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ABSTRACT

This work reports on the detection of methyl parathion (MP) on electrodes constructed or
decorated with graphene based nanomaterials. The sensing nanomaterials used include
graphene quantum dots (GQDs), metal oxide [(MO): Cu20, NiO, Al>03 and MnO-] and metal
hydroxide [(MOH): Cu(OH)., Ni(OH)2, AI(OH); and Mn(OH)2] nanoparticles (NPs). The
nanomaterials were synthesized using prescribed procedures. Characterisation of the materials
was achieved using various techniques including transmission electron microscope (TEM) and
scanning electron microscope (SEM). The MO NPs sizes were determined by TEM to be
between 31 nm and 70 nm whereas the MO NPs sizes were found to be smaller with particle
sizes ranging between 20 nm and 55 nm. The nanocomposites of GQDs/MO and GQDs/MOH
were synthesized and characterised using SEM. SEM revealed that the MO and MOH
nanoparticles were well-dispersed on the surface as well as within the graphene quantum dot
sheets. The following electrodes were prepared: a graphene quantum dot paste electrode
(GQDPE) decorated with either MO or MOH NPs and a glassy carbon electrode (GCE)
modified with either GQDs/MO or GQDs/MOH nanocomposites. The electrochemical
characterisation of these electrodes revealed that faster electron transfer kinetics occurred at
the GQDPE. The ability of the modified electrodes to electrochemically detect MP was
evaluated using cyclic voltammetry and the results revealed that the modified GQDPE did not
exhibit any electrocatalytic performance. However, the GCE modified with the GQDs/MOH
nanocomposite showed the best catalytic activity with lower detection limits compared to
GQDs/MO modified electrodes. Electrochemical characterisation further revealed that
amongst all of the metal based nanocomposites, GQDs/Cu(OH). exhibited the best catalytic
activity with the highest sensitivity towards MP. This work demonstrated for the first time that
these sensing nanomaterials have a favourable catalytic behaviour, ideal for the detection of

organophosphate pesticides.
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1. Introduction

1.1 Water pollution

Access to safe drinking water is a basic human right which is being threatened by pollution.
Water pollution poses danger to humans, plants, and animals.! South Africa is generally a water
scarce country with the quality of this water being reduced by pollution.? Water scarcity in
South Africa has been escalated by pollution caused by human population growth,
industrialization and urbanization.? There are various types of water pollutants including
insecticides, herbicides, pollutants due to livestock operations, volatile organic compounds
(VOCs), heavy metals and chemical waste.® A major problem that water contamination poses
to human and other living organisms relates to water quantity and quality. The change in water
quality and quantity is usually associated with human activity, including mining and agriculture
which release toxic substances into rivers and other water resources.* On the other hand climate

change threatens water security as it leads to limited water supply.®

1.2.1 Brief history of water pollution

The importance of clean water was not understood until the second half of the 19" century.® In
ancient Rome, sewers used to carry human waste into the Tiber river, this led to typhoid and
cholera outbreaks.” Pollution started in the pre-historic era from when man created fire to when
farming and development of settlements began. Pollution increased drastically in the mid-
1940s towards the end of World War I1.” This was due to the fact that manufacturers in various
industries started using synthetic material such as polychlorinated biphenyls (PCBs) and
pesticides.2 PCBs were used as lubricants in electrical systems but the poor disposal of PCB-
containing  appliances led to PCB contamination.  Pesticides such  as

dichlorodiphenyltrichloroethane (DDT) were used as insecticides which at certain levels of
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exposure led to human poising and affected foetal development.® Pesticides are major
environmental contaminants mainly because of the way they are administered which makes
them difficult to contain in their targeted environment.® These materials are non-biodegradable

and exposed humans have increased risk of cancer!?, birth defects'® and mental disorders.*®

1.3 Pesticides: history and perspective

The history of pesticide development and its use is the clue to understanding how and why
pesticides are an environmental problem to aquatic systems. This will give an understanding
of why this problem remains in developing countries.? Paris green or copper (1) acetate
triarsenite or copper (I1) acetoarsenite was the first chemical pesticides to be used at the end of
19" century in the United States. By the 20" century Paris green led to human poisoning and
illnesses such as cancer as a result farmers used other pest controls'?, such as sulphur, calcium

arsenate and nicotine sulphate which had less harmful effects.!

The availability of DDT in 1945 for agricultural use opened a new period for pest control which
led to its wide use and development of other synthetic insecticides. DDT has a broad-spectrum
activity against pests, however its persistence in the environment became a major
disadvantage.'! The South African government took control by banning the use of DDT in
1996 due to environment concerns, but four years later its use was reinstated based on the
increase in malaria death cases.!® Alternative chemicals such as aldrin and dieldrin were used
due to their inexpensiveness and effectiveness, however with continuous use some pests
developed resistance.!* As a result of the resistance non-targeted plants and animals were
affected and pesticide residues were found in non-targeted destinations, leading to human

poising characterised by headaches, dizziness and gastrointestinal disturbances.'4



1.3.1 Organophosphate Pesticides

Organophosphate compounds (OPs) are chemicals that have been historically used as
pesticides and warfare agents.'? These chemicals are acetylcholinesterase inhibitors and have
detrimental effects on the human nervous system. OP neurotoxins such as sarin, malathion and
diazinon were first used at the end of World War 11 as chemical weapons. The OP chemical
weapons used during the Gulf war are believed to have caused some of the symptoms of Gulf
War syndrome.'® These symptoms include muscle pain, short term memory loss, tingling and
numbness of limbs and respiratory problems. OP gases were also used in the 1995 terrorist
attack in Tokyo.!'® OPs also penetrate the placenta causing damage to the foetus. The
International Agency for Research on Cancer (IARC) classifies OPs into five carcinogenic
groups: 1, 2A, 2B, 3 and 4. The highly carcinogenic substances are categorized into group 1
while the substances that are least carcinogenic are group 4. Table 1.1 shows some of these
carcinogenic substances.!’” The lethal dose (LD) is used to define the level of toxicity and is
expressed in milligrams of product per kilogram of body weight (mg/kg)®8. LDso is a single
dose of a carcinogen when orally or dermally applied to test animals that results in 50 percent
deaths of the animals. The list of carcinogens were tabulated to educate people about cancer
and its potential causes.'® Carcinogens do not cause cancer in every case because they have
different levels of cancer-causing potential.X® For an individual, the risk of developing cancer
depends on various factors, including the duration and intensity of exposure, how one is
exposed to the carcinogen and their genetic make-up.® Methyl parathion (MP) also known as
“cotton-poison” is a slightly hazardous group 3 carcinogenic substance and has a LDso ranging
from 2000 to 5000 mg/kg. It was developed in the 1940s and comes in various forms which
include dust, emulsion, granular and wettable powder. It is applied to a number of crops

including alfalfa, cotton, barley, soy beans, sunflower, wheat, and sorghum.'3°



Table 1 1: International Agency for Research on Cancer human carcinogenic classifications.’

Group Toxicity LDso for the rat body weight Carcinogenic
(mg/kg) substances
Oral Dermal
1 Extremely <5 <50 Benzo[a] pyrene
hazardous
2A Highly hazardous | 5 -50 50 - 200 DDT/ Malathion
2B Moderately 200 - 2000 200 - 2000 Ethyl parathion
hazardous
3 Slightly 2000 - 5000 2000 - 5000 Methyl Parathion
hazardous o
4-nitrobiphenyl
Hydrogen peroxide
4 Unlikely to >5000 > 5000 Caprolactam
hazardous

Regulations were implemented to decrease the detrimental effects caused by the use of these
pesticides. These regulations included limiting human exposure by wearing protective clothing
(gloves, oxygen masks, etc) when administering the pesticide.?’ Methyl parathion has a broad
spectrum activity against various pests but its non-selective nature makes other living
organisms including humans and animals vulnerable.!* The MP’s environmental persistence

and potential bioaccumulation is still a major issue.®?!

1.3.2 Techniques used for pesticide detection
Environmental monitoring is an important process that requires frequent practice to minimize

health hazards.?> Not only is the process extremely vital for all living things, but it is also very
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complicated and expensive to achieve.?® The determination of environmental contaminants or
pollutants, is generally carried out using analytical techniques such as chromatography and
spectroscopy.?* The analytical techniques are accurate and sensitive but they require
sophisticated and expensive instrumentation to be operated by an expert. These techniques are
also labour intensive, time-consuming and on-site monitoring is a struggle.? In order to
overcome these odds, portable, cost-effective, robust, electrochemical devices have been

developed for the rapid and sensitive analysis of pollutants such as a pesticide.?®

1.3.2.1 Electrochemical (EC) sensors

Sensors are devices that detect and respond to a physical or optical signal. They convert a
physical parameter into an electrical signal.?” The most common sensor is the thermometer
which converts temperature into numerical values. Sensors have been widely used in various
fields including science?, engineering®® and medicine.® Different types of sensors are used for
different applications therefore, a sensor must be fabricated and its properties tuned according
to its application.3>*2 The improvement of electrochemical sensors to give rapid response
times, low cost, superior sensitivity and selectivity is an on-going research effort.?® EC sensors
have found extensive applications in various industries. The most common examples of such

sensors include the glucometer and the pH meter.?’

Nanotechnology have found applications in the development of electrochemical sensors.
Nanomaterials are materials that are manufactured at nanoscale with at least one dimension
less than 100 nm.*® Nanomaterials include nanotubes, nanowires, nanoparticles, and
nanocrystals. They have a unique surface chemistry depending on their synthesis and exhibit
distinct thermal, electrical and optical properties. These properties play an important role in
enhancing their sensitivity, response times and detection limits in nanosensors.?# Nanosensors

are generally devices with spectacular features such as their portability, green nature and cost



effectiveness. Nanosensors are nanomaterial based sensors that detect molecules at the same
or even smaller scale.3* Their applications include detecting various chemicals for

environmental monitoring® and medical diagnostics.®*

For instance silica coated graphene for the removal of pesticide pollutants in water was reported
by Yang and co-workers.® A sensitive electrochemical biosensor for the detection of carbaryl
pesticide based on covalent immobilization of acetylcholinesterase (AChE) on multiwall
carbon nanotubes/graphene oxide nanoribbons (MWCNTs/GONRS) nanostructure was
reported by Liu and co-workers.®” The MWCNTs/GONRs hybrid structure showed excellent
properties including flexibility and electrical conductivity. They increased the catalytic activity
of AChE as a result of the covalent binding technique.®” Due to the covalent bonding no enzyme
leakage was observed thus giving a stable enzyme electrode for the successful detection of

carbaryl pesticide.*’

1.4 Graphene

There is no way of defining graphene without defining graphite first. The term graphite is
derived from a Greek word “graphein” which means “to write”.*® Graphite is a three-
dimensional (3D) stacked layers of grapheme.®® Graphene is a two-dimensional (2D)
nanomaterial made up of carbon atoms arranged in a honeycomb lattice.*®*! Graphene has
attracted a lot of attention due to its very unique properties like high surface area, mechanical
strength, and conductivity.*? Fig 1.1a shows that graphene is the basic building block for all
graphitic materials.>>*3 It can be wrapped up into zero-dimensional (0D) fullerene (Fig 1.1b),
rolled into one-dimensional (1D) nanotubes (Fig 1.1c), stacked into 3D graphite (Fig 1.1d) or

fragmented into OD quantum dots (Fig 1.1e)
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Fig 1.1: Schematic representation of graphene and its derivatives: (a) graphene 2D, (b)

fullerene 0D, (c) nanotube 1D, (d) graphite 3D and (e) quantum dots 0D.*°

The use of graphene can be traced back to 1859* although it was only in 2004 when Professor
Sir Andre Geim and Professor Sir Kostya Novoselov from the University of Manchester
discovered and successfully isolated a single layer of graphite also known as grapheme.*® The
pair received a Nobel Prize in physics in 2010 as recognition of the ground-breaking work.*
The isolation of the single layer flake from graphite was performed using a mechanical

exfoliation procedure known as the scotch tape method.*°

Graphene has unique physicochemical properties, these include ease of functionalization,
strong mechanical strength, and semiconductor applications.*® Graphene is a highly elastic and
crystalline material that retains its original size after strain.*® Graphene is the strongest material

ever discovered with a tensile strength higher than that of diamond.*’ Its crystallinity is believed
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to determine the material’s conductivity, an amorphous graphene results in high electron

mobility leading to high conductivity.*®

1.4.1 Electronic properties of graphene

Carbon atoms have 6 electrons with 2 electrons in the inner shell and 4 electrons in the outer
shell. In graphene, each sp? hybridized carbon atom is bonded to 3 other sp? hybridized carbon
atoms on the 2D plane, leaving one electron freely available for electronic conduction.*® The
free electron binds covalently to neighbouring carbon atoms forming m-bonds and conducts
electricity due to mobile 7 electrons delocalized above and below the graphene sheets.** The
electronic properties in graphene are determined by the bonding and anti-bonding of these pi
orbitals.**® The conductivity of graphene is highly influenced by factors such as its
crystallinity, chemical modification and the type of nanomaterials used to form graphene based
composites. For instance graphene’s conductivity can be increased by means of adding a
conductive material such as copper.®* While the addition of nanomaterials such silicon dioxide

would result in a decreased conductivity, due to their insulating nature.*®

1.4.2 Graphene oxide (GO) and reduced graphene oxide (rGO)

Graphene oxide is considered to be the disordered analogue of the highly conducting crystalline
grapheme.® The chemical modification of graphene to graphene oxide is a promising route for
improving physicochemical and optical properties of graphene. Despite the relative novelty of
graphene as material of great interest, pristine graphene has a zero-band gap which limits its
applications.>® The oxidation of graphene to GO uses a modified Brodie or Hummers method,

which now includes the exfoliation process for the formation of graphene from graphite.



The first example of oxidising graphite to graphite oxide came in 1859 by British chemist B.
C Brodie. Fig 1.2 shows the structure of GO containing a range of reactive oxygen functional
groups such as carbonyls and hydroxyls which makes it a potential candidate for use in many
applications such sensors®®, electrodes® and hydrogen storage.’® The oxygen containing
functional groups create defects on the graphene lattice. It also makes covalent bonding with

other atoms or molecules possible, aiding in opening of the graphene band gap.>3

COOH
HO

COOH
COOH

Fig 1.2: Structure of graphene oxide.

Graphene oxide synthesis method is an extension of the graphite oxide preparation. In 1859
Benjamin Brodie prepared the first sample of graphite oxide using strong oxidizing agents such
as potassium chlorate (KCIOs3) at high temperatures.>® Brodie determined that the material
obtained constituted of carbon, hydrogen, and oxygen, which led to an increase in the net mass
of the flake graphite.>” Successful oxidative reactions led to even higher oxygen content,
reaching a limit after the fourth treatment.® Brodie also found that the material can be dispersed
in pure or basic water, but not in acidic media, which resulted in the term ‘graphic acid”.%®

The drawback of this method was the production of chlorine dioxide (CIO) gas which often
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led to explosions.®® In order to rectify this L Staudenmaier developed an improved method
which did not make use of heat.*® This new and improved method for graphite oxidation added
the chlorates in aliquots over the course of the reaction instead of the single addition done by
Brodie.>® This method also made use of sulphuric acid (H2SO4) with nitric acid (HNOs) and

chlorates, which resulted to a reduced reaction time.>°

In 1958 Hummers and Offeman prepared graphite oxide using potassium permanganate
(KMnOQg4) and concentrated sulphuric acid and it achieved a similar level of oxidation as the
Staudenmaier method.®® This method has been preferred and used although others have
developed slightly modified versions for the oxidation of graphene. These three methods are
the blueprint routes for forming GO.'* Importantly, it has since been shown that GO shows
variance depending on the particular oxidants, the nature of parent graphite and the reaction

conditions used.%861

Reduced graphene oxide is a product formed from decreasing the content of oxygen containing
functional groups on graphene oxide through a reduction process. The reduction controls the
degree of oxidation which allows for the tuning of physical properties.??®® rGO is the
intermediate between graphene and graphene oxide.%® Reduced graphene oxide brings some of
the crystallinity of graphene back, which was lost during the oxidation treatment to form

graphene oxide.

There are various methods for the preparation of rGO including micro mechanical exfoliation,
chemical vapour deposition and chemical reduction of GO which is regarded as a simple one-
step process.%* Several reducing agents, such as hydrazine (N2H4)®°, sodium borohydride
(NaBH4)® and hydriodic acid (H1)®® are used. These methods use toxic substances, explosive

gases and have many reaction steps.®-:6? Therefore, methods that make use of greener and more
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efficient reducing agents such as metal iodides (Mglz, Allz, Znl,, Fely) in ethanol solution are

preferred.®’

1.4.3 Graphene quantum dots (GQDs)

GQDs are a fairly new type of nanomaterial with the first feature paper published in 2007.%8
Fig 1.3 shows the chemical structure of graphene quantum dots, these are fabricated via a redox
reaction of graphene and ultrasonication using KMnOa4 as an oxidant.®® GQDs have an
electronic band gap that renders electrical and optical properties which are important in a
number of applications including medicine.>*®° Their band gap is increased due to energy
restriction caused by the small size of the nanomaterial.”® They have a high surface area®, high
electron mobility’®, physically and thermally stable’* making them ideal candidates as

catalysts.5°

OH COOH
COOH

COOH
OH

Fig 1.3: Structure of graphene quantum dots.

GQDs are synthesized using the top-down approach (TDA) or bottom-up approach (BUA).
TDA refers to the cutting down of bulk to smaller materials and BUA is the building up of
materials from the bottom.”? Converting the 2D graphene into zero-dimensional material,

through oxidative treatment of GO is a top-down approach.?® These approaches yield
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heterogeneous samples with particles varying in size, shape and chemical composition, as a
result displaying complex fluorescence behaviour.8* GQDs synthesized by bottom-up
approach do not show the same degree of heterogeneity. They can also be prepared by
exfoliation of the graphite nanoparticles and partial pyrolysis of organic material such as sugar

or citric acid which is a form of BUA.”™

The fluorescence behaviour of GQDs is reported to be due to the actual size of the
nanoparticles.” The most striking property of GQDs is the change in optical properties as a
function of size. The change in electronic properties of semiconductor nanoparticles is
inevitable as the size of the particles become smaller, the band gap gradually increases as a
result of quantum confinement effects.”® This effect occurs when quantum dots are smaller than

their exciton Bohr radius.

1.5 Graphene based electrodes as pesticide sensors

There is great interest in the use of graphene based materials as sensors for the detection of
analytes such as dopamine, hydrogen peroxide, nitric oxide and glucose.”” Due to their high
surface area, graphene based sensors have higher absorption capability, especially with respect
to analytes with m-bonds. For instance, nitro-aromatic compounds such as organophosphates
contain sp? hybridized carbon atoms that adhere well to graphene sheets.*> Graphene based
electrodes exhibit better catalytic behaviour compared to the traditional glassy carbon electrode
(GCE) and the noble metallic electrodes. This is due to the wider potential window and lower
residual currents it possess.”” However, GCE and metallic electrodes offer a variety of simple
modification techniques and are often preferred candidates for chemically modified electrodes.

The electro-catalytic activity of Gr based sensors can be improved by mixing them with other
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nanomaterials, forming a nanocomposite. Graphene with a metal oxide (Gr-MO) or metal

hydroxide (Gr-MOH) is an example of such nanocomposite.

1.5.1 Graphene based nanomaterials for pesticide sensors.

Table 1.2 shows various electrochemical sensors that have been developed for the detection of

OPs. The limit of detection (LOD) values gives an indication of the sensitivity of the sensor.

Table 1.2: Developed graphene based electrochemical sensors for pesticide detection.

Sensor Electrode Analyte LOD Reference

Graphene oxide GCE thiamethoxam | 8.3 umol/L | 78
Imidacloprid 79 umol/L |78

GO-chitosan GCE Methyl 0.8 ug/mL | 26

nanohybrid parathion

Prussian blue film- | Carbon paste | Carbamate 1.0 x 107 |7

GQDs NPs electrode (CPE) mol/L

Cobalt  porphyrin- | GCE Methyl 1.1x10%M |80

graphene oxide NP parathion

Pralidoxime-GQDs | GCE Fenthion 6.8x 101?M | 29

composite

Thermally reduced | GCE Hydroquinone | 0.75 uM 81

c0 Catechol 0.80 uM 81

AgNCs-rGO GCE DTC 16 ppb 82

Ce02-GO GCE Fenitrothion 3.0nM 83

rGO/GO Chlorpyrifos | 1200 mg gt | 8
Endosolfan 1100 mg gt | 84
Malathion 800 mgg?t |84

Urbanova et al reported on the modification of GCE with graphene oxide for the

electrochemical detection of instecides thiamethoxam and imidacloprid.” Different amounts
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of GO were used to test the sensors conductivity effectiveness. Increasing the GO content up
to 4mg/mL in water gradually increased reduction peak current of thiamethoxam, whereas

beyond this value a slight decrease in the peak current was observed.’®

This was a result of increasing thickness of the GO film that starts to build up on the electrode
surface becoming unbeneficial for sensing. The selectivity of the electrodes was investigated
by mixing several inorganic species, such as K*, Mg?*, Ca*, NH4s" and Na" in a buffer solution.
Compared to unmodified electrode, the GO modified GCE showed reduction peaks at less
negative potentials proving fast electron transfer towards the analytes. The modified electrodes
were also used for recovery test of spiked samples such as river water and honey, in order to

determine their overall electrochemical performance.’®

Yang’s et al reported on a preparation of Gr—chitosan (CS) composite deposited on GCE for
MP detection.?® The combination of Gr and CS showed great benefits such as strong adsorption
ability and high electrical conductivity. The methyl parathion electrochemical behaviour was
determined on CS/GCE and Gr-CS/GCE. The Gr-CS/GCE exhibited good adsorption ability
due to CS, MP was strongly attached to CS film and the sensitivity towards MP was greatly
enhanced as a result of excellent electrical conductivity and large surface area of Gr.?® The
sensor showed fast, simple, low detection limit and storage stability. Therefore, it was

concluded that Gr-based composites are a promising sensing nanomaterial for Ops.®

Oliveira et al” reported on an enzymatic biosensor developed through immobilization of
trametes versicolor laccase (LACC) on graphene doped carbon paste electrode functionalized
with prussian blue (PB) films (LACC/PB/GPE) for carbamate pesticides detection and food
evaluation.” Trace concentrations of the carbamates were evaluated by inhibition of the
reduction process of p-quinone to hydroquinone. Graphene doped carbon paste and LACC

presence enhanced electrochemical and catalytic properties of the sensor. PB acted as an
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artificial peroxidase, its combination with a natural enzyme, the device exhibited characteristics
of a bi-enzymatic system, enhancing the biosensor performance.” The PB films enabled direct
immobilization of LACC in acidic conditions, without the use of any crosslinking agent. The
PB films were highly soluble in neutral and basic media. Therefore, polymeric films including
nafion (NF), polypyrrol (PP), and CS were used to coat over the PB layers. The electrochemical
behaviour of the 4-aminophenol (4-AMP) was determined on LACC/GPE and LACC/PB/GPE.
Good catalytic effect was observed on the LACC/GPE although the intensity of the peak
current obtained with LACC/PB/GPE was higher. LACC/PB/GPE also showed more stability
compared to LACC/GPE.” The electroanalytical performance of the developed device in
tomato and potato crops spiked with carbamates showed suitable sensitivity, reproducibility,

selectivity, accuracy and stability.”

A cobalt oxide-graphene oxide (Co304-graphene oxide) composite based sensor immobilized
on meso-tetra (4-carboxyphenyl) cobalt porphyrin (CoTCPP) was reported by Mei-Liu and co-
workers for the electrochemical detection of methyl parathion.® The CoTCPP strongly
adsorbed on graphene through n—n stacking and hydrophobic interactions and it was used to
stabilize the Co304-GO becoming CoTCPP-C0304-GO. It was also used to prevent graphene
aggregation and introduce negatively charged groups such as -COOH on the graphene surface.
The electrochemical analysis of MP behaviour on the cobalt based sensor showed increased
peak currents with positive shifts of peak potentials on increased MP concentration.?® A
calibration of concentration showed a straight line and it gradually deviated from the straight
line when the MP concentration was above 4.0x10~" mol/L, suggesting that the saturated
absorption was slowly being reached. The sensor exhibited unique electrochemical properties,
and improved stability and catalytic activity as a result of the synergistic effects of GO, C0304

NPs, and CoTCPP for MP detection.®
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Dong et al®® reported on the fabrication of an oxime-based sensor via attaching pralidoxime
(PAM) on graphene quantum dots for the modification of GCE for fenthion detection in water
and soil. The PAM was attached to graphene quantum dots via electrostatic attraction and n—n
stacking interaction.?® Dong and his group focused on the use of PAM as an electroactive probe,
where the non-electroactive OPs sensing relied on the nucleophilic substitution reaction
between oxime and OP. Fenthion was determined by measuring the change in oxidation current
of PAM before and after reacting with the target analyte.?® The introduction of GQDs
significantly increased the electrode’s surface area, which in turn enlarged the immobilization
quantity of PAM, thus increasing PAM’s oxidation current. The fabricated sensor exhibited
high sensitivity, good reproducibility, and favourable presentation in real samples such as water

and soil.?°

An application of an electrocatalyst, thermally reduced graphene oxide (TRGO) modified
electrode in the simultaneous determination of dihydroxybenzene (DHB) isomers including
hydroquinone (HQ), catechol (CC) and resorcinol (RC) was reported by Li and co-workers.8
Redox peaks of isomers such as HQ and CC usually overlap due to their electroactive groups,
making it hard to detect them with conventional electrodes. Conventional electrodes also show
limited selectivity, sensitivity and low electron transfer rate. Therefore, TRGO was used to
modify GCE to overcome these inherent difficulties.8! The enhanced electron transfer rate was
demonstrated by the positive and negative potential shift of the cathodic and anodic peak
respectively. Two oxidation peaks on a GCE were observed, one due to an overlap of HC and
CC and the other to RC. While on the TRGO/ GCE three well-defined redox peaks were
observed at different potentials proving that the sensor is selective and can be used to
simultaneously determine the three isomers in environmental analysis and bio-

electrochemistry.8!
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Zhu et al®? reported on the detection of dithiocarbamate (DTC) pesticides with a sponge-like
surface-enhanced raman scattering (SERS) substrate constructed from reduced graphene
oxide-wrapped silver nanotubes. SERS provided the characteristic spectrum of pesticides and
prevented the use of a molecular recognition probe in the sensor.8? High sensitivity, good anti-
interference ability and robustness of the sensor was achieved with the incorporation of silver
nanotube-reduced graphene oxide (AgNC-rGO) in the sponge. In the AgNC-rGO sponge, the
rGO sheets formed a porous scaffold that physically held the AgNCs creating a narrow gap
between the surrounding AgNCs which aided in the formation of enhanced detection signal of
SERS.22 AgNC-rGO sponge exhibited a flat surface and high-density of AgNCs, ensuring good
SERS signal uniformity, substrate-to-substrate reproducibility and high SERS activity. When
DTC was mixed with thiophanate-methyl, carbendazim and isazofos the sponge selectively
detected it, due to its preferential adsorption of DTC pesticides on the Ag surface and aromatic
pesticides on the rGO surface. This effectively eliminated the interference of the SERS signals
of aromatic pesticides, and enabled the qualitative and quantitative analysis of DTC

pesticides.®

Ensafi et al® reported on the preparation of cerium oxide and reduced graphene oxide
nanocomposite (CeO./rGO) as an efficient mediator for electrochemical detection of
fenitrothion (FT). FT is an insecticide which often leads to stomach poising on exposure. The
CeO2 nanoparticles increased the surface of the nanocomposite by enlarging the surface
roughness while the rGO increased the sensors conductivity. The electrochemical behaviour of
FT was evaluated on GCE, rGO/GCE, and CeO,-rGO/GCE. The CeO,-rGO/GCE shifted the
oxidation and reduction peaks of FT to lower potentials and increased redox peak currents,
compared to the rGO-GCE and unmodified GCE.®® These results confirmed the synergetic
effect of CeO»/rGO on the oxidation of FT. The sensor proved to be selective towards FT, even

when FT was mixed with common interference species contained in water samples including
18



NOs~, CI, Ca?* and SO4*". The results showed that the interference species represented no

significant effects on current signals of FT.83

A graphene reusable substrate for the adsorption of pesticides such as chlorpyrifos (CP),
endosulfan (ES), and Malathion (ML) was reported by Shihabudheen’s group.3 An analysis
using first-principles pseudopotential-based density functional theory (DFT) was carried out to
define the removal mechanism and understand the adsorbent capability. GO and rGO were
used as absorbents and the uptake capabilities for CP, ES and ML were found to increase with
decreasing GO/rGO content.®* This was a result of increased mass transfer at higher adsorbate
to adsorbent ratio. rGO showed better adsorbing ability compared to GO due to increased
surface area. The CP, ES and ML uptake capability of rGO was found to be approximately 10—

20% higher than that of GO.8

1.6 Metal based nanomaterials as pesticide sensors.

Metals are capable of forming compounds with oxygen to produce metal oxides (MO) that are
of great technological importance.® MO’s can adopt a vast number of structural geometries
with an electronic structure that show different characters such metallic, semiconductor or
insulator.8> Metal oxides at the nanoscale exhibit better physical and chemical properties
compared to their bulk state as a result of high surface area ratio. The fundamental sensing
mechanism of metal oxide based sensors relies upon the change in electrical conductivity due

to the interaction between the analyte and oxygen on the surface of the nanomaterial.%®

When mixed with graphene, metal oxides prevent the re-stacking of graphene and in turn
graphene supresses the agglomeration of metal oxides keeping them in a dispersed form.8” The
oxygen on graphene ensures good bonding, interfacial interactions and electrical contacts

between Gr and MO.® It also allows interaction with a wide variety of molecules such as the
19



absorption of heavy metals and interacts with cationic dyes.% Recently, a number of studies
have been published on various applications of graphene/metal oxide nanocomposites such as
photo-catalysts and environmental monitoring.2® These nanocomposites exhibit exceptional
properties such as higher adsorptivity, conductivity, tuneable optical behaviour, stability and
longevity.®8 This work focuses on four metal oxides NiO, MnO2, Cu20 and Al.Os and their
corresponding hydroxides Ni(OH)., Mn(OH)2, Cu(OH). and Al(OH)z. These were chosen due

to factors like their green nature, abundance and cost-effectiveness.

1.6.1 Nickel oxide (NiO) and nickel hydroxide (Ni(OH)2) nanoparticles as sensor
materials

Nickel nanoparticles have find potential in various fields including electronics, sensors and
biomedicines.®® Nickel is eco-friendly and is a p-type semiconductor with a bandgap of
approximately 3.6 to 4.0 eV.% Nickel oxide is studied widely due to its electro-catalytic
properties, high chemical and physical stability and super conductance characteristics.®® Table
1.3 shows the nickel oxide and/or hydroxide nanoparticles previously used for pesticide
detection. Yang et al®® reported on the construction of an acetylcholinesterase (AChe)
biosensor based on NiO NPs, carboxylic graphene (CG) and NF on a glassy carbon electrode.
Biosensors based on AChE are a promising technique for environmental monitoring and food
quality control.®® AChE based NMs are mainly used for the detection of organophosphate and
carbamate pesticides based on enzyme inhibition.** NiO NPs-CGR-NF nanocomposites
showed excellent conductivity and catalysis and contained a hydrophilic surface which is
perfect for AChE adhesion. CS was used to immobilize the AChE on NiO-NPs/CGR-NF/GCE
and enhance the electron transfer.%® NF was applied as the protective membrane for the AChE

biosensor, therefore improving the stability of the biosensor.*
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The NiO/NPs and a catechol derivative (2,4-dimethyl-N'-[1-(2,3-dihydroxyphenyl) methyl-
lidene] aniline) were used to modify a carbon paste electrode for the simultaneous detection of
water pollutants, such as thiosulfate (TS), 4-chlorophenol (4-CP) and nitrite (NT).%! Keivani
and co-workers reported that the NiO NPs were used due to their high conductivity and the
catechol derivative was used as a mediator for electro-catalytic interaction with the analytes.
The sensor showed high sensitivity and selectivity towards the simultaneous detection of the

three analytes in water.%

Table 1.3: Developed nickel oxide/hydroxide electrochemical sensors for pesticide detection.

Sensor Electrode | Analyte LOD Reference
NiONPs/CG/NF | GCE methyl parathion |5x 10 M 90

carboturan 5x 108 M 90
NiO-CC GCE Thiosulfate uM o1

4 — chlorophenol | 0.70 uM o1

nitrite 5uM o1
BPF/NIO/CNTs | CPE hydroxylamine 0.2 uM 92
PHPID/NiO CPE methyldopa UM 93
nanoPt-LDHs SPE Methyl parathion | 0.6 ng mL* 94

Similar to Keivani’s work, Golestanifar and co-workers reported on the fabrication of a 1,1-
bis(phenylacetyl)ferrocenele/NiO/CNTs for the modification of the carbon paste electrode
(1,1-BPF/NiO/CNTSs/CPE) for the detection of the pollutant, hydroxylamine (HX) in water
samples.®? The 1, 1 BPF was used as the mediator for electrocatalytic interaction of the sensor
with analyte. The NiO was used for its high conductivity while the CNTs increased the surface
area of the sensing material.®> Keyvanfard and co-workers reported on the modification of CPE

with NiO nanoparticle (NiO NPs) and 2-(3,4-dihydroxyphenethyl)isoindoline-1,3-dione
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(DHPID) (CPE/DHPID/NIO-NPs), for the determination of methyldopa in the presence of
tyrosine in drug samples.®® Methyldopa is one of the most important and usable drug for
treatment of high blood pressure.®® The electrochemical behaviour of methyldopa was
investigated on the surface of CPE/DHPID and CPE/DHPID/NiIO-NPs. The CPE/DHPID
showed weak peak current compared to CPE/DHPID/NiO-NPs indicating that the NiO NPs

improved the electrical conductivity of carbon paste electrode.®

Gong et al** reported on a nanoPt intercalated Ni/Al layered double hydroxide (nanoPt-LDHS)
based on the solid phase extraction (SPE) of methyl parathion. The NanoPt-LDHs absorbed
MP and showed high efficiency of capturing OPs. The electrochemical sensing of MP occurred
through electro-synthesis of Ni/Al-LDHs film onto a glassy carbon electrode surface with
subsequent exchange of PtCle*", followed by electrochemical reduction to form the assembly
of NanoPt and Ni/Al-LDHs onto GCE (NanoPt-LDHs/GCE).* MP was intercalated into the
interlayer space of NanoPt-LDHs/GCE and finally the electrochemical stripping detection of
the absorbed MP.% To our knowledge there has not been reports on the use of Ni(OH), as a

sensor material for pesticide detection.

1.6.2 Copper oxide (Cu20) and copper hydroxide (Cu(OH)2) nanoparticles as sensor
material

Copper based nanoparticles, such as Cu20 have attracted attention in catalysis because of their
low cost, abundance and non-toxicity.® Copper is a p-type semiconductor metal with a narrow
bandgap of 1.2eV.%% Table 1.4 shows the copper oxide and/or hydroxide nanoparticles
previously used for pesticide detection. Veeramani and co-workers reported on a development
of Cu2O micro-structured nanoparticles used for GCE modification for the electrochemical

detection of 4-nitrophenol (4-NP). Various Cu2O morphologies including cubes, sheets and
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flowers were synthesized for the selective and sensitive electrochemical detection of 4-NP.
Amongst the three morphologies, the Cu20 sheets on GCE showed better selectivity and lower
over potential. It also showed maximum background current, resulting in high catalytic activity
and conductivity.® An electrochemical sensor based on coupled CuO/Cu,O nanoparticles and
multi-walled carbon nanotubes nanocomposite (CuO/Cu,O/MWCNTSs/GCE) film for L-
tyrosine detection was reported by Gu and co-workers.*® CuO/Cu,O nanoparticles have a large
specific surface area and high surface reaction activity, combined with MWCNTSs high-
conductivity and high-catalytic-activity was observed, which aided in improving the stability

and sensitivity of CuO/Cu,O/MWCNTs/GCE sensor.*®

Table 1.4: Developed copper oxide/hydroxide electrochemical sensors for pesticide detection.

Sensor Electrode Analyte LOD Reference
Cu20 GCE 4 - nitrophenol | 0.5 uM 98
CuO/Cu,0O/MWCNTs | GCE L-tyrosine 9.6x10°M |9
Cu20-rGO GCE Bisphenol A 50x103M | 100
MWCNTSs/Cu(OH)./IL | GCE diclofenac 0.04 uM 101

Shi et al*® reported on an electrochemical sensor based on reduced graphene oxide/copper
oxide (rGO/Cu20) nanocomposite for the modification of glassy carbon electrode, for the
detection of BPA. The rGO/GCE showed increased redox peak currents due the excellent
conductivity and large specific surface area of rGO. The redox peak currents of Cu20-
rGO/GCE increased as a result of good synergistic effect of Cu2O NPs and graphene including
the large surface area of rGO and high conductivity of Cu20.1%° The Cu.0-rGO/GCE large

surface area enhanced electron transfer rate between BPA and the electrode surfacel®,

An electrochemical sensor based on Cu(OH)> NPs, hydrophobic ionic liquid 1-ethyl-3-

methylimidazolium hexafluorophosphate (EMIMPF6) and multiwalled carbon nanotubes
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(CuOH2-EMIMPF6-MWCNTS) nanocomposite modified GCE was reported by Arvand and
co-workers.'®* The Cu(OH)2-EMIMPF6-MWCNTSs/GCE sensor was used for the detection of
the anti-inflammatory drug diclofenac. It exhibited increased anodic peak current compared to
the Cu(OH).-MWCNTSs/GCE sensor. The results indicated that the combination of MWCNTS,
Cu(OH)2 nanoparticles and EMIMPF6 enhanced the electrochemical response towards the
analyte.'% This is a result of the nanocomposite’s high surface area and high conductivity. The
EMIMPF6 interacted with the CNTs through n—n and/or electrostatic interaction, leading to
high stability of the sensor.’®® There are limited reports on the use of Cu(OH), as sensing

material for pesticide detection.

1.6.3 Manganese oxide (MnO2) and manganese hydroxide (Mn(OH)2) nanoparticles as a
sensor material.

Manganese nanoparticles have been applied in wastewater treatment, catalysis, sensors,
supercapacitors, and alkaline rechargeable batteries.'® In the past decade MnO2, an oxidant
and catalytic agent, has been utilized in many fields, such as in the realm of energy and
sensing.’® Many experiments indicate that manganese dioxide is an n-type
semiconductor'®1% with its conduction mechanism not well defined and a bandgap of 1.3
eV.'® Table 1.5 shows the manganese oxide and/or hydroxide nanoparticles previously used
for pesticide detection. Yan et al'® reported a fluorescence “turn off-on” based graphene
quantum dots/manganese dioxide composite nanosensor for the selective detection of
Gluthathione (GSH) in living cells. The GQDs were used for their fluorescence properties but
MnO> quenched their fluorescence.® The MnO, was reduced to Mn?* cations by the GSH,
increasing the fluorescence. Therefore, the MnO, NPs served as both fluorescence

nanoguencher and GSH recognizer on the sensor. The sensing nanomaterial showed a sensitive
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response to GSH due to the increased fluorescence. The sensor is potentially ideal for use in

disease diagnostics.'%®

Zaidi et al'® reported on the fabrication of a sensor via electrodeposition of manganese dioxide
nanoparticles (MnO2-NPs) over reduced graphene oxide (rGO) on a GCE for the determination
of 4-NP.2%7 The rGO/GCE was immersed in freshly prepared aqueous solution containing 10
mM KMnO4 and 50 mM H2SO4 to obtain MnO2/rGO/GCE. Superior electric conductivity of

rGO resulted in enhanced redox peaks for rGO/GCE compared to MnO,/GCE.

Table 1.5: Developed manganese oxide/hydroxide electrochemical sensors for pesticide
detection.

Sensor Electrode Analyte LOD Reference
GQDs/MnO; GCE glutathione 150 nM 106
rGO/MnO- GCE glutathione 10 nM 107
MnO2/GO SPE nitrite 0.09 uM 108
MnO; assay polydopamine | 1.5 uM 109

The MnO>-rGO/GCE sensor exhibited increased redox peak currents showing the synergic
effects from MnO2 NPs and rGO.% It also showed a reduced peak separation due to better
electrochemical reversibility, high electro-catalytic activity, high conductivity, large surface

area compared to bare rtGO/GCE and MnO,/GCE.1%

Jaiswal and his groups reported on a screen-printed amperometric sensor based on carbon ink
bulk-modified with MnO> decorated graphene oxide (MnO2/GO) nanocomposite with use of
chitosan as depositing matrix for the determination of nitrite (NO).1%® The electrochemical
behaviour of NO," was investigated on a MnO2/CS/GO/GCE and MnO2/GO/SPE. A decrease
in over-potential and an increase in the oxidation peak current was observed on the GCE based

sensor.%® While the SPE based sensor exhibited a further decrease in over-potential which
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indicated that the modified SPE facilitates electron transfer and NO;™ oxidation faster
compared to modified GCE. It was concluded that the MnO2/GO-SPE showed oxidation at

lower overpotential, high sensitivity and reproducibility.1%

MnO; was used as an oxidant in the synthesis of polydopamine (PDA) nanoparticles by Kong
and co-workers. Dopamine was oxidised to its quinone derivative by MnO; and auto-
polymerised into fluorescent PDA nanoparticles used as a signal indicator in GSH detection.'%
However, MnO, was reduced into Mn?* by GSH, which would inhibit the formation of the
fluorescent PDA nanoparticles. Thus, using the fluorescent PDA nanoparticles as a
fluorescence signal indicator, the concentration of GSH was detected according to the
decreased signal intensity of the fluorescent PDA nanoparticles.®® The sensor exhibited good
sensing performance towards GSH and this strategy showed desirable selectivity for GSH with
potential interfering species. The sensor showed, excellent practical applications for GSH

detection in human whole blood samples.® To our knowledge there has been no reports on

the use of Mn(OH)2 as a sensor material for pesticide detection.

1.6.4 Aluminium oxide (Al203) and aluminium hydroxide (Al(OH)3) nanoparticles as a
sensor material.

Aluminium nanoparticles are of interest to various fields including pyrotechnic, propellant, and
explosive industries.!® Aluminium NPs are effective catalysts due to their high surface area
and they possess a bandgap of 3.18 to 3.25 eV.!!! Table 1.6 shows the aluminium oxide and/or
hydroxide nanoparticles previously used for pesticide detection. Wei and co-workers reported
on the construction of a substrate utilizing polishing-activated nano a-Al.O3 sorbent for the
detection of organophosphate pesticides.!'? The polished o-Al,O3 modified GCE for MP

detection exhibited a current peak increase with no saturation response up to the concentration
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of 2000 ng mL 1. To test the sensor’s selectivity, equal amounts of nitro or phenol containing
analytes including 2, 4 dinitrotoluene, nitrobenzene, 4NP and hydroquinone were added to the
MP solution and no electrochemical redox was observed with these analytes.!*2 This suggested
that the phosphate ion (PO.%) did not interfere with the adsorption of MP, this is as a result of
the adsorption ability of polished a- Al,Oz to MP which is much stronger than that of phosphate
ion.!2 This substrate exhibited high selectivity and the polished a-Al,O3 nanoparticle was

found to have strong affinity towards the phosphoric group in organophosphate pesticides.*2

Table 1.6: Developed aluminium oxide/hydroxide electrochemical sensors for pesticide
detection.

Sensor Electrode Analyte LOD Reference

o — Al,03 GCE ethyl parathion | 0.035 ng mL? | 112

Fenitrothion 0.035ngmL?t | 112

Ta20s/Al,03/SisNg | EIS paraoxon - 113
1.0Pt/ICeO2/mp- | GCE Volatile organic | - 114
Al>;03 compounds

A capacitive field-effect sensor for the direct detection of organophosphorus pesticides
(paraoxon) using the enzyme organophosphorus hydrolase (OPH) was reported by Chen’s
group.1!3 Ta,0s, Al,O3 and SisN4 were used to form the transducer structure of the sensor. The
Ta>Os and Al>Os3 layers were grown via pulsed laser deposition (PLD), while SisNs was
deposited by low pressure chemical vapour deposition (LPCVD) onto a basic structure of Al/p-
Si/SiOz. The analytical method of the fabricated sensor was based on the enzyme OPH catalytic
hydrolyses of organophosphorus compounds, thus releasing H* ions. The hydrogen ion
concentration increased with increasing amount of the pesticide parathion.!®* A weakly
buffered test sample was used to monitor the change in pH, detected by the underlying pH-
sensitive material (SisNg4) of the electrolyte insulator silicon (EIS) biosensor. The paraoxon
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concentration was increased and that resulted in the increase of the H* ions from the catalytic
reaction. Other OPs can also be hydrolysed by OPH to yield H* ions. Therefore, the developed

biosensor showed great potential for high catalytic OP sensing.!

Hyodo et al*'* reported on volatile organic compounds (VOC, ethanol, toluene and o-xylene)
sensing via adsorption/combustion-type gas sensors developed by using the micromechanical
systems (MEMS) technology and an oxide-film fabrication technique by drop coating using an
air-pulse fluid dispenser.!* The sensor was constructed through loading mesoporous (mp)
Al;0O3 powders with noble metal nanoparticles such as pure Pt, Au/Pt and Pt/Pd via
sonochemical reduction technique. The noble NPs aided in enhancing catalytic combustion
properties of the VOCs and/or the thermal conductivity of the sensing materials.!** The
combination of minimal amounts of Pt with Au was also effective in improving some reactions
such as selective oxidation of carbon monoxide (CO). The co-loading of metal oxides including
CeO,, NiO, CuO, Fe0s3 and MnO3 to mp-AlbO3 was investigated on the
adsorption/combustion-type sensors. CeO. showed large absorption and desorption properties
of oxygen attributed to the active Ce**/Ce** redox pair compared to other metal oxides, and
hence the addition of CeO- to various catalysts effectively improved the combustion behaviour
towards VOCs.** To our knowledge there has been no reports on the use of Al(OH)z as sensing

material for the detection of pesticide.

1.7 Aims and objectives of this work
1.7.1 Aims

e To fabricate a sensor based on graphene quantum dots for the detection of methyl

parathion.
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To use metal oxide and their corresponding metal hydroxide NPs together with the
graphene quantum dots to enhance the electrochemical performance towards the

detection of MP.

1.7.2 Objectives

Synthesis of graphene oxide and graphene quantum dots.

Synthesis of the following metal oxides NiO, Cu20, MnO2, Al,Oz and metal hydroxides

Ni(OH)z, Cu(OH)2, Mn(OH)2, AI(OH)3 NPs.

Characterisation of nanomaterials using TEM, SEM, XRD, Raman spectroscopy,

thermal gravimetric analysis, photoluminescence, ultraviolet visible spectroscopy and

Fourier transform Infrared spectroscopy.

The following electrodes will be prepared:

- Graphene paste electrode (GPE)

- GPE modified with metal oxide or metal hydroxide NPs.

- The glassy carbon electrode modified with metal oxide/graphene quantum dots or
metal hydroxide/graphene quantum dots composite.

To conduct electrochemical studies to determine the efficiency of the modified

electrodes towards methyl parathion detection.
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2. Experimental

2.1 Materials and solvents

Graphite flakes, paraffin oil, O,o-dimethyl O-(4-nitrophenyl) phosphorothioate (methyl
parathion), nickel chloride hexahydrate (NiCl..6H20), nickel nitrate hexahydrate
(Ni(NO3)2.6H20), copper chloride (CuCl;), copper acetate (Cu(Ac)2), sodium citrate
(Na3CeHs07), manganese sulfate (MnSOa), barium dichloride (BaCl,), aluminium nitrate
hexahydrate (AI(NO3)3.9H.0), glycine, ethylene diamine, triethylene diamine, tetraethylene
pentamine and ammonia solution (NHsOH, 30%), were purchased from Sigma-Aldrich.
Sulphuric acid (H2SOs4, 98%), potassium permanganate (KMnQOs), hydrochloric acid (HCI,
32%), sodium hydroxide (NaOH) and hydrogen peroxide (H20>, 30%) were purchased from

Merck, Durban South Africa.

2.2 Equipment

Fourier transform infrared (FT-IR) spectra were obtained using a Perkin-Elmer Spectrum 100
FT-IR spectrometer equipped with a diamond crystal ATR accessory. Ultraviolet-Visible (UV-
vis) absorption spectra were recorded on a Shimadzu UV-2250 spectrophotometer.
Photoluminescence (PL) spectra were recorded on a Perkin-Elmer, LS 55 fluorescence
spectrometer. The scanning electron microscopy (SEM) images and elemental dispersive x-ray
(EDX) graphs were obtained using a Zeiss ultra plus FEG scanning electron microscope
equipped with a field emission gun. EDX measurements were acquired through a linked Oxford
X-Max detector with an 18 mm spare window and processed using AZtec Software by Oxford
instruments. The transmission electron microscopy (TEM) images were obtained from a JEOL
1010 microscope designed with an objective lens pole piece. Particle sizes were obtained using

ITEM Software by Soft Imaging Solutions. X-ray diffraction analysis (XRD) were carried out
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on a Bruker diffractometer D2 phaser, equipped with monochromatic CuKa, radiation (A =
1.5406 A) for the graphene based materials. Diffractograms for the metal based materials were
obtained from a Bruker D8 advance diffractometer equipped with CuKq radiation (A= 0.15406
nm). Thermogravimetric analysis (TGA) was carried out on a thermal analyser SDT Q600,
V20.9 build 20. The data was collected from 0 - 1000 °C at a heating rate of 2 °C/min.
Electrochemical measurements were carried out on a 797 VA Computrace Electochemical
Workstation (Metrohm instruments). Cyclic voltammetry (CV) data measurements were
obtained using a three electrode system consisting of a platinum wire auxiliary electrode, a
AgIAQCI pseudo reference electrode and graphene-QD paste or glassy carbon electrode as the

working electrode (3 mm).

2.3 Electrochemical methods

The GCE was modified using the drop-dry method.! The GCE was cleaned by gentle polishing
in aqueous slurry of alumina nano-powder on a silicon carbide-emery paper. The electrode was
further cleaned in double distilled water to remove residual alumina particles that could have
been trapped on the surface and it was dried at room temperature. The suspensions of GQDs,
metal oxide (MO) and metal hydroxide (MOH) nanoparticles were prepared in 2 mL of DMF
and vigorously sonicated to obtain a homogenous mixture. 20 uL. drops of the prepared
suspensions were dropped on the bare GCE and dried at room temperature for 15 min to obtain
GCE-GQDs/MO and GCE-GQDs/MOH. Electrocatalysis experiments were peformed in a 0.1

M phosphate buffer solution (PBS, pH 7) containing 2 uM of MP.

Graphene electrodes were fabricated using a well-known procedure?. A copper wire was
cleaned by polishing with sandpaper. The graphene paste mixture was prepared by mixing 0.5

g of graphene powder with 180 pL of paraffin oil using a mortar and a pestle. The mixture was
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homogenized for 25 min and then packed into an auto pipette tip. The electrical contact was

made by pushing a copper wire coated with silver paste down the pipette.

2.4 Synthesis of graphene based materials

2.4.1 Graphene oxide (GO) and graphene quantum dots (GQDs)

Powdered graphite was oxidized to graphite oxide (GrO) by a modified Hummers method.?
Briefly, 2.0 g of graphite powder was added to 100 mL of concentrated H.SO4 at room
temperature. Under stirring the mixture was cooled to 5 °C using an ice bath and the mixture
was maintained at this temperature for 30 min. Thereafter, 8.0 g of KMnO4 was added gradually
over a period of 60 min keeping the temperature below 10 °C. Distilled water (100 mL) and
H202 (20 mL, 30%) were added to the mixture and the suspension was continually stirred for
a further 60 min. The GO mixture was filtered and washed with HCI (800 mL, 5%) and left to

air dry for 48 h.

In a 250 mL round bottom flask GQDs were synthesized according to scheme 2.1. A
homogenous mixture was formed by mixing 50 mL of 0.1 mol KMnO4 with 50 mL of a
Img/mL GO suspension. This mixture was sonicated for 4 hours to ensure a sufficient
reduction process. The mixture was then centrifuged for 90 min at 6000 rpm. The supernatant

containing GQDs was collected and left to air dry for 72h.4
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Scheme 2.1: Synthesis of GQDs via a modified Hummer’s method.?

2.5 Synthesis of metal oxide nanoparticles

2.5.1 Copper oxide (Cu20) nanoparticles

Cuprous oxide nanoparticles were prepared using a previously reported procedure.® In a 500
mL three-necked flask, 25 mg of CuCl» was dissolved in 200 mL of deionised water (DI). The
mixture was sonicated for an hour at room temperature. A sodium citrate solution (120 mL, 10
%) was slowly added to the mixture under continuous stirring at 100 °C for 24 hours, resulting
in a precipitate of Cu20 nanoparticles. The mixture was then filtered and washed with DI to
dissolve by-products and the solid product was dried at 80 °C for 24 hours under vacuum to

obtain Cu2O nanoparticles.
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2.5.2 Nickel oxide (NiO) nanoparticles

Nickel (I1) chloride hexahydrate (NiCl2.6H20, 5.9412 g) was dissolved in 250 mL of double
distilled water at room temperature. The solution was stirred at 50 °C for 40 min, thereafter 10
mL of NaOH was added dropwise until the solution was at pH 8. The green gel that formed
was washed with distilled water and ethanol and then dried at 60 °C for 14 h. The dried sample

was calcined at 500 °C to give NiO powder.®

2.5.3 Aluminium oxide (Al203) nanoparticles

Aluminium oxide (Al.O3) nanoparticles were prepared according to literature’ by dissolving
10 g of aluminium nitrate hexahydrate [AI(NO3)3.9H20] in water while stirring at room
temperature. Thereafter 10 g of glycine was added to the solution under stirring and the
temperature was increased to 100 °C, resulting in a brown precipitate. The mixture was stirred

for 3 hours, cooled to room temperature and finally calcined at 600 °C for 4 hours.

2.5.4 Manganese oxide (MnO2) nanoparticles

MnO nanoparticles were prepared from the reduction of KMnO4 with H2SOs during
hydrothermal treatment.® Potassium permanganate (4g) was dissolved in H2SO4 (2.5 M, 200
mL) at 80 °C for 60 min while stirring. The precipitates obtained underwent a colour change
from purple to brown. The brown precipitate was cooled to room temperature, washed

thoroughly with deionized water and air dried for 48 hours.
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2.6 Synthesis of metal hydroxide nanoparticles.
2.6.1 Copper hydroxide Cu(OH)2 nanoparticles
The synthesis of copper hydroxide Cu(OH)2 nanoparticles was carried out through a solution
method.® NaOH (1M, 60 mL) was added to a Cu(Ac). (0.4 M, 75 mL) solution under slow
stirring at room temperature. After 5 min of stirring, the resultant blue precipitate (Cu(OH)2)

was filtered, washed with distilled water several times and dried at room temperature for 24 h.

2.6.2 Nickel hydroxide (Ni(OH)2) nanoparticles

Nickel hydroxide (Ni(OH).) nanoparticles were synthesized through a hydrothermal route.
Briefly, 1.26 g of nickel nitrate hexahydrate [Ni(NO3)..6H>0] was dissolved in 50 mL of
deionised water. The suspension was left to stand for 24 hours. NaOH solution (40 mL, 0.22
M) was added to the solution under vigorous stirring. After 30 min of stirring, the solution was
transferred to an autoclave which was kept at 180 °C for 10 hours. The solid product was

separated, washed with deionised water and finally air dried.

2.6.3 Aluminium hydroxide (Al(OH)3) nanoparticles

Aluminium hydroxide nanoparticles were prepared using a precipitation method.!! Briefly, 1 g
aluminium nitrate hexahydrate was dissolved in 33 mL of deionised water. Precipitation agents,
such as ethylene diamine, triethylene tetraamine and tetraethylene pentamine were added until
the pH of the solution reached 8. A white precipitate was obtained confirming the successful
formation of AI(OH)s. The precipitate was centrifuged and washed with deionised water and

later dried at 70 °C for 24 h under a vacuum.
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2.6.4 Manganese hydroxide (Mn(OH)2) nanoparticles

Manganese hydroxide (Mn(OH)2) nanoparticles were also synthesized via a co-precipitation
method.'? MnSQ4 (5g) was dissolved in 25 mL of aqueous ammonia (NHsOH, 1M) solution at
room temperature. The mixture was left to stand for 2h to increase precipitate yield. The
Mn(OH). brown precipitates were filtered and washed several times with distilled water until
the SO4% ions were non-existent. The efficient removal of SO+ ions was determined by the
addition of BaCl,. The absence of a BaSO4 precipitate indicated the successful removal of

SO4% ions.

2.7 Metal oxide (MO) or metal hydroxide (MOH)/graphene quantum dot composite

preparation

An aqueous suspension of a metal oxide or metal hydroxide (2 mL) was prepared and added
dropwise into 2 mL aqueous GQDs suspension under vigorous sonication. The mixture was
sonicated for 3h to ensure sufficient interfacial interaction through electrostatic interaction. The
resulting MO/GQDs or MOH/GQDs composites. The materials were centrifuged at 8000 rpm

for 60 min and the composites were air dried for 24h.2
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Results and discussion

This study focused on the investigation of novel sensor materials for the
electrochemical detection of methyl parathion. Graphene was used as the sensing
material due to its high electrical conductivity and large surface area. Composites
of graphene quantum dots with metal nanoparticles were also explored as sensing

materials with the anticipation of improved catalytic performance.
The results obtained in this work are separated into two chapters:

Chapter 3: Synthesis and characterisation of nanomaterials

Chapter 4: Electrode fabrication and electrocatalysis of methyl parathion on

modified electrodes.
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3. Synthesis and characterisation of nanomaterials

3.1 Synthesis of graphene quantum dots (GQDs)

The synthesis of GQDs involves the chemical oxidation of graphite to graphene oxide through
Hummers method using oxidising agents such potassium permanganate. Graphene is initially
prepared from graphite through exfoliation?, which is a process of detaching graphene from an
already existing graphite crystal.> The oxidation of graphene exfoliates and reduces the
graphitic layered structure of graphite to graphene oxide (GO). The exfoliation and
fragmentation of graphene oxide into thin sheets and/or dots referred to as graphene quantum
dots was facilitated by ultra-sonication and centrifugation. Further exfoliation of the graphene

oxide sheets was achieved by the addition of potassium permanganate.®

3.2 Synthesis of metal oxide (MO) and metal hydroxide (MOH) nanoparticles

The copper, nickel and aluminium based nanoparticles were synthesized through co-
precipitation in the presence of the respective precursor metal salt and a base. An anion was
added to a prepared solution of a cation (metal salt) while stirring forming a precipitate.® In the
formation of Cu20 NPs, Cu(Il)Cl> was thermally converted in the presence of sodium citrate
solution to Cu(l) under sonication* (reaction 3.1). The obtained compound CusCi2H10014

dissociated in DI water producing Cu20, CO2 and H20 as shown in reaction 3.2

100°C

3CuClz (s ——® CusCi2H10014 (ag) + BNaCl (zg) 3.1
2Na3C3Hs07

CuzC12H10014 (ag) —Dly Cu20(s) + CO2 (ag) + H20 (aq) 3.2

The NiO NPs were also synthesized through co-precipitation with the use of NiCl, as the

precursor salt.® Reaction 3.3 shows the dissociation of NiCl, forming Ni?* and Cl- ions in water.
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In the addition of sodium hydroxide Ni(OH). formed and it thermally decomposed to form NiO

nanoparticles and H2O(g) at 500 °C.

NiCl2 () DI, Nj2+ @q) T 2Cl @g) m NiO(s) + H20(q) 3.3
500 °C
Reaction 3.4 shows the formation of aluminium oxide nanoparticles from co-precipitation of

AI(NO3)s and glycine at high temperatures.® Aluminium nitrate was dissolved in DI water

forming AI** and NOsions. Upon the addition of glycine, Al,O3 nanoparticles were produced.

DI

AI(NO3)3 ) — AlO3 ) + N2 (ag) + CO2 (aq) + H20(g) 34
C2HsNO,
100 °C

MnO2 NPs were synthesized using potassium permanganate and sulphuric acid as starting
material via hydrothermal treatment’ according to reaction 3.5. KMnOs was dissolved in
sulphuric acid forming K2SO4, MnO7 and H20O. The resulting MnO7 (reaction 3.6) was

dissolved in water to produce MnO2 nanoparticles.

H2S04
KMnOg4 (s) —>80 o K2S04 (ag) + MNO7(aq) + H20(ag) 3.5
MnO7 aq) —29%  MnO2 (5 + 305(g) 3.6

Copper hydroxide nanoparticles were synthesized via a solution method by stirring, using

copper acetate and sodium hydroxide as starting materials according to reaction 3.7.%
Cu(Ac)2 (ag) + NaOH@ag) — > Cu(OH)z(s) + NaCH3CO2(aq) 3.7

Nickel nitrate was used as a salt precursor for the formation of Ni(OH)2 NPs as shown in
reaction 3.8.° The salt was dissolved in DI water forming Ni?* and NO3™ ions, when NaOH was

added to the solution Ni(OH). nanoparticles formed.

NaOH
Ni(NO3)2(y —21» Ni*(ag) + 2NO3'aq) —> Ni(OH)2(5) + NaNOs(agy 3.8
180 °C 51



Aluminium nitrate was also used for the formation of AI(OH)s NPs at room temperature
according to reaction 3.9.1% AI(NOs)s was simply dissolved in water to form aluminium

hydroxide nanoparticles.
AI(NO3)3(s) b Al(OH)3(s) + HNOs(ag) 3.9

The Mn(OH)2 NPs were also synthesized through co-precipitation!! using MnSQO4 as the salt
precursor according to reaction 3.10. The salt was dissolved in ammonium solution leading to

the production of the nanoparticles.

MnSO4 5 NHO8 Mn(OH)z(s) + (NH2)2S04(aq) 3.10

3.2.1 Synthesis of GQDs-MO or GQDs-MOH composites

The GQDs-MO or GQDs-MOH composites were prepared by sonication and centrifugation.?
An aqueous suspension of metal oxide or metal hydroxide NPs (2 mL) was added dropwise
into a 2 mL aqueous suspension of GQDs under vigorous sonication for 1h. The mixture was
further sonicated for 3 h to ensure sufficient electrostatic interaction of the GQDs with the MO

or MOH to form the composite.

3.3 Characterisation of synthesized nanomaterials

3.3.1 UV-vis spectroscopy of graphene nanoparticles
The ultraviolet-visible (UV-vis) and photoluminescence (PL) spectra of GQDs are shown in
Fig 3.1. The UV-vis spectrum (Fig 3.1a) shows two absorption peaks. The peak at 222 nm is

ascribed to the m-n* transition of aromatic C=C bond and the peak at 315 nm was assigned to
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the n-n* transition of C=0%. Fig 3.1b the emission spectrum of GQDs were two peaks are
observed. An excitation wavelength of 240 nm was used and the emission peak at 470 nm was
attributed to the m-m* transitions of GQDs.'**® The red-shifted emission peak at 540 nm
corresponds to the electron transition among the non-oxidised (C=C) and the oxidised carbon
atoms (C-OH).}416 The other possible reason for this maybe due to the presence of GQDs
different sizes which is known to have red shift.1”1® The larger GQDs absorb the photons
emitted by their smaller GQDs followed by the subsequent re-emission at longer

wavelengths.t’
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Fig 3.1: UV-vis (a) and emission (b) spectra for GQDs.

A large Stoke shift of 315 nm was observed, this was attributed to the quick geometric
relaxation as a result of fast absorption and emission of photons.'® A large stoke shift is
produced as a result of the difference between the ground state (So) and excited state (S1) state
based on the Jablosnki diagram shown in Fig 3.2. When a molecule gets excited from the SO

state due to photon absorption (Fig 3.2a) upon relaxation the emitted photon usually has less
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energy than the absorbed photon due to energy lost during internal conversion and vibrational

relaxation (3.2b), this shifts the energy of the photon to longer wavelengths.?°

S —

E =
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Fig 3.2: Jablosnki diagram showing (a) absorption, (b) internal conversion and vibrational

relaxation and (c) fluorescence processes.?*

3.3.2 Fourier transform infrared analysis (FTIR) of GQDs

FTIR was used to determine the functional groups present in the synthesized nanomaterials.
Fig 3.3a and 3.3b shows the spectra of GO and GQDs respectively. In Fig 3.3a the peaks at
3225 cm?, 1710 cm?, 1230 cm™ and 1050 cm™* were attributed to the O-H, C=0, C-O (epoxy
and alkoxy) stretching vibrations of GO respectively. The presence of these oxygen-containing
functional groups confirms the successful oxidation of graphite to graphene oxide. Fig 3.3b
showed significant reduction in intensity of the OH and C=0 peaks which signifies the success
reduction of oxygen containing groups. There was also a shift to lower wavenumber in all four
peaks (OH 3210 cm™, C=0 1610 cm™, C-Ogpoxy 1220 cm™ and C-Oaikoxy 1000 cm™) which

signifies the successful formation of GQDs from GO. A functional groups such as C=0 has a
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stronger bond energy compared to C-O or C=C, therefore the reduction of C=0 and C-OH

intensity leads to lower wavenumbers.??
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Fig 3.3: FTIR spectra of (a) GO and (b) GQDs.

3.3.3 Raman analysis of graphene nanoparticles

The Raman spectra for the graphene based materials shown in Fig 3.4 showed two distinct
peaks one at 1350 cm referred to as the D band and another at 1580 cm as the G band for all
Gr based materials. These peaks indicate that the material has defects in the basal plane (D
band) and sp? lattice (G band). A peak at 2720 cm™* which correspond to the 2D band was also
observed in the materials. The 2D band indicates the number of layers a graphene based
material possesses, as expected graphite has the highest number of layers, followed by GO then
GQDs.Z Fig 3.4a shows low-intensity of the D band and a sharp G band; this suggests that
there is little destruction of the basal plane and sp? lattice in Gr. The sharp G band also indicates

the crystallinity of Gr. The oxidation of Gr led to the high intensity of the D band and broadness
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of the G band for both GO and GQDs (Fig 3.4 b and c) confirmed by the intensity ratios. The
D and G bands appear broader than that of Gr indicating the amorphous nature of GO and
GQDs. The change in the D band and G band indicated a higher degree of disorder in the
lattice due to the incorporation of oxygen atoms.?*% The intensity ratio of D and G bands
(Io/lc) was used to determine the defective disorder in the materials. The Ip/lg ratio for Gr was
determined to be 0.16, for GO it was 0.61 and for GQDs it determined to be 0.69. These results
indicate that GQDs have more defects followed by GO and lastly GR. This high level of

disorder in GQDs is attributed to the many steps synthesis route.
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Fig 3.4: The Raman Spectra of (a) Gr; (b) GO and (c) GQDs.
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3.4 Characterisation of metal oxide and metal hydroxide nanoparticles

3.4.1 FTIR spectra for copper nanoparticles

The FTIR spectrum of copper oxide nanoparticles is shown in Fig 3.5a which exhibits
stretching vibrations at 1270 cm™, 1200 cm™ and 600 cm™ attributed to Cu(1)-O vibrations in
Cu20.2° No pure copper (I1) oxide (CuO) ?® peaks were detected which would appear around
588, 534 and 480 cm™*. The FTIR peak observed at 600 cm™ corresponds to the vibration of
Cu-O (0?%) inside the tetrahedron formed by four surrounding Cu® ions in a cuprite
structure?’?8, Fig 3.5b shows the FTIR spectrum of Cu(OH)2 NPs, the figure shows an intense
peak at 3326 cm™ ascribed to OH stretching and another peak shown at 1640 cm™ due to OH

bending. The Cu(ll)-O stretch was observed?® at 715 cm™,
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Fig 3.5: FTIR spectra of (a) Cu0 and (b) Cu(OH)2 NPs.
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3.4.2 FTIR spectra for nickel nanoparticles

The FTIR spectra for NiO and Ni(OH). nanoparticles is shown in Fig 3.6a and 3.6b
respectively. Fig 3.6a shows a peak at 810 cm™ and a shoulder peak at 495 cm™ ascribed to Ni-
O functional group vibrations.® Fig 3.6b exhibit peaks at 3330 cm™and 1450 cm attributed to
stretching and bending of the hydroxyl functional group respectively. The peak at 605 cm™ is

due to the Ni-OH band stretch.3%3!
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Fig 3.6: FTIR spectra of (a) NiO and (b) Ni(OH)2 NPs.

3.4.3 FTIR spectra for aluminium nanoparticles

The FTIR spectrum of Al.O3 NPsis shown in Fig 3.7a where three major absorption peaks at
3320 cm™, 1620 cm™ and 485 cm™ are observed. These peaks are ascribed to the stretching
and bending of the hydroxyl group and the Al-O group respectively. The presence of the OH

peak for Al,03 NPs is due to absorbed water despite the drying of the materials. The Al-O
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stretch confirmed the successful formation of the AlOs NPs.*2®® The FTIR spectrum of
Al(OH)3 nanoparticles is shown in Fig 3.7b with peaks observed at 3320 cm™ and 1620 cm™
attributed to the stretching and bending of the OH group. The band at 510 cm™ is attributed to

Al-O vibrations.3+3°36
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Fig 3.7: FTIR spectra of (a) Al20z and (b) AI(OH)3 NPs.

3.4.4 FTIR spectra for manganese nanoparticles

Shown in Fig 3.8a and 3.8b is the FTIR spectra of MnO2 and Mn(OH), nanoparticles
respectively. Fig 3.8a shows a prominent peak at 600 cm™ due to Mn-O vibrations.®” A weak
broad band was also observed at 3410 cm™ due to the water adsorbed on the lattice. The

Mn(OH). NPs spectrum (Fig 3.8b) shows absorption bands at 3410 cm™ and 1600 cm™
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attributed to the stretching and bending of OH functional group respectively. The peaks at 1050

cm™* and 750 cm™ are attributed to Mn-O vibrations.38
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Fig 3.8: FTIR spectra of (a) MnO. and (b) Mn(OH)2 nanoparticles.

3.5 X-ray diffraction (XRD) spectra

3.5.1 XRD pattern for graphene nanoparticles

The XRD spectra of the carbon based material is shown in Fig 3.9. Fig 3.9a shows the XRD
spectrum of Gr. A sharp peak confirming the crystalline structure of Gr was observed at 20 =
27°, with an interlayer distance determined to be 3.30 A. Upon oxidation of Gr to GO the
interlayer distance increased to 7.08 A, this led to an amorphous structure of GO confirmed by
the broad peak at 20 = 12.5° (Fig 3.9b insert). Upon reduction of GO to GQDs, the GQDs

showed a slightly broad peak at 20 = 26.5°corresponding to an interlayer distance of 3.36 A
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(Fig 3.9¢). The slight broadness of the peak for GQDs suggested a semi-crystalline structure.
The larger interlayer distance of GO and GQDs is mainly due to the presence of oxygen-
containing functional groups that hydrate and exfoliate graphene sheets in aqueous media. The
interlayer distance of GQDs was found to be smaller than that of GO which indicates that the

partial reduction of oxygen in the GO lattice was successful when forming GQDs.
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Fig 3.9: XRD spectra of (a) Gr, (b) GO (insert) and (c) GQDs.

3.5.2 XRD pattern for metal nanoparticles

3.5.2.1 XRD pattern for copper NPs

The crystallographic structure of the metal based nanoparticles was analysed by XRD. The
XRD diffractogram for Cu20 in Fig 3.10a show peaks at 32°, 35° 49.5° 77.5° and 79.5°,
indexed to 110, 111, 200, 311 and 222 respectively. These peaks correlate to the face centred
cubic (FCC) structure of Cu20 in accordance to the library of the Joint Committee on Powder

Diffraction Standards (JCPDS 05-0667).%° Fig 3.10b shows the XRD pattern of Cu(OH). with
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peaks at 12°, 19°, 24.5° 37°, 47°, 58° and 73.5°, which correspond to indexes 020, 021, 110,
111, 150, 200 and 152 respectively. These peaks are consistent to the presence of an

orthorhombic Cu(OH); structure (JCPDS 13-0420).4
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Fig 3.10: XRD spectra of (a) Cu20 and (b) Cu(OH)2 NPs.

3.5.2.2 XRD pattern for nickel NPs

The diffractogram of NiO NPs shown in Fig 3.11a, exhibits diffraction peaks at 37°, 43.3°, 63°,
77° and 80°, correlated to 111, 200, 220, 311 and 222 indexes respectively. The peaks can be
readily indexed to the FCC crystalline structure of NiO not only because of peak position, but
also by the relative characteristic peak intensity, which is in accordance with that of the
standard spectrum (JCPDS 04-0835) %2 The diffractogram for Ni(OH). NPs shown in Fig 3.11b
has peaks at 18°, 30° and 60°, indexed to 100, 101 and 110 respectively for the amorphous -
Ni(OH). structure according to the library of diffraction standards (JCPDS 14-0117).%3

Ni(OH)2 is a hexagonal brucite and it exists in two polymorphs namely o and 3. The B phase
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is more stable than its counterpart and forms as a result of chemical ageing and high

temperatures during synthesis.*
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Fig 3.11: XRD spectra of (a) NiO and (b) Ni(OH)2 NPs.

3.5.2.3 XRD pattern for aluminium NPs

The XRD pattern for Al,O3 NPs shown in Fig 3.12a shows peaks at 220, 311, 222, 400, 511
and 440 indexes corresponding to 26 values of 5°, 19°, 30°, 39°, 55° and 60° respectively. The
indexes confirmed the crystalline structure of the material to be y-aluminium oxide (JCPDS
35-0121).% Al,Os exists in a various polymorphs including y-, -, 8-, 8-, k-, y-alumina and a-
alumina phase. The y-Al,O3 NPs formed as a result of high temperatures.*® Fig 3.12b shows
the XRD pattern of AI(OH)s NPs with diffraction peaks at 12° (002), 19.2° (110), 35° (311),

43.5° (023) and 58° (330), which can be indexed to the monoclinic gibbsite phase of aluminium
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hydroxide in accordance to card number (JCPDS PDF 00-33-0018)*" of the diffraction

standards.
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Fig 3.12: XRD spectra of (a) Al.Oz and (b) AI(OH)s NPs.

3.5.2.4 XRD pattern for manganese NPs

The XRD pattern of MnO2 NPs is shown in Fig 3.13a, displaying diffraction peaks at 20 values
of 12°, 33° 37° and 66°, corresponding to indexes 001, 002, 111 and 020 respectively,
correlated to an amorphous birnessite-type MnO; structure (JCPDS 80-1098).# The Mn(OH)
NPs XRD pattern is shown in Fig 3.13b, with diffraction peaks at 32° (100), 39° (001), 51°
(012), and 68° (111), indexed to a crystalline pyrochroite-type Mn(OH)2 according to card

number (JCPDS 73-1604)* of diffraction standards library.
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Fig 3.13: XRD spectra of (a) MnO2 and (b) Mn(OH)2 NPs.

3.6 TEM and SEM/EDX analysis of nanomaterials

Transmission electron microscopy (TEM) and size distribution analysis (SDA) were used to
determine the morphology and particle size of the graphene, metal oxide and metal hydroxide
nanoparticles. SDA was obtained by determining the standard deviation of the nanomaterial’s
particle size. Particles are said to be mono-dispersed if they have a low standard deviation range
which indicates narrow size distribution whereas poly-dispersed nanoparticles have a high
standard deviation range indicating wide size distribution.>® Scanning electron microscopy
(SEM) was used to determine surface morphology and elemental dispersive X-ray (EDX) was

used for composition analysis.
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3.6.1 TEM and SEM/EDX analysis of GQDs

The TEM image of GQDs is shown in Fig 3.14a, GQDs have a dot-like morphology with an
average particle size diameter of 5 nm. The standard deviation of the particle size was
determined to be 1.79 (Fig 3.14b) suggesting that the particles are mono-dispersed as
observed.*? The surface morphology of the GQDs was also studied using SEM as shown in Fig
3.14c. A stack-of-sheets-like morphology was observed for GQDs confirming that the dots still
contain graphene sheets. Elemental analysis obtained from EDX analysis (Fig 3.14d) showed
the presence of oxygen which is expected for GQDs, however the unexpected presence of

sulphur and potassium is attributed to sulphuric acid and potassium permanganate used during

synthesis.
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Fig 3.14: (a) TEM image, (b) SDA plot, (c) SEM image and (d) EDX spectrum of GQDs.
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3.6.2 TEM and SEM/EDX analysis of metal oxide NPs

3.6.2.1 Analysis of Cu20 NPs.

The TEM image of Cu20 NPs is shown in Fig 3.15a and the NPs appear as aggregated spheres.
A standard deviation of 14.13 suggested a poly-dispersion of particle size, with an average
diameter size of 31 nm (Fig 3.15b). The SEM image (Fig 3.15c) showed a cluster of spheres,
this agglomeration of Cu2O NPs is usual in the absence of stabilizers.> The agglomeration was
prevented when the Cu,O NPs were combined with GQDs. The elemental analysis obtained
from the EDX (Fig 3.15d) confirmed the presence of elemental copper and oxygen signals of
the Cu.0O nanoparticles. The elemental copper signals were detected at 0.930, 8.055 and 8.895
keV, these peaks arise from the atoms L shell (CuL,:) and core K shell (CuKq; and CuKg:)
respectively.>® The Cu20 NPs showed high purity as no impurities were detected from the EDX
spectrum. Fig 3.15e shows the SEM image of GQDs/Cu20 nanocomposite (NC). The Cu.O

NPs appear well-dispersed NPs on the surface and in between the graphene sheets.
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Fig 3.15: (a) TEM image, (b) SDA plot, (c) SEM image, (d) EDX spectrum of Cu,O NPs and

(e) SEM image of GQDs Cu20- NC.

3.6.6.2 Analysis of NiO NPs

A TEM image of nickel oxide NPs is shown in Fig 3.16a. The NiO NPs are aggregated and
have a spherical morphology with an average particle size of 55 nm in diameter. The standard
deviation of 13.65 confirmed the particle size distribution to be poly-dispersed® (Fig 3.16b).
The SEM image for NiO NPs in Fig 3.16c showed the nanoparticles as aggregated spheres.
The EDX analysis in Fig 3.16d displayed the presence of oxygen and nickel elemental signals
at different energy-level shells, where the Lo (0.853), Kq1 (7.500) and Kg; (8.525) peaks were
observed for Ni.>® The nickel oxide NPs also demonstrated high purity as no impurities were

detected. Fig 3.16e shows the SEM image of GQDs-NiO NC showing an even distribution of
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NPs on graphene sheets demonstrating that graphene plays an important role in preventing the

agglomeration of NiO nanoparticles. The image shows good exfoliation of graphene sheets as

a result of the embedded nanoparticles.
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Fig 3.16: (a) TEM image, (b) SDA plot, (c) SEM image, (d) EDX spectrum of NiO NPs and (e) SEM

image of GQDs-NiO NC.
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3.6.2.3 Analysis of Al2O3 NPs

The TEM image of the aluminium oxide NPs shows spherical aggregated particles with an
average particle size of 60 nm (Fig 3.17a). A standard deviation of 7.29 was determined
suggesting mono-dispersion of particle sizes in Fig 3.17b. The corresponding SEM image in
Fig 3.17c shows a smooth surface of spheres forming a cluster. The insert image shows the
Al>03 NPs morphology at nanoscale where a similar morphology of aggregated spheres is
observed. The EDX analysis in Fig 3.17d shows the presence of elemental Al and O as expected
for Al,O3 NPs. No impurities were detected by EDX indicating the high purity level of the NPs.
The SEM of GQDs-Al>03 NC (Fig 3.17e) shows graphene sheets decorated with Al,O3 NPs,

the NPs are evenly dispersed within the GQDs.
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Fig 3.17: (a) TEM image, (b) SDA plot, (c) SEM images (insert: at nanoscale), (d) EDX

spectrum of Al203 NPs and (e) SEM image of GQDs-Al>03 NC.

3.6.2.4 Analysis of MnO2 NPs

A TEM image of MnO2 NPs in Fig 3.18a displays a spherical morphology for the NPs with an
average diameter size of 70 nm. These spheres were determined to be poly-dispersed by the
standard deviation of 18.14 from SDA (Fig 3.18b). The SEM image of these NPs shown in Fig
3.18c display spherically shaped NPs at microscale, the insert at nanoscale shows a flower-like
morphology. EDX analysis in Fig 3.18d showed the presence of elemental O and Mn signals
at 0.554, 6.000 and 6.325 keV for Mn arising from La1, Ka1 and Kgi energy shell respectively.>
MnO2 NPs also showed a high level of purity as no impurities were detected by EDX. The
SEM image of GQDs-MnO> NC (Fig 3.18d) shows well exfoliated graphene sheets as a result
of MnO2 NPs addition to the GQDs, which aid in preventing the re-stacking of graphene sheets.

The graphene surface is wrinkled and decorated with MnO2 spheres.
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Fig 3.18: (a) TEM image, (b) SDA plot, (c) SEM images (insert: at nanoscale), (d) EDX

spectrum for MnO2 NPs and (e) SEM image of GQDs-MnO2 NC.
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3.6.3 TEM and SEM/EDX analysis of metal hydroxides

3.6.3.1 Analysis of Cu(OH)2 NPs

The TEM image for copper hydroxide NPs is shown in Fig 3.19a. The NPs have a rod-like
morphology with an average diameter size of 20 nm. The Cu(OH)2 NPs were determined to be
mono-dispersed according to the standard deviation of 6.31, suggesting that they have a narrow
distribution of particle size (Fig 3.19b). The SEM image (Fig 3.19c) shows the nanoparticles
as an interwoven network of numerous nanofibers. The EDX analysis in Fig 3.19d show copper
signals corresponding to energy level shell, Lq1, Ko and Kg; detected at 0.980, 8.001 and 8.920
keV respectively.> The presence of carbon in the spectrum (although in low concentration)
comes from the use of copper acetate during synthesis. Fig 3.19e shows the SEM image of
GQDs-Cu(OH)2 NC displaying uniformly dispersed Cu(OH)2 NPs on graphene surface. The
cracks on the graphene sheets are a result of vigorous sonication and centrifugation during the

nanocomposite synthesis.
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Fig 3.19: (a) TEM image, (b) SDA plot, (c) SEM image and (d) EDX spectrum for Cu(OH):

NPs and (e) SEM image of GQDs-Cu(OH)2 NC.

3.6.3.2 Analysis of Ni(OH)2 NPs

The TEM image of nickel hydroxide NPs exhibiting porous and spherical nanoparticles is
shown in Fig 3.20a. The average particle size was determined to be approximately 50 nm in
diameter and the NPs determined to be poly-dispersed according to the particle size standard
deviation of 16.92 (Fig 3.20b). The SEM image at high magnification and nanoscale (Fig 3.20c
insert) displayed aggregated spheres. The EDX analysis of the NPs (Fig 3.20d) showed three
nickel elemental signals at L and K energy shells detected at 0.900 (L), 7.500 (K1) and 8.430
(Kp1).%® The presence of chloride is due to the use of nickel dichloride during synthesis. The
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SEM image of GQDs-Ni(OH)2 NC is shown in Fig 3.20e displaying evenly distributed
Ni(OH)2 NPs on graphene quantum dot surface. This image shows high loading of the NPs

compared to other composites.
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Fig 3.20: (a) TEM image, (b) SDA plot (c) SEM images (insert: at nanoscale), (d) EDX

spectrum of Ni(OH). NPs and (e) SEM image of GQDs-Ni(OH). NC.
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3.6.3.3 Analysis of AI(OH)3 NPs

A TEM image of aluminium hydroxide NPs is shown in Fig 3.21a, the nanoparticles display a
polygon-like morphology with an average size diameter of 53 nm. These particles were
determined to be mono-dispersed according to the standard deviation of 6.92 (Fig 3.21b). The
SEM image in Fig 3.21c shows the of AI(OH)s NPs morphology as clustered micro-platelets.
The elemental composition obtained from the EDX analysis (Fig 3.21d) showed the aluminium
and oxygen signal as expected, suggesting high purity of the compound as no AI(OH)3 NPs
impurities were detected. A SEM image of the GQDs-AI(OH)sNC is shown in Fig 3.21e

displaying fragmented graphene quantum dot sheets decorated with AI(OH)3 NPs.
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Fig 3.21: (a) TEM image, (b) SDA plot, (c) SEM image, (d) EDX spectrum of Al(OH)3z NPs

and (e) SEM image of GQDs-AI(OH)sz NC.

3.6.3.4 Analysis of Mn(OH)2 NPs

The TEM image of Mn(OH)2 NPs in Fig 3.22a display the NPs as aggregated spherical particles
with an average size diameter of approximately 60 nm. These spheres were found to be mono-
dispersed according to the standard deviation of 6.36 (Fig 3.22b). The SEM image in Fig 3.22c
showed a surface morphology that is characterised by rough spheres. The elemental
composition of Mn(OH). obtained from EDX analysis shown in Fig 3.22e, showed oxygen and
manganese elemental signals at L and K energy shells, detected at 0.550 (L:1), 5.910 (Kq1) and
6.500 (Kp1)*® for Mn. The Mn(OH), NPs showed high purity level as no impurities were
detected. The SEM image of GQDs-Mn(OH). NC in Fig 3.22d displayed graphene quantum

dot sheets uniformly decorated with microcrystalline shaped Mn(OH). NPs.

77



b 12 -
10
R
> 8-
-
2
g4
i R
2 4
0 | | | |
o1 52 54 55 5 58 59 60
Particle size (nm)
In—Kgq d
3
WMin-Kpgq
H Mag= 2000KX Do Shiam Sgral A® SE2 o Il'lﬂ Il(e:\.-"

Fig 3.22: (a) TEM image, (b) SDA plot, (c) SEM image, (d) EDX spectrum of Mn(OH)2 NPs

and (e) SEM image of GQDs-Mn(OH)2 NC.
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3.7 Effects of particle size in catalytic behaviour

The activity of a catalyst is relative to its effective surface area exposed. Considerable efforts

are often made to maximize the surface area per unit mass of catalytic material and an example

of this is the use of nanomaterials.>* Nanomaterials often improve the properties of the catalytic

material due to their small particle size. Table 3.1 shows the average particle size of MO and

MOH nanoparticles. The MOH NPs showed smaller nanoparticle sizes in the following pattern:

Cu(OH)2 < Ni(OH)2 < AI(OH)z < Mn(OH)2 compared to MO NPs: Cu.0 < NiO < Al,03 <

MnO>. The catalytic efficiency of a sensing material is increased with its decreasing particle

size.> Therefore it is expected that the MOH NPs in the pattern mentioned above will be better

catalysts compared to their corresponding MO NPs.

Table 3.1: Particle sizes of MO and MOH nanoparticles.

Nanoparticles Average diameter size (nm)
Cu20 31
Cu(OH), 20
NiO 55
Ni(OH). 50
Al>;03 60
Al(OH)3 53
MnO; 70
Mn(OH) 60
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3.8 Thermal gravimetric analysis (TGA) of nanomaterials

3.8.1 TGA profile of graphene NPs

Thermal gravimetric analysis was done in order to determine the nanoparticles thermal stability
in N2 atmosphere from 0 °C to 900 °C. Fig 3.23 shows the thermal stability of the graphene
based nanoparticles. Gr displayed a 1.33 % weight loss from 0 to 900 °C due to the pyrolysis
of the carbon skeleton® (Fig 3.23a). The small amount of weight lost due to minimal functional
groups on graphite surface further confirms the crystalline nature of Gr shown in the XRD
pattern. The GO TGA profile (Fig 3.23b) showed the highest weight loss which occurred in
two stages. The initial weight loss of 5.5% observed at 100 °C was due to the evaporation of
adsorbed water and the mass loss of 39.5% between 280 °C and 450 °C was attributed to the
decomposition of oxygen containing functional groups on the graphene lattice.>® The GQDs
(Fig 3.23c) showed that they were more stable than GO as a result of the decreased amount of
oxygen containing functional groups lost®®. The TGA profile of the GQDs displayed an overall
weight loss of 18.85% which also occurred in two stages. The initial weight loss occurred
between 300 °C and 470 °C due to the decomposition of oxygen containing functional
groups.®”*8 The other mass loss occurred between 750 °C and 900 °C as a result of the pyrolysis
of graphene carbon skeleton. Furthermore, the stability of GQDs was confirmed by XRD
analysis as it was determined to be semi-crystalline due to the reduction of some oxygen

containing functional groups compared to the fully oxidised amorphous GO.
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Fig 3.23: TGA profile of (a) Gr, (b) GO and (c) GQDs.

3.8.2 TGA profile of metal nanoparticles

3.8.2.1 TGA profile of copper NPs.

The thermal profile of Cu20 NPs is shown in Fig 3.24a, an overall mass loss of 38% occurred
between 0 °C and 210 °C. This loss was that of water adsorbed on the surface of the NPs.>® For
the Cu(OH)2 NPs (Fig 3.24b) an overall mass loss of 32% was observed. The initial mass loss
of 24% between 0 °C and 200 °C was attributed to the loss of water adsorbed on the lattice of
the NPs and the other weight loss of 8 % between 300 °C to 400 °C was due to the
decomposition of the Cu(OH)2 NPs.®° The copper oxide compared to Cu(OH), nanoparticles
exhibited better thermal stability as little or no further weight loss occurred beyond 350 °C, this
is as a result of its high purity and big nanoparticles as confirmed by EDX and TEM

respectively.5!
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Fig 3.24: TGA profile of (a) Cu20 and (b) Cu(OH)2 NPs.

3.8.2.2 TGA profile of nickel NPs

The TGA profile of NiO NPs is shown in Fig 3.25a, an overall weight loss of 15 % is observed.
The initial mass loss of 7.7 % between 0 °C and 100 °C was due to the loss of water adsorbed
on the surface of the NPs. The other weight loss of 7.3 % between 100 °C and 300 °C was
ascribed to the loss of water associated with the decomposition of the Ni(OH)2 to give NiO
NPs.5 Fig 3.25b shows the weight loss profile of nickel hydroxide NPs. An initial weight of
12.5% between 60 °C and 80 °C was attributed to the water adsorbed on the surface of the NPs.
Another weight loss of 12.5 % between 150 °C and 210 °C was due to dehydration and
dihydroxylation of the NPs. Another mass loss of 4.5 % occurring between 210 and 450 °C is
the result of Ni(OH)2 NPs decomposition.®® NiO NPs demonstrated better thermal stability
compared to Ni(OH)> NPs. This is confirmed by its high purity exhibited by EDX. NiO NPs

high crystalline nature shown by XRD analysis.®*
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Fig 3.25: TGA profile of (a) NiO and (b) Ni(OH)2 NPs.

3.8.2.3 TGA profile of aluminium NPs

The thermal stability profile of Al,O3 NPs is shown in Fig 3.26a with an overall weight loss of
62 %. The initial mass loss of 5 % occurred between 0 °C and 95 °C was attributed to the loss
of water adsorbed on the lattice of NPs. The next weight loss of 37 % occurred between 150
°C and 300 °C was due to the decomposition of the precursor AI(NO3)3.9H.0 and its
coordinated water.®® The last weight loss of 20 % occurred from 310 °C to 520 °C as a result
of the decomposition of the nanoparticles.*® Fig 3.26b shows the weight loss profile of
aluminium hydroxide NPs occurring over two stages. The initial weight loss of 10 % occurred
from 0 °C to 95 °C due to the loss of water and the other weight loss of 14 % occurred between
150 °C and 450 °C as a result of the decomposition of Al(OH)3 nanoparticles.%® The AI(OH)3
NPs are less thermally stable compared to Al20s NPs. The thermal instability is due to their

smaller nanoparticle sizes shown in TEM analysis.®’
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Fig 3.26: TGA profile of (a) Al.Oz and (b) AI(OH)3 NPs.

3.8.2.4 TGA profile of manganese NPs

The TGA profile of the MnO2 NPs is shown in Fig 3.27a with an overall weight loss of 17. 5
%. The weight loss occurred in two stages, with the initial mass loss of 9 % occurring between
200 °C and 420 °C due to the loss of water adsorbed on the surface of the NPs. The other mass
of 8.5 % occurred between 560 °C and 640 °C was due to the decomposition of the
nanoparticles.%® The thermal stability profile of Mn(OH). NPs is shown in Fig 3.27b displaying
an overall weight loss of 8.5 %. This weight loss occurred between 0 °C and 220 °C attributed
to the loss of water adsorbed on the NPs surface.%® MnO, NPs possess better thermal stability
compared to their corresponding hydroxide NPs. This is attributed to their high purity and big

nanoparticle sizes demonstrated in EDX and TEM analysis respectively.”
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Fig 3.27: TGA profile of (a) MnO and (b) Mn(OH)2 NPs,
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4. Electrode fabrication and electrocatalysis

4.1 Electrode fabrication

The graphene quantum dot paste electrode (GQDPE) was fabricated using a well-known procedure.t
The graphene paste mixture was prepared by mixing 0.5 g of graphene quantum dots with 180 puL of
paraffin oil using a mortar and a pestle. The mixture was homogenized and then packed into an auto-
pipette tip. Electrical contact was made by pushing a copper wire coated with silver paste through the
pipette into the mixture. The surface of the electrode was replenished by pushing excess paste out of
the tip and polishing the surface on paper. This fabrication method was used to make GQD-MO and
GQD-MOH electrodes. The only difference was a homogenized mixture of GQD-MO or GQD-MOH
was used instead of the GQDs alone. The GQDs-MO or GQDs-MOH nanocomposites were prepared
by adding 1 mL of GQDs to 1 mL of MO/MOH in 2 mL of DMF and sonicating for 2 h.

Before each experiment the GCE was cleaned by gentle polishing in aqueous slurry of alumina nano-
powder on a silicon carbide-emery paper. The electrode was then rinsed in double distilled water to
remove residual alumina particles and dried at room temperature.> The GCE was modified with the
nanocomposites using a drop-dry method. A 20 puL nanocomposite suspension was dropped on the
electrode surface and dried for 15 min at room temperature to obtain GCE/GQDs-MO or GCE/GQDs-

MOH working electrodes.

4.1.1 Electrode characterisation

The modified and unmodified electrodes were characterised using cyclic voltammetry (CV) and
ferricyanide ([Fe(CN)s]*/[Fe(CN)s]*) as the redox probe. Fig 4.1a shows the CV response of the
GQDPE towards the probe. Two redox peaks were observed, an oxidation peak (Epa) at 0.10 V and
reduction peak (Epc) at -0.30 V. The peak-to-peak separation (AE) of this couple was determined to be
107 mV, indicating a reversible process. A AE value of a reversible process is theoretically =59 mV.3

The increased AE is attributed to a significant uncompensated resistance resulting in an ohmic drop.
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On the bare GCE (Fig 4.1b (1)) AE was found to be 75 mV, this increased AE could be a result of charge
transfer resistance between the electrode surface and redox probe.* The current density of the GQDPE

was higher than that of the bare GCE confirming that the GQDPE has better electrical conductivity

than the GCE.
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Fig 4.1: Cyclic voltammograms of (a) GQDPE (b) (i) bare and (ii) GQDs/GCE.

Upon GCE modification with GQDs (Fig 4.1 b(ii)) AE was determined to be 100 mV. The increased
AE indicates an electron transfer barrier experienced by the modified electrodes resulting in slower
electron transfer rates compared to the bare electrode.® The modified electrode also showed slightly
lower redox potentials and increased peak currents suggesting good conductivity.® Fig 4.2 shows the
cyclic voltammogram responses of the GQDs/GCE [Fig 4.2 a(i)] modified with Cu20 [Fig 4.2 a(ii)]
and Cu(OH)2 [Fig 4.2 a(iii)] nanoparticles. The AE of the modified electrodes were determined to be
100 mV, 103 mV and 104 mV respectively showing no significant difference in redox peak potential.
Higher current density was observed for the Cu(OH)2 based electrode, this is attributed to Cu(OH)2
nanoparticles small particle sizes compared Cu>O nanoparticles. The small particle size increases the
electroactive surface area of the nanoparticles resulting in high sensitivity and electrical conductivity
of the electrode.
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Fig 4.2: Cyclic voltammograms of (a) (i) GQDs/GCE (ii) GQDs/Cu.O/GCE (iii)

GQDs/Cu(OH)2/GCE, (b) (i) GQDs/GCE (ii) GQDs/NiO/GCE (iii) GQDs/Ni(OH)2/GCE, (c)

(i) GQDs/GCE (ii) GQDs/Al203/GCE (iii) GQDs/Al(OH)3/GCE and (d) (i) GQDs/GCE (ii)

GQDs/MnO2/GCE (iii) GQDs/Mn(OH)./GCE in 5 mM [Fe(CN)s]* /[Fe(CN)s]* containing

0.1 M KClI solution. Scan rate = 100 mV.s™.

The cyclic voltammograms of GQDs/GCE in Fig 4.2b (i), GQDs/NiO/GCE [Fig 4.2b (ii)] and
GQDs/Ni(OH)./GCE [Fig 4.2b (iii)] displayed a reversible process with AE determined to be 100 mV,
103 mV and 104 mV respectively. Although no significant difference in redox peak potential was
observed, the Ni(OH)> modified electrode showed higher redox peak currents compared to NiO

modified electrode. This is as a result of small particle sizes of Ni(OH)2> NPs which increased the
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electroactive surface area leading to an increased current density. This suggests that Ni(OH)2
nanoparticles can increase the electrode transfer between the electrode surface and redox probe better
than NiO nanoparticles. Fig 4.2c shows the cyclic voltammograms of GQDs/GCE [Fig 4.2c (i)],
modified with Al.O3 [Fig 4.2c (ii)] and AI(OH)s [Fig 4.2c (iii)] nanoparticles. The modified electrodes
AE was determined to be 100 mV, 103 mV and 104 mV respectively. The Al(OH)s showed high redox
peak currents compared to Al.Os modified electrode, this was also attributed to small particle sizes of
Al(OH)z nanoparticles. The small particle sizes increased the electroactive surface area of the
nanoparticles resulting in higher electrical conductivity. Fig 4.2d shows the cyclic voltammograms
responses of GQDs/GCE [Fig 4.2d (i)] modified with MnO: [Fig 4.2d (ii)] and Mn(OH). [Fig 4.2d
(iii)] nanoparticles. The AE of the modified electrodes were determined to be 100 mV, 103 mV and
104 mV displaying no major difference in redox peak potential. The Mn(OH). modified electrode
showed higher redox peak currents as a result of small particle sizes. The small particle sizes increases
the electroactive surface area of the nanoparticles resulting in higher electrical conductivity. The
GQDPE/MO and GQDPE/MOH maodified electrodes showed no response for the redox probe. This
could have been due to the clogging of the electrode surface® and/or the use of a non-conductive

paraffin oil as binder.’

The electroactive surface area (A) of the modified electrodes were determined using the Randles-
Sevcik equation® , equation 4.1,as shown in Table 4.1

Ip=2.69x 105 x Ax DY2 xn¥2 x 2 C (4.1)
where Ip is the peak current in A, A is the surface area in cm?, D is the diffusion coefficient in cm?s™,
n is the number of electrons transferred in the redox reaction and v is the scan rate (V st). The
electroactive surface area of the GQDPE was determined to be 0.0714 cm?and 0.034 cm? for the bare

GCE. The large electroactive surface area of GQDPE is attributed to the small particle sizes of the
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nanoparticles which increased the rate of electron transfer indicated by the high redox peak currents

observed on the cyclic voltammogram responses of the electrodes.®

Table 4.1: The electroactive surface area and AE values of the modified electrodes

Electrode Electroactive surface area (cm?) | AE (mV)
GQDPE 0.0714 107
Bare GCE 0.034 75
GQDs/GCE 0.036 100
GQDs/Cu(OH)2/GCE 0.040 104
GQDs/Ni(OH)2/GCE 0.038 104
GQDs/AI(OH)3/GCE 0.037 104
GQDs/Mn(OH)2/GCE 0.036 104
GQDs/Cu.0/GCE 0.038 103
GQDs/NiO/GCE 0.037 103
GQDs/Al,03/GCE 0.036 103
GQDs/Mn0O./GCE 0.035 103

Generally the modified electrodes showed similar electroactive surface areas with an average area of
0.040 cm?. The GQDs/Cu(OH)2/GCE had the largest electroactive surface area of 0.040 cm? compared
to 0.037 cm? of GQDs/Cu,O/GCE, this is another reason of the high electrical conductivity and high
current densities demonstrated by this electrode. The large surface area is attributed to the small particle
size of the Cu(OH). NPs compared to Cu2O NPs. The rest of the electrodes with their respective
electroactive surface areas and AE values are shown in Table 4.1. The A values show that MOH based
electrodes have a larger surface area compared to the MO based electrodes. The larger the surface area

of an electrode the more sensitivity it is expected to be towards an analyte.

96



4.2 Electrocatalysis

4.2.1 Electrochemical behaviour of methyl parathion (MP) on GQDPE

The electrochemical behaviour of MP was assessed on GQDPE, Fig 4.3a shows the CV response of
GQDPE ina 0.1 M phosphate buffer solution (PBS) in the absence of MP in which no redox peaks are
observed. Fig 4.3b shows the CV response of GQDPE in the presence of MP where a pair of well-

defined redox peaks were observed displaying Epa at —0.41 V and Ejpc at —0.24 V.

20uA

I -0.8 -0.6 -04 -0.2 0.0 0.2 04 0.6 '
Potential (V vs Ag|AgCl)

Fig 4.3: Cyclic voltammogram of GQDPE in 0.1 M PBS in the (a) absence and (b) presence of

MP. Scan rate =100 mV.s ™.

The AE was determined to be 85 mV and the current ratio was found to be 1.03 which proves the
process as reversible. This reversible process is attributed to a two-electron transfer process, where the
hydroxylamine (NHOH) group in MP is oxidised to a nitro (NO) group as shown in Scheme 4.1,

reaction 4.2.
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Scheme 4.1: The reduction (4.1) and oxidation (4.2) reaction of MP.>

An irreversible reduction peak at Epc = —0.66 V was also observed in the potential range of -1.0 V to
1.0 V. This irreversible reduction peak corresponds to the reduction of the -NO2 group in MP to NHOH
group shown in reaction 4.1. These results suggest that MP shows high current response on the GQDPE
in PBS as a result of the high surface area of GQDPE which favours the adsorption and reduction of

methyl parathion.

4.2.1.1 Influence of scan rate on MP electrocatalysis

Fig 4.4a shows the influence of scan rate on the MP redox peaks, the redox peak currents were enhanced
by the increase in scan rate indicating a diffusion controlled electrocatalytic process.® The redox peak
potentials of the redox peaks did not change with increasing scan rate and the 14/l ratio was determined
to approximately 1. The linear proportional relationship of Ipa and Iy to the square root of the scan rate
shown in Fig 4.4b also suggests a diffusion controlled process.® A logarithm plot of anodic/cathodic

current vs the logarithm of the scan rate (Fig 4.4c) revealed a linear relationship with a slope of 0.49.
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This value is within 0.5 and 1.0 which are theoretical values for diffusion-controlled and adsorption-
controlled processes respectively.!* This information suggests that the overall rate of the reaction is
determined by diffusion and adsorption and that an increase in electron transfer does not influence the

overall reaction rate.
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Fig 4.4: (a) Cyclic voltammograms of 0.2 uM MP at different scan rates (10 - 100 mV. s 1) on
GQDPE in 0.1 M PBS at pH 7, (b) corresponding peak current variation with square root of

scan rate and (c) corresponding logarithm peak potential variation with logarithm of scan rate.

4.2.2 Electrochemical behaviour of MP on MO or MOH modified electrodes

The GQD paste did not homogenize well with the metal oxide or metal hydroxide nanoparticles.
Therefore, MO and MOH modified GQDPE could not be fabricated and assessed for MP
electrocatalysis. The use of an ionic liquid such as 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM]PFe) as an alternative to the non-conductive paraffin oil could assist in homogenizing GQD

paste with MO or MOH NPs.’

4.2.2.1 GQDs/Cu(OH)2 and GQDs/Cu20 modified glassy carbon electrodes
The electrochemical behaviour of MP was assessed on GQDs/CuO,/GCE and GQDs/Cu(OH)2/GCE.

Fig 4.5(i) is the CV of a bare GCE in the presence of MP where no redox peaks were observed. This
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indicates that MP undergoes surface passivation process at the bare GCE surface.'? Fig 4.5(ii) shows a
CV of GQDs/Cu20O/GCE displaying a pair of redox peaks at Epa = -0.20 V and Epc =-0.30 V. The AE
value was determined to be 50 mV and the current ratio was found to be 1.05. The redox peak observed
at Epa = -0.8 V is attributed to the reduction of oxygen and it does not affect MP catalysis.’*!* Fig
4.5(iii) shows the CV of GQDs/Cu(OH)2/GCE in the presence of MP. A pair of redox peaks were
observed at Epa =-0.22 V and Epc = -0.30 V. The AE was calculated to be 40 mV and the peak current
ratio was determined to be 1.04 in accordance to a reversible process that is diffusion controlled. The
GQDs/Cu(OH)2/GCE showed a decrease in AE, indicating that no ohmic drop was experienced by the
electrode. The GQDs/Cu(OH)./GCE also demonstrated slightly lower peak potentials and high current
density compared to GQDs/Cu2O/GCE suggesting a fast electron transfer and better catalytic nature
towards MP detection. The GQDs/GCE modified with copper based nanoparticles possess low

resistance of the charge transfer resulting in low AE values.'®
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Fig 4.5: Cyclic voltammograms of 0.2 UM MP on (i) bare GCE, (ii) GQDs/Cu.O/GCE and (iii)

GQDs/Cu(OH)./GCE, in 0.1 M PBS. Scan rare = 100 mV.s™.,
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Fig 4.6 shows the linear proportional relationship of Ipa and Iy to the square root of scan rate
for GQDs/Cu2O/GCE (Fig 4.6a) and GQDs/Cu(OH)2/GCE (Fig 4.6b), suggesting a diffusion
controlled process on both electrodes.® The logarithm plot of scan rate vs log lpa for
GQDs/Cu20O/GCE (Fig 4.6¢) and GQDs/Cu(OH)2/GCE (Fig 4.6d) also revealed a linear
relationship with a slope of 0.518 for Cu20 and 0.501 for Cu(OH)2 respectively, these values

are in agreement with the theoretical slope of 0.5 for a diffusion controlled process.**
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Fig 4.6: Plot of square root of scan rate vs peak current for (a) GQDs/Cu.O/GCE and (b)
GQDs/Cu(OH)2/GCE. Plot of log v vs log l,a for (c) GQDs/Cu.O/GCE and (d)

GQDs/Cu(OH)2/GCE.
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4.2.2.2 GQDs/Ni(OH)2 and GQDs/NiO modified glassy carbon electrodes

Fig 4.7(i) shows the CV of a bare GCE displaying redox peaks at Epa = -0.29 V and Epc = -
0.245 V with a AE of 45 mV. Fig 4.7(ii) shows redox peaks of MP on GQDs/NiO/GCE at Epa
=-0.18 V and Eyc = -0.30 V. The AE was calculated to be 60 mV and the current ratio was
determined to be 1.04. The redox peak observed at Epa = -0.8 V is attributed to the reduction
of oxygen and it does not affect MP catalysis. When GCE was modified with GQDs/Ni(OH)>
AE was determined to be 55 mV (Fig 4.7(iii)) and a current ratio was found to be 1.06. No
significant increase in current densities of GQDs/Ni(OH)2/GCE and GQDs/NiO/GCE was
observed. This could be attributed to their similar particle sizes and the ohmic drop experienced
by the electrode. An ohmic drop is the difference in potential needed to mobilize ions through
a solution and it is attributed to a solution resistance.® Therefore, an electrode experiencing
high solution resistance will show a large AE and an electrode experiencing low solution
resistance will show a low AE value. The increase in AE of GQDs/Ni(OH)./GCE compared to

GQDs/NiO/GCE is also a result of an ohmic drop.
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Fig 4.7: Cyclic voltammograms of 0.2 uM MP on (i) bare GCE, (ii) GQDs/NiO/GCE and (iii)

GQDs/Ni(OH)./GCE in 0.1 M PBS. Scan rate = 100 mV.s™.
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Fig 4.8 shows the linear proportional relationship of Ipa and Iy to the square root of scan rate
for GQDs/NiIO/GCE (Fig 4.8a) and GQDs/Ni(OH)2/GCE (Fig 4.8b), indicating that the process
is diffusion controlled for both electrodes. The diffusion controlled process was further
confirmed by the logarithm plot of scan rate vs log lpa for GQDs/NiIO/GCE (Fig 4.8c) and
GQDs/Ni(OH)./GCE (Fig 4.8d) which revealed a linear relationship with a slope of 0.472 for

NiO and 0.493 for Ni(OH)2 respectively.
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Fig 4.8: Plot of square root of scan rate vs peak current for (a) GQDs/NIO/GCE and (b)
GQDs/Ni(OH)2/GCE. Plot of log v vs log lpa for (c) GQDs/NIO/GCE and (d)

GQDs/Ni(OH)2/GCE.
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4.2.2.3 GQDs/AlI(OH)3 and GQDs/Al203 modified glassy carbon electrodes

Fig 4.9(i) shows the cyclic voltammograms of a bare GCE displaying redox peaks at Epa = -
0.29 V and Epc = -0.245 V with a AE of 45 mV. The cyclic voltammograms of
GQDs/Al,03/GCE in Fig 4.9(ii) shows a pair of redox peaks of MP at Epa = -0.30 V and Epc =
-0.10 V. AE was calculated to be 100 mV and the peak current ratio was determined to be 1.06.
The redox peak observed at Epa =-0.8 V is attributed to the reduction of oxygen and it does not
affect MP catalysis. Fig 4.9(iii) shows the cyclic voltammograms of GQDs/AI(OH)s/GCE
displaying a pair of redox peaks at Epa = -0.21 V and Epc = -0.28 V. AE was calculated to be 70
mV and the peak current ratio was found to be 1.05. The increase in AE values of both modified
electrodes is a result of a solution resistance!’ experienced by the electrode, this is also shown

by the lack of increase in current density of the GQDs/AI(OH)3/GCE and GQDs/Al,O3/GCE.
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Fig 4.9: Cyclic voltammograms of 0.2 uM MP on (i) bare GCE, (ii) GQDs/Al,O3/GCE and

(iii) GQDs/AI(OH)s/GCE in 0.1 M PBS. Scan rate = 100 mV.s!
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The plot of Ipa and Iy to the square root of the scan rate for GQDs/AlOs/GCE (Fig 4.10a) and
GQDs/AI(OH)s/GCE (Fig 4.10b) displays a linear proportional relationship in accordance to a
diffusion controlled process. This diffusion controlled process is also shown by the logarithm
plot of scan rate vs log lpa for of GQDs/AlOz/GCE (Fig 4.10c) and GQDs/AlI(OH)s/GCE (Fig
4.10d), which demonstrates a linear relationship with a slope of 0.551 for Al>O3 and 0.543 for
Al(OH)z respectively. This is in agreement with the theoretical slope of 0.5 for a diffusion

controlled process.!
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Fig 4.10: Plot of square root of scan rate vs peak current for (a) GQDs/Al,O3/GCE and (b)
GQDs/AI(OH)s/GCE. Plot of log v vs log lpa for (c) GQDs/Al2Os/GCE and (d)

GQDs/AI(OH)3/GCE.
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4.2.2.4 GQDs/Mn(OH)2 and GQDs/MnO:2 modified glassy carbon electrodes

Fig 4.11(i) shows the cyclic voltammogram responses of a bare GCE displaying redox peaks
at Epa =-0.29 V and Epc = -0.245 V with a AE of 45 mV in 0.1 M PBS. Fig 4.11(ii) shows the
cyclic voltammograms of GQDs/MnO2/GCE displaying redox peaks at Epa = -0.1 V, Epc = -
0.29 V. The AE and peak current ratio were determined to be 95 mV and 1.10 respectively.
The redox peak observed at Epa =-0.8 V is attributed to the reduction of oxygen and it does not
affect MP catalysis. Fig 4.11(iii) shows the cyclic voltammogram responses of
GQDs/Mn(OH)./GCE displaying redox peaks at Epa = -0.31 V and Epc =-0.14 V. The AE was
calculated to be 85 mV and the peak current ratio was found to be 1.09. These results suggested
that both processes are reversible.!’®® No increase was observed in current densities of
GQDs/Mn(OH)./GCE and GQDs/MnO,/GCE, this could attributed to their similar particle
sizes and the solution resistance experienced by the electrode. The increase in AE values of

both electrodes could also be a result of solution resistance.®
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Fig 4.11: Cyclic voltammograms of 0.2 uM MP on (i) bare GCE, (ii) GQDs/MnO2/GCE and

(iii) GQDs/Mn(OH),/GCE in 0.1 M PBS. Scan rate = 100 mV.s.
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The linear proportional relationship shown by the plot of I,a and Ipc vs square root of scan rate
for GQDs/MnO/GCE (Fig 4.12a) and GQDs/Mn(OH)./GCE (Fig 4.12b), proves the process
to be diffusion controlled.’®* The plot of logarithm of scan rate vs log of I, for
GQDs/Mn0O./GCE (Fig 4.12c) and GQDs/Mn(OH)2/GCE (Fig 4.12d) with a slope of 0.555 for
Mn(OH). and 0.563 MnO2 respectively. This is in agreement with the reported theoretical slope

of 0.5 for a diffusion-controlled process.**
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Fig 4.12: Plot of square root of scan rate vs peak current for (a) GQDs/MnO2/GCE and (b)
GQDs/Mn(OH)./GCE. Plot of log v vs log lpa for (c) GQDs/MnO./GCE and (d)

GQDs/Mn(OH)2/GCE.
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Table 4.2 shows the determined AE values of the modified electrodes, where GQDs/MO/GCE

show increased AE compared to GQDs/MOH/GCE. This may be as a result of the big particle

sizes of MO nanoparticles and the solution resistance experience the MO modified electrode.

Table 4.2: AE, current ratios and slope of log Ipc vs log v for MP on GQDs/GCE modified with

relevant metal nanoparticles.

Metal nanoparticles | AE (mV) Current ratio Slope of plot:
log Ipa vs log v
Cu(OH), 40 1.04 0.501
Cu20 50 1.05 0.518
Ni(OH). 55 1.05 0.493
NiO 60 1.06 0.472
AI(OH)3 70 1.05 0.543
Al203 100 1.06 0.551
Mn(OH): 85 1.09 0.555
MnO; 95 1.10 0.563

Table 4.2 also shows the slope of log Ipa Vs log v where it was observed that for all the electrodes the
slope is approximately 0.5, this suggests that the overall rate of the reaction is diffusion-controlled on
all modified electrode surfaces.?’ The GQDs/MOH/GCE exhibited excellent catalytic behaviour and

conductivity compared to the GQDs/MO/GCE. This was demonstrated by the increase in peak current,

low AE values and lower potentials.
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4.2.3 Influence of MP concentration

4.2.3.1 GQDPE

The electrochemical responses of the GQDs, GQDs/MO and GQDs/MOH were investigated in various
concentrations of MP (0.2 uM - 1.0 uM). The CVs of GQDPE shows an increase in redox peak current
with increasing concentration. Fig 4.13b shows a linear response of concentration vs Ipc and all the

modified electrodes displayed a similar behaviour.
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Fig 4.13: (a) Cyclic voltammograms of GQDPE in 0.1 M PBS containing different

concentrations of MP and (b) the corresponding MP concentration vs current plot.

The limit of detection (LOD) and limit of quantification (LOQ) values shown in Table 4.3 were
determined based on a signal (S)-to-noise (N) ratio equivalent to S/N = 3 and S/N = 10 respectively
(see Appendix A).?! The LOD and LOQ describe the smallest concentration of an analyte where
detection is possible to measure by this analytical technique. The LOD is the smallest concentration of
an analyte that can be readily detected but not necessarily quantified as an exact value. LOQ is the
concentration at which quantitative results can be reported using this technique with a high degree of
confidence. The LOQ accounts for imprecision therefore it is at much higher concentration than the
LLOD.?! The sensitivity of the electrodes was calculated by diving the slope of current vs concentration
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by the surface area of the electrode (see Appendix A).?? A large surface area of the nanoparticles and
nanocomposites enhances the sensitivity of the modified electrodes towards the analyte, therefore
increasing the rate of electron transfer.!! Also the electrical conductivity of an atom is directly
proportional to its magnetic properties.>®> Magnetic properties of atoms can be classified as
paramagnetic, containing unpaired electrons and diamagnetic, containing paired electrons.?*
Paramagnetic atoms are more electro-conductive than diamagnetic atoms. The GQDPE showed the
lowest LOD and LOQ values compared to other electrodes for MP detection. The electrode sensitivity
was determined to be 15.88 HA UM indicating a fast electron transfer between GQDPE and MP as

qualified by the high current density.

Table 4.3: LODs, LOQs and sensitivities for MP detection on modified electrodes.

Sensor LOD (uM) LOQ (uM) Sensitivity (LA pM)
GQDPE 0.0046 0.0153 15.88
GQDs-Cu(OH)2 NPs 0.0095 0.0316 14.92
GQDs-Cu20 NPs 0.015 0.0450 13.61
GQDs-Ni(OH)2 NPs 0.209 0.698 12.95
GQDs-NiO NPs 0.219 1.06 12.47
GQDs-AlI(OH)3 NPs 0.166 0.452 12.24
GQDs-Al,03 NPs 0.204 0.580 12.13
GQDs-Mn(OH)2 NPs | 0.226 0.819 11.12
GQDs-MnO2 NPs 0.230 0.826 11.04
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4.2.3.2 GQDs/Cu(OH)2 and GQDs/Cu20 modified electrodes

Fig 4.14a and Fig 4.14b shows the current responses of GQDs/Cu(OH)./GCE and GQDs/Cu,O/GCE
in varied MP concentrations respectively. Both electrodes showed an increase in redox peak current
with increasing concentration which is expected for diffusion controlled process. The calibration plots
of copper based nanocomposites displayed a linear range of the concentrations vs Ipa as shown in
Appendix A (Fig Al). The GQDs/Cu(OH)2/GCE showed lower LOD and LOQ and higher sensitity
compared to GQDs/Cu20/GCE, this is a result of the small nanoparticle sizes of Cu(OH)2 NPs. High
sensitivity enhances vulnerability of the analyte towards the electrode therefore fast electron transfer
Kinetics occur as a result.!! This is demonstratred by the high current density of GQDs/Cu(OH)

nanocomposite compared to GQDs/Cu,O nanocomposite.
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Fig 4.14: Cyclic voltammograms of (a) GQDs/Cu(OH)2/GCE and (b) GQDs/Cu.O/GCE in 0.1

M PBS containing different concentrations of MP. Scan rate = 100 mV.s™.

4.2.3.3 GQDs/Ni(OH)2 and GQDs/NiO modified electrodes
Fig 4.15 shows the current responses of the GQDs/Ni(OH)2/GCE (Fig 4.15a) and GQDs/NiO/GCE
(Fig 4.15b) towards varied MP concentrations. The increase in current densities with increasing

concentration was shown by the linear relationship of the Ipa Vs concentration plot in Appendix A, Fig
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A2. The GQDs/Ni(OH)2 nanocomposite similar LOD and LOQ to GQDs/NiO nanocomposite, this is
as a result of their similar nanoparticle sizes. The GQDs/Ni(OH)2 and GQDs/NiO also showed similar
sensitivities, this could be attributed to the fact that Ni(OH). and NiO are both paramagnetic with the
same oxidation state of 2+ and an electron configuration of [Ar]3d® resulting in similar electrical
conductivity. Oxygen and hydroxide ions are both weak field ligands therefore it is expected that NiO
and Ni(OH). behave similarly. The similar current densities of GQDs/Ni(OH)./GCE and
GQDs/NiIO/GCE suggest that electron transfer kinetics occurred at a similar rate therefore the

electrodes demonstrated similar sensitivities towards methyl parathion.
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Fig 4.15: Cyclic voltammograms of (a) GQDs/Ni(OH)2/GCE and (b) GQDs/NiO/GCE in 0.1

M PBS containing different concentrations of MP. Scan rate = 100 mV.s™.

4.2.3.4 GQDs/AI(OH)3 and GQDs/Al203 modified electrodes

The GQDs/AI(OH)3/GCE (Fig 4.16a) and GQDs/Al>Os/GCE (Fig 4.16b) displays current responses
towards different concentrations of MP. The calibration plots of Ipa VS concentration in Appendix A,
Fig A3 showed an increase in peak currents with increasing concentration for both the electrodes. The
GQDs/AI(OH)3:/GCE showed lower LOD and LOQ compared to GQDs/Al,03/GCE indicating that it

can detect the analyte at lower concentrations. This behaviour is attributed to the large electroactive
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surface area of GQDs/AI(OH)s modified electrode and its paramagnetism resulting in high sensitivity
of the electrode towards the analyte. The GQDs/AI(OH)3s/GCE as a result is more sensitive compared
to GQDs/Al,O3/GCE towards MP. This is demonstrated by the high current density which suggest that

electron transfer occurred fast at the surface of GQDs/AI(OH)s/GCE.
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Fig 4.16: Cyclic voltammograms of (a) GQDs/Al(OH)s/GCE and (b) GQDs/Al,03/GCE in

0.1 M PBS containing different concentrations of MP. Scan rate = 100 mV.s*

4.2.3.4 GQDs/Mn(OH)2 and GQDs/MnO2 modified electrodes

Fig 4.17 show the current responses of GQDs/Mn(OH)./GCE (Fig 4.17a ) and GQDs/MnO./GCE (Fig
4.17b) towards varied MP concentrations. The concentration vs lpa calibration plot in Appendix A, Fig
4A displayed a linear relationship for both the electrodes as seen for previously modified electrodes.
The GQDs/Mn(OH)2 nanocomposite showed similar LOD and LOQ with GQDs/MnO2
nanocomposite. This could be attributed to the similar nanoparticle sizes and the fact that both MnO;
([Ar]3d®) and Mn(OH). ([Ar]3d®) are paramagnetic atoms with an oxidation state of 4+ and 2+
respectively, resulting in similar conductivity.?®> The electrodes therefore demonstrated similar
sensitivities exhibited by the current densities which suggest that electron transfer kinetics occurred at

a similar rates.
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Fig 4.17: Cyclic voltammograms of (a) GQDs/Mn(OH)./GCE and (b) GQDs/MnO2/GCE in

0.1 M PBS containing different concentrations of MP. Scan rate = 100 mV.s™.

The detection limit of GQDPE was determined to be 0.0046 uM which is significantly lower than the
reported value of 0.21 uM at ZrO.-NPs modified carbon paste electrode.?® The ZrO,-NPs CPE is
regarded as the best electrode for MP detection due to the strong affinity ZrO>-NPs have towards the
phosphate group on methyl parathion. The GQDs/Cu(OH)./GCE showed the lowest LOD (0.0095 uM)
and highest sensitivity (14.91 pA puM) for MP detection amongst all the other metal based
nanocomposite modified electrodes. While the GQDs/MnO./GCE showed the highest LOD (0.230 uM
) and lowest sensitivity (11.04 uM). This behaviour is due to the fact that copper is rated as the second
most electrical conductive metal followed by aluminium, nickel and manganese.?®> Cu (1) is
paramagnetic with an electron configuration of [Ar] 3d° whereas Cu (1) is diamagnetic with an electron
configuration of [Ar] 3d°. Single electrons tend to be more electrically conductive than paired

electrodes therefore GQDs/Cu(OH). proved to be more conductive than GQDs/Cu.O.
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CHAPTER 5: Conclusion and future work recommendations

5.1 Conclusion

The work investigated the synthesis and use of graphene quantum dots and GQDs/MO and
GQDs/MOH nanocomposites as sensing materials for the electrochemical detection of MP.
The synthesis of the nanomaterials was achieved using standard synthetic methods. The
characterisation techniques used in this work demonstrated that the GQDs NPs, MOH NPs,
MO NPs were successfully synthesized. The MOH nanoparticles gave bigger nanoparticle
sizes compared to the MO nanoparticles. The characterisation of the nanocomposites showed
that both MOH and MO nanoparticles were well dispersed on the surface and in between the
GQDs sheets. The GQDs and metal based nanocomposites displayed good electrochemical
response towards MP compared to the GQD modified paste electrodes. The following catalytic
pattern was observed: GQDPE > GQDs/MOH > GQDs/MO. The GQDs/MOH sensing
nanomaterials demonstrated a wide linear concentration range (0.1 pM — 1.0 uM), low LODs
(0.0095 uM —0.226 pM), low LOQs (0.0153 uM —0.816 M) and high MP sensitivities (11.12
MM — 15.88 uM). The synergy effects of copper and graphene as one of the best electrical

conductive materials resulted in GQDs/Cu(OH)2/GCE best catalytic behaviour.

5.2 Future work recommendation

The study showed that GQDs/MOH nanocomposites showed best catalytic activity compared
to the GQDs/MO nanocomposites for the detection of MP. There is not adequate work done
using these metal based nanosensors and future recommendations include the use of these
nanosensors for the detection of other organophosphate pesticides such as malathion and nitro

phenols. Future work also involves selectivity studies with interfering carcinogenic species
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such as nitro phenols and nitrobenzene which are found in the same matric as MP. The other

recommendation is to apply these nanosensors in real sample analysis.
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APPENDIX A
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Fig Al: The concentration vs lpa plot for (a) GQDs/Cu(OH)2/GCE and (b) GQDs/Cu2O/GCE.
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Fig A2: The concentration vs lpa plot for (a) GQDs/Ni(OH)2/GCE and (b) GQDs/NiO/GCE.
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Fig A3: The concentration vs lpa plot for (a) GQDs/AI(OH)3/GCE and (b) GQDs/Al>03/GCE.
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Fig A4: The concentration vs lpa plot for (a) GQDs/Mn(OH)./GCE and (b) GQDs/MnO./GCE.

*LOD=3xSD/S
*LOQ=10xSD/S
LOD = Limit of detection, SD = standard deviation and S = Slope of current vs concentration

LOQ = Limit of quantification, SD = standard deviation and S = slope of the current vs concentration

*S=mx/ Sa

S = sensitivity, m = slope of current vs concentration, Sa = the surface area of the electrode
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