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ABSTRACT

The need for clean, non-toxic drinking water supplies, free of pollutants and metal
contamination is vital in impoverished areas and the developing world alike. With this in mind,
the development of accurate, inexpensive, portable and simple devices for remote sensing
applications is therefore pivotal for early detection and the prevention of illnesses. Over the last
two decades, adsorptive stripping voltammetry (AdSV) has emerged as a superior detection
method over common analytical techniques due to its low-cost instrumentation, unskilled labour
and ability to detect a wide range of analytes. The technique is based on the non-electrolytic
accumulation (adsorption) of the analyte followed by a cathodic reduction scan measurement.
Moreover, recent progress in paper-based microfluidics coupled to electrochemical approaches for
analysis have shown tremendous promise as platforms for providing simple, portable and
quantitative detection. Herein, a variety of novel paper-based electrochemical platforms are
developed for the detection of metal contaminants, such as Ni?* in drinking water with low-volume
sample introduction in the presence of dimethylglyoxime as chelating agent. For the first time,
paper-based microfluidics is combined with electrochemical AdSV in conjunction with
conventional three-electrode systems to produce microfluidic paper-based electroanalytical
devices (LPEDs) which function as one-step, low-cost electroanalytical sensors for the detection
of Ni%* in tap water samples. The study is based on two simple and unique fabrication approaches:
(i) dry reagent infusion techniques in the development of novel pre-stored (infused) pPEDs and
(ii) inkjet and screen printing techniques for production of integrated paper-based electrode
systems. The pre-stored pPEDs with a novel single-step accumulation and deposition
demonstrated highly selective detection of Ni?* in the presence of metallic interferents (Zn%*, Cd?*,
Pb?*, Co?* and In?*) up to 100 times metal analyte concentration. A limit of detection of 6.27 +
1.32 pg L was established for Ni?* detection over a dynamic linear range of 15 — 120 pg L™ with
sensitivity of 7.08 pA L ug™? for three replications at 90 s analysis times. The lower sensitivities
normally associated with uPEDs was addressed by the incorporation of graphene, carbon black,
gold nanoparticles or ionic liquids (1-methylimidazole) within the cellulose fibre structure.
Microfluidic graphenised-paper electroanalytical devices (UGPEDs) demonstrated ability to
improve electron transfer kinetics and enhance electroactive surface area within the fibrous

cellulose structure at high graphene content (> 10 weight %). In addition, puPEDs prepared from
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gold nanoparticles and 1-methylimidazole improved the electroactivity and sensitivity of AuNP-
IL-uPEDs up to 3 times over unmodified counterparts with a uniform decoration of ~ 90 nm gold
nanoparticles within the cellulose structure. A limit of detection of 5.13 + 3.74 ug L™ was recorded
for Ni?* detection over a dynamic linear range of 30 — 150 pg L™ (n = 3). Further, integrated paper-
based three-electrode systems based on inkjet printing were fabricated with high conductivity (<
50 Q) from silver nanoparticle (AgNP) and graphene-based inks. Gold nanoparticle decorated
electrochemically reduced graphene oxide (AuNP-ERGO) and carbon black, dimethylglyoxime
(CB-DMG) modified paper-based electroanalytical devices (PEDSs) yielded limits of detection of
32.19 +9.61 and 48.01 + 12.24 ug L%, respectively, for Ni?* detection at 90 s accumulation times
over a dynamic linear range of 50 — 500 pg L™ Ni?*. Relative standard deviations (RSD %) for
[Ni(dmgH)2] reduction were found to be within a 2 — 7 % error. For real sample analysis, the
nanoparticle-enhanced voltammetric paper-based devices proved to be suitable for the detection
and quantitation of Ni?* below the United State Environmental Protection Agency (US EPA) and
World Health Organization (WHO) prescribed limit (0.1 mg L™ or 0.1 ppm) and South African
Drinking Water Guidelines limit (0.15 mg L) for drinking water.
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Chapter 1 :

Microfluidic graphenised-paper electroanalytical devices (UGPED) for
adsorptive cathodic stripping voltammetric detection of metal
contaminants:

An Introduction

Abstract

The need for clean, non-toxic drinking water supplies, free of pollutants and metal
contamination is vital in impoverished areas and the developing world alike. With this in mind,
the development of accurate, inexpensive, portable and simple devices for remote sensing
applications is therefore pivotal for early detection and the prevention of illnesses. Over the last
two decades, adsorptive stripping voltammetry (AdSV) has emerged as a superior detection
method over common analytical techniques due to its low-cost instrumentation, unskilled labour
and ability to detect a wide range of analytes. The technique is based on the non-electrolytic
accumulation (adsorption) of the analyte followed by a cathodic reduction scan measurement.
Moreover, recent progress in paper-based microfluidics coupled to electrochemical approaches for
analysis have shown tremendous promise as platforms for providing simple, portable and
quantitative detection. Herein, a variety of novel paper-based electrochemical platforms are
developed for the detection of metal contaminants, such as Ni?* in drinking water with low-volume
sample introduction in the presence of dimethylglyoxime as chelating agent. For the first time,
paper-based microfluidics is combined with electrochemical AdSV in conjunction with
conventional three-electrode systems to produce microfluidic paper-based electroanalytical
devices (LPEDs) which function as one-step, low-cost electroanalytical sensors for the detection
of Ni?* in tap water samples. The study is based on two simple and unique fabrication approaches:

(1) dry reagent infusion techniques in the development of novel pre-stored (infused) pPEDs and
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(if) inkjet and screen printing techniques for production of integrated paper-based electrode
systems. The pre-stored pPEDs with a novel single-step accumulation and deposition
demonstrated highly selective detection of Ni?* in the presence of metallic interferents (Zn?*, Cd?*,
Pb?*, Co?* and In?*) up to 100 times metal analyte concentration. A limit of detection of 6.27 +
1.32 pg Lt was established for Ni?* detection over a dynamic linear range of 15 — 120 pug L with
sensitivity of 7.08 pA L ug™ for three replications at 90 s analysis times. The lower sensitivities
normally associated with uPEDs was addressed by the incorporation of graphene, carbon black,
gold nanoparticles or ionic liquids (1-methylimidazole) within the cellulose fibre structure.
Microfluidic graphenised-paper electroanalytical devices (UGPEDs) demonstrated ability to
improve electron transfer kinetics and enhance electroactive surface area within the fibrous
cellulose structure at high graphene content percentages (> 10 weight %). In addition, pPEDs
prepared from gold nanoparticles and 1-methylimidazole improved the electroactivity and
sensitivity of AuNP-IL-uPEDs up to 3 times over unmodified counterparts with a uniform
decoration of ~ 90 nm gold nanoparticles within the cellulose structure. A limit of detection of
5.13 + 3.74 ug L was recorded for Ni?* detection over a dynamic linear range of 30 — 150 pg L-
1 (n = 3). Further, integrated paper-based three-electrode systems based on inkjet printing were
fabricated with high conductivity (< 50 Q) from silver nanoparticle (AgNP) and graphene-based
inks. Gold nanoparticle decorated electrochemically reduced graphene oxide (AuNP-ERGO) and
carbon black, dimethylglyoxime (CB-DMG) modified paper-based electroanalytical devices
(PEDs) yielded limits of detection of 32.19 + 9.61 and 48.01 + 12.24 pg L respectively for Ni?*
detection at 90 s accumulation times over a dynamic linear range of 50 — 500 pg L Ni?*. Relative
standard deviations (RSD %) for [Ni(dmgH)z] reduction were found to be within a 2 — 7 % error.
For real sample analysis, the nanoparticle-enhanced voltammetric paper-based devices proved to
be suitable for the detection and quantitation of Ni?* below the United State Environmental
Protection Agency (US EPA) and World Health Organization (WHQO) prescribed limit (0.1 mg L
L or 0.1 ppm) and South African Drinking Water Guidelines limit (0.15 mg Lt) for drinking water.

1.1. Background to the Study

When conducting environmental monitoring or direct patient care in nontraditional settings,
it is often necessary to ascertain measurements which are difficult to obtain outside of controlled

settings. Rapid analysis of laboratory tests and data is essential in patient management and in
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highly affected areas where pollution and outbreaks are experienced. External factors including
electrolytes, pH and temperature can significantly impact treatment methods for patients and the
output of certain industrial processes. The lack of this accurate information in a timely manner
may have severe consequences on the prognosis and treatment of patients as well as adversely
affect the policy decisions regarding various water quality and waste disposal methods in
agricultural and industrial processes [1]. Laboratory grade testing is usually carried out by
expensive instrumentation with the aid of skilled labor providing reliable, accurate results. These
technologies are effective in first world countries but are unobtainable in developing countries
where these facilities are not easily accessible [2]. Technological advancements have made
laboratory testing possible at the point of exposure at industrial sites or natural water supplies as

well as at the bedside in direct patient care.

Point-of-care testing, known by many names: near patient, bedside or extra laboratory testing
is not new. A point-of-care device is a low cost, portable instrument defined as medical testing at
or near the site of patient care. These are tests designed to be used at or near the site where the
patient is located, that do not require permanent dedicated space, and that are performed outside
the physical facilities of the clinical laboratories. Simple point-of-care (POC) testing has been in
use since the 1970’s when glucose was monitored through reagent strips [3]. Electrolyte
monitoring of burn victims [4] and the detection of rapid changes in ionized calcium in liver
transplant patients [5] triggered the drive to POC testing. Subsequent technological innovation led
to the development of dip stick devices which evolved to self-contained lateral flow tests (e.g., for
pregnancy, cardiac disease, and HIV-1) that require only the addition of small amounts of sample
[6]. They have been developed to provide necessary improvement in convenience, patient care,
and turnaround time. Important criteria for the acceptance of point-of-care systems are that they
allow operators without technical training to perform assays easily and achieve accuracy and
precision of measurement equivalent to that obtainable in the clinical laboratory, or for specific
clinical purposes [7]. This is achieved by use of transportable, portable and handheld instruments
and test kits. Recent developments in sensor technologies and applications have led to widespread
use of accurate, reproducible POC testing. A major drawback of point-of-care diagnostics is the

lack of accuracy as well as sensitivity of the low-cost devices.
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Rapid, point-of-care (POC) testing may be used for a wide variety of reasons: Urinalysis,
Environmental Monitoring, Bioterrorism, Food Safety, Veterinary Medicine and Immunoassays
[8]. Environmental impact assessment is a formal process used to predict the environmental
consequences of a plan, policy, program, or project prior to the implementation decision. It
proposes measures to adjust impacts to acceptable levels or to investigate new technological
solutions. Although it can lead to difficult economic decisions, strong political and social
commitments, it aims to protect the environment. The purpose of the assessment is to ensure that
decision makers consider the environmental impacts when deciding whether or not to proceed with
a project. The assessment, with analytical detection will assist government and regulatory bodies
develop and modify new and existing policies regarding contamination as well as evaluate
exposure to contaminants for those working with metals on a regular basis. Diagnosis and point-
of-care testing in the home is a critical part of disease management and is a growing area in the
healthcare sector due to the rapidly increasing population. The results of these tests aid in
determining the necessary treatment and associated costs and allow patients the opportunity to
manage their own conditions. The effectiveness and efficiency of chelation therapy, a treatment to
rid the body of high concentrations of heavy metals may also be determined. The benefits of patient
self-testing include: (i) No need for patient travel, (ii) limited waiting time, (iii) reduction in
materials and cost, (iv) increased patient freedom and (v) patient involvement is increased.

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 [9].

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™ [10]. These metals have become
important in industrial applications and ubiquitous in the environment. Heavy metals pose a very
distinguishable problem which set them apart from other known contaminants, owing to their non-
biodegradable nature [11,12]. 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. [11]. In recent years, the
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increase in heavy metal contamination has become widespread around the world in the form of
pollution as well as food sources and drinking water [13]. Pollution in the environment may occur
in different forms including anthropogenic activities such as mining and industrial processing [14].
Contaminated drinking water from lead pipes as well as pollution from the industrial sector are the

most common sources in modern times [15].

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: (i) pH
of water; (ii) presence of carbonates and phosphates; (iii) hydrated oxides of iron and manages;
(iv) content of organic matter; and (v) sulphide ions and pirite (significant for mobilization process

of heavy metals in water environment.

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. 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. While Ni contamination in water samples is no longer subject to stringent guidelines
by the EPA, a set limit of 0.1 mg L™ or 0.1 ppm has been set by the EPA and world health
organization (WHO). This limit is comparable to the 0.15 mg L™ set by the South African water
guidelines (SAWG).

1.2. Problem Identification

In modern times, diagnostic testing is usually carried out by dedicated instruments performed
by skilled operators. Techniques for analytes determination center around spectroscopic

techniques like atomic absorption spectroscopy (AAS) and inductively coupled plasma mass
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spectroscopy (ICP-MS) [16,17] 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 [13]. Historically, electrochemical (EC) techniques have
been at the forefront of analysis and have in certain instances been developed for this particular
purpose. Stripping voltammetry (SV) 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. Lately, screen testing kits has become common place for
on-site monitoring of heavy metal ions in liquid samples. The screen testing kits make use of
dithizone (diphenylthiocarbazone) which forms yellow, red, or violet complexes with more than
dozen metals [10]. A color comparison chart is then used to compare the color obtained to the
provided color band. The level of toxicity or concentration can then be determined in a certain

range.

It has become increasingly important to explore a sensitive, rapid and simple analytical
method for precise monitoring of metal contaminants in food, water and soil samples. The usual
methods adopted for the concentration assessments of these inorganic and organic materials are
mainly focused on the use of atomic absorption (AA) or inductively coupled plasma (ICP) atomic
emission spectroscopy, ICP-mass spectrometry, screen testing and electrochemical (EC)
techniques [17]. While extremely accurate, methods such as ICP and AA require expensive
machinery as well as skilled labour which may result in long analysis times in laboratories. On-
site or point-of-care analysis is an important criterion in highly infected areas and patients with
history of heavy metal contamination and folic acid deficiency related illnesses. Screen test Kits
for heavy metal determination are unreliable due to intermetallic interferences, inaccurate

measurements and quasi-analytical detection.
1.3. Rationale and Motivation

Paper is a thin material, discovered in the early 2" century that is usually prepared by
filtering a dilute (~ 1 wt. %) aqueous suspension of fibres, colloidal filler particles and soluble
polymers such as cellulose pulp to form sheets [18]. The use of paper is well known stemming

from its physical properties, which lend itself to a wide range of applications such as writing,
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printing and packaging. Paper, generally made of cellulose, allows liquid to penetrate into its
hydrophilic fiber and can be functionalized in order to change its properties such as permeability
and reactivity. The use of paper substrates as sensor devices and other chemical applications has
recently been discovered due to its versatility, low cost and high abundance [19]. Since its first use
in 1956 [20], paper devices have moved from simple designs requiring lateral flow such as the
pregnancy test [21] which were limited to providing only qualitative analysis to more advanced
fabrication methods in order to obtain more accurate and quantitative results, sometimes at the
detriment of cost and simplicity. These fabrication and patterning methods include
photolithography [22], inkjet printing [23], etching [24], wax printing [25] and screen printing
[26]. Paper choices depend on the required characteristics of the sensor and range from filter paper
or wax paper to normal writing paper. Although there is great potential for paper substrates as
electrochemical sensor devices improvements in fabrication and analysis techniques are still
required to meet the standards set by other known substrates. The overall sensitivity of the device
due to spreading of analytes, paper choices, utilization of lower power and portability analysis

techniques and difficulty in multiplex analysis are challenges the paper substrate faces [27].

Paper offers many advantageous properties: (i) paper is very inexpensive and is
manufactured locally in nearly every part of the world from renewable and recyclable resources;
(i) paper can be easily printed, coated, and impregnated with inks and chemical reagents; (iii)
paper is a good filter; (iv) paper is biodegradable or easily disposed via burning; (v) the porous
structure facilitates lateral-flow of fluids without the use of a pump or pipette; and (vi) is a
biocompatible material resulting in more stable biomolecule probing. A dry filter paper can sorb
more than its dry mass of aqueous solution when immersed in a bath. Removal of the paper and
drying will leave all of the non-volatile components of the aqueous solution in the paper structure.

Unspecific adsorbed components will fully distribute after subsequent exposure to water [28].

Electrochemistry is known to provide analytical techniques characterized by simplicity, low
cost and portability. Electrochemical anodic stripping voltammetry (ASV) has, in recent years,
been widely regarded as an extremely powerful technique for the determination of heavy metals
while adsorptive stripping voltammetry (AdSV), commonly used for the determination of organic
materials and detection of low solubility metals. Their high intrinsic advantageous features, such

as its high sensitivity due to the built-in preconcentration step, good selectivity, inexpensive and
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portable instrumentations and the ability of measuring four to six analytes in a sample
simultaneously in the sub parts per billion (sub-ppb) ranges [29] make them good methods of

detection.

The working electrode is characterized by its small surface area. Solid electrodes made of
gold, carbon or platinum are commonly used. These carbon-based electrodes such as glassy
carbon, screen-printed and pencil-graphite electrodes have been utilized in conjunction with metal
films. Mercury electrodes show little to no background i.e. little interference as well as
advantageous properties in the negative potential region but its toxicity as well as its use and
disposal of its salts has put a limited life span on the use of these electrodes [2]. Bismuth, antimony
and lead film electrodes show comparable results to that of Hg-film electrodes due to the formation
of “fused” alloys or complexes with analytes compared to the amalgams formed with mercury
[30]. These electrodes offer many attractive properties, including the simple preparation [31], high

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

Many techniques have been incorporated to improve the sensitivity for the analysis of metal
ions including, chemically modified electrode. Modification of electrodes with nanoparticles,
graphene, ligands and nafion has shown to greatly improve the electrode sensitivity as well as
selectivity towards analytes. Nafion has shown to increase the detection sensitivity and alleviate
the interference from the surfactants of bismuth film electrodes. It is a perfluorinated ionomer
containing negatively charged sulfonic groups and has many applications as proton-conducting
membrane material for fuel cells and other electrochemical applications. The Teflon like
hydrophobic backbone and highly hydrophilic ionisable sulfonic groups are responsible for its
excellent chemical stability and ionic conductivity. The unique ion- exchange, discriminative and
biocompatibility properties have made Nafion- films useful for modification of 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.

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? hybridization [32]. 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
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applications [33]. 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. Synthesis of Graphene by the Hummers Method [34] produces

good quality graphene.

Apart from electrode modification for improved sensitivity, improved selectivity and
precision could also be achieved by selecting a suitable complexing agent (ligand) and electrolyte.
Various ligands have been used including dimethylglyoxime, calcone and pyrroldine
dithiocarbamate [35]. Calcone as ligand is a ketone formed by condensation reactions. Its role as
complexing agent is supported by the free electron pair form hydroxyl group that may bind with

metal ions in formation of complexes.

The proposed study seeks to investigate for the first-time the development of paper-based
microfluidic sensing devices for the detection of heavy metals in water by electrochemical
adsorptive stripping voltammetry. A dry reagent storage method for creating prestored reaction
zones with electrolyte solution, chelating agent and nano-metal films was investigated towards the
detection of metal cations, with Ni?" being used for proof of concept. The pre-stored paper
electrodes meet the requirements of point-of-care devices by providing an answer for direct
analysis with a single sample introduction. Further, graphene nanocomposites, gold nanoparticle
and ionic liquid modification of the paper-based sensors were employed to create novel electrode
platforms with accurate, reproducible and ultrasensitive analyte detection as point-of-care devices
on screen printed electrodes. The detection will be: one step, low cost, simple, highly sensitive and

accurate with small amount of sample and easy to operate.
1.4. Obijectives

The overall aim of the thesis is to develop paper-based sensors for the determination of metal
ions in water samples by adsorptive cathodic stripping voltammetry (AdCSV) and investigate

methods of improving its low-sensitivity by modification with reagents and nanoparticles alike.
The objectives of this work are to:

e Explore the synthesis of reagents used in the study by:
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e Investigating the synthesis and characterisation of graphene oxide (GO) by a
modified Hummers method and its subsequent reduction to graphene. Structural
and morphological characterisation are performed using HRSEM, HRTEM, FTIR,
AFM, XRD, Raman, UV-Vis and SECM.

e Investigating the development of graphene-chelate inks and electrochemically

reduced platforms for surface modification to improve electrode sensitivity.

e The synthesis and characterisation of gold nanoparticles and comparison to bulk
metal. Structural and morphological characterisation will be conducted by
HRSEM, HRTEM, FTIR, AFM, XRD, Raman, UV-Vis and SECM.

e Develop a method for the adsorptive stripping voltammetric detection of metal cations in
water based on a single accumulation and deposition step in the presence of suitable

chelating agents and metallic films

e Investigate the ability to improve electrode sensitivity by electrode modification with
graphene and gold nanoparticles

e Fabricate low-volume paper-based electroanalytical devices for the detection of Ni?* by
AdCSV

e Improve sensitivity of paper-based sensors by reagent storage with electrolyte, chelating
agent and metallic films

e Further enhance sensitivity of the developed devices by modification with graphene, gold
nanoparticles and ionic liquids

e Develop paper-based flow-systems based on patterning with hydrophobic materials

e Investigate the filtration, inkjet and screen printing techniques to create integrated electrode
systems on paper substrates and apply them to the detection of metal ions by AACSV

e Develop a method for the quantitative detection of metal ions in water based on the

aforementioned devices.
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1.5. Research Questions

Is it possible to create a single deposition and accumulation step in AdCSV detection of

Ni2*?
e Can graphene and gold nanoparticles improve electrode sensitivity in AACSV?

e Does pre-strorage of paper substrates result in low-cost POC devices for the detection of

inorganic materials in aqueous solutions?

e Will the developed POC devices allow for accurate electroanalytical detection of

simultaneous trace heavy metals?
e Do graphenated paper disks improve the detection of heavy metals?
e Isit possible to improve detection using a variety of metallic and nano-metallic films?

e Does ligand-metal complexes improve electrode sensitivity for the determination of heavy

metals?

e Will chromatography and simple fluidic devices help in purification/filtration of “dirty’

aqueous samples and limit intermetallic interferences?

e (Can wax patterning create simple fluidic channels for the continuous determination of

metal ions?

e Will inkjet printing of conductive inks create low cost, flexible electrodes from paper and

transparent plastics?
1.6. Research Hypothesis

Paper-based sensors offer a simple, low-cost method for detection capabilities in point-of-
analysis testing. These detection capabilities may be further improved by coupling paper-devices
with simple electrochemical stripping analysis to develop an ultra-sensitive technique for metal
sensing. Impregnation of paper substrates with graphene, various ligands, buffer solution, metallic

films and nanoparticles in conjunction with screen-printed carbon electrodes as well as simple
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printing techniques for integrated devices may result in low-cost point-of-care devices. The pre-
stored paper electrodes and printed paper sensors enhanced with graphene-based composites will
offer numerous advantages: (i) it is one-step detection without additional external reagent(s); (ii)
the paper disk with screen printed electrode is for single-use, low-cost and easy-to-fabricate; (iii)
it has high sensitivity and accuracy with modifications; (iv) it requires only a small amount of
sample (10 xL) for testing; and (v) it does not require professional personnel or complicated

instruments.
1.7. Research Approach
A number of experiments will be designed in order to understand the effect of:
e Methods of graphene and gold nanoparticle synthesis and their electrochemical properties;

e Graphene-based nanocomposites to enhance electrode sensitivity for ADCSV detection of

heavy metals
e Metal-free analysis of AdCSV detection of heavy metals;
e Impregnation techniques to develop integrated paper substrates with microfluidic channels;
e Pre-stored paper substrates for the determination of heavy metals in aqueous samples;
e Inkjet, wax and screen printing techniques for fabrication of paper-based devices;
e Standard addition and calibration methods on recovery studies of test solutions;
¢ Real sample analysis of graphene-based paper substrate chemical sensors.

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 by morphological and structural



Chapter One: An Introduction

characterization techniques. These techniques included: FT-IR, EDS, Raman Spectroscopy, XRD,
HRTEM, HRSEM and AFM

Square-wave adsorptive cathodic stripping voltammetry (SW-AdCSV) was utilized using a
Autolab PGSTAT 101 to evaluate the viability of graphene-based composites as enhanced
detection material towards the detection of trace metals in paper-based sensors. This was achieved
by investigation of instrumental parameters, calibration data, test solution analysis and real water

samples.
1.8. Scope and Delimitations

The scope and delimitations of the proposed study are discussed in this section. Briefly, areas
of interest covered in the work found in this thesis are highlighted and special consideration given

to relevant areas not covered by this work.

The study is descriptive and explorative in nature and focused on the development of
sensitive, accurate and cost effective microfluidic paper-based electroanalytical devices (WPEDs)
for the detection of metal contaminants belonging to the heavy metal class in drinking water
samples below the acceptable maximum contamination level (MCL) as identified by the world
health organization (WHO) and environmental protection agency (EPA). The research sample is
composed solely of tap water samples collected from our laboratory in the Bellville municipal
region in Cape Town, South Africa. Figure 1.1, represents an image of the sampling area used in
the study. Contaminated water samples from rivers and lakes in the surrounding areas were
eliminated for the purpose of the study and only drinking water samples were selected to prevent
the need for further purification prior to analysis. The primary data gathering method used was
experimental testing in our laboratory in order to answer particular research questions set above.
This research used purposive and convenience sampling in order to demonstrate the developed
devices for detection of metal ions by adsorptive stripping voltammetry. The gathered data were

analyzed and compared to relevant literature to investigate its effectiveness as sensing device.

The research data was based on experimental approaches to study specific areas of interest
in the development of enhanced paper-based sensors including electron transfer rates, fabrication
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methods etc. It focused specifically on an electrochemical adsorptive stripping voltammetric
approach, however anodic stripping voltammetry was also used for a comparative investigation.
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Figure 1.1: Geographic location of water sampling region under investigation in the study.

Nickel detection is the most commonly used application of the adsorptive stripping
voltammetric technique to date and is the leading method for its detection in water samples. As a
result, the fabricated paper-based sensors will be applied to nickel detection to demonstrate their
applicability in AdCSV.

The study is delimited to chromatographic paper of Grade 1 nature, due to its specific pore
sizes allowing for liquid transport and Penguin photographic paper due to its ease of availability.

Commercial paraffin wax was used in the hydrophobic barrier preparation.

In this research, metal cations were delimited to those readily found in water samples
including Ni, Co, Zn, Cd, Pb, Cu, In, etc. identified by the WHO. All metal cations used for
interference studies were selected due to their known interferences with Ni, reduction in the
potential window under investigation and ready availability in our laboratory. All other metal
interferents were eliminated from the study. Further, organic interferents were not investigated due

to their low concentrations in drinking water.

The study was further delimited to graphene, gold nanoparticles and ionic liquids to enhance

electrode sensitivity due to their ease of production. Chelating agents were limited to
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dimethylglyoxime as a direct result of its widespread use in complexation with Ni. Lastly, mercury
films were investigated due to their high sensitivity and affinity towards Ni-dmg detection.

1.9. Thesis Structure

The thesis to follow is comprised of ten chapters detailing the development of microfluidic
graphene-enhanced paper-based electroanalytical devices (WGPEDSs), based on the adsorptive
stripping voltammetric determination of nickel-dimethylglyoxime [Ni(dmgH)z] complexes in

water samples. This section provides a general outline of work covered.
Chapter One: General Introduction

Chapter One provides a general introduction to the work covered in this study. This chapter
specifically identifies and highlights the need for low-cost, accurate and sensitive detection of
metal contaminants at disposable and portable devices for on-site analysis. A brief motivation of
techniques and reagents used in the study is provided. Further, the proposed objectives and aims

to be met within the scope and delimitations set for the study under investigation are listed.

Chapter Two: Recent Advances .in Electrochemical Stripping Analysis at Graphene-

Derivatives: A Review

A comprehensive outline of recent literature pertaining to the study is discussed in Chapter
Two. The review focuses on the use of graphene-based materials and their possible applications in
electrochemical stripping voltammetric analysis. A detailed summary of graphene synthesis
methods and their effect on the achieved electrochemical properties of graphene are discussed.
Reported general electrochemical properties achieved in literature are further highlighted in this
chapter. The analytical performance of a variety of graphene materials in electrochemical analysis

of metal contaminants and a range of organic materials are discussed.

Chapter Three: Metal analysis at Microfluidic Paper-based Analytical Devices (LPADs): A

Review

In this chapter, the use of paper-based devices as substrate material for the analytical
determination of metal contaminants are highlighted and discussed. A summary of fabrication
methods, applications and procedures for enhancement are interrogated towards the detection of
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heavy metals. A variety of common detection methods including: Colorimetric, fluorescent,
electrochemical and nanoparticle methods are detailed.

Chapter Four: Morphological and Structural Characterization of Prepared Graphene Oxide,

Graphene and Gold Nanoparticles

Chapter Four identifies the experimental procedure for the chemical synthesis of graphene
oxide and graphene and gold nanoparticles used in the study. The chemistry involved in synthesis
steps is reported and relevant findings are highlighted in the production of good-quality samples.
Reference is made to relevant literature. Microscopic and spectroscopic techniques were used to

scrutinize the morphology and structure of produced materials.

Chapter Five: Single-step, Adsorptive Cathodic Stripping Voltammetric Detection of
Nickel in Tap Water Samples at Electrochemically Reduced Graphene Oxide, Pencil-graphite,
Mercury-film Electrodes (ERGO-PG-MFE)

For the first-time the applicability of graphene-modification will be investigated towards
adsorptive stripping voltammetric detection of Nickel in water samples. Chapter Five highlights
the main trends and significant findings in the fabrication of electrochemically reduced graphene
oxide, pencil graphite electrode (ERGO-PGE). Microscopic and electrochemical characterization
of the prepared electrodes are provided. Further, quantitative analytical information is shown along
with recovery and calibration studies to prove its applicability as sensor material. Real sample

analysis as a real-world application is shown.

Chapter Six: Complexation based Detection of Nickel (I1) at a Graphene-Chelate Probe in
the Presence of Cobalt and Zinc by Adsorptive Stripping Voltammetry

Results and discussion of a nafion-graphene-dimethylglyoxime (NGr-DMG) complex,
utilized as electrode modification towards the detection of Ni(ll) by AdCSV in the absence of an
electroplated metal film is provided in Chapter 6. Development of the NGr-DMG complex and its
electrochemical properties are shown. Further, coating and instrumental parameters, optimization
of chelating agent loading, as well as calibration, recovery and metallic interference studies are
illustrated. Comparison is made between N-DMG-GCE and NGr-DMG-GCE and the analytical

performance of graphene loading is highlighted. Relevant correlation is made to literature reported

http://etd.uWwc.ac.za



Chapter One: An Introduction

values to indicate the effectiveness of the developed NGr-DMG-GCE sensor for selective
detection of Ni(ll) in the presence of common metallic cations.

Chapter Seven: Electroanalytical Complexation-based Detection at Low-cost, Stored,

Micro-volume, Paper-based Electrochemical Cells (LPECs)

In Chapter Seven, the use of paper-based analytical devices will for the first time be applied
to the adsorptive stripping voltammetric detection of Ni(ll) in water samples. Relevant results and
discussions outlining the first micro-volume detection of Ni(ll) by AdCSV at paper-based
electrochemical cells (paper-disks). Reagent loading, analytical parameters, interference studies
and quantitative analysis are shown. Further, infusion of graphene to enhance electrode sensitivity
was investigated and electrochemical sensitivity as a function of graphene loading shown. In
addition, a graphene working electrode was investigated in the fabrication of a 3-D paper-based

sensor.

Chapter Eight: Fabrication of Gold Nanoparticle, lonic liquid Microfluidic Paper-based
Electroanalytical Devices (UPEDs) towards the detection of Cu(ll) and Ni(ll) by Stripping

Voltammetric Techniques

Building on the results obtained from Chapter 7, Chapter 8 discusses the possibility for
fabrication of microfluidic paper-based electroanalytical devices (UPEDs) towards the detection
of Cu(ll) and Ni(ll) by Stripping Voltammetric Technique. Methods to enhance electrode
sensitivity other than graphene, namely Gold nanoparticles and conductive ionic liquids in the
presence of chelating agents were investigated towards the detection of Copper and Nickel in a
paper-based microfluidic device. The analytical performance of the developed sensor devices is

shown and discussed in comparison to other reported sensors in literature.
Chapter Nine: Detection of Nickel at modified, Paper-based Ink-jet Printed Electrodes

In this chapter, ink-jet printing of silver and graphene conductive inks was used to fabricate
3-electrode systems on photographic paper. Simple screen printing techniques for carbon coating
of working and counter electrodes are employed. Further, two-modification: (a) electrodeposited
graphene and gold nanoparticles and (b) a carbon black — dimethylglyoxime inks were

investigated. Instrumental parameters, nanomaterial loading, electrochemical properties of the
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developed sensors are discussed. Quantitative detection of Ni(ll) in water, calibration, recovery
and interference studies are highlighted. Real sample analysis of the developed devices is shown.

Chapter Ten: Conclusions and Future Work

Chapter Ten summarizes the main findings of the work done and the hypothesis of the thesis
is verified based on the results and discussions obtained in each of the previous chapters.
Conclusions are drawn based on results obtained and areas for future interrogation are proposed

based on any downfalls or significant findings arising from the work.
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Chapter 2 :

Recent Advances in Electrochemical Stripping Analysis at Graphene-

Derivatives:

A review

Abstract

The use of graphene oxide, reduced graphene oxides and graphene in electrochemical
sensors owing to their unique and advantageous electronic and electrochemical properties have
garnered widespread use by researchers over the last two decades. For the first-time, the role of
the sp? hybridized carbon nanomaterial (graphene) in the success of electrochemical stripping
voltammetric analysis is reviewed. In this focused review, a critical examination of the synthesis
methods, structure and electrochemical properties of the graphene-derivatives is provided. Further,
recent advances on their use in stripping voltammetric sensors is provided. The role and function
of graphene-derivatives and composite materials such as biomaterials, polymers, ionic liquids,

nanoparticles, etc. exploited in the development of graphene-based sensors are highlighted.
Highlights

e Methods for preparation of Graphene and Graphene-derivatives are reviewed and their
effects on properties investigated

e The electronic and electrochemical properties of graphene for use in electrochemical
stripping analysis is highlighted

e Advances in electrochemical stripping analysis at graphene-based materials are studied for
their applications in metal analysis emphasised
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2.1. Introduction

Early detection of illnesses and environmental pollutants is at the heart of both the toxicology
and health sectors, which pose a significant challenge to the global community at large.
Electrochemistry, with applications. in. energy storage and creation, sensing abilities as well as
purification methods, offers the possibility for widespread use in these particular fields. The
sensing and biosensing by means of electrochemical techniques allow for, among others,
interrogation of reaction mechanisms and Kinetics in electron transport. This green approach
involves the introduction of electricity through electrodes [1] and is characterized by cheap
instrumentation, simultaneous detection and good sensitivity. Typically, mass transport and
electron flow as a result of electroactive species changes at the electrode surface occurs as a
function of concentration change. In turn, the availability of this electroactive species at the
electrode interface is crucial in sensitive detection and a major limitation in commercialization of

these devices.

For decades, preconcentration techniques have garnered significant traction in
electrochemical sensing techniques to solve this particular problem. Electrochemical stripping
analysis has for many years been at the forefront of this drive. Here, effective preconcentration

coupled with advanced electrochemical methods and measurement make stripping voltammetry
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(SV) the most sensitive electrochemical technique to date [2]. Accumulation and pre-concentration
of the target analyte is achieved by amalgam or alloy formation at mercury, bismuth, antimony or
lead based electrodes. This phenomenon is governed by the solubility of the material to be
investigated within a metallic film, giving rise to classical anodic and cathodic stripping
voltammetry (ASV and CSV). Ultra-trace determination of organic materials in the sub parts-per-
billion (ppb) range has led to the introduction of adsorptive stripping voltammetry (AdSV) where
electrolytic accumulation is based on adsorption of analyte, usually as a result of complex
formation. An understanding of basic principles and definitions used in stripping analysis is
required in order to fully understand any possible applications and electrode modifications which
may be addressed in this review. A three step Faradaic reversible process governed by the Nernst
equation is observed. Deposition and accumulation is achieved under fixed potential
hydrodynamic conditions. Electroplating of metallic films generally precede adsorption or
complex formation with analyte. The choice of accumulation potentials is highly dependent on the
analyte under investigation. A rest period is employed to allow for even distribution of analyte
concentration at the electrode surface and to prevent noise associated by hydrodynamic
measurements. Anodic or cathodic potential sweeps allow for redox reactions of the target
material, generating electron flow. 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.
Major advantages: (i) simultaneous detection, (ii) portable, simple instrumentation, (iii) analyte
speciation and (iv) limited intermetallic interferences have been identified for stripping

voltammetry, with few drawbacks.

Advancements and improvements of existing technologies and devices is ever changing
stemming from the constant influx of new knowledge, ideas and advanced materials on a daily
basis. Novel materials based on graphene-derivatives offer unlimited advantages in
electrochemical stripping analysis. In this focused review, the electrochemical properties of
graphene-based materials used in recent times will be identified and its applications towards
stripping voltammetric analysis highlighted. Preparation methods of graphene will first be
introduced and its effect on general and electrochemical properties highlighted. It is well
documented that synthesis methods allow for introduction of impurities and defects within the
graphene structure. Consequently, produced materials differ substantially in their electrochemical
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properties. As such, detection capabilities as a result of these influenced properties will be
discussed.

Carbon is ranked in the top five most abundant elements on earth and is present in large
quantities in the earth’s crust. It is essential to life and fundamental in all organic chemistry. Present
in large deposits, allotropes of carbon (diamond, graphite, fullerenes, carbon nanotubes, or
graphene) are readily accessible and easily applied to a host of applications.

fullerene nanotube graphene

Figure 2.1: Schematic representation of various carbon allotropes [3]

Since its introduction less than two decades ago, the number of theoretical works performed
on graphene have increased exponentially in order to fundamentally understand its properties.
While definitions of graphene appearing in literature differ considerably, the 2-D allotrope of
carbon with a sp? hybridized hexagonal configuration holds for all derivations. Quasi 2-D sheets
of graphene with approximate C-C bond length of 0.142 nm sheets exist. While single layer
graphene sheets offer the most interesting applications since its discovery in 2004, bi-layer and
multi-layer graphene sheets too offer tunable and unique properties. It is possible to distinguish
between single-, double- and few- (3 to < 10) layer graphene as three different types of 3D crystals.
These bonds, electron configuration and flexible layered nature give rise to the extraordinary

properties of graphene. Among others, a tunable band gap, quantum hall effect, high conductivity
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in bulk samples (0.96x10° Qcm), transparency, light weight (0.77 mg m?), high mechanical

strength, large surface area, high thermal conductivity and high elasticity have been reported.
2.2. Preparation of Graphene

A wide range of fabrication methods have been proposed to produce graphene. Its tunable
properties and characteristics are largely dependent on their processing and scalability. Synthetic
approaches for graphene production in research and commercialization fields rely on two
fundamental approaches, i.e. top-down and bottom-up methods. The top-down approaches rely
heavily on the steady destruction of bulk graphitic material into smaller derivatives. Exfoliation of
graphite sheets by mechanical, chemical or electrochemical processes resulting in the weakening
of the existing Van der Waal’s forces. Conversely, bottom-up approaches are described by
consecutive deposition of fundamental material building blocks on selected substrate materials.
These processes yield graphene of excellent quality but rely on costly instrumentation. Thermal,

chemical or catalytic approaches have been employed.
2.2.1. Mechanical Methods

Mechanical methods rely on a top-down approach to the synthesis of graphene. Layer by
layer, graphite sheets with interlayer spacing of 3.35 A and weak Van der Waal’s forces are pulled
apart by the application of mechanical forces. Exfoliation and fragmentation techniques are two
common approaches to graphene approaches. This section aims to discuss the existing mechanical

approaches to the fabrication of graphene.

2.2.1.1. Mechanical and Solution based Exfoliation Methods

Geim et al. first introduced a micromechanical cleavage method for the preparation of single
layer graphene in 2004 [4]. This was not the first foray into graphene production but has to date
been the most effective method for pristine graphene production. Highly ordered pyrolytic graphite
(HOPG) was separated into thin single layer sheets of graphite by applying a simple scotch tape
method. Repeated folding and unfolding of scotch tape applies a normal force to the surface layer
of bulk HOPG which may be removed by mechanical cleavage. Successive removal of graphitic
sheets results in thinning of the bulk material. The mechanics involved in this process limits the

use of expensive instrumentation. The high purity graphene flakes with large area offer many
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outstanding characteristics but are limited to research application due to labor intensive and

expensive technique.

Few methods have expanded on the simple scotch tape approach as many researchers have
found the method to be unsuitable for large scale production required to produce bulk, reproducible
quantities needed for applications in electrochemistry. One such work however, was suggested by
Jayasena et al. [5]. An automated mechanical cleavage approach was suggested, making use of an
ultra-sharp diamond wedge to slice small fragments of HOPG embedded in a triangular shaped
epoxy resin, with the aid of ultrasonic oscillations. Large area sheets could be determined but is
confined to flakes with relative thickness unsuitable for applications in transparent or optical
devices. While automation reduces the time consumed approach of *Scotch tape method’, the
addition of expensive instrumentation as well as lack of control in creating single layer sheets are
significant downfalls [6]. A sulfur assisted mechanical exfoliation approach was proposed in the
work by Lin et al. [7] to develop low-defect graphene sheets. Sulfur electrostatically attaches to
graphite flakes, overcoming weak Van der Waal’s forces associated with m-rt stacked graphene
sheets making mechanical cleavage possible. This technique demonstrates a considerably high
Hall mobility and good electrical conductivity. Another technique, arguably more closely based
on the conventional approach developed by Geim et al. was developed by Chen et al. in 2012 [8].
Mechanical exfoliation is achieved using a three-roll mill machine coated in a polyvinyl chloride
based adhesive. Continuous rolling through the three-roll system results in excellent exfoliation of
graphite flakes. The addition of adhesive materials, replacing the scotch tape system makes for
difficult transfer to additional substrates due to removal of the adhesive.

While mechanical exfoliation methods offer the ability for fabrication of pristine graphene
sheets with minimal defects in the sp? hybridized structure, large scale, reproducible production is
not easily performed. Liquid-phase exfoliation approaches in aqueous media were introduced for
its application in bulk production. Ultrasound acts as the driving force behind the exfoliation in a
liquid environment. Typically, three steps are involved in any solution-based exfoliation
technique, according to Ciesielski et al.: (i) dispersion in a suitable solvent or surfactant, (2)
exfoliation of layered sheets and (3) purification to remove contaminants and solvent [9]. The first
such technique for graphene preparation was developed by Hernandez et al. [10], building on the
expansive work in carbon nanotube preparation by the Coleman group. This technique was
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designed as a means to perform solution-based exfoliation without the need for the introduction of
water stabilizing functional groups which destroy the electronic structure. In summary, dispersion
of graphite in N,N-dimethylformamide (DMF) or N-methylpyrrolidone (NMP), organic solvents
able to overcome the Van der Waal’s forces were performed and ultrasonication resulted in the
formation and removal of bubbles acting on the material allowing for cleavage when energy loss
was minimized. Characterization confirmed the production of monolayer graphene. Solvents with
the surface energy capable of exfoliating graphite is required and gives reasonable quantities of
produced graphene. This however is not an adequate measure of solvent quality [11]. Solvents
used in these cases are expensive, often toxic and have high boiling points resulting in difficult
removal or deposition on substrates [12]. Since its invention, many techniques have been sought

out to improve the low concentration yield achieved by the Coleman group approach.

Surfactant, ionic liquid and polymer aided methods have also been investigated. The
dispersion of graphite in a suitable solvent to produce small graphitic flakes with suitable surface
energy to overcome Van der Waal’s interactions in rt-rt stacking is the governing factor in all
solution based exfoliation methods. The use of small molecules which may adhere to the edges of
graphite structures and aid in the promotion of exfoliation have been introduced. Surfactants
adhere to the basal plane of graphite and have surface energy greater than the weak interactions
between graphene sheets. Adequate dispersion of graphite in aqueous media, including water is
not possible due to the hydrophobic nature of sheets. Lotya et al. introduced a method to disperse
and exfoliate graphite to form graphene in water by addition of surfactants [12]. Rapid
ultrasonication allowed for good exfoliation of graphite flakes. Sodium dodecylbenzene sulfonate
(SDBS) allowed for stable dispersions of exfoliated graphite in aqueous media by electrostatic
repulsion between surfactant coated graphene flakes and prevented the re-aggregation of samples.
Excellent optical and electrical properties were achieved by this method and transfer to substrates
by spray deposition due to low boiling point temperatures was possible. The method still suffered
from low concentration yields. The group further looked into production of high concentration
yields with excellent stability [13]. Concentrations up to 0.3 mg mL™ were observed with sheets
between 1 — 10 stacked monolayers with high stability in water in the presence of sodium cholate
as stabilizing agent. This was a significant improvement in yield achieved in liquid-phase
production of graphene. Pyrene derivatives were further investigated as surfactant stabilized
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method for graphene exfoliation. Palermo et al. [14] studied the mechanism involved in surface
adsorption of pyrene dyes on graphite flake dispersion. The effect of sulfonic groups was studied
and experimental models created. It was found that colloidal stabilization was achieved without
the influence dipoles. Bourlinos et al. completed a study investigating the use of pyridine and a
range of perfluorinated aromatic solvents (hexa-fluorobenzene (CsFs), octafluorotoluene
(CeFsCFs3), penta-fluorobenzonitrile (CeFsCN), and pentafluoropyridine (CsFsN)) to produce
graphene from graphite [15]. The latter produced stable colloidal suspensions between 0.05 and
0.1 mg mL* with yields between 1 % and 2 % following 1 hr sonication. The dispersions were
found to contain up to 15 % pristine graphene sheets. Other aromatic and non-aromatic surfactants
were also studied in recent years. The addition of organic salts to enhance graphene concentration
yield was investigated by Singh et al. [16]. The sonochemical route in organic solvent ortho-
dichlorobenzene (ODCB) showed large graphene sheets up to 1 um. Addition of organic salts like
EDTA disodium salts improved the graphene yield by up to 50 %. Guardia et al. suggested that
reported concentrations for surfactant aided exfoliation methods are typically found on the order
of ~0.01 mg mL* [17]. This group produced pristine graphene dispersions from graphite in water
upon exfoliation in the presence of non-ionic surfactants. Yields up to 100 times greater than some
reported values (1 mg mL?) were achieved. This is one of the highest yields reported to date.
While the use of surfactant improves stabilization of graphene dispersions, the technique is marred
by the formation of graphene-surfactant dispersions which limit electronic properties required for
highly conductive materials. Removal of surfactants is often labor-intensive requiring many

washing or purification steps.

lonic liquids (ILs) are molten salts comprised of ions with high electrical conductivity, able
to dissolve salts and have surface energies similar to graphene. The use of ionic liquid therefore
offers the possibility for use in liquid phase exfoliation. The first such method made use of a tip
sonication approach in the presence of 1-butyl-3-methyl-imidazolium bis(trifluoromethane
sulfonyl) imide ([Bmim] [Tf2N]) and was demonstrated by Wang et al. [18]. Here, sheets could be
formed and concentrations close to 0.95 mg mL™ achieved. Even today this is considered a
considerably high yield. The produced sheets were 5 atomic units thick. Nuvoli et al. [19] reported
yields up to 5 mg mL™* graphene, never seen before. The method relied on the use of fluorinated
imidazole compounds (1-hexyl-3-methyl-imidazo-lium hexafluorophosphate  (HMIH)),

commonly used in electrochemical applications due to high conductivity associated with its ionic
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nature. The large flake thickness achieved has led to exclusion of this method in successive
applications. A further study was conducted by Matsumoto et al. [20] in which oligomeric ionic
liquids (IL2PFs and IL4PFs) were used as solvent with microwave agitation replacing commonly
used ultrasonication. The work yielded graphene products with excellent yield (93 wt. %), a high
percentage of single layer graphene (95 %) and good Ip/lc ratios from raman spectra at low
exfoliation times. Najafabadi et al. [21] examined the use of a low IL load IL/acetonitrile
electrolyte (~ 1:50 IL/acetonitrile vol. ratio) for graphite exfoliation to graphene. This method was
able to lower costs associated with IL-assisted exfoliation, extended electrochemical stability in a
non-aqueous electrolyte and provide high exfoliation yield (86 %) by effective anionic
intercalation within the graphitic layers. Not many further works have been conducted on the use
of ionic liquid aided exfoliation methods. The production of large scale sheets by exfoliation in IL
is still a major concern of this process, however the possibility for applications in ionic solutions

cannot be easily overlooked.

Lastly, upon the discovery of solution-based exfoliation in organic solvents and aqueous
media, studies have been conducted for the exfoliation of graphite to form graphene in polymer
solutions including polystyrene (PS), polyvinyl-chloride (PVC) and cellulose acetate (CA) [9].
The technique relies on the inclusion of monomers between the graphitic layers which upon
polymerization force sheets apart breaking the interlayer attraction. May et al. [22], by theoretical
modeling, theorized that a comparison of Hildebrand solubility parameters of polymer, solvent
and graphene was an accurate measure to predict graphite exfoliation in any particular polymer
aided solvent. In 2009, Bourlinos et al. [23] investigated the use of non-toxic, non-ionic
polyvinylpyrrolidone (PVP) in a polymer assisted exfoliation of graphite. Fine graphite powder
was dispersed in water and PVP by prolonged sonication. Stable dispersions of polymer coated
graphene is achieved by steric stabilization of the hydrophobic polymer to form a colloidal model.
Single layer graphene is achieved without any damage to its structural integrity. The produced
polymer protected monolayers offer applications in sensing due to the ease of functionalization of
the polymer layer. Removal of polymer however is a labor intensive process. Similarly, Wajid et
al. prepared stable dispersions of graphene in PVP based solvents [24]. Single to multilayer

graphene sheets could be produced.
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2.2.1.2. Electrochemical Exfoliation Methods

Electrochemical exfoliation methods have made tremendous strides in graphene research in
recent years. Offering many advantages over other exfoliation methods (environmentally friendly,
tunable due to application of applied potentials and rapid) it is useful to understand its use even
though control of particle size is difficult [1]. Mechanical exfoliation generally follows oxidation
or reduction of the graphite electrode. A range of intercalation compounds have been interrogated
over the years since its introduction in the late 1980s. Generally speaking, two common approaches
for electrochemical exfoliation exist: anodic and cathodic approaches. In the anodic approach,
oxidation of the graphite anode surface is achieved by application of an oxidative potential.
Sulfonate ions form the most common anodic approach to date. Li et al. [25] used sodium dodecyl
benzene sulfonate (SDBS) solution as electrolyte and a graphite rod as anode material. The anode
graphite was corroded and deposited on the bottom of the beaker as a black precipitate. Single
layer graphene was produced with thickness < 2 nm. The approach produces SDBS graphene.
These products typically include some oxidative moieties due to oxidation of the surface or the
presence of other impurities thus limiting the electronic properties of the produced material.
Conversely, non-oxidative routes could be employed by making use of the cathode. Zhong and
Swager [26] developed a two-step hyper expansion technique. Subsequent intercalation of small
particle Li* ions and considerably larger tetra-n-butylammonium (TBA) between the graphite basal
planes was performed. A liquid phase exfoliation approach based on the intercalation of expanded
graphite (EG) was investigated by Zhou et al. [27]. The technique looked to improve exfoliation
process in a water, DMF solution by addition of Li* ions between EG sheets which undergoes

rapid hydrolysis. Small size EG flakes produced few layer graphene flakes in stable suspensions.

2.2.1.3. Laser Exfoliation Methods

Exfoliation by ultrasonication remains the most popular technique due to its simplistic nature
and labor-free process. Laser exfoliation offers a simple, fast approach but too is limited to low
yields when conducted in vacuum chambers. Qian et al. [28] introduced a liquid phase pulsed laser
exfoliation method for preparation of graphene. Dispersions of HOPG in NMP or sodium
dodecylbenzene sulfonate/water (SDBS/water) were pulsed with a laser fluence of 1.0 J/cm? over
a period of 2 hrs. Stable graphene suspensions were collected. Few layer graphene sheets with ~ 1

nm thickness and low micrometer sizes were recorded. Among others the technique offers an
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alternative approach to lengthy analysis times of ultrasonication and avoids contamination based
on tape and adhesive methods.

2.2.2. Ball-milling Methods

Effective mechanical exfoliation of graphite to graphene occurs via both external normal and
shear force application. While ultrasonication techniques dominate the large scale fabrication
process for graphene preparation, shear force applications still hold significant advantages. Ball
milling techniques produce shear forces and upon fragmentation allow for exfoliation to single
sheets. Both wet and dry approaches have been looked at. Jeon et al. [29] has proposed a method
to prepare edge-carboxylated graphene nanosheets (ECG) by a simple ball milling method in the
presence of dry ice. Pristine graphite, in the presence of solid form of carbon dioxide, was
introduced into a planetary ball-mill machine. Carboxylation of the graphite precursor is achieved
by ball milling after 48 hrs. The prepared hydrophilic ECG could then be protonated in air moisture
to form H-ECG. The procedure is conducted in solid state without the use of hazardous chemicals
required in liquid phase methods. Here, ECG could further be dispersed in a range of polar solvents
and graphene sheets with high electrical conductivity could be fabricated on a large scale. Wet ball
milling approaches have been interrogated to improve the exfoliation of graphite prior to
mechanical exfoliation associated with milling techniques. A schematic representation of the ball
milling process is illustrated in Figure 2.2. Colloidal dispersions of single- and few-layer graphene
sheets were prepared in the work by Zhao et al. [30] using a wet ball milling technique. In the
work, graphite was exfoliated in a two-step process. Pristine graphite was first dispersed in
solutions of ethanol and water by ultrasonication methods. Upon drying, the prepared graphite
nanosheets were dispersed in a range of organic solvents and passed through a ball milling process
by mechanical stirring. The dominant shearing stress exerted on the particles allows for further
cleavage of the graphite layers. Stable, homogenous dispersions were produced with particle
thickness in the 0.8 to 1.8 nm range. A good yield of ~ 0.096 mg mL™* was observed in DMF.
While, these techniques are beneficial in the mass production of graphene sheets with good
electrical conductivity by non-destructive oxidation methods, long milling times are a significant
drawback of the technique. Further, expensive instrumentation is required to undergo milling

techniques.
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Figure 2.2: (a) Pristine graphite, (b) dry ice (solid phase CO2), (c) edge-carboxylated graphite
(ECG) prepared by ball milling for 48 h, (d) a schematic representation of physical cracking and
edge-carboxylation of graphite by ball milling in the presence of dry ice, and protonation through

subsequent exposure to air moisture [29].
2.2.3. Chemical Oxidation and Reduction

To date, micromechanical exfoliation of graphite to produce graphene still remains the most
effective technique for the production of pristine single-layer graphene with little to no defects.
This technique relies solely on the cleavage of layers by means of an adhesive tape able to
overcome the intermetallic forces between graphene layers. Further mechanical techniques have
been suggested to overcome the low yield produced, as previously introduced. Chemical synthesis
approaches are common place in laboratory scale applications due to their ability to produce large
scale products with minimal defects. Intercalation techniques, which allows for the insertion of
small molecules between graphitic layers is one such approach. Oxidative intercalation has gained
the most attention in this field due to its simplicity and low-cost chemicals. Typically, strong
oxidizing agents like potassium permanganate in the presence of sulfuric and nitric acid are used
for insertion of oxygen molecules between layers of graphite as starting material. Brodie [31]
offered the first known chemical oxidation approach to the production of graphitic oxide.

Potassium chlorate was used as the oxidizing agent in this process. A variety of variations to the
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technique was introduced in the works by both Staudenmaier et al. [32] and Hoffman et al. [33].
These procedures produce explosive ClO2 gas as harmful byproduct and are no longer used in
practice today. Hummers et al., [34] and Tour et al. [35] have since replaced these techniques by
replacing the oxidizing agent with potassium permanganate (KMnQOs). Studies of the produced
graphitic oxide materials have been performed by Szabo et al. [36] and Cai et al. [37] respectively.
Oxygen functional groups including hydroxyl, carboxyl, carbonyl and epoxy groups are deposited
on the basal planes and edges of the graphitic layers. A resultant weakening of the observed Van
der Waal’s forces and shift to hydrophilic nature of the produced GO is achieved resulting in
exfoliation in aqueous media. Single layer graphene oxide sheets are achieved, with oxygen
moieties offering a variety of chemical properties and electron mobility associated with insulating
materials. Functionalization of the produced GO at the basal plane has been studied in a wide range

of works.

The use of GO in many sensor applications is not particularly useful due to its low
conductivity, however the graphitic network can be substantially restored by thermal annealing or
chemical reduction etc. [38]. The produced GO is subsequently reduced to graphene via many
routes. Chemical reduction using sodium borohydride [39,40] or hydrazine [41,42], thermal
reduction [43], photo reduction, electrochemical reduction [44,45] among others are commonly
used. The formation of defects or voids in the graphene structure due to inclusion and removal of
oxygen moieties is a major drawback of this technique and limits the excellent properties attributed
with graphene. Various studies have reported on the extent of graphene reduction for a variety of
applications and the influence of oxygen content on the desired application reported [46,47].
Chemical reduction approaches for the reduction of GO still remains the most useful means for
production of RGO, making use of commonly used reducing agents. Alternative and green

reduction approaches have also been studied [48].

Typically, exfoliation methods are very useful in lab setups due to their ability to produce
pure graphene. However, they are limited to producing randomly scattered flakes of graphene
across a surface leaving large areas uncovered. For a large number of applications of graphene this
is not ideal. Continuous film production is therefore required. A common approach for graphene
growth is epitaxial growth. In this method single sheets of carbon are deposited on a metallic

substrate from a silicon carbide (SiC) source. The SiC source may be heated allowing silicon to
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sublimate, leaving a layer of carbon behind. In another approach, a graphene filament is heated in
a high-vacuum, carbon sublimates forming a beam which is deposited on a metallic substrate [49].

Chemical vapor deposition (CVD) is the most promising growth method to produce
graphene. The CVD methods results in high quality single graphene sheets on a large scale, without
the need for further treatment. As a result, the method is one of the cheapest graphene synthesis
methods in use to date. The CVD method can be employed to grow single sheets of graphene on
arbitrary surfaces using transition metal catalysts. Hydrogen catalyzes methane gas in a furnace
forming carbon atoms which can be deposited on a substrate by chemical adsorption. Graphene
may contain impurities and contain wrinkles attributed with improper annealing. Transferring the

formed graphene can pose some further challenges.
2.3. Electronic and Electrochemical Properties of Graphene

The rise of graphene over the last thirteen years has thrilled scientists in all spheres of
research, owing to its outstanding properties: high tensile and mechanical strength [50-52],
excellent thermal conductivity [39,53], superior surface area [54,55], electron mobility associated
with its sp? hybridized carbon structure [10,56], quantum Hall effect [52,57], current density [58]
etc. In order to effectively discuss the applications of graphene-derivatives in electrochemical
stripping analysis, a basic working knowledge of the electronic and electrochemical properties
common to all graphene-based sensors is required. Many reviews to date have been performed on
the theoretical properties attributed to pristine and few layer graphenes. As such, only the

electrochemical and briefly electronic properties will be studied in this review.

The excellent electronic properties of graphene may be attributed to the nature of its sp?
hybridization. Carbon, with a ground state electron configuration of 1s?2s?2p? involves six
associated electrons in its hybridization and is important as it is the main constituent of graphene.
Bonding of carbon in graphene is initiated by its four valence electron orbitals with sp?
hybridization, formed by the mixing of the 2s orbital and two 2p orbitals. The hexagonal structure
occurs as each of the three sp? orbitals forms a strong covalent carbon-carbon ¢ bond, with bond
length of 0.142 nm with three neighboring carbon atoms on the 2D plane [59]. A two atom unit
cell is therefore derived for graphene as showing in Figure 2.3 (a). The sp? orbitals of neighboring

carbon atoms causes spreading of the formed lobes and interactions of the 2pz orbitals creates
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movement of electrons across the graphene sheets as delocalization of the & electrons is possible.
Figure 2.3 (b) represents the formed delocalized © (bonding) and n” (antibonding) bands. These
formed valence and conduction bands (VB and CB) were shown to be represented as smooth sided
cones, meeting at a point (k), known as the Dirac point at low energies associated with electron
transport (Figure 2.3 (c)). Since the VB and CB touch, graphene has a zero bandgap and known

as a zero-gap semiconductor.

Fermi level
(n-type doping)

Figure 2.3: (a) The hexagonal lattice of graphene has a basis of two carbon atoms (A, B) per unit

cell, (b) The m and 7* bands in graphene and (c) The linear dispersion and the band structure at

the Dirac point [59,60].

A summary of previously reported properties of graphene is provided in Table 2.1 in order

to accurately convey the excellent properties of graphene.
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Table 2.1: A summary of electrical, optical, thermal and mechanical properties recorded for

graphene in literature.

Property Value Reference

Bulk Conductivity 0.96 x 106 Q-1 cm? [61]
> 15000 cm2 V-1st
[4,62]
Electron Mobility 200 000 cm? V-is1 | limited by acoustic 3]
phonons

Resistivity 106 Q c¢cm (7,8) [64]
Density 0.77 mg m2 [60]
Thermal Conductivity 5x 108 W m1K1 (20) [65]
Elastic Modulus 1.0 TPa (27) [66]
Coefficient of Thermal Expansion -6 x 106 K1 [67]
Tensile Strength 130 GPa (27) [66]

Graphite, with covalent bonds between carbon atoms forming a co-planar trigonal geometry
forms the basis of any discussion on graphene electronic properties. The interaction of delocalized
ni-electrons between graphene layers are responsible for weak interlayer bonding. This was
previously discussed as the driving factor in mechanical cleavage of graphite. This free electron
cloud allows for graphite to have semi-metal behavior with high electrical and thermal
conductivity. Further localized densities of electrons occur at pockets and electron holes due to
degenerate Fermi energy bands. Graphite edges facilitate electron transfer and show activity
toward redox changes owing to portability of electrons. Lastly, the inclusion of impurities in the

graphitic structure limits electron transfer and also facilitate adsorption based on the inclusion of
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functional groups [68]. These electronic and electrochemical properties are often indiscriminate
from graphene properties arising from multi-layer graphene.

Intrinsic electrochemical properties associated with carbon-based electrodes, beneficial for
the application in electrochemical stripping analysis would be ideal for graphene-derivative based
stripping voltammetry. Since oxidative procedures to synthesis graphene via graphene oxides are
extremely popular, let’s first look at the properties of GO derivatives. The high electron mobility
and high specific surface area of GO allows for electron transfer at the electrode surface [69]. Zou
et al. [56] studied the electron transfer of proteins in the presence of GO. Efficient, rapid electron
transfer was facilitated by GO at glassy carbon electrodes. Wen et al. [70] further reported the
unusual electron donor properties of GO in a gold nanocluster-graphene oxide nanocomposite
(AUNC-GO). Electrons are excited from the GO into the highest occupied molecular orbital
(HOMO) of the AuNC. It has been found that GO exhibits good electrocatalytic properties in a
wide range of applications. Basirun et al. [71] showed good electrocatalytic activity towards
oxygen reduction at a GO coated MnO:2 cathode. Xu et al. [72] expanded on this work by
demonstrating sulfur and nitrogen co-doped few-layer graphene oxide could further improve the
catalytic effects of graphene oxide. The presence of oxygen at the edges of graphene sheets allows

for easy functionalization of graphenes by simple covalent bonding.

A wide electrochemical potential window, enhanced electron transfer rates and redox active
sites are crucial in sensor development. The determined active electrochemical potential window
of any particular electrode material is pivotal to possibility for many applications. Similar to
carbon-based electrodes, a wide electrochemical potential window was found for graphene
prepared by a chemically reduced graphene oxide by Zhou et al. [73]. A 2.5V potential window
is shown in aqueous electrolyte solutions. Our research group reported similar results at pencil-
graphite electrodes modified with electrochemically reduced graphene oxide. In addition to wide
potential windows, an increase in capacitive current is observed for the graphene electrodes over

bulk electrode material [74].

Electrochemical applications rely heavily on macro-scale electrodes with a large area
modified with graphene. An understanding of bulk graphene electrochemical properties can

therefore only be determined. Graphite-like properties of multilayer or graphene flakes provide a
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suitable introduction to bulk properties. A study on the electrochemical properties of multilayer
graphene flakes was performed by Shang et al. [26]. A catalyst-free approach relying on a
microwave CVD was used to prepare multilayer graphene on a variety of substrates. The edged
structure provides multiple sites of activity which are available to the electrolyte solution.
Excellent electrochemical oxidation and reduction peaks are demonstrated in the presence of a
Fe(CN)s¥*aq) redox probe with peak-to-peak separation similar to that of graphite electrodes
obtained. Fast electron transfer kinetics is thus achieved at multilayer graphene flakes. Pumera et
al. [75] reported a clear distinction between the edge plane and basal plane electron transfer-rate
constants (keand ko). Goh et al. [76] further reported that the electrochemistry between single and
multilayer graphene is therefore indiscernible from one another. Many more studies were
performed to study the electron transfer behavior of graphene in the presence of redox probes.
Well defined redox peaks and an increase in peak currents indicate the enhanced electron transfer
kinetics. Velicky et al. [77] however, reported findings contrary to those previously stated,
suggesting that both edge and basal planes are active. They studied the electron transfer kinetics
of mono- and multilayer graphene in the presence of three redox probes; namely ferricyanide,
hexaammineruthenium, and hexachloroiridate (Fe(CN)s>, Ru(NHs)e>*, and IrCls%, respectively).
A change in electron transfer is recorded across a single basal plane crystal. Brownson et al. [78]
reported that quasi-graphene (~ 4 layers) exhibited a better response to the redox probes with
heterogeneous electron transfer greater than for monolayer graphene. It is clear that optimum
graphene loading at the electrode surface is therefore required for improved electrochemical
performance. Diffusion control of analyte towards the graphene surface is observed by the linear

relationship to the square root of scan rate.

2.4. Recent Advances in Stripping Analysis at Graphene-based Electrochemical

Systems

Owing to its relative ease of production, handling and intrinsic electronic and
electrochemical properties, it is no wonder that graphene oxides (GO), reduced graphene oxides
(RGOs) and graphenes (G) have been used in electrochemical bio- and chemical sensing
applications. Numerous reviews have been conducted on their use in electrochemical sensors over
the past decade [1,54,68,69,75,79-83]. While the properties of these graphene-derivatives are

unique, their use as °‘stand-alone’ materials in electrochemical sensing is quite limited.
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Functionalized, doped or composite forms with polymers, nanoparticles etc. have been studied to
improve electrode sensitivity or selectivity in a range of applications. To date no study, has been
performed focusing on the use of graphene-derivatives in electrochemical stripping analysis. As is
well documented, stripping voltammetry (SV) is the leading electrochemical technique for metal
analysis due to its ability to accurately detect at low concentrations, however it has also been
applied to other analytes. Consequently, in order to place special emphasis on the role of graphene-
derivatives in electrochemical stripping voltammetric sensors, the work will group common
functionalization or composite approaches rather than target analyte. A similar approach was
performed in the work by Ratinac et al. [68]. This study will focus on recent progress in the filed

only.
2.4.1. Simple Graphene Derivatives

A great demand for electrochemical sensor designs based on simple materials is of great
interest to researchers worldwide in order to simplify the chemistry involved and reduce cost and
times associated with production on a large scale. The most straightforward designs therefore rely
on the use of GO, RGO and graphene without modification by simple coating techniques.

Very few studies have been performed on the use of GO in electrochemical stripping analysis
without further modification, mainly due to its slow electron transfer processes. Ruengpirasiri et
al. [84] proposed the use of a chemically modified electrode based on graphene oxide prepared by
a Hummer’s method for the detection of Cd?*, Pb?*, Cu?* and Hg?* in the presence of an Sh-film
by anodic stripping voltammetry (ASV). The sensor design is based on a simple screen printing
technique with a GO-carbon ink to create the working electrode. The GO working electrode was
found to have synergistic effects which is capable of increasing the electrode surface area and
increase the metal ion adsorption. Further, the work surmised that GO was used for its higher
electrical conductivity, which is contrary to previous findings on its insulating behavior. Increased
loading above 1 wt.% showed to significantly inhibit the electron transfer and decrease the
electrode sensitivity. In a separate study Kablan et al. [85] investigated the electrochemical
behavior of a GO-modified glassy carbon electrode (GCE) towards the electrochemical oxidation
of Cefuroxime Axetil (CEFA), an oral prodrug formulation of the injectable antibiotic cefuroxime.

Similarly, the GO-GCE showed improved electrode sensitivity toward CEFA due to increased
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surface area and high electrical conductivity associated with the inclusion of GO. While both of
these works make mention of the high electron conductivity of GO as means to improve electrode
sensitivity, it is well established that GO is an insulating material and can therefore only be used
in low quantities, for improved electrode surface area. Smarzewska et al. [86] for the first time
investigated the ability of GO and RGO to influence carbon paste electrode (CPE) properties for
thioguanine detection by ASV. GO modification of the CPE resulted in a lowering of electrode
resistance and background currents, while increasing the electroactive surface area and improving
the electrode sensitivity towards thioguanine oxidation due to the presence of oxygen-containing
functional groups. Simple GO-derivatives are therefore not particularly useful in electrochemical
stripping analysis where enhanced electron transfer rates associated with electrolytic conversion

is required.

The reduced graphene oxide counterparts have been studied more extensively in stripping
analysis due to its ability to facilitate electron transfer at the electrode surface. Commercial
multilayer graphene was for the first time applied to the detection of Pb?* in soy beans by ASV on
a screen printed carbon electrode (SPCE) [87]. The non-ideal behavior of SPCEs are improved by
modification with the ordered graphene material. In addition, it could be inferred that the porous
nature of the graphene-SPCE could absorb more Pb ions. Detection capabilities were improved to
the trace level. Wang et al. [88] further reported on the use of graphene nanosheets prepared by a
chemical exfoliation method for the detection of Cd?* and Pb?* by ASV. An increase in number of
active sites associated with larger surface area showed improved detection capabilities towards the
metal cations. SEM images of the GNS modified electrode is shown in Figure 2.4. A shift to bulk
graphite was seen with increasing GS concentration lowering the peak currents. Shan et al. [89]
made use of a graphene-modified GCE for the indirect detection of ciprofloxacin in the presence
of Cd?*. The peak current of Cd?* was remarkably enhanced due to the large specific area and the
ability of negatively charged graphene to improve absorption of metal cations. Moreover,
graphene-based sensors prepared by screen printing techniques were also applied to the
simultaneous detection of pesticides using ASV [90]. Here, the improved sensitivity towards
isoproturon and carbendazim were attributed to enhanced electron transfer properties of the
graphene working electrode. Sys et al. [91] further performed a comparative study of GCE, CPE,
MWCNT-CPE and single layer graphene-CPE for the adsorptive stripping voltammetry (AdSV)
of retinol. It was concluded that despite its high surface area, graphene variants were not able to
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enhance electrode performance in AdSV applications. This finding is uniquely interesting and may
be interesting for further exploration. It was also discovered that restoration of the modified

electrode surface was not possible and single analysis was required.

Figure 2.4: SEM images of (a) bare GCE, (b) GS/GCE and (c) GS/
GCE after being reduced in the presence of 300 mgL¢1 Bi3+ [88].

Electrochemically reduced graphene oxides (ERGO) provide a one-step approach for
modification of electrode surface without the need for lengthy solvent evaporation times. Our
group performed a study on the detection of Zn?*, Cd?* and Pb?* in water samples by ASV in the
presence of a Bi-film at pencil graphite electrodes (PGE) [74]. Electrode modification by simple
solvent evaporation methods was not possible and electrochemical deposition provided a simple
coating procedure. The enhanced peak currents were observed due to a combination of enhanced
surface-area-to-volume ratio and improved electron transfer kinetics of the ERGO structure.
Detection capabilities in the low ug L™ was achieved. Similar results were recorded in studies for
the detection of taxifolin [92] and carbofuran and carbendazim [93] as a result of restoration of

electron configuration by electrochemical reduction of oxygen moieties.

Chemical doping of graphenes with nitrogen, boron and sulfur introduces the possibility for
tailoring the unique properties, electronic behavior and surface chemistry of the 2D-carbon
material [94,95]. Only a few studies have reported the use of Nitrogen-doped graphenes (NG) for
use in stripping voltammetry applications to date. Wen et al. [94] first studied the role of NG
towards the stripping voltammetric detection of Pb?". The presence of NG at the GCE surface

facilitated the deposition of Pb ions by an increase in effective active sites, showed characteristic
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high conductivity, large surface area and catalytic activity. The NG-sensor exhibited detection
limits in the low micro-molar range for metal cation detection. Similarly, NG was applied in the
fabrication of a nanocarbon paste electrode for the detection of Cd?* and Pb?* by ASV [96]. While
these works show excellent sensitivity towards metal analysis, extra modification steps required
for doping make it a tedious process. To the best of our knowledge no work has been performed
on doped-graphenes for detection of organic materials by adsorptive stripping voltammetric

techniques.
2.4.2. Graphene-derivatives based on Biomaterials

Chitosan (Ch), a biocompatible polymer derived from alkaline deacetylation of chitin has
gained tremendous use in sensing application due to its biocompatible nature and widespread
availability. Chitosan-based sensors have been utilized in electrochemical stripping analysis of
metal cations by ASV due to its ability to electrostatically interact with ions. Studies have
combined the binding ability of chitosan with graphene-derivatives. One such study was performed
by Magerusan et al. in 2017 [97], based on a chitosan nanocomposite formed with Nitrogen-doped
graphene for the detection of Pb?* ions by ASV. The chitosan provided dual functionality in the
modified sensor. Owing to its excellent water permeability, improved dispersion of the N-Gr into
aqueous solutions was achieved. It further acted as binding agent allowing for adherence of the
doped graphene to the metallic electrode surface and allowed improved metal ion adsorption with
observed functional groups due to presence of primary amines in its backbone. The Ch-N-Gr
showed improved sensitivity and selectivity towards Pb?* detection over the bare gold electrode.
A similar sensor was reported by Chen et al., based on a RGO-carboxymethyl chitosan composite
for the detection of Cu?* by stripping analysis [98]. Here, the role of chitosan was exploited to

improve dispersion of RGO in aqueous samples similar to that performed by Magerusan et al.

The role of L-cysteine (L-cys), the widely available amino acid with electroactive mercapto
groups have also been investigated towards metal ion detection by ASV. Its ability to form a stable
polymer film in conjunction with graphene was utilized in the study by Zhou et al. for detection
of Cd?* and Pb?* at a GCE [99]. Induced growth of the L-cys polymer on the graphene support was
achieved. Electrical conductivity of the prepared r-cys/GR-CS/GCE showed and overall increase

in conductivity of the prepared sensor due to inclusion of graphene. It was found however that a
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slight weakening in redox current studied at the [Fe(CN)s]*"* couple as a direct result of the poor
conductivity of the polymer. The net enhancement in stripping peak currents of Cd?* and Pb?*
occurred as a result of improved conductivity and catalytic effect of the graphene to facilitate
electron transfer and also due the coordination of metal cations with sulfur, nitrogen and oxygen
atoms present in the cysteine structure. Similar studies were reported in the work by Cheng et al.
[100] in conjunction with gold nanoparticles and nitrogen-doped graphene with functionalized
cysteine for detection of Pb?*. Improve electron transfer kinetics associated with graphene and

synergistic effects of the metal ligand receptor was shown.

Three studies have recently reported works on the use of starch-derived cyclodextrins for the
stripping voltammetric detection of metallic cations. B-cyclodextrin (B-CD), a cyclic
oligosaccharides composing of seven glucose units joined by glycosidic bonds was used in all
three studies due to its hydrophilic exterior structure and ability to incorporate organic, inorganic
or biological molecules within its cavity to form stable complexes [101,102]. Lv et al. [101]
reported on the use of a B-CD-RGO hybrid material in the presence of an electroplated Bi-film for
the detection of Cd?* and Pb?* by ASV. The hydrophilic nature of f-CD, was used to improve the
dispersibility of RGO in water. The prepared B-CD-RGO hybrid material showed improved peak
currents for both metal cations and occurred as a result of synergistic effects of B-CD and large
surface area and conductivity of RGO. The hybrid material further showed the ability to regenerate
the electrode surface. The schematic representation of the B-CD-RGO hybrid nanosheets synthesis
is demonstrated in Figure 2.5. Similarly, detection of Cu?* was performed by Huang et al. [103]
in the presence of amino-functionalized reduced graphene oxide (NH2-RGO). The B-CD prevented
aggregation associated with the NH2-RGO material and improved the stability of the formed
complex. In addition, its ability to facilitate accumulation of Cu?* was investigated. Lastly, Zhan
etal. [102] reported its use in adsorptive stripping voltammetric detection of Pb?* in the form of
a composite material with RGO. Here, B-CD improved the water solubility of the graphene-
derivative. Further, the strong absorption ability of p-CD towards Pb?*, confirmed the host-guest
recognition and multiple-site adsorption properties.
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Figure 2.5: Schematic of the synthesis procedure of 3-CD-RGO hybrid nanosheets and the
interaction between -CD-RGO and the heavy metal ions (Pb2+, Cd2+) [101].

Razmi et al. [104] reported the use of eggshell membrane protein, the cheap, green
biopolymer, doped with reduced graphene oxide as sorbent material for the preconcentration and
detection of Hg?*. Its complex framework composed of insoluble fibers, chemical stability, high
area and surface functionalized groups make it an attractive material for absorption purposes. The
bio-sorbent material showed excellent extraction of metal ions while the presence of RGO

significantly improved the electron transfer and stripping peak currents.
2.4.3. Polymer and lonic Liquid assisted Graphenes

Biomaterials and biopolymers offer unique dispersing, binding and adsorption properties for
the detection of metal cations and organic materials by stripping voltammetric techniques and

consequently enhance the electrode performance in graphene-based sensing, as discussed in the
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previous section. Many researchers however, have examined the use of synthetic or conducting
polymers derived from suitable monomers and ionic liquids to replace the use of biomaterials.
Recently, Ruecha et al. [105] exploited the high compatibility of a graphene-polyaniline (G-PANI)
composite material for electrode preparation and intrinsic conductive nature of the polymer for
modification on paper and plastic substrates. The nanoparticle preparation was performed by a
chemical synthesis approach in the presence of a capping agent to prevent particle aggregation and
a monodispersed solution of particle size 371 nm created. An increase in effective surface-area-
to-volume ratio was achieved. It was found that both graphene and PANI, conducting polymer
improves electron pathways and as a result electron transfer kinetics of the electrode. The sensor
was applied to the detection of Zn?*, Cd?* and Pb?* by ASV. The ability of conducting polymers
to complex with metal cations was further studied in the work by Nguyen et al. [106].
Poly(diaminonaphthalene), poly-(DAN) a common conducting polymer was used for its ability as
complexing agent in the detection of Pb?* due to free amine groups in its structure. However, the
low electron conductivity and compact structure limits diffusion. A hybrid with RGO was prepared
by an electropolymerization technique to counter this downfall for sensing ability. The sensor
showed improved performance over its counterparts due to enhanced electron transfer processes
associated with RGO and the ability of polymer to chelate Pb?* via free amine sites. Molecular
imprinting techniques were further utilized based on the creation of recognition properties into
synthetic materials using suitable templates. Bai et al. [44] utilized a two-step process for the
fabrication of a Pd(l1)-ion imprinted sensor: Electrodeposition of RGO followed by polymerization
using allyluread (NAU) as a functional monomer, ethylene glycol dimethacrylate (EGDMA) as a
cross-linking agent, and azobisisobutyronitrile (AIBN) as an initiator. PdCl2 was used as the
template material. The graphene increased electrode specific area and electrical conductivity
improving the sensor sensitivity while the ion imprinted polymer drastically improved electrode
selectivity and acted as preconcentrator. A similar study was performed for the detection of organic
streptomycin based on poly(pyrrole-3-carboxy acid) by Wen et al. [107]. Further works were also
performed making use of graphene-polymer complexes [42,108,109].

Nafion, a perfluorosulphonate polymer has been used as flexible binding material in many
studies on electrochemical sensors to date. Its use has been based on its intrinsic antifouling
behavior and ability to maintain the hydrophobicity of graphene. Er et al. [110] utilized the nafion
to form stable suspension of graphene in water due to the interaction with oxygen functional groups
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on the graphene surface. The Nafion-graphene composite material was applied to the detection of
the nebivolol, beta blocker drug. Lee et al. [111] exploited the unique nafion properties for use in
a metallic sensor based on the ASV detection of Zn?*, Cd?* and Pb?*. The nafion acts as an effective
solubilizing agent for activated graphene and anti-fouling coating to reduce the influence of
surface-active macromolecules. Further, the negative charges associated with its structure shows
electrostatic attraction towards the metal cations. Improved stripping peak currents were therefore
achieved. A similar study for the use of nafion to bind graphene to a non-flat pencil graphite
electrode was performed by our research group [112]. Increasing the oxygen content of the
electrode surface by electrolytic processes allowed for adsorption of graphene materials onto the
PGE surface form nafion-graphene suspensions. The nafion further facilitated adsorption of the
metal cations onto the electrode surface in the preconcentration step. Wu et al. [113] reported the

use of a nafion-graphene modified bismuth film electrode for the detection of Cd?*.

Incorporation of ionic liquids (IL) into electrochemical sensor designs has steadily increased
as a shift from traditional organic binders to ionic binders is made. Numerous groups have
examined the role of ionic liquids when combined with graphene derivatives for electrochemical
stripping analysis. Bagheri et al. [114] made use of graphene with 1-n-octylpyridinum
hexafluorophosphate (OPFP) for the detection of TI*, Pb®* and Hg?*. High conductivity and
sensitivity, fast electron transfer and good antifouling ability is characterized by the IL modified
electrodes towards metal cations. Moreover, the same IL was applied to the detection of Cd?* in
soil by a portable device [115]. Liu et al. [116] investigated the use of 1-butyl-3-methyl-imid-azole
hexafluorophosphate [BMIM]PFs to form a composite material with graphene and selenium doped
carbon paste electrode for the determination of Cu?* and Sb®. The IL-GN-Se-CPE showed
improved sensitivity and selectivity towards Cu?* and Sh®". The IL not only showed improved
stability of the graphene based composite over other non-conductive binders but also increased the
effective surface area of the electrode by filling pores in the paste structure. The surface
morphology of the electrode upon inclusion of IL showed a smooth surface. The high ionic
conductivity of the [BMIM]PFs IL was also confirmed by an increase in stripping peak current
associated with IL inclusion. This increased electron transfer kinetics was further improved by
graphene inclusion. Chaiyo et al. [117] reported the use of a nafion-I1L-graphene composite on a
SPCE for the simultaneous detection of Zn?*, Cd?* and Pb?. Here, 1-butyl-2,3-
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dimethylimidazolium tetrafluoroborate with high electric conductivity and good stability was
used. Consequently, the IL improved the negative effects associated with the nafion binder.

2.4.4. Graphene nanocomposites with Metallic and Other Nanoparticles

The inclusion of metallic nanoparticles, like graphene in research application in all spheres
of life has dramatically increased since the discovery of their unique properties. The small size,
guantum confinement, good electrical conductivity and increased surface-area-to volume ratio
have been exploited. Of the ever-growing list of prepared nanoparticles, gold nanoparticles
(AuNPs) have been used in most applications due to the ease of preparation. It is no wonder, that
numerous studies have been performed on their use in conjunction with graphene-derivatives for
stripping voltammetry applications. Lee et al. [118] examined its use in the formation of a Gr-
AUNP composite material for Pb?* detection by a an electrochemical reduction process. The
inclusion of the graphene in the electrodeposition step helped disperse the AuNPs (its primary
function) on the electrode surface. The AuNPs were used for their high electrical conductivity. An
increased electrode surface area and absorption ability for Pb?" was also recognized. Sanghavi et
al. [119] further reported the use of AuNPs in a graphene paste electrode (GPE) for As®* detection.
The AuNPs further improved the high conductivity and surface area associated with the GPE while
also showing strong ability to form stable intermetallic complexes with As®*. In addition,
thiacrown ether was used as a complexing agent due to presence of sulfur groups to form complex
with the metal cation. A recent study on a functionalized AuNP, RGO composite for detection of
Hg?* was used by Wang et al. [120]. The ability of amine groups of cysteamine capped AuNPs to
react with carboxylic groups of thymine-1-acetic acid covalently was utilized. The graphene
substrate along with AuNPs provided a highly conductive platform with high surface area, while
the AuNPs provided a platform for immobilization of the complexing agent. Stable complexes
with Hg cations could therefore be achieved in the preconcentration step. Detection of organic
materials at graphene-AuNP composites have also been observed. A schematic representation of
the thymidine functionalized biosensor is shown in Figure 2.6. Er et al. [110] reported its use in
conjunction with graphene and nafion for silodosin detection as previously discussed. In a separate
study the use of AuNPs in conjunction with graphene nanosheets (GNS) were used to enhance the
adsorptive stripping voltammetric performance of a carbon paste electrode for rivastigmine (RIV)
detection [121]. A simultaneous reduction of GO and AuCls in the presence of NaBH4 was used.
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Uniform deposition of a large amount of AuUNPs on the graphene sheets was achieved. It was found
that adsorption of RIV was able to adsorb onto the gold surface which in conjunction with GNS
improved electron transfer rate and surface area. Other nanoparticles were also investigated along
with graphene in electrochemical stripping analysis: Tin nanoparticles (SnNPs) for detection of
Pb?*, Cu?* and Hg?* [53], Platinum nanoparticles (PtNPs) for metoprolol detection [122] and Silver
nanoparticles (AgNPs) for Hg?* detection.
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Figure 2.6: A schematic representation of the thymidine functionalized AuNP-rGO biosensor for
Hg?* detection [120].

Graphene quantum dots (GQDs), a derivative of the carbon dot family, have recently showed
great interest in electrochemical sensing owing to their large specific surface area, hypotoxicity
and biocompatibility. In addition, the small size was found to accelerate electron transfer over bulk
graphenes. Three studies have recently been conducted on their use in stripping analysis. Huang
et al. [108] reported the detection of levofloxacin at a poly(o-aminophenol) and GQD modified
GCE. The GQDs adsorbed on the polymer by n-stacking interactions and enhanced electronic
transfer efficiency associated with the sensor. The incorporation of GQDs further enhanced the
active surface area of the electrode by 1.3 times over its polymer counterpart. Another study
reported the use of GQDs in conjunction with polyaniline by an electropolymerization technique
for the stripping voltammetric reduction of Cré* using an automated system [123]. The PANI-GQD
showed improved sensitivity to the detection of Cr®*. Coagulation/aggregation of the GQDs at
increased volumes affects the surface area. A steep dependence on GQD concentration was not

established. Both studies made use of a polymer support for the GQDs. Ting et al. [124] however,
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reported the functionalization of cysteamine-capped gold nanoparticles (AuNPs) with GQDs for
the detection of Hg?* and Cu?*. To the best of our knowledge this was the first such work reported
for electrochemical stripping analysis. Reactions between the carboxyl groups on GQDs with
amine groups on capped AuNPs is responsible for the functionalization of the material. Weak
signals are observed for metal cation detection at GQD electrodes due to insufficient binding of
the material onto the working electrode. In the presence of the composite material, adsorption of
the metal ions onto the electrode and enhanced electron transfer and increased active surface area

associated the functionalized material is achieved.
2.5. Conclusions and Future Work

Since its discovery, a wide range of approaches have been suggested for the production of
graphene-based materials. Simple designs, scalability, expensive instrumentation, yield, etc. are
all important variables in the choice of technique. Arguably the most notable feature in selection
of a preparation technique is the tenability of the intrinsic properties associated with the various
techniques. While, micromechanical exfoliation approaches remain the most useful technique for
production of pristine graphene sheets, low yield is a distinct limiting factor in its use. Chemical
synthesis approaches remain the most widely used in the research fields owing to distinct defects
and therefore unique properties. While a large number of studies have been employed for the use
of graphene-based materials in electrochemical approaches, only a few characteristic
electrochemical properties of graphenes are exploited. Wide potential windows, improved electron
transfer rates, improved surface area and synergistic effects of graphene materials have been

utilized.

A growing shift to simplify electrode designs in electrochemical sensing has been observed
in recent times. Consequently, the drive to create sensors based on GO, RGO or just graphene has
been shown. It was found that not too many works have been demonstrated on the use of simple
graphene-derivatives in stripping voltammetric sensing to take advantage of the high electronic
conductivity and large surface-area-to-volume ratio or synergistic effects of oxygen containing
functional groups without the additional of other materials. Most works have been based on
composite formation with biomaterials, polymers, ionic liquids, nanoparticles etc. to create dual

functionality at the electrode surface. Synergistic effects in metal adsorption of graphenes are
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further achieved. Further studies may thus be conducted to more accurately demonstrate the
intrinsic effects of graphenes (GO, RGO) in the stripping voltammetric detection. Techniques for
electrode modification with graphene materials have relied mainly on simple drop casting
techniques to date. However, a rise in the number of studies performed based on alternative
fabrication techniques has significantly improved. Electrochemical reduction, deposition, screen-
printing and inkjet printing techniques have all been investigated and offer promising potentials in
stripping voltammetric detection. These techniques offer a more controllable approach to amount
and concentration of graphene-based materials at the electrode surface, adjust graphene film
thickness and as a result control electron transfer through the modification and further allow for
simultaneous deposition of active materials. Further, the ability to create disposable, reproducible
approaches and scalability is possible. Functionalization of graphene-derivatives in stripping
voltammetric detection has shown to be an exciting approach. Here, inclusion of active sites at the
electrode surface for particular detection was achieved. Covalent and non-covalent approaches for
functionalization of materials onto graphene sheets dominate the synthesis approaches. This opens
the door to a wide range of possibilities and complexes to be formed for graphene materials.
Complexation with analyte as well as electrochemical properties of graphene are demonstrated.
Most work demonstrated for electrochemical stripping analysis at graphene-based electrodes have
centered on the detection of organic materials, however a growing number of studies have been
introduced for detection of metal ions. The organic approaches have relied on anodic, cathodic and
adsorptive stripping voltammetric approaches while metal analysis was limited to anodic stripping
voltammetry where catalytic reduction of metal ions in a preconcentration step was employed. An
interesting finding is that no work has been conducted on the use of graphene based materials
towards the adsorptive stripping voltammetric detection of metal ions. Solid, conventional
substrates have also been highlighted in all the works investigated in this study, however no
significant work on alternative substrate materials suggested. Further, the use of graphene

materials in paper sensing for stripping voltammetric applications has not yet been introduced.

All of the above findings lead to a conclusion that great potential exists for the use of
graphene in electrochemical stripping analysis. Further works on direct fabrication of unique
devices and electrode systems may show a dramatic rise in production in part due to improved

printing technologies. In addition, low-cost substrates may be looked into. A dramatic rise in
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complexation based detection should also be investigated for analytes unable to easily undergo
electrolytic redox processes.
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Chapter 3 :

Metal Analysis at Paper-based Microfluidic Devices:

A review

Abstract

The prevalence of metal contamination in the environment due to increased technological
advancement in modern society has resulted in significant overexposure for prolonged periods of
time. As a result, bioaccumulation in the organs of the human body have led to detrimental
toxicological effects on humans and have been linked to a variety of illnesses. Early and rapid
detection methods are therefore being sought out. Microfluidic paper-based analytical devices
(WPADs) have been identified as possible solution due to their low cost, sensitivity, disposable
nature and simplistic design. In this review, recent progress in paper-based devices for metal
analysis will be investigated. The toxicology of common metal contaminants and existing methods
of detection are highlighted to provide a basis for the development of paper-based devices. Paper
substrate choices and fabrication methods are then identified and discussed. A comparative
discussion on recent techniques and methods utilized for metal analysis at paper-based devices
including colorimetric, fluorescence and electrochemical methods are identified. A brief

discussion on future trends is then provided in light of the findings from this work.
Keywords

Paper-based microfluidics, metal analysis, colorimetric, fluorescence, electrochemistry,

nanoparticles
Highlights

e Metal toxicology and existing methods of detection are discussed
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e Paper-based sensor fabrication methods are identified
e Recent advances in metal analysis at uPADs are provided

Graphical Abstract
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3.1. Introduction

Microfluidic devices have emerged as a leading technology in the field of diagnostics over
the last two decades as a direct result of their ability to offer portable, cost efficient and simplistic
expertise for use in developing countries where access to skilled labor, expensive instrumentation
and reliable infrastructure is lacking [1]. Microfluidics, involves the simple and robust
manipulation of small volumes of fluids within micro-sized channels [2] and has garnered attention
in biomedical and environmental studies at large. The most common microfluidic devices in use
to date are based on glass, silicon or polymer materials, such as polydimethylsiloxane (PDMS)
where etching of microfluidic channels is possible. However, expensive and dedicated
instrumentation is often required for their fabrication. Paper has since drawn much interest as
alternative substrate material in microfluidic devices for a wide range of sensing applications due
to its flexibility, versatility, disposable nature and low cost. The first use of paper in analytical
applications were derived from their use in paper chromatography [3,4] and have since spread to

semi-quantitative detection of glucose [5] and immunoassays like the pregnancy test [6]. Due to
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technological advancements, a shift from simple designs to more advanced systems where by
fabrication and patterning techniques as well as coupled systems have been created. From these,
analytical applications based on colorimetric detection methods have been well established but
there remains opportunity for expansion into other detection modes such as fluorescence and
electrochemistry [7]. The underlying principle of paper-based microfluidics is the ability to create
distinct regions of hydrophilicity and hydrophobicity within the cellulose fiber matrix to control

liquid transport in designated areas by capillary forces in place of external pumps [8].

An ever-growing increase in technological advancement in all spheres of life have led to a
significant escalation in associated environmental concerns. Pollution in the form of toxic gas, raw
sewage, industrial waste, radiation and biological contamination etc. are prevalent as a result.
Heavy metal contamination is one of the most damaging forms owing to its non-biodegradable
nature. As byproducts from mining and industrial process, leaching from packaging,
contamination from lead pipes and coating materials and gaseous pollution, heavy metals enter the
environment and affect drinking water in more rural areas. Heavy metals enter the human body by
infecting drinking water, food sources and pollution and result in bioaccumulation in organic
organisms. As a consequence, detrimental health concerns are demonstrated and show adverse
effects on humans and animals alike. A growing need for accurate, sensitive and rapid monitoring
of these health concerns are thus required. Many techniques have been suggested for metal
determination in laboratories including atomic absorption spectroscopy (AAS), inductively
coupled plasma mass spectroscopy (ICP-MS), electrochemical methods, X-ray fluorescence
(XRF), etc. Laboratory testing making use of sampling, storage, expensive instrumentation and
skilled labor are thus employed and a growing demand for portable, low cost detection methods
has arisen. Paper-based microfluidics has gained significant traction to address this problem.

3.2. Toxicology of Heavy Metals

A general understanding of the toxicological effects of metal pollution in the environment is
thus required to provide context for the aforementioned mounting demand for clean drinking
water. Heavy metals, with density greater than 0.5 g cm™ such as zinc (Zn), cadmium (Cd), lead
(Pb), mercury (Hg), nickel (Ni), cobalt (Co) etc. will be addressed in this section. Although

significant consequences of Zn deficiency have been well documented over the years due to its
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ability to promote efficient metabolism in children and adults alike, toxicological effects associated
with overexposure has also been recognized. Nausea, vomiting, epigastric pain, lethargy, and
fatigue are all common side effects due to prolonged exposure to zinc at high concentrations [9].
Poisoning by zinc has further been shown to result in damage to the pancreas and causes harmful
symptoms in unborn children. The environmental protection agency (EPA) has therefore set a
maximum contamination level (MCL) of 5 mg mL™ or 5 ppm for Zn contamination in drinking
water [10]. Lead, Pb as a metal has been in existence in human activities for centuries where its
use in utensils, decorations, paints, plumbing, fuel and more have been exploited. While exposure
in occupational settings has observed a dramatic decline, and blood levels significantly diminished,
lead exposure is still of great concern and seen in demolition and cleaning industries [11].
Exposure to lead has shown to lead to hypertension, renal failure [11], inhibition of enzyme
function, memory loss, kidney failure, constipation, abortions and miscarriages [12]. In addition,
it has led to damage to brain, heart, kidneys, and reproductive organs [13]. The EPA has seta MCL
of 15 ppb for Pb contamination. Cadmium is prevalent in soil, water and the atmosphere through
heating systems, factory byproducts etc. and is considered a class 1 human carcinogen [14]. It
enters the body through dietary sources and inhalation [15]. Prolonged exposure to Cd has been
linked to kidney failure and a decrease in;bone mineral density [15]. Chronic exposure may result
in renal and testicular injury and cancer [16] as well as lesions on the prostate and hypertension
[17]. EPA standards of 5 ppb have been set for Cd contamination. Nickel is another metal of great
importance in industrial applications, metallurgy and electroplating and alloy production [18]. Skin
allergies, lung fibrosis, variable degrees of kidney and cardiovascular system poisoning and
stimulation of neoplastic transformation are all possible health effects associated with Ni
contamination [19]. Drinking water generally contains Ni concentration less than 10 ug L™ [20].
While Ni contamination in water samples is no longer subject to stringent guidelines by the EPA,
a set limit of 0.1 mg L™ or 0.1 ppm has been set by the EPA and world health organization (WHO)
[21]. This limit is comparable to the 0.15 mg L™* set by the South African water guidelines (SAWG)
[22]. Cobalt forms part of an essential class of pollutant due to its constituency in vitamin B12 [23]
and may have many advantageous effects [24]. Cobalt overexposure may lead to asthma, skin
allergies, thyroid gland problems etc. [24]. Due to the significant side effects associated of heavy

metals, methods of early and accurate detection are required.
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3.3. Conventional Detection Methods

Detection of metal contamination in laboratory scale applications rely heavily on the use of
optical detection methods for analysis. Graphite furnace atomic absorption spectroscopy (GFAAS)
is the most commonly used method of detection. Typically, samples are atomized in a furnace at
extreme temperatures for short analysis times in order to concentrate the available atoms and as a
result improve sensitivity. Analysis is performed by measuring sample absorption at characteristic
wavelengths and low limits of detection and small sample volumes are achieved. Small sample
volumes comparable to other techniques are compensated however by long light path times. The
need for sample injection systems, expensive lamps and low reproducibility are important factors
which limit the GFAAS method. In addition to this, large volumes of inert gasses such as argon
are utilized in the analysis process, often at large costs. Another important technique for metal
detection is the Inductively Coupled Plasma Optical Emission Spectrophotometry (ICP-OES)
which offers the benefit of having low detection limits but more notably its applicability to a large
number of elements. Here, simultaneous analysis is possible with fewer interferences over other
conventional methods. Both these techniques are time consuming, requiring strenuous sample
preparation and expensive instrumentation. Further, analysis is limited to optical techniques and
also samples in the liquid state. Electrochemical techniques such as stripping voltammetry have
made great strides in laboratory research and miniaturized devices however, its use in analytical
testing has not yet been exploited. Simultaneous analysis, speciation, low cost and low detection
limits are a few of its advantageous properties. This method unlike GFAAS and ICP-OES, makes
use of redox processes for detection and can therefore be applied to any material which undergoes
redox processes. In other methods, fluorescence based detection has also gained significant
traction but is highly dependent on materials which undergo fluorescence.
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Table 3.1: A summary of commonly available heavy metal detection techniques

Analysis Method Advantages Disadvantages
e Detection limits in the ng L2 e Large number of lamps
e Short atomisation time e Automated sample and
e Increased sensitivity injection system
GFAAS .
e Small sample volumes e Expensive

o Wasteful of inert gas

e Large number of samples o Wasteful of inert gas
ICP-OES e Detection limits in pg L e Expensive
¢ Simultaneous analysis e Time consuming
e 4-6 trace metals simultaneously o Intermetallic interferences
e Detection limits in pg L o Analysis limited to 6 metals
SV ¢ Inexpensive simultaneously
e Low power demand ¢ Electrode modification often
e Species characterisation limits choice of analytes
3.4. Paper-based Microfluidic Design

3.4.1. Paper Choice

Since its discovery in the early 2" century paper has been utilized in a variety of applications.
Prepared by simple filtration of suspended fibers, fillers and cellulose polymers to form sheets,
paper offers the basis of paper-based microfluidic devices. Owing to voids in the fibrous matrix,
penetration of the substrate can be achieved and the properties tuned to the desired application. A
wide range of paper types with varying properties are in existence today. Wax, photo, filter, glossy,
chromatography, transparency, tissue are all common paper types being used today with varying
textures, thicknesses, pore sizes etc. Filter and chromatography paper are most commonly utilized
in paper-based microfluidic applications for metal analysis. Its wicking ability is of significant
importance. Nitrocellulose membranes, photographic paper, transparency paper and glassy paper
have also garnered interest and showed good applicability in paper-based microfluidics.
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3.4.2. Patterning of Hydrophobic Barriers

Patterning of paper substrates with hydrophobic materials provides the basis for fabrication
of microfluidic channels in paper-based substrates. Paper as substrate material in paper
microfluidics was first introduced by the Whiteside’s research group for rapid diagnostics [25]
using a photoresist and organic polymer. While photolithography is widely used in the fabrication
of devices on a large scale [25,26], the technique is characterized by expensive instrumentation
and skilled labor. Alternative methods have been developed based on commercial molten paraffin
(PF) wax and hydrophobic polymethylsiloxane (PDMS) to alleviate costs and time required in
fabrication steps. Wax printing using Xerox wax printers have made tremendous strides in the field
of paper-based microfluidics due to its ability to easily pattern a wide range of patterns with little
modification. However, this technique still makes use of designated instrumentation. Simpler
methods have been developed. These techniques include: crayon or wax screen printing [26-28],
one-step plotting using permanent markers [29], wax-dipping relying on a magnetic field [30] and
vinyl templates, contact printing using rubber [31] and metallic [32,33] stamps, soldering iron,
Parafilm pressing [34], embossing and simple cut-and-stick methods [35,36]. Yamada et al. [37]
made use of a conventional EPSON inkjet printing technique for the fabrication of a paper-based
analytical device. Printing of a UV curable ink based on octadecyl acrylate and 1,10- decanediol

diacrylate resulted in hydrophobic barriers patterned directly on paper substrates.
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Figure 3.1: (a) Schematic representation of the contact-printing method for fabricating mPADs

with PDMS as hydrophobic barriers. (b) Paper-based electrochemical device (PED) with pencil-

drawn electrodes utilized in cyclic voltammetry experiments. (c¢) PED with fluidic channel with
pencil-drawn electrodes utilized in flow injection analysis with amperometric detection [31].

3.4.3. Printing Techniques

Patterning of paper devices with integrated electrode systems is also of great importance in
the development of paper-based sensors with integrated sensing capabilities. Printing techniques
and techniques relying of the use of a photoresist are common place in these fabrication steps.
Screen printing technology is the most useful in creating low-cost and easily modified three

electrode systems. Dungchai et al. [38], Kit-Anan et al. [39] and Rattanarat et al. [40] have all
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made use of a ‘homemade’ screen printing approach. Inkjet printing on paper substrates has also
been deemed as an effective and efficient method of patterning paper substrates due to low cost,
speed, little spreading and accurate patterning [41-44]. Smith et al. [45] made use of a Fujifilm
Dimatix inkjet printer for the fabrication of a Ag-nanoparticle three-electrode system on
photographic paper. The printed paper-device was then applied to the stripping voltammetric
detection of heavy metals following modification with an onion-like bismuth ink. Dossi et al. [46]
introduced a hand-drawn patterning technique based on pencil graphite to create three-electrode
systems. The system was applied towards the detection of lactoferrin. These methods all provide
accurate and precise patterning of the paper substrates with little to no lateral spreading. However,
these techniques are costly due to the need for expensive instrumentation and often large sample

volumes.

Spiked water
sample dispensed
onte electrodes

= — Bismuth-OLC

w — Carboen WE and CE
—s  Silver connections

——

_

Profective cover

_h"——_____hhq_‘__' ———____  for WE, CE and RE
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substrate
(a) (b}

Figure 3.2: Conceptual design of the multi-layer paper-based electrochemical sensor showing
(a) the various materials and layers and (b) the complete sensor prepared by inkjet printing in the
work by Smith et al. [45].

3.4.4. Basic Theory

The movement of water within solid or porous materials is complex and may be explained
by modeling of different mechanisms, including molecular diffusion due to a concentration
gradient, liquid movement due to capillary flow, liquid movement due to gravity, vapor diffusion
and surface diffusion [47]. To accurately describe the flow of motion of water in porous medium
such as paper a mechanism of its permeation is first required. Fluid penetration in the paper

substrate is controlled by capillary driven flow in a simple wicking process. Wicking is the
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transport of liquid through a porous media in the absence of external pressure [48]. The driving
pressure of water permeation is governed by the Young-Laplace equation (3.1), describing the
capillary pressure differences (AP) across the interface between water and air within the porous
structure due to surface tension. When adhesion is greater than cohesion motion occurs along the

porous wall.

__2-y-cosb
B R

AP

(Equation 3.1)

Where, vy is the surface tension, 0 is the contact angle of the liquid with the material and R is
the mean pore radius. Acting in opposition to the capillary pressure is the viscous drag, based on
the viscosity of the fluid, wettability of the substrate and geometry of the pores [48]. This effect of
the capillary pressure is to produce fluid movement in the porous medium governed by Darcy’s
Law [8].

0 K- AP
Z (Equation 3.2)

- 0T L

Where, v is the fluid velocity, k is the permeability of the porous medium, AP is the pressure
difference over the length L of the liquid-filled region and p is the viscosity. The common unit of
permeability is the darcy which is defined as the permeability such that one cubic centimeter of
fluid, viscosity of one centipoise, flows one centimeter through one square centimeter of area in
one second, when the pressure gradient is 1 atm cm™. A more complete definition of fluid
permeation in paper substrates at negligible polymer swelling can thus be given by the Lucas-
Washburn equation:

R-y-cosf-t
TLV = ¢ 2 » (Equation 3.3)

Where, TLV is the total liquid volume absorbed per unit area, ¢ is the void fraction, R is pore

radius, vy is fluid surface tension, 0 is the contact angle established between the liquid and the inner

— http:/fetd.uwc.ac.za



Chapter Three: Metal Analysis at Paper-based Microfluidic Devices

wall of the pore, t is penetrating time and p is fluid viscosity. It predicts that flow velocity
diminishes with the increase of time and provides a model of a rectangular strip.

Mono-meolecular adsorption
Gazeous diffusion
Fickean or Knudsen
. . diffusion
Multi-layer adsorption
Gazeous diffusion
Increasing
values of water
content : - ¢
Evaporation - condensation i
Capillary flow Poiscuille’s law
Saturation 5
Liquid movement due to gravity Darey’s law

Figure 3.3: Schematic presentation of the mechanisms of water transport in a solid contributing

to the overall water movement [47].
3.5. Quantitative Analytical Metal Analysis

Sensing of heavy metals at paper-based microfluidic sensors alleviates the cost associated
with traditional modes of detection while offering simplistic, scalable and portable means.
However, paper merely offers the substrate material required for these applications but does not
present the analytical method of detection. As such, the addition of transducers such as
electrochemical methods are required [3]. Additional reagents, electrolytes, materials and
instrumentation is therefore required. Colorimetric, fluorescence, electro- and chemiluminescence,
electrochemical and hybrid detection methods have all been investigated. While these fields have

been expanded for a range of analytes, metal analysis at uPADs is still quite new [8].
3.5.1. Colorimetric Detection

In light of developing of simplistic devices without the need for expensive instrumentation
and skilled labor, the simplest method for metal detection is colorimetric detection. Interaction of

the metal analyte with an enzyme or chemical results in a color change which is easily observable
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by the human eye [25]. These techniques provide a simple means of identifying the presence of a
certain analyte or the semi-quantitative analysis. A bulk of the work performed on metal analysis
at paper-based sensors rely on colorimetric detection. Chaiyo et al. [49] proposed a method for the
determination of Cu?* in a paper-based sensor based on the catalytic etching of silver nanoplates
(AgNPI) by thiosulfate (S203) in the presence of Cu?*. Reaction zones were modified with
S203/CTAB/AgNPI prior to analysis. A color change from violet-red to colorless with increasing
Cu?*. After reduction, the S203/CTAB/AgNPI would be oxidized and etched into solution. A semi-
quantitative analysis could be achieved by digitizing the associated color change. Satarpai et al.
[50] more recently reported a study whereby preconcentration of Pb?* onto fabricated filter paper
modified with zirconium silicate was achieved. The adsorbed Pb filter paper was then used in
colorimetric detection based on a simple paper-based valve system. Opening the valve allowed for
flow of the sodium rhodizonate reagent over the pre-concentrated paper disk and a chemical
reaction with lead took place to from a pink color. A grey scale intensity was used to study the
extent of color change; detection in the low pg L™ range was observed. The on/off technique
offered a unique approach. Many other methods based on simple imaging or scanning procedures
were studied [51-54]. In the work by Chen et al. [55] a fiber optic device provided the readout by
measuring the blue color intensity obtained over the other imaging software approaches for Hg?*
detection. Here, Hg?" interacts with platinum nanoparticles and inhibits its ability to oxidize the
3,3,5,5-tetramethylbenzidine (TMB) substrate. Wang et al. [56] further introduced an anion
intercalation approach towards the detection of a variety of metal ions. Metal cations formed
precipitates with sandwiched [Fe(CN)s]* to form a colorful Mz[Fe(CN)s]m precipitate. The
intensity of color change then provided information as to the metal concentration. While
colorimetric sensing provides simple chemistry by interaction with a chemical reagent, the major
drawback of colorimetric detection is the need for visual analysis of color changes to provide semi-
quantitative responses, but still offers the best possibility for simple designs. The low sensitivity

of these devices are still of great concern.
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Figure 3.4: A schematic illustration of the proposed Hg?* sensing strategy by Chen et al. [54].
3.5.2. Fluorescence Detection

As a direct answer to the low sensitivities associated with colorimetric detection,
fluorescence based methods have been studied as an alternative means of detection. Largely,
interactions of the target metal analytes with receptor molecules, modified with fluorophores or
fluorescence labeled materials is crucial in providing accurate detection [8]. Enhancement or
quenching of the fluorescence signal is achieved in the presence of the target analyte and forms
the basis of its detection [57]. Typically, the metal ions do not have the desired optical properties
and labelling is therefore required [58]. A variety of fluorescence probes have been investigated
for metal detection [59] but only a handful of studies have been performed on paper-based sensing.
Kim et al. [60] proposed a metal ion detection method based on rhodamine molecules covalently
coupled to carbon nanodots (C-dots) in modified filter paper for detection of AIP*. A Forster
resonance energy transfer (FRET) mechanism is utilized for metal ion detection where the C-dots
act as an energy donor and the rhodamine moiety as an energy acceptor. Blue emission is seen at
unopened rhodamine due to its inability to absorb energy from C-dots. Complex formation of the
metal ion with rhodamine molecules shifts to a yellow emission as rhodamine moieties are opened

allowing for energy accepting. An enrichment approach was employed in the work by Zhang et
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al. [61] for Ag* and Hg?* detection. In this work, single stranded DNA (ssDNA\) is labelled with a
Cys5 fluorescence label in conjunction with GO. The fluorescence was quenched when Cy5-labeled
ssDNA was adsorbed on the GO surface. However, in the presence of target metal ions,
coordination chemistry allows for the spontaneous liberation of the ssDNA resulting in
fluorescence recovery. This is an interesting approach due to the on switch ultimately enriching
the achieved fluorescence. A highly sensitive and selective method was achieved and could be
further applied to multi-analyte detection. Feng et al. [62] proposed a multi-array sensor for a range
of metal ions based on BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)-based fluorescent
indicators. Further studies for metal detection were recently performed based on similar techniques
[37,63-66]. High sensitivity and selectivity is achieved in all these sensors, however Wang et al.
[67] reported high fluorescence background associated with laminate coating in fluorescence-
based paper sensors. As a means to combat this polymer-based composite films were used to

sandwich the device effectively eliminating fluorescence background towards Cu?*.
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Figure 3.5: Schematic of the paper-based microfluidic device for multiplex chemical
contaminants detection using ssSDNA-functionalized GO sensors. (a) Paper-based microfluidic
chip design. (b and c) Illustrate the principle of the metal ions detection based on the interaction
among GO, ssDNA and heavy metal ions. The fluorescence was quenched when Cy5-labeled
sSDNA adsorbed on the GO surface (b, fluorescence OFF). In the presence of the metal ions,
they caused the sSDNA spontaneously liberating from the GO surface and finally resulted in
fluorescence recovery (c, fluorescence ON). (d) and (e) illustrate the principle of the antibiotic
detection based on the interaction among GO, ssDNA and antibiotics. The fluorescence was
partly quenched when Cy5-labeled ssDNA adsorbed with low GO concentration (d, fluorescence
ON). In the presence of the aminoglycoside antibiotic, the antibiotic-probe duplex increased the
bind effection between the duplex and GO surface through amide coupling, resulted in

fluorescence intensity decreasing (e, fluorescence OFF) [61].
3.5.3. Electrochemical Detection

Electrochemical approaches towards the detection of metal ions in water samples has rapidly

become one of the most effective methods for metal analysis to date. Combining three electrode
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systems with electroactive species allows for rapid, accurate and highly quantitative results. The
three electrode systems make use of working, counter and reference electrodes. Detection usually
involves a chemical reaction. Recently a growing number of studies have been conducted on paper-
based sensor for metal analysis but is still in the very early stages. Shi et al. [68] successfully
implemented a method for direct quantification of Pb?* and Cd?* in water samples by means of
paper-based analytical devices. In this work, filter paper strips in conjunction with commercial
screen printed electrodes was used in the construction of portable microfluidic paper-based
analytical devices. Capillary driven flow allowed for liquid transport from a sample reservoir over
the external three electrode system. The paper acted as carrier material bringing fresh sample to
the electrode surface and also allowed for filtration of contaminants. Tan et al. [69] further built
on this work by creating paper disks with prestored reagents in conjunction with external SPCE
for the detection of Pb?*. A dry reagent storage method for modifying the paper with electrolyte,
metallic film and internal standard was achieved without the need for sample pretreatment prior to
analysis. The method further allowed for only 10 pL sample volumes to be used. High accuracy
was demonstrated by use of a Zn?* internal standard. Both of these works made use of external
three electrode systems to simplify fabrication steps and reduce associated costs. However, most
studies rely on integrated electrode systems prepared by printing techniques. Apilux et al. [70]
reported a screen printing technique to create a carbon working electrode on paper and applied it
to the detection of Au®" and Fe®'. Rattanarat et al. [40] created a three-electrode system on
transparency paper and utilized it for the detection of Cd?* and Pb?* in an origami design folded
paper-based device. Nie et al. [71] proposed a fabrication method for a microfluidic paper-based
electrochemical device based on photolithography patterned paper-based channel flowing over
screen printed three electrode system. In a separate study Ruecha et al. [72] also reported a
conventional screen printing approach for the fabrication of three electrode systems. The
electrodes were further modified with a graphene-polyaniline (G/PANi) composite to improve
electrode sensitivity towards the detection of Zn?*, Cd?* and Pb?*. Other works on paper-based
electrochemical detection of metal ions was also conducted [45,73]. All of these works made use
of electrochemical anodic stripping voltammetry (ASV) for their detection of metal cations in
water sample due to its simplicity, sensitivity and possibility for speciation. No works performed
for electrochemical detection of metal ions have made use on an adsorptive stripping voltammetric

(AdSV) approach. Further, only the one study made use of graphene and conductive polymers to
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enhance electrode sensitivity in paper-based sensing, a technique that is readily used in solid
electrode applications.
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Figure 3.6: Schematic drawing of (a) the preparation of the G/PANI nanocomposite, (b)
electrochemical sensor fabrication on plastic film or paper and (c) drop-casting and

electrospraying processes [72].
3.5.4. Other Detection Methods

While colorimetric, fluorescence and electrochemical detection methods have proved to be
the most popular methods of detection in paper-based microfluidic devices owing to their
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simplistic design, inexpensive instrumentation and sensitive and accurate semi to quantitative
analysis other methods of detection have also been suggested for metal analysis in paper-based
sensors. The low sensitivity associated with colorimetric detection and high background scattering
of fluorescence based detection methods offer considerable drawbacks to these methods.
Chemiluminescence (CL), like fluorescence involves the production of light as the method of
detection, however in here light is generated by chemical interactions under catalyst or excited
intermediates instead of fluorescence [8]. Therefore, CL is considered an attractive alternative due
to its high sensitivity, wide linear range, simple instrumentation, and no background scattering
light interference [74]. Liu et al. proposed an aptamer based method for Hg?" detection.
Carboxylated phenylene-ethynylene referred to as P-acid was used as CL reagent, while single
stranded DNA was used as aptamer to capture Hg?* ions. The CL intensity is dependent on Hg ion
concentration due to its ability to improve conjugation in the aptamer [74]. To further improve
sensitivity of the CL technique, electrochemiluminescence (ECL) was suggested. Here,
luminescence was generated by electrochemical reactions instead of chemical interactions. A three
dimensional paper-based device was suggested for the simultaneous detection of Pb?* and Hg?*
based on electrochemiluminescence by Zhang et al. [75]. In the study simultaneous detection of
the metal cations were achieved by selective interactions with carbon nanocrystal capped silica
nanoparticles and Ru(bpy)s®*-gold nanoparticles (AuNPs) aggregates respectively. Folded
structures are formed upon interaction with the metal cations and luminescence is generated. A
scanometric approach for Pb?* detection was investigated by Vijitvarasan et al. [76]. In the study,
AuUNPs and magnetic beads are bound together by the ends of GR5-DNAzyme to form a MB-
DNAzyme-AuNP complex. In the presence of Pb?" the GR5-DNAzyme is activated and the s-
strand is cleaved. A AuNP-Ps strand is then detached from the MB and dispersed in solution which
can then be collected and reacted with silver particles. Silver coated gold nanoparticles are dotted
on paper and a grey color appears directly proportional to the Pb?* ion concentration. This method
is tedious and requires sample pretreatment prior to detection. Cunningham et al. [77] further
proposed a galvanic exchange electrochemical approach for detection of AgNP labels.

3.6. Conclusions and Future Work

Paper-based sensor development has shown a dramatic increase in the last decade, however

metal analysis at paper-based microfluidic devices is still in its infancy. However, many studies
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have been performed for detection of metal contaminants. Selection of paper substrates offers a
wide range of properties and its choice is critical when deciding on possible applications. Further,
fabrication methods for creating hydrophobic barriers have been developed in order to lower cost
and simplify patterning processes in existence today. Contact printing approaches appear to be the
simplest and offer lowest cost, however precise and accurate patterning when developing
nanometer scale features may suffer. In the development of integrated electrode systems, a variety
of approaches have been investigated. Conventional screen printing still remains tenable to date
due to limited restrictions on ink specifications but other methods provide good alternatives over
photolithography which is still being used to date. Recent advances show good progress in
sensitivity, selectivity, limited interferences, rapid analysis and low cost. While, colorimetric
approaches still remain the most widely used technique, alternative methods to improve sensitivity
have been investigated. Electrochemical detection offers the most quantitative analytical approach
and allows for accurate speciation. All electrochemical approaches used to date rely on anodic
stripping voltammetry. Possibility exists for expansion into other spheres including adsorptive
stripping voltammetry. Low limits of detection have been found for all detection methods studied
in this review and choice of technique relies mainly on preference. Overall, paper-based sensing
towards metal analysis has shown great promise. Further studies to improve electrode sensitivity
and accuracy can be employed.
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Chapter 4 ;

Structural and Morphological Characterisation of Prepared Reduced
Graphene Oxide, Graphene Oxide and Gold Nanoparticles

Abstract

A simple, low-cost chemical synthesis approach based on a modified Hummer’s method was
utilized for the production of graphitic oxide, which was exfoliated upon ultrasonication processes
to produce graphene oxide (GO) sheets. The produced GO was converted to reduced graphene
oxide (RGO) in the presence of NaBHa as reducing agent. Commercial gold nanoparticles
(AuNPs) purchased from Sigma Aldrich were also investigated. The structural, morphological and
topographical properties of the synthesized and purchased materials were characterized by FTIR,
HRSEM, HRTEM, XRD, Raman spectroscopy, AFM and UV-vis spectroscopy. The
characterization procedure confirmed the inclusion and removal of oxygen-containing functional
groups (hydroxyl, carboxyl and epoxy) within and from the graphitic structure yielding large
quantities of produced material. Impurities associated with chemical reduction methods were
limited and materials with few defects observed. Further, conversion from sp® hybridized carbon
associated with bulk graphite to sp? hybridized carbon in RGO sheets was confirmed. Good quality
RGO was produced with an average flake size of ~ 2 nm confirming the presence of few-layer
RGO sheets of 5 individual layers. Restoration of the electronic structure associated with RGO
was further established. Uniform, stable dispersions of GO and RGO in water and ethanol
respectively were obtained for use in further experimentation. Gold nanoparticles were found to

have and average particle size of ~ 57 nm from electron microscope images.
Keywords

Graphite, graphene oxide, reduced graphene oxide, gold nanoparticles, electron microscopy, x-ray
diffraction, raman, ultraviolet-visible spectroscopy, infrared spectroscopy
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Highlights

e High quality graphene oxide was prepared by a modified Hummer’s method as previously
reported

e A chemical synthesis approach was employed for the production of few-layer graphene
sheets in the presence of NaBH4

e Structural and morphological characterization of prepared graphene oxide, reduced
graphene oxide and commercial gold nanoparticle dispersions was performed and found to

produce good quality materials for use in electrochemical sensors
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4.1. Introduction

Since its discovery in 2004 by a micromechanical exfoliation technique [1], the application
of graphene and graphene derivatives by exploiting their various properties has skyrocketed. The
fast electron transfer, high surface area and tensile strength make it an attractive material for use
in a range of applications. To date, it has been used in a wide range of applications including,
batteries [2—4], solar cells [5-7], sensors [8-10], light-emitting diodes [11,12], filtration [13,14],
super capacitors [15,16] etc. Fine-tuning of these specific properties may be performed by simply
altering the method of synthesis or preparation. As previously discussed, switching between
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methods not only drastically affects the electrochemical properties of the material but also
significantly influences the yield of high-quality prepared graphenes. As such, the selection of
preparation technique is pivotal in the application of graphene-derivatives in electrochemical

sensing devices.

Chemical synthesis approaches remain the most commonly employed route for graphene
preparation via the oxidation of bulk commercial graphite, due to their many advantageous
properties. Low-cost instrumentation, use of semi-skilled labor, environmentally friendly materials
and mass production all characterize the chemical synthesis routes. To date, a variety of approaches
have been suggested for the ‘top-down’ oxidation and exfoliation of graphitic layers. Typically,
oxygen moieties are inserted between the individual sheets of graphite forcing layers apart to the
extent of overcoming the existing Van der Waal’s forces. This method was first introduced by
Brodie et al. in 1859 [17]. Since its inception, more environmentally friendly approaches have
been introduced to limit the toxic byproduct associated with the technique. The Hummer’s method
[18] has become the most popular choice due to its safe and timely approach. More recently
however, the Tour group at Rice University, Texas have proposed a “one-pot” approach with

minimal temperature dependence as an alternative to the Hummer’s method [19].

The inclusion of oxygen functionalities within the carbon network disrupts the flow of
electrons creating a material that is insulating in nature, limiting conductivity of the prepared
graphitic oxide, making it a poor choice for electronic or electrochemical applications. The
subsequent removal of the oxygen moieties restores the C-C lattice and improves the electron
transfer Kkinetics. A range of techniques have been employed for the removal of the oxygen to
produce single, few or multi-layer graphene sheets upon exfoliation. Chemical, thermal, flash,
microwave, etc. are all commonly used techniques. Chemical reduction by means of reducing

agents such as hydrazine and sodium borohydride (NaBHa4) have been most extensively studied.

In this section, a modified Hummer’s method was employed for the production of graphitic
oxide and its subsequent reduction and exfoliation to produce few-layer reduced graphene oxide.
This work interrogates the structural and morphological characterization of the prepared materials

via each synthesis step.
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4.2. Experimental Methods
4.2.1. Chemicals and Reagents

All chemicals utilized in the study were of analytical grade and used as received without
further modification or purification. Natural graphite powder (< 100 microns, mesh, microcrystal
grade, 99.99 %), metal base with ultra “F” purity was purchased from Alfa Aesar (Massachusetts,
United States) and used for the preparation of graphene oxide. Potassium permanganate (KMnOs),
sulfuric acid (H2S0a), nitric acid (HNOs), hydrochloric acid (HCI) and ethanol (EtOH) were all
purchased from Sigma Aldrich or Fluka. Ultrapure water was collected from a Millipore system

and used for all dilutions where necessary.

4.2.2. Apparatus

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 confirm
the presence of oxime groups in the dimethylglyoxime structure. Appropriate quantities of ground
KBr and samples were mixed and pressed in a handheld hydraulic press to prepare KBr pellets.
High Resolution Scanning Electron Microscopy (HRSEM) measurements were performed using
an Auriga HRSEM instrument equipped with Electronic Data System (EDS). The samples were
dried in a vacuum oven and deposited on the silicon grid surface before HRSEM observations.
High Resolution 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 in ethanol onto copper grids followed by air drying at
room temperature. Raman spectroscopy was obtained using a LabRam HR by Jobin-Yvon Horiba
scientific Explora, France in conjunction with a Model BX41, Olympus microscope at 532 nm
wavelength laser. Samples were prepared by drop coating graphene suspensions or thin graphene
films onto glass slides and allowing to dry at room temperature. Zahner-Elektrik Electrochemical
Workstation IM6e from Zahner-Elektrik GmbH & CoKG (Germany) was used for electrochemical
impedance spectroscopy (EIS) measurements in 5 mM KsFe(CN)s in 1 M KCI as electrolyte

solution.
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Table 4.1: A summary of characterization techniques used in the study and their corresponding

uses.
Technique Use
FT-IR Structural Configuration
XRD Structure/ Mineralogy
TEM, SEM Morphology and Particle Size
UV-vis Electronic transitions
AFM Morphology

Vibrational and Rotational Frequency modes/
Raman Spectroscopy

Configuration
Cyclic Voltammetry Electro activity
NMR Molecular structure

4.2.3. Preparation of Graphene Oxide

Both Hummer’s [18] and Tour [19] methods were utilized for the synthesis of graphitic oxide
with few modifications. In the Hummer’s approach, 2 g graphite powder and 1 g sodium nitrite
were dispersed in 50 mL of sulfuric acid in a dry 250 mL conical flask and mixed at room
temperature for 30 min. A uniform dispersion and mixing of the reagents in order to facilitate the
oxidation process was achieved. The resultant solution was cooled by subsequent mixing in an ice
bath for approximately 20 min prior to the addition of the oxidizing agent. An adequate quantity
of potassium permanganate (7 g) was slowly added over a 30 min period under constant stirring
to avoid a sudden increase in the solution temperature. The solution was allowed to cool to room
temperature. The cooled solution was then mixed at 35 °C for 2 h in a water bath before being
returned to the ice bath to cool. Successive additions of 150 mL ultra-pure water and 5 mL
hydrogen peroxide were performed until effervescence ceased. The flask was removed from the
ice bath and allowed to stir at room temperature overnight and centrifuged for 20 min to allow

large flakes to settle. Purification and removal of contaminants was performed by three successive
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acid washes and one with ultra-pure water. The resulting product was the dried for 48 h under a
vacuum. The prepared graphite oxide (10 mg) was exfoliated in 10 mL of ultra-pure water or
Ethanol to give a 1.0 mg mL™* GO solution.

{I} KM“O’q, HzSDq_

'é; e
(i) Ultra-sonication

Graphite Graphene Oxide

Figure 4.1: Schematic depicting the chemical synthesis of graphene oxide from bulk commercial

graphite.
4.2.4. Reduced Graphene Oxide Preparation

A 1 mg mL* dispersion of the synthesised graphene oxide was prepared by dispersing 100
mg graphene oxide in a 100 mL portion of ultra-pure distilled water in a 250 mL round-bottom
flask. The prepared GO dispersion was exfoliated by ultrasonication for 1 hr. Following the
ultrasonication, 200 mg NaBH4 was added in excess and stirred for at least 30 min before being
allowed to cool to room temperature. The cooled solution was then heated to 135 °C for 3 hrsin a
silicon oil bath under reflux conditions. The synthesis approach yields approximately 100 mL
reduced graphene oxide in water. The resultant back solid was then separated from the aqueous
layer centrifugation at 8000 rpm for 30 min. Further separation was performed by resting the
solution overnight. The supernatant was then decanted and discarded. The graphene produced was

dried at 60 °C for 3 days in a vacuum oven.
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Graphene Oxide Graphene

Figure 4.2: Graphic representation of reduction of graphene oxide (GO) to form graphene

powder.
4.3. Results and Discussion

4.3.1. Structural and Morphological Characterization of Prepared Graphene Oxide and

Reduced Graphene Oxide
4.3.1.1. GO and RGO dispersion in suitable solvents

The ability to form stable, uniform dispersion of graphene oxide and reduced graphene oxide
in suitable solvents is vital for its use in a variety of applications. Dispersions prepared from the
synthesised graphene-materials are shown in Figure 4.3. Clear brown and black solutions are
recorded for graphene oxide and reduced graphene oxide in water and ethanol respectively
following ultrasonication for 2 hrs. The hydrophilic nature of GO due to the presence of oxygen
containing functional groups generated during the oxidation step allows for a colloidal suspension
to be generated in water. The solution turns from yellowish to black upon reduction and may be

easily dispersed in ethanol.
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Figure 4.3: Image of 0.25 mg mL* (a) reduced graphene oxide [black] and (b) graphene oxide
[brown] dispersions in ethanol and water respectively, prepared via the chemical synthesis

approach above.

4.3.1.2. Fourier-transform Infrared Spectroscopy (FT-IR)

The preparation of graphene oxide (GO) and reduced graphene oxide (RGO) from natural
graphite powder was performed by the insertion and subsequent removal of oxygen containing
moieties within the graphitic structure. Fourier transform infrared spectroscopy (FT-IR) was used
to study the variations in structural configuration via the chemical synthesis routes detailed in
Section 4.2 and 4.3. Figure 4.4 (a) shows the FT-IR spectra of (a) graphite, (b) graphene oxide
and (c) reduced graphene oxide recorded from KBr pellets between 400 and 4000 cm™. The FT-
IR spectra of graphite (Figure 4.4 (a and b)) shows no significant IR features of notable intensity,
attributed to the high purity carbon structure associated with graphite flakes, as expected. For GO
however, large transmission bands can be seen and occur as a result of the inclusion of oxygen
moieties within the ordered carbon structure. Hydroxyl, carboxyl and epoxy functional groups are
reported in literature. Characteristic IR peaks associated with the following functional groups are
shown: O-H stretching vibrations at 3353 and 2474 cm™ attributed to the hydroxyl of -COOH and
alcohols, the C=0 stretching vibration at 1725 cm™ and C=C stretching vibrations of aromatic
rings at 1590 cm™. The weak band at 1374 cm™ arises from O-H stretching vibrations as a result
of deformation or bending of C-O-H. The peaks at 1167 and 1065 cm™ are attributed to the C-O

stretching vibrations of epoxides and alkoxides. Lastly, the C-H stretching vibrations arising from
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aromatic rings can be seen. A summary of all observed stretching vibrations and corresponding
functional groups are shown in Table 4.2. Upon reduction of GO in the presence of NaBH4 as
reducing agent, to form a RGO, a significant reduction or disappearance in peak intensities
occurring due to the presence of oxygen functional groups can be seen. This result indicates the
removal of a large percentage of oxygen from the graphitic structure. These findings are in
agreement with literature reported results for the preparation of reduced graphene oxide [19-22].
A comparison of the FT-IR spectra obtained by a modified Hummer’s method and Tour method
is shown in Figure 4.4 (c). Similar characteristic IR peaks are seen in both synthesis approaches
resulting from the oxidation of natural graphite. The Hummer’s method appears to have provided
increased oxidation over the Tour method and was therefore selected for all further

experimentation.
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Figure 4.4: FTIR spectra recorded for (a) graphite, graphene oxide (GO) and reduced graphene
oxide (RGO), (b) magnified spectra of graphite and (c) a comparison of GO prepared by a
Hummer’s and Tour method.

—http:/fetd.awecac.za—



Chapter Four: Structural and Morphological Characterization of Graphene

Table 4.2: A summary of recorded stretching vibrations and corresponding functional groups
found from FTIR analysis of Graphite, Graphene oxide and Reduced Graphene Oxide.

Stretching Vibration (cm -1) Associated Functional Group
857 C-H (aromatic rings)
1065 C-O (alkoxy)
1167 C-O (epoxy)
1374 O-H (deformation of C-OH)
1590 C=C (aromatic)
1725 C=0 (carboxyl)
2474 O-H
3353 O-H (hydroxyl of -COOH)

4.3.1.3. High Resolution Scanning Electron Microscopy (HRSEM)

The structural surface morphologies of graphite, graphitic oxide and reduced graphene oxide
flakes were studied by high resolution scanning electron microscopy (HRSEM) and recorded in
Figure 4.5. The surface morphology of graphite (Figure 5 (a)) showed a feather-like structure with
a crumpled paper nature and harsh edges attributed to the crystalline nature of graphite powder.
Agglomeration and aggregation of particles is further observed and indicative of the stacking of
graphene sheets to form the layered material. The HRSEM image of graphitic oxide in Figure 4.5
(b) indicates a similar uneven surface morphology of the graphitic oxide platelets. Agglomeration
and stacking of sheets is still seen in the absence of a suitable exfoliation step. The preparation of
reduced graphene oxide via a chemical synthesis approach produces large RGO sheets as seen in
Figure 4.5 (c). Thin, crumpled and wrinkled sheets with increasing transparency and significantly
less harsh edges are observed for the reduced graphene oxide sheets. The stacking and exfoliation

of individual layers is evident in Figure 4.5 (d) with an interplanar spacing of <5 nm observed.
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Elemental composition conducted by energy dispersive X-ray spectroscopy (EDS) shows 46 %
and 14 % composition of oxygen in GO and RGO respectively confirming the inclusion and

subsequent removal of oxygen.

EHT =10.00 kv Signal A = SE2 EHT =10.00 kv Signal A = SE2
WD =118 mm Mag= 1000KX WD =118 mm Mag= 1000KX

EHT = 10.00 kv Signal A = SE2
WD =118 mm Mag= 10.00KX

Figure 4.5: HRSEM images of (a) graphite, (b) graphitic oxide, (c and d) reduced graphene
oxide at 10 kX and 20 kX magnification.

4.3.1.4. High Resolution Transmission Electron Microscopy (HRTEM)

High resolution transmission electron microscopy (HRTEM) analysis was performed to
probe the structural changes in graphite, graphene oxide and reduced graphene oxide samples via
the synthesis route. HRTEM analysis was conducted by drop casting prepared sample dispersion
(0.5 mg mL™?) in ethanol onto copper mesh grids following a 1 hr ultrasonication step.
Characteristic HRTEM images are illustrated for graphite, graphene oxide and reduced graphene

oxide in Figure 6. The HRTEM image of graphite (Figure 4.6 (a)) is portrayed as dark flakes with
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stacked layers. Sharp and harsh edges as well presence of distinct lattice fringes in the graphite
structure further demonstrate its high ordered crystalline nature. In contrast, the HRTEM image of
GO, shown in Figure 4.6 (b) is seen as large flat silky transparent sheets. The wavy nature with
thick folds and sections of entangles sheets is observed as a result of the large surface area
associated with exfoliation. Areas of increased transparency, generally towards the edge of sheets
indicates regions of monolayer graphene oxide. The slightly darker color is indicative of the
incomplete exfoliation of GO in ethanol due to strong hydrogen bonding between oxygen
functional groups of adjacent layers. Figure 4.6 (c) shows highly transparent, large sheets with
wrinkles representing entangled layers and high surface area are observed for few-layer RGO. The
increased transparency shows confinement of the sheet thickness into the low nanometer range.
Suitable exfoliation and the crystalline nature of RGO at higher magnifications are demonstrated
in Figure 4.6 (d). Useful information of the quantum confinement and crystalline nature of the
prepared materials were discovered. Similar to analysis by HRSEM, elemental composition of the
prepared samples confirmed the inclusion and removal of oxygen along the synthesis route towards

a reduced graphene oxide.
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Figure 4.6: HRTEM images of (a) graphite, (b) graphene oxide, (c and d) reduced graphene
oxide at varying magnifications.

4.3.1.5. X-ray Diffraction (XRD)

The diffraction patterns of graphite, graphene oxide and reduced graphene oxide are
recorded in Figure 4.7. The XRD pattern of graphite demonstrates three distinct peaks at 26.5°,
44.6° and 54,6° attributed to the highly ordered crystalline carbon structure of the 002 plane, 100
plane and 004 plane respectively [23]. A distinct broadening of the peak at 26.5° is observed due
to distortion of the carbon structure upon the inclusion of oxygen containing functional groups and
moisture [24]. A shift to 9.8° corresponding to the diffraction of the 001 plane of graphene oxide
is seen. The calculated interlayer spacing increases from 0.34 nm (graphite) to 0.7 nm and confirms

the presence of the oxygen moieties [25]. Upon reduction of GO using NaBHa, a broad diffraction
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peak is seen at 22°. The observation confirms the removal of most of the oxygen to form a reduced
graphene oxide and the restoration of the conjugate carbon structure. Similar results are reported

in literature.
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Figure 4.7: XRD patterns of (a) graphite, (b) graphene oxide, (c and d) reduced graphene oxide.
4.3.1.6. Raman Spectroscopy

Raman spectroscopy has proved to be a powerful tool for the analysis of graphene due to its
intrinsic ability to probe structural changes in the graphitic structure along the synthesis process.
Chemical and structural changes in commercial (a) graphite, (b) graphene oxide and (c) reduced
graphene oxide were investigated by Raman spectroscopy between 0 and 3000 cm™ and recorded
in Figure 4.8. The raman spectra recorded for graphite consists of a sharp, strong band at 1560 cm’
! aweak band at 1332 cm™ and a moderate band at 2678 cm™ attributed to characteristic G, D and
2 D bands of graphite respectively. The G-band, with highest intensity occurs as a result of
symmetry allowed scattering of phonons of the E2g mode arising from sp® hybridized carbon atoms

[26]. The high intensity and sharp peak corresponds to an ordered structure of the graphitic
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material. The weak D-band in contrast represents defects in the hexagonal carbon-carbon structure
as a result of defects arising from vacancies, grain boundaries and deviations in the sp* hybridized
carbon-carbon bonds [27]. The 2D band, occurring at double the energy of the G-band may be
attributed to second order raman scattering processes of the multilayered structure. This
corresponds to the morphological characterization of graphite found in previous techniques. The
intensity of the calculated I/l ratio is 0.246 and provides evidence to the low degree of deviation
from the graphitic structure. Further the intensity ratio, I2o/lc = 0.26 is calculated << 0.5 and occurs

as a result of a multilayered structure.

Further interrogation of the Raman spectra of graphene oxide shows two distinct peaks with
considerably lower intensities compared to graphite at 1590 cm™ and 1349 cm™ arising from G
and D bands respectively. A lowering in peak intensities occurs due to an overall lowering of layers
to produce phonons. The G-band here, occurs as a result of in-plane vibrations of the sp? carbon-
carbon bonds while the large D-band confirms the deviation from the ordered graphitic structure
due to the presence of oxygen containing functional groups within the carbon lattice. The 2D band
is no longer present due to the presence of oxygen moieties and is characteristic of GO [10]. An

Io/lc ratio of 0.94 confirms the highly disordered nature of the material due to oxidation processes.

The Raman spectra of reduced graphene oxide again shows characteristic G, D and 2D bands
at 1594 cm?, 1341 cm™ and 2866 cm™ respectively. The D-band occurs due to the presence of
defects or edge effects of the graphite structure upon removal of oxygen moieties. The G-band
arises from vibration of sp? carbon-carbon atoms. An Ip/lc ratio of 1.19 is increased over the
recorded value for GO and graphite and is indicative of a shift to reduced graphene oxide [27].
Further the sharp 2D band shows a shift to high energies, generally associated with few-layer
graphene and is confirmed by the l2o/lc = 0.69 corresponding to few-layer graphenes [28]. This

confirms the reduction of graphene oxide to a reduced graphene oxide [26].
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Figure 4.8: Raman spectra of (a) graphite, (b) graphene oxide, (c and d) reduced graphene oxide.
4.3.1.7. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was used to further evaluate the morphology of reduced
graphene oxide (RGO). Figure 4.9 shows a typical AFM image of a single RGO flake deposited
from a 0.5 mg mL* RGO dispersion in Ethanol onto a silicon wafer. RGO flakes of non-uniform
shape were observed on the silicon substrate with particle sizes ranging between 0.6 — 0.7 pm
recorded from the observed cross-sectional view. An estimated vertical distance of ~ 2.0 nm was
observed over 5 RGO flakes. Inter-planar distance for graphene of 0.35 nm has been reported in
literature [29]. Few-layer RGO sheets with approximately 5 layers is therefore estimated. Similar

results were reported in literature for graphene preparation.
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Figure 4.9: Tapping mode AFM image and corresponding cross-sectional view of prepared
reduced graphene oxide.

4.3.1.8. Ultraviolet Visible (UV-vis) Spectroscopy

Ultraviolet visible (UV-vis) spectroscopy was used to study the electron transitions which
occur as a result of oxygen functionalization and removal from the graphitic structure. The UV-
vis spectra of graphene oxide (GO) prepared via a modified Hummer’s method and reduced
graphene oxide (RGO) using NaBH4 as reducing agent between 200 and 800 nm is shown in
Figure 4.10. GO shows two absorption peaks at 231 nm (i) and 303 nm (ii) respectively. The
maximum absorption peak for GO occurring at 231 nm arises due to m — 7t transitions of the C-
C bonds in the sp? hybridized structure, while the shoulder at 303 nm corresponds to the n — 7"
transition of the C-O bonds [30]. Upon reduction of the GO, an overall lowering in absorbance is
seen for reduced graphene oxide. A magnified image of the UV-vis spectra of RGO is shown in
Figure 4.10, inset. A shift in peak position from 230 nm to 259 nm (iii), along with a lowering in
peak intensity and broadening of the peak. The red shift indicates the removal of oxygen
functionalities and a restoration of electronic configuration of the reduced graphene oxide sheets
[26,31].
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Figure 4.10: UV-vis spectra of (a) graphene oxide and (b) reduced graphene oxide dispersed in
water. Inset: UV-vis spectra of reduced graphene oxide.

4.3.2. Structural and Morphological Characterization of Commercial Gold

Nanoparticles
4.3.2.1. High Resolution Electron Microscopy

High resolution electron microscopy was used to study the morphological profile of the
commercial gold nanoparticles to be used in the study. High resolution (a) scanning electron
microscopy and (b and c) transmission electron microscopy images of the AuNPs are shown in
Figure 4.11. The HRSEM image illustrated in Figure 4.11 (a) shows the morphological profile of
a group of AuNPs deposited on a carbon substrate by a simple drop casting method at 100 kX

magnification. Spherical particles are observed with relatively uniform size distribution. An
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average particle size over 10 AuNPs of ~ 57 nm was recorded. Clusters of nanoparticles are
observed with no significant agglomeration taking place. EDS confirmed the elemental
composition of the observed nanoparticles to be that of AuNPs. While HRSEM, provided only
surface characterization, HRTEM is able to probe the particles and provide information as to the
shape and crystallinity of the material under investigation. Figure 4.11 (b), shows HRTEM image
of AuNPs decorated on a Cu-mesh grid. Similar to HRSEM, uniform spherical particles are seen
decorated on the Cu-grid. An average particle size of ~ 50 nm in diameter was observed. Upon
increased magnification (Figure 4.11 (c)), the highly crystalline nature and ordered structure of

the nanoparticles can be seen.

(b)

EHT = 00KV Sigeal A= InLans
WO=73mm Mag= 10000KK

Figure 4.11: (a) HRSEM image and HRTEM images at (b) low and (c) high magnification of 50
nm AuNPs.

4.3.2.2. Ultraviolet Visible (UV-vis) Spectroscopy

The UV-vis absorption spectra of commercial gold nanoparticles at three dilutions: (a) 1:10,
(b) 1:5 and (c) 1:1 between 400 and 800 nm is recorded in Figure 4.12. A single, sharp absorption
band at 536 nm is shown for all three dilutions under investigation with no shift in absorption
wavelength seen. The uniform peak wavelength indicates the formation of stable suspensions of
AUNPs in ultrapure water. An increase in peak height is seen with increasing AuNP concentration
showing a clear dependence of AuUNP concentration on the observed absorbance. The peak at 536
nm corresponds to an approximate particle size of ~ 50 nm and is in agreement with the expected

result found in electron microscope images. Figure 4.12, inset shows the commercial AuNP
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suspension in phosphate buffer solution (pH 7.1). A pink color is seen and is generally an
indication of particle sizes in the mid nanometer range. Similar results for UV-vis spectra of

AUNPs were observed in literature [32—-34].
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Figure 4.12: UV-vis absorption spectra of (a) 1:10, (b) 1:5 and (c) 1:1 dilution of commercially
bought 50 nm AuNPs in phosphate buffer solution (pH 7.1). Inset: Image of 50 nm AuNPs in
PBS buffer solution.

4.4, Conclusions and Future Work

The characterization of natural graphite powder, graphene oxide and reduced graphene oxide
confirmed the oxidation and subsequent reduction of oxygen within the graphitic structure of the
modified Hummer’s process. The inclusion of oxygen moieties between graphene layers of

graphite, forced the layers apart so as to overcome the weak Van der Waal’s forces between layers.
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Exfoliation of the oxidized material in ultrapure water resulted in adequate exfoliation to few layer
structures. The reduction of GO using NaBH4 was further confirmed. A large percentage of
included oxygen functional groups were removed to produce RGO. Few-layer structures of
approximately 5 layers were obtained. The removal of oxygen restored the electronic configuration
of the produced material and large area sheets with high yields could be produces. The reported
results matched those recorded in literature for GO and RGO production. Further, characterization
of the purchased commercial AuNPs showed stable, uniform suspensions in buffer solutions. A
uniform distribution of spherical NPs of average particles size of 57 nm were observed. The
characterized materials were therefore of good quality for further use in the electrochemical

SEensors.
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Chapter 5 :

Graphene-modified Pencil Graphite, In-situ Plated Mercury Film
Electrodes (Gr-PG-MFEs) for the Ultratrace Determination of Nickel by
Adsorptive Cathodic Stripping Voltammetry (AdCSV)

Abstract

Graphene, the 2-D allotrope of carbon has previously been employed in a variety of chemical
sensing applications due to its ability to (i) enhance electron transfer kinetics and (ii) improve
active surface area at electrode materials. Its application in metal analysis has been limited to use
in anodic stripping voltammetry (ASV). Adsorptive stripping voltammetry (AdSV) offers a fast,
simple, sensitive, low cost and green electroanalytical technique for the determination of trace
concentrations of metal ions in water samples with low solubility in metallic films.
Electrochemically reduced graphene oxide (ERGO), in conjunction with an electroplated mercury
film was utilized to improve pencil graphite electrode (PGE) sensitivity towards the square-wave
adsorptive cathodic stripping voltammetric (SW-AdCSV) determination of selected heavy metals
(Ni* and Co?") in the presence of dimethylglyoxime as chelating agent. Simultaneous
electroplating of Hg-films and accumulation of formed [Ni(dmgH)2] complexes were performed
under a constant — 0.7 V accumulation potential for the first time. In addition, few-layer graphene
sheets were successfully deposited on PGEs by cyclic voltammetry reduction from graphene oxide
dispersions prior to analysis. The experimental parameters of the fabricated ERGO-PG-MFE
(deposition potential, deposition time, rotation speed, frequency and amplitude) were optimized,
and its applicability was investigated towards the individual and simultaneous determination of
Ni?* and Co?* at the low concentration levels (ug L) in 0.1 M ammonium buffer solution (pH
9.4) using square wave adsorptive cathodic stripping voltammetry (SW-AdCSV). The calculated
detection limit for Ni?* at 120 s accumulation time was found to be 0.120 + 0.002 ug L™ for

individual analysis. Real sample analysis, of laboratory tap water was performed using the ERGO-
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PG-MFEs. The developed electrode was found to exhibit sensitive detection of metal ions in the

tap water samples at the 0.2 pg L™ level.
Keywords:

Electrochemically reduced graphene oxide, pencil-graphite electrode, mercury-film, trace metals,
cathodic stripping voltammetry

Highlights:

e A one-step, simultaneous electroplating of metallic film and accumulation of metal cation

by adsorption is achieved in the AdCSV technique

e Electrochemically reduced graphene oxide modified pencil graphite electrodes (ERGO-

PGE) is investigated towards the detection of Ni?*
e Selective determination of Ni* in the presence of Co?*
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5.1. Introduction

Nickel is a toxic transition metal which has been linked to some serious health problems
such as respiratory system cancer [1]. Nickel is noted as one of the most important transition metal
ions in biological samples [2] and is both vital and toxic for biological systems. Nickel has been
linked to skin allergies or dermatitis in regard to eyeglass frames, dental materials, and costume
jewelry however, of the approximately 10 mg in the body, significant amounts of nickel are found
in RNA and DNA where it interacts with these nucleic acids. Moreover, nickel is known to cause
a skin disorder known as nickel-eczema [3]. The pollution by heavy metals is of growing concern
globally and has been on the increase over this past few years. The main source of nickel pollution
in water is nickel bearing pipes and fittings in contact with water and nickel ore containing rocks,
and industrial activities such as electroplating, stainless steel and alloys [1]. In considering the
aforementioned health benefits and toxicity of Ni, the determination of nickel (1) in drinking water

IS an important task.

The various analytical methods that have been developed and used for the determination of
nickel includes flame atomic absorption spectrometry, FAAS, electrothermal atomic absorption
spectrometry, ETAAS, neutron activation analysis, NAA, x-ray fluorescence spectrometry, XRF
inductively coupled plasma atomic emission spectrometry, ICP-AES, spectrophotometry and
Electroanalytical techniques. However, these spectroscopic methods are expensive, their
availability is limited, and they are not well suited for in situ measurements and, require
complicated instrumentation. For trace nickel (1) analysis, adsorptive stripping voltammetry has
been the most popular electroanalytical technique because of its speed, good selectivity and

sensitivity, and low instrumentation cost [4] compared to other techniques.

Electroanalysis of heavy metals with mercury electrodes have been around for many decades
and are still very popular at present. The usefulness of mercury electrodes for the determination
of nickel is due to their ability to form amalgams, allowing pre-concentration of metal ions prior
to their determination by voltammetric stripping method. The other advantage of using mercury
based electrodes is its association with high over-potential of hydrogen evolution [3], and it
presents the possibility of a constantly renewable surface. This eliminates the possibility of

electrode poisoning by pre-deposited mater. Mercury-modified electrodes coupled with stripping
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techniques have been recognized as the most-sensitive method for the determination of heavy

metals such as nickel [3].

The development and application of pencil graphite electrodes have received considerable
attention in recent years for different application of stripping analysis. These kind of electrodes
are inexpensive and possess many advantages such as a good conductor of electricity, needs
almost no pretreatment, has low cost, readily available and has low background current [5]. All of
these properties make it a good alternative to the well-known glassy-carbon and gold electrodes
(GCE and GE) [4]. A number of studies on the use of pencil graphite electrodes for analytical
determinations of different metal ions by stripping voltammetric measurements have been
reported [4-7].

Due to its excellent electronic, thermal and mechanical properties graphene, is a single
atomic layer of carbon atoms tightly packed in a two dimensional honeycomb lattice. This novel
material is atomically thin, chemically inert, consists of light atoms, and possesses a high ordered
structure [8]. Graphene is electrically and thermally conductive, and is the strongest material ever
measured. These remarkable properties make graphene the ideal support film for graphite pencil.
Since it was first produced in 2004, graphene has attracted many attentions and has shown to
significantly improve the sensitivity in various applications due to rapid electron transfer [9] and

high surface-to-volume ratio.

In this work, an electrochemically reduced graphene oxide pencil graphite electrode (ERGO-
PG) was prepared from graphene oxide in acetate buffer solution in conjunction with in situ plated
mercury film for the ultra-trace determination of nickel by Adsorptive Cathodic Stripping
Voltammetry (AdCSV).

5.2. Experimental Section
5.2.1. Reagents

All chemicals used in this study were analytical reagent grade and used without further
purification. Standard stock solutions (1,000 mg L™, atomic absorption standard solution) were

obtained from Sigma-Aldrich and diluted as required.
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Ammonium hydroxide ammonium chloride solution buffer (0.1 M, pH 9.35) was used as
supporting electrolyte and prepared by mixing ammonium chloride and ammonium hydroxide
followed by diluting the solution with ultra-pure distilled water (Millipore). A pH meter (Metrohm
827 pH lab.) was calibrated using pH 4, pH 7 and pH 9 calibration buffer solutions and, then used
to verify the pH of the ammonia hydroxide-ammonium hydroxide buffer solution (supporting
electrolyte) solution.

5.2.2. 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 electrochemically reduced graphene oxide
pencil-graphite mercury-film electrode (ERGO-PG-MFE) served as the working electrode. An
Ag/AgCI (saturated KCI) 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 EImer Spectrum
100) coupled to an Attenuated Total Reflectance (ATR) sample holder. FT-IR was used to obtain
information and confirmation on graphene oxide. The High Resolution Scanning Electron
Microscopy (HR-SEM) images and information were obtained using a LEO 1450 SEM 30 kV
instrument equipped with Electronic Data System (EDS) and Windows Deployment Services
(WDS). High Resolution 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.
5.2.3. Synthesis of graphene oxide(GO)

Graphite oxide was synthesized from graphite powder according to the Hummers’ method
with some modification. Graphite powder (2 g) and sodium nitrite (1 g) was mixed with sulfuric
acid (50 mL) in a clean dry conical flask and stirred at room temperature for 30 min, followed by
subsequent mixing in an ice bath for 20 min. Potassium permanganate (7 g) was added gradually

over a 30 min period with constant stirring. The resulting solution was allowed to reach room
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temperature by stirring for 2 h prior to being placed in a water bath set at 35 °C. 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 min. Three successive acid washes were performed followed by one with ultra-pure water. The

resulting product was dried for 48 h in a vacuum oven.

5.24. Preparation of electrochemically reduced grapheme oxide pencil graphite
electrode (ERGO-PGE)

The pencil-graphite rods (Pentel, HB of 0.5 mm in diameter and 6 cm in length) were
purchased from the local bookstore. 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.

To make 100 mL of 0.5 mg mL™* of graphene oxide solution, 50 mg of graphene oxide was
exfoliated in 100 mL of 0.1 M acetate buffer solution (pH 4.6) by ultrasonication for 1.0 h to give
0.5 mg mL™* GO solution. A 1 cm portion of the pencil rod tip was immersed in 20 mL of GO
dispersion (0.5 mg mL™) and cyclic voltammetric reduction of GO was performed in the potential
range between - 1.5 and + 0.3 V for five successive cycles. The instrumental parameters that were
used for the electro-deposition procedure are as follows; deposition time (120 s), cleaning time (30
s), sweep rate (0.1 V) and voltage step (0.005 V).

5.2.5. Electrode cleaning

To achieve accurate and reproducible results in quantitative analysis impeccable electrode
hygiene was applied. The pencil-graphite electrodes were thoroughly cleaned before their use and
this was done by dipping a pencil graphite electrode in a small amount of ethanol for at least 60 s
and the surface of the electrode was gently wiped using a tissue paper followed by thorough rinsing
with ultra-pure water. Successive dipping of the PGE in a 3 M HNOs solution and rinsing with
ultra-pure water followed. The electrodes were then allowed to dry in air for at least 10 min before

use.
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5.2.6. Procedure for square wave anodic stripping voltammetry (SWASV) analysis

The ERGO-PG electrode was placed into a 20 mL of NHsOH-NH4CI buffer (0.1M, pH 9.2)
solution containing 100 uL Hg (1000 ppm), 100 pL Dimethylglyoxime (0.1 M in ethanol) and 10
pL of 10 mg L™ each of Ni?* and Co?* individually. A deposition potential of - 0.7 V was applied
for 120 s using a pulse height of 20 mV, a frequency of 50 Hz and with constant stirring at 800
rpm. After an equilibration time of 10 s, a square wave waveform was applied from - 0.7 V to -
1.4 V followed by electrochemically cleaning of any target metals residues by applying a potential
of + 30V for 120 s. Once development of the electrode and an understanding of this technique was
achieved, tap water was collected and analyzed for the determination of Co?* and Ni?* using the

new sensor developed above.
5.2.7. Sample Preparation

For the preparation of the water sample, tap water was collected from our research laboratory
after being allowed to run for 1 min. An 18 mL aliquot of tap water and 2 mL of 1 M ammonium
hydroxide ammonium chloride buffer solution was added to the compartment cell and the analysis

of Ni%* was carried out as describe in Section 5.2.6 above.
5.3. Results and Discussion
5.3.1. Electrochemical reduction of graphene oxide

The electrochemical reduction of graphene oxide onto the PGE was performed by repetitive
cyclic voltammetric scans from a graphene oxide (0.5 mg mL™) solution in acetate buffer. Two
anodic (i and ii) and one cathodic (iii) peak is observed in the cyclic voltammograms shown in
Figure 5.1, below. The exact nature of the small anodic peak at — 0.7 V is not clear to date, but its
rapid reduction with successive cycling could be attributed to the deposition of ERGO at the
electrode surface. The cyclic voltammogram further shows a very large anodic peak (ii) which is
obtained after 1 cycle and attributed to the oxidation of the graphite electrode surface. The anodic
peak current decreases with increasing scan number indicating the electrochemical deposition of
ERGO sheets onto the electrode surface. Deposition of graphene sheets at the electrode surface
inhibits available sites of the graphite electrode for oxidation. The cathodic peak (1) decreases

with number of scans can be ascribed to some electrochemically active oxygen-containing groups
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on the surface of GO which are too stable to reduce at more negative potentials [10] or due to the
reduction of the irreversible surface oxygen groups since the reduction of water to hydrogen occurs

at more negative potentials.
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Figure 5.1: Cyclic voltammograms depicting the electrochemical reduction of 0.5 mg mL ™t GO
in acetate buffer solution (0.1 M, pH 4.6) at the PGE using the following instrumental
parameters: scan rate (0.1V s1), deposition time (120 s); frequency (20 Hz); amplitude (0.04 V)
and voltage step (0.005 V).

Cyclic voltammograms for the bare PGE and ERGO-PGE recorded in 0.1 M ammonium
buffer solution are shown in Figure 5.2. The voltammogram show the larger background current
observed for the ERGO-PGE in comparison with the PGE indicate ERGO’s capacity to enhance

electron transfer and conductivity when immobilized at the electrode surface.
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Figure 5.2: Cyclic voltammograms of (a) a bare PGE and (b) an ERGO-PGE in ammonium
buffer solution (0.1 M, pH 9.4) 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).

The redox couple of KsFe(CN)s solution is close to an ideal quasi-reversible system and it
was used to characterize the properties and response of our bare and ERGO pencil graphite
electrodes Figure 5.3. below. It is evident to see that the ERGO on a pencil graphite increase the
anodic and redox peaks currents compared to those of bare electrodes indicating that the high
electroactive graphene interface was formed, owing to the high conductivity of graphene. Further,
a distinct narrowing in peak current separation (4Ep) is observed from 0.274 V to 0.06 V upon
graphene inclusion at the electrode surface.
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Figure 5.3: Cyclic voltammograms of bare-PGE (a) and ERGO-PGE (b) in 0.1mM KsFe(CN)s
solution containing 0,1 M KCI.

5.3.2. Characteristic oxidation potential of Ni?*

Figure 5.5, shows a well-resolved, symmetrical characteristic stripping reduction peak at —
1.10 V for 20 pgL™ of Ni?* at the ERGO-PG-MFE in 0.1 M ammonium chloride, ammonium
buffer solution (pH 9.4). The exact mechanism describing the reduction of metal cations by
AdCSV is not well known and is quite ambiguous. Typically, metallo-chelate complex formation
is formed in solution with suitable complexing agent under favorable conditions. The formed
[Ni(dmgH)2] complex is then adsorbed at the electrode surface in the presence of an electroplated
metal film. Subsequent reduction of the adsorbed metal cation complex from the electrode surface
is achieved by application of a cathodic reduction potential scan. The general mechanism is

illustrated in Equations 5.1,5.2 and 5.3, below.
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Ni(Il)-(dmgH)z (solution) — Ni(ll)-(dmgH)2 (ads) (Equation 5.1)
Ni(1)-(dmgH)2 (ads) + net — [Ni(11)-(dmgH)2]-Hg" (ads) (Equation 5.2)
[Ni(I1)-(dmgH)2]-Hg™ (ads) +2e" — Ni(0) + DMG (Equation 5.3)

A schematic representation of the observed mechanism of the AdCSV procedure for the
detection of Ni%* is shown in Figure 5.4. A single step accumulation and complex formation of
Ni2* with dimethylglyoxime to form a stable metal-chelate complex precedes adsorption. A

cathodic reduction scan measurement is then performed.

Accumulation/ Deposition/ Striooi
Complex Formation m Adsorption r\ tripping

ALnn+[dissolved) 7 ALnn+[adsorbed)
ALnn+[adsorbed)+ ne‘% ALn(F)

AM+ nL(dissoIvEd} - ALnn+(dissoIved} ALn(F) > ALnn++ ne’

@ F:metallicfilm @ A:target analytes - L:ligand

Figure 5.4: Schematic representation of the AdCSV detection of metal cations in the presence of

chelating agent and metallic film
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Figure 5.5: Cathodic stripping voltammogram of characteristic oxidation stripping potential of
20pg.Lt Ni2*(-1.10 V) in 0.1 M ammonium buffer solution (pH 9.4) at the ERGO-PGE under

the optimized parameters.

5.3.3. Microscopic characterization of electrochemically reduced graphene oxide
modified pencil-graphite electrode (ERGO-PGE)

The high resolution scanning electron microscopy (HRSEM) images of the bare PGE and
ERGO-PGE surfaces are shown in Figure 5.6. Surface roughness with grooves on the surface
along the direction of machining can be observed at the bare PGE surface. Following the
electrochemical reduction of graphene oxide flakes of graphene sheets are observed at the ERGO-
PGE surface.
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Figure 5.6: HRSEM images of bare-PGE (left) and ERGO-PGE (right) at 500 times

magnification.

5.34. Effects of electrochemically reduced graphene oxide on the stripping peaks

currents

The peak current responses of the bare-PG-MFE, ERGO-PGE and ERGO-PG-MFE
platforms towards Ni?* in 0.1 M ammonium chloride ammonium hydroxide buffer solution (pH
9.4) are compared in Figure 5.7. A considerable increase in peak current (three times) is observed
at the ERGO-PGE in comparison to the bare-PG-MFE which is seen as a flat line indicating
improved sensitivity towards the Ni ions. The higher surface area-to-volume ratio, enhanced
electron transfers and conductivity due to quantum confinement of ERGO in the nanometer range
(1-100 nm) all contribute towards the increase in stripping peak current. However, the
enhancement in stripping peak current and peak symmetry from ERGO-PGE to ERGO- PG- MFE
is evidence that the mercury film onto the electrode surface is contributes to the much improved

selectivity and sensitivity of the Nickel stripping peak.
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Figure 5.7: SWASV of 20 pgL* at (a) bare-PG-MFE, (b) ERGO-PGE and (c) ERGO- PG-MFE.
Supporting electrolyte (0.1 M ammonium chloride ammonium hydroxide buffer solution, pH
9.4), deposition potential (-0.7 V), deposition time (120 s), frequency (50 Hz), amplitude (0.05
V) and voltage step (0.005 V).

5.3.5. Film stability and reproducibility

The stripping peak current of Ni?* showed little or no change during the preparation of the
modified electrodes as well as its application to the detection of 20 pug L of target metal ions in
0.1 M of ammonium buffer (pH 9.4), at the same conditions. Relative standard deviation (RSD %)
for the oxidation peaks were calculated to be in the range of 1 — 5 % for the target metal ion. The

low standard deviation provides evidence as to the good reproducibility in preparing the ERGO-
Hg-PGEs.
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5.3.6. Optimization of instrumental parameters

Effect of instrumental parameters on the stripping peak currents of Ni%*at the
electrochemically reduced graphene oxide-pencil graphite mercury thin film electrode(ERGO-PG-
MFE) were investigated. Among the square-wave parameters which were investigated which
affect the analytical responses at the ERGO-PG-MFE are deposition time, deposition potential,
cleaning time, frequency, amplitude and rotation speed.

Figure 5.8 (a) shows the effect of deposition time on the peak current of Ni?* investigated
over a time interval of 0 to 300 s. The peak current of Ni?* increased with increase deposition time
since more time is allowed for the analyte ions to undergo reduction and deposition at the ERGO-
PG-MFE surface. At deposition time of more than 210 s the peak heights started decreasing as an
indication of surface saturation of the electrode. For the subsequent experiments a deposition time
of 120 s was chosen as it gives a much better enhanced peak current of Ni?* while avoiding any

possible saturation of the electrode surface.

The effect of the rotational speed on the peak current of Ni?* from 200 to 2000rpm was
investigated during the pre-concentration step as shown in Figure 5.8 (b). The peak height of the
detected target metal was found to be increasing with an increase in rotational speed until there
was a steady and flat peak current at rotational speed above 1000 rpm. A rotational speed of 800
rpm was found to maximize/ fully spread the metals all around the supporting electrolyte to the
electrode surface resulting in an enhanced peak current than the rest of the rotational speeds.

The amplitude in Figure 5.8 (c) was varied from 10 to 100 mV and showed an increase in
stripping peak current of Ni%* with increasing amplitude up to a maximum, followed by a gradually
decrease. A 50 mV amplitude of was selected for subsequent experiments since the maximum
enhancement of the stripping peak of Ni?* is achieved at that amplitude and any further amplitude

increase results in the decrease peak current.

The influence of deposition potential on the peak currents of Ni*at the ERGP-PG-MFE was
investigated in the potential range from - 0.4 V to — 1.2 V, Figure 5.8 (d). At potential more
negative than the oxidation potential of the Ni ion no stripping peaks were observed due the

suppression of the reduction reaction responsible for the deposition of metal ion from the solution
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onto the electrode surface. A sharp increase between - 1.1V and - 0.7 V can be observed followed
by a sharp decrease from - 0.7 V to more positive potentials. A deposition potential of - 0.7 V was

chosen for further experiments as the optimal deposition potential.

Figure 5.8 (e) shows the variation of cleaning time with peak height of Ni?* applied over the
cleaning time range of 0 — 210 s. The peak current of Ni?* increased with increase cleaning time
until maximum and started to gradually decrease. A cleaning time of 120 s was chosen for the rest
of the experiment as it gives the maximum possible enhancement of the current peak of the Ni?*.
Peak currents of which the cleaning time is either less or more than 120 s gives less enhanced peak

current compared to the cleaning time of 120 s.

In Figure 5.8 (d), the change in frequency and its influence on the peak current of the target
metal over the range of 0 to 100 Hz was investigated. The peak current of Ni increased as the
frequency was increased and after a frequency of 50 Hz was applied the peak current of Ni started
decreasing. An increase in the frequency results in an increase of the scan rate. A frequency of 50
Hz was chosen as the optimum frequency for this experiment since a maximum enhancement of

the peak current is reach at that frequency.




Chapter Five: ERGO-PG-MFE for Ni(ll) Detection by AACSV

— depasioon tme

Curren] g
s w888 38 % 8
-

E'r"rr'l'l'r!""""""'
2 & B R 2 2 &8 & 8

surrantinA)
2 = o B
- i

=
-l

currrarb] i

Cleaning fmels) Frequency(Mz)

Figure 5.8: The effect of (a) deposition time, (b) rotation speed, (c) amplitude, (d) deposition
potential, () cleaning time and (f) frequency on the stripping peak of Ni?* at electrochemically
reduced graphene oxide pencil graphite mercury film electrode (ERGO-PG-MFE) in 0.1M
ammonium hydroxide ammonium chloride buffer solution (pH = 9.4) containing 5 pug L* of Ni
in5mg L of Hg?*.
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5.3.7. Analytical performances of the electrochemically reduced graphene oxide modified

pencil graphite mercury film electrode

The analytical performance of the ERGO-PG-MFE was investigated by individual analysis
of Ni%* over the concentration range of 2 — 18 pg L. The square wave cathodic stripping
voltammetry and their corresponding calibration curve for the analysis of Ni?* in 0,1 M ammonium
chloride ammonium hydroxide solution (pH 9.4) at ERGO-PG-MFE is shown in Figure 5.9,
below. Constant increases in peak currents is observed over the concentration range under
investigation with no shifts in observed peak potentials. A linear increase in stripping peak currents
is observed over the dynamic linear range of 2 and 16 ug L before electrode saturation was
observed. A recorded linear correlation coefficient (R?) of 0.996 was determined with a sensitivity
of 0.97 uAL pg?. The calibration plots, constructed from voltammogram data was used to
calculate the limit of detection and quantitation according to Equation 5.4. and are presented in
Table 5.1. Limits of detection and quantitation were found to 0.120 + 0.002 pg L and 0.401 +
0.007 pg L%, respectively. The observed LOD is well below the prescribed EPA and WHO

maximum contamination limit of 0.1 mg L* of Ni?".

F Xo

(Equation 5.4)
Where

LOD: Limit of Detection

LOQ: Limit of Quantitation

F: Factor of 3.3 and 10 for LOD and LOQ, respectively

o Standard deviation of the blank, standard deviation of the ordinate intercept, or residual

standard deviation of the linear regression

b: Slope of the regression line
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Figure 5.9: SWAdCSV and corresponding calibration curve for the individual analysis of Ni?*
obtained at ERGO-PG-MFE between the concentration of 2 ppb — 16 ppb. The supporting
electrolyte used was ammonium hydroxide ammonium chloride buffer solution (0.1M, pH 9.4),
deposition time (210 s), deposition potential (- 0.7 V), rotational speed (800 rpm), frequency (50
Hz), amplitude (0.05 V) and sweep rate (0.2 V s).
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Table 5.1: Calibration data representation individual analysis of Ni** at ERGO-PG-MFE in 0.1M

ammonium buffer solution (pH 9.4) under optimized parameters*.

Analytical Parameter Analysis of Ni2* (2-22 pug L1)
Sensitivity (WA L pug?) 9.71E-7
Correlation Coefficient (R?) 0.997
Detection Limits (pg L?) 0.120 + 0.002
Limit of Quantification (g L2) 0,401 £ 0,007

*n = 3, where n is the number of replications.

The effectiveness of the developed ERGO-PG-MFE, to quantitatively detect Ni?* metal
cations in water samples was investigated by comparing the determined limits of detection (LOD)
with recently reported literature values. Table 5.2, illustrates a summary of previously reported
Ni2* sensing techniques and its analytical performance. The developed sensor shows comparable
results to other reported sensor technologies based on the adsorptive stripping voltammetric
technique in the low pg L range under short evaluation times.
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Table 5.2: A summary of previously reported limits of detection (LOD) for Ni?* detection in

literature.
Accumulation Dmag:c Detection
Metal lons ~ Substrate =~ Technique Time Limit Reference
(©) Range (g 1)
(Mg LY
AdCSV 180 11
Co2+ SPCE 1-10 0.094 1)
Ni2* _ 0.6-41 0.18
RBIABE DPAdSV 30 [12]
Co? 0.06-4.1 0.018
Ni2* 06-29 0.2
PbF-SPE SWV 60 [13]
Co? 0.6-5.9 0.3
Ni2* SBVE SWAdCSV 30 0-10 0.6 [14]
N2+ DMG-CPE | DPAdSV 120 80 - 600 27 [15]
Ni2+ DMG-N-— ppadsy 120 60 - 500 30 [16]
SPE
Ni2* ERfA(;'EPG' SWACSV 210 2-16 012 | This Work
5.3.8. Recoveries Studies of ERGO-PG-MFE

The electrochemically reduced graphene oxide pencil graphite mercury film electrode
(ERGO-PG-MFE) was used for the analysis of Ni?* in test solutions for recoveries experiment.
Known concentrations of target metal ions were used to spiked 20 mL portions of 0.1 M
ammonium chloride ammonium hydroxide buffer solutions followed by their determination using
the standard addition method for three replications. The voltammograms obtained during the
analysis of target metal ions together with their corresponding standard addition curves is shown
in Figure 5.10. Recovery percentages of the Ni ions from test solutions spiked with 5 pgL™* Ni%*
yielded recovery of 94%.
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Figure 5.10: Calibration curve from a standard addition method for the determination of Ni?* at
ERGO-PG-MFE in test solutions.

5.3.9. Application to tape water samples

The ERGO-PG-MFE was applied to the analysis of Ni?* in tap water samples, which was
collected in our laboratory. An 18 mL sample of tap water was added to 2 mL of 1 M ammonium
buffer (pH 9.4) to give a 0.1 M ammonium chloride ammonium hydroxide buffered tap water
sample. SWCSV analyses were performed by in situ deposition of the metal film and target metal
under the optimized parameters, using cleaning time = 0 s. due to the sensitivity of ERGO-PG-
MFE during the analysis, a peak could be observed due to the nickel ion present in the water
sample. The amount of metal ions present in the tap water sample was determined by the standard
additions method as shown in the Figure 5.11 below. In order to evaluate the accuracy of the
method with the different electrodes, tap water samples were spiked with known amounts of target

metal ions and then re-determined by applying the method of standards additions.
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Figure 5.11: Square wave voltammograms (a) and standard addition calibration curve of Ni?* for

the analysis of tap water (pH = 9.4) spiked with 5 pg L™ of Ni ions at deposition time of 240 s.
5.3.10. Interferences

Interferences by other metal ions found in water samples was investigated by a method of
standard addition and spiking the solution test with a certain concentration of those that interfere
with Ni ions. Metal ions interfere with the measurement by complexing competitively with DMG
or by producing reduction peaks that overlap with, or even completely suppress, the Ni peak. The
most potential intermetallic interferences to Ni peak were investigated using Zn?*, Cd?*, Co?*, Pb?*
and Cu?*. However, at five-fold excess Pd?*, the peak current of Ni?* decrease by 10 %. The rest

of metals mentioned above were found not to be interfering with Ni2*.
5.4. Conclusion

ERGO-PG-MFEs were successfully prepared by immobilizing the multilayer graphene
nano-sheets on a pencil graphite electrode for the detection of ultratrace concentration of Ni?* in
the water by square-wave cathodic stripping voltammetry. A highly enhanced sensing platform
was successfully obtained for the individual analysis of Ni?* by square wave cathodic stripping
voltammetry. The electrochemical reduced graphene oxide was found not only to act as the sensing
platform with enhanced sensitivity towards Ni?* but also as an antifouling coating to reduce the

influence of intermetallic interferences.
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The detection limits detected in water samples using ERGO-PG-MFE for individual analysis
of Ni?* were found to be 0.120 + 0.002 pg L which is way below the US EPA maximum

contaminant level of 5 mg L™ which makes this technique suitable for tap water analysis.

The electrochemically reduced graphene oxide pencil-graphite mercury- film electrode
(ERGO-PG-MFE) showed larger currents and well-resolved stripping voltammetric peaks
compared to BARE-PG-MFE electrodes reported in literature due to graphene’s enhanced electron

transfer rate and surface-to-volume ratio with sensitivity of 9.71E-7 pAL ug™.
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Chapter 6 :

Complexation based Detection of Nickel (Il) at a Graphene-Chelate
Probe In the Presence of Cobalt and Zinc by Adsorptive Stripping
Voltammetry

Abstract:

The adsorptive stripping voltammetric detection of nickel and cobalt in water samples at
metal film electrodes has been extensively studied. In this work, a novel, environmentally friendly,
metal-free electrochemical probe was constructed for the ultra-trace determination of Ni?* in water
samples by Adsorptive Cathodic Stripping Voltammetry (AdCSV). The electrochemical platform
is based on the adsorptive accumulation of Ni%* ions directly onto a glassy carbon electrode (GCE)
modified with dimethylglyoxime (DMG) as chelating agent and a nafion-graphene (NGr)
nanocomposite to enhance electrode sensitivity. The nafion-graphene dimethylglyoxime modified
glassy carbon electrode (NGr-DMG-GCE) shows superior detection capabilities as a result of the
improved surface-area-to-volume ratio and enhanced electron transfer kinetics following the
incorporation of single layer graphene, while limiting the toxic effects of the sensor by removal of
the more common mercury, bismuth and lead films. Furthermore, for the first time the NGr-DMG-
GCE, in the presence of common interfering metal ions of Co?* and Zn?* demonstrates good
selectivity and preferential binding towards the detection of Ni?* in water samples. Structural and
morphological characterisation of the synthesised single layer graphene sheets was conducted by
Raman spectrometry, HRTEM and HRSEM analysis. The instrumental parameters associated with
the electrochemical response, including accumulation potential and accumulation time were
investigated and optimised in addition to the influence of DMG and graphene concentrations. The
NGr-DMG-GCE demonstrated well resolved, reproducible peaks, with RSD (%) below 5 % and a
detection limit of 1.5 pg L for Ni?* reduction at an accumulation time of 120 s, the prepared

electrochemical sensor exhibited good detection and quantitation towards Ni?* detection in tap
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water samples, well below 0.1 mg L™ set by the WHO and EPA standards [1]. This comparable to
the South African drinking water guidelines of 0.15 mg L™ [2].

Keywords:

Graphene, Trace Metal Analysis, Dimethylglyoxime, Adsorptive Stripping Voltammetry, Nickel
Determination, Nafion

Highlights:

e A novel nafion graphene-dimethylglyoxime (NGr-DMG) nanocomposite is used in the

preparation of chemically modified electrodes

« Anenvironmentally friendly approach is developed for Ni?* detection in drinking water
samples in the absence of a ‘toxic’ electroplated metal film

« A nine-fold enhancement in Ni?* stripping reduction peak current is observed

e Accurate, reproducible and selective detection of Ni?* is achieved in the presence of Zn?*
and Co?*
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6.1. Introduction:

A considerable increase in technological advancement has led to a growing demand for
accurate, analytical monitoring of trace levels of metal ions in drinking and wastewater samples.
While nickel, cobalt and zinc, three common trace elements are essential to human health, they
may exhibit toxic effects in humans as a result of their non-biodegradable nature and long
biological half-life [3,4]. At high concentrations they have been linked to a range of illnesses
including cardiovascular diseases, cancer and skin allergies such as dermatitis. Ni, Co and Zn are
common place in water samples due to their use in alloys and the electroplating of materials for
enhancement of mechanical properties and corrosion resistance. Dangerous exposures may be

minimized by limiting common sources of exposure and accurate detection methods [5].

The use of stripping analysis has significantly increased over the last two decades and has
proved to be a highly sensitive method for the ultra-trace determination of metal ions. The
simplicity and rapidness of the electrochemical analytical techniques, ability for in-situ pre-
concentration steps [6,7] and low cost and reliable nature [8] makes it an attractive alternative to
the more common chromatographic and atomic absorption spectrometric methods. Anodic
stripping voltammetry (ASV), cathodic stripping voltammetry (CSV) and adsorptive stripping
voltammetry (AdSV) are three common examples of conventional stripping methods. Here,
electrolytic deposition and stripping at metal-based electrodes are among the most sensitive
electrochemical sensing techniques. AdSV, suitable for samples in which preconcentration cannot
be controlled by electrolysis [9] has been shown to be a highly sensitive technique for the
simultaneous and individual detection of Ni and Co. Commonly, the technique is based on the
accumulation of analyte species, in the presence of a suitable complexing agent, on an electroplated
metal film. In contrast to most metal ions, the detection of Ni is often complicated and associated
with low electrochemical signals [10]. Complexation with organic ligands has shown to
significantly enhance the sensitivity and selectivity of electrochemical sensors for Ni%
determination. A wide range of complexing agents have been employed in stripping analysis and
are highly dependent on the application. Dioximes such as, nioxime [11-13] and more popularly
dimethylglyoxime (DMG) [8,10,14-24] have gained widespread attention.
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Mercury film (MF) [25,26], lead film (LF) [11,15,27] and bismuth film (BF) [28-31]
electrodes, prepared by ex-situ and in-situ plating techniques have been widely employed as
alternatives to the highly toxic hanging mercury drop electrodes (HMDE) and their development
for analytical applications is still of great interest. While more environmentally friendly and of
lower toxic nature, the MFE, LFE and BFE still pose toxic effects in the environment, owing to
their non-biodegradable nature. As a result, manufacturing of electrochemical platforms without

the use of metal films may result in green, non-toxic sensing techniques for future applications.

The use of chemically modified electrodes (CME) has garnered tremendous interest among
analytical chemists in recent times and is one such method that holds great potential for alleviating
the use of metallic films. CME’s have chemically selective functional groups attached to the
electrode surface for improved selectivity and sensitivity [8]. The CMEs have particularly
demonstrated usefulness in analytical systems in which detection at mercury or metal based
electrodes by conventional stripping analysis is not possible. The analyte may be sparingly soluble
in mercury or lack amalgam formation with the metal film reducing electrode sensitivity. A major
advantage of CMEs is the ability to incorporate a wide range of chemical modifiers into the
substrate system with little effort. CMEs for the detection of metal ions, in conjunction with metal
films at drop coated GCE [19,22-24,32] and modified carbon paste electrodes (CPE) [18,20] have
been demonstrated. The CMEs show improved electrode selectivity and improved resistance to
surface active compounds and intermetallic interferences [24]. Zen et al. for the first time reported
the use of a novel nafion-coated mercury film electrode (NCMFE) by incorporating chelating
agents directly into the NCMFE to improve analyte sensitivity and selectivity for the detection of
trace metals by SWASV [22]. The results showed to have limited organic interferents over
common in-situ experiments. Presently, research has expanded to include mercury or metal-free
sensors relying on CMEs. Bing et al. reported the use of a glassy carbon electrode modified with
DMG- containing polymers as mercury-free sensor for detection of Ni?* [3]. In the works by
Gonzalez et al. and Tartarotti el al., carbon paste electrodes modified with chelating agents were
employed as alternatives to the modified electrodes previously suggested for the detection of Ni2*
in water and fuel ethanol samples respectively. These works exhibited for the first time the
applicability of modified electrochemical sensors in the absence of metallic films for detection of
metal ions by AdSV [18,20]. The results showed detection limits comparable to common metal-
based transducers with longer detection times and therefore lower sensitivity. Ferancova et al.
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further proposed the use of screen printed electrodes modified with nafion and DMG as a low cost,
robust metal-free sensor for the detection of Ni?* in industrial discharge water [16]. The metal-free
CMEs have shown good selectivity and long-term stability compared to their metallic counterparts.
The metal-free CMEs however, have one major drawback towards the detection of trace metals

namely, their relatively low sensitivity at shorter analysis times.

Graphene, a 2-D allotrope of carbon has found tremendous application in electrochemical
sensing technologies due to its ability to enhance electrode sensitivity in a range of applications
since its discovery in 2004. Its large surface-area-to-volume ratio, enhanced electrocatalytic effects
and enhanced electron transfer kinetics make it ideal for applications in electrochemical sensors
[33][34]. Extensive research has been conducted in the use of graphene-based sensors for detection
of trace metal ions by stripping voltammetric techniques [33,35-41]. To date however, no
publications have been reported on the use of graphene for determination of trace Ni* at in situ or
chemically modified DMG electrode by AdSV.

A Nafion semi-permeable membrane, has been employed as a binder in electrode coatings
for a variety of sensing applications It assists in reducing the effects of adsorbed surfactants at the
electrode surface by providing mechanical stability and utilizes its cation exchanger ability to

exclude anion interference [16,22,32 35].

In this work we report, for the first time, a highly selective, voltammetric - chemically
modified electrode for the determination of Ni?* in water samples, in the presence of Co?* and
Zn?*. The sensor is based on a glassy carbon electrode modified with dimethylglyoxime as
chelating agent to enhance analyte selectivity and a nafion-graphene nanocomposite to enhance
electrode sensitivity, in the absence of an electroplated metal film. To date no work has been
reported on the use of a nafion-graphene-dimethylglyoxime nanocomposite CME for the detection
of Ni?* in water by AdCSV.

6.2. Experimental Procedure:
6.2.1. Chemicals and Reagents

All chemicals used in the study were of analytical reagent grade. Ultra-pure distilled water

(Millipore) was used to prepare all solutions. Nafion perfluorinated resin solution 5 wt. % in lower
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aliphatic alcohols and water and 2, 3-Butanedione-dioxime (Dimethylglyoxime) were purchased
from Aldrich. Ni?* standard stock solutions (1 000 mg L™, atomic absorption standard solution)
and all other metal standards were obtained from Sigma-Aldrich and diluted as required. Natural
graphite powder (microcrystal grade, 99.9995%) (Metal base) UCP1-M grade, Ultra “F” purity
was purchased from Alfa-Aesar and used for the preparation of graphene oxide (GO) by a modified

Hummers method.

Ammonia/Ammonium Chloride (NHs/NH4Cl) buffer solution (0.1 M, pH 9.3) was used as
supporting electrolyte and prepared by mixing appropriate quantities of ammonia (NHs) and
ammonium chloride (NH4ClI). A Metrohm 827 pH lab pH meter was calibrated using pH 4 and 7
calibration buffer solutions and then used to verify the pH of the prepared NH3/NH4Cl buffer

solution
6.2.2. Apparatus

All electrochemical voltammetric experiments were performed with a Metrohm Autolab
PGSTAT101 instrument, in combination with the Nova 1.11 Software and controlled by a personal
computer. A conventional three-electrode electrochemical system, consisting of a nafion graphene
modified dimethylglyoxime glassy carbon electrode (NGr-DMG-GCE) serving as working
electrode was utilized for all electrochemical studies, unless stated otherwise. An Ag/AgCI
(saturated with KCI) and platinum wire served as reference and counter electrodes, respectively.
All experiments were performed in a one compartment 20 mL voltammetric cell at room

temperature
6.2.3. Preparation of the Nafion-Graphene Dimethylglyoxime Suspension (NGr-DMG)

All graphene samples used in this work were prepared by chemical reduction of graphene
oxide with sodium borohydride (NaBH4) as reducing agent. Appropriate quantities of graphene
oxide, prepared using a modified Hummer’s method [42], sodium borohydride and distilled water
were mixed for 30 min followed by heating to 135°C under reflux for 3 h. The resulting black
precipitate was centrifuged, washed with water, ethanol and dried in a vacuum oven as described
in the work by Shen et al. [35,43].
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NGr-DMG suspensions were then prepared by mixing appropriate quantities of Nafion (5
wt %), prepared graphene and dimethylglyoxime powder in an ethanol solvent followed by

ultrasonication for 1 h.

6.2.4. Preparation of Nafion-Graphene Dimethylglyoxime Modified Glassy Carbon
Electrode (NGr-DMG-GCE)

Glassy carbon electrodes (BASi) with area of 0.071 cm? (3 mm diameter) was polished
with slurries of alumina powder (1, 0.3 and 0.05 um). The electrode was rinsed with ultra-pure
distilled water, successively sonicated for 5 min in Ethanol and ultra-pure water respectively and
dried at room temperature. The polished surface of the GCE was then coated with 4 pL of the
prepared NGr-DMG suspension and allowed to dry at room temperature in order to allow the

solvent to evaporate to form the NGr-DMG-GCE. No further electrode pre-treatment was required.

6.2.5. Procedure for Square Wave Adsorptive Cathodic Stripping Voltammetric
(AdCSV) Analysis

The three-electrode system with NGr-DMG-GCE as working electrode was immersed
into an electrochemical cell containing 20 mL NH3s/NH4Cl buffer solution (0.1 M, pH 9.3),
degassed with N2 gas for 5 min, as supporting electrolyte. Appropriate volumes of 10 ppm Ni?*
stock solution was added prior to analysis. A reduction potential of — 0.7 VV was applied to the
working electrode, under constant stirring for 120 min to aid with accumulation of the metal ions
at the electrode surface. After a brief rest period, the potential of the NGr-DMG-GCE was
cathodically scanned between — 0.7 and —1.3 V by applying a square-wave waveform. No further

electrochemical cleaning was required in between runs.
6.2.6. Sample Preparation

All tap water samples were collected from our laboratory at the University of the Western
Cape, Bellville, South Africa after allowing the tap to run for 1 min. The tap water samples used
for nickel detection were diluted for characterization by SWAdCSV by mixing a 9 mL sample of
tap water and 1 mL of 1 M NH3s/NH4Cl buffer. The prepared tap water samples were added to the
electrochemical cell and the analysis was performed as described by the procedure in Section 6.2.5.
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6.3. Results and Discussion
6.3.1. Fourier Transform Infrared Spectroscopy (FT-IR) of DMG

The presence of vibrational frequencies of functional groups in the chelating agent
(dimethylglyoxime, DMG) was analysed using FT-IR spectra in the form of KBr (Potassium
Bromide) pellets. The spectra of the DMG chelating agent, before adsorption was measured within
the range of 4,000 to 450 cm™! wave number and presented in Figure 6.1. The infrared spectra of
the dimethylglyoxime exhibited distinct absorption bands at 3205, 1441, 1144, 979 and 716 cm™
which are attributed to v (OH), v (C=C), v (N-0O), v (C-H) aliphatic and v (C=N-O) respectively.
The FT-IR spectra confirm the presence of two oxime groups (NOH) on each molecule of
dimethylglyoxime to facilitate complex formation, responsible for analyte adsorption on the
electrode surface. A schematic representation of the dimethylglyoxime structure (inset),
confirming the IR findings, is shown in the Figure 1. Similar results have been demonstrated in
the work performed by Shaker et al. [44-46].
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Figure 6.1: Fourier Transform Infrared Spectrometry of Dimethylglyoxime as a KBr Pellet.

Inset: Schematic Representation of the Dimethylglyoxime Structure.

6.3.2. Nickel Dimethylglyoxime (Ni(DMG)z) Complex Formation and Electrochemical
Stripping Reduction

The complex formation of Ni, commonly present in the +2 oxidation state forms a 1:2
stoichiometric complex with the organic dimethylglyoxime, CsHs(NOH)2 and has been
extensively studied in the gravimetric and electrochemical determination of Nickel [47]. Figure
6.2 shows the schematic representation of the above mentioned chelation reaction. Here, electron
pairs are donated to the Ni?* molecules by the four nitrogen atoms of the dimethylglyoxime and
not the oxygen atoms as commonly expected. In addition, one proton is lost from one oxime group
on each of the two molecules of dimethylglyoxime [48]. Addition of OH anions facilitates aids in
metal-chelate complex formation [49] which occurs quantitatively in solutions in which the pH is
buffered between 5 and 9. Ammonia or citrate buffer are required to facilitate the reaction by

preventing the drop in pH below 5. At pH values lower than 5 a disturbance in the equilibria of
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the reaction occurs, favouring the formation of Ni?* and causing the dissolution of the [Ni(dmgH)2]
complex. Previous research showed that the [Ni(dmgH)z] complex was found to have a square
planar geometry [47][50] with Nitrogen atoms situated at the corners of a square in a single plane

situated around a central Nickel atom [50].

erH\O
N I I
N® N
/ \OH 12 OH — \ P —
Ni2t o+ 2 = 'Ni\
OH } >~ ./ —
.0
Ny O

Figure 6.2: Schematic Illustration of the Metal-Chelate Complex Formation [46].

The exact nature of adsorptive stripping voltammetric adsorption and reduction of Ni(ll)
has been widely debated and remains a highly controversial topic. Traditionally complexation of
Ni(Il) with DMG occurs in solution, prior to its subsequent adsorption onto an electrochemically
plated metal film. In the NGr-DMG-GCE sensor the adsorption process is significantly simplified.
Pre-concentration of the electrode surface is achieved by adsorption of the dissolved Ni?* ions onto
the hydrophobic DMG ligand bound to the GCE surface in the form of NGr-DMG to form the
[Ni(dmgH)2] complex (Equation 6.1) [51,52]. The subsequent electrochemical reduction of the
[Ni(dmgH)2] complex is shown in Equation 6.2. It involves the overall reduction of both central
metal atom and the surrounding ligands in an overall 10-electron reduction process giving rise to
2,3-bishydroxylaminebutane, a stable electrolysis product [51,52]. The reacted [Ni(dmgH)]
complex is reduced and subsequently moved away from the electrode surface. Unconverted DMG

remains present for further complexation with metal cations.
Ni?* + 2 dmgH, + 2 OH™ - [Ni(dmgH),] + 2H,0 Pre-concentration Step (6.1)

[Ni(dmgH),] + 10e~ + 10 H* - Ni?* + 2 DHAB  Stripping/reduction step (6.2)
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6.3.3. Morphological Characterization of Modified Electrode

The surface morphology of the modified electrodes was studied using HRSEM analysis in
conjunction with Energy dispersive spectroscopy (EDS) for confirming the presence of graphene
and dimethylglyoxime at the electrode surface. High resolution scanning electron microscope
images of bare screen printed carbon electrodes (SPCE) and nafion-graphene dimethylglyoxime
modified screen printed electrodes (NGr-DMG-SPCE) are shown in Figure 6.3 at 1000 X and 20
000 X magnification. Samples for HRSEM were prepared by drop coating 4 pL of NGr-DMG
nanocomposite directly onto the cleaned SPCE and allowing it to dry at room temperature.
Improved imaging is achieved by sputter coating of a Au-Pd film (< 5 nm) onto the dried SPCE
surface to enhance surface conductivity. The bare SPCE (Figure 6.3 (a and c)) shows a rough,
porous surface, typically associated with most carbon structures as a result of the printed carbon
ink. No other significant features are observed. In contrast, Figure 6.3 (b and d), demonstrate
HRSEM images of the NGr-DMG-SPCE surface. A smooth, uniform, solid surface can be seen at
both low and high magnifications. This may be attributed to the presence of a film at the electrode
surface, characteristic due to the incorporation of Nafion. Furthermore, flake-like features,
associated with the presence of graphene at the electrode surface can be seen. The changes in
surface morphology of the electrode surface due to the electrode modification confirm the presence
of the nafion-graphene dimethylglyoxime film on the SPCE. Elemental analysis of the bare and
modified SPCE surface was performed by energy dispersive spectroscopy (EDS). Figure 6.4,
represents the recorded EDS data obtained from HRSEM analysis. The bare SPCE (Figure 6.4 (a))
shows the presence of C, O and Cl at 0.3, 0.5 and 2.6 keV, associated with the conductive carbon
ink used to create the carbon electrode. Gold sputter coating was employed in the HRSEM analysis
and can be seen at the electrode surface. Analysis of the modified NGr-DMG-GCE (Figure 6.4
(b)) shows the inclusion of N and F at 0.4 and 0.6 keV and an increase in the C and O elemental
intensities compared to the bare SPCE. The presence of N and a significant increase in C and O at
the electrode surface confirms the presence of both Nafion and DMG at the NGr-DMG-SPCE
surface while fluorine is associated with the Nafion binder.
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Figure 6.3: High Resolution Scanning Electron Microscope (HRSEM) image of (a and c) Bare
SPCE and (b and d) NGr-DMG-SPCE at 1.00 k X and 20.00 k X magnification.
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Figure 6.4: Energy Dispersive Spectroscopy (EDS) Results obtained from HRSEM at the (a)
Bare SPCE and (b) NGr-DMG-SPCE.
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6.3.4. Electrochemical Characterization of the Nafion-Graphene Dimethylglyoxime
Modified Glassy Carbon Electrode (NGr-DMG-GCE)

The electrochemical properties related to the active surface area of the modified glassy
carbon electrodes were characterized by cyclic voltammetry (CV). Since the NGr-DMG-GCE
demonstrates no significant redox peaks in the potential window of interest, a ferro/ferricyanide
(Fe(CN)s > redox couple, giving rise to a reversible one electron system is used to further study
the electrochemical electrode properties. Cyclic voltammograms obtained for the N-DMG-GCE
and NGr-DMG-GCE at various scan rates were recorded in the presence of a 5 mM KsFe(CN)s
solution and illustrated in Figure 6.5 and 6.6 respectively. The CV for the NGr-DMG-GCE
demonstrates single oxidation and reduction peaks in the potential range between — 1.0 and + 1.25
V. An increase in anodic and cathodic peak currents is observed with a slight shift to more positive
and negative potentials respectively with increasing scan rates between 10 — 100 mV s
Proportionality of the measured current was studied vs (a) scan rate and (b) scan rate'? and
recorded in Figure 6.5 and 6.6, inset respectively in order to differentiate between adsorption and
diffusion controlled processes. Linear proportionality of peak currents with the square root of scan
rates is observed at both modified electrodes and suggests a diffusion controlled process of
reactants at both the N-DMG-GCE and NGr-DMG-GCE surfaces [53]. The diffusion coefficients
(rate of diffusion through modified electrode surface) of the N-DMG-GCE and NGr-DMG-GCE’s
were determined by studying the cyclic voltammetric response of the reversible system using the

Randles-Sevcik equation:
L = (2.69 x 105)n”/2AD /2C*v'/2 (Equation 6.3)

Where Iptis peak current (A), n is the number of electrons transferred, A is the active area
of the working electrode (cm?), D is the diffusion coefficient (cm?s™), C* is the bulk concentration
of the electroactive species (mol cm®) and v is the potential scan rate (V s2).

The diffusion coefficients of the N-DMG-GCE and NGr-DMG-GCE were calculated as
4.88 x 10® and 1.13 x 10°® cm?s™? respectively. A 23 times increase in diffusion rate is observed
for the NGr-DMG-GCE over the N-DMG-GCE. This significant increase in diffusion of
ferricyanide anions through the modification to the glassy carbon electrode surface is as a result

of a significant increase in active surface area attributed to graphene loading [54].
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Figure 6.5: Electrochemical Characterisation of N-DMG-GCE in 5 mM Fe(CN)s 3+ at scan rate
of 10-100 mV st in supporting electrolyte (1 M KCI).
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Figure 6.6: Electrochemical Characterisation of NGr-DMG-GCE in 5 mM Fe(CN)e */# at scan
rate of 10-100 mV s in supporting electrolyte (1 M KCI).

6.3.5. Electrochemical Behaviour of the NGr-DMG-GCE

Cyclic voltammograms of the N-DMG-GCE and NGr-DMG-GCE recorded in 5 mM
Fe(CN)s 3+ solution with 1 M KCI as supporting electrolyte at a scan rate of 50 mV s are shown
in Figure 6.7 below. A pair of distinct, well-defined redox couple peaks for Fe(CN)s 3/** are shown
between -1.0 V and +1.25 V in a 1 M KCI solution. Two broad peaks are found at the N-DMG-
GCE, with a large formal potential (AEp) of 0.45 V. The large AEpis as a result of diffusion
controlled processes dominating over the electrochemical reduction of the Fe(CN)s 3/* couple.
This is expected due to the organic nature of the DMG ligand deterring electron transfer [49]. A
reduction of AEp (0.25 V) for the NGr-DMG-GCE is demonstrated. The NGr-DMG-GCE shows
a distinct increase in peak currents of the redox peaks as well as an observed narrowing in peak

separation over the N-DMG-GCE, as observed by the lower Ep value. This is attributed to the
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improved electrical properties of the graphene film as a result of the enhanced electron transfer
processes. In addition the background current is also increased showing improvement of the non-
electroactive surface area due to graphene modification [54]. This result favours the use of the

NGr-DMG complex as a modifier for the electrochemical sensing application.
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Figure 6.7: Cyclic voltammograms of 5 mM Fe(CN)s 3/* at (a) N-DMG-GCE and (b) NGr-
DMG-GCE in supporting electrolyte of 1 M KCI at scan rate 50 mV s,

6.3.6. Electrochemical Impedance Spectroscopy (EIS) Analysis of the NGr-DMG-GCE

Further investigation of the electron transfer properties of the bare and modified electrodes
were performed by electrochemical AC impedance experiments. Here, impedance changes and
interface properties during the surface modification processes of electrodes were observed and
recorded in Figure 6.8. All electrochemical impedance spectroscopy (EIS) experiments were
carried out in the presence of a 5 mM Fe(CN)s 3/* redox probe over the 1-10 000 Hz range.

Typically, impedance spectra consist of semi-circular (electron transfer processes) and linear
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(diffusion processes) regions at high and low frequencies respectively where the real and

imaginary parts of the impedance were calculated from the overall impedance.

Figure 6.8, shows the associated Nyquist plots obtained by plotting Z’ vs Z”, from bare
GCE, DMG-GCE, N-DMG-GCE and NGr-DMG-GCE. Considerable changes were observed in
the semicircle diameter upon electrode modification. A large increase in charge transfer resistance
(Rct), was observed upon the inclusion of the non-conductive dimethylglyoxime chelating agent
onto the GCE. The infinitely large semicircle implies very slow electron transfer processes and a
resultant increase in the total impedance was observed. Incorporating both Nafion and Nafion-
graphene nanocomposites results in an effective lowering of the recorded Rct values. This
demonstrates the higher electrochemical activity and enhanced electron transfer kinetics between
the solution and the electrode surface of the NGr-DMG-GCE over the other modified electrodes,
due to the subsequent inclusion of highly conductive graphene confirming its high electron transfer
and improved surface area to volume ratio. This confirms the findings in Figure 6.7 above. In
general, the linear region in the Nyquist plot is linked to reactions where mass-transfer (Warburg
Impedance) controls the reaction rate and electron transfer is fast. The absence of a linear diffusion
region in the DMG-GCE and N-DMG-GCE may be attributed to the dominance of slow electron

transfer over the diffusion controlled processes.
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Figure 6.8: Nyquist plots at (a) GCE, (b) DMG-GCE, (¢) N-DMG-GCE and (d) NGr-DMG-
GCE in 5 mM Fe(CN)s 3/* containing 1 M KCI. Inset is the magnified Nyquist plot between 0
and 12 kQ. The frequency range is from 0.1 Hz to 100 kHz.

6.3.7. Further electrochemical characterization of the NGr-DMG-GCE

The electrochemical properties of the N-DMG-GCE and NGr-DMG-GCE were further
interrogated by cyclic voltammetry in a 0.1 M NHs/NH4Cl Buffer solution (pH 9.3) as supporting
electrolyte and a scan rate of 10 mV s™*. The resultant voltammograms are shown in Figure 6.9
below. No observed redox peaks are present at either modified electrodes, indicating the lack of
electrochemical activity of the DMG in the specified region as well as the complete reduction of
GO to graphene. An increase in the background current and a lowering in potential value for
oxygen evolution is evident in the voltammogram of the NGr-DMG-GCE can be seen over the N-
DMG-GCE. This phenomenon indicates the increase of active surface area and conductivity of the

modified electrode as a result of the graphene coating. No further significant peaks, due to the
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reduction of dissolved oxygen can be seen. No interferences (peaks) from the modified platform

were expected.
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Figure 6.9: Cyclic voltammograms of (a) N-DMG-GCE and (b) NGr-DMG-GCE. Supporting
electrolyte 0.1 M NH3/NH4CI Buffer (pH 9.3), scan rate (10 mV s™1), deposition time (120 s),
frequency (20 Hz), amplitude (0.02 V) and voltage step (0.005 V).

6.3.8. Effect of the NGr-DMG-GCE on the stripping response of Ni?*

Figure 6.10 represents the influence of graphene concentration in the NGr-DMG
nanocomposite on the stripping response of Ni?*. The N-DMG-GCE shows a broad, small peak at
—1.08 Vin 0.1 M NHs/NH4ClI Buffer (pH 9.3) with deposition potential (- 0.7 V), deposition time
(120 s), frequency (20 Hz), amplitude (0.02 V) and voltage step (0.005 V). In contrast, the NGr-
DMG-GCE shows a sharp, well-resolved stripping peak at - 1.09 V for Ni?* reduction from the
Ni(DMG)2 adsorption complex as demonstrated in Equation 6.2. A considerable increase (9 times)
in stripping peak current is observed for the NGr-DMG-GCE over the N-DMG-GCE with no shift
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in redox half-wave potential. This increase may be attributed to the increase in active surface area
and quantum confinement of the electrode due to the incorporation of conductive, single layer
graphene sheets as discussed in Section 6.3.3.

Ni** (- 1.09 V)

——NG-DMG-GCE
= N-DMG-GCE

Current (- pA)

130 125 120 -115 110 -1.05 -1.00 -095 -090 -0.85
Potential (V)

Figure 6.10: SW-AdCSV of 20 ug L™ Ni?* at (a) N-DMG-GCE and (b) NGr-DMG-GCE with a
characteristic reduction stripping potential of -1.09 V. Supporting electrolyte (0.1 M NH3/NH4ClI
Buffer (pH 9.3)), deposition potential (- 0.7 V), deposition time (120 s), frequency (20 Hz),
amplitude (0.02 V) and voltage step (0.005 V).

6.3.9. Influence of Dimethylglyoxime Concentration

The reduction of Ni?* from the electrochemical probe is dependent on two important
criteria: (1) the adsorption of the metal ions onto the electrode surface (equation 6.1) and (6.2) the
speed and ease of electron transfer through the chemical coating. The influence of chelating agent,
dimethylglyoxime on the stripping peak current of Nickel (1) in the NGr-DMG suspension was
investigated and recorded in Figure 6.11. The concentration of dimethylglyoxime was varied
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between 0.0 M and 0.1 M (maximum concentration before saturation) by dissolving appropriate
quantities of dimethylglyoxime into ethanol. The appropriate ratio of DMG was mixed with Nafion
and graphene to form the NGr-DMG suspension before ultrasonication. No stripping peak current
for Ni%* was observed in the absence of DMG (0.0 M) in the 0.1 M NH3/NH4ClI buffer solution. A
constant increase in stripping peak response is then observed with increasing dimethylglyoxime
concentration in the coating solution between 0.0 and 0.075 M. Saturation of the electrode surface
with the non-conductive DMG (Section 6.3.6) at DMG concentrations greater than 0.075 M is
evident in a sharp decrease in the resultant stripping peak current. Here, saturation of the electrode
surface with metal ions as well as blocking of electron transfer reactions through the chelating
agent takes place. A concentration of 0.075 M dimethylglyoxime in the NGr-DMG suspension

was utilized for all further experiments.
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Figure 6.11: Influence of Dimethylglyoxime Concentration (0 — 0.1 M) on the stripping peak
currents of Ni?* at the NGr-DMG-GCEs in 0.1 M NHs/NH4ClI Buffer (pH 9.3).
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6.3.10.  Optimization of Instrumental Parameters

The square wave instrumental parameters affecting the analytical response of the NGr-
DMG-GCE; namely deposition potential, deposition time, frequency and amplitude were

optimized and illustrated in Figure 6.12.

The influence of deposition potential on the stripping response of Ni?* at the NGr-DMG-
GCE was interrogated in the potential range between 0.0 and — 1.0 V, more positive than the half-
wave potential of Ni?*, Figure 6.12(a). The deposition potential is responsible for aiding in the
accumulation of the analyte at the electrode surface. The stripping response increased to a
maximum at — 0.4 V, due to the formation of the Ni(DMG)2 adsorption complex. A gradual
decrease is observed at potentials more negative than — 0.4 V as the Ni?* half-wave potential is

approached. A deposition potential of — 0.7 V was selected for all further experiments.

The effect of deposition/accumulation time on the Ni?* stripping response was studied
between 30 and 300 s. Figure 6.12 (b), shows a rapid increase in the Ni?* peak current with
increasing accumulation time between 0 and 180 s confirming the increase in adsorption of the
Ni?* on the NGr-DMG-GCE surface. Saturation of the NGr-DMG-GCE takes place at
accumulation times greater than 180 s and results in a decrease in stripping peak current. A

deposition time of 120 s was selected for all analysis.

Figure 6.12 (c), shows the dependence of peak currents on the square wave frequency over
the 5 to 70 Hz range. The peak current increases with increasing frequency to 60 Hz, before
gradually decreasing. The increase in peak current is as a result of the increase in scan rate with

increasing frequency. A frequency of 50 Hz was selected for further study.

The influence of amplitude on the stripping peak current of Ni?* was studied between 5
and 100 mV and shown in Figure 6.12 (d). The stripping peak current increases with increasing

amplitude hence an amplitude of 40 mV was selected for all further experiments.
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Figure 6.12: Effect of Instrumental Parameters; (a) Deposition Potential, (b) Deposition Time,

(c) Frequency and (d) Amplitude on the stripping peak current of 10 pug L™ Ni?* at NGr-DMG-
GCE. Supporting electrolyte (0.1 M NHs/NH4Cl Buffer (pH 9.3)).

6.3.11.  Influence of Electrolyte pH

The accumulation of nickel cations at/onto the electrode surface, forming the Ni(DMG):
complex, is the determining step in Ni%* detection by AdSV and is controlled by the electrolyte
solution and its pH, as discussed in Section 6.3.2. The influence of electrolyte solution pH between
6 and 10 on the stripping peak current of Ni%* was investigated in 0.1 M NHs/NH4CI Buffer under
optimum conditions and recorded in Figure 6.13. No significant stripping peak current was found
at the NGr-DMG-GCE for pH values below 8 indicating very little complex formation took place.
A drastic increase in peak currents between pH 8.5 and 10 can be seen as a result of increased

complex formation. A minimum pH of 8.5 is therefore required to aid in the formation of the
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Ni(DMG)2 complex at the NGr-DMG-GCE surface. A pH of 9.2 was selected for all further
experiments.
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Figure 6.13: Dependence of Electrolyte pH on the stripping peak currents of Ni?* at the NGr-
DMG-GCEs in 0.1 M NH3s/NH4Cl Buffer as electrolyte solution.

6.3.12.  Influence of Oxygen Removal

Rapid analysis times of the square-wave waveform limits the effects of the irreversible
oxygen reduction. As a result, removal of oxygen from the sample is not usually required. The
effects of the cathodic stripping peak current of Ni?* reduction at the NGr-DMG-GCE measured
before and after deoxygenation of the sample are recorded in Figure 6.14. Deoxygenation was
achieved by bubbling N2 gas through the sample for 5 min. A large broad peak between - 0.7 and
- 1.0 V is observed at the NGr-DMG-GCE before oxygen removal and may be attributed to the
reduction of dissolved oxygen. Similar stripping peak currents of Ni?* are observed before and

after deoxygenation at low and high concentrations. The slight increase in response after oxygen
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removal indicates a minute interference of oxygen on the measurement, owing to the cation
reduction near the oxygen reduction wave. Similar results are obtained in the work by Zen et al.
[23,24]. A slight shift in peak potential of the Ni?* reduction peak from - 1.105 V to more positive
oxidation potentials of - 1.092 V is observed after oxygen removal due to improved electron
transfer processes. All samples were degassed under N2 for 5 min prior to use in order to avoid

any possible interference on the analysis.
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Figure 6.14: Square-Wave Voltammogram of 4 pug L™ Ni?* at a NGr-DMG-GCE (a) before
deoxygenation and (b) after deoxygenation. Supporting electrolyte (0.1 M NH3/NH4CI Buffer
(pH 9.3)), deposition potential (- 0.7 V), deposition time (120 s), frequency (20 Hz), amplitude

(0.02 V) and voltage step (0.005 V).
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6.3.13.  Electrode Reproducibility and Interference Studies

The selectivity of the proposed method was investigated by studying the effects of Co?*
and Zn?* cations on the stripping voltammetric determination of 20 pug L™ Ni?*, under optimised
conditions. Co?" and Zn?*, were selected as possible interferents due to the similar peak potentials
compared to Ni?* within the potential range under investigation. Further, Co?" readily forms
complexes with dimethylglyoxime under similar conditions. All other metallic cations were
eliminated for interference studies. Figure 6.15, depicts the voltammograms recorded at the NGr-
DMG-GCEs for (a) 0 pug L™ metal cations, (b) 200 pug L Co?* and Zn?*, (c) 20 pg L Ni* and
(d) 20 pg Lt Ni?*in the presence of 200 pg L™ Co?* and Zn?*. No stripping peaks were found in
the absence of metal cations between - 0.7 and - 1.3 V, as expected. Similarly, Co?* and Zn?* were
also found to exhibit no reduction stripping peaks at the NGr-DMG-GCE between 0 and 200 pg
L. This result differs significantly from previous research on metal-based sensors where Co?* has
been detected in the presence of DMG and a metallic film, and could be attributed to the lack of
metal film for Co?*- and Zn?*- chelate adsorption on the electrode surface. This is a significant
finding in improving electrode selectivity towards Ni?" detection. Determination of Ni?* in 0.1 M
NHs/NH4Cl Buffer (pH 9.3) as electrolyte solution, under optimum conditions shows a
reproducible, well-defined stripping peak for Ni?* reduction from the Ni(dmgH)2 complex.
Ni(dmgH)2 detection is therefore independent of mercury or metallic film and relies solely on the
metal-chelate complex formation. The sensor provides similar stripping peak currents for Ni

detection in the presence of Co?* or Zn?*.
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Figure 6.15: Square-Wave Voltammograms of (a) 0 pug L™ metal cations, (b) 200 pg L™ Co?*
and Zn?*, (c) 20 pg L Ni?*and (d) 20 pg L™ Ni?* in the presence of 200 pg L Co?* and Zn?* at
a NGr-DMG-GCE. Supporting electrolyte (0.1 M NH3s/NH4Cl Buffer (pH 9.3)), deposition
potential (- 0.7 V), deposition time (120 s), frequency (20 Hz), amplitude (0.02 V) and voltage
step (0.005 V).

The results are further summarized in Table 6.1. Cations with variation in stripping peak
current greater than 5 - 10 % for three successive replicas (n = 3) was considered as interferent.
The sensitivity of the NGr-DMG-GCE is shown to be 10 times greater than the N-DMG-GCE
(further supporting the findings in Section 3.9 above). The peak current for Ni?* reduction
remained constant each time 20 pg L™ was detected, with a relative standard deviation (RSD) of
5.46 % confirming a highly reproducible system. The stripping peak currents of Ni?* in the
presence of excess Co?* and Zn?* up to 10 times Ni?* concentration were investigated and a RSD
(%) of 3.94 % was observed. The results indicate that the NGr-DMG-GCE sensor is highly
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reproducible for Ni?* determination and shows good stability. It further indicates no significant
interference from Co?* and Zn?* on the Ni?* determination up to concentrations 10 times the
analyte concentration. The NGr-DMG-GCE sensor can therefore be applied for Ni?* detection in

complex samples.

Table 6.1: Reproducibility and interference studies of the N-DMG-GCE and NGr-DMG-GCE*.

Concentration
Analyte FEEL IS Std. Dev. (A) % Error
(ug LY (A)
N-DMG-GCE

Co? and Znz 200 N/D N/D N/D
Ni2t 20 1.12E-07 1.12E-08 3.72

Ni2* in the presence of
20 1.09E-07 1.63E-8 4.01

Co? and Zn%
NGr-DMG-GCE

Co? and Zn? 200 N/D N/D N/D
Niz 20 1.94E-06 1.06E-07 5.46

NiZ* in the presence of
20 1.87E-06 1.34E-07 3.94

Co? and Zn?*

*where,n =3

6.3.14.  Analytical Performance of the NGr-DMG-GCE

The analytical performance of the GCE sensor, modified with a dimethylglyoxime
chelating agent and a nafion-graphene nanocomposite to enhance electrode sensitivity in the
absence of an electroplated metal film was evaluated for Nickel detection in test samples under
optimum conditions. The recorded square-wave stripping voltammograms and corresponding
calibration plots for the analysis of Ni?* in 0.1 M NHs/NHClI buffer solution (pH 9.3) containing
Co?" and Zn?" at a NGr-DMG-GCE for 120 s are shown in Figure 6.16. The performance of the
sensor was investigated in the 2-20 pg L™ range. A linear increase in the Ni?* reduction stripping
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peak current is observed with increasing concentration of Ni?*. The detection limit (DL) of the
Ni%* sensor in the presence of Co?* and Zn?" were determined according to Equation 6.4:

F X o
LOD/LOQ = ———

Equation 6.4
b (Eq )

Where

LOD: Limit of Detection

LOQ: Limit of Quantitation

F: Factor of 3.3 and 10 for LOD and LOQ), respectively

o: Standard deviation of the blank, standard deviation of the ordinate intercept, or residual

standard deviation of the linear regression
b: Slope of the regression line

The standard deviation of the blanks was determined from 10 replications of the NGr-
DMG-GCE in 0.1 M NHs/NH4CI Buffer (pH 9.3) in the presence of excess Co?* and Zn?". A
summary of previously reported electrochemical sensors for the detection of Ni?* in water at: (a)
chemically modified DMG electrodes and (b) In-situ deposited DMG electrodes as well as a
summary of detection limits from this work are reported in Table 6.2 below. It can be observed
that the in-situ deposition of metal-DMG complexes onto metallic films provides more sensitive
electrochemical sensors as seen by its significantly lower detection limits and faster analysis times
compared to that of chemically modified DMG electrodes. This is to be expected due to the
presence of excess chelating agent for complexation as well as the presence of metal film for
adsorption of metal-chelate complexes. Further, the detection of Co?* has been limited to in-situ
DMG electrodes in the presence of electroplated metal films. The use of chemically modified
DMG electrodes in the presence of mercury films still provide improved detection limits over the
metal-free counterparts. The use of graphene in our study has significantly lowered the observed
detection limits by improving electrode sensitivity over previous chemically modified DMG
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metal-free sensors and has for the first time shown that Ni?* detection can be observed in the
presence of Co?* and Zn?*.
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Figure 6.16: SWAdSV and corresponding calibration plot of the individual analysis of Ni?* in
the presence of Co?* and Zn?* obtained at a NGr-DMG-GCE over 2 — 20 pg L. Supporting
electrolyte (0.1 M NH3s/NH4CI Buffer (pH 9.3)), deposition potential (- 0.7 V), deposition time
(120 s), frequency (20 Hz), amplitude (0.02 V) and voltage step (0.005 V).
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Table 6.2: A summary of selected previously reported (a) Chemically Modified DMG and (b)

In-situ DMG Sensors for Adsorptive Stripping Voltammetric Detection of Ni?*.

Ni2+ mpBlF_ 1 = 10 0.027
AdCSV 180 28
Co? SPCE 1-10 0.094 128]
Ni2* 0.6-41 0.18
RBIABE DPAdSV 30 [14]
Co?* 0.06-4.1 0.018
Ni2+ 06-2.9 02
PbF-SPE SWV 60 [15]
Co?* 06-5.9 03
Ni2+ SBVE  SW-AdCSV 30 0-10 06 [55]
Ni2+ S 0.1-100 0.1
NC-DMG-— gyasy 300 22]
Cuz MFE 1.0-80 1.0
Ni2+ MCPE AAdSV 720 6 - 600 0.006 18]
Ni2+ DMG-CPE DPV 1500 80 - 600 27 20]
. DMG-
2+ -
Ni VR DPV 120 60 - 500 30 [16]
. PVC-PA-
2+ -
Ni DMO.GeE  SWAACSV 240 18 - 180 18 8]
N . NG-DMG-
i.p.0. Co2* e SWAdSV 120 2-20 15 This Work
and Zn2*

*I.p.0. = in the presence of
6.3.15.  Application of the NGr-DMG-GCE to real water samples

In order to further investigate the analytical performance and accuracy of the NGr-DMG-
GCE sensor towards the detection of Ni?* in the presence of excess Co?* and Zn?*, recovery studies
were performed in both test and real water samples by a standard addition method. Tap water
samples were collected from our laboratory and investigated for the detection of Ni?*. The recorded
voltammogram and associated calibration plot are illustrated in Figure 6.17 and a summary of the

recovery percentages obtained when performing analysis in tap water and electrolyte solutions is
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shown in Table 6.3. No target metal ions (Ni?*, Co?" or Zn?*) was detected in either electrolyte or
real water samples at 120 s preconcentration time. This distinct lack of reduction peaks suggests
that the concentration of metal ions was below the sensor limits of detection in the real samples.
Known concentrations (3 pug L) of Ni?* were spiked in the water samples in the presence of Co?*
and Zn?* and detected by performing consecutive additions of known concentration to the
‘unknown’ sample (standard addition method) from 3 — 12 ug L*. Ni?* yielded accurate recovery
percentages in both test and real water samples with errors within the acceptable sensor limits. The

results verify the use of the sensor in water samples with low concentrations of Ni?*.
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Figure 6.17: SWAdSV and corresponding standard addition calibration plot of the individual
analysis of Ni?* in the presence of Co** and Zn?* obtained at a NGr-DMG-GCE in real tap water
samples. Supporting electrolyte (0.1 M NHs/NH4Cl Buffer (pH 9.3)), deposition potential (- 0.7
V), deposition time (120 s), frequency (20 Hz), amplitude (0.02 V) and voltage step (0.005 V).

Table 6.3: Recovery studies of the NGr-DMG-GCE in test and tap water samples*.

- N/D 3.00 3.16 8.21 105

- N/D 3.00 3.35 7.46 111

*where, n =3
6.4. Conclusion

For the first time a nafion-graphene dimethylglyoxime modified glassy carbon electrode
was interrogated for the ultra-trace determination of Ni?* in water samples. Fabrication of a DMG
modified probe showed a green approach towards Ni?* detection by eliminating the need for toxic
metal films commonly used in metal analysis to date. Good quality graphene synthesised by a
modified Hummer’s method further showed good ability to enhance the electrode sensitivity
towards Ni%* detection by improving the electron transfer kinetics and active surface area of the
electrode surface modified with DMG. The NGr-DMG-GCE probe further showed superior
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sensitivity and selectivity towards detection of Ni?* in the presence of common interferents such
as Co?" and Zn?* ions. Detection limits in the low parts per billion range (1.5 pg L), well below
the USEPA and WHO maximum contamination limits were achieved at short pre-concentration
times (120 s) confirming the improved sensitivity over common DMG-modified electrodes. The
NGr-DMG-GCE was successfully applied to the detection of Ni?* in real tap water samples with

accurate recorded recoveries within 5-10 % error.
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Chapter 7 :

Electroanalytical Complexation-based Detection at Low-cost, Stored,
Micro-volume, Paper-based Electrochemical Cells (LPECs)

Abstract:

The development of point-of-care (POC) devices offering disposable, low-cost and accurate
detection of environmental contaminants and early monitoring in the health and food sectors has
steadily grown in recent times. Real-time analysis offered by POCs are pivotal in developing areas
where access to skilled labor is often lacking. Chelating agent based signal amplication methods
have previously been employed in conjunction with electroplated metallic films to improve
electrode sensitivity in trace metal analysis. Here, we describe a method for the dry storage of
electrochemical reagents: ammonia/ammonium (NHs/NH4Cl) buffer as supporting electrolyte,
dimethylglyoxime (DMG) as chelating agent and mercury in paper-based electrochemical cells
(PECs), fabricated from commercial filter paper. The stored PECs were applied to the trace, micro-
liter analysis of Nickel in water samples by Adsorptive cathodic stripping voltammetry (AdCSV)
in conjunction with screen printed electrodes. The method relies on the single-step
accumulation/adsorption of micro-volumes of metallic analyte onto stored DMG ligands to form
[Ni(dmgH)2] complexes in the presence of mercury films. By integrating the AdCSV techniques
with paper-based analytical devices, detection of Ni?* in water samples with good resolution was
achieved at 20 pL sample volumes in the low parts per billion range. Instrumental parameters of
the PECs, accumulation time and deposition potential were optimized along with reagent storage
introduction and concentrations. The prepared PPECs showed good reproducibility (4.36 %, n =
4) and no intermetallic interferences in the presence of 100 pg L™ Zn?*, Cd?*, Pb?*, Co?" and In?".
Detection and quantitation limits were calculated and recorded as 6.27 and 18.8 ug L™ respectively
for Ni%* determination at 90 s accumulation time. The PPECs were then applied to the detection

of Ni?* in real tap water samples and showed good recovery values of + 94 %. Further, the infusion
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of PECs with GO, ERGO and NGr-nanocomposites showed no significant enhancement in
electron transfer rate and a distinct lack of sensitivity towards Ni?* detection by AJCSV. Further,
integrated electrode systems prepared by filtration and screen printing were achieved with working
electrode resistance of 324 Q recorded. The developed paper 3-electrode system was applied to
Fe(CN)s */* and detection of Ni?".

Keywords:

Paper-based electroanalytical cells; Adsorptive stripping voltammetry; Nickel detection;

Dimethylglyoxime
Highlights:

= Paper-based electrochemical cells (PECs) have for the first-time been employed as sensor

technology in combination with AdCSV for Ni(ll) detection

= PECs offer reagent loading and storage of electrolyte, chelating agent and metallic films

within the cellulose structure
= Simple, microliter-volume sample introduction

= Graphene-infused PECs exhibit no noticeable enhancement in conductivity or response

towards Ni?* detection

= |ntegrated graphene-filtered Wes with screen printed CE and RE demonstrate promising
future applications
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7.1. Introduction:

On-site analysis of environmental pollutants is crucial in impoverished areas where access
to skilled labor and suitable instrumentation is often limited. The development of inexpensive
sensor technologies, offering simple and rapid detection with short analysis times is of great
importance and has significantly increased in recent years. Portable instrumentation, low-cost
substrates, ease of modification, integrated battery and electrode systems, etc. have all been
investigated with the aim of developing reliable point-of-care (POC) devices capable of early
detection and accurate monitoring of ilinesses and environmental issues in resource limited
settings. The applicability of POC devices hinge on its cost, robustness, ease of use and accuracy.
While dipstick and lateral flow devices have dominated rapid diagnostic sensing for decades,
paper-based microfluidic sensors have garnered tremendous support in improving the ability for
accurate POC devices. Simple sample introduction and reagent storage methods limit the
widespread commercialization of POC devices. As such, reagent loaded plug in cartridges [1] and
glass ampoules [2] have been investigated as possible reagent storage methods offering the
possibility for automization in reagent delivery to microfluidic POCDs. These techniques were
considered as alternative to simple inlet and outlet devices used in microfluidic devices to date.
The rise of microfluidic devices has gained significant traction in the last two decades due to their
ability for accurate mixing, separation of species and the possibility for low-volume analysis.
However, high costs associated with the devices are based on the poly-dimethylsiloxane (PDMS)
elastomer. Paper-based analytical devices (PADs) offer the most reliable reagent storage method

for once-off use owing to its excellent sorption nature as a result of absorptive surface properties
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of the porous cellulose structure [3]. Tan et al. proposed for the first time a simple reagent storage
system by employing paper disks for a one-step detection of Pb?* in water with an internal

calibration technique [4].

To date, metal analysis at paper-based analytical devices, while still in their infancy stage,
have been limited to colorimetric, electrochemical, fluorescent and nanoparticle complex based
detection methods. These techniques generally rely on qualitative analysis represented by color
changes, the first of which was investigated by Hossain et al. in 2011. Microfluidic paper-based
electrochemical devices (LPEDs), introduced by the Whitesides’ research group in 2007 combine
the advantageous properties of paper substrates with ultra-sensitive electrochemical detection
methods to develop disposable, low-cost and quantitative analytical techniques. Few studies have
been investigated for application of UPEDs to metal analysis. These works have been limited to
the anodic stripping voltammetric (ASV) detection of heavy metals such as Pb?*, Cd?*, Hg?" etc.
in water samples. Application of UPEDs have yet to be applied to simple complexation-based
accumulation techniques demonstrated by adsorptive stripping voltammetry (AdSV).

This work describes a novel micro-volume analysis of Nickel in tap water samples at low-
cost, disposable and pre-stored paper-based electrochemical cells (PECs). Herein pre-storage of
electrolyte, chelating agents and metallic films within the cellulose structure of paper disks created
from commercial filter paper, in conjunction with screen printed electrodes resulted in accurate,
sensitive and quantitative systems for metal analysis by adsorptive cathodic stripping voltammetry
(AACSV). The work done expands on previously reported reagents storage systems for
electrochemical detection by demonstrating for the first time the incorporation of microscale
quantities of dimethylglyoxime (DMG) ligands within in the paper substrate in conjunction with
electroplated mercury films. This storage allows for a one-step accumulation of the Ni%* analyte

within the paper-based cell pores by simple adsorption processes to form [Ni(dmgH)2] complexes.
7.2. Experimental Section:
7.2.1. Apparatus and Reagents

All voltammetric experiments were performed using a computer-controlled Nova 1.1
software on an Autolab PGSTAT101 potentiostat (Metrohm Autolab, The Netherlands). A three-
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electrode SPCE system with carbon working electrode (4 mm diameter), carbon auxiliary electrode
and Ag/AgCl reference electrode (DRP-C101), purchased from Dropsens, was employed without
further modification or pretreatment. Conventional 20 mL voltammetric cells were replaced with
pre-stored paper-based electrochemical cells (PPECs) for all analysis unless stated otherwise. All

experiments were carried out at room temperature.

All reagents used in the study were purchased from Sigma-Aldrich chemical company
(Missouri, USA) and were of analytical reagent grade. Ultra-pure water, collected from a Millipore
Milli-Q system (Milford, MA, USA), was used to prepare all solutions. An ammonia buffer, used
as supporting electrolyte was prepared from appropriate quantities of NHs (ammonia) and NH4Cl
(ammonium chloride), respectively and was obtained from Lasec. Hydrochloric (HCI) and nitric
acid (HNOs) were purchased from Lasec. Standard stock solutions of Ni?* and Hg?* were prepared
by diluting the appropriate quantities of standard 10° mg L™* Ni?* and Hg?" solutions (Sigma-
Aldrich). Dimethylglyoxime (2,3-Butanedione — dioxime, CsHsN202), Nioxime (1,2-
Cycloheanedione, CsH10N202) and Morin hydrate (2,3,4,5,7-Pentahydroxyflavone, CisH120s),
purchased form Sigma-Aldrich was dissolved in Ethanol, absolute 99.8 % (CHsCH20H) to the
desired concentration to prepare stock solutions and used as is without further modification. All
stock solutions used in the study were prepared fresh once per week. All chemicals purchased were
used as received without further treatment or modification unless stated otherwise. Graphene oxide
and graphene samples were prepared as described in Chapter 4. Whatman No. 1 chromatography
paper (200.0 mm x 200.0 mm, pure cellulose paper, GE Healthcare) was purchased from Sigma
Aldrich.

7.2.2. Pre-stored Paper-based Electrochemical Cell (PPEC) Preparation

Paper-based electrochemical cells (PECs) were prepared by cutting 8 mm diameter disks
(circles) out of Whatman filter paper No.1. Two successive additions of 10 pL portions of prepared
solutions, containing the desired reagent concentrations (typically; 2 mM DMG and 10 mg L™ Hg)
in 0.1 M NH3s/NH4CI buffer (pH 9.4) were dropped onto the paper sheets and allowed to dry at
room temperature (23 °C) for 30 min. Drop-casting of pre-prepared reagent samples provided

superior sensitivity over successive additions of separate samples. Prior to analysis the prepared

—http:/fetd.uweac.za



Chapter Seven: Micro-volume Detection of Ni(Il) at uPECs

pre-stored paper-based electrochemical cells (PPECs) were placed on the surface of commercially
bought screen printed carbon electrodes (SPCE) so as to cover the entire three-electrode system.

7.2.3. Graphene-derivative Infused Paper-based Electrochemical Cell (PEC)
Preparation

Prior to reagent storage, graphene oxide (GO) infused PECs were fabricated by drop-casting
20 pL aliquots of 0.5 mg mL™* GO, dispersed in water following 1 hr ultrasonication onto the
unmodified PEC. The GO infused PEC was allowed to dry at room temperature for 30 min to
allow evaporation of solvent. Electrochemically reduced graphene oxide (ERGO) PECs were
prepared by electrochemical reduction between - 1.4 and 0.3 V by cyclic voltammetry in 0.1 M
acetate buffer solution (pH 4.6).

0.25 wt.% Nafion-graphene nanocomposites were prepared by mixing 0.2 % Nafion solution
with appropriate amounts of graphene powder followed by ultrasonication for 1 h. 20 pL aliquots
of the resultant solution was drop-cast onto the unmodified PEC and allowed to dry at room

temperature.
7.24. Square-wave Adsorptive Cathodic Stripping Voltammetric Detection of Ni

A 20 pL aliquot of desired metal analyte concentration, prepared in supporting electrolyte
was added to the PPEC prior to analysis. 20 pL was the desired sample volume to prevent floating
of the PPEC and still allow for excellent contact with the working electrode. The sample, in
aqueous media, through wicking wets the PPEC and allows for dissolution of the dried, stored
reagents. Stripping voltammetry was performed by in-situ accumulation and deposition of formed
[Ni(dmgH)2] complex onto an electroplated Hg film. Stripping voltammetric measurements were
performed by square-wave adsorptive cathodic stripping voltammetry (SW-AdCSV) between - 0.7
and - 1.4 V, unless stated otherwise. A fixed accumulation potential of - 0.7 VV was employed for
90 s during analysis, followed by a 10 s equilibration time. Square-wave instrumental parameters

of 35 mV amplitude, 20 Hz frequency and 5 mV potential step was employed for all analysis.
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7.3. Results and Discussion:
7.3.1. Water sorption in the porous PEC

Figure 7.1, shows an HRSEM image of the unmodified PEC at 100 X magnification. The
porous nature of the chromatography paper within the entangled cellulose fiber structure is further
observed. Slight artifacts are further seen between pores, which may arise from the carbon coating
process required for conductive imaging in HRSEM analysis. These are attractive features in our
application as it allows liquid to penetrate within the hydrophilic fiber matrix without need for an
external pump source [5]. The fluid flow in the porous media is crucial in its ability to be used as
electrochemical cell and also in dry reagent storage techniques. An understanding of the
permeation mechanism is therefore required for a complete discussion on its use in UPECs. Fluid
penetration in the PEC is governed by capillary-driven flow via simple wicking processes. While
Young-Laplace equation (Equation 7.1) and Darcy’s law (Equation 7.2) define the capillary
pressure driving fluid flow through pores and laminar flow of fluids respectively, the Lucas-
Washburn equation, shown in Equation 7.3, provides a more complete definition of fluid
permeation in paper substrates at negligible polymer swelling. Further modifications of the

Washburn equation have been developed to model swelling in the porous structure.

2-y-cosf .
AP = — R Equation 7.1
e, K2P Equation 7.2
7= V= L quation 7.

R-y-cosf-t )
TLV = ¢ ? Equation 7.3

Where, TLV is the total liquid volume absorbed per unit area, ¢ is the void fraction, R is pore
radius, vy is fluid surface tension, 0 is the contact angle established between the liquid and the inner

wall of the pore, t is penetrating time and p is fluid viscosity.
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Figure 7.1: HRSEM image of the entangled cellulose fiber structure of unmodified PEC at 100
X magnification.

7.3.2. Characteristic quantitative detection of Ni(ll)

The adsorptive cathodic stripping voltammetric reduction of Ni?* occurs via a three-step
process: (1) complex formation, (2) accumulation and (3) electrochemical stripping and reduction
in basic electrolyte solutions. Adsorption of a formed [Ni(dmgH)z] complex onto an electroplated
Hg film is required for pre-concentration/accumulation of metal species at the electrode surface.
The subsequent reduction involves a 10 electron transfer reduction process of Ni(ll) metal cation
from the [Ni(dmgH)2] complex to Ni® along with the reduction of the DMG ligand to 2,3-
bishydroxylaminebutane (DHAB). The overall reduction is summarized in Equation 7.4,7.5 and 7.6

below, according to the work described by Baxter et al. [6].

Ni(Il) + 2dmgH, — [Ni(II)(dmgH),]+ 2H* Equation 7.4
[Ni(I1I)(dmgH),] + Hg - [Ni(II)(dmgH);]qasHg Equation 7.5
[Ni(II)(dmgH);)qasHg + 10e™ + 10H*" —» Ni(Hg) + 2DHAB Equation 7.6
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A typical square-wave voltammogram for Ni?* detection at a bare screen printed carbon
electrode (SPCE) in the presence of a DMG ligand and electroplated Hg film in a bulk solution of
0.1 M NH3s/NH4Cl buffer (pH 9.4) as supporting electrolyte is shown in Figure 7.2. A single, well-
resolved stripping peak is observed at — 1.032 V is observed. This is attributed to the characteristic
cathodic two-electron electrochemical reduction of Ni?* to Ni®. Similar reduction potentials are
observed in literature and Chapters 5 and 6 respectively. An increase in background current is

seen with progressive scanning to increasingly negative potentials (- 0.7 to — 1.3 V).

Figure 7.3 further demonstrates the dependence of the cathodic stripping peak current on the
Ni?* concentration between 0 and 20 pg L. An increase in stripping peak current as well as a
slight shift to more negative potentials (- 1.0 to - 1.05 V), is observed with increasing metal analyte
concentration. This shift demonstrates the incomplete removal of material from the electrode
surface between consecutive runs without an adequate cleaning step. The results obtained confirm
the use of Nickel-dimethylglyoxime complexes as accurate method for detection of Ni?* in water

samples.
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Figure 7.2: Square wave adsorptive cathodic stripping voltammogram (SWAdCSV) of 50 pg L™

Ni2* in 0.1 M NH3/NH4Cl buffer (pH 9.4) as supporting electrolyte containing 2 mM DMG and

10 mg L™ Hg at a SPCE. SWV parameters: Eacc = - 0.7 V, tace = 90 s, amplitude =35 mV and f =
20 Hz.
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Figure 7.3: Square wave adsorptive cathodic stripping voltammograms (SWAdCSVs) of (a) 0.0
ug L Ni?*, (b) 5.0 ug L™ Ni(ll), (c) 15 pg L™ Ni* and (d) 20 pg L™ Ni(ll) at screen printed
carbon electrodes in 0.1 M NHs/NH4Cl buffer (pH 9.4) as supporting electrolyte containing 2
mM DMG and 10 mg L* Hg. SWV parameters: Eacc = - 0.7 V, tacc = 90 s, amplitude = 35 mV

and f = 20 Hz.

7.3.3. Macro- vs. Micro-liter detection of Ni(ll)

The reported AJCSV technique demonstrated in literature has shown to offer a simple,
sensitive analytical technique for the detection of Ni(Il) in water samples. Large volumes of sample
required for accurate detection make it a disadvantageous method for on-site analysis of real
samples. The feasibility of the fabricated PECs was investigated by comparing its electrochemical
detection in both bulk and microliter sample volumes. Figure 7.4 shows the comparative
SWACSVs of SPCEs (a) immersed in bulk solution, (b) with 100 uL droplet dropped directly
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onto the three-electrode system and (c) with 20 pL sample volume dropped onto PEC covering the
three-electrode area. Bulk solution analysis of a square-wave cathodic sweep in 0.1 M NH3/NH4Cl
buffer (pH 9.4), shows three separate distinct peaks: A large, well-defined peak due at — 1.032 V
and a significantly smaller peak at - 1.13 V due to the reduction of Ni(ll) from the [Ni(dmgH)z]
complex and a broad peak at more negative potentials (- 1.23 V) arising from reduction of
dissolved oxygen. The main reduction peak is influenced by the migration and transport of excess
metal ions to the electrode surface through stirring during the accumulation/pre-concentration step.
Replacing bulk electrolyte solution with microliter volumes of metal analyte samples was
investigated and recorded in Figure 7.4. 100 pL of Ni?* sample provided the perfect volume for
accurate wetting and spreading of the sample droplet across the three electrode system. Two well-
resolved reduction peaks at — 1.09 V and — 1.18 V are observed. The calculated peak currents at
100 pL sample volumes (droplet) were significantly smaller than those observed in bulk metal
samples. This is attributed to the fixed amount of metal cations available in the microliter sample
volume during electrode preconcentration. The exact nature of the second reduction peak is not
yet known and requires further testing. Utilizing the excellent sorption properties of the filter paper
used in the fabrication of the PECs, microliter sample volumes were significantly reduced when
using PECs in conjunction with the SPCE, as discussed in the introduction. 20 pL volumes of
sample was found to be the maximum allowed volume to allow for good contact on the electrode
surface so as to prevent floating of the PEC in the sample droplet. The porous structure of the PECs
act as a three-dimensional scaffolding which holds low volume of samples. PECs were found to
only exhibit a single cathodic reduction peak (- 1.18 V) due to the reduction of Ni?* according to
Equation 7.6 in Section 7.3.2 above. The position of the Ni(ll) reduction is found at the second
reduction peak position in larger sample volumes. This more negative reduction potential could be
indicative of increasing difficulty to reduce metal cations due to lower sample volume. The results
highlight the use of PECs to utilize low microliter volumes of sample while still offering good

detection.
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Figure 7.4: Square wave adsorptive cathodic stripping voltammograms (SWAdCSVs) of 50 ug
L Ni%* at (a) SPCE immersed in 10 mL of 50 pg L™ Ni?* [Solution], (b) SPCE with 100 pL
sample of 50 pg L™ Ni?* dropped directly onto the three electrode system [droplet] and (c) SPCE
with PEC covering the three electrode system. 20 L solution of 50 pg L™ Ni?* [paper disk]. 0.1
M NHas/NH.Cl buffer as supporting electrolyte containing 2 mM DMG and 10 mg L™ Hg was
used. SWV parameters: Eacc = - 0.7 V, tacc = 90 s, amplitude = 35 mV and f = 20 Hz.

7.3.4. Development of pre-stored paper-based electrochemical cells (PPECs)

Reagent storage is crucial in developing effective POCs. The excellent sorption properties
of the cellulose fiber structure make paper-based electrochemical cells (PECs) capable of not only
acting as 3-D electrochemical cells to significantly reduce sample volume (Section 7.3.3.), but also
allow for sorption of reagents prior to analysis. The dry reagent storage method was investigated

in fabricating PPECs. Typically, 20 uL samples containing appropriate quantities of reagents in
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preferred buffer solutions were drop cast onto PECs and allowed to dry at room temperature for
30 min. The reagents are absorbed within the porous cellulose structure. Prior to analysis, a definite
volume of liquid analyte was dropped onto the PPEC, allowing for dissolution of the stored

reagents in aqueous media.

Comparative voltammograms (Figure 7.5) of paper-based electrochemical cells on a three-
electrode SPCE with (a) 20 puL of 50 pg L™ Ni?* solution containing 10 mg L™* Hg and 2 mM
DMG in 0.1 M NHs/NH4Cl buffer (pH 9.4) and (b) 20 pL of 50 pg L™ Ni?* solution. The PEC was
previously impregnated or sorbed with 20 pL of solution containing 10 mg L™ Hg and 2 mM DMG
in 0.1 M NHs/NH4Cl buffer (pH 9.4). The square-wave voltammogram of paper-based
electrochemical cells (PECs) in conjunction with SPCEs and samples containing reagents and
target metal ions demonstrate a single, symmetrical reduction peak at — 1.20 V. Pre-mixing of
analyte ions and reagents in suitable solvents prior to analysis resulted in improved sensitivities of
the PEC. While offering accurate and sensitive detection, pre-mixing and pre-treatment of samples
is tedious and time consuming. Similarly, a single stripping peak (- 1.198 V), attributed to the
cathodic reduction of Ni?* is observed for the PPECs with sorbed reagents (electrolyte, DMG and
Hg). A steady increase in the background current at more negative potentials can be seen due to
increased charge build-up at the electrode surface resulting in asymmetry due to the irreversible
nature of the [Ni(dmgH)z2] reduction reaction [7]. Comparison of the stripping reduction peaks of
the un-stored and pre-stored PECs indicate similar peak heights (1.75 vs 1.51 pA respectively) for
both PEC derivatives with minimum shifts in peak potential (+ 2 mV). This result is in agreement
with the chapter hypothesis and shows the applicability of PPECs towards the detection of metal
analyte by AdCSV.
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Figure 7.5: Square wave adsorptive cathodic stripping voltammograms (SWAdCSVs) of 50 ug
L Ni%* at: (a) SPCE with PEC covering the three electrode system. A 20 L solution comprised
of 0.1 M NHs/NH4ClI buffer as supporting electrolyte containing 2 mM DMG and 10 mg L™ Hg
was used and (b) SPCE with PEC pre-stored with a 20 pL solution containing 2 mM DMG and
10 mg Lt Hg in 0.1 M NH3/NHaCI buffer as supporting electrolyte. SWV parameters: Eacc = -
0.7 V, tacc = 90 s, amplitude = 35 mV and f = 20 Hz.

Figure 7.6 and 7.7 show the recorded preliminary voltammograms and resulting calibration
plots of the un-stored and pre-stored PECs. Nickel concentration between 0 and 60 pg L™ Ni?*
concentrations were investigated for initial testing by SWAdJCSV. Well-developed signals were
recorded at low and high concentrations. A linear dependence of stripping peak current with
increasing metal cation concentration for both stored and un-stored PECs are observed with no

significant shift in reduction potential. Good regression of calibration plots associated with the
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stored and un-stored PECs are shown in the low concentration ranges under analysis. The

possibility towards quantitative analysis of the PPEC is demonstrated.
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Figure 7.6: Square wave adsorptive cathodic stripping voltammograms (SWAdCSVs) of 5 - 60
ug L Ni?* at a SPCE with PEC covering the three electrode system. A 20 pL solution
comprised of metal analyte in 0.1 M NH3s/NH4Cl buffer as supporting electrolyte containing 2
mM DMG and 10 mg L Hg. SWV parameters: Eacc = - 0.7 V, tacc = 90 s, amplitude = 35 mV
and f = 20 Hz.
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Figure 7.7: Square wave adsorptive cathodic stripping voltammograms (SWAdCSVs) of 10 - 60
ug Lt Ni?* at SPCE with PEC pre-stored with a 20 pL solution containing 2 mM DMG and 10
mg L Hg in 0.1 M NH3/NH4CI buffer as supporting electrolyte. SWV parameters: Eacc = - 0.7

V, tacc = 90 s, amplitude = 35 mV and f = 20 Hz.

7.3.5. Effect of Reagent Storage on the Electrochemical Detection at PPECs

Reagent storage in PPECs is largely responsible for the simple sample introduction without
a need for sample pre-treatment prior to analysis. Interrogation of a variety reagents; namely (a)
NHs/NH4Cl buffer as supporting electrolyte, (b) Hg films for adsorption of target species in
NH3/NH4ClI buffer, (c) DMG as chelating agent in NH3/NH4Cl buffer and (d) DMG and Hg in
NH3/NH4Cl buffer on the stripping reduction peak of Ni?* was performed and recorded in Figure
7.8. The square-wave voltammogram of the PPEC, pre-stored with only electrolyte, indicates the

absence of any stripping peaks due to the reduction of Ni?*. Pre-concentration of the electrode
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surface with Ni?* metallic cations was not possible by simple adsorption and the
deposition/accumulation potentials were unsuitable for Ni?* reduction and electrode pre-
concentration. The low solubility of Ni?* within an electroplated Hg film, reported in literature is
evident upon sorption of the PEC with Hg cations prior to analysis. Extremely low sensitivity of
the PEC towards Ni?* detection is shown by an extremely small reduction peak for Ni?* conversion
to Ni® at — 1.18 V. This supports literature findings of the AdCSV technique at a variety of carbon-
based electrode substrates. Dry storage of the DMG ligand and 0.1 M NHs/NH4CI buffer within
the cellulose fiber structure produces a well-defined reduction peak at — 1.14 V upon dissolution
in an aqueous solution containing 50 pg L™ Ni?*. Pre-concentration of the electrode surface results
from [Ni(dmgH)2] complex formation within the PPEC by adsorption according to Equation 1.
Ease of reduction is demonstrated over the Hg-PPEC by a 40 mV peak shift to a more positive
reduction potential. A slight enhancement in stripping peak current is seen upon the impregnation
of DMG along with Hg and a suitable electrolyte solution. Pre-storage of chelating agent and
metallic film in suitable electrolyte solution shows accurate and sensitive detection of Ni?* cations
and confirms the incorporation of the hypothesized reagents within the PEC devices. Here,

[Ni(dmgH)2] complexes adsorb onto the present Hg ions improving electrode sensitivity.
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Figure 7.8: Square wave adsorptive cathodic stripping voltammograms (SWAdCSVs) of 20 pL
sample of 50 pg L Ni?* at (a) SPCE with PEC pre-stored with ammonia buffer, (b) SPCE with
PEC pre-stored with a 20 pL solution containing 10 mg L™ Hg, (c) SPCE with PEC pre-stored
with a 20 pL solution containing 2 mM DMG and (d) SPCE with PEC pre-stored with a 20 puL
solution containing 2 mM DMG and 10 mg L™ Hg. 0.1 M NHs/NH4ClI buffer was used as
supporting electrolyte. SWV parameters: Eacc =- 0.7 V, tacc = 90 s, amplitude =35 mV and f =
20 Hz.

7.3.6. Influence of dimethylglyoxime (DMG) ligand concentration and storage

The presence of dimethylglyoxime within the PPEC is crucial towards the detection of Ni?*,
resulting in metal-ligand complex formation and electrode preconcentration by adsorption. The
dependence of [Ni(dmgH)2] stripping peak current as a function of complexing agent

concentration was investigated between 0 and 5 mM DMG-ligand concentrations (Figure 7.9).
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This was achieved by drop casting fixed microliter volumes of sample containing the appropriate
DMG-ligand concentrations onto developed PECs. The DMG ligand fills the pores in the cellulose
structure by sorption methods creating a 3-D electrochemical cell in which metal-complex
formation is possible. A constant, linear dependence and increase in stripping peak current is
observed with increasing DMG concentration in the range under investigation. A further increase
to 0.1 M, DMG concentration (not shown here), results in saturation of the electrode surface with
non-conductive DMG ligands. Electron transfer kinetics through the adsorbed ligand-species is
significantly hindered and stripping peak currents are adversely affected. A 2 mM DMG
concentration was selected for all further experiments to lower reagent storage concentrations,

providing a more environmentally friendly device.
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Figure 7.9: Dependence of the square wave stripping peak current of 50 pug L™ Ni?* reduction
from the [Ni(dmgH)2z] complex on the pre-stored PEC dimethylglyoxime concentration (mM)
between 0 - 5 mM. Supporting electrolyte: 0.1 M NHs/NH4Cl buffer as supporting electrolyte.

7.3.7. Effect of Hg concentration on Ni?* stripping peak current

It follows, from Section 7.3.5, a dependance of the [Ni(dmgH)2] stripping peak current on
the Hg ion concentration in the fabricated PPEC exists. As such, optimal Hg concentrations for
pre-strorage were investigated. Figure 7.10 shows the effect of Hg concentration on the recorded
stripping peak currents of Ni?* reduction. An increase in peak currents up to 10 mg L™ was
observed. At concentrations greater than 10 mg L™ electrode saturation occurs and a steady
decrease in peak currents are recorded. Relatively low changes in stripping peak currents with

increasing Hg concentrations show a weak dependance of the stripping peak currents on Hg ion
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concentration. As a result Hg storage loosely affects the AdCSV reduction of [Ni(dmgH)2].
Consequently, 10 mg L™ Hg ion concentraion was selected for further analysis.
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Figure 7.10: Effect of Hg concentration (mg L) on the adsorptive cathodic stripping peak
current of Ni?* detection in 0.1 M NH3/NH4CI buffer as supporting electrolyte.

7.3.8. Instrumental parameter optimization

Square-wave wave forms were selected for analysis of the pre-stored paper-based
electrochemical cells (PPEC) over other commonly used wave-forms including; linear sweep
voltammetry (LSV), differential pulse voltammetry (DPV) and cyclic voltammetry (CV) due to its
high sensitivity towards metal characterization. Optimization of the instrumental parameters

associated with the square-wave wave form was performed and recorded in Figure 7.11.
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The effect of varying accumulation potentials in the range from 0.0 to — 1.0 V was performed
in a basic solution containing 30 pug L™ Ni(Il) cations, 2 mM DMG and 10 mg L Hg (Figure 7.11
(a)). The peak current associated with the reduction of [Ni(dmgH)2z] showed an increase in peak
sensitivity and up to Eacc = -0.75 V. At accumulation potentials more negative than — 0.75 V, the
efficiency of Ni?* preconcentration significantly declined. The observed phenomena indicated a
distinct dependence of accumulation potential on stripping peak currents. An Eacc = - 0.75 V
indicated the most effective accumulation potential towards detection of [Ni(dmgH)2] and was

selected for future experiments.

Figure 7.11, (b) demonstrates the dependence of [Ni(dmgH)2] stripping peak current on the
applied accumulation time. Accumulation times were investigated from 0 to 300 s. Pre-
concentration of the electrode surface results in improved sensitivities. Prolonged accumulation
times up to 120 s in 0.1 M NHs/NH4CI buffer resulted in an increase in peak currents. Saturation
of the electrode surface due to adsorption of [Ni(dmgH)z] occurred for voltammograms run
between 150 and 300 s as seen by constant stripping peaks. An accumulation time of 120 s was

chosen for further analysis.

The analysis of stripping peak currents recorded with instrumental parameters such as
amplitude ranging between 5 — 50 mV is described in Figure 7.11, (c). A constant increase in
stripping reduction peak heights is shown between 5 and 35 mV, before a significant decrease at
50 mV. An amplitude of 35 mV provided the optimum conditions for Ni?* detection by AdCSV.

Frequency changes between 5 and 65 Hz were investigated as means to improve the stripping
peak current associated with [Ni(dmgH)2] reduction. The obtained results are summarized in
Figure 7.11, (d). Low frequency (5 — 20 Hz) changes showed the best electrode sensitivity.
Increasing the frequency above 20 Hz indicated a decrease in [Ni(dmgH)2] stripping. A frequency

of 20 Hz was selected for all further testing.
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Figure 7.11: The influence of (a) accumulation potential (Eacc), (b) accumulation time (tacc), ()

amplitude and (d) frequency on Ni?* peak currents. Sample composition: 30 pug L™ Ni, 2 mM
DMG, 10 mg Lt Hg(l1), 0.1 M NHa/NH4CI buffer.

7.3.9.

PPEC reproducibility and stability

Stability and reproducibility of the developed PPECs towards [Ni(dmgH)2z] detection was

performed at SPCEs in conjunction with pre-stored PECs for 30 pug L™ Ni%* concentrations.

Square-wave voltammograms, recorded on four identically fabricated PPECs on a single SPCE is

illustrated in Figure 7.12. Single, well-defined and reproducible peaks were recorded at an average

reduction potential of — 1.16 V with little deviation for [Ni(dmgH)2] reduction. An average

stripping peak current of 3.93 x 10 + 1.71 x 107" A was reported for the four replications (n = 4).
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A relative standard deviation (RSD %) of 4.36 % was calculated. The low calculated percentage
error demonstrates excellent reproducibility in the fabrication of the PPEC system. Regeneration

of the SPCE surface is observed without any further electrochemical cleaning steps.
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Current (-pA)
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Figure 7.12: Four consecutive square-wave voltammograms (SWV) obtained from PPEC in
conjunction with SPCE in solution containing 30 ug L™* Ni, 2 mM DMG, 10 mg Lt Hg?, 0.1 M
NH3/NH4Cl buffer, indicating the reproducibility of the PPECs. Inset: Ni%* peak currents vs.
consecutive runs. SWV parameters: Eacc = - 0.7 V, tacc = 90 s, amplitude = 35 mV and f = 20 Hz
(n=4).

7.3.10. Interference Studies of the PPECs

Accurate quantitative analysis is pivotal in the fabrication of POC devices for real sample

analysis. Understanding the effects of common interferents present in tap water samples on the
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stripping peak current obtained for [Ni(dmgH)2] complex detection is vital in the development of
the PPECs. Commonly found metallic cations such as Zn?*, Cd?*, Pb?*, Co?" and In?*, present in
tap water samples and with redox potentials found in the potential window under investigation
were interrogated as possible metallic interferents (Figure 7.13). Under optimized conditions, the
effects of the metallic cations on the stripping reduction of 30 pg L™ [Ni(dmgH)2] were
investigated by SWV. The recorded SW-AdCSV of (a) 20 uL 100 pug L Zn?*, Cd?*, Pb?*, Co?*
and In?* and (b) repeated runs of 20 uL 30 pg L™ Ni?* in the presence of 100 pg L Zn?*, Cd?*,
Pb?*, Co?" and In?* are shown in Figure 7.13, (a). The voltammograms show no distinct stripping
reduction peaks for Zn?*, Cd?*, Pb?*, Co?" and In?* up to 100 ug L* between - 0.7 Vand - 1.4 V,
Eacc = - 0.7 V, tacc = 90 s. The stripping peak currents recorded for six replications of Ni?* in the
presence of metallic cations are demonstrated in Figure 7.13, (b). The relative standard deviation
(RSD %) was calculated for each metal cation. Any metal cation with calculated RSD % over 10
% was deemed to be an interferent. A recorded RSD % of 7.58 % was calculated in the presence
of all metal cations (n = 6). The results show no interference of Zn?*, Cd?*, Pb?*, Co?" and In?* up
to 100 pg L towards the AACSV detection of [Ni(dmgH)2] and indicated the satisfactory

analytical performance of the sensor.
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Figure 7.13: (a) Square-wave adsorptive cathodic stripping voltammograms (SW-AdCSV) and
(b) corresponding [Ni(dmgH)2] stripping peak current vs. consecutive runs of 20 uL 30 ug L*
Ni*in the presence of 100 pg L™ Zn?*, Cd?*, Pb?*, Co?" and In?* at PPECs in conjunction with

commercial SPCEs.
7.3.11.  Quantitative Analytical Performance of the fabricated PPECs

The favorable adsorptive stripping voltammetric performance of the pre-stored PEC is
demonstrated in Figure 7.14. A set of square-wave voltammograms and calculated calibration
plots recorded in three concentration ranges: (a) 300 — 2100, (b) 30 — 210 and (c) 15— 120 pg L™
Ni2*ions, at optimum conditions were performed in deaerated samples. The voltammograms were
recorded between — 0.7 and — 1.3 V. PPECs were used as disposable electrochemical cells for each
Ni(Il) cation concentration. To verify a linear relationship of the [Ni(dmgH)z] peak current on
Ni(Il) concentration, calibration plots were analyzed. A concentration dependence was observed
over all concentration ranges under investigation. The linearity of the of the calibration plots
improved as the concentration range was lowered by factors of 10. A linear relationship was
established between 15 — 90 pg L [Ni(dmgH)2] concentration (Figure 7.14, (c)). Electrode
saturation occurs at concentrations greater than 90 pg L™ [Ni(dmgH)2] and a plateau is observed
in the obtained calibration curve due to pre-concentration of the electrode surface with
[Ni(dmgH)2] at accumulation times of 90 s blocking the electron transfer rate and diminishing the

increase in peak current as a result of increased Ni?* cations.
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Figure 7.14: Square-wave adsorptive cathodic stripping voltammograms of PPECs in
conjunction with SPCEs and corresponding calibration plots recorded with 20 uL volumes of (a)
300 — 2100, (b) 30 — 210 and (c) 15 - 120 pg L [Ni(dmgH)2] in 0.1 M NHs/NH4CI buffer. SWV

parameters: Eacc = - 0.7 V, tacc = 90 s, amplitude = 35 mV and f = 20 Hz, (n = 3).
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The detection limit of the PPEC at a SPCE was estimated from three-times the standard
deviation of five replications of square wave voltammograms recorded in the absence of
[Ni(dmgH)2] (36), divided by the slope of the calibration curve between 15 — 90 ug L™ (3o/slope)
according to Equation 7.7. The calculated limit of detection (L.O.D.), limit of quantitation
(L.O.Q), sensitivity and recorded correlation coefficient obtained from the calibration curve is
recorded in Table 7.1. The calculated detection limit for [Ni(dmgH)2] detection was 6.27 ug L™.
A linear regression of R? = 0.995 was indicated and a sensitivity of 7.08 pA L pug™ determined.
Three replications were performed for all calibration curves. The high sensitivity and good
linearity of the dimethylglyoxime-PPEC in the concentration range between 15 — 90 g L*
indicates the possibility for high accuracy quantitation of the developed system.

F X o
LOD/LOQ = - (Equation 7.7)
Where
LOD: Limit of Detection
LOQ: Limit of Quantitation
F: Factor of 3.3 and 10 for LOD and LOQ), respectively
o: Standard deviation of the blank, standard deviation of the ordinate intercept, or

residual standard deviation of the linear regression

b: Slope of the regression line
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Table 7.1: Analytical performance of the fabricated PPECs (n = 3) in the 15 — 120 pg L Ni?*

concentration.

Analytical Parameter Individual Analysis of Ni?*
Sensitivity (LA L ug?) 7.08 x 108
Correlation Co-efficient (R?) 0.995
Detection Limit (ug Lt) 6.27 +1.32
Quantitation Limit (ug L) 188+4.2

The effectiveness of the developed DMG-Hg-PPEC, to quantitatively detect Ni>* metal
cations in water samples was investigated by comparing the determined limits of detection (LOD)
with recently reported literature values. Table 7.2, illustrates a summary of previously reported
Ni2* sensing techniques and its analytical performance. The developed sensor shows comparable
results to other reported sensor technologies based on the adsorptive stripping voltammetric
technique in the low pg L™ range under short evaluation times. Slightly higher limits of detection
were achieved for the paper-based sensor over other solid electrode materials with low analysis
times. This is attributed to lower sensitivity and lower sample volumes utilized in the DMG-Hg-
PPEC. Larger concentration additions were required for adequate change in stripping peak current

attributed to lower electrode sensitivity.
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Table 7.2: A summary of previously reported detection limits for in-situ Ni?* detection in water

samples.
Accumulation Dmag:c Detection
Metal lons ~ Substrate =~ Technique Time Limit Reference
) Range  (ugLY
(g L)
Niz 1-10 0.027
mpBiF-SPCE AdCSV 180 [8]
Co% 1-10 0.094
Niz+ _ 0.6-41 0.18
RBIABE DPAdSV 30 [9]
Co* 0.06-4.1 0.018
Ni2* 06-29 0.2
PbF-SPE SWV 60 [10]
Co? 0.6-59 0.3
Niz SBVE SWAdCSV 30 0-10 0.6 [11]
Ni2* DMG-CPE DPAdSV 120 80 - 600 27 [12]
Ni2* DMG-N-SPE |  DPAdSV 120 60 - 500 30 [13]
N2+ EREE'EPG' SWAdCSV 210 2-16 0.12 Chapter 5
NP NGr-DMG-
with Co?* SWAdCSV 120 2-20 15 Chapter 6
GCE
and Znz
_ DMG-Hg- ] .
Ni2+ LPPEC SWAdCSV 90 15-90 6.27 This Work
7.3.12. Recovery studies of PPECs

Recovery studies in (a) test solutions in the presence of possible metallic interferents, (b) test
solutions in the presence of dirt and (c) in real tap water samples were performed by simple
calibration techniques, since standard addition methods could not be employed. No Ni?* was
detected in any samples prior to spiking with known concentrations. As previously stated this may
be attribute to low concentration present below the LOD. Accurate recovery data was obtained for
the test sample and real water sample within 10 % error. Contaminated dirt samples however

reduced the ability to accurately detect metal cations.
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Table 7.3: Recovery studies for in-situ Ni?* detection in test, contaminated and water samples*.

Original Added Found Recovery
Ni2* Sample
(Mg L) (g L) (Mg L) (%)
Test Sample N/D 45 45.61 101.34
Test Sample with
) N/D 45 53.45 118.77
added Dirt
Real Water Sample N/D 45 41.46 93.12

*where,n=3
7.3.13.  Effect of Chelating Agent on Ni?*Detection at PPECs

A variety of chelating agents have previously been reported for the AdSV detection of Ni®*.
Ni-chelate complexes formed with dimethylglyoxime, nioxime and morin hydrate have been
studied. The probable structures of (a) dimethylglyoxime, (b) nioxime and (c) morin hydrate with
Ni2* are illustrated in Figure 7.15.
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Figure 7.15: Probable Ni(l1)-chelate structures formed with (a) dimethylglyoxime, (b) nioxime
and (c) morin hydrate

Figure 7.16 represents the square-wave adsorptive cathodic stripping voltammograms (SW-
AdCSV) obtained from reduction of 30 pg L Ni?* at PPEC, pre-stored with 10 mg L* Hg and 2
mM (a) dimethylglyoxime, (b) nioxime and (c) morin hydrate. Single, well-defined stripping peaks
are obtained for all three chelating agents. The stripping reduction peak attribute to the Ni(1l)-dmg
complex, Ni(Il)-nioxime and Ni(Il)-MR showed cathodic stripping reduction peaks at -1.13 V, -
1.16 'V, - 1.08 V respectively. The nioxime complex showed the largest peak current response over
all three Ni-ligand complexes, a minimum of 3 and 2.5 times response of Ni(ll)-dmg and Ni(ll)-
MR complexes. This increased stripping peak current may be attributed to the affinity of Ni?* to
form the Ni-nioxime complex and its affinity towards the electroplated Hg film. The results

demonstrate future applications of the chelating agents towards Ni?* detection.
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Figure 7.16: Square wave adsorptive cathodic stripping voltammograms (SW-AdCSVs)
obtained from 20 pL sample of 50 pg L Ni?* at (a) SPCE with PEC pre-stored with a 20 pL
solution containing 2 mM DMG and 10 mg L™ Hg, (b) SPCE with PEC pre-stored with a 20 pL
solution containing 2 mM Nioxime and 10 mg L Hg and (c) SPCE with PEC pre-stored with a
20 L solution containing 2 mM Morin hydrate and 10 mg Lt Hg. 0.1 M NHs/NH4CI buffer was
used as supporting electrolyte. SWV parameters: Eacc = - 0.7 V, tacc = 90 s, amplitude = 35 mV
and f = 20 Hz.

7.3.14.  Graphene infused pre-stored paper-based electrochemical cells

A major drawback in the development and commercialization of micro-volume paper-based
electrochemical devices is the low-sensitivity associated with the use of paper substrates. Electron
transfer through the cellulose fiber structure is limited. It was theorized that infusion of highly

conductive graphene-derivatives within the cellulose structure of the PPEC may facilitate electron
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transfer from analyte within in the porous substrate to the SPCE surface. In Chapter 5, an
electrochemical reduction approach was developed to form an electrochemically reduced graphene
oxide modified pencil graphite electrode (ERGO-PGE) for the detection of Ni?* in the presence of
a Hg-film and dimethylglyoxime. A similar technique was utilized for ERGO infused PEC as
described previously. The electrochemical activity of the ERGO-infused PECs was investigated
in 5 mM Fe(CN)s 3/ redox couple with 1 M KCI as supporting electrolyte by cyclic voltammetry.
The recorded cyclic voltammograms of (a) unmodified PEC, (b) GO-infused PEC and (¢) ERGO-
PEC at SPCE is shown in Figure 7.17 between -1.0 and 1.0 V. A single redox couple is observed
for all three PEC variations. An enhancement in peak currents of both anodic and cathodic peaks
and reduction in peak separation are seen upon infusion of GO within the PEC over unmodified
PECs. This increase could be attributed to the increased surface-area-to-volume ratio of the PEC
with nanomaterial modification or the inclusion of oxygen functional groups. A slight decrease in
peak currents is seen upon reduction to ERGO and could be attributed to PEC washing in buffer
upon reduction. The graphene-infused PECs were further applied to the detection of [Ni(dmgH)]
complexes. Here, inhibition of stripping peak currents was observed due to blocking of pores in
the paper substrate and lack of conduction due to separation of graphene sheets within the cellulose
structure limiting electron transfer through the 3D material. Adequate loading of graphene within
the PEC was not achieved to allow for electron conduction. Figure 7.17, inset shows an image of
the GO-infused PEC prior to electrochemical reduction.
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Figure 7.17: CVs of (a) unmodified, (b) GO-infused and (¢c) ERGO PEC with 20 pL 5 mM
Fe(CN)s > and 1 M KClI as supporting electrolyte at a SPCE and a scan rate of 100 mV s

Inset: GO-infused PEC prior to electrochemical reduction.

Similar to Chapter 6, infusion of PECs with NGr nanocomposites were investigated for their
ability to enhance electron transfer of the PECs and as a result improve electrode sensitivity in
Ni2* detection. Figure 7.18 shows cyclic voltammograms of (a) unmodified and (b) NGr-infused
PECs recorded in 5 mM Fe(CN)s 3/* with 1 M KCI as supporting electrolyte at SPCEs. The
voltammograms show no change in sensitivity of the modified PEC and as such shows no
noticeable enhancement in electron transfer rate. To our best guess this shows that graphene
loading is not adequate to allow for contact of individual graphene sheets within the PEC to allow

flow of electrons or electrical conduction.
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Figure 7.18: CVs of (a) unmodified and (b) NGr-infused with 20 pL 5 mM Fe(CN)s */* and 1 M
KCI as supporting electrolyte at a SPCE and a scan rate of 100 mV s, Inset: GO-infused PEC

prior to electrochemical reduction.

The application of the NGr-infused PPECs towards 30 pg L™ Ni?* detection in the presence
of 2 MM DMG, 10 mg L Hg?" was studied and the recorded square-wave voltammograms are
shown in Figure 7.19. The unmodified PPECs, as stated above showed a single reproducible peak
attributed to the reduction of Ni%*. Similar to the ERGO-PEC, a distinct weakening in stripping
peak currents for Ni?* detection is observed upon infusion of graphene within the cellulose
structure. The graphene material blocks pores of the paper-based cellulose fibers stocking the flow
of metal cations to the electrode surface. Further, as demonstrated in Figure 7.18, no enhancement
in electron transfer is observed due to graphene infusion. The formation of a second, broad

cathodic peak at ~ - 0.9 V is observed with inclusion of the NGr nanocomposite. The exact nature
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of this peak was not known and was thought to perhaps be a new complex of Ni with graphene.
The second reduction peak increases with inclusion of Hg in the PEC, while the Ni?* remains

unchanged.
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Figure 7.19: Square-wave voltammograms (SWV) obtained from (a) unmodified and (b) NGr-
infused PPEC in conjunction with SPCE in solution containing 30 pg L™ Ni, 2 mM DMG, 10 mg
L Hg?*, 0.1 M NH3s/NH4CI buffer, indicating the reproducibility of the PPECs. Inset: Ni?* peak
currents vs. consecutive runs. SWV parameters: Eacc = - 0.7 V, tacc = 90 s, amplitude = 35 mV
and f = 20 Hz.

The nature of the second cathodic reduction peak was studied by investigating its
dependence on Ni?* concentration. The recorded square-wave voltammograms for 0 — 100 ug L™
Ni2* at the NGr-PEC in conjunction with SPCEs are shown in Figure 7.20. A slight increase in

peak currents of the 2" reduction peak at — 0.9 V is observed with increasing Ni?* concentration.
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Figure 7.20: Square-wave voltammograms (SWV) of NGr-infused PPEC in conjunction with
SPCE for 0 - 100 pg L Ni%*, 2 mM DMG, 10 mg L* Hg?*, 0.1 M NHs/NH4CI buffer, indicating
the reproducibility of the PPECs. Inset: Ni%* peak currents vs. consecutive runs. SWV

parameters: Eacc = - 0.7 V, tacc = 90 s, amplitude = 35 mV and f = 20 Hz.
7.3.15.  pPECs with Integrated Graphene WE

As previously discussed, HPECs have showed good ability to be applied as sensing device
for the adsorptive stripping voltammetric detection of Ni?*. However, the lower sensitivities of the
PPECs over commonly used solid electrodes is a considerable drawback of the paper devices.
Employing common techniques to improve electrode sensitivity such as graphene modification
was shown in Section 7.3.14, making use of an infusion technique. The low loading of the
conductive graphene within the cellulose fibre structure using only 20 uL of GO and RGO

solutions made it unusable in electrochemical applications. As such, a filtration method to prepare
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integrated graphene working electrodes in conjunction with screen printing techniques to prepare
CE and RE was suggested. Typically, 10 mL samples of 2 mg mL™* GO and RGO dispersions
prepared in water and NMP respectively following 2 hr ultrasonication was filtered through the
chromatography paper by successive 3 uL additions. A conductive graphene WE was created.
Figure 7.21, shows HRSEM images of (a) unmodified PEC, (b) GO-PEC and (c) RGO-PEC at
100 X magnification. Figure 7.21 (a) shows the fibrous structure of the PEC before modification.
The interwoven nature creates pores creating the permittivity as discussed previously. Upon,
modification with 2 mg mL™* GO, pores in the PEC are filled and GO is further deposited on the
surface of the PEC (Figure 7.21 (b)). This is indicative of high loading capacity of the
chromatography paper. Crumpled, flake-like features are observed which corresponds with SEM
imaging for GO in Chapter 4. The morphology of RGO-PEC differs significantly from that of GO-
PEC, as expected. Figure 7.21 (c) shows a smooth surface morphology with slight fold in between
cellulose fibers. Showing the ability of small particle sizes to effectively penetrate the paper pores.
The RGO binds to the cellulose fibers due to strong electrostatic interaction between functional
groups of the chromatography paper and negatively charged RGO. Uniform penetration and
deposition on the surface is achieved. A measured resistance of 324 Q was recorded. Similar

results were shown in the work by Weng et al. [14].
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Figure 7.21: HRSEM image of the (a) unmodified PEC, (b) GO-PEC and (c¢) RGO-PEC at 100

X magnification

The filtered RGO working electrode PEC was applied to the analysis of 5 mM Fe(CN)s 37/
by cyclic voltammetry and shown in Figure 7.22. A single redox couple was seen for the oxidation
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and reduction of the Fe(CN)s 3/* probe between — 1.0 and 1.3 V. A lower sensitivity compared to
the PECs in conjunction with SPCEs can be seen due to the considerably lower conductivity of the
filtered graphene working electrodes. The result however offers exciting possibilities for its use in
electrochemical sensing applications. Folded or origami paper-based devices may be developed

for metal detection to provide contact of the working electrode with a prestored reagent zone.
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Figure 7.22: CV of filtered Gr-paper electrode with 20 uL 5 mM Fe(CN)s */* and 1 M KCl as
supporting electrolyte at a scan rate of 100 mV s,
7.4. Conclusions and Future Work

A paper-based electrochemical device was for the first time applied to the detection of metal
cations in water samples making use of an adsorptive cathodic stripping voltammetry technique.

To the best of our knowledge, this was the first work reported on the use of AdCSV for metal
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detection in microfluidic paper-based electrochemical cells (UPECs), building on the work
performed by Tan et al. [4] for the detection of Pb?* by ASV using prestored paper disks. The
MPECs make use of microliter sample volumes along with dry storage of reagents within the paper
structure. The cellulose structure acts as a 3D scaffold and cell for reaction of dimethylglyoxime,
Hg and electrolyte solution with Ni?*. The HPECs showed good sensitivity and reproducibility
towards Ni?* detection in water samples with excellent selectivity in the presence of Zn?*, Cd?*,
Pb?*, Co?* and In?*. In addition, morin hydrate and nioxime were compared to its DMG counterpart
and showed possibility for future studies in the field, particularly due to the excellent response of
Ni(I1)-nioxime complexes. Building on the developed techniques in Chapter 5 and 6 respectively,
the ability to infuse the paper substrate with graphene to improve electron transfer kinetics within
the cellulose structure was investigated. It was found that low-volume storage of graphene and
graphene oxide within the prestored paper disks resulted in graphene sheets randomly scattered
within the paper substrate with no real conduction achieved due to the low loading. No significant
variations in electron transfer rates or sensitivity towards Ni?* was found. Creating working
electrodes solely comprised on filtered graphene sheets immobilised within the cellulose fibre
structure showed promise as working electrode material and opens up an exciting avenue for future

work on integrated paper electrodes.
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Chapter 8 :

Fabrication of Gold Nanoparticle, lonic liquid (1-Methylimidazole)
enhanced Microfluidic Paper-based Electroanalytical Devices (UPEDs)
towards the detection of Cu(ll) and Ni(ll) by Stripping Voltammetric
Techniques

Abstract

Accurate detection of environmental pollutants at low-cost, disposable devices has improved
the ability for monitoring of real water samples in recent times. Combining quantitative analytical
procedures with portable devices significantly improves detection capabilities in resource limited
settings. In this work, a simple method for fabricating microfluidic paper-based electroanalytical
devices (UPEDs) for Cu?* and Ni?* detection in water samples is described. Electrochemical
stripping analysis techniques are coupled to low volume, disposable UPEDs for use in adsorptive
stripping voltammetry (AdSV) and anodic stripping voltammetry (ASV). Further, for the first time
commercial gold nanoparticles and 1-Methylimidazole ionic liquids integrated within the cellulose
fiber structure were utilized to improve electron transfer rates and low sensitivities associated with
quantitative electrochemical detection in paper-based devices. Improved sensitivities were
achieved at the gold nanoparticle, ionic liquid infused microfluidic paper-based electroanalytical
devices (AuNP-IL-uPEDs) for Cu?* and Ni?*. Instrumental parameters including
deposition/accumulation time, deposition/accumulation potential, etc. was optimised. Limits of
detection (LOD) of 3.78 uM and 5.13 pg L was recorded for Cu?* and Ni?* was achieved.

Accurate detection, well below the WHO maximum contamination level was achieved.
Keywords

Microfluidic paper-based devices, stripping voltammetry, heavy metals, copper, nickel, chelating
agent, gold nanopatrticles, ionic liquid
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Highlights

e Microfluidic paper-based electrochemical devices are for the first time applied to the
detection of Cu?" and Ni?* by electrochemical anodic and adsorptive stripping analysis

respectively,

e A simple wax stamping method is applied to the fabrication of hydrophilic channels and

designated reaction zones,

e Improved sensitivity towards Cu?* and Ni?* detection is for the first time achieved by
impregnation of the cellulose structure of WPEDs with gold nanoparticles and conductive

ionic liquids (1-methylimidazole)

e The fabricated AuNP-IL-uPED showed accurate detection of Cu?* and Ni?* in real tap

water samples
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8.1. Introduction

The desire to create low-cost and portable devices for accurate monitoring of environmental
pollutants and medical diagnostics has spurred the development of point-of-care (POC) devices
over the last two decades. Here, simple sample introduction methods without the need for pre-
treatment are utilised in providing information as early as possible in the absence of expensive
instrumentation. To date, microfluidic devices fabricated from traditional glass and polymer based

substrates have lead the charge in this field [1]. More recently however, “lab-on-paper” has
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provided an attractive alternative in both biological and environmental monitoring applications
[2]. Applications of paper-based analytical devices (PADs) have steadily increased in recent times
due to their biodegradable nature and simple wicking mechanisms allowing liquid transport
without the need for external pumps. Low sample volumes, ease of modification, low cost,
portability and ease of use characterize the fabricated PADs. Colorimetric sensing at paper devices
has been the most utilized technique to date and remains widely used in commercial applications.
In this technique, analyte flow by capillary action over a dye or label resulting in colour changes
provides semi-quantitative analytical information [3]. A drive to provide more accurate and
quantitative analysis in paper-based sensing led to the development of PADs coupled to
electrochemical monitoring by Dungchai et al. [1] in 2009. In this work, patterned hydrophilic
channels and screen printed electrodes were used for the detection of glucose, lactate and uric acid
by cyclic voltammetry. Since then, microfluidic paper-based electrochemical devices (UPEDS)
have flourished and have been applied to the detection of organic materials [4] and heavy metals
in water samples. Among others, Au®*[2], Cd?* [5-7], Pb?* [5-8] and Zn?* [7] have all been
investigated by cyclic voltammetry and anodic stripping voltammetric (ASV) techniques. To the
best of our knowledge, no work has been conducted for the detection of Cu?* by ASV or Ni?* and

other metal cations on UPEDs by adsorptive stripping voltammetric (AdSV) methods.

Patterning of paper substrates with hydrophobic materials provides the basis for fabrication
of microfluidic channels in paper-based substrates. Paper as substrate material in paper
microfluidics was first introduced by the Whiteside’s research group for rapid diagnostics [9] using
a photoresist and organic polymer. While photolithography is widely used in the fabrication of
devices on a large scale [9,10], the technique is characterized by expensive instrumentation and
skilled labour. Alternative methods have been developed based on commercial molten paraffin
(PF) wax and hydrophobic polymethylsiloxane (PDMS) to alleviate costs and time required in
fabrication steps. Wax printing using Xerox wax printers have made tremendous strides in the field
of paper-based microfluidics due to its ability to easily pattern a wide range of patterns with little
modification. However, this technique still makes use of designated instrumentation. Simpler
methods have been developed. These techniques include: crayon or wax screen printing [10-12],
one-step plotting using permanent markers [13], wax-dipping relying on a magnetic field [14] and
vinyl templates, contact printing using rubber [15] and metallic [16,17] stamps, soldering iron,
Parafilm pressing [18], embossing and simple cut-and-stick methods [19,20].
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The use of organic binders (e.g. chitosan and nafion) in electrochemical sensors to improve
electrode stability and limit the effect of added surfactants is well documented in literature [21-
23]. lonic surfactants have shown ability in improving the adsorptive stripping technique. Their
ability to form stable complexes and adsorb onto electroplated metal films by electrostatic
attraction have been studied [21]. lonic liquids (IL) with similar structures to surfactants offer the
possibility of increasing stripping peak currents. To date, ILs based on imidazole and
fluorophosphate derivatives have been used as electrochemical solvent and electrode modifier in
the fabrication of electrochemical sensors for metal analysis [21,24-28]. High conductivity, fast
electron transfer, improved sensitivity, antifouling behaviour and wide potential window are
achieved by IL modified electrodes [21,27,28].

Metallic nanoparticles have been incorporated in electrochemical sensing applications since
the discovery of their electronic properties became aware. Improved electron transfer Kinetics
associated with the conductive nanoparticles and increased surface-area-to-volume ratio are
exploited. To date, uses of nanoparticles in paper-based sensors have been limited to (i) their
intrinsic physical properties to adsorb biological materials and (ii) their optical properties in
colorimetric devices. To the best of our knowledge no work has been performed on metallic

nanoparticle impregnated paper-devices for enhanced electrochemical sensing for metal detection.

This work describes the development of a simple, low-volume disposable microfluidic
paper-based electrochemical device (UPED) with improved sensing capabilities towards the
detection of metal cations in water samples by electrochemical stripping analysis. Patterned
hydrophilic channels and reaction zones are formed by low-cost hand stamping techniques with
commercial paraffin wax on chromatographic paper to develop simple uPEDs in conjunction with
commercial screen printed carbon electrodes (SPCEs). Reaction zones, with impregnated gold
nanoparticles, ionic liquids, metallic films, chelating agents and electrolyte solution offer the
ability for selective and sensitive low-volume detection of metal ions. Herein, the applicability of
AuUNP-IL-uPEDs towards both anodic and adsorptive stripping voltammetric techniques are
investigated by detection of Cu?* and Ni?* in tap water samples. The sensors are based on the
deposition/accumulation of Cu?* or [Ni(dmgH)2] complexes at electroplated mercury films.
Capillary action by a wicking mechanism transports analyte across the reaction zone, where

amalgamation and complex formation takes place prior to electrochemical detection, mimicking
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stirring in traditional sensors. Further, species separation and filtration of contaminants is achieved

in the microfluidic channel.
8.2. Experimental Section
8.2.1. Chemicals and Reagents

All chemicals used in the study were of analytical reagent grade. Ultra-pure distilled water
(Millipore) was used to prepare all solutions. Gold (I11) chloride, 3,4-Dihydroxy-3-cyclobutene-
1,2-dione (Squaric acid), 1-Methylimidazole and 2, 3-Butanedione-dioxime (Dimethylglyoxime)
were purchased from Aldrich. Cu?*, Ni?* and Hg*" standard stock solutions (1 000 mg L-1, atomic
absorption standard solution) and all other metal standards were obtained from Sigma-Aldrich and
diluted as required. Acetate (0.1 M, pH 4.6) and Ammonia/Ammonium Chloride (NH3/NH4CI)
buffer solution (0.1 M, pH 9.3) was used as supporting electrolyte and prepared by mixing
appropriate quantities of glacial acetic acid (CH3COOH, 99%) and sodium acetate (CHsCOONa)
and ammonia (NH3s) and ammonium chloride (NH4Cl). A Metrohm 827 pH lab pH meter was
calibrated using pH 4 and 7 calibration buffer solutions and then used to verify the pH of the

prepared buffer solutions. All stock solutions were prepared in water unless stated otherwise.
8.2.2. Apparatus

All voltammetric experiments were performed using a computer-controlled Nova 1.1
software on an Autolab PGSTAT101 potentiostat (Metrohm Autolab, The Netherlands). A three-
electrode SPCE system with carbon working electrode (4 mm diameter), carbon auxiliary electrode
and Ag/AgClI reference electrode (DRP-C101), purchased from Dropsens, was employed without
further modification or pre-treatment. Conventional 20 mL voltammetric cells were replaced with
AUNP-IL-uPED for all analysis unless stated otherwise. All experiments were carried out at room

temperature.

8.2.3. Gold Nanoparticle, lonic Liquid, Microfluidic Paper-based Electrochemical
Device (AuNP-IL-puPED) Fabrication

Microfluidic paper-based electroanalytical devices (UPEDs) were assembled using
commercial chromatography paper strip Whatman filter paper grade 1 by a simple contact printing
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method using rubber and PDMS stamps and wax printing using a Xerox wax printer. Typically,
elastomeric stamps with custom patterns were immersed into molten paraffin wax or PDMS and
gently pressed onto 10 x 2 cm chromatographic strips for 30 s periods. Upon contact for 30 s,
molten wax or PDMS penetrates the depth of the cellulose structure under simple hand-applied
pressure. The stamp is removed and the chromatographic paper is patterned with hydrophobic
material. To ensure penetration along the depth of the substrate material, a 30 s melting step is
performed on a hot-plate at 100 °C. Similarly, in wax printing custom designs are printed onto
chromatography paper sheets creating a surface layer of wax in the desired pattern. A melting step
is allowed for penetration through the entire paper substrate. Areas covered in hydrophobic wax
will remain hydrophobic while areas without the printed material will be hydrophilic. As such, 10

mm diameter reaction zones, 6 cm x 100 um microfluidic channels and 4 mm inlets are created.

A two-step approach was employed for impregnation of the fabricated UWPED reaction zones
to prepare AuNP-IL-uPED. Successive additions of: (i) aliquots (10 pL) of desired gold
nanoparticles and ionic liquid concentrations and (i) 10 pL portions of reagents (electrolyte, Hg,
dimethylglyoxime, etc.) are drop cast onto reaction zones and spreading in the hydrophilic region

took place. The modified paper-substrates were allowed to dry at room temperature for 30 min.
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Figure 8.1: Schematic illustration of the AUNP-IL-UPED preparation and its subsequent

application towards metal analysis in water samples by electrochemical stripping analysis
8.2.4. Procedure for Square-wave Anodic Stripping Voltammetry (SW-ASV)

Firstly, conventional glass slides used as substrate support was cleaned with 6 M nitric acid,
rinsed with distilled water and allowed to dry at room temperature. A fresh, fabricated AUNP-IL-
MPED was sandwiched between two glass slides with reaction zone on top of commercial SPCE
and the inlet zone remaining uncovered. 100 pL portions of the metal cation analyte (Cu?)
prepared in appropriate electrolyte solution (0.1 M acetate buffer, pH 4.6) was added to the inlet
and allowed to flow through the microfluidic channel by capillary action. The wicking mimics
stirring in conventional systems, bringing fresh analyte to the electrode surface. A deposition
potential (Edep) 0f — 1.4 V was applied for 120 s. The voltammogram was then recorded by applying
a potential from -1.4 V to 0.6 V using SWASV with voltage step 0.005 V and frequency 50 Hz.

No further pre-treatment or cleaning steps were carried out.
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8.2.5. Procedure for Square-wave Adsorptive Cathodic Stripping Voltammetry (SW-
AdCSV)

Similar to the procedure for SW-ASV, the developed AuNP-IL-uPED was sandwiched
between cleaned glass slides along with a SPCE. Adequate concentrations of Ni?*, prepared in 0.1
M NH3s/NH4CI buffer (pH 9.4) was added to the inlet prior to analysis and allowed to flow along
the hydrophilic channel over the reaction zone impregnated with electrolyte, Hg and
dimethylglyoxime. An accumulation potential (Eacc) of - 0.7 V will be applied for 120 s (tacc) using
a pulse height of 20 mV and a frequency of 50 Hz. After an equilibration time of 10 s a square-

wave waveform will be applied between - 0.7 V and - 1.4 V.
8.2.6. Real Tap Water Sample Preparation

Real tap water samples collected from our laboratory after running for 2 min were pre-treated
with the appropriate buffer solutions (2 M) inan 8:2 ratios. The prepared water sample was applied
to the detection of Cu?* and Ni?* by ASV and AdCSV as described in Sections 8.2.4 and 8.2.5.

8.3. Results and Discussion
8.3.1. Wax Patterning of Hydrophaobic Barriers
8.3.1.1.  Visual Analysis of Wax Melting

Evaluation of the wax barriers was performed using arrays of varying line thicknesses
between 0.1 — 1 mm after melting. The extent of melting was interrogated both visually and by
Grey scale testing using image analysis software, Image J. Figure 8.2 below, shows a visual
analysis of the front and back of patterned Whatman No. 1 chromatography paper before and after
melting. Before heating, perfect lines with straight edges was observed on the front of the
chromatography paper with accurate dimensions due to patterning precision. The back shows very
faint lines as black wax colour is seen through the paper, with thicker lines more easily observed.
Following a 3 min heating on a hot plate at 200 °C clear lateral spreading of the melted ink can be
seen at the front side of the chromatographic paper with a slight lightening of the black intensity.
The back side however demonstrates the most significant change as a result of melting. Clear lines

may be seen through the chromatographic paper for all line widths. Increasing the line width also
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increases the black intensity, although not very dramatic changes are observed. The back side
resembles the front very closely after melting, which is not the case before. This is a clear
demonstration that both lateral and vertical spreading of the wax took place. Vertical spreading
through the paper is almost complete, however this is only a qualitative test and is highly

subjective.

Front Back

Before Heating J ’ , , , , l Ill
i K & =
After Heating |““”|" “““
! 1 1 B

Figure 8.2: Array of wax lines (0.1 — 1 mm) patterned on Whatman No.1 chromatographic

paper, before and after heating on a hot plate.
8.3.1.2. Greyscale Testing of Hydrophobic Barriers

Further analysis of the depth of vertical wax spreading was performed using Image J image
analysis software. Grey scale analysis measures the depth of wax spreading through the paper
substrate by measuring its black, white and grey colour intensities. Low and high grey scale values
are observed for black and white colours respectively. Figure 8.3 shows a typical 8-bit greyscale
test as a function of line width for the melted wax line array. 8-bit grey scale values between 178
and 142 are observed for line widths between 0.1 and 1 mm. A general decrease in 8-bit grey scale
value can be seen with increasing line width between 0.1 — 0.5 mm before a plateau is noticed.
This indicates that line widths greater than 0.4 mm is ideal for creating hydrophobic barriers as the

melted wax is able to penetrate the extent of the chromatographic paper under optimum conditions.

—http:/fetdawecac.za——




Chapter Eight: AUNP-IL-uPEDs towards Cu(Il) and Ni(Il) Detection by SV

240

Line Thickness

-

=L \NANANANNNAT

200

180

-t )

140 -

8-bit Gray Scale Value

T T T T T Y T T T Y T
0 20 40 60 80 100

Lenght (mm)

Figure 8.3: 8-bit Grey scale test studying the effect of wax line width on melting effectiveness.
8.3.1.3. Optimisation of Melting Parameters

The influence of melting temperature on effective boundary formation was investigated in
Figure 8.4 between 50 and 250 °C for 2 min at varying line thicknesses. For temperatures below
100 °C, very high, constant 8-bit grey scale values for all line widths between 0.1 — 1.0 mm. No
significant changes in greyscale value are noted. The high 8-bit grey scale value is indicative of
little wax penetration through the depth of the chromatographic paper due to inefficient melting of
wax and are therefore not ideal temperatures for the development of effective hydrophobic barriers
as liquid will travel under the printed boundaries. At temperatures greater than or equal to 100 °C
effective melting is observed as shown by the considerable decrease in 8-bit greyscale values.
Effective melting of the solid wax allows for the molten wax to penetrate the depth of the
chromatographic paper. Similar trends are observed between 100 — 250 °C for varying line widths.
A general gradual decrease in 8-bit grey scale value is demonstrated for increasing line widths.

This may be attributed to the increase in molten wax volumes present for spreading in the paper
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substrate. 200 °C was selected for all further experiments as it produces effective barriers without

damaging the paper substrate.
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Figure 8.4: Influence of melting temperature (50 — 250 °C) on effective boundary formation.

The effect of melting time on the development of effective hydrophobic barriers in the
chromatographic paper substrate was investigated and recorded in Figure 8.5. The effective barrier
tests were performed using an 8-bit grey scale test on the reverse side of the paper after melting at
200 °C. The intensity of the of black colour after melting indicates the penetration of black wax
through the depth of the paper. A low 8-bit grey scale value is indicative of adequate melting. A
clear decrease in 8-bit grey scale value is seen with increasing line thickness from 100 — 1000 pm.
Larger amounts of molten wax are therefore available allowing for wax to penetrate all the way
through the pores in the cellulose structure. Effectiveness in hydrophobic barrier preparation is
therefore observed. The trend in effective barrier construction as a function of melting time is not
as evident. It is observed that 3 min melting times however does show the lowest 8-bit grey scale

value across all line thicknesses. This time was used for melting.
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Figure 8.5: Influence of melting time on melting effectiveness at 200 °C.
8.3.1.4. Leak Tests of Printed Hydrophobic Barriers

Rectangles with 15 x 23 mm dimensions with a 12 mm circular cut-out were printed using
a wax printer and a contact printing method using custom rubber stamps were developed for further
testing. The printed hydrophobic barriers were investigated by visual image analysis before and
after heating on a hot plate at 200 °C for 2 min. The recorded images are shown in Figure 8.6.
Before heating, the front of the printed wax patterns demonstrates neat, precise patterns with no
spreading of the printed wax. The back shows no significant wax penetration confirming the wax
is printed only on the surface of the chromatography paper. After 2 min heating slight discoloration
and spreading of the wax is seen. The printed pattern is now seen on the reverse side of the
chromatography paper indicating significant melting of the wax printed pattern.
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Before Heating !

After Heating (Front)

After Heating (Back)

Figure 8.6: Wax printed hydrophobic designs, before and after melting under optimised
conditions: 3 min at 200 °C.

Evaluation of both printed and stamped hydrophobic barriers was performed by measuring
the extent of leaking once a fixed volume of diluted food dye was pipetted into the melted barriers,
as seen in Figure 8.7. Perfectly formed droplets of the aqueous dye can be seen on the printed wax
confirming the hydrophobicity of the printed patterns. However, placing the dye within the
hydrophilic 12 mm circular cut-out allows for spreading within the circle and trapping by the
hydrophobic wax barriers. The leak test was repeated three times to ensure good reproducibility
of the printing. The leak test confirms that the melting parameters are adequate for creating
hydrophobic barriers. Similarly, stamped patterns showed no leakage indicate adequate
penetration of hydrophobic wax through the depth of the paper under the described conditions
(Figure 8.7 (b)). Patterned stamps created using a CNC cutter created from soft linoleum and
PDMS are shown in Figure 8.7 (c and d) respectively.

Figure 8.7: Effective leak test of (a) wax printed hydrophobic barriers and (b) UPED. Patterned
stamps for contact printing made from (c) linoleum and (d) PDMS.
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8.3.2. Characterization of Prepared AuNP-IL-uPED
8.3.2.1. High Resolution Electron Microscopy (HRSEM) of Modified pPEDs

High resolution electron microscopy (HRSEM) provides a powerful technique for the
structural or surface characterization of materials and substrates. The structural changes in
chromatography paper upon modification with hydrophobic paraffin wax by a simple contact
printing (stamping) method is shown in Figure 8.8 (a). Cellulose fibres are observed in both
modified (white colour) and unmodified (dark colour) regions with a clear boundary established
between the two at low magnifications (30 X). The straight line boundary present is indicative of
minimal lateral spreading of the wax upon heating. The molten wax covers the surface and fills
the pores of the cellulose structure. HRSEM however, provides only a surface characterization
technique. As such, the extent of gravimetric movement of the ink cannot be measured here. Upon
further increasing magnification, up to 1000 X within the hydrophilic region (dark colour), the

interwoven nature of cellulose fibres of chromatographic paper is shown (Figure 8.8 (b)).

Dry Section

Mag= 100KX Tirne :11:03:26
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Figure 8.8: HRSEM image of (a) patterned chromatography paper showing clear distinction
between hydrophobic and hydrophilic regions (20 X magnification) and (b) magnified image of
unmodified cellulose structure (1000 X magnification).

Chromatographic paper decorated with gold nanoparticles was studied by HRSEM analysis
(Figure 8.9). The dispersion of prepared gold nanoparticles within the cellulose fibre structure is

shown in Figure 8.9 (a). Gold nanoparticles are not clearly seen between the cellulose fibres of
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chromatographic paper, upon visual investigation of HRSEM images at low magnifications (5 kX).
Spherical particles may be confused as metallic nanoparticles. However, contrast between the
cellulose fibres and metallic gold nanoparticles was established using a conventional back
scattering method. Here, reflected electrons from metallic species with high energy are seen as
bright spots. The small bright spots observed in the back-scattered image are indicative of gold
nanoparticles decorated within the cellulose structure. A relatively uniform distribution of gold
nanoparticles is shown throughout the area under investigation as hoped for. Few areas of
agglomeration (not shown here) however were also observed. The size and shape of dispersed gold
nanoparticles were studied at increased magnifications up to 100 kX in Figure 8.9 (b). Uniformly
shaped spherical particles were observed with an average particle size of ~ 90 nm. This is in

agreement with SEM imaging of gold nanoparticles in Chapter 4.

EHT = 5.00 kv Signal &= ESB Date 23 Mar 2017 EHT = 600KV Signal A = InLens Date 22 Mar 2017 W

WD = 4.8 mm Mag = 100.00 K X Time 14:0847

WD = 4.8 mm Mag= BODKX Time §:02:44

Figure 8.9: HRSEM images of AUNP-UPED created from chromatography paper showing (a)
back-scattered image of gold nanoparticle distribution in cellulose structure (5000 X
magnification) and (b) magnified images of individual gold nanoparticles (100 kX

magnification).

Energy dispersive spectra (EDS) was utilised to interrogate the nature of the nanoparticles
embedded within the interwoven cellulose structure. EDS spectra of unmodified and modified
chromatographic paper are shown in Figure 8.10. Chromatography paper in the absence of gold
nanoparticles (Figure 8.10 (b)) showed the presence of only carbon and oxygen as expected. No
other elements were observed within the elemental composition of the paper substrate. Upon

inclusion of gold nanoparticles within the reaction zone by simple drop casting techniques,
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elemental gold peaks were demonstrated (Figure 8.10 (b)). The gold contributed between 30 and
45 % of elemental composition of the AuNP-puPED. This confirmed the characterization of

nanoparticles within the cellulose structure as gold nanoparticles as previously assumed.
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Figure 8.10: Energy dispersive spectra (EDS) of (a) chromatography paper and (b) AuNP-
modified chromatography paper

8.3.3. Electrochemical application of AUNP-IL-UPED towards Cu?* detection by ASV
8.3.3.1. Characteristic oxidation potential of Cu?* at AUNP-IL- uPED

The characteristic oxidation potential of Cu?* conversion to Cu° in the presence of an
electroplated Hg-film at the AUNP-IL-puPED in 0.1 M acetate buffer solution (pH 4.6) is shown in
Figure 8.11. The square-wave anodic stripping voltammogram was studied between — 1.0 and 0.3
V. A well-resolved and completely symmetrical characteristic stripping peak for Cu?* appears at
—0.255 V arising from redox reactions attributed to the anodic stripping voltammetric technique

with a shoulder which may be attributed to the Cu'* oxidation state. This in accordance with
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literature values for Cu detection. Further, a large, sharp completely symmetrical peak is attributed
observed at 0.035 V arising from the oxidation of Hg° to Hg®*. The exact mechanism for Cu?*

detection occurs via a three-step process illustrated below:

(H93+) solution + 3 € — (Hgo) adsorbed Electroplating (8.1)
Cu**+2¢e + (Hgo) adsorbed — Cu(Hg) adsorbed Deposition Step (8.2)
Cu(Hg) adsorbed — Cu®* + 2 e + Hg®* Stripping Step (8.3)
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Figure 8.11: Square-wave anodic stripping voltammogram (SW-ASV) of 40 uM Cu?* detection
in the presence of 2000 uM Hg?®* at the AuNP-IL-pPED. Supporting electrolyte: 0.1 M acetate
buffer solution (pH 4.6), scan rate (10 mV s™2), deposition time (120 s), frequency (50 Hz),
amplitude (0.04 V) and voltage step (0.004 V).
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8.3.3.2.  Current responses of Cu?* at AUNP-IL-UPED

The influence of WPED modification on the stripping peak current of Cu?* by anodic
stripping voltammetry (ASV) was investigated and recorded in Figure 8.12. Square-wave
voltammograms recorded for 40 uM Cu?* at SPCE in conjunction with uPEDs modified with 20
uL (a) electrolyte, (b) 1000 uM Hg®* in electrolyte, (c) 1-methylimidazole and 1000 pM Hg®* in
electrolyte and (d) 0.05 uM AuNP, 1-methylimidazole and 1000 uM Hg®* in electrolyte are shown.
Detection of Cu?* at uPEDs modified with only 0.1 M acetate buffer (pH 4.6) showed a
symmetrical, broad peak at — 0.22 V. An increase in stripping peak current is seen due to the
formation of an electroplated Hg-film. Here, amalgam formation of Hg with electrochemically
reduced Cu?* is possible resulting in enhanced electrode preconcentration. Further, incorporation
of the conductive ionic binder, 1-methlyimidazole facilitates the electrostatic attraction of metal
cations onto the electrode surface increasing the stripping peak current. A slight shift to more
negative potentials is observed due to slower electron transfer processes. Decoration of the uPED
reaction zone with 0.05 mM AuNPs promotes the electron transfer kinetics and improved surface-
area-to-volume ratio at the electrode surface. Improved stripping peak current and a shift to more
positive electrode potentials (- 0.209 V). The AuNP-IL-UPED with incorporated Hg-film could
therefore be used for sensitive detection of Cu?* in water samples.
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Figure 8.12: Square-wave voltammograms recorded for 40 uM Cu?* at SPCE in conjunction
with UPEDs modified with 20 pL (a) electrolyte, (b) 1000 uM Hg®* in electrolyte, (c) 1-
methylimidazole and 1000 uM Hg®" in electrolyte and (d) 0.05 uM AuNP, 1-methylimidazole
and 1000 uM Hg** in electrolyte. Supporting electrolyte: 0.1 M acetate buffer solution (pH 4.6),
scan rate (10 mV s™1), deposition time (120 s), frequency (50 Hz), amplitude (0.04 V) and
voltage step (0.004 V).

8.3.3.3. Influence of Hg ion concentration

The ability to sensitively detect metal cations at carbon-based electrodes by electrocatalytic
stripping voltammetric methods is highly dependent on its ability to form stable complexes i.e.
amalgams and fused alloys at the electrode surface. The Hg ion concentration of the electroplated

Hg-film significantly affects the preconcentration of Cu?*. The influence of Hg ion concentration
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of the impregnated AuNP-IL-UPED on the Cu?* stripping peak current was investigated between
0 and 2000 puM (Figure 8.13). A linear increase in stripping peak current is observed with
increasing Hg ion concentration over the range under investigation. As such faster electron transfer

was achieved as well as increased Cu?* preconcentration.
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Figure 8.13: Influence of Hg ion concentration on the stripping peak current of 40 uM Cu?* at
AUNP-IL-pPED:s.

8.3.3.4. Optimisation of Instrumental Parameters

The accumulation of metal cations at the electrode surface is the determining step in all
stripping voltammetric techniques. Instrumental parameters controlling the amount of analyte
deposited on the electrode surface is fundamental in the stripping response. As such, instrumental

parameter affecting the electrode preconcentration, namely deposition potential and deposition
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time were optimised for their response towards 40 pM Cu?* in 0.1 M acetate buffer solution (pH
4.6) at the developed AuNP-IL-pPED and shown in Figure 8.14.

Figure 8.14 (a), represents the effect of deposition potential on the stripping peak currents
of Cu?" in the range of + 0.2 VV to — 1.2 V. As the deposition potential approaches the oxidation
potential of Cu?* at the AUNP-IL-UPED in conjunction with a SPCE (0.2 V to — 0.2 V), the peak
current increases. At potentials greater than — 0.2 V, the stripping peak current increases
drastically. Cu?* ions are reduced to Cu® and deposited at the electrode surface. A deposition

potential of — 1.2 V was selected for all further experiments.

The influence of deposition time was studied between 0 and 180 s (Figure 8.14 (b)). Low
deposition times (0 and 30 s) limits the amount of metal cations which can be deposited on the
electrode surface and therefore low stripping peak currents are observed. Stripping peak currents
dramatically increase at a 60 s deposition time. At deposition times greater than 60 s a plateau in
stripping peak currents is observed. Saturation of the electrode surface with deposited metal
cations impedes the flow of electrons and diminishes peak responses.
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Figure 8.14: Influence of instrumental parameters: (a) deposition potential and (b) deposition

time on the stripping peak response of 40 uM Cu?* at AUNP-IL-pUPEDs.
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8.3.3.5. Quantitative Analytical Detection of Cu?* at AUNP-IL- WPED

Metallic cations of Cu?" were determined individually at the AuNP-IL-uPEDs in the
presence of an electroplated Hg-film by SW-ASV. Square-wave voltammograms and
corresponding calibration plots (Figure 8.15 and Figure 8.15, inset) were recorded for 20 — 100
UM Cu?* in 0.1 M acetate buffer solution (pH 4.6). The recorded sensitivity and detection limits
calculated from 5 replications (3o/slope) are recorded in Table 8.1. A linear increase in stripping
peak current is observed with increasing metal concentration with correlation coefficient of 0.9609.
A slight shift in peak potentials to more positive values with increasing metal ion concentration
was observed. This shift suggests a resultant IR-drop effect. A calculated limit of detection and

quantitation was determined to be 3.78 £ 2.1 and 11.3 = 3.76 uM respectively according to

Equation 8.4.
F X o
LOD/LOQ = e (Equation 8.4)

Where

LOD: Limit of Detection

LOQ: Limit of Quantitation

F: Factor of 3.3 and 10 for LOD and LOQ, respectively

c: Standard deviation of the blank, standard deviation of the ordinate intercept, or

residual standard deviation of the linear regression

b: Slope of the regression line
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Figure 8.15: SW-ASVs of 20 — 100 uM Cu?* at AuNP-IL-UPED in conjunction with SPCE.
Inset: Corresponding calibration plot. Supporting electrolyte: 0.1 M acetate buffer solution (pH
4.6), scan rate (10 mV s1), deposition time (120 s), frequency (50 Hz), amplitude (0.04 V) and

voltage step (0.004 V).
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Table 8.1: Sensitivity, correlation coefficient (R?), detection limit (LOD) and limit of
quantitation (LOQ) recorded at AUNP-IL-pPED (n = 3)

Analytical Parameter Analysis of Cu2+
Sensitivity (WA L pug?) 7.301x 106
Correlation Coefficient (R?) 0.962
Detection Limits (pg L?) 3.78+211
Limit of Quantification (g L2) 11.3+3.76

A comparison of the calculated limit of detection of the AuNP-IL-uPED towards Cu?*
detection by square-wave anodic stripping voltammetry (SW-ASV) with other sensors reported in
literature is summarized in Table 8.2. To date, the detection of Copper by stripping voltammetric
techniques has been limited to solid and paste electrodes modified with a variety of materials to
improve electrode sensitivity. Typically, calculated limits of detection were found to be below 1.0
pg Lt with relatively short analysis times. The reported LOD for the AuNP-IL-UPED in the
presence of Hg was found to be 3.78 + 2.1 ug L™ at 120 s analysis time. This is in agreement with

expected results due to lower sensitivity and sample volumes utilised at the paper-based sensors.




Chapter Eight: AUNP-IL-uPEDs towards Cu(Il) and Ni(Il) Detection by SV

Table 8.2: A summary of previously reported sensors and limits of detection (LOD) for Cu?*
detection by stripping voltammetric techniques

Accumulation Dy_namlc Detection

Metal Substrate Technique Time inear Limit Reference
lons q Range ¥’

s .

(s) (ug L) (g LY)
Cu? Nafion-G-HgFE SWASV 120 20 - 180 0.12 [22]
Cu? NH2-rGO/B-CD-GCE SWASV 300 3.2-63.5 0.57 [29]

Tetracarbonylmolybdenum- 0.0064 —
2+

Cu MWCNT-PE SWASV 60 635 0.0051 [30]
Cu? Sh,03/CNTPE SWASV 90 2-100 0.39 [31]
Cu? GCE DPASV N/D 75 - 960 24 [32]
Cu? SPGE SWASV 240 5-300 1.0 [33]
Cu? Hg-AuNP-IL-uPED SWASV 120 20 - 100 3.78 This Work

8.3.3.6. Real Sample analysis of Cu?* at AUNP-IL- uPED

The AuNP-IL-uPED was applied to the detection of a known concentration of Ni%* in test
(0.1 M acetate buffer solution) and real (tap water) samples according to the developed procedure.
The accuracy of the fabricated device was tested using a conventional calibration curve method.
Here, 50 uM Cu?* test solution was analysed at the AUNP-IL-uPED and compared to the linear
equation of the calibration curve recorded for 3 successive replications. A recovery percentage of
96.2 % was found. The AuNP-IL-uPED was further used to analyse real tap water samples
collected from our laboratory. It was found that the tap water contained Cu?* concentrations below
the calculated LOD and no signal was observed. In order to account for the influence of matrix
effects, tap water samples were spiked with 50 pM Cu?* and analysed by SW-AdCSV. The sensor
achieved an accuracy of 91.73 %. The lower observed recovery occurred as a result of weakened

conductivity in the tap water sample.
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8.3.4.  Detection of Ni2* by AdCSV at AuNP-IL-uPED
8.3.4.1. Characteristic reduction potential of Ni** at AUNP-IL- HPED

The characteristic reduction of Ni?* to Ni° in the presence of an electroplated Hg-film and
dimethylglyoxime as complexing agent at the AUNP-IL- WPED with commercial SPCE is shown
in Figure 8.16. A single, symmetrical stripping peak is shown for the reduction of Ni?* from the
Ni(dmgH)2 complex at — 1.17 V is observed in 0.1 M NH3s/NH4Cl buffer (pH 9.4) as supporting
electrolyte. The adsorptive cathodic stripping voltammetric detection of Ni%* occurs via an overall

10 electron transfer reduction proves and is summarized below:

Ni?*+ 2 dmgH — [Ni(dmgH)2] + 2 H* Complex Formation (8.5)
[Ni(dmgH)2] sot + Hg sot — Hg[Ni(dmgH)2] ads Accumulation (8.6)
Hg[Ni(dmgH)2] ass+ 10 e + 10 H* — Ni® + Hg + 2 DHAB Stripping (8.7)

The exact mechanism of the adsorptive cathodic stripping technique is not well known.
Typically, complex formation of metal cations with suitable chelating agents to form stable
complexes is the initial step. Complex formation precedes a non-electrolytic accumulation of the
formed complex onto an electroplated Hg-film by simple adsorption mechanism. Upon application
of a reduction potential, metal cations are reduced from metal-chelate complexes from the
electrode surface back into solution. Conversion of the chelating agent to a stable DHAB also

occurs.
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Figure 8.16: SW-AdCSV of 60 pg L Ni?* in 0.1 M NHs/NH4CI buffer (pH 9.4) as supporting
electrolyte containing 2 mM DMG and 15 mg L Hg at AUNP-IL-UPED in conjunction with
SPCE. Eacc=- 0.7 V, tacc = 90 s.

8.3.4.2. Current responses of Ni>* at AUNP-IL-UPED

The ability of AuNPs and 1-Methylimidazole, ionic liquid to enhance UPED sensitivity in
conjunction with SPCEs towards Ni(dmgH)2 complex detection is illustrated in Figure 8.17.
Accurate and sensitive detection of Ni?* in the presence of dimethylglyoxime and Hg at uPEDs is
observed by a sharp, semi-symmetrical stripping reduction peak at — 1.17 V. This result
corresponds with results found for AdCSV detection of Ni** at DMG-Hg-uPPECs in Chapter 7.
A 36 % increase in stripping peak currents is observed for PPEDs modified with 1-
methylimidazole (IL) over the unmodified UPED. The increase is attributed to electrostatic

attraction of the Ni(dmgH)2 complex at the electrode surface. A further increase in stripping
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response is shown for UPEDs decorated with AuNPs and 1-methylimidazole. An increase of 35.9
% is recorded. Metallic nanoparticles in contact with the SPCE surface improved the electron
transfer rate and also improved the surface-area-to-volume ratio, as previously discussed. No

observable stripping peak shift is seen.
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Figure 8.17: SW-AdCSVs of 60 pg L™ Ni?* in 0.1 M NHs/NH4CI buffer (pH 9.4) as supporting
electrolyte containing 2 mM DMG and 15 mg L™ Hg at (a) uPED, (b) IL-uPED and (c) AuNP-
IL-uPED in conjunction with SPCE. Eacc=- 0.7 V, tacc = 90 S.

8.3.4.3. Influence of DMG concentration on Ni?* detection at AUNP-IL-uPED

The effect of chelating agent concentration on the metal-chelate complex formation and its
observed current response was studied from 0 — 3 mM DMG and demonstrated in Figure 8.18. A

low sensitivity of the AuNP-IL-uPED towards Ni?* is observed in the absence of chelating agent
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(0 MM DMG). Impregnation of dimethylglyoxime within the cellulose structure by a dry storage
method results in complex formation within the paper-substrate reaction zone as Ni?* cations are
driven across the microfluidic channel by capillary action. An increase in stripping peak currents
is seen between 0.5 and 2.0 mM DMG as preconcentration of the electrode surface with formed
stable complexes is achieved. A maximum stripping peak current was obtained for 2 mM DMG
concentrations. Electrode saturation at higher concentrations inhibits electron transfer, effectively
blocking the signal. A plateau in cathodic stripping peak currents is observed. Figure 8.18, inset
shows recorded square-wave adsorptive cathodic stripping voltammograms (SW-AdCSV) of 60
ug LT Ni?* in 0.1 M NH3/NH4Cl buffer (pH 9.4), at DMG-Hg-AuNP-IL-UPEDs in conjunction
with SPCEs with (a) 0.5 mM and (b) 2 mM DMG. High capacitive (background) current is seen
for the UPED with SPCE at higher chelating agent concentrations, while the peak current doubles.
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Figure 8.18: Influence of dimethylglyoxime concentration on the [Ni(dmgH)2z] complex

stripping response.
8.3.4.5. Effect of Hg ion concentration on Ni?* stripping response

Adsorption of formed stable complexes onto an electroplated metallic film is crucial in the
development of sensitive adsorptive stripping voltammetric sensors. The effect of Hg ion
concentration between 0 and 30 mg L™ Hg, on the stripping response of Ni?* reduction is shown
in Figure 8.19. A linear increase in cathodic peak current to a maximum is observed for Hg ion
concentrations between 0 and 15 mg L. Further increases in metal cation concentration increases
the thickness of the electrodeposited metallic film layer blocking flow of electrons. A resultant
saturation of the electrode takes place and peak currents decrease. A Hg ion concentration of 15

mg Lt was selected for further experimentation.
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Figure 8.19: Influence of Hg ion concentration on the [Ni(dmgH)2z] complex stripping response.
8.3.4.6. Instrumental parameter optimisation

Instrumental parameters controlling the preconcentration of [Ni(dmgH)2] complexes at the
SPCE surface was optimised in Figure 8.20. Deposition/accumulation potential (Figure 8.20 (a))
and deposition/accumulation time (Figure 8.20 (b)) was studied for their response to 60 pg L*
Ni%* at AUNP-IL-UPEDs in the presence of 2 mM DMG and 15 mg L™ Hg.

The effect of accumulation potential was studied between 0 and — 1.4 V. The stripping
response towards Ni?* increased as accumulation potentials approached — 0.7 V. Here, optimum
electroplating of metal films and the non-electrolytic adsorption of [Ni(dmgH)z] complexes onto
the electrode surface is achieved. As the reduction potential of Ni?* is approached and surpassed,
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reduction of metal cations is performed prior to analysis and is therefore not available for reduction
in the cathodic stripping step. An accumulation/deposition potential (Eacc) of — 0.7 V was selected.

Optimising the time allowed for accumulation of metal-chelate complexes and deposition of
metallic films controls the amount of analyte available for reduction. The accumulation time was
investigated between 0 and 180 s. Increasing the accumulation time from 0 to 90 s, showed an
increase in cathodic stripping peak current attributed to Ni?* reduction. Changes in stripping
response with longer analysis times were minimised due to saturation of the electrode surface. An

accumulation time (tacc) of 90 s was selected for all experiments.
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Figure 8.20: Influence of instrumental parameters: (a) deposition potential and (b) deposition
time on the stripping peak response of 60 pg L Ni?* at AUNP-IL-pPEDs in the presence of 2
mM DMG and 15 mg L™ Hg.

8.3.4.7. Analytical performance of the AUNP-IL-uPED

The AuNP-IL-puPED with impregnated 2 mM DMG and 15 mg L Hg, was applied to the
quantitative analytical detection of Ni?* by adsorptive cathodic stripping voltammetry (AdCSV).
The recorded square-wave voltammograms and corresponding calibration curve for Ni?* ions
between 30 — 150 pg L™ in 0.1 M NHs/NH4ClI buffer (pH 9.4) as supporting electrolyte is shown
in Figure 8.21. Well-solved stripping peak currents for Ni** reduction from the adsorbed
[Ni(dmgH)2] complex is seen at ~ - 1.17 V. An increase in stripping peak current is observed with

an increase in Ni?* concentration, as expected for the disposable paper sensors. No shift in
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reduction peak potential is observed. A sensitivity of 5.82 x 10 pA L pg* was measured over the
concentration range under investigation. This value is in the same order of magnitude and in
keeping with those calculated in Chapter 7. The low correlation coefficient of 0.92 could be
improved with improved reproducibility of the sensor. Limits of detection (LOD) were calculated
by interrogating the standard deviation of 5 blanks, and dividing it by the slope of the calibration
curve (3o/slope). The calculated limit of detection of the DMG-Hg-AuNP-IL-pPED towards Ni?*
analysis was found to be 5.13 pug L. The sensitivity, correlation coefficient, limit of detection and

limit of quantitation are recorded in Table 8.3.

F X o .
LOD/LOQ = 5 (Equation 8.8)

Where

LOD: Limit of Detection

LOQ: Limit of Quantitation

F: Factor of 3.3 and 10 for LOD and LOQ, respectively

c: Standard deviation of the blank, standard deviation of the ordinate intercept, or

residual standard deviation of the linear regression

b: Slope of the regression line
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Figure 8.21: SW-AdCSVs of 30 - 150 pg L Ni?* in 0.1 M NHa/NH4Cl buffer (pH 9.4) as
supporting electrolyte containing 2 mM DMG and 15 mg L™* Hg at AUNP-IL-pPED in
conjunction with SPCE. Eacc=- 0.7 V, tacc = 90 s.
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Table 8.3: Sensitivity, correlation coefficient (R?), detection limit (LOD) and limit of
quantitation (LOQ) recorded at AuUNP-IL-pPED for Ni?* detection™*.

Analytical Parameter Analysis of Cu2+
Sensitivity (WA L pug?) 5.82x 108
Correlation Coefficient (R?) 0.92
Detection Limits (pg L?) 5.13+3.74
Limit of Quantification (g L2) 15.39 + 8.92

*where, n =3

The AuNP-IL-UPED in the presence of 2 mM DMG and 15 mg L™ Hg showed accurate
limits of detection comparable to those found in literature as seen in Table 8.4. The limits of
detection were found to be in the same range as those determined in Chapter 7 at paper based
sensors, while approximately 5 — 10 times higher than those conducted at solid electrodes with
large volume samples, as expected. The result shows that the AUNP-IL-uPED may be used for

Ni?* detection at short analysis times.
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Table 8.4: A summary of previously reported sensors and limits of detection (LOD) for Ni?*

detection by stripping voltammetric techniques

Accumulation Dmag:c Detection
Metal lons ~ Substrate  Technique Time Range Limit  Reference
S L1
(s) gLy HOL)
AdCSV 180 34
Co2t SPCE 1-10 0.094 >4
Nizt _ 06-41 0.18
RBIABE DPAASV 30 [35]
Co?t 0.06-4.1 0.018
Nizt 06-29 0.2
PbF-SPE SWV 60 [36]
Co?t 0.6-59 0.3
Nizt SBVE SWAdCSV 30 0-10 0.6 [37]
Ni2+ DMG-CPE DPAdSV 120 80 - 600 27 [38]
i+ DMG-N-— ppadsy 120 60 - 500 30 [39]
SPE
Ni2* ERfA(;'EPG' SWAdCSV 210 2-16 012 | Chapter5
Ni2+
NGr-DMG-
with Co2* GCE SWAdCSV 120 2-20 15 Chapter 6
and Znz
- DMG-Hg-
Ni2 .
UPPEC SWAdCSV 90 15-90 6.27 Chapter 7
| DMG-Hg-
Ni2+ AUuNP-IL- SWAdCSV 90 30 - 150 5.13 This Work
UPED
8.3.4.8. Real Sample analysis of Ni>* at AUNP-IL- uPED

The accuracy of the developed Ni?* paper-based sensor was investigated by recovery studies.

Recoveries of 102.1 % and 94.26 % were calculated in test samples and real tap water samples

respectively. Recovery percentages with observed error below 7 % demonstrates the impeccable
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accuracy of the AUNP-IL- uPED for 60 pg L™ Ni?*, which is well below the WHO maximum

contamination limits.
8.4. Conclusions and Future Work

A novel microfluidic paper-based electroanalytical device (UPED) was developed and
applied to the low-volume, accurate and sensitive quantitative analysis of Cu?* and Ni?* by anodic
and adsorptive stripping voltammetry respectively. In conjunction with Chapter 7, this was the
first work performed on the adsorptive stripping voltammetric detection of metal ions at paper-
based analytical devices. In addition, formed nanocomposites based on gold nanoparticles and
ionic liquids were for the first time used for enhancement of electron transfer kinetics in paper-
based electroanalytical devices and presents an exciting possibility for future applications.
Typically, dry reagent storage of AuNP, IL, reagents and electrolyte were used. Low limits of

detection with good reproducibility and accuracy were found for the AUNP-IL- UPEDs.
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Chapter 9 :

Graphene-enhanced Inkjet-printed Silver and Graphene Electrodes for
the Detection of Nickel(Il)-dimethylglyoxime [Ni(dmgH2)] complexes
by Adsorptive Cathodic Stripping Voltammetry (AdCSV)

Abstract:

The development of low-cost and disposable electrode materials has been at the forefront of
sensor technologies in recent decades. Paper, offering the possibility for multi-functional, reagent
storage, disposable and economically friendly sensing capabilities has proved to be suitable
substrate material in paper-based analytical devices (PADs). In this work, we report a simple inkjet
printing procedure for the fabrication of single analyte electrochemical sensors on both
photographic and chromatographic paper substrates. Three-electrode systems, consisting of a 4
mm diameter working electrode (WE), counter electrode (CE) and reference electrode (RE) were
prepared by inkjet printing of silver and graphene inks. In a second step, modification of the
working electrode surface with (a) an electrochemically reduced graphene oxide, gold nanoparticle
(ERGO-AUNP) film, to improve electrode sensitivity and (b) a nafion dimethylglyoxime carbon
black (N-DMG-CB) ink, as an environmentally friendly approach was employed. Electrical and
topographical characterization of the printing layers were performed in the fabrication process.
Printing of Ag-NP ink showed good resistivity (15 — 25 Q) on photographic paper and (20 — 30
Q) for three printed layers on chromatographic paper. The prepared printed paper-based electrodes
(PPE) offer quantitative analysis of Ni(ll), based on the accumulation of Ni(dmgH)2 complexes at
the modified electrode surfaces by square-wave adsorptive cathodic stripping voltammetry (SW-
AdCSV). Instrumental parameters including deposition potential and deposition time were
optimized for both electrochemical sensors. Improved sensitivities were achieved at the modified
integrated electrodes with limits of detection (LOD) of 32.19 and 48.01 ug L for the ERGO-
AUNP-CC-Ag-PPE and N-CB-DMG-Ag-PPE respectively. This is well below the EPA and WHO

standards of 0.1 mg L™ or 0.1 ppm for Ni?* in drinking water.
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Keywords:

Inkjet-printing, paper-based microfluidics, metal analysis, adsorptive cathodic stripping

voltammetry, graphene, silver nanoparticle, dimethylglyoxime, Nickel, carbon black
Highlights:

e Inkjet printing in conjunction with screen printing techniques was employed towards the

development of integrated three-electrode systems on paper substrates

e Simultaneous electrochemical reduction of graphene oxide with gold nanoparticles and a

carbon black, dimethylglyoxime complex was employed to enhance electrode sensitivity

e The fabricated, modified paper-based sensors were for the first time successfully applied
towards adsorptive cathodic stripping voltammetric (AdCSV) detection of metal ions in

water

e Electrodes modified with (a) ERGO-AuUNP and (b) N-DMG-CB showed improved
sensitivity and detection towards Ni?*

e Sensitive, accurate, disposable and cost effective sensors based on paper substrates were
developed with great potential in the field of electrochemical sensing
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9.1. Introduction

Paper is inexpensive, easily modified, a good filter, biodegradable/disposable, porous and
biocompatible, making it the ideal material for analytical applications. Paper-based
electroanalytical devices (PEDs) have made tremendous strides in recent times due to their ability
to combine the advantageous properties of electrochemical sensing with paper substrates. On-site
monitoring of biological and environmental pollutants at PEDs. Although there is great potential
for paper substrates as electrochemical sensor devices, improvements in fabrication, analysis
techniques, sensitivity and reproducibility are still required to meet the standards set by other

known substrates.

A variety of fabrication methods have been studied to develop integrated electrode systems
on flexible and paper substrates. Photolithography [1-5], sputtering [6-8], screen printing [9-15],
inkjet printing [16-23], hand-drawing [24] etc. have all been investigated to date. Drop on demand
inkjet printing has proven to be a low-cost and time-saving alternative to commonly used
photolithography [18] due to its ability to accurately pattern substrates by delivering low volume

of material without the use of masks.

Carbon nanomaterials have been extensively studied to improve electrode sensitivty due to
enhanced electron transfer kinetics and improved surface area-to-volume ratio. Graphene,
graphene oxide, carbon nanotubes, carbon black, onion-like carbon and carbon dots have all been
incorporated into electrochemical sensing applications.

In this work, inkjet printing of silver and graphene based inks were employed for the
development of paper-based three-electrode systems for use in electrochemical metal analysis. A
variety of commercial paper substrates, including photographic paper, chromatographic paper and
transparency paper were investigated as electrode materials. The fabricated inkjet-printed paper-
based sensors were studied for the electrochemical detection of metal ions in water by adsorptive
stripping voltammetry. The system is based on the accumulative adsorption of metal-chelate
complexes at the surface of an inkjet printed working electrode in conjunction with an in-situ

plated metal film.
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9.2. Materials and Apparatus
9.2.1. Apparatus

Conventional, low-cost three-electrode electrochemical systems were fabricated by Inkjet-
printing of silver and graphene conductive inks. A Fujifilm Dimatix DMP-3281 materials
deposition printer was employed for all inkjet printing at the CSIR. All designs were created using
eMachineShop free design software in conjunction with DesignCAD. Readily available
chromatography paper (Whatman’s No. 1, 20 x 20 cm sheets) was purchased from Sigma-Aldrich.
Penguin transparencies for mono laser printers (A4, 29.7 x 21.0 cm) and Penguin photo paper,
premium hi gloss (A4, 21.0 x 29.7 cm) was obtained from the CSIR. Grey scale tests were

performed using an image analysis software, Image J.

All electrochemical voltammetric experiments were performed with a Metrohm Autolab
PGSTAT101 instrument, in combination with the Nova 1.11 Software and controlled by a personal
computer. All electrochemical experiments were performed in a one compartment 20 mL
voltammetric cell at room temperature, unless stated otherwise. A conventional hotplate and
vacuum oven, obtained from Labotec was utilised for wax melting and sintering of conductive

inks respectively.
9.2.2. Chemicals and Reagents

All chemicals used in the study were of analytical reagent grade. Ultra-pure distilled water
(Millipore) was used to prepare all solutions. Harima NPS-JL-nano-silver ink, for low temperature
curing was purchased from Harima Chemicals Group. Graphene dispersion, with ethyl cellulose
in cyclohexanone and terpineol, inkjet printable was purchased from Sigma-Aldrich. Carbon
conductive ink for screen printing was found in our lab. Nafion perfluorinated resin solution 5 wt.
% in lower aliphatic alcohols and water and 2,3-Butanedione-dioxime (Dimethylglyoxime) were
purchased from Aldrich. Nickel(Il), Cobalt(Il), Mercury(lll) and Gold(lll) standard stock
solutions (1 000 mg L™, atomic absorption standard solution) and all other metal standards were
obtained from Sigma-Aldrich and diluted as required. Natural graphite powder (microcrystal
grade, 99.9995%) (Metal base) UCP1-M grade, Ultra “F” purity was purchased from Alfa Aesar

and used for the preparation of graphene oxide (GO) by a modified Hummers method. Carbon
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black was obtained from our laboratory. Standard red food colouring, diluted in DI water ina 1:4
ratio was used to test boundary effectiveness. Ammonia/Ammonium Chloride (NH3/NH4Cl)
buffer solution (0.1 M, pH 9.3) was used as supporting electrolyte and prepared by mixing
appropriate quantities of ammonia (NHs) and ammonium chloride (NH4Cl). A Metrohm 827 pH
lab pH meter was calibrated using pH 4 and 7 calibration buffer solutions and then used to verify
the pH of the prepared NHs/NH4Cl buffer solution.

9.3. Experimental Methods
9.3.1. Fabrication of Inkjet-Printed Electrodes

Inkjet printing was carried out on a Fujifilm Dimatix materials printer (DMP 3281) at 30
°C with a 10 pL drop volume cartridge on a variety of paper substrates. The Dimatix materials
printer is a drop-on-demand piezoelectric inkjet printer designed for accurate multi-layer printing.
Silver nanoparticle ink, graphene ink and graphene onto silver nanoparticle inks were investigated
under optimised printing parameters. Figure 9.1 shows the patterned three electrode systems, with
(@) small and (b) large contacts fabricated by inkjet printing for use with a typical screen printed
electrode cable or crocodile clamps respectively. Typically, a 4 mm working electrode, counter
and reference electrode, electrical tracks and electrical contacts are illustrated. A variety of line
thicknesses and printed layers were studied to achieve the optimum printing results. Post printing
sintering at 160 °C was conducted to evaporate carrier solvent and additional non-conductive
binding materials present in the ink to allow for optimal conductivity due to contact between the
metal and carbon materials. Further, screen-printing of conductive carbon ink onto working and
counter electrodes was performed in our lab. Carbon ink was diluted to appropriate viscosity and
hand-brushed onto working and counter electrodes. The coated electrodes were allowed to dry in
a vacuum oven at 85 °C for 1 hr. Commercial nail-polish was employed and brushed over electrical
tracks on photographic paper to prevent solution flow to electrical contacts. In the case of
chromatographic paper, wax printing or simple drawing of hydrophobic barriers by wax crayons

was employed.
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Figure 9.1: Schematic representation of Inkjet-printed three-electrode system designs with (a)

small and (b) large contacts for printing on a variety of paper substrates

Scanning electron microscopy was used to study the accuracy of the printing procedure.
Figure 9.2 (a) demonstrates the HRSEM image of the inkjet printed AgNP working electrode on
photographic paper. A clear boundary is developed between the AgNP printed WE and the
photographic paper. This finding confirms little spreading of the ink on the hydrophobic paper
surface. Distinct patterns with sharp edges and dimensions can thus be achieved. The metallic
AgNP appears as clear bright region on the microscope image due to large number of electrons
associated with its metallic structure. The AgNPs are coated as a film on the surface of the paper
and does not penetrate the substrate material. A smooth, uniform film is patterned on the
photographic paper substrate. Small areas of oxidation of the AgNPs is further demonstrated.
Figure 9.2 (b and c), shows images of the three-electrode AgNP printed paper electrodes on
photographic paper as designed above. Reproducible electrode designs were created by the
developed printing procedure. Further, carbon coating of (b) the counter electrode and (c) working

and counter electrodes with commercial carbon ink is illustrated.
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(b)

Figure 9.2: HRSEM image of Inkjet printed silver WE on photographic paper and the three
electrode system electrodes with carbon coated (b) CE and (c) WE and CE

9.3.2. Preparation of Electrochemically Reduced Graphene Oxide, Gold Nanoparticle,
Carbon-coated Silver Printed Paper-based Electrodes (ERGO-AuNP-CC-Ag-PPE)

A modified Hummer’s method [25] was employed for the synthesis of graphene oxide (GO)
[26] by mixing appropriate quantities of graphite powder, sodium nitrate and potassium
permanganate in sulfuric acid. The prepared GO (5 mg) was exfoliated in 10 mL 0.1 M acetate
buffer solution (pH 4.6) with 15 ppm Au solutions by ultra-sonication for 1.0 h, prior to use.
Prepared carbon coated silver printed paper-based electrodes (CC-Ag-PPE) were immersed in 10
mL of GO-Au solutions (0.5 mg mL* GO and 15 ppm Au) and cyclic voltammetric reduction was
performed under hydrodynamic conditions between -1.4 and 0.5 V [26]. CV parameters: Eacc = -
1.4V, tacc = 120 s, f = 50 Hz, Ampl. = 40 mV and Estep = 4 mV. ERGO-AuUNP-CC-Ag-PPEs were

dried at room temperature for 30 min prior to use.

9.3.3. Preparation of Nafion, Dimethylglyoxime, Carbon Black, Silver Printed Paper-
based Electrodes (N-DMG-CB-Ag-PPE)

Appropriate quantities of carbon black (0.8 g) and dimethylglyoxime (0.2 g) were mixed in
a nafion solution (0.2 wt. %, in EtOH) to prepare the nafion-dimethylglyoxime-carbon black (N-
DMG-CB) ink. The viscosity of the prepared ink was adjusted using EtOH, if needed. A variety
of CB:DMG ratios were prepared as needed. Consecutive, 5 pL aliquots of as prepared N-DMG-
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CB ink was drop-cast and screen printed onto the working electrode. N-DMG-CB-Ag-PPEs were
dried at 85°C for 1.0 h.

9.34. Procedure for SW-AdCSV analysis of Ni%*

The N-DMG-CB-Ag-PPE and ERGO-AuUNP-CC-Ag-PPE were immersed in a 20 mL
electrochemical cell containing 10 mL of (a) appropriate concentrations of Ni?* and (b) appropriate
concentrations of Ni?* in the presence of 2 mM DMG and 10 mg L™ Hg®* respectively. In-situ
simultaneous accumulation of Ni(dmgH)2 onto the working electrode was performed at Eacc = -
0.7 V and tacc = 120 s. Ammonia (NHs/NH4CI) buffer (0.1 M, pH 9.4) was used as supporting
electrolyte. The SWV parameters were as follows: Ebegin = -0.7 V, Eena= -1.35 V, f =5 Hz and
Ampl =10 mV.

9.4. Results and Discussion
9.4.1. Inkjet Printing of Paper-based Electrodes
9.4.1.1. Droplet Formation of Commercial Graphene Ink

Optimisation of printing parameters is an important step in the development of accurate
features at the low micron scale. In inkjet printing, the formation of spherical droplets, along with
numerous other factors including plating temperature, substrate type, etc. governs the accuracy of
the printed tracks. Figure 9.3, shows the droplet formation sequence of graphene ink, recorded
with the Fujifilm Dimatix Materials Printer camera in a typical deposition sequence. Spherical
droplet formation, with a slight tail was achieved at approximately 500 um from the cartridge
nozzle. This allows for the substrate to be placed at a minimum distance of 500 um from the printer
cartridge. Further optimisation of the printing process is required to reduce imperfections such as

stray droplets due to the presence of the tail.
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Figure 9.3: Droplet formation sequence of inkjet printing of commercial graphene ink

9.4.1.2. Electrical Characterization of Printed Inks

Thermal sintering processes are an important part of printing of conductive inks. In
sintering procedures, printed materials are compacted by thermal processes to form a solid mass.
This is achieved by evaporating all non-conductive solvent and additional binder additives
resulting in a stacking and contact of conductive particles. A major limiting factor in the use of
paper-based substrates however is the maximum temperature the paper can withstand before

deterioration. Optimisation of the thermal processes is therefore of great importance.

The effect of sintering temperature of silver and graphene ink on the resistance of single
layer printed tracks was investigated between 120 — 200 °C for penguin photographic paper and
the results are recorded in Figure 9.4 below. Silver ink demonstrated favourable resistance values
in the low ohms range for all printed line widths (0.1 — 1.5 mm). The measured resistance decreases
with increasing line width for 120, 160 and 200 °C respectively. Further, a relative levelling of the
measured resistance is noted for line widths between 0.5 — 1.5 mm. 0.1 mm line width shows a
considerable increase in resistance for all sintering temperatures. This may be attributed to the lack
of conductive particles in tracks with small dimensions. Temperatures of 120 and 160 °C proved
to be ideal for thermal sintering with similar measured resistance in the 20 — 35 Q range. In
contrast, a considerable increase in measured resistance is noted for sintering temperatures of 200
°C as warping and burning of the hydrophobic resin took place. While the recommended sintering

temperature for commercial graphene ink is 250 °C, this was not an appropriate temperature for
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any form of paper. Sintering temperatures under 200 °C were selected for interrogation.
Commercial graphene ink used in the study exhibited extremely high resistance (M) for all
sintering temperatures under investigation with no discernible trend. This is an unacceptable value

for inkjet printing of conductive inks.

Due to the absorbance and spreading properties of chromatography paper, three printed
layers were required to demonstrate conductive printed tracks. Figure 9.5 demonstrates the
measured resistance for three layers of printed (a) Ag and (b) graphene as a function of sintering
temperature. Silver ink showed measured resistance between 30 and 80 Q. Comparable trends are
observed to photographic paper. 120 °C provided the lowest resistance values and 0.1 mm line
widths were not adequate for printing of conductive tracks. Three printed layers of graphene

exhibited resistance values in the MQ range.

Silver nanoparticle ink proved to be highly conductive on both photographic and
chromatographic paper after thermal sintering processes for line widths between 0.5 and 1.5 mm.
120 °C proved to be a suitable temperature for sintering on both photo and chromatography paper
with no deterioration of the paper substrate. Temperatures greater than 160 °C showed a significant
increase in measured resistance. Commercial graphene ink did not show suitable measured
resistance for any thermal sintering temperature. This is attributed to the inability to decompose
the ethyl cellulose binder present in the graphene ink at temperatures lower than 250 °C and is

therefore not suitable for inkjet printing on paper substrates.
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Figure 9.4: Measured resistance of (a) Ag and (b) graphene ink tracks as a function of sintering

temperature on photography paper
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Figure 9.5: Measured resistance of three printed layers of (a) Ag and (b) graphene ink tracks as a

function of sintering temperature on chromatography paper

The number of printed layers of silver ink on chromatography paper was investigated
between 1 — 3 printed layers. Its effect on the measured resistance before and after curing at 120
°C for 1 h was recorded in Figure 9.6. A single printed layer of silver on chromatography ink
shows unacceptable resistance values in the 10- 30 MQ range when tested directly after printing.
Simple room temperature curing however allows the solvent present in the Ag nanoparticle ink to
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evaporate allowing conductivity of the single layer Ag ink before curing at approximately 500 Q.
Considerable lowering in measured resistance is further noted due to thermal curing at 120 °C for
1 h allowing adequate removal of solvent and binding agent present under optimised conditions.
A decrease in measured resistance (10 times) can be seen when comparing 1 printed layer to 3
successive printed layers. Three printed layers with curing at 120 °C for 1 h is therefore ideal for
development of Ag NPS-JL printed electrodes.

500 | Il Before Curing

I After Curing

400

300 —

200 —

Resistance (ohms)

100 4

1 Layer 3 Layers

Number of Printed Layers

Figure 9.6: Measured resistance as a function of curing at 1 and 3 printed layers on

chromatography paper. Curing at 120 °C for 1 h.
9.4.1.3. Topographical Characterization of Printed Patterns

Microscope images of printed features on photographic paper for (a) silver and (b)
graphene after thermal curing are shown in Figure 9.7 below. Photo paper is commonly used in
the development of printed electrodes on paper substrates due to the presence of a hydrophobic
resin at its surface. The hydrophobic surface reduces the spreading of ink allowing for more precise
droplet formation at the paper surface. As expected, precise and accurate tracks are demonstrated

for silver on photographic paper (Figure 9.7 (a)), with sharp edges at printed boundaries and few
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defects in the printed surface. Some residual ink spatter can be observed at the right edge which
may be attributed to non-spherical droplet formation. Striations in the printed pattern occur as a
result of printing progression, which is to be expected. In comparison, printing of commercial
graphene ink on photo paper (Figure 9.7 (b)), demonstrates less accurate edges with an increase
in stray droplet formation. In addition, residue of aggregated graphene sheets (black spots) are
decorated on the printed surface. Discoloration of the non-printed photo paper was observed for

graphene ink. This may indicate spreading of graphene ink within the paper not observed for silver.

Figure 9.7: Laser images of 0.5 mm (a) silver and (b) graphene features on photographic paper

The topography of the printed layers was further investigated by laser profilometry. Here,
cross sections of the recorded laser micrographs provide information on the printed features
including surface morphology, topography and printed dimensions. Graphene, and silver tracks
were studied and recorded in Figure 9.8. Both printed tracks demonstrated clear, distinct and
reproducible dogbone patterns with straight lines and hard edges for a single printed layer on
photographic paper. Silver (Figure 9.8 (b)) provided the best contrast between the substrate surface
and printed ink compared to graphene (Figure 9.8 (a)) features, attributed to the optimised printing
parameters allowing for minimum droplet spreading on the hydrophobic surface. Although
graphene too shows clear printed designs on the photographic paper, the low resolution and
excessive spreading as indicated by the thick printed channels is a considerable drawback. The
well-defined features observed for silver ink is ideal for printing of electronic tracks on paper

surfaces.
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(a) (b)

Figure 9.8: Laser micrographs illustrating topography of 0.5 mm printed (a) graphene and (b)
Ag features on photographic paper

In the field of paper-based microfluidics, paper with the ability to allow liquid transport by
simple wicking or capillary action is an ideal candidate. Whatman No. 1 chromatography paper
with a cellulose fibre matrix has been extensively studied in this regard. Laser microscope images
of (a) graphene, (b) graphene on Ag and (c) silver on chromatography paper were recorded and
compared in Figure 8 below. Here, clear dogbone patterned structures for 0.5 mm tracks can be
seen for all three inks under investigation. Chromatography paper exhibited a porous, woven
structure under microscope for all three printed inks with good wetting of the substrate surface
compared to photo paper as shown in Figure 8. Graphene ink (Figure 9.9 (a)) appears black in
colour with relatively sharp edges and straight lines for a single printed layer. Ag ink (Figure 9.9
(c)), appearing brown or somewhat gold in colour demonstrated similar results to graphene with
slightly rounded edges as a result of spreading in the paper substrate. The hydrophilic nature and
absorbent properties of the chromatographic paper is in direct opposition to the development of
conductive patterns. Printing of graphene onto silver in order to enhance the conductivity of printed
graphene electrodes demonstrated two distinct layers on top of one another. Significant spreading
is observed due to an excess of ink in the paper resulting in less accurate, larger tracks compared

to the graphene and Ag respectively.
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Figure 9.9: Laser images of 0.5 mm (a) graphene, (b) Ag + graphene and (c) Ag features on

chromatographic paper

Laser profilometry was utilised for morphological and topographical characterisation of
the printed layers on chromatographic paper. Cross sections of the recorded laser micrographs of
(a) graphene, (b) graphene on silver and (c) silver single layer printed features of 0.5 mm
dimensions are shown in Figure 9.10. Similar to printed features on photographic paper, clear
distinctions between printed tracks and chromatographic substrates is observed. Relatively straight
edges are recorded but slight spreading of inks in the porous hydrophilic cellulose structure is seen.
A topographical investigation showed an increase in printed feature height for the two printed
layers exhibited from graphene printed on silver compared to single printed tracks. Resolution can
thus be improved with increasing printed layers. Small spaces in the printed features of single
layers is observed.

(a) (b) (c)

Figure 9.10: Laser micrographs illustrating the topography of 0.5 mm printed (a) graphene, (b)
Graphene on Ag and (c) Ag features on chromatography paper
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9.4.2. Preliminary Testing of Ag-printed Electrodes

Preliminary electrochemical testing of the inkjet printed photographic paper electrodes
(PPPEs) were performed by cyclic voltammetric (CV) analysis in a 5 mM Fe(CN)s 374 solution.
The voltammograms, recorded at (a) Ag-PPPE and (b) carbon-coated Ag-PPPE between -1.0 V
and 1.0 V at a scan rate of 100 mV s* are illustrated in Figure 9.11 below. Electrodes comprised
entirely of the Ag-NP three-electrode system demonstrates a large charging or capacitive current
(8 and — 10 mA). A single, broad anodic peak is observed at 0.5 V, due to the oxidation of the
Fe(CN)s > analyte in 0.1 M KCI solution as supporting electrolyte. An absence of the cathodic
peak, characterised by the reversible Fe(CN)s 3/* redox couple occurs as a result of a current
overload experienced at very negative potentials. Further, oxidation and discoloration of the
working electrode (WE) surface was discovered (Figure 9.11, inset). Carbon coating of the
working and counter electrodes (WE and CE) by simple screen printing, significantly lowers the
IR difference between the two electrodes. A resultant decrease in capacitive current is experienced
compared to the AgNP printed electrodes. A discernible redox couple is observed.
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Figure 9.11: Cyclic voltammograms Electrochemical Characterisation of (a) Ag-printed photo-
paper electrode and (b) CC-Ag-printed photo-paper electrode in 5 mM Fe(CN)s */* at scan rate
of 10-100 mV st in supporting electrolyte (1 M KCI).

9.4.3. Electrochemically Reduced Graphene Oxide — Gold Nanoparticle, Silver Printed
Paper-based Electrodes (ERGO-AuNP-CC-Ag-PPE)

The electrochemical deposition and synthesis of electrochemically reduced graphene oxide
and gold nanoparticles, followed by its subsequent deposition on the CC-Ag-PPE, by cyclic
voltammetry is described in this section. Optimization of electrochemical deposition steps is

further studied.
9.4.3.1. Electrochemical reduction of Graphene oxide and gold nanoparticles

Here, a direct electrochemical cyclic voltammetric reduction approach, following a constant
potential reduction at— 1.4 V for 30 s was adopted for the preparation of electrochemically reduced
graphene oxide, gold nanoparticle (ERGO-AuUNP) composite paper-based electrodes. The control
attributed to the deposition of graphene sheets on the electrode surface is crucial in the
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development of the sensor. Figure 9.12, depicts the repetitive (5 cycles) cyclic voltammograms of
(@) 0.5 mg mL™* GO suspensions and (b) simultaneous reduction of 0.5 mg mL* GO colloidal
suspensions with 15 ppm Au®*" onto carbon-coated silver nanoparticle printed photographic paper
electrodes (CC-AgNP-PPPE). The CVs were recorded in the potential window between — 1.5 and
0.5 V. Two anodic (A and B) and three cathodic (A1, B1 and C1) peaks are demonstrated. The
redox couple with Epa =0.136 V and Epc=0.117 V, denoted by A and A1 respectively is attributed
to the reversible oxidation and reduction of the AgNP WE surface. A reduction in their associated
peak currents is observed with an increasing number of scans as graphene sheets are deposited at
the electrode surface. The redox couple B and Bi1at Epa = - 0.49 V and Epc = - 0.72 V confirms the
deposition of graphene sheets at the electrode surface due to reduction of GO in direct contact with
the electrode surface. Electrostatic adsorption binds the formed graphene to the electrode surface.
A persistent increase in redox peak current with increasing successive potential cycles. The
electrochemical reduction of graphene oxide could be attributed to the negative potentials. The
electrochemical reduction of graphene oxide could be attributed to reduction of the functional
groups such as — OH and — COOH on the graphene oxide surface. A third reduction peak show at
C1 (- 0.427 V) as a result of reduction of oxygen moieties at the electrode surface is seen. Similar
results were obtained in the work by Wu et al. [27]. Gold nanoparticles formed within and on top
of deposited graphene sheets in order to facilitate the desire reaction. Further studies have been
based on the electrochemical reduction of AuNPs in the presence of ERGO [28-32]. An increase
in the anodic and cathodic electrode peaks are observed upon inclusion of AuNPs within the ERGO

coating in light of enhanced electron transfer of conductive metallic nanoparticles.
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Figure 9.12: Cyclic voltammograms depicting the electrochemical reduction of 0.5 mg mL™ GO
and 15 mg Lt Au®" in acetate buffer solution (0.1 M, pH 4.6) at the CC-Ag-PPE under the
following instrumental parameters: scan rate (10 mV s2), deposition time (120 s); frequency (50

Hz); amplitude (0.04 V) and voltage step (0.004 V).

Comparative cyclic voltammograms recorded at the (a) CC-Ag-PPE, (b) ERGO-CC-Ag-
PPE and (c) ERGO-AuNP-CC-Ag-PPE in acetate buffer solution (0.1 M, pH 4.6) are shown in
Figure 9.13. Carbon coated Ag-PPEs show characteristic voltammograms in the recorded potential
window between — 1.5 and 0.3 V. A single oxidation and two reduction peaks are observed
between 0.1 and 0.25 V attributed to the redox processes of the AgNP working electrode surface
as expected. An increase in peak current as well as an increase in capacitive current is seen upon
the formation of a formed graphene film at the electrode surface. Improved electron transfer

kinetics and an increase in effective surface area is demonstrated for the ERGO-Ag-PPE. A
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dramatic increase in background and AgNP redox peak is shown for incorporation of AuNPs
within the reduced graphene oxide sheets as previously discussed. The gold nanoparticles further
improved the electron transfer due to its highly conductive nature. The nanocomposite material

may therefore be used as an effective means of improving electrode sensitivity.

Current (pA)

~— CC-Ag-PPPE
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-1800 + — ERGO-AuNP-CC-Ag-PPPE
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Figure 9.13: Cyclic voltammograms recorded at the (a) CC-Ag-PPE, (b) ERGO-CC-Ag-PPE
and (c) ERGO-AuUNP-CC-Ag-PPE in acetate buffer solution (0.1 M, pH 4.6) under the following
instrumental parameters: scan rate (10 mV s1), deposition time (120 s); frequency (50 Hz);

amplitude (0.04 V) and voltage step (0.004 V).
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9.4.3.2.  Electrochemical stripping performance of ERGO-AuNP-CC-Ag-PPE towards

Ni2* detection

The electrochemical performance of the graphene and gold nanoparticle modified electrodes
were investigated towards the detection of [Ni(dmgH2)] complexes by adsorptive cathodic
stripping voltammetry. Figure 9.14, depicts the recorded square-wave voltammograms (SWV) of
300 pg Lt Ni?* in the presence of 2 mM DMG and 10 mg L Hg®* at (a) CC-Ag-PPPE, (b) ERGO-
CC-Ag-PPPE (5 cycles), (c) ERGO-CC-Ag-PPPE (30 cycles), (d) ERGO-CC-Ag-PPPE (50
cycles) and (e) ERGO-AuUNP-CC-Ag-PPPE (30 cycles). Reduction of the formed [Ni(dmgH2)]
complex is observed between — 1.0 and — 1.2 V for all modified paper-based sensors. This result
correlates well with reported literature values and those recorded in previous chapters for Nickel
detection at carbon electrodes and further demonstrates the ability for adsorptive cathodic stripping
analysis at printed paper sensors. A small, broad cathodic stripping peak is observed at — 1.14 V
for CC-Ag-PPPEs. Modification of the printed sensors with electrochemically reduced graphene
oxide with 5 deposition cycles at the reported voltammetric conditions shows little to no variation
in peak currents or electrochemical redox potential compared to the carbon coated sensor.
Insufficient coating of the carbon surface with graphene is thus achieved, limiting contact between
particles to effectively improve electron conduction. An increase in the number of voltammetric
cycles up to 30 and 50 deposition cycles, respectively improved the graphene loading at the
electrode surface. A 250 % increase in the Ni?* stripping reduction peak was observed with a shift
to more positive redox potentials (- 1.08 V) at the ERGO-CC-Ag-PPPE with 30 deposition cycles.
Favourable enhancement of electron transfer kinetics and improved electroactive surface area for
graphene modification with 30 cycles can be assumed. For graphene loading > 30 cycles, a slight
plateau in stripping response is shown and can be seen in Figure 9.15. Here, multi-layer graphene
sheets are formed and dominate over single- or few-layer graphene flakes inhibiting transfer of
electrons responsible for reduction of metal cations. Thirty deposition cycles was therefore chosen
as optimum conditions towards [Ni(dmgHz)] complex detection by AdCSV. Simultaneous
electrochemical deposition of ERGO and AuNPs onto the CC-Ag-PPPE surface further improved
the peak current response towards Ni?* detection. This outcome was in agreement with
hypothesised capabilities of the AuNPs to further improve electron transfer at the electrode

surface.
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Figure 9.14: SW-AdCSVs of 300 pg L™ Ni?* in the presence of 2 mM DMG and 10 mg Lt Hg®*
at (a) CC-Ag-PPPE, (b) ERGO-CC-Ag-PPPE (5 cycles), (c) ERGO-CC-Ag-PPPE (30 cycles),
(d) ERGO-CC-Ag-PPPE (50 cycles) and () ERGO-AuNP-CC-Ag-PPPE (30 cycles). Supporting
electrolyte: 0.1 M NH3/NH4ClI buffer (pH 9.4). SWV instrumental parameters: Eacc = -0.7 V, tacc
=120s, f=5Hz and Ampl =10 mV.
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Figure 9.15: A comparison of stripping responses of 300 pg L™ Ni?* in the presence of 2 mM

DMG and 10 mg L* Hg®" at (a) CC-Ag-PPPE, (b) ERGO-CC-Ag-PPPE (5 cycles), (c) ERGO-

CC-Ag-PPPE (30 cycles), (d) ERGO-CC-Ag-PPPE (50 cycles) and (e) ERGO-AuNP-CC-Ag-
PPPE (30 cycles).

9.4.3.3. Morphological Characterization of ERGO-AUNP-CC-Ag-PPPE

Scanning electron microscopy was utilized to probe the surface morphological changes of
the photographic paper along the fabrication routes of the ERGO-AuNP-CC-Ag-PPPE. Figure 15,
shows the HRSEM images of (a) inkjet printed AgNP, (b) CC-AgNP, (c) ERGO-CC-AgNP and
(d) AuNP-ERGO-CC-AgNP working electrodes on photographic paper at 5 kX magnification.
The HRSEM image of patterned AgNP features on photographic paper by inkjet printing is shown
in Figure 9.16 (a). A smooth, uniform film is observed on the photo-paper substrate. Relative,

spherical particles are observed with no defects in the surface morphology. Figure 9.16 (b), shows
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flake-like features deposited on the surface of the printed AgNP film. A rough, non-uniform
topography is demonstrated. This is attributed to the homemade screen printing technique. Upon
electrochemical reduction of 0.5 mg mL™ suspensions of GO in 0.1 M acetate buffer solution (pH
4.6) for 5 cycles, wavy, few-layer sheets of graphene are deposited on the carbon electrode surface
(Figure 9.16 (c)). The ERGO sheets are decorated across the electrode surface and resemble
graphene sheets found in Chapter 4. Reduced graphene oxide is bound to the electrode surface by
electrostatic attraction. The electrochemical reduction process was repeated in the presence of 15
ppm Au®* and the formed ERGO-AuUNP-CC-Ag-PPPE is shown in Figure 9.16 (d). Graphene
sheets are deposited on the electrode surface and decorated with AuNPs trapped between graphene
sheets.

. a)

EHT =20.00 kv Signal A = InLens Date :31 Mar 2017 EHT = 20.00 kv Signal A = InLens Date :31 Mar 2017
WD = 4.9 mm Mag= 100KX Time :9:52:08 WD = 47 mm Mag= 500KX Time 10:00:17

EHT = 5.00 kv Signal A = InLens Date :31 Mar 2017 =3 Signal A = InLens Date :31 Mar 2017
Time :10:21:12 ! H =3 Mag= 5.00KX Time :10:38:38

PO TR e A

Figure 9.16: High resolution scanning electron microscope (HRSEM) images of (a) inkjet
printed AgNP, (b) CC-AgNP, (c) ERGO-CC-AgNP and (d) AuUNP-ERGO-CC-AgNP working

electrodes on photographic paper at 5 kX magnification.
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9.4.3.4.  Analytical performance of ERGO-AUNP-CC-Ag-PPPE

Figure 9.17, illustrates the dependence of adsorptive stripping voltammetric (AdSV) peak
current response on the incorporation of chelating agent and metallic films at the electrode surface.
Square-wave voltammetric responses of 300 pg L™ Ni?* recorded at the ERGO-AuNP-CC-Ag-
PPPE in the presence of (a) 0.1 M NHs/NH.ClI buffer, (b) 2 mM DMG, (c) 10 mg L* Hg*" and (d)
2 mM DMG and 10 mg L Hg®" are shown. The absence of reduction peaks for buffer and Hg
film electrodes, highlight the low sensitivity reduction of Ni?* and its low-solubility in
electroplated Hg-films. The inclusion of dimethylglyoxime as chelating agent allows for soluble
metal-ligand complex formation and its subsequent adsorption at the electrode surface. A single,
reversible, well-defined cathodic peak can be seen at — 1.15 V attributed to the reduction of the
[Ni(dmgH2)] complex. Further, accumulation of the [Ni(dmgH2)] complex at an electroplated Hg-
film results in a two-fold increase in the electrolytic Ni?* stripping peak current.
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Figure 9.17: SW-AdCSVs of 300 pg L Ni?* at the ERGO-AUNP-CC-Ag-PPPE in the presence
of (a) 0.1 M NHs/NH4Cl buffer, (b) 2 mM DMG, (c) 10 mg L* Hg** and (d) 2 mM DMG and 10
mg L Hg®*. Supporting electrolyte: 0.1 M NHz/NH4CI buffer (pH 9.4). SWV instrumental
parameters: Eacc=-0.7 V, tacc= 120 s, f = 5 Hz and Ampl = 10 mV.

9.4.3.5. Effect of Chelating Agent Concentration at ERGO-AuNP-CC-Ag-PPPE

Section 9.4.3.5. highlights a clear dependence of metallo-chelate complex formation and its
subsequent adsorption onto the working electrode, towards the stripping voltammetric response of
Ni2*. The dimethylglyoxime concentration was investigated between 0 and 3 mM and its effect on
the stripping peak currents of [Ni(dmgH2)] complex reduction recorded in Figure 9.18. The
absence of DMG prevents the formation of metal-complexes and limits the solubility of the metal
cation within the electroplated Hg-film. No stripping response can be seen. Increasing the DMG

concentration between 0 and 1 mM, shows a dramatic increase in stripping peak currents up to 90
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tA. Adequate ligand is present for complexation to take place and electrode preconcentration
improves. Electrode saturation with non-conductive ligand inhibits electron transport through the
adsorbed layer and as a result a maximum stripping reduction peak current is achieved at DMG
concentrations greater than 1 mM. An increase in DMG concentration no longer affects the

observed stripping response. A 2 mM DMG concentration was chosen for all further experiments.
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Figure 9.18: Effect of 0 — 3 mM DMG concentration on the stripping peak current response of
300 ug Lt Ni?* at the ERGO-AUNP-CC-Ag-PPPE in the presence of 10 mg L™* Hg®". Supporting
electrolyte: 0.1 M NHs/NH4ClI buffer (pH 9.4).

9.4.3.6. Effect of Hg lon Concentration at ERGO-AUNP-CC-Ag-PPPE

Electroplating of metallic Hg-films at the ERGO-AUNP-CC-Ag-PPPE under constant — 0.7
V accumulation potentials significantly improves the solubility of the formed [Ni(dmgH2)]
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complex, allowing for enhanced pre-concentration of Ni* ions at the electrode surface. The effect
of Hg ion concentration on the stripping peak current of 300 pug L™ Ni?* at the ERGO-AuNP-CC-
Ag-PPPE in the presence of 2 mM DMG, was investigated in the range of 0 — 30 mg L Hg
concentration. The results are illustrated in Figure 9.19. Stripping peak responses increase between
0 and 20 mg L Hg concentration, after which saturation of the electrode surface takes place

causing a decrease in response. 10 mg L™ Hg concentration was chosen for further experiments.
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Figure 9.19: Effect of Hg concentration (0 — 30 mg L) on the stripping peak current response
of 300 pg L Ni?* at the ERGO-AuUNP-CC-Ag-PPPE in the presence of 2 mM DMG. Supporting
electrolyte: 0.1 M NHs/NH4ClI buffer (pH 9.4).
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9.4.3.7. Optimization of ERGO-AUNP-CC-Ag-PPPE Instrumental Parameters

The effect of deposition potential on the stripping peak current for Ni?* reduction was
conducted between 0 and — 1 V and shown in Figure 9.20, (a). Potentials more negative than the
reduction potential of Ni?* allowed for best accumulation and pre-concentration of the analyte ions
at the electrode surface. A significant independence on metal pre-concentration is observed
between 0 and — 0.8 V as indicated by low changes in stripping response. Increasing the deposition
potential to more negative potentials (- 1 V), results in reduction of Ni?* to Ni° prior to electrode

preconcentration. An accumulation potential (Eacc) of — 0.7 V was chosen for further studies.

Figure 9.20, (b), depicts the optimisation of accumulation time towards [Ni(dmgH2)]
complex detection. A linear increase in stripping peak currents, attributed to Ni?* reduction, is seen
over the 0 to 240 s accumulation time range. As expected, increasing the accumulation time
increases the amount of [Ni(dmgH2)] complex able to be adsorbed onto the ERGO-AUNP-CC-Ag-
PPPE surface. As such, more Ni?* is available for reduction. This increase in pre-concentration
improves electrode sensitivity. An accumulation time (tacc) of 90 s was chosen for all further

experiments, unless stated otherwise.

Instrumental parameter optimization is crucial in obtaining excellent stripping signals. The
effect of stripping reduction peak currents on frequency changes between 0 and 30 Hz is shown in
Figure 9.20, (c). A general decrease in stripping response is observed with increasing frequency
over the frequency range under investigation. Variations in frequency affect the scan rate in the
square-wave stripping voltammograms. A frequency of 5 Hz was selected for further

experimentation.

The influence of instrumental amplitude was studied between 0 and 20 mV at the ERGO-
AUNP-CC-Ag-PPPE. A linear increase in stripping peak current attributed to reduction of the
[Ni(dmgH2)] complex is observed up to 10 mV. At amplitude values greater than 10 mV, a

maximum peak current is achieved. An amplitude of 10 mV was selected.
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Figure 9.20: The influence of (a) accumulation potential (Eacc), (b) accumulation time (tacc), ()
amplitude and (d) frequency on Ni?* peak currents. Sample composition: 300 pg L™ Ni, 2 mM
DMG, 10 mg Lt Hg(l1), 0.1 M NHa/NH4CI buffer.

9.4.3.8. Calibration Studies at ERGO-AuNP-CC-Ag-PPPE

The analytical performance of the printed paper sensor, modified with electrochemically
reduced graphene oxide and gold nanoparticles in the presence of dimethylglyoxime chelating
agent and an electroplated metal film was evaluated for Nickel detection in test samples under
optimum conditions. The recorded square-wave stripping voltammograms and corresponding
calibration plot for the analysis of Ni?* in 0.1 M NHs/NH4CI buffer solution (pH 9.4) containing
at a ERGO-AuUNP-CC-Ag-PPPE for 90 s are shown in Figure 9.21. The performance of the sensor
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was investigated in the 50-500 pg L™ range. A linear increase in the Ni* reduction stripping peak
current is observed with increasing concentration of Ni?*. The concentration range under
investigation is 10 times higher than those reported in previous chapters and may be attributed to
a lack in sensitivity of the printed paper devices compared to that of solid carbon electrodes. A
shift to more positive reduction potentials is observed with increasing metal cation concentration.
The increase in metal ions in the presence of excess DMG allows for improved [Ni(dmgH2)]
complex formation and its subsequent adsorption at the electrode surface. A resultant lowering in
IR drop effect is observed and reduction of the adsorbed complex is simplified. Calibration plots
were constructed from the recorded square-wave voltammetric data and plotted in Figure 9.21. A
linear regression of 0.996 was found with good sensitivity (1.38 x 107 pA L pg?) over the
concentration range under investigation. A dynamic linear range over the 100 — 500 pg L™ Ni%*
range was indicated. The detection limit (LOD) of the Ni?* sensor in the presence was determined

according to Equation 9.1:

F X
LOD/LOQ = ———

; (Equation 9.1)

Where

LOD: Limit of Detection

LOQ: Limit of Quantitation

F: Factor of 3.3 and 10 for LOD and LOQ), respectively

o: Standard deviation of the blank, standard deviation of the ordinate intercept, or

residual standard deviation of the linear regression
b: Slope of the regression line

The standard deviation of the blanks was determined from 5 replications of the ERGO-
AUNP-CC-Ag-PPPE in 0.1 M NHs/NH4Cl Buffer (pH 9.4). Calculated standard deviations were

larger than hoped for due to an increase in background current with consecutive runs as previously
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stated due to charge build up at the electrode surface. Determined limits of detection were found
to be 32.19 pg L at an analysis time of 120 s. The results are summarized in Table 9.1.
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Figure 9.21: SWASYV and corresponding calibration plot of individual analysis of Ni?* obtained
at ERGO-AuUNP-CC-Ag-PPE over 50 — 500 pg L™ range. Supporting electrolyte (0.1
NH3s/NH4ClI Buffer, pH 9.4), deposition time (90 s), deposition potential (- 0.7 V), rotation speed
(2000 rpm), frequency (5 Hz), amplitude (0.01 V).
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Table 9.1: A summary of recorded analytical data for the ERGO-AuUNP-CC-Ag-PPE over the
50 — 500 pg L™ range*.

Analytical Parameter Analysis of Niz*
Sensitivity (WA L pug?) 1.38 x 107
Correlation Coefficient (R?) 0.996
Detection Limits (pg L?) 32.19+9.61
Limit of Quantification (g L2) 98.57 +26.2

*where, n =3

9.4.3.9. Application to Tap Water Samples of the ERGO-AuNP-CC-Ag-PPPE

Tap water samples, collected in our laboratory were applied to the detection of Ni?* ions
using the electrochemically reduced graphene oxide, gold nanoparticle modified carbon coated,
inkjet printed silver photographic paper electrode (ERGO-AuNP-CC-Ag-PPE) in the presence of
chelating agent and electroplated Hg film. A standard addition method was utilised to (a) detect
the presence of Ni%* contaminants in the water sample and (b) show that the developed sensor
could be applied in the new sample matrix. No metal cations were detected within the working
potential window in the tap water sample under the developed sensor conditions. This may be
attributed to trace concentrations present below the sensor limits of detection. Upon spiking tap
water samples with 150 pg L™ of Ni?* metal cation yielded good recovery percentages for the
individual analysis of all three metals ions. The recovery percentages were determined using an
extrapolation technique to determine the x-intercept. Spike concentrations were chosen to bring
the metal ion concentration into the dynamic linear range of the sensor. A typical standard addition

square-wave voltammogram and constructed calibration plot is shown in Figure 9.22.
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Figure 9.22: Analysis of tap water (pH 9.4) spiked with 150 pg L™ of metal ion in the presence
of 2 mM DMG and 10 mg L* Hg®". (a) SW-AdSV and (b) Calibration plot. Supporting
electrolyte: 0.1 M NH3s/NH4CI buffer (pH 9.4). SWV instrumental parameters: Eacc = -0.7 V, tacc
=120s, f=5Hz and Ampl =10 mV.
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Table 9.2: Recorded recovery percentages in both test and water samples*.

Original Added Found Recovery
Ni2* Sample
(g LY (e L) (kg LY (%)
Test Sample N/D 150 156.48 104.32 £ 7.68
Real Water Sample N/D 150 138.86 92.57 9.32

*where,n=3
9.4.3.10. Application of the ERGO-AuNP-CC-Ag-PPPE Towards Co?* Detection

The developed ERGO-AUNP-CC-Ag-PPE sensor was applied towards the detection of Co?*
in 0.1 NH3/NH4CI Buffer, pH 9.4 under similar conditions to those proposed for Ni%* detection.
As reported in literature and also in the results obtained from Chapter 5, the sensitivity of the
[Co(dmgH2)] complex is significantly lower than those obtained for the [Ni(dmgHz)] above.
Amalgam formation of the Co-Hg-complex is limited to its low solubility in the Hg-film, as such
a higher concentration was investigated. Figure 9.23, shows the recorded voltammograms for
[Co(dmgH:)] complex with Co concentration between 300 — 600 ug L. Broad, irreversible peaks
are observed between — 1 and -1.25 V, while a slight increase in stripping peak current is achieved
before saturation at 500 pug L. The paper-based sensor shows low sensitivity and selectivity
towards Co detection.
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Figure 9.23: SW-AdCSV and corresponding calibration plot of Co?* obtained at ERGO-AUNP-
CC-Ag-PPE over 300 — 600 pg L™ range. Supporting electrolyte (0.1 NHa/NH4Cl Buffer, pH
9.4), deposition time (90 s), deposition potential (- 0.7 V), rotation speed (1000 rpm), frequency
(5 Hz), amplitude (0.01 V).

9.4.4. Carbon Black, Dimethylglyoxime Silver Printed Paper-based Electrodes (CB-
DMG-CC-Ag-PPE)

9.4.4.1. Ni?* Detection at the CB-DMG-Ag-PPPE

Silver printed working electrodes have shown low sensitivity towards [Ni(dmgH2)]
complex detection and a narrow active potential window, as discussed in previous sections. Carbon
inks have shown to significantly improve the active potential window and have shown a clear
affinity towards the desired application. Carbon black ink, formed from the nanoparticle form of

carbon was proposed as ultrasensitive carbon coating material to further improve the electrode
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sensitivity of inkjet-printed paper-based sensors in the absence of an electroplated metallic film.
Figure 9.24, represents typical square-wave adsorptive cathodic stripping voltammograms (SW-
AdCSV) for 300 pg L™ Ni?* at the CB-Ag-PPPE and CB-DMG-Ag-PPPE respectively. The CB-
Ag-PPPE shows no cathodic stripping peaks in the active potential window between — 0.7 and —
1.3V in 0.1 M NHs/NH4CI Buffer (pH 9.4) with deposition potential (- 0.7 V), deposition time
(120 s), frequency (5 Hz), amplitude (0.1 V) and voltage step (0.005 V). In contrast, the CB-
DMG-Ag-PPPE shows a sharp, well-resolved stripping peak at -1.14 V for Ni?* reduction from
the formed [Ni(dmgH2)] adsorption complex at the electrode surface. Immobilisation of the
chelating agent at the electrode surface in conjunction with high active surface area and conductive
carbon nanoparticles provides sensitive and selective detection of Ni?* cations as previously shown
in Chapter 6. The overall electrolytic reaction may be described in the two-step process below, as

previously discussed:

Ni?* + 2 dmgH, + 2 OH™ - [Ni(dmgH),] + 2 H,0 Pre-concentration Step (9.2)

[Ni(dmgH),] + 10e~ + 10 H* — Ni?t + 2 DHAB Stripping/reduction step (9.3)
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Figure 9.24: SW-AdJCSV of 300 pug L™ Ni?*, obtained at the (a) CB-Ag-PPPE and (b) CB-
DMG-Ag-PPPE. Supporting electrolyte (0.1 NH3s/NH4Cl Buffer, pH 9.4), deposition time (90 s),
deposition potential (- 0.7 V), rotation speed (1000 rpm), frequency (5 Hz), amplitude (0.1 V).

9.4.4.2. Influence of Chelating Agent Concentration in CB-DMG Ink

It has been shown in previous sections that the detection of Ni?* is highly dependent on the
formation of the [Ni(dmgH2)] and its subsequent adsorption onto the working electrode surface.
From Chapter 6, a sensitive technique could be established by immobilisation of the chelating
agent at the electrode surface, simplifying the stripping voltammetric mechanism. Here, its
application at printed paper electrodes was achieved. Optimisation of the dimethylglyoxime
loading within the prepared carbon black ink (CB:DMG) are illustrated in Figure 9.25 below. The
CB:DMG ratios were varied between 1:0, 1:4, 1:2 and 1:1 and its effect on the stripping

voltammetric peak currents were investigated towards 300 pg L™ Ni?* detection by AdCSV. The
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absence of chelating agent (CB:DMG, 1:0) prevents adequate pre-concentration of Ni?* at the
electrode surface and no cathodic stripping peak is observed, as previously stated. Addition of
DMG chelating agent at the working electrode facilitates adsorption of metal cations onto the
electrode surface and the subsequent formation of metallo-chelate complexes. Ni?*, present in
larger concentrations can now be reduced and a stripping peak current achieved. The inclusion of
more non-conductive DMG inhibits electron flow and a decrease in the measured peak current is
seen. A 1:4 ratio of CB:DMG vyielded the optimum stripping peak currents and was therefore

selected for all further experiments.
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Figure 9.25: Influence of DMG loading within carbon black inks on the stripping peak current
of 300 pg L Ni?*,
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9.4.4.3. Morphological Characterization of CB-DMG-Ag-PPPE

The morphological characterization of the prepared electrodes was studied by scanning
electron microscopy. Figure 9.26, shows the HRSEM images of (a) unmodified inkjet printed
AgNP electrode, (b) carbon black modified Ag-electrode and (c) dimethylglyoxime, carbon black
Ag-electrode. The HRSEM image of the unmodified AgNP electrode shows a uniform film of
spherical Ag nanoparticles deposited on the photographic paper substrate. An even coating with
no distinct defects in the printing process is observed. Figure 9.26 (b), demonstrates ‘bushy’
aggregates of carbon black particles deposited on the silver WE surface. Carbon black particles
with an average particle size of ~ 80 nm are observed. Upon inclusion of dimethylglyoxime
chelating agent in a 1:4 ratio, crystalline deposits can be seen within the carbon black film as

indicated in Figure 9.26 (c) and confirms the formation of the CB-DMG composited electrode.
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Figure 9.26: High resolution scanning electron microscope images of (a) inkjet printed AgNPs,
(b) CB-AgNP and (c) DMG-CB-AgNP working electrodes on photographic paper at 1 kX

magnification.
9.4.4.4. CB-DMG-Ag-PPPE Instrumental Parameter Optimization

The square wave instrumental parameters affecting the analytical response of the CB-
DMG-Ag-PPPE; namely deposition potential, deposition time, frequency and amplitude were

optimized and illustrated in Figure 9.27.

The influence of deposition potential on the stripping response of Ni?* at the CB-DMG-
Ag-PPPE was interrogated in the potential range between 0.0 and — 1.0 V (Figure 9.27, (a)).
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Variations is the accumulation potential towards the established reduction potential of Ni%* into
Ni° (0 V to -0.8), showed a gradual decrease in recorded peak currents achieved from Ni%*
detection. Reduction of the metal cations present in solution converts metal cations to their neutral
state lowering the overall concentrations of cations available for reduction in the cathodic sweep.
A further move to — 1.0 V, sharply decreases the stripping peak currents. Eacc of -0.75 V was
selected.

The effect of accumulation time on the Ni?* stripping response was studied between 30 and
300 s. Figure 9.27, (b), shows a rapid increase in the Ni?* peak current with increasing
accumulation time between 0 and 180 s confirming the increase in adsorption of the Ni?* on the
CB-DMG-Ag-PPPE surface. Saturation of the electrode surface takes place at accumulation times
greater than 180 s and results in a gradual stabilisation in stripping peak current. A deposition time

of 120 s was selected for all analysis.

Figure 9.27, (c), shows the dependence of peak currents on the square wave frequency over
the 0 to 30 Hz range. Maximum stripping voltammetric peak currents are achieved at low
frequency values indicating longer analysis times are required to improve resolution and sensitivity
of the paper-based sensors. A steady decline in reduction peak currents between 5 and 30 Hz can
be seen due to slower electron transfer processes through the DMG film. A frequency of 5 Hz was

selected for the square-wave waveform.

The influence of amplitude on the stripping peak current of Ni?* was studied between 0
and 20 mV and shown in Figure 9.27, (d). A steady increase in recorded stripping cathodic peak

currents is observed.
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Figure 9.27: The influence of (a) accumulation potential (Eacc), (b) accumulation time (tacc), (C)
frequency and (d) amplitude on Ni?* peak currents at CB-DMG-Ag-PPPE. Sample composition:
300 pg L Ni, 0.1 M NHs/NH4CI buffer.

9.4.4.5. Quantitative Analytical Performance of the CB-DMG-Ag-PPPE

The favorable adsorptive stripping voltammetric performance of the CB-DMG-Ag-PPPE is
demonstrated in Figure 9.28. Square-wave voltammograms and the calculated calibration plot
recorded over 50 — 500 pg L Ni?* ions, at optimum conditions were performed in deaerated
samples. The voltammograms were recorded between — 0.9 and — 1.3 V. Voltammograms show a
single, broad, reversible cathodic stripping peak at ~ - 1.18 V. Peak currents, credited to the
reduction of Ni?* cations from the [Ni(dmgH)2] complex increase with increasing Ni%*
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concentration. Positive peak potential shifts are indicated at higher metal ion concentration. The
amount of energy to convert the cation into its neutral state is therefore decreased. Figure 9.28,
inset represents the noted calibration plot obtained from the corresponding voltammograms. A
constant, linear increase in peak currents is observed between 0 and 350 pg L [Ni(dmgH)2]
concentration. At Ni?* concentrations greater than 350 pg L™ saturation of the electrode surface
with adsorbed metal-complex is experienced and a deviation from linear concentration is observed.
A plateau is evident in the calibration curve. A dynamic linear range between 50 and 350 pg L*
[Ni(dmgH)2] concentration is established with correlation coefficient of 0.989 indicating good

linearity in the recorded region at an accumulation time of 90 s.
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Figure 9.28: SW-AdCSVs and corresponding calibration plot of individual analysis of Ni?*
obtained at CB-DMG-CC-Ag-PPE over a 50 — 500 pg L™ range. Supporting electrolyte (0.1
NHs/NH4ClI Buffer, pH 9.4), deposition time (90 s), deposition potential (- 0.7 V), rotation speed
(1000 rpm), frequency (5 Hz), amplitude (0.01 V).
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F X o
LOD/LOQ = T (Equation 9.2)
Where
LOD: Limit of Detection
LOQ: Limit of Quantitation
F: Factor of 3.3 and 10 for LOD and LOQ, respectively
c: Standard deviation of the blank, standard deviation of the ordinate intercept, or

residual standard deviation of the linear regression
b: Slope of the regression line

Table 9.3: A summary of recorded analytical data for the CB-DMG-Ag-PPE over the 50 — 500

ug Lt range.
Analytical Parameter Analysis of Niz*
Sensitivity (LA L pg?) 4.19x 108
Correlation Coefficient (R?) 0.989
Detection Limits (ug L) 48.01 £12.24
Limit of Quantification (pg L) 144.03 51.92

9.4.4.6. Analysis of Tap Water Samples at the CB-DMG-Ag-PPPE

Similar to Section 9.4.3, the carbon black, dimethylglyoxime paper-based sensor (CB-DMG-
Ag-PPPE) was applied to the quantitative analysis of Ni?* ions in tap water samples collected in
our laboratory. Water samples were prepared according to the procedure discussed in Section 3.5.
Quantitative analysis of tap water was performed by means of a simple standard addition technique

whereby successive additions of know sample concentration was added to the sample under
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analysis to determine its concentration by extrapolation methods. It was found that the Ni?* ion
concentration in tap water samples could not be determined as it was below the sensor limits of
detection or was not present in the sample at all. Spiked samples allowed for accurate recovery
studies in the new sample matrix when studied within the linear dynamic range found previously.
Good recovery percentages were determined for Ni?* detection in both test (buffer) and real tap
water samples respectively with an error below 5 %. The reported values from analysis are shown
in Table 9.4, below.
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Figure 9.29: Analysis of tap water (pH 9.4) spiked with 150 pg L™ of metal ion in the presence
of 2mM DMG and 10 mg L Hg®". (a) SW-AdSV and (b) Calibration plot. Supporting
electrolyte: 0.1 M NHs/NH4CI buffer (pH 9.4). SWV instrumental parameters: Eacc = -0.7 V, tacc
=120s, f =5 Hz and Ampl = 10 mV.

Table 9.4: Recorded recovery percentages in both test and water samples

Original Added Found Recovery
Ni2* Sample
(g L) (g L) (g L) (%)
Test Sample N/D 150 148.15 98.77 + 7.41
Real Water Sample N/D 150 155.49 103.66 + 5.34

A comparison of the calculated electrode sensitivities is shown in Figure 9.30 below. As
predicted, due to the presence of the electroplated Hg-film the ERGO-AuNP-CC-Ag-PPE
exhibited improved sensitivity (10 times) over the CB-DMG-Ag-PPE. Further it could be surmised
that improved electroactive surface area is achieved due to incorporation of graphene at the
electrode surface. Most significantly though the immobilisation of non-conductive chelating
agents at the electrode surface significantly diminishes electron transfer through the coated
electrode. Both sensors showed accurate detection of Ni?*. The ERGO-AuNP-CC-Ag-PPE showed
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a significantly wider linear range over the CB-DMG-Ag-PPE as a direct result of its improved
sensitivity towards metal cations.

704 = N-DMG-CB-Ag-PPPE
¢ ERGO-AuNP-CC-Ag-PPPE ).
60 —
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Figure 9.30: A comparison of calibration plots of 50 — 500 pg L™ Ni%* at (a) ERGO-AuNP-CC-
Ag-PPE and (b) CB-DMG-Ag-PPE

The observed limits of detection recorded at the ERGO-AuNP-CC-Ag-PPE and CB-DMG-
Ag-PPE are shown in Table 9.5, along with a summary of previously reported sensors for the
detection of Ni?* in water samples by AdSV. It can be seen that conventional solid electrode
provided the best sensitivity towards nickel detection due to the low limits of detection obtained.
This is in agreement with the expected findings due to conductive electrode materials. Lower limits
of detection are obtained in the presence of an electroplated Hg-films due to amalgam formation
with excess [Ni(dmgH)z] complexes even at short analysis times. The paper-based sensors based

on chromatography paper provided sensitive responses (LODs) in an order of magnitude 10 times
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greater than the observed solid electrodes. The integrated paper electrodes showed reduced

sensitivities towards [Ni(dmgH)2z] complex detection.

Table 9.5: A summary of previously reported sensors and limits of detection (LOD) for Ni%*

detection by stripping voltammetric techniques

Dynamic

Accumulation Linear Detection
Metal lons ~ Substrate = Technique Time Limit Reference
8 Range  (ugL)
(Mg LY)
Ni2+ mpBiF- 1-10 0.027
AdCSV 180 33
Co2 SPCE 1-10 0.094 133
Nij2+ , 0.6-41 0.18
RBIABE DPAdSV 30 [34]
Co? 0.06 -4.1 0.018
Ni2+ 0.6-2.9 0.2
PbF-SPE SWV 60 [35]
Co? 0.6-5.9 0.3
Nij2+ SBVE SWAdCSV 30 0-10 0.6 [36]
Ni2+ DMG-CPE | DPAdSV 120 80 - 600 27 [37]
Nij2* OGS DPAdSV 120 60 - 500 30 [38]
SPE
Ni2+ ER(,\;ACF)'EPG' SWAdACSV 210 2-16 0.12 Chapter 5
NIz NGr-DMG-
with Co2* SWAdCSV 120 2-20 15 Chapter 6
GCE
and Zn2+
_ DMG-Hg- ]
Nji2+ LPPEC SWAdCSV 90 15-90 6.27 Chapter 7
_ AUNP-IL-
Ni2+ JPED SWAdCSV 90 30 - 150 5.13 Chapter 8
ERGO-
Ni2* AuNP-CC- | SWAdCSV 120 50 - 500 32.19 This Work
Ag-PPPE
_ CB-DMG- .
Ni2+ Ag-PPPE SWAdCSV 120 50 - 350 48.01 This Work
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9.5. Conclusions and Future Work

This chapter describes a simple inkjet printing process for the production of patterned three-
electrode systems based on silver nanoparticles (AgNPs) deposited on commercial photographic
paper. The fabricated Ag-PPE showed good conductivity in the low ohm range. Further,
modification of the Ag-PPE with and electrochemical reduced graphene oxide gold nanoparticle
(ERGO-AuUNP) composite material and a nafion carbon black dimethylglyoxime film respectively,
demonstrated improved sensitivity and provided an accurate and simple quantitative analytical
approach towards the detection of Ni?* in drinking water samples by adsorptive cathodic stripping
voltammetry (AdCSV). The sensors provided good sensitivities and low limits of detection at short

analysis times.
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Chapter 10 :

Microfluidic graphenised-paper electroanalytical devices (WGPED) for
adsorptive cathodic stripping voltammetric detection of metal

contaminants.

Conclusions and Future Work

The overriding aim of the study, to develop low-volume, cost efficient, accurate, sensitive
and highly reproducible microfluidic graphenised paper-based electroanalytical devices (WGPEDs)
for the detection of heavy metal contaminants in water samples by adsorptive cathodic stripping
voltammetry (AdCSV) was achieved. The novel paper-based sensor, relying on complex formation
of Ni?* with dimethylglyoxime was the first approach of its kind in paper-based sensing devices
where only anodic stripping voltammetric techniques have been performed to date. Chapter One
outlines the main objectives and rationale employed for the sensor development and highlights
steps and objectives employed to realize its full potential. Briefly, it was important to initially
investigate the AACSV procedure for metal analysis in water samples and develop strategies to
enhance its sensitivity at conventional solid electrodes using graphene-based materials and
nanocomposites. The developed technique was then employed in paper-based sensors created with
chromatographic and photographic paper substrates for low-volume and low-cost detection.
Related to this application patterning methods, reagent storage, nanoparticle enhancement,
interference studies etc. were all required to be further investigated for its use in sensor
development. Upon completion of a culmination of these steps, the research was able to be
completed and the novel sensors developed. This chapter outlines the main conclusions of the
study and provides and overview of the success and shortcomings achieved herein. It further

highlights any recommendations for future work which may have arisen from the study.

The objectives of this work were to:
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e Explore the synthesis and characterization of reagents used in the study:

e Investigate the synthesis and characterisation of graphene oxide (GO) by a modified
Hummers method and its subsequent reduction to graphene as well as
characterization of commercial gold nanoparticles. Structural and morphological
characterisation were performed using HRSEM, HRTEM, FTIR, AFM, XRD,
Raman and UV-Vis.

e Investigate the development of graphene-chelate nanocomposites and
electrochemically reduced platforms for surface modification to improve electrode

sensitivity.

e Develop a method for the adsorptive stripping voltammetric detection of metal cations in
water based on a single accumulation and deposition step in the presence of suitable

chelating agents and metallic films

e Investigate the ability to improve electrode sensitivity by electrode modification with

graphene and gold nanoparticles

e Fabricate low-volume paper-based electroanalytical devices for the detection of Ni?* by
AdCSV

e Improve sensitivity of paper-based sensors by reagent storage with electrolyte, chelating

agent and metallic films

e Further enhance sensitivity of the developed devices by modification with graphene, gold

nanoparticles and ionic liquids
e Develop paper-based flow-systems based on patterning with hydrophobic materials

e Investigate the filtration, inkjet and screen printing techniques to create integrated electrode
systems on paper substrates and apply them to the detection of metal ions by AACSV

e Develop a method for the quantitative detection of metal ions in water based on the

aforementioned devices.
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The background of the study was performed by surveying relevant literature on metal
contamination in water samples worldwide and in South Africa. The impact and toxicology of
metal contamination on the environment and specifically human beings was investigated. Health
concerns associated with prolonged exposure was addressed and specific maximum contamination
levels set by WHO, EPA and South African drinking water guidelines investigated as measure of

sensor effectiveness.

Literature studies were performed in two separate reviews in order to identify previously
reported research pertaining to the study. Particularly, work performed on graphene-derivatives in
stripping voltammetric applications were investigated with special interest in metal analysis.
Methods of graphene preparation and the unique electrochemical properties associated with the
preparation techniques were highlighted. In addition, techniques used for the detection of heavy
metals in paper-based analytical devices was studied. A comparison of advantageous and
disadvantageous properties of colorimetric, fluorescence, electrochemical and other techniques
was performed. Gaps in the research conducted to date and possible improvements were identified.

The study made use of a quantitative analytical approach based on unique experimental
strategies performed in our laboratory to investigate particular areas of interest in the fabrication

of the appropriate paper-based sensors.

A review of the relevant literature in Chapter Two found that chemical synthesis approaches
based on a modified Hummer’s method provided the most plausible strategy for large scale
graphene preparation with minimal structural defects and unique properties ideal for
electrochemical applications. Electrochemical approaches are also ideal for modification of non-
uniform surfaces where simple drop-casting is not possible. From the relevant literature, a few
unique electrochemical properties of graphene use in stripping voltammetry was addressed: a large
surface area, improved electron transfer rates, synergistic effects, wide potential window etc. were
highlighted. It was further found that stripping voltammetric applications in recent times very
rarely made use of graphene-based materials by themselves, but in conjunction with additional
materials in the form of composites. Further, it was found that metal analysis by SV at graphene
derived materials relied solely on anodic stripping voltammetry (ASV) where electrolytic

conversion of analyte materials was performed prior to detection. Only one study to date has made
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use an adsorptive stripping voltammetry (AdSV) approach for Pb?* detection in the presence of -
cyclodextrin. However, while adsorption was used in the detection mechanism electrolytic
conversion of the Pb cation to its zero oxidation state was achieved prior to analysis and therefore
is a variation on ASV instead of AdSV. More conventional AADCSV approaches could therefore be

investigated for metal analysis.

Chapter Three highlights the recent applications of metal analysis at paper-based analytical
devices. It was found that not much work has been conducted on trace metal analysis at paper-
based sensors to date. Optical detection methods such as colorimetric, fluorescence and
chemiluminescence approaches are common place. Electrochemical approaches however offer the
possibility of speciation and also application to a wider range of analytes. Similar to the graphene-
derivatives found in Chapter Two no work on the AdCSV of metal ions has been studied as yet.
An interesting finding was that no work on nanoparticle enhancement in electrochemical paper-
based sensors has been utilized, opening an interesting sphere of research to be further

investigated.

A discussion on the preparation and characterization of graphene and commercial gold
nanoparticles by HRSEM, HRTEM, FTIR, AFM, XRD, Raman and UV-Vis analysis techniques
was shown in Chapter Four. A modified Hummer’s method was reported for the preparation of
graphene oxide from pristine graphite powder. The inclusion of oxygen moieties in the graphitic
structure yielded a brown suspension when dispersed in water as a direct result of the hydrophilic
nature of GO. Hydroxyl, carboxyl and epoxy functional groups were confirmed by FTIR analysis
between 400 and 4000 cm™, in agreement with literature. These could further be established by
the 1 —» n° (C-C) and n — =" (C-O) electronic transitions shown at UV-vis analysis. Upon
subsequent reduction in the presence of NaBHa, high quality few-layer reduced graphene oxide
was obtained consisting of 5 stacked layers with flake thickness of 1.6 nm, obtained from AFM
analysis, diffraction in the 002 plane from XRD analysis and an Io/lc ratio of 1.19 found from
Raman spectrometry. It was further noted that incomplete reduction of oxygen moieties in the
chemical reduction step was observed producing a reduced graphene oxide. Commercial, spherical
gold nanoparticles with an average particle size of ~ 57 nm were observed from HRSEM and
HRTEM analysis. This was confirmed by UV-vis analysis where an absorption band at 536 nm

was detected corresponding to gold nanoparticles of ~ 50 nm.

—http:/fetd mweac.za




Chapter Ten: Conclusions and Future Work

Furthermore, a novel single step accumulation and deposition approach for Ni?* detection
was performed for the first time (Chapter Five). An accumulation potential of — 0.7 V was found
to be adequate for the reduction of Hg?* as well as allow for [Ni(dmgH)2] complex formation and
its subsequent adsorption onto the electroplated metal film. This is contrary to previously reported
studies whereby deposition/electroplating of a metallic film and adsorption of formed complexes
onto the electrode surface was performed in two successive steps. More significantly however, the
catalytic effects of graphene-modified electrodes, prepared by electrochemical reduction and
deposition of graphene from graphene oxide suspensions onto pencil graphite electrodes, towards
the reduction of Ni?* from [Ni(dmgH)2] complexes in the presence of Hg were achieved for the
first time. As previously stated, this is a significant finding as it is the first AdSV application of
graphene towards metal analysis. HRSEM analysis of the modified PGE confirmed graphene
deposition at the electrode surface. A 3 times enhancement in stripping response towards Ni?*
reduction was found in the presence of ERGO. The ERGO-PG-MFE showed excellent sensitivity
(9.71 x 10" uA L pg™) and also highlighted the selectivity of the graphene materials towards Ni?*.
Low limits of detection of 0.12 + 0.002 pg L were achieved for Ni?* analysis in the 2 — 20 pg L-
! range at 120 s analysis times for 3 replications. This result was comparable values to reported

literature values at shorter analysis times.

The toxicity of Hg-films required for sensitive detection of Ni?* as developed in Chapter
Five is a major drawback of the analytical technique. An environmentally friendly approach was
therefore developed for Ni?* detection by AdCSV in Chapter Six. Graphene-dimethylglyoxime
nanocomposites were prepared and modified onto glassy carbon electrodes. HRSEM analysis
showed a smooth uniform surface with randomly dispersed graphene flakes at the chemically
modified electrode (CME) surface upon modification with the composite material (NGr-DMG).
The presence of nitrogen and fluorine in the energy dispersive x-ray spectra confirms the inclusion
of DMG at the electrode surface. Electrochemical characterization of the CME showed an increase
in peak current and a distinct narrowing in peak-to-peak separation for the Fe(CN)s 3/* redox
couple as well as a dramatic decrease in Rct from 400 000 to 70 000 € from the Nyquist impedance
plot. The low sensitivity of the chemically modified electrode was improved by means of enhanced
electron transfer kinetics and improved surface-area-to-volume ratio of graphene. Application of
the NGr-DMG-GCE towards Ni?* detection demonstrated a distinct enhancement in reduction
peak current (9 times) over the N-DMG-GCE. Further, a low limit of detection of 1.5+ 0.27 pg L
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! was observed for 3 replications over the 2 — 20 pug L range at a 120 s analysis time. This was
ten times less sensitive than the PGE counterpart due to the absence of a Hg-film. In addition, the
sensor showed highly selective and reproducible detection of Ni?* in the presence of Co?* and Zn?*
for the first time with a RSD of 3.94 %.

Building on the work developed in Chapter Five and Six at solid carbon electrodes, the first
approach for Ni* detection by AdCSV at paper-based sensors was achieved in Chapter Seven. A
dry reagent storage method was developed to create prestored paper-based electrochemical cells
(PPECs) infused with electrolyte, chelating agent and metallic films. The PPECs showed sensitive
and selective detection of Ni?* at sample volumes < 20 uL. Accurate, selective and reproducible
detection in the presence of 100 pg L't Zn?*, Cd?*, Pb?*, Co?* and In?* was achieved with an RSD
of 4.36 % (n = 4). Comparison of three concentration ranges (300 — 2100 pg L, 30 = 210 pg L
and 15 - 120 pug Lt Ni?*) indicated that linearity could be improved at lower Ni?* concentrations
(R? = 0.995) for 90 s analysis time. Detection limits of 6.27 + 1.32 ug L* were calculated. This
value was comparable to literature values but demonstrated a lower sensitivity over solid
electrodes at bulk volumes. Recoveries of 101.34 and 93.12 % were recorded in test and real water
samples respectively. Further, it was found that accurate detection could still be achieved in water
samples littered with dirt etc. A comparison of chelating agents used in literature such as nioxime
and morin hydrate were compared to the dimethylglyoxime method developed and nioxime
showed outstanding possibility for future applications. Infusion of pPECs with graphene to
improve electron transfer kinetics was further investigated. This was the first reported work on
graphene infused paper devices for electrochemical detection of metal ions. The novel sensing
technique showed little-to-no improvement in electron transfer kinetics due to low loading of
graphene within the cellulose structure and effectively not improving conductivity of the device.
Similar findings were reported for both ERGO and NGr infused paper disks. To overcome the low
conductivity of the infused paper-based electrochemical cells, higher loading wt. % were studied
by simple filtration techniques. Conductive working electrodes (324 Q) were thus achieved and in
conjunction with screen printed reference and counter electrodes created integrated three-electrode

systems for use as electrochemical sensors fabricated from paper.

Infusion of graphene in paper-based electrochemical cells was not completely successful as

hypothesized in Chapter One. As such, additional means of improving paper-based senor
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sensitivity was investigated. A simple method for fabricating microfluidic paper-based
electroanalytical devices (UPEDs) for Cu?* and Ni?* detection in water samples is described in
Chapter Eight. Electrochemical stripping analysis techniques are coupled to low volume (< 100
uL), disposable uPEDs for use in adsorptive stripping voltammetry (AdSV) and anodic stripping
voltammetry (ASV). A contact printing technique based on paraffin wax and rubber stamps created
effective hydrophobic barriers in the chromatography paper under an applied hand-pressure,
melting temperature of 120 °C and melting time of 2 min. This was confirmed by leak tests. A dry
storage method created the reaction zones with gold nanoparticles and ionic liquids. A uniform
distribution of AuNPs within the cellulose fiber structure was confirmed by HRSEM analysis and
EDS and an average particle size of ~ 90 nm. Agglomeration of the AuNPs within the cellulose
structure is therefore confirmed. The AuNP-IL-uPED was applied to Cu?* and Ni?* detection.
Further, for the first time commercial gold nanoparticles and 1-Methylimidazole ionic liquids
integrated within the cellulose fiber structure were utilized to improve electron transfer rates and
low sensitivities associated with quantitative electrochemical detection in paper-based devices. A
2 and 3 times enhancement in stripping peak current for Cu?* detection is observed for 1-
methylimidazole and gold nanoparticle inclusion. The IL improves binding ability of the metal
cations at the electrode surface while the conductive nanoparticles improve electron transfer
kinetics. Similarly, a 1.3 and 2 times in enhancement is observed for Ni?* detection by AdCSV.
The paper-based microfluidic device with microliter sized channels created beneficial properties
such as filtration, mixing, mimicking stirring and speciation by varying retention times in the
channel. Improved sensitivities were achieved at the gold nanoparticle, ionic liquid infused
microfluidic paper-based electroanalytical devices (AUNP-IL-pPEDs) for Cu?*and Ni?*. Detection
limits of 3.78 uM and 5.13 pg Lt was recorded for Cu?* and Ni?* detection. These were in

agreement with literature reported values.

Chapter Nine describes the production of integrated three-electrode paper-based sensors on
photographic and chromatographic paper substrates for the detection of Ni?* by AdCSV. The
integrated paper sensor was highly conductive (low ohms range) due to AgNP printing at a curing
temperature of 120 °C for 1 hr. Curing dramatically improved the conductivity of the printed
electrodes by 2.5 times. Further, increased numbers of printed layers further enhanced electrode
conductivity in chromatography paper. The inkjet printing technique was able to fabricate accurate
features with precise dimensions. Working electrodes were further modified by electrochemically
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reduced graphene oxide and gold nanoparticle composites using an electrochemical deposition
approach and a formed carbon black dimethylglyoxime nanocomposite. The modified electrode
surfaces were confirmed by HRSEM analysis. AuNPs are seen to form within graphene sheets in
the electrodeposition process and represented as spherical spots within the transparent sheets.
Particle sizes of + 100 nm were achieved. The application of the ERGO-AuNP-CC-Ag-PPE
demonstrated the best sensitivity (5 times) towards Ni?* detection at 30 cycles over the CC-Ag-
PPE. The CB-DMG-Ag-PPE also demonstrated improved sensing capability over the CB-Ag-PPE
Both sensors showed good sensitivity and detection towards Ni?* detection with detection limits
of 32.19 + 9.61 and 48.01 + 12.24 ug L* achieved at 90 s accumulation times over the 50 — 500
ug L Ni?* range.

The results obtained in the study show promising results in the field of paper-based
microfluidics by combining low-volume, disposable paper-based substrates with electrochemical
detection for accurate and sensitive quantitative analysis. To date, trace-metal analysis at paper-
based electroanalytical devices (WPEDS) have been limited to metal cations suitable for detection
by anodic stripping voltammetric detection (ASV). As such, only limited applications and low
selectivity has been observed. The ability to perform adsorptive stripping voltammetry at the
paper-based electrodes is unique and could open the door for improved and selective detection of
metal ions but also organic materials in paper-based sensing. Further, reagent storage with
chelating agents, electrolyte, metallic films etc. offers the capability of easily modifying uPEDs
for a variety of applications with minimal effort and labor. In addition, the ability to use graphene,
gold nanoparticles and ionic liquids to improve electrode sensitivity in paper-based sensing is an
exciting finding. Numerous nanoparticles could further be investigated for this purpose. In
addition, the ability to immobilize biological materials at the infused nanoparticles results in
biosensing capabilities. The infusion of graphene within the paper reaction zone requires further
exploration as this is an exciting prospect in sensing capabilities. Filtered graphene electrodes

further expand the work for origami devices in paper sensing.
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