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ABSTRACT 

Electrochemical platforms were developed based on pencil graphite electrodes (PGEs) 

modified with electrochemically deposited graphene (EG) sheets and Nafion-graphene 

(NG) nanocomposites in conjunction with an in situ plated bismuth-film (EG-PG-BiE 

and NG-PG-BiE). The EG- and NG-PG-BiEs were used as sensing platforms for 

determining Zn
2+

, Cd
2+

 and Pb
2+

 by square wave anodic stripping voltammetry 

(SWASV). EG sheets were deposited onto pencil graphite electrodes by cyclic 

voltammetric reduction from a graphene oxide (GO) solution, while a dip coating 

method was used to prepare the NG-PG-BiE. The GO and graphene, with flake 

thicknesses of 1.78 (2 sheets) and 2.10 nm (5 sheets) respectively, was characterized 

using FT-IR, HR-SEM, HR-TEM, AFM, XRD and Raman spectroscopy. Parameters 

influencing the electroanalytical response of the EG-PG-BiE and NG-PG-BiE such as, 

bismuth ion concentration, deposition potential, deposition time and rotation speed were 

investigated and optimized. The EG-PG-BiE gave well-defined, reproducible peaks 

with detection limits of 0.19 µg L
-1

, 0.09 µg L
-1

 and 0.12 µg L
-1

 for Zn
2+

, Cd
2+

 and Pb
2+

 

respectively, at a deposition time of 120 seconds. The NG-PG-BiE showed similar 

detection limits of 0.167 µg L
-1

, 0.098 µg L
-1

 and 0.125 µg L
-1

 for Zn
2+

, Cd
2+

 and Pb
2+

 

respectively. For real sample analysis, the enhanced voltammetric sensor proved to be 

suitable for the detection and quantitation of heavy metals below the US EPA 

prescribed drinking water standards of 5 mg L
-1

, 5 µg L
-1

 and 15 µg L
-1

 for Zn
2+

, Cd
2+

 

and Pb
2+

 respectively. 
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“Nothing in the world is more flexible and yielding than water. Yet when it 

attacks the firm and the strong, none can withstand it, because they have no 

way to change it. So the flexible overcome the adamant, the yielding 

overcome the forceful. Everyone knows this, but no one can do it.” 

 

- Lao Tzu. 
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CHAPTER ONE: 

Introduction to the Study 

 

1.1. Problem Statement 

 1.1.1. Heavy Metal Contamination 

Heavy metals are natural components of the earth’s crust and are defined as 

any metal that is toxic at low concentrations, with density greater than 0.5 g cm
-3

 

[1]. These metals have become important in industrial applications and ubiquitous 

in the environment. Furthermore they are kept under the environmental pollutant 

category due to their toxic effect on plants, animals and humans, even when 

present even in miniscule quantities [2, 3]. The release of heavy metals in 

biologically available forms, as a result of human activity, may damage or alter 

both natural and man-made ecosystems [4]. Heavy metals pose a very 

distinguishable problem which set them apart from other known contaminants, 

owing to their non-biodegradable nature [2, 5]. This feature leads to their 

bioaccumulation in vital organs and lead to the toxic nature of these metals. Of the 

large number of heavy metals in existence today, Lead, Cadmium, Mercury and 

Arsenic pose the most alarming concerns. Some of which have been known to 

lead to cancer, heart disease, anorexia, brain damage etc. [2]. In recent years, the 

increase in heavy metal contamination has become widespread around the world 

in the form of pollution as well as food sources and drinking water [6]. Pollution 

in the environment may occur in different forms including anthropogenic 

activities such as mining and industrial processing [7]. Contaminated drinking 
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water from lead pipes as well as pollution from the industrial sector are the most 

common sources in modern times [8]. 

Heavy metals can also appear in the form of inorganic and organic 

complexes. Appearance of different heavy metal chemical forms will depend also 

from chemical nature of a given heavy metal, conditions of environment, presence 

of complexation substances, colloid dispersion, etc. To what extent will heavy 

metals in water be mobile, depends from number of parameters: 

• pH of water; 

• Presence of carbonates and phosphates; 

• Hydrated oxides of iron and manages; 

• Content of organic matter; 

• Sulphide ions and pirite (significant for mobilization process of heavy metals in 

water environment). 

1.1.2. Toxicity of Heavy Metals 

In considering the ever growing concern for heavy metal contamination of 

drinking and ground water sources, it is wise to become acquainted with the 

toxicological effects of lead, cadmium and zinc on the environment and higher 

living organisms. Severe illnesses, caused by exposure to heavy metal 

contamination have been well documented in medical journals in recent years. 

Although this is not a study on the toxicology of heavy metals, a brief description 

on their toxic effects are required for further emphasis. 

Exposure to lead poisoning has decreased significantly over the last three 

decades due to the introduction of un-leaded petrol and low lead paints, however 

drinking water still remains a main source of lead contamination and was 
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responsible for 20 % of all lead contamination in the United States (US) in 2006 

[9]. Inhalation, ingestion and absorption via the skin carry lead into the blood 

stream and allow for collection in soft tissue of the brain, liver and lungs. 

Symptoms of such poisoning by lead may include nausea, constipation and 

anorexia [10] and result in oxidative damage to brain, heart, kidneys, and 

reproductive organs [9, 11, 12] and may lead to miscarriages along with impaired 

nervous systems in unborn children [8]. Similarly cadmium emissions by man into 

the atmosphere and soil range from approximately 25000 – 29000 tons yearly and 

collect in rivers, drinking water supplies and agriculture [1, 5]. Significant links to 

lung cancer, lesions on the prostate, renal failure, kidney damage and hyper 

tension have been identified [8, 13, 14].Overexposure to zinc poses concern in 

infants and humans alike. Poisoning by zinc results in damage to the pancreas and 

causes harmful symptoms in unborn children [5]. 

Along with their toxic nature, beneficial health properties are also exhibited 

by many heavy metals. Copper and zinc as examples promote efficient 

metabolism and the lack of zinc in the blood stream of children and adults alike 

may lead to loss of appetite, decreased sense of taste and smell; slow wound 

healing and skin sores [8].  

1.1.3. Environmental Monitoring 

Water is largely regarded as the most essential natural resource on the planet 

and is essential in guaranteeing the basic quality of human life. A considerable 

increase in demand for clean rivers, lakes and ground water has been evident for 

some time. Access to improved drinking water in South Africa has shown a 

considerable increase between 1994 and 2012 [15] , while the initiative of Blue 
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Drop Certification developed in 2008 deals with decentralization of monitoring 

water sources [15]. The national government has implemented regulations and 

policies to deliver safe water to all. On site monitoring, technology for continuous 

surveillance and automatic monitoring are important aspects of water policies and 

may lead to real time results which secure product quality and waste water 

treatment. The United States Environmental Protection Agency (US EPA) has set 

a maximum contamination limit by which all water treatment facilities need to 

abide. The maximum contamination levels (MCL) of zinc, cadmium and lead are 

5 ppm, 5 ppb and 15 ppb respectively [16]. 

The growing demand for clean water has led to the increased attention 

surrounding water purification and monitoring and as a result the need for 

determination and characterization of these contaminants. Determination of heavy 

metals has traditionally been carried out in laboratories, where time-consuming 

sampling, transportation, preparation and storage steps are employed. On site 

monitoring may reduce errors associated with contamination, losses and matrix 

changes along with time saved [17]. 

Techniques for metal determination center around spectroscopic techniques 

like atomic absorption spectroscopy (AAS) and inductively coupled plasma mass 

spectroscopy (ICP-MS) [18, 19] which are sensitive and can perform a wide range 

of elemental analysis. The major drawbacks however, include complicated 

equipment, high costs which may only determine total concentrations. Speciation 

is possible by extraction and separation procedures but increases the risk of 

contamination [6].  Historically, electrochemical (EC) techniques have been at the 

forefront of metal analysis and have in certain instances been developed for this 
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particular purpose. Anodic stripping voltammetry (ASV) is one such example. 

Inexpensive instrumentation and the possibility of metal speciation as well as 

accuracy in determination at the trace levels are advantages of electrochemical 

methods [20]. 

 

1.2. Motivation to the Study 

Electrochemical anodic stripping voltammetry (ASV) has, in recent years 

been widely regarded as an extremely powerful technique for the determination 

and measurement of several metals, including Pb, Cd, Cu and Zn [21]. The 

electroanalytical technique provides quantitative and qualitative information of a 

particular species by measuring current as a function of potential. Its high 

sensitivity due to the built-in preconcentration step, good selectivity, inexpensive 

and portable instrumentation and its ability of measuring four to six analytes in a 

sample simultaneously in the sub parts per billion (sub-ppb) ranges are of the 

many intrinsic advantageous properties [22]. The main spectroscopic counterparts 

(GFAAS and ICP-OES) offer similar sensitivities but at high cost of analysis and 

instrumentation up-keep. The small size and low power demand of the stripping 

analysis instrumentation proves to be beneficial. 

The working electrode material is of crucial importance to voltammetric 

analysis. The choice of material determines the species which may be measured as 

well as the degree of inferences and additional chemicals needed. Electrode 

properties include a wide potential window, high sensitivity and reproducible 

response [23]. Mercury electrode has for many years been the dominating 

electrode material in voltammetric analysis due to its high intrinsic overvoltage 
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towards the hydrogen evolution reaction. Both hanging mercury drop electrode 

(HMDE) and mercury film electrode (MFE) are utilized forming liquid metal 

amalgams during the reduction process limiting intermetallic compound formation 

resulting in well-defined peaks.  

A major criticism often leveled at the stripping voltammetric technique is 

the use of mercury working electrodes which pose a health hazard and as a 

consequence there is a shift towards the search for more environmentally friendly 

mercury free working electrodes [24, 25]. Much work and research has been 

invested into the search for alternative electrode materials resulting in the use of 

antimony and bismuth working electrodes as alternatives to mercury working 

electrodes. The thin bismuth-film electrode shows similar or comparable results to 

that of mercury-film electrodes since bismuth is capable of forming “fused” alloys 

with trace metals which is analogous to the amalgams formed with mercury [26, 

27]. Moreover, bismuth coated electrodes offer many attractive properties 

including, the simple preparation [24], high sensitivity, good stripping signal and 

excellent resolution of peaks [28]. 

Carbon based solid electrodes are suitable for a wide range of applications 

due to their wide potential window and low background current. Pencil graphite 

has been previously used as an electrode substrate material in different 

applications of stripping analysis. These applications include chemical and 

biosensors for determination of trace metals [29, 30], DNA and RNA [31] and 

uric acid in urine and blood samples [32]. The attractive features of PG 

distinguish it from other solid electrode materials. Pencil graphite has been 

evaluated as alternative to the common glassy-carbon and gold electrodes (GCE 
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and GE) due to its  good conductivity, little pretreatment steps, low cost, low 

background current and large scale availability.   

Coating the pencil graphite electrodes  with Nafion has shown to increase 

the detection sensitivity and alleviate the interference from the surfactants [33]. 

Nafion is a perfluorinated ionomer containing negatively charged sulfonic groups 

[34, 35]. Its many applications include proton-conducting membrane material for 

fuel cells [36] and determination of cadmium and lead in conjunction with 

graphene [37, 22, 8]. The Teflon like hydrophobic backbone and highly 

hydrophilic ionisable sulfonic groups are responsible for Nafion’s excellent 

chemical stability and ionic conductivity [38]. The unique ion- exchange, 

discriminative and biocompatibility properties have made Nafion-films useful for 

modifying electrode surfaces. The polar side chain of Nafion allows for CNTs and 

Graphene to be easily suspended in solutions of Nafion in phosphate buffer and 

alcohols [39]. 

The most common material on earth, carbon, forms the basis of all organic 

chemistry. Because the bonding is extremely flexible it forms a wide variety of 

structures and therefore also a wide variety of properties. Graphene, a 2D 

allotrope of carbon, is a very important material not only for fundamental research 

but also for device applications. It has its sp
2
 hybridized carbon atoms arranged in 

a honeycomb structure of hexagons [8]. Graphene has been attracting a lot of 

attention since it was first produced in 2004 and has shown to significantly 

improve the sensitivity in various applications [40]. In addition to the possibility 

of low power, high density, and high-speed switches, graphene- based devices 

may also be applied to other areas as a storm- thick membrane for sensing 
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pressure as components in nano-electrochemical systems or in chemical sensing 

because of their high surface area [37]. 

Many techniques have been incorporated to improve the sensitivity for the 

analysis of metal ions, namely, chemically modified electrode, heated electrodes 

etc. [40, 41]. Methods of developing active materials on electrode surfaces are 

crucial in the creation of sensitive high performance sensors. Commonly used 

coating methods include drop casting, dip coating and passive adsorption [8, 40, 

42, 43] of graphene solutions, prepared via the chemical reduction of graphene 

oxide [44, 45, 46, 47, 48]. The lack of control of film thickness and harsh 

reagents, which contaminate samples are a major downfall. Electrochemical 

reduction has been seen as a promising alternative due to its fast and green 

synthesis approach [49, 50, 51, 52]. Guo et al. and Chen et al. have proposed a 

direct electrochemical reduction method of preparing reduced-graphene films at 

electrode surfaces in order to control film thickness and limit structural defects in 

graphene sheets [49, 50]. 
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1.3. Objectives 

The objectives of this project are: 

• To investigate and understand the Square wave anodic stripping 

voltammetry technique; 

• To prepare thin film electrodes of Bismuth and investigate their responses 

towards Cd
2+

, Pb
2+

 and Zn
2+

;  

• To do a comparative study of Bi-films based on their instrumental 

parameters; 

• To investigate the ability to improve the sensitivity of the electrodes by 

coating them with Nafion- graphene nanocomposites and electrodeposited 

graphene without the use of a binder; and 

• To develop an analytical procedure for the determination of metals in 

water 

 

1.4. Research Questions 

• Would pencil graphite electrodes be suitable for use in trace metal 

analysis? 

• Would coatings such as Nafion and graphene improve electrode sensitivity 

in analysis or determination of trace metal concentrations? 

• Do bismuth film electrodes offer comparable results to other thin-metal 

films electrodes in terms of limits of detection and recoveries for real 

water samples? 
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1.5. Hypothesis 

It is possible to improve the sensitivity and detection limits of relatively 

cheap pencil graphite electrodes to below the USEPA standards of 0.5 ppm, 5 ppb 

and 10 ppb of Zn
2+

, Cd
2+

 and Pb
2+

 respectively using graphene based composites 

in conjunction with bismuth metal-films using square-wave anodic stripping 

voltammetry (SWASV). 

 

1.6. Research Approach 

A number of experiments were designed in order to understand the effect of: 

• Methods of Graphene Synthesis; 

• Coating Techniques of PGEs; 

• Instrumental Parameters on stripping voltammetry process; 

• Graphene based Bismuth film electrodes for improved sensitivities and 

detection limits towards trace metals; 

• Standard Addition Method on Recovery Studies of Test Solutions; 

• Real Sample analysis of graphene-based chemical sensor. 

 

In this study commercially bought Graphite powder, obtained from Sigma-

Aldrich, simulated water as well as real water samples collected from tap water 

from the Bellville Municipality area in Cape Town, South Africa was used. 

The chemistry involved during the synthesis of graphene was evaluated by 

analysis of solid, graphite-based structures, along the chemical synthesis process 
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by morphological and structural characterization techniques. These techniques 

included: FT-IR, EDS, Raman Spectroscopy, XRD, HRTEM, HRSEM and AFM 

Square-wave anodic stripping voltammetry (SW-ASV) was utilised using a Metro 

797 VA Computrance to evaluate the viability of graphene-based composites as 

enhanced detection material towards the detection of trace metals. This was 

achieved by investigation of instrumental parameters, calibration data, test 

solution analysis and real water samples. 

 

1.7. Scope and Delimitations 

The study involved the use of tap water samples from the Bellville 

Municipal region in Cape Town, South Africa and starting reagents for synthesis 

from Sigma Aldrich and Kimix Chemicals. The water sample was used for 

investigation of trace metals, Zn
2+

, Cd
2+

 and Pb
2+

.  

For tap water samples, numerous metal species present themselves such as 

Cu, Fe, Al, Mn, As, Se, Pb, Cd, Zn and Sb. Cd
2+ 

and Pb
2+

 were selected as they 

are naturally occurring oxidation states of commonly occurring heavy metal 

contaminants with oxidation states more negative than Bi
3+

 and maximum 

contamination levels (MCL) in the low parts per billion range. Zn
2+

, with MCLs 

in the ppm range shows the ability of modified electrodes to determine analytes in 

various concentration ranges. Further heavy metals such as copper and antimony 

were excluded as to alleviate known intermetallic interferences and were deemed 

to have MCLs outside of the low ppb range. Lake water samples were not 

collected due to the need for further purification before analysis. 
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Pentel 0.5 mm HB black lead with HI polymer were used in the production 

of the pencil graphite electrodes as they provided good stability and 

reproducibility. Other makes of “graphite-rods” were not tested. 

Chemical and electrochemical synthesis approaches were utilized in 

preparation of graphene for enhanced electrode sensitivity. The two methods 

provide reproducible and good quality graphene sheets without the need for 

expensive instrumentation which is not readily available for point-of-care 

detection.  

 

 

Figure 1.1: Geographic location of water sampling region under investigation 

in the study. 
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1.8. EG-PG-BiE Conceptual Diagram 

 

Figure 1.2: Conceptual diagram of the development of an Electrodeposited Graphene Pencil Graphite in situ plated Bismuth-film 

Electrode for the Determination of Heavy Metals by Anodic Stripping Voltammetry. 
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1.9. NG-PG-BiE Conceptual Diagram 

 

Figure 1.3: Conceptual diagram of the development of a Nafion-Graphene Nanocomposite Pencil graphite Bismuth-film Electrode for 

the Determination of Heavy Metals by Anodic Stripping Voltammetry. 
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1.10. Thesis Outline 

The thesis to follow is comprised of seven chapters which cover various 

aspects of the work covered. 

 

Chapter One: Introduction to the study 

Chapter One provides a brief introduction to heavy metal detection and their 

toxicity as well as provides a rationale and motivation of techniques and 

chemicals utilized in the study. The main objectives to be met, scope and 

delimitations, research approach and hypothesis are also provided. 

 

Chapter Two: Literature review 

A comprehensive survey of relevant literature pertaining to the study is 

discussed in Chapter Two. The review focuses on graphene, trace metals of 

interest and metal thin-films. For electrochemical analysis, a detailed background 

of electrodes, supporting electrolyte, voltammetric techniques such as stripping 

voltammetry and electrochemistry of metal ions are discussed. Analytical 

characterization techniques will also be introduced. Further, gaps in literature are 

identified and the relevance of this particular study highlighted.  

 

Chapter Three: Methodology 

Chapter Three outlines the use of equipment and techniques used in this 

work. Detailed descriptions of sample collection and preparation are highlighted. 
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All relevant protocols for analysis as well as synthesis and characterization are 

provided. 

 

Chapter Four: Morphological and Structural Characterization of Graphene 

In Chapter Four, the steps in the chemical synthesis, from starting reagents 

to produce graphene oxide (GO) and graphene is detailed. The chemistry involved 

in synthesis is reported and relevant findings from characterization techniques 

highlighted in order to confirm the production of good quality few-layer graphene 

sheets. Reference is made to relevant literature. Both spectroscopic and 

microscopic analysis techniques were used to scrutinize the graphene sheets 

produced.   

 

Chapter Five: Electrodeposited Graphene Pencil Graphite in situ plated 

Bismuth-film Electrode (EG-PG-BiE) 

Chapter Five provides further results and discussion. EG-PG-BiEs are 

prepared by electrochemical reduction of graphene oxide (GO) solutions. The 

main trends and significant findings are highlighted. Microscopic and 

electrochemical characterisation of the graphene-modified electrode is 

demonstrated. Recovery studies and calibration curves conducted on test solutions 

of known concentrations are shown as proof of concept. Real water sample 

analysis is performed at EG-PG-BiEs and concentrations calculated below the 

USEPA standards 
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Chapter Six:  Nafion-graphene Pencil Graphite Bismuth-Film Electrodes 

(NG-PG-BiE) 

Results and discussion related to NG-PG-BiEs are listed in Chapter Six. 

This chapter opens with the preparation of Nafion-graphene nanocomposites. The 

introduction is followed by the production of the modified electrodes, including 

methods of coating, parameter optimisation, electrolyte investigation, as well as 

calibration and recovery studies of test solutions. Comparison is made between N-

PG-BiEs and NG-PG-BiEs. Any relevant correlation is made to literature. The 

modified electrode is applied to real water samples below the USEPA standards. 

 

Chapter Seven: Conclusions and Future Work 

In Chapter Seven the hypothesis of this research is verified based on the 

results and discussion of the previous three chapters. Conclusions are drawn based 

on the results obtained and future work is specified. Future work arising from the 

work is suggested. 
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CHAPTER TWO: 

Literature Review 

 

2.1. Introduction 

This chapter describes the use of relevant materials for the preparation and 

application of electrochemical sensors for the detection of zinc, cadmium and 

lead. It highlights various electroanalytical techniques, as well as focuses on 

sensors modified with bismuth (Bi) as “green approaches” for detection. Further 

focus is placed on the use of nanomaterials and specifically graphene-composites 

for enhanced sensing capabilities. In addition, techniques for characterisation of 

graphene are reported and discussed. 

2.2. Electroanalytical Techniques for Heavy Metal Detection 

2.2.1. General Basis of Voltammetry 

Electrochemical techniques are of great interest to researchers as 

alternatives to common processes in existence. Electrochemical techniques are 

used to study reaction mechanisms, as well as kinetics and thermodynamics of 

electron and ion transfer processes [53]. Cheap instrumentation, good sensitivity, 

a wide linear concentration range, rapid analysis times and simultaneous 

determination of several analytes offers electrochemical techniques to a wide 

range of applications for inorganic and organic compounds [22]. The word 

“voltammetry” is derived from the root word ‘voltam-‘ which refers to both 

potential (“volt”) and current (“am”) [54]. The beginning of voltammetry was 
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facilitated by the discovery of polarography, which is a class of voltammetry 

where the working electrode is a hanging mercury drop electrode, in 1922 by the 

Nobel Prize winning chemist Jaroslav Heyrovský followed by expanded 

analytical methods which led to enhanced sensitivities obtained with voltammetric 

techniques. Voltammetric techniques involve the application of an applied 

potential difference, E, between the electrodes, while monitoring the resulting 

current, I [55, 56, 57].   

Voltammetry measurements are performed with the aid of a two or three 

electrode system in simple electrochemical cells as illustrated in Figure 2.1 below. 

Common electrochemical cells consist of a working electrode (WE), reference 

electrode (RE) and auxiliary or counter electrode (AE or CE). The working 

electrode, at which the reaction or transfer under investigation takes place, is an 

electron conductor and governs the oxidation or reduction of analytes at the 

electrode surface [2]. The reference electrode is kept under constant potential and 

acts as a measure to which current responses are determined [2]. In a three 

electrode system, the auxiliary or counter electrode acts as a counter reaction to 

that of the working electrode [55]. The AE minimizes errors from cell resistance 

in measurements.  

The application of a potential to the working electrode will result in a 

change in concentration of the electroactive species at the electrode surface. Mass 

transport and current occurs as a function of the change in concentration. As a 

result quantitative determination of various compounds is achieved in 

voltammetric analysis [55]. 
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Figure 2.1: Schematic representation of a common 3 electrode system 

electrochemical cell. R, reference electrode; W, working electrode; C, counter 

electrode; V, voltammeter; A, amperemeter [55] 

2.2.2. Theory and Definitions in Voltammetric Techniques 

Considering the general reversible electrode reaction: 

  (Eqn. 2.2.2.1) 

Two well-known laws may be applied for defining the relationship between the 

applied potential and surface concentrations of oxidation and reduction. Equation 

2.2.2.1 is a typical redox reaction and its equilibrium state is governed by the 

Nernst equation. The Nernst equation, represented by Equation 2.2.2.2 holds for 

thermodynamically reversible electrochemical reactions. Here as the potential is 

changed, equilibrium is re-established.  

,  (Eqn. 2.2.2.2) 
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Where; 

R is the gas constant, R = 8.314 472(15) J K
−1

 mol
−1

 

T is the absolute temperature (K) 

n is the number of electrons exchanged 

F is the Faraday constant, F = 9.648 533 99(24)×10
4
 C mol

−1
 

E
0
 is the standard redox potential for the ox/red couple 

For some techniques it is useful to know the relationship that links current, 

potential and concentration. The Butler-Volmer equation is an activation 

controlled reaction. Here the rate of a reaction is controlled only by the rate of the 

electrochemical charge transfer process. This equation is useful for estimating 

standard rate constant of electron transfer ks. Equation 2.2.2.3 represents the 

Butler-Volmer equation: 

 (Eqn. 2.2.2.3) 

Where; 

θ = nF(E-E
0
)/RT 

k
0
 is the heterogeneous rate constant 

α is the transfer coefficient 

A is the area of the electrode 

2.2.3. Common Voltammetric Techniques 

A wide range of dynamic methods in electroanalytical chemistry have been 

developed to solve various limiting factors of voltammetry. These techniques 

include the commonly used cyclic voltammetry, pulse methods as well as various 
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pre-concentration techniques. This section provides a brief discussion of 

voltammetric techniques used in heavy metal detection. 

2.2.3.1. Cyclic Voltammetry 

Cyclic voltammetry (CV) is a widely used technique in electrochemical 

analysis. It provides information of both oxidation and reduction half-cell 

reactions taking place at the working electrode [58, 59]. Starting from an initial 

potential (Ei), the potential is ramped to the switching potential (Eλ) before the 

direction of the potential scan is reversed. The scan rates between forward 

(νforward) and reverse (νreverse) are equal and always represented as positive values. 

If scanned from a negative potential, the forward part of the CV is oxidation. The 

shape of the cyclic voltammogram provides information as to the type of electrode 

reaction, the number of electrons involved as well as additional reactions like 

adsorption [58]. For reversible reactions the oxidation and reduction peaks are 

equal. The peak potential (Ep) and current (Ip) may be identified. The magnitude 

of the current is proportional to the concentration of the solution [54]. 
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Figure 2.2: A typical cyclic voltammogram recorded for a reversible single 

electrode transfer reaction [60] 

2.2.3.2. Normal Pulse Voltammetry 

Normal pulse voltammetry (NPV) makes use of a series of single steps with 

constant width and permanent increased amplitude to apply potential to the 

electrochemical cell [61]. Current is measured as a function of the applied 

potential which ranges in duration and intervals [55]. 

 

Figure 2.3: Potential form and resulting voltammogram in normal pulse 

voltammetry [153]. 
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2.2.3.3. Differential Pulse Voltammetry 

In differential pulse voltammetry (DPV), small pulses of constant amplitude 

(10-100 mV) are superimposed on a staircase-wave form [55]. Generally the 

potential scan rate in order to limit change in the ramp potential during pulse life. 

Differences in currents measured before and after the pulse are plotted as a 

function of potential. The resulting voltammogram has peak potential 

corresponding to rate of metal oxidation [2]. Figure 2.4 below represents a typical 

potential waveform and its resulting voltammogram in differential pulse 

voltammetry. The measured current is the difference between currents measured 

for each single pulse [55]. DPV offers improved signal-to-background response. 

Enhanced sensitivity is achieved by its slow scan rate. It may not be an attractive 

method for high concentration analysis where short deposition periods are 

sufficient [2]. The DPV currents are susceptible to interferences by surface-active 

materials [62]. Inexpensive instrumentation makes it an attractive application 

when measuring metals at the parts per billion ranges [63]. 

 

Figure 2.4: Potential form and resulting voltammogram in differential pulse 

voltammetry [153]. 
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2.2.3.4. Square-Wave Voltammetry 

Square-wave voltammetry (SWV) is a sophisticated technique in the pulse 

voltammetric techniques [64] and was first introduced by Barker [65]. SWV takes 

advantage of the differences in decay rates of the analytical and charge currents. It 

is defined by parameters including: step height, ΔE, and the step width, T. In 

SWV, a stair case potential sweep is employed. The current is measured at the end 

of each half-wave, prior to the potential change. The difference between forward 

half-cycle and reverse half-cycles are calculated and plotted as a function of 

potential and demonstrated by the voltammogram in Figure 2.5 below. High 

sensitivity and speed of analysis as well as insensitivity to dissolved oxygen make 

it an attractive option for heavy metal detection [66]. 

 

Figure 2.5: Potential form and resulting voltammogram in differential pulse 

voltammetry [153]. 

2.3. Pre-concentration Voltammetric Techniques (Stripping 

Voltammetry) 

Analytical techniques aim to provide lower detection limits, good sensitivity 

and good selectivity. The nature of mass transport and features of the electrode 

and electroactive species affect the limit of detection in voltammetric techniques 
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[55]. Many compounds are capable of dissolving or reacting with the electrode 

material forming an amalgam (mercury electrode) or alloy (bismuth electrode) 

soluble complex. This phenomenon forms the basis of pre-concentration 

voltammetric techniques; adsorptive stripping voltammetry (AdSV), anodic 

stripping voltammetry (ASV) and cathodic stripping voltammetry (CSV).  

2.3.1. Why use Stripping Voltammetry 

Every analytical technique offers its own advantageous and disadvantageous 

properties. The choice of analytical technique is usually due to the chemist’s 

preference and material type under investigation. As a result, this section 

discusses various techniques used for heavy metal detection. Graphite furnace 

atomic absorption spectroscopy (GFAAS), inductively coupled plasma 

spectroscopy (ICP) and stripping voltammetry (SV) are briefly compared. 
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Table 2.1: A summary of commonly available heavy metal detection techniques 

Analysis Method Advantages Disadvantages 

 

 

GFAAS 

 Detection limits in the ng 

L
-1

 

 Short atomisation time 

 Increased sensitivity 

 Small sample volumes 

 Large number of lamps 

 Automated sample and 

injection system 

 Expensive 

 Wasteful of inert gas 

 

ICP-OES 

 Large number of samples 

 Detection limits in µg L
-1

 

 Simultaneous analysis 

 Wasteful of inert gas 

 Expensive 

 Time consuming 

 

 

 

SV 

 4-6 trace metals 

simultaneously 

 Detection limits in µg L
-1

 

 Inexpensive 

 Low power demand 

 Species characterisation 

 Intermetallic 

interferences 

 Analysis limited to 

6 metals 

simultaneously 

 Electrode 

modification often 

limits choice of 

analytes 

 

2.3.1.1. Graphite Furnace Atomic Absorption Spectrometry (GFAAS) 

Many compounds break apart into gaseous phase when heated to a 

sufficiently high temperature. GFAAS makes use of this feature. Samples are 

vaporized at very high temperatures and the concentrations of selected atoms are 

determined by measuring absorption at their characteristic wavelengths [67]. The 

technique makes use of small sample sizes which are compensated by long 

residence times. The need for sample injection systems, expensive lamps and low 
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reproducibility are major drawbacks of the GFAAS technique [68]. Low detection 

limits in the ng L
-1

 are found. 

2.3.1.2. Inductively Coupled Plasma Spectrophotometry (ICP) 

ICP spectrophotometry is capable of simultaneously measuring a wide 

variety of elements in the µg L
-1

 range. ICP analysis is often wasteful of sample, 

requiring sample preparation to be employed in many instances and requires an 

excess of argon or other gases.. Instrumentation requires regular maintenance and 

is expensive increasing cost of analysis.  

2.3.1.3. Stripping Voltammetry (SV) 

Recently, a great deal of attention has been place on stripping analysis as an 

alternative to the commonly used GFAAS and ICP techniques discussed in 

sections 2.3.1.1 and 2.3.1.2 respectively. The ability to measure four to six trace 

metals at concentrations in the sub ppb range simultaneously is the biggest draw 

card for stripping analysis. Instrumentation is readily available, small in size and 

has a low power demand. Species characterization and multi-element analysis 

with automated stripping analysis make it a quick and robust technique. Little 

intermetallic interferences are exhibited with stripping voltammetric techniques. 

Point-of-care or on site analysis is possible with stripping analysis using a wide 

range of substrate materials. [2] 

2.3.2. Principles of Stripping Voltammetry 

In stripping analysis an electrolytic step to pre-concentrate sample from 

solution onto working electrode is used. An electrochemical measurement is then 

conducted in the presence of electrolyte to minimize matrix interferences. Trace 

metal analysis is usually performed by ASV [2]. A brief description of the theory 
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and definitions of voltammetric techniques and particularly the Nernst equation 

governing the faradaic reversible process of the ASV procedure is discussed in 

section 2.2.2. Figure 2.6 below is a brief summary of the stripping voltammetric 

procedure. 

 

Figure 2.6: A Summary of the Stripping Voltammetric Procedure 

2.3.2.1. Deposition Step 

In stripping voltammetry the deposition step is employed by applying a 

fixed potential for a definite time under reproducible hydrodynamic conditions. 

This pre-concentration step is responsible for low detection limits in stripping 

analysis [69]. Here the electro-plating of the analytes along with the in situ plated 

metal-film is performed by the formation of “fused alloys” [26, 27], or amalgams 

[2]. Accumulation is evident in the anodic version while deposition is required for 

cathodic stripping voltammetry to occur. The deposition potential and time is 

chosen depending on the concentration of metal ion present [69]. 
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2.3.2.2. Rest Period 

Stripping steps in all forms of stripping voltammetry (section 2.3.2.3 below) 

require uniform concentration distribution of the metal at the electrode surface or 

metal-film. A rest period is employed to allow formation of uniform concentration 

allowing the stripping step to be performed in quiescent solution [2]. 

2.3.2.3. Stripping Step 

The stripping step, which usually consists of an anodic potential sweep, is 

used to re-oxidize the deposited metal back into solution at specific standard 

potentials for the metal-metal ion couple [2].  Equation 2.3.2.3.1 below describes 

the ionic form: 

 (Eqn. 2.3.2.3.1) 

The resulting voltammogram provides the analytical information required. 

The peak potential occurs at standard redox potentials of the metal ion. The 

stripping peak current for each individual metal is proportional to the 

concentration in the solution. The various potential scan methods which may be 

employed in this step are discussed in section 2.2. 

2.3.3. Adsorptive Stripping Voltammetry 

Adsorptive stripping voltammetry is an extremely sensitive technique and 

has been used for the determination of a wide variety of compounds [70, 71, 72]. 

Upon application of an appropriate potential, oxidation or reduction of the 

accumulated compound by adsorption takes place. Sample preparation and 

contamination are important [55]. Chemically modified electrodes are often used. 
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2.3.4. Anodic Stripping Voltammetry 

As previously mentioned the anodic stripping voltammetry process is 

commonly used in heavy metal detection. The reduction of the present metal ions 

from solution takes place. Once amalgamation or fused alloy production is 

completed the metals are re-oxidised into solution [2]. Peak currents of 

subsequent voltammograms are proportional to metal ion concentrations. 

Intermetallic interference is a concern but can be accounted for by application of 

complexing agents or adjusting the deposition potential [55]. The two-step 

mechanism is illustrated by equation 2.3.4.1 and 2.3.4.2 [2]: 

Deposition:  M
n+

 + ne
-
 → M (Eqn. 2.3.4.1) 

Stripping Step: M → M
n+

 + ne
- 

(Eqn. 2.3.4.2) 

2.3.5. Cathodic Stripping Voltammetry 

Cathodic stripping voltammetry (CSV) is used in a wide range of organic 

and inorganic compounds which form insoluble salts. Potential sweeps are 

opposite to the ASV procedure. Here the deposition step involves oxidation of 

compounds. The mechanism of cathodic stripping voltammetry is represented by 

equations 2.3.5.1, 2.3.5.2 and 2.3.5.3 [2]. 

Deposition:   M → M
n+

 + ne
-
 (Eqn. 2.3.5.1) 

M
n+

 + A
n-

 → MA (Eqn. 2.3.5.2) 

Stripping step:  MA + ne
-
 → M + A

n-
 (Eqn. 2.3.5.3) 
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2.4. Bismuth-Film Electrodes for Trace Metal Analysis 

2.4.1. Introduction 

A major criticism often leveled at the stripping voltammetric technique is 

the use of mercury working electrodes which pose a health hazard and as a 

consequence there is a shift towards the search for more environmentally friendly 

mercury free working electrodes [24, 25]. Much work and research has been put 

into the search for alternative electrode materials resulting in the use of antimony 

and bismuth working electrodes as alternatives to mercury working electrodes. 

Since its introduction for electroanalytical purposes in 2000 the BiE has garnered 

a lot of attention [73]. The thin bismuth-film electrode shows similar or 

comparable results to that of mercury-film electrodes [74] since bismuth, is 

capable of forming “fused” alloys with trace metals which is analogous to the 

amalgams formed with mercury [26, 27]. Moreover, bismuth coated electrodes 

offer many attractive properties including, the simple preparation [24], high 

sensitivity, good stripping signal and excellent resolution of peaks [28]. 

2.4.2. Preparation of Bismuth Electrodes (BiE) 

2.4.2.1. Substrate and Cleaning Procedures 

Traditionally a wide range of carbon-based substrate materials are used as 

support for bismuth films. The size and shape of electrode does not affect 

electrode coating. Bismuth is plated on similar substrates to mercury. Many 

different types of materials have been used as substrates for BiFE; including 

glassy carbon [73], wax impregnated graphite [27], carbon paste [75], pencil-lead 

[40] etc. In many applications when pre-plating is used, the same bismuth-film is 
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required for subsequent analysis methods. A cleaning potential is applied for short 

time periods at potentials more negative for in situ [48] and more positive for ex 

situ [76] plating of the bismuth-film. The cleaning step allows for reproducible 

analysis to be performed.  

2.4.2.2. Plating of Bismuth 

Plating of the bismuth film is imperative for reproducible and accurate 

analysis in stripping voltammetry. Three common methods are employed for the 

preparation of bismuth electrodes. In in situ plating bismuth ions are co-deposited 

with metal ions under investigation [77, 8]. This method allows for shorter 

analysis times and reproducible results. Here, the concentration of Bi (III) controls 

the thickness of the bismuth film [78]. By varying the bismuth concentration peak 

heights or stripping peak currents are affected while peak position remains 

generally unchanged. At too high bismuth ion concentrations, saturation causes a 

reduction in sensitivity [75]. Ex situ deposition of bismuth-ions before electrode is 

transferred to solution under investigation is the second method of electro-plating 

[76]. Modification of electrodes with a bismuth precursor, such as Bi2O3 [79] is 

another method of bismuth electrode preparation and is confined to carbon-paste 

electrodes [80]. It has one major drawback in that it results in shifts in stripping 

peak potentials [79]. 

 

2.4.3. Applications and Interferences of Bismuth Electrodes 

A major drawback of stripping voltammetry and analytical chemistry in 

general are interferences caused by loss of analytes, contamination and human 
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error. These interferences affect electrode sensitivity and accuracy of the stripping 

technique. 

Interferences in bismuth-film electrodes are largely attributed to the 

adsorption of surface active compounds, contamination, formation of intermetallic 

interferences and poor resolution between adjacent peaks [80]. Fouling of the 

electrode and impeded sensitivity occur as a result of adsorption of surface active 

compounds on the electrode surface. , the permselective membrane has shown to 

increase the detection sensitivity [40, 8] and alleviate the interferences from 

surfactants at bismuth film electrodes [33]. Contamination usually arises from 

impurities in reagents and improper cleaning procedures. Blanks are performed to 

limit the error caused by cross-contamination and is largely used. The use of 

Teflon or polypropylene containers are also used and reduce the chances of 

adsoption onto the inner walls of containers. Numerous intermetallic compounds 

have been reported; these include the following combinations.: Ag-Cd, Ag-Cu, 

Ag-Zn, Au-Cd, Au-Ga, Au-Mn, Au-Sn, Au-Zn, Co-Zn, Cu-Cd, Cu-Ga, Cu-In, 

Cu-Mn, Cu-Ni, Cu-Sb, Cu-Sn, Cu-Tl, Cu-Zn, Fe-Mn, Mn-Ni, Ni-Ga, Ni-Sb, Ni-

Sn, Ni-Zn, Pt-Sb, Pt-Sn and Pt-Zn [2]. Intermetallic interferences depress or shift 

stripping peaks of particular ions. These interferences are usually alleviated by the 

addition of an additional complexing ion such as Ga(III) to reduce the Cu-Zn 

interference [81]. 

The metal ions so far detected by stripping analysis include Cd, Pb, Zn, Tl, 

In and Cu by anodic stripping analysis and Ni, Co and Cr by adsorptive stripping 

analysis [80]. In the last decade a large shift has been made to the analysis of 

environmental, clinical and food analysis. Determination of heavy metals in tap 
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water [40, 27], urine [82], soil [83, 84] and hair samples [27] have all been 

previously reported at bismuth electrodes. Good sensitivity and reproducibility 

were reported for the ‘green’ electroanalytical approaches. 

Further applications of Bismuth electrodes include their use in the analysis 

of organic compounds [85]. Carbon paste electrodes were used in conjunction 

with an ex situ plated BiF for the detection of neonicontinoid insecticides by DPV 

[86]. Kreft et al. reported the use of a bismuth-film electrode for the determination 

of Vitamin B12 by CV and square-wave adsorptive stripping voltammetry [87].  

2.5. Nanoscience 

Nanotechnology and nanoscience is a popular and largely emerging area of 

science in modern times. It spans a large variety of fields and has therefore 

attracted many researchers from physics, biotechnology, chemistry and 

engineering fields alike. It is for this reason that large amounts of public and 

private sector funding have been dedicated to research in this field [88]. Many 

nanomaterials are naturally occurring in nature and as a result scientists have set 

about trying to imitate these materials by biomimetics. 

Nanotechnology is the term given to those areas of science and engineering where 

phenomena that take place at dimensions in the nanometre scale are utilised in the 

design, characterisation, production and application of materials, structures, 

devices and systems [89]. It is clear that being able to manipulate and control 

various materials at the nanoscale (chemistry and physics that are on the length 

scale of 1-100 nm) may have a significant impact on society and pose beneficial 

properties for a large range of applications. 
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Nanotechnology exploits benefits of ultra-small size, enabling the use of 

particles to deliver a range of important benefits. It may be used to attain 

transparent or thin film coatings as well as modification of surfaces with minimal 

material.   

The phenomena intrinsic to the nanoscale are: Size confinement, 

Dominance of interfacial phenomena and Quantum Mechanics.  

At the nanoscale we are concerned with the nature of matter between atoms and 

molecules, also known as quantum mechanics. It is this quantum effects which 

result in unique properties namely, functionality and structure [90]. These 

properties are achieved through four quantum mechanisms: 

 Quantum confinement: is change of electronic and optical properties when 

the material sampled is of sufficiently small size - typically 10 nanometers 

or less. The bandgap increases as the size of the nanostructure decreases. 

Specifically, the phenomenon results from electrons and holes being 

squeezed into a dimension that approaches a critical quantum 

measurement, called the exciton Bohr radius [91]. 

 Discretisation: only defined energy levels are allowed for particles. 

 Superposition: involves the overlapping of waves and shows the 

mathematical probability of how either constructive, destructive 

interference will occur. 

 Entanglement: Quantum effects of two or more objects are linked together. 

One object can’t be described without mention of the other. 

Synthesis of nanomaterials may be divided into two main approaches 

distinguishable by their starting materials: Top- down and bottom- up approaches.  
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Top-down: Structures are etched into bulk materials in order to produced nano- 

sized materials. 

Bottom-down: Bringing atomic and molecular building blocks together by 

covalent and non-covalent interactions to make self-assembled nanostructures 

[92]. 

2.6. Graphene 

2.6.1. Carbon Allotropes 

Carbon is one of the most abundant materials found on earth and is naturally 

occurring in many forms and substances. Not many materials exist entirely of 

carbon. These substances are known as allotropes. Allotropes are compounds that 

exist in forms with different chemical structures [93]. Some common examples of 

allotropes are phosphorus (“white” or “yellow”, “red”, and “black / purple”), 

oxygen (O2 and O3) and finally carbon (diamond, graphite, fullerenes and carbon 

nanotubes, or CNTs). Graphite and diamond are the two most commonly used 

forms of carbon over the centuries due to the ease of availability. Due to the 

hybridization (sp
3
 and sp

2
) and bonding of the carbon atoms different allotropes 

will exist. Carbon may also exist in an unordered arrangement known as 

amorphous carbon. Three nanoscale forms of carbon have attracted lots of 

attention; Buckeyballs, carbon nanotubes and Graphene due to their distinct 

properties at the nanoscale [94]. 
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Figure 2.7: Structures of selected carbon allotropes [95] 

2.6.2. Introduction to Graphene 

Carbon is the most common material on earth; it forms the basis of all 

organic chemistry. Because the bonding is extremely flexible it forms a wide 

variety of structures and therefore also a wide variety of properties. Graphene, a 

2D allotrope of carbon, is a very important material not only for fundamental 

research but also for device applications. It has its carbon atoms arranged in a 

honeycomb structure of hexagons with sp
2
 hybridization [8]. These sp

2
 hybridized 

carbon atoms are arranged in single sheets. It takes at least 10 such sheets stacked 

on top of each other for it to be considered bulk graphite [94].  

The extra quantum confinement of the electrons due to the lack of a third 

dimension provides graphene with novel properties. Graphene is transparent, 

flexible and strong [96] and acts as a mobile charge carrier enabling enhanced 
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conductivity [97]. Graphene has shown to significantly improve the sensitivity in 

various applications [40]. In addition to the possibility of low- power, high 

density, and high-speed switches, graphene- based devices may also be applied to 

other areas as a storm- thick membrane for sensing pressure as components in 

nano-electrochemical systems or in chemical sensing because of their high surface 

area [37]. 

2.6.3. Discovery of Graphene 

The discovery of graphene was based on the hypothesis of Andre Geim and 

Kostya Noveselov in 2003, that using scotch tape it was possible to peel away 

layers of graphite. The tape was dissolved in solution, leaving behind thin flakes 

of graphite (10 layers thick). This technique yielded the first graphene sheets in 

2004 [98].  

2.6.4. Structure of Graphene 

As stated above, graphene is a quasi 2D sheet of carbon atoms arranged in a 

honeycomb lattice. Individual sheets are held together by sp
2
 bonds [94]. The 

carbon-carbon bond length is approximately 0.142 nm. The electronic structure of 

10 layer sheets resembles graphite [99]. Many definitions exist as to what is 

deemed graphene and what remains bulk graphite. It is possible to distinguish 

between single-, double- and few- (3 to < 10) layer graphene as three different 

types of 3D crystals [97]. The unit hexagonal cell of graphene contains two 

carbon atoms with an area of 0.052 nm
2
.  
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Figure 2.8: Diagram representing the graphene lattice unit cell [100]. 

2.6.5. Properties of Graphene 

2.6.5.1. Electrical Properties of Graphene 

In theory, graphene is known as a zero-gap semiconductor [98]. The valence 

and conduction bands of graphene do not overlap as in metals but touch at the 

Fermi level (the border between valence and conduction bands in conductors) 

[101]. This feature leads to an entirely new transport mechanism in graphene [94]. 

Electrons in graphene have a linear dispersion relation and behave like massless 

relative particles [102]. The conductivity of bulk graphene is 0.96x10
6
Ω

-1
cm

-1
. 

The quantum Hall Effect, discovered in 1980 is due to the unusual nature of 

charge carriers in graphene, behaving like massless particles and move with little 

scattering under ambient conditions. 
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2.6.5.2. Optical Properties of Graphene 

Due to its transparency, graphene has attracted lots of attention in many 

fields including transparent displays in electronics. The rate of absorption of 

incident white light is πα or 2.3 % where α is the fine structure constant [103]. 

The D and G bands produced by Raman spectroscopy of graphene are optical 

bands which occur due to compressing and breathing modes respectively. 

2.6.5.3. Mechanical Properties of Graphene 

Graphene is an extremely light material and is known as one of the strongest 

materials ever tested. It weighs 0.77 mg m
2
, with a breaking strength 100 times 

greater than steel. The breaking strength of graphene is 42 N m
-1

. Many studies 

have been conducted to measure the tensile strength of single graphene sheets 

using atomic force microscopy (AFM). 

2.6.6. Synthesis of Graphene 

A wide range routes for the synthesis of graphene exist and are used and 

studied in modern times. The use of instrumentation, materials, cost of production 

and efficiency as well as the quality of graphene produced is major contributing 

factors to the choice of synthesis method.  

The scotch tape method developed by Geim et al. [97] is one of the first and 

simplest methods of preparing thin graphene sheets. Here, scotch tape is used to 

separate or exfoliate thin sheets of graphite. The scotch tape is then folded 

repeatedly until transparent sheets are observed. The produced graphene sheets are 

transferred to silicon wafers for analysis. The method produces exfoliated 

graphene sheets without the use of expensive instrumentation. 
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Chemical synthesis to produce graphite oxide is commonly employed in 

research laboratories around the world. Three principle methods are used for the 

synthesis of GO: Brodie [104], Hummers [105] and Staudenmeier [106]. The 

produced GO is subsequently reduced to graphene via many routes. Chemical 

reduction using sodium borohydride or hydrazine, thermal reduction, 

photoreduction, electrochemical reduction etc. are commonly used. The formation 

of defects in the graphene structure is a major drawback of this technique.  

Chemical vapor deposition (CVD) is the most promising method to produce 

graphene. The CVD methods results in high quality single graphene sheets on a 

large scale, without the need for further treatment [107]. As a result the method is 

one of the cheapest graphene synthesis methods. The CVD method can be 

employed to grow single sheets of graphene on arbitrary surfaces using transition 

metal catalysts [108].  

Further methods of synthesis are epitaxial growth and the burning of 

magnesium ribbons to convert carbon dioxide to graphene [109]. 

2.6.7. Applications of Graphene 

The novel electrical, thermal, mechanical and optical properties of graphene 

lend it to a wide range of applications. A great deal of research into graphene as 

alternatives to existing materials is being employed in laboratories around the 

world. Graphene has attracted lots of attention as a replacement to traditional 

electrode materials such as indium tin oxide in electrical and optical devices 

[110]. It is used as low cost display screens in mobile devices [111], lithium-ion 

batteries [112], ultracapacitors [113], fuel cells [114], hydrogen storage [115], 
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light weight gas tanks, solar cells, electrodes in electrochemical sensors [8, 48, 

116].  

Modifying carbon based electrodes with graphene and reduced graphene 

oxide has attracted lots of attention since its discovery. The intrinsic 

physiochemical properties (high surface area, excellent conductivity, high 

mechanical strength and ease of functionalization and mass production) make it a 

perfect platform for a wide range of applications. Graphene-based electrochemical 

sensors have often been employed as chemical and biological sensors for 

environmental analysis. The use of graphene-based electrodes for particular use in 

heavy metal determination is of particular interest to many scientists. Li et al. and 

Willemse et al. reported Nafion-Graphene composite films for Pb
2+

 and Cd
2+

 at a 

bismuth-film and Zn
2+, 

Cd
2+

, Cu
2+

 and Pb
2+

 at a mercury film using DPSV and 

ASV respectively [11,8]. These works show improved sensitivity due to  

increased surface area and better conductivity due to the inclusion of graphene 

compared to work performed by Kefala et al. and Demetriades et al. at Nafion-

modified, bismuth-film pencil electrodes for Pb and Zn and Pb, Cd and Zn 

determination using SWASV [27,40]. The above mentioned graphene-based 

electrodes exhibit superior detection properties over their carbon nanotube 

[25,142] and graphite nanofiber [141] counterparts. Gong et al. reported an Hg
2+

 

sensor with graphene and gold nanoparticles with detection limits as low as 6 ppt. 

The sensor inhibits the interference from other heavy metal ions such as Cu
2+

, 

Cr
3+

, Co
2+

, Fe
3+

, Zn
2+

 and I
− 

[154] and further supports the use of nanocomposites 

for enhanced detection capabilities.  
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2.7. Pencil Graphite Electrodes 

Carbon based solid electrodes are suitable for a wide range of applications 

due to their wide potential window and low background current. Pencil graphite 

has been previously used as an electrode substrate material in different 

applications of stripping analysis. These applications include chemical and 

biosensors for determination of trace metals [29, 30], DNA and RNA [31] and 

uric acid in urine and blood samples [32]. The attractive features of PG 

distinguish it from other solid electrode materials. Pencil graphite has been 

evaluated as alternative to the common glassy-carbon and gold electrodes (GCE 

and GE) due to its  good conductivity, little pretreatment steps, low cost, low 

background current and large scale availability.   

A comprehensive spectroscopic characterization of pencil graphite 

electrodes was conducted by J. Kariuki [117]. 

Many techniques have been incorporated to improve the sensitivity for the 

analysis of metal ions, namely, chemically modified electrode, heated electrodes 

etc. [40, 41]. Methods of developing active materials on electrode surfaces are 

crucial in the creation of sensitive high performance sensors. Commonly used 

coating methods include drop casting, dip coating and passive adsorption [8, 40, 

42, 43] of graphene solutions, prepared via the chemical reduction of graphene 

oxide [44, 45, 46, 47, 48]. The lack of control of film thickness and harsh 

reagents, which contaminate samples are a major downfall. Electrochemical 

reduction has been seen as a promising alternative due to its fast and green 

synthesis approach [49, 50, 51, 52]. Guo et al. and Chen et al. have proposed a 

direct electrochemical reduction method of preparing reduced-graphene films at 
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electrode surfaces in order to control film thickness and limit structural defects in 

graphene sheets [49, 50]. Dip coating of nanomaterials and Nafion [40] have also 

been previously reported. 

 

2.8. Characterization Techniques 

The quality of graphene oxide (GO) and graphene produced in any synthesis 

route is imperative in understanding the properties which individual sheets may 

poses. The applications of individual graphene sheets are governed by these 

properties. Various characterization techniques are employed to investigate the 

purity and defects of graphene. A brief discussion of Fourier transformed infrared 

spectroscopy (FT-IR), x-ray diffraction (XRD), Raman spectroscopy, atomic 

force microscopy (AFM), high resolution transmission electron microscopy 

(HRTEM) and high resolution scanning electron microscopy (HRSEM) are listed 

below. 

2.8.1. Fourier Transformed-Infrared (FT-IR) Spectroscopy 

The FT-IR spectroscopy technique is used to determine qualitative and 

quantative features of IR-active molecules in organic and inorganic solid, liquid or 

gas samples. Functional groups in various samples are investigated. It is an 

inexpensive and rapid method of detection [118]. In simple FT-IR analysis an 

interference wave interacts with a sample at a specific wavelength and the amount 

of light absorbed is measured [119]. 
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2.8.2. X-ray Diffraction (XRD) 

In XRD the atomic or molecular structure of a crystal can be determined. 

Samples cause an X-ray beam to diffract into many specific directions. The angles 

and intensities of incident light are measured and used to determine a picture of 

the molecule. Crystalline, amorphous and non-amorphous materials of the same 

element can be differentiated. Detailed information about the chemical 

composition and crystallographic structure of natural and manufactured materials 

can be observed [120]. 

2.8.3. Raman Spectroscopy 

In Raman spectroscopy, photons of laser light are absorbed and re-emitted 

by a sample under investigation. The frequency of re-emitted phonons is 

measured in response to the original frequency. The spectra obtained provide 

information as to the vibrational, rotational and low frequency transition metals. 

Functional groups as well as changes in structure are obtained [121]. 

2.8.4. Atomic Force Microscopy (AFM) 

The surface morphologies of various samples are measured by atomic force 

microscopy. It is a mechanical imaging instrument meaning it does not rely on 

electromagnetic radiation or electron beams. In AFM, a cantilever is moved along 

the surface of a specimen or material. The measured deflection of the cantilever is 

used to image the sample surface. 

2.8.5. High Resolution Transmission Electron Microscopy (HRTEM) 

Transmission electron microscopy (TEM) replaces optical light with an 

electron beam. The interaction of this beam with sample produces photons which 
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are collected on a photon screen. The energy of electrons striking this screen 

produce light creating an image. The morphology of a sample is determined.  

2.8.6. High Resolution Scanning Electron Microscopy (HRSEM) 

Like TEM, scanning electron microscopy is a type of electron microscope 

that produces and image by interaction with an electron beam. The signals 

produced provide information as to the surface topography and composition of a 

sample. 

2.8.7. Summary of Characterization Techniques 

Table 2.2: A summary of Characterization Techniques used in the study 

Technique Use 

FT-IR Structural Configuration 

XRD Structure/ Mineralogy 

TEM, SEM Morphology and Particle Size 

XRF, ICP, AAS Composition 

AFM Morphology 

Raman Spectroscopy Vibrational and Rotational Frequency modes/ 

Configuration 

Cyclic Voltammetry Electro activity 

SECM Electro activity, Corrosion, Morphology, 

Topography, Coating uniformity 
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CHAPTER THREE: 

Experimental Approach 

3.1. Introduction 

This section details the instrumentation used and experimental procedures 

utilised in acquiring the relevant data utilized in this study. A step-by-step account 

of sample and electrode preparation is provided.  

3.2. Apparatus 

Square-wave anodic stripping voltammetric measurements were performed 

using a 797 VA COMPUTRACE instrument (Metrohm, Switzerland) controlled 

by a personal computer. A three electrode electrochemical system consisting of an 

electrodeposited graphene pencil graphite bismuth-film electrode (EG-PG-BiE) 

served as the working electrode. An Ag/AgCl (saturated KCl) and platinum wire 

served as the reference and counter electrodes, respectively. All experiments were 

performed in a one compartment 20 mL voltammetric cell at room temperature. 

Fourier Transform Infrared (FT-IR) spectra were recorded using a (Perkin 

Elmer Spectrum 100) coupled to an Attenuated Total Reflectance (ATR) sample 

holder. FT-IR was used to obtain information and confirmation on graphene 

oxide. Scanning Electron Microscopy (SEM) measurements were performed 

using a LEO 1450 SEM 30 kV instrument equipped with Electronic Data System 

(EDS) and Windows Deployment Services (WDS); images were taken using the 

secondary electron detector. The samples were dried in a vacuum oven and 

deposited on the silicon grid surface before SEM observations. High Resolution 
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Transmission Electron Microscopy (HRTEM) measurements were carried out 

with a Tecnai G2 F20X-Twin MAT Field Emission Transmission Electron 

Microscope from FEI (Eindhoven, Netherlands) under an acceleration voltage of 

200 kV. The samples were prepared by dropping a dilute suspension of graphene 

oxide in ethanol onto copper grids followed by air drying at room temperature. 

XRD measurements were carried out using a Bruker AXS D8 Advance 

diffractometer from BRUKER- AXS Germany with Cu-Kα radiation and Raman 

spectroscopy was obtained using a Dilor XY Raman spectrometer with a Coherent 

Innova 300 Argon laser with a 514.5 nm laser excitation. A tapping-mode atomic 

force microscope (Veeco Nanoman V) was employed to evaluate the morphology 

of graphite and graphene oxide, with special emphasis on estimating its thickness. 

The silicon tip [antimony (n) doped] had a curvature radius of 2.5 – 3.5 μm, a 

force constant of 1 – 5 N m
-1

 and a resonance frequency of 60 – 100 kHz. The 

samples for AFM were prepared by drop coating the graphite/water and graphene 

oxide/water (5 μL) dispersion onto a silicon wafer. 

3.3. Reagents  

All chemicals used in this study were analytical reagent grade and used 

without further purification. Standard stock solutions (1,000 mg L
-1

, atomic 

absorption standard solution) were obtained from Sigma-Aldrich and diluted as 

required.  

Acetate buffer (0.1 M, pH 4.6) was used as supporting electrolyte and 

prepared by mixing glacial acetic acid and sodium acetate followed by diluting the 

solution with ultra-pure distilled water (Millipore). A pH meter (Metrohm 827 pH 

 

 

 

 



Chapter Three: Experimental Approach 
 

50 
 

Lab.) was calibrated using pH 4 and pH 7 calibration buffer solutions and, then 

used to verify the pH of the acetate buffer (supporting electrolyte) solution 

Chemicals Source 

1 wt. % Nafion Aldrich 

Isopropyl-alcohol Sigma-Aldrich 

Cadmium Fluka 

Lead Fluka 

Copper Fluka 

Zinc Fluka 

Bismuth Fluka 

Antimony Fluka 

Mercury Fluka 

Glacial Acetic Acid Sigma-Aldrich 

Sodium Acetate Sigma 

Double-distilled Water - 

96 % Ethanol Saarchem 

37 % Hydrochloric Acid Saarchem 

65 % Nitric Acid KIMIX 

 

3.4. Standard solutions 

Standard solutions were prepared in polyethylene vials in order to limit 

absorption onto the inner walls of the vial. Atomic absorption stock solutions of 

Zn
2+

, Cd
2+

 and Pb
2+

 (1000 ppm) were diluted with 0.01 M HCl.  
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3.5. Acetate buffer solution (Electrolyte solution) 

Ultrapure water was mixed with appropriate amounts of sodium acetate and 

glacial acetic acid in order to prepare a 0.01 M acetate buffer solution (ABS) 

which was used as the electrolyte for all electrochemical experiments.  

3.6. Nitric acid solution 

Nitric acid (65 %) was diluted with high purity distilled water on a volume 

to volume basis to prepare a 6 M Nitric acid solution. The prepared solution was 

utilised for electrode and glassware cleaning. 

3.7. Synthesis of graphene oxide (GO) 

Graphite oxide was synthesized from graphite powder according to the 

Hummers method [105] with some modification. Graphite powder (2 g) and 

sodium nitrite (1 g) were mixed with sulfuric acid (50 mL) in a clean dry conical 

flask and stirred at room temperature for 30 minutes, followed by subsequent 

mixing in an ice bath for 20 min. Potassium permanganate (7 g) was added 

gradually over a 30 minute period with constant stirring. The resulting solution 

was allowed to reach room temperature prior to being placed in a water bath set at 

35 
o
C and, left to stir for 2 hours. The flask was returned to the ice bath with 

constant stirring. Ultra-pure water, 150 mL, was added before the addition of 

approximately 5 mL hydrogen peroxide until effervescence ceased. The flask was 

removed from the ice bath and allowed to stir at room temperature overnight and 

centrifuged for 20 minutes. Three successive acid washes were performed 

followed by one with ultra-pure water. The resulting product was the dried for 48 
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hours in a vacuum oven. The prepared graphite oxide (10 mg) was exfoliated in 

10 mL of ultra-pure water or Ethanol to give a 1.0 mg mL
-1

 GO solution. 

 

Figure 3.1: Graphic representation of GO synthesis from graphite powder 

3.8. Synthesis of graphene powder 

Synthesised graphene oxide (100 mg) was dispersed in a 100 mL portion of 

ultra-pure distilled water in a 250 mL round-bottom flask by ultrasonication for 1 

hr. Following the ultrasonication, 200 mg NaBH4 was added and stirred for 30 

min. The resulting solution was allowed to cool to room temperature before 

refluxing over silicon oil at 135 
o
C for 3 hrs. Once cooled, the synthesis yields a 

100 mL graphene in water solution. Separation of aqueous layer from the back 

solid was then performed by centrifugation, followed by resting the solution 

overnight. The top layer was then decanted and discarded. The graphene produced 

was dried at 60 
o
C for 3 days in a vacuum oven. 
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Figure 3.2: Graphic representation of reduction of graphene oxide (GO) to 

form graphene powder 

3.9. Preparation of graphene oxide (GO) solutions for 

electrochemical reduction 

The prepared graphite oxide (10 mg) was exfoliated in 10 mL of 0.1 M 

acetate buffer solution (pH 4.6) by ultrasonication for 1.0 hour to give a 1.0 mg 

mL
-1

 GO solution. 

3.10. Preparation of graphene solutions 

Graphene solutions were prepared by a weight-to-volume method. 

Appropriate amounts of graphene powder were accurately weighed out and 

dispersed in Ethanol prior to ultrasonication for 1.0 hour.  
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3.11. Preparation of Nafion solutions 

3.11.1.  1 % Nafion Solution 

A 1 mL portion of 5 wt. % Nafion was diluted using 5 mL ethanol in Ependorf 

tubes to yield a 1 % Nafion solution. 

3.11.2.  0.2 % Nafion Solution 

200 μL of 5 wt. % Nafion was diluted using 5 mL ethanol in Ependorf tubes to 

yield a 0.2 % Nafion solution. 

3.12. Nafion-graphene (NG) solution  

0.25 wt. % NG solutions were prepared by mixing 0.2 % Nafion solution 

with appropriate amounts of graphene powder followed by ultrasonication for 1 

hour. 

3.13. Preparation of Pencil Graphite Electrodes 

The pencil graphite rods (Pentel, HB of 0.5 mm in diameter and 6 cm in 

length) were purchased from the local book store. A plastic syringe served as a 

holder into which the pencil rod was inserted exposing 1 cm of the rod tip at one 

end of the syringe. In order to establish electrical connection with the potentiostat 

a copper wire was attached to the other end of the pencil rod and passed through 

the top of the syringe.  
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3.14. Electrode cleaning 

To achieve accurate and reproducible results in quantitative analysis 

impeccable electrode hygiene was applied. The pencil graphite electrodes were 

thoroughly cleaned before each use in a simple reproducible manner. A small 

quantity of ethanol was placed onto soft tissue paper and the surface of the 

electrode gently wiped followed by thorough rinsing with ultra-pure water. 

Successive dipping of the PGE in a 6 M HNO3 solution and rinsing with ultra-

pure water followed. 

3.15. Nafion-graphene pencil graphite electrode (NG-PGE) 

preparation 

Each pencil graphite electrode surface was electrochemically pretreated by 

applying a potential of +1.4V for 30 s in the blank supporting electrolyte (0.1 M 

acetate buffer solution (ABS) pH 4.6) without stirring in order to increase the 

hydrophilic properties of the electrode surface through the introduction of 

oxygenated functionalities, accomplished with oxidative cleaning as demonstrated 

in the work by Levent et al [122]. The pre-treated pencil graphite electrodes were 

immersed in vials containing NG solution for 5 min and air dried allowing for the 

evaporation of solvent. This process was repeated three times to produce 

uniformly coated NG-PGEs. 
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3.16. Electrochemical reduction of GO to form electrodeposited 

graphene pencil graphite electrodes (EG-PGE) 

The cyclic voltammetric reduction was performed in 10 mL of GO 

dispersion (1 mg mL
-1

) with constant stirring on a 797 VA COMPUTRACE 

instrument in the potential range between -1.4 and +0.3 V for seven successive 

cycles. The instrumental parameters used for the electrodeposition procedure were 

as follows; deposition time (120 s), frequency (50 Hz), amplitude (0.04 V) and 

voltage step (0.004 V). 

3.17. Procedure SWASV analyses 

The electrodes were immersed into the electrochemical cell containing, 10 

mL of acetate buffer (0.1 M, pH 4.6), 10 µL of Bi
3+

 stock solution (1000 µg mL
-

1
), and the target metal ions. A reduction potential (-1.4 V) was applied to the 

working electrode (EG-PGE) with constant stirring at 1000 rpm for 120 seconds 

resulting in the in situ deposition of the bismuth film and target metal ions (Zn
2+

, 

Cd
2+

, and Pb
2+

) onto the EG-PGE. After a brief rest period (10 seconds) the 

potential was scanned from -1.4 V to +0.3 V by applying a square- wave 

waveform to the EG-PGE. At the end of the scan the EG-PGE was 

electrochemically cleaned from the residual metals by applying a potential of 30 s 

at +0.3 V, with stirring.  

The optimum instrumental parameters were determined for each film by 

varying one while keeping the remaining ones constant and investigating the 
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effects on the peak heights produced by the current. These optimum conditions 

were then utilized for all further experiments. 

Before each experiment was performed a base line was recorded without 

any metals present in the cell in order to determine whether the electrode surface 

and cell was clean and to check for any spurious peaks. 

Once an understanding of the technique as well as the electrode developed 

was achieved, the electrode was used for real life sample applications namely, for 

tap water analysis. 

3.18. Quantitation 

The method of standard addition was used to determine the concentration of 

the analytes. For reproducibility purposes, each analysis was repeated four times. 

The concentration of the analytes was calculated using the standard addition 

formula (3.18.1). 

  (Eqn. 3.18.1) 

Where, 

c (unknown)  = concentration of the final unknown solution. 

c (standard) = concentration of the standard solution. 

V = volume of the sample solution. 

v = volume of the standard solution added. 

i = peak height of the unknown solution. 

i’ = peak height of the unknown solution + standard. 
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3.19. Sample preparation 

Tap water was collected in our laboratory after allowing water to run for 1 

minute. For the determination of Zn
2+

, Cd
2+

 and Pb
2+

, an 8 mL sample of tap 

water and 2 mL of 2 M acetate buffer was added to the electrochemical cell and 

the analysis was performed as described by the procedure in Section 3.17. 

3.20. Characterisation Techniques 

3.20.1.  Fourier Transformed Infrared (FT-IR) Spectroscopy 

FT-IR spectroscopy was performed in order to distinguish between GO and 

graphene and confirms the inclusion of oxygen into the structure of graphite in the 

form of oxygenated functionalities. Little to no sample preparation was required 

for analysis. FTIR spectrum was recorded on the Perkin Elmer Spectrum 100 FT-

IR spectrometer by placing approximately 10 mg of graphite, graphene oxide and 

graphene, ground in a pestle and mortar, on the Attenuated Total Reflectance 

(ATR) sample holder. 

3.20.2.  X-ray Diffraction (XRD) 

Structural changes in graphite, graphene oxide and graphene were 

investigated along the chemical synthesis route through XRD analysis. A 

BRUKER AXS X-ray diffractometer with Cu-Kα radiation was utilised. 

Instrumental operating conditions are listed in Table 1 below. 
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Table 3.1: Operating parameters for XRD 

XRD Operating Parameters 

Radiation Source Cu-Кα 

Radiation Wavelength (λ) 1.506 Å 

Tube Voltage 40 kV 

Tube Current 40 mA 

Variable Slits 0.28 mm 

 
  

 

3.20.3.  Raman Spectroscopy 

Raman spectroscopy was utilised to investigate any structural changes in 

graphite structure. A Dilor XY Raman spectrometer with a Coherent Innova 300 

Argon laser with a 514.5 nm laser excitation was used. Samples for Raman 

spectroscopy were prepared by ultrasonicating 1.0 mg mL
-1

 solutions of graphite, 

graphene oxide and graphene in Ethanol. The exfoliated samples were drop cast 

onto glass slides in order to form thin films of sample for analysis. 

3.20.4.  High Resolution Transmission Electron Microscopy (HRTEM) 

HRTEM analysis was used as a method of imaging any morphological and 

physical changes in graphite, graphene oxide and graphene. Samples diluted in 

ethanol were ultrasonicated in order to exfoliate sheets. Small quantities of the 

exfoliated solutions were drop cast onto S147-4 Holey carbon film 400 mesh Cu 

grids. Field Emission gun lens 1 was used with spot size 3, at 200 kV using 

Tecnai G2 F20 X-Twin MAT 200 kV Field Emission Gun Transmission Electron 

Microscope. 
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3.20.5.  High Resolution Scanning Electron Microscopy (HRSEM) 

HRSEM analysis was utilized as a method of characterizing the surface 

morphology of graphite, graphene oxide, graphene as well as morphological 

characterization of modified pencil graphite electrodes. Graphite, graphene oxide 

and graphene powders prepared as stated in section 3.7 and 3.8 were ground in a 

mortar and pestle in order to achieve a ‘fine’ powder. The ground samples were 

scattered onto carbon tape and investigated at various magnifications. For 

electrode characterization, modified electrodes were placed on carbon tape and 

analysed. 

3.20.6.  Atomic Force Microscopy (AFM) 

The tapping-mode atomic force microscope (Veeco Nanoman V) was 

employed to evaluate the morphology of graphite oxide and graphene, with 

special emphasis on estimating its thickness. The silicon tip (Antimony (n) doped) 

had a curvature radius of 2.5-3.5 μm, a force constant of 1-5 N m
-1

 and a 

resonance frequency of 60-100 kHz. The samples for AFM were prepared by drop 

coating the graphene/water and graphene oxide/water (5 μL) dispersion onto a 

silicon wafer. 
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CHAPTER FOUR: 

Morphological and Structural Characterization of 

Graphene 

4.1. Introduction 

The work demonstrated in this chapter describes and explains the 

morphological and structural changes along the chemical synthesis routes 

described in Chapter 3.7 and 3.8 above. FT-IR, EDX, Raman Spectroscopy, XRD, 

HRTEM, HRSEM and AFM were utilized to confirm the formation of good 

quality few-layer graphene sheets to be utilized as sensing platform for the 

detection of trace metals by anodic stripping voltammetry. 

4.2. Fourier Transformed Infrared Spectroscopy (FT-IR) 

Previous research has shown the scattering of a variety of oxygen containing 

functionalities along the graphene oxide surface namely hydroxyl, ethers, 

epoxides, carbonyl and carboxylic groups [48, 123, 124]. Figure 4.1 shows the 

Fourier transformed infrared (FT-IR) spectra of graphite and graphene oxide. As 

expected, graphite exhibits no significant characteristic IR features. However, for 

GO, the following characteristic IR peaks appear namely, the O-H stretching 

vibration at 3117 cm
-1

, the C=O stretching vibration at 1760 cm
-1

 [125] and 

aromatic C=C stretching vibration at 1589 cm
-1

 [124]. The peak at 1401 cm
-1 

is 

associated with the bending C-O-H vibration [124], while the peaks at 1260 cm
-1

 

[123] and 1026 cm
-1 

are due to the C-O stretching vibration occurring in epoxides 

and alcohols [125] within the graphite structure. Upon reduction using NaBH4 as 
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reducing agent, a considerable decrease or complete removal of the above 

mentioned oxygen containing functionalities is noted demonstrating that all or 

most of the oxygen has been removed.  
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Figure 4.1: FT-IR spectra of Graphite, Graphene Oxide (GO) and Graphene 

4.3. Energy Dispersive X-Ray Spectroscopy (EDS) 

The EDS spectra of Graphite, Graphene Oxide and Graphene are 

represented in Figure 4.2 below. EDS corroborates the results obtained by FT-IR 

over small sample cross-sections. Similar Cu peaks are observed in all three 

samples under analysis. This inclusion is attributed to the choice of Cu mesh grids 

used for analysis. The grids used provide a sharp contrast between sample and 

grid as discussed in Chapter 3. Graphite, represented by Figure 4.2 (a), shows a 

large intensity of carbon present within the sample with no other significant 

peaks, as expected. In contrast, Oxygen, Sulphur and Chlorine peaks are observed 

for graphene oxide (Figure 4.2 (b)). The inclusion of oxygen within the graphite 
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structure indicates its effective oxidation. The sulphur and chlorine peak arise as a 

result of incomplete removal of starting materials after washing and drying and 

constitute contamination. Upon analysis of graphene (Figure 4.2 (c)) we note the 

reduction in intensity of oxygen peak indicating subsequent reduction of graphene 

oxide. The incomplete removal of oxygen is a draw-back to the chemical 

synthesis approach as well as the use of NaBH4 as reducing agent but is to be 

expected. The presence of sodium indicates that further acid washing may be 

required to remove excess reducing agent. 

 

 

(a) 
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Figure 4.2: EDS spectra of (a) graphite, (b) graphene oxide and (c) graphene 

on standard copper-hole grids from HRTEM in conjunction with EDS detector. 

 

(c) 

(b) 
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4.4. Raman Spectroscopy 

The change in structure, after the chemical transformation, from pure 

graphite to graphene oxide and graphene was investigated by Raman spectroscopy 

and represented by Figure 4.3 (a), (b) and (c) respectively. The Raman spectrum 

for graphite in Figure 4.3 (a) reveals a strong G band at 1575 cm
-1

, a significantly 

weaker D band at 1350 cm
-1 

and a moderate 2D band at 2721 cm
-1

. The G band 

occurs as a consequence of the symmetry which allows first order scattering of the 

E2g mode (of sp
3
 hybridized carbon atoms) to occur in the neatly ordered graphite 

structure [47]. The ratio of the intensities of the D and G bands (ID/IG), used as a 

measure of disorder or defects within the structure [126, 127] was calculated as 

0.25 for graphite, demonstrating the highly ordered structure. 

Graphene oxide [Figure 4.3 (b)] on the other hand shows a significant 

decrease, broadening and Raman shift to 1600 cm
-1

 for the G band while the D 

band at 1360 cm
-1

 is considerably larger than in Figure 4.3 (a). This increase is 

attributed to the reduction in size of the in-plane sp
2
 domains caused by the 

insertion of the epoxy, carboxyl, carbonyl and hydroxyl groups between the 

individual layers of the graphite [44]. A calculated ID/IG ratio of 0.975 was 

obtained, depicting an increase in structural disorder.  

The Raman spectrum of graphene [Figure 4.3 (c)] includes the D peak 

located at 1345 cm
-1

, G peak at 1589 cm
-1

 and 2D peak at 2867 cm
-1

. The D band 

is attributed to the disorder or defects within the graphene structure or as a result 

of edge effects [128, 129]. The G band arises due to in-plane vibration of the sp
2
 

carbon atoms. The 2D band appears at almost double the frequency of the D band 
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and originates from second order Raman scattering processes. An increase in ID/IG 

ratio from 0.975, for GO to 1.17 for graphene is observed. 
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Figure 4.3: Raman spectra of (a) Graphite, (b) Graphene Oxide and (c) 

Graphene. 

4.5. X-ray Diffraction (XRD) 

The XRD patterns of graphite, graphene oxide (GO) and graphene are 

shown in Figures 4.4(a), 4.4(b) and 4.4(c) respectively. The peaks indexed as 100 

at 44.58
o
 and 004 at 54.61

o 
are indicative of the crystalline structure of graphite 

[130] while the strong, distinguishable 002 peak at 26.56
o
 with inter-planar 

distance of 0.34 nm imply a highly ordered carbon structure [131]. In the XRD 

spectrum of GO the presence of a 001 peak at 9.81
o
 corresponds to an interlayer 

spacing of approximately 0.7 nm and confirms the presence of oxygen containing 

functional groups which in turn, facilitates the hydration and exfoliation of the 

graphene oxide sheets in aqueous media [132]. After reduction of graphene oxide 
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the peak at 9.81
o
 disappeared. A broad peak centered at 25

o 
occurred as a result of 

increased disorder and structural defects due to sonication [129]. 
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Figure 4.4: X-Ray Diffraction Patterns for (a) Graphite, (b) Graphene   Oxide 

and (c) Graphene. 

4.6. High Resolution Transmission Electron Microscopy 

(HRTEM) 

Samples for HRTEM analysis were prepared by ultrasonication in pure 

ethanol and then drop-casted onto Cu grids. The HRTEM image, Figure 4.5(a) of 

pure graphite is portrayed as thick dark flakes with distinct sharp, straight edges 

demonstrating its crystalline nature. At higher magnification highly ordered 

packing of graphene sheets are observed as highlighted by the arrows in Figure 

4.5(b). The GO image, Figure 4.5(c), however is significantly different in 

graphitic structure when compared to that of graphite. Here, large transparent 

“wavy” sheets having soft edges are seen with entanglement and folding being 
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portrayed as large wrinkles within sheets. An increase in transparency suggests 

regions of monolayer graphene [133]. Upon examination, at higher magnification 

of flake edges [Figure 4.5(d)] small regions of individual graphene sheets are 

observed. A lack of complete separation in non-aqueous media, such as ethanol is 

observed. This behaviour can presumably be attributed to the strong interlayer 

hydrogen bonds between the oxygen functional groups of adjacent graphene oxide 

layers in GO [134]. The HRTEM image for graphene in Figure 4.5(e) shows 

similar to GO [Figure 4.5(c)]. Lighter sheets with increased transparency, 

indicating decreased thickness as well as fewer wrinkles are observed. Figure 

4.5(f) represents high magnification imaging of graphene. Exfoliation of 

individual sheets is observed but incomplete.  
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Figure 4.5: HRTEM images showing selected features of Graphite [(a) and (b)], 

Graphene Oxide [(c) and (d)] and Graphene [(e) and (f)]. 

4.7. High Resolution Scanning Electron Microscopy (HRSEM) 

The surface morphologies of graphite, GO and graphene were investigated 

by high resolution scanning electron microscopy (HRSEM) according to the 

procedures stipulated in Chapter 3 and represented in Figure 4.6 below. The 

HRSEM image of graphite demonstrates a feather-like, “crumpled tissue paper” 

 

 

 

 



Chapter Four: Morphological and Structural 
Characterization of Graphene 

 

70 
 

texture with harsh lines indicating packing of graphene sheets on one another. A 

SEM image of feathery GO powder Figure 4.6(b), shows an agglomeration of the 

platelets. It is noticed that the GO shows an uneven surface probably owing to the 

oxidation of sheets [135]. The SEM image of graphene in Figure 4.6(c) reveals 

that the material consists of thin, haphazardly aggregated, wrinkly sheets closely 

linked with each other forming a lawless solid [47]. A comparison of the three 

surface morphologies does not reveal any significant differences as a result of lack 

of exfoliation of platelets in sample preparation.  
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Figure 4.6: HRSEM images representing surface morphologies of Graphite [(a) 

and (b)], Graphene Oxide [(c) and (d)] and Graphene [(e) and (f)]. 

4.8. Atomic Force Microscopy (AFM) 

Individual GO sheets were imaged using tapping mode AFM in order to 

estimate the dimensions of sheets. Figure 4.7(a) shows the image of a single flake 

of GO drop casted from graphene oxide dispersion (1 mg mL
-1

) onto a silicon 

substrate. The cross-sectional view across the plain of the GO flake gave an 

(a) (b) 

(c) (d) 

(e) (f) 
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estimated vertical distance (thickness) ranging from 1.78 - 2.10 nm and flake 

lengths of approximately 0.6 µm. Typically the thicknesses of individual GO 

sheets are in the range of 0.7 - 1.0 nm [136, 47] hence, the flake shown in Figure 

4.7(a) corresponds to two GO sheets stacked together and is consistent with that 

reported by Marcano et al. [123]. Similar imaging was performed for graphene 

and shown in Figure 4.7(b). Flakes of graphene and graphene oxide appear similar 

under AFM imaging. The cross-sectional view of graphene shows estimated 

vertical distance or thickness averaging at 2.00 nm. From literature, the inter-

planar distance of graphene is approximately 3.5 nm [136, 47]. A vertical distance 

of 2.00 nm corresponds to the stacking of approximately 5 individual graphene 

sheets. 

 

Figure 4.7: Tapping-mode AFM images and corresponding cross-sectional views 

of (a) graphene oxide and (b) graphene on silicon substrates. 

 

Vertical distance = 2.004 nm 

(a) 

(b) 
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CHAPTER FIVE: 

Electrodeposited Graphene Pencil Graphite 

Bismuth-Film Electrodes (EG-PG-BiE) 

5.1. Introduction 

Graphene, a one-atom-thick 2D allotrope of carbon, is a very important 

material in fundamental scientific and technological research. It has its carbon 

atoms arranged in a honeycomb structure of hexagons with sp
2
 hybridisation [8]. 

Graphene has attracted a lot of attention since it was first produced in 2004 and 

has shown to significantly improve the sensitivity in various applications [40]. In 

addition to the possibility of low- power, high density, and high-speed switches, 

graphene- based devices may also be applied to other areas as a storm- thick 

membrane for sensing pressure as components in nanoelectrochemical systems or 

in chemical sensing because of their high surface area [37]. 

Methods of developing active materials on electrode surfaces are crucial in 

the creation of sensitive sensors with high performance. Commonly used coating 

methods include drop casting [8], dip coating [40] and passive adsorption [43, 42] 

of graphene solutions, prepared via the chemical reduction of graphene oxide. The 

lack of control of film thickness and harsh reagents, which contaminate samples 

are a major downfall. Electrochemical reduction has been seen as a promising 

alternative due to its fast and green synthesis approach [50, 51, 52, 49]. Guo et al. 

and Chen et al. have proposed a direct electrochemical reduction method of 
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preparing reduced-graphene films at electrode surfaces in order to control film 

thickness and limit structural defects in graphene sheets [50, 49]. 

In this chapter, a one-step direct electrochemical reduction technique was 

utilised to prepare graphene modified pencil graphite electrodes from colloidal 

graphene oxide solutions. The modified pencil graphite electrodes were applied 

for the determination of trace metals (Zn
2+

, Cd
2+

 and Pb
2+

) by anodic stripping 

voltammetry (ASV) in conjunction with an in situ plated bismuth film. 

5.2. Electrochemical Reduction of graphene oxide (GO) 

Repetitive cyclic voltammograms obtained from the direct electrochemical 

reduction of a GO colloidal solution (1.0 mg mL
-1

) onto PGEs are shown in 

Figure 5.1 and shows two anodic (I and II) and one cathodic (III) peak. The 

deposition of conducting graphene onto the PGE surface is confirmed by the 

redox couple (II and III). An increase in anodic peak (II) at 0.2 V and cathodic 

peak (III) at -0.6 V with increasing number of scans is observed [49]. The increase 

in peak currents (II and III) with increasing number of scans can be attributed to 

the deposition of graphene sheets that are formed by the reduction of GO sheets 

that are in direct contact with the electrode surface [49]. Furthermore, the large 

anodic peak I at -1.1 V decreased rapidly after the first cycle suggesting the 

conversion of the GO sheets in direct contact with the electrode surface. 
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Figure 5.1: Cyclic voltammograms depicting the electrochemical reduction of 1.0 

mg mL
−1

 GO in acetate buffer solution (0.1 M, pH 4.6) at the PGE using the 

following instrumental parameters: scan rate (10 mV.s
−1

), deposition time (120 s); 

frequency (50 Hz); amplitude (0.04 V) and voltage step (0.004 V). 

Figure 5.2, below represents the characteristic cyclic voltammograms of (a) 

a bare PGE and (b) an EG-PGE in 0.1 M acetate buffer solution. The absence of 

the peaks at -1.1 V, +0.2 V and -0.6 V, shown in Figure 6 confirm that they are 

due to red-ox actions of the GO solutions. A larger current range is observed for 

graphene-modified PGEs due to the enhanced electron transfer and conductivity at 

the electrode surface.  
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Figure 5.2: Cyclic voltammograms of (a) a bare PGE and (b) an EG-PGE in 

acetate buffer solution (0.1 M, pH 4.6) at the following instrumental parameters: 

scan rate (10 mV s
−1

), deposition time (120 s), frequency (50 Hz), amplitude (0.04 

V) and voltage step (0.004 V). 

 

5.3. Characteristic oxidation potentials of Bi
3+

 and target metal 

ions (Zn
2+

, Cd
2+

, and Pb
2+

) 

Figure 5.3 shows well-resolved, symmetrical characteristic stripping peaks 

for Zn
2+

, Cd
2+

, Pb
2+

 and Bi
3+

 at the EG-PG-BiEs in 0.1 M acetate buffer solution 

(pH 4.6). The oxidation potentials of the metal ions appear at -1.10 V, -0.75 V, -

0.50 V and -0.06 V, respectively and arise from the redox reactions (equations 5.1 

and 5.2) intrinsic to the anodic stripping analysis technique. 

Mn
n+

 + né + Bi
3+

 → M (Bi) deposition step (reduction reaction) (Eqn. 5.1) 

M (Bi) → M
n+

+ né + Bi
3+

  stripping step (oxidation reaction) (Eqn. 5.2) 
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Figure 5.3: Anodic stripping voltammogram of characteristic oxidation stripping 

potentials of Zn
2+

 (1.10 V), Cd
2+ 

(-0.75 V), Pb
2+ 

(-0.50 V) and Bi
3+ 

(-0.06 V) in 

0.1 M acetate buffer solution (pH 4.6). 

5.4. Influence of the number of electrodeposition cycles. 

The speed and ease of electron transfer through a film is of paramount 

importance to the performance and sensitivity of any electrode. Figure 5.4 show 

that the number of electrochemical reduction cycles influences the stripping peak 

currents of Zn
2+

, Cd
2+

 and Pb
2+

. A general increase in peak currents is observed 

for all three metal ions up to 7 cycles after which, the thickness of the graphene 

film impedes the flow of electrons to the electrode surface. A deposition of seven 

cycles was selected as the optimum number of cycles for the detection of heavy 

metals at the EG-PG-BiE. 
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Figure 5.4: Effect of number of cycles on the stripping peak currents of Zn
2+

, 

Cd
2+

 and Pb
2+

 at the EG-PG-BiE in 0.1 M acetate buffer (pH 4.6) at 120 s 

deposition time. 

5.5. Microscopic Characterisation of Electrodeposited Graphene 

Modified Pencil Graphite Electrode (EG-PGE) 

High resolution scanning electron microscopy (HRSEM) images of the bare 

PGE and EG-PGE surface morphologies are shown in Figure 10. The bare PGE 

surface shows surface roughness with grooves along the surface in the direction of 

machining, Figures 5.5(a) and 5.5(b). Following the electrodeposition, patterning 

was observed at the PGE surface at low magnification, Figure 5.5(c) while at 

higher magnification, Figure 5.5(d) flakes of graphene sheets are observed at the 

electrode surface. Erdem et al. reported similar microscopic images for the single 

walled carbon nanotube (SWCNT) modified graphite electrodes [42]. 
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Figure 5.5: HRSEM images of bare PGEs (a) 100 times magnification, (b) 3000 

times magnification and electrodeposited graphene PGEs (c) 100 times 

magnification, (d) 3000 times magnification. 

5.6. Effect of Graphene Modified PGEs 

The peak current responses of the bare PGE, EG-PGE and EG-PG-BiE 

platforms towards Zn
2+

, Cd
2+

 and Pb
2+ in 0.1 M acetate buffer solution (pH 4.6) 

are compared in Figure 5.6. A considerable increase in peak current is observed at 

(a) 

(c) 

(b) 

(d) 
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the EG-PGE in comparison to the bare PGE indicating improved sensitivity 

towards the heavy metal ions. The higher surface area-to-volume ratio, enhanced 

electron transfer and conductivity due to quantum confinement of graphene in the 

nanometer range (1-100 nm) [137, 116, 97, 138] all contribute towards the 

increase in stripping peak current. Furthermore, use of metal-films as part of the 

electrochemical platform for heavy metal ion detection is confirmed by the 

enhancement in stripping peak current and peak symmetry from EG-PGE to EG- 

PG-BiE. The fused alloys formed with bismuth-films allows for improved 

selectivity and sensitivity  
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Figure 5.6: SWASV of 30 μg L
-1

 Zn
2+

, Cd
2+

 and Pb
2+

 at (a) bare PGE, (b) EG-

PGE and (c) EG-PG-BiE. Supporting electrolyte: 0.1 M acetate buffer (pH 4.6), 

deposition potential (-1.4 V), deposition time (120 s), frequency (50 Hz), 

amplitude (0.025 V) and voltage step (0.005 V). 
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5.7. Film Stability and Reproducibility 

The stripping peak currents of Zn
2+

, Cd
2+

 and Pb
2+

 showed little or no 

change during the preparation of the modified electrodes as well as its application 

to the detection of 20 μg L
-1

 of target metal ions in 0.1 M of acetate buffer (pH 

4.6), at the same conditions. Relative standard deviation (RSD %) for the 

oxidation peaks were calculated to be in the range of 1 – 3.5 % for all three target 

metal ions. The low standard deviation provides evidence as to the good 

reproducibility in preparing the EG-PG-BiEs. 

5.8. Effect of Supporting Electrolyte 

The EG-PG-BiE was evaluated in different electrolyte solutions; 0.1 M 

acetate buffer solution (pH 4.6), 0.1 M HCl solution (pH 2) and 0.1 M phosphate 

buffer solution (pH 7.1) containing 30 µg L
-1

 each of Zn
2+

, Cd
2+

 and Pb
2+

 ions. 

Figure 5.7 shows the stripping voltammograms recorded in the various electrolyte 

solutions. HCl (0.1 M, pH 2) shows small broad peaks for Cd
2+

 and Pb
2+

 with no 

Zn
2+

 peak. A large hydrogen evolution peak which extends to -1.1 V (the 

oxidation potential of Zn
2+

) is observed and interferes with the Zn
2+ 

signal. 

Phosphate buffer solution (0.1 M, pH 7.1) demonstrates small broad peaks for 

Zn
2+

 and Cd
2+

 with very broad peak for Pb
2+

.  The acetate buffer solution (0.1 M, 

pH 4.6) showed the best responses towards the three metal ions yielding tall peaks 

with good resolution and was thus selected as the preferred electrolyte. 
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Figure 5.7: SWASV of 30μg L
-1

 of Zn
2+

, Cd
2+

 and Pb
2+

 at EG-PG-BiE with 

supporting electrolyte: (a) 0.1 M acetate buffer (pH 4.6), (b) 0.1 M HCl and (c) 

0.1 M phosphate buffer (pH 7.1). Deposition potential: -1.4 V; deposition time: 

120 s; frequency: 50 Hz; amplitude: 0.025 V and voltage step: 0.005 V 

5.9. Effect of the bismuth ion (Bi
3+

) concentration 

The effect of the bismuth ion concentration on the stripping peak currents of 

Zn
2+

, Cd
2+ 

and Pb
2+

 at the unmodified pencil graphite electrode (PGE) in Figure 

5.8, was investigated in a 0.1 M acetate buffer solution (pH 4.6) containing 20 µg 

L
-1

 of each Zn
2+

, Cd
2+ 

and Pb
2+

 using Bi
3+

 concentrations varying from 200 to 

5000 µg L
-1

. In this controlled situation, the concentration of the bismuth solution 

was directly proportional to the thickness of the Bi-film [40]. The stripping 

current for all three metals showed similar behavior in the range of 200 – 800 µg 

L
-1

 where the stripping currents increased to a maximum with increasing 

concentration followed by the decrease in peak current with increasing Bi
3+
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concentration. As a consequence of this behavior a bismuth ion concentration of 

800 µg L
-1

 was selected for the developing the in situ deposited bismuth film.  
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Figure 5.8: Effect of bismuth ion concentration on the stripping peak current of 

Zn
2+

, Cd
2+ 

and Pb
2+

 at electrodeposited graphene pencil graphite bismuth film 

electrode (EG-PG-BiE) in a 0.1 M acetate buffer solution (pH 4.6) containing 20 

µg L
-1

 of each metal. 

5.10. Optimisation of Instrumental Parameters 

Amongst the various stripping waveforms (differential pulse, cyclic and 

square-wave), the square-wave modulation combines high sensitivity with high 

speed. In addition, square-wave voltammetry shows insensitivity towards 

dissolved oxygen and is advantageous since analysis can be performed without 

the time-consuming deoxygenating step [2, 40]. The square-wave parameters 

affecting the analytical response at the EG-PG-BiE are amplitude, deposition 
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potential, deposition time, frequency and rotation speed and are shown in Figure 

5.9. 

The amplitude in Figure 5.9(a) was varied from 10 to 100 mV and showed 

an increase in stripping peak currents (for all three metals) with increasing 

amplitude up to a maximum, followed by a gradual decrease. Cadmium and zinc 

show steeper rising slopes demonstrating their enhanced dependence on 

amplitude. A 40 mV amplitude was selected for subsequent experiments based on 

the information that any further amplitude increases does not result in a significant 

increase in peak current. 

The influence of deposition potential on the peak currents of Zn
2+

, Cd
2+ 

and 

Pb
2+

 at the EG-PG-BiE was investigated in the potential range from +0.2 V to -1.7 

V [(Figure 5.9(b)]. At potentials more positive than the oxidation potentials of 

individual metal ions no stripping peaks were observed due to the suppression of 

the reduction reaction responsible for the deposition of metal ions from solution 

onto the electrode surface. A general increase for all three metal ions is observed 

with increasing negative potentials up to -1.4 V, due to the preferential reduction 

and deposition of metal ions at the electrode surface. Electrode saturation results 

in the decrease in stripping response between -1.4V and -1.7V. A potential of -1.4 

V was chosen as the optimal deposition potential. 

The effect of deposition time on the peak currents of the target metal ions 

[(Figure 5.9(c)] was studied over the time interval from 30 to 600 seconds. As the 

deposition time increased so does the stripping peak current for each metal ion 

since, a longer time allowed for more metal to be deposited onto the electrode 

surface. At deposition times greater than 540 seconds the peak heights level off 
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suggesting surface saturation of the electrode, hence a deposition time of 120 s 

was used for further analysis. 

Figure 5.9(d) shows the dependence of peak currents on the square wave 

frequency over the 12.5 Hz to 125 Hz range. The peak current for all three metals 

exhibit a linear increase with increasing frequency and is attributed to the increase 

in scan rate with increasing frequency [139]. A frequency of 50 Hz was chosen 

since distinct peaks with good resolution obtained.  

Effect of rotation speed during the pre- concentration step was studied from 

200 to 2000 rpm [Figure 5.9(e)]. As the rotation speed increased, so does the peak 

currents of the metal ions being analyzed. Rotation speed enhances sensitivity of 

stripping analysis as it facilitates the movement of metal ions from the bulk 

solution to the electrode surface. A rotation speed of 1000 rpm was chosen in. 
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Figure 5.9: Effect of amplitude (a), deposition potential (b), deposition time (c), 

frequency (d) and rotation speed (e) on the stripping peak current of Zn
2+

, Cd
2+ 

and Pb
2+

 at electrodeposited graphene pencil graphite bismuth film electrode (EG-

PG-BiE) in a 0.1 M acetate buffer solution (pH 4.6) containing 20 µg L
-1

 of each 

metal and 800 µg L
-1

 of bismuth. 
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5.11. Analytical Performance of Electrodeposited Graphene 

modified Pencil Graphite Bismuth-film Electrodes 

The analytical performance of EG-PG-BiEs were investigated by 

simultaneous and individual analysis of Zn
2+

, Cd
2+

 and Pb
2+

 over a low (2 – 20 μg 

L
-1

)
 
and a high (10 – 100 μg L

-1
) concentration range. A slight shift in the peak 

potentials towards more positive potentials was observed for all three metal ions 

due to the IR-drop effect [8] since the oxidation of the metals became less 

reversible [139]. Figures 5.10 and 5.11 show the voltammograms and calibration 

plots for simultaneous and individual analyses, respectively. Calibration plots 

constructed from data obtained from voltammograms were used to calculate the 

detection limits and are presented in Table 5.1. Only the voltammograms and 

calibration curves for simultaneous and individual analyses at EG-PG-BiE over 10 

– 100 μg L
-1

 range are presented in Figures 5.10 and 5.11.  

 

Figure 5.10: SWASV and corresponding calibration plots of simultaneous 

analysis of Zn
2+

, Cd
2+

 and Pb
2+

 obtained at EG-PG-BiE over 10 – 100 µg L
-1

. 

Supporting electrolyte: 0.1 M acetate buffer (pH 4.6), deposition time: 120, 
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deposition potential: -1.3 V, rotation speed: 1000 rpm, frequency: 50 Hz, 

amplitude: 0.04 V and sweep rate: 0.2975 V. s
-1

. 

Figure 5.11: SWASV and corresponding calibration plots for individual analysis 

of (a and b) Zn
2+

, (c and d) Cd
2+

 and (e and f) Pb
2+

 obtained at EG-PG-BiE over 

10 – 100 µg L
-1

. Supporting electrolyte: 0.1 M acetate buffer (pH 4.6), deposition 

time (120), deposition potential (-1.3 V), rotation speed (1000 rpm), frequency 

(50 Hz), amplitude (0.04 V) and sweep rate (0.2975 V s
-1

). 
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The standard deviation of the blank was calculated from ten replications in 

the presence of Bi
3+

 ions. Detection limits (3σ blank/slope) of the target metals for 

both individual and simultaneous analysis were determined using a deposition 

time of 120 s and are summarized in Table 5.1. A summary of previously reported 

analyses for Zn
2+

, Cd
2+

 and Pb
2+

 on Bismuth-film electrodes are shown in Table 

5.2. Comparison of results obtained for simultaneous and individual analysis 

(Figure 5.10) showed improved sensitivity and detection limits for individual 

analysis at EG-PG-BiEs over all three concentration ranges. The increase in 

analytical performance was attributed to the lack of competition for available 

active sites on the electrode surface in individual analysis; more target metal ions 

could form alloys with the bismuth-film and bind to the electrode surface in the 

deposition step. For simultaneous analysis, the opposite was observed. Metal ions 

co-deposited to form the fused alloys. The EG-PG-BiEs prepared in this study 

showed similar results to literature and even improved sensitivities and detection 

limits in some cases.  
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Table 5.1: Calibration data representing Simultaneous and Individual Analysis of 

Zn
2+

, Cd
2+

 and Pb
2+

 at EG-PG-BiEs in 0.1 M acetate buffer solution (pH 4.6) at 

120s. 

Analytical 

Parameter 

 

Simultaneous Analysis 

(2 – 20 µg L
-1

) 

 

Individual Analysis 

(2 – 20 µg L
-1

) 

 

 

Zn
2+ 

Cd
2+

 Pb
2+ 

Zn
2+ 

Cd
2+ 

Pb
2+ 

Sensitivity 

(µA L µg
-1

) 
1.30 

(±0.093) 
1.09 

(±0.104) 
0.823 

(±0.044) 
0.549 

(±0.021) 
0.855 

(±0.037) 
0.673 

(±0.019) 

Correlation 

Coefficient (R
2
) 

0.991 0.985 0.993 0.965 0.988 0.993 

Detection Limits 

(µg L
-1

) 
0.255 

(±0.046) 
0.108 

(±0.009) 
0.127 

(±0.008) 
0.199 

(±0.029) 
0.099 

(±0.002) 
0.115 

(±0.012) 

Analytical 

Parameter 

Simultaneous Analysis 

(10 – 100 µg L
-1

) 

Individual Analysis 

(10 – 100 µg L
-1

) 

 
Zn

2+ 
Cd

2+ 
Pb

2+ 
Zn

2+ 
Cd

2+ 
Pb

2+ 

Sensitivity 

(µA L µg
-1

) 
2.74 

(±0.039) 
2.43 

(±0.027) 
1.52 

(±0.021) 
0.503 

(±0.009) 
1.80 

(±0.023) 
0.115 

(±0.029) 

Correlation 

Coefficient (R
2
) 

0.995 0.998 0.997 0.996 0.992 0.995 

Detection Limits 

(µg L
-1

) 
0.262 

(±0.035) 
0.103 

(±0.009) 
0.159 

(±0.009) 
0.209 

(±0.005) 
0.097 

(±0.011) 
0.115 

(±0.005) 

 

A summary of previously reported detection limits for Zn
2+

, Cd
2+

 and Pb
2+

 

at various Bismuth-film electrodes presented in Table 5.2 shows that the detection 

limits obtained at the EG-PG-BiE compare well with the modified electrodes in 

this category. 
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Table 5.2: A selected summary of previously reported detection limits for Zn
2+

, 

Cd
2+

 and Pb
2+

 at various Bismuth-film electrodes (BiFE)  

Metals Detected 
Electrode 

Substrate 

Measurement 

Technique 

Deposition 

Time (s) 

Detection 

Limit 

(µg L
-1

) 

Reference 

Pb
2+

, Cd
2+

, Zn
2+

 BiF-PGE SWASV 120 

Pb
2+ 

= 0.40 

[40] Cd
2+

 = 0.30 

Zn
2+

 = 0.40 

Pb
2+

 , Cd
2+

 Nafion-G BiFE DPASV 300 
Pb

2+
 = 0.02 

[22] 
Cd

2+
 = 0.02 

Pb
2+

, Cd
2+

, Zn
2+

 NC(Bpy)BiFE SWASV 120 
Pb

2+ 
= 0.08 

[140] 
Cd

2+
 = 0.12 

Pb
2+

 , Cd
2+

 Bi film C-paste SWASV 120 
Pb

2+
 = 0.80 

[75] 
Cd

2+
 = 1.00 

Pb
2+

 , Cd
2+

 
Bi/GNFs-

Nafion/GCE 
DPASV 300 

Pb
2+

 = 0.02 
[141] 

Cd
2+

 = 0.09 

Pb
2+

, Cd
2+

, Zn
2+

 Bi-CNT/GCE SWASV 300 

Pb
2+ 

= 1.30 

[142] Cd
2+

 = 0.70 

Zn
2+

 = 12.0 

Pb
2+

 , Cd
2+

 
Bi nanopowder 

on carbon 
SWASV 180 

Pb
2+

 = 0.15 
[143] 

Cd
2+

 = 0.07 

Pb
2+

, Cd
2+

, Zn
2+ 

Simultaneous 

Analysis 

EG-PG-BiE SWASV 120 

Pb
2+ 

= 0.13 

This Work Cd
2+

 = 0.10 

Zn
2+

 = 0.25 

Pb
2+

, Cd
2+

,Zn
2+ 

Individual Analysis 
EG-PG-BiE SWASV 120 

Pb
2+

 = 0.12 

This Work Cd
2+

 =0.09 

Zn
2+

 =0.19 

 

5.12. Recovery Studies of EG-PG-BiE 

Recovery studies on test solutions of Zn
2+

, Cd
2+

 and Pb
2+

 were investigated 

at EG-PG-BiE by a standard addition method. 10 mL portions of 0.1 M acetate 

buffer solution were spiked with known concentrations of target metals. Recovery 
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data obtained are reported in Table 5.3. Lower recoveries were obtained for 

simultaneous analysis. Individual analysis showed improved recoveries, 

indicating better quantitation for all three metals. The reported results prove the 

use of EG-PG-BiE as voltammetric sensor for the quantitation of trace metal 

samples. Figure 5.12 shows selected standard addition plots for the simultaneous 

analysis of target metals at EG-PG-BiEs. 
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Figure 5.12: Standard Addition plots for the simultaneous determination of (a) 

Zn
2+

, (b) Cd
2+

 and (c) Pb
2+

 at EG-PG-BiE in test solutions. 
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Table 5.3: Recovery data for the simultaneous and individual determination of 

Zn
2+

, Cd
2+

 and Pb
2+

 at EG-PG-BiEs in test solutions 

Recovery Studies of Zn
2+

, Cd
2+

 and Pb
2+

 in Test Solutions 

Simultaneous Analysis 

 
Zn

2+ 
Cd

2+ 
Pb

2+ 

Original   (µg L
-1

) ND ND ND 

Added (µg L
-1

) 30 30 30 

Found  (µg L
-1

) 19.18 21.62 23.15 

RSD (%) 1.44 4.59 5.15 

Recovery (%) 76.713 89.49 92.58 

Individual Analysis 

 Zn
2+ 

Cd
2+ 

Pb
2+ 

Original   (µg L
-1

) ND ND ND 

Added (µg L
-1

) 30 30 30 

Found  (µg L
-1

) 30.94 28.77 29.37 

RSD (%) 4.36 3.24 4.26 

Recovery (%) 103.12 95.89 97.89 

 

5.13. Effect of the pH value on Zn
2+

 Recovery 

The ability of BiFEs to be utilised in both acidic and basic media is a major 

advantage in electrochemical stripping analysis. In this research, EG-PG-BiEs 

have been applied for the determination of trace amounts of heavy metals at pH 

4.6. As seen from the recovery studies in 0.1 M acetate buffer solution (pH 4.6), 

low recoveries are observed for Zn
2+

 for both simultaneous and individual 

analysis. The plating of the bismuth film is discussed in section 3.17. The film 

thickness is governed by the concentration of the Bi
3+

 solution [27] and indicated 

that the background current at negative potentials, where the Zn
2+

 peak appeared, 

increased with the amount of Bi deposited resulting in a more sloping baseline for 

 

 

 

 



Chapter Five: Electrodeposited Graphene Pencil Graphite 
Bismuth-Film Electrodes (EG-PG-BiE) 

 

95 
 

the Zn
2+

 peak. This contradicts previous assumptions that the Bi-film would cause 

a negative shift of the hydrogen overpotential [27]. As a result there is a difficulty 

in determining Zn
2+

 in acidic solutions due to the masking of the Zn
2+

 reduction 

peak by Hydrogen ions [144]. Figure 5.13 shows the dependence of Zn
2+

 recovery 

(25 µg L
-1

) on the pH value of the supporting electrolyte. It is shown that the 

stripping peak current at low pH values is seriously repressed and shows low 

recoveries as a result. Increased recoveries are shown with increased pH values as 

hydrogen ions in solution are decreased. At pH values greater than 9.1 no Zn
2+

 

reduction peak can be seen. For further individual analysis of Zn
2+

, ± pH 9.1 was 

selected. 

 

Table 5.4: Recovery test of a 25 µg L
-1

 solution of Zn
2+

 in a 0.1 M acetate buffer 

solution; deposition time of 120 s at (a) pH 3, (b) pH 4.6, (c) pH 9.1 and (d) pH 

12.5 

Zn
2+

 pH Recovery Test (25 µg L
-1

)* 

  pH 3 pH 4.6 pH 9.1 pH 12.5 

Recovery (µg L
-1

) 12.39 20.5 25.92 N/D 

Recovery (%) 49.577 82.13 103.67 N/D 

 

    

 

  

N/D, Not detected 

*n = 3, where n is number of repetitions 
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Figure 5.13: Effect of pH on Recovery of Zn
2+

 in 0.1 M acetate buffer solution 

with deposition time of 120 s. 

5.14. Application to Tap Water Samples 

Tap water samples were collected in our laboratory and analysed for Zn
2+

, 

Cd
2+

 and Pb
2+

 ions using the electrodeposited graphene modified bismuth film 

electrode (EG-PG-BiE). Both individual and simultaneous analysis was 

performed and the amount of metal ions present in the water samples were 

quantified by the standard additions method. None of the heavy metal ions were 

detected in the original tap water samples when using a deposition potential of 

120 seconds suggesting that the concentration of the metal ions were below their 

detection limits. However, upon spiking tap water samples with 20 µg L
-1

 and 30 

µg L
-1

 of each metal ion yielded good recovery percentages (Table 5.5) for the 

individual analysis of all three metals ions.  

Table 5.5: Recovery percentages for Zn
2+,

 Cd
2+,

 and Pb
2+,

 at the EG-PG-BiE in tap 

water samples using a deposition time of 120 seconds. 
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Simultaneous Analysis 

Metal Ion 
Original 

(µg L
-1

) 

Added 

(µg L
-1

) 

Found 

 (µg L
-1

) 
RSD (%) Recovery (%) 

Zn
2+ 

ND 20 11.97 10.00 59.87 

ND 30 20.61 1.49 68.69 

Cd
2+ 

ND 20 16.83 6.03 84.13 

ND 30 28.51 2.17 95.03 

Pb
2+ 

ND 20 16.51 1.98 82.55 

ND 30 34.79 4.02 96.32 

Individual Analysis 

Metal Ion 
Original 

(µg L
-1

) 

Added 

(µg L
-1

) 

Found 

(µg L
-1

) 
RSD (%) Recovery (%) 

Zn
2+ 

ND 20 21.15 6.48 89.11 

ND 30 28.40 3.23 94.69 

Cd
2+ 

ND 20 17.89 5.57 89.43 

ND 30 28.41 3.23 94.69 

Pb
2+ 

ND 20 17.43 2.63 87.17 

ND 30 29.01 2.67 96.70 

 

n = 3, where n is number of repetitive cycles performed 

ND, not detected 

 

The recovery percentages for Cd
2+

 and Pb
2+

 obtained with simultaneous 

analysis were comparable those obtained with individual analysis however, the 

recoveries for Zn
2+

 ions was much lower.  The lower recoveries for Zn
2+

 can be 
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largely attributed to errors arising from the distortion of the zinc oxidation peak 

current caused by hydrogen gas evolution.   

A pertinent observation in Table 5.5 is the improved recovery percentages 

for metal ions obtained in tap water samples spiked with 30 µg L
-1

 compared with 

those spiked with 20 µg L
-1

 and, highlights the fact that errors are enhanced when 

working with concentrations closer to the detection limit of the metal ions; these 

findings are similar to those reported by Yi et al. [139]. 

The results in Table 5.5 are satisfactory for water samples containing 20 – 

30 µg L
-1

 of the metal ions whilst using a deposition potential of 120 seconds. 

However, in order to meet the United States Environmental Protection Agency’s 

(USEPA) maximum contaminant level (MCL) for zinc (5 mg L
-1

), cadmium 

(0.005 mg L
-1

) and lead (0.015 mg L
-1

) in drinking water a longer deposition time 

of 360 seconds was required. Typical voltammograms obtained during the 

simultaneous analysis of heavy metal ions together with their corresponding 

standard addition curves is shown in Figure 5.14.  

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3

4

8

12

16

20

24

28

32

36

40 Pb

 

 

C
u

rr
e

n
t 

(
A

)

Potential (V)

Cd

 

 

 

 

 



Chapter Five: Electrodeposited Graphene Pencil Graphite 
Bismuth-Film Electrodes (EG-PG-BiE) 

 

99 
 

 

 

 

Figure 5.14: Simultaneous analysis of tap water (pH 4.6) spiked with 5 µg L
-1

 of 

each of metal ion using a deposition time of 360 seconds. Square-wave stripping 

voltammograms (a) and their corresponding standard addition calibration curves 

for Cd
2+

 (b) and (c) Pb
2+

. 

Table 5.6 shows the percentage recovery obtained when using a deposition 

time of 360 seconds during simultaneous and individual analysis. As expected, the 

longer pre-concentration time allows for more metal ions to be deposited at the 

electrode surface resulting in improved sensitivity.  
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Table 5.6: Recovery for the determination of Zn
2+

, Cd
2+ 

and Pb
2+

 in tap water 

samples using EG-PG-BiE at 360 seconds 

Recovery for the determination of Zn
2+

, Cd
2+ 

and Pb
2+ 

in tap water samples  

Simultaneous Analysis  

Sample 
Original 

(µg L
-1

) 

Added 

(µg L
-1

) 

Found 

(µg L
-1

) 
RSD (%) 

Recovery 

(%) 

Zn
2+

 ND 5 ND ND ND 

Cd
2+

 ND 5 4.15 1.38 82.98 

Pb
2+

 ND 5 5.21 2.02 104.19 

Individual Analysis  

Sample 
Original 

(µg L
-1

) 

Added 

(µg L
-1

) 

Found 

(µg L
-1

) 
RSD (%) 

Recovery 

(%) 

Zn
2+

 ND 5 ND ND ND 

Cd
2+

 ND 5 5.19 2.74 103.80 

Pb
2+

 ND 5 5.13 1.89 102.60 

n = 3, where n is number of repetitive cycles performed 

ND, not detected 

 

The recovery percentages obtained for the heavy metal ions ranged from 83 

% and 104 % for Cd
2+

 and Pb
2+

, respectively with relative standard deviations 

within 5%. No Zn
2+

 was detected in the tap water sample at the 5 µg L
-1

 level 

nevertheless the EG-PG-BiE is capable of detecting Zn
2+

 well below the USEPA 

maximum contaminant level of 5 mg L
-1

. Furthermore, the results in Table 6 

shows that the EG-PG-BiE in combination with square-wave anodic stripping 
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voltammetry is suitable for monitoring the levels of Zn
2+

, Cd
2+

 and Pb
2+

 in 

drinking water. 

5.15. Conclusions 

A highly enhanced sensing platform based on the direct electrochemical 

reduction of colloidal graphene oxide at pencil graphite electrodes was developed 

for the determination of Zn
2+

, Cd
2+

 and Pb
2+

 by square-wave anodic stripping 

voltammetry. The electrodeposited graphene pencil graphite bismuth-film 

electrode (EG-PG-BiE) showed improved sensitivities and detection limits to 

bismuth-film electrodes utilised in literature due to the combination of enhanced 

electron transfer rate, surface-to-volume ratio and improved sensitivity due to the 

graphene and metal-film. The analytical application of the EG-PG-BiE was 

assessed by recovery studies and real sample analysis within a 10 % error. The 

low detection limits obtained showed results well below the USEPA standards of 

5 ppm, 5 ppb and 15 ppb for Zn
2+

, Cd
2+

 and Pb
2+

 respectively. 
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CHAPTER SIX: 

Nafion-Graphene Pencil Graphite Bismuth-film 

Electrodes (NG-PG-BiE) 

6.1. Introduction 

Surface-active substances which absorb onto the working electrode during 

analysis impede the electrode activity and performance [145, 146] and is a major 

downfall to the stripping voltammetric process. Conducting polymers and binders 

can alleviate these interferences [147].  

Coating the pencil graphite electrodes with Nafion has shown to increase the 

detection sensitivity and alleviate the interferences from surfactants at bismuth 

film electrodes [33]. Nafion is a perfluorinated ionomer containing negatively 

charged sulfonic groups and has many applications as proton-conducting 

membrane material for fuel cells and electrochemical applications [34, 35]. The 

Teflon like hydrophobic backbone and highly hydrophilic ionisable sulfonic 

groups are responsible for its excellent chemical stability and ionic conductivity 

[38].  

 

The unique ion- exchange, discriminative and biocompatibility properties 

have made Nafion- films useful for modification of electrode surfaces. The polar 
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side chain of Nafion allows for CNTs and Graphene to be easily suspended in 

solutions of Nafion in phosphate buffer and alcohols [39]. 

In previous work by our research group the use of binder-free [48] as well 

as Nafion-modified [8] electrodes have been proposed. Nafion, which acts as a 

binding agent has shown to improve the sensitity of electrodes towards heavy 

metal detection [8, 37]. 

In this chapter the use of SWASV together with a Nafion-Graphene 

nanocomposite in combination with an in situ bismuth-film at a pencil graphite 

electrode was investigated for the detection of Zn
2+

, Cd
2+

 and Pb
2+

 in water 

samples. 

6.2. Characteristic oxidation potentials of Bi
3+

 and target metal 

ions (Zn
2+

, Cd
2+

, and Pb
2+

) 

Characteristic stripping peaks at modified Nafion-graphene pencil graphite 

bismuth-film electrodes (NG-PG-BiE) was investigated in 0.1 M acetate buffer 

solution (pH 4.6). Figure 6.1 shows a typical anodic stripping voltammograms 

(ASV) at the NG-PG-BiE. Well-defined oxidative stripping peaks with no inter-

metallic interferences and good resolution were observed at -1.1, 0.75, 0.50 and -

0.06 V for Zn
2+

, Cd
2+

, Pb
2+

 and Bi
3+

 respectively. Equations 6.1 and 6.2 describe 

the redox processes involved in deposition and stripping steps of the ASV 

procedure. 

Mn
n+

 + né + Bi
3+

 → M (Bi) deposition step (reduction reaction) (Eqn. 6.1) 

M (Bi) → M
n+

+ né + Bi
3+

  stripping step (oxidation reaction) (Eqn. 6.2) 
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Figure 6.1: Anodic stripping voltammogram of Zn
2+

 (1.10 V), Cd
2+ 

(-0.75 V), 

Pb
2+ 

(-0.50 V) and Bi
3+ 

(-0.06 V) in 0.1 M acetate buffer solution (pH 4.6) at the 

NG-PG-BiE. 

6.3. Effect of Supporting Electrolyte 

The supporting electrolyte which is usually an acid [148] or acid buffer 

solution [149] is pivotal in the formation of well-resolved peaks and good 

quantitation. The electrochemical responses of the NG-PG-BiE towards the target 

metal ions in different electrolyte solutions namely, 0.1 M acetate buffer (pH 4.6), 

0.1 M HCl solution (pH 2) and 0.1 M phosphate buffer (pH 7.1) were investigated 

and are shown in Figure 6.2.  

In 0.1 M HCl (pH 2.1) solution small broad peaks were observed for Cd
2+

 

and Pb
2+

 whilst hydrogen evolution severely distorted at the Zn
2+

 signal to the 

extent that no well-defined peak was observed. On the other hand the stripping 

peaks recorded in Phosphate buffer (0.1 M, pH 7.1) showed small, resolved peaks 
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for Zn
2+

 and Cd
2+

 but, rather an extremely small Pb
2+

 peak. Considerably larger 

peaks with good resolution for all three metal ions are noted in acetate buffer 

solution (0.1 M, pH 4.6). Comparison of the stripping voltammograms of the EG-

PG-BiE with the NG-PG-BiE showed similar results indicating the dependence of 

electrolyte solution on the metal-film used. 

These results confirm the strong influence of electrolyte solution in anodic 

stripping voltammetric analysis. 
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Figure 6.2: SWASV of 30 μg L
-1

 of Zn
2+

, Cd
2+

 and Pb
2+

 at NG-PG-BiE with 

supporting electrolyte: (a) 0.1 M acetate buffer (pH 4.6), (b) 0.1 M HCl and (c) 

0.1 M phosphate buffer (pH 7.1). Deposition potential: -1.4 V; deposition time: 

120 s; frequency: 50 Hz; amplitude: 0.025 V and voltage step: 0.005 V. 

6.4. Effect of the bismuth ion (Bi
3+

) concentration 

The procedure for depositing a bismuth film on an electrode substrate is 

crucial for obtaining good performance of the bismuth film electrode (BiE) [80]. 
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Bismuth–film electrodes (BiEs) are either fabricated by in situ or ex situ 

electroplating of a bismuth film onto the surface of a conductive support. In situ 

plating is only suitable for the analysis of trace metals by anodic stripping 

voltammetry which involves cathodic electrolysis step [85]. The effect of bismuth 

ion concentration on the stripping responses of Zn
2+

, Cd
2+

 and Pb
2+

 at Nafion-

graphene pencil graphite electrodes (NG-PGE) is shown in Figure 6.3; here the 

Bi
3+

 concentrations were varied from 200 to 4000 µg L
-1

. For all three target metal 

ions, similar increasing stripping currents were observed up to 800 µg L
-1 

after 

which the currents significantly decreased for Cd
2+

 and Pb
2+

 but starts to level off 

at 4000 µg L
-1 

for Zn
2+

. Film thickness which is a consequence of Bi
3+

 ion 

concentration [40] results in the saturation of the electrode surface and causes a 

decrease in currents between 1000 and 5000 µg L
-1

. A comparison of in situ and 

ex situ plating did not offer any major difference in peak heights; however in situ 

plating simplifies the analysis and shortens analysis time [80] henceforth, 800 µg 

L
-1

 was selected for all future experiments.  
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Figure 6.3: Effect of bismuth ion concentration on the stripping peak current of 

Zn
2+

, Cd
2+ 

and Pb
2+

 at Nafion-graphene pencil graphite bismuth film electrode 

(NG-PG-BiE) in a 0.1 M acetate buffer solution (pH 4.6) containing 20 µg L
-1

 of 

each metal. 

6.5. Nafion-Graphene Pencil Graphite Bismuth-film Electrode 

Preparation (Electrode Coating Methods) 

Over the years a range of coating methods have been developed and 

employed for modification or immobilization of electroactive compounds onto 

various electrode substrates. Drop-casting is commonly used for electrodes with 

flat surfaces which allow for drying or evaporation of solvent(s). For non-flat 

surfaces, the coating methods include dip-coating, passive adsorption, sputter 

coating etc.  
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6.5.1. Passive Adsorption Method 

Graphene (5 mg) and Nafion-graphene was suspended in the organic solvent 

N,N-dimethylformamide (DMF) to prepare 1 mg mL
-1

 graphene and Nafion-

graphene solutions. The mixture was then sonicated for an hour at room 

temperature. Each un-pretreated pencil graphite electrode was immersed into 

Eppendorf tubes containing 1 mL of G-based solutions for an hour in order to 

form a thin graphene layer on the surface of electrodes. Each of the electrodes was 

rinsed with ABS for 10 seconds, and then the G-PGEs and NG-PGEs were 

allowed to dry for 15 min in an upside down position [42]. Interrogation of the 

passive adsorption method for graphene modification of PGEs was demonstrated 

by the SWASVs in Figure 6.4 below. The N-PG-BiE and NG-PG-BiE showed 

increased stripping peak currents over the bare PG-BiEs. No significant 

enhancement in stripping peak currents is observed with the Nafion-graphene 

modification compared to the N-PG-BiE hence, it was deduced that no graphene 

stuck to the electrode surface.  
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Figure 6.4: SWASV of 30 μg L
-1

 Zn
2+

, Cd
2+

 and Pb
2+

 at (a) bare PG-BiE, (b) N-

PG-BiE and (c) NG-PG-BiE prepared by passive adsorption. Supporting 

electrolyte: 0.1 M acetate buffer (pH 4.6), deposition potential (-1.4 V), deposition 

time (120 s), frequency (50 Hz), amplitude (0.025 V) and voltage step (0.005 V). 

6.5.2. Dip-Coating without Pre-treatment 

Bare pencil graphite electrodes were immersed; in 0.2 % Nafion, 0.25 mg 

mL
-1

 NG and 1 mg mL
-1

 NG solutions for 1 minute followed by drying to allow 

excess solvent to evaporate. This procedure was repeated three times to prepare 

uniformly modified pencil graphite electrodes. 

Figure 6.5 shows square-wave anodic stripping voltammograms of Zn
2+

, 

Cd
2+

 and Pb
2+

 at (a) bare PG-BiE, (b) NG-PG-BiE (c) 0.25 mg mL
-1 

NG-PG-BiE 

and (d) 1 mg mL
-1

 NG-PG-BiE without electrode pre-treatment in 0.1 M acetate 

buffer solution (pH 4.6). The bare PG-BiE shows well-defined sharp peaks for all 

three metal ions of interest. In addition the stripping peak currents of the target 
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metal ions are significantly enhanced when modified with dilute Nafion solutions. 

Comparison of N-PG-BiE and 0.25 mg mL
-1

 NG-PG-BiE showed no considerable 

increase in stripping peak currents for Cd
2+

 and Pb
2+

. The lack of enhancement 

showed preferential binding to the Nafion solution than the electrode surface. The 

use of more concentrated NG solutions (1 mg mL
-1

) resulted in broadening and 

reduction in size of stripping peaks. 0.25 mg mL
-1

 NG solutions were used. 
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Figure 6.5: SWASV of 30 μg L
-1

 Zn
2+

, Cd
2+

 and Pb
2+

 at (a) bare PG-BiE, (b) 

Nafion-PG-BiE (c) 0.25 mg mL
-1 

NG-PG-BiE and (d) 1 mg mL
-1

 NG-PG-BiE 

without electrode pre-treatment. Supporting electrolyte: 0.1 M acetate buffer (pH 

4.6), deposition potential (-1.4 V), deposition time (120 s), frequency (50 Hz), 

amplitude (0.025 V) and voltage step (0.005 V). 

6.5.3. Dip-Coating with Pre-treatment 

Each pencil graphite electrode was place in the blank supporting electrolyte 

(0.1 M acetate buffer solution) and pretreated by applying a potential of +1.4 V 
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for 30 s to the electrode without stirring the solution. Pretreatment was performed 

in order to increase the hydrophilic properties of the electrode surface through the 

introduction of oxygenated functionalities as demonstrated in the work by Levent 

et al [122]. The pre-treated electrodes were then modified with 0.2 % Nafion and 

0.25 mg mL
-1

 NG solutions as described in section 6.5.2 above. A comparison of 

voltammograms of Nafion-PG-BiE with NG-PG-BiE in Figure 6.6 shows that the 

modification of the Nafion-PG-BiE with graphene to give the NG-PG-BiE gave 

larger stripping peak signals due to the enhanced surface-to-volume ratio and 

quantum confinement of the graphene nanosheets [137]. In addition further peak 

signal enhancement is achieved and sharper well-resolved stripping peak are 

obtained when using an in situ plated bismuth-film. 
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Figure 6.6: SWASV of 30 μg L
-1

 Zn
2+

, Cd
2+

 and Pb
2+

 at (a) N-PGE, (b) N-PG-

BiE (c) 0.25 mg mL
-1 

NG-PGE and (d) 0.25 mg mL
-1

 NG-PG-BiE with 
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electrochemical electrode pre-treatment. Supporting electrolyte: 0.1 M acetate 

buffer (pH 4.6), deposition potential (-1.4 V), deposition time (120 s), frequency 

(50 Hz), amplitude (0.025 V) and voltage step (0.005 V). 

6.6. Microscopic Characterisation of Nafion Graphene Modified 

Pencil Graphite Electrode (NG-PGE) 

High resolution scanning electron microscopy (HRSEM) images of the bare 

PGE and NG-PGE surface morphologies are shown in Figure 6.7. The bare PGE 

surface shows surface roughness with grooves along the surface in the direction of 

machining, Figures 6.7(a) and 6.7(b). Modification with a Nafion-graphene 

Nanocomposite was interrogated under various magnifications in Figure 6.7(c) 

and 6.7(d). A thin sheet of Nafion-graphene is observed at the electrode surface 

confirming modification with graphene sheets. Similar results are shown in work 

by Erdem et al. [42]. 
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Figure 6.7: HRSEM images of bare PGEs (a) 100 times magnification, (b) 3000 

times magnification and Nafion-graphene PGEs (c) 100 times magnification, (d) 

3000 times magnification. 

(a) 

(c) (d) 

(b)  
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6.7. Optimisation of Instrumental Parameters at NG-PG-BiE 

6.7.1. Nafion Graphene Pencil Graphite Bismuth-film Electrode (NG-PG-

BiE) 

Optimisation of the square-wave instrumental parameters: amplitude, 

deposition potential, deposition time, frequency and rotation speed at the NG-PG-

BiE were performed and shown in Figure 6.8 below. 

Interrogation of stripping peak currents of target metal ions as a function of 

amplitude was performed in the range of 10 to 100 mV and shown in Figure 

6.8(a). A general increase in peak current is observed with increasing amplitude. 

Cadmium and zinc show steeper rising slopes demonstrating their enhanced 

dependence on amplitude. Lead, however increases to a maximum at 60 mV 

before stabilizing. Amplitude of 40 mV was selected for subsequent experiments 

based on the information that any further amplitude increases does not result in a 

significant increase in peak current. 

The deposition step, which governs the loading of metal ions onto the 

working electrode, is a crucial step in any form of stripping analysis. An 

investigation of the effect of deposition potential on the peak currents of Zn
2+

, 

Cd
2+ 

and Pb
2+

 at the NG-PG-BiE is demonstrated in Figure 6.8(b). The potential 

was studied in the range from +0.2 V to -1.7 V. The stripping peak currents of all 

three metal ions increased with increasing negative potentials as the characteristic 

redox potentials of the ions was reached. Maximum stripping peak currents were 

observed at -1.4 V for all ions of interest at the BiE. This occurs as a result of 

preferential reduction and deposition of metal ions at the electrode surface. 
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Electrode saturation occurs after -1.4 V and the peak currents continuously 

decrease. A deposition potential of -1.4 V was utilized in further analysis. 

The response of stripping peak currents of Zn
2+

, Cd
2+

 and Pb
2+

 on deposition 

time was investigated and summarized in Figure 6.8(c). The peak currents for all 

three metal ions increased linearly with increased deposition times in the range of 

30 to 600 seconds. Longer analysis times are unfavorable and not recommended. 

A deposition time of 120 s was selected for metal ion analysis.  

Figure 6.8(d) shows the dependence of peak currents on the square wave 

frequency over the 12.5 Hz to 125 Hz range. Increasing the frequency showed 

increased peak currents as a result of increased scan rate [139]. A frequency of 50 

Hz was chosen since distinct peaks with good resolution obtained.  

Rotation speed which facilitates the movement of free metal ions at the 

electrode surface during the pre-concentration step was studied from 200 to 2000 

rpm. In Figure 6.8(e) it is shown that with increasing rotation speed, the stripping 

peak currents of all three target metal ions are increased. A rotation speed of 1000 

rpm was chosen. 
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Figure 6.8: Effect of amplitude (a), deposition potential (b), deposition time (c), 

frequency (d) and rotation speed (e) on the stripping peak current of Zn
2+

, Cd
2+ 

and Pb
2+

 at Nafion-graphene pencil graphite bismuth film electrode (NG-PG-BiE) 
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in a 0.1 M acetate buffer solution (pH 4.6) containing 20 µg L
-1

 of each metal and 

800 µg L
-1

  of bismuth. 

6.8. Analytical Performance of Nafion-Graphene modified Pencil 

Graphite Bismuth-film Electrodes (NG-PG-BiEs) 

Figure 6.9 and 6.10 below, show square-wave anodic stripping 

voltammograms and corresponding calibration plots for the simultaneous and 

individual analysis of Zn
2+

, Cd
2+

 and Pb
2+

 in 0.1 M acetate buffer solution (pH 

4.6) at NG-PG-BiE. Two concentration ranges, namely: 2 – 20 μg L
-1 

and 10 – 

100 μg L
-1

 were used to investigate the analytical performance of the NG-PG-BiE. 

Well-defined, sharp peaks are observed for all target metal ions with slight 

positive shift due to oxidation of the metals becoming less reversible [139].  

 

Figure 6.9: SWASV and corresponding calibration plots of simultaneous analysis 

of Zn
2+

, Cd
2+

 and Pb
2+

 obtained at NG-PG-BiE over 10 – 100 µg L
-1

. Supporting 

electrolyte: 0.1 M acetate buffer (pH 4.6), deposition time: 120, deposition 

potential: -1.4 V, rotation speed: 1000 rpm, frequency: 50 Hz, amplitude: 0.04 V 

and sweep rate: 0.2975 V. s
-1

. 
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Figure 6.10: SWASV and corresponding calibration plots for individual analysis 

of (a and b) Zn
2+

, (c and d) Cd
2+

 and (e and f) Pb
2+

 obtained at NG-PG-BiE over 

10 – 100 µg L
-1

. Supporting electrolyte: 0.1 M acetate buffer (pH 4.6), deposition 

time (120), deposition potential (-1.4 V), rotation speed (1000 rpm), frequency 

(50 Hz), amplitude (0.04 V) and sweep rate (0.2975 V s
-1

). 
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   (Eqn. 6.3) 

Where, 

D.L,  is the limit of detection 

3σ,  is three times the standard deviation of the blanks 

Slope,  is the gradient (slope) of the calibration curve 

Detection limits were determined using equation 6.3 above. The standard 

deviation of the blanks was calculated based on ten replications of the electrode’s 

response in the electrolyte solution. Table 6.1 summarises detection limits 

obtained for the simultaneous and individual analysis carried out at a deposition 

time of 120 s over two concentration ranges namely, 2 -20 µg L
-1

 and 10 – 100 µg 

L
-1

. The calculated detection limits  for Zn
2+

, Cd
2+

 and Pb
2+

 were 0.224 µg L
-1

, 

0.098 µg L
-1

 and 0.204 µg L
-1

 for simultaneous analysis while individual analysis 

gave detection limits of 0.167 µg L
-1

, 0.098 µg L
-1

 and 0.125 µg L
-1

 for Zn
2+

, Cd
2+

 

and Pb
2+

 respectively. Furthermore, the improved detection limits observed for 

individual analysis above simultaneous analysis is due to the lack of competition 

for available sites at the electrode surface. A ccomparison of detection limits with 

other previously reported bismuth-film electrodes are tabulated in Table 6.2 and 

shows that the NG-PG-BiE compares well with the electrodes in this table when a 

deposition time of 120 seconds is used. 
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Table 6.1: Calibration data representing Simultaneous and Individual Analysis of 

Zn
2+

, Cd
2+

 and Pb
2+

 at NG-PG-BiEs in 0.1 M acetate buffer solution (pH 4.6) at 

120s. 

Analytical 

Parameter 

 

Simultaneous Analysis 

(2 – 20 µg L
-1

) 

 

Individual Analysis 

(2 – 20 µg L
-1

) 

 

 

Zn
2+ 

Cd
2+ 

Pb
2+ 

Zn
2+ 

Cd
2+ 

Pb
2+ 

Sensitivity 

(µA L µg
-1

) 
2.08 

(±0.113) 
1.89 

(±0.071) 
0.992 

(±0.064) 
0.432 

(±0.021) 
1.61 

(±0.017) 
0.747 

(±0.032) 

Correlation 

Coefficient (R
2
) 

0.989 0.998 0.993 0.998 0.995 0.989 

Detection Limits 

(µg L
-1

) 
0.257 

(±0.032) 
0.098 

(±0.017) 
0.204 

(±0.009) 
0.167 

(±0.028) 
0.151 

(±0.004) 
0.125 

(±0.013) 

Analytical 

Parameter 

Simultaneous Analysis 

(10 – 100 µg L
-1

) 

Individual Analysis 

(10 – 100 µg L
-1

) 

 
Zn

2+ 
Cd

2+ 
Pb

2+ 
Zn

2+ 
Cd

2+ 
Pb

2+ 

Sensitivity 

(µA L µg
-1

) 
2.29 

(±0.021) 
1.82 

(±0.037) 
0.904 

(±0.019) 
0.531 

(±0.005) 
2.431 

(±0.035) 
1.457 

(±0.029) 

Correlation 

Coefficient (R
2
) 

0.998 1.000 0.999 0.990 0.998 0.994 

Detection Limits 

(µg L
-1

) 
0.224 

(±0.021) 
0.099 

(±0.006) 
0.177 

(±0.022) 
0.168 

(±0.005) 
0.098 

(±0.005) 
0.141 

(±0.001) 
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Table 6.2: A selected summary of previously reported detection limits for Zn
2+

, 

Cd
2+

 and Pb
2+

 at various Bismuth-film electrodes (BiFE) 

Metals Detected 
Electrode 

Substrate 

Measurement 

Technique 

Deposition 

Time (s) 

Detection 

Limit 

(µg L
-1

) 

Reference 

Pb
2+

, Cd
2+

, Zn
2+

 BiF-PGE SWASV 120 

Pb
2+ 

= 0.40 

[40] Cd
2+

 = 0.30 

Zn
2+

 = 0.40 

Pb
2+

 , Cd
2+

 Nafion-G BiFE DPASV 300 
Pb

2+
 = 0.02 

[22] 
Cd

2+
 = 0.02 

Pb
2+

, Cd
2+

, Zn
2+

 NC(Bpy)BiFE SWASV 120 
Pb

2+ 
= 0.08 

[140] 
Cd

2+
 = 0.12 

Pb
2+

 , Cd
2+

 Bi film C-paste SWASV 120 
Pb

2+
 = 0.80 

[75] 
Cd

2+
 = 1.00 

Pb
2+

 , Cd
2+

 
Bi/GNFs-

Nafion/GCE 
DPASV 300 

Pb
2+

 = 0.02 
[141] 

Cd
2+

 = 0.09 

Pb
2+

, Cd
2+

, Zn
2+

 Bi-CNT/GCE SWASV 300 

Pb
2+ 

= 1.30 

[142] Cd
2+

 = 0.70 

Zn
2+

 = 12.0 

Pb
2+

 , Cd
2+

 
Bi nanopowder 

on carbon 
SWASV 180 

Pb
2+

 = 0.15 
[143] 

Cd
2+

 = 0.07 

Pb
2+

, Cd
2+

, Zn
2+ 

Simultaneous 

Analysis 

NG-PG-BiE SWASV 120 

Pb
2+ 

= 0.22 

This Work Cd
2+

 = 0.09 

Zn
2+

 = 0.20 

Pb
2+

, Cd
2+

,Zn
2+ 

Individual Analysis 
NG-PG-BiE SWASV 120 

Pb
2+

 = 0.17 

This Work Cd
2+

 =0.09 

Zn
2+

 =0.13 

 

6.9. Recovery Studies of NG-PG-BiE 

The NG-PG-BiE was used in recovery studies to determine the target metal 

ions in test solutions. Known concentrations of target metal ions were used to 

spiked 10 mL portions of 0.1 M acetate buffer solutions and determined using the 
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standard addition method (Figure 6.11). An advantage of this method is that it 

compensates for interferences caused by the sample matrix. Recovery percentages 

of the metal ions from test solutions spiked with 30 µg L
-1

 Zn
2+

, Cd
2+

 and Pb
2 
 

values of 77.56 %, 94.35 % and 92.83 % for simultaneous analysis while for 

individual analysis  the recovery percentages were 97.36 %, 99.24 % and 97.62 % 

for Zn
2+

, Cd
2+

 and Pb
2+

, respectively. The percentage recoveries for simultaneous 

and individual analysis are shown in Table 6.3; slightly higher recovery 

percentages were obtained for individual analysis due to the lack of competition 

for available sites at the electrode surface. 
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Figure 6.11: Standard Addition plots for the simultaneous determination of (a) 

Zn
2+

, (b) Cd
2+

 and (c) Pb
2+

 at NG-PG-BiE in test solutions. 
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Table 6.3: Recovery data for the simultaneous and individual determination of 

Zn
2+

, Cd
2+

 and Pb
2+

 at NG-PG-BiEs in test solutions 

Recovery Studies of Zn
2+

, Cd
2+

 and Pb
2+

 in Test Solutions 

Simultaneous Analysis 

 
Zn

2+ 
Cd

2+ 
Pb

2+ 

Original   (µg L
-1

) ND ND ND 

Added (µg L
-1

) 30 30 30 

Found  (µg L
-1

) 23.27 28.31 27.85 

RSD (%) 2.89 3.74 4.21 

Recovery (%) 77.56 94.35 92.83 

Individual Analysis 

 Zn
2+ 

Cd
2+ 

Pb
2+ 

Original   (µg L
-1

) ND ND ND 

Added (µg L
-1

) 30 30 30 

Found  (µg L
-1

) 29.21 29.77 29.29 

RSD (%) 3.17 2.81 3.75 

Recovery (%) 97.36 99.24 97.62 

 

6.10. Effect of the pH value on Zn
2+

 Recovery 

The ability of BiFEs to be utilised in both acidic and basic media is a major 

advantage in electrochemical stripping analysis. In this research, NG-PG-BiEs 

have been applied for the determination of trace amounts of heavy metals at pH 

4.6. As seen from the recovery studies in 0.1 M acetate buffer solution (pH 4.6), 

low recoveries are observed for Zn
2+

 for both simultaneous and individual 

analysis. The plating of the bismuth film is discussed in section 6.4. The film 

thickness is governed by the concentration of the Bi
3+

 solution [27] and indicated 

that the background current at negative potentials, where the Zn
2+

 peak appeared, 

increased with the amount of Bi
3+

 deposited resulting in a more sloping baseline 

for the Zn
2+

 peak. This contradicts previous assumptions that the Bi-film would 
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cause a negative shift of the hydrogen overpotential [27]. As a result there is a 

difficulty in determining Zn
2+

 in acidic solutions due to the masking of the Zn
2+

 

reduction peak by Hydrogen ions [144]. Figure 6.12 shows the dependence of 

Zn
2+

 recovery (25 µg L
-1

) on the pH value of the supporting electrolyte. It is 

shown that the stripping peak current at low pH values is seriously repressed and 

shows low recoveries as a result. Increased recoveries are shown with increased 

pH values as hydrogen ions in solution are decreased. At pH values greater than 

9.1 no Zn
2+

 reduction peak can be seen. For further individual analysis of Zn
2+

, ± 

pH 9.1 was selected. 

 

Table 6.4: Recovery test of a 25 µg L
-1

 solution of Zn
2+

 in a 0.1 M acetate buffer 

solution; deposition time of 120 s at (a) pH 3, (b) pH 4.6, (c) pH 9.1 and (d) pH 

12.5 

Zn
2+

 pH Recovery Test (25 µg L
-1

)* 

  pH 3 pH 4.6 pH 9.1 pH 12.5 

Recovery (µg L
-1

) 12.03 21.68 25.30 ND 

Recovery (%) 48.123 86.72 101.21 ND 

 

    

 

  

N/D, Not detected 

*n = 3, where n is number of repetitions 
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Figure 6.12: Effect of pH on Recovery of Zn
2+

 in 0.1 M acetate buffer solution 

with deposition time of 120 s. 

6.11. Application to Tap Water Samples 

The NG-PG-BiE developed was employed as an electrochemical sensing 

platform for the analysis of tap water samples. Tap water was collected in our 

laboratory and analysed for Zn
2+

, Cd
2+

 and Pb
2+

, detected by the standard addition 

method. None of the target metal ions were detected at a pre-concentration time of 

120 s for either simultaneous or individual analysis due to their low 

concentrations. Spiking tap water samples with 20 µg L
-1

 and 30 µg L
-1

 of the 

target metal ions respectively yielded good recoveries as shown in Table 6.5. 

Increasing concentrations from 20 to 30 µg L
-1

 as well as performing individual 

analysis improved the percentage recoveries for all three metal ions. The lower 

recoveries for Zn
2+

 can be largely attributed to errors arising from the distortion of 

the zinc oxidation peak current caused by hydrogen gas evolution.  The lower 

recoveries obtained for tap water samples spiked with 20 µg L
-1

 can be attributed 
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to the fact that errors are generally greater when working closer at the detection 

limits of the metal ions [139]. As reported for test solutions, good recoveries were 

achieved at elevated concentrations. 

Table 6.5: Recovery percentages for Zn
2+,

 Cd
2+,

 and Pb
2+,

 at the NG-PG-BiE in 

tap water samples using a deposition time of 120 seconds. 

Simultaneous Analysis 

Metal Ion 
Original 

(µg L
-1

) 

Added 

(µg L
-1

) 

Found 

 (µg L
-1

) 
RSD (%) Recovery (%) 

Zn
2+ 

ND 20 12.52 2.84 62.59 

ND 30 20.52 3.83 68.42 

Cd
2+ 

ND 20 18.03 5.43 90.14 

ND 30 30.73 4.19 102.43 

Pb
2+ 

ND 20 18.69 5.36 93.47 

ND 30 29.44 1.46 98.12 

Individual Analysis 

Metal Ion 
Original 

(µg L
-1

) 

Added 

(µg L
-1

) 

Found 

(µg L
-1

) 
RSD (%) Recovery (%) 

Zn
2+

 
ND 20 17.84 5.77 89.23 

ND 30 28.60 2.38 95.34 

Cd
2+ 

ND 20 17.29 4.85 86.45 

ND 30 29.94 1.22 99.79 

Pb
2+ 

ND 20 20.30 1.11 101.51 

ND 30 29.53 2.84 98.43 

n = 3, where n is number of repetitive cycles performed 

ND, not detected 

To meet the United States Environmental Protection Agency’s (USEPA) 

maximum contaminant level (MCL) for zinc (5 mg L
-1

), cadmium (0.005 mg L
-1

) 

and lead (0.015 mg L
-1

) in drinking water, a longer deposition time of 360 seconds 
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was used. Typical voltammograms obtained during the simultaneous analysis of 

heavy metal ions together with their corresponding standard addition curves is 

shown in Figure 6.13.  
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Figure 6.13: Simultaneous analysis of tap water (pH 4.6) spiked with 5 µg L
-1

 of 

each of metal ion using a deposition time of 360 seconds. Square wave 

voltammograms (a) and corresponding standard addition calibration curves for 

Cd
2+

 (b) and (c) Pb
2+

. 
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Table 6.6 shows the percentage recovery obtained when using a deposition 

time of 360 seconds during simultaneous and individual analysis. As expected, the 

longer pre-concentration time allows for more metal ions to be deposited at the 

electrode surface resulting in improved sensitivity.  

Table 6.6: Recovery for the determination of Zn
2+

, Cd
2+ 

and Pb
2+

 in tap water 

samples using NG-PG- BiE at pre-concentration time of 360 seconds 

Recovery for the determination of Zn
2+

, Cd
2+ 

and Pb
2+ 

in tap water samples  

Simultaneous Analysis  

Metal Ion 
Original 

(µg L
-1

) 

Added 

(µg L
-1

) 

Found 

(µg L
-1

) 
RSD (%) 

Recovery 

(%) 

Zn
2+

 ND 5 ND ND ND 

Cd
2+

 ND 5 4.72 2.11 94.36 

Pb
2+

 ND 5 5.18 1.93 103.52 

Individual Analysis  

Metal Ion 
Original 

(µg L
-1

) 

Added 

(µg L
-1

) 

Found 

(µg L
-1

) 
RSD (%) 

Recovery 

(%) 

Zn
2+

 ND 5 ND ND ND 

Cd
2+

 ND 5 5.08 1.90 101.68 

Pb
2+

 ND 5 4.95 1.87 98.91 

n = 3, where n is number of repetitive cycles performed 

ND, not detected 

Recovery percentages summarised in Table 6.6 show improved recoveries 

for individual analysis at 102 % and 99 % for Cd 
2+

 and Pb
2+

 respectively. The 

accurate quantitation of heavy metals at concentration below the USEPA 
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standards proves the effective use of the NG-PG-BiE in conjunction with SWASV 

for detection of trace amounts of metals in drinking water. 

6.12. Conclusions 

Modification of pencil graphite electrodes with a Nafion-graphene 

nanocomposite and in situ plated bismuth film resulted in an ultra-sensitive 

sensing platform (NG-PG-BiE) for the detection of trace amounts of Zn
2+

, Cd
2+

 

and Pb
2+

 by square-wave anodic stripping voltammetry. Improved detection limits 

at values comparable to other known bismuth-film electrodes and below the 

USEPA standards, as well as accurate detection of metal ions in drinking water 

with a 5 % error prove the enhanced sensing capabilities of the binder-graphene 

platform. 
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CHAPTER SEVEN: 

Conclusions and Future Work 

 

A highly enhanced sensing platform based on the direct electrochemical 

reduction of colloidal graphene oxide at pencil graphite electrodes was developed 

for the determination of Zn
2+

, Cd
2+

 and Pb
2+

 by square-wave anodic stripping 

voltammetry. The electrodeposited graphene pencil graphite bismuth-film 

electrode (EG-PG-BiE) showed improved sensitivities and detection limits to 

bismuth-film electrodes utilised in literature due to the combination of enhanced 

electron transfer rate, surface-to-volume ratio and improved sensitivity due to the 

graphene and metal-film. The analytical application of the EG-PG-BiE was 

assessed by recovery studies and real sample analysis within a 10 % error. The 

low detection limits obtained showed results well below the USEPA standards of 

5 ppm, 5 ppb and 15 ppb for Zn
2+

, Cd
2+

 and Pb
2+

 respectively. 

Modification of pencil graphite electrodes with a Nafion-graphene 

nanocomposite and in situ plated bismuth film resulted in an ultra-sensitive 

sensing platform (NG-PG-BiE) for the detection of trace amounts of Zn
2+

, Cd
2+

 

and Pb
2+

 by square-wave anodic stripping voltammetry. Improved detection limits 

at values comparable to other known bismuth-film electrodes and below the 

USEPA standards, as well as accurate detection of metal ions in drinking water 

with a 5 % error prove the enhanced sensing capabilities of the binder-graphene 

platform. 
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Future work includes the use of bismuth films on various substrate materials 

to offer green approaches to existing techniques. The results achieved in the study 

show encouraging proof that the electroanalytical use of bismuth electrodes is 

possible.  

The pencil graphite substrate has proved to offer good comparable results to 

common electrode substrates. In future, investigating the pencil graphite substrate 

for a wide range of applications is possible at low costs. The use of pencil graphite 

as substrate could also be investigated for low cost point-of-care devices due to its 

ease of use, robustness and low cost.  

Minimizing errors in recoveries of Zn
2+

 at BiEs is of vital importance. The 

investigation of increased pH water samples should also be further interrogated.  

Lastly, the use of nanomaterials and functionalised graphene sheets could be 

further investigated at various metal-films. 
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