and to achieve a monolayer graphite [310]. However, the modified
graphene produced from this approach has been studied to have a lot of advantages in device

application [311-312].

2.9.2.3. Chemical vapour deposition (CVD)

This approach involves the growth of graphene on metal substrates. A single crystal of
ruthenium has been illustrated to yield a sample of graphene with high purity, via either
thermal decomposition [313-314] at high temperature of about 1000 K or by controlled
segregation of carbon from bulk of the substrate. Metal substrate like iridium and many other
transition metals like nickel (Ni), cobalt (Co) and platinum (Pt) could possibly yield a graphene
that is uniformly thick and weakly bonded but slightly rippled [315]. This has enabled an
extensive usage in electronic, catalysts or sensing applications [316]. Graphene growth on

nickel substrate has also been described by Reina et al. and Lahiri et al. [317-318].
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2.9.2.4. Chemically derived graphene

Preparation of graphene through chemical route involves the extraction of graphene from
graphite by chemical method. A process whereby graphite oxide (GO) is synthesised through
oxidative treatment of graphite based on Hummers method. Using oxidants such as
concentrated sulphuric acid, nitric acid and potassium permanganate, with modifications from
different individual researchers to suit applications, which invariably showed that the level of
oxidation depends on the method, reaction condition and precursor (graphite) used [319-321].
Albeit, there is still substantial debate about the specific structure of graphene oxide over the
years, and even till date the definite model is yet to be determined.

Many review work on the structure has been presented by different authors and their groups
[322-325]. The graphite oxide (GO) produced compared to pristine graphite oxide bears
oxygen functional groups such as hydroxyl and epoxy groups on the basal planes as well as
carboxyl and carbonyl group at the edges of the layers of graphite oxide [325-326]. The van der
waals interaction between the layers of graphite oxide is then altered by these oxygen
functionalities and resulting in the hydrophilic nature as well as easy intercalation of water
molecules between the layered sheets, and a well stable colloidal dispersion during exfoliation
[327-328]. This exfoliation process gives rise to single layered sheets of graphene oxide which
however shares the same chemical properties with graphite oxide but different features
structurally [265, 299]. The oxygen functional groups situated on the basal plane and edges of
the sheets has actually provided a reactive site for a variety of surface modification reaction to
achieve a functionalized graphene-oxide and graphene-based materials, and apart from its low
cost, easy access, scalability and widespread and ability to convert to graphene which have
attracted much interest [329-330], graphene oxide (GO) is rendered electrically insulating by

consisting of defects as well as disorders [265, 331], which can be attributed to disruption of
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the conjugated electronic structure by theses functional groups, brought about during oxidation.
However, important progress has been made to produce thin film sheet with decrease in the
hydrophilic character and essentially restoring the electrical conductivity through chemical
reduction of the homogeneous GO suspension [300, 331-332]. These has enabled the usage in a
wide range of applications in graphene based electronics and optoelectronic devices such as
field effect transistors, chemical/bio sensors, organic solar cells and transparent electrodes. A

typical structure of graphene oxide is shown in Figure 26.
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Figure 26. Schematic diagram of structure of graphene oxide (GO).

So far, the reduction process is still one of the essential reactions of graphene oxide due to the
similarities between reduced graphene oxide and pristine graphene.

In the attempt by researchers to use graphene in a large scale application such as graphene
based composite, chemical conversion of graphene oxide is the obvious and attractive route to
large quantities of graphene like materials. Theses reduction methods could be through
chemical, thermal and electrochemical method. Several chemical reducing agents including

hydrazine [331, 333-334], sodium borohydride [335-336] and other chemical agents such as
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hydrohalic acid (HBr) [337] and lithium aluminium hydride, has been employed in the
chemical reduction of graphene oxide. Environmentally friendly (that does not involve the use
of strong acids) methods of reduction, such as vitamin ¢ and aluminium powder has also been
used [338-339]. Hydrazine hydrate compared to other strong reductant, does not react with
water and has been found to be one of the best options among reductant for reducing graphene
oxide and also to produce a thin and graphite like sheet [294, 299]. Using sodium borohydride
is another possible route to reduction of graphene oxide in aqueous solution and has been
recently reported to be more effective than hydrazine [335]. Reduction of graphene oxide
thermally, has also been reported [340]. This is carried out by direct heating of graphene oxide
in a furnace at high temperature of about 1050 °C, whereby, a stable carbon oxide species is
created thermodynamically; the stacked structure is then exfoliated through the extrusion of
carbon dioxide generated Kudin et al. [341] reported a notable effect in the structure and about
30% lost in the mass of GO during exfoliation which has resulted in topological defect. It is
tentatively accepted to be effective considering the bulk conductivity measurement of 1000-
2300 S m™. However, the defect might have an effect on the mechanical properties when
compared to a chemically reduced sample [342-343].

Another promising route of reducing graphene oxide is the electrochemical reduction method
thus refers to as the electrochemical removal of oxygen functionalities. In this process,
substrates electrodes such as ITO, glass, plastic and so on, can be utilised. A thin film of
graphene oxide is deposited on the electrode and reduction can be performed using sweep
voltammetry by scanning at window potential from an initial or minimum value ( -0.6, 0.7 V)
to a final or maximum value (-0.87, 1.1 V) in a solution (such as sodium phosphate buffer,
sodium chloride) as a working electrolyte. A reduction peak observed around -0.87 V during
the first 300s indicated a reduction of graphene oxide which gradually decreased to a

background current level of about 5000s [344]. A controllable synthesis of graphene oxide has
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also been reported by Zhou et al. [345]. The use of dangerous reductant and strong chemicals
are avoided in electrochemical method and disposal of by product is also not required. While
the route showed to be efficient, however, reduction of large amount of graphene oxide on the
electrode becomes a compromising issue where scalability is involved and which happened to
be the basic need when large amount of graphene is necessary, compared to a chemical method
of reduction [27].

The reduction of graphene oxide through chemical means to achieve a pristine graphene sheet
has been reported to usually results in agglomeration of the prepared graphene sheets [294,
346]. The graphene sheets became hydrophobic and cannot be easily dissolve in polar solvent,
even after it is treated with ultrasonication, they tend to re-stack. In this regards, the
accessibility of surface area is reduced and this may affect polymer nanocomposite
reinforcement with graphene. Functionalisation then becomes necessary to avoid re stacking
and to produce a stable aqueous dispersed graphene sheets in water and even in organic
solvent. The functionalisation process, both covalent and non-covalent way of functionalizing
GO has been reported to produce stable dispersions of chemically modified graphene (CMG)
platelets in polar solvents and also to improve on well-suitability with diverse polymer matrices
[347-348]. Covalent functionalisation reaction of graphene oxide can be by; exploiting the
chemistry of oxygen groups on GO prior to reduction, functionalities based on grafting
molecules on the basal planes of graphene/ covalent bonds between free radicals or dienophiles
and C=C bonds of pristine graphene, and via modification of graphene. Several reported works
include, the post-assembly modification of graphene oxide papers with primary alkylamines
via solution and vapour phase intercalation with the latter process being significantly slower,
has been presented by Stankovich et al. [349]. Comptone et al. [350] has also demonstrated an
excellent processibility of the obtained chemically reduced active graphene oxide (CARGO)

dispersions via free-standing CARGO papers that exhibit tunable electrical
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conductivity/chemical activity and can be used as lithium-ion battery anodes with enhanced
Coulombic efficiency. Direct exfoliation of graphite to graphene in aqueous media with
diazaperopyrenium dications has been demonstrated to minimise agglomeration of graphene
sheets in solution by Sampath et al. [351]. Non-covalent functionalisation method depends on
the van der waals forces, electrostatic interaction or 7 - n-stacking of the GO or derivatives of
graphene [352-353]. In this method, the chemical structure of the graphene sheets is however
protected, electronic/optical properties and solubility of the nanosheets are also controlled
effectively, thereby retaining the high charge carrier mobility compared to covalent
functionalisation [354-355]. A lot of experiment has been reported using this approach. A
stable dispersion of reduced graphene in various organic solvents was successfully achieved
via non covalent functionalisation with amine-terminated polymers by Cho et al. [356]. Bai et
al. [357] reported non covalent functionalisation of graphene via = - m-interactions to yield a
well dispersible graphene. Polymeric surfactant has also been found interesting as non-covalent
means of inducing solubility of graphene [358-359]. Stankovich et al. [265] prepared a stable
dispersion of graphitic nanoplatelets by coating reduced graphite oxide with poly(sodium 4-

styrenesulfonate) (PSS).
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2.9.3. Graphene based composites

The intrinsic and unique properties of graphene sheets, as earlier mentioned have opened an
opportunity for applications in composite materials. Quite a lot of polymers, nano particles and
metal oxides semiconductors have been formed based on the remarkable properties of graphene
which also include large surface area, mechanical, superior electrical and thermal properties.
When compared with carbon nano tubes (CNTSs), graphene has also proven to be effective
conductive fillers [360]. One of the drawbacks of CNTSs is their higher production cost which
has hindered their mass production based functional materials to be difficult [361]. The
development of such composites of graphene, not only need enough and scalable amount of
graphene but also, must be homogenously well dispersed to improve their efficient integration
with various matrices. The production of graphene oxide (GO) which is prepared from the
oxidation of graphite, and the reduced graphene oxide (rGO) has however offered the
possibility of exploring this two dimensional carbon sheet with the matrices in composites.
Thus the recent interest in graphene oxide as carbon based nanofiller for polymer

nanocomposite.

2.9.3.1. Polymer-graphene based nanocomposite

Amalgamation of nanomaterials, (nanoparticle or nanofiller) with polymer to form polymer
nanocomposite has been a thing of interest in the research field owing to the unique properties
(such as mechanical, electrical and thermal) that are usually stumbled upon in the cause of
synthesis and has opened up many advantages to the development and improvement in the
properties of many nanocomposites required to meet a specific challenge in a particular
application and coupled with diverse ways of preparation, such as, colloidal dispersion, in situ
polymerisation, electrochemical method etc. The incorporation of nanoparticles for

reinforcement of polymers matrix composite has further contributed to the focus on the
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material synthesis and are able to be employed in different areas of application [362].
Graphene, as fillers for polymer matrix composites have shown an immense possibilities for a
variety of important applications. Recently, researchers have made successful effort on
graphene oxide and graphene polymer composite. As previously discussed, graphene, a two —
dimensional, atomically thin sheet of sp® of carbon atoms has higher surface to volume ratio,
better electrical thermal and mechanical properties than carbon nanotubes (CNTs -
inaccessibility of the inside surface to the polymer matrix is also a major contributor ). Thus, a
synergic reinforcement can be provided by graphene with polymer matrix properties for
exceptional properties and better processibility in composites and applications in various
devices such as sensor [293], supercapacitors [363], solar energy and automotive industries, to
mention a few. However, the key success to the recent development is the improvement in bulk
synthesis of graphene and the breakthrough to overcome several challenges in the
incorporation of this unique material into polymer matrix towards the realization of the

polymer graphene based nanocomposite.

2.9.3.2. Preparation of polymer-graphene based nanocomposite

The goal behind the preparation of polymer-graphene based nanocomposite is to produce new
materials that are of high qualities and have maximum improvement in the final properties. A
well homogeneous dispersion of graphene as well as effective external loading through
synergic interaction between the filler and polymer matrix is however important. The
supporting polymer for the nanocomposite is also considered, especially where it involves the
n-conjugated conducting polymers (CPs), specifically, intrinsic conducting polymers (ICPs).
These conducting polymers have conjugated backbones which can allow them to offer high
electrical conductivity and good optical properties but do not display similar mechanical

properties to other commercially available polymers. Preparation methods that can provide
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covalent linkages between the fillers and the polymer matrices might be necessary because
most dispersion methods involve interaction through non covalent weak dispersive forces.
Several procedures that have been employed include, in-situ intercalative polymerisation,

solution and melt intercalation process.
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2.9.3.3. Solution mixing

Generally, the solution mixing procedure is based on solvent system, and usually involves the
mixing of colloidal suspension of GO or graphene derivative material with polymer of interest
by simple stirring or cut off mixing. In the process, the GO or modified graphene layers are
allowed to swell in the presence of the solubilised polymer. [294], and the resulting suspension
can then be precipitated. Precipitation can be done using a non-aqueous solvent in other to
allow the polymer chains to be more enclosed with fillers upon precipitation, then the
precipitated composite is extracted and dried for further processing and application. Solution
mixing has always being one of the generally widespread methods of preparing polymer
composite because it is simple and does not require the utilization of a special instrument, and
can allow for a large scale production. However, the solubility or the dispersion of GO or
graphene in the polymer solution is of great concern, especially with polymer solution in
organic solvent. This can be solved by first dispersing GO and the graphene derivatives
through ultrasonication before mixing with polymer solution.[364-365].

On the other hand, high-speed shearing can also be used as mixing method in the presence of
an ice bath to prevent excess heating during the process or better still the suspension is directly
spin coated onto a substrate and solvent can then be evaporated. Nevertheless, re aggregation
of the (GO or graphene derivatives) in the composite might occur during the process of
evaporation and this may be unfavourable to the properties of the composite [366]. As a result,
it becomes imperative to modify GO and graphene derivatives with small functional molecule
S0 as to prevent re-aggregation and as such increase the solubility in different kind of solvent.
This can be initiated by phase transfer techniques [367] or surfactant [368]. Lyophilisation
methods has also been extensively studied and reported to achieve a stable and well dispersed

GO sheets prior to mixing with polymer matrix because of the hydrophilic nature of GO or
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chemical modified graphene and thus enabled them to be frequently processed in either water
or organic solvent [369].

Solution mixing of graphene polymer nanocomposite and have been studied and reported to
allow GO and graphene derivatives graphene fillers into various types of polymers. Chen et al.
[370] and Eda et al. [371] have successfully produced homogeneous aqueous colloidal
suspension of graphene oxide sheets chemically cross-linked polystyrene (PS) to prepare

PS/FGS composite.

2.9.3.4. Melt mixing.

In contrast to solution mixing, melt mixing process does not involve the use of solvent. The
graphene derivatives of GO (fillers) and the polymer matrices are mixed mechanically at high
temperature in the molten state using conventional method [372], exfoliation then follows to
form nanocomposites. This method is frequently considered cheaper but do not give the same
solubility of fillers as in solvent mixing or in situ polymerisation method. However, this
method can be an optional technique for polymers that cannot be process by adsorption or in-
situ polymerisation [372]. Varieties of polymer nanocomposites have been extensively
prepared using this method. Kalaitzidou et al. [373] reported to achieve a high percolation
threshold in nanocomposites made of polypropylene reinforced with exfoliated graphite
nanoplatelets (PP/EG) using mixing process. Polyethylene terepthalate (PET)/graphene
nanocomposite has been prepared and reported to give a high electrical conductivity of 2.11 S

m™ with only 3.0% of graphene, using melt mixing method of preparation [374].

2.9.3.5. In situ intercalative polymerisation
In situ polymerisation process of preparing polymer/graphene nanocomposite generally

involves the mixing of the graphene or modified graphene (filler) in the liquid monomer,
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whereby, the filler is made to disperse within the solution monomer. Polymerisation, which can
either be initiated by heat or radiation, then follows in the presence of the dispersed filler.
Several polymer nanocomposite that has been prepared using this method include,
polystyrene(PS)/graphene nanocomposite [375]. Chen et al. [370] fabricated an electrically
conducting polystyrene/graphite nanosheets nanocomposite films with much lower percolation
threshold and much higher conductivities via in situ polymerisation. Preparation of polystyrene
sulfonate (PSS)/LDH nanocomposite, poly(methyl methacrylate) (PMMA)/EG and

polypropylene/graphene oxide (PP/GO) [375-377] have been reported via this method.

2.10. Tungsten trioxide

Tungsten oxide (WQ3) is a chemical compound containing oxygen and the transitional metal
tungsten. It can be obtained as an intermediate in the recovery of tungsten from its
minerals.[378], occurs naturally in form of hydrates such as tungstite (WO3.H,O). Among the
widely studied metal oxide semiconductors, e.g. TiO, [379], ZnO [380-381], FesO,4 [382],
MoOs3, [383] etc., tungsten oxide (WO3) has been very attractive, and has gained a lot of
recognition, due to its unique properties. As an n-type semiconductor with a band gap of 2.6 to
2.8 eV [384], it has greatly been utilised in so many devices, especially as a photoconductive
material. Its ability to exist in multiple oxidation state due to intercalation of electrons and
protons and been able to switch colours, has prompted its use in electrochromic and chemical
devices. Its economic stability and strong adherence to the substrate as well as a cathodically
ion insertion material, has contributed to its other advantages over other transition metal oxide
[385]. However, the process of injection and extraction of electrons and metal cation (Li*, H,
Na® and K") during intercalation which give rise to the formation of tungsten bronze has

actually played a major role in the conductivity properties of tungsten oxide. The so formed
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tungsten bronze has provided electrical and optical properties that are different from the
pristine oxide, thereby improving its electrochromic properties [386]. This has enabled
tungsten oxide to also find further and wider application in commercial devices and displays
e.g. photocatalyst [387], optochromic, optical devices, electrochromic [388], electrocatalysis,
energy-saving devices e.g. smart windows in cars and buildings [389]. Several approaches to
the synthesis of tungsten oxide have been reported and each has however resulted in different
forms of tungsten oxide, which include monoclinic, mesoporous and crystalline nanostructure
tungsten oxide. These physical and chemical approaches involve sol-gel method [390], vapour
and solution phase procedure [391], thermal evaporation [392] etc. Electrochemical method of
synthesis through deposition has also been accomplished and reported to give a thin
nanostructured film of tungsten oxide [393]. However, the control of morphology and structure
(crystallinity, stoichiometry) at the nanoscale is of paramount interest to deliver a unique
properties in technology application [394]. Seeing that, sensor performance is directly related
to the granularity, porosity and the ratio of surface area to volume of the sensing materials, it
has been recognized that sensitivity of semiconductor metal oxide and conducting polymers are
more improved, especially at nano level, and of course, in terms of the size of the combining
nano fillers. The sensitivity increases as the grain size decrease [395].

In this work, the combination of materials such as WOj3 and graphene in form of nanoparticle
and at nanoscale to conducting polymers is been investigated and presented, to however
provide a good opportunity and greatly increase the response of theses material based sensor.
Whereby, the different catalytic properties of the individual materials are explored and utilised

to produce a highly electrocatalytic and stable sensor.
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2.11. Sensor and sensor devices

A sensor is a sophisticated device that are commonly used to detects a change in a physical
stimulus and turns it into a signal which can be measured or convey by an instrument in a
definite way. Sensors offer many benefit information and are used in everyday objects, such as
traffic monitoring, touch-sensitive elevator buttons, lamps which dim or brighten by touching
the base. Numerous applications of sensors include aerospace, air traffic control, medicine,
manufacturing and robotics. Consequently, information on the physical, chemical and
biological environment can be provided by sensor. Physical sensors are usually used in the
aquatic environment. They evaluate parameters such as turbidity, transparency, depth/pressure
and temperature that regulate the transfer or flux of mass or energy inside and into a specific
area. These parameters often regulate a wide range of chemical and biological processes that
occur within the environment. And can vary from simple handheld devices to complex remote
float based systems used for real-time data on conditions [396]. Biological sensors functions in
living organism and can monitor living cells that are sensitive and detectable. It measures the
presence, movement and number of organisms, providing important information on the health
and safety of the environment. Biosensors measure and characterize organic materials. In this
respect biological response is converted to electrical signals where information is recovered.
These sensors include enzyme sensors and DNA analysis systems while chemical sensors
measure and transform chemical information of a chemical compound. Thus, chemical and
biological sensors have a thoughtful control in the areas of personal safety, medical diagnosis,
public security, agriculture and detection of environmental toxins, semiconductor processing,

automotive and aerospace industries.
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Electrochemical sensors are among the largest group of chemical sensors, having been widely
used in a chemical and biomedical sensing element where they can form an entire or
fundamental part of the system. They are devices that extract information about sample from
measurement of some electrical parameter that are with basic components comprising of a
working electrode, a counter electrode and usually a reference electrode. Electrochemical
sensors is principally categorized according to the measured parameter and ultimately depends
on the analyte, nature of the sample, sensitivity and selectivity requirements, and are generally
linked by Ohm’s Law, namely; conductometric, potentiometric and voltammetric sensors. A
typical electrochemical sensor is illustrated in Figure 27. There is interaction between the
analyte and the polymer interface in a secured mechanism to generate an electrical signal
through the chosen transducer which is amplified and monitored with a computer to produce a
measurable analytical signal that can appear inform of current, potential or impedance. In
addition, the ability to change the properties of the sensor parameters is probable. Some
parameters such as sensing material or temperature can be altered during operation in order to
get a better selectivity and sensitivity. A current form of signal will be measured at a fixed
potential or potential difference across the electrochemical cell, scanning from one set value to
another. Thus, cell current is recorded as a function of the applied potential, and the rate of
flow of electrons is proportional to the concentration of the analyte. Different material such as
polymers, nanocomposites of polymers or nanoparticles can also be used as working electrode
when modified, so as to get more enhancements in sensitivity or sometime reduce the problem

of fouling.

83



Electrochemical sensors are electroanalytical devices that are obligated in their reputation and
success to the discipline of electrochemistry, in which a strong scientific base is being
provided, intentionally to give information about the chemical environment and the growing
need for consistent sources of information that guarantees their future, and they are not
exempted in the engineering facet of any sensor research [397-399]. As compared to the
classical method, electrochemical sensors are simple in their set up, the electronic equipment
necessary for operation are as well easy. An electrode is used as the transducer, and at such,
has been able to meet up with cost, size and power requirement of on-site environmental
monitoring, with high sensitivity and selectivity of sensing system [400]. Sensor signals are
obtained by in situ measurement of chemical composition and provide real time information for
process control. Electrochemical sensors have therefore reached the stage of exploratory use in
industries and environmental application. A particular interest is in environmental monitoring,
where there is an urgent need for low-cost sensor system for detecting various pollutants at
trace level [401-402]. Over the years researchers have started to apply novel approaches in
sensor devices. The latest development is in the fabrication of composite including
nanocomposite of polymers and other material as well as nanotubes, graphene or inorganic
compounds, because of their extraordinary structure and properties. In sensors of different
kinds, conducting polymers are used as the active, catalytic or sensing layers. The
biocompatibility of several conducting polymers provide opportunity for the application of
various types of sensors and biosensors, in light weight batteries, solar cells, electrochromic
devices, molecular electronic devices and sensors to mention a few [403]. The various

categories of the electrochemical sensors are listed and briefly discussed.
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Figure 27. Schematic representation of electrochemical sensor.

2.11.1. Chemiresistor or conductometric sensors

This is based on inflection of resistivity of the selective material whereas resistivity is the
reciprocal of conductivity .i.e. measures resistance (in ohms) or conductance. In a typical
chemiresistor, the conductivity of a material can be changed upon contact with chemical
species when clamped between two contact electrodes at which the resistivity of the entire
device can be measured, and this is commonly use in gas sensing. While in conductometric, the
chemically interactive layer is at the top of an electrode and immersed in the solution of
electrolyte, a suitable counter electrode is then provided to complete the electrical circuit. This
are typically found in various biosensors where the selectivity of the response comes from

some biological interaction [404-405].

2.11.2. Potentiometric sensor

This is a type of chemical sensor that may be used to determine the analytical information of
some component of the analyte in gas phase or solution. It measure the difference in potential
between the working electrode and the reference electrode (in volts) when no current is flowing

[406-408]. A Redox reaction, Ox + Ze = Red usually takes place at an electrode surface
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(cathode) and can be define as half-cell reaction. At thermodynamic equilibrium, the Nernst

equation is applicable and can be expressed as:

E=E° +£In Box Equation 1
ZF (a

red

Where E and E° are the measured electrode potential and the electrode potential at standard
state, respectively, aox and a4, are Ox (reactant) and (product) in this case, respectively. Z is
the number of electron transferred, F represent the faraday constant, R the gas constant, and T
the operating temperature in the absolute scale. Two half-cell reactions usually take place
simultaneously in an electrochemical cell. So for sensing purposes, only one of the two half-
cell reaction should involve the specie of interest, and other half —cell reaction is preferably
reversible and no interference. As indicated in the equation, a linear relation exists between the
measured potential E and the natural logarithm of the ratio of the activities of the reactant and
product. If the number of the electron transferred Z, is one, at ambient temperature (25 °C or
298 K) the slope is approximately 60 mV/ decade. The slope value governs the sensitivity of
the potentiometric sensor. Potentiometric sensors are classified based on electrodes, whether
inert or active electrodes. An inert electrode (e.g. noble metals such as platinum and gold,
graphite, and glassy carbon) merely provides the surface for the electron or provides a catalytic
surface for the reaction but does not participate in the half-cell reaction. However, the active
electrode is either an ion donor or acceptor in the reaction. Generally, three types of active
electrode are available: the metal/metal ion, the metal/insoluble salt or oxide, and the
metal/metal chelate electrodes. To complete the circuitry for the potentiometric sensor, a
reference electrode is usually used in which a non-interference half-cell reaction occurs.

Silver-silver chloride (Ag/AgCl) and calomel electrodes are the most commonly used
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reference electrodes. Calomel consists of Hg/HgClI and is less desirable for biomedical systems

in terms of toxicity [408].

2.11.3. Amperometric/Voltammetric sensors

This can be used in the detection of ions in a solution based on electric current or changes in
electric current (in amperes). In single amperometric detection, single-potential, or direct
current (DC), amperometry is involved. An extension of single-potential amperometry is
pulsed amperometry (PAD), most commonly used for analyte that tend to foul electrodes.
Oxidation or reduction of electroactive specie occurs as result of the applied potential (between
a reference and a working electrode) which serves as the driving force for the electron transfer
reaction. The rate of the electron transfer reaction can be determined by the direct measure of
the resulting current and which is proportional to the target analyte concentration [409]. The
key consideration of an amperometric sensor is that it operates at a fixed potential. However, a
voltammetric sensor can operate in other modes such as linear or cyclic voltammetric modes.
Consequently, the respective current potential response for each mode will be different.
Usually, voltammetric sensors examine the concentration effect of the detecting species on the
current-potential characteristics of the reduction or oxidation reaction involved, the mass
transfer rate of the detecting species in the reaction onto the electrode surface and the kinetics
of the faradaic as well as the charge transfer reaction at the electrode surface that is directly
affecting the current potential characteristics. This mass transfer can be attributed to; (a) an
ionic migration as a result of an electric potential gradient, (b) diffusion under a chemical
potential difference or concentration gradient and (c) a bulk transfer by natural or forced
convection. In electrochemical cell, the electrode reaction kinetics and the mass transfer

processes contribute to the rate of the faradaic process and this provides the basis for the
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operation of the voltammetric sensor. However, assessment of the simultaneous mass transfer
and kinetic mechanism is rather complicated. Thus, the system is usually operated under
definitive hydrodynamic conditions. A situation where a voltammetric sensor operates with a
small overpotential, the rate of faradaic reaction is also small; as a result, a high-precision
instrument for the measurement is needed. An amperometric sensor is usually operated under
limiting current or relatively small overpotential conditions. If operated under an imposed fixed
electrode potential, then, the cell current can be correlated with the bulk concentration of the
detecting species (the solute). This operating mode is commonly classified as amperometric in
most sensor work, but it also is referred to as the Chronosuperometric method, since time is

involved [410].

2.11.4. Electroanalytical techniques

Electroanalytical techniques such as, stripping voltammetry, differential pulse polarography,
cyclic voltammetry square wave and chronoamperometry are not only examining traces
concentration of an analyte, helpful information as regards the physical and chemical properties
of the electroactive analyte are also provided. Among the aforementioned, the cyclic

voltammetry and square wave voltammetry are two commonly and widely used techniques.

2.11.4.1. Voltammetry

Voltammetry is a class of electrochemical method used in analytical chemistry and various
industrial processes whereby, information about an analyte is obtained by measuring the
current against the potential [411]. The development of voltammetry can be dated back to 1922
by Jaroslav Heyrovsky through the discovery of polarography. An experiment was performed

by Heyrovsky in which information about the nature of a specie was obtained in a solution
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through reduction at the mercury drop by measuring current while the potential is been
changed. In 1925, an automatic instrument called polarograph, which can photographically
record current — potential (I-E) curves was developed by Heyrovsky and Shikata [412]. This
earns them an award of 1959 Noble prize received by Jaroslav Heyrovsky. A number of
difficulties were later experience by this early voltammetric method resulting in less ideal for
routine analytical use. Advances were later made in the 60s and 70s in all areas of voltammetry
which includes theory, methodology and instrumentation, thereby enhancing the sensitivity and
expanding the range of analytical methods. The possibility of this advancement has also
facilitated a speedy commercial development of an instrument that is quite inexpensive [413].
In a voltammetric technique, the common characteristic involves the application of a potential
(E) to an electrode and the monitoring of the resulting current (1) flowing through the
electrochemical cell. The applied potential in many cases is varied or the current monitored
over a period of time (T). Thus, Voltammetric techniques can be described as some function of
E, I and T [414]. Therefore voltammetry can be generally defined as the investigation of three
dimensional space relating to potential (E), current (I) and time (T) [415]. At least two
electrodes are required to conduct an experiment in voltammetry. The working electrode (WE),
reference electrode (RE) and usually a counter electrode (CE) are the types of electrodes

commonly used in voltammetric technique [399].

2.11.4.2. Instrumentation

The basic component of a modern electroanalytical technique for voltammetry comprises of the
following; a potentiometer, a computer and the electrochemical cell. The types of the
electrodes are, working, reference and counter electrodes. Figure 28 showed a typical

conventional three electrode cell showing the working electrode (glassy carbon in the centre),

89



auxiliary electrode (Pt-disk electrode-left side), and reference electrode (Ag/AgCl-right side),

potentiometer and a computer for a voltammetry analysis in an electrochemical set up.

potlﬂrostatmuv stat

X g &
el

Figure 28. A typical conventional set up in electrochemical cell.
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2.11.4.2.1. The potentiostat

The working principle of a potentiostat actually depends on its connection to the
electrochemical cell. Thus, according to the typical illustration which is the common one, it
controls the potential of the counter electrode (CE) against the working electrode (WE) so that
the potential difference between the reference electrodes (RE) is distinct, and agrees with the
value specified by the user. Therefore in potentiostatic/galvanostatic mode, the current flow
between the working electrode and the current is controlled. The potential difference between
the reference electrode and working, and the current flowing between the current and working

electrode are constantly monitored [399].

2.11.4.2.2. Electrochemical cell and electrodes

A typical electrochemical cell may consist of the following, a sample dissolve in a solvent, or
an ionic electrolyte and obviously, three or sometimes two electrodes. They can come in
different shapes, sizes and material (e.g. glass, teflon, polyethylene etc.). The choice of cell
also depends on the amount of sample, the technique, and the analytical data to be achieved. A
glass cell with a close fitting that have ports of electrodes and a purging line is commonly used.
The arrangement of the electrode should also be considered. More often, the reference
electrode is placed as close as possible to the working electrode, and sometimes there may be

need to place the reference in a separate compartment to avoid contamination.

2.11.4.2.3. Electrodes
Generally, an electrode provides the interface across which a charge can be transferred or

where the effect of the charge can be felt e.g. the working electrode (WE), which is where the
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reaction of interest takes place. So the electrode is an utmost important part of the system. The

shape, size and style of modification on the surface, all depends on the application process.

2.11.4.2.4. The reference electrode (RE)

The reference electrode is an electrode with a steady and recognizable electrode potential. It is
used as point of reference to control and measure the potential of the other electrodes. The
saturated calomel electrodes (SCE), silver/silver chloride (Ag/AgCl) electrode are the most

commonly used reference electrode for aqueous solutions.

2.11.4.2.5. Counter electrode (CE)

The counter electrode (also known as auxiliary electrode) is usually made of an inert material
of platinum (Pt) or metallic foil, gold (Au), graphite or sometimes glassy carbon may be used.
Counter electrode does not usually take part in the electrochemical reaction, but the total
surface act as source of electron so that current can flow between the working electrode and
counter electrode which make it not to be isolated from the reaction. The surface area must
however be higher than that of the working electrode so that it will not be a limiting factor in

the kinetics of the process under investigation [415].

2.11.4.2.6. Working electrode (WE)

The working electrode is where the reaction or transfer of interest is taking place. At an
appropriate potential, oxidation or reduction of a substance on the surface of the working
electrode will bring about a mass transport of a new material along with current been produced.

The commonly used materials for working electrodes are glassy carbon (GC), platinum (Pt),
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gold (Au). Others include small mercury drop and film electrodes. The size and shape also
varies and depends on application. The quality of an ideal working electrode includes a wide

potential range, low resistance as well as a surface that is reproducible [415].

2.11.4.3. Cyclic voltammetry

The cyclic voltammetry is the most extensively used technique for acquiring qualitative
information about electrochemical reactions, as a result of its ability to rapidly provide
considerable information on the thermodynamics of redox processes and the kinetics of
heterogeneous electron-transfer reactions as well as the coupled chemical reactions or
adsorption processes. The cyclic voltammetry is frequently the first experiment performed in
an electroanalytical study, especially proffering a rapid location of redox potentials of the
electroactive species and suitable assessment of the consequences of the media upon the redox
process. However, voltammetry could also be linear mode of operation [416], if it involves an
increase in the imposed potential linearly at constant scanning rate from an initial potential to a
definite upper potential limit (i.e. normally referred to as potential window). The current
potential curve usually shows a peak at a potential where the oxidation or reduced reaction
occurs whilst the height of the peak current could be used for the quantification of the
concentration of the oxidation or reduction species. In linear sweep voltammetry (LSV),
illustrated in Figure 29, fixed potential range is employed much like potential step
measurements; the voltage is scanned from a lower limit (V) to an upper limit (V) as shown
below. And the voltammogram recorded depend on a number of factors including, the electron
transfer reaction(s) rate, the voltage scan rate and the chemical reactivity of the electroactive

species [417].

93



voltage
A
\£)

Vi o

Figure 29. lllustration of a typical linear sweep voltammetry.

The cyclic voltammetry is similar to linear but the electrode potential returns to initial value at
a fixed scanning rate, and the peak being generated normally corresponds to the oxidation and
reduction reactions, i.e. condition at which the peak value is related to the oxidation and
reduction reaction. In this case the voltage is swept between two values at a fixed rate, when
the voltage reaches V, the scan is reversed and the voltage is swept back to V. This is shown

in Figure 30.

voltage

Vi

Figure 30. llustration of a typical cyclic sweep voltammetry.

94



In a typical cyclic voltammetry, a solution component is electrolyzed (oxidised or reduced) by
placing the solution in contact with an electrode surface and then making that surface
sufficiently positive or negative in voltage to force electron transfer. In simple analysis, the
surface is started at a particular voltage with respect to a reference half-cell such as calomel or
Ag/AgCI, the electrode voltage then changes to a higher or lower voltage at a linear rate and
finally changed back to the original value at the same linear rate [418]. When the surface
becomes sufficiently negative or positive, a solution species might gain electrons from the
surface or transfer electrons to the surface [418] resulting in a measurable current in the
electrode circuitry. However, some important information can also be investigated from the
parameters, this include whether the electrochemical process displayed by the sample is
reversible, irreversible or quasi —reversible, and also give close information on how fast the
electron process is, relative to other processes such as diffusion. For example, if the electron
transfer is fast relative to the diffusion of electroactive species from the bulk solution at the
surface of the electrode, the reaction is said to be electrochemically reversible, and the peak

separation (AEp) is given by equation;

_ 2303RT

AE=E,, -E,, E

Equation 2

Where AE, is the peak separation (V), E; . is the anodic peak potential (V), E, ¢ is the cathodic
peak potential (V), n represent the number of electrons and F the Faraday constant

(96 486 C mol™), R is the gas constant (8.314 J mol™ K™) and T is the absolute temperature of
the system (298 K). Therefore, number of electrons (n) involved in the

electrochemical process can be estimated from the above equation [418].
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Therefore, for a redox couple that is reversible, the cyclic voltammograms has been studied to
have the following defined characteristics;

The expression; AE=E_ , -E . = 5—ng Equation 3 [419],
’ “oon

determines the voltage separation between the current peaks.

The ratio of the peak currents is always equal to one:

Pe=1 Equation 4 [419]

The formal potential E® for a reversible redox couple is easily determined as the average of the

two peak potentials:

E,.+E,.)

E® = ( 5 Equation 5 [419]

The peak currents are usually proportional to the square root of the scan rate
(I, is proportional to v¥%2) Equation 6

Quantitative information regarding analyte concentration, that specifies the anodic peak
current, (l,,) and cathodic peak current (I, ) in terms of analyte concentration, C. and while the
scan rate (mV s of the process is been varied, (i.e. how rapidly the electroactive specie is
diffusing through the solution to and from the surface of the working electrode), can be

obtained from the voltammograms using Randles- Sevcik equation:
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1/2
I, :—0.4463nF(%) I*DY4Y2A Equation 7

Where, n is number of electrons appearing in the half-reaction for the redox couple, v is the
rate at which potential is swept, F is the Faradays constant (96485 C mol™), A, the electrode
area (cm?), R represent the universal gas constant (8.314 J mol™ K™), T is the absolute
temperature (K), D is the diffusion coefficient analyte (cm? sec™) and I represents the surface

concentration of the adsorbed species on the modified electrode [420].

If temperature is assumed to be 25 °C (298.15 K), the equation can be written as:

|, =269x10°n**AD***C, Equation 8

An illustration of a cyclic voltammetry (CV) for the reduction of 5 mM ferricyanide in 0.1 M
KClI at glassy carbon electrode, scan rate; 100 mV s is shown in Figure 31. The peak shape of
the oxidative and the reverse reductive current versus electrode potential is typical of an
electrode reaction in which the rate is governed by diffusion of the electroactive species to a

planar electrode surface. (I, and I, ) are the anodic and cathodic peak respectively.
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Figure 31. A typical illustration of cyclic voltammogram for a reversible reaction.

Though, some voltammograms performed at different scan rates can lead to preparation of
quite a number of linear plots whose slopes could give further information about the redox
properties of the sample under investigation. For instance, when the peak current is plotted
against the square root of the scan rate, the slope of the linear plot can be used to estimate the
diffusion coefficient according to the Randles-Sevcik equation shown above. At this instance,
the log of peak current versus the log of scan rate gives a linear plot whose slope distinguishes
between diffusion controlled peaks, adsorption peaks or even a mixture of the two. For
diffusion peak, a plot of the Log i, versus log v is linear with a slope of 0.5 and a slope of 1 for
an adsorption peak. Intermediate values of the slope are sometimes observed, and suggested to

be a “mixed” diffusion-adsorption peak [421].

A situation where the process involved a chemically modified electrode, the sample to be
investigated is deposited on the surface of the electrode and the surface concentration of the

adsorbed material can then be estimated by the use of the Brown-Anson model equation;
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3 n2F2r* Ay

|
P 4ART

Equation 9

Where 1, n, F, A, R, v, T and I™(the surface concentration of the adsorbed species of the
electrode modifier) are all expressed in the equations above. It is important to note that, in a
sensor operation, some parameter such as potential scanning rate, operating temperature and
diffusivity of the reactant are very necessary. The peak current may be used to quantify the
concentration of the reactant of interest provided, that the effect of concentration on the

diffusivity is negligible [422].
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2.11.4.4. Square wave voltammetry (SWV)

A square wave voltammetry is a further improvement of staircase voltammetry (staircase
voltammetry is a derivative of linear sweep voltammetry). In square wave voltammetry, a
square wave is place over the potential staircase sweep, where the forward pulse of the square
wave concurs with the staircase step. The net current (l4), obtained by taking the difference
between the forward and reverse current (I — I,) is usually plotted as a function of potential and
centres on the potential of the oxidation/reduction process of the species. Figure 32 shows the
SWV containing the forward, reverse and net currents. It can be observed that the net current
showed a very large and more pronounced peak difference compared to the forward and
reverse because it is the difference between the two. The peak height is directly proportional to
the concentration of the electroactive species and can measure as low as 10® M. The square
wave voltammetry has several advantages, but the major advantage is its high speed in which a
complete voltammogram can be recorded within a couple of seconds, this speed coupled with
computer control and signal average, allows for experiment to be performed repetitively and
increase the signal-to-noise ratio. Others include excellent sensitivity and the rejection of
background current. Its usage includes the study of electroactive kinetics with regards to
catalytic homogeneous chemical reaction and determination of some species at trace level
[423]. Figure 32 showed a typical SWV of PANI film on glassy carbon electrode showing the

forward, reverse and difference current
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Figure 32. A typical SWV containing the forward, reverse and difference currents.

2.11.4.5. Electrocatalysis

Electrocatalysis can be defined as a process whereby, an electrocatalyst participate as a catalyst
in electrochemical reaction. The electrocatalyst can be a specific form of catalyst that function
at the surface of the electrode or may be the surface of the electrode itself [424]. Thus, catalyst
materials modify and increase the rate of chemical reaction without being consumed in the
process. The process can be heterogeneous, which involve chemical reaction occurring at the
surface of the electrode and electron transfer usually takes place at the interface, leading to a
new product formation (in catalytic electrosynthesis), or homogeneous reaction which is a
sequence of reactions that involve a catalyst in the same phase as the reactants. However, a
homogeneous catalyst is most commonly co-dissolved in a solvent with the reactants
(coordinating complex or enzymes) [425-426]. The ability to catalyse some reaction is one of
the most outstanding properties of conducting polymers. The Kinetics of electrode processes of
some solution specie is able to be improved by a thin layer of a conducting polymer, deposited
onto the surface of a substrate electrode. These electrocatalytic processes, proceeding at a
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conducting polymer electrode is presently yielding application in various fields of
electrochemistry [426].

Three processes are considered to be happening during the electrocatalytic conversion of
solution species at conducting polymer modified electrode. Firstly, heterogeneous electrons
transfer between the electrode and a conducting polymer layer, and electron transfer within the
polymer film. This process is normally accompanied by the movement of charge compensating
anions and solvent molecules within the conducting polymer film, and possibly changes the
conformational structure of the polymer. However, many factors determine the rate of this
process and which include, electric conductivity of polymer layer, electron self-exchange rate
between the chains/or clusters of polymer, and anion movement within polymer films also
seems to be greatly significant. Secondly, the diffusion of solution species to the reaction zone,
where the electrocatalytic conversion occurs. Unlike simple electrode reaction, this process can
be more complicated in cases where the electrocalytic conversion occurs within the polymer
film. In that case, the diffusion of species within the film, in addition to the possible
electrostatic interaction of this specie with the polymer film should be taken into account.

In the third process, a chemical (heterogeneous) reaction takes place between solution species
and conducting polymer. Consequently, the kinetic behaviour and voltammetric responses are
difficult to interpret, and some simplify model has been considered for this to a great extent.
This includes experimental technique (e.g., spectroelectrochemistry) that has been able to yield
valuable information on the subject [427-428]. In which case, various catalytic surfaces have
been successfully employed for facilitating the detection of environmentally relevant analyte,
with otherwise slow electron transfer kinetics [429]. Zhang et al. [430] and Xi et al. [431],
have showed a glassy carbon electrodes, covered with electropolymerized layer of PANI, to

exhibit electrocatalytic properties towards the oxidation of ascorbic acid. Liu et al. [432],

102



concluded that the electrocatalytic reaction occurs within the composite film rather than just at

the outside, and observed the reversible inhibition by the reaction product oxidised coenzyme.

In this work, Electrocatalysis method engaged, the transfer of electrons between the analyte
and electrode surface. In this regard, the catalyst on the modified electrode becomes oxidised in
the electrolyte and then interacts with the analyte which are mostly in their reduced state. There
is electron process taking place which leads to the oxidation of the analyte and simultaneous

reduction of the catalyst. The schematic illustration is shown in Figure 33

Solution surface Catalystlayer
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Figure 33. Schematic diagram of electrocatalytic process on the surface of a modified

electrode.

2.11.4.6. Chemically modified electrode

Chemically modified electrode (CMESs) involves an approach to electrode system design that
finds application in electrochemical investigation, which includes the relationship of
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heterogeneous electron transfer and chemical reactivity of electrode surface chemistry, electron
and electrostatic phenomena at electrode surface, as well as ionic transport phenomena in
polymers. The distinguishing feature of a chemically modified electrode is that it can allow a
thin film of selected conducting material to be bounded on its surface for the purpose of
improving the chemical , electrochemical, optical, electrical, transfer of electron and other
desirable properties of the film in a rational chemically designed manner [433]. Therefore, the
significant drive for modifying electrode surface is electrocatalysis of the electrode reaction of
an analytical desired substrate. It is often observed that redox reaction of an analyte on a naked
electrode surface using voltammetry techniques such as cyclic voltammetry or square wave
voltammetry are slow, so that oxidation or reduction occurs at a potential that is greatly higher
than positive or negative, respectively, than the expected thermodynamic potential. Such
situation can be sorted by accelerating the desired reaction with an immobilized mediator
catalyst. The mediator is attached on the surface of the electrode to function as facilitator for
the charge transfer between the analyte and electrode (as illustrated in Figure 33). The oxidised
form of the mediator catalyst is rapidly reduced, and then, its reduced form reacts with the
analyte specie in solution. It can thus be indicated that the electron transfer occurred between
the mediator and the electrode and not between electrode and the analyte, directly. From the
illustrated equation below, a mediator can be represented by M and the analyte, A, [434].

Mox + ne” —— Mred Equation 10

Mred + Aox—> Mox + Ared Equation 11

104



Therefore, three features can be ascribed to a mediated electrocatalysis; firstly, the catalysed
reaction occurs near the formal potential of the mediator catalyst couple (oxidised and reduced
form) unless a catalyst-analyte abduct is formed, in which case reaction occurs at the potential
for abduct. Secondly, the formal potential of the mediator catalyst and that of the analyte must
be alike, as this decrease the reduced plus analyte reaction energy, thus, the choice is also
associated with a maintained and agreeably fast reaction rate. And finally, for a successful
catalysed reaction of analyte to occur, the reaction must be at less negative or positive potential
for reduction or oxidation, respectively, than required for the naked electrode reaction of
analyte [435-436]. Therefore, under this condition, a surface concentration of an
electrochemical material can be determined by applying the following equation below, with
respect to surface confined specie, in this reverence, I, (LA) is directly proportional to the scan

rate, v (MV s™)

= Q Equation 12
nFA
22
lp= nFAlY Equation 13
4RT

Chemically modified electrodes can be obtained by various methods which include, attaching
molecules on the electrode surface through adsorption, covalent binding, self-assembled
monolayer etc. [437], by immobilising multimolecular layers films on electrode (mainly
polymer) and by designing heterogeneous, and spatially defined layered microstructure onto
electrode surface or within the bulk of the electrode materials [438-439]. CMEs have been
widely employed in various process including, electrocatalysis, surface analysis [440],

electrosynthesis [441], molecular electronics [442] etc.
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2.11.5. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy can however be described as a technique that can be
used to investigate the mechanism of individual contributions of components under
investigation in electrochemical reaction. Through EIS, the dielectric and transport properties
of materials, the properties of porous electrode were able to be explored as well as the passive
surfaces [443-444]. This special technique was reviewed by Macdonald to have been founded
by a scientist, named Oliver Heaviside [445], who defined electrochemical impedance
spectroscopy as being an excellent, non-destructive, accurate and rapid in situ technique for
examining processes occurring at electrode, and can then give information about a process in
progress [446]. The exclusive control of the technique can also be attributed to; ability to
readily interpret results due to its linear system theory. All impedance information can be
gathered by linear electrical perturbation/response techniques even if measured at an infinite
frequency range or at high experimental efficiency, and the validity of the data is willingly
determined using integral transform techniques that are independent of the physical process
involved [447]. Impedance spectroscopy is different from other electrochemical techniques, in
that, application is either by potentiostatic or potentiodynamic method, a small perturbing
potential across a cell or sample that changes in a cyclic sinusoidal manner (hence impedance
is termed alternating current (AC) and current is then generated due to the overpotential (1))
caused by the displacement of the potential from the value at equilibrium. The term alternating
current, is a measure of the ability of a circuit to resist the flow of an electrical current, defined

by ohm’s law as the ratio between voltage (E) and the current (1) [409, 448].

Equation 14

_||-|-|
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In EIS experiment, a small perturbation (sinusoidal potential AC wave form of 5-10 mV) is
applied on the DC potential to generate a response from the equilibrium position. The response
which is generally sinusoidal is measured in terms of the AC impedance or the impedance, Z,
of the system, which permits analysis of the electrode process in relation to diffusion, kinetics,
double layer, coupled homogenous reaction, etc. [449]. The ratio of the applied voltage (E)
over measured current (I) is the impedance of the system (Z = E/I). As an AC potential is
applied to the cell, there is every possibility for a phase shift by an angle (¢) between the
applied AC potential waveform and the AC current response, as a result, the impedance can be
represented using a vector diagram [Figure 34], displaying the in-phase and out-of-phase

impedances, the total impedance, and the phase angle ¢.

Phase-shift

Figure 34. lllustration of a sinusoidal current response to potential perturbation as a

function of time in a linear system

The excitation signal, expressed as a function time, has the form

E, =E, sin(w?) Equation 15
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Where E; is the potential at a time t, E, is the amplitude of the signal, o is the radial frequency.
The relationship between radial frequency o (expressed in radian/second) and frequency f

(expressed in hertz) is:

w=211f Equation 16
In a linear system, the response signal I;, is shifted in phase (¢) and has a different amplitude,

lo.

I, =1, sin(cwt +P) Equation 17

Using ohm’s law, an analogous expression allows the impedance of the system to be calculated

by substituting equation 3 and 4, and then we have:

Et  E.sin(wr) sin(cwr)
Z = — = - =Zo N
It lsin(wr+¢) — sin(owt+¢)

Equation 18

Because of complex number of terminology that is involved when analysing impedance
spectra, the in-phase and out-of-phase impedances are often referred to as real and imaginary
impedances. The complex impedance (Z) is made up of a resistive or real part Z’, attributable to
resistors (in phase with the applied voltage), and a reactive or imaginary part Z", attributable to
the contributions of capacitors (out of phase with the applied voltage by +7/2) and /or inductors
(out of phase with the applied voltage by -n/2). This is related to the resistance (R), reactance

(X) and capacitance (C) according to the equation:

Z=Z+j2"=R-jX; X =1/aC j=4+-1 Equation 19
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Where R represent the resistance (measured in Q), X the reactance, C the capacitance measured
in Farads, F), and o is the applied angular frequency (radian/s): @ = 2 = f and f is the frequency

in hertz (Hz) [448].
Represented by the term Z’” and Z*” by the equation:

Z=27'-j7"wherej=1-1 Equation 20

The expression Z is defined by the term, j, which determines the contribution of Z" to Z, often
represented as complex impedance. From impedance experimental data, the expression Z is
composed of a real and an imaginary part, therefore if the real part plotted on the x-axis versus
the imaginary part plotted on the y-axis of a chart, a ‘Nyquist plot’ (Z’ versus Z’’) is the result.
However, it should be noted that the imaginary part which is y-axis is almost always capacitive
and it is usually negative and each point on the Nyquist plot is the impedance at one frequency.
Also, the impedance can be represented as a vector (arrow) of length |Z| on the Nyquist Plot
[450]. The angle between this vector and the X-axis, commonly called the “phase angle”, is ¢
(= arg Z). A typical Nyquist plot is shown in the Figure 35, for the real impedance (x-axis) and
the imaginary impedance (y-axis) with low frequency data on the right side of the plot and

higher frequency on the left side.
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Figure 35. A typical Nyquist plot showing some kinetics.

2.11.5.1. Bode plot

Another popular presentation method for impedance is the Bode plot [450], where the
impedance is plotted with log frequency on the X-axis and both the absolute values of the
impedance ( IZI = Z,) and the phase-shift on the Y-axis. Unlike the Nyquist plot, the frequency
information f and ¢ that helps to ascertain the different constituents’ phases of the system more
easily can be achieved. However, in those frequency region where a resistive behaviour is
dominant, a horizontal line is observed for the log Z — log f representation and a ¢ close to 0° is
measured [450]. In addition, capacitive behaviour within a frequency region is described by a
straight line with a slope of -1 in the log Z-log f plots and a ¢ around 90°, whereas diffusion-
controlled phenomena (Warburg Impedance) would give a straight line with a slope of —1/2
and a ¢ of 45° [451]. Figure 36 showed a typical Bode plot with one time constant for the

equivalent electric circuit of Figure 37.
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Figure 36. Bode plot with one time constant.
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2.11.5.2. Equivalent electrical circuit

Experimental impedance data of an electrochemical cell can easily be fitted to the impedance
of an equivalent circuit, the equivalent electrical circuit (EEC) usually considered as the main
technique used to analyse EIS data [452] ( also called Randle equivalent circuit ) and mainly
comprising of different element such as resistor, capacitor and an inductor joined in series or in
parallel. In such circuits, a resistance ideally describes as a conductive path, such as that
generated by the bulk conductivity of the system or the charge-transfer step due to an electrode
reaction, whereas a capacitance is generally described as space-charge-polarization regions
within the system as well as modification of an electrode surface due to adsorption processes or
polymer-layer deposition [453]. Self-made fitting programs can normally be used to construct a
quantitative fitting by adopting the proper electrical circuit. In many cases, however, the
obtained parameters do not have physical equivalents; therefore, it is difficult to extract
information about the electrode reaction mechanism. For example, an inductance arc is often
observed in the impedance spectra, but the source for this element in the electrode system
remains unclear [450]. Moreover, for a given impedance spectra, there may be several
electrical circuits, all of which can provide a good fit and sometimes making it difficult to

select the proper equivalent electric circuit model for the electrode system [452, 454].

—| 0

Figure 37. A typical simple equivalent electrical circuit.

112



A typical electrical circuit element however, comprises of the following parameters which
include the following: Solution resistance (Rs), the charge transfer resistance (R.), Warburg
impedance (Z,) while contribution to the capacitance could be, as a capacitor (C) and constant
phase element (CPE) [452, 455]. Table 2 showed the common circuit elements, the equation

for their current versus voltage relationship, and the impedance that should be noted.

Table 2. Common circuit elements

Component Current vs Voltage Impedance
Resistor E=IR Z=R
Inductor E =L di/dt Z=jolL
capacitor | = CIdE/dt Z=1/ joC

The following should however be noted about an electrical circuit:

The impedance of a resistor does not depend on the frequency and has no imaginary
component. The current through a resistor stays in phase with the voltage across the resistor
with only a real impedance component [452]. Also, the impedance of an inductor increases as
the frequency increases and inductor has only an imaginary impedance component [452]. As a
result, the current through an inductor is phase shifted -90 degree with respect to the voltage.
The impedance versus frequency behaviour of a capacitor is opposed to that of an inductor
which results in the capacitor’s impedance decreasing as the frequency is increased. Capacitors

also have only an imaginary impedance component[452]. The current through a capacitor is
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phase shifted 90 degree [452] with respect to the voltage. The following parameters are then

briefly discussed:

2.11.5.2.1. Solution resistance (Rs)

The solution resistance is the resistance between the working electrode and the reference
electrode. This is indicated as a small offset on the real impedance axis. It is measured at high
frequency intercept near the origin of the Nyquist plot. The resistance of an ionic solution
depends on the ionic concentration and type of ions the electrolyte is made up, temperature and

the geometry of the area of the current.

2.11.5.2.2. Charge transfer resistance (Rc)

This is the resistance associated with the charge transfer mechanisms for electrode reactions. It
is the resistance to electron transfer at the electrode interface. It is deduced from the kinetically
controlled electrochemical reaction at low over-potential. The net current (l,e) from the

oxidation and reduction reactions is then represented by the equation below.

Inet = lo(eXp (a%n)—exp (—(1—0()%;7) Equation 21 [415, 452].

The equation is called Butler-Volmer equation [456]. It is applicable when the polarisation
depends only on the charge transfer kinetics. The solution can be stirred to minimise the
diffusion layer thickness which can help reduce concentration polarization. When (n F n /RT) is
well below unity, according to the Buttler-Volmer equation [456], this could be inform of

equation 22.
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nFy

A Equation 22
RT

I =1l

And also in terms of over-potential () and concentration terms for oxidised, reduced and

equilibrium states for a one electron redox process thus,

_RT . (0t) - (0t) 1 :
”‘?[Cf’@‘CR@*E ] Equation 23 [452].

However, for a small over-potential and in equilibrium system, the expression for the charge

transfer resistance for an n electron process could be represented as below

RT

= Equation 24
“ nFlo f

From this equation the exchange current density (lo) can be calculated when R is known. The
charge transfer resistance is approximated from the diameter of the semicircular region on the
real impedance axis of the Nyquist plot. When the chemical system is kinetically sluggish, the
Rct will be very large and may display a limited frequency region where mass transfer is a
significant factor. But the semicircular region does not form when we have a kinetically facile

system and mass transfer always playing the role [452].

2.11.5.2.3. Warburg impedance
The Warburg impedance is associated with diffusion. And it depends on the frequency of the
potential perturbation. When the frequency is high, a small Warburg impedance is observed

since the diffusion reactant does not move fast enough, whereas, at low frequencies the reactant
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have to diffuse farther so as to increase the Warburg impedance. The equation for the "infinite"

Warburg impedance is represented as;
Zw =0 ()2 (14) Equation 25

The Warburg impedance usually appear as a diagonal line with a slope of 45° on a Nyquist
plot, while on a Bode plot, the Warburg impedance exhibit a phase shift of 45°
The Warburg coefficient, o, in equation 25 is defined as

RT 1 1

o= + Equation 26
nZFZAﬁ( C*oDo C*rvDr ) q

Where w is radial frequency, D, and Dg represents the diffusion coefficient of the oxidant and
of the reductant respectively, A is the surface area of the electrode and n is the number of
electrons involved. However, if the diffusion layer is bounded i.e., not infinite as discussed
above, then, the impedance at lower frequency will no longer obeys the equation above, rather,

a form of equation below come into play;
I/ . JCU -y )
Z,=ow (1~ j)tanh(d( o ) Equation 27

Where ¢ represents the Nernst diffusion layer thickness and D represents some of average

value of the diffusion coefficients of the diffusing species [457].
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2.11.5.2.4. Coating capacitance

A capacitor is formed when two conducting plates are separated by a non-conducting media,
called the dielectric [456]. The value of the capacitance depends on the size of the plates,
distance between the plates as well as the properties of the dielectric [456]. The relationship is
referred to as;

co&rA

d

C Equation 28

Where &, is the permittivity of free space, & is dielectric constant (relative electrical
permittivity), A = surface of one plate and d, distances between two plates. Permittivity of free

space is a physical constant, but the dielectric constant depends on the material.

2.11.5.2.5. Constant phase element (CPE)
Constant phase is used when there is deviation in capacitors. In some EIS experiment,
capacitors does not behave ideally, in such situation, the constant phase element is used, and

the impedance can be expressed as:

Z= (1Y) (j ®)* Equation 29

Where, Y, = C which is the capacitance, a is an exponent that equals 1 for a capacitor.

However, for a constant phase element, the exponent « is less than one. When a = 0.5, a 45°
line is produced on the complex plane graph and could be used for an infinite length of
Warburg element. During circuit fitting, the CPE is defined by two values, i.e., the capacitance,

C, and the CPE exponent, a, which has a value between 0.5 and 1 for a non-ideal capacitor. If n
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equals 1, the equation is identical to that of a capacitor and smaller values can be related to
surface roughness and in-homogeneities, which leads to frequency dispersion.
Table 3 showed the common equivalent circuit model, the elements used are listed and

equation for both admittance and impedance are given for each element.

Table 3. Equivalent circuit model and dependent variables as fit parameter.

Equivalent element Admittance Impedance
R 1/R R
C JloC 1/j oC
L 1/j wL joL
W (infinite Warburg) Y, (Jw) Yi\/(J_w;
O (finite Warburg Y, \/(jw)coth(By/(joo)) Tanh(B(jo) /Y, (jo)
Q (CPE) Yo jo) Yo (jo)

2.11.5.2.6. EIS characterisation of a polymer thin film

The numerous processes that take place simultaneously during recharge of polymer layer have
made it quite complex, and as such various numbers of models are used describing the
impedance spectra for some particular layer. An ideal Nyquist plot for a polymer coated metal
electrode in an electrolyte solution and in a purely charge-transfer control system is shown
where the charge transfer resistance can be derived from the diameter of the semicircle. The

mass transfer in EIS is limited to diffusion (concentration gradient) by the steady state
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condition. Figure 38 shows an equivalent circuit (a) and sample of Nyquist plot of a polymer
membrane coated electrode indicating the kinetically controlled (higher frequency) and the

mass controlled (low frequency) parts of the plot.
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Figure 38. A typical equivalent circuit (a) and Nyquist plot of a polymer membrane (b).

2.11.5.2.7. Impedance modelling using equivalent electrical circuit

The following discussion is on a typical modelling method for EIS based on the impedance
theory and reaction mechanism that has been used to interpret and predict EIS characteristics of
multi-step reactions. The approach reported has been successfully used in metal corrosion by
Péter et al. [458], in electrocatalytic reaction. Hsing, et al. [459] and Boukamp et al. [460],
successfully interpreted the behaviour of low frequency reaction-initiated inductive in a solid-
state/oxygen-electrode. They showed that the faradaic impedance of electrode reaction can be
expressed as a function of the state variables and kinetic parameters as long as the reaction
mechanism can be identified, which is a major advantage of this method for data interpretation,
as every parameter in the impedance expression has a clear physical significant related to the

reaction mechanism. However, in some electrode material, where the values of the kinetic
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parameters are not usually available, the experimental impedance modelling approach is
combined with equivalent circuit method to solve the problem [450]. Figure 39 showed a
model proposed for the transport process in polyaniline, and the charge transfer kinetics of the
ions and solvent at the polymer/electrode/electrolyte interface. The C in the circuit model
represents the combination of the double layer capacitance from the carbon substrate and
pseudo-capacitance (CF) from PANI, which was related to the faradaic process of its redox
transition. The concentration of aniline in the 1 M H,SO, solution used for polymerisation was
as low as 10 mM. Such a PANI-deposited carbon electrode is denoted as a PC electrode. If the
minimum PANI loading is considered, the specific mass of PC electrodes was assumed to be

2.9 mg cm 2 [452].
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Figure 39. Equivalent circuit for simulating the impedance spectra of bare carbon

electrode (BC) and polyaniline carbon (PC) electrodes. Reprinted Diagram from [461]

and [452].

The combination of EIS with a commonly used technique like cyclic voltammetry has proven

to provide a useful understanding of the properties of conducting polymer based

nanocomposite and thus to develop such nanomaterials for specific applications [452, 462].
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Other spectroscopic techniques used in this work are Fourier transmittance infrared
spectroscopy (FT-IR) and wultra violet visible spectroscopy (UV Vis spectroscopy).
Morphological techniques include Raman spectroscopy, atomic force microscopy (AFM), X-
ray diffraction (XRD) high resolution transmission electron microscopy (HR-TEM) and high

resolution scanning electron microscopy (HR-SEM). These are briefly discussed.
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2.11.6. Microscopy and Spectroscopy techniques

2.11.6.1. Ultraviolet-visible (UV-vis) spectroscopy

This is a spectroscopic technique that is referred to as, absorption spectroscopy or reflectance
spectroscopy in the UV visible spectral region. It uses light in the visible and adjacent (near-
UV and near-infrared (NIR) ranges. It is also referred to as electronic spectroscopy, which
implies the involvement of high energy photons in the distribution of the electrons within the
molecules, and changes takes place during excitation. In UV-visible spectroscopy, the
absorption in the visible range directly affects the perceived colour of the materials involved;
consequently, the material as well as the current can be monitored. The colour is associated
with the maximum wavelength of the absorption band, Ama, together with absorbance at
individual wavelengths. The optical absorbance of the material, Abs, defined as the logarithmic
ratio of the radiation that falls on a material, to the radiation been transmitted through a

material [463-465], can be expressed as:

T withnosample
T with sample

Abs =log10 Equation 30

Where, T represents the transmittance of light passing through the cell with and without
sample. This in essence, gives the amount of electroactive material as converted by the current.
Quantitative information of solution of many molecules (metal ion and highly conjugated
compounds) absorbing at ultraviolet or visible light is determined. In this case, the absorbance
of a solution increase as the attenuation of the beam increases. Therefore, according to the
Beer’s Law [466], the absorption is directly proportional to b, which is the path length, and c,

which is the concentration of the absorbing species, and can be represented as;
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A = ebc, Equation 31

Where e is a constant of proportionality, called the absorbtivity, the equation can be re-written
as:

Abs =¢C, | Equation 32

Where the absorbance is determined at fixed wavelength 4, ¢ is the extinction coefficient (cited
at the same value of 1), and | is the optical path length. If the magnitude of the extinction
coefficient at 1 is known, then the amount of analyte (C,) can be quantified simply by
determining the optical absorbance and inserting the values into equation 31 [465]. Different
molecules absorb radiation at different wavelength as such, an absorption spectrum will show a
number of absorption bands corresponding to structural group within the molecule. So there is
a possibility of identifying a certain analyte, using UV-vis spectroscopy. UV-vis spectroscopy
is a complementary technique to fluorescence spectroscopy, as electronic transition in
fluorescence is from excited state to the ground state, while absorption measures transition
from the ground state to excited state [465]. A typical UV-visible spectrum of graphene oxide

is shown in the Figure 40 below.
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Figure 40. UV-vis spectrum of graphene oxide.
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2.11.6.2. Fourier transforms infrared spectroscopy (FT-IR)

Infrared spectroscopy is an important technique that provides easy way to identify the presence
of certain functional groups in a molecule. Also, the unique collection of absorption bands can
be used to confirm the identity of a pure compound or to sense the presence of specific
impurities [467]. In infrared spectroscopy, IR radiation is passed through a sample where some
of the radiation is absorbed by the sample and some of it is passed through (transmittance). The
resulting spectrum represents the molecular absorption and transmission, producing a
molecular fingerprint of the sample. Similar to a fingerprint, two unique molecular structures
cannot produce the same infrared spectrum. As a result, infrared spectroscopy can result in a
positive identification (qualitative analysis) of every diverse kind of material. Additionally, the
size of the peaks in the spectrum is a direct indication of the amount of material present. This
makes infrared spectroscopy a useful technique for several types of analysis in terms of
identifying an unknown materials, determining the quality or consistency of a sample and the
amount of component in a mixture [468]. Figure 41 is a typical FT-IR spectrum of graphene

oxide showing absorption peaks of some functional group.
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Figure 41. FT-IR Spectra of Graphene oxide.
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2.11.6.3. Raman spectroscopy

Raman spectroscopy is a spectroscopic technique that can be used to observe, rotational,
vibrational and other low-frequency modes in a system [469]. The technique is based on
inelastic scattering of monochromatic light, generally from a laser in the visible, near infrared
range, or near ultraviolet range. The interaction of the laser light with molecular vibration,
phonons or other excitation in the system results in the Raman shifted photon. This Raman
shifted photon could either be higher or lower in energy; it however depends upon the
vibrational state of the molecule under study. The shift in wavelength of the inelastically
scattered radiation provides the chemical and structural information [470]. Typically, a sample
is illuminated with a laser beam and this produces a light spot that is collected with a lens and
made to pass through a monochromator. Wavelengths nearer to the laser line owing to elastic
Rayleigh scattering are filtered out while the rest of the collected light is dispersed onto
detector. Theoretically, when light impinges upon a molecule and interacts with the electron
cloud and the bond of the molecule, a spontaneous raman effect will occur inform of lights
scattering and the molecule is then excited by a photon from the ground state to a virtual
energy state. At this stage, the molecule relaxes and emits a photon in return to a different
rotational or vibrational state. The energy difference between the states leads to a shift in the
emitted photon’s frequency away from the excitation wavelength.

However, raman effect is a light scattering phenomenon where excitation of molecule is to a
virtual energy level not absorption as with fluorescence where excitation is to a discrete energy
level. The emitted photon’s shift actually depends on the energy of the vibrational state as
regards the molecule under study as earlier mentioned. The photon will shift to a lower
frequency if the final vibration state of the molecule is more energetic than the initial state,
creating a balance in energy of the system. This shift in frequency is designated as a strokes

shift, and anti-strokes, if it is reversed. The observed raman shift of the stokes and anti-stokes
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features are a direct measure of the vibrational energies of the molecule [469]. However,
during raman effect, about 99.999% of all incident photons in spontaneous raman undergo
elastic rayleigh scattering while only 0.001% of the incident light produces inelastic raman
signal, rendering the spontaneous raman scattering very weak. As such, measures are made by
introducing the use of instruments such as tunable filters, laser stop aperture and double or
triple spectrometric systems so as to reduce rayleigh scattering and produce a high-quality and
raman spectral [469]. Raman shifts are typically in wavenumbers with a unit of inverse length.
To convert between spectral wavelength and wavenumbers of shift in the raman spectrum, then

expression in equation 33 can be used.

Aw = [i - 1) Equation 33 [471]
Ao A

Where AW is the raman shift expressed in wavenumber, Ao is the excitation wavelength and A
is the raman spectrum wavelength. The unit commonly use for expressing wavenumber in
raman spectra is the inverse of centimetre (cm™), and wavelength is often expressed as

nanometre, therefore, the equation can be scaled for unit conversion, thus, [471].

7
! -1 )j x (10 nm) Equation 34

e )-{ 5 oy (om)

(nm) 2, (nm
A typical example of a raman spectrum is shown in Figure 42 revealing the characteristics

absorption peaks of G band D band of graphene.

126



120

100

graphene

Intensity (abs.unit)

'20 T T T
500 1000 1500 2000

Raman shift (cm'1)

Figure 42. Raman spectrum of graphene.

2.11.6.4. Atomic force microscopy (AFM)

Atomic force microscopy is a type of scanning probe microscopy that is of high resolution and
one of the leading tools for imaging. It can measure as well as manipulate matter at the
nanoscale [472-473]. The AFM operates by physical interaction of a cantilever sharp tip with
the specimen surface. As the cantilever scan the sample surface, forces between the tip and
sample leads to a deflection of the cantilever according to hook’s law, which is then measured
by using a laser spot reflected from the top of surface of the cantilever into an array of
photodiode or with some other methods such as capacitive sensing or piezoresistive AFM
cantilever [474]. The measurement of the sample is made in three dimension, X, y, and z, which
resulted into three-dimensional images of sample surfaces. The type of force measured in AFM
however, depends on the situation, and the various types of forces with the inclusion of
mechanical contact force, are:, capillary forces, chemical bonding, electrostatic forces,
magnetic forces van der waals forces etc. Also, care must be taken during scanning so as to
avoid damage of the tip of the cantilever; this may occur if the tip collides with the surface of
the sample. Therefore, a feedback mechanism is generally used to adjust the tip-to-sample
distance in other to maintain a constant force between the two [475]. A typical AFM usually

operates in a number of modes, and the type of mode depends on the kind of application. The
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possible imaging modes are then divided into static which is also called contact mode and a
variety of dynamic, called non-contact or tapping mode [475]. A sample of an atomic force
microscope with a controlling computer is shown in Figure 43, while an example of AFM

topography image of a graphene on SiO, substrate with the profile is shown in Figure 44.

An atomic force microscope on the left with a
controlling computeron the right.

Figure 43. Atomic force microscope with a controlling computer.
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Figure 44. AFM topography image of graphene on a SiO, substrate.
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2.11.6.5. X-ray diffraction (XRD)

X-ray diffraction is a non-destructive analytical technique which can vyield the unique
fingerprint of bragg reflections associated with a crystal structure. It is reflected such that, the
angle of reflection is equal to the angle of incidence, and this is referred to as diffraction which

can be described by Bragg’s law [476].

2dsinG = nA Equation 35

At this satisfaction, a constructive interferences of the diffraction X-ray beams occurred and a
detector scanning picked up the bragg’s reflection at this angle. It is the position of these
reflection that give information about the inter-layer spacing of atoms in the crystal structure
[476]. Therefore, a phenomenon, whereby, x-ray crystallographic method is used to determine
the atomic and molecular structure of a crystal, in which the crystalline atoms caused a beam of
x-rays to diffract into many specific directions (term referred to as reflection) with a
wavelength similar to the distance between the atomic or molecular structure of interest, is
called X-ray diffraction. As such, two-dimensional images taken at different rotations are
converted into a three-dimensional model of density of the electrons within the crystal while
measuring the angle and intensities of the diffraction beam. The mean position of the atom in
the crystal can be determined, in addition to their chemical bonds, theirs disorder and various
other information can also be gathered through the electron density. However, Poor resolution
(fuzziness) or even errors may result if the crystals are too minimal, or not consistent enough in
their internal makeup [477]. The following information is expected of a very effective and
reliable x-ray diffraction pattern:

The ability to measure the average spacing between layers or rows of atoms

It must be able to determine the orientation of a single crystal of grain
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The crystal structure of unknown crystal can be found with x-ray diffraction.

Measurements of the size, shape and internal stress of small crystalline regions of a sample
must be possible [478]. Figure 45 showed x-ray diffraction pattern of graphene oxide and
graphite.
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Figure 45. Presentation of x-ray diffraction pattern of graphene oxide and graphite.

2.11.6.6. High Resolution Transmission Electron Microscopy (HR-TEM)

High resolution transmission electron microscope is an imaging mode of the transmission
electron microscope that allows for direct imaging of the atomic structure of a sample. The
properties of material such as semiconductors, metals, nanoparticles and sp®-bonded carbon
(e.g. graphene) can be conveniently studied by using HR-TEM [479]. Imaging in HR-TEM is
based on phase contrast with a scale (presently around 0.5 angstroms) enough to resolve
individual atoms of a crystal and its defects. The process of contrast of a HR-TEM image
occurred from the interference in the image plane of the electron wave with itself, a large part
of the structure information of the sample which is contained in the phase of the electron wave

is then recorded using the amplitude in the image plane. However, the phase contrast mode of
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operation is prone to some limitation, as image in phase contrast is influenced by aberration
(e.g. defocus) of the imaging lenses in the microscope, which may not allow an instinctive
interpretation. Also, problem may arise from the high magnification imaging which requires a
high electron dose therefore, specimens needs to be comparatively beam insensitive so as to
avoid any damage of specimen, however, compounds with a high thermal stability and
especially high melting inorganic material can be investigated at atomic resolution. Analysis in
HRTEM requires very thin specimen, because, the thinner the better for the technique normally
smaller than 50 nm, depending on acceleration voltage used [480]. HRTEM is more applicable
and useful in the distribution and structure of defects, interfaces and grain boundaries in
samples, nano-crystalline features in amorphous films, small particle analysis in heterogeneous
catalysts, sub-micron morphological and device features and in thermodynamic
decompositions, diffusion and phase transformations [481-482].

Jiang et al. [483] has employed high-resolution transmission electron microscopy (HRTEM) to
examine nanodefects at shear bands (main microstructural effect of plastic deformation in
amorphous alloys) in both the tensile and compressive regions, and the results have been used
to elucidate the mechanism of mechanically-induced nanocrystallisation. They have been able
to conclude from the difference in crystallization at shear bands in compression versus tension,
that the effect of the adiabatic heating on nanocrystallisation at shear bands is much less
significant than enhancement of atomic mobility by deformation. HRTEM has been employed
by Yuk et al. [484] and reported that direct atomic-resolution imaging allowed visualized
critical steps in the process. Site-selective coalescence, surface faceting as well as structural
reshaping after coalescence can also be achieved [484]. A typical representation of HRTEM
instrument and sample of an image of graphene from the instrument is shown in Figure 46

below.
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Figure 46. A typical HRTEM (a) and an example of image (b).

2.11.6.7. High resolution scanning electron microscope (HR-SEM)

A scanning electron microscope is a powerful type of electron microscopic techniques in the
examination of materials. Images of a sample are produced in HR-SEM when samples are
scanned with a focused beam of electron, the electrons then interact with atoms of the sample
which resulted in the production of various signals that can be detected and that contain
information about the surface topography of the sample and composition. Usually, the electron
beams scan in a raster scan pattern and position is combined with the detected signal to
produce an image. High modification of images can also be obtained, with a good depth of
field as well as analyse individual crystals or other feature. A high-resolution SEM image has
been reported to show detail down to about 20 to 25 Angstroms, or even higher [485]. When
used in conjunction with the closely-related technique of energy-dispersive x-ray microanalysis
(EDX, EDS, and EDAX), the composition of individual crystals or features can be determined.

The magnification of the image is the ratio of the size of the screen to the size of the area
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scanned on the specimen, for example, if the screen is 300 mm across and the scanned area is 3
mm across on the specimen, then the magnification is x100, also if the scanned area is 0.3 mm
across on the specimen, the magnification is x1000 which serves as a higher magnification.
Figure 47 showed a typical MEB-FEG Low voltage and high resolution scanning electron
microscope: Hitachi S-4700 (cold FEG) — EDS — back scattered electrons detector. LEO 1530
(Schottky source) — EDS — CL and EBIC at ambient and cryogenic temperature for high
resolution imaging and high spatial resolution elemental analysis and an image sample of

graphene that was taken [485].

Figure 47. A typical HRSEM (a) and an example of image (b).
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CHAPTER THREE
MATERIALS AND METHODS
Introduction
This chapter gives information on materials and different experimental procedures employed
for the chemical and electrochemical preparation of graphene oxide, graphene, polyaniline,
graphene-polyaniline modified electrode and fabrication of electrochemical sensor based on

graphenated —polyaniline doped tungsten oxide.

3.1 Reagents

Natural graphite powder (microcrystal grade, 99.9995%) (Metal base) UCP -1 —M grade, ultra
“F” purity purchased from Alfa Aesar was used for graphite oxide preparation Analytical grade
aniline (99%) was obtained from Aldrich Chemical, Gillingham, England and purified twice by
distillation under reduced pressure and kept in a refrigerator prior to use. Ammonium
peroxydisulfate (APS), phenanthrene (PHE), anthracene (ANT), pyrene (PYR) (99%),
hydrochloric acid (HCI, 37%), hydrogen peroxide (H,O,, 35 wt% water solution), sulphuric
acid (H,SQy), sodium nitrite (NaNO,), potassium permanganate (KMnQy,), lithium perchlorate
(LiClOy4) and tungstic acid (H,WOQO,) were obtained from Sigma-Aldrich. All chemicals used in
this study were analytical reagent grade and used without further purification. 1 M HCI and
acetonitrile were used as the supporting electrolytes. Deionised water (18.2 mQ) purified by a
milli-QTM system (Millipore) was used for sample preparations. Analytical grade argon,
purchased from Afrox Company, South Africa, was used in cause of analysis. Polishing pads
obtained from Buehler, IL, USA and Alumina micro powder (1.0, 0.3 and 0.05 pm alumina

slurries) were used for polishing the glassy carbon electrode (GCE).
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3.2. Measurements and instrumentations

Cyclic voltammetric (CV) and square wave voltammetric measurements were carried out using
a BAS 100W integrated, automated electrochemical workstation from BioAnalytical Systems
(BAS) Technicol, Stockport, UK. A conventional three-electrode system consisting of glassy
carbon (0.071 cm?), Ag/AgCl (saturated NaCl) and platinum wire as working, reference and
counter electrodes were used respectively. The platinum wire was cleaned by burning through
flame and reference electrode was cleaned by rinsing with distilled water. The experiments
were carried out at controlled room temperature (25 °C). The infrared spectra of graphite,
graphite oxide and graphene and the composites were evaluated using Fourier Transform
InfraRed spectrometer (FT-IR, Perkin EImer Spectrum 100), the structural properties were also
evaluated through X-ray diffraction (XRD, Phillips X-ray diffractometer with Cu-Ka
radiation). A tapping-mode atomic force microscope (AFM) (Veeco Nanoman V) was
employed to evaluate the morphology of graphite oxide and graphene, with special emphasis
on estimating its thickness. The silicon tip [antimony (n) doped] had a curvature radius of 2.5—
3.5 uM, a force constant of 1-5 N m* and a resonance frequency of 60-100 kHz. The samples
for AFM were prepared by drop coating the graphene/water (5 pL) dispersion onto a silicon
wafer. Transmission electron microscopy images were taken on a Tecnai F20 HRTEM and the
scanning electron microscopy images were taken using LEO 1450 HRSEM 30KYV instrument
equipped with EDX and WDS. The Raman spectra were recorded on a Dilor XY Raman
spectrometer with a Coherent Innova 300 Argon laser with a 514.5 nm laser excitation.
Electrochemical impedance spectra (EIS) measurements were performed using VoltaLab PGL
402 from Radiometer Analytical (Lyon, France) in a solution containing 1 M HCI. UV-Vis
spectra measurements were recorded over a range of 200-900 nm using 3cm® quartz cuvettes

with Nicolette Evolution 100 Spectrometer (Thermo Electron Corporation, UK).
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3.3 Preparation of materials

3.3.1. Synthesis of graphite oxide

Graphite oxide was synthesised chemically from graphite powder by the modified Hummers
method [346, 486]. In a typical synthesis, concentrated sulphuric acid (50 mL) was gradually
added to a 500 mL volumetric flask containing mixture of powdered graphite flakes (2.0 g) and
sodium nitrate (1.0 g) at room temperature. The solution was then cooled to 0 °C in ice bath,
while vigorous agitation was maintained; potassium permanganate (7.0 g) was added to the
suspension for duration of about 30 min. The rate of addition was carefully controlled to
prevent the temperature of the suspension from exceeding 20 °C. The ice bath was then
removed, and the suspension brought to room temperature, where it was maintained for 30 min.
The temperature was then raised to 35 °C in a water bath, and then stirred with a Teflon coated
magnetic stirring bar for 12 h. As the reaction progressed, the slurry gradually thickened with
diminishing effervescence. The mixture was then cooled in ice bath, followed by addition of
excess deionised water to the mixture and treated with hydrogen peroxide (30%) until gas
evolution ceased, to reduce the residual permanganate and manganese dioxide to colourless
soluble manganese sulphate. The resultant brownish yellow suspension was filtered off,
thoroughly washed several times with warm deionised water/ conc. HCI mixed solvent (9:1
volume ratio) in order to remove all sulphate ions, followed by distilled water until neutral pH
of the filtrate. The precipitate was then dried under reduced pressure at 60.°C for 24 h to obtain

graphite oxide.
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3.3.2. Preparation of graphene

From the prepared graphite oxide, 100 mg powder was dispersed in 100 mL of deionised water
to be exfoliated into graphene oxide (GO) sheets by ultrasonication for 1 h and to form a stable
aqueous dispersion. 200 mg of sodium borohydride (NaBH,) was added to the dispersion under
magnetic stirring, and the mixture was continuously stirred at 125 °C for 3 h. Finally a black
precipitated solid was obtained and isolated by filtration then dried under vacuum at 60 °C to
obtain graphene (GR) [335]. Scheme 2 showed the illustration to the preparation of graphene

from graphite. The sample of the prepared graphite oxide and graphene is shown in Figure 48.
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Scheme 2. Schematic illusration to the synthesis of graphene.
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(a) graphite oxide (b) graphene

Figure 48. Sample of synthesised solution of (a) graphite oxide and (b) reduced graphene

oxide (graphene).
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3.3.3. Preparation of polyaniline by chemical polymerisation

Aniline was first distilled under vacuum to remove impurities. The purified aniline (0.2 M) was
dissolved in 10 mL of 1 M HCI aqueous solution. While maintaining vigorous stirring at room
temperature, ammonium peroxydisulfate (APS 0.05 M) in 10mL of 1 M HCI aqueous solution
was rapidly poured into the aniline solution. Polymerisation was observed after 5 min when the
characteristic green colour of polyaniline emeraldine salt appeared [487]. The mixture was
allowed to stir at room temperature overnight, after which the precipitated polymer was
collected by filtration and repetitively washed with water, ethanol, and hexane until the filtrate
became colourless. Polyaniline sample was collected after having been dried under vacuum at

60 °C [217, 225, 488].

3.3.4. Preparation of graphene-polyaniline nanocomposite (GR-PANI)

Graphene-polyaniline (GR-PANI) was prepared by in situ polymerisation of aniline in a
suspension of graphene oxide through the chemical oxidation of aniline with APS in an acidic
medium according to the literature [489]. In a typical preparation, 0.2 M solution of purified
aniline in aqueous 1 M HCI was added to the aqueous dispersion of graphene oxide [GO:
Aniline ratio = 2:1]. The solution was further sonicated for 30 min. Another solution of 0.05 M
Ammonium peroxydisulfate in aqueous 1 M HCI was rapidly added to the mixture under
vigorous stirring at room temperature. A green colour change appeared after about 5 min
indicating the polymerisation of aniline. The solution was left to stir at room temperature
overnight, after which the resulting mixture was filtered, washed with water, ethanol and
hexane until filtrate became colourless. The resulting mixture was then reduced in sodium
borohydride (NaBH,) [3]. Typically, the prepared sample was dispersed in distilled water [1

mg mL™] and sonicated for 1 h to form a stable aqueous dispersion. NaBH; was added to the
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dispersion under magnetic stirring, and the mixture was continuously stirred at 125 °C for 3 h.
The reduced precipitated solid was obtained and isolated by filtration, then re-dispersed in 1 M
aqueous HCI containing ammonium peroxydisulfate (APS), and stirred at room temperature
overnight for reoxidation and reprotonation to occur so as to recover the polyaniline (PANI)

crystallinity. The resulting graphene—polyaniline nanocomposite was collected by filtration and

dried in vacuum at 60 °C [24, 488, 490].
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Scheme 3. Schematic illustration of chemical synthesis of graphene-polyaniline

nanocomposite via in situ polymerisation.
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3.3.5. Preparation of the graphene polyaniline modified electrode

The bare glassy carbon electrode (GCE) was polished with 1.0, 0.3 and 0.05 puM alumina
powder rinsed with distilled water followed by ultrasonication with ethanol, and deionised
water, respectively, and dried at room temperature prior to modification. The GR-PANI
nanocomposite (1 mg) was dispersed in ethanol (1 mL) and ultrasonicated for 30 min to get
homogenous suspension. Then, 5 pL of the suspension was drop coated onto the surface of the
freshly polished glassy carbon electrode (GCE) and dried at room temperature, resulting in
graphene-polyaniline modified electrode (GR-PANI|GCE) [489]. Graphene modified electrode

was also prepared in the absence of polyaniline for comparison of results.

3.3.6. Preparation of polyaniline-tungsten oxide-graphene film (PANI|WO3|GR)

3.3.6.1. Optimisation of the PANI film

Experiment was carried out to determine the potential scan rate that will be suitable for the
electrosynthesis of the PANI film before the inclusion of the Graphene and WOj3 in the film.
According to the method adopted [16]. PANI films were grown at 20, 50,100 and 200 mV s™
on a glassy carbon electrode (GCE). The cyclic Voltammetric polymerisation was carried out
in a 10 mL cell solution containing 0.1 M aniline and 1M HCI at constant potential scan rates
of 20, 50,100 and 200 mV s™, and potential window, from -200 to +1200 mV with reference to
Ag/AgCI electrode. Electropolymerisation was stopped after 10 cycles, after which the
PANI|GCE was placed in 1 M HCI solution for cyclic voltammetry at 5, 10, 15, 20, 30, 40 and
50 mV s™. The cyclic voltammogram of these PANI films at different scan rates were then
analysed and compared. The potential sweep rate of 50 mV s was chosen after considering the

polymerisation current and electrochemical behaviour of the PANI|GCE films. This was used
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as one of the experimental conditions in the preparation of the polyaniline-tungsten-oxide-

graphene (PANI|WQO3|GR]) films for the target nanocomposite.

3.3.6.2. Optimisation of hydrogen peroxide

The addition of hydrogen peroxide (H,O, 30%) to the solution of Tungstic acid is essentially
attributed to the formation of peroxo-precursor in the deposition solution. The peroxy tungstate
formed is assumed to undergo electrochemical reduction and gives rise to tungsten oxide
(WOs3) on the substrate as earlier reported that the deposition of WO3 from peroxy-tungstate is
more favourable on the substrate and serves as stabilizer as well as complex reagent in
preventing aggregation of tungsten oxide whereby forming homogenous solution [491].
However, excess hydrogen peroxide has been reviewed to have effect on the deposition of
PANI by restraining the electrodeposition of PANI on the substrate [492]. It is then become
necessary to optimise the addition of the peroxide in other for a suitable deposition of
polyaniline. After optimisation of H,O, at different concentration (0.05, 0.08, 0.1 and 0.15 M.),

0.08 M was found suitable for the deposition of PANI.

3.3.6.3. Preparation of polyaniline-tungsten oxide-graphene film

Prior to modification, the bare GCE was polished with 1.0, 0.3 and 0.05 pM, alumina powder,
rinsed with distilled water followed by ultrasonication with ethanol, and deionised water,
respectively, and dried at room temperature. Graphene (1 mg) was dispersed in ethanol (1 mL)
and ultrasonicated for 30 min to get homogenous suspension. Then, 5 pL of the suspension was
drop coated onto the surface of the freshly polished and dried glassy carbon electrode (GCE)
and dried at room temperature, resulting in graphene modified electrode (GR-GCE). According
to the procedure [492], prior to electrodeposition, deposition solution was prepared, consisting

of Tungstic acid (0.2 M), HCI (1 M), H,0, (0.08 M). The solution was stirred at 60 °C for 1 h,

after which aniline (0.1 M) was introduced into the solution, and resulting solution was then
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electrodeposited on the graphene modified electrode. The cyclic voltammetry electrodeposition
was carried out by scanning the potential from -600 to + 1000 mV at a potential scan rate of 50
mV s*. After 10 voltammetry cycles, the polyaniline-tungsten oxide-graphene
(PANI|WO3|GR) electrode formed was then removed, gently rinsed with distilled water to
remove any loosely adsorbed aniline and ready for further characterisation and application.
Polyaniline-tungsten oxide (PANI|WO3) composite film was prepared at the same condition in
the absence of graphene to get PANI|WO; electrode. Electropolymerisation of aniline on the
glassy carbon electrode was also carried out in a solution of 0.1 M aniline and 1 M HCI at a
scanning potential of between -600 mV and +1000 mV, potential scan rate of 50 mV s* as

PANI|GCE according to literature [493-496]. The schematic illustration of the synthesis is

¢ :,5’; o
L )
L .-
Aniline monomer/ W03

shown in scheme 4 below.
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Graphene/GCE
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Scheme 4. Schematic diagram of the deposition of PANI|WO3 film on graphene modified

electrode.
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3.4. Characterisation of graphene-polyaniline (GR-PANI) modified electrode and

Polyaniline-tungsten oxide—-graphene (PANI|WO3|GR) nanocomposite

3.4.1. Electrochemical characterisation

3.4.1.1. Cyclic voltammetry (CV)

Electrochemical measurement and behaviour of graphene, graphene-polyaniline (GR-PANI)
and polyaniline-tungsten oxide-graphene (PANI|WO3|GR) modified electrodes prepared were
studied in 1 M HCI solution over a potential range of -200 to + 1200 mV for (GR-PANI) and -

600 to + 1000 mV for (PANI|WO3|GR) at different scan rates.

3.4.1.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) of the GR-PANI and PANI|WO3|GR modified
electrodes were performed in a solution containing 1 M HCI solution. The results are then
plotted in the form of Nyquist plots at perturbation amplitude of 10 mV and within a frequency

range of 100 kHz to 0.1 Hz for each of the electrodes, respectively.

3.5. Morphological characterisation
The morphology of graphene, graphene-polyaniline (GR-PANI) and polyaniline-tungsten
oxide-graphene (PANIWO3|GR) was characterised on FT-IR, XRD, HR-SEM, HR-TEM,

RAMAN, AFM and UV-Vis spectroscopy as described in section 3.2.

3.6. Application of the GR-PANI modified electrode as sensor on anthracene
The anthracene stock solution of 0.005 M was prepared by dissolving 0.044 g in 20 cm? of
acetonitrile to attain solubility and later made up to 50 cm® with distilled water. Aliquots

solution (in pL) was spiked from the stock solution into the cell and used for sensor
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development. The cell consisted of graphene-polyaniline (GR-PANI) modified glassy carbon
electrode as the working electrode, platinum counter electrode and Ag/AgCl (3 M NaCl)
reference electrode. A 5 mL solution of acetonitrile (acetonitrile: water = 80:20) containing 0.1
M LiCIO, was used as the working electrolyte. Cyclic voltammetry and square wave
voltammetry was performed over the potential range of -200 mV and +1400 mV to study the

modified electrode and electrocatalytic oxidation of the anthracene.

3.7. Application of polyaniline—tungsten oxide-graphene nanocomposite as polyaromatic

hydrocarbon nanosensor

3.7.1. Choice of electrolyte

The choice of suitable solvent for dissolution of polyaromatic hydrocarbon is necessary
because of their hydrophobic nature in water hence, acetonitrile was chosen as a suitable
solvent because of its relatively high dielectric constant, and reported ability to dissolve most
PAHs [435]. Acetonitrile, as a common and general choice of electrolyte in the quantification
of polyaromatic hydrocarbon is however, a non-aqueous electrolyte and non- conducting, and
usually require the support of an electrolyte that can enhance the conductivity and migration of
current. Also, Polyaromatic hydrocarbons (PAHs) are in aqueous form in the aquatic
environment (wastewater). It is therefore in our interest to use an electrolyte that is aqueous,
more conducting and that can also allow the detection of PAHSs in the aqueous environment. In
this work, the choice of aqueous HCI as the working electrolyte in the quantification and
determination of polyaromatic hydrocarbon goes along with the fact that, HCI is a strong
electrolyte due to its ability to ionize completely in water; it is more electrically conducting and

has affinity for the electroactive species [497].
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3.7.2. Preparation and determination of PAHs

A stock solution of 1 0 x 10° M of anthracene, phenanthrene and pyrene were prepared by
dissolving 8.7 x 10° g and 1.0 x 10 g of anthracene, phenanthrene and pyrene respectively in
50 mL of acetonitrile /water (80:20 v/v) [498]. Further dilution of the stock solution was done
to get 1 0 x10"°® mM of each of the initial stock solution and from these stock solutions, aliquot
solution (in pL) were spiked into the supporting electrolyte. For the electrocatalytic oxidation
of the PAHSs, 5 mL solution of 1 M HCI was placed in the electrochemical cell consisting of the
PANI|WO3|GR nanocomposite modified glassy carbon as the working electrode, platinum
counter electrode and Ag/AgCl (3 M NaCl) reference electrode. The solution was degassed
with argon for 10 min before the experiment. Cyclic voltammetry and square wave
voltammetry characterisation of the modified electrodes were carried out at scan rate of 30 mV
s, initial potential of 0 mV to final potential 2000 mV, and response in the absence and
presence of PAHs were monitored. Solution was stirred for 5 min after each addition of
aliquots (in pL) of PAHSs and increase in the catalytic current as well as the potential at which

oxidation occurred was then monitored after every addition of each analyte [499].

3.7.2. Interferences, stability and reproducibility studies

Reproducibility and stability studies of the modified electrodes were investigated in the
presence of each the analyte of interest by performing cyclic voltammetry experiments 6 times
with each of the modified electrodes. Changes in sensitivity were monitored to ascertain the
reproducibility of electrochemical sensors. Also, some substances that are assumed to interfere
with the detection of the PAHs were also investigated by the developed electrochemical
sensors. Substances such as Mn**, Fe?*, K*, Mg*"* NOs and CI” were taken into account [144,

500-501]. Mixture of the selected substances was prepared and mixed with a similar
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concentration of each of the different PAHs at a ratio of 1:1, and the cyclic voltammetry

measurement was carried out on the resulting mixtures.
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CHAPTER FOUR
RESULTS AND DISCUSSION-PART 1

Summary

This part presents results and discussion on the chemical synthesis of graphite oxide and
graphene. Morphology and structural characterisation of the prepared materials were studied

using techniques such as AFM, HR-TEM, SEM, XRD, RAMAN and UV-vis spectroscopy.

4.1. Introduction

The hummer’s method of preparing graphene is one of the most successful approaches to
getting graphene and has proven to be one route to a fairly large amount and effectively low
cost graphene [346, 502]. The method involves treatment of graphite with potassium
permanganate, sulphuric acid, sodium nitrite and hydrogen peroxide which produced brownish
colour graphite oxide (GO) that is hydrophilic in nature due to the presence of the functional
groups generated during oxidation. As such, a stable colloidal suspension of thin sheets of GO
can be formed in water which later brings about a stable dispersion of very thin sheet of
graphene oxide by exfoliation process through ultrasonication [331]. However, the GO
synthesised is insulating nature and there is need for further processing so as to be used as a
conductive nanomaterials, as such the cunductivity of GO can be restored by chemical redution
with a reducing agent in producing a very thin sheets of graphene. Sodium borohydride was
then added as a reducing agent which enables the homogenously dispersed graphene oxide
sheets to turn from brownish yellow to black aggregate and precipitated sheet, confirming the
reduction of graphene oxide to graphene, mechanism illustration is shown in the Figure 49

below [335, 503].
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Figure 49. Schematic representation of the mechanisms in the preparation of graphene.

4.2. Characterisation of graphite oxide and graphene

4.2.1. Scanning electron microscopy (SEM)

The formation of the graphite oxide and graphene was confirmed by scanning electron
microscopy (SEM) analysis. Figure 50a showed a well exfoliated folding sheets of graphene
oxide (GO) and closely associated, compared to an agglomerated particles with aggregated and
overlapped of thin, crumpled, wrinkled graphene sheets and closely associated with each other,
forming a disordered solid, shown in Figure 50b according to literature [266]. The EDX
analysis is shown in Figure 51, revealing the elemental composition of graphene oxide to
consist of carbon with a weight percentage of 51.46%, followed by a weigth percentage of
44.81% of oxygen. The presence of sulfur element with a weight percentage of 3.74% may be

attributed to contaminant from sulfuric acid used during washing.
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Figure 50. SEM images of (a) graphene oxide (GO) and (b) graphene (GR).

Element = Weight  Atomic
% %

CK 51.46 59.49

OK 44.81 38.89
SK 3.74 1.62

Totals 100.00

Full Scale 3593 cte Cursor 1.278 (68 ofs) kel

Figure 51. Energy dispersive X-ray spectrum of graphene oxide.
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4.2.2. High resolution transmission electron microscopy (HRTEM)

The graphene oxide and graphene prepared were investigated using high resolution
transmission microscopy (HRTEM). Typical HRTEM images can be observed from Figure
52a and Figure 52b. GO showed a transparent wrinkled surfaces of silky sheets and an
entangled folding edges can also be observed. A thin, flat and well transparent sheet can be
observed for graphene , with the selected area electron diffraction (SAED) pattern confirming
crystalline character of the structure., but different from GO and comparable to literature [300].
Figure 53 revealed the elemental composition of graphene acquired from HR-TEM analysis of
graphene, dominated with more of carbon and less percentage of oxygen that may be from
impurities or from oxygen funtional group of graphene oxide that are left inform of impurities
after redution. Other noticable elements such as sodium and chlorine are as a result of

impurieties during washing.

Figure 52. HRTEM images of (a) graphene oxide and (b) graphene.
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Figure 53. Energy dispersive X-ray spectrum of graphene.

4.2.3. Fourier Transform Infra-Red (FT-IR)

The Fourier Transform Infra-Red (FT-IR) spectra of graphite, graphene oxide (GO) and
graphene is showed in Figure 54. No distinct peaks can be detected in graphite (a). Graphene
oxide (GO), however showed collections of peaks corresponding to the following functional
groups: C=0 (1735 cm™), aromatic C=0 (1602 cm™), carboxyl C-O (1416 cm™), epoxy C-O
(1265 cm™), alkoxy C-O (1047 cm™), hydroxyl O-H (3390 cm™) [504-505]. The appearance of
the collection of the functional peaks gave an indication that the original extended conjugated
orbital system of the graphite powder were destroyed during the oxidation process and oxygen
containing functional groups has been inserted into the carbon skeleton according to literature
[506]. After reduction with sodium borohydride (NaBH,), bulk of the oxygen functional groups
was eliminated, confirming the reduction of graphene oxide by chemical reduction to graphene

and in agreement with those reported by Chen et al. [319].
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Figure 54. FTIR spectra of (a) graphite, (b) graphene oxide and (c) graphene.

4.2.4. Atomic force microscopy (AFM)

The level of exfoliation of graphene was characterised by using atomic force microscopy
(AFM) as showed in Figure 55. The AFM topography image of graphene, in which several
graphene sheets were randomly deposited on the silicon substrate revealed slightly rough
surface which can be attributed to the existence of some functional groups after reduction. The
cross sectional view across the plain area of the sheet gave an estimated height of 1.4 nm which

is consistent with that reported by Chandre et al. [336]
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Figure 55. AFM image of graphene sheets with height profile.
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4.2.5. X-ray diffraction (XRD)

X-ray diffraction pattern of graphite, graphene oxide and graphene is presented in Figure 56.
The interlayer distance of graphite exhibits a strong peak (002) at 26.55° which can be
attributed to van der Waals layer of carbon atoms tightly packed together. After oxidation, it
becomes expanded as result of the displacement of the carbon atoms and the presence of the
oxygen containing functional groups and water (H,O) molecule [507]. The (002) peak
disappears and an additional peak corresponding to diffraction peak of graphene oxide (001) is
observed at 9.65°. At reduction, the interlayer distance returns showing the disappearance of
the diffraction peak of graphite oxide, and replaced by a broadened diffraction peak at 23.81°
that is lowered in intensity compared to graphite and graphene oxide as earlier confirmed
[507]. This suggested that most of the oxygen functional groups have been removed and there
is restoration of the conjugated sp? carbon graphene network which is also confirmed by the

changes in FT-IR.

Intensity (a.u)

20 (degree)

Figure 56. XRD pattern of (a) graphite, (b) graphene oxide and (c) graphene.
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4.2.6. Raman spectroscopy

Raman spectroscopy is generally used to determine the transformation in the structural pattern
during the chemical synthesis of the graphite oxide to graphene and also to identify the number
of layers of graphene [508]. In the raman spectral shown in Figure 57, graphene (a) showed
three peaks, G-mode at 1583 cm™ due to stretching of the C-C bonding in the in-plane
vibration of graphitic materials and typical of sp® carbon system, D- mode appeared at around
1345 cm™, usually caused by disordered structure in sp? — hybridised carbon systems as earlier
studied [509]. Graphene oxide (GO) showed a G-mode shift at 1604 cm™ (b) compared to
graphene. The oxidation of graphite brings about the intensity ratio of Ip/lg of D band and G
band of graphite oxide to be 0.973 as result of the oxygen functional groups in the sp® graphitic
structure. According to Ferrari et al. [510], after reduction, the intensity ratio Ip/lg increased to
1.073 confirming the formation of graphene and with indication that a new structure has been
formed in the sp® [509]. The appearance of a peak at the 2D band in the region of 2861 cm™in
the graphene spectrum which constitutes the third peak shown by graphene, is typical of all sp
carbon system and determines the number of layer of graphene. The 2D peaks revealed a
noteworthy change in shape compared to graphite oxide and also showed an intense and shaper
peak compared to multi-layer graphene which is broad and wide according to literature [338].
This confirmed the reduction of graphite oxide to graphene as earlier confirmed by Stankovich

et al. [299].
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Figure 57. Raman spectra of (a) graphene and (b) graphite oxide.
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4.2.7. UV -Vis spectroscopy

Figure 58 showed the UV visible spectral of (a) graphene oxide (GO) and (b) graphene. A
maximum absorption peak at around 237 nm can be observed for GO in the UV visible spectra,
which corresponds to the n-7 transition of aromatic C-C bonds. After reduction, the peak, red
shifted to 270 nm. This can be attributed to the fact that, the removal of the functional groups
from GO, has restored back the electronic configuration within the graphene sheets after the

reduction reaction [299].
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Figure 58. UV- visible spectra of (a) graphene oxide and (b) graphene.

157



CHAPTER FIVE

RESULTS AND DISCUSSION-part 2
Summary
The result and discussion on in situ polymerisation of graphene-polyaniline (GR-PANI)
modified electrode, morphology and structural characterisation is presented. Electrochemical
analysis by means of cyclic voltammetry, square wave voltammetry and catalytic effect of the

prepared modified electrode on anthracene is discussed.

5.1. Introduction

It is well known and proven from studies that polyaniline is one of the promising conducting
polymers, due to its electrochemical activity, low cost and environmental stability. However,
its processibility can be improved by forming composite with nanofillers such as graphene,
which has also proven to be gifted with unique properties such as high surface area and thermal
conductivity. Graphene-polyaniline composite was prepared using in situ polymerisation
method. The graphene not only serves as nucleating site for polyaniline, but has also provided a
large surface to volume for a well dispersed polyaniline matrices in the composite. The
morphological characterisation revealed a well intercalated polyaniline matrix with the
graphitic layers of graphene in the composite, which has also resulted in a noticeable
enhancement in current density compared to polyaniline. Electrocalytic activity of the
composite is then investigated. The author showed for the first time, the catalytic effect of

graphene-polyaniline modified electrode on anthracene oxidation.
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5.2. Characterisaction of graphene-polyaniline (GR-PANI) nanocomposite

5.2.1. Cyclic voltammetry

The cyclic voltammetric response of the prepared GR-PANI|GCE nanocomposite was carried
out in 1 M HCI electrolyte within a potential window of -200 to +1200 mV versus Ag/AgClI.
From the cyclic voltammograms, there is a difference in the electrochemical surface activity of
the electrodes. The electrochemical activities of the different electrodes are presented in Figure
59 a — d. No peak was observed at the bare electrode, on modification with graphene, a pair of
redox peaks was observed which is typical for carbon materials as result of transition between
quinone/hydroquinone Figure 59a [511]. On the other hand, from the PANI composite film
modified on bare electrode (PANI|GCE), peaks with 2 redox couples (Ip.a 1), Ipc @), (Ip.a ), lp,c
@) were observed, which indicates the behaviour of polyaniline corresponding to redox
transition of leucomeraldine form (semiconductor) and polaronic emeraldine form (conducting)
and faradaic transformation of emeraldine/Penigraniline (Figure 59 b) [512]. The graphene-
polyaniline composite film modified electrode (GR-PANI|GCE) showed a well-defined redox
peaks and more enhancement in the magnitude of the current compared to PANI|GCE and bare
GCE. Also noted is a shift in potential compared to PANI|GCE and an increase in peak current
as the scan rate sweeps from 10 to 50 and 100 mV s. This can be attributed to the confinement
of the composite on the electrode and also showing the electroactive property of the GR-
PANI|GCE composite (Figure 59 ¢ - d). Comparing the CV of PANI|GCE in Figure 59b
which has current density and peak to peak separation AE; (1) and AE, () of 184 and 137 mV
respectively, GR-PANI|GCE exhibited a more enhancement in anodic peak current and
decrease in peak to peak separation AE, (1y and AE; () of 83 and 51mV respectively (difference
of 101 and 86 mV respectively, compared to PANI), and this can be viewed from the CV

parameters in Table 4 and Table 5 below. A high surface area as well as good conductivity
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possessed by GR-PANI|GCE can be attributed to the catalytic properties of graphene as a result
of its higher surface-to-volume ratio which allows accessibility surface to polymer matrix [24,
299], hence a more enhancement compared to PANI. Table 4 and Table 5 represent
parameters obtained from the cyclic voltammograms of GR-PANI and PANI modified
electrodes.

Table 4. CV peak parameters of GR-PANI and PANI modified electrodes.

Electrode lpa1 lpa2 loc1 loc 2 lpa/ lpcr | lpa! lpc2
(HA) (HA) (HA) (HA)

PANI|GCE 112.85 | 150.58 -84.37 -178.92 1.33 0.84

GR|PANI|GCE | 1651.50 |2116.30 -1442.60 -2099.20 |1.15 1.0

Table 5. CV peak parameters of GR-PANI and PANI modified electrodes.

Electrode Epa1 Epa2 Epc1 Epc2 AEgq AEp,
(mV) (mV) (mV) (mV)

PANI|GCE 322 556 138 473 184 137

GR-PANI|GCE | 296 564 159 513 83 51
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Figure 59. Cyclic voltammograms of (a) modfied graphene|GCE (potential window -200
to +800 mV) , (b) PANI|GCE, (c) GR-PANI|GCE and (d) GR-PANI|GCE at different

scan rate in 1 M HCI. Potential window: -200 to +1200 mV.

5.2.2. Scan rate dependence of the modified electrode

Scan rate dependence of the modified electrode in 1 M HCI solution was investigated. Figure
59 showed the scan rate dependence of the anodic peak current of the graphene-polyaniline
composite film on the electrode (GR-PANI|GCE). Figure 60a and Figure 60b show the plot of
the anodic current 1,, 1 (a) and I, 2 (b) versus scan rate respectively. This revealed that the
peak current is directly proportional to the scan rate for each of the redox peaks. Figure 60a,
gave a linear equation of 1,1 -2.0461 x 10 “ +2.7413 x 10  x with a correlation coefficient,

r’ = 0.9980.while the linear equation of 1,5 » = 3.0782 x 10 ™ + 3.3360 x 10 ™ x is shown in
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Figure 60b, correlation coefficient, r* = 0.9930 and the slope for each of the redox peaks are
non-zero intercept. This behaviour according to literature is in agreement with that of a thin
film adsorbed electroactive species undergoing Nernstian reaction [16, 513]. The surface
concentration 7™* (mol cm™) of the adsorbed electroactive species can be estimated from the
equation [514]. Consequently, the slope of the linear I,. vs v of the first redox peak has been
shown to be a one electron process involving polyleucoemeraldine/ polyleucoemeraldine
radical cation, according to literature [514-515].

loa N°F2AI pac
v 4RT

Equation 36

From the equation, n is the number of electron transferred (n= 1), F is the faraday constant
(96500 C mol™), I*er.pani represent the surface concentration of the graphene-polyaniline
composite film (mol cm-2), A is the surface area of the electrode (0.071 cm?), v is the scan rate
(mV s, R is the gas constant (8.314 J mol™ K™) and T is the operating absolute temperature of
the system (25 °C T in 298 K). The surface concentration of GR-PANI film I™*gg.pan; for the

one electron transfer evaluated from the slope of the plot (Ip.a1 Vs v) is 3.073 x 10° mol cm™.
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Figure 60. Plot of scan rate dependence curves of anodic peak current lp.1 (a) and lpa 2

(b)

5.3. Morphology and spectroscopic characterisation

5.3.1. Electrochemical Impedance Spectroscopy (EIS) of GR-PANI|GCE

Electrochemical impedance spectra (EIS) were used to investigate the performance of the
modified electrodes being an effective method of probing the features of a surface modified
electrode [516-518]. The measurement was performed in a cell containing 10 mL of 1 M HCI
aqueous solution with a frequency range of 100 kHz to 0.1 Hz of which the amplitude of the
alternating voltage was 10 mV as shown in Figure 61. The y-axis represents the negative
number of the imaginary part of the measured impedance while the x-axis represents the real
part of the measured impedance. The diagram (Nyquist plots- real part of the impedance Z' vs.
imaginary part Z") represents the charge transfer kinetics of the modified electrodes in which R,
is the ohmic (internal or solution) resistance [517]. CPE is the capacitance phase element for

the semiconductor || electrolyte interface, W (Warburg impedance) represent the mass transfer
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element while the R is the charge - transfer resistance across the interface [519]. For a reaction
that is reversible, the Nyquist plot usually exhibits two regions: One, a semicircle at a high
frequency region which corresponds to electron charge transfer process, thus, the electron-
transfer resistance value can be measured directly, and two, a straight line of the plot at a lower
frequency region representing the diffusion-limited transport of the redox species from the
electrolyte to the electrode interface. As shown in the Figure 61, the Nyquist plot displayed
significant differences in the diameter of the Nyquist semicircle upon the stepwise modification
of the electrodes showing the capability of electron transfer of the different electrodes. The
charge transfer resistance (R.) value for bare GCE was 51200 Q. On modification with
polyaniline -graphene (GR-PANI), a decrease in R value 7360 Q was exhibited, indicating its
high conductivity and more facile to electron transfer compared to PANI with R value of
27680 Q. The charge transfer resistance (R¢;) values calculated after fitting the EIS data to the
Randle’s equivalent circuit diagram in Figure 60 (inset) can be observed in table 6. The value
confirmed that graphene decreased the resistance of PANI by about 20 Q suggesting the

suitability of graphenated PANI as a good conducting platform for electrocatalysis.
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Figure 61. Nyquist plots of the EIS measurement of (a) GCE, (b) PANI|GCE and (c¢) GR-

PANI|GCE in 1 M HCIL. Inset is the Randle’s equivalent circuit for fitting.

Table 6. Impedance data obtained from the Randle equivalent circuit fitting from Figure

61
Electrode R.(Q) Ret (Q) CPE (nF) Z, (kQs1/72)
Bare GCE 52.34 51200 346.2 30.07
PANI|GCE 209.3 27680 309.0 23.63
GR-PANI|GCE 13.37 7360 821 11.33
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5.3 2. Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) analysis was carried out on the prepared nanocomposite.
SEM images of the prepared nanocomposite are shown in Figure 62. From Figure 62a and
Figure 62b, a well exfoliated graphene oxide sheets, compared to an agglomerated sheet with
aggregated and overlapped thin, crumpled, wrinkled graphene sheets closely associated with
each other and forming a disordered solid can be observed for graphite oxide and graphene,
respectively, consisted with previous report [24]. The prepared nanocomposite showed a
different morphology in structure compared to both graphite oxide and graphene. A fibrous
PANI can be observed to mainly intercalate between the graphene sheets as shown in Figure
62c and showing some porosity in the composite formed which is consistent with previous
report [490] compared to a porous structure of PANI film formed in the absence of graphene,

observed in Figure 62d.

5.3 3. High resolution transmittance electron microscopy (HR-TEM)

HR-TEM images of the composite can be observed from Figure 63. Figure 63a and Figure
63b showed the HR-TEM images of graphene oxide and graphene. Large sheets entangled in
layers with each other like a silky veils and a flat transparent thin layer sheets can be observed,
respectively. However, the nanocomposite formed showed a completely different morphology
from pure PANI and graphene. Figure 63d showed polyaniline intercalating in- between and
the surface of the graphene sheet, which could however be attributed to the well dispersive
interaction of the two materials. The in situ polymerisation method of synthesis has greatly
contributed to the nanocomposite formed, which has however, exhibited a higher conductivity

than pure polyaniline. Figure 63c showed a Pure PANI with uniform fibrillar structures of
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hundreds of nanometres and a diameter of 50 nm according to literature [490, 520]and different

from the composite.

Figure 62. SEM images of (a) GO, (b) GR, (c) GR-PANI and (d) PANI.
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Figure 63. HRTEM pictures of (a) GO, (b) GR, (c) PANI and (d) and GR-PANI.

5.3 4. Fourier transmission infrared (FT-IR)

Figure 64 showed the FTIR spectra of (a) GR, (b) GR-PANI nanocomposite, (c) PANI and (d)
GO. The appearance of the absorption peaks on the graphene oxide sheet can be confirmed by
the collections of functional groups corresponding to: C=0 (1735 cm™), aromatic C=0 (1,602
cm™), carboxyl C-O (1,416 cm™), epoxy C-O (1,265 cm™), alkoxy C-O (1047 cm™), hydroxyl
O-H (3390 cm™). This is in agreement to the reported data [319, 521]. However this absorption
bands are decreased tremendously in graphene sheets after reduction. Observation from the
PANI film showed all the characterisation peaks of PANI in its emeraldine form, 1568 and
1476 cm™ which can be assigned to the stretching vibration of quinone and benzene rings,

respectively. The peaks at 1290 and 1233 cm™ correspond to the C-N stretching vibration. The
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in-plane bending and the out-plane bending of C-H stretching is reflected in 1111 and 791 cm™

peak, respectively [522]. GR-PANI composite films clearly revealed the presence of the
interaction of graphene and PANI in the composite with less intense in the characteristic bands
of PANI and also almost similar in comparison with graphene. This is an indication that PANI
is well adsorbed and intercalated on to the graphene surface. This is consistent with TEM, SEM

and XRD investigation of the nanocomposite.
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Figure 64. FTIR spectra of (a) GR, (b) GR-PANI, (c) PANI and (d) GO.
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5.3.5. X-ray diffraction (XRD)

The XRD patterns of (a) GR, (b) PANI and (c) GR-PANI composite are presented in Figure
65. Graphene showed diffraction broad peaks at 24.2° (002) and 43.6° (100) with some
crystalline features of graphitic-like structure. The broad nature can be attributed to the loosely
stacked sheets in graphene, but different from graphite according to literature [523-524]. PANI
revealed a slightly broad peak at around 25.4° and another low intensity peak at 12.7° which
are referred to as the corresponding peaks of crystal planes of pure PANI in its emeraldine salt
form [525]. The graphene-polyaniline nanocomposite revealed broadened peaks that are similar
in comparison to both graphene and PANI, showing the interaction and merged peaks of both
PANI and graphene in the composite [24] This is consistent with the morphology of SEM and

TEM studies of the composite.
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Figure 65. XRD patterns of GR (a), PANI (b) and GR-PANI nanocomposite (c).
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5.4. Response of modified electrode to anthracene

Analysis on the electrocatalytic response of the modified electrode to different concentration of
anthracene was studied in acetonitrile/water with 0.1 M LiClO, as the supporting electrolyte. A
potential window of -200 to +1400 mV with reference to Ag/AgCl electrode and scan rate of
50 mV s were used as the working conditions An anodic peak at around 1101 mV was
observed which can be ascribed to clear oxidation of anthracene and without a cathodic peak.
A new product (anthraquinone) is suggested to have been rapidly formed as a result of the
irreversible behaviour of the response, according to literature [526]. Oxidation of PAHSs
through electrochemical method of degradation is usually initiated with direct electron transfer
from adsorbed PAH to the electrode, cation radicals are then generated which undergo
subsequent reactions [527-528]. Thus, the oxidation of anthracene in acetonitrile containing
small amount of water involves one electron reaction that appears to be the initial step [529],
followed by steps of radical cation that can lead to formation of the final the product (9, 10-
anthraquinone) [527-528]. However it is also important to note that a small amount of water in
acetonitrile plays a crucial role in the oxidation of anthracene which actually favours the
production of the final product [529]. A possible mechanism involved in the oxidation of

anthracene is shown in the scheme 5 below.
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Scheme 5. Possible products expected from the oxidation of anthracene.

5.4.1. Electrochemical Application of the modified GR-PANI electrode for anthracene

Detection

5.4.1.1. Electrochemical behaviour of the modified electrodes

The electrochemical behaviour of the modified electrode was investigated on the bare electrode
and on the individual modified electrodes. Figure 66 showed the cyclic voltammograms of
bare GCE (a) and GR-PANI|GCE in acetonitrile/water (80:20 v/v) with 0.1 M LiClOy as the
working electrolyte. However, the choice of acetonitrile/water in the mixture of (80:20 v/v) as
previously mentioned can be associated with the ability of a suitable solvent like acetonitrile to

dissolve PAHs and introduction of a little quantity of water to the electrolyte, as most PAHs are
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found in wastewater, which is also consistent with previous literature [529-530]. A scan rate of
50 mV s and potential window of -200 to +1400 mV was also used. The Voltammograms
revealed the behaviour of the bare electrode and modified electrode in acetonitrile/water (80:20

v/v) with 0.1 M LiCIO, before application to anthracene.
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Figure 66. Cyclic voltammograms of GR-PANI|GCE in acetonitrile/water (80:20 v/v) with

0.1 M LiClO, at scan rate of 50 mV s™.

Figure 67 showed the electrochemical behaviour of the different modified electrodes.
PANI|GCE, GR-PANI|GCE and bare GCE in acetonitrile/water with 0.1 M LiCIO, as the
supporting electrolyte at a scan rate of 50 mV s and potential window of -200 - +1400 mV
evaluated by the electro oxidation of anthracene 100 uM (1.0 x 10 M) dissolved in the above
solution. Another visible anodic peak current can be observed at positive potential around 1101

mV upon the addition of 100 uM (1.0 x 10* M) of anthracene which indicates that the
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oxidation of anthracene has occurred Figure 67a. The modified electrode with GR-PANI
exhibited a higher catalytic property by showing a more enhancement in the anodic peak at the
oxidation of anthracene, compared to the response of PANI|GCE. No visible peak was

observed for bare GCE in Figure 67b.
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Figure 67. Cyclic voltammograms of bare GCE before modification, after modification
and response of modified electrode at addition of 100 pM (1.0 x 10 M) of anthracene in
acetonitrile/water containing 0.1 M LiCIO,4 (a) and GR-PANI|GCE, PANI|GCE and bare
GCE in the presence of 100 uM (1.0 x 10 M) of anthracene (b) at scan rate of 50 mV s™

and potential window of -200 to +1400 mV.

5.4.1.2. Effect of scan rate
The effect of scan rate on the anodic peak current was also investigated in acetonitrile/water

(80:20 v/v) with 0.1 M LiCIlOy4, between the working potential windows of -200 mV and +1400
mV at the addition of 1.0 x 10* M anthracene. As the scan rate increases, there is also an
increase in the oxidation peak. Figure 68a showed the cyclic voltammograms of GR-
PANI|GCE at different scan rate in the presence of constant concentration of anthracene. The

plot of the anodic peak current for anthracene which increases linearly with the square root of
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the scan rate over the range of 20 — 250 mV s™ is shown in Figure 68b. This gave a linear
regression of l,, (UA) = -2.0966 x 10° + 2.0847 x 10° »”* (mV s™)” and has a correlation
coefficient, r* = 0.990. This suggested a diffusion controlled electrochemistry [235, 530-531]
which indicated that the process was limited by the rate of diffusion of anthracene from the
solution to the surface of the electrode [530]. It could also be observed that the peak potentials
shifted positively with increase in scan rate denoting the irreversible behaviour of the system

[530].
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Figure 68. Cyclic voltammograms of (a) GR-PANI|GCE in acetonitrile/water (80:20 v/v)
with 0.1 M LiCIlO,, in the presence of 1.0 x 10* M anthracene and (b) a plot of the scan

rate dependence of its anodic peak currents.

5.4.1.3. Analytical application of the modified electrode

The electrocatalytic oxidation of anthracene is studied using the GR-PANI modified electrode.
The cyclic voltammetric and square wave voltammetric analysis of the modified electrode and
the electrocatalytic property to anthracene in acetonitrile/water (80:20 v/v) with 0.1 M LiClOy,
between the working potential windows of -200 to +1400 mV and scan rate of 50 mV s™ is

illustrated. The oxidation peak which can be observed at 1101 mV and shifting positively,
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increases at every addition of different concentrations of anthracene (20 — 1000 uM) which is
shown from Figure 69a. However, another observation is the electrochemistry of the two
anodic peak current attributing to the peaks of platform around 200 and 800 mV which merges
to form a broad peak and decreases as the concentrations of anthracene increases due to the
catalytic electrochemistry of the GR-PANI sensor. Addition at low concentrations of
anthracene is shown in Figure 69b. Plot of the calibration curve based on the anodic peak
current against concentrations was found to be satisfactorily linear (r* = 0.9954) as can be
observed in Figure.69c. The correlation coefficient (r* = 0.9990) with respect to lower

concentrations is shown in Figure 69d.
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Figure 69. Cyclic voltammograms of (a) modified GR-PANI|GCE upon the addition of
different concentrations (20 — 1000 uM) of anthracene (at high concentrations), (b) at
lower concentrations, (c) plot of calibration curve for GR-PANI|GCE anthracene sensor

at high concentrations and (d) at low concentrations.

A similar result is observed from the square wave voltammograms which confirmed the
oxidation of anthracene at GR-PANI film modified electrode upon every addition of different
concentrations of anthracene (20 —1000 pM) at 50 mV s in 0.1 M LiClO/acetonitrile/water

(80:20 v/v) as shown in Figure 70. An increase in the anodic peak current occurred at different
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addition of anthracene which can be observed in Figure 70a. A plot of the calibration curve of
the anodic peak as a function of the concentrations using SWV is shown in Figure 70b. The
response at lower concentrations of anthracene and calibration plot with respect to lower
concentrations which gave a correlation coefficient (r> = 0.9950) is shown in Figure 70c and
Figure 70d. The dynamic linear range of the anodic peak and anthracene concentrations based
on the SWV measurement at lower concentrations was over the range of 2.0x 10° to 1.0 x 10

M. A detection limit of 4.39 x 10" M was obtained.
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Figure 70. Square Wave Voltammograms of (a) modified GR-PANI|GCE upon the
addition of different concentrations of anthracene (high concentrations), (b) plot of
calibration curve of the anodic peak current versus concentrations, (c) addition at lower

concentrations and (d) plot of calibration curve at lower concentrations of anthracene.
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5.5. Reproducibility, Stability and Interference Studies

A stability and reproducibility study was carried out to test the performance of the prepared
electrodes. Investigation by cyclic voltammetric analysis repeatedly for 6 successive
measurement (n = 6) in 1 M HCI towards the anthracene oxidation (1.0 x 10 M) gave 1.5%,
relative to standard deviation indicating reproducibility. After monitoring for 3 weeks at
interval of four (4) days in order to check for the storage ability in which it has been stored in
the refrigerator at 4 °C, 88 86% of its initial response was recovered, there has been 11.14%
decrease in the peak current. The following ions: Mn?" CI", SO; " and NO* were not
observed to interfere at 1.0 x 10* M of the anthracene concentration when tested for
interferences. The validated results can then conclude that the modified electrode has stability

and reproducibility for anthracene detection.
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CHAPTER SIX
RESULT AND DISCUSSION-part 3

Summary

The chapter presents results and discussion on the electrochemical synthesis and application of
the nanocomposite (PANI|WO3|GR), PAHs determination on nanocomposite (PANI|WO3|GR).
Morphology, spectroscopic and electrochemical characterisation of the nanocomposite is

discussed.

6.1. Introduction

A great deal of interest has recently been focused on the utilization of metal oxide as
nanofillers to form nanocomposite. However, Metal oxide semiconductor such as tungsten
oxide among several others, have shown good conductivity and electronic properties.
Conversely, polyaniline has also been regarded as a promising semiconducting polymer due to
its unique properties which include ease of processing, electrical and mechanical properties.
The nanocomposite of conducting polyaniline doped with tungsten oxide has presented
effective electrode materials in many electrochemical devices as a result of the interaction of
the two components. Also several studies have been reported on the excellent performance of
graphene doped tungsten oxide nanocomposite or graphene- conducting polyaniline
composites.

In the present study, polyaniline nanocomposite doped tungsten oxide and graphene nanosheets
are introduced. The interaction of the three components has shown considerable impact in the

nanocomposite formed. Morphology and spectroscopic investigation has been carried out and
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electrocatalytic activity has been extensively studied. The nanocomposite has proofed to be a

good electrocatalyst for the oxidation of polyaromatic hydrocarbons.

6.2. Spectroscopic and morphological characterisation

6.2.1. UV-visible spectroscopy

The UV-vis spectral of PANI, PANI|WO3, PANIWO;|GR and GR in DMF is presented in
Figure 71. Figure 71a showed the spectrum of GR demonstrating absorption at 270 nm. The
spectrum of PANI showed absorption bands at 326 nm which corresponds to the benzenoid I1-
IT* transition and at the 620 nm due to IT-IT* transition of quinine-imines group of a typical
polyaniline [532-533]. PANI|WOj3; showed an appearance of an absorption peak at 452 nm
which can be attributed to the presence of tungsten oxide (WO3), and a characteristic peak of
PANI film around 300 nm attributing to the benzenoid II-IT* transition. The spectrum of
PANI|WO3|GR revealed absorptions at about the same region as that of PANI but more
broadened and slightly shifting towards higher wavelength, (633nm) which can be attributed to
the merging with the absorption of WO3;. However, PANI|WO3; composite film has been
studied to exhibit UV—vis transmission spectra similar to PANI especially at positive potentials
[534]. Also GR in the PANI|WO3|GR composite appeared to be merged with the benzenoid I1-
IT* transition and with increase in intensity of the peak and a slight shift to lower wavelength of
294 nm. However the broadening of the WO3 band and appearance of merged band of GR in
the composite of PANI|WO3|GR film revealed the presence and interaction of the individual
particles in the composite Figure 71b.

The band gap energy for the different modified composite on the electrodes, based on the UV-

vis spectra in Figure 71 was calculated, using the formula:

Band Gap Energy (E) = hC/A Equation 37
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Where h is the plank constant (6.66 x 10" Joules second), C is the speed of light (3.0x 10°
meters) and A is the wavelength maximum absorbance of a specific composite (nm). From the
calculated data in Table 7, it can be observed that PANI|WO3|GR composite has the lowest
band gap energy value (1.9 eV), this is an indication that graphene has great influence on the
PANI|WOs film, thereby reducing the bang gap energy and thus being higher in conductivity.
However, in agreement with the general characteristics of the activity of different types of
nanomaterial in which the band gap energy of an insulator is usually large (> 4 eV),
semiconductor (< 3 eV), PANI|WO3|GR has also showed the activity of being a better

semiconductor than PANI|WO3; and PANI.

Table 7. Band gap energy values calculated from the UV-vis spectra

Electrode A (nm) E (eV)
PANI|GCE 602 2.014
PANI|WO5|GCE 452 2.763
PANI|WO;|GR|GCE 633 1.973
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Figure 71. UV Vis absorption spectra of (a) GR and (b) PANI, PANI|WO;3/GR and

PANI|WOs.

6.2.2. High resolution scanning electron spectroscopy

The typical morphologies of the resulting PANI, WO3;, PANIWO3;, GR and PANIWO3|GR
films were observed by HR-SEM, as exhibited in Figure 72 a - f. A porous fibrillar and rod
like irregular structure can be observed for PANI (a). WO3 display fused white and large
particles (b). The microstructure of PANI|WQO; film showed smaller granules of WO3; with
rough porous surface of aggregates within the PANI film (c). An overlapped thin, crumpled
and wrinkle sheets closely associated together can be observed for GR (d). However, the
composite film of PANI|WO3|GR revealed a porous surface of micro aggregate of WO3 and
PANI enveloped and absorbed on the thin film of the graphene sheet with a large surface area
which may have the tendency of enhancing the electron transport and catalytic activity of the
PANI|WO3|GR nanocomposite (e). The EDX analysis revealed the composition of the
individual elements in the synthesised nanocomposite (f). Investigating the elemental
composition acquired from HR-SEM analysis of the nanocomposite, Figure 73 showed the

elemental compositions, revealing the three elements to be present in the composite. However,
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other elemental signals such as chlorine may have been formed from contamination during

preparation.
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Figure 72. HRSEM images of (a) PANI, (b) WOs; (c) PANIWO3, (d) GR, (e)

PANI|WO;3|GR and EDX result of the elemental analysis of nanocomposite formed (f).
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Figure 73. Electron dispersive X-ray results of the elemental composition of

PANI|WO;3|GR nanocomposite.
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6.2.3. High resolution transmission electron microscopy (HRTEM)

The structure and composition of the composite was further performed using high resolution
transmission electron microscopy (HRTEM). Figure 74a — d represents the HRTEM images of
GR, PANI, PANI|WO3; and PANI|WO;3|GR nanocomposite. A flat transparent layer thin sheet
can be observed for GR (a), with the selected area electron diffraction (SAED) pattern showing
some crystallinity. The appearance of long rod like shapes of flakes of nanofibrous structure
can be observed for PANI (b). The PANI|WO3; film shows compact of WO3 particles clearly
shown on the surface of PANI nanofibers possibly due to agglomeration of the nanoparticle (c).
The resulting composite in (d) revealed the distribution of nanoparticle of WO3; and PANI
nanofibers in between the surface and edges of the thin sheets of graphene with selected area
electron diffraction (SAED) pattern exposing the crystallinity of the carbon material which is
confirmed by SEM images. The STEM image (e) of the PANI|WO3|GR and the corresponding
elemental acquisition from the EDX analysis (f) is also presented in Figure 75. The elemental
composition of the nanocomposite showed to consist of carbon, nitrogen, and tungsten that
were involved in the preparation of the composite. The presence of element like copper may be
from the copper grid used while chlorine could be from contamination during sample

preparation.

186



Figure 74. HRTEM images of (a) GR, (b) PANI, (c) PANI|WQO;, (d) PANI|WO;3|GR

nanocomposite, (e) EDX analysis and (f) STEM image of nanocomposite.
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Figure 75. Electron dispersive X ray analysis of PANI|WO3|GR.

6.2.4. Raman micro spectroscopy

Raman spectral of PANI, PANI|WO3; and PANI|WQO3|GR films are shown in Figure 76. In the
spectra, Figure 76a showed characteristics bands of PANI that can be associated with the
following vibrational peaks, 371 cm™ and 475 cm™ (out of plane deformation of the benzene
rings), 575 cm™ (out of plane C-H stretching), 951 cm™ and 828 cm™ (benzene and imine
deformation), 1156 cm™ (C-H in plane bending), 1253 cm™( C-H stretching of benzene,
quinone and Polaroid forms), 1332 cm™ (C-N* stretching), 1433 cm™ and 1582 cm™ (C-C
stretching quinone). PANI|WO; in Figure 76b showed some overlap vibrational peaks of WO3
with PANI and an appearance of a pronounced peak at 475 cm™. (Out of plane deformation of
W-O-W mode) and 942 cm™ (W=0 terminal mode of surface grains) [535] and has also been

confirmed by Balazi et al. [536]. Collection of strong and weak peaks between 600 cm™ and
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800 cm™, also corresponding to stretching vibration of WOj3 in the PANIWO; film can be
observed from the spectra [394]. Vibrational peaks of WO3; and PANI can be identified in
PANI|WO3|GR film, Figure 76c¢ of the spectra. The corresponding D and G mode of graphene
showed a prominent peak at 1344 and 1587 respectively in the spectra, a slight shift in the D
band from 1344 cm™ to 1329 cm™ can be observed for graphene in PANI|WOs|GR film, which

is also confirmed from literature [537]. Figure 77 showed the Raman spectrum for graphene.
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Figure 76. Raman spectra of (a) PANI, (b) PANI|WO3 and (c) PANI|WO3|GR films.
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Figure 77. Raman spectrum of graphene (GR).

6.3. Voltammetric interrogation of the modified film on glassy carbon electrode.

CV studies were conducted to optimise the synthesis conditions and subsequently, the

interrogation of the electrochemistry of the modified electrode.

6.3.1. Results of the optimised parameters

6.3.1.1. Characterisation of the PANI electrode for optimisation

Figure 78 showed the cyclic voltammograms of electrochemically synthesised polyaniline
(PANI) at 50 mV s™ in a solution containing 0.1 M aniline, 1 M HCI, and at window potential
of -200 to +1200 mV. The polyaniline film was grown on 0.071 cm? glassy carbon electrode.
The PANI film exhibited a high magnitude in current with three redox peaks. The three anodic
and cathodic redox peaks in the CVs showed the existence and behaviour of a typical synthesis
of polyaniline on the surface of electrode and which confirms its three different forms:
Leucomeraldine, Emeraldine and Penigraniline. The redox peaks A/A' and C/C' indicate the
conversion of leucomeraldine to emeraldine and emeraldine to Penigraniline respectively. The
middle redox peaks B/B ' could be referred to as the dimers or benzoquinone / hydroquinone

couple of the polymeric chains. The first redox (A/A) peaks which is assigned
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leucomeraldine/leucomeraldine radical cation, the second one, (B/B') is assigned emeraldine
radical cation/emeraldine and the third (C/C') also assigned pernigraniline radical
cation/pernigraniline have been similarly reported by lwuoha et al. [515]. The magnitude of the
redox peaks was also observed to increase as a result of repeated potential scans revealing that
deposition is actually taking place at the surface of the glassy carbon electrode and confirming
the conductivity of the polymer [235]. However, the same PANI film was also grown at 100

mV s-! and 200 mV s-.

PANl at 50 mV s™
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Figure 78. Cyclic voltammograms for electropolymerisation of polyaniline in 1 M HCI at

scan rate of 50 mV s and window potential of -200 to +1200 mV.
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The cyclic voltammograms for the characterisation of the PANI|GCE electrode in 1 M HCI is
presented in Figure 79. The multi scan voltammograms showed both anodic peak potentials
and the corresponding peak currents to vary as the scan rate varies which conforms to the
reported study that the polymer is electroactive and conducting, and that the diffusion of the
electrons takes place along the polymer chain [16, 235, 515]. The peaks Iy a1/lpc1 and peaks Iy
oflpc o are assigned the polyleucoemeraldine radical cation/polyleucoemeraldine and
polyemeraldine/polyemeraldine radical cation respectively. It can also be observed that the I,.a1
and I » peaks increases and even more prominent as the scan rate increases, exhibiting the
characteristics of a reversible electrochemistry system.

400

Ip,a 1

300 4
200 -
100 -

0

-100 4

I/ pA

-200
-300 -
-400

-500
'p,c 2

-600 L T v T T T v T v T v T T T v T v
400 -200 O 200 400 600 800 1000 1200 1400
E /mV vs Ag/AgCl

Figure 79. Cyclic voltammograms of PANI|GC electrode in 1 M HCI at different scan

rate.
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Figure 80 showed the cyclic voltammograms of the different electropolymerisation of PANI
electrodes at scan rate of 50, 100 and 200 mV s™ in 1 M HCI at potential window of -200 to
+1200 mV. The cyclic voltammograms observed for PANI at 50 mV s and from the AEp (Epa
1- Epc 2) calculated for each of the scan rates, only PANI electropolymerised at 50 mV st
exhibit AE, value less than 65 mV (14 mV). This indicates that the polymer film showed a fast
and reversible electrochemistry under the experimental condition, compared to the other scan
rates and this has also been previously reported by Iwuoha et al.[515]. It can also be observed
that the Ipa1and Ipc» peaks increases and even more prominent for 50 mV s than for the other
scan rates. This reveals the characteristics of a reversible electrochemistry system. The
mentioned studies therefore guided the choice of 50 mV s as the scan rate for the

electrosynthesis.
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Figure 80. Cyclic voltammograms for the electropolymerisation of PANI film at (a) 50

mV s™, (b) 100 mV s and (c) 200 mV s in 1 M HCI.
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6.3.1.2. Optimisation of hydrogen peroxide concentration for WO3 synthesis

CV studies were also conducted to optimise the synthesis conditions and subsequent
interrogation of the concentrations of hydrogen peroxide.

The choice of concentration of hydrogen peroxide (H2,0-) used for the preparation of tungsten
oxide was determined after considering the various concentrations 0.05, 0.08, 0.1 and 0.15 M
during electrosynthesis of polyaniline. The addition of hydrogen peroxide in the deposition
solution essentially allow the formation of peroxy-tungstate in the presence of tungsten acid
which serves as a precursor and assumed to undergo electrochemical reduction during
electrodeposition, giving rise to tungsten oxide (WO3) on the substrate of the electrode. Studies
has also reported formation of WO3; from peroxy-tungstate through electrochemical deposition
to be more favourable [492, 538]. In addition, H,O, has been reported to play a good role as a
stabilizer and complex reagent for the formation of homogenous solution in other to prevent
the aggregation of the WO3 [539]. However, presence of H,O, in the solution can also affect
the electrochemical deposition or growth of PANI on the substrate by either restraining the
growth of PANI-related redox peak, when in excess according to literature [492] or cause the
deprotonation of PANI, whereby acting as an oxidant [540]. Figure 81a showed the cyclic
voltammograms of different concentrations of H,O, during Electropolymerisation of
PANI|WO; film in 1 M HCI at 50 mV s™. An increase in PANI-related peak can be observed
as the concentration of H,O, increases from 0.05, 0.1, 0.08 and 0.15 M, but concentration at
0.08 M showed more enhancements in redox peaks which could also be attributed to
deprotonation of the half oxidised emeraldine salt form to fully oxidised pernigraniline
according to literature [540]. The cyclic voltammograms of PANI and PANI|WO; in the

presence of 0.08 M concentration of H,0O, can be observed from Figure 81b.
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6.4. Electrochemical Characterisation of PANI|WO3|GR electrode

The behaviour of PANI, PANIWO; and PANI|WO3|GR films grown on the glassy carbon
electrode at scan rate of 50 mV s™ and potential window of -600 mV to + 1000 mV, are shown
in Figure 82. The cyclic voltammograms revealed that the polymerisation current increases as

the number of Voltammetric cycles increases, confirming that the polymer is conducting.
Moreover the redox peaks (A/A', B/B' and C/C')) also appeared and their peak heights

increased with increase of number of potential scans suggesting that the film is electroactive.
The three anodic and cathodic redox peaks in the CVs showed the existence and behaviour of a

typical synthesis of polyaniline on the surface of electrode and which confirms its three

different forms: Leucomeraldine, Emeraldine and Penigraniline. The redox peaks A/A' and
C/C" indicate the conversion of leucomeraldine to emeraldine and emeraldine to Penigraniline

respectively. The middle redox peak B/B ' could be referred to as the dimers or benzoquinone /

hydroquinone couple of the polymeric chains but with a lesser amount of intensity [512].
Figure 82a — ¢ showed the cyclic voltammograms of PANI, PANI|WO3; and PANI|WO3|GR
films on a glassy carbon electrode respectively. Three anodic and cathodic corresponding peaks
can be observed with increase in the peak currents as the potential scan increases. The three
redox peaks has been assigned accordingly [515]. From the obtained data in table 8, the anodic
peak current (l,.) from each of the three redox couples A/A' B/B' and C/C' can be observed to
increase with the cathodic peak potential (l,c), shifting anodically for each of the electrodes,
PANI|WO3|GR possessed the highest peak current compared to PANI|WO; and PANI
electrode. And the I,./l, ratio is “unity’ for all the couples from the experimental data. It can
also be observed that the I, /1, ratio drops within the range of 0.5 and 0.7 for C/C' in each of

the electrode. This change can be attributed to the efficiency of the polymer when in the form
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of leucomeraldine radical cation or pernigraniline radical cation according to literature thus

revealing some charge transportation [515].
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Figure 82. Cyclic voltammograms for the electrodeposition of (a) PANI, (b) PANI|WO3
and (c) PANI|WO;3|GR films on a glassy electrode in a solution of 1 M HCI, at potential
window of -600 mV to + 1000 mV and overlay of bare GCE, PANI|GCE, PANI|WO3|GCE

and PANI|WO;|GR|GCE in a solution of 1 M HCI at scan rate of 50 mV s™.
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Table 8. Obtained data of cyclic voltammetric analysis from Figure 81

Electrode Redox | Ep Epc I e loal1pe E”
couple | (mV) | (mV) | (MWA) | (MA) (mV)
PANIWO;|GR | AJA 253 75 634.13 | 406.51 | 1.5 166.5
B/B’ 598 521 488.02 | 468.00 | 1.04 559.5
c/IC 823 733 538.03 | -760.05 | 0.71 778
PANI|WO; AIA 211 86 301.60 | 192.60 | 1.5 1485
B/B 543 533 119.20 | 107.13 1.1 538
c/IC 792 747 200.39 | -369.77 | 0.5 769.5
PANI AIA 230 79 272.44 | 108.09 | 2.4 154.9
B/B' 548 548 76.96 | 74.71 1.0 548
cic 802 767 126.50 | -184.94 | 06 786

For the electrodeposition of PANI|WO3, Figure 82b, the response is similar to pure PANI film,
except for the oxidation of the monomer occurring at a slightly lower potential and an
enhancement in the peak current. The response in PANIWO3; film could be attributed to the
WO; particles agglomeration observed in HRSEM, which can likely reduce the expectation in
the effective surface area of the film when incorporated with PANI. The response in
PANI|WO; film in the presence of graphene modified glassy electrode is shown in Figure 82c.
The three anodic peaks are more prominent and higher than in Figure 82a and Figure 82D,
also the cathodic peaks shifted more positively, The remarkable increase in peak current of
PANI|WO3|GR film can be associated to the exceptional properties of graphene which include

its high catalytic property and large surface area. Also, the distribution of the polymer matrix
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and interfacial adhesion due to bonding between PANI|WO3; and the graphene thin layer which
can be confirmed by the morphology analysis from HRTEM. The voltammograms in Figure
82d obviously revealed the difference in the peak enhancement for the different electrodes with

PANI|WO;|GR film having a more prominent in peaks.
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6.4.1. Cyclic voltammetry of PANI|WO3|GR electrode in HCI

Figure 83 showed the cyclic voltammetric response of the prepared PANI|WO3|GR electrode
in 1M HCI as the working electrolyte to the effect of scan rate. The peak current increases as
the scan rate are increased. And plot of the anodic peak current as a function of potential scan
rate of peak A showed linearity with a correlation coefficient (r*) = 0.9891 which showed that
the nanocomposite is confined on the surface of the electrode and electroactively conducting
(b). The plot of log of peak current against log of scan rate gave a slope of 1, which revealed a

surface-adsorbed electrochemistry.
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Figure 83. Cyclic Voltammograms of (a) PANI|WO;|GR electrode at different scan rates
(5, 10, 15, 20, 25, 30, 40 and 50 mV s) in 1 M HCI and (b) a plot of scan rate dependence

anodic peak current.
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6.5. Electrochemical Impedance Spectroscopy (EIS) of PANI|WO3|GR|GCE

Electrochemical impedance spectra (EIS) were used to investigate the performance of the
modified electrodes being an effective method of probing the features of a surface modified
electrode. [516-518]. The measurement was performed in 1M HCI aqueous solution with a
frequency range of 100 kHz to 0.1 Hz of which the amplitude of the alternative voltage was 10
mV as shown in the Figure 84. The y-axis represents the negative number of the imaginary
part of the measured impedance while the x-axis represents the real part of the measured
impedance. The diagram (Nyquist plots- real part of the impedance Z' vs. imaginary part Z")
represents the charge transfer kinetics of the modified electrodes in which Rs is the ohmic
internal or solution resistance, CPE is the capacitance phase element for the semiconductor ||
electrolyte interface, W (Warburg impedance) represent the mass transfer element while the

Rct is the charge — transfer resistance across the interface [541].
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Figure 84. Nyquist plot of the EIS measurement of (a) bare GCE, (b)
PANI|WO;3|GR|GCE, (c) PANI|WO3|GCE and (d) PANI| GCE in the presence of 1 M

aqueous solution of HCI. Inset is Randles equivalent circuit Nyquist plots obtained.
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Table 9. Values for the fitted parameter of Randles equivalent circuit Nyquist plots from

Figure 84
Electrode Rs (Q) Ret (Q) CPE Zy
Bare GCE 28.53 9.637 x 10° 0.91044 0.41358
PANI|WOs|GCE 28.22 2.831 x 10° 0.66312 0.72029
PANI|GCE 22.73 3.371 x 10° 0.66489 0.72734
PANI|WO3|GR|GCE 24.29 1.433 x 10° 0.40447 0.85483

The different charge transfer resistance results of the modified electrodes can be observed from
above parameters in table 9 and from the Nyquist plot illustration in Figure 84. Bare GCE gave
an R value of 9.637 x 10° (Q), exhibiting a line path length in the lower frequency similar to
the characteristics of a diffusion process. On modification with PANI film, the R value of the
modified electrode reduces, as well as when modified with PANIWO3 film with values of
3.371 x 10° Q and 2.831 x 10° Q respectively. They both exhibited a large semicircle and a
straight line in the lower frequency region, indicating a sign of modification and charge
resistance transfer but high diffusion system. The R of PANI|WO;3|GR GCE is 1.433 x 10° Q
which is much lesser than that of both PANI and PANI|WO3 indicating that the GR modified
electrode in the presence of PANI and WO3 has high interfacial charge—transfer resistance i.e.
facile to electron transfer and indicating high conductivity than PANIGCE and
PANI|WO3|GCE which was consistent with cyclic voltammetry results. More so, graphene has
the ability of creating a nucleating site for polyaniline. Also, the coating of the surface of

polyaniline with tungsten oxide could possibly contribute to the synergic effect and more
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interaction in the components which thus created more enhancements, conductivity and

catalytic effect of the PANI|WO3|GR|GCE.

6.6. Electrochemical Application of the modified PANI|WO3|GR electrode on some
polyaromatic hydrocarbons (PAHS)

Electrochemical method typically involves the flow of electric current across an electrode in
aqueous media to generate redox reaction. However, during oxidation of polyaromatic
hydrocarbons in aqueous solution, oxidation can occur by transfer of oxygen atom and electron
anodically. An intermediate reactive species such as hydroxyl radicals are generated from
water and actually assisted in the oxidation of the organic pollutants [12, 138, 519]. The
hydroxyl radical can readily react with the organic molecules from adsorbed PAHs to the
electrode and then undergo subsequent reactions [528, 542]. According to reported studies by
Panizza et al. [138], formation of quinone is usually observed during oxidation of polyaromatic
hydrocarbon. Thus the primary degradation products among others include anthraquinone from

anthracene, phenanthrenequinone from phenanthrene and pyrenequinone from pyrene.

6.6.1. Electrocatalytic oxidation of phenanthrene

Analysis on the electrocatalytic oxidation of phenanthrene was monitored using the modified
electrodes in aqueous acid (1 M HCI) as the supporting electrolyte, potential window of +0 to
+2000 mV and scan rate of 30 mV s™. The cyclic voltammogram of PANI|WO;|GR|GCE
before addition (a) and after addition of 5.0 x 10° nM of phenanthrene (b) is shown in Figure
85. The behaviour of the different electrodes, PANI|GCE, PANI|WO;/GCE and
PANI|WOs|GR|GCE to oxidation of phenanthrene (5.0 x 10 nM) dissolved in the above
solution is shown in Figure 86. PANI|WOs|GR electrode exhibited a high increase in the
anodic peak current revealing a catalytic property compared to the PANI|\WO3; and PANI

modified electrodes. This may be attributed to the large surface area and good conductivity of
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PANI|WO3|GR modified electrode as result of the incorporation of graphene nanofiller which
have a high catalytic effect [543]. Phenanthrene actually exhibited a remarkable enhancement

in anodic current compared to the other electrodes.
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Figure 85. Cyclic voltammograms of (a) PANI|WO3|GR|GCE before addition and (b)

after addition of 5.0 x 10° nM of phenanthrene analyte in 1 M HCI at scan rate of

30 mV s and potential window of +0 mV to +2000 mV.
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Phenanthrene

Scheme 6. Schematic diagram showing Pathway to degradation of phenanthrene [124]
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Figure 86. Cyclic Voltammograms of 50 x 10° nM of phenanthrene at
PANI|WO;|GR|GCE (a), PANI|WO3|GCE (b) and PANI|GCE (c) in 1 M HCI at a scan

rate of 30 mV s™.

6.6.1.2. Effect of scan rate
Effect of scan rate was investigated on the response of 5.0 x 10> nM phenanthrene at

PANI|WO3|GR modified electrode in 1 M HCI. Figure 87 showed the cyclic voltammograms
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of modified electrode at different scan rate upon the addition of 5.0 x 10 nM phenanthrene.
The plot of the anodic peak current versus the square root of scan rate over the range of 10 and
200 mV s increased linearly with the liner equation of 1,, = 1.3 x10° + 7.01x10™ x v* (mV
s 1" and a correlation coefficient (r’) = 0.999 (b). Hence, revealing that the electrochemistry
process was limited by the rate of diffusion of phenanthrene from the solution to the surface of
the electrode. Also observed is the oxidation peak potential shifting to more positive potential

confirming the peak currents were diffusion-controlled. [235].
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Figure 87. Cyclic Voltammograms of PANI|WOs|GR GCE upon the addition of 5.0 x 107
nM of phenanthrene in 1 M HCI at different scan rates (a) and a plot of scan rate

dependence of its anodic peak current (b).

6.6.1.3. Cyclic voltammetric response at different concentration of phenanthrene.

Cyclic voltammetric response of electrocatalytic oxidation of different concentration of
phenanthrene at the PANI|WO3|GR modified electrode in 1 M HCI can be observed in Figure
88a. An increase in the anodic peak current occurs at every addition of phenanthrene indicating

the oxidation of phenanthrene and also confirming the catalytic behaviour of the modified
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electrode. A plot of the anodic current versus concentration showed the linearity ranging from
1.0 x 107 to 6.0 x 10" nM with a correlation coefficient of 0.9806. The limit of detection was
determined to be 1.23 x 10 nM (0.123 pM) as observed in Figure 88b. This established that

the modified electrode have a good electroactive activity towards the degradation of

phenanthrene.
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Figure 88. Cyclic Voltammograms of PANI|WO;|GR GCE in 1 M HCI, in the presence of
phenanthrene at 30 mV s! (a) and a calibration plot for PANI|WO;|GR|GCE

phenanthrene sensor versus concentrations of phenanthrene (b).

A similar behaviour can be confirmed from the square wave voltammograms. There is increase
in the anodic peak current upon successive addition of phenanthrene which can be observed
from Figure 89a. The response at lower concentrations and the calibration plot of the anodic
peak current versus concentrations with respect to the lower concentrations can be observed

from Figure 89b and Figure 89c.
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Figure 89. Square wave voltammograms of (a) PANIWO3|GR electrode at every
successive addition of phenanthrene in 1 M HCI at a scan rate of 30 mV s, (b) response
at lower concentrations and (c) and a calibration plot for PANI|WO;GR|GCE

phenanthrene sensor versus concentrations of phenanthrene.

6.6.2. Reproducibility stability and interference studies
The reproducibility study of PANI|WO3|GR nanocomposite modified electrode was studied in
the presence of 5.0 x 10° nM phenanthrene in 1 M HCI. The cyclic voltammetry were
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repeatedly performed and monitored, a relative deviation of 5.1 % from 6 successive
measurements (n = 6) was conferred from the fabricated electrode, showing its reproducibility.
The storage stability of the modified electrode was also examined with 5.0x10° nM
phenanthrene and the oxidation current was been monitored after 3 days for 2 weeks using CV.
About 15.69% decrease was observed in the peak current and was able to retain 84.31% of
phenanthrene initial sensitivity at 4 "C. Further investigation was made to check for possible
interferences using some inorganic ions which may probably present in water samples. The
following ion: Mn®*, CI", SO, # and NOs were not observed at 5.0 x 10 nM of the
phenanthrene concentration. The validated results can then conclude that the modified

electrode has stability and reproducibility for phenanthrene.

6.6.3. Electrochemical responses of the PANI|WQO3|GR|GCE anthracene sensor

The cyclic voltammetric response of the PANI|WO3|GR|GCE anthracene sensor was also
investigated in the presence anthracene. The PANI|WQO3|GR GCE sensor is observed in the
presence and absence of 5.0 x 10 nM anthracene. Analysis took place in 1 M HCI, scan rate of
30 mV s and potential window of +0 to +2000 mV. The cyclic voltammograms revealed the
catalytic property of the nanocomposite exhibited in the presence of anthracene and showing to
be more sensitive to the analyte, an increase in the intensity of the anodic peak current
indicated that oxidation of anthracene has taken place as can be observed in Figure 90.

Figure 91 showed the anodic response of the different electrodes in the presence of 5.0 x 10
nM anthracene at 30 mV s in 1 M HCI. With more enhancements in the anodic peak for
PANI|WO3|GR|GCE due to its high catalytic property compared to PANI|WO3|GCE and

PANI|GCE.
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Figure 90. Cyclic voltammograms of PANI|WO3|GR| GCE in 1 M HCI (a) before and (b)

after the addition of 5.0 x 10 nM of anthracene in 1M HCI at scan rate of 30 mV s™and

potential window of +0 to +2000 mV.
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Figure 91. Cyclic Voltammograms of 5.0 x 10 nM of anthracene at PANI|GCE (a),

PANI|WOs|GCE (b) and PANI|WOs|GR|GCE (c) in 1 M HCl at a scan rate of 30 mV s™.

6.6.3.1 Effect of scan rate

Investigating the effect of scan rate on the response of 5.0 x 10° nM anthracene at
PANI|WO3|GR modified electrode in 1 M HCI, showed there is an increase in anodic peak
current as the scan rate increases. Figure 92 showed the cyclic voltammograms of
PANI|WO3;|GR|GCE upon the addition of 5.0 x 10° nM anthracene at different scan rate. The

anodic peak of anthracene increased linearly with the square root of scan rate (v*?

) over the
range of 10 to 250 mV s with a linear regression of lpa =-3.5194 x 10 -4 + 1.8887 x 10-4 X
v® (mV s and a correlation coefficient of 0.994, which is shown in Figure 93. Also
observed, is the oxidation peak potential shifting more positive. This indicated that

electrochemistry of the process was limited by rate of diffusion of anthracene from the solution

to the surface of the electrode and the peak current is diffusion controlled
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Figure 92. Scan rate dependence cyclic voltammograms of PANI|WO;3|GR|GCE sensor in

1 M HCI containing 5.0 x 10 nM anthracene.
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Figure 93. A plot of scan rate dependence of its anodic peak current.
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6.6.3.2. Cyclic voltammetry response at different concentration of anthracene.

Cyclic voltammetric response of electrocatalytic oxidation of different concentrations of
anthracene at the PANI|WO3|GR modified electrode in 1 M HCI can be observed in Figure 94.
An increase in the anodic peak current occurs at every addition of anthracene indicating the
oxidation of anthracene and also confirming the catalytic behaviour of the modified electrode.
A calibration plot for the PANI|WO3|GR sensor anthracene is shown in Figure 95, with a
linear relationship between the anodic current and anthracene concentrations attained over the
range of 1.0 x 10 to 0.01 nM (1.0 pM to 10.0 pM) and a correlation coefficient of 0.9953 The
limit of detection (LOD) which was determined by spiking of different concentrations of
anthracene into the cell containing 5mL solution of 1 M HCI, response in the anodic peak
current was monitored at every addition of the analyte. Subsequently, the limit of detection was
calculated and determined as previously discussed in chapter 3, to be 0.136 pM (1.36 x 10™
nM). This established that the modified electrode have a good electroactive activity towards the

degradation of anthracene.

The square wave voltammograms of the response is shown in Figure 96. There is increase in
the anodic peak current at every addition of concentrations of anthracene. Figure 97 showed
the square wave voltammograms at lower concentration of anthracene and the calibration plot

at lower concentrations shown in Figure 98.
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Figure 94. Cyclic voltammograms of the PANI|WO;|GR|GCE in 1 M HCI in the presence
of different concentrations of anthracene at scan rate of 30 mV s and potential window

of +0 to +2000 mV.
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Figure 95. Calibration plot for PANI|WO;3|GR|GCE anthracene sensor versus different

concentrations of anthracene.
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Figure 96. Square wave voltammograms of the PANI|WO3|GR|GCE in 1 M HCI at every
addition of concentrations of anthracene at scan rate of 30 mV s™ and potential window
of +0 to +2000 mV.
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Figure 97. Square wave voltammograms of the PANI|WO;|GR|GCE in 1 M HCI at lower
concentrations of anthracene at scan rate of 30 mV s™ and potential window of +0 to

+2000 mV.
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concentrations.
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6.6.4. Reproducibility, stability and interference studies

Reproducibility studies of the PANIWO3|GR nanocomposite modified electrode also
investigated in the presence of 5.0 x 10 nM of anthracene in 1 M HCI. The relative standard
deviation of the monitored modified electrode in the anthracene solution gave 5.8 % from 6
successive measurements (n = 6) confirming that the result is reproducibility. The storage
stability of the modified electrode was also examined with 5.0x107° nM anthracene and the
oxidation current was been monitored after 3 days for 2 weeks using CV. About 17.72%
decrease was observed in the peak current and was able to retain 82.28% of anthracene initial
sensitivity at 4 ‘C. Further investigation was made to check for possible interferences using
some inorganic ions which may probably present in water samples. The following ion: Mn?*,
CI, SO, %" and NO3~ were not observed at 5.0 x 10"° nM of the anthracene concentration. The
validated results can then conclude that the modified electrode has stability and reproducibility

for anthracene.

6.6.5. Electrocatalytic oxidation of pyrene (PYR)

The response of the PANI|WO;3|GR|GCE sensor was also investigated on pyrene. The
PANI|WOs|GR| GCE sensor observed in the presence and absence of 5.0 x 10° nM pyrene is
shown in Figure 99. Analysis took place in 1 M HCI and at scan rate of 30 mV s™* and window
potential of + 0 mV to + 2000 mV. The cyclic voltammograms revealed the catalytic property
of the nanocomposite exhibited in the presence of pyrene, revealing high intensity in anodic
peak current at addition of pyrene which indicated that oxidation of pyrene has taken place.

The response of the different electrodes in the presence of 5.0 x 10° nM pyrene at 30 mV s in
1 M HCI is shown in Figure 100, and revealing more enhancements in the anodic peak for
PANI|WO3|GR|GCE due to its catalytic property compared to PANI|WO3;GCE and

PANI|GCE.
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Figure 99. Cyclic voltammograms of PANIWO;3|GR| GCE in 1 M HCI before (a) and

after the addition of 5.0 x 10 nM pyrene (b).
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Figure 100. Cyclic Voltammograms of 5.0 x 10 nM of pyrene at PANI|GCE (a),
PANI|WOs|GCE (b) and PANI|WO3|GR|GCE (c) in 1 M HCl at a scan rate of 30 mV s™

and potential window of +0 to +2000 mV.
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6.6.5.1. Effect of scan rate

The effect of scan rate on the response of 5.0 x 10 nM pyrene at PANIWO3|GR modified
electrode was also investigated in 1 M HCI. It showed there is an increase in anodic peak
current as the scan rate increases. Figure 101 showed the cyclic voltammograms of
PANI|WOs|GR|GCE upon the addition of 5.0 x 10 nM pyrene at different scan rate. In Figure
102, the anodic peak current of pyrene increases linearly with the square root of scan rate (v*?)
over the range of 10 to 120 mV s™ with a linear regression of 1, , = -1.314x 10 * + 8.854 x 107
X v* (mV s1)* and a correlation coefficient of 0.992. Also observed is the oxidation peak
potential shifting more positive. This indicated that electrochemistry of the process was limited

by rate of diffusion of anthracene from the solution to the surface of the electrode and the peak

current is diffusion controlled.
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Figure 101. Scan rate dependent cyclic voltammograms of PANI|WO;3|GR|GCE sensor in

1 M HCI containing 5.0 x 10° nM pyrene.
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Figure 102. A plot of the scan rate dependence of its anodic peak currents.

6.7.5.2. Cyclic voltammetry response of different concentrations of pyrene.

The cyclic voltammetric response of electrocatalytic oxidation of pyrene at different
concentrations in 1 M HCI is shown in Figure 103. An increase in the anodic peak current
occurs at every addition of pyrene. A calibration plot for the PANI|WO3|GR sensor pyrene is
shown in Figure 104 with a linear relationship between the anodic current and pyrene
concentration attained over the range of 1.0 x 10° to 0.01 nM and a correlation coefficient of
0.9959. The limit of detection (LOD) was determined to be 0.132 pM (1.32 x 10™ nM).

Square wave voltammograms of the PANI|WO3|GR sensor pyrene was also observed to show
an increase in anodic peak current with different pyrene concentration. Figure 105 and Figure
106 showed the square wave voltammograms at every concentrations of pyrene and at lower
concentrations, respectively. Figure 107 showed the calibration plot at lower concentrations of

pyrene.
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Figure 103. Cyclic voltammograms of the PANI|WO;|GR|GCE in 1 M HCI at increasing

concentrations of pyrene at scan rate of 30 mV s™.
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Figure 105. Square wave voltammograms of the PANI|WO;3|GR|GCE in 1 M HCI at

different concentrations of pyrene and at a scan rate of 30 mV s,
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Figure 106. Square wave voltammograms of the PANI|WO;3|GR|GCE in 1 M HCI at

lower concentrations of pyrene at scan rate of 30 mV s™.
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Figure 107. Calibration plot at lower concentrations of pyrene.
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6.6.6. Reproducibility, stability and interference studies.

Reproducibility of the PANI|WO3|GR modified electrode was investigated towards the Pyrene
oxidation in the presence of 5.0 x 10> nM pyrene in 1 M HCI solution. CV analysis were
repeatedly performed and monitored in a solution of 1 M HCI containing 5.0 x 10 nM pyrene.
The sensitivity remained the same with a relative standard deviation of 5.5 % for 6 successive
measurement (n = 6) on the fabricated electrode, indicating its reproducibility. The storage
stability of the modified electrode was also examined with 5.0x10° nM pyrene and the
oxidation current was been monitored after 3 days for 2 weeks using CV during which the
sensor was able to retain 82.79% of its initial sensitivity at 4 "C. Further investigation was
made to check for possible interferences using some inorganic ions which may probably
present in water samples. The following ion: Mn**, CI-, SO,* and NO3~ were not observed at
5.0 x 102 nM of the pyrene concentration. The validated results can then conclude that the

modified electrode has stability and reproducibility for pyrene.
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CHAPTER SEVEN

CONCLUSION AND RECOMMENDATION

7.1. Conclusion

The aims of the thesis towards the development of an electrochemical sensor for the detection
and quantification of polyaromatic hydrocarbons have been successfully achieved. The novel
sensor has been based on conducting polyaniline doped with tungsten oxide and graphene
nanocomposite, synthesised using electrodeposition method and evaluated. The motivation and

objective of this work has however been outlined in chapter one.

Chapter four of the study discussed the chemical preparation and characterisation of graphite
oxide and graphene which was confirmed through the characterisation techniques. A thin sheet
of graphene with a thickness of 1.4 nm was identified by AFM, and used for subsequent

experiments.

Furthermore, a discussion on the preparation, characterisation and catalytic properties of
graphene-polyaniline modified glassy carbon electrode, prepared chemically, using in situ
polymerisation method has been outlined in chapter five. The modified electrode revealed its
catalytic properties for the first time, towards the oxidation of anthracene, in acetonitrile, as the
working electrolyte. The dynamic linear range of the anodic peak and anthracene concentration
based on the SWV measurement at lower concentration was over the range of 2.0x 10™ to 1.0

x 10 M and a detection limit of 4.39 x 10" M was obtained.
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The conducting polyaniline-tungsten oxide-graphene (PANI|WO3|GR) nanocomposite, as a
novel sensor platform has been developed for the first time in this study and discussed in
chapter six. The morphology, spectroscopic and electrochemical characterisation of the
nanocomposite materials were studied using a variety of characterisation techniques such as
SEM, TEM, FT-IR, AFM, RAMAN, UV-vis spectroscopy and EIS including cyclic and square
wave voltammetry techniques. The characterisation techniques confirmed the successful
preparation of the materials and nanocomposites. The electrochemical measurement studied in
aqueous acid revealed the electrochemical properties of the prepared nanocomposites. A more
enhanced and well defined redox peaks can be observed for PANI|WO3|GR|GCE compared to
PANI|WO3|GCE and PANI|GCE. The prepared PANI|WO3|GR sensor showed a profound and
highly electrocatalytic performance towards the oxidation of phenanthrene, anthracene and

pyrene.

Application of the sensor in aqueous solution on the detection of phenanthrene gave a dynamic
linear range and detection limit of 1.0 to 6.0 pM and 0.123 pM, respectively. On anthracene, a
dynamic linear range of 1.0 to 10.0 pM was attained with a limit of detection (LOD) of 0.136
pM, while for pyrene; the dynamic linear range was attained over the range of 1.0 to 10.0 pM.
The limit of detection (LOD) was determined to be 0.132 pM (1.32 x 10™* nM). The prepared
PANI|WO3|GR sensor has exhibited an excellent sensitivity, long term storage stability and
good reproducibility as observed from the Table below, showing obtained values for the
different polymer systems. The results indicated that the sensor catalyst has huge benefit for the
electro-oxidation of PAHSs and has shown an excellent sensitivity to the detection of the various

PAHSs.
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Table 10. The relative sensitivities, LOD, low concentration linear range obtainable for

the different polymer systems.

PAHs DLR (pM) RSD (%) Stability (%) | LOD (pM)
Phenanthrene 1.0t06.0 5.1 84.31 0.123
Pyrene 1.0 to 10.0 5.5 82.28 0.132
Anthracene 1.0to 10.0 5.8 82.78 0.136

The successful constructed platform has displayed a well and excellent reproducibility in the
cyclic measurements and in sensitivity to PAHSs, providing a lower detection limits for PAHSs.
The possible reason can be attributed to the combination of the advantages of the metal oxide
and graphene which has provided a highly efficient catalytic property on the nanocomposite,
improving the sensitivity and determination of PAHSs at lower detection limit. This work has

provided a platform for developing a highly sensitive and selective electrochemical sensor for
PAHs and has opened up a promising route to an environmentally friendly method for the

degradation of PAHs with minimal energy requirement.
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7.2. Future work and Recommendation

The following further investigations are recommended as a future work to the research
activities.

The proposed method of preparation through electrodeposition has proven to be efficient.
However, chemical method of preparation of the nanocomposite is recommended and which is

actually one of the ultimate objectives of the study.

The developed sensor system based on tungsten oxide and polyaniline in this thesis represent
only a sample of the respective groups of semiconductors. Further study on metal oxide and
derivatives of polyaniline or other conducting polymers should be explored for their potential

use as electrocatalytic sensor devices.

The development of the sensor devices using gold, platinum and carbon disc or printed
electrodes should be explored in other to produce more specific and sensitive sensor devices.
Also, more electrocatalysis of other persistent organic pollutants can be studied on this

graphenated polyaniline nanocomposite.
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