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ABSTRACT

The synthesis of large-area graphene and nitrogen doped graphene films by atmospheric

pressure chemical vapour deposition (APCVD), for application in electrochemical sensors
provides a new platform for developing inexpensive techniques for selective and
ultrasensitive detection of electroactive biomolecules. Therefore, optimum growth condition
for the synthesis of good quality bilayered graphene films by APCVD technique on a Cu
catalyst was developed (10 minutes growth time; 10 sccm of methane). The quality and
thickness of the as-synthesized graphene films was further improved by using 3 sccm of
hydrogen gas throughout the annealing and growth process. Doping of graphene with
nitrogen atoms has been reported to be the most promising technique for modulating the
structural and electrochemical properties of as-grown graphene films. A synthesis method for
growing nitrogen doped graphene films with high nitrogen content was obtained by in-situ
route using 5 sccm of ammonia. Furthermore, both overall nitrogen content (N/C) and
configurations in N-doped graphene films were controlled by varying the growth times (i.e. 2,
5, 10, and 20 min). The results indicated that short growth time (2 min) led to N-graphene
films that are rich in pyridinic-N and highest N/C value (4.68 %), while longer growth time
(20 min) resulted in formation of graphitic-N rich films with N/C value of 2.84 %.
Electrocatalytic activity of pristine and N-doped graphene films as well as pristine and N-
graphene-platinum and palladium composites were investigated towards oxidation of
dopamine and uric acid. Nitrogen doped based and metal-composite based electrochemical
sensors showed better electrocatalytic activity and sensitivity compared to their undoped
counterparts. Apart from single atom doping graphene with nitrogen atoms, co-doping with
boron and nitrogen atoms was investigated for formation of semiconducting hybrid materials
with tunable optical properties. By adjusting the flow rates of methane and the vaporization
temperature of boric acid, two types of graphene and hexagonal boron nitride (h-BN) hybrid
films were formed. This included novel crystalline hexagonal boron nitride (h-BN) quantum-
and nanodots embedded in large-area boron carbon nitride (BCN) films and the atomically

thin and quaternary semiconducting hybrid films of boron carbon oxynitride (BCNO).
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Chapter 1

Synopsis

1.1 Motivation of the study

Carbon based nanomaterials continue to receive tremendous interest due to their unique
electrical, mechanical, physiochemical, and optical properties. Owing to the abundance of
carbon, their low cost and a wide range of techniques available for synthesizing and tuning
the properties of carbon-based nanomaterials, these materials have found diverse application
in fields such as chemical, gas and biosensors'™, supercapacitors®, fuel cells® ’, batteries® and
catalysis®. Based on their dimensionalities, carbon-based nanomaterials can be synthesized in
the form of fullerenes, carbon nanotubes (CNTSs), graphene and its derivatives, as well as
graphite; which represent the zero (0D)-, one (1D)-, two (2D)-, three-dimensional (3D) forms
of carbon nanomaterials, respectively. Among the various dimensionalities of carbon
nanomaterials, the 2D forms, especially graphene and its derivatives, have recently gained
more attention in comparison with other carbon forms due to the ability of forming, at
industrial scale, large area films with a high surface-to-volume ratio and excellent electrical
and thermal conductivity properties * > ' These properties have made graphene and its
derivatives very attractive and interesting materials in the nano- and microelectronic device
industries, where the fabrication of robust devices, without compromising their properties and
performance, is of enormous industrial importance. Consequently, graphene and its
derivatives have application in the fabrication of nano- and microelectronic devices such as
field effect transistors (FET) 2, chemical and biological sensors **, bioimaging probes®, dye
sensitized solar cells', transparent conductive films for flexible electronics *°, ultra- and

5,16

supercapacitors > *°, and graphene-polymer nanocomposites *’.

Even though graphene, an atomic thick sheet of sp® hybridized carbon atoms chemically

bonded in the hexagonal pattern %2

, 1s considered as a “wonder material” to the scientific
community, several issues still hinder the widespread application of graphene in different
fields. For instance, by definition, graphene is a chemically inert carbon nanomaterial, thus
making it a very poor candidate to be employed in fields such as chemical, gas and

6, 7

biosensors'™, fuel cells® ’, and catalysis®. As a result, numerous synthesis techniques to

chemically activate graphene nanostructures have been proposed including the graphitization
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of SiC substrates®, chemical reduction of graphene oxide®, liquid exfoliation of graphite®,
and unzipping of CNTs?.. Unfortunately, most of these methods suffer a major drawback as
they fail to address critical issues such as the growth of graphene nanostructures with
controlled thickness and grain size, stacking order of the layers of graphene, as well as the
defect concentration. The abovementioned issues are very important as they govern various
properties which enable the applicability of graphene. These include issues such as
graphene’s ability to homogeneously disperse and stabilize metal nanoparticles for
application in catalysis and fuel cells; as well as its biocompatibility and electrochemical

stability for use in chemical and biosensors.

On the other hand, catalytic chemical vapour deposition (CVD) techniques using transition
metals and their alloys have been shown to be the most promising and reproducible approach
for solving these critical issues “*%. More specifically, CVD techniques offer the ability of
synthesizing industrial-scale graphene films with perfect reproducibility from gaseous, liquid
or solid carbon sources. Furthermore, varying the reaction conditions for a typical CVD
reactors offer the advantages of controlling the quality/defect concentration,
thickness/morphology and stacking order of the graphene films. Additionally, CVD offers the
ability to tune the physiochemical and optical properties of graphene via heteroatom doping
with single element (N, B, S, and P) or bi-elements (N and B, or N and S) % with N-
doping receiving great attention due to its comparable atomic size of nitrogen (dy = 70 pm)
with carbon (dc = 65 pm). Moreover, N-doping provides several advantages such as
efficiently introducing chemically active sites for use in catalytic reactions, increasing
biocompatibility as well as increasing anchoring sites for metal nanoparticle deposition and
binding for active biomolecules **. Thus, from this study we seek address the following
questions: is it possible to control the incorporation of nitrogen atoms into the graphene
lattice? How will the presence of nitrogen atoms impact the electrocatalytic activity of
graphene during the detection of biomolecules? By using the electroless deposition method,
can we homogeneously disperse metal nanoparticles on CVD-grown high quality graphene
as well as nitrogen containing graphene films? What is the influence of metal nanoparticles

and nitrogen atoms on the electrocatalytic activity of graphene for detection of biomolecules?

1.2 Aims and objectives
The use of graphene in various electrochemical devices is very interesting; however, the use
of monolayered, high quality graphene is still a necessity in many practical applications.

Furthermore, in order for graphene to reach its potential applications, its electronic properties
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must be improved by doping with heteroatoms. Thus, the focus of this study was to elucidate

the following issues:

1. Study the optimum conditions for the synthesis of graphene films on a copper
catalyst/foil by the atmospheric pressure chemical vapour deposition (APCVD)
technique. The effect of varying the growth time and the methane gas flow rates on

the thickness and quality of the as-grown graphene films will be investigated.

2. Investigate the influence of a reducing environment on the quality of graphene films
grown at the optimised conditions. In particular, the focus will be on the effect of
different flow rates of hydrogen gas at various growth stages on the quality of the as-

grown graphene films.

3. Study the optimum conditions for growth of nitrogen doped graphene films using the
APCVD system, and ammonia and methane gases as precursors for nitrogen and
carbon atoms. The influence of varying the ammonia flow rate as well as the method
of introducing ammonia into the reaction chamber on the overall nitrogen content
will be studied. In addition, at optimized ammonia flow rates, the role of growth time
on the type of nitrogen bonding states as well as on the overall nitrogen content will

be investigated.

4. Study the influence of structural and electronic properties of graphene towards the
electrochemical oxidation of biomolecules. Using pristine and N-doped graphene
films grown at optimum conditions, electrochemical sensors composed of an ITO
working electrode modified with pristine and N-doped graphene films will be
fabricated and these will be applied for the electrochemical detection of dopamine
and uric acid. Moreover, the role of different nitrogen configurations on the
electrochemical performance of N-doped graphene-based ITO sensors will be

investigated.

5. Study the ability of graphene and N-doped graphene films on supporting metal
nanoparticles. The focus will be on the effect of the structural properties of pristine
and N-doped graphene films on the stabilization and dispersion of platinum and

palladium nanoparticles. Finally, the performances of ITO-based electrochemical



sensors, fabricated from composites of platinum and palladium nanoparticles on
pristine and/or N-doped graphene films, towards the electrochemical oxidation of

dopamine and uric acid will be investigated.

6. Investigate conditions for growing two dimensional (2D) hybrid films of graphene by
studying the role of co-doping graphene with both nitrogen and boron atoms. This
study will concentrate on the synthesis and characterization of hybrid films such as
boron carbonitride (BCN) and boron carbon oxynitride (BCNO). The main focus will
be on investigating the effect of varying the flow rate of methane gas as well as
changing the vaporization temperatures of boric acid (boron source) on the atomic

composition of the 2D-hybrid films.

1.3 Organization of the thesis

This thesis is written as a compilation of both fundamental experimental studies and
published articles. Some of the articles have been published; others are in press or under
review, and others are at the preparation phase.

Chapter 1 gives the motivation of the study, as well as the aims and objectives of this thesis.

Chapter 2 presents a background on graphene films, their doping with nitrogen atoms and
with both nitrogen and boron atoms. Their ability to function as a nanoparticle support as
well as their application in electrochemical sensors is also discussed.

Chapter 3 focuses on optimizing the growth conditions for formation of graphene films via
the atmospheric pressure chemical vapour deposition (APCVD) technique on a copper
catalyst.

Chapter 4 presents the study performed to investigate the role of hydrogen on the quality of
graphene films.

Chapter 5 presents an extensive study on optimizing the conditions for incorporation of
nitrogen atoms into the graphene lattice, focusing mainly on in-situ versus post doping
processes.

Chapter 6 presents a study performed to investigate the electrochemical behaviour of
dopamine and uric acid on pristine and N-doped graphene-ITO electrodes.

Chapter 7 focuses on the use of Pt and Pd supported nanoparticles for the electrochemical
detection of dopamine and uric acid on ITO-modified electrodes.

Chapter 8 focuses on the evolution of nitrogen configurations in N-doped graphene films

with time. This chapter was published: Boitumelo J Matsoso, Kamalakannan Ranganathan,



Bridget K. Mutuma, Tsenolo Lerotholi, Glenn Jones, Neil J Coville ‘“Time-dependent
evolution of the nitrogen configuration in N-doped graphene films”, RSC Adv., 2016, 6,
106914-106920.

Chapter 9 presents an extensive study on evaluating the effect of nitrogen configurations
towards the detection of dopamine on ITO electrode modified with N-doped graphene films.
This chapter is to be submitted: Boitumelo J Matsoso, Kamalakannan Ranganathan, Bridget
K. Mutuma, Caren Billing, Tsenolo Lerotholi, Glenn Jones, Neil J Coville “The effect of N-
configurations on the detection of dopamine on N-graphene modified ITO electrodes”,
Analyst, under review.

Chapter 10 reports on co-doping of graphene with both boron and nitrogen atoms in order to
grow new materials. The chapter was published: Boitumelo J Matsoso, Kamalakannan
Ranganathan, Bridget K. Mutuma, Tsenolo Lerotholi, Glenn Jones, Neil J Coville “Single-
step synthesis of crystalline h-BN quantum-and nanodots embedded in boron carbon nitride
films”, Nanotechnology, 2017, 28, 105602 (1-11).

Chapter 11 presents an extensive XPS study on co-doping of graphene with boron and
nitrogen atom so as to grow new quaternary BCNO materials. The chapter been accepted for
publications: Boitumelo J Matsoso, Kamalakannan Ranganathan, Bridget K. Mutuma,
Tsenolo Lerotholi, Glenn Jones, Neil J Coville “Synthesis and XPS characterization of
BCNO films by atmospheric pressure CVD”, New Journal of Chemistry, 2017, 41,9497-
9504.

Chapter 12 gives the general conclusions and future prospects that originated from the study.
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Chapter 2

Literature Review

2.1 Background

The production of sustainable energy, the development of a sustainable environment and
affordable healthcare constitute an enormously group of challenges for today’s global
community. For instance, due to the continuous population growth as well as the increasing
improvement in the quality of life, the energy demand is predicted to increase by ~37% the
year 2040 3. In most countries, including South Africa, this increasing energy demand is met
by the continuous use of diminishing fossil fuels such as coal and crude oil. Unfortunately,
the use of fossil fuels substantially contributes to the emission of greenhouse gases, which
results in global warming. Besides global warming, these energy resources have major social
and environmental impacts such as contributing to the deteriorating health of communities
nearby the fossil fuel reserves. For instances, there are large emissions of the toxic sulfur
dioxide and nitrogen oxide during production of coal-generated energy . These gases are
known to react with water molecules in the atmosphere to produce acid rain. Acid rain is
known to have adverse impacts on forests, freshwaters and soils, killing of insects and aquatic
life-forms, corrosion of steel bridges, and finally the weathering of stone buildings and
statues ®. Additionally, production of electrical energy from coal-fired power plants is the
largest source of man-made mercury pollution *. Likewise, the production of energy from
oil reservoirs results in oil spills either on land or offshore. The oil spills have been found to
exhibit devastating cumulative impacts on the environment as well as contributing to chronic
health effects.

As such, many countries across the globe have opted to use alternative renewable energy
resources, such as wind, biomass, solar and hydro. Although the renewable forms of energy
are currently being employed to offer sustainable energy resources, the current shortcomings
associated with the use of renewable energy sources suggests that a balance between
renewable resource and fossil fuels will play a major role, before the complete phasing —out
of fossil fuel-generated energy. Some of the shortcomings include the difficulty of generating
quantities of energy as large as those from fossil fuels, the current high cost of the renewable

energy technology, the difficulty of storage of highly combustible fuel such as hydrogen, and
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the environmental and social impacts accompanying the construction of dams for hydropower
generation *. Since it can be seen that energy production from fossil fuels cannot be avoided
for decades to come, the development of new technologies for early detection of major health
and environmental impacts of fossil fuel-generated energy is a necessity. As a result, new
technologies such as gas, electrochemical, and biosensors are employed to accurately detect
and monitor environmental as well as health impacts related to emissions from the fossil fuel-
fired energy plants. Most of these new technologies are mainly focused on the use of carbon-

based nanomaterials °>*2.

2.2 Carbon nanomaterials

Carbon, the fourth most common element, is the most studied element as well as the most
widely used element in numerous applications. This is due to the fact that carbon is always
found in large deposits of its purest form (such as diamond, graphite, and coal); as a result it
requires minimal processing prior to subsequent application **. Depending on the reaction
conditions, carbon can be shaped into different dimensions to form different carbon-based
nanomaterials, such as the zero dimensional (OD) fullerenes, one dimensional (1D) carbon
nanotubes, and two dimensional (2D) graphene. As a result, different carbon-based
nanomaterials have found application in various fields such as catalysis, solar cells, ultra and

512 In electrochemical

supercapacitors, chemical, gas and biosensors, and fuel cells
applications, carbon-based nanomaterials have been of industrial importance for over a
century . For instance, carbon electrodes are used industrially in metallurgy, for the
production of silicon-based devices, in the production of calcium carbide and yellow
phosphorus, as well as for the fabrication of zinc-carbon batteries ***’. These applications are
made possible by the excellent physical and chemical properties of carbon-based
nanomaterials such as fast heterogonous electron transfer, high electrical and thermal

conductivity, large surface area and excellent electrochemical stability.

Among the various carbon-based nanomaterials, graphene, an atom-thick two-dimensional
(2D) allotrope of carbon in the form of sp>-hybridized carbon atoms in a honey-comb lattice,

has attracted tremendous attention %%,

Graphene exhibits unique structural and
physiochemical properties, including the large specific surface area, excellent thermal
conductivity, ultrahigh electrical conductivity, excellent chemical, thermal and
electrochemical stability, and high mechanical strength ***'. Due to these unique properties,

graphene and its derivatives, such as graphene films, graphene oxide, doped and
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functionalized graphene nanomaterials, bring new prospects and perspectives to the modern

electrochemistry technologies.

2.2.1 Synthesis of graphene
Similar to carbon nanotubes (CNTs), graphene have been “rediscovered” several times % %,
however, the successful isolation of graphene from highly orientated polymeric graphite
(HOPG) in 2004 by Andrea Geim and Kostantin Novoselov, and the ground-breaking
experiments performed to demonstrate the fascinating properties of graphene, opened new
frontiers for application of graphene in different fields *®%'. Since then, several synthesis
techniques have been developed to prepare graphene nanostructures. In general, the various
synthetic routes can be classified into two main approaches, as shown in scheme 2.1: (1) the

top-down and (2) the bottom up approach.

Chemical oxidation,
exfoliation, reduction

Mechanical
exfollation

sagnjoueuUOqIED
Buiddizun

£\

Scheme 2.1: Illustration of preparation methods of graphene and its derivatives .

2.2.1.1 Top-down approach
The top-down synthesis routes involves the weakening of the van der Waals forces between
the layers of graphite in order to form free standing layers of graphene. These synthetic
approaches includes techniques such as mechanical exfoliation of graphite (also known as the

18-21, 24 25

Scotch tape method) , a solution-based chemical oxidation process “°, chemical
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reduction of graphene oxide %%

, unzipping of carbon nanotubes, intercalation of ions or
compounds in graphite, etc. >** Graphene nanostructures obtained from the mechanical
exfoliation method are considered pristine and are of the highest quality *®. The method was
first described in 2004 ' and it entails repeated peeling off of graphene layers from highly
oriented pyrrolic graphite (HOPG) by means of an adhesive tape, hence the infamous ‘Scotch
tape’ method. Monolayers of graphene are eventually transferred onto substrates of choice
using either wet or dry transfer techniques '*%*. Unfortunately, the mechanical exfoliation
method can only be adopted for fundamental research studies due to the low reproducibility
and the impossibility of large-scale implementation. In most cases, production of graphene by
top-down synthesis routes, leads to formation of impurities in the form of amorphous carbon,
and these impurities greatly influence the electrochemical properties of the as-synthesized

graphene nanomaterials 2",

2.2.1.2 Bottom-up approach
The bottom-up synthesis routes involves the growth of single or few layered graphene from
the assembly of small molecular building blocks in the form of active carbon species by
means of a catalytic chemical vapour deposition (CVD) method 33 by thermal sublimation
of SiC * ¥ or by a solution-based catalytic growth using organic molecules ** **. Most
importantly, in the bottom-up synthesis methods, special conditions are required to allow
active carbon molecules to combine into the sp®-hybridized carbon network of graphene. For
instance, when SiC is used to make graphene, it involves high temperatures under ultrahigh
vacuum (UHV) conditions to sublime Si atom from silicon carbide (SiC) wafers. This is
followed by the subsequent rearrangement of the remaining carbon atoms into graphitic
layers *® 37, Although the use of the SiC wafer growth method to make graphene is applied in
the electronics industry for the fabrication of devices, the high cost of single-crystal SiC

wafers, is a limiting factor for the large-scale production of graphene by this method.

Alternatively, the use of transition metal supports such as cobalt (Co) “°, platinum (Pt) *,
iridium (Ir) *2, ruthenium (Ru) *, nickel (Ni) ****, and copper (Cu) * ***’ have been found
to facilitate the growth of large-area and high quality graphene films of varying thicknesses
on metal surfaces via the high-temperature catalytic chemical vapour deposition (CVD)
technique. The CVD technique is a chemical process in which the carbon source, in the form
of gaseous, liquid, or solid precursors, is deposited at high temperatures as a thin film on the

surface of a metal catalyst or substrate > “°*’_ It is widely used in the semiconductor industry
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as well as in the controllable growth of nanomaterials like nanowires, nanofibers, diamond
like carbons, silicon nitride, and carbon nanotubes *" *®. Consequently, the CVD technique is
considered as one of the most promising commercial techniques for the industrial-scale
growth of graphene films.

2.3 Applications of graphene

Due to its unique structural and physiochemical properties, such as its large specific surface
area, excellent thermal conductivity, ultrahigh electrical conductivity, excellent chemical,
thermal and electrochemical stability, the application of graphene has been explored in

numerous fields 8%,

2.3.1 Graphene in energy systems

2.3.1.1 Capacitors and supercapacitors
The capacitance of carbon nanomaterials, such as graphene, carbon nanotubes and graphite,
has been extensively studied; and various research reports have indicated that the excellent
capacitance in carbon-based nanomaterials can be attributed to the amount of sp? lattice and
sp® defects > *% %0 Furthermore, the capacitance behavior of carbon materials was found to
increase with the amount of edge and plane defects as well as the amount of oxygen
functionalities **. This suggests that carbon materials with a significantly large amount of
active surface area, i.e. with defects, should theoretically exhibit a higher capacitance
behavior. Due to the ease of adjusting the amount of defects in graphene, via chemical or
thermal reduction techniques, a significantly high theoretical specific surface area (~2600
m?g™), and exceptionally high electrical conductivity in graphene has been achieved. This
indicates that graphene and its derivatives are promising electrode materials for the
construction of capacitors and supercapacitors device ** °1. Unfortunately, the capacitance of
electrodes fabricated from graphene nanosheets was measured in the order of only tens of
Farads per gram, which is similar to that of graphite-based electrodes ** °* *2. This was
attributed to the restacking of graphene sheets after the fabrication of the devices, thus
significantly reducing the active surface area. To circumvent such limitations and increase
capacitance of graphene-based electrodes, various strategies have been developed, including
introduction of spacers (water molecules, carbon nanotubes, metal nanoparticles, etc.);

doping with heteroatoms (nitrogen, boron, sulphur, phosphorus); functionalization with redox
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molecules; preparation of 3D graphene nanostructures; as well as growth of large area and

high quality graphene films by CVD 3 %152

2.3.1.2 Solar cells
Owing to the high optical transparency (~ 97.7%) and high electrical conductivity, in
combination with the tunable electron transport and work function properties graphene is an
ideal material to be exploited in solar cells ®* **. Recent research reports have indicated that
graphene and its derivatives are good candidates for substituting the expensive indium tin
oxide (ITO) as well as the fluorine tin oxide (FTO) conducting electrodes in organic
photovoltaic (OPV’s) and dye sensitized solar cells (DSSC’s) >>*°. Besides the application of
graphene as a conducting electrode, graphene and its derivatives have been employed as the
active layer material in OPVs®’. Despite the low power conversion efficiencies of most
graphene-based OPV’s and/or DSSC’s in comparison with the ITO/FTO-based devices >’
the reports inevitably highlight the potential application of graphene and its derivatives in
solar cells. The compromised performance of graphene-based solar cells, specifically the
OPV’s, was attributed to the film morphology and the quality of the interface layers of the as-
fabricated devices due to increased roughness. As a result, the use of wrinkle-free CVD-

grown graphene films have demonstrated improved performance .

2.3.1.3 Oxygen reduction reactions
The oxygen reduction reactions (ORRs) are critical reactions involved in the performance of
fuel cells, and the fuel cell electrodes are conventionally made from platinum nanoparticles
supported on carbon black (Pt/C) !, Unfortunately, the high cost and limited availability of
platinum, coupled with the slow reaction kinetics at the Pt/C cathode, the high sensitivity of
Pt to carbon monoxide poisoning, and methanol crossover, have prompted a search for
alternative catalysts ®**. As such, graphene nanostructures have been explored as robust and
inexpensive alternative materials for electrocatalysis of ORRs in fuel cells. Owing to the
large theoretical specific surface area of graphene as well as the ease of tuning its electronic

and chemical properties via the heteroatom doping (N, B, S and P) 3>

, graphene has been
utilized in different ORR setups. For instance, graphene has been used as a conductive
support for metal/metal oxide nanoparticles in a metal-based ORR setup. In another ORR
setup, doped graphene nanostructures have been used directly as electrocatalysts for
improved metal-free reduction of oxygen *°. The reports indicated that the ORR performance
of metal-free graphene-based electrocatalysts exceeded that of platinum electrocatalysts,

especially for the reduction of oxygen in alkaline solution **. However, metallic impurities
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are found in ORR electrocatalysts fabricated from graphene oxide nanosheets, specifically
those produced from graphite. These impurities can impede the inherent ORR performance of
graphene nanostructures alone; since these impurities also catalyze the reduction of oxygen **
> As a result, new research advances have ventured into using CVD-grown graphene films,
both pristine and doped. As such, these electrocatalysts provide a high specific surface area,
metal impurity-free surfaces, fast electron transport kinetics, as well as fascinating intrinsic

properties % %%,

2.3.2 Graphene in electrochemical sensing

Graphene and its derivatives have been widely exploited for the fabrication of
electrochemical sensors and biosensors due to their unique electrochemical properties as well
as the ease of tuning these properties via functionalization with, or incorporation of, specific
elements %%, Generally, voltammetric and amperometric techniques such as differential
pulse voltammetry (DPV), cyclic voltammetry (CV), square-wave voltammetry (SWV), and
normal pulse voltammetry (NPV), have been adopted extensively for use in electrochemical
sensors. This is due to the requirement of low-cost instrumentation, simplicity of the
techniques, as well as the significantly fast responses and high selectivity of these sensors. As
such, electrochemical sensors find application in a variety of environmental and
pharmaceutical studies, ranging from analysis of DNA and cells in biological assays to

significantly high sensitive detection of important biomakers and heavy metals %°.

Basically, the response from the electrochemical sensor is due to the electron transfer
between the sensing materials (graphene or carbon-based nanostructures) supported on the
working electrode (ITO) and the electroactive species (e.g. dopamine), as shown in scheme
2.2. In essence, the electroactive species can either be the molecule and/or an element of
interest, or a product which has an electrochemical response that can be correlated directly to
the electroactive species of interest. In general, development of an electrochemical sensor
with good performance is governed by two main factors: (i) high sensitivity and selectivity
for electrochemically active species, as well as (ii) enhanced electrochemical activity at the
interface of the sensing material (graphene or carbon-based nanostructures) ** *!. As such
graphene and its derivatives are ideal sensing materials due their high specific surface area
and excellent electrical conductivity; thus resulting in accelerated heterogeneous electron

transfer and hence improved intensity of the output signal °*2,
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Scheme 2.2: Principles of stages during the operation of the electrochemical sensing of

dopamine.

2.3.2.1 Cell and protein analysis
Graphene and related materials have been used to modify electrode surfaces with the aim of
increasing the electrode surface area for loading biorecognition molecules like antibodies,
and for providing a biocompatible surface for excellent adhesion of cells **. Owing to the
high electrical conductivity and increased biocompatibility, graphene and its derivatives are
promising materials for the development of ultrasensitive electrochemical sensors for direct

quantification of cells as well as for the fabrication of highly sensitive immunosensors °*.

2.3.2.2 Analysis of biomakers
Over the decades, an enormous amount of research has been dedicated to the application of
graphene and its derivatives for the selective and sensitive detection of biomakers, such as
dopamine, uric acid, ascorbic acid, nicotinamide-adenine dinucleotide (NADH), serotonin,
and glucose ®"°. Biomakers are small molecules that are directly or indirectly related to
clinical diagnosis of serious degenerative diseases ** °*. The sp? hybridized lattice, unique
electrochemical properties, high electrical conductivity, and the amount of defect and oxygen
functionalities on graphene have been found to facilitate the electron transfer during
electrochemical detection of these biomakers via graphene-modified electrodes 3 % %70
Recent research reports have indicated that traditional working electrodes modified with
graphene nanostructures exhibit better conductivity, improved chemical stability, excellent

selectivity and faster heterogeneous electron transfer rate for the determination of various
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biomolecules 7

. The observed good electrochemical performance of most graphene
nanomaterials has been attributed, not only to the presence of basal and edge plane defects
and/or graphite ‘nanoislands’ across the graphene surface, but also to the presence of adatoms
and impurities in the form of residual metal nanoparticles or amorphous carbon from the
synthesis routes ** °* %70 Tg avoid contributions from synthesis routes, CVD-grown
graphene films have been used as promising candidates for modifying electrode surfaces.
Reports have indicated that the electrocatalytic performance of CVD-graphene during
detection of biomakers can be ascribed to the presence of edge plane defects and graphitic

‘nanoislands’ across the graphene surface % ™.

On the other hand, regardless of the synthesis routes used for production of graphene
nanomaterials, intrinsic doping of graphene with heteroatoms ((N, B, S and P), is an effective
way for tuning and tailoring the structural, surface chemistry and physiochemical properties
of graphene 3 °% 70 This is beneficial as it provides efficient pathways for fast electron
transfer Kinetics, hence increasing the electrocatalytic activity of doped graphene materials
towards detection of biomakers such as dopamine, glucose and ascorbic acid. Moreover,
intrinsic doping also provides fundamental insight into new applications of doped graphene in
electrochemical sensors and biosensors. Among the numerous dopants, nitrogen atoms are
considered as excellent elements for chemical doping due to its comparable size (70 pm) with
that of carbon (65 pm), as well as the extra lone pair of electrons on nitrogen atoms, which
are available to form strong delocalised conjugated system with the sp® hybridized carbon
lattice ®* ®2. Additionally, doping with electron-rich nitrogen atoms results in increased free
charge carriers within the sp? hybridized carbon network ** %% 67 Consequently, nitrogen
doping of graphene leads to enhanced electrical conductivity and electrocatalytic activity **
51 66-70. thys making nitrogen doped graphene materials have great potential for applications

in electrochemical sensors and biosensors.

2.4 Conclusions

Electrochemical sensors are the largest group of devices that are useful for monitoring and/or
prevention of environmental and health risks, such as in the detection of heavy metals ™,
high-energy explosive (2,4,6-trinitrotoluene, TNT) materials "*, degenerative disorders %,
and poisonous organic compounds (pesticides, ammonia) °. As a result, numerous research
developments have bee dedicated to the construction of these devices in the laboratory and at

the industrial scale. This has led to a wealth of information regarding the production of
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electrochemical sensors that exhibit low detection limits, good selectivity and excellent
sensitivity. The main challenge in the production of electrochemical sensors lies in the
development of cost-effective and environmentally friendly methods suitable for the
fabrication of electrochemical sensors with improved stability and performance. This is
because most electrochemical sensors utilize nanoparticles of the expensive noble metals
such as platinum, gold and silver * . Consequently, recent advances have shown that
graphene and its derivatives, without the addition of metals, are promising materials due to
the intriguing electrochemistry displayed by electrodes modified with graphene
nanomaterials. On the other hand, the presence of impurities in the form of metallic or
carbonaceous materials in graphene derivatives (graphene oxide, graphene nanoribbons) have
been reported to directly influence the performance of electrochemical sensors based on these
graphene nanomaterials. As such, production of graphene nanomaterials using the CVD
techniques has proved to be a trustworthy replacement for other graphene-based
nanomaterials. The ease of tuning the intrinsic properties of CVD-graphene by controlled
doping with heteroatoms, as well as the industrial-scale production of CVD-graphene, make
graphene nanosheets grown via CVD techniques perfect materials to be employed in a wide

variety of electrochemical sensors.
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Chapter 3

Optimizing the growth of graphene films on a Cu catalyst using

atmospheric pressure CVD

3.1 Introduction

Graphene, an allotrope of carbon with a two dimensional (2D) structure and the first example
of a free-standing and stable 2D material, has attracted enormous research interest from both
theoretical and experimental scientists" 2. This was made possible after its mechanical
isolation from highly orientated polymeric graphite (HOPG) in 2004°, and it exhibited
promising properties, mainly those related to electronic applications *°. Since graphene
consists of a single layer of sp? hybridised carbon atoms?®, it can be regarded as the basic unit
for other carbon materials such as 3D graphite, a 1D CNT or the OD fullerene*. Both
theoretical and experimental studied have shown that electrons in graphene obey a linear
dispersion relationship and behave as massless Dirac fermions’. This phenomenon gives rise
to graphene’s outstanding electrical properties such as half-integer quantum Hall effect,
absence of charge localization, ultra-high charge mobility, and its charge concentration’™*2.
Additionally, the room temperature electron mobility in graphene is predicted to be ~
200 000 cm?V*s™®, which is found to be 2 orders of magnitude higher than that of modern Si
transistors that currently dominates the semiconductor industry®. Furthermore, the room
temperature current density of graphene is 2.2 g.cm™ which is 6 orders on magnitude higher

than copper” °

. Other extraordinary properties of graphene include its high optical
transparency (~ 97.7%), a high theoretical specific surface area (~2600 m%g™), high thermal
conductivity (5000 Wm™K™), mechanical stress (1060 GPa), a large Young’s modulus (1.0
TPa), chemical inertness, and super hydrophobicity at the nanometre scale*™*. Owing to these
extraordinary properties in combination with its single atom-thickness, graphene has proved
to be a promising candidate for fabrication of nano- and microelectronic devices such as field

13, 14 15, 16
)

effect transistors (FET) > *?, chemical and biological sensors organic solar cells

18, 19
1

transparent conductive films for flexible electronics *', ultra- and supercapacitors and

graphene-polymer nanocomposites %°.
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However, for graphene to find application in electrochemical and energy storage devices,
synthesis of uniform and large area graphene films on insulating substrates is a necessity?’.
As a result, different synthesis techniques have been proposed including the graphitization of
SiC substrates®, chemical reduction of graphene oxide?, liquid exfoliation of graphite®,

catalytic chemical vapour deposition (CVD) using transition metals 22

, and unzipping of
CNTs?". Contrarily, most of these methods suffer a major drawback since they do not cover
the critical issues such as controlled graphene thickness and grain size, stacking order, as well

as defect concentration.

On the other hand, CVD techniques using transition metals have shown to be the most
promising and reproducible approach for solving these critical issues, thereby resulting in the

growth of high-quality, large area and conducting graphene films 2. In particular, various

28, 29 30, 31 32, 33
EHl

transition metal catalysts such as cobalt (Co)
ruthenium (Ru) *, nickel (Ni) * ¢, copper (Cu) **"3® nickel-copper alloy (Ni/Cu) **“*, and

, platinum (Pt) , iridium (Ir)
cobalt-copper (Co-Cu) alloy **, have been used to facilitate the decomposition of the carbon
precursors (either from gases, liquids, or solids); hence leading to the deposition of carbon
atoms into planar sheets of graphene ** ?**!, Depending on the solubility of carbon in
different transition metals, graphene films of varying thickness and quality are formed.
Therefore, due to the low solubility of carbon in Cu (< 8 ppm at 1048 K) *, single crystal and
polycrystalline Cu have shown great potential for growing large area monolayered graphene

films with excellent quality ** 243738,

The catalytic CVD technique possesses numerous advantages over other growth methods.
However, growth of graphene films on a Cu catalyst by CVD is known to be a complex
heterogeneous catalytic process involving a number of growth parameters which play a major
role in affecting the morphology, thickness, stacking order, and quality/defects of the as-

synthesized graphene films. These include parameters such as the crystalinity and thermal

24, 43 24, 44, 45 24, 37, 44-46

annealing of the Cu substrate growth temperature , carbon source :

exposure time of the carbon source onto the metal catalyst *’, volume ratio and flow rate of

48-50 24,37, 48-51

the gas mixture , as well as the operating pressure

For instance, Li et al. developed a three-step APCVD growth method to obtain mono-, bi-
and tri-layer graphene films with a ~ 90% coverage on the Cu foil by controlling the growth
temperature (900 to 1070 °C) and total gas flow rates (250 to 1500 sccm) “®. They found that

with a low methane partial pressure and with the growth temperature kept at 930 °C to 1070
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°C, more graphene layers were formed since graphene nucleate to give different layers.
Similar behaviour was observed when the methane partial pressure was increased by a factor
of 5, and when both methane and hydrogen partial pressures were doubled. Furthermore,
Lavin-Lopez and co-workers **
temperature (900 — 1050 °C), reaction time (5 -40 min), molar ratio of CH4/H; (3 -45 %), and

total gas flow (40 — 140 NmL/min) on the synthesis of bilayer graphene films using an

studied the influence of growth parameters, such as

APCVD setup. They found that graphene formation was not homogeneous in most of the
samples prepared since the presence of multilayer graphene films was observed. However,
optimizing to a 10 minute growth time, a growth temperature of 1050°C, a CH4/H, ratio of
7% and a 60 NmL/min total gas flow resulted in the growth of bilayered graphene films with
good quality. They observed that at these conditions, both the defect density and graphene
layers were reduced to a minimum. They attributed this to the increased mobility and good
attachment of carbon atoms to more favourable active sites on the Cu surface, hence
facilitating a more ordered growth of graphene domains, and formation of graphene films
with fewer layers. By adjusting the total pressure within the CVD reactor (5.8ow pressure) —
740 near atmosphericy 10rT) and the individual pressures for methane and hydrogen (P2 = 5.6 to
716.8 Torr and Pcps = 0.2 to 25.6 Torr), Sun et al. obtained graphene films with thickness
ranging from one, two, three, four, and up to ten layers *%. They showed that at a very low
total growth pressure (< 23.1 Torr), and Pyy < 22.4 Torr as well as Pcya < 1.6 Torr, the as-
grown graphene films were mainly monolayered. However, increasing the growth pressure (=
740 Torr), and using Py, = 716.8 Torr and Pcug = 25.6 Torr, the graphene films became
thicker, ranging from bilayered to few layered. They attributed the observed growth
mechanism to the presence of high concentrations of carbon species, hence leading to the
supersaturation of C atoms on the surface layers of Cu. Finally, Vlassiouk et al. found that
the purity and crystallographic orientation of the Cu foil influenced the density of active sites
on the Cu foil, hence affecting the growth rate of graphene and the size of the graphene

domains 3.

On the basis of the above studies, it is indicative that before CVD-grown graphene films are
applied for device fabrication, a thorough study is necessary in order to understand and
evaluate the growth parameters that would influence the growth conditions for the synthesis
of high-quality and large-area graphene films. Therefore, in this work, the parameters for
growing good quality graphene films on a Cu catalyst under the APCVD technique were

optimized. Growth parameters that were studied in detail were methane (CH,) flow rate and
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reaction time; since these are known to play a major role in influencing the successful growth

as well as the quality of CVD-grown graphene.

3.2 Experimental

3.2.1 Starting materials

Acetone (99%, gold line ACE), methanol (99.5 %), ethanol (absolute), iso-propanol (ACE,
99%), ortho-phosphoric acid (85%, LabChem), urea (99%, Promark Chemicals),
chlorobenzene (99%, UniLab), sodium hydroxide pellets (98%, Merk) and poly(methyl
methacrylate) (PMMA, Mw ~999 000) were purchased from Sigma-Aldrich, South Africa.
The gases included argon (Ar, 99%), methane (CH,4, 99.98%), ammonia (NHs, 10% in Ar),
and hydrogen (H2, 99.98 %), and these were supplied by Afrox, South Africa. Other materials
included a copper foil (25 pm, 99.98%) from Sigma Aldrich (RSA), a silicon substrate with a
300 nm silicon oxide layer (Sigma-Aldrich), the copper plate and an iron wire (University of

the Witwatersrand workshop). Distilled water was used in all the experiments.

3.2.2 Growth and Transfer of graphene films

Graphene was grown on a 3 cm x 3 cm of a 25 um Cu foil using CH,4 gas as the carbon
source, H; as the reducing gas, and Ar as the carrier gas. Initially, the Cu foil was cleaned in
an electrochemical cell using 12.0 V for 90 sec, and in which the anode is the Cu foil and the
cathode is the Cu plate (Scheme 3.1). The electropolishing solution was a solution mixture of
300 mL distilled water, 150 mL ethanol, 150 mL ortho-phosphoric acid, 30 mL isopropanol
and 3.0 g urea®. After cleaning, the Cu foil was placed at the centre of the cylindrical quartz
tube (100 cm x 20 c¢m) inside a horizontal CVD furnace. The furnace was heated to 1000 °C
(ramping rate of 10 °C min™) and held at the designated temperature for 30 minutes under 10
sccm H, and 300 sccm Ar atmospheres. Growth of graphene films was carried out for 2-20
minutes using various flow rates of CH,4 (5-30 sccm). Finally the reactor was rapidly cooled
to room temperature under both H, and Ar atmospheres by pushing the quartz tube outside

the furnace at the end of the reaction.
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Scheme 3.1: Electropolishing of Cu foil.

For characterization, the as-grown graphene films on Cu foil were transferred onto a 300 nm
Si0,/Si substrate using the PMMA-assisted electrochemical delamination method >>(Scheme

3.2). Initially a 1.5 cm x 1.5 cm square of the as-grown graphene on Cu was spin-coated with

a thin layer of PMMA (4.6 % m/v in chlorobenzene) at 2000 rpm for 60 sec. The PMMA-
coated graphene/Cu foil was baked at 80 °C for 5 min to ensure good adhesion of the PMMA
on the graphene/Cu. The electrochemical delamination cell consisted of a Fe wire (anode),
PMMA/graphene/Cu foil (cathode), and 0.1 M NaOH electrolyte solution. The reduction of
water at the PMMA/graphene/Cu electrode led to the emergence of hydrogen bubbles at the
PMMA/graphene-Cu interface; which facilitated the detachment of the PMMA/graphene film
from the Cu foil. The floating PMMA/graphene film was transferred onto the 300 nm
SiO,/Si substrate, and then baked at 50 °C for 20 minutes to enable good adherence of
PMMA/graphene onto the substrate. Lastly, PMMA was dissolved with hot acetone, while
any residual PMMA and/or acetone on the surface of the graphene surface were removed by

washing with multiple volumes of methanol and distilled water.
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PMMA/Gr/Cu

Hot acetone

Scheme 3.2: Transfer procedure of the CVD-grown graphene films using electrochemical

delamination technique.

3.2.3 Characterization

Raman spectroscopy is one of the most important characterization tools for assessing the
number of layers and the quality in as-grown graphene films. Raman spectroscopic
measurements were performed using a Bruker Raman Senterra spectrometer, equipped with a
20x optical objective for optical imaging. The characterization was performed with a 532 nm
excitation laser using a very low laser power (0.5 mW) so as to avoid laser-induced heating
of the films. The Raman measurements were collected from graphene films that were
transferred onto the 300 nm SiO,/Si substrates.

3.3 Results and discussions

For over a decade, Raman spectroscopy has been used as a convenient tool for investigating
the quality and structural properties of graphene and related materials. This is because Raman
spectroscopy is sensitive to the electronic structure of these materials. Additionally, with
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Raman analysis it is easy to distinguish between mono-layered, bilayered, few layered and
multilayered graphene sheets. The main features that are observed in the Raman spectra of
graphene sheets are the G band (~1590 cm™), the 2D band (~2700 cm™), and the defect-
induced D band (~1350 cm™) *®* *. The G band is the most prominent feature for graphitic
materials, and it originates from the first-order Raman scattering process due to the in-plane
vibrational modes of the sp>-hybridized carbons in the graphene basal plane. The second-
order 2D band arises from the double resonance process involving intervalley scattering by
two in-plane transverse optical (TO) phonons near the K point of the Brillouin zone>® °’.
Interestingly, in single-layered graphene sheets, the double resonance process results in an
intense 2D band in comparison with the G band. Both G and 2D bands are present in all
graphene-based materials; however their relative intensities, frequencies, and line widths are
influenced by factors such as the number of graphene layers, stress, and laser excitation
energy. Moreover, the occurrence of the D band in graphene sheets is related to the branches
of the transverse optical phonons around the corner of the K point of the Brillouin zone; a
process activated by intervalley double resonance involving one TO phonon and one defect °*
%1 In addition to the D band, the G band splits to give a shoulder at ~1620 cm™ (D* band),
which signifies the presence of more defects associated with graphene edges and/or a
reduction in domain size *® ®*. Finally, by determining the ratio of the intensity of G and 2D
bands (Ig/l2p), the peak width of the 2D band (full width at half maximum, FWHM), the line
shape of 2D band, and the intensity ratios of D and G bands (Ip/lg); the number of layers,

stacking order, and quality of the graphene films can be obtained %%,

3.3.1 Influence of CH4-flow rates on graphene films grown after a short growth time.

Figure 3.1a displays the typical Raman spectra of the individual graphene films transferred
onto a 300 nm-tick SiO,/Si wafer substrate and grown at 2 min using 5 sccm to 30 sccm CH,y
flow rates. The Raman spectra showed contributions from the first-order scattering mode (G
band at 1580.2 — 1584.3 cm™), the second-order scattering mode (2D band located at 2677.3
— 2679.8 cm™) and two defect-induced modes located at 1338.4 — 1345.4 cm™ and 1621.8 -
1622.9 cm™ for D and D* bands, respectively (Table 3.1). The observed large D band
intensity and the presence of the D* band can be attributed to the presence of disorder due to

large amounts of edge defects, sp>-bonded C-H species, and nanographitic basal plane *®°.
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Table 3.1: Peak positions and ratios for graphene films grown at 2 minutes

CH, flow Peak Position (cm™) Ratios
rate (sccm) D G D* 2D Io/lc Ic/lp
5 1343.8 1584.3 1622.9 2678.9 1,10 0,930
10 1338.4 1580.2 - 2677.3 1,04 0,446
15 1345.4 1582.7 1621.8 2679.4 1,06 0,816
20 1345.2 1583.0 1622.0 2679.4 1,08 0,803
30 1345.0 1584.2 1622.8 2679.8 1,09 1,04

The ratio of the relative intensity of the G band to that of the 2D band was used to determine
the thickness of the as-grown films. This was found to be in the range 0.446 < Ig/lp < 1.04
(Fig.3.1b, red line), which indicated that there was formation of bilayered (10 sccm) to few
and/or multilayered (5, 15-30 sccm) graphene films ° *" % ¢ Fyrthermore, a red shift of the
Raman frequency of the G band by ~ 5 cm™ was observed (Table 3.1), and this corroborated
the formation of thicker graphene films . The quality of the as-grown films was
ascertained by calculating the ratio of the intensity of the disorder-induced D band to that of
the G band, and it was observed that the as-synthesized films were highly defective as shown
by the values 1.04 < Ip/lg < 1.09°7%.

Furthermore, based on the orientation of the graphene sheets, the stacking order bilayered and
few layered graphene films can be classified as Bernal (AB), non-Bernal and rhombohedral
(ABC) %031 7072 Thjs classification can be determined from the full width at half maxima
of the 2D bands. For instance, the 2D band FWHM of 31.5 cm™ for the graphene films grown
using 10 sccm of CH,4 was characteristic of the Bernal stacking orientation found in bilayered

graphene sheets 2* %% 70-72

. In addition, FWHM’s of graphene films grown using 5 sccm, 15
sccm and 20 scem, as listed in figure 3.1a, compared well with the values obtained for Bernal
(AB) stacked bilayered and/or trilayered graphene obtained by Chen et al. (~53 cm™) ", Lee
et al. (~51 cm™) ™, Fang et al. (~ 40-70 cm™) "*, and Madito et al. (~28- 53 cm™) *°. On the
other hand, the 30 sccm-grown graphene films exhibited a FWHM of ~80.4 cm™, which is

characteristic to the formation of few to multilayered graphene films 2* 2,
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Figure 3.1:(a) Raman spectra of graphene films grown using (i) 5 sccm, (ii) 10 sccm, (iii) 15

scem, (iv) 20 scem, and (v) 30 sccm of CHy, and (b) Plot of Ip/lg and Ig/l2p ratios.

Another important parameter for characterizing graphene layers is the line shape of the
deconvoluted 2D peak. It is known that the 2D peak can be deconvoluted differently for
single layered, bilayered, trilayered, few layered, multilayered graphene, and highly oriented
pyrolytic graphite (HOPG). For instance, the 2D peak for multilayer graphene and HOPG are
deconvoluted into two components (2D; and 2Dy), into four components (2D1g, 2D1a, 2D2a,
and 2Dyg) for bilayered, and into six components for trilayered. Few layered graphene can be
deconvoluted into three components, and finally for monolayered graphene and turbostratic
graphite, the 2D peak is fitted to a single Lorentzian peak ** ">"2. Finally, the shape of the 2D
band is useful for further determination of the stacking order of the as-synthesized graphene
films. For instance, the rhombohedral stacking order is characterized by a more asymmetric
2D peak, consisting of an enhanced main peak and a shoulder; whereas the Bernal order has a

more symmetric 2D peak % 2,

Figure 3.2 shows in detail the deconvolution and line shapes of the 2D peaks for all graphene
films grown using 5-30 sccm of CH,. The symmetrical line shapes suggested that the films
display a Bernal orientation. Further analysis showed that the 2D band of 10 sccm-grown
graphene films was fitted with four Lorentzian peaks whose FWHM’s represented that of a
monolayered graphene sheet "2, The symmetrical line shape as well as the four Lorentzian
peak fittings demonstrates a Bernal or AB stacking order of bilayered graphene films. On the
other hand, the 2D bands for graphene films grown using 5 sccm, 15 sccm, and 20 sccm of
CH, flow rate were fitted with six Lorentzian peaks, which is characteristic of trilayered
graphene films. Finally, formation of few layered graphene films when using 30 sccm of CH4

was confirmed by the fitting of its 2D band with three Lorentzian peaks.
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Figure 3.2: Deconvoluted 2D peaks of the graphene films grown at 2 min growth time.

In summary, the results show that when a low CH, flow rate (5 sccm) is used, there is a small
concentration of active carbon species on the Cu surface to enable good aggregation and
nucleation of carbon atoms into a continuous graphene film. As a result, these carbon species
tend to only nucleate into small graphene ‘islands’ whose edges and defect sites act as growth
sites for formation of highly defective trilayered graphene films (Fig. 3.1b). Furthermore, on

increasing the CH, flow rate to 10 sccm, despite the very short growth time (2 min), there is a

31



sufficient amount of carbon species on the Cu surface to enable growth of continuous
bilayered graphene films, as shown by the Ig/l,p ratio value of 0.446 and the FWHM of ~31.5
cm? (Figs 3.1a and b). The high defect density (Io/lc = 1.04) suggests formation of
incomplete coverage of the second and/or third layers onto the top of the monolayer. Finally,
on increasing the CH, flow rate from 15 sccm to 30 sccm, the high concentration of the
carbon species on the Cu foil surface leads to a competitive cracking of CH,, adsorption,
nucleation and aggregation of carbon species into graphene domains. The competitive
processes result in the formation of many edge sites due to unmerged graphene domains,
thereby leading to the observed high defect density (Fig. 3.1b). Moreover, the edge sites
would facilitate the formation of graphene ‘islands’ on top of the underlying bilayered and/or

trilayered graphene films.

3.3.2 Influence of CH4 flow rates on graphene films grown after medium growth time
regime.

Figure 3.3a depicts the Raman spectra of high quality graphene films grown at 10 min, with
the main features corresponding to the G band (1583.3 — 1585.5 cm™) and the 2D band
(2676.0 — 2678.8 cm™). The low relative intensity of the defect-sensitive D band (1341.0 —
1342.9 cm™) as well as the almost negligible D* band (~ 1620 cm™) confirmed the formation
of high quality graphene films *® (Table 3.2). Additionally, the high quality of the as-grown
films was established from the ratio of the intensities of defect-sensitive D band and the
graphitic-G band. The results showed a ratio 0.206 < Ip/lg < 0.669 (Fig. 3.3b, blue line),
which indicated that the as-gown 10 min-graphene films exhibited very good quality ®"°.
Moreover, throughout the growth regime it was observed that the relative intensity of the
graphitic-G band was almost half the height of the 2D band *®. This was indicative of the
growth of mainly bilayered graphene films. These results were supported by the I,p/ls ratios
(Fig. 3.3b, red line) which were found to be in a 0.362 < Ig/lop < 0.598 range. As was
mentioned earlier, the 2D band FWHM was used to establish the thickness and/or orientation
of graphene films; so for all the 10 min as-grown graphene films, the range was found to be ~
25.0 cm™ < FWHM < ~ 38.9 cm™. Interestingly, graphene films grown using 10 sccm of CH,
revealed a FWHM value of ~ 25.0 cm™, which is considered with the characteristic of
monolayered and/or non-Bernal bilayered graphene 2* “% 1 7072 On the contrary, the
FWHM’s of other films were in agreement with the reported values for Bernal (AB) oriented

bilayered and/or trilayered graphene >* 7074,
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Figure 3.3: (a) Raman spectra of graphene films grown using (i) 5 sccm, (ii) 10 sccm, (iii) 15
sccm, (iv) 20 sccm, and (v) 30 sccm of CHy4, and (b) Plot of Ip/lg and 1/l ratios of the as-

grown films.

Table 3.2: Peak positions and Ratios for graphene films grown at 10 minutes

CH, flow Peak Position (cm™) Ratios
rate (sccm) D G D* 2D In/lc FAP
5 1342.9 1583.2 - 2678.8 0,669 0,598
10 1341.0 1583.5 - 2676.0 0,206 0,362
15 1342.4 1585.5 - 2677.7 0,352 0,490
20 1342.0 1584.3 - 2677.7 0,409 0,498
30 1342.4 1583.9 - 2677.7 0,503 0,585

Since the FWHM values showed that the as-grown films exhibited a Bernal stacking order,
their 2D band were then fitted with Lorentzian peaks so as to confirm the actual thickness of
the as-synthesized films. For example, the 2D band of the10 sccm-grown graphene films was
fitted to a single Lorentzian peak, which is representative of monolayered and/or non-Bernal
bilayered graphene “> 772 Additionally, figure 3.4 shows that the 2D bands exhibited a
symmetrical line and the bands were fitted to four (15 sccm and 20 sccm) and six Lorentzian
peaks (5 sccm and 30 sccm); which was representative of a Bernal stacking orientation 2+ °*
%72 The fitting of four Lorentzian peaks for 2D bands indicated that the 15 sccm- and 20
sccm-grown graphene films contained a Bernal (AB) stacking order characteristic of

bilayered graphene. Finally, the fitting with six Lorentzian peaks for the 5 sccm— and 30
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sccm-grown films suggested the presence of a Bernal (ABA) orientation of trilayered

graphene .
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Figure 3.4: Deconvoluted 2D peaks of the graphene films grown at 10 min.

To summarise: From Raman analysis, it was observed that despite the low CH, flow rate (5
sccm) which led to the low concentration of active carbon species on the growth substrate,
the growth time was long enough to permit good aggregation and nucleation of carbon atoms
into a graphene domains. The FWHM (~38.9 cm™) and the lg/l»p (0.598) suggested the
formation of trilayered graphene films. However, the high defect density (Ip/lc = 0.669)

could indicate the presence of many domain edges and defect sites from the incomplete
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formation of the third graphene layer on top of the continuous bilayered graphene
background. On increasing the CH,4 flow rate to 10 sccm, both the growth time and carbon
concentration are sufficient to enable nucleation and coalescence of the graphene domains
into a high quality (Io/lc = 0.206) and bilayered (Ic/l.p = 0.362) graphene film. Moreover,
increasing the CH, flow rate from 15 sccm to 20 sccm resulted in a synthesis of slightly
thicker bilayered graphene films, as shown by the red shift in the Raman frequency of the G
band ®° ® for 15 sccm- (1585.5 cm™) and 20 sccm-grown (1584.34 cm™) graphene films. The
observed decreasing quality of the films (0.35215 scem <Ip/lg < 0.40920 sccm) Shows the effect of
the competitive cracking of CH,, adsorption and nucleation of carbon atoms on the Cu, which
then prevents the coalescence of graphene domains into a continuous bilayered graphene
film. Finally, when the CH, flow rate is increased to 30 sccm, the quality of the as-grown
films further degrades (Ip/lc = 0.503), hence indicating that the high concentration of carbon
species on the growth substrate results in increased competitive cracking of CHy, as well as
adsorption and nucleation of carbon atoms. However, the 10 min growth time is still
sufficient to enable the growth of bilayered graphene films. The defective second layer
contains many edge sites, which would then facilitate the formation of graphene ‘islands’
onto top of the underlying bilayered, and thus leading to the formation of trilayered graphene

films.

3.3.3 Influence of CH, flow rates on graphene films grown after long growth times.

The quality, thickness and the stacking orientation of the graphene films grown using a long-
time regime were ascertained by analyses of their Raman spectra. Figure 3.5a displays the
Raman spectra of the 20 min-grown graphene films. The observable features are two
disorder-induced and Raman-forbidden peaks located at ~1342.1 — 1343.6 cm™ and ~ 1623.2
—1624.5 cm™, corresponding to the D and D* bands respectively. Additionally, the graphitic-
G band (~1583.2 — 1586.0 cm™) and the lattice distortion-sensitive 2D band (~2676.4 —
2679.7 cm™) were found to be the prominent features (Table 3.3). Determination of the Ig/lzp
ratio (0.404 < lIg/lp < 0.513, Fig. 3.5b, red line) showed that bilayered and/or few layered

graphene films had formed ¢

, With the quality ranging from good (10 sccm, Ip/lg = 0.119)
to very defective (15 sccm, Ip/lg = 0.942 and other films, Fig. 3.5b, blue line). In order to
establish the orientation of the as-grown films, the FWHM’s of their 2D bands were
determined. The results showed that all graphene films exhibited FWHM values in the range
of 29.2 cm™ - 50.6 cm™; and these were characteristic of bilayered graphene with a Bernal

(AB) stacking order * 4051 7072,
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Figure 3.5: (a) Raman spectra of graphene films grown using (i) 5 sccm, (ii) 10 sccm, (iii)
15 scem, (iv) 20 sccm, and (v) 30 sccm of CHy, and (b) Plot of Ip/lg and Ig/l2p ratios of the

as-grown films.

Table 3.3: Peak positions and Ratios for graphene films grown at 20 minutes

CH, flow Peak Position (cm™) Ratios
rate (sccm) D G D* 2D Ip/lc Ic/lp
5 1342.4 1586.0 1623.8 2677.5 0,909 0,433
10 1342.4 1583.2 - 2676.4 0,119 0,41
15 1342.1 1584.7 - 2679.7 0,942 0,458
20 1342.4 1583.7 1624.5 2677.7 0,839 0,404
30 1343.6 1583.3 1623.2 2678.2 0,528 0,513

Further analysis for the determination of the line shape of the 2D bands and their fitting with
Lorentzian peaks was performed so as to establish the exact thickness of all 20 min-grown
graphene films. Figure 3.6 showed that for both 10 sccm- and 20 sccm-grown graphene films,
the 2D bands could be deconvoluted into four component peaks (2Dig, 2D1a, 2D2a, and
2D,g), suggesting the growth of AB-stacked bilayered graphene films "% On the other
hand, the rest of the graphene exhibited 2D bands that were fitted with six Lorentzian peaks,
hence indicating the growth of Bernal (ABA) trilayered graphene films 2* ". Finally, in all
cases the line shape of the 2D bands was symmetrical, which is representative of Bernal

orientation in stacked graphene.
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Figure 3.6: Deconvoluted 2D peaks of the graphene films grown at 20 min.

To give a brief summary: It was observed that regardless of the low concentration of carbon
species (5 sccm) on the Cu surface, the growth time of 20 min is sufficient to allow the
mobility of carbon atoms to move to the active site. The obtained high defect density (Ip/lg =
0.909) could indicate that migration of carbon atoms to the active site may be limited at low
concentrations, hence hindering the merging of the graphene domains into an ordered thin

graphene film and therefore leading to formation of many edges sites. As a result, the
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additional carbon atoms (ad-atoms) tend to nucleate on the edge defects, hence resulting in
the formation of bilayered and/trilayered graphene films. The same phenomenon was
observed for both 15 sccm-grown graphene films. In this case the continuous competitive
decomposition of CH4 on the active sites of Cu also led to formation of highly defective
((Ip/lg = 0.942) bilayered and/trilayered graphene films due to the presence of edge sites and
ad-atoms. However, on increasing the CH,4 flow rate (10 sccm, 20 sccm, and 30 sccm), the
quality of the as-grown graphene films improved, as shown by the decreasing Ip/lg ratio (Fig.
3.6b). Interestingly, when 10 sccm CH4 flow rate is used, the resulting graphene films are of
high quality and are bilayered. This is indicative that the migration of carbon atoms to active
sites and growth of graphene domains is much faster than the addition of ad-atoms under the

10 sccm CH, flow rate conditions.

3.4 Conclusions

A series of experiments were conducted to optimise the growth of high quality graphene
films on a Cu catalyst using atmospheric pressure CVD. Different growth times (2, 10, and
20 min) and methane flow rates (5, 10, 15, 20, and 30 sccm) were used to grow graphene
films with varying thicknesses and qualities. The results showed that short growth times (2
min) led to the growth of highly defective bilayered to few layered graphene films, as shown
by the defect density ratio (1.04 < Ip/lg < 1.09) and the Ig/lyp ratio (0.446 to 1.04). In
contrast, a medium growth time (10 min) resulted in the formation of predominantly
bilayered graphene films with very good quality, as indicated by the defect density in the
range of 0.209 < Ip/lg < 0.669. Finally, a long growth time (20 min) led to the formation of
mostly bi- and trilayered graphene films, which exhibited a slightly poor quality (0.119 <
In/lc < 0.942 range). In general, the results showed that growth of graphene films throughout
all the time regimes followed a self-limiting reaction mechanism. This reaction mechanism
can be attributed to the low carbon solubility in copper. Since the main objective was to
obtain good growth conditions for the formation of good quality graphene films under an
APCVD system, the 10 sccm of CH,; was chosen as the optimum methane concentration.
Additionally, the medium time regime (10 min) was selected as the optimum growth time for
formation of high quality bilayered graphene films under this growth condition. Therefore,
for synthesis of graphene films by the APCVD technique in future studies in our group, the
optimum growth conditions were selected to be as follows: CH, flow rate (10 sccm), growth

time (10 min), and H, concentration (10 sccm).
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Chapter 4

The effect of hydrogen on the synthesis of high quality graphene

films

4.1. Introduction

Graphene is an atomic thin film of sp®-hybridized carbon atoms * ? with the honeycomb

L3 optical”,

lattice, and is an important material due to its remarkably unique electronic
mechanical®, chemical* and thermal® properties. Since the successful isolation of graphene
sheets from highly oriented pyrolytic graphite (HOPG) in 2004 > 7, various experimental
approaches have been developed to make graphene, including epitaxial growth on single

crystalline SiC® ®, chemical reduction of exfoliated graphene oxide®® **

, and chemical vapour
deposition (CVD) on transition metals**®. The recently developed CVD method on
transition metals has emerged as a convenient synthetic route due to its high compatibility
with possible industrial synthesis potentials and suitability for growing large-area and high-
quality graphene films, while also maintaining the excellent material properties of the
graphene® **8_ In particular, the copper catalyst is considered to be an excellent substrate for
growing high-quality graphene films with uniform thickness due to the low solubility of

carbon in Cu 120,

Generally, a successful CVD-growth of graphene is mainly dependent on the carbon

18, 21-24

solubility into the transition metal of interest and this synthesis technique is considered

as a complicated heterogeneous catalysis process, comprising of at least six important surface
reactions (Scheme 4.1). These surface reactions include *> %% (1) adsorption and catalytic-
decomposition of H, on the Cu surface, (2) adsorption and dissociation of a surface-bound
carbon precursor into active C species, (3) diffusion and dissolution of carbon species into the
metal bulk, (4) migration and segregation of C species on the metal surface, (5) surface
nucleation of C species, growth of graphene domains into layers and carbon incorporation
into the growing graphene layer, and finally (6) etching of the as-formed graphene domains

15,19, 20

by H,. Due to the significantly low carbon solubility in Cu , the steps dependent on the

diffusion, dissolution and segregation of carbon species are negligible (i.e. steps 3 and 4).
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However, as the active species from both carbon and hydrogen co-exist on the Cu surface, the
growth mechanism and kinetics of graphene films has been found to be affected and/or
significantly changed by the H and C atoms. As a result, intensive research has been
conducted to study and comprehensively understand the role of hydrogen in influencing the
adsorption properties of carbon atoms that facilitate the growth of uniform and continuous

graphene films on a copper catalyst.

w H-radical
e C atom
g CH,
e H
¢ M 3
., 18 & M
/ -~
- (2 \ (s J
'\gmo au“""“u—:* B> Gee wglm
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%, o
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Scheme 4.1: Surface reactions of H, and CH,4 on Cu foil during graphene growth.

Theoretical and experimental research has shown that H, has two significant roles to play
during the CVD-growth of graphene films. Primarily, hydrogen has been found to act as a
cleaning agent by reducing the oxide layer on the Cu foil *> %™’ The cleaning process leads
to the exposure of the active sites for catalytic cracking of CH, into active carbon species,
which would nucleate and coalescence into graphene films®>®'. For instance, Gan et al.
studied the role of H, during the APCVD-growth of sub-centimetre single-crystal graphene
grains (~ 5.9 nm in diameter), based on the seeding of Cu nanoparticles *’. They showed that
H, played the main role of smoothing the Cu surface by removing oxidized surface
irregularities. This resulted in the formation of large Cu nanoparticles (= 20 nm), which they

observed to be good nucleation sites for large hexagonal domains.

The second important role of H, during the CVVD-growth of graphene is its etching effect on

the edges of the graphene domains, which leads to the introduction of more defects and/or

25-37

active sites Interestingly, the role of H, as an etchant has been found to be the most
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significant factor for the growth of graphene domains with controllable thickness, shape, size,
edge configuration, stacking order, and crystalline quality >, Yan et al. indicated that the
CVD-fabrication of three-dimensional (3D) hexagonal graphene onion rings followed a H,-
assisted edge-nucleation growth mechanism *. They suggested that the ring formation was
stimulated by the hydrogenation of the graphene edges, which then facilitated the 3D growth
of the new graphene layer on the edge and under the already formed graphene layer. In
another research report, Vlassiouk et al. indicated that the size and morphology of the
graphene domains was dependent on the concentration of H, in the total gas mixture . They
suggested that H, acted as a co-catalyst for formation of active surface-bound carbon species
that are required for graphene growth, while at the same time it controlled the growth of
graphene grains into a larger and well-defined hexagonal shape by etching away the weak
carbon-carbon bonds. Furthermore, Zhang and co-workers systematically studied the
hydrogen-induced effects on CVD-growth of high quality graphene films by regulating the
growth parameters that are mainly related to hydrogen®. Their results demonstrated that
under high hydrogen flow rates (1000 sccm), the competitive H; etching effect was more
prominent and led to transformation of the edges of the graphene domains from straight to

toothed, and then to zigzag shapes.

Although H; has been shown to be important for controlling the shape and dimensions of
graphene domains/grains, its deleterious effect on the quality of the graphene films has also
been reported® ***!. An increasing H, concentration has been shown to lead to an increase in
the density of wrinkles and inter-island junctions, thereby contributing to the low quality of
the as-grown graphene films and their resultant large sheet resistance > **!. To circumvent
this problem, Gao et al. synthesized high-quality graphene films using an H,-excluded
atmospheric pressure CVD (APCVD) technique *°. They indicated that the quality and
growth rate of graphene films increased dramatically with decreasing H, concentration. The
H-excluded grown graphene films exhibited a mean sheet resistance of < 350 Q/sq. and a
light transmittance of 96.3 % at 550 nm. Moreover, Shin et al. showed that pristine
monolayer graphene films can be achieved under an APCVD system in which hydrogen has
been excluded in all growth steps . They attributed this to the pyrolysis of CH, which
provided the active hydrogen species, which then played a role in the growth step of graphene

films 2%, On the other hand, Jin and co-workers %" ** indicated that instead of synthesizing
graphene in a Hy-excluded system, high quality graphene films can be grown by introducing

hydrogen during the annealing step. They suggested that during annealing, H, assisted in
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reconstructing the Cu surface to produce a wrinkle-like morphology suitable for graphene
growth. Additionally, the H, would then dissociate and form a layer of active-surface bound
H, species, which were later released during the growth process to facilitate the growth of

27,42

high-quality graphene

In general, it can be seen that H, plays a significant role in controlling the sizes, morphology
and quality of CVVD-grown graphene films. Therefore, in this work we report on the effect of
H, flow rate on the quality of the as-grown graphene during the annealing (A), growth (G), as
well as annealing and growth (A/G) processes of APCVD-graphene. Graphene growth under
the CVD system is influenced by numerous factors such as operating pressure, temperature,
carbon source concentration (CHy,), partial pressures of the gases in the reaction chamber, etc.
This study was thus conducted to provide optimum growth conditions for the synthesis of
high-quality monolayer graphene films using the atmospheric pressure CVD
(~766.71mmHg).

4.2. Experimental

4.2.1 Starting materials
Acetone (99%, gold line ACE), methanol (99.5 %), ethanol (absolute), iso-propanol (ACE,
99%), ortho-phosphoric acid (85%, LabChem), urea (99%, Promark Chemicals),
chlorobenzene (99%, UniLab), sodium hydroxide pellets (98%, Merk) and poly(methyl
methacrylate) (PMMA, Mw ~999 000) were purchased from Sigma-Aldrich, South Africa.
The gases used included argon (Ar, 99%), methane (CH,, 99.98%), and hydrogen (H,, 99.98
%), and these were supplied by Afrox, South Africa. Other materials included a copper foil
(25 pm, 99.98%) from Sigma Aldrich (RSA), a silicon substrate with a 300 nm silicon oxide
layer (Sigma-Aldrich), a copper plate and an iron wire (University of the Witwatersrand

workshop). Distilled water was used in all the experiments.

4.2.2 Growth and transfer of graphene films
Graphene films were grown on a copper foil (3 cm x 3 c¢cm) using the atmospheric pressure
chemical vapour deposition technique. The Cu foil was electrochemically cleaned® to
remove the oxide layer (Scheme 1), and this was placed at a centre of the cylindrical quartz
tube (100 cm x 20 cm) inside a horizontal furnace. The furnace was heated to the growth
temperature of 1000 °C under 300 sccm Ar and variable flow rates of H, (x = 0 -100 sccm).
Annealing of the Cu foil was then performed for 30 min, after which growth of the graphene
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films was achieved by introducing 10 sccm of CH,4 for 10 min. After growth, the reactor was
rapidly cooled to room temperature by pushing the quartz tube outside the reactor. The
growth profile for the graphene films under the APCVD system is shown in scheme 4.2. To
investigate the effect of H, on the quality and thickness of CVD-grown graphene films, three
sets of experiments were conducted by introducing different flow rates of H, (0, 3, 10, 50,
and 100 sccm) at three different growth stages. These were [1] during the annealing (A) stage
only, [2] during the growth (G) stage only, and finally [3] during both the annealing and
growth (A/G) stages. For characterization purposes, the as-grown graphene films were then
transferred onto the 300 nm SiO,/Si substrate, using the PMMA assisted electrochemical

delamination method (Scheme 3.2)*.
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Scheme 4.2: The growth profile for the synthesis of graphene films by APCVD.

4.2.3 Characterization
Raman spectroscopy was used to assess the number of layers and quality of the as-grown
films. Raman spectroscopic measurements were performed on a Bruker Raman Senterra
spectrophotometer, equipped with a 20x optical objective for optical imaging. The
characterization was performed with a 532 nm excitation laser at a very low laser power (0.5
mW) so as to avoid laser-induced heating of the films. The Raman measurements were

collected from graphene films that were transferred onto 300 nm SiO,/Si substrates. The
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imaging of the graphene films was performed on films that were transferred onto the SiO,/Si
substrates. The optical images were collected in the bright field mode from the Olympus BX

63 Optical/Fluorescence Microscope using the 20x optical objective.

4.3 Results and discussions

During the catalytic CVD-growth of graphene films on Cu, both thermodynamic (i.e.

temperature, etc.) and kinetic (i.e. C-source, H, concentration, substrate, etc.) factors®

are
known to influence the growth mechanism. For over a decade, numerous research reports
have shown that a growth temperature just below the melting point of Cu (i.e. < 1085 °C) is
suitable for growing good quality and large area graphene films™. Kinetic factors as well as
the designated experimental set-up have been shown to influence the growth of graphene for
both low and atmospheric pressure CVD procedures. In this study the growth temperature
was kept at 1000 °C, CH, flow rate at 10 sccm, growth time at 10 min, and all other
experimental parameters were fixed (such as pressure = 766.71 mmHg). Only the flow rate of

H, during the annealing (A), growth (G), annealing/growth (A/G) processes were varied.

4.3.1 Effect of H, flow rate during annealing step.

In order to investigate the influence of introducing H, flow rates during the annealing stage, a
set of atmospheric pressure CVD experiments were conducted using different flow rates of
H, (0-100 sccm). The optical images of as-synthesized graphene films on a 300 nm SiO,/Si
substrate (Fig. 4.1) show uniform and continuous films consisting of areas of multilayer
graphene, indicated by darker purple spots. The formation of regions of multi-layer graphene
can be attributed to the difficulty in adsorption of CH, onto the Cu surface due to the
presence of surface bound hydrogen atoms. This leads to the defects on the as-grown
graphene domains that act as active sites for the catalytic cracking of CH,4 and subsequent

graphene growth*%
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Figure 4.1: Optical images of graphene films on SiO,/Si substrate grown using (a) 0 sccm,
(b) 3 sccm, (c) 10 scem, (d) 50 sccm, and (e) 100 sccm of H; during the annealing process.

To further evaluate the quality and the number of layers of the as-synthesized graphene films,
Raman spectra (Fig. 4.2a) were obtained on films after they were transferred onto a 300 nm
SiO/Si substrate. The results showed that Raman spectra exhibited the three “finger-print”
Raman bands for graphene and/or graphitic carbon materials (Table 4.1). These are the sp®
defect-induced D band (~ 1340.4 — 1345.4 cm™), the graphitization G band (~ 1583.4 —
1586.5 cm™), and the lattice-distortion sensitive 2D band (~ 2674.2 — 2685.6 cm™)*.
Additionally, using higher H, flow rates (10 - 100 sccm) the G band was observed to broaden
and split and give a shoulder (1621.0 — 1621.5 cm™), which was assigned to the D* band**°.
The presence of the D* band together with the very intense D band for graphene films grown
using medium to high H; flow rates (10 - 100 sccm), signified the presence of large amounts
of defects in the form of edge defects, sp>-bonded C-H species, C and H adatoms, intercalated

C and H atoms, or a nanographitic basal plane*>.
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Table 4.1: Peak positions and ratios for graphene films grown by introducing H; during the

annealing process

Peak Positions (cm™) Ratios
H, flow rate D G D* 2D Ip/lc Ic/lp
(sccm)

0 1343.3 1586.5 - 2675.8 0.621 0.601

3 1340.4 1583.4 - 2674.2 0.433 0.338

10 1345.1 1584.3 1621.5 2683.5 1.07 1.57

50 13454 1584.4 1621.4 2685.6 1.18 1.80

100 1343.7 1584.3 1621.0 2681.1 1.45 1.38

The thickness of the as-grown graphene films was determined by calculating the intensity
ratio of the G band with respect to the 2D band (Ig/lzp) * * *" °; which was found to be in
the 0.338 < Ig/lp < 1.80 range (Fig. 4.2b, red line). The results suggested that the H-
exclusion (0 sccm) method resulted in the formation of fairly good quality bilayered graphene
films, as indicated by the Ip/lg and Ig/l,p ratio values of ~0.621 and ~0.601 respectively. The
observed results were in good agreement with Hu et al.?! and Gao et al.** who showed that
good quality graphene films with few layers can be successfully grown in a H,-excluded
CVD system > *1. They attributed the successful graphene growth to the pyrolysis of CH,
during the growth step, which produces both active H and C species. The cracking produces
active carbon species that eventually initiate the growth of graphene domains and thus their
aggregation into graphene films. In addition, the catalytic cracking produces hydrogen
radicals which play a major role in etching the Cu surface leading to formation of more Cu
nanoparticles (Scheme 4.3a). As a result, formation of new Cu nanoparticles means the
availability of new active sites for more catalytic cracking of CH,, and further growth of
graphene domains. However, due to the lack of a continuous supply of hydrogen
atoms/radicals, a limited number of active sites are produced. This results in conversion of
edge and defect sites on the graphene domains to adsorb, crack and provide nucleation sites
for more incoming CH,4 molecules, and hence growth of a bilayered graphene film (Ig/l2p
ratio of 0.601). This led to formation of graphene domains which do not fully coalescence
into complete and uniform graphene films, leading to the presence of many defect sites and
the resultant Ip/Ig ratio of 0.621.
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Interestingly, graphene films grown using low flow rates of H, (3 sccm) exhibited a very low
intensity D band, which signified the presence of fewer defects. Additionally, the Ip/lg and
Ic/l2p ratio values were found to be ~0.433 and ~0.338, respectively. The results suggested
the formation of good quality bilayered graphene films, with a monolayered basal plane **
4749 \When H, flow rates are used (3 sccm), it could be concluded that the hydrogen plays
two major roles in constructing the Cu surface for the growth of good quality bilayered
graphene films. The hydrogen cleans and smooths the Cu surface by removing copper oxide
irregularities as well as etching the Cu surface in order to create the appropriate sizes of Cu
nanoparticles (i.e. >20 nm) for graphene growth®. Additionally, there is the continuous
supply of H, which also leads to formation of surface-bound active hydrogen species. The
hydrogen species act as extra activators for the catalytic cracking of CH, as well as etching
agents that control the size and morphology of the graphene domains of the graphene film

(Scheme 4.3Db).

On the contrary, when the H, flow rate was increased (10 sccm — 100 sccm) the as-grown
graphene films were found to be highly defective (Ip/lc = 1.0710 scem, 1.1850 scem, 1.45100 scom)
as well as also being few to multi-layered, as shown by the Is/l,p ratio values of ~1.57, ~1.80,
and ~1.38 for graphene films grown using 10 sccm, 50 sccm, and 100 sccm, respectively.
This could indicate that many surface-bound H-atoms were formed on the Cu surface. This
would hinder the successful and efficient cracking of CH,4 into active species and thus the
nucleation and aggregation of the carbon atoms into fully coalesced graphene films.
Additionally, surface-bound hydrogen species increase the etching effect and hydrogenation
of graphene edges, thus leading to the formation of highly defective few to multilayered

graphene films (Scheme 4.3c).
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Figure 4.2: (a) Raman spectra of graphene films grown using (i) 0 sccm, (ii) 3 sccm, (iii) 10

sccm, (iv) 50 scem, and (v) 100 sccm of Hy; (b) Plot of Ip/lg and Ic/12p ratios.

Finally, the orientation and thickness of the as-grown graphene films was determined from
the full width at half maxima (FWHM) of the 2D bands (Fig. 4.2a), the line shapes and the
Lorentzian fitting of the 2D bands (Fig. 4.3). The values of the 2D-FHWM are an important
tool for determining whether the as-grown graphene films exhibit a Bernal (AB), non-Bernal
or rhombohedral (ABC) arrangement of C atoms *> 2 °**%_ On the other hand, the line shape
and the Lorentzian fitting of the 2D bands can be used to support the Ig/lp ratio values in
determining the actual thickness of the as-synthesized graphene films™ 2 °>% As a result,
the analysis of the 2D band of the graphene films grown in a Ho-excluded system revealed the
FWHM value of ~ 40.6 cm™ and a symmetrical 2D band which was fitted with four
Lorentzian peaks. The observed FWHM was characteristic of a Bernal stacking orientation
found in bilayered graphene films; whereas the fitting with four Lorentzian peaks confirmed
the formation of bilayered graphene films' %° %3, Remarkably, the graphene films grown
using low H, flow rates (3 sccm) revealed a characteristic monolayer, as exhibited by single
Lorentzian peak fit. However, both the values of the Ig/l;p ratio (0.601) and the FWHM
(~25.1 cm™) indicated that the as-grown graphene films are bilayered, but exhibited a non-
Bernal stacking orientation since the FWHM is much larger than that observed for
monolayered graphene®®*?%, Finally, formation of few layered graphene films when using
medium to higher flow rates of H, (10 sccm-100 sccm) was confirmed by the fitting of the

2D band with three Lorentzian peaks (Fig. 4.3) and the asymmetrical line shapes of the 2D
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bands. Their observed FHWM values were found to agree well with those obtained for AB

stacked few to multilayered graphene films > .
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Figure 4.3: Deconvoluted 2D peaks of the graphene films grown by introducing H, during

the annealing step only.
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Scheme 4.3: Formation of graphene films during (a) no H, flow rate (0 sccm), (b) low H,

flow rate (3 sccm), and medium — high H; flow rate (10 sccm — 100 sccm).

4.3.2 Effect of H, flow rate during the growth step.

Optical micrographs of the graphene films, after they were transferred onto the 300 nm
SiO,/Si substrates (Fig. 4.4) revealed uniform and continuous films that were decorated by
regions of multilayered films. The formation of these multilayered regions could be attributed
to the increased competitive adsorption and decomposition of both H, and CH, molecules on

the Cu surface, which hinders the growth of good quality graphene films.
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Figure 4.4: Optical images of graphene films on SiO,/Si substrate grown using (a) 0 sccm,

(b) 3 sccm, (c) 10 sccm, (d) 50 sccm, and (e) 100 sccm of H, during the growth process.

The defect density, quality and thickness of the as-grown graphene films were determined
from the Raman analysis of these films, after they were transferred onto the 300 nm SiO,/Si
substrates. Raman spectra collected from all graphene films (Table 4.2) showed the responses
from two of the Raman active modes (i.e. G band at ~1581.6 — 1586.5 cm™, and 2D band at
~2675.8 — 2684.3 cm™), as well as responses from the Raman forbidden modes (i.e. the D
band at ~1342.4 — 1345.6 cm™ and the D* band at ~1619.8 — 1620.5 cm™) “**°. An increased
defect density was observed when high flow rates of H, (10 sccm — 100 sccm) were used.
This was depicted by the appearance of the D* bands and the increasing relative intensity of
the D bands (Fig. 4.5a); which could be attributed to the presence of edge defects, sp*-bonded

C-H species, C and H adatoms, intercalated C and H atoms, or a nanographitic basal plane **
49
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Table 4.2: Peak positions and Rations for graphene films grown by introducing H, during the

growth process

Peak Positions (cm™) Ratios
H, flow rate D G D* 2D Ip/lc Ic/lp
(sccm)

0 1343.3 1586.5 - 2675.8 0.621 0.601

3 1342.4 1582.8 - 2678.6 0.293 0.721

10 1345.5 1582.9 1620.2 2678.2 0.647 0.806

50 1345.6 1581.6 1620.5 2682.3 0.714 1.34

100 1345.6 1586.4 1619.8 2684.3 1.17 2.14

In order to determine the thickness of the as-grown graphene films, the intensity ratio of the
graphitic G band with respect to the lattice-distortion sensitive 2D band (lg/l.p) was
calculated *> #© 4" #° ‘and this was found to be in the 0.601 < lg/l,p < 2.14 range (Fig. 4.5b,
red line, Table 4.2). It was indicated earlier in section 4.3.1 that the pyrolysis of CH, during

the growth step? 2% 3

of the Hy-exclusion (0 sccm) method led to formation of graphene
which were mostly bilayered (lg/lop = ~0.601) and exhibited a fairly good quality (Ip/lg =
~0.621). However, when the H; flow rate was slightly increased to 3 sccm, high quality (Ip/lg
= ~0.293) graphene films which are bilayered (Ig/l,p = ~0.721) in nature were formed* % 4"
*_This is shown in scheme 4.4a. Further increase of the H, flow rate (10 sccm — 100 sccm)
resulted in the formation of more defective and thicker graphene films. This was indicated by
the increasing Ip/lg (i.e. 0.64710 sccm, 0.71450 scems 1.17100 seem) @nd lg/lop (i.e. 0.80610 scem,
1.3450 scems 2.14100 sccm) Fatio values. These results show that the continuous addition of H,
molecules play two significant roles toward the successful growth of graphene films. Initially,
the competitive adsorption and decomposition of both CH, and H, molecules on the Cu
surface hindered the lateral growth of graphene domains. As a result, the defect sites and C-
adatoms on the underlying graphene domains behaved as new nucleation sites for cracking of
in-coming CH,. This led to the formation of few to multilayered graphene films. Secondly,
the termination of the edges of the graphene domains by hydrogen led to the formation of sp*-
defects, thereby resulting in the formation of highly defective graphene films, as indicated by
the increasing Ip/lg ratio values. In general, it can be concluded that growth of graphene films

during the introduction of different H, flow rates during the growth step (A) follows a three
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step mechanism (Scheme 4.4). The first step indicated the Hy-excluded method, the second

step showed growth with low H, flow rates (3 sccm), and step three showed growth with

medium to high H; flow rates (10 — 100 sccm).
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Figure 4.5: (a) Raman spectra of graphene films grown using (i) 0 sccm, (ii) 3 sccm, (iii) 10
sccm, (iv) 50 scem, and (v) 100 sccm of Hy; (b) Plot of Ip/lg and Ig/l,p ratios.

The FWHM of the 2D band was used to establish the thickness and/or orientation (i.e. either
Bernal (AB), non-Bernal or rhombohedral (ABC)), whereas both the Lorentzian peak fitting
and the line shape of the 2D were used for the confirmation of the thickness of the as-grown
graphene films™ 2% %3 As a result, figure 4.5a showed that when different flow rates of H,
were introduced during the growth step only, the FWHM values varied: ~ 30.4 cm™ <
FWHM < ~ 82.8 cm™. For instance, graphene films grown using 0 sccm (~ 40.6 cm™) and 3
sccm (~ 30.4 cm™) H, flow rates exhibited symmetrical 2D bands and 2D-FWHM values
which are characteristic of a Bernal bilayered graphene® #%°°3 The fitting of the 2D bands
with four Lorentzian peaks confirmed that these as-grown films are bilayered in nature (Fig.
4.6). Additionally, the 2D-FWHM (~54.8 cm™) for graphene films grown using a medium H,
flow rate (10 sccm) was characteristic of AB-stacked bilayered graphene films 2 5053 5. 56
Furthermore, the fitting of the symmetrical 2D band of the H,-10sccm graphene films with
six Lorentzian peaks (Fig.4.6), indicated the formation of Bernal-orientated, trilayered
graphene films. Contrarily, graphene films grown using 50 sccm of H, exhibited a large
FWHM (~ 70.7 cm™), an asymmetrical line shape and the Lorentzian fitting with three peaks
for the 2D band. The results indicated the formation of few layered graphene films, which

exhibited a rhombohedral orientation ™ 2 %3 Finally, the formation of multilayered
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graphene films when 100 sccm of H, was used, was ascertained by a very broad 2D-FWHM
(~ 82.8 cm™) as well as the fitting of the 2D band with two Lorentzian peaks (Fig. 4.6) > >*.
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Figure 4.6: Deconvoluted 2D peaks of the graphene films grown by introducing H; during
the growth step only.
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Scheme 4.4: Formation of graphene films during (a) no H, flow rate (0 sccm), (b) low H,

flow rate (3 sccm), and medium — high H; flow rate (10 sccm — 100 sccm).

4.3.3 Effect of H, flow rate during annealing and growth steps.

The analysis of the as-synthesized graphene films with optical microscopy showed that
smooth and large-area graphene films were grown when low (3 sccm), medium (10 sccm)
and reasonably high (50 sccm) H, flow rates were used during both the annealing and growth
steps (A/G). Furthermore, the use of high H, flow rates (50 - 100 sccm) was found to result
in the formation of coarse multilayered graphene films. Regions of multilayered graphene

films are depicted on the optical micrographs by the dark purple dots (Fig. 4.7).
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Figure 4.7: Optical images of the as-synthesized graphene films transferred onto the SiO,/Si

substrate after growth with H, passed during the annealing and growth process.

Raman spectroscopic analyses were performed to ascertain the defect density, quality and
variation in the thickness of these as-grown graphene films. Raman spectra (Fig. 4.8a, Table
4.3) collected from graphene films grown at various H; flow rates exhibited three
characteristic bands of graphene; the sp® defect- sensitive D band (~ 1340.0 — 1345.6 cm™),
the graphitization G band (~ 1582.4 — 1586.5 cm™), and the lattice-distortion sensitive 2D
band (~ 2673.9 — 2682.3 cm™). Similar to other growth conditions (Sections 4.3.1 and 4.3.2),
at higher flow rates (50 and 100 cm), the G peak was observed to split into two peaks, with
the extra peak detected at ~ 1622.1 cm™ (D" band). The splitting can be attributed to the
increased defect density in the form of vacancies, adatoms, or distortions of the graphene

lattice > 4549,
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Table 4.3: Peak positions and Rations for graphene films grown by introducing H, during the

annealing and growth processes

Peak Positions (cm™) Ratios
H, flow rate D G D* 2D Ip/lc Ic/lp
(sccm)

0 1343.3 1586.5 - 2675.8 0.621 0.601

3 1340.0 1582.4 - 2673.9 0.184 0.265

10 1341.0 1583.5 - 2676.0 0.206 0.362

50 1345.6 1581.6 1620.5 2682.3 0.614 1.34

100 1343.0 1584.1 1622.1 2677.6 1.66 1.59

Evaluation of the quality of the as-grown films was determined from the Ip/lg ratios (Fig.
4.8b, blue), while their thickness was determined from the ratio of the G band to 2D band
intensities (Io/lop, Fig. 4.8b, red) **°. It was observed that the pyrolysis of CH, during the

21,23,29.39 \yas the main contributing factor for the growth of mostly bilayered and

growth step
fairly good quality graphene films during the Hy-exclusion (0 sccm) system. An increase of
the H, flow rate to 3 sccm, revealed a sharp symmetric 2D band with fwhm of ~23.1 cm™, a
very low intensity G band and a diminished D band. The Ig/lyp ratio of 0.265 suggested the
formation of monolayered graphene films, while the Ip/lg ratio of 0.184 signified the
formation of very high quality graphene films with a low defect density. Moreover, further
increase of the H, flow rate to 10 sccm, revealed the Ip/lg and Ig/lop ratios of 0.206 and
0.364, respectively, suggesting the growth of a high quality bilayer graphene film. The better
quality and decreased thickness of the as-grown graphene films at both 3 sccm and 10 sccm
H, flow rates, can be attributed to the better availability of active sites on the Cu surface and
less crowding of active hydrogen and carbon species. As a result, nucleation of carbon
species in graphene domains and aggregation of the domains into a continuous and high
quality graphene film was permitted. Finally, with higher H, flow rates (50 sccm and 100
sccm) the competitive adsorption and decomposition of both carbon and hydrogen molecules
on the Cu active sites led to the growth of highly defective few- and/or multilayered graphene
films (I/l2p = 1.3450 scem @and 1.59100 sccm). This is because high H, flow rates can facilitate the
etching effect on the already formed graphene domains and/or layers by hydrogenating the

graphene edges and resulting in formation of sp-type defects?*°. Additionally, high flow
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rates of H, led to intercalation of hydrogen and/or carbon atoms in between the graphene
layers resulting in increased lattice distortion. In conclusion, an evaluation of the growth of
graphene films when H; was introduced during the entire growth system (A/G) also showed a
three step growth mechanism (Scheme 4.5): step one representing growth with the no H; flow
rate (O sccm), step two with the low - medium H, flow rate (3 — 10 sccm), and step three with

high H; flow rate (50 sccm — 100 sccm).

D A s : B!
G FWHM 2D L1,5
22D 1.5
p— ~ 64.5 A Y] » L
5 11,2
= 1,2
Z- 602 J\w P -
-';' ] A 20,9 0.9
[
< A A ~25.0 (i)
2 0,61 0.6
= )
£ A A ~23.1 A (ii)
_ L A " — L0.3
S\ - 40.6 (i)
1000 15'00 20'00 \ 25'00 3000 0 sccm 3scem 10scem 50 scem 100 scem
Raman Shift (cm™) Hydrogen flowrate

Figure 4.8: Raman analysis of graphene films grown using various H, flow rates during the

annealing and growth process.

Finally, the FWHM (Fig. 4.8a), line shape and the Lorentzian peak fitting of the 2D bands
(Fig. 4.9) were used to determine the orientation of the as-grown films as well as to confirm
their actual thickness. The graphene films grown with low H, flow rates (3 sccm) revealed a
characteristic monolayer by exhibiting a single Lorentzian peak fitting, a narrow 2D-FWHM
(~23.1 cm™), and a sharp symmetric 2D band>*>% >’  Interestingly, growth of graphene with
10 sccm H; revealed a characteristic monolayer, as depicted by a single 2D-Lorentzian peak
fitting and a sharp symmetric 2D band. However, the 2D-FWHM (~25.1 cm™) was observed

5053 suggesting

50-53, 55-57

to be larger than the reported value for monolayered graphene (< 24 cm™)
that the 10sccmy,-grown graphene films exhibited a non-Bernal stacking order
Lastly, the Lorentzian peak fitting of three peaks and the broad 2D-FWHM (~ 60.2 cm™ and
~ 64.5 cm™) for graphene films grown with 50 sccm and 100 sccm of H, indicated the
formation of few layered graphene films**>%. Most importantly, the asymmetrical line shapes
for their 2D bands suggested that the as-grown films exhibited a rhombohedral stacking

orientation®®->3 %557,
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Figure 4.9: Deconvoluted 2D peaks of the graphene films grown by introducing H, during

the annealing and growth steps.
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Scheme 4.5: Formation of graphene films during (a) no H, flow rate (0 sccm), (b) low -

medium H; flow rate (3 — 10 sccm), and high H, flow rate (50 sccm — 100 sccm).

4.4. Conclusions

The influence of hydrogen concentration on the quality and thickness of the graphene films
during the annealing (A), growth (G), and both annealing/growth (A/G) processes was

studied. Despite the research reports 2% %

indicating that the Hj-excluded system could
provide an optimal process for growing large-area graphene films, our results show that the
presence of small concentrations of H, inside the reaction chamber can generate excellent
quality graphene films. These results are thus consistent with what has been reported
previously . However, the influence of low H, flow rate on the graphene quality has not
been extensively reported. For instance, monolayered (Ig/lop = 0.265) graphene films of very
good quality (Ip/lc = 0.184) were obtained when low flow rates of H, (3 sccm) were
introduced throughout the synthesis process (A/G). Similarly, good quality bilayered
graphene films were grown when low flow rates of H, were introduced during the annealing
(A) and growth (G) steps only (i.e. Ip/lg = 0.4334, lg/lop = 0.338,, Ip/lg = 0.293¢, and lg/l2p
= 0.721g). Interestingly, using medium H; flow rates (10 sccm) during the A/G step led to the
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formation of good quality and non-AB stacked bilayered graphene films, as indicated by Ip/lg
and Ia/lyp ratio values of ~0.206 and ~0.362, respectively. On the other hand, using both
medium (10 sccm) and high (50 sccm — 100 sccm) flow rates of H, during the A and G steps
led to the growth of highly defective and few to multilayered graphene films. Similar results
were observed when high flow rates of H, were used during the A/G step. This was attributed
to the competitive adsorption and decomposition of both CH, and H, molecules on the

available Cu active sites.

Since the growth conditions in which 3 sccm of H, was introduced throughout the entire
synthesis process (A/G) resulted in the formation of good quality monolayered graphene
films, this flow rate was chosen as the optimum hydrogen flow rate for the growth of
graphene films under the APCVD system in future chapters. The results indicate the presence
of Hy; even in small concentrations is crucial for the growth of high quality graphene films.
This correlates well with theoretical results which indicated that H, is very significant for the

synthesis of graphene films by CVD > 2%,
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Chapter 5

Optimizing the synthesis conditions for incorporation of nitrogen

atoms into graphene films (in-situ vs. post nitrogen doping)

5.1. Introduction

Graphene, a single layer of sp? hybridized carbons and the first example of a stable free-
standing 2D material, is one of the amazing materials in modern science that has attracted a
wide-range of research interest from both theoretical and experimental scientists'>. With its
unique properties, such as high surface area, good thermal and electrical conductivity, strong
Young’s modulus, ultrahigh carrier mobility, charge concentration, and many other

1, 4-10

properties , graphene has been intensively studied over the past decade. Consequently,

these unique properties render graphene a very good candidate for a wide range of

applications, such as in energy conversion and storage ' *2

13,14 15,16

, chemical and biological sensors

organic solar cells , transparent conductive films for flexible electronics *', ultra- and

1819 "and field effect transistors (FET) » ?°. However, as a zero-band gap

supercapacitors
semiconducting material with an inert surface, applications of pristine graphene in the next
generation electronic devices is limited # %, This is because its electrical conductivity cannot
be completely controlled when compared with the classical semiconductors (such as silicon,
germanium, gallium arsenide, silicon carbide, etc.). To tackle this issue, much research effort
has been focused on the development of new and reliable methods for modifying and fine-
tuning the electrochemical properties of graphene® 2. Among the many proposed methods
for modification of the intrinsic characteristics and semiconducting properties of graphene,
techniques such as the functionalization of the surface of graphene with gaseous molecules,

metals, organic molecules 2*?"; geometrical confinement of graphene to nanoribbons and

quantum dots ?® ?°; interaction with substrates like SiC or SiO, ** 3; creation of corrugated

surfaces 3 3 application of electric or magnetic or electromagnetic fields *°; and chemical
substitution of foreign atoms ***° have been used. For instance, Haberer et al. showed that
treatment of graphene with atomic hydrogen atoms led to hydrogenation of sp? to sp® carbons
at the graphene edges, and this resulted in opening of the graphene band gap to ~1.0 eV “.

Unfortunately, most of the proposed methods for modulating the electrochemical properties
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of graphene suffer major deficiencies when considering the operation costs, scalability and

reproducibility.

To circumvent the complications associated with most proposed methods, theoretical and
experimental reports have indicated that chemical substitution or doping of foreign atoms into
the graphene lattice can be a promising and feasible approach for effectively tailoring the
electrochemical properties and electronic band structure of pristine graphene ***°. Doping is
also an effective way to modify the local chemical activity of pristine graphene for future
applications. Recently, intense and continuous research interests have focused on either
single or co-substitution of heteroatoms such as nitrogen, phosphorus, sulphur,
nitrogen/sulphur, or nitrogen/boron into the graphene lattice, so as to induce a p- or n-type

semiconducting behaviour as well as to open its band gap®* ™

. Among the various
heteroatoms/dopants, nitrogen is the most widely used due to its comparative atomic size (dn
=70 pmy vs. dc = 65 pmc) and also due to the extra electron in its outer shell. In addition,
doping with nitrogen atoms effectively changes the spin density and charge distribution of
neighbouring carbons, thus enhancing novel electronic properties in nitrogen doped graphene
nanomaterials. As a result, N-doped graphene has shown promising catalytic activity towards
oxygen reduction reactions (ORR) in fuel cells *** **. Moreover, due to the lone pair of
electrons from N atoms, the electrical conductivity of N-doped graphene can be easily
modulated by controlling the amount of the dopant (nitrogen atoms). This makes N-doped
graphene a suitable material for application in dye sensitized solar cells **, field-effect

18,19 13,14

transistors > ** # batteries *°, supercapacitors ****, and biochemical sensors

Therefore, a better understanding of the effect of nitrogen doping in many electrochemical
device fabrication as well as the ability to control the degree of doping and the type on
nitrogen bonding states is a prerequisite to further extend the applications of graphene.
Similar to other carbon materials like carbon nanotubes (CNTSs), doping of graphene with
nitrogen atoms can be achieved by following two general synthesis routes. The first method
is the bottom-up or in-situ approach, and it involves the growth of N-doped graphene from
the recombination of carbon and nitrogen atoms into a continuous matrix 2. The commonly
used synthesis techniques for fabrication of N-doped graphene via this route include chemical
vapour deposition (CVD) of hydrocarbons in the presence of nitrogen-rich precursors such as

gaseous ammonia * % #' solid melamine or urea “® *°, or liquid organics ** °*. In-situ doping
via the CVD technique is the promising and feasible method for controlling the doping level,

the type of bonding states for nitrogen atoms as well as the band structure of the as-grown
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doped materials ** *®#’. For instance, using the ammonia-assisted CVD techniques, we have
shown that the doping content and types of nitrogen configurations in N-doped graphene
films can be controlled by adjusting the graphene growth time (2 min- 20 min) *. At long
growth times (20 min), pyridinic-rich graphene films were grown with nitrogen content (N/C)
of ~2.84 %. Using melamine as a sole solid source for carbon and nitrogen, Wang et al.
showed that during the CVD-synthesis of N-doped graphene “®, the nitrogen content and
configuration were dependent on mainly of the growth temperature (930 °C — 1050 °C). They
reported that growth of graphitic-rich graphene with a maximum overall nitrogen
incorporation of ~5.6 at.% ( 990 °C) resulted in high charge carrier mobility (~74 cm?V's™).
Moreover, Zhang and co-workers successfully synthesized pyrrolic-rich N-graphene films
with a total nitrogen content of ~3.72 at.% using urea as a solid nitrogen source *. Using a
liquid-based CVD technique, Capasso et al. studied the effect of growth temperature and gas
flow rates on the growth of N-graphene from ethanol and pyridine as carbon and nitrogen
sources *°. At 1000 °C, pyridinic-rich N-graphene films contained the maximum nitrogen
content of ~3%, and exhibited an electrical conductivity of 14.5 x10° S/m, which was ~40%
larger than that of ethanol-CVD grown graphene films.

The second synthesis route for incorporation of nitrogen atoms into the graphene lattice is
post-treatment of graphene nanomaterials with nitrogen-containing precursors. Techniques
such as thermal or high power electrical annealing in NH3 °* %3, N, plasma treatment >*,
ammonia annealing after ion irradiation >°, arc-discharge treatment with a nitrogen-containing
precursor *°, treatment with hydrazine (N,H,) °” and hydrothermal treatment with a polymer
are among the methods used to achieve N-doping of graphene through the post doping
synthesis route. For instance, Long et al. showed that treatment of graphene oxide (GO) with
a solution mixture of NH3 and N,H4 (3:1) at different temperatures (160 - 200 °C) modulated
the overall N-content and morphology of the as-synthesized N-doped reduced graphene oxide
(N-rGO) flakes *’. Furthermore, Wang and co-workers indicated that by adjusting the
exposure time (20 — 100 min) and plasma strength (100 W) during plasma treatment of
graphene or GO in an atmosphere of N, led to incorporation of nitrogen atoms at the edge
defects created by the plasma as well as introducing a significant amount of oxygen species
> They indicated that an increase in reactivity was displayed by carbon atoms neighbouring
the edges defects created by the plasma. Recently, Zhang et al. reported a new feasible post
doping approach using the hydrothermal thermal treatment of GO with dicyandiamide °%.

They showed that by using low temperatures (180 °C), the composition and type of nitrogen
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bonding configurations in the as-synthesized N-rGO nanosheets could be controlled for
effective ORR. Unfortunately, most of these synthesis approaches suffer major draw-backs
related to the difficulty of producing large-scale and reproducible intrinsically N-doped
graphene nanomaterials. Additionally, for some synthesis techniques, the difficulty of
maintaining a high vacuum give rise to inhomogeneities in the gas pressure in the reaction
chamber, hence affecting the overall degree of doping and the bonding states of nitrogen
atoms. Contrarily, thermal treatment of as-grown graphene in a nitrogen-rich atmosphere,
such as NH3 or melamine, through the CVD technique has shown to be the most promising
method for post-doping graphene. For example, the N-content and configurations can be

35, 46, 47

easily controlled by adjustment of the annealing temperature (800 — 1100 °C) :

exposure time (2 — 20 min) * and concentration of the precursor material > ®.

Regardless of the synthesis route used to grow N-doped graphene nanomaterials,
incorporation of nitrogen into the sp’-hybridized carbon lattice of graphene and other carbon
nanomaterials is known to lead to the creation of different types of impurities or defects.
These defects result in formation of different bonding configurations between nitrogen and
carbon atoms, as shown in scheme 5.1. Theoretical and X-ray photoelectron spectroscopy
experiments have indicated that nitrogen atoms can be directly substituted into the lattice ®-
%2(Scheme 5.1a). Moreover, nitrogen atoms can be incorporated on the edges of either six-

membered carbon rings ®* ® 61, 62

(Scheme 4.1b-d) or five-membered carbon rings (Scheme
5.1e). Other bonding configurations include the oxidized pyridinic-N (Scheme 5.1f), the
amine type (Scheme 5.1g) and the presence of nitrogen adatoms ®* ®2. Each of these bonding
configurations is known to impact differently on the electronic and transport properties of N-
doped graphene and other carbon materials. For example, doping of graphene with the
pyridinic-N and pyrrolic-N types has been reported to induce a p-type semiconducting
behaviour % ®. On the other hand, the graphitic-N bonding configuration has been found to
induce a strong n-type effect, thus preserving the high charge carrier mobility due to lack of
defect formation ®°. Interestingly, based on the different thermal stabilities of the nitrogen
configurations, growth conditions can be used to effectively control the bonding
configurations of nitrogen atoms. For example, Pels et al. reported that increasing the growth
temperature decreased both the total nitrogen content and the percentage of pyrrolic-N, while
it increased both the pyridinic- and graphitic-N bonding configurations . Furthermore,
Usachov et al. showed prolonged heat treatment led to transformation of pyridinic-N to the

graphitic configuration %%,
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Scheme 5.1: Schematic representation of nitrogen configurations in N-doped graphene: (a)
graphitic-N, (b) pyridinic-N, (c) single vacancy pyridinic-N, (d) triple vacancy pyridinic-
N, (e) pyrrolic-N, (f) oxidized pyridinic-N, and (g)

Thus, it is of great importance to precisely control the nitrogen configurations embedded in
the graphene lattice. This control would provide a new and meaningful platform for
investigating the factors that influence the application of N-doped graphene in devices such
as fuel cells, dye-sensitized solar cells, field-effect transistors, etc. ' ** ****, Since the CVD
technique is the most used synthesis method for producing large-area graphene films with
controlled thickness and morphology, the use of CVD method for incorporation of more
nitrogen atoms into the graphene lattice without compromising the structural and electronic
properties of graphene is an interesting area of research for materials scientists. Most studies
have indicated that the growth of N-doped graphene using the CVD technique, either via in-
situ or post doping approach, is dependent on the concentration of the N-precursors material
and the growth temperature * % *". However, most of these studies have been performed
independently and little or no research has been done to study the side-by-side comparison
between in-situ and post N-doping of graphene by CVD. This approach could be useful for
investigating the major factors that influence the application of N-graphene in different
electronic devices. As a result, this work will focus on investigating and studying the best
doping technique for incorporating nitrogen atoms into the graphene lattice, without
compromising the structural properties. The comparison between in-situ doping and post
nitrogen doping techniques was studied using two different flow rates (5 sccm and 10 sccm)

of NHj, as the nitrogen precursor.
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5.2. Experimental

5.2.1 Starting materials
Acetone (99%, gold line ACE), methanol (99.5 %), ethanol (absolute), iso-propanol (ACE,
99%), ortho-phosphoric acid (85%, LabChem), urea (99%, Promark Chemicals),
chlorobenzene (99%, UniLab), sodium hydroxide pellets (98%, Merk) and poly(methyl
methacrylate) (PMMA, Mw ~999 000) were purchased from Sigma-Aldrich, South Africa.
The gases used included argon (Ar, 99%), methane (CH,4, 99.98%), ammonia (NH3, 10% in
Ar), and hydrogen (Hz 99.98 %), and these were supplied by Afrox, South Africa. Other
materials included a copper foil (25 pum, 99.98%) from Sigma Aldrich (RSA), a silicon
substrate with a 300 nm silicon oxide layer (Sigma-Aldrich), a copper plate and an iron wire
(University of the Witwatersrand workshop). Distilled water was used in all the experiments.

5.2.2 Synthesis and transfer of films
Nitrogen doped graphene films were synthesized by atmospheric pressure CVD (APCVD) on
a copper foil in a quartz tube furnace. The samples were grown with 10 sccm CHy4, 3 sccm
H2, 300 sccm Ar, and varying flow rates of NH3 (5 and 10 sccm). Initially, the Cu foil was
electrochemically cleaned by using a solution of 300 mL distilled water, 150 mL ethanol,
150 mL ortho-phosphoric acid, 30 mL isopropanol and 3.0 g urea ®’. After cleaning, the Cu
foil was placed at the center of a cylindrical quartz tube (100 cm x 20 cm) inside a
horizontally oriented CVD furnace. The furnace was heated to 1000 °C at a ramping rate of
10°C/min in H, and Ar atmospheres, and then held at the designated temperature for 30
minutes. For growth of the in-situ N-doped graphene films, 10 sccm of CH, and different
flow rates of NH3 (5 and 10 sccm) were introduced into the reaction chamber for 10 min. For
growth of post N-doped graphene films, initially, growth of pristine graphene was achieved
by passing 10 sccm of CH,4 for 10 min; after which the CH,4 was turned off and varying flow
rates of NH3; were passed over the prepared graphene for another 10 min. Finally the reactor
was rapidly cooled to room temperature by pushing the quartz tube outside the reactor. After
growth and for characterization purposes, the as-grown graphene films were then transferred
onto the 300 nm SiO,/Si substrate, using the PMMA assisted electrochemical delamination
method (Scheme 3.2)%8. The as-grown films were labelled as N-5sccmin.sir and N-10ScCMin-sit
for films grown under in-situ conditions, as well as N-5sccmpest and N-10sccmpes; for N-

doped films grown under post doping conditions.
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5.2.3 Characterization
Raman spectroscopy, optical microscopy, and X-ray photoelectron spectroscopy (XPS) were
the main characterization techniques used to assess the structure, quality and doping levels of
the as-grown films. The structural characterization of the as-grown N-doped graphene films
was studied using a Raman spectrometer. Raman spectra of all films were collected on a
Bruker Raman Senterra spectrometer (Bruker, South Arica) using a 532 nm excitation laser
and at a very low laser power (0.5 mW) to avoid laser-induced heating which can damage the
films. The Raman measurements were collected from graphene films that were transferred
onto 300 nm SiO,/Si substrates. The imaging of the graphene films was performed on films
that were transferred onto the SiO,/Si substrates. The optical images were collected in the
bright field mode from an Olympus BX 63 Optical/Fluorescence Microscope using the 20x
optical objective. The chemical composition of the prepared films was studied by X-ray
photoelectron spectroscopy (XPS) at the Thermo Scientific factory in UK. The ex-situ XPS
study was carried out on films grown on a Cu foil with a Thermo Escalab 250. The radiation
used was determined from a monochromatised aluminium Ka radiation with a 400 um spot

size and a ‘pass’ energy of 60 eV.

5.3. Results and discussions
The structural characterization of the as-grown films was determined by studying their optical
images and Raman spectra; while the degree of N-doping and type of N-configurations were

confirmed by studying their XPS spectra.

5.3.1. Microstructural measurements of the films

Optical microscopy imaging was used to ascertain the structural/morphological properties of
the as-grown pristine and N-doped graphene films. The typical optical micrographs of all the
films, after transference onto 300 nm SiO,/Si substrates (Fig. 5.1), revealed large-area,
continuous and uniform films for both the pristine and post N-doped films, whereas the in-
situ N-doped films exhibited a broken morphology. Furthermore, comparison of the
morphologies of pristine graphene films and doped graphene films revealed that the N-doped
graphene films exhibited regions of multilayers embedded within a uniform and continuous
film. These multilayer regions could be ascertained by formation of the dark spots. The
thickness of the graphene films on a 300 nm SiO,/Si substrate could be verified by the colour
contrast of the substrate due to the light interference effect® . The darker the colour of the

graphene film, the thicker the graphene film ®. The formation of multilayers can be attributed
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to the etching effect of NH3 on the Cu foil. The NHj etching thus lead to formation of “pits”
(shown in Fig. 5.1 inserts), which then enable deposition of more carbon and/or nitrogen

atoms, resulting in growth of multilayered regions.

Figure 5.1: Optical images of (a) pristine, (b) N-5scCMinsit, (C) N-55CCMpost, (d) N-10sccmip.
situ, and (e) N-10sccmpost graphene films. Insert: images of films on the Cu foil (Scale bar- 50
um).

5.3.2. Raman Analysis of the films

Raman spectra of pristine samples were compared with in-situ and post N-doped graphene
films grown with various NH3 flow rates. The Raman spectra were performed on films
transferred onto a 300 nm SiO,/Si substrate (Fig. 5.2). In all spectra, broad D bands
(~1340.01 cm™- 1350.5 cm™), G bands (~1583.5 cm™ — 1590.4 cm™) and the 2D bands
(~2675.5 cm™ — 2681.5 cm™) "> were observed. The positions of the peaks are shown in
table 5.1.
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Table 5.1: Band positions for pristine and N-doped graphene films

Peak position (cm™)
Sample D G D* 2D
Pristine 1340,0 1583,5 - 2675,5
N-5scCMin.-stu 1350,2 1590,3 1622,6 2680,0
N-5scCMpost 1350,2 1590,4 1623,1 2679,3
N-10sccminsitu 1350,5 1590,1 1622,0 2681,5
N-10sccmpost 1342,4 1583,6 1623,9 2676,1

The presence of the Raman-forbidden D peak in all the graphene films indicated the presence
of structural defects and disordered structures at the edges of the sp? domains due to the
occurrence of single-phonon intervalley scattering processes >, Additional analysis of the
Raman spectra showed that N-doped graphene films exhibited another Raman-forbidden
band, the D™ band centred at ~1622.02 cm™ — 1623.9 cm™, which can be attributed to the
intravalley, defect-induced double-resonance processes "°". On the other hand, both G and
2D bands are known to satisfy the Raman selection rule. The G band arises from the first-
order doubly degenerate E,y phonons at the Brillouin zone and can be ascribed to the
vibrational modes of sp”C atoms in the bulk of the graphitic layers. Furthermore, the 2D band
is known to be sensitive to lattice distortions and it corresponds to the second-order double-
resonance process which is related to the zone boundary phonons ™. Due to lattice
distortions induced by incorporation of nitrogen atoms into the graphene lattice, the relative
intensity of the 2D band in N-doped graphene films, specifically the in-situ doped and N-
5sccmpost doped films, is significantly reduced to almost zero. Similarly, lattice disorder as a
result of N-doping in the N-10sccmp.s: doped films was found to slightly suppress the 2D

band, whereas the relative intensity of the D band was significantly increased.
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Figure 5.2: Raman spectra of (i) pristine, (ii) N-5scCMinsity, (iii) N-5scCmpest, (iv) N-
10sccMminsity, and (V) N-10sccmyos: graphene films grown using varying flow rates of NH3.

Normally for pristine graphene films, the intensity ratio of the D band with respect to that of
the G band (Io/lg) is used to probe the level of disorder either in the form of sp*-C bond or
lattice vacancies "8, Similarly, in nitrogen doped graphene films, the 1o/l ratio is used for
determining the degree of doping, since doping induces defects into the graphene lattice ",
Thus, the Ip/lg ratios were determined for both pristine and doped graphene films, and were
plotted as shown in figure 5.3a. It was observed that pristine graphene films exhibited Ip/lc
ratio of ~0.271, which signified the growth of high quality graphene films 8. However,
upon introduction of both the carbon (CH,4, 10 sccm) and nitrogen (NHs, 5 sccm or 10 sccm)
precursors during the growth, so as to synthesize in-situ doped graphene films, the quality of
the films was compromised and the degree of disorder was found to significantly increase, as
shown by the Ip/lg ratios of ~1.086n-5sccem and ~1.042n.10sccm. The results show that
incorporation of nitrogen atoms via the in-situ route led to sufficient of lattice distortion, and
this was corroborated by the suppressed intensity of the lattice distortion-sensitive 2D band

(Fig. 5.2(ii) and (iv)). Similarly, when 5 sccm of NH3 was introduced after the growth of
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pristine graphene, a relatively high defect density (Ip/lg ratio of ~0.975) and a significantly
suppressed intensity of the 2D band (Fig. 5.2(iii)) were observed. This indicates that
utilization of low flow rate of NHs;, even during post nitrogen doping, also results in facile

distortion of the graphene lattice.

On the contrary, post nitrogen doping with 10 sccm of NH3 was observed to result in fewer
lattice distortions as indicated by the Ip/lg ratio of ~0.939. The prominent 2D band in the
Raman spectra of N-10sccm-post doped graphene films (Fig. 5.2(v)) suggests the restoration
of the hexagonal lattice of graphene, regardless of incorporation of nitrogen atoms. The
results indicate that with high flow rates of NH3, there is less chance for nitrogen atoms to be
incorporated into the graphene lattice. Consequently, this led to increased competition for the
catalytic decomposition of NH3; on the graphene defects, and hence increased loss of NH;

molecules into the carrier gas.

Finally, the nature of the defects in doped graphene films was established by determining the
ratio of the two defect-induced bands (Fig. 5.3b, Ip/Ip+). Recently, numerous research reports
have shown that Raman spectroscopy can be used as an important tool for probing the nature
of defects in both pristine and doped graphene 8, The studies showed that the Ip/Ip~ is at a
maximum (~13) for sp® hybridization defects at graphene/graphite edges and grain
boundaries, and that the value decreased to ~7 for on-site/vacancy-like defects. Furthermore,
the studies indicated that the Ip/lp+ ratio finally reached a minimum of ~3.5 for defects
located at grain/domain boundaries. Therefore, analysis of both in-situ grown and N-
5sccmpost doped  graphene films suggested that the nature of the defects was predominately
associated with grain/domain boundary defects, as shown by the ratio range of ~ 1.68 < Ip/lp+
< 1.91. Interestingly, N-10sccmyes: doped graphene films exhibited on-site/vacancy-like

defects as indicated by the Ip/Ip~ ratio of ~3.82.
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Figure 5.3: Evolution of (a) the Ip/lg ratio for both pristine and N-doped graphene films and
(b) the Ip/Ip= for N-doped graphene films.

The shift in the positions of both the G and 2D band is another important parameter used to
determine the effect of doping on the electronic properties of nitrogen doped graphene "*®,
Recent reports have indicated that upon doping of graphene with nitrogen atoms, the G band
is expected to blue shift due to increased electron doping, whereas the 2D band can either
blue or red shift due to the increased electron doping and compressive/tensile strains in the C-
C bonds " ®. The degree of lattice distortion and the electronic properties of the N-doped
graphene films can be ascertained by determining the shift of the G band. Thus analysis of
the position for the doped graphene (Fig. 5.4a), with respect to the pristine graphene films,
revealed that the G band blue shifted by ~ 6.84 cm™, 6.58 cm™, and 6.91 cm™ for the N-
5scCMinsity, N-10SCCMinsity, and N-5 sccmpest grown N-doped graphene films, respectively.
The blue shift of the G band could be attributed to the increased electron doping, as a result
of the stiffening of the phonons in the G band "* ®. Remarkably, a mild electron doping was
found to be induced into the graphene structure when 10 sccm of NH3 was used to synthesize
post nitrogen doped graphene films. The results are in good agreement with the observed
Raman spectra of these films, which was characterized by a prominent 2D band, suggesting a
lower level of doping and a better restoration of the graphene lattice.

Additionally, the position of the 2D band was used to further investigate and understand the
electronic and structural properties of N-doped graphene films "> . As such, analysis of the
2D position in the doped graphene films, showed a blue shift of ~ 4.52 cm™, 5.98 cm™, and
3.80 cm™ for the N-55cCMin-situ, N-10SCCMin-siry, and N-5 sccmpost grown films, respectively
(Fig. 5.4b). A minor blue shift of ~ 0.55 cm™ was observed for post doped graphene films
grown using 10 sccm of NHgs. In addition to increased electron doping, the results suggest
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that compressive/tensile strains on the C-C bonds could also contribute to the observed blue
shift of the 2D band. Theoretical calculations have indicated that due to the different nitrogen
configurations found in N-doped graphene, compressive and/or tensile stains play an
important role in the shift of the 2D band !, For instance, shorter C-N bond lengths in
pyridinic and pyrrolic bonding configurations (~ 1.32 A and ~ 1.37 A respectively) exert
more compressive strains on the C-C bonds in the graphene lattice, hence leading to a blue
shift in the 2D band. Additionally, reports from Dettori et al. ® showed that defects
associated with bond reconstruction (Stone Wales defects) within the graphene lattice as a
result of nitrogen doping (Fig. 5.4¢c)®® also exert a major contribution on the strain fields that
affect the positions of both G and 2D bands. These Stone Wales defects could be found in the
following forms: 5-8-5 (pentagon-octagon-pentagon), 55-77 (two pentagons-heptagons), etc.
Therefore based on the observed results, it can be ascertained that a blue shift of both G and

s2D bands is mainly due to both electron doping and compressive strain on C-C bonds.
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Figure 5.4: Peak positions for the (a) G and (b) 2D bands for N-doped graphene films with
respect to pristine graphene films. Pictorial representation of reconstruction defects: (i) 5-8-5,
55-77, and 555-777 %,

5.3.3. XPS measurements of the films

The X-ray photoelectron spectroscopy, a surface-sensitive technique, was used to determine
the overall doping content as well as the bonding states of the nitrogen atoms in the as-grown
films. By taking the integrated peak areas of the C1s and O1s from the survey XPS spectra
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(Fig. 5.5a), the overall atomic percentages from pristine and doped graphene films were
found to decrease for carbon (85.1 at.% - 60.4 at.%) atoms and increasing for oxygen atoms
(10.5 at% - 29.1 at.%), as shown in table 5.2. The high oxygen content in doped graphene
films correlates well with the Raman data which showed an increased defect density ratio
upon doping. This is because an increased defect density indicates increased decoration of
graphene edges and defects with oxygen atoms. Moreover, the increased oxygen content in
doped graphene films indicates stronger oxygen ability on N-doped films, thus suggesting a
great potential for application of the doped films in fuel cells for oxygen reduction reactions
(ORR) 41,42

Table 5.2: Atomic compositions of the pristine and N-doped graphene films

Elemental composition (at.%b)

Sample C N @] Cu N/C
Pristine 85,1 -- 10,5 4,40 -
N-5scCMin-sity 69,5 2,26 17,3 10,9 3,25
N-55CCMpost 60,4 1,44 25,1 13,0 2,38
N-10scCMip.situ 66,0 0,71 21,3 12,0 1,08
N-10sccmpost 60,8 0,11 29,1 9,98 0,181

Analysis of the integrated peak areas of the N1s spectra revealed that the highest nitrogen
atomic percentage was found for in-situ grown graphene films. The ratio of the integrated
peak area of N1s to that of the C1s (i.e. N/C ratio, Fig. 5.5b) was used to calculate the overall
nitrogen content in the films, and this was found to be 3.25%, 2.38%, 1.08%, and 0.181% for
the N-5scCMinsiy, N-5 SCCMpost, N-10sCCMin.siy, and N-10scccmpest  graphene  films,
respectively. In general, the results showed that the maximum nitrogen content was
dependent on the flow rate of the nitrogen precursor as well as the synthesis route. The most
intriguing results were observed for the post doped graphene films. To be more specific, the
high degree of doping in N-5sccmyes: graphene films suggested that with low flow rates of
NHjs, the equilibrium between the adsorption and desorption processes was reached on the
available active sites on the graphene edges and/or defects. This would then permit large
incorporation of N atoms at the edges or grain boundaries. However, with high NH3 flow
rates, incorporation of nitrogen atoms into the graphene lattice is more difficult due to the

increased equilibrium for adsorption and decomposition. Furthermore, an increase in NH3
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concentration led to the formation of the more stable N, molecules, which are then liberated
by the buffer gas. In addition to this, since the reactions occur in the presence of hydrogen
gas, any unstable C-NH; bonds are susceptible to being broken. This leads to formation and
release of more N, molecules. Consequently, incorporation of nitrogen atoms is compromised

and a low N/C content is observed.
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Figure 5.5: (a) Atomic composition analysis from the XPS survey spectra and (b) N/C

content in N-doped graphene films.

The determination of the electronic bonding states of the C atoms in both pristine and N-
doped graphene films was achieved by deconvolution of the high-resolution XPS spectra, as
shown in figure 5.6. The C1s spectrum of pristine graphene films (Fig. 5.6e) exhibited three
component peaks centred at ~284.0 eV, ~284.8 eV, and ~287.6 eV, respectively. The main
component peak at ~284.0 eV is attributed to the presence of sp>C-C bonds found in graphite
83,84 The peak center at ~284.8 eV can be attributed to the contribution from the defective
sp3C atoms, whereas the component peak at higher binding energies can be assigned to the
presence of oxygenated carbon bonds® #*. Upon doping with nitrogen atoms, the C1s spectra
(Figs. 4.6a-d) were found to tail and could be fitted to at least four component peaks located
at 284.0 - 284.3 eV(C1), 284.6 — 285.1 eV (C2), 285.8 — 286.1 eV (C3), and 287.6 — 288.0
eV (C4) #* The main component peaks (284.0 - 284.3 eV) displayed a broader full width at
half maximum (N-5sccminsiy =1.127 eV, N-5scCmpost =1.275 eV, N-10scCminsiy =1.25 eV,

8 and our as-grown

and N-10sccmpest =1.23 eV) in comparison with that of graphite
graphene films (1.04 eV). This can be ascribed to the bonding of carbon atoms to the more
electronegative nitrogen atoms #%. The main peak indicated that in N-doped graphene films,
most carbon atoms were still arranged in a conjugated honeycomb lattice structure. The two

small peaks located at 284.6 — 285.1 eV and 285.8 — 286.1 eV were found to correspond to
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sp®N-C/ sp3C-C and sp®N-C bonds, respectively #%. The contribution from these bonds
indicates the successful substitutional incorporation of nitrogen atoms as well as
incorporation of nitrogen atoms at the edges and defects sites of the graphene domains.
Finally, the C1s component peak at higher binding energies (287.6 — 288.0 eV) was ascribed
to oxygenated carbon atoms due to the oxygen atoms at the defect sites on the graphene

surface .
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Figure 5.6: Cls core-shell XPS spectra of pristine and N-doped graphene films: (a) N-
5scCMinsitu, (D) N-5sCCMpost, (€) N-10scCMinsity, (d) N-10sccmpest, and (e) pristine graphene

films.

The deconvolution of the high-resolution N1s XPS spectra was used to determine the
chemical environments of N atoms in the as-grown films (i.e. the nitrogen configurations).
The N1s spectra of N-5sccminsiy films (Fig. 5.7a) was deconvoluted into at least four
component peaks attributed to pyridinic-N (~397.8 eV), pyrrolic-N (~399.7 eV),
substitutional/graphitic-N (~400.6 eV), and the oxidized pyridinic-N (NOy, ~402.7 eV),
respectively 2®’. Upon post doping with 5 sccm of NHs (Fig. 4.7b), the N1s was only fitted
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to three peaks assigned to pyridinic-N (~397.9 eV), pyrrolic-N (~399.3 eV), and graphitic-N
(~400.6 eV). The relatively high intensities of the peaks corresponding to pyridinic- and
pyrrolic-N is indicative of the incorporation of nitrogen atoms at the edges and defect sites of
the as-grown graphene films. In-situ nitrogen doping with 10 sccm NH; revealed N1s spectra
(Fig. 5.7c) which was also deconvoluted into three component peaks assigned to formation of
pyridinic-N (~397.8 eV), pyrrolic-N (~398.8 eV), graphitic-N (~400.1 eV). The high relative
intensity of the pyrrolic-N bonding state reflects the formation of defects that are associated
with reconstruction of the graphene lattice ®. This can be attributed to the high concentration
of nitrogen atoms in the reaction chamber, which compete with carbon atoms on the active
sites, resulting in the growth of a deformed graphene lattice. Finally, N1s spectra for the N-
10sccmpost graphene films (Fig. 5.7d) could be fitted with only two component peaks
corresponding to pyridinic-N (~398.1 eV) and pyrrolic-N (~399.7 eV). Due to the high
concentration of NHs, the difficulty of substitutional incorporation of nitrogen into the
graphene lattice was observed by the absence of graphitic-N bonding configuration.
However, the presence of both pyridinic-N and pyrrolic-N bonding configurations showed
the placement of nitrogen atoms at the on-site/vacancy-like defects as indicated by the Ip/Ip+
ratio (~3.82). Generally, the reasonably high relative intensities of pyridinic- and pyrrolic-N
bonding states in all doped graphene is consistent with the theoretical prediction which

indicated that N atoms are more thermodynamically stable at the graphene edges .

86



N1s pyridinic -N (b]

pyrrolic -N

graphitic -N

Intensity (a.u.)
Intensisty (a.u.)

lllIIIIIIIIIIlIillIIIIIIIIIIIIIIIIIIIII

404 403 402 401 400 399 398 397 396
Binding Energy (eV)

403 402 401 400 399 398 397 396
Binding Energy (eV)

- o (o) T
_ Nis pyrrolic -N = N1s pyridinic-N (@)
3 3
S &
Q ) ‘? lic-N
E graphitic-N E pyrrolic-
g g
= = v
lIlIIIlIIIIIIIIIIIIIIIIIIIIIIIIIII II[I]IIIII[IIIIIIIIIIIIIIIIII
403 402 401 400 399 398 397 396 402 401 400 399 398 397 396
Binding Energy (eV) Binding Energy (eV)

Figure 5.7: N1s core-shell XPS spectra of N-doped graphene films: (a) N-5scCMinsit, (b) N-
5scCMpost, (€) N-10SCCMip.situ, @nd N-10sccmyos: graphene films.

5.3.4 Summary of growth of N-doped graphene films

From the above characterizations and analyses, a summary for the proposed growth
mechanism of the doped films is shown in scheme 5.2. During in-situ doping with 5 sccm of
NH;3 (Scheme 5.2a), it was found that the doped graphene films contained all the known
configurations for nitrogen (i.e. pyridinic-, pyrrolic-, graphitic-N and NOy). The domination
of the graphitic-N bonding configuration thus indicates that with low concentrations of N
atoms, there is easy incorporation of nitrogen into the graphene lattice. This is because of the
simultaneous decomposition of both CH4 and NH3 on the Cu active sides, then as the active
carbon species nucleate and aggregate into graphene domains, the active nitrogen species also
nucleate and become incorporated into the graphene domains. In addition, some of the active
nitrogen species become stabilized at the defect sides (vacancies and edges) to form the
pyridinic-, pyrrolic-N and NOx bonding configurations. This gives rise to an increased defect
density. Upon post doping with 5 sccm NH3 (Scheme 5.2b), it can be observed that the only
available positions for facilitating the decomposition of NH3; molecules are the defect sides
(vacancies, adatoms and edges); hence the observed high relative concentrations of pyridinic-
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and pyrrolic-N configurations. The presence of graphitic-N bonding states can be attributed
to the healing effect of the graphene lattice. Theoretical studies have shown that with
prolonged growth time at high temperatures %, the graphene lattice relaxes and this process
leads to the conversion of pyridinic-N into the substitutionally incorporated nitrogen atoms.
When 10 sccm of NHs is used for growing in-situ doped graphene films, the predominant
nitrogen bonding states was found to be the pyrrolic-N type. This can be attributed to the
presence of high concentration of nitrogen atoms in the reaction chamber; which would then
compete with the carbon atoms for nucleation and aggregation on the available active sites.
Consequently, this resulted in reconstruction of the lattice and an increased lattice distortion.
Although there is reconstruction of the lattice in order to form the pyrrolic-N bonding
configuration, it was further found that some nitrogen atoms became stabilized at the edges
(pyridinic-N) and others were successfully incorporated into the graphene lattice. Finally,
post doping with high flow rates of NH3 (10 sccm, Scheme 5.2d) showed the difficulty of
incorporating nitrogen atoms into lattice, as there was lack of the graphitic-N bonding states.
The results indicate that prolonged growth time has little effect on the conversion of
pyridinic-N atoms into substitutionally incorporated nitrogen atoms due to the high
concentration of the nitrogen precursor. The presence of only pyridinic- and pyrrolic-N
bonding configurations suggests that the defects sites formed during the growth step of
pristine graphene films act as active sites for the adsorption and decomposition of NHj3

molecules.
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Scheme 5.2: Pictorial representation for the N-doped graphene films (N-configurations:

pyridinic-N, pyrrolic-N, graphitic-N, oxidized pyridinic-N).
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5.4. Conclusions

Optimization for doping graphene films with nitrogen atoms was successfully achieved by
following in-situ and post doping routes. Using ammonia gas at different flow rates (5 sccm
and 10 sccm) during both in-situ and post doping, allowed for the nitrogen atoms to be
incorporated into the graphene lattice with varying configurations as well as at different
concentrations. Characterization techniques such as optical microscopy, Raman and X-ray
photoelectron spectroscopies were used to investigate the structural and electronic properties
of the as-grown pristine and N-doped graphene films. For instance, the maximum N/C
content of 3.25 at% was noted for doped graphene films grown from an in-situ synthesis
route using 5 sccm NH3z. Raman analysis corroborated the XPS data analysis for these N-
5sccmin-situ films by showing the highest defect density (Ip/lg) ratio of ~1.09; which
indicated an increased lattice distortion due to incorporation of more nitrogen atoms.
Moreover, the lowest N/C content of 0.61 at% was noted for the N-10sccm post doped
graphene films. Thus, it can be concluded that N/C content depends mainly on the flow rate
of NH3 (N/Csscem > N/Cioscem), @and to a lesser extent on the synthesis method (N/Cin.sity >
N/Cpost). Interestingly, the type and amount of the detected N-configurations (pyridinic,
pyrrolic, graphitic and NOy) were also found to be influenced by the flow rate of NH3 as well
as the synthesis method. To be more specific, the N-5sccminsiwy graphene films were
characterized predominantly by graphitic-N and pyridinic-N bonding configurations, as well
as small amounts of pyrrolic-N and NOy bonding configurations. In contrast, N-10sccmin_sit
graphene films contained large amounts of pyrrolic-N bonding states and fewer graphitic- and
pyridinic-N configurations. Remarkably, in both N-5sccmyes: and N-10sccmpes: graphene
films the pyridinic- and pyrrolic-N bonding configurations dominated, indicating the
thermodynamic stability of nitrogen atoms at the edges of graphene domains. Therefore,
since a maximum N/C content was obtained using the in-situ doping route, with low flow
rates of NH3 (5 sccm), the this process was chosen as the optimum growth condition for
synthesizing future N-doped graphene.
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Chapter 6

Electrochemical behaviour and detection of dopamine and uric

acid over pristine and N-doped graphene modified ITO electrodes

6.1 Introduction

Over the decades, the ever growing demand for ultrasensitive detection of biomolecules in
biological matrixes, such as blood, urine as well as extracellular fluids, has led to the
development of many techniques that can enhance the response of electrochemical sensors.
The development of electrochemical sensors have been widely studied as inexpensive
techniques for selective and sensitive detection of a large number of electroactive
biomolecules, including nicotinamide-adenine dinucleotide (NADH) *, serotonin 2, glucose 2,

dopamine **, ascorbic acid ®®, uric acid ® &

, and so on. Among them, dopamine (DA) or 4-
(2-aminoethyl) benzene-1,2-diol, a neurotransmitter, has received considerable attention in
clinical and/or pharmaceutical research fields due to its indispensable role in the renal, cardio
vascular, hormonal and central nervous systems of humans. It has been found that
abnormally high or low levels of DA in the human body is associated with the development
of serious neurodegenerative diseases such as schizophrenia, epilepsy, phenylketonuria,
Alzheimer’s disease, Parkinson’s syndrome, Huntington’s disease, and attention deficiency
hyperactivity disorder (ADHD) *2*®. Thus, the rapid, selective and sensitive detection of DA
levels in physiological and biological samples is of great significance for early diagnosis of
various neurological disorders as well as providing the development of pharmaceutical drugs
for therapeutic purposes. Recent approaches for the direct detection and quantitative

determination of DA include, but are not limited to UV-vis spectroscopy *°, fluorometry % 2

capillary electrophoresis ** 2, chemiluminescence 2* 2, high performance liquid

2, 21 20.28 “and electrochemical techniques 2%, Among the

chromatography , microdialysis
various methods, the electrochemical techniques have been reported to be the most promising
approach for determination of DA due to the electroactive nature of DA %, Additionally,
electrochemical methods offer several advantages over other methods, such as low cost,
environmental friendliness, quick responses, high sensitivity, easy operation, capability to be
used in turbid and coloured fluids, availability for both in vitro and/or in vivo DA detection,

and most importantly, the feasibility for miniaturization for use in hand-held analysers 2.
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However, there are major problems associated with the electrochemical determination of DA
in physiological and biological samples, as selective and sensitive detection of DA suffers

interference from other biomolecules such as uric acid.

Uric acid (2,6,8-trihydroxypurine, UA) is the principal end-product of purine metabolism in
humans, and it is mainly excreted by the kidneys and to a lesser extent by the liver. Thus,
determination off the concentration of UA in the human blood or urine has great clinical
importance since it is a powerful indicator for the diagnosis of several diseases such as gout,
hyperuricemia, Lesch-Nyhan syndrome, urolithiasis, kidney damage, leukaemia, and
lymphoma . Until now, various methods such as adsorption or medium exchange,
enzyme-based, as well as electrochemical techniques have been used for determination of UA
in biological samples **. As UA shows electrochemical activity, the electrochemical
methods have been widely used for determination of UA. This has involved their use in
chemically modified electrodes as well as electrochemically pre-treated electrodes 334,
Although electrochemical oxidation procedures for the determination of UA have shown
good selectivity and sensitivity, the interference from other neurochemical compounds like
DA, results in an overlap of their voltammetric responses due to their very close oxidation
potentials 3°. Apart from the interference issues, electrochemical detection of UA suffers
other drawbacks such as the requirement of large overpotentials, frequent replacement of the
electrode due to fouling, as well as pre-concentration of UA prior to measurements 3.
Since both sensitivity and selectivity for electrochemical detection of DA and UA, either
individually or simultaneously, are of equal importance for practical applications, research
approaches have been devoted to improving the electrode surface, with the key focus being

on suitable materials for modifying this surface.

As such, recent progress in nanotechnology has led to the production of biologically
compatible materials, such carbon-based nanomaterials *, metal and metal oxide
nanoparticles *?, quantum dots “*}, magnetic nanoparticles **, and polymeric nanoparticles *°,
which can be used to modify the electrode surface of electrochemical sensors. Among the
newly developed biocompatible materials, carbon-based nanomaterials have gained more
attention in comparison with other nanomaterials, since these materials have shown improved
electrochemical performance with amplified detection signals as well as good selectivity “.
Additionally, their good biocompatibility with amino acids and proteins, chemical stability

and excellent catalytic activity are some of the properties that make carbon-based
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nanomaterials good candidates for electrode surface modifiers. Although various carbon-
based nanomaterials have been applied in electrochemical sensors, graphene, a two-
dimensional carbon material with an atomically thick honeycomb lattice *’, has attracted
enormous interest from various scientific communities, as a promising candidate
nanoelectronics, catalysis, nanophotonics, and sensors “**°. Owing to its unique structural
and physiochemical properties, including large specific surface area, outstanding thermal

48-50

conductivity, and extremely high electric conductivity , graphene has been intensively

employed for modification of different electrode surfaces in electrochemical sensors ** >* 2.
This is because the modification of the electrode surface with graphene has been shown to
accelerate the electron transfer rate by providing a highly conductive interface with improved

electrocatalytic activity > 2.

In spite of the extraordinary properties exhibited by graphene, the main drawback for
practical applications of graphene is the difficulty in growing high quality monolayer
graphene, since monolayer graphene is known to exhibit a high surface area and high
electrocatalytic activity. As such, researchers have spent much effort in developing methods
to improve the surface area as well as to enhance the electrocatalytic activity of graphene
coated electrodes. For instance, Shuang et al. reported that the fabrication of porous graphene
provided channels that accelerated the diffusion of the electrolyte and promoted the mass
transfer process *%. They observed that the presence of these channels remarkably enhanced
the electrocatalytic performance of graphene. However, the use of corrosive chemicals during
the synthesis steps of the porous graphene led to loss of the surface area as well as a lowered
degree of reduction of this porous carbon nanomaterial. On the other hand, some researchers
showed that the issues associated with a lowered surface area could be solved by using
reduced graphene oxide. However, the aggregation of the graphene nanosheets during
electrode preparation led to loss of electrocatalytic activity towards the oxidation of

8, 10

biomolecules Furthermore, other studies have indicated that the use of graphene

32, 45, 53

composites, including composites such as graphene/metal oxide nanocomposites and

graphene-carbon nanotube hybrid composites “°

, can greatly enhance the electrochemical
detection of biomolecules, such as DA and/or UA. Although good -electrocatalytic
performances with very small detection limits for DA and/or UA have been reported for the
graphene composite-based electrochemical sensors; the tedious preparation techniques, use of
expensive precious metal nanoparticles, and leaching of the nanoparticles out of the

composites limits their applications.
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To circumvent these problems, incorporation or doping of non-metallic elements such as
nitrogen, boron, or both nitrogen and boron, have been found to provide an excellent method

for enhancing the electrocatalytic performance of graphene ® *

regardless of whether the
parent graphene material is used as monolayered films, graphene oxide or reduced graphene
oxide nanosheets. Doping with nitrogen atoms is the commonly used method for tailoring the
structural and electronic properties of graphene. Since the nitrogen atom has a comparable
size to the carbon atom and it contains an extra electron, its extra valence electron is available
to form a strong delocalised conjugated system with the sp? hybridized carbon lattice. This
leads to improved reactivity, strengthened electrical conductivity and greatly enhanced
electrocatalytic performance for graphene °* °2. Furthermore, the presence of nitrogen atoms
in the graphene lattice enhances the biocompatibility and sensitivity in biosensing
applications, by providing abundant binding sites for biomolecules such as DA, UA, ascorbic
acid, glucose, etc. >*° It has been reported that nitrogen atoms increase the biocompatibility
of graphene through hydrogen bonding between the N-doped graphene lattice and the
biomolecules; this results in accelerated charge transfer kinetics of the biomolecule on the
surface of N-doped graphene ** °2 As a result, it is apparent that N-doped graphene has great

potential for application in electrochemical sensors.

Electrochemical sensors provide an inexpensive technique for the selective and sensitive
detection of electroactive biomolecules. However, a drawback that researchers are facing is to
design or fabricate an electrochemical sensor with excellent performance based on the
working electrode that is both sensitive and selective to DA and UA. Generally, a variety of

working electrodes™ 2

, including a glassy carbon electrode (GCE), carbon paste electrode,
pyrolytic graphite electrode and gold electrode, have been used for individual or
simultaneous detection of DA and UA. The GCE is the commonly used electrode at the
laboratory scale due to the ease of modifying it with sensing materials. Additionally, the GCE
provides advantages of good conductivity, good chemical stability, high intensity and rigidity
°1.%2  Although the GCE can be easily fabricated into an electrochemical sensor, it is not easy
to scale up industrially. To solve this problem, recent research reports have shown that
indium-doped tin oxide-coated glass (ITO or InSnOy) is a promising candidate for replacing

the GCE as a working electrode in electrochemical sensors >* >

. ITO-coated glass is a low-
cost photoelectric material with excellent optical transparency and satisfactory electrical
conductivity; thus making it a good material to be employed as a working electrode. Owing

to its remarkable physical and chemical properties and the ease of mass production for
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practical purposes, ITO has found application in various fields, such as light-emitting diodes
(LEDs), solar cells, transistors, biosensors, electroluminescence devices, and liquid crystal
displays (LCDs). Additionally, ITO can be etched, patterned and micro-arrayed in order to
attain a desired surface functionalization for the required immobilization of biomolecules *'.
Thus, in comparison with the GCE and other working electrodes, the use of ITO in
electrochemical sensing can provide a new platform for development of sensors exhibiting
significantly enhanced performance due to its many desirable properties such as high surface-
to-volume ratio and improved electronic conductivity. To the best of our knowledge, research
reports on the use and development of modified ITO electrodes for electrochemical detection
of DA and/or UA are limited >*°.

In this research, pristine and N-doped graphene films were used to modify ITO electrodes,
and the as-fabricated Gr/ITO and NGr/ITO electrodes were applied as sensitive
electrochemical sensors for the detection of UA and DA. The aim of the work was to study
the electrocatalytic activity of ITO electrodes towards oxidation of DA and UA, after the
electrodes have been modified with pristine and N-doped graphene films. Both electrode
modifiers are expected to exhibit different electrochemical responses due to their different
structural and electronic properties. In this study, we investigated how each electrode
modifier interacted with the biomolecules; to elucidate the influence of different structural
and electronic properties on the electrochemical responses. Additionally, pristine graphene
films were grown by APCVD, a technique that permits the easy control of graphene
thickness. As a result, the study aims to address the application of graphene films with known

thickness in electrochemical sensors.

6.2 Experimental

6.2.1 Chemicals and reagents
Dopamine hydrochloride (DA, > 99%), uric acid (UA, > 99%), sodium hydroxide pellets
(98%, Merk), potassium dihydrogen phosphate (KH,PO,4, 99.99%), hydrochloric acid (HCI,
32.0 wiv %), potassium ferricyanide (Ks[Fe(CN)g], Merck, 99.98%), potassium chloride
(KCI, Merck, 98.5%) and poly(methyl methacrylate) (PMMA, Mw ~999 000) were
purchased from Sigma-Aldrich, South Africa. The indium tin oxide (ITO)-coated glass slides
(surface resistance 30 to 60 /sq., thickness 1.1 mm, and optical transmittance of > 84%,

refractive index of 1.517) and copper foils (25 um, 99.98%) were also received from Sigma-
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Aldrich, South Africa. The gases used included argon (Ar, 99%), methane (CHj, 99.98%),
ammonia (NHs, 10% in Ar), nitrogen (N,, 99.98%) and hydrogen (H,, 99.98 %), and these
were supplied by Afrox, South Africa. All other reagents were of analytical grade and were
used without further purification. For the voltametric experiments, the deionized and high
quality water (>18.2 MQ.cm?) used was purified through a Millipore ultrapure (type 1) water
system (Bedford, MA, USA). Potassium ferricyanide stock solution (4 mM) was prepared
with 1.0 M KCI. Stock solutions of DA (4 mM) and UA (4 mM) were prepared in 0.1 M
phosphate buffer solution ((PBS) at pH 6.02, and PBS was used as supporting electrolyte.
The PBS was prepared by dissolving KH,PQO, in deionized water and the pH was adjusted by
addition of 0.1 M NaOH or 0.1 M HCI solutions. Fresh solutions of DA and UA were
prepared daily. Other standard solutions of DA and UA were prepared by appropriate
dilutions of the stock solutions in PBS.

6.2.2 Instrumentation
Electrochemical measurements (i.e. cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and amperometry) were performed using a pAutolab potentiostat/galvanostat,
running with the GPES software (version 4.900B) from Eco Chemie (Utrecht, Netherlands).
The conventional three-electrode cell assembly employing a Ag/AgCI (3 M KCI) reference
electrode and a platinum wire auxilliary electrode was used for the electrochemical
measurements (Scheme 6.1). The working electrode (geometric area = 0.42 cm?) was either
an unmodified ITO-coated glass or the ITO-coated glass modified with pristine and/N-doped
graphene films. All potentials are reported against the Ag/AgCI reference electrode. The pH
measurements of the PBS were performed on a Eutech Instruments bench pH/ion/mV-meter
(Model pH/ion 510, Singapore). Prior to the electrochemical measurement, the electrode
modifying materials were characterised using a Bruker Raman Senterra spectrophotometer
(Bruker, South Arica) and XPS date were collected on a Thermo Escalab 250 X-ray

photoelectron spectrometer (XPS).
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Scheme 6.1: The schematic representation of the three-electrode electrochemical cell.

6.2.3 Preparation of electrodes and the electrochemical procedure
Nitrogen doped and pristine graphene films were synthesized by atmospheric pressure CVD
(APCVD) on a copper foil in a quartz tube furnace. The pristine graphene films were grown
with 10 sccm CH, in 3 sccm H; and 300 sccm Ar atmospheres. On the other hand, the N-
doped films were grown with 10 sccm CH,4 and 5 sccm NH3z under 3 sccm H, and 300 sccm
Ar atmospheres. All samples were grown for 10 min at a designated growth temperature of
1000 °C. For preparation of the modified electrodes, the as-grown graphene films were then
transferred onto the ITO-coated glass using the PMMA assisted electrochemical delamination
method (Scheme 3.2)%. Prior to modification, the ITO-coated glass was cut to 0.6 cm x 0.9
cm and was sonicated in a solution mixture of acetone, ethanol and distilled water, after
which the floating PMMA/graphene films were transferred onto the electrode. PMMA was

then dissolved with acetone and the modified electrode was lightly rinsed with multiple
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volumes of methanol and water. These electrodes were labelled as Gr-ITO and NGr-ITO for

the ITO electrodes modified with pristine and N-doped graphene films, respectively.

In a typical experimental measurement, 20.0 mL of 0.1 M PBS (pH 6.02) as supporting
electrolyte in a three-electrode cell was deoxygenated by purging with nitrogen gas for 30
min prior to the start of each experiment. The cyclic voltammograms were recorded by
scanning between -1.0 V and 1.0 V at the step potential of ~0.005 V. The operating
parameters for obtaining the quantitative analysis of the analytes (DA and UA) by differential
pulse voltammetry (DPV) were set as follows: modulation amplitude of 25.05 mV, initial
potential of -0.25 V, end potential of 1.0 V, step increment potential of 1.95 mV, and
sensitivity of 100 nA/V. Electrochemical behaviour and voltammetric detection of DA and
UA, either as individual or in mixed solutions, were obtained by addition of a defined volume

of the respective stock solution to the electrochemical cell. The voltammograms were then
. . 3 .
recorded. The detection limit (DL) was determined from, DL=—G, where o is the standard
S

deviation of three low concentration measurements, and s is the slope of the linear
relationship plot of Ipa vs. concentration (C) *°. Furthermore, the sensitivities of the modified
electrodes were calculated by dividing the slope of the calibration curve by the geometrical

area of the electrode (0.42 cm?) >,

6.3 Results and discussions

6.3.1 Structural properties of the electrode materials
The structural and electronic properties of the electrode materials, which are pristine and N-
doped graphene films, were investigated with Raman analysis. Raman spectra of the films
were characterized by the Raman-active G bands (~1583.5 cm™— 1590.3 cm™) and the 2D
bands (~2675.5 cm™ — 2680.0 cm™) as well as the Raman-forbidden D bands (~1340.0 cm™-
1350.2 cm™) **®2 The spectra and peak positions are shown in figure 6.1 and table 6.1,
respectively. The presence of the broad D band in N-doped graphene films (Fig. 6.1 (ii))
indicated an increase in lattice distortions due to incorporation of nitrogen atoms into the
graphene lattice. This was further corroborated by the relative intensity of the 2D band which
was reduced to almost zero. In addition to the D band, another defect-induced peak was
observed as a shoulder on the G band of the Raman spectrum of the N-doped graphene films.

The presence of the shoulder, known as the D* band and located at ~1622.6 cm™ (Fig.

103



6.1(ii)), is indicative of an increased lattice distortion caused by doping with nitrogen atoms.
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Figure 6.1: Raman spectra of (i) pristine and (ii) N-doped graphene films.

To investigate the level of disorder in the pristine graphene films as well as to probe the
degree of doping in N-graphene films, the relative intensity ratios of the D band with respect
to that of the G band (Ip/lg) were determined (Table 6.1). The pristine graphene films
exhibited an Ip/lg ratio of ~0.271, which indicated the presence of few defects either in the
form of sp>-C bond or lattice vacancies *>®2 The low defect density ratio signified the growth
of high quality graphene films >*°2. Upon doping, the Ip/lg ratio increased to ~1.086, thus
indicating that the quality of the film was compromised and the degree of disorder was found
to significantly increase. The results show that incorporation of nitrogen atoms led to lattice
distortion, and this was corroborated by the suppressed intensity of the lattice distortion-
sensitive 2D band (Fig. 6.1(ii)).

Table 6.1: Band positions for pristine and N-doped graphene films

Peak position (cm™) Ratio
Sample D G D* 2D In/lg Ic/lp
Pristine 1340.0 1583.5 - 2675.5 0.271 0.41
N-doped 1350.2 1590.3 1622.6 2680.0 1.086 1551
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X-ray photoelectron spectroscopy (XPS) data were used to determine the overall doping
content as well as the bonding states of both carbon and nitrogen atoms in the as-grown films.
Figure 6.2(i) showed that the survey spectra of pristine graphene films consisted of C1s
(~284 eV), O1s (~531 eV) and Cu2p (~933 eV) peaks. In addition to the C1s, Ol1s and Cu2p,
the survey spectra of N-doped graphene films exhibited a weak N1s peak (~398 eV).

(i)

Cu 2p
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Figure 6.2: XPS survey spectra of (i) pristine and (ii) N-doped graphene films grown
showing the C1s, N1s, O1s and Cu2p peaks.

The integrated areas under the peaks give the atomic percentages of each element in the as-
grown films (Table 6.2). A decrease in carbon content was observed from pristine graphene
films (85.1 at. %) to N-doped films (69.5 at. %), thus indicating the successful incorporation
of nitrogen atoms into the graphene lattice. On the other hand, both oxygen (10.5 — 17.3 at.
%) and copper (4.40 — 10.9 at. %) contents were found to increase upon doping. The high
oxygen content in doped graphene films correlates well with the Raman data which showed
an increased defect density ratio upon doping. This is because an increased defect density
indicates increased decoration of graphene edges and defects with oxygen atoms.
Furthermore, the increasing Cu content suggests that lattice distortion due to nitrogen doping
results in formation of more vacancies in the graphene network, hence exposing the

underlying Cu support.
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Table 6.2: Atomic compositions of the pristine and N-doped graphene films

Elemental composition (at. %0)
Sample C N O Cu N/C
Pristine 85.1 - 10.5 4.40 -
N-doped 69.5 2.26 17.3 10.9 3.25

The chemical environments of the C atoms in both pristine and N-doped graphene films were
determined by deconvolution of the high-resolution C1s XPS spectra, as reported in chapter 5
(Figs. 5.6a and e). It was observed that deconvolution of C1s spectra of pristine graphene
films exhibited three component peaks centred at ~284.0 eV, ~284.8 eV, and ~287.6 eV,
which corresponded to sp?C-C bonds, defective sp*C bonds, and oxygenated carbon bonds,
respectively %%, Upon incorporation of nitrogen atoms, the C1s spectra were deconvoluted
with at least five component peaks. These were attributed to sp?C-C bonds (284.3 eV), sp°C-
N bonds (285.1 eV), sp*C-N and/or defective, sp*C bonds (286.1 eV), and oxygenated carbon
bonds (288.0 eV) ®*°. Interestingly, the peak position of sp>C-C bonds in N-doped films was
upshifted slightly in comparison to the peak position in pristine films (Fig. 6.3a), and this is
due to the bonding of carbon atoms to the more electronegative nitrogen atoms. Furthermore,
deconvolution of the N1s XPs spectra was used to determine the bonding states of nitrogen
atoms in the doped films. Figure 6.3b showed that at least four nitrogen configurations could
be determined from the deconvolution of the N1s spectra. These are pyridinic-N (~397.7 eV),
pyrrolic-N (~399.9 eV), substitutional/graphitic-N (~400.7 eV), and the oxidized pyridinic-N
(NOy, ~402.7 eV), respectively . Finally, data analysis of the Cu2p spectra (Fig.6.3c)

revealed a Cu(l) oxidation state in both pristine and doped graphene films.
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Figure 6.3: XPS data showing (a) C1s spectra of pristine (red) and N-doped (green) graphene
films, (b) N1s spectra of N-doped graphene films, and (c) Cu2p spectra of both films.

6.3.2 Electrochemistry of the electrodes
The electrochemical activity of pristine and N-doped graphene modified ITO electrodes in
comparison with the unmodified ITO electrodes was examined by investigating the
electrochemical catalytic reaction between [Fe(CN)s]*” and [Fe(CN)s]*". Figure 6.4 shows the
CVs of the unmodified and modified ITO electrodes in 4 mM potassium ferricyanide
solution, with 1.0 M KClI as the supporting electrolyte, at a scan rate of 50 mV s™. It can be
seen that the oxidation peak ascribed to the oxidation of [Fe(CN)s]* and the reduction peak
attributed to reduction of [Fe(CN)g]> were observed on the bare ITO at 363.6 mV and 197.3
mV, respectively. The peak potential difference (AEp) of 166.3 mV (Table 6.2) indicated a
quasi-reversible redox reaction. Upon modification with pristine graphene films, a slightly

decreased current response of the [Fe(CN)g]*™*

redox couple was observed at the Gr/ITO (red
curve). This can be attributed to the presence of oxygen functional groups on the graphene

films, which then repel the negatively charged ferricyanide molecules. Interestingly, the
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[Fe(CN)e]*™ redox

couple on

Gr/ITO electrode exhibited a decreased peak-to-peak

separation (AEp = 125.6 mV, Table 6.2). The results indicated that on Gr/ITO, there is

improved electron transfer, although very little enhancement in electrochemical activity is

observed. However, modification of the ITO with N-doped graphene films results in a much

increased peak current (blue curve). The results indicated that the presence of N-graphene on

the electrode surface greatly enhanced the electrochemical responses. This can be attributed

to the structural properties of N-graphene which leads to an electrode surface with increased

electrical conductivity, resulting in an accelerated electron transfer rate. In general, the results

strongly indicated that for good sensing applications, N-graphene films are better candidate

materials.
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Table 6.3: Peak potentials and currents of [Fe(CN)s]*" on bare and modified ITO
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Figure 6.4:Cyclic voltammograms of ITO (black), Gr/ITO (red), and NGr (blue) in the
presence of 4 mM Ks[Fe(CN)g] at the scan rate of 50 mV s™.

electrodes at a scan rate of 50 mV s*

1000

Ep (mV) Ip (LA)
Electrode Epa Epc Ipa o AE
ITO 363.6 197.3 98.89 -108.2 166.3
Gr-10min/ITO 341.3 215.7 95.71 -112.7 125.6
NGr-10min/ITO 355.1 250.5 198.7 -287.2 156.4
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6.3.3 Electrochemical behaviour of DA and UA on modified electrodes

The electrocatalytic activity of pristine and N-doped graphene ITO electrodes against
dopamine (DA) and uric acid (UA) was investigated by cyclic voltammetry. The CVs of 0.13
mM DA on the bare and modified ITO electrodes in PBS at pH = 6.02 are shown in figure
6.5a. On the bare ITO electrode, a pair of peak currents corresponding to the redox couple of
DA was observed around 617.3 mV (Epa) and -137.4 mV (Epc), respectively. The peak
current at 617.3 mV is ascribed to the oxidation of DA to the open-chain quinine, whereas the
peak current at -137.4 mV is assigned to the reduction of the quinine back to DA (Scheme
6.2) ®°. Notably, both oxidation and reduction peaks currents of DA on Gr/ITO and NGI/ITO
electrodes shifted negatively and positively, respectively (Table 6.3). The results
demonstrated that there is excellent electrocatalytic performance of the modified ITO
electrodes for the detection of DA. Furthermore, the peak currents of DA on NGr/ITO were
found to be higher than that of DA on the Gr/ITO electrode (Table 6.3). This indicated that
the electrochemical redox reactions of DA on NGr/ITO was improved, owing to the increased
electrochemical active sites provided by the incorporation of nitrogen atoms into the
graphene lattice. Additionally, the values of AEp were calculated to be 754.7 mV (ITO),
577.5 mV (Gr/ITO), and 640.8 mV (NGr/ITO).

12 | ITO 4 ITO b
—— Gr-10min (a) ——Gr-10min ( )
—— NGr-10 min ——NGr-10 min

14 350 700 1050 1400
Ep, mV (vs. Ag/AgCl)

Quarent ()
=)

Current (pA)

Current (pA)

—
500 250 0 250 500 750 1000 500 -250 0 250 500 750 1000
Potential, mV (vs. Ag/AgCl) Potential, mV (vs. Ag/AgCl)

Figure 6.5: Cyclic voltammograms of (a) 0.13 mM DA and (b) 0.13 mM UA in PBS (pH =
6.02) on bare and modified ITO electrodes at scan rate of 50 mV s-*.
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Table 6.4: Peak positions of 0.13 mM DA in PBS (pH = 6.02) on bare and modified ITO

electrodes at scan rate of 50 mV s

Ep (mV) Ip (LA)

Electrode Epa Epe. Ipa Ipc AE

ITO 617.3 -137.4 4.190 -1.779 754.7
Gr/ITO 550.3 -27.19 7.530 -3.288 5775
NGr/ITO 566.8 -73.96 12.22 -4.258 640.8

H
Ho I, ’ "l'
+ 2¢e° D/\/
HO 2e 0 + 2H*

Scheme 6.2: A schematic representation of the redox reaction of dopamine to dopamine-o-

quinone (dopaquinone).

Figure 6.5b shows the cyclic voltammograms of 0.13 mM uric acid (UA) on bare and
modified ITO electrodes in PBS of pH = 6.02. The CVs revealed that oxidation of uric acid
on bare and electrodes can be considered to be an irreversible process, as indicated by the
presence of the anodic peak currents (Ipa) and lack of the cathodic peak current (Ipc). The
electrochemical response of UA on the bare ITO, and the oxidation current peak (Ipa) of
0.9317 pA was located at 1113.8 mV. Furthermore, the oxidation current peak of UA on
Gr/ITO of 1.555 pA at 550.3 mV indicated that Gr/ITO improved the sensing performances
of ITO electrodes for electrochemical oxidation of UA. On both bare and Gr/ITO electrodes,
the voltammetric peak was rather broad, indicating that the electron transfer kinetics were
slow. In contrast, a well-defined oxidation peak of UA on NGr/ITO was observed at 424.1
mV with a significantly increased peak current of 3.819 pA. The peak was higher and more
negatively shifted than that on bare ITO and Gr/ITO electrode. Additionally, a weak
reduction peak of -0.7457 pA was observed at -222.3 mV. The results indicate that the
presence of N-graphene on ITO greatly enhanced the catalytic activity of NGr/ITO towards
electrochemical oxidation of uric acid. Due to the extra electrons on the N-doped graphene,
the doped graphene films act as promoters to increase the rate of electron transfer, which then
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lowers the overpotential of UA oxidation at the bare ITO electrode, and this led to more
negatively shifted oxidation peak potential. The irreversibility of the electrochemical
oxidation of UA on both electrodes can be summarised as shown in scheme 6.3. The
oxidation proceeds as a two-electron-two-proton process (Scheme 6.3), and leads to the
formation of an unstable diimine species, which is susceptible attack by water molecules to
produce an imine alcohol and the finally the uric acid-4,5 diol ®’. The lack of a reduction peak
suggests a slow electron transfer process. It is known that oxidation of UA on metal

electrodes is known to be irreversible *°.

o) H Ol
N
HN N
| >:0 + 2e H'\L - >:O
N : -2¢” N~ N +2H
H H

Scheme 6.3: A schematic representation of redox of uric acid to uric acid-4,5 diol.

Table 6.5: Peak positions of 0.13 mM UA in PBS (pH = 6.02) on bare and modified ITO
electrodes at scan rate of 50 mV s

Electrode Epa (MV) Ipa (LA)
ITO 1113.8 0.9317
Gr/ITO 550.3 1.555
NGr/ITO 424.1 3.819

6.3.4 Influence of scan rate on the detection of DA
The reaction kinetics of DA on ITO electrodes modified with pristine and N-doped graphene
films were investigated by studying the influence of scan rate (v) on the electrochemical
responses of DA. Figures 6.6 (a and b) illustrate the cyclic voltammograms of 0.13 mM DA
on pristine and N-doped graphene modified ITO electrodes, respectively, during the variation
of scan rates from 10 to 100 mV s, It can be observed that as the scan rate is increased, both
anodic (Ipa) and cathodic (Ipc) peak currents gradually increased, and this is attributed to the
heterogeneous reaction Kinetics at the electrode surface. Additionally, the peak potentials
were found to shift slightly more negatively (Epc) and positively (Epa), respectively. The
shift in peak potentials generated an increased potential separation (AEp), which is

characteristic of a quasi-reversible reaction.
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Figure 6.6: Cyclic voltammograms of (a) Gr/ITO and (b) NGr/ITO in PBS (pH =6.02)
containing 0.130 mM DA at scan rate range of 10 -100 mV s™ (a-j).

With the increase of scan rate, a good linear dependence of the redox peak currents of DA (la
and lpc) with the square root of the scan rate (\'v), was obtained (Figs. 6.7a and b), indicating
a diffusion-controlled process for the detection of DA on both modified electrodes. The
results showed a faster electrochemical oxidation of DA on the N-doped graphene modified
ITO electrode as compared to the oxidation on the pristine graphene modified electrode.
Furthermore, the calculations from a linear plot of log v vs. log Ipa resulted in the
determination of the electron transfer coefficients («) of 0.316 and 0.453, for DA on pristine
and N-doped modified electrodes, respectively. These were found to be close to the
theoretical value of 0.5 for a quasi-reversible process >**°. The linear regression equations for
ITO electrodes modified with pristine graphene (Fig. 6.7a) were obtained to be as follows;
Ip, (1A) = 21.81v"? (Vs ™) + 2.495(R? = 0.9915)
Ip, (¢A) = —18.99v"? (Vs ™) +1.084(R? = 0.9952)............... i
On N-doped modified electrodes (Fig. 6.7b), the linear regression equations were obtained as
follows;
Ip, (1A) = 47.29v"?(Vs™) + 2.835(R* = 0.9969)
Ip, (1A) = —24.80v"%(Vs™) +1.551(R? = 0.9976)................. 2]
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Figure 6.7: Linear relationships between Ip vs. square root of scan rate on (a) Gr/ITO and (b)
NGr/ITO. Linear plots of Ep vs. In v on (c) Gr/ITO and (d) NGr/ITO. Inserts: (¢) and (d) AEp

vs. In v.

The relationship between the redox peak potentials and In v was determined (Fig. 6.7c and d)
and it was observed that a linear relationship was obtained at high scan rates (30-100 mV s™)
for pristine (equation 3) and N-doped modified electrodes (equation 4):
Ep,(MmV) =44.64nv(Vs™) +683.2(R* = 0.9990)
Ep,(MV)=-39.25Inv(Vs™)-145.0(R* = 0.9959)................ [3]

Ep,(mV) =85.86In v(Vs™) +824.0(R = 0.9983)

Ep.(mV) =-63.90In v(Vs™) — 264.8(R = 0.9987)................. [4]
Therefore, using the slopes and based on the Nicholson’s models ®® (shown below, egns. 5
and 6), the number of electrons in the reaction was determined to be 1.4+ 0.9 and
2.7 = 0.2 for pristine and N-doped modified electrodes, respectively. The results indicated
that there are more electrons involved in the redox reaction of DA on NGr/ITO due to the

presence of nitrogen atoms.
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anF  RTk. anF

where R is the gas constant (8.3145 J.K™mol™), F is the Faraday’s constant (96487 C.mol™),
n is the reaction number of electrons, o is the electron transfer coefficient, ks is the

heterogeneous transfer rate constant, and T is the reaction temperature (295.05 K).

Rearrangements of equations [5] and [6] in order to determine AE are shown below (egn.7).
The intercept of a plot of AEp against In v (Figs. 6.7a and b, inserts) gave the apparent
heterogeneous transfer rate constant (k) of 1.14x10° s™ for pristine-graphene modified
electrode and 10.1x10° s™* for the N-doped graphene modified electrodes. On the bare ITO
electrode, the heterogeneous transfer rate constant (ks) was found to be 2.21x10™ s™. The
results indicated that a fairly fast electron transfer was observed on the N-doped modified
electrode due to the increased electron density as a result of nitrogen incorporation into the
graphene lattice.

AEp:L{aln(l—a)+(l—a)lna—lnﬂ—lnks}+ilnv ........... [7]
(1-a)nF nF @-a)nF

6.3.5 Influence of scan rate on the detection of UA

The influence of the scan rate on the electrochemical responses of UA on Gr/ITO and
NGr/ITO electrodes was investigated by cyclic voltammetry. Figure 6.8 shows the CVs
obtained at pristine and N-doped graphene modified ITO electrodes in PBS (pH 6.02)
containing 0.13 mM UA at different scan rates (between 10 and 300 mV s%). As the scan rate
was increased, the Ipa was observed to increase while the Epa shifted slightly in the positive
direction (Figs 6.8a and b). Furthermore, a good linearity between the anodic peak current
(Ipa) and the square root of the scan rate (Vv) was obtained for UA (Fig. 6.9a and b). The
results indicate that the charge transfer on the modified electrodes is a diffusion-controlled
process. The linear relationships were found to obey equations [8] and [9] for Gr/ITO and
NGr/ITO electrodes, respectively:

Ip, (uA) = 4.095v"2(Vs™) + 0.6604(R? = 0.9993)................ [B]

Ip, (zA) =9.931v"? (Vs ™) +1.626(R? = 0.9987).............. O]
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Figure 6.8: CVs of (a) Gr/ITO and (b) NGr/ITO in PBS (pH = 6.02) containing 0.130 mM

UA at scan rate range of 10-300 mV s,

The relationship between the redox peak potentials and In v was determined, as shown in
figures 6.9c and d, and it was observed that a linear relationship was obtained at high scan
rates (30-100 mV s™) and was expressed as for pristine (eqn. 10) and N-doped modified

electrodes as (egn. 11):

Ep,(mV)=61.95Inv(Vs™)+732.1(R* =0.9994)....... [10]

Ep,(mV)=16.95Inv(Vs™)+473.8(R* =0.9977)....... [L1]
The slopes of the log Ip, vs. log v was used to determine the electron transfer coefficient ()
>2% and these were found to be 0.30 and 0.50 for Gr/ITO and NGr/ITO electrodes,
respectively. This further suggested that the electron transfer reaction of UA on the modified
electrodes was controlled by the diffusion process **°® . This can be attributed to the
structural properties of both pristine and N-doped graphene films. This is indicative that more
electrons are being injected by the presence of nitrogen atoms on the electrode surface.
Furthermore, the large slope of the Ipa vs. v linear plot (9.93 uA sV on NGI/ITO versus
4.10 pA s.V* on GI/ITO) also corroborated an increased electron transfer on NGr/ITO,
which indicated a faster electrochemical oxidation of UA on the NGr/ITO electrode.
Moreover, the broad CV’s on Gr/ITO suggested a slow electron transfer, hence the fewer
number of reaction electrons were observed in comparison with those required in the
NGr/ITO electrochemical process. Finally, the number of electrons used in the reaction was
calculated to be 1.06 and 1.76 for Gr/ITO and NGr/ITO electrodes, respectively. The number
of electrons on NGr/ITO is very close to the theoretical reaction number of electrons (i.e. ~2,

Scheme 6.3) ***°. In summary, the results indicated reasonably fast electron transfer on N-
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doped modified electrode due to the increased electron density as a result of incorporation of
nitrogen atoms into the graphene lattice.
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Figure 6.9: Linear relationships between Ip vs. square root of scan rate of UA on (a) Gr/ITO
and (b) NGr/ITO. Linear plots of Ep vs. In v at (c) Gr/ITO and (d) NGr/ITO.

6.3.6 Influence of pH of the buffer solution

The influence of the pH of the PBS buffer on the electrochemical responses of 0.13 mM DA
and 0.13 mM UA was investigated using differential pulse voltammetry (DPV), due to the
DPV method having high sensitivity and exhibiting minimal background noise. The pH
studies were performed since both DA and UA exhibited a two electron and two proton
processes on the modified electrodes ° ”. Therefore, the pH value should have a great
impact on the electrocatalytic responses of both biological molecules. Figure 6.10 illustrates
the oxidation peak currents differential pulse voltammetric responses of DA in the pH range
of 3.05 to 9.04 at pristine and N-doped graphene modified ITO electrodes.
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Figure 6.10: DPVs of DA at various pH values PBS on (a) Gr/ITO and (b) NGr/ITO
electrodes. (c) Linear relation between peak potential (Epa) and different pH values on
Gr/ITO (black squares) and NGr/ITO (red dots).

As shown in figures 6.10a and b, the oxidation current peaks of DA increased with increasing
pH, thus indicating that high pH values are favourably driving the oxidation reaction of DA
forward. Furthermore, the peak potentials shifted to the more negative direction with
increasing buffer pH, indicating an increased electron transfer during the electrocatalytic
oxidation of DA. Additionally, the small amperometric responses at < pH 5.01 suggest that
successful detection of DA is not possible for both electrodes. A linear relationship between
the oxidation potentials (Ep,) and PBS pH was obtained in the range of 3.05 — 9.04 for
Gr/ITO (Fig. 6.10c, black squares) and 3.05 — 8.02 for NGr/ITO (Fig. 6.10c, red dots). The
values of the slopes of the linear plots were calculated to be -61.7 mV pH™ and -81.8 mV pH"
! for Gr/ITO and NGI/ITO, respectively. The measured slope for Gr/ITO is very close to the
theoretical Nernst value of -59 mV pH™, thus suggesting that the electrochemical oxidation of
DA at the Gr/ITO electrode involves an equal number of electrons and protons °. On the
other hand, the measured slope of NGr/ITO was found to be larger than the theoretical Nernst
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value of -59 mV pH™. This indicated that the oxidation process of DA occurred faster due to
increased electron transfer, and this was also indicated by the negative shift of the oxidation

peak potentials.

Thus the mechanism depicting the electrochemical behaviour of DA on the modified
electrodes in buffer solutions with different pH values is shown in scheme 6.4. In general, the
electrocatalytic oxidation of DA is known to occur via a two-electron and two-proton transfer
process, as shown in step 1 of scheme 6.4. Initially, the parent DA molecule is oxidized to
form o-dopaquinone by the loss of two protons from the hydroxyl groups, which is then
accompanied by loss of two electrons. However, during the oxidation of dopamine in buffer
solutions of alkaline pH values, a major deprotonation of the o-dopaquinone can occur >* &
' This protonation reaction is then followed by a cyclization reaction of o-dopaquinone to
form the leucodopaminochrome through a proton-assisted intramolecular 1,4-Michael
addition reaction (step 2) >* °"*. The resultant leucodopaminochrome is more easily oxidized
than the parent DA molecule, and undergoes a further two-electron oxidation to form
dopaminochrome (step 3) >* %™ As a result, it is expected that the electrochemical responses
for the oxidation of DA at the modified electrodes will be dependent on pH media of the
buffer solution. As a result, in acidic media (pH 3.05 — 6.02), a low peak current response is
observed for oxidation of DA at both Gr/ITO and NGr/ITO (Figs. 6.10 (a) and (b)), indicating
a reversible reaction (step 1). The slightly increasing oxidation peak currents in acidic media
can be attributed to the dissociation of the surface-bound acidic groups as well as the
increased electrostatic attraction between the DA molecules and the modified electrodes.
However, in neutral to alkaline media (pH 7.03 — 9.04), an increase in oxidation peak is
observed in figure 6.10, suggesting that the oxidation reaction leading to the formation of

dopaminochrome is more favourable.

Additionally, apart from the buffer solution media, it is noteworthy to mention that the
structural properties of the modified electrodes also had an impact on the electrochemical
responses of DA. For instance, the electrochemical performance of Gr/ITO towards detection
of DA can be correlated to the good m-m interaction between the phenyl structure of DA and
the sz conjugated carbon lattice of the graphene. In addition to the n-7 interaction between
DA and the 2D hexagonal structure of graphene, the presence of pyridinic-N and pyrrolic-N
in N-doped graphene (Fig. 6.3b), is suggesting that the NGr/ITO electrode surface contained
a much more stable m-conjugated delocalised system, which is very active towards

electrophiles. Thus, the electron-rich NGr/ITO, which acted as an excellent nucleophile,
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would exhibit better electron transfer properties as well as facilitating the oxidation of DA at
lower oxidation potentials than those observed on Gr/ITO (Fig. 6.10c), especially within pH

ranges that are closer to the physiological conditions (i.e. ~pH 7).
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Scheme 6.4: The general mechanism for the electrochemical oxidation of DA at different pH

values of the buffer solution.

The effect of pH of the buffer solution on the oxidation peak currents and potentials of UA at
the modified ITO electrodes was also investigated. An interesting trend in the oxidation peak
potentials was observed on Gr/ITO; with a negative shift seen in acidic media (pH 3.05 —
5.01) while a positive shift was observed in neutral to alkaline media (pH 6.02 — 9.04). On
the other hand, the oxidation potentials of UA at NGr/ITO were observed to shift negatively
with increasing pH of the buffer solution. This is indicative of improved electron transfer
during the electrocatalytic oxidation of UA. A plot of the oxidation peak potentials (Epa)
against the PBS buffer pH is shown in figures 6.11c. The slopes of the linear plots of Epa vs.
pH were calculated to be -49.9 mV pH™ and +68.2 mV pH™ for Gr/ITO in the range of pH
3.05 to 5.02 and pH 6.02 to 9.04, respectively. The increasing slopes in alkaline pH as well as
positive shift in oxidation peak potentials could suggest adsorption of impurities on the
electrode surface; thus indicating that more energy is required to remove them. Moreover, the
slope for the linear plot of Epa vs. pH at the NGr/ITO was calculate to be -54.4 mV pH™.
Since the values of the slopes were found to be closer to the theoretical Nernst value of -59
mV pH,™ this is indicative that the uptake of electrons is accompanied by an equal number of

protons being used during the electrocatalytic reaction of UA .
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Figure 6.11: DPVs of UA at various pH values PBS on (a) Gr/ITO and (b) NGr/ITO
electrodes. (c) Linear relation between peak potential (Epa) and different pH values on
Gr/ITO (black dots) and NGr/ITO (red dots).

The mechanism for understanding the electrochemical behaviour of UA on the modified
electrodes in buffer solutions with different pH values is shown in scheme 6.5. Generally,
oxidation of uric acid is known to be a two-electron two-proton transfer process, as shown in
stage 1 of scheme 6.5. This two-electron process which is the followed by protonation (also
known as tautomerization) occurs at pH values of < 5.4, which closer to the pKa value of UA
6772 As a result, increased oxidation peak current responses are observed at pH values <
5.02. Therefore, it can be concluded that in acidic media, the reverse reaction, stage 1, is
more favoured. On the other hand, in neutral and/or basic media, UA becomes deprotonated
and its anionic form is repelled from the electrode. As the buffer solution becomes more
alkaline, more negatively charged UA molecules are formed, either in monoanionic or
dianionic form. This leads to a decrease in the oxidation peak currents (stage 2) as the UA

loses more protons and becomes a charged molecule®” ",

120



I H i
N
N
fji >:O Stage 1 HN)EE >:0
o~ >N~ "N O)\N/ N +2e + 2H*
H H o H
&
o 6‘/

HN N\
ey »—0
» 07 N N s
A S
o) ® Ok
H o

HN N
— HN
O)\N' ‘ N> ° )\ | ->:O
H (0] N N
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values of the buffer solution.

6.3.7 Concentration studies

Differential pulse voltammetry (DPV) was used for the determination of the detection limits
of DA and UA sensors based on Gr/ITO and NGr/ITO. Figure 6.12a illustrates the DPVs at
Gr/ITO in 1.0 mM PBS containing 100 uM UA and different concentrations of DA. Figure
6.12b shows the DPVs of different DA concentrations in the absence of UA at NGr/ITO in
1.0 mM PBS. At the NGr/ITO electrode, poor oxidation potential separation was observed
between DA and UA. This is due to the increased electrochemical oxidation of UA at the N-
doped modified electrode, as observed by the negatively shifted oxidation potential. The
enhancement of the peak currents corresponding to the oxidation of DA was observed with
increasing concentration. A linear relationships between Ipa and DA concentration was
observed in the concentration range of 8 — 190 uM and 2 — 150 uM on Gr/ITO (egn. 14) and
NGr/ITO (egn. 15) electrodes, respectively.

Ip, (#A) = 0.01235C (zmolL™) +0.2594(R? = 0.9991).......cccvevvmne. [14]

Ip, (#A) = 0.03321C (zzmolL™) +0.6920(R? = 0.9991)........cc0cvevvene. [15]
The detection limits were determined to be 4.13 uM and 0.154 uM on Gr/ITO and NGr/ITO,

respectively, at a signal-to-noise ratio of 3. Moreover, the sensitivities were found to be
2.94x107? gApM 'em?and  7.91x107 zArM 'em*for DA on Gr/ITO and NGI/ITO,

respectively.
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Figure 6.12: Concentration studies of DA on (a) pristine and (d) N-doped graphene modified
ITO electrodes at buffer pH 6.02. (c) Linear concentration ranges of DA at Gr/ITO (black)
and NGr/ITO (red) electrodes at buffer pH 6.02.

Finally, the sensing performances of our modified ITO electrodes were compared with the
previously reported sensors carbon-based electrodes for either the individual or simultaneous
detection of dopamine (Table 6.6). It can be seen that the linear range for DA at NGr/ITO (2
— 150 pM) was larger than that at ITO electrode modified with rGO-CNTs hybrids *°, the
pyrolytic graphite electrode "*, as well as being larger than that obtained for the screen printed
carbon electrode (SPCE) modified with reduced graphene oxide *? The detection limit for the
DA at NGr/ITO electrode was higher than most of the reported data, such as for the rGO-
CNT/ITO *, the NGr/GCE °, Au-GO/ITO *, and the N-CNRs-Nafion/GCE ™. This is
indicative that the structural properties of the modified electrode plays a major role in
improving the electrocatalytic oxidation of DA by dictating the rate of electron transfer as
well as the interaction of the DA molecule with the electrode surface. In summary, it can be
seen that both pristine and N-doped graphene films produced detection limits that are quite

comparable with those obtained at other similar electrodes modified with their powdered
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counterparts (i.e. CNTs, rGO). Additionally, the key point from this study illustrated the

possibility of using films for fabrication of sensors, which can also be easy to produce at an

industrial scale.

Table 6.6: Comparison of electrocatalytical data for the determination of DA

Linear range Detection limit Reference
Electrode (UM) (LM)

Gr/ITO 8-190 4.13 This study

NGr/ITO 2-150 0.15 This study
rGO-CNT/ITO 0.2-8.0 0.04 95
Gr/GCE N/A 1.86 30
GO/GCE N/A 0.27 8
AU/ITO 0.001 - 500 0.001 72
Au-GO/ITO 10 — 1000 0.06 54
PGE 1.0-20 0.011 74
N-CNRs-Nafion/GCE 0.008 - 15.0 0.0089 75
NGO/GCE 0.5-170 0.25 6
rGO/SPCE 0.20-80 0.1 42

*Gr-> graphene films, ITO -> indium tin oxide, NGr -> N-doped graphene film, rGO -> reduced graphene
oxide nanosheets, CNT -> carbon nanotubes, GCE -> glassy carbon electrode, GO -> graphene oxide
nanosheets, Au -> gold nanoparticles, N-CNRS -> N-doped carbon nanorods, PGE -> pyrolytic graphite

electrode, SPCE -> screen printed carbon electrode.

Figure 6.13a shows the DPVs of different UA concentrations in the presence of 20 uM DA
on Gr/ITO in 1.0 mM PBS. Figure 6.13b shows the DPVs of different UA concentrations in
the absence of DA at NGr/ITO in 1.0 mM PBS. A poor separation was observed at the
NGrI/ITO electrode. However, a gradual enhancement of the oxidation peak current for UA
was observed over the UA concentration range. The calibration curves (Figs. 6.13c) showed a
linear relationship between Ipa and the concentration in the range of 40 - 560 uM and 6 — 140
MM for UA on Gr/ITO (egn. 16) and NGr/ITO (egn. 17), and the curves obeyed the following
equations;

Ip, (1A) = 0.00264C (zmolL™) — 0.03001(R = 0.9994).........cocvvrn.. [16]

Ip, (1A) = 0.02154C (zmolL™) + 0.8394(R = 0.9995)........cc.cvervnn.. 7]
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Furthermore, and under the optimized DPV conditions, the detection limits (S/N=3) of UA on
Gr/ITO and NGr/ITO electrodes were determined to be 5.9387 uM and 0.7264 uM,
respectively, whereas the sensitivities of the Gr/ITO and NGr/ITO electrodes towards the
detection of UA were found to be 6.29x107° zAxM “cm~?and 51.29x107° zAxM “‘cm~20n
Gr/ITO and NGI/ITO, respectively.

1,8 {Ip5(nA) = 0.00264C(uM)-0.03001 UA._(a) {(b) <} IPa(uA) = 0.02154C(u)+0.8394
1 (R =0.9994) 4. I""-I (R - 0.9995)
1,5 Y
T 1,2- <
g 2 3
£ 0,9 £
c 3 Q
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= 0,61
3 Q
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Figure 6.13: Concentration studies of UA on (a) pristine and (d) N-doped graphene modified
ITO electrodes at buffer pH 6.02. (c) Linear concentration ranges of UA on pristine (black)
and N-doped graphene (red) modified ITO electrodes at buffer pH 6.02.

Comparison of the electrochemical performance of our modified ITO electrodes and reported
carbon-based electrodes towards the detection of uric acid was also investigated (Table 6.7).
It is noteworthy to mention that very few studies on the electrochemical detection of uric acid
have been performed on modified ITO electrodes. Thus, this study comprises one of the few
reports that focus on the use of ITO electrodes. It can be seen that the linear range for UA at
NGr/ITO (6 — 140 uM) was larger than that at ITO electrode modified with rGO-CNTs
hybrids >>and also for data reported for most of the carbon nanomaterial-based glassy carbon
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electrodes. Moreover, the detection limit for UA at NGr/ITO (0.73 uM) electrode was also
found to be comparable to that of other reported studies, indicating that with further
improvement in the structural properties of the electrodes, lower detection limits for uric acid
can be achieved. Remarkably, the linear range of UA at Gr/ITO was large, which is
favourable for a good sensor. However, the large detection limit (5.94 uM) was indicative of
a poor interaction between the UA molecule and the planar sp® conjugated carbon structure of

the graphene-modified electrode.

Table 6.7: Comparison of electrocatalytical data for the determination of UA

Linear range Detection limit Reference
Electrode (uUM) (LM)

Gr/ITO 40 -560 5.94 This study

NGr/ITO 6 - 140 0.73 This study
rGO-CNT/ITO 0.2- 16.0 0.17 95
PGE 25-20 14 74
rGO/GCE 0.8 -100 0.6 8
NGO/GCE 01-20 0.045 6
rGO/SPCE 10 — 3000 0.35 42
MWCNT/GCE 0.55-90 0.014 76
PLL-GO/GCE 0.5-20 0.031 77
NCNF/GCE 5-200 0.992 78

*Gr-> graphene films, ITO -> indium tin oxide, NGr -> N-doped graphene film, rGO -> reduced graphene
oxide nanosheets, CNT -> carbon nanotubes, GCE -> glassy carbon electrode, NGO -> N-doped graphene
oxide nanosheets, PGE -> pyrolytic graphite electrode, SPCE -> screen printed carbon electrode, MWCNT ->

multiwalled carbon nanotubes, NCNF-> N-doped carbon nanofibers, PLL -> poly-L-lysine.

6.3.8 Stability, reproducibility and repeatability of modified electrodes
To investigate the stability, differential pulse voltammograms of 0.13 mM solutions of DA
and UA were recorded on modified electrodes after two weeks of storage at room
temperature in ambient conditions. It was observed that a 2.4 % and 1.9 % loss of the peak
current was recorded for DA, while a 5.5 % and 3.7 % were recorded for UA at the Gr/ITO
and NGr/ITO electrodes, respectively. This indicates good stability for both molecules at
NGr/ITO electrodes. The reproducibility was estimated from the DPVs of PBS containing
0.13 mM DA and 0.13 mM UA at five independent electrodes that were prepared in a similar
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way. The relative standard deviations (RSDs) of 3.5 % and 4.7 % were obtained for DA and
UA on Gr/ITO, whereas RSDs of 1.5 % and 2.3 % were obtained for DA and UA on
NGr/ITO electrodes. Finally, the repeatability of the electrodes was studied by recording ten
successive DPVs on the same electrode using the buffer solution (pH 6.02) containing 0.13
mM DA and UA. Satisfactory RSDs of 3.7 % and 3.5% were calculated for DA and UA on
Gr/ITO, while RSDs of 1.6 % and 2.8 % were obtained for DA and UA on NGr/ITO. In
summary (Table 6.8), the results indicated that NGr/ITO electrodes exhibited better stability,
reproducibility and repeatability as compared to their undoped graphene counterparts.

Table 6.8: Stability, reproducibility and repeatability values of DA and UA on modified ITO

Stability Reproducibility Repeatability

(% Loss) (RSD, %) (RSD, %)
Electrode DA UA DA UA DA UA
Gr/ITO 2.4 55 3.5 4.7 3.7 35
NGr/ITO 1.9 3.7 1.5 2.3 1.6 2.8

6.4 Conclusions

In summary, the study presents the use of pristine and N-doped graphene films in ITO-based
electrochemical sensors for detection of DA and UA. The use of both graphene and ITO in
sensing applications is due to the combination of desirable properties exhibited by both of
these materials, such as the high surface-to-volume ratio, large surface area, high
electrocatalytic activity, fast electron transfer kinetics, good electron conductivity and the
ability to form good large area films. Raman analysis suggested the growth of high quality
(In/lg = 0.271) and bilayered (lg/l,p = 0.410) pristine graphene films. Furthermore, XPS data
analysis showed that the N-doped graphene films had an overall N/C content of ~3.25 % and
that they contained all four nitrogen configurations (i.e. graphitic-, pyrrolic-, pyridinic-N, and
NOy). The electrochemical behaviours as well as the electrochemical oxidations of DA and
UA were determined to be diffusion controlled at both Gr/ITO and NGr/ITO electrodes.
Under optimized DPV conditions, Gr/ITO electrode exhibited wide linear ranges, fairly
reasonable stability and reproducibility, as well as good selectivity for both DA and UA.
However, the Gr/ITO suffered poor sensitivity and high detection limits (S/N =3) for DA and
UA, with the limits of detection determined to be 4.23 uM and 5.94 uM, respectively. Thus,
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the results showed that with the observed selectivity, indicated by well-defined oxidation
peak separations, and further improvements, Gr/ITO electrodes are promising candidates for

simultaneous determination of DA and UA.

On the other hand, the NGr/ITO electrode exhibited reasonable linear ranges, high sensitivity,
excellent long-term stability and reproducibility, as well as low detection limits (S/N =3) for
DA and UA, with the limits of detection calculated to be 0.15 puM and 0.73 pM, respectively.
Although the NGI/ITO electrodes suffered poor selectivity, the excellent electrocatalytic
activity towards oxidation of DA and UA and observed lower overpotentials, with enhanced
electrochemical response, can be attributed to the unique structural and electronic properties,
as well as the increased effective surface area. XPS showed the presence of all four nitrogen
configurations (i.e. graphitic-, pyrrolic-, pyridinic-N, and NOy), thus a much more stable 7-
conjugated delocalised system was formed, which then led to faster electron transfer kinetics
compared to bare ITO and Gr/ITO electrodes. Additionally, the good m-n and hydrogen bond
interactions between DA and UA and the N-doped graphene surface led to improved
electrocatalytic activity. In general, the present work provides a simple, cost-effective and
environmentally friendly method for designing high performance electrochemical sensors
based on N-doped graphene films on ITO electrodes, although it is apparent more work is

required to their selectivity.
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Chapter 7

Electrochemical behaviour and detection of dopamine and uric

acid over Pt and Pd- graphene/ITO composites

7.1 Introduction
Dopamine (4-(2-aminoethyl) benzene-1,2-diol, DA) and uric acid (2,6,8-trihydroxypurine,

UA) are biomolecules that play very vital roles in the human body (Scheme 7.1a and b). Both
DA and UA coexist in biological matrixes of the human body, such as blood, urine as well as
extracellular fluids. As a member of the catecholamine family that is produced in the brain
and kidneys, DA is an important neurotransmitter in the mammalian renal, hormonal,
cardiovascular, and central nervous systems. Recent research reports have suggested that DA
plays a significant role in the treatment of depression and Alzheimer’s discase '
Additionally, abnormal concentrations of DA are linked to neurological disorders such as
schizophrenia, epilepsy, phenylketonuria, Huntington’s disease, attention deficiency
hyperactivity disorder (ADHD), as well as loss of muscle control (Parkinson’s syndrome) 2%,
Thus, restoration of DA levels in the human body is important for control or elimination of
various neurological disorders as well as for providing the development of pharmaceutical
drugs for therapeutic purposes. On the other hand, uric acid (UA, scheme 7.1b) is the primary
end metabolic product of purine metabolism that is produced in mammalian blood and serum,
and excreted from the human body in urine and sweat. Similarly, an abnormal concentration
of UA in the human body is related to various diseases such as arthritis, gout, hyperuricemia,
kidney lesion, gouty nephropathy, anaemia, and Lesch-Nyhan syndrome %2, Therefore,
accurate detection of UA in the human blood or urine has great clinical importance since it is
a powerful indicator for the diagnosis of several diseases. As both DA and UA coexist in
biological samples, for clinical diagnosis and treatment of the aforementioned diseases,
determination of DA and UA with satisfactory accuracy, low limits of detection and the high

sensitivity is critically important.
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Scheme 7.1: Schematic representations of (a) dopamine, DA, and (b) uric acid, UA.

Due to the bioactivity of DA and UA, electroanalytical or electrochemical techniques have
attracted great attention as promising techniques for the determination of biomolecules *%.
This is because electrochemical methods offer numerous advantages over other techniques in
terms of quick responses, low cost, high sensitivity, ease of handling and ease of fabrication
of the electrochemical sensors as well as relatively cheaper instrumentation %%, However,
the major drawback for accurate detection of DA and UA on traditional electrodes, such as
the bare glassy carbon electrode (GCE), is the overlapping oxidation peaks for both
biomolecules due to similar heterogeneous electron transfer kinetics >%. Additionally,
fouling of the traditional electrodes by either oxidation and/or reduction products from the
electrocatalytic oxidation of these biomolecules (DA and/or UA) contribute largely to some

disadvantages of the electrochemical techniques ** #

. Thus, it is essential that the
development of simple, selective and highly sensitive voltammetric techniques for the
determination of DA and UA is a necessity. As a result, a variety of biologically compatible

2 metal and metal oxide nanoparticles %,

materials, such carbon-based nanomaterials
quantum dots %, magnetic nanoparticles %, and polymeric nanoparticles ?’, have been used to
modify the electrode surface of electrochemical sensors employed in the selective and
sensitive determination of DA and UA. Among them, carbon-based nanomaterials have been
intensively studied as excellent candidate materials for electrode modifiers due to their
extraordinary properties such as good biocompatibility with amino acids and proteins,

chemical stability and excellent catalytic activity %.

Recently, graphene, an atom-thick two-dimensional (2D) allotrope of carbon in the form of
sp>-hybridized carbon atoms in a honey-comb lattice, has attracted tremendous attention due
to its unique structural and physiochemical properties, including large specific surface area,
excellent thermal conductivity, and ultrahigh electric conductivity, high mechanical strength,

and excellent chemical, thermal and electrochemical stability 2. As a result, these unique
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properties make graphene and its derivatives promising materials to be used for modifying
different electrode surfaces for applications in the determination of electroactive
biomolecules such as dopamine and uric acid " ** . For instance, recent research reports
have indicated that traditional glassy carbon electrodes modified with graphene exhibited an
enhanced electrocatalytic activity, and accelerated electron transfer rates resulting in increase
in the electrical conductivity '* 2" %% The graphene-modified electrodes also demonstrated
excellent potential for wide applications in the individual and simultaneous detection of
various biomolecules 2" *¥%_ In addition to its high electrochemical stability, the structural
properties, specifically the presence of edge- and plain-like defects within its lattice have
made graphene a good support to immobilize noble metal nanoparticles in various

applications such as catalysis, biomedicine, fine chemicals, and sensors *¢°.

Reports have indicated that composites of noble metal nanoparticles and graphene are
receiving great attention in various fileds such as in the chemical and biosensors fabrication
%40 This is due to the excellent electronic, optical, and magnetic properties as well as the
high effective surface area of metal nanoparticles which are very different from their bulk
materials. Moreover, noble metal nanoparticles are used in electrochemical sensors to
enhance the heterogeneous electron transfer kinetics as well as to increase the sensitive and
selective determination of bioactive molecules. For instance, Wang et al. developed an
electrochemical sensor based on cubic palladium (c-Pd) nanoparticles immobilized on

reduced graphene oxide (rGO) nanosheets *

. Their c-Pd/rGO composite, which was
assembled on the surface of the GCE, exhibited good sensitivity, reasonable selectivity and
an outstanding stability towards the determination of dopamine and uric acid. Moreover, Sun
and co-workers reported that platinum (Pt) nanoparticles supported on reduced graphene
oxide nanosheets led to the development of the GCE-based electrodes with excellent
sensitivity and selectivity for the electrocatalytic oxidation of dopamine and uric acid **. The
electrochemical responses of the composites of the noble metal nanoparticles and graphene
were attributed to the synergetic effects of graphene and the nanoparticles such as: (1) the
ability of graphene to facilitate good dispersion of the nanoparticles, thus resulting in
increased surface area; and (2) the ability of graphene to facilitate the electrocatalytic
oxidation of the DA and/or UA on its edge- and plane-like binding sites, hence making

detection of DA and/or UA easier and faster.

Although, electrochemical sensors based on graphene-metal composites exhibit promising
potential applications, most of these sensors suffer major drawbacks in terms of
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biocompatibility and sensitivity as a result of the properties of the support material.
Consequently, tailoring of the intrinsic properties of graphene by doping with nitrogen atoms
or functionalization with nitrogen containing compounds has been found to be an excellent
method for enhancing the electrocatalytic performance of graphene-based sensors. For
example, Brownson et al. showed that glassy carbon electrode (GCE) modified nitrogen
doped graphene nanosheets exhibited an enhanced electrocatalytic activity towards the
oxidation of ascorbic acid, dopamine, and uric acid in comparison with the bare and the
undoped graphene modified-GCE *. Han et al. reported that modification of the GCE with
chitosan-functionalized graphene showed excellent sensitivity and selectivity towards the
electrocatalytic oxidation of dopamine, uric acid and ascorbic acid **. Furthermore, Wu et al.
indicated that the presence of nitrogen active sites in a porphyrin-functionalized graphene
resulted in highly selective and sensitive sensors for the detection of dopamine *. These
research reports, and many more in the literature, highlight that the enhanced
biocompatibility and sensitivity of nitrogen doped graphene in electrochemical sensors can be
attributed to the presence of nitrogen atoms which provide a large amount of edge- and plane-
like binding sites for biomolecules *>%%. As the incorporation of nitrogen atoms into the lattice
of carbon nanostructures leads to creation of large amount of edge- and plane-like defect
sites, N-doped graphene has also been employed as a good support for immobilizing noble
metal nanoparticles in various applications. For instance, a glassy carbon electrode modified
with palladium (Pd) nanoparticles supported on nitrogen doped graphene nanosheets showed
enhanced electrocatalytic oxidation and selective detection of dopamine, ascorbic acid and

uric acid *'.

In this work, the electrochemical determination of dopamine and uric acid was performed on
electrochemical sensors based on indium tin oxide electrodes modified with Pt and Pd
nanoparticles supported on pristine and N—-doped graphene films. To investigate the influence
of the as-synthesized graphene-metal nanoparticle composite on the electrochemical
detection processes of DA and UA, as the intuitionistic parameter of the electrocatalytic
process on the electrode surface, was carried out using cyclic and differential pulse
voltammetric techniques. Therefore, the electrochemical behaviour of DA and UA at the
modified 1TO electrodes was carefully investigated and the electrochemical parameters of
each biomolecule were determined. As a result, the objective of the study was to investigate
the interaction of each biomolecule with the electrode surface modified with composite

materials, as well as to determine the influence of the presence of each metal nanoparticle on

135



the electrochemical responses of DA and UA. This is because theoretical studies have shown
that Pt and Pd show different binding behaviour on the surface of graphene, with Pt showing
a weak physisorption binding energy of < 0.5 eV and Pd demonstrating a strong
chemisorption binding energy of > 0.8 eV *°. Finally, the study illustrates for the first time the
use of the electroless deposition of metal nanoparticles on APCVD-grown graphene surfaces,
their successful deposition on the ITO electrodes, as well as their successful application in

electrochemical sensors.

7.2 Experimental

7.2.1 Apparatus and reagents
Dopamine hydrochloride (DA, > 99%), uric acid (UA, > 99%), sodium hydroxide pellets

(98%, Merk), potassium dihydrogen phosphate (KH,PO4, 99.99%), hydrochloric acid (HClI,
32.0 wiv %), potassium ferricyanide (Ks[Fe(CN)s], Merck, 99.98%), sodium palladium
chloride (Na,PdCl,, 99.98%), hexachloroplatinic (IV) acid hydrate (H,PtCls xH,0, 98.99%),
potassium chloride (KCI, Merck, 98.5%) and poly(methyl methacrylate) (PMMA, Mw
~999 000) were purchased from Sigma-Aldrich, South Africa. The indium tin oxide (ITO)-
coated glass slides (surface resistance 30 to 60 Q/sq., thickness 1.1 mm, and optical
transmittance of > 84%, refractive index of 1.517) and copper foils (25 um, 99.98%) were
also received from Sigma-Aldrich, South Africa. The gases used included Ar (99%), CH,4
(99.98%), NH3 (10% in Ar), N2 (99.98%) and H; (99.98 %), and these were supplied by
Afrox, South Africa. All other reagents were of analytical grade and were used without prior
purification. For the voltammetric experiments, deionized, high-quality water (>18.2
MQ.cm?) was used and it was purified through a Millipore ultrapure (type 1) water system
(Bedford, MA, USA). A Kj3[Fe(CN)g] stock solution (4 mM) was prepared with 1.0 M KCI.
0.05 mM Pt and Pd standard solutions were prepared by dilution of appropriate volumes of
their stock solutions with 0.1 M HCI. Stock solutions of DA (4 mM) and UA (4 mM) were
prepared in 0.1 M phosphate buffer solution ((PBS) at pH 6.02. The PBS was prepared by
dissolving KH,PQOy, in deionized water and the pH was adjusted by addition of 0.1 M NaOH
or 0.1 M HCI solutions. Fresh solutions of DA and UA were prepared daily. Other standard

solutions of DA and UA were prepared by appropriate dilutions of the stock solutions in PBS.

7.2.2 Instrumentation and characterization
The topological information of the films was acquired using a JEM 2800 scanning

transmission electron microscope (STEM) operating at 200 kV with 70 and 40 um C2
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apertures. The compositional analysis of the films was determined by X-ray emission
detection in the scanning mode, while the dark-field imaging was performed in scanning
mode using an off-axis annular detectorfor the high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) analysis. The atomic composition and
degree of doping of the electrode modifying materials were characterised by a Thermo
Escalab 250 X-ray photoelectron spectroscopy (XPS), using a monochromatised aluminium
Ko radiation with a 650 pm spot size to maximise signal. Charge compensation was provided
by an in-lens electron flood gun and separate low-energy argon ion source. Electrochemical
measurements (i.e. cyclic voltammetry (CV) and differential pulse voltammetry (DPV)) were
performed using a pAutolab potentiostat/galvanostat, running with the GPES software
(version 4.900B) from Eco Chemie (Utrecht, Netherlands). The conventional three-electrode
cell consisted of an Ag/AgCl (3 M KCI) reference electrode, a platinum wire auxilliary
electrode, and a working electrode (geometric area = 0.42 cm?) made from the modified ITO-
coated glass. All potentials are reported against the Ag/AgCI reference electrode. The pH
measurements of the PBS were performed on a Eutech Instruments bench pH/ion/mV-meter
(Model pH/ion 510, Singapore).

7.2.3 Preparation of electrodes and procedure
Pristine and N-doped graphene films were grown on a copper foil in a quartz tube furnace

using APCVD. Pristine graphene films were grown using 10 sccm CHg, 3 sccm Ha, 300 sccm
Ar, while N-doped films were synthesized by introducing both 10 sccm CHand 5 sccm NH;
during the growth process “®. For preparation of the modified electrodes, the deposition of Pt
and Pd nanoparticles on the as-grown graphene films was performed by electroless deposition
using copper substratre as the reducing agent *°. The electroless process depends on the
reduction potential of metal on interest to be higher than that of coper (+0.34 V). The films
were immersed in similar concentration (0.05 mM) of Pt and Pd salt solutions for 30 sec,
rinsed with ionised water and were then transferred onto the ITO-coated glass, using the
PMMA assisted electrochemical delamination method®® (see Scheme 3.2). The ITO-coated
glass was cut to 0.60 cm x 0.70 cm and was sonicated in a solution mixture of acetone,
ethanol and distilled water, after which the floating PMMA/graphene film was transferred
onto the electrode. PMMA was then dissolved with acetone and the modified electrode was
cleaned lightly with multiple volumes of methanol and water. The samples were labelled as
Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr for ITO electrodes modified with pristine and N-doped
graphene films decorated with platinum and palladium nanoparticles, respectively.
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In a typical experimental measurement, 20.0 mL of 0.1 M PBS (pH 6.02) as supporting
electrolyte in a three-electrode cell was deoxygenated by purging with nitrogen gas for 30
min. The cyclic voltammograms were recorded by scanning two cycles between -1.0 V and
1.0 V at the step potential of 0.004889 V. The operating parameters for obtaining the
quantitative analysis of the analytes (DA and UA) by DPV were set as follows: modulation
amplitude of 25.05 mV, initial potential of -0.25 V, end potential of 1.0 V, step increment
potential of 1.95 mV, and sensitivity of 100 nA/V. Electrochemical behaviour and
voltammetric detection of DA and UA, either as individual or in mixed solutions, were

obtained by addition of a defined volume of the respective stock solution to the

electrochemical cell. The detection limit (DL) was determined as follows, DL=3—G, where
S

is the standard deviation of three measurements of low concentrations, and s is the slope of
the linear relationship plot of Ipa vs. concentration (C) °*. Furthermore, the sensitivities of the
modified electrodes were calculated by dividing the slope of the calibration curve by the

geometrical area of the electrode (0.42 cm?) 2.

7.3 Results and discussion

7.3.1 Morphology analysis of the electrode material
The morphologies of the platinum and palladium nanoparticles immobilized on pristine and

N-doped graphene films were characterized using transmission electron microscopy (TEM),
as shown in figure 7.1. Low magnification TEM images (Figs. 7.1 a-d) show that the samples
are comprised of randomly dispersed clusters of nanoparticles, with the averages sizes of 29
+ 9 nm (Pt-Gr), 54 +13 nm (Pd-Gr), 36 £ 11 nm (Pt-NGr), and 21 + 6 nm (Pd-NGr). High
resolution TEM images (Figs. 7.1 e-h) showed that the clusters are formed from individual
nanoparticles with the averages sizes of 5 £ 3 nm (Pt-Gr), 22 + 7 nm (Pd-Gr), 3 £ 1 nm (Pt-
NGr), and 7 + 3 nm (Pd-NGr). Interestingly, Pt and Pd nanoparticles supported on N-
graphene exhibited better dispersion than nanoparticles supported on pristine graphene films.
Formation of nanoclusters can be attributed to the electroless deposition method, which was
used to immobilize the nanoparticles on graphene samples. During the deposition technique,
nucleation and ultimately the sizes of the nanoparticles is governed by numerous factors.
These can include the concentration of the salt solution, immersion time, as well as the

structural properties of graphene, in terms of the amount of nucleation sites ** *®°* For
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instance, more nucleation sites on the graphene in the form of defects (i.e. vacancies, edges,
folds or nitrogen atoms) provide more anchoring sites for nucleation and growth of metal
nanoparticles 2. Thus, the presence of fewer defects, as in the case of the pristine graphene
which exhibited a very low defect density ratio (Ip/lc = 0.271, see chapter 4), results in
aggregation and growth of bigger nanoparticles via the seed-initiated growth mechanism *°
However, on the surface of N-graphene, there is an increase in the amount of defects, as
indicated by the large value of the defect density ratio (Ip/lc = 1.086, chapter 5); hence
resulting in nucleation of smaller nanoparticles with satisfactory dispersion. Moreover, the
increased electron density due to the incorporation of nitrogen atoms could have facilitated

faster reduction of the ionic forms of Pt and Pd into the metallic form.

Elemental mapping images from the high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) analysis and the corresponding scanning profiles of
the nanoclusters (Figs. S7.1- S7.4) illustrated the homogenous distribution of Pt and Pd
throughout the clusters. However, the presence of the unreduced forms of the platinum and
palladium salts is indicated by the sodium and/or chloride scanning profiles. In summary, the
HAADF-STEM elemental mapping images suggest the presence of different oxidation phases

of platinum and/or palladium nanostructures.

Figure 7.1: (a) — (d) Low magnification TEM and (e) — (h) High resolution TEM images of

pristine and N-doped films decorated with Pt and Pd nanoparticles.
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The surface elemental compositions (at. %) of the graphene-metal nanoparticle composites as
well as the oxidation states of the metal nanoparticles were determined using X-ray
photoelectron spectroscopy (XPS) analysis. The XPS survey analysis of the composites
showed peaks corresponding to carbon (Cls = ~283.5 eV), nitrogen (N1s = ~398.4 eV),
palladium (Pd3d = ~335.6 eV), platinum (Pt4f = ~71.5 eV), oxygen (O1s = ~ 530.5 eV), and
copper (Cu2p = ~932.5 eV). The atomic percentages of the constituent elements in each
composite are listed in table 7.1. It can be observed that the elemental compositions of the
composites varied slightly with those of the non-composites graphene films. Notably, the
oxygen content increased on the metal composite films, and this can be ascribed to the

presence of the oxide layers on the metal nanoparticles.

Table 7.1: Atomic compositions of pristine, N-doped, as well as Pt and Pd-graphene/N-

graphene composites

Elements (at. %0)

Samples C N o) Pt Pd cu?

Gr 85.1 - 10.5 - - 4.40
NGr 69.5 2.26 17.3 - - 10.9
Pt-Gr 80.6 - 11.5 0.34 - 7.64
Pd-Gr 75.9 - 13.9 - 0.42 9.88
Pt-NGr 68.9 1.87 25.1 0.23 - 3.87

Pd-NGr 67.6 1.66 24.8 - 0.12 5.82

4Cu -> from the copper foil

The different oxidation of Pt and Pd were determined by peak fitting of the high resolution
Pt4f and Pd3d XPS spectra (Figs. 7.2 ¢ and d), and the positions of the component peaks are
listed in table 7.2. Furthermore, the different bonding states for carbon, nitrogen and oxygen
atoms were determined by deconvolution of the C1s, N1s and O1s spectra, respectively.
Deconvolution of the Cls spectra (Fig. 7.2a) resulted into peak fitting with at least five
component peaks corresponding to sp’C-C (284.0 — 284.1), sp°N-C/ sp*C-C (284.8 — 285.1
eV), sp°N-C (285.5 — 285.7 eV), C=0 (286.2 — 286.5 eV), and O-C=0 (288.1 — 288.4 eV)
bonds *¢ %% Moreover, peak fitting of the N1s spectra (Fig.7.2b) revealed four component
peaks attributed to pyridinic-N (398.1 — 398.6 eV), pyrrolic-N (399.2 — 399.5 eV),
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substitutional/graphitic-N (400.1 — 400.4 eV), and the oxidised pyridinic-N (NOy, 401. 8 eV)
48, 56-63

Analysis of the high-resolution Pt 4f spectra (Fig. 7.2c) showed a doublet structure with
peaks corresponding to the Pt 4f;, and Pt 4ds; spin states **. For both Pt-Gr and Pt-NGr
composite samples, the peaks for each spin states are fitted with three component peaks
indicating the presence of metallic Pt, platinum oxide (PtO) and platinum hydroxide
(Pt(OH)4) phases. From peak fitting of the Pt 4f spin states, the peaks representing the
metallic Pt phase are located at 70.9 — 71.2 eV (Pt° 4f;) and 71.8 — 72.4 eV (Pt° 4fsp) 4.
Furthermore, extra peaks corresponding to the platinum oxide (PtO, Pt**) and hydrated
platinum (Pt**) phases are observed at 73.3 — 73.2 eV (Pt** 4f;;,), 75.1 — 75.4 eV (Pt?* 4fsp),
76.1 eV (Pt** 4f) and 77.2 eV (Pt** 4fs,) binding energies *.

In the Pd-Gr and Pd-NGr samples, the high resolution XPS spectra of Pd 3d (Fig. 7.2d) also
revealed a doublet structure with two peaks representing the presence of Pd 3ds,, and Pd 3d3,
spin states located at ~335 eV and ~340 eV, respectively *®. Similarly, the peaks for each spin
states are fitted with three component peaks indicating the presence of metallic Pd, palladium
oxide (PdO) and palladium hydroxide (Pd(OH)s) phases “*. The metallic Pd phase is
represented by a pair of peaks at 334.8 — 335.1 eV (Pd® 3ds,) and 340.1 — 340.3 eV (Pd°
3dsy); while the PO phase is represented by a pair of peaks at 336.6 — 336.7 eV (Pd** 3ds)
and 341.9 — 342.1 eV (Pd?* 3dsp,); and finally the Pd(OH), is represented by a pair of peaks at
337.2 — 337.7 eV (Pd** 3ds,) and 343.2 — 343.7 eV (Pd** 3das) “°. Notably, the relative
concentrations of the peaks corresponding to metallic Pd and Pt were larger for the N-doped
graphene composite in comparison with the pristine graphene composites. The results
indicated that there is an efficient reduction of ionic platinum and/or palladium into their
metallic phases on the N-doped graphene surface, which can be attributed to the increased
electron density due to the presence of nitrogen atoms. The ease of reducibility of the metal
nanoparticles on the N-doped graphene surface was further indicated by the decrease of the
relative concentrations of the Pt (II)/Pd (1) and Pt (IV)/Pd (IV) phases. The relative
concetrations of different oxidation states of Pt and Pd nanoparticles on pristine and N-doped

graphene films are shown tables S7.1 and S7.2, respctivley.

The analysis of the O1s core-shell XPS spectra of the Pt- and Pd-graphene and N-graphene
composites was used to determine the bonding states of oxygen atoms. Figure S7.6 illustrates

that the high resolution Ol1s XPS spectra were fitted with three component peaks, centred at

141



~531 eV, ~532 eV, and ~534 eV. The peaks located at 530.8 — 531.9eV are ascribed to the to
the oxide layer on the surfaces of Pt and Pd nanoparticles, respectively ** ** The binding
energy corresponding to the Pd 3psy, spin state ** was observed at 532.1 — 532.5 eV. Finally,
the component peaks at higher binding energies (533.8 — 534.1 eV) can be assigned to the

oxygen atoms, especially carboxyl groups, bonded to the graphene support % °63.
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Figure 7.2: Core-shell XPS spectra of (a) Cl1s, (b) N1s, (c) Pt 4f, and (d) Pd 3d for the

composites of (i) pristine (ii) N-doped graphene films.
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Table 7.2: Peak positions for the oxidation states of Pt on the graphene/N-graphene

composites
Positions of Pd oxidation states (eV)
Sample Pt 4f;), Pt 4f5),
Pt’ Pt** Pt** Pt’ Pt** Pt**
Pt-Gr 70.9 73.3 76.1 71.8 75.1 77.2
Pt-NGr 71.2 73.2 - 72.4 75.4 -

Table 7.3: Peak positions for the oxidation states of Pd on the graphene/N-graphene

composites
Positions of Pd oxidation states (eV)
Sample Pd 3ds, Pd 3ds
Pd’ Pd** Pd** Pd’ Pd** Pd**
Pd-Gr 334.8 336.6 337.2 340.1 341.9 343.7
Pd-NGr 335.1 336.7 337.7 340.3 342.1 343.2

7.3.2 Electrochemical behaviour of the modified electrodes
The electrochemical activity of the graphene-metal nanoparticle composite-based 1TO

electrodes/sensors was studied by investigating the cyclic voltammetric responses for the
electrocatalytic reactions of the [Fe(CN)s]*™ redox couple. Figure 7.3 shows the CVs of
unmodified and modified ITO electrodes in 4.0 mM potassium ferricyanide solution at a scan
rate of 50 mV s™. At the bare ITO electrode, the oxidation peak ascribed to the oxidation of
[Fe(CN)s]* and the reduction peak attributed to reduction of [Fe(CN)s]*> were observed at
363.6 mV and 197.3 mV, respectively. The oxidation peak potential (AEp) of 166.3 mV

(Table 7.4) indicated a quasi-reversible reaction for the [Fe(CN)g]*"*

redox couple at the bare
ITO electrode. Upon modification with graphene-metal nanoparticle composites, different

voltammetric responses were observed. For instance, the Pt/Gr/ITO electrode exhibited
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enhancement in both anodic (Ipa = 114.2 pA) and cathodic (Ipc = -129.5 pA) peak currents
in comparison to the anodic peak currents of 81.8 YA, 72.1 YA, YA, 89.7 HA, and 98.9 PA as
well as cathodic peak currents of -89.3 pA, -82.2 YA, -101.4 A, -108.2 pA for Pd/Gr/ITO,
Pt/NGr/ITO, PA/NGr/ITO and bare ITO electrode respectively. The enhanced peak currents
for the Pt/Gr/ITO electrode indicates that this sensor has the best electrochemical activity
towards the [Fe(CN)g]*™ redox couple. On the other hand, the decreased current responses of
Pd/Gr/ITO, PUUNGI/ITO, and Pd/NGr/ITO electrodes versus the bare ITO electrode can be
attributed to the presence of oxygen functional groups on the graphene films, which repelled

the negatively charged ferricyanide molecules.
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Figure 7.3: Electrochemical behaviour of [Fe(CN)g]”" " on bare and modified ITO electrodes

at scan rate of 50 mV s™.

Meanwhile, a narrower peak-to-peak separation (AEp = 109.2 mV, Table 7.4) is observed for
the Pt/NGr/ITO electrode, suggesting a much higher efficiency for electron transfer at the
interface of the Pt/NGr/ITO electrode in comparison with the other three electrodes. The
results thus indicate improved electrochemical activity due an increased number of active
sites provided by both nitrogen atoms and the smaller platinum nanoparticles. Furthermore,
the excellent conductivity of both N-doped graphene films and the platinum nanoparticles

3-/4-

contribute to an accelerated electron transfer rate between the [Fe(CN)¢]”"" redox couple and

the Pt/NGr/ITO electrode surface. Similarly, the PA/NGr/ITO electrode exhibited a narrower
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peak-to-peak separation (AEp = 122.4 mV, Table 7.4) when compared with its undoped
counterpart (i.e. Pd/Gr/ITO, AEp = 228.6, Table 7.4). In general, the results indicated that the
presence of both nitrogen atoms and metal nanoparticles on the electrode surface greatly

enhanced the electrocatalytic activity of the [Fe(CN)¢]*™*

redox couple. Thus for good
sensing applications, a composite made from Pt and/or Pd nanoparticles and N-graphene

films should be a better candidate for modifying the electrode surface.

Table 7.4: Peak potentials and currents of [Fe(CN)6]*'* on bare and modified 1TO
electrodes at scan rate of 50 mV **

Ep (mV) Ip (WA)

Sample Epa Epc Ipa Ipc AE
ITO 363.6 197.3 98.89 -108.2 166.3
Gr 341.3 215.7 95.71 -112.7 125.6
NGr 355.1 250.5 198.7 -287.2 156.4
Pt-Gr 330.2 2014 114.2 -129.5 128.8
Pd-Gr 346.1 177.5 81.78 -89.31 228.6
Pt-NGr 320.2 211.0 72.11 -82.21 109.2
Pd-NGr 326.0 203.6 89.67 -101.4 122.4

7.3.3 Cyclic voltammetric detection of DA and UA
The electrocatalytic activities of the bare and modified ITO electrodes were investigated

towards the reduction and oxidation of dopamine (DA) and uric acid (UA) using cyclic
voltammetry. The corresponding CVs of 0.13 mM solutions of DA and UA (Figs. 7.4a and b)
in 0.1 M phosphate buffer solution of pH = 6.02 at scan rate 50 mV s™ at bare and modified
ITO electrodes. For comparison purposes, the peak potential and currents for the non-
composite ITO electrodes are listed in Table 7.5 for the voltammetric responses of DA and
UA. From figure 7.4 (a), the oxidation peak currents for DA are observed to be 6.939 YA,
6.126 YA, 9.304 pA, and 10.67 pA, whereas the reduction peak currents are observed at
3.579 YA, 3.337 YA, 4.573 YA, and 5.839 A for the redox reaction of DA at the surface of
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Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr modified electrodes, respectively. The significantly
greater/larger oxidation peak currents at the Pt/NGr/ITO and Pd/NGr/ITO electrodes
demonstrated enhanced electrocatalytic activity toward the oxidation of DA. This can be
attributed to the unique characteristics of the electrode material such as superior electron
conductivity contributed by both metal nanoparticles and N-atoms, the large amount of edge-
and plane defects due to the incorporation of nitrogen atoms, and the increased surface to

volume ratio of the nanoparticles.
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Figure 7.4: Electrochemical behaviour of (a) DA and (b) UA on bare and modified ITO
electrodes at buffer pH 6.02 at scan rate of 50 mV/s™.

Oxidation peak potentials corresponding to the oxidation of DA into an open-chain quinine
(dopaquinone) ®* were observed at 520.1 mV, 553.1 mV, 443.3 mV, and 488.9 mV on the
electrode surfaces of Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr, respectively. Moreover, the
reduction peak potentials indicating the reduction of the quinine back to DA (Scheme 7.2)
were observed at 29.11 mV, 10.72 mV, 65.90 mV, and 28.44 mV for the redox reaction
occurring for DA at the surface of Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr modified electrodes,
respectively. The electrocatalytic performance of the modified electrodes was investigated by
determining the values of the peak potential separations (AEp) for the redox reactions of DA.
The values were calculated as 491.0 mV (Pt/Gr), 542.4 mV (Pd/Gr), 377.4 mV (Pt/NGr), and
460.5 mV (Pd/NGr). The results revealed that the reversibility of DA was significantly
improved at the surfaces of Pt and Pd supported on N-doped graphene films. In addition, the
anodic and cathodic peak potentials of DA at Pt/NGr and Pd/NGr were observed to have
shifted negatively and positively, respectively (Table 7.5); in comparison with those of DA at
the surface of ITO electrodes modified with N-doped graphene films only. The improved
electrocatalytic activity can be attributed to the presence of metal nanoparticles, which

increased the surface area as well as the number of binding sites for DA.
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Scheme 7.2: A schematic representation of redox of dopamine to dopaquinone.

Figure 7.4b depicts the cyclic voltammetric response of 0.13 mM UA at the surfaces of Pt/Gr,
Pd/Gr, Pt/NGr, and Pd/NGr modified ITO electrodes. It can be seen that strong oxidation
peaks were observed for the electrochemical oxidation of UA on the surfaces of Pt/NGr/ITO
(4.59 pA) and PA/NGr/ITO (3.83 pA) electrodes. This indicated that a combination of
nitrogen atoms and metal nanoparticles greatly enhanced the electrocatalytic activity toward
the oxidation of UA. A similar trend was observed for the electrocatalytic activity of DA on
P/NGI/ITO and Pd/NGr/ITO electrodes, and this was attributed to the increased surface to
volume ratio of the small Pt and Pd nanoparticles as well as the large amount of edge-and
plane defects due to the incorporation of nitrogen atoms. The oxidation peak potentials for
the oxidation of UA ® at the surface of Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr modified ITO
electrodes are observed to be 424.2 mV, 546.6 mV, 422.6 mV, and 400.8 mV, respectively
(Table 7.5). Owing to the increased electrical conductivity due to the presence of nitrogen
atoms and metal nanoparticles on the electrode surface, a negative shift is observed for the
oxidation peak potentials of UA at Pt/NGr and Pd/NGr modified ITO electrodes.
Interestingly, appproximatetly 0.4% shift in the oxidation peak potential was observed on
Pt/NGI/ITO electrode, whereas ~27% shift was observed on Pd/NGr/ITO electrode. The
results suggest an enhanced electrochemical activity for the oxidation of UA on Pd/NGrITO;
which is ascribed to improved interaction between uric caid and the N-graphene films.
Similar trend for detection of uric acid on pristine and N-doped graphene films was observed
(see chapter 6). Generally, the negative shift indicates a decreased overpotential, hence

suggesting that an easy and quick oxidation process occurs on these electrode surfaces.

HN N HN | N
k | >:O + 2e” k - >:O
” E 2¢ N =N + 2H*
H

Scheme 7.3: A schematic representation of redox of uric acid to uric acid-4,5 diol.
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Table 7.5: Peak potentials and currents of 0.13 mM solutions of DA and UA at bare and

modified ITO electrodes at scan rate of 50 mV 5*

Dopamine Uric Acid
Sample Ep (mV) IPmax (LA) Epa
(mV)
Epa Epc IPa Ipc AE (mV) Ipa (LA)
ITO 566.5 -80.72 0.647 -0.8354 647.2 1113.8 2.317
Gr 550.3 -27.19 7.530 -3.288 5775 550.3 1.555
Pt-Gr 520.1 29.11 6.939 -3.579 491.0 424.2 2.494
Pd-Gr 553.1 10.72 6.126 -3.337 542.4 546.6 2.174
NGr 566.8 -73.96 12.22 -4.258 640.8 424.1 3.819
Pt-NGr 443.3 65.90 9.304 -4.573 377.4 422.6 4.588
Pd-NGr 488.9 28.44 10.67 -5.839 460.5 400.8 3.832

7.3.4 Electrochemical parameters for DA at Pt and Pd-graphene
modified electrodes
The influence of different scan rates (v) on the electrochemical responses of DA at its
different as-fabricated metal composite electrodes was studied using cyclic voltammetry.
Figure 7.5 illustrates the cyclic voltammograms of 0.13 mM DA in 0.1 M PBS (pH = 6.02) at
Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr modified ITO electrodes, respectively, during the variation
of scan rates from 10 to 100 mV s™. A pair of well-defined redox peaks for the
electrocatalytic reactions of DA was observed at different scan rates on all modified ITO
electrodes. The anodic (Epc) and cathodic (Epa) peak potentials gradually shifted to positive
and negative values with increasing scan rate in the range of 10 to 100 mV s, respectively.
The shift in peak potentials indicates that there is no adsorption of DA and/or products of the
redox reactions of DA on the electrode surface. The shift in peak potentials also generated an
increasing potential separation (AE), which is characteristic of a quasi-reversible reaction.

Moreover, the anodic (Ipa) and cathodic (Ipc,) peak currents were observed to increase with
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the scan rate increment in the 10 to 100 mV s, respectively. This relationship between the

peak currents and an increase of the scan rate can be attributed to the heterogeneous kinetics

of DA at the different electrode surfaces > >!' %,
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Figure 7.5: Influence of scan rate on the redox reactions of DA in PBS (pH 6.02) at (a)
Pt/GR, (b) Pd/Gr, (c) Pt/NGr, and (d) Pd/NGr modified ITO electrodes. Inserts: Linear

relationship between peak currents and square root of scan rate.

Further analysis of figure 7.5 revealed that a good linear dependence of the redox peak
currents of DA (Ipa and Ipc) with the square root of the scan rate (Yv), was obtained (Inserts
of figure 7.5), hence indicating a diffusion-controlled process for the detection of DA on all
metal composite-modified ITO electrodes. Table 7.6 shows the linear regression equations
for the relationship between the redox peak currents of DA (Ipa and Ipc) and the square root
of the scan rate (\v). Regression equations with positive slopes represent the relationship of
anodic peak currents (Ipa), whereas the regression equations with negative slopes signifies
the relationship of the cathodic peak currents (Ipc). The relatively large slope for the linear
regression equation of DA at Pt/NGr indicated that the diffusion of DA molecules and the
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resultant electrochemical redox reactions of DA at the electrode surface occurred faster due
to increased conductivity induced by both nitrogen atoms and Pt nanoparticles. Moreover, the
linear plot of log v vs. log Ipa gave transfer coefficients (a) of 0.456, 0.436, 0.497, and 0.475
for DA at Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr modified ITO electrodes, respectively. The
calculated transfer coefficients (o) are very close to the theoretical value of 0.5 for a quasi-
reversible process, hence suggesting that the electrochemical redox reactions of DA at the

surface of these modified electrodes are associated with quasi-reversible process > >! %,

Table 7.6: The relationships between scan rate and peak currents as well as peak potentials

for detection of DA on modified ITO electrodes

Peak currents (Ip, HA) Peak potentials (Ep, mV)
Sample Linear regression Linear regression
Pt-Gr 35.43v"%(Vs ™) —0.6266(R* =0.9991) | 24.67 Inv(Vs™)+595.3(R? = 0.9994)

~17.21v"2 (Vs ™) +0.5413(R? = 0.9986) —24.81Inv(Vs™)—53.58(R? = 0.9989

Pd-Gr 35.06v"% (Vs ™) +2.931(R* =0.9989) | 26.51Inv(Vs™)+560.6(R? = 0.9982)
—34.18v"%(Vs ™) +1.884(R? =0.9989) | —25.57Inv(Vs™) —23.20(R? = 0.9995

Pt-NGr | 30.48/Y2(Vs™)+2.402(R? =0.9986) | 25.09Inv(Vs™)+523.7(R? = 0.9991)
— 21,512 (Vs™) +0.496(R? = 0.9990) | —22.36Inv(Vs™) - 2.650(R? = 0.9993

Pd-NGr | 16.01v"%(Vs™) +2.467(R* =0.9960) | 31.35Inv(Vs™)+743.02(R? = 0.9988)
—-17.91"%(Vs™) +0.8155(R? = 0.9973)| —20.68Inv(Vs™)—82.53(R? =0.9991)

7.3.5 Influence of scan rate on the detection of UA
In order to evaluate the effect of the electrode kinetics for the electro-oxidation of UA at the
differently modified ITO electrodes, cyclic voltammograms were recorded at scan rates of
potentials between 10 and 300 mV s™. Figure 7.6 illustrates CVs obtained at Pt/Gr (a), Pd/Gr
(b), Pt/NGr (c), and Pd/NGr (d) modified ITO electrodes in PBS (pH 6.02) containing 0.13
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mM UA at different scan rates (10 and 300 mV s%). As the scan rate was increased, the Ipa
was observed to increase while the Epa shifted slightly in the positive direction. The observed
relationship between the peak currents and an increase of the scan rate can be attributed to the
heterogeneous kinetics of UA at the different electrode surfaces. Furthermore, the shift in
peak potentials indicates that there is no adsorption of UA and/or products of the redox
reactions of UA on the electrode surface. On the other hand, the Pt/Gr/ITO is an exception
since the occurrence of different reaction kinetics on the Pt/Gr/ITO electrode was indicated
by the presence of other peak currents are more negative peak potentials (~-150 mV). This
could suggest the adsorption of pre-oxidation products on the electrode surface % % & 6
Therefore, further studies with other techniques will need to be performed to confirm the

nature of adsorbed materials/compounds.
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Figure 7.6: Influence of scan rate on redox reactions of UA in PBS (pH 6.02) at (a) Pt/GR,
(b) Pd/Gr, (c) Pt/NGr, and (d) Pd/NGr modified ITO electrodes.

A good linearity between the anodic peak current (Ipa) and the square root of the scan rate
(\Vv) was obtained for UA (Fig. 7.7) and this indicated that the charge transfer on the
modified electrodes is a diffusion-controlled process >* > % Taple 7.6 shows the linear
regression equations used to establish the relationship between the oxidation peak currents
and potentials of UA (Ipa) and the square root of the scan rate (Vv). Similarly linear

regression equations for the relationship between the oxidation peak potentials (Epa) and In v,
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as shown in inserts of figure 7.7. The relatively large slope for the linear regression equation
of UA at PUNGI/ITO electrode indicated that the diffusion of UA molecules and
electrochemical oxidation of UA at the electrode surface occurred faster due to increased
conductivity induced by both nitrogen atoms and Pt nanoparticles.
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Figure 7.7: Linear relationship between peak currents and the square root of scan rate (\v) of
UA at (a) Pt/Gr, (b) Pd/Gr, (c) Pt/NGr, and (d) Pd/NGr-modified ITO electrodes. Inserts:
Linear relationship of Ep and In scan rate (v).
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Table 7.7: The relationships between scan rate and peak currents and peak potentials for
detection of UA on modified ITO electrodes

Peak currents (Ip, HA) Peak potentials (Ep, mV)
Sample Linear regression Linear regression
Pt-Gr 8.6841"2(Vs™) +0.3944(R* = 0.9996) | 43.12Inv(Vs™)+678.6(R* = 0.9986)

Pd-Gr 7.412v"2(Vs™) +0.7742(R? = 0.9995) | 5.987 Inv(Vs™) +443.4(R* = 0.9989)

Pt-NGr 22.97v"?(Vs') -1.007(R* =0.9987) | 15.65Inv(Vs™)+470.1(R* = 0.9993)

Pd-NGr | 10.271v"?(Vs™)+1.556(R? =0.9982) | 6.978Inv(Vs™)+423.2(R? =0.9991)

7.3.6 Sensitivity and detection limits of DA and UA at modified electrodes
The sensitivity of ITO electrodes modified with composites of graphene or N-graphene films
and Pt or Pd nanoparticles for the electrochemical detection of DA and UA was investigated
using differential pulse voltammetry (DPV) technique. DPV was used for the determination
of the linear detection limits of DA and UA due to the higher sensitivity and better signal-to-
noise ratio of this technique. The DPV curves obtained for the responses on the surfaces of
the Pt-Gr (a), Pd-Gr (b), Pt-NGr (c), and Pd-NGr (d) modified ITO electrodes in the presence
of 1.0 mM phosphate buffer solution containing different concentrations of DA are shown in
figure 7.8. The peak currents attributed to the oxidation of DA were observed to increase
linearly with the increasing concentrations of DA in the ranges of 4 - 36 uM, 6 — 360 uM, 4 —
90 uM, and 8 — 140 uM for detection on Pt-Gr, Pd-Gr, Pt-NGr, and Pd-NGr modified ITO
electrodes, respectively. The corresponding linear regression plots for the oxidation peak
currents (Ipa) and the increasing DA concentrations are depicted in supplementary figure
S7.5a.
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Figure 7.8: Concentration studies of DA on (a) Pt-Gr, (b) Pd-Gr, (c) Pt-NGr, and (d) Pd-NGr
modified ITO electrodes at buffer pH 6.02.

Using the linear relationships between Ipa and DA concentration (C) on the modified ITO
electrodes (Fig. 7.8: inserts), the detection limits were determined to be 0.76 uM, 0.29 pM,
0.075 uM, and 0.14 uM on ITO electrodes modified with Pt-Gr, Pd-Gr, Pt-NGr, and Pd-NGr
films, respectively. From table 7.8, it can be seen that the determination of DA at a
Pt/NGI/ITO electrode exhibited better sensitivity (0.09 pAPM“cm™), which can be attributed
to the unique structural properties of the Pt/NGr/ITO electrode. The improved sensitivity for
the electrocatalytic oxidation of DA on the PY/Gr/ITO electrodes (0.07 pApM™cm™) can be
ascribed to the presence of Pt nanoparticles. Determination of DA at ITO electrodes modified
with palladium composites revealed low sensitivities, viz. (0.02 pAUM*cm?(Pd/Gr) and 0.05
HARM*ecm™ (Pd/NGr)). This can be attributed to the presence of the large nanoclusters (54 +
13 nm), which would then decrease the electrochemical performance of the Pd/Gr/ITO
electrodes. Interestingly, a significant negative shift in oxidation peak potentials is observed
on detection of DA on a Pd/NGr/ITO electrode (331 mV) as compared to the determination
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of DA on a Pd/Gr/ITO electrode (917 mV). The results indicated that incorporation of
nitrogen atoms into the graphene lattice as well as the presence of small Pd nanoparticles (7 £
3 nm) led to an increased electron conductivity and surface-to-volume ratio. Therefore, less
energy is used to facilitate the oxidation of DA at the Pd/NGr/ITO electrode (Scheme 7.2) *.

Table 7.8: Linear ranges, detection limits and sensitivities for detection of DA

Electrode Epa (mV) Linear range Detection Limit Sensitivity
(UM) (uM) (MA.UM™.cm?)

Gr 395 8—-190 4.13 0.0294
Pt-Gr 351 4-36 0.76 0.0686
Pd-Gr 917 6 — 360 0.29 0.0180
NGr 297 2-150 0.15 0.0791
Pt-NGr 292 4 -90 0.075 0.0897
Pd-NGr 331 8- 140 0.14 0.0472

Similarly, the differential pulse voltammetry technique was used to investigate the influence
of concentration on the voltammetric responses of UA at the electrode surfaces of Pt/Gr,
Pd/Gr, Pt/NGr, and Pd/NGr modified ITO electrodes. Figure 7.9 illustrated the corresponding
DPVs of 1.0 mM phosphate buffer solution containing various concentrations of UA at the
different electrode surfaces. A linear enhancement in the oxidation peak currents was
observed over a concentration range of 50 — 400 uM, 50 — 480 uM, 8 — 160 uM, and 10- 170
MM for the detection of UA at the Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr modified ITO
electrodes, respectively. The corresponding linear regression plots for the oxidation peak
currents (Ipa) and the increasing UA concentrations are depicted in supplementary figure
S7.5b.
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Figure 7.9: Concentration studies of UA on (a) Pt-Gr, (b) Pd-Gr, (c) Pt-NGr, and (d) Pd-NGr
modified ITO electrodes at buffer pH 6.02.

Under optimized DPV conditions for quantitative determination of UA, the calibration curves
were used to determine the detection limits (S/N=3) of UA on ITO electrodes modified with
different composite materials. These were calculated to be 0.32 uM, 0.47 uM, 0.14 pM, and
0.29 puM for electrocatalytic oxidation of UA on Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr modified
ITO electrodes, respectively. Division of the slope of the calibration curve with the
geometrical area of the electrode (0.42 cm?) resulted in calculations of the sensitivities of the
modified electrodes towards detection of UA (Table 7.9). It can be seen that the introduction
of Pt and Pd nanoparticles onto the surface of the pristine graphene led to an increased
sensitivity towards detection of UA. A similar trend was observed for the sensitivities of
Pt/NGr/ITO and Pd/NGr/ITO electrodes towards the electrochemical oxidation of UA. This
can be attributed to the increased electron conductivity due to the presence of metal
nanoparticles as well as nitrogen atoms, and the increased surface-to-volume ratio due to the
presence of small nanoparticles. As a result, it can be seen that increased sensitivity led to
decreased detection limits for the ITO electrodes modified with composites materials as
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compared to the non-composites modified ITO electrodes. Furthermore, the oxidation peak
potentials of UA at the different composite electrode surfaces shifted negatively when
compared with non-composite electrode surfaces; i.e. Pt/Gr (840 mV), Pd/Gr (859 mV), and
Pt/NGr (351 mV) as compared with Gr (863 mV) and NGr (356 mV). The exception was
observed for the oxidation peak potentials of the Pd/NGr/ITO electrode (370 mV), which
shifted positively versus the peak potentials on the NGr/ITO electrode. The results could
suggest that there is adsorption of UA oxidation products on the Pd/NGr/ITO electrode
surface; thus more energy is required to facilitate oxidation of the UA (Scheme 7.3) ®. This is
also shown by the slightly broad voltammograms for Pd/NGr/ITO versus those of
Pt/NGr/TIO; thus indicating slower electron transfer kinetics on Pd/NGr/ITO electrode.

Table 7.9: Linear ranges, detection limits and sensitivities for detection of UA

Electrode Epa (MV) Linear range Detection Limit Sensitivity
(uM) (uM) (MA.UM™*.cm?)
Gr 863 40 — 560 5.94 0.0063
Pt-Gr 840 50 -400 0.32 0.0154
Pd-Gr 859 50 - 480 0.47 0.0113
NGr 356 6 — 140 0.73 0.0513
Pt-NGr/ITO 351 8160 0.14 0.0932
Pd-NGr/ITO 370 10-170 0.29 0.0579

The as-synthesized 1TO-based electrochemical sensors exhibited better or comparable
analytical performances to other reported electrode materials based on platinum and
palladium composite for the electrochemical detection of DA (Table 7.10) and UA (Table
7.11). In general, it can be seen that electrochemical oxidation of DA and/or UA on
composites materials prepared with platinum nanoparticles and graphene or other carbon
nanostructures exhibited satisfactory linear concentration ranges with very low detection
limits. This good electrocatalytic performance of platinum nanoparticles immobilized on the

carbon nanostructures was ascribed to the better dispersion of very small Pt nanoparticles on
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these nanostructures, thus enhancing the surface area and facilitating faster electron transfer.

For instance, in this study, a good dispersion of small Pt nanoparticles was observed on

nitrogen doped graphene films. Furthermore, the good electrocatalytic performance can be

ascribed to the excellent electrocatalytic activity of the carbon nanostructures (such as

graphene and carbon nanotubes) as well as Pt nanoparticles towards the oxidation of DA

and/or UA, due to the improved electrical conductivity contributed by the presence of carbon

and Pt. As a result, ITO-based platinum/nitrogen-doped graphene composite sensors indicate

potential for becoming promising candidates for application as electrochemical sensors.

However, it is apparent more studies need to be performed so as to improve the selectively of

this 1TO-based sensors.

Table 7.10: Comparison of electrocatalytical data for the determination of DA

Electrode Linear range (uM) | Detection limit (uM) Reference
Pt-Gr/ITO 4-36 0.76 This study
Pd-Gr/ITO 6 — 360 0.29 This study

Pt-NGr/ITO 4 -90 0.075 This study

Pd-NGr/ITO 8- 140 0.14 This study
Pd-rGO/GCE 2-10 0.1 67
Pd-CNF/GCE 0.5-160 0.2 68
Pt-rGO/GCE 10 - 170 0.25 69
Pds;Pt;-PDDA-rGO/GCE 4 -200 0.04 70
Pd-PEDOT-rGO/GCE 1-200 0.14 71
Pt-Gr/GCE 0.03-8.13 0.03 44

*Gr-> graphene films, ITO -> indium tin oxide, NGr -> N-doped graphene film, rGO -> reduced graphene

oxide nanosheets, GCE -> glassy carbon electrode, NrGO -> N-doped reduced graphene oxide nanosheets,

CNF -> carbon nanoflowers, Pt -> platinum nanoparticles, Pd -> palladium nanoparticles, PEDOT -> poly

(3,4-ethylenedioxythiophene), PDDA-> poly (diallyldimethylammonium) chloride.
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Table 7.11: Comparison of electrocatalytical data for the determination of UA

Electrode Linear range (uUM) | Detection limit (LM) Reference
Pt-Gr/ITO 110 — 400 0.32 This study
Pd-Gr/ITO 50 — 480 0.47 This study

Pt-NGr/ITO 8-160 0.14 This study

Pd-NGr/ITO 10-170 0.29 This study
Pds;Pt;-PDDA-rGO/GCE 4-400 0.10 70
Pt-rGO/GCE 10 - 130 0.45 67
Pt-Gr-CNT/GCE 0.1- 50 0.1 72
Pt-Gr/GCE 0.05-11.85 0.05 73
cubic-Pd-rGO/GCE 6 —469.5 1.6 43

*Gr-> graphene films, ITO -> indium tin oxide, NGr -> N-doped graphene film, rGO -> reduced graphene
oxide nanosheets, GCE -> glassy carbon electrode, NrGO -> N-doped reduced graphene oxide nanosheets,
CNT -> carbon nanotubes, Pt -> platinum nanoparticles, Pd -> palladium nanoparticles, PDDA-> poly

(diallyldimethylammonium) chloride.

7.3.7 Influence of the buffer solution pH
The influence of the solution acidity and alkalinity on the electrochemical oxidation peak

potentials and currents of 0.13 mM DA and 0.13 mM UA was investigated by running DPVs
at different PBS pH from 3.05 to 9.04. The pH studies were performed since both DA and
UA are known to exhibit a two electron and two proton processes on the modified electrodes
(Schemes 7.1 and 7.2) % %. As a result, the PBS buffer acidity should have great impact on
the electrocatalytic responses of DA and UA. Figure 7.10 shows the oxidation peak potentials
(Epa) of DA and UA in different phosphate buffer solution pH values at ITO electrodes
modified with Pt and Pd nanoparticles immobilized on pristine and N-doped graphene films.
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Figure 7.10: Oxidation peak potentials of (a) DA and (b) UA in different buffer pH values at
ITO electrodes modified with (i) Pt/Gr, (ii) Pd/Gr, (iii) Pt/NGr, and (iv) Pd/NGr, respectively.

As shown in figures 7.10a and b, the oxidation peak potentials of DA and UA decreased
gradually with increasing pH, thus suggesting less energy is required to facilitate
electrocatalytic oxidation of DA and UA at higher pH values. The regression equations for
the linear relationships of the oxidation peak potentials of DA and UA with the PBS pH
values are shown in tables 7.12. The slopes of the linear plots were determined to be -51.3
mV pH?, -58.0 mV pH™, -74.9 mV pH™ and -60.2 mV pH™ for the electrochemical oxidation
of DA at Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr- ITO electrodes, respectively (Fig. 7.10a). The
slopes for the voltammetric responses of DA at Pt/Gr and Pd/Gr-1TO electrodes were close to
the theoretical Nernst value of -59 mV pH™, indicating that electron transfer in
electrochemical oxidation of DA is equal to the number of protons ®. However, the slopes for
the voltammetric responses of DA at Pt/NGr and Pd/NGr-ITO electrodes were larger than the
Nernst value, suggesting that faster electron transfer kinetics were involved in electrode
reactions for oxidation of DA . On the other hand, the slopes of all linear plots of the
electrochemical oxidation of UA at different PBS pH values at Pt/Gr (-59.7 mV pH™), Pd/Gr
(-58.8 mV pH™), PUNGr (-57.6 mV pH™), and Pd/NGr (-51.4 mV pH™), were close to the
theoretical Nernst value, as shown in figure 7.10b. The results indicated that an equal number

of electrons and protons were involved during the electrochemical oxidation of UA %.
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Table 7.12: The relationship between peak potentials and pH for detection of DA and UA

Dopamine (DA) Uric Acid (UA)
Electrode Linear regression pH range Linear regression pH range
Pt-Gr —51.30(mV)pH +667.2 | 3.05-9.04 | —59.69(mV)pH +728.7 3.05 -
(R? =0.9984) (R? =0.9998) 501
Pd-Gr —58.02(mV)pH +724.0 | 3.05-9.04 | —58.69(mV)pH +728.6 3.05 -
(R* = 0.9981) (R? = 0.9996) 501
Pt-NGr —74.89(mV)pH +729.2 | 3.05-8.02 | —57.61(mV)pH +651.7 3.05-
(R? = 0.9984) (R* = 0.9957) 9.04
Pd-NGr —60.24(mV)pH +683.5 | 3.05-8.02 | —51.38(mV) pH +668.9 3.05-
(R? =0.9983) (R? = 0.9955) 703

7.3.8 Stability and reproducibility of the modified electrodes

The stability of the ITO electrodes modified with composite materials was investigated using
differential pulse voltammograms of 0.13 mM solutions of DA and UA. The DPVs were
recorded on modified electrodes after two weeks of room temperature storage in ambeit
conditions, and the average peak current loss was recorded for the voltammetric responses of
both DA and UA (Table 7.13). In summary, the electrocatalytic oxidation of both DA and
UA showed excellent stability at the surfaces of Pt/NGr/ITO electrodes, since only a 1.54 %
and 1.78 % loss of the peak current was determined for DA and UA, respectively. Generally,
the trend of the stability of the modified electrodes towards electrochemical oxidation of DA
and UA was influenced by the particle sizes of Pt and Pd nanoparticles. For instance,
Pd/Gr/ITO electrodes exhibited poor stability for the electrocatalytic oxidation of both DA
and UA, with the loss of the peak currents recorded at 4.51% and 4.73 %, respectively.

Furthermore, five independent composite/ITO electrodes, prepared using a similar procedure,
were used to evaluate the reproducibility from the DPVs of PBS containing 0.13 mM DA and
0.13 mM UA. Relative standard deviations (RSDs) of 2.52%, 3.21%, 1.02% and 1.53% were
calculated for the voltammetric responses of DA at Pt/Gr, Pd/Gr, Pt/NGr, and Pd/NGr
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modified ITO electrodes, respectively. In addition, RSDs of 1.34%, 2.58%, 1.89% and 2.03%
were determined for the oxidation voltammetric responses of UA at Pt/Gr, Pd/Gr, Pt/NGr,
and Pd/NGr modified ITO electrodes, respectively. In summary, as shown in Table 7.13, ITO
electrodes modified with Pt and Pd nanoparticles supported on N-graphene films
demonstrated good stability and reproducibility as compared to ITO electrodes modified with
metal nanoparticles immobilised on their undoped graphene counterparts. Thus, the results
indicate that the electrochemical performance of ITO electrodes, based on modification with
composites of graphene and metal nanoparticles, appears to be dependent on the structural

and electronic properties of graphene, as well as the sizes of the metal nanoparticles.

Table 7.13: Stability and reproducibility studies of DA and UA on modified ITO

Stability (% Loss)? Reproducibility (RSD, %)°
Electrode DA UA DA UA
Pt-Gr 231 2.77 2.52 1.34
Pd-Gr 4.51 4.73 3.21 2.58
Pt-NGr 1.54 1.78 1.02 1.89
Pd-NGr 1.92 2.15 1.53 2.03

& -> 9 loss in DPVs after two weeks of storage.
b _> 9 relative standard deviation of five independent electrodes.

7.4 Conclusions
In summary, Pt/Pd-graphene and Pt/Pd-nitrogen doped graphene composites materials were

successfully prepared by the electroless deposition of the metal nanoparticles from their salt
solution. The electrochemical sensing application of both pristine- and N-graphene-
composites for the sensitive detection of dopamine and uric acid was performed based on the
modification of ITO electrodes. High resolution TEM analysis showed that incorporation of
nitrogen atoms into the graphene lattice provided several advantages, including
immobilization of platinum and palladium nanoparticles with decreased particle sizes (3 £ 1
nm for Pt and 7 £ 3 nm for Pd); fast electron transfer kinetics and good electron conductivity

due to high surface-to-volume ratio induced by the small nanoparticles and nitrogen
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configurations; enhanced electrocatalytic activity as a result of electrochemical surface area
and increased amount of chemically active/binding sites for uric acid and dopamine.
Furthermore, the electrochemical performances and stability of these composite-based 1TO
electrodes appeared to be dependent on the structural and electronic properties of graphene
and the sizes of the metal nanoparticles. For instance, ITO electrodes modified with Pt and Pd
nanoparticles supported on N-graphene films demonstrated good stability and reproducibility
as compared to ITO electrodes modified with metal nanoparticles immobilised on their
undoped graphene counterparts. Under optimized DPV conditions, the as-prepared
composite-based ITO electrodes exhibited better or comparable limits of detection (S/N =3)
to other reported research studies for electrochemical determination of dopamine and uric
acid. However, more studies need to be performed to investigate the influence of same-sized
Pt and Pd nanoparticles on the detectionof DA and UA. In general, the study provided a
simple and cost-effective method for designing high performance the electrochemical sensors
based on ITO electrodes modified with composites of graphene and noble metal
nanoparticles. However, it is apparent that more work is required to enhance the selectivity of
the electrodes.
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Chapter 8

Time-dependent evolution of N-configurations in N-doped

graphene films

8.1 Introduction

Graphene, a two dimensional (2D) crystalline allotrope of carbon®, has attracted great interest
for applications in the field of energy and storage devices due to its unique properties™>.
These unique properties include high chemical stability, high electrical conductivity, and
large surface area® *% thereby enabling graphene to have potential applications in
supercapacitors, photovoltaics, sensors, electronics, or Li batteries™**. However, being a zero

band gap 2D material® *°

, graphene is not ready for its application in the next generation
electronic devices because its electrical conductivity cannot be completely controlled when
compared with the classical semiconductors (such as silicon, germanium, gallium arsenide,
silicon carbide, etc.). Reports have however shown that graphene can compete with
commercial semiconductors if its electrochemical properties are tuned. This can be achieved
by either functionalization of the surface of graphene with gaseous molecules, metals, organic
molecules, or by the chemical substitution of foreign atoms into the graphene lattice®™.
Theoretical and experimental attempts have indicated that chemical doping of graphene with
heteroatoms is the most efficient technique for tailoring the electronic, chemical, optical and
magnetic properties of graphene®?; to broaden its applications. Doping with heteroatoms,
such as nitrogen, phosphorus, sulphur, nitrogen/sulphur, or nitrogen/boron, allows graphene
to have an open band gap; hence leading to the transformation of graphene into a p- or n-type
semiconductor® . It has been shown that the chemical doping influences the properties of
graphene according to the at least two features of the dopant element, namely: (1) size of the
dopant, and (2) dopant atom electronegativity**. These features play a significant role in
determining the application of the doped graphene as well as in choosing the appropriate

dopant.

Recent success in N-atom doping of carbon nanotubes (CNTS) to give N-CNTs? by chemical

vapour deposition (CVD), arc discharge, and ammonia post-treatment techniques has
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encouraged attempts for the chemical N-doping of graphene films. This is because nitrogen
(65 pm) has a comparable atomic size to that of C (70 pm), thus making its incorporation into
the graphene lattice possible. Additionally, nitrogen has an extra electron in its outer shell,
which plays a significant role in predicting the applications of the N-doped graphene by
either inducing n- or p-type semiconducting behaviour?*. Typically, in most reports on
synthesized N-doped graphene, X-ray photoelectron spectroscopy (XPS) studies have shown
that N atoms can be bonded to the C atoms in graphene in at least four bonding
configurations (Scheme 8.1).

Scheme 8.1: Typical configurations of nitrogen atoms in graphene: (1) pyridinic N, (2)
substitutional or graphitic N, (3) triple vacancy pyridinic N, (4) pyrrolic N, and (5) oxidized
pyridinic-N (NOXx).

The bonding configurations are as follows: pyridinic-N (398.1-398.3 eV), pyrrolic-N (399.8-
400.2 eV), quaternary or graphitic-N (401.1-402.7 eV), and oxidised pyridinic-N (403-405
eV) 1422227 pyridinic-N is bonded to two C atoms at the edges of the graphene domains.
Due to its sp>hybridisation, the pyridinic-N atoms contribute an extra p-electron to the
delocalised -system of graphene lattice?®?%. In addition, pyrrolic-N atoms are sp’hybridised
and are also bonded to two C atoms at the domain edges. Finally, graphitic-N atoms exhibit
sp?-hybridisation and introduce the remaining two electrons to the delocalised 7t- system®> 2.
For the oxidised pyridinic-N configurations, the N atoms are bonded to two C atoms and an
O atom %. Thus, it can be concluded that each of the N-configurations affects the electronic
and transport properties of graphene differently. For instance, theoretical studies have
indicated that since both pyridinic and pyrrolic N-configurations occur at defects, and high

concentrations of these configurations induce p-type semiconductor behaviour in nitrogen
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doped graphene because they withdraw electrons from the graphene film*> *. Additionally,
the graphitic N-configuration was found to induce n-type conductivity, since one electron
becomes engaged in a @ bond while the fifth electron forms a partial 7*-bonding state of the
conduction band. Each graphitic N-configuration contributes to the  system of the graphene
lattice, hence preserving the high mobility of charge carriers in N-doped graphene®.
Contrary to theoretical predictions, experimental work by Li et al. showed that a crossover
behaviour from p- to n-type could be observed in N-graphene with increasing degree of N-
doping, especially for graphene films dominated by pyridinic and pyrrolic N-configurations™".
Schiros and co-workers attributed this crossover behaviour to the hydrogenation of both
pyridinic and pyrrolic N atoms, which then transforms them from p-type to n-type

semiconducting behaviour®,

Similar to N-CNTs, two approaches have been used for the synthesis of N-doped graphene.
These include; (1) direct or in-situ doping during the synthesis of the graphene films and (2)
post-doping of the as-synthesized graphene films with a nitrogen source. The latter doping
method leads to surface-functionalization of graphene, whereas the former leads to the
introduction of heteroatoms into the carbon lattice of graphene, thus resulting in the
formation of homogeneously doped graphene films. In-situ N-doping is the preferred
approach and it can be achieved via synthesis technigques such as chemical vapour deposition
(CVD), segregation growth, solvo-thermal, laser ablation, microwave irradiation, and arc-
discharge®® ***°. Among the in-situ synthesis methods, the CVD technique has been
extensively studied for the growth of large area N-doped graphene films from gaseous
mixtures®?, liquid organic precursors®, and solid precursors®. Apart from its easy scalability,
CVD enables an easy approach for controlling the nitrogen content in a reaction by changing
the flowrate, the ratio between the carbon and nitrogen sources, the growth temperature, as
well as the metal catalysts?® ***'. For instance, Qu et al.*® showed that growth of N-graphene
films on a Ni catalyst at 1000 °C using a 5:1 CH4/NH3 precursor gas mixture produced films
consisting mainly of pyridinic and pyrrolic N configurations. On the other hand, Wei and co-
workers? reported that the graphitic-N configuration was predominately found in N-graphene
films grown at 800 °C on a Cu foil using a 1:1 CH4/NHs gas mixture. Additionally, Luo et
al.*" synthesized pyridinic-N rich nitrogen doped graphene films on a Cu foil by using 1:1
and 3:1 C,H4/NH3 mixture at 900 °C.

Interestingly, most reports indicated that successful CVD synthesis of N-doped graphene with
varying nitrogen content is dependent on the concentration of the N-precursors material,
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metal catalyst and the growth temperature. However, the evolution of the N-configurations
with time (i.e. to study the evolution of the N configurations with time) has been little
studied. Therefore, this investigation reports the facile method for an in-depth study and
understanding of the of time-dependent APCVD N-doped graphene film growth using

ammonia.

8.2 Experimental

8.2.1 Starting Materials

The reagents used in all experiments were of analytical grade. Acetone (99%, ACE, gold line
(CP)) and methanol (MeOH, 99.5%), were bought from Sigma-Aldrich (South Africa). The
argon (Ar, 99.9%), methane (CH,4, 99.98%), ammonia (NH3, 10% in Ar) and hydrogen (Ha,
99.98 %) gases were supplied by Afrox, South Africa. Other materials include a copper foil
(25 pm, 99.98%) from Sigma Aldrich (RSA), poly(methyl methacrylate) (PMMA, Mw
~999 000, crystalline, Sigma Aldrich), a silicon substrate with 300 nm silicon oxide layer
(Sigma-Aldrich), and copper plate and iron wire (University of the Witwatersrand workshop).

Distilled water was used throughout the experiments.

8.2.2 Synthesis and transfer of N-doped graphene films

The in-situ N-doping of graphene films was achieved using APCVD on a copper foil in a
quartz tube furnace. All the films were grown using 10 sccm CHy, 3 sccm H,, 300 sccm Avr,
and 5 sccm NHs. An electrochemically cleaned®® Cu foil was placed at the center of the
cylindrical quartz tube (100 cm x 20 c¢cm), and the tube was then inserted in a horizontal
furnace. The furnace was heated to 1000 °C at a ramping rate of 10 °C/min under
atmospheres of H, and Ar, and then held at the designated temperature for 30 minutes. The
growth of the in-situ N-doped graphene films was carried out for varying times (2, 5, 10, and
20 min) under 10 sccm of CH4 and 5 sccm of NHs. In the control experiments, pristine
graphene films were grown for the same times (2, 5, 10, and 20 min) using 10 sccm CHa.
Finally the reactor was rapidly cooled to room temperature by pushing the quartz tube outside

the reactor.

After growth, both pristine and N-doped graphene films were then transferred onto the 300
nm SiO./Si substrate using the PMMA-assisted electrochemical delamination method 3%,

Initially, a 1 cm X 1 cm square of the as-grown film on Cu was spin coated with a thin layer

of PMMA at 2000 rpm for 60 sec, after which it was baked at 80 °C for 5 min to ensure good
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adhesion of the PMMA on the graphene/Cu. From the electrolysis of water, the
PMMA/graphene film was then detached from the Cu foil by the generated hydrogen
bubbles. After the detachment of the PMMA/graphene film, the floating PMMA/graphene
film was transferred onto the SiO,/Si substrate. The transferred film was baked at 50 °C for
30 minutes to enable good adherence of PMMA/graphene onto the substrate. Finally, the
PMMA was dissolved with warm acetone and the residual PMMA/acetone on the films was

removed by washing the films with multiple volumes of methanol and distilled water.

8.2.3 Characterization

The structural characterization of the as-synthesized pristine and N-doped graphene films on
300 nm SiO,/Si substrates was studied by Raman spectroscopy. Raman spectra of all films
were collected on a Bruker Raman Senterra spectrophotometer (Bruker, South Arica) using a
532 nm excitation laser and at a very low laser power (0.5 mW) to avoid laser-induced
heating which can damage the films. Optical imaging was captured by a 50x optical
objective lens. The chemical composition of the prepared films was studied by X-ray
photoelectron spectroscopy (XPS) at the Thermo Scientific factory in UK. The ex-situ XPS
study was carried out on films grown on Cu foil with a Thermo Escalab 250. The radiation
used was a monochromatised aluminium Ka radiation with a 400 um spot size and a ‘pass’

energy of 60 eV was used.

8.3 Results and Discussions

The structural characterization of the as-grown films was determined by studying their optical
images and Raman spectra; while the degree of N-doping and type of N-configurations were

confirmed by studying their XPS spectra.

8.3.1 Microstructural analysis of the films

Optical micrographs (Fig.8.1) of N-doped graphene films transferred onto a 300 nm SiO,/Si
substrate showed large-area, continuous and uniform films. In comparison with their pristine
graphene counter-parts (Fig. S8.1), N-doped graphene films exhibited regions of multilayers
embedded within a uniform and continuous film. The multilayer regions can be ascertained
by the dark spots. This is because for pristine graphene films on a 300 nm SiO,/Si substrate
the thickness can be verified by the colour contrast of the substrate due to the light
interference effect” 3. Therefore, the darker colour contrast of the substrates indicates a
thicker film.
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Figure 8.1: Optical images of N-doped graphene films grown at (a) 2 min, (b) 5 min, (c) 10

min, and (d) 20 min.

8.3.2 Raman Analysis of the films

To study the structural and electronic properties of the as-grown N-graphene films, Raman
spectroscopy was used since it is a non-destructive and powerful technique for characterizing
carbon materials®*“°. Figure 8.2 shows the Raman spectra of both pristine and N-doped
graphene films on a 300 nm SiO,/Si substrate synthesized under the same growth conditions.
The pristine graphene films (Fig. 8.2a) exhibited three Raman peaks, which are assigned to D
(~ 1340 cm™), G (~ 1583 cm™) and 2D (~ 2675 cm™) bands, respectively®® *. Interestingly,
the relative intensity of the D band was found to decrease with increasing growth time (2-20
min). This is indicative of an improved quality of the graphene films with prolonged growth
time. The Raman spectra of N-doped graphene films (Fig. 8.2b) showed four peaks, which
can be assigned to D (~ 1350 cm™), G (~ 1590 cm™), D* (~ 1623 cm™), and 2D (~ 2678 cm™)
bands. Furthermore, the pronounced D band relative intensity across the growth regime is an
indication of graphene lattice distortion by N atoms. However, it can be seen that the relative
D band intensity was not significantly affected by time.
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Figure 8.2: Raman spectra of pristine (a) and N-doped (b) graphene films grown at varying

times.

Understanding of the graphene lattice distortion due to N-doping was done by assessing the
observed Raman peaks (Fig. 8.2b). The existence of a strong defect-induced D band (~ 1350
cm™) in all N-doped graphene Raman spectra is indicative of the successful incorporation of
N atoms into the graphene matrix, hence leading to a broken symmetry of the graphene
lattice. The emergence of the D* band (~ 1623 cm™) on the shoulder of the G band is also
considered as another Raman feature induced by defects. The D* band occurs through an
intravalley double resonant scattering process, in which the defects provide the missing
momentum required to satisfy the resonant process>> 4> *° The relative intensities of these
defect-induced peaks indicate the presence of substantial amount of defects; either in the
form of in-plane heteroatom substitution, ad atoms, vacancies, and/or grain boundaries/edges.
In contrast to both D and D* bands, the relative intensity of the lattice-defect sensitive 2D
band (~ 2678 cm™) is significantly supressed across the growth regime. The 2D band
originates from a two-phonon double resonant process and it does not require a defect to
fulfil the resonant conditions** *”. During N-doping, nitrogen atoms create lattice defects and
introduce electron doping; and both of these processes increase the electron/hole scattering
rate in N-doped graphene which then leads to the diminished 2D band intensity.

To further understand the degree of lattice distortion and the electronic properties of our
films, the positions of the graphitic Raman peak (G band) were studied in detail. These peak
positions were observed to have blue shifted by a maximum of ~ 9.5 cm™ (red line in Fig.
8.3a), as compared to their graphene counterparts (black line in Fig. 8.3a). This blue shifting

of the G band could be attributed to the increased electron doping, since this leads to
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stiffening of the phonons for the G band*" “® *8. In addition to the position of the G band, the
position of the 2D band is another important parameter for an in-depth investigation of the
electronic and structural properties of N-doped carbon materials*® **. This is because the 2D
band position is affected by the modification of the equilibrium lattice parameter as a result
of lattice distortion by nitrogen dopants*’. Figure 8.3b (red line) shows that the 2D band
position in N-graphene films are blue shifted by a maximum of ~12.4 cm™. The strong blue
shift observed in both G and 2D band positions signifies that not only electron doping
contributes to the electronic, but also compressive/tensile strains on the C-C bonds could play
an important role in the observed blue shifting of both peaks. Earlier theoretical calculations
by Allen’s group indicated that during N-doping different N-configurations lead to
compressive strain on C-C bonds®. Their results showed that since pyridinic and pyrrolic
bonding configurations have shorter bond lengths (~ 1.32 A and ~ 1.37 A respectively) than
that of C-C (~ 1.42 A), then a high concentration of these configurations result in a
compressive strain on C-C bonds, thereby leading to a blue shift in 2D band instead of the
well-known red shift. To support the finding by Allen et al., Dettori and co-workers>* showed
that even for defected graphene, defects associated with bond reconstruction do lead to lattice
deformation and stress/strain fields. Therefore based on the above analysis, we can ascertain
that both electron doping and compressive strain on C-C bonds strongly contribute to the blue
shifting of both G and 2D bands.
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Figure 8.3: Peak positions for the G (a) and 2D (b) bands for both pristine and N-doped
graphene films.

Commonly, the ratio of the relative intensity of D band to G band (Ip/lg) is used to determine
the quality or degree of disorder for as-grown pristine graphene® “°. Figure 9.4a (black line)
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shows that the level of disorder in pristine graphene films decreases with increasing growth
time. Upon N-doping of graphene films, the Ip/lg values (Fig. 8.4a, red line) are observed to
be larger than those of pristine films, and this is due to the structural defects induced by
introducing nitrogen dopants into the graphene lattice. Similarly, the Ip/lg ratio is seen to
decrease with increasing growth time; with the lowest intensity ratio found at 20 min growth
time (Io/lc = 0.87). Ferrari and Robertson®® attributed this phenomenon to the different
arrangements of defects in sp? carbon materials. The high Ip/lg ratio values signify the
formation of nanocrystalline graphite domains. However, with increasing growth time, these
nanocrystallites become smaller until they open up to form a matrix made up of sp? carbon
clusters containing low sp® amorphous carbon domains. The loss in the sp? ring in graphite
nanocrystallites decreases the intensity of the D band relative to that of the G band; hence the
observed decrease in the Ip/lg ratio. Therefore, the results indicate fewer lattice distortions
are produced with increasing growth time. Recently, Eckmann and co-workers* indicated
that the nature of defects in graphene films can be determined by Raman spectroscopy by
using the intensity ratio of the defect-activated bands (Io/lIp+). They showed that the Ip/Ip~ is
at a maximum (~13) for sp* hybridisation defects at graphene/graphite edges and grains
boundaries, and that the value decreases to ~7 for on-site/vacancy-like defects. It finally
reaches a minimum of ~3.5 for defects located at grain/domain boundaries. Therefore, by
using the Ip/lp~ ratio we can determine the nature of defects present in our N-doped graphene
films. Figure 8.4b shows that the maximum defect-sensitive intensity ratio Ip/lp= is ~1.8,
which suggests that the N-doped graphene films contain predominately grain/domain

boundary defects.
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Figure 8.4: Evolution of Ip/lg (a) with increasing growth time for both pristine and N-doped
graphene films and Ip/Ip+ (b) for N-doped graphene films.
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8.3.3 XPS Analysis of the films

The XPS analysis was used as a surface sensitive and standard technique for determining the
overall degree of N-doping and the different N-configurations in our films. The overall
percentage concentrations of the carbon, nitrogen, and oxygen atoms (Fig. 8.5a) were
determined by taking the integrated peak areas of the C1s, N1s, and O1s from the XPS survey
spectra. It was seen that the carbon concentration increased (50.6%-71.9 at. %) while both
nitrogen (2.3-2.0 at. %) and oxygen (47.0%-26.1 at. %) concentrations were found to
decrease as the growth time increased. The ratio of the integrated peak area of N1s to that of
the C1s (i.e. N/C ratio) was used to calculate the overall nitrogen content in the films, and
this was found to be 4.68%, 3.75%, 3.25%, and 2.84% for the N-graphene films grown at 2,
5, 10, and 20 min, respectively (Fig. 8.5b). The results indicate that the nitrogen content was
strongly dependent on the growth time of the as-synthesized films. The high degree of doping
for films grown at 2 min (4.68 %) is in agreement with the largest defect intensity ratio
(Io/lg) observed in figure 8.4a. Likewise, the low N-content for films grown at 20 min (2.84
%) correlated well with the low Ip/lg ratio (0.87). The results indicate that short growth time
(2 min) results in the formation of many poorly connected graphene domains, hence
permitting a large incorporation of N atoms at the edges or grain boundaries. However, at a
longer growth time the graphene domains have started to coalesce into bigger graphene
domains, hence making incorporation of more N atoms into the graphene lattice more
difficult. Compared to the pristine graphene films (Fig. S8.2), the increased oxygen content in
the N-doped graphene films indicates a stronger oxygen adsorption ability on N-graphene

films, hence demonstrating a potential application of N-graphene films in fuel cells®.
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Figure 8.5: (a) Atomic composition analysis from the XPS survey spectra and (b) N/C
content in N-doped graphene films grown using 10 sccm CH4 and 5 sccm NHs.
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The deconvolution of the N1s XPS spectra was performed to determine the different bonding
states (N-configurations) of nitrogen atoms in our N-doped graphene films (Figs 8.6 and S8.3
— S8.5). Figure 6.6 shows that the N1s spectra can be deconvoluted into at least four
component peaks attributed to pyridinic-N (397.6-398.1 eV), pyrrolic-N (399.0-399.7 eV),
substitutional/graphitic-N (400.6-401.7 eV), and the oxidised pyridinic-N (NOy, 402.7-404. 6
eV), respectively?® 2>2%:52 The different relative intensities of the N-configurations indicate
that the formation of N-graphene films rich in one N-configuration can be controlled by
adjusting the growth time. The different chemical environments for the C atoms within the N-
doped graphene films were determined by deconvoluting the high-resolution XPS C1s scan,
as shown in figure 8.6 and figures S8.3-S8.5. All C1s XPS spectra exhibited an asymmetrical
and tailing peak, which is indicative of different bonding states for C atoms. The main
component located at 284.6-284.8 eV corresponds to the presence of C atoms in graphite-like
sp? C-C bonds®?" **, When compared with the peak position of sp? C-C in graphite®® and of
the pristine graphene films grown under the same conditions (Table S8.2), the main
component peak in N-doped graphene films is seen to shift to higher binding energies and
this is attributed to the bonding of C atoms (ca. 2.55) to the more electronegative N atoms
(ca. 3.04). Its high intensity indicates that most of the carbon atoms within the N-doped films
remain bonded together in a conjugated honeycomb lattice. Two component peaks centred at
285.2-285.7 eV and 286.2-286.9 eV can be assigned to the contribution from N-sp*-C
(graphitic, pyridinic, and/or pyrrolic) and N-sp*-C (defected sp*-C bonds) respectively”>?"
% Finally, the peak at higher binding energies (288.3-288.5 eV) is attributed to the
formation of C-O bonds from the oxygen at the edges of graphene domains®® *.
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Figure 8.6: C1s and N1s core-shell XPS spectra of N-doped graphene films grown at 10 min.
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The effect of growth time on the N-configurations was further investigated by determining
the % concentrations of all configurations in the N-graphene films, as well as calculating the
% amounts of each configuration per N-content (Figs. 8.7a and b). At 2 min and 5 min
growth times the predominant N-configurations are the pyridinic- and pyrrolic-types; which
indicate that most of the N atoms are located at the edges or on the defected sites on the
graphene domains. Lack of any substitutionally incorporated N atoms confirms the existence
of small graphene domains based on the stability for the formation of different bonding states
(C=C (6.24 eV) > C-C (3.71 eV) > C-N (2.83 eV))**: thereby making incorporation of N
atoms into the graphene domains difficult. At 10 min growth time, there is almost an equal
rate of growth to give both graphitic-N and pyridinic-N bonding states. Finally, at a longer
growth time (20 min), the pyridinic-N bonding states reach a maximum of 2.36 at %/ total N-
content, while growth of both pyrrolic- and graphitic-N was found to be at almost the same
rate. The absence of NOy suggests that all the N atoms are perfectly incorporated into the
graphene lattice. The observations indicate that prolonged growth time can cause healing of
the graphene lattice to form more stable sp® bonds, therefore leading to the breakage of the C-
N bonds and removal of nitrogen atoms®?. The results are also in good agreement with
theoretical calculations which indicate that N atoms are more thermodynamically stable at

graphene edges, and with the pyridinic-type being the most stable 2°2% >,
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Figure 8.7: (a) % N-configurations and (b) contents of pyridinic-N, pyrrolic-N, graphitic-N
and NOx as a function of growth time.

8.3.4 Growth mechanism of our samples
Based on the above characterization and analysis, we can, therefore, conclude that the time-

dependent growth of N-doped graphene films follows at least a three-stage growth

179



mechanism (Scheme 8.2). In stage 1 (2 min and 5 min), the N-graphene films contain
predominantly pyridinic and pyrrolic-N configurations along with some oxidised pyridinic-N
type species. Interestingly, there are little or no graphitic-N type configurations detected,
indicating that both pyridinic and pyrrolic-N atoms are found at the graphene domain edges
and on defective sites. As a result, high defect density ratio values (Ip/lg = 1.19 and 1.09 for 2
min and 5 min, respectively) were observed at this stage. The high relative intensity of the
pyridinic-N configurations at 2 min growth time could be attributed to the different ways in
which the pyridinic-N atoms are placed around the defects (i.e. to give mono-, di-, tri- and

* % In stage 2 (10 min), the N-graphene films consisted

tetramerized pyridinic defects
mainly of graphitic-N type bonding states with minimum amounts of pyridinic-N type atoms.
This indicates that there is sufficient time in the doping reaction to permit the successful
substitution of C atoms with N atoms, as well as to allow coalescence of graphene domains,
as reflected by the slightly lower Ip/lg value (1.05). At stage 3 (20 min), the N-graphene films
consisted mostly of pyridinic-N, with a small amounts of graphitic and pyrrolic-N atoms and
no oxidised pyridinic-N atoms. Unexpectedly, the film exhibited a low defect density ratio
(Io/lg = 0.87), although pyridinic-N type are expected to increase the defect density.
However, this improved quality indicates that prolonged growth time plays a significant role
regarding the re-arrangement of pyridinic-N atoms. Since pyridinic-N atoms are bonded to
sp® hybridized C atoms, we can suggest that at stage 3, most of the pyridinic-N atoms are
located at the edges of the graphene domains with some of the N atoms located at defective

sites to contribute to the defect density ratio.
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Scheme 8.2: Growth mechanism of N-doped graphene films with increasing growth time

(Stages 1-3: pyridinic-N, pyrrolic-N, graphitic-N, oxidized pyridinic-N)

8.4 Conclusions

We have successfully synthesized continuous and large area N-doped graphene films using
the co-growth of ammonia and methane gases via the APCVD technique. We used optical
microscopy, Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) to
characterize the N-graphene films and to compare them with their pristine graphene
counterparts. Nitrogen atoms were incorporated into graphene and the maximum N/C content
of 4.68 at% was noted at a short growth time; while a minimum N/C content of 2.84 at% was
observed at longer growth times. Furthermore, the type and amount of the N configurations
(pyridinic, pyrrolic, graphitic and NOy were found to be time-dependent. At 2 min and 5 min
times, pyridinic, pyrrolic-N and NOx bonding configurations dominated. A 10 min growth
time led to the formation of graphitic-N-rich films, which also contained small amounts of
pyrrolic-N and NOy. In contrast, the longer growth time (20 min) produced N-graphene films
rich in pyridinic-N with some graphitic-N bonding states. The films lacked NOx bonding

types and few pyrrolic-N configurations were observed.
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Chapter 9

The effect of N-configurations on the detection of dopamine at N-

doped graphene modified ITO electrodes

9.1 Introduction

The electrochemical sensors have been widely studied as inexpensive materials for the
selective and sensitive detection of various electroactive biomolecules in biological matrixes,
such as blood, urine as well as extracellular fluids. Among the studied biomolecules,
dopamine (DA) or 4-(2-aminoethyl) benzene-1,2-diol (Scheme 1), an important
catecholamine found in the brain that acts as neurotransmitter, has received considerable
attention in clinical and/or pharmaceutical researches due to its indispensable role in the
renal, cardio vascular, hormonal and central nervous systems of humans . An abnormal
production of DA in the brain has been associated with the progression as well as the severity
of neurological and neurodegenerative diseases such as aging of the brain, Alzheimer’s, as
Parkinson’s, attention-deficient hyperactivity disorder (ADHD), schizophrenia, and
Hunting’s *°. Thus, rapid and accurate detection of DA at nanomolar concentrations *® is
important not only for clinical diagnosis but also for the prevention of disorders arising from
the abnormal control of DA concentrations. As such many conventional techniques have been

developed for detection of DA in biological samples %8

. Among these techniques,
electrochemical methods are widely used for the detection and determination of DA

biological samples due to the electroactive behaviour of DA .

HO NH2

HO

Scheme 9.1: Structure of dopamine or 4-(2-aminoethyl) benzene-1,2-diol

Owing to the ease for electro-oxidation of DA coupled with the excellent advantages

of the electroanalysis techniques, numerous conducting materials including metal and

21 22-28 29

metal oxides “°, carbon-based nanomaterials , quantum dots <, magnetic

nanoparticles *°, and polymeric nanoparticles **, have been developed and used for the
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direct determination of dopamine on traditional electrodes. Although, many carbon
based nanomaterials have shown to be promising candidates %2  most
electroanalytical techniques based on carbon nanomaterials are time-consuming,
tedious, and require pre-concentration of the analytes. Thus, the development of new
carbons for replacement or improvement of the already known and used carbon

32-34 and has been used

nanomaterials is necessary. One of these materials is graphene
for electrochemical determination of electroactive biomolecules such as dopamine,
uric acid, and ascorbic acid #>% 3 3 3% |n gpite of the extraordinary properties
exhibited by graphene, the main drawback for practical applications of graphene lies
in the production of graphene nanostructures with carefully controlled microstructural

properties, such as functional groups, domain sizes and edge defects 2% 313536

Theoretical and experimental reports have indicated that chemical incorporation or
doping of nitrogen atoms and other non-metallic elements (boron, or both nitrogen and
boron) into the graphene lattice is a feasible approach for effectively tailoring the

physicochemical properties of graphene 3

. Most importantly, nitrogen doping
effectively changes the spin density and charge distribution of neighbouring carbons,
thus enhancing electronic properties in N-doped graphene. Furthermore, the presence
of nitrogen atoms in the graphene lattice enhances the biocompatibility and sensitivity
for biosensing applications, by providing abundant binding sites for dopamine, uric

acid, ascorbic acid, glucose, etc. 33

. Besides tailoring of graphene’s intrinsic
properties by doping with nitrogen atoms, the various ways in which nitrogen atoms
become incorporated into graphene’s lattice (Scheme 2), enables the electrical
conductivity of N-doped graphene to be easily tuned by controlling the amount of the

nitrogen dopant ¥,

This is because each of the N-configurations affects the
electronic and transport properties of graphene differently. As a result, substantial
research effort is currently focused on investigating the electrocatalytic properties of
nitrogen doped graphene-based electrodes towards the oxidation of biomolecules * 3>
% However, little attention has been paid to the influence and/or contribution as well
as the importance of the content of each N-configuration on the electrocatalytic
activity of graphene nanomaterials towards the oxidation of biomolecules such as
dopamine. This may be ascribed to lack of simple and effective synthetic procedure to
reproducibly grow graphene nanomaterials with the controlled content of one N-

configuration.
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Scheme 9.2: Typical configurations of nitrogen atoms in graphene: (1) pyridinic N, (2)
substitutional or graphitic N, (3) triple vacancy pyridinic N, (4) pyrrolic N, and (5) oxidized
pyridinic-N (NOx) ¥,

Therefore, a facile time-dependent technique to grow large-area N-doped graphene
films on a Cu foil by atmospheric pressure chemical vapour deposition (APCVD)
method was used®®. The N-configurations in the as-grown N-graphene films were
effectively controlled by varying the growth time during the CVD growth process *°.
In this study a link between the N-configurations, the amount of N-doping, the
microstructural properties, and the inherent electrocatalytic oxidation of dopamine
using an ITO electrode surface modified with the as-synthesized N-graphene films
was investigated. In particular, in our study we have shown a correlation between N-
configurations of graphene and the sensing behaviour of the N-graphene/ITO
electrodes. Thin films of N-graphene were synthesized and transferred onto indium-
doped tin oxide-coated glass (ITO) electrodes. ITO is a suitable low-cost photoelectric
material due to its excellent optical transparency and satisfactory electrical
conductivity. Consequently, ITO electrodes have found large scale application in
various fields, such as light-emitting diodes (LEDSs), solar cells, transistors, biosensors,

electroluminescence devices, and liquid crystal displays (LCDs).

9.2 Experimental

9.2.1 Materials and reagents
The analytical grade reagents, which were used without prior purification, as well as

substrates were purchased from Sigma-Aldrich, South Africa, and this included: dopamine
hydrochloride (DA, > 99%), sodium hydroxide pellets (98%, Merk), potassium dihydrogen
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phosphate (KH,PO4, 99.99%), hydrochloric acid (HCI, 32.0 w/v %), potassium ferricyanide
(K3[Fe(CN)g], Merck, 99.98%), potassium chloride (KCI, Merck, 98.5%) and indium tin
oxide (ITO)-coated glass slides (surface resistance 30 to 60 Q/sq., thickness 1.1 mm, and
optical transmittance of > 84%, refractive index of 1.517). N, (99.98%) gas was supplied by
Afrox, South Africa. All voltammetric experiments used deionized water (> 18.2 MQ.cm?)
that was purified through a Millipore ultrapure (type 1) water system (Bedford, MA, USA). A
Ks[Fe(CN)s] stock solution (4 mM) was prepared with 1.0 M KCI, while stock solutions of
DA (4 mM) and UA (4 mM) were prepared in a 0.1 M phosphate buffer solution ((PBS) at
pH 6.02. The PBS was prepared by dissolving KH,POy, in deionized water and the pH was
adjusted by addition of 0.1 M NaOH or 0.1 M HCI solutions. Other standard solutions of DA
were prepared by appropriate dilution of the stock solutions in PBS.

9.2.2 Instrumentation
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed using a

HAutolab potentiostat/galvanostat, running with the GPES software (version 4.900B) from
Eco Chemie (Utrecht, Netherlands). The conventional three-electrode cell assembly consisted
of an Ag/AgCIl (3 M KCI) reference electrode, a platinum wire auxiliary electrode, and a
working electrode made from the ITO-coated glass modified with N-doped graphene films
(geometric area = 0.42 cm?). The pH measurements of the PBS were performed on a Eutech
Instruments bench pH/ion/mV-meter (Model pH/ion 510, Singapore). Prior to the
electrochemical measurement, the N-doped graphene films, as electrode modifying materials,

were characterised using a Thermo Escalab 250 X-ray photoelectron spectroscopy (XPS) *.

9.2.3 Preparation of electrodes and procedure for electrochemical studies
Different N-doped graphene films were grown using APCVD on a copper foil in a quartz

tube furnace. All the films were grown for various growth times (2, 10, and 20 min) using 10
sccm CHy, 3 sccm Hy, 300 sccm Ar, and 5 sccm NH339. An ITO-coated glass electrode was
cut into 0.60 cm x 0.70 cm pieces and sonicated in a solution mixture of acetone, ethanol and
distilled water. The as-grown graphene films were transferred onto an ITO-coated glass
electrode, using the PMMA assisted electrochemical delamination method 2. In this process,
the floating PMMA/graphene film was transferred onto the electrode. PMMA was then
dissolved with acetone and the modified electrode was cleaned with multiple volumes of
methanol and water. These electrodes were then labelled as NGr-2, NGr-10, and NGr-20 for
ITO electrodes modified with N-doped graphene films grown at 2 min, 10 min, and 20 min,

respectively.
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In a typical experimental measurement, 20.0 mL of 0.1 M PBS (pH 6.02), as supporting
electrolyte, was deoxygenated by purging with nitrogen gas for 30 min. Electrochemical
behaviour and voltammetric detection of DA was obtained by addition of a defined volume of
the stock solution to the electrochemical cell. The cyclic voltammograms were recorded by
scanning two cycles between -1.0 V and 1.0 V at the step potential of 0.004889 V. The
operating parameters for obtaining the quantitative analysis of DA by DPV were set as
follows: modulation amplitude of 25.05 mV, initial potential of -0.25 V, end potential of 1.0
V, step increment potential of 1.95 mV, and sensitivity of 100 nA V™. Electrochemical
behaviour and the voltammetric detection of DA were obtained by addition of a defined

volume of the respective stock solution to the electrochemical cell. The voltammograms were

o . 3 :
then recorded. The detection limit (DL) was determined from, DLz—G, where ¢ is the
S

standard deviation of three low concentration measurements, and s is the slope of the linear
relationship plot of anodic peak current (Ipa) vs. concentration (C) **. Furthermore, the
sensitivities of the modified electrodes were calculated by dividing the slope of the
calibration curve by the geometrical area of the electrode (0.42 cm?) .

9.3 Results and discussions
The successful growth of nitrogen-doped graphene films with different compositions

using the APCVD technique was achieved by varying the growth time . The degree
of doping and the different types of N-configurations of the as-grown films were
determined by XPS characterization techniques *. The electrocatalytic activity of ITO
electrodes modified with the as-synthesized N-doped graphene films towards the
oxidation of dopamine was investigated by both cyclic voltammetry (CV) and

differential pulse voltammetry (DPV) techniques.

9.3.1 Electrochemical behaviour of the modified electrodes
The determination of the different N-configurations in nitrogen doped graphene films,

grown at different times (2, 10 and 20 min), were investigated using XPS. XPS results
of the N-graphene films grown at different times (2, 10 and 20 min) showed that the
10 and 20 min samples exhibited similar pyridinic (38.1- 83.1%), pyrrolic (3.5-
3.96%), graphitic (13.4-59.6%) and NOx (1.91%) configurations; while after 2 min the
values were ~ 59.6%, ~31.2%, and ~9.17% for pyridinic, pyrrolic, and NOx-N-
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configurations. (Fig. $9.1)*°. The electrochemical behaviour of the different NGr/ITO
electrodes was investigated in a ferricyanide solution by cyclic voltammetry. Figure
9.1 shows the corresponding CVs of 4.0 mM potassium ferricyanide solution (scan
rate of 50 mV s™) at NGr-2/1TO (red line), NGr-10/1TO (pink line) and NGr-20/1TO
(green line) electrodes in comparison with the bare ITO electrode (black line). On the
bare electrode, the oxidation peak ascribed to the oxidation of [Fe(CN)g]* and the
reduction peak attributed to reduction of [Fe(CN)g]* were observed at 363.6 mV and
197.3 mV, respectively. Upon modification of the ITO electrode with N-graphene

films, the electrochemical responses for the [Fe(CN)g]*"™

redox couple showed an
interesting trend, with an enhancement in both oxidation and reduction peak currents.
In particular, the NGr-10/1TO electrode exhibited higher redox peak currents (Fig. 9.1
(pink line)), followed by the NGr-2/ITO electrode, and finally the NGr-20/ITO

electrode Table 9.1.

+—ITO

= NGr-2min
2004 NGr-10min
f— NGr-20min

=

o

=]
1

Current (pA)

500 250 0 250 500 750 1000
Potential, mV (vs. Ag/AgCl)
Figure 9.1: Electrochemical behaviour of DA on bare and NGr-modified ITO electrodes at

buffer pH 6.02.

The significantly large peak currents at the NGr-10/ITO and NGr-2/ITO electrodes
indicate that these electrodes are better oxidants and/or reductants for the [Fe(CN)g]*"*
redox couple in comparison with the bare and NGr-20/ITO electrodes. Although an
enhancement in peak currents was observed for the NGr-10/ITO electrode, a large
peak-to-peak separation (AEp = 156.4 mV) was also obtained. This indicated a slow
electron transfer process between the redox couple and the electrode surface. On the
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other hand, a faster electron transfer process was observed between the [Fe(CN)g]*"™*

redox couple and the surface of NGr-2/ITO and NGr-20/ITO electrodes, as indicated
by the AEp values of 126.9 mV and 135.8 mV, respectively.

The accelerated electron transfer process on the NGr-2/ITO electrode can be correlated
with the presence of a large amount of defects as determined by Raman spectroscopy
(Ip/lg = 1.21, figure S9.1 *%). The defects provide easy transport channels for the
electrons to move from the [Fe(CN)g]* species to the hole-rich ITO surface during the
oxidation process, as well as from the electron-rich ITO surface to the [Fe(CN)¢]*
species during the reduction process. Furthermore, the NGr-2/ITO electrode contained
a relatively large concentration of pyrrolic N-configurations (59.6%). As pyrrolic-N
atoms are sp®-hybridised and bonded to two C atoms at the domain edges in a five-
membered ring, theoretical studies have shown that high concentration of this N-
configuration can withdraw electrons from the graphene film *> ¢, As such, an
electron rich environment is formed around pyrrolic-N atoms, and more electrons are

3-/4- at the surface

thus available to be exchanged during the redox process of [Fe(CN)g]
of the NGr-2/ITO electrodes. Thus, the results suggest that the presence of pyrrolic N-
configurations on N-doped graphene surfaces influenced the charge transfer Kinetics

3-/4-

and enhanced the electrocatalytic activity of the [Fe(CN)g]™" redox couple.

Table 9.1: Peak potentials and currents of [Fe(CN)6]*’* on bare and modified 1TO

electrodes at scan rate of 50 mV s

Ep (mV) Ip (WA)
Electrode Epa Epc Ipa Ipc AE
ITO 363.6 197.3 98.9 -108.2 166.3
NGr-2min/ITO 338.4 211.5 205.8 -226.8 126.9
NGr-10min/ITO 355.1 250.5 198.7 -287.2 156.4
NGr-20min/ITO 349.1 213.8 144.8 -152.9 135.8

9.3.2 Detection and electrochemical behaviour of dopamine
The electrocatalytic activity of bare and different N-doped graphene modified ITO

electrodes against the redox of dopamine (DA) was investigated by cyclic
voltammetry. Figure 9.2 shows the cyclic voltammetric (CV) responses of PBS (pH =
6.02) containing 0.13 mM DA at bare and the modified ITO electrodes. At the bare
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ITO electrode, a peak current of 3.71 PA, ascribed to the oxidation of DA to
dopaquinone was observed at 564.4 mV, and the peak current of -0.808 A, which is
associated to the reduction of the dopaquinone back to DA was located at -82.55 mV
(Scheme 9.3).

HO SN H
~H o} N\H
+ 2e°
HO + 2H*

-2¢e” (o)

Scheme 9.3: A schematic representation of redox of dopamine to dopaquinone.

Modification of the ITO electrode with the doped graphene films led to enhanced electron
transfer processes and improved electrocatalytic activity, as observed by the increased redox
peak currents as well as negatively and positively shifted peak potentials, respectively (Table
9.2). For instance, both NGr-10 (pink line) and NGr-20 (green line) modified ITO electrodes
exhibited higher oxidation peak currents, suggesting enhanced electron transfer. However,
the large peak-to-peak separations (i.e. AE = 452.4 mVngr-1omin and 450.3 MVnGr-20min)
indicated slow reaction kinetics during oxidation and reduction of DA at the surface of NGr-
10/ITO and NGr-20/ITO modified electrodes. These electrodes had fewer electrochemical
actives sites in the form of pyrrolic N-configurations (i.e. 3.96%ngr-10min and 3.50%ncr-20min)
as well as basal and edge defects (Ip/lc = 1.15nGriomin @nd 0.87ngr-20min). The high
concentrations of pyrrolic N-configurations have been shown to increase the charge transfer
Kinetics by improving the m-n interaction between an N-graphene surface and the hydroxyl
and amine groups on the DA molecule ** *®, Consequently, NGr-2/ITO electrode exhibited
improved electrochemical activity against oxidation and reduction of DA, as shown by the
AEp value of 175.7 mV. This electrode had relatively large concentration of pyrrolic N-
configuration (~31.2%) and the large number of defects as indicated by the Ip/lg value of
~1.21.

From our previous work, the maximum defect-sensitive intensity ratio (Ip/lp+) for the NGr-2
min graphene films was determined to be approximately 1.8, which suggests that the NGr-2
min graphene films contain predominately grain/domain boundary defects *. Therefore, the
edge defects (Ip/lp~ = 1.8, Fig.S9.2) in combination with pyrrolic N-configuration (~31.2%)
provided binding sites for adsorption of DA species. This facilitated a faster electrocatalytic
oxidation of DA at NGr-2 min modified working electrodes. In addition to pyrrolic N-
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configuration, the presence of oxidized pyridinic N-configuration (NOx, ~9.17%) could also
contribute to the improved electrocatalytic activity of the NGr-2/ITO electrode towards
oxidation of DA. The NOx-configurations contribute to the enhanced activity through the
increased hydrogen bonding between the DA molecule and the NGr-2/1TO electrode * %, To
ascertain the role of pyrrolic and NOx-N-configurations towards the detection of dopamine,
an experiment was conducted using N-graphene films grown at 5 min (data not shown here).
XPS analysis showed that the values for the N-configuration in this NGr-5 min sample were
~24.89%, ~66.98%, ~2.32% and ~5.81% for pyridinic, pyrrolic, graphitic, and NOXx-N-

configurations .

Electrochemical detection studies indicated a greatly improved
performance of the NGr-5/ITO electrode towards the electrochemical detection of DA as
shown by the narrow peak-to-peak separation (AE = 166.2 mV); again confirming the
importance of pyrrolic N-configuration in the reaction. In summary, it can be seen that by
tuning the relative concentrations of different N-configurations in the graphene lattice, the
subsequent electrochemical performance of N-doped graphene based electrodes towards

detection of DA can be evaluated.

8 —ITO
J——NGr-2min
—— NGr-10min

61— NGr-20min

Current (LA)

-250 0 250 500 750 1000

Ep, mV (vs. Ag/AgCl)
Figure 9.2: Electrochemical behaviour of DA on bare and NGr-modified ITO electrodes at
buffer pH 6.02 and scanrate of 10 mV s,
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Table 9.2: Peak potentials and currents of 0.130 mM DA on bare and modified ITO

electrodes at a scan rate of 10 mV s*

Ep (mV) Ip (LA)
Electrode Epa Epc Ipa Ipc AE
ITO 564.4 -82.55 3.713 -0.8075 647.0
NGr-2min/ITO 348.4 172.7 4.538 -1.307 175.7
NGr-10min/ITO 477.3 24.92 7.508 -0.7432 452.4
NGr-20min/ITO 486.7 36.42 6.107 -1.109 450.3

9.3.3 Influence of scan rate on the detection of DA
The reaction kinetics of ITO electrodes modified with the N-doped graphene films

were investigated by studying the influence of scan rate (v) on the electrochemical
responses of DA redox process (Fig. 9.3). As the scan rate is increased, the redox peak
currents (Ipa and Ipc) were observed to increase, while the redox peak potentials (Epa
and Epc) shifted to more negative and positive values. The increasing shift in peak
potentials with increasing scan rate generated large potential separations (AE), which
is characteristic of a quasi-reversible reaction*®*®
currents of DA at NGr-10/ITO and NGr-20/1TO electrodes (Figs. 3b and c) increased
linearly in the scan rate range of 10-40 mV s™ and 10-100 mV s, respectively. On the
other hand, the oxidation peak currents of DA at NGr-2/ITO electrode (Fig. 9.3a)

increased linearly over a wide scan rate range, with the cut-off value for this work

. Interestingly, the oxidation peak

being set at 300 mV s™. The results could indicate supersaturation of charge on the
electrode surface during the oxidation process. Thus for the NGr-10/ITO electrode,
supersaturation is reached earlier (~40 mV s™) due to the presence of more graphitic-N
boding states, whereas at the NGr-20/ITO electrode, supersaturation is reached later
(~100 mV s™) due to the presence of fewer graphitic-N boding states (Fig. S1). This is
because graphitic-N configurations exhibit sp?-hybridisation and introduce an extra
two electrons to the delocalised - system *> *¢. This increases the mobility of charge
carriers on the electrode surface. On the contrary, lack of graphitic N-bonding states at
the NGr-2/ITO electrode suggests that there is a free exchange of charge between the
electrode surface and the DA redox couple with increasing scan rate. The results

indicate that modification of ITO electrodes with defective N-doped graphene films

194



(NGr-2min) leads to development of more stable N-graphene-based sensors for

investigating the oxidation of DA at higher scan rates.
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Figure 9.3: Scan rate studies of DA in PBS (pH 6.02) on (a) NGr-2 min, (b) NGr-10 min,
and (c) NGr-20 min. Inserts: Linear relationship between peak currents and square root of

scan rate.

As the scan rate was increased, a good linear relationship of the redox peak currents
(Ipa and Ipc) with the square root of the scan rate (Vv), was obtained (Fig. 9.3 inserts).
This is characteristic of a diffusion-controlled process at all modified electrodes “°*°.
Moreover, from the linear plots of log Ipa vs. log v, the transfer coefficients («) were
determined to be 0.460, 0.453, and 0.368 for NGr-2 min, NGr-10 min and NGr-20 min
modified ITO electrodes, respectively (Table 3), which are close to the theoretical
value of 0.5 for a quasi-reversible process *°*°. Furthermore, a linear dependence of
the redox peak potentials (Epa and Epc) with In v for the electrocatalytic oxidation and
reduction of DA at the N-graphene modified ITO electrodes is shown in figure 4. By
assuming a two electron — two proton redox process (Scheme 9.3) and using the

50, 51

Nicholson’s equation , the apparent heterogeneous transfer rate constant (ks) for
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the redox process of DA at the electrode surface of NGr-2/1ITO, NGr-10/ITO and NGr-
20/ITO electrodes were calculated to be 402.9x107 s, 10.1x10° s, and 7.92x107 s
! respectively. The heterogeneous electron transfer (HET) rate constant is a measure
of the transfer of electrons from/to the electrode surface and to/from the DA molecule
2325 This rate constant is known to be correlated not only to the biomolecule of

interest but also to the amount of defects, functional groups and impurities present on
the N-graphene modified electrode surface *2°.
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Figure 9.4: Linear relationships between Ep and In scan rate (v) on (a) NGr-2 min, (b) NGr-
10 min, and (c) NGr-20 min. Inserts: Linear relationship AEp vs. In v.

The significantly large HET rate constant of DA at the NGr-2/ITO electrode
(402.9x102 s) can be attributed to the unique structural properties of the N-graphene
films, such as the large amount of edge defects (Ip/lpx = 1.8, Fig. S9.2) as well as the
large concentrations of pyrrolic N-configuration (~31.2%) and oxidized pyridinic N-
configuration (NOx, ~9.17%). Consequently, the results are in good agreement with
reports that have shown that the HET rates of edge and basal planes of graphene are

dramatically different for the redox reaction of ferro/ferricyanide, Fe****, dopamine,
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uric acid, and ascorbic acid; with the edge planes exhibiting faster HET rates than the

basal planes 2%,

Table 9.3: The electrochemical parameters of DA on modified electrodes

Electrode a ks (s
NGr-2 min/ITO 0.460 402.9x107
NGr-10 min/ITO 0.453 10.14x107°
NGr-20 min/ITO 0.368 7.923x10

9.3.4 Influence of pH of the buffer solution
In order to investigate the influence of the pH of the phosphate buffer solution on the

electrochemical oxidation of dopamine at NGr/ITO electrodes, differential pulse
voltammograms (DPVs) of 0.13 mM DA were recorded in the pH range of 3.05 to 9.03 (Fig.
9.5). The pH studies were conducted since electrochemical oxidation of DA is a two-electron
and two-proton processes (scheme 9.3) *’, thus, any changes in pH of the supporting
electrolyte should have an impact on the electrocatalytic responses of dopamine. As shown in
figures 9.5a-c, no major deviations in the oxidation behaviour of DA at the NGr/ITO
electrodes was observed, indicating similar oxidation processes occurred on the electrode
surfaces at different PBS pH values. The oxidation peak currents of DA increased with
increasing pH, indicating that high pH values favour the oxidation reaction of DA to form o-
dopaquinone by the loss of two protons from the hydroxyl groups and loss of two electrons
(Scheme 9.4, step 1). Furthermore, the oxidation peak potentials shifted to the more negative
values with increasing buffer pH, indicating an increased electron transfer and easier
oxidation of DA due to reduced overpotentials. A linear relationship between the oxidation
potentials (Epa) and PBS pH values was obtained in the range of 3.05 — 8.02 for all NGr/ITO
electrodes. The slopes of the linear plots were calculated to be -84.0 mV pH™?, -81.8 mV pH?,
and -75.6 mV pH™ for NGr-2/1TO, NGr-10/ITO, and NGr-20/ITO electrodes, respectively.
The measured slopes were found to be larger than the theoretical Nernst value (-59 mV pH™)
48,52.53 "implying that the oxidation process of DA at all NGI/ITO electrodes occurred more
rapidly. Most importantly, the value of the linear slope for NGr-2/ITO electrode (-84.0 mV
pH™) was larger than that of the other modified electrodes. This corroborated the significantly
large HET rate constant (402.9x10° s™).
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Figure 9.5: DPVs of DA on (a) NGr-2/ITO, (b) NGr-10/ITO, and (c) NGr-20/ITO
electrodes at different buffer pH values.

The general mechanism depicting the electrochemical behaviour of DA on the modified
electrodes in buffer solutions with different pH values can be shown in scheme 9.4. Initially,
the parent DA molecule is oxidized to form o-dopaquinone by the loss of two protons from
the hydroxyl groups, which is then accompanied by loss of two electrons, while o-
dopaquinone is easily reduced back to dopamine (step 1) *’. However, during the oxidation of
dopamine in buffer solutions of neutral and alkaline pH values (7.03 — 9.04); there is an
increased production of OH™ species which leads to a major deprotonation of the o-
dopaquinone “® %2 *3_ Reports have indicated that the presence of OH™ groups leads to the
deprotonation of o-dopaquinone by a cyclization reaction to form leucodopaminochrome
through a proton-assisted intramolecular 1,4-Michael addition reaction (step 2) *® °* *3 The
resultant leucodopaminochrome is more easily oxidized than the parent DA molecule, and
undergoes a further two-electron oxidation to form dopaminochrome (step 3) *¢°%°3 As it is

expected that the electrochemical responses for the oxidation of DA at the modified
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electrodes is dependent on pH media of the buffer solution, then voltammograms depicting
varying electrochemical responses are expected to be observed at different PBS pH values.
Consequently, in acidic media (pH 3.05 — 5.01), slightly increasing oxidation peak currents
were observed for the oxidation of DA at all NGr/ITO electrodes. This can be attributed to
the dissociation of the surface-bound acidic groups as well as the increased electrostatic
attraction between the DA molecules and the modified electrodes. However, in neutral to
alkaline media (pH 7.03 — 9.04), an increase in oxidation peak is observed, suggesting that
the oxidation reaction leading to the formation of dopaminochrome is more favourable.
Interestingly, when the PBS media has a pH = 9.03, no further negative shift was observed
for the oxidation peak potentials, whereas the oxidation peak currents were observed to
increase. This can be attributed to the pKa value of dopamine (ca. 8.93), which suggests that

in more alkaline media dopamine remains in its neutral form.

H H
H\ + H |
HOQNN\H 0 N
Step 1 H
HO ojij/\/ +2e + 2H*

(0]
Step 3 m + 2e + 2H*
- ~
HO N

Scheme 9. 4: The general mechanism for the electrochemical oxidation of DA at different pH

values of the buffer solution.

9.3.5 Concentration studies
The quantitative analysis of DA at the NGr/ITO electrodes was investigated using

differential pulse voltammetry (DPV) through the determination of the linear detection
ranges as well as the limits of detection. The corresponding DPV plots of the
electrochemical responses at NGr/ITO electrodes versus the concentration of DA in a
phosphate buffer solution of pH 6.02 are illustrated in figure 9.6. The oxidation peak
currents, centred at 238 mV, 297 mV, and 248 mV, increased linearly with increasing
concentration for the detection of DA at NGr-2/ITO, NGr-10/ITO and NGr-20/ITO
electrodes, respectively. The negatively shifted peak potentials on NGr-2/ITO

electrodes indicate the facile electrochemical oxidation of DA. A linear relationship
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between the oxidation peak currents (Ipa) and the concentration of DA was obtained in
the concentration ranges of 2 — 240 uM, 2 — 150 pM and 4 — 40 uM for DA at NGr-
2/ITO, NGr-10/ITO and NGr-20/ITO electrodes, respectively. From these linear plots,
the detection limits of DA, with the signal to noise ratio of 3, were determined to be
0.131 pM (NGr-2/ITO), 0.153 puM (NGr-10/ITO), and 0.645 pM (NGr-20/ITO).
Moreover, the sensitivities of the modified electrodes were determined to be 0.0923
HA.uM™ cm™, 0.0791 pA.uM™*.cm™, and 0.0188 pA.uM™*cm™ for NGr-2/1TO, NGr-10
min and NGr-20/ITO electrodes, respectively. The results indicated that the NGr-2
min/ITO electrode was the most sensitive of all electrodes towards the electrochemical
oxidation of dopamine over a large concentration range. Thus, based on the criteria for
the classification of a high performance sensor, which includes very low detection
limit, good sensitivity, large detection range, and fast electron transfer kinetics, it can
be argued that NGr-2 min/ITO electrode is the best electrode, of those studied, for the
determination of DA.

7'(6) &3 IPa(uA) = 0.03879C (uM)+0.8762 (b) IpglpA) = 0.03321C(uM)+0.6920
6 1 AR (R = 0.9997) 64 :’ :f}., (R =0.9991)
—— 5_ oy
g° 3
S 4_ o
g
£ 3 =
S ] O
QO 24
11
0=e0 300 450 500 = 150 300 450 600 750 900
Potential, mV (vs. Ag/AgCl) Potential, mV (vs. Ag/AgCl)
(C) Ip4(pA) =0.07902C(uM)+0.4979
4] 4 (R=0.9996)
< 3
5
= 24 40 p
=
o
14
4 uM
> | —c
150 300 450 600 750

Potential, mV (vs. Ag/AgClI)

Figure 9.6: Concentration studies of DA on (a) NGr-2min, (b) NGr-10 min, and (c) NGr-20
min modified ITO electrodes at buffer pH 6.02.
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Table 9.4: The detection limit, sensitivity and linear ranges for determination of DA

Epa (MV) Sensitivity Linear range Detection Limit
Electrode (LA.uM™.cm™) (LM) (LM)
NGr-2 min/ITO 238 0.0923 2 - 240 0.131
NGr-10 min/ITO 297 0.0791 2-150 0.153
NGr-20 min/ITO 248 0.0188 4-40 0.645

The calculated limits of detection of DA at the NGr/ITO were compared to the
reported data (Table 9.5). In particular, the detection limits of DA on the NGr-2/ITO
electrode was smaller than the detection limits of DA at glassy carbon electrodes
(GCE) modified with N-doped reduced graphene oxide nanosheets'® as well as at GCE
modified with other nitrogen doped carbonaceous materials >* °*. On the other hand,
dopamine electrochemical sensors based on other nitrogen doped carbon based

54, 55, 56-58, 60

nanomaterials exhibited very low detection limits over wide linear

% ascribed the enhanced

concentration ranges. For instance, Nsabimana et al.
electrocatalytic performance to the presence of the conducting porous structure which
facilitated improved mass transport for dopamine molecules as well as the
enhancement of the electron transfer rates between dopamine species and the nitrogen
doped carbon lattice. Additionally, a relatively high density of oxygen functional
groups increased the hydrogen bonding and improved the n-m interaction between DA

54, 55, 56-58, 60 In

and the carbon interface, hence promoting faster charge transfer
general, it can be observed that the presence of defects and defective nitrogen
configurations on the electrode surface greatly enhanced the electrocatalytic activity

and sensitivity of the ITO electrodes towards oxidation of DA.
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Table 9.5: Comparison of electrocatalytical data for detection of DA

Electrode Linear Detection Predominant N- N/C | Reference
range (UM) | Limit (uM) config. (%)

NGr-2 min/ITO 2 -240 0.131 pyrrolic (27.4%), 4.68 | This study

pyridinic (59.6 %)

NGr-10 min/ITO 2-150 0.153 graphitic (56.3%), | 3.25 | This study

pyridinic (38.1%)

NGr-20 min/ITO 4-40 0.645 pyridinic (83.1 %) | 2.84 | This study
NGF/GCE 0.1-80 0.030 pyridinic, pyrrolic 2.3 54
NGO/GCE 0.5-170 0.25 pyridinic, pyrrolic | N/A 19

3D-NHPC/GCE | 0.05-14.5 0.020 pyrrolic 2.01 55
MNC/GCE 0.001-30 0.001 pyridinic, pyrrolic 12.2 56

3D-NGO/GCE 3-100 0.001 pyridinic, graphitic | 2.79 57
NCQDs/GCE 0-100 0.001 pyridinic, pyrrolic | 32.5 58
N-HCS/GCE 1-400 0.30 graphitic, pyridinic | N/A 59
NPCNP/GCE 0.5-30 0.011 graphitic, pyridinic | 1.67 60
NCNF/GCE 1-10 0.5 pyridinic, pyrrolic | N/A 61

*ITO -> indium tin oxide, NGr -> N-doped graphene film, NGO -> N-doped reduced graphene oxide
nanosheets, GCE -> glassy carbon electrode, NGF-> nitrogen doped graphene fibres, NHPC-
>nitrogen doped hierarchically porous carbon, MNC -> mesoporous hitrogen doped carbon, NCQDs
-> nitrogen doped carbon quantum dots, NHCS -> nitrogen doped hollow carbon spheres, NPCNP->

nitrogen doped porous carbon nanopolyhedra, NCNF -> nitrogen doped carbon nanofibers.

9.4 Conclusions
In summary, nitrogen doped graphene films containing different N-configurations

The
electrocatalytic activity of the NGr-modified ITO electrodes towards the oxidation of

were successfully used for fabrication of modified 1TO-based sensors.
dopamine was investigated. The results indicated that structural and electronic
properties of N-doped graphene films influenced the electrochemical oxidation of DA
differently. For instance, DA was detected in the concentration range of 2 — 240 uM,
with a limit of detection of 0.131 pM (S/N = 3) and sensitivity of 0.0923 pA uM™ cm
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2 at the NGr-2/1TO electrode. Moreover, faster apparent heterogeneous transfer rate
constant (ks) of 402.9x10° s and high sensitivity at the NGr-2/ITO electrode was
attributed to the presence of more defective N-configurations (pyrrolic-N, pyridinic-N,
and NOy) on NGr-2 min films. The results suggested that controlled incorporation of
nitrogen atoms into graphene lattice resulted in different electrocatalytic performances
of N-graphene-based ITO electrodes towards oxidation of dopamine. Moreover, the
high content of pyrrolic N-configuration improved the electrocatalytic activity through
enhanced ©-m interaction between DA and the carbon interface and increased charges
transfer rate. In general, the study provided insight into understanding how different
structural and electronic properties of graphene arising from the incorporation of

nitrogen atoms impacted its electrocatalytic activity for determination of dopamine.
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Chapter 10

Single-step synthesis of crystalline h-BN nano-dots and quantum
dots embedded in BCN hybrid films.

10.1 Introduction

Graphene, a monatomic two-dimensional (2D) allotrope of carbon, has attracted tremendous
attention from both theoretical and experimental scientists due to its unique properties and
promising applications in a variety of fields such as energy storage and conversion, sensors,
ultracapacitors, field effect transistors, and electronic devices *°. However, as a band gap free
material, graphene has a very poor on/off current ratio, thus limiting its application in
electrochemical devices. As a result, researchers have developed various methods to open up
its band gap energy so as to improve its semiconductor properties. For instance, methods such

as the use of certain substrates 1% 8 12

, electrical gating ™ **, inorganic and/or organic molecules
13.14 fabrication of graphene quantum dots *°, and doping with heteroatoms **?°, have proved
to be suitable for tailoring the properties of graphene. One of the most straightforward and
widely used techniques for tailoring the semiconducting properties of graphene is doping
with heteroatoms. Heteroatom doping of graphene with nitrogen, boron, and nitrogen/boron
has been achieved by using techniques such as chemical vapour deposition (CVD), thermal
annealing, hydrothermal treatment, chemical treatment, etc. **?° For instance, Bepete et al. *°
incorporated small BN domains into a graphene structure via a low pressure CVD method
using methane, boric acid and nitrogen. Additionally, Miillen and co-workers *® prepared a B
and N co-doped graphene by the hydrothermal method using ammonia boron trifluoride.
Both research groups showed the possibility of incorporating small BN —domains into the

graphene lattice.

Often times, co-doping of graphene with B and N atoms leads to the atomic mixing of B, N,
and C atoms, which then results in the formation of a layered structure known as boron
carbonitride (BCN) #?*. Recently, the BCN materials have raised much interest due to their
electronic structure that can be tailored by adjusting the stoichiometry of the constituent

atoms **%. Both experimental and theoretical studies have shown that depending on the
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atomic composition, BCN materials possess mechanical, optical and electrical properties that
are in between those of the insulator hexagonal boron nitride (h-BN) and the semimetallic
graphene **. Due to their tunable electronic properties, BCN materials have demonstrated
great potential for applications in electronic, hydrogen storage, field-emission, optoelectronic

devices and supercapacitors 2.

Similar to graphene, synthesis techniques such as chemical vapour deposition (CVD),
thermal annealing, hydrothermal treatment, and chemical treatment can be employed to grow
BCN materials. For example, from a low pressure chemical vapour deposition (LPCVD)

%% pioneered the growth of large-area BCN films by

system, Ajayan and co- workers
investigating the influence of the amount of the precursor material on the composition and
structure of the BCN films. They indicated that adjusting the amount of ammonia borane
(source of B and N) by varying the temperature led to the formation of large-area layers of a
h-BCN material, which consisted of randomly distributed domains of pure h-BN in a
graphene lattice. The different heating temperatures of ammonia borane led to different sizes
of the pure h-BN and graphene domains, which in turn resulted in tuned electrical and optical

properties of their as-synthesized BCN films.

Apart from doping graphene, the synthesis of graphene quantum dots (GQDs) can also be
used to control and improve the semiconducting properties of graphene. GQDs have attracted
much interest due to their unique optical, electrical, spin, photoelectric properties, and tunable
band gap which is induced by the quantum confinement effect and the edge effect ¥
GQDs are an alternative to traditional semiconductor quantum dots, e.g. cadmium selenide
(CdSe) and cadmium telluride (CdTe), due to their non-toxicity, tunable photoluminescence,
high solubility, and high chemical- and photo-stability *°. Similar to graphene, doping of the
GQDs with heteroatoms such as nitrogen *, boron *?, and nitrogen/boron * has proved to be
an effective route for tuning the properties of GQDs. Pristine and doped GQDs have shown
applications in bioimaging **, supercapacitors >, OPV solar cells *°, and oxygen reduction
reactions *>. However, the synthesis techniques for producing GQDs are tedious and result in
low vyields. Furthermore, these methods require special equipment, and lack scalability and
reproducibility, especially when considering the controlled GQDs size ***°. To circumvent
the problems associated with the QDs synthesis method, Ding and co-workers * reported the

successful fabrication and characterization of large-area GQDs on h-BN films by CVD. By
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adjusting the experimental parameters, their GQDs possessed excellent morphology, a well-
ordered arrangement, and a thickness-dependent photoluminescence (PL).As a result, this
successful synthesis and characterization of GQDs on h-BN films has laid a good foundation
for the understanding, fabrication and properties of new hybrid materials consisting of QDs

and 2D semiconducting films.

Based on the above background, it is clear that there is a lack of information regarding the
synthesis of h-BN QDs embedded in graphene films. Here, we report a safe and efficient
technique for the one-step growth of large-area h-BN QDs/NDs in BCN hybrid films. We
also present their h-BN QDs/NDs dependent optical properties. The films were grown by an
atmospheric pressure chemical vapour deposition (APCVD) technique and this method
provides a cheap, facile and safe procedure for growing the 2D materials.

10.2 Experimental

10.2.1 Materials

All reagents used in the experiments were of analytical grade. Acetone (99%, gold line, ACE)
and methanol (MeOH, 99.5 %) were bought from Sigma-Aldrich (SA). The gases were
supplied by Afrox (South Africa), and they include argon (Ar, 99.9%), methane (CHy,
99.98%), ammonia (NHs, 10% in Ar), and hydrogen (H,, 99.98 %). Other materials included
a copper foil (25 pm, 99.98%) from Sigma Aldrich (RSA), poly(methyl methacrylate)
(PMMA, Mw ~999 000, Sigma Aldrich), a silicon substrate with a 300 nm silicon oxide layer
(Sigma-Aldrich), and a copper plate and an iron wire (University of the Witwatersrand

workshop). Distilled water was used in all the experiments.

10.2.2 Synthesis and transfer of films

The films were synthesized by atmospheric pressure CVD (APCVD) on a copper foil in a
quartz tube furnace (Fig. S10.1a). All the samples were grown with CHg4, Hz, Ar, NH3 (10 %
in Ar), and HsBO3 powder. An electropolished *’ Cu foil was placed at the center (herein hot
zone, temp = ~ 1000 °C) of the quartz tube, and a quartz boat containing 100 mg boric acid
powder was placed at 2 cm-12 c¢cm distances from the hot zone (see Fig. S10.1c for the
temperatures). The furnace was heated to 1000 °C at a ramping rate of 10 °C/min in 10 sccm
H, and 300 sccm Ar atmospheres, after which the Cu substrate was annealed for 30 min.

Methane (10 sccm) and ammonia (5 sccm) were introduced into the reaction chamber for 10
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min, and then the reactor was rapidly cooled to room temperature by pushing the quartz tube
to the outside of the furnace. After growth and for characterization purposes, the as-
synthesized hybrid films were transferred onto different substrates (SiO,/Si, Cu grids, and
fused silica) using the PMMA- assisted electrochemical delamination method *’.

10.2.3 Characterization

The structural characterization of the films was studied by Raman spectroscopy on films
transferred onto a 300 nm SiO,/Si substrate. A Bruker Raman Senterra spectrometer equipped
with a 50x optical objective and a 532 nm excitation laser was used for accumulating the
films’ spectra. The topological images and the estimated film thickness of the as-synthesized
films were carried out on a Veeco Di3100 Atomic Force Microscope (AFM) in a tapping
mode. The morphology of the films transferred onto a carbon coated Cu grid was determined
using a FEI Tecnai T12 TEM, while both HR-TEM and selected area electron diffraction
(SAED) images were accumulated using a JEOL JEM 2100 High Resolution TEM (JEOL,
Japan) fitted with a LaBg gun. Images were captured at 200 kV using a Gatan Ultrascan
camera (Gatan, USA). The ex-situ XPS study was carried out on films grown on a Cu foil
with a Thermo Escalab 250 Spectrometer (Johnson Matthey Technology Centre, UK). The
radiation used was a monochromatised aluminium Ka radiation with a 650 um spot size.
Charge compensation was provided by the in-lens electron flood gun at a 2 eV setting and the
"401" unit for "zero energy" argon ions. Finally, optical absorption measurements were
carried out on the films transferred onto a fused silica substrate using a Cary 500 Scan UV-
vis-NIR spectrophotometer. For the analysis, the measurements were accumulated in the 190-

800 nm wavelength range.

10.3 Results and Discussions

To grow the h-BN QDs/NDs in BCN films, a thermal catalytic APCVD technique using a Cu
catalyst was employed, in which the C, N, and B-rich precursors were methane, ammonia,
and boric acid. The thermal catalytic CVD technique was chosen due to the successful use of
Cu foil for the large-area growth of graphene and h-BN films ™ % “8_ The experimental
parameters which were studied in detail included the influence of the B,O; (g concentration
and the heating temperature of the H3BO3. These were achieved by placing the H3;BO3 at
varying positions (2 cm-12 cm) from the hot zone, as shown in figure S10.1c. The quality of
the as-grown films was characterized by studying their microstructural features, and their

Raman, XPS, and UV-vis spectra. For this report, only films grown at the two extremes (i.e. 2
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cm and 12 cm) will be discussed in detail; for other films see the supplementary information.
The data for the studies carried out at different distances (i.e. 4, 6, 8, and 10 cm) from the Cu
foil showed the trends expected from samples grown between the two extreme distances (2
and 12 cm).

10.3.1 Microstructure measurements of the films

The as-synthesized films were transferred onto a 300 nm SiO,/Si substrate for both optical
and atomic force microscopy characterization. Figure 10.1 shows the optical micrographs of
the h-BN QDs/NDs in BCN films grown at 2 cm and 12 cm separation distances from the hot
zone. The images revealed that the films were smooth, continuous and uniform over a large

area (~ 50 um).

Figure 10.1: Optical images of h-BN QDs/NDs-BCN hybrid films transferred on a 300 nm
Si0,/Si substrate: (a) 2 cm and (b) 12 cm h-BN QDs/NDs-BCN hybrid films.

However AFM images showed that the h-BN QDs/NDs in the BCN films (Fig. 10.2b and
10.2c) consisted of a continuous distribution of the h-BN guantum/nanodots. Comparison of
the hybrid films with the control sample (pristine graphene film, Fig. 10.2a), pristine
graphene film exhibited wrinkles which occur during the transfer process of the films onto
the substrate. It is noteworthy to mention that AFM was chosen as the best characterization
technique for determining the distribution of the h-BN QDs/NDs in the BCN films. This is
because under low magnification under SEM analysis (Fig. S10.3) the dots were barely
visible. Further AFM analysis of the hybrid films indicated that the hybrid films became
thinner with increasing distance from the hot zone. The estimated film thicknesses were
found to be ~ 4.74 £ 0.20 nm and ~ 2.81 + 0.03 nm for the 2 cm and 12 cm h-BN QDs/NDs-
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BCN hybrid films, respectively (Figs. 10.2 (e-f)). This suggests that hybrid films are few- and
multilayered *°. The estimated film thickness profile and topographs for all h-BN QDs/NDs
in the BCN films are found in figure S10.4b.
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Figure 10.2: AFM images of (a) pristine graphene, (b) 2 cm and (c) 12 cm h-BN QDs/NDs-
BCN hybrid films. (d-f) Thickness profiles of the same films.

Transmission electron microscopy (TEM, Fig. 10.3 (a-b)) observations indicated that the
hybrid films were composed of h-BN quantum/nanodots embedded within a continuous film.
The average size distribution was calculated to be 224 + 8 nm and 11.1 + 1.6 nm for the 2 cm
and 12 cm h-BN QDs/NDs-BCN films, respectively (Fig. S10.2). The TEM-EDS analysis
(Fig. S10.6 (a-c)) confirmed that the surrounding film was composed mainly of amorphous C
as well as trace amounts of B and N atoms. High resolution TEM analysis (Fig. 10.3c),
indicated that the h-BN dots were crystalline with a lattice spacing of ~ 2.5 A, which
corresponded to h-BN (002) *°. To further evaluate the structure of the h-BN domains,
selected-area electron diffraction patterns, (SAED, Fig. 10.3 (c) insert), indicated the
distinctive hexagonal structure of the h-BN dots. The surrounding matrix was found to be
amorphous because incorporation of both B and N atoms into the orderly sp*lattice carbon
lattice leads to a distortion of the graphene lattice which then generated the amorphous

structure 1620,
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Figure 10.3: Low magnification TEM images of (a) 2 cm and (b) 12 cm h-BN QDs/NDs-
BCN hybrid films, (¢) HRTEM image, indicating h-BN QDs/NDs. Insert (c) shows the
corresponding SAED image.

10.3.2 Raman analysis of the hybrid films

Figure 10.4a shows the Raman spectra for pristine graphene and h-BN QDs/NDs-BCN films
(2 cm and 12 cm) films. The spectra of the as-synthesized hybrid films were found to be
similar to spectra of the previously reported BCN and BCN-related materials, such as BCN
nanotubes, atomically thin BCN films, and C-doped h-BN QDs 2**"*° The observed Raman
peak positions are shown in Table 10.1. Compared to pristine graphene spectra, the Raman
spectra of the h-BN QDs/NDs in the BCN films exhibited a broader and more intense D peak
which was located ~ 1346 cm™ (Fig. 10.4a) *™3. The presence of the D peak in the films
signifies structural defects and disordered structures at the edges of the sp? domains as a
result of single-phonon intervalley scattering processes **°. Therefore, the very pronounced
D peak in the h-BN QDs/NDs in the BCN films indicates the formation of a highly distorted
BCN lattice with short range order due to the atomic mixing of B, C, and N >
Deconvolution of the D peaks for h-BN QDs/NDs in BCN films (Fig. 10.4b) showed the
presence of B-C modes (~1336 cm™), the defect-induced peak of graphene (~1350 cm-1), and
the B-N vibrational modes (~ 1369 cm™) ?**® This indicated the existence of different
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domains within the hybrid films, which was later confirmed by XPS. Comparison of Raman

profiles of all the hybrid films versus the pristine graphene film is shown in figure S10.7.

Further analysis of the Raman spectra (Fig. 10.4a) showed a broad G peak for the 2 cm h-BN
QDs/NDs-BCN films; while the G peak of the 12 cm h-BN QDs/NDs-BCN films exhibited a
peak splitting. Deconvolution of the G peak for the 2 cm h-BN QDs/NDs-BCN hybrid films
(Fig. 10.4c) also exhibited a peak splitting, and this can be attributed to intravalley, defect-
induced double-resonance processes >*°°. The D* band (~ 1620 cm™) is known to originate
from a further lattice distortion resulting from the intercalation process which leads to the
formation of a finite crystal size within the as-synthesized films *>°. Furthermore, the
observed upshift of the G peak in our hybrid films is attributed to the in-plane bond stretching
of all sp>-bonded pairs and these including C-C, B-C, N-C, and B-N bonds ***.
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Figure 10.4: (a) Raman spectra of (i) pristine graphene and (ii) 2 cm h-BN QDs/NDs-BCN
hybrid films, and (iii) 12 cm h-BN QDs/NDs-BCN hybrid films, (b) deconvolution of D
peaks of the hybrid films, and (c) deconvolution of the G peak of the 2 cm h-BN QDs/NDs-
BCN hybrid films.
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For pristine graphene films, the relative intensity of the D peak with respect to the G peak
(In/lg) was used to determine the crystallization and quality, as well as the degree of doping
for the chemically doped graphene >*°> 3% The 12 cm h-BN QDs/NDs in the BCN films
exhibited the highest Ip/lg ratio value (2.1), while the 2 cm h-BN QDs/NDs-BCN hybrid
films gave an Ip/lg value of 1.0 (shown in Table 10.1). The results suggest more structural
defects are generated within the BCN lattice due to the formation of the h-BN
quantum/nanodot structures. On the other hand, a small Ip/lg value for pristine graphene

indicates the formation of high quality graphene.

Table 10.1: Raman peak positions of pristine and h-BN quantum/nanodots-BCN hybrid films

Raman Shift (cm™)
Samples D G D* 2D Ip/ls
Pristine graphene 1342.4 1583.2 - 2676.4 0.12
2 cm h-BN-BCN 1348.7 1586.3 1620.8 - 1.0
12 cm h-BN-BCN 1346.4 1590.2 1623.4 2679.4 2.1

10.3.3 XPS measurements of the hybrid films

The vaporization temperature of the boric acid was adjusted by varying its distance from the
Cu substrate. This enabled us to tune the elemental composition (at %) of the as-synthesized
h-BN QDs/NDs in the BCN films. Table 10.2 shows the atomic compositions of both 2 cm
and 12 cm h-BN QDs/NDs-BCN hybrid films as compared to the pristine graphene films
grown under the same conditions. The values of the atomic compositions were determined
from the integrated peak areas of the XPS survey spectra (see table S10.1 for other films). As
expected, pristine graphene is mainly made up of carbon atoms with some oxygen atoms. On
the other hand, our h-BN QDs/NDs-BCN hybrid films showed an increasing C content with
increasing distance of H;BO3 from the hot zone; the reverse trend was observed for the B and
N contents. The B/N ratio for all the samples (2, 4, 6, 8, 10, 12 cm) was always close to unity.
The significantly large O content for h-BN QDs/NDs in the BCN films indicates the high

affinity of these films for oxygen atoms due to high lattice distortions 2% 3% 6% 62
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Table 10.2: Atomic compositions from XPS of pristine and h-BN quantum/nanodots-BCN
hybrid films

Elements (at. %)
Samples C B N O
Pristine graphene 93 - - 7
2 cm h-BN-BCN 42 19 14 25
12 cm h-BN-BCN 62 8 7 23

High resolution XPS was used to investigate the chemical environments of the B, C, and N
atoms in the as-synthesized hybrid films. Figure 10.5 shows the XPS spectra of the 2 cm and
12 cm h-BN QDs/NDs-BCN hybrid films. The B1s exhibited a broad spectral peak with a full
width at half maximum (FWHM) was in the range of 1.8 — 2.7 eV (Fig. 10.5a). This is wider
than the reported FWHM value for B in h-BN (0.92 eV) ®% %2 This signifies the presence of
different bonding states for B atoms. To determine the chemical environments of the B atoms
in our hybrid films, the Bls spectral peak was deconvoluted into three component peaks
centered at 189.3 - 189.5, 189.7 - 189.9 and 191.2 eV respectively. These peaks can be
assigned to formation of B-C bonds (either in the form of B4C and BCs), sp>-B-C-N bonds,
and sp?B-N bonds within the crystalline h-BN quantum/nanodots 22 3> ®%52 The absence of a
component peak at relatively higher binding energy (192.0 eV), which is assigned to B-O
bonds in B,O3 " ®2, indicates the full conversion of the boric acid to BN dots during the
growth process. Similarly, the C1s spectra (Fig. 10.5b) exhibited a broad and tailing peak
with a significantly larger FWHM (1.29 - 1.35 eV) than that of graphite >* %. To understand
the bonding states of the C atoms, the peak for the C1s spectra was deconvoluted into at least
five component peaks, located at 283.1 - 283.3 eV, 284.1 - 284.5 eV, 285.4 - 285.7 eV, 286.5 -
286.8 eV, and 288.0 - 288.8 eV, respectively. The peaks were attributed to the presence of C-
B, sp°C-C, sp°C-N (either in the form of sp?C-N ?’, C=N *, and/ or C=N *¥), C=0 and O-
C=0 bonds %**. It was observed that many of the C atoms within the film are still bonded
together to form graphene domains as shown by the predominant peak at 284.1 - 284.5 eV.

Confirmation of the bonding states obtained from both Cls and B1s was supported by the
deconvolution of the XPS N1s spectra (Fig. 10.5c). At least three component peaks centered
at 398.1 - 398.3, 399.3 - 399.4, and 400.1 - 400.5 eV, were observed and these were ascribed
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to the formation of sp?N-B, N-C and N=C bonding configurations *® *® > ¢ Finally, figure
5d shows that oxygen atoms are bonded mainly to the carbon, which compliments the C1s
data and indicates that the oxygen atoms are only found at the edges and defective sites in the
graphene domains. In summary, XPS spectra suggest that under our growth conditions
(methane, boric acid (at varying separation distances from hot zone), and ammonia), the as-
synthesized films are composed of different B-N, B-C, and C-N bonding configurations that
h-BN QDs/NDs and BCN domains.
Additionally, lack of B-O and N-O bonds in the B1ls and N1s spectra also confirms the
successful controlled growth of the high quality h-BN QDs/NDs-BCN hybrid films. The data

for other films grown at 4, 6, 8 and 10 cm distances of H3BO3 from the Cu foil are entirely in

form a continuous hybrid system consisting of

agreement with the above results (Fig. S10.8).
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Figure 10.5: XPS spectra showing deconvoluted curves for (a) Bls, (b) Cls, (¢) N1s, and
O1s (d) of the 2 cm and 12 cm prepared h-BN QDs/NDs-BCN hybrid films.
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10.3.4 UV-vis analysis of the samples

The UV-vis absorption spectra (Fig. 10.6a) of the h-BN QDs/NDs in the BCN hybrid films
transferred onto a fused silica substrate were measured to investigate the optical energy band
gap of the films. Figure 10.6a shows that the h-BN QDs-BCN hybrid film (12 cm) exhibited a
higher absorption intensity in the visible range in comparison to the h-BN NDs-BCN hybrid
films (2 cm). This can be attributed to a quantum confinement effect due to the large
coverage of the small h-BN quantum dots (11.1 £ 1.6 nm) in films grown at d = 12 cm, as
compared to the large nanodots (224 = 8 nm) h-BN grown at d = 2 cm. The optical band gap
energies for h-BN QDs/NDs in the BCN films were determined on the basis of the Tauc’s
formulation ® (see Fig. $10.9 for Tauc’s formulation). From a plot of £/%/A versus A (Fig.
10.6b), the optical band gap energies were calculated to be 5.68 eV and 5.90 eV for the 2 cm
and 12 cm h-BN QDs/NDs-BCN hybrid films, respectively.

Based on previous investigations, BCN hybrid films are expected to exhibit optical properties
which are located between those of graphene (semi-metallic) and monolayered h-BN (~ 6.0
eV) % 313257 1t js also reported that these properties can be varied by tuning the atomic
configurations and compositions of BCN hybrid films % 2. For instance, Ci et al. showed
that increasing the C-content from 65 at. % to 84 at.% in BCN films decreased the band gap
energy from 4.48 eV to 3.85 eV %°. Additionally, Lei and co-workers reported the narrowing
of the band gap energy for BCN films when the concentration of carbons atoms is increased
from 40 at. % (2.00 eV) to 55 at. % (1.48 eV) 3. Furthermore, Xue et al. also showed that
doping BN QDs with carbon atom in order to form BCNO QDs tuned the band gap energy
from 3.02 eV (BN QDs) to 2.98 eV (BCNO QDs) ®. Theoretical calculations by Nascimento
et al. have also shown that widening of the graphene band gap opening can be achieved by
adjusting the BN concentration (cgy) from 2.08 % (0.05 eV) to 10.42 % (0.30 eV) .
Interestingly, in our case the 12 cm h-BN QDs-BCN hybrid films, which contained a high C
content (~ 65 at. %) and very low B (~ 7.79 at. %) and N (~ 6.95 at. %) contents, exhibited a
large optical band gap energy. This suggests that the h-BN domains in the 12 cm h-BN QDs-
BCN hybrid films mainly contributed to the optical properties and suppressed the effect of
the C-content. The results also indicated the successful incorporation of discrete domains of
h-BN QDs/NDs within the BCN hybrid films.
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Figure 10.6: (a) UV-vis absorption spectra and (b) Tauc’s plot of the (i) 2 cm h-BN NDs-
BCN and (ii) 12 cm h-BN QDs-BCN hybrid films.

10.3.5 Proposed growth mechanism

From the above characterization results and analyses of our h-BN QDs/NDs in BCN films,
we can propose a growth mechanism for the synthesis of our materials using the APCVD
technique. During the ramping and annealing steps, HzBOs) sublimes into gaseous H3BO3 (g),
which is then carried and deposited as a thin film onto the Cu substrate by the Ar gas. Once
on the Cu substrate, the thin film of H3BO; ) decomposes into a mixture of the dehydrated
metaboric acid (HBO,) and the incomplete oxidation intermediate product of boron, known
as boron sub-oxide or diboron dioxide (B2O; () ®. The reactions are shown in equations 1
and 2. The metaboric acid can further dehydrate at =~ 300 °C to form pyroboric acid (H,B405,
equation 3), which finally dehydrates into a thin film of diboron dioxide (B2O; (g, equation 4)
at <1000 °C.

Due to the different thermal coefficients of the Cu foil and the B,O; film, most of the B,0,
collapses, segregates and agglomerates into quantum dots or nanodots embedded within a
continuous B,0, film. Depending on the distance between the B-source and the Cu substrate,
varying thicknesses of the B,O; film are formed on the Cu foil leading to the formation of
different sizes of the B,O, dots. Thus, the size variation of the dots can be related to the
amount of H3BO3; vapour required for the B,O; thin film formation, agglomeration and
growth of the dots. For instance, at a 2 cm separation distance there is sufficient H3BO3
vapour to lead to the formation of a thick B,O, film, which then results in the formation of

larger sized nanodots. However, at a 12 cm separation distance most of the H3BO3 vapour is
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diluted by the carrier gas and therefore is not used. This results in the formation of thinner

B,0; films, which consequently leads to the production of smaller sized quantum dots.

During the growth step, the addition of CH, and NH3 (equations 6 and 7) results in the
production of active C and N species, which then react with the B,O, dots and film to
generate B-C ® species as well as B-N domains (equation 8). Further introduction of NH; and
CH, leads to the formation of BCN hybrid configurations (equation 9). Scheme 10.2 shows a
graphical representation of the proposed growth mechanism of the h-BN QDs/NDs-BCN
hybrid films by the APCVD technique.

<170°C

H3BO;) ———— HBO, ) + HyO gy v i
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2NHg g, + Hogy = Nygy F4H g s, [7]
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Scheme 10.1: Summary of reactions leading to the formation of the h-BN quantum/nanodots
embedded in the BCN films.
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Scheme 10.2: Graphical representation of the growth mechanism for h-BN
quantum/nanodots embedded in BCN films.

10.4 Conclusions

The controlled H3BOj3 vaporization temperature- and B,O, concentration-dependent growth
of h-BN QDs/NDs in BCN hybrid films was successfully realized using the APCVD
technique. This was achieved by placing the boron source at varying distances from the hot
zone. Raman spectra indicated that the lattice distortion increased with the formation of h-BN
quantum dots; i.e. as the distance between the B-source and the Cu substrate is increased.
AFM, TEM, and HRTEM analyses indicated the presence of crystalline h-BN QDs/NDs of
varying sizes embedded into the BCN lattice. The survey XPS spectra showed that the atomic
compositions of the hybrid films can be tuned by adjusting the position of the B-source.
Furthermore, core-shell XPS spectra indicated that the films consisted of various B-N, B-C,
and C-N bonding configurations. Interestingly, depending on the vaporization temperature
and the concentration of B,O,, these new h-BN QDs/NDs in BCN films were found to exhibit

optical properties that have not been previously reported for these three component systems.
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Chapter 11

Synthesis and characterization of boron carbon oxynitride films

with tunable composition using methane, boric acid and ammonia

11.1. Introduction

The successful isolation of a new two-dimensional carbon material, known as graphene, by
Geim and Novoselov over a decade ago has ignited much interest in atomically thin two-
dimensional nanomaterials*. Graphene has proved to be a promising material for future use
in the fields of supercapacitors, gas adsorbents, and as a field effect transistor; due to its
outstanding electronic, mechanical, and optical properties™ *’. Boron nitride (BN) which is
isoelectronic to graphene® °, is normally found in two forms. These are the cubic form (c-
BN)™, which is the second hardest material after synthetic diamond, and the exfoliated
layered 2D hexagonal form (h-BN)™, which has found useful applications as an effective
adsorbent for metal ions, as a white solid lubricant, and in high power semiconductor
devices™®®. Due to the structural similarities between graphene and h-BN, tremendous
attention has been focused on the development of hybrid thin films of graphene and h-BN, to
generate boron carbon nitride (BCN) *>*”. These films can be achieved by either co-doping of
graphene with boron and nitrogen atoms or incorporation of carbon atoms into the h-BN

matrix*> 1719,

BCN materials are a new generation of 2D semiconductors with tunable electronic, optical,
and magnetic properties; dependent on the B/C/N elemental ratio. Theoretical reports based
on ab initio calculations have further indicated that depending on the atomic composition and
arrangement, BCN materials are appealing semiconductors that have high oxidation
resistance, very good electrical and mechanical properties, and have a variable band gaps**>%.
For instance, different ratios of BN to carbon in BCN nanostructures have been shown to tune
the optical band gap energy between that of the semi-metallic graphene and the qausi-direct
band gap energy of h-BN (~ 6.0 + 0.04 eV)* "?!, Due to these remarkable properties, BCN

materials show a great potential to be applied in electronic and optoelectronic devices.
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In addition to BCN films, another important semiconducting material is the oxygen
containing BCN material, boron carbon oxynitride (BCNO). Theoretical calculations and
experimental results have shown that BCNO materials also have a wide range of spectral
emissions with tunable wavelengths?®. Furthermore, they are found to behave like low cost
and non-toxic metal free phosphors with a high external quantum efficiency. They can hence
be applied in lighting technology as light emitting diodes (LEDs) 2**. Several techniques
have been employed to synthesize BCNO materials, and these include catalytic chemical
vapour deposition (CVD), solid state reactions and chemical synthesis® ?* %% For instance,
Lei et al.** used an eutectic LiCI/KCI salt melt to synthesize BCNO phosphor nanoparticles
with diameters of ~ 5 nm, which exhibited emission spectra in the 440-528 nm range.
Additionally, Single’s research group showed that changing the molar ratio of boric acid to
melamine (1:1 to 2:1) in the chemical synthesis of nanophosphors led to the formation of
highly crystalline and semi-crystalline BCNO particles?’. Photoluminescence (PL) studies
showed they had emission spectra at 357 nm (800 °C), which shifted to lower wavelengths at
higher temperatures (1400 °C) due to a change in the crystal structure and atomic
compositions of the BCNO. Using a chemical synthesis route, Rivera-Tapia et. al.?®
synthesized a wide band gap (3.22 eV) semiconducting BCNO material from a solid solution
of urea and boric acid. Furthermore, the presence of hydroxyl groups that were formed on the
BCNO nanoplatelets was found to facilitate their good dispersion in polar solvents. Apart
from being used as tunable nanophosphors, BCNO materials have also shown potential

applications in fields such as hydrogen storage, as chemical sensors, and as supercapacitors®®
31

So far the most promising approach for synthesizing BCNO films with tunable composition
and thickness has been found to be the CVD technique. For instance, Ozturk and co-workers
successfully synthesized large-area atomically thin BCNO films over a Cu foil using methane
gas, powdered ammonia borane and a gas mixture of 0.1 % O,/Ar as precursors in a low-
pressure CVD system?®. They observed that the area coverage of graphene-rich BCNO
domains and the overall compositions of the BCNO films can be controlled by varying the
oxygen content in the reaction chamber. They also observed that the presence of nitrogen
promoted the inclusion of oxygen into the BCN lattice, thereby leading to the formation of
the BCNO materials. Despite the numerous reports on the synthesis of BCNO nanomaterials
from graphene oxide, Ozturk’s group showed that similar to graphene and BCN nanosheets,

it is possible to make large-area and atomically thin BCNO films. However, to the best of our
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knowledge, studies on the synthesis and characterization of BCNO films under an
atmospheric pressure CVD (APCVD) system are yet to be reported. This is surprising since
the APCVD technique is known to provide a cheap and safe procedure for growing
graphene®, h-BN*® and h-BCN™ films with adjustable compositions and properties.

In this work, the synthesis of 2D-BCNO films by the APCVD technique using carbon-rich
methane, nitrogen-rich ammonia, and as well as the boron- and oxygen-rich boric acid as
precursors is reported. The compositions and atomic configurations of the hybrid films were
investigated by varying the total gas flux of B,O, and monitoring the effect of this flux on the
growth of the new material on the Cu foil substrate. The total gas flux of B,O, was changed
by varying the position of the H3BOg3() from the Cu substrate (i.e. 2 cm to 12 cm) % The
morphology, atomic compositions, structural and optical properties of the as-grown films was
studied by optical microscopy, XPS, as well as Raman and UV-vis spectroscopies. Finally, a
mechanism to explain the growth of BCNO films was proposed.

11.2. Experimental:

11.2.1 Starting Materials

Acetone (99%, gold line ACE), methanol (99.5 %), ethanol (absolute), iso-propanol (ACE,
99%), ortho-phosphoric acid (85%, LabChem), urea (99%, Promark Chemicals), boric acid
(99.5%, Sigma Aldrich), chlorobenzene (99%, UnilLab), sodium hydroxide pellets (98%,
Merk) and poly(methyl methacrylate) (PMMA, Mw ~999 000) were purchased from Sigma-
Aldrich, South Africa. The gases used included argon (Ar, 99%), methane (CHj, 99.98%),
ammonia (NHs, 10% in Ar), and hydrogen (H, 99.98 %), and these were supplied by Afrox,
South Africa. Other materials used included a copper foil (25 pm, 99.98%) from Sigma
Aldrich (RSA), a silicon substrate with a 300 nm silicon oxide layer (Sigma-Aldrich), a
copper plate and an iron wire (University of the Witwatersrand workshop). Distilled water

was used in all the experiments.

11.2.2 Synthesis and transfer of films

Large area BCNO films were grown on a Cu substrate using an atmospheric pressure
chemical vapour deposition method with CHy, Hz, NH3 (10% in Ar), and H3BO3 as precursor
materials. Initially, the Cu foil was electrochemically cleaned for 90 sec in an aqueous
mixture of 150 mL H3POs, 150 mL ethanol, 30 mL iso-propanol and 3.0 g urea using a 12 V
current®. The Cu foil was placed at the center of a 20 cm x 100 cm quartz tube, and a quartz
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boat containing 100 mg of H3BO3 was placed at different distances (2, 4, 6, 8, 10, and 12 cm)
from the Cu substrate. H3BO3 placed at these distances allowed the vaporization temperature
of H3BO;3 to be varied from ~ 300°C to ~ 1000 °C. The quartz tube was then inserted in a
horizontal CVD furnace® (Fig. S1), after which the furnace was heated to 1000 °C under H,
and Ar atmospheres at the heating rate of 10 °C/min. After annealing for 30 min, growth of
the BCNO films was achieved for 10 min by introducing 20 sccm CH,4 and 5 sccm NHj3 into
the reaction chamber. For characterization purposes, the films were transferred onto a 300 nm
SiO,/Si substrate, TEM Cu grids, and fused silica substrates using the PMMA (4.6 % m/v in
chlorobenzene) - assisted electrochemical delamination method®. The films were named
according to the distance of the boric acid from the growth substrate in the reaction chamber,
e.g. BCNO-2 stands for the BCNO films grown using boric acid placed at a 2 cm distance
from the Cu foil.

11.2.3 Characterization

Raman spectroscopy was used to investigate the structural properties of the films that were
transferred onto a 300 nm SiO,/Si substrate. The analyses were performed on a Bruker
Raman Senterra spectrometer using a 532 nm excitation laser and a laser power of 0.2 mW.
The spectrometer was equipped with a 50x optical objective, which was used for optical
imaging of the films at a 50 um resolution. The surface topography of the BCNO films on a
300 nm SiO,/Si substrate were recorded on a Veeco Di3100 AFM in a tapping mode with
256 scan lines at a scanning rate of 2.0 Hz and an amplitude set point of 1.20 V. The AFM
machine was placed on an anti-vibration table and housed in a soundproof room so as to
eliminate any vibrational and acoustic noise. A FEI Tecnai T12 TEM was used to determine
the morphology of the films that were transferred onto the Cu grids. HR-TEM images were
accumulated using a JEOL JEM 2100 High Resolution TEM (JEOL, Japan) fitted with a
LaBg gun. Images were captured at 200 kV by tilting the stage by ~10° and the imaging was
performed at the edges of the films using a Gatan Ultrascan camera (Gatan, USA). Optical-
absorption measurements in the 200-800 nm wavelength range (Cary 500 scan UV-vis-NIR
spectrophotometer) were carried out on the BCNO films which were transferred onto a fused
silica substrate. Finally, the chemical composition of the films on a Cu foil was determined
by XPS using a Thermo Fisher Escalab 250. Monochromatised aluminium Ka radiation was
used with a 650 pm spot size to maximise signal. Charge compensation was provided by an

in-lens electron flood gun and separate low-energy argon ion source. The deconvolution of
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the spectra was performed using the CasaXPS software and were fitted with Lorenztian-
Guassian (GL30) peaks.

11.3. Results and Discussions

The growth of BCNO films using the APCVD technique was investigated by studying the
role of heating temperature of the boric acid on the composition of the as-grown films. The
quality, structural and compositional analyses of the as-grown films was determined by
optical microscopy, AFM, Raman spectroscopy, TEM, and XPS characterization techniques.

UV-vis characterization was used for determining the optical properties of the films.

11.3.1 Microstructural measurements of the films

The optical micrographs of the BCNO hybrid films (Fig.11.1) revealed that the films were
continuous and uniform. Since BCNO films have similar structural features to graphene
nanosheets, the colour contrast of the BCNO film after being transferred onto a 300 nm
SiO,/Si substrate was used to estimate their thickness, as was done with graphene films*® 3"

%8 As a result, it can be seen that the as-grown BCNO films are fairly thick, as depicted by

their very deep purple colour.

Figure 11.1: Optical images of BCNO hybrid films transferred onto 300 nm SiO,/Si
substrate and grown at (a) 2 cm, (b) 4 cm, (c) 6 cm, (d) 8 cm, (¢) 10 cm, and (f) 12 cm,

respectively.
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The AFM analysis indicated that the estimated average film thickness was ~3.14 = 0.05 nm
for BCNO-2 films, ~4.00 £ 0.13 nm for BCNO-6 films and ~ 2.19 + 0.08 nm for films
BCNO-12 films. Therefore it can be concluded that the films grown at all distances were
mostly multi-layered®’. This was corroborated by the HRTEM images (Fig. 11.2 (a-f)) which
confirmed that the films were of varying thickness. For instance, the BCNO-2 films were
observed to have approximately five to seven layers thick. The thickness of the films was
observed to be over ten layers for the BCNO-6 films, and this was in agreement with the
AFM estimated thickness. Interestingly, as estimated by the AFM calculations, the films
became thinner as shown by the approximately eight layers for BCNO-8 films and the two to
three layer thick BNCO-12 films. Finally, low magnification TEM images of the films
(inserts to Fig. 11.2 (a-f) and Fig. S11.3) showed that the films were a continuous phase with
tears/holes which can be attributed to imperfections, shown by red circles (Fig. S11.3), due to

the transference step.

Figure 11.2: HRTEM images of BCNO hybrid films transferred onto Cu grids and grown at
(@ 2cm, (b) 4 cm, (c) 6 cm, (d) 8 cm, (e) 10 cm, and (f) 12 cm, respectively. Insert shows the
TEM images of the respective BCNO films.
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11.3.2 Raman analysis of BCNO films

The chemical and structural nature of the as-grown films was investigated using Raman
spectroscopy (Fig. 11.3). The most prominent spectral signal was a broad D peak®*“, located
at ~ 1350 cm™. Detailed analysis of all D peaks (Fig. S11.4) showed that the deconvolution
of the D peak into at least three component peaks was possible. The deconvolution showed
the presence of a dominant defect-induced peak for graphitic carbon materials at ~ 1350 cm™,
implying a contribution from regions of defective graphene domains®*°. The contribution

41, 42

from the B-N vibrational modes was verified by a component peak located at ~ 1370 cm’

! Finally, the contribution of the B-C vibrational modes from carbon—rich amorphous regions
of B,C was shown by a component peak located at lower wavenumbers (~1330 cm™) 2% 434
Relative intensities for each component peaks indicate the varying amounts of the graphene,
h-BN, and B-C domains. In addition to the D peak (Fig. 11.3), Raman active bands for
graphitic carbon (G and 2D) were observed at ~ 1590 cm™ and ~ 2680 cm™, respectively®®“°.
For BCNO-2, the relative intensity of the 2D peak was suppressed almost to zero which
implies the presence of large lattice distortions in this sample. On increasing the growth
distance, the relative intensity of the 2D peak was observed to increase, indicating a reduction
in the lattice distortions by restoration of the crystalline structure. The effect of the lattice
distortions on the structure was further confirmed by the appearance of another defect-

induced peak (D*) % |ocated at ~1620 cm™.
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Figure 11.3: Raman spectra of BCNO films grown at (a) 2 cm, (b) 4 cm, (c) 6 cm, (d) 8 cm,
(e) 10 cm, and (f) 12 cm growth positions from the hot zone.

In pristine graphene, the quantification of defects is determined by measuring the ratio
between the relative intensities of the defect-induced D peak and the graphitic-G peak
(Io/16)°"3% %®: the larger the Ip/lg ratio value, the higher the defect density. It was assumed
that due to the structural similarities between graphene and BCNO films, the Ip/lg ratio could
also be used to quantify the degree of disorder for the as-grown BCNO films® %, Figure 11.4
(blue line) showed that the BCNO films exhibited large lattice distortions as indicated by the
defect density ratio (Ip/lg) value (~ 1.8). Interestingly, the G peak position was observed to be
blue shifted in comparison to that of the CVD-grown graphene films® % *" (Fig. 11.4, red
line). The blue shift in the BCNO-2 to BCNO-6 films can be attributed to the contribution of
all in-plane bond stretching of all sp®>-bonded pairs, including C=C (1580-1600 cm™)*, B-C
(1570-1600 cm™)?® ***° and N=C (1600-1680 cm™)*°. However, the position of the G band
was observed to slightly red shift towards the G position in CVD-graphene (~1580 cm™)® 40
for the BCNO-8 to BCNO-12 films. The results therefore could suggest that there was
formation of larger graphene domains as the B-source is placed further away from the Cu

growth substrate.
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Figure 11.4: G peak positions (red line) and defect density ratio (Ip/lg, blue line) of the
BCNO films.

11.3.3 XPS measurements of the hybrid films

The surface elemental composition (at. %) of the as-synthesized BCNO films was determined
by X-ray photoelectron spectroscopy (XPS). Figure 11.5a shows a typical XPS survey scan
for the BCNO-2 films. The survey spectrum exhibited five peaks: two distinct peaks
corresponding to C1s (284.7 eV) and O1s (531.1 eV), two weak peaks corresponding to Bls
(190.1 eV) and N1s (397.9 eV), as well as another peak corresponding to Cu2p (933.1 eV).
The atomic percentages of the constituent elements in the as-grown films are shown in figure
11.5b. It can be observed that the composition of the films changed with increasing distance
from the hot zone; with the C and O showing an opposite trend to the N and B contents. The
changing atomic compositions indicate that the deposition rate of B,O, on the Cu foil as a
function of distance from the hot-zone (heating temperature) plays a significant role in

controlling the resultant compositions of the as-grown films.
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Figure 11.5: (a) XPS survey spectra and (b) the elemental composition of BCNO films

grown at varying growth distances.

The bonding states for the constituents atoms (B, C, N, O) in the films were determined by
deconvolution of the high resolution XPS spectra of the Bls, Cls, N1s, and Ols peaks.
Figure 11.6 shows high-resolution XPS scans of the B1s, C1s, N1s, and O1s spectra for the
BCNO-2 films (see Figs S5-S9 for spectra of other films). The B1s spectrum (Fig. 11.6a) was
deconvoluted into four component peaks centered at 188.6, 189.9, 191.4, and 193.3 eV,
respectively. These corresponded to the contribution from B-C, sp’C-B-N, sp>BN, and B-O
bonds, respectively™ 18504 ‘|nterestingly, the positions of the B-O bonds were found to be
red shifted with increasing distance from the hot zone, suggesting the existence of different
bonding states around/within the B-O domains. For instance, the B-O peak position in
BCNO-2 (~193.3 eV) was closer to that of B-O bonds in B,0, (~192.55 + 0.05 eV) >* >,
indicating that at this growth condition, boron atoms are surrounded by oxygen atoms and
formed regions of B,O, domains. However, on increasing the distance from the hot zone, the
B-O peak position red shifted, suggesting that there is substitution of the oxygen atoms in the
B,0O, domains with carbon atoms. As a result, boron atoms tended to share only one bond
with oxygen atoms the other with N and C atoms; leading to the formation of less saturated
B,0, domains.

The C1s spectra, on the other hand, exhibited at least five components centered at 283.5,
284.1, 284.9, 285.9, and 288.0 eV, respectively (Fig. 11.6b). The main component peak
located at 284.1 eV, corresponded to the graphitic C-C bonds, and indicated that the majority
of carbon atoms within the films retained the hexagonal crystalline lattice of graphene®® -°%

*2. The component peak at lower binding energies (283.5 eV) is assigned to formation of
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boron carbide bonds either in the form of B,C (282.9 eV) and/or BC; (284.3 eV) *%.
Additionally, the peak located at 284.9 eV represented the formation of various defect-
induced C-N bonding states with either sp?’C-N *°, and/or C=N ** bonding configurations.
Finally, the two peaks located at higher binding energies (285.9 eV and 288.0 eV) are
attributed to oxygenated C atoms (C=0 and N-C=0/0O-C=0) at the edges and/or defect sites

of the graphene domains®°.

Deconvolution of the N1s signal (Fig.11. 6c) resulted in three component peaks
corresponding to sp>-N-B (398.0 eV), N-C (399.1 eV) and N=C (400.1 eV) respectively>*>*.
The presence of both N-C and N=C bonding configurations indicated that there are regions of
pyrrolic and/or graphitic-N doped graphene domains within the BCNO films. In addition, the
high affinity of nitrogen for boron atoms was clearly observed by the relatively high and
prominent N-B peaks, which strongly indicates the existence of h-BN domains within the
BNCO films. The presence of h-BN domains was also confirmed by the slightly high
intensity of the B-N bonds in the B1s spectrum (Fig. 11.6a). Furthermore, the O1s spectra
(Fig. 11.6d) was also deconvoluted into three peaks which were assigned to O=C and/or
Cu,0 (530.4 eV), O-C (531.2 eV), and O-B (532.5 eV) bonds respectively. Interestingly, the
component peak at 530.4 eV could be attributed to the presence of O-N bonds. The data
analysis of the Cu2p spectra showed the presence of Cu,O boding configurations (Fig.
S$11.10), thus indicating that few oxygen atoms are also bonded to the Cu foil®® **. Moreover,
the absence of any N-O bonds in the N1s spectra implies that all the oxygen atoms in the
BCNO films are primarily bonded to C and B atoms only®® °*. The percentage concentrations
of each bonding state for the constituent atoms (B, C, N, and O atoms) were determined
(Figures S11.11 a-d). In general, and ignoring the predominance of C-C bonds, the results
show that the preferred and stable bonding configurations within the BCNO films follow the

theoretically determined bonding energies®®:

B-N (4.00 eV) > C-C (3.71 eV) > N-C (2.83 eV) > B-C (2.59 &V)
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Figure 11.6: XPS spectra showing deconvoluted curves of (a) B1s, (b) C1s, (c) N1s, and (d)
O1s BCNO films grown at 2 cm.

11.3.4 UV-vis analysis of the films

The UV-vis absorption spectra (Fig. 11.7a) were used to determine the optical band gap
energies of the BCNO films. Since the as-synthesized films contained portions of graphene
and h-BN, which are both direct band gap materials, the absorbance near the band edge can
be determined. Previous reports have shown that the optical properties of the BCNO films are
located between those of pure graphene and pure h-BN, which is found to be similar for that
of boron carbonitride (BCN) films'"!. Furthermore these properties can also be tuned by
adjusting their atomic configuration and composition. Tauc’s equation57 was used to

determine the band gap energies (Eg) of the BCNO films (equation 1);
w’s = (ho—-E), (2

where ¢ is the optical absorbance and w=2x/Ais the angular frequency of the incident

radiation. A plot of ¢ versus 1/ is expected to give a straight line with an x-axis intercept
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determined from the calculations are listed in table 11.1.

at 172and an optical band gap energy calculation based onE=hc/ 4. The band gap energies

Table 11.1: Optical band gap energies for the BCNO films

Sample Name Band Energy (eV)
| i
BCNO-2 5.87 £ 0.05 - 2.35+0.06
BCNO-4 5.86 £ 0.04 5.76 £0.01 2.57+£0.02
BCNO-6 5.85+0.02 5.72+£0.04 2.56 £0.01
BCNO-8 5.81+0.03 5.61+0.04 1.95+0.05
BCNO-10 5.70+0.01 5.57+0.01 1.78 £ 0.02
BCNO-12 5.66 = 0.06 5.22+0.01 1.74 £ 0.04

Figure 11.7c shows that BCNO-2 exhibited two absorption edges at 210.1 nm and 518.8 nm,
which correspond to band gap energies of 5.87 + 0.05 eV and 2.35 £ 0.06 eV, respectively.
This indicates that both h-BN and doped graphene domains contributed predominately to the
electronic properties of the BCNO-2 films. The result correlated well with figures S11.11a
and c¢ which showed relatively high concentrations of both B-N and N-B bonds under those
growth conditions. In addition, BCNO-12 films (Fig. 11.7d) exhibited three band gap
energies at 5.66 + 0.06 eV, 5.22 + 0.01 eV and 1.74 + 0.04 eV. The results showed that the h-
BN, h-BCN, and doped graphene domains contributed to the optical properties of BCNO-12
films. The summary of band gap energies of all the BCNO films (Fig. 11.7b and S11.12)
showed that h-BN, h-BCN and doped graphene domains all contributed to the electrical
properties. Since XPS survey spectra (Fig.11.5a) showed an increasing C-content with
growth distance, the effect of C-doping on the h-BN domains was indicated by the narrowing
of the band gap energy of the h-BN domains with increasing growth distance (Fig. 7b-blue
line). The effect of the increasing C-content was further shown by the red-shift of h-BCN
domain band gap energy (Fig. 11.7b-green line), indicating the formation of fewer h-BCN
domains (Fig. S11.11a). Finally, the red line in figure 11.7b shows that in BCNO-2 films
band gap opening of the graphene domains (2.35 = 0.06 eV) was due to incorporation of B
and N atoms. Similar to the cases of h-BN and h-BCN domains, an increase in the C-content
with growth distance led to the narrowing of the optical band to a minimum of 1.74 + 0.04 eV
for BCNO-12 films.
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Figure 11.7: (a) UV-vis spectra of all films, (b) Band gap energies, and Tauc’s plots of the
BCNO hybrid films grown (c) 2 cm and (d) 12 cm, respectively.

11.3.5 Proposed growth mechanism

Based on the above analysis, we can propose a mechanism for understanding the formation of
the BCNO films on varying the compositions (B, C, N, and O) of the films. From figures
11.5b and S11.9, the growth of films can be seen to follow at least three processes. Process 1
corresponds to the use of short distance (2 cm) and a large B,O; flux, process 2 to a medium
reaction temperature and lower flux (4 cm - 6 cm), and process 3 (8 cm — 12 cm) to lower
B,0, flux and reaction temperature. Scheme 11.1 shows a graphical representation of the
materials formed in all stages. From our previous work®, we showed that during the ramping
and annealing step (Fig. S11.1a), the solid HsBO3; decomposed and vaporized to B,0, (g),
which was then deposited onto the Cu substrate. In process 1, due to the high flux of B0, ()
onto the Cu substrate, there is a tendency to form large B-rich domains of h-BN upon
introduction of the NH3 (). This is shown by the B/N ratio which is almost 2 (Table S11.1).
These domains were then surrounded by carbon atoms formed from CH4 () to give a

continuous sp>-C-B-N matrix, while the rest of the C atoms formed B-, N- and pristine
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graphene domains. In addition, the presence of unreacted B,O, domains is indicated by the
locations of both the B-O (193.3 eV) and O-B (532.5 eV) peaks from the Bls and O1ls
spectra. Although the presence of unreacted B,O, domains were observed from XPS data, it
was observed that the optical band energies from h-BN (5.87 + 0.05 eV) and doped graphene
(2.35 £ 0.06 eV) domains mainly contributed to the electronic properties of the BCNO-2
films. As a result, we can conclude that the formation of BCNO hybrid films in stage 1 is due
to the presence of regions of N-doped, and B-doped graphene, as well as h-BN, h-BCN, and
B,0, domains.

During process 2 (4 cm — 6 cm), the flux of B,O; (g is lowered resulting in the formation of
small h-BN domains with a B/N ratio that is close to unity (Table S11.1). Further analysis
showed that the relative amounts of N-C and C-B-N bonds reached a maximum, while both
B-N and N-B bonds were at their minimum (Figs. S11.11a and c). These results indicated that
most of the N and B atoms contributed to the formation of N- and B-doped graphene and sp*-
C-B-N domains, thus reducing the number of N atoms present in h-BN domains. This
phenomenon was supported by the widening of the band gap energies of the doped-graphene
domains formed in the BCNO-4 and BCNO-6 hybrid films (Table 11.11). Furthermore, a red
shift that was observed for the B-O (~191.5 eV) and O-B (~533.5 eV) peaks in B1s and O1s
spectra suggested the possible disintegration of the B,O, domains by the atomic substitution
of O atoms with C atoms leading to the formation of numerous individual B-O-B domains.
Therefore, it can be summarized that the BCNO films synthesized during the process 2
growth regimes are composed of h-BN, h-BCN, sp?>-C-B-N, doped graphene, as well as less
saturated B,0, and B-O-B domains.

Finally in process 3, both the B (15.38 at % - 2.08 at %) and N (12.01 at % - 1.48 at %)
contents had significantly decreased, while an increase in the C content (45.79 at % - 65.76 at
%) was observed with increasing growth distance. The high C content led to an increase in
the relative amount of C atoms that participated in the formation of the graphene grains, and
this was observed by the narrowing of the band gap energy (Fig. 11.7b, red line) as well as an
increase in the percentage concentration of C-C bonds (Fig. S11.11b). Moreover, since the
increased distance from the hot zone resulted in a low B,0, () flux onto the Cu substrate, this
led to the formation of small h-BN domains with a B/N ratio close to unity. The presence of
these h-BN domains was shown by the optical band gap energies of 5.81 + 0.03 eV, 5.70 £
0.01 eV and 5.66 = 0.06 eV for the BCNO-8, BCNO-10 and BCNO-12 films, respectively.

The calculated band gap energies of these films are lower than that of h-BN (~6.01 eV) & % -
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12 due to the incorporation of C atoms into the h-BN domains. In addition to this, formation
of more C-C bonds restricted the growth of a continuous C-B-N matrix. Thus, a broadening
of the optical energies (Table 11.111) and sudden drop the percentage concentration of C-B-N
bonds (Fig. S11.11b) was detected. A further red shift was observed for both B-O and O-B
peaks in B1s and O1s spectra (Figs. S8 and 9), indicating the formation of numerous B-O-B
domains. We therefore propose that the BCNO films grown in process 3 are made up of

regions of pristine, N-doped, B-doped graphene, h-BN, and B-O-B domains.

AY
%
Stage 2
S,
\
Pooooc,Ar, H,

H O—H
\ /
o—B
\

O<H

Scheme 11.1: Formation of BCNO films at stages 1-3: (a) h-BN, (b) B,0O,, (c) discrete B-O-
B, (d) pure graphene domains within a BCNO matrix.

In summary, it was observed that the total amount of B,O, () within the growth chamber and
reaction of B,O, g with both CH4 and NH; played a significant role in determining the
overall composition of the BCNO film, its optical properties as well as influencing the
formation of different domains (i.e. h-BN, B-O-B, or pristine and doped graphene domains).
For instance, a high gas flux of B,O, led to the formation of BNCO-2 films whose electronic

properties were mainly influenced by the h-BN and N/B doped graphene domains.
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Additionally, the presence of unreacted B,O, domains was also confirmed by XPS analysis.
On the other hand, a shift of the position of the B-source to 4 cm and 6 cm away from the Cu
substrate, revealed that the three main domains, viz. h-BN, sp?C-B-N and doped graphene
domains, predominantly contributed to the optical properties of the as-grown BCNO films.
Remarkably, shifting the B-source further away from the growth substrate (8 cm to 12 cm)
resulted in the lowest total B0, () flux in the reaction chamber; which led to formation of h-
BN, sp?C-B-N, doped and pristine graphene domains, that contributed mainly to the observed
optical properties of the BCNO films.

11.4. Conclusions

BCNO films with varying atomic compositions were successfully grown on Cu-growth
substrate using an APCVD technique. Optical, AFM and TEM images showed that the as-
grown BCNO films were continuous and uniform over a large area, with an estimated
thickness in the range of ~2.19 + 0.08 nm to ~4.00 + 0.13 nm. HRTEM analysis confirmed
that the films exhibited a different number of layers. Raman spectroscopy showed the
presence of different bonding states in the form of B-C, pure/doped graphene and h-BN
domains. XPS survey spectra indicated that the elemental compositions were dependent on
the amount of B,O; (g in the reaction chamber. UV-vis analysis corroborated the Raman and
XPS results and showed that the as-grown films exhibited three band gap energies
corresponding to the h-BN (5.87 £ 0.05 — 5.66 + 0.06 eV), h-BCN (5.76 £ 0.01 — 5.22 + 0.01
eV) and doped graphene (2.35 + 0.06 — 1.74 + 0.04 eV) domains. The optical energies of all
domains broadened with growth distance due to an increase of the C-content. This led to C-
doping in h-BN and h-BCN domains, while on the other hand it resulted in growth of more
graphene domains. Finally, an analysis of the data from all the characterization techniques

assisted in developing a mechanism for the growth of the as-synthesized BCNO films.
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Chapter 12

General Conclusions and Recommendations

12.1 Conclusions

12.1.1 Synthesis of high quality graphene films by APCVD

e Optimization for the growth of high quality graphene films on a Cu catalyst using
atmospheric pressure CVD was conducted by using different growth times (2, 10, and
20 min) and methane flow rates (5, 10, 15, 20, and 30 sccm). In all growth time
regimes, the growth of graphene films was observed to be a self-limiting reaction
mechanism.

e The medium growth time regime (10 min) led to formation of predominantly
bilayered graphene films with very good quality, as indicated by the defect density in
the range of 0.209 < Ip/lg < 0.669.

e Since the main objective was to obtain good growth conditions for the formation of
good quality graphene films, the optimum growth conditions were selected to be as
follows: CH,4 flow rate (10 sccm), growth time (10 min), and H, concentration (10
sccm).

e Under optimum growth conditions, the effect of the reducing atmosphere (H, flow
rate) on the quality and thickness of the graphene films at three synthesis stages was
studied; that is at annealing (A), growth (G), and both annealing/growth (A/G) stages.
Different hydrogen flow rates (0, 3, 10, 50, and 100 sccm) were introduced into the
reaction chamber at all synthesis stages.

e Low flow rates of H, (3 sccm) during (A/G) stage led to growth of monolayered
(Ic/12p = 0.265) graphene films of very good quality (Io/lg = 0.184); while during (A)
and (G) stages, it resulted in formation of good quality bilayered graphene films, as
indicated by the ratios: Ip/lg = 0.4334, I/lop = 0.3384, Ip/lg = 0.2936, and I/l =
0.7216.

e Although, medium H, flow rates (10 sccm) during the A/G step led to the formation
of good quality and non-AB stacked bilayered graphene films (Ip/lg = ~0.206 and
Ic/lop = ~0.362), this flow rate together with high flow rates (50 and 100 sccm) during
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A and G stages resulted in growth of highly defective and few to multilayered
graphene films. This was attributed to the competitive adsorption and decomposition
of both CH,4 and H, molecules on the available Cu active sites.

Therefore, for growth of future graphene films on Cu catalysts by APCVD, the final
growth conditions were selected to be as follows: CH,4 flow rate (10 sccm), growth

time (10 min), and H, concentration (3 sccm).

12.1.2 Synthesis of nitrogen doped graphene

The effect of doping of graphene films with nitrogen atoms via in-situ and post
doping routes was investigated by using different flow rates of ammonia gas (5 sccm
and 10 sccm).

XPS results showed that the maximum N/C content of 3.25% was obtained for N-
doped graphene films grown from an in-situ synthesis route using 5 sccm NHa.
Moreover, the lowest N/C content of 0.61% was obtained for the N-10sccm post
doped graphene films. Thus, indicating that N/C content depends mainly on the flow
rate of NH3 (N/Csscem > N/Cioscem), @and to a lesser extent on the synthesis method
(N/Cinsitu > N/Cpost).

Additionally, the type and amount of the N-configurations (pyridinic, pyrrolic,
graphitic and NOy) were found to be influenced by the flow rate of NH3 as well as the
synthesis route.

Therefore, the optimum growth condition for synthesizing N-doped graphene films
was chosen as the in-situ doping route with low flow rate of NH3 (5 sccm).

Finally, the effect of growth time (2, 5, 10, and 20 min) on the type of N-
configurations and the total N/C ratio was investigated on N-doped graphene films
grown using the in-situ route.

XPS results showed that the maximum N/C content of 4.68 % was obtained at a short
growth time; while a minimum N/C content of 2.84 % was observed at longer growth
times.

Additionally, the type and amount of the N configurations (pyridinic, pyrrolic,
graphitic and NOy) were found to be dependent on the growth time, with short growth
time containing predominately pyridinic, pyrrolic-N and NOy bonding configurations,

while 10 min-growth time was found to lead to growth of graphitic-N-rich graphene
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films. Contrarily, a longer growth time (20 min) resulted in pyridinic-N-rich graphene

films with few graphitic-N and pyrrolic-N bonding states.

In summary, the synthesis of large-area graphene films, either pristine or doped with
nitrogen atoms, is technically and/or commercially beneficial based on the following
factors:
a. Ease of controlling the thickness and quality of graphene films.
b. Recyclable of the Cu foil, since most processes in literature involve acid
etching of the Cu foil.
c. Lack of contaminants such as Fe from using FeCl3 etching method.

12.1.3 Electrochemical oxidation properties of graphene and graphene/metal

nanoparticle composites

The successful application of pristine and N-doped graphene films in ITO —based
electrochemical sensors for detection of DA and UA was presented. Additionally,
graphene composites with Pt and Pd nanoparticles were investigated for application as
electrochemical sensors for detection of DA and UA.

The electrochemical behaviours of DA and UA were determined to be diffusion
controlled at both Gr/ITO and NGr/ITO electrodes as well as at graphene-metal
nanoparticle composites.

Pristine graphene-based electrodes (either Gr/ITO or Gr-NPs/ITO) exhibited good
selectivity for both DA and UA, however they both suffered from poor sensitivity and
high detection limits (S/N =3).

On the other hand, N-doped graphene-based (either NGr/ITO or NGr-NPs/ITO)
exhibited good sensitivity and very low detection limits for both DA and UA, but with
poor selectivity.

Pt@Gr/ITO, PA@NGr/ITO and Pt@NGr/ITO electrodes showed better stability and
enhanced electrochemical responses in comparison with Gr/ITO electrodes, thus
indicating increased charge transfer Kkinetics due to the presence of metal
nanoparticles. However, PA@Gr/ITO electrodes suffered fouling by the oxidation
products, as determined by diminished electrochemical responses in comparison with
NGI/ITO electrodes.
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12.1.4 Synthesis of co-doped graphene to produce graphene hybrid films.

Synthesis of h-BN QDs/NDs in BCN hybrid films by the APCVD technique was
achieved by controlling the vaporization temperature of H;BO3, which was achieved

by placing the boron source at varying distances from the hot zone.

AFM analysis showed formation of h-BN QDs at distances closer to the hot zone,

while h-BN NDs were found to form with increasing distance from the hot zone.

Core-shell XPS spectra indicated that the hybrid films consisted of various B-N, B-C,

and C-N bonding configurations.

Similarly, synthesis of BCNO hybrid films with varying atomic compositions were
successfully grown on a Cu-growth substrate using an APCVD technique, by
controlling the vaporization temperature of H;BO3 and the flow rates of CH,.

Optical microscopy, AFM and TEM studies showed that the as-grown BCNO films
were continuous and uniform over a large area, whereas HRTEM analysis confirmed
that the films exhibited a different number of layers. Moreover, Raman and XPS data
showed the presence of different bonding states in the form of B-C, pure/doped

graphene and h-BN domains.

UV-vis analysis showed that the as-grown hybrid films exhibited three band gap
energies corresponding to the h-BN (5.87 £ 0.05 — 5.66 + 0.06 eV), h-BCN (5.76 +
0.01 -5.22 £ 0.01 eV) and doped graphene (2.35 + 0.06 — 1.74 + 0.04 eV) domains.

12.2 Recommendations

12.2.1 Synthesis of nitrogen doped graphene films

The determination of the optical properties of N-doped graphene films can be
explored so as to broaden their applications, such as in solar cells.

Additionally, the optical properties would assist in understanding their observed
electrocatalytic behaviour towards oxidation of dopamine and uric acid.

Techniques such as Scanning Tunneling Microscope (STM) are required to clearly

quantify the positions of the nitrogen atoms within the graphene lattice.
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12.2.2 Support of metal nanoparticles on pristine ad N-doped graphene
Scanning Tunneling Microscope (STM) is highly recommended in order to clearly
quantify the positions of the nitrogen atoms and metal nanoparticles within the
graphene lattice.

The nature of the interaction between the metal nanoparticle and the graphene surface
can be determined by theoretical calculations as well as high resolution TEM.

The nature of the interface properties, such as the charge-transfer resistance, of the
metal-NGr composites can be studied using impedence spectroscopy.

Finally, the ability of graphene and/or N-doped graphene films to stabilize the
different metal nanoparticles prepared under various reaction conditions (thermal, pH)
should be explored. This could help to further elucidate the metal-support interactions

as well as to determine the correct media for fabrication of electrochemical sensors.

12.2.3 Electrochemical oxidation properties of graphene and metal

nanoparticle composites

Optical properties, via UV-vis spectroscopic analysis, would provide information to
interpret the electrocatalytic behaviour towards oxidation of dopamine and uric acid.
Since both dopamine and uric acid co-exist with numerous biomolecules and cations
in the body fluids, then interference studies in the presence of K, Na, glucose,
ascorbic acid, should be performed so as to determine the stability of these fabricated
graphene-based electrodes in media resembling physiological conditions.

More studies should be performed to improve the selectivity ability of N-doped
graphene/ITO electrodes.

Fabrication sensors based on a composite of graphene and an alloy of platinum and
palladium can be performed and then applied in electrochemical sensing of dopamine
and/or other biomolecules. This could assist in investigating the electrochemical
behaviour of biomolecules at electrode surfaces modified with bimetallic materials.
Finally, the sensitivity and selectivity of these electrodes towards detection of
dopamine and uric acid in real clinical samples, such as urine and preserved meat,
should be explored.

In comparison with many research reports for the detection of dopamine and uric acid,

the fabricated electrochemical sensors in this works showed better or comparable
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sensitivity. The improved electrochemical performance was attributed to the 2D
planar structure of the graphene films, which allows good exposure of electroactive
sites. Therefore, it is further, recommended that further studies are conducted to

elucidated issues such as scalability, reproducibility, selectivity, etc.

12.2.4 Synthesis of co-doped graphene to produce graphene hybrid films.
Scanning Tunneling Microscope (STM) is highly recommended in order to clearly
quantify the positions of both boron and nitrogen atoms within the hybrid films.

Since the optical properties were found to be tunable, by varying the atomic
compositions of the films, application of these hybrid films can be explored in fields

such as FETS, solar cells, and sensors.
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Supplementary Information

Appendix A: Electrochemical behaviour and detection of dopamine and uric acid

over Pt and Pd- graphene/ITO composites

500 nm

Figure S7.2: HAADF-STEM images of Pd nanoparticles on pristine graphene films.
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Figure S7.3: HAADF-STEM images of Pt nanoparticles on N-doped graphene films.

253



i y Ty |
100 nm A 00 ooy 100 nm I |

Figure S7.4: HAADF-STEM images of Pd nanoparticles on N-doped graphene films.
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Figure S7.5: O1s XPS spectra of Pt and Pd-composites using (i) pristine and (ii) N-doped
graphene.
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Figure S7.6: Linear concentration ranges of (a) DA and (b) UA on modified ITO electrodes
at buffer pH 6.02.
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Table S7.1: Relative concentrations of the oxidation states of Pt on the graphene/N-graphene

composites
Positions of Pd oxidation states (eV)
Sample Pt 4f;), Pt 4f5),
Pt’ Pt** Pt** Pt’ Pt** Pt**
Pt-Gr 6.89 31.79 13.03 24.99 17.20 6.10
Pt-NGr 53.81 36.73 - 1.83 8.62 -

Table S7.2: Relative concentrations of the oxidation states of Pd on the graphene/N-graphene

composites
Relative % concentations
Sample Pd 3ds, Pd 3ds
Pd’ Pd** Pd** Pd’ Pd** Pd**
Pd-Gr 16.45 30.01 9.43 12.74 25.37 6.10
Pd-NGr 33.83 13.32 8.26 27.24 10.48 6.88

255




Appendix B: Time-dependent evolution of the nitrogen configuration in N-doped
graphene films

Figure S8.1: Optical images of pristine graphene films grown (2 min, (b) 5 min, (c) 10 min,
and (d) 20 min growth times.
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Fig S8.2: Elemental plot and table of atomic compositions of pristine graphene films.
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Figure S8.3: Core-shell XPS spectra of N-doped graphene films grown at 2 min with 10

sccm CH,4 and 5 sccm NHs.
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Figure S8.4: Core-shell XPS spectra of N-doped graphene films grown at 5 min with 10

sccm CH4 and 5 sccm NHs.
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Table S8.1: Atomic compositions of N-doped graphene films
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Figure S8.5: Core-shell XPS spectra of N-doped graphene films grown at 20 min with 10

N-configurations/ N-content (N/C at. %)
Sample Pyridinic-N Pyrrolic-N Graphitic-N NOy
2 min 2.79 1.28 0 0.61
5 min 0.82 251 0.13 0.28
10 min 1.24 0.081 1.83 0.11
20 min 2.36 0.24 0.24 0
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Appendix C: The effect of N-configuration on the detection of dopamine at N-

doped graphene-modified 1TO electrodes
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Figure S9.1: N1s core-shell XPS spectra of N-doped graphene films grown at (a) 2

min, (b) 10 min, and (c) 20 min®.

) (b)

-a—=PG 1,80
1.2 == NG
1,76 4
1.0 4
1,70 4
0,84
o - 4
._b _C‘I 1,65
= =
0.6 — 1,60
0.4 1,55 4
0,2 4 1,50 -
0.0 , : : . 1,45 T T T T
2 min 5 min 10 min 20 min 2 min 5 min 10 min 20 min
Growth conditions Growth conditions

Figure S9.2: Evolution of Ip/lg (a) with increasing growth time for both pristine and N-

doped graphene films and Ip/1p+ (b) for N-doped graphene films™.
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Appendix D: Single-step synthesis of crystalline h-BN quantum- and nanodots

embedded in boron carbon nitride films

(a)
Furnace (1000 °C)
CH;y
H, Mass Flow H:BO, " - Outlet
NH, Controller
Ar | I
(b)-louo- — (¢)| Distance (cm) | Temperature *(°C)
800 E Cooling 20 970
[3) i
OE Ramping E A'; 4.0 900
E 600 g i E
i < : g: 6.0 840
] (5
g 400 ' 8 8.0 750
o 10.0 580
200 H
Lo 12.0 390
1] 5‘0 . 1l‘JD - 1éﬂ 250

Growth time {min)

Figure S10.1: Growth conditions for the h-BN QDs/NDs embedded in BCN films: (a) CVD
set-up, (b) growth profile, and (c) temperature profile at different growth distances.

*Temperature of HsBO3 in the tube.

Figure S10.2: Optical images of the h-BN QDs/NDs in the BCN films grown at (a) 2 cm, (b)
4 cm, (c) 6 cm, (d) 8 cm, (e) 10 cm, and (f) 12 cm separation distances.
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Figure S10.3: SEM images of the h-BN QDs/NDs in the BCN films grown at (a) 2 cm (b) 12

cm separation distances.
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Figure S10.4: (A) AFM images and (B) thickness profile of the h-BN QDs/NDs-BCN films
grown at (i) 2 cm, (ii) 4 cm, (iii) 6 cm, (iv) 8 cm, (v) 10 cm, and (vi) 12 cm separation

distances.

261



Element | Weight% | Atomic%

B 483 +/- 162 575
C 8583+ 155 90.96
Cu 702+i- 025 1.4
N 075+ 049 069
o 152+ 017 1.21
Totals 100.00 100.00

Figure S10.5: TEM-EDS images of the matrix surrounding the h-BN QDs/NDs.
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Figure S10.6: Particle size distribution of the h-BN QDs/NDs in the BCN films grown at (a)

2 cm (b) 12 cm separation distances.
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Figure S10.7: Raman spectra of pristine graphene (a) and the h-BN QDs/NDs-BCN films:
(b) 2 cm, (c) 4 cm, (d) 6 cm, (e) 8 cm, (f) 10 cm, and (g) 12 cm.
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Figure S10.8: (a) B1s, (b) C1s, (c) N1s, and (d) Ol1s XPS spectra of h-BN QDs/NDs-BCN

hybrid films grown at 2 cm, , 6.cm, , 10 cm, and 12 cm separation distances.
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Figure S10.9: (a) UV-vis spectra, (b) Tauc’s plot, and (c) Band gap energy profile of the h-

BN QDs/NDs-BCN hybrid films grown at different separation distances.

The optical band gap energies of the films were determined using the following Tauc’s

equation®:
w’e=(ho—-E,)?,
where;
1) ¢isthe optical absorbance,
2) o= 2% is the angular frequency of incident radiation
3) E,isthe band gap energy

4) A is the wavelength
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Table S10.1: XPS survey spectra analysis of h-BN QDs/NDs embedded in BCN films.

Elements

C (at %) | B (at %) | N (at %) | O (at %) N/C B/N B/C
Samples

2cm 41.9 18.4 14.4 25.3 0.342 1.28 0.439
4cm 42.8 19.2 15.1 23.0 0.352 1.27 0.447
6cm 45.6 16.7 13.0 24.7 0.286 1.28 0.366
8cm 394 19.4 15.6 25.7 0.395 1.24 0.492
10cm 47.8 14.1 13.3 24.8 0.278 1.06 0.295
12 cm 52.4 7.75 6.31 33.6 0.121 1.23 0.148
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Appendix E: Synthesis and XPS characterization of boron carbon oxynitride

films with tunable composition using methane, boric acid and ammonia
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Figure S11.1: (a) CVD setup, (b) growth profile and (c) temperature profile for the growth of
the BCNO films.
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Figure S11.2: AFM topographic images (a — f) and estimated thickness plot (g) of BCNO

films grown at 2 cm — 12 cm, respectively.
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Figure S11.3: Deconvolution of defect induced D-bands for BCNO films grown at 2 cm -12

cm (a - f) showing the B-C, D, and the h-BN peaks, respectively.
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Figure S11.4: XPS spectra showing deconvoluted curves of (a) Bls, (b) C1s, (c) N1s, and
O1s (d) of BN-doped graphene-BCN hybrid films grown at 4 cm using 100 mg H3BO3 and

20 sccm CHa,.
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Figure S11.5: XPS spectra showing deconvoluted curves of (a) B1s, (b) C1s, (c) N1s, and
O1s (d) of BN-doped graphene-BCN hybrid films grown at 6 cm using 100 mg H3BO3 and

20 sccm CHa.
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Figure S11.6: XPS spectra showing deconvoluted curves of (a) B1s, (b) C1s, (c) N1s, and
O1s (d) of BN-doped graphene-BCN hybrid films grown at 8 cm using 100 mg H3BO3 and

20 sccm CHa.
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Figure S11.7: XPS spectra showing deconvoluted curves of (a) B1s, (b) C1s, (c) N1s, and
O1s (d) of BN-doped graphene-BCN hybrid films grown at 10 cm using 100 mg H3;BO3 and
20 sccm CHg.
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Figure S11.8: XPS spectra showing deconvoluted curves of (a) B1s, (b) C1s, (c) N1s, and
O1s (d) of BN-doped graphene-BCN hybrid films grown at 12 cm using 100 mg H3BO3 and
20 sccm CHa.
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Figure S11.9: XPS spectra showing Cu2p of BCNO films grown at 2cm to 12 cm.
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Figure S11.10: Evolution of bond concentration with increasing growth distance from the

hot zone: a-d representing % concentrations of B, C, N and O atoms in (a) B1s, (b) C1s, (c)

N1sand (d) O1s, respectively.
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Figure S11.11: Tauc’s plots of BCNO films grown at (a) 4 cm, (b) 6 cm, (¢) 8 cm, and (d) 10

cm growth distances from the hot zone.

Table S11.1: Elemental ratio of all constituent atoms in the BCNO films

Elemental ratio (at. %)
Growth B/N B/C N/C B/O o/C
distance
2cm 1,79 0,281 0,164 0,298 0,663
4cm 1,01 0,408 0,0102 0,699 0,563
6 cm 1,40 0,695 0,495 1,083 0,642
8cm 1,28 0,336 0,262 0,727 0,462
10 cm 1,12 0,138 0,124 0,288 0,498
12 cm 1,41 0,032 0,0225 0,0826 0,373
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