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Preamble

A chemical sensor is defined as a device that provides continuous information about
its environment. Ideally, a chemical sensor provides the required chemical response directly
related to the quantity of a specific chemical species. All chemical sensors consist of a
transducer, which transforms the response into a detectable signal on modern
instrumentation, and a chemically selective layer, which isolates the response of the analyte
from its immediate environment. They can be classified according to the property to be
determined as: electrical, optical, mass or thermal sensors and they are designed to detect and
respond to an analyte in the gaseous, liquid or solid state. Compared to optical, mass and
thermal sensors, electrochemical sensors are especially attractive because of their remarkable
delectability, experimental simplicity and low cost. They have a leading position among the
presently available sensors that have reached the commercial stage and which have found a
vast range of important applications in the fields of clinical, industrial, environmental and
agricultural analyses. In view of this, the present work is focussed on the development of
alternate electrode materials based on thin films and nano phase based materials for the
determination of toxic heavy metal ions and to understand electrochemical properties of few
very important bio-molecules and development of methodologies for their detection. An
introduction, instrumentation and the discussion about the results are presented in four
chapters of the thesis as detailed below. Consolidated summary of the thesis and future
direction of the related research is discussed in Chapter V. The bibliography of all the
chapters is presented collectively at the end of the thesis.

Chapter I: Introduction

This chapter is entitled to give a brief review on electroanalytical chemistry, different

electrochemical techniques and their importance and advantages. The chapter also includes

general pathways of electrochemical reactions, kinetics and types of electron transfer

ii



processes. A brief account on electrochemical sensors is given. Finally objective of the
present thesis and outline of the work is provided.
Chapter II: Experimental

Chapter II describes about the chemicals, reagents, solvents; preparation of solutions
and supporting electrolytes for electrochemical experiments. The instrumentation, devices
and the electrode systems used are discussed. Special emphasis is given on the practical
aspects of preparation of carbon paste electrodes from the graphitic carbon powder. Synthesis
procedure of the graphene oxide from graphite powder is described and the procedure of
modification of the carbon paste using reduced graphene oxide and carbon nanotubes are
presented. Microscopic techniques e.g. Scanning Electron Microscopy, Atomic Force
Microscopy and Scanning Electrochemical Microscopy which are used for the
characterization of surface of the electrodes are described. A brief account on X- Ray
diffraction technique and Energy Dispersive Spectroscopy is given. Electrochemical
techniques used to characterize modified electrodes, methods used to determine
electrochemical surface area of the electrodes, diffusion coefficient, electron transfer rate
constant and analytical treatment to the recorded data are detailed.

Chapter I11: Modified carbon paste electrode as electrochemical sensor for heavy metal
ions.

Heavy metallic trace elements have been one of the most detrimental sources of
pollution to the environments. Theses also have devastation effect on the ecological balance.
Toxic heavy metals have been consistently increasing due to human activities over time.
Rapid diffusion of these metal ions in the environments and their deposition in almost all
matrices of the food materials is a major concern. Electrochemical methods based on the
anodic stripping voltammetry using either mercury drop or the mercury film as the working

electrode provides excellent method of the determination of heavy metal ions. However, use
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of mercury as the working electrode material is a debatable issue considering the toxicity of
mercury [1]. Soft metallic thin films capable of pre-concentrating the heavy metal ions are in
demand as an alternate to the mercury drop electrode. Bismuth and antimony are chosen for
this purpose. Modification of carbon paste electrodes by electrochemically deposited bismuth
and antimony films and their composites are discussed in this chapter. Electrochemical
properties of these modified electrodes are explored. Sensing ability of these modified
electrodes towards the heavy metal ions are discussed and results are compared with that of
mercury based electrodes in order to establish the modified carbon paste electrodes as
alternate sensing platform. Since two metallic deposition viz, bismuth and antimony is used
for the modification of carbon paste electrode and applied for the determination of heavy
metal ions, Chapter III is subdivided into two parts; in part 1 fabrication and application of
bismuth film is discussed and in part 2 fabrication and application of antimony film is
discussed.

ITII.1: Bismuth film on carbon paste electrode modified with nafion film embedded
multiwall carbon nanotube for the determination of heavy metals.

In this part modification of carbon paste electrode with bismuth film and its
composite with nafion and multiwalled carbon nanotube is discussed. Bi film deposition is
carried out in acetate buffer solution of pH 4.5 under optimized parameters of deposition
potential, deposition time and the bismuth concentration of-0.8 V (SCE), 300 s and in 0.3
mM Bi(NOs); solution respectively. Bi is deposited on bare CPE (BFE) and nafion coated
CPE (NCBFE). A substantial enhancement of an order of magnitude in the sensitivity has
been observed when carbon paste electrode is modified with nafion coated carbon nanotube
on which Bi-film is deposited (CNTMBEFE). This enhanced sensitivity is attributed to the
increased active surface area and also the enhanced charge transfer processes which increases

the deposition processes and so the stripping current. Effect of different surfactants on the
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stripping peak of the heavy metal ions has been investigated with NCBFE and BFE.
Detection limits using Bi-film electrode (BFE) is obtained for Zn, Cd and Pb as 17.3, 16.9,
11.9 pgL respectively (Table III.1.a). This electrode is employed for the analysis of aqueous

samples and ayurvedic medicines and the results are tabulated in Table III.1.b.

Table IIl.1.a. Detection limits obtained using different electrodes for Zn, Cd and Pb using BFE,
NCBFE and CNTBFE.

Element BFE NCBFE CNTMBFE
(ug L™ (ug L7 (ug L™

Zn 17.3 37.1 17.7

cd 16.9 16.2 16.5

Pb 11.9 10.9 17.6

Table III.1.b. Analysis result of water samples collected from different places of India using NCBFE
for water samples and BFE for solid samples, values under the parenthesis are using HMDE.

Sample Zn Pb Cd

Powai lake (ug L-1)  160£6.56 (155) 12+0.44 (13) ND (1.4)
Tap water (ug L-1) 121+4.96 (150) 16+0.59(15) ND (1.0)
M7205 (mg Kg-1) 42+42.18 (44) 36+1.37 (33) ND (0.02)
M7206 (mg Kg-1) 30+1.56 (32) 8.1£0.31(7.6) ND (0.31)

II1.2: Antimony and antimony-gold nano composite modified carbon paste electrodes
for the determination of heavy metal ions

In this study antimony film (Sb film) is electrodeposited over the carbon paste
electrode (CPE) surface for the determination of heavy metal ions like, Cd, Pb and Cu. An
analytical method using the Sb fim modified CPE is proposed for the determination of heavy
metal ions in ex-situ mode where the deposition of Sb film is performed in 0.02 M HCl
solution and the determination of heavy metal ions is performed in sodium acetate media. For
the determination Cu the pH of the solution is most crucial and it is optimized at a value of 6.
For the determination of Hg, antimony and gold nano composite (Sb/Au nano composite) is
deposited together over the carbon paste electrode surface. Modified electrodes are
characterised using SEM and EDS measurements. On SEM measurements, Sb/Au nano

composite have shown dendrimer morphology. Parameters for the electrodeposition of Sb




film and Sb/Au nano composite and the voltammetric determination of heavy metal ions such
as Cd, Pb, Cu and Hg are optimized. Detection limits for Cd and Pb using Sb film modified
electrode are found as 2.32ugL" and 26.5pgL™” and for Cu and Hg using Sb/Au composite
modified electrode as 9.7pgL" and 0.052pugL". Recovery test results in the recovery of the
elements within the range of £10% deviation (Table II1.2.a). Finally the method is applied for
the determination of Cd, Pb, Cu and Hg in real water samples (Table III.2.b).

Table II1.2.a. Recovery test results of Hg, Cu, Pb and Cd using the modified electrode.

Element Spiked Recovery % of Recovery
concentration concentration
(ug L™ (ug L™

Hg 5 5.03+0.241 100.6%

Cu 20 21.5+1.14 107.5%

Pb 10 9.6+0.59 96%

Cd 5 5.3+£0.24 106%

Table III.2.b. Analysis results of Cu, Pb, Cd and Hg in two samples collected from two regions of
India using the modified electrode (Values in the parenthesis are determined using the inductively
coupled plasma atomic emission spectrometry [ICPAES] technique for Cu, Pb and Cd and the total
mercury analyser based on atomic absorption technique for Hg).

Sample Cu Pb Cd Hg

(ug L™ (pg L™ (ug LY (ug L
Powai lake  26+1.38 (30) 12+0.74 (10) Not detected 0.25+0.012 (0.55)
OSCOM 49+2.59 (63) 50+3.1 (56) 10+£0.46 (11) 145+6.96 (134)

Chapter IV: Engineered nanomaterial-based electrochemical sensors for biomolecules
The study of electrochemical behaviour of bioactive molecules has become one of the
most rapidly developing scientific fields. Biotechnology and biomedical engineering fields
have a vested interest in constructing more precise and accurate voltammetric/amperometric
biosensors [2]. One rapidly growing area of biosensor design involves incorporation of
carbon-based nanomaterials in working electrodes. The sensing of biomolecules including
glucose, dopamine, proteins, enzymes, uric acid, DNA, RNA, and H,O, traditionally employs
enzymes in detection; however, these enzymes denature easily, therefore the enzymeless

methods are highly desired. This chapter deals with the inspection of redox properties of few
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important biomolecules such as melamine, dopamine, uric acid and L-cysteine using
enzymeless electrodes and further, development of electrochemical methods for the
determination of the concentration of these molecules in different media. The chapter
comprises of three parts where in part 1 the electrochemical property of melamine is
discussed, in part 2 the electrochemical property of important neurotransmitter, dopamine is
discussed and in part 3 the electrode property of cysteine is discussed.
Chapter IV.1: Investigation of electrochemical properties of melamine and development
of methods for its determination in milk samples.

Melamine (2,4,6-Triamino-1,3,5-triazine) is a nitrogen rich compound with around
66% of nitrogen, which has attracted its use as an adulterant in milk and milk products.
Melamine is reported to be toxic and damages kidney by formation of needle like crystal
when it combines with cyanuric acid. Thus, it has been a concern to determine melamine in
milk and milk related samples and in water sample. There are some reports of determination
of melamine based on chromatography [3-5] and colorimetry [6,7]; Determination of
melamine using electrochemical techniques is becoming popular [8,9]. In the present work,
electrochemical properties are investigated using static mercury drop electrode (SMDE) and
gold nanoparticles modified carbon paste electrode. Graphene gold nanoparticle composite is
prepared and used as the modifier for determination of melamine. The study is presented here
in three sections.
Section I'V.1.A: Investigation of redox properties of melamine with static mercury drop
electrode.

With an aim to explore the electrochemical behavior of melamine, which is
electrochemically inactive over conventional electrode, the cyclic voltammetry (CV) of the
compound is investigated in Britton-Robinson buffer (BR buffer) using SMDE. CV plots

have shown a sharp reduction peak at -0.93V at pH 2. The reduction peak shifts towards more
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negative potential with increase in pH of the buffer and finally merges with the hydrogen
evolution peak. Shifting of reduction peak potentials is linear with pH of the buffer with a
slope of -0.116 V/pH, the result reflects involvement of double number of proton to that of
electron in the reduction process. The reduction process is also found to be diffusion
controlled. The reduction peak current increases linearly with concentration of melamine
(from 1pM to 0.1mM) in differential pulsed voltammetry study. Detection limit is found to
be 0.2 uM (S/N of 3). The interference due to reduction of commonly occurring ion Zn>* at
this potential region restricted the use of reduction of melamine as a tool for its
determination.

Analytical method is developed for the quantitative determination of melamine by
utilising the property of strong interaction with Cu®" with melamine, where the redox
property of Cu”* having reversible electrochemical signal is used for monitoring the
melamine concentration. The stripping peak due to the oxidation of Cu is observed at around
0 V using SMDE. The original Cu stripping peak current is gradually decreased with the
addition of melamine and a new pre-peak at more negative potential to that of the Cu
stripping peak appears. A calibration plot is constructed from the decrease in the stripping
peak of Cu. The calibration plot follows a linear regression equation as Ip = 1.55 x 107 -
2.37 x 10 C (C in molar concentration) with a correlation coefficient of 0.998 and standard
deviation of 6.15 x 10'°. The three sigma detection limit obtained from the linear calibration
plot is 0.778 uM. The new peak appeared at —0.09 V is found to increase proportionately
with the melamine concentration. The calibration plot followed a linear regression equation
as I, = —7.05 x 107"* + 9.71 x 10™* C (C in molar concentration) with correlation coefficient
of 0.996 and standard deviation of 2.503 x 10" The detection limit obtained from the linear

calibration plots is 0.773 puM (S/N ratio of 3). But, presence of Ag* and Hg** even at nM
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concentration interfered strongly as the stripping peak potentials of these ions falls very
closely to that of Cu?*.

Section IV.1.B: Fabrication of reduced graphene oxide/gold nanoparticles composite
modified carbon paste electrodes for the determination of melamine.

Gold nanoparticles (AuNPs) modified surface is an excellent substrate for
electrochemical devices due to the enhanced surface to volume ratio and good physical
properties. AuNPs modified substrates have been applied in many chemical and biological
sensing platforms [10-13]. Reduced graphene oxide is a good choice for fabrication of
electrochemical sensor due to their excellent conductivity, wide electrochemically active
surface area and ease for functionalization. Due to good electrochemical properties reduced
graphene oxide and gold nanoparticle composite materials are in high demand for sensor
application. Herein reduced graphene oxide (RGO) and gold nanoparticle (AuNP) composite
material is prepared and characterized. A sensitive method for determination of melamine is
reported. Graphene oxide (GO) is prepared chemically by modified hummers method [14,
15]. Resulting GO is reduced chemically by 0.1M sodium borohydride to produce RGO. X
Ray Diffraction technique is used for characterization of Graphene oxide and reduced
graphene oxide. From Atomic Force Microscopy measurement thickness of the graphene
sheet is found to be 1nm reflecting stacking of two pristine graphene sheets. RGO is drop
casted on CPE and gold nanoparticles are electrochemically deposited on the RGO coated
CPE at an optimized potential of -0.3V with an optimized deposition time of 100 sec. The
electrochemical signal due to the oxidation of ferrocyanide is used as the probe to determine
the melamine concentration. It is observed that the oxidation signal of ferrocyanide is
decreased proportionately with the addition of melamine in the test solution. Scanning
electrochemical microscopy (SECM) measurement confirms the efficient adsorption of

melamine over the RGO/AuNPs substrate. The calibration plot of melamine follows a
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straight line equation with the slope of 0.0025 A/M and correlation coefficient of 0.997. The
detection limit from the calibration plot is obtained as 2.23 uM. No interference due to the
presence of commonly occurring ions such as Hg**,Ag* , K*, Na* and CI™ at 100 times higher
concentration than melamine is observed. Spike recovery tests are performed in both milk
and water samples; this results in 112% and 110% recovery for melamine in milk and water

sample respectively.

Section IV.1.C: Determination of melamine on gold nanoparticles (AuNPs) modified
carbon paste electrode.

In this section oxidation of melamine using AuNPs modified CPE is discussed. Most
of the electrochemical procedures reported are indirect determination, based on the variation
of electrochemical signal of other electrochemically active compound in presence of
melamine [16, 17]. Response from the direct electron transfer process in melamine is quite
poor [18]. Here a method is developed based on the oxidation of melamine on gold
nanoparticle modified CPE for the determination of its concentration. Gold has strong
interaction with melamine [19-22]. However the oxidation peak due to melamine is not
observed on bulk gold electrode. Thus, AuNPs modified electrode is preferred for the
investigation with the aim to improve the electrochemical response of melamine, especially
its oxidation signal. Carbon paste is used as the substrate due to the advantage of easy
renewability on regular applications. Carbon paste electrode is modified with AuNPs by
electrodeposition method. Deposits are characterized using SEM. Sizes of most of the
deposits are in the range of 100 to 120nm with some occasional smaller deposits of around 30
nm. Melamine is found to get oxidised at 0.15V in phosphate buffer of pH 7. Using square
wave voltammetry technique oxidation signal is recorded against the concentration of

melamine. Detection limit is found to be 0.43uM. Present method is free from interferences




form the metal ions like, Cu®* Ag'*, Pb*, Bi**, U®, and Hg®* at 100 fold higher
concentration than melamine.

Chapter IV.2: Electrochemical determination of dopamine and wuric acid using
functionalized carbon nano spheres modified electrode.

Dopamine (DA) is one of the most important neurotransmitter in our brain. DA has
significant role in modulating the brain functions [23]. In presence of lower concentration of
DA in human leads to various neurological disorders, Parkinson’s disease etc. Higher level of
DA leads to the mental disorder due to the abnormal brain function. Uric acid (UA) is another
important metabolic product in biological system. An elevated UA concentration in body
system may cause renal failure and gout. It may even cause leukaemia and lymphoma at
adverse conditions [24]. Therefore determination of concentration of DA and UA in blood,
urine and any biological fluids is important. Electrochemical method is one of the important
techniques for the determination of DA and UA in biological samples. Ascorbic Acid (AA) is
also one more constituent present along with DA and UA. The major challenge is to separate
the electrochemical signal peak due to DA, UA and AA, since the electrochemical potential
of these three biological molecules are close and it is difficult to generate the separate
electrochemical response from the three molecules using conventional electrodes [25].
Among different modifications, carbon-based materials such as activated carbon, carbon
nanotubes (CNTs), graphene and nitrogen doped graphene are important materials of
modifications, due to their good electrochemical activity and the large active surface area
[26-28]. Different nanoparticles in polymeric matrices also have shown good detection
sensitivity of the DA and UA [29-35].

In this work we have functionalized the carbon nano spheres (CNSs) by refluxing in
acid mixture (H,SO4:HNO; = 1:1) and modified electrode is fabricated using the

functionalized CNSs (FCNSs). FCNSs are characterized by Fourier Transform Infra Red
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spectroscopy (FTIR), Raman spectroscopy, AFM and SEM. FTIR data confirms
incorporation of carboxylic acid group (-COOH), Hydroxyl group (-OH) and epoxy group.
SEM and AFM image shows that the carbon particles retain spherical size even after acid
treatment. The electrode fabricated from the FCNSs shows separate electrochemical signals
due to the oxidation of DA and UA in phosphate buffer of pH 7, although, the electrode is
fairly irresponsive towards AA. The pH variation study indicates the 2 electron 2 proton
transfer during oxidation of both UA and AA (Scheme IV.2.a & IV.2.b). Detection limits
obtained for DA and UA are 10nM and 42nM respectively. The electrode has shown around
95% - 97% recovery for DA in real blood serum sample. UA has been determined directly in
the real blood sample using standard addition method and the concentration of UA calculated

is (17 £ 1) uM. Present method is simple, inexpensive and suitable for real application.

HO o
NH, NH,
HO (0]
-2e, -2H*
Dopamine Dopamine ortho-quinone

Scheme I'V.2.a: Oxidation reaction of Dopamine.

[0) (0)

H
N
N NH ~ NH
0:< | >» O
/

N N 0 2e, -2H" N N 0

H H
Uric acid

Scheme IV.2.b: Oxidation reaction of uric acid.
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Chapter IV.3: Investigation of electrochemical properties of L-Cysteine and method
development for its determination.

L-Cysteine (CySH, 1-2-amino-3-mercaptopropionic acid) is a biologically important
sulfur-containing amino acid which is involved in a variety of important cellular functions,
including protein synthesis, detoxification and metabolism [36]. The biological reactions of
cysteine are accompanied by SH-SS exchange reactions and the conversion of the disulphide
into a dithiol group [37]. In order to understand the electrochemical behaviour of cysteine and
its high sensitive determination, this investigation has been taken up. The electrochemical
oxidation of CySH on carbon material electrodes, such as graphite, C60 and carbon
nanotubes (CNTs) [38-41], has been reported previously. However, these responses are not
satisfactory for its determination due to slow heterogeneous electron transfer at electrode.
Some improvements have been achieved by modifying the electrode with phthalocyanines,
porphyrin and etc. [42-45] but the stability of such modified electrodes is not satisfactory.

In this study glassy carbon electrode (GCE) is modified with gold nanoparticles under
optimized condition (-0.8V, 50s, 0.ImM Au’t solution). Due to the presence of sulphur
containing thiol group (-SH) CySH shows strong affinity towards gold. Redox properties of
the molecule are investigated in phosphate buffer at an optimized pH of 7.5. The molecule is
oxidised at 0.7V on the modified electrode (Scheme IV.3.a), resulting Cystine (dimer of
Cysteine) ,being electrochemically inactive, actually reduces the electrochemical response of
the electrode. Besides that gold oxide produced at such high positive potential added to the
reduction of sensitivity of the electrode.

2 CySH 2 CySSCy +2¢ +2H"
Scheme I'V.3.a: Oxidation of CySH to produce Cystine (CySSCy).
To regenerate the electrode surface the electrode is exposed to negative potential by scanning

the potential in the cathodic direction (0.78V to -1V). Potential scanning in the cathodic
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direction allows desorption of the Cystine and also reduces the gold oxide to gold.
Considering the adsorption desorption phenomena a method based on the differential pulse
voltammetric technique (DPV) is developed for the determination of concentration of CySH.
Similar to cysteine, the electrochemical property of another important organic molecule
benzoxazole has been investigated. In addition to the bio-chemical application benzoxazole
has importance as energy storage materials when a composite of benzoxazole with different
from carbon is fabricated.

Chapter V: Summary and further scope.

In this chapter the entire thesis is summarised. A short discussion is included on the global
status of the research topic. Future direction of the research work is also included in this

chapter.
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Chapter: 1

Introduction



I. 1. Analytical Chemistry:

Analytical Chemistry is a powerful scientific discipline which deals with separation,
qualitative and quantitative measurements useful in all fields of science [1]. It involves the
application of a range of techniques to obtain and asses the qualitative, quantitative and
structural information of the analyte. Analytical chemistry is art and science of determining
what matter is and how much of it exists. Qualitative analysis enables us to identify the
chemical species present in a sample, while quantitative analysis determines the absolute or
relative amount of the species. Apart from the fundamental and applied research, gathering
and interpretation of these results are required for quality control in manufacturing industries,
clinical and biological studies, monitoring as well as controlling of pollutants, preparing
geological assays and so on [2]. Analytical measurements are carried out by various
analytical techniques. There are a wide variety of techniques used for analysis, from simple
weighing (gravimetric analysis) to titrations (titrimetric) to very advanced techniques using
highly specialized instrumentation. The most common techniques used for analytical
measurements are gravimetry, titrimetry, atomic and molecular spectroscopy, mass
spectroscopy, chromatography, thermal analysis, electrophoresis, electrochemical analysis,
microscopy and radiochemical analysis [3]. The first two falls under classical analytical
techniques (or wet Chemical methods) and the rest are instrumental techniques. Analytical
Chemistry was practiced in its elementary form from ancient times but began to develop as
an objective exercise during 17" century. During the 17™ -19" centuries, analytical chemistry
was largely empirical. The first instrumental analysis was flame emissive spectrometry
developed by Robert Bunsen and Gustav Kirchhoff who discovered Rubidium (Rb) and
Cesium (Cs) in 1860 [4]. Most of the major developments in analytical chemistry took place
after 1900. During this period instrumental analysis became progressively dominant in this

field. In particular many basic spectroscopic and spectrometric techniques were discovered




during the early 20™ century [5]. Thereafter, growth of analytical chemistry was tremendous
and instrumental analysis revolutionized in the field of analytical chemistry. Now, the

application of analytical chemistry is widespread over all disciplines of science.

I. 2. Electroanalytical Chemistry:

Electrochemical methods form a new branch in analytical chemistry called Electroanalytical
chemistry. Electroanalytical chemistry encompasses a group of quantitative analytical
methods that are based upon the measurement of electrical parameters such as potential (E),
current (I), resistance (R) / conductance (G) and total charge (Q) and relating these to the
concentration of the analyte(s) (C) in the test solution when it is made part of an
electrochemical cell [6] Electrochemical measurement for analytical purposes has been
widely recognized in the field of medicine, environmental monitoring, nuclear industry,

industrial quality control etc. apart from the research and development work [7-9].
L. 2. 1. Electroanalytical Techniques:

Electroanalytical techniques are the tools to identify and quantify the analytes based on the
electrical signals originated from either oxidation — reduction processes or adsorption —
desorption or ingression-regression process at the interface of electrode and electrolyte. These
techniques are capable of producing exceptionally low detection limits and wealth of
characterization information describing electrochemical addressable system [3, 10]. The

potential benefits of the powerful and versatile techniques are as follows:
1. High sensitivity, accuracy, precision and large linear dynamic range.

2. High selectivity resulting from the choice of the electrode material.




3. Possibility of furnishing results in the real time or close to real time.

4. Application as miniaturized sensor.

Apart from the above mentioned benefits, most importantly these techniques are fast, simple,

cost effective, portable and highly efficient.

L. 2. 2. Classification of Electroanalytical Techniques:

Electroanalytical techniques can be broadly classified in to two categories such as
potentiostatic and potentiometric [11]. Potentiostatic (Controlled-potential) techniques deal
with the study of charge transfer processes at the electrode—solution interface, and are based
on dynamic (non-zero-current) situations. Here, the electrode potential is used to derive an
electron transfer reaction and the resultant current is measured. On the other hand
potentiometric techniques (zero current) involve measurement of potential without drawing

any appreciable amount of current through the electrochemical cell [3].

Based on the above consideration mainly four types of electroanalytical techniques have been
used for analysis such as Potentiometry, Coulometry, Voltammetry and Amperometry. These

techniques are discussed briefly as follows:

L. 2. 2. 1. Potentiometry:

Potentiometric methods of analysis are based on direct measurement of potential of the
electrochemical cell without drawing any appreciable current through the cell. In
potentiometry the cell set up requires two electrodes: the measuring electrode, also known as
indicator electrode and the reference electrode. The equilibrium potential developed across
the indicator electrode is measured with respect to the reference electrode under a high
impedance voltmeter. It is the only electroanalytical technique which measures the

thermodynamic equilibrium potential given by the Nernst equation (eq. I.1).
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4 RT
Eind = EO/R +Eln R]

eq. I.1

Where Ej, 4 is potential developed across the indicator electrode (V), E /0 /R 1s the formal

potential of the redox couple (V), T is the temperature (K), R is universal gas constant
(8.313 ] K'lmol'l), n is the number of electrons transferred during the redox process, F is
Faraday constant (96487 Coulomb/mol), [O] is the concentration of oxidized species of the
couple and [R] is the concentration of the reduced species. By judicious choice of the
electrode material, the selectivity to a particular ion can be enhanced, in some cases very
minimal interference in the measured potential from the other ions. Such electrodes are called
ion selective electrodes [12]. Many ion selective electrodes for HY, Ca2+, F etc. and gas
sensing electrodes for NH3, CO; etc. are used as potentiometric sensors. Direct potentiometry
and potentiometric titrations are two major types of analytical techniques in potentiometry. In
direct potentiometry the cell potential is measured and related to the concentration or activity
of the individual chemical species. In the potentiometric titration variation of cell potential is

monitored as a function of the volume of reagent added [13].
L. 2. 2. 2. Coulometry:

Coulometry is an electroanalytical method which involves measurement of quantity of
electricity (total charge in coulombs) needed to convert an analyte quantitatively to a
different oxidation state. The principle of the technique is the manifestation of the Faraday’s
first law of electrolysis which tells the extent of chemical reaction at an electrode is directly
proportional to the total charge/ quantity of electricity passes through it. Mass of the
substance produced or consumed in an electrolysis involving Q coulombs of charge is given

by the equation 1.2

— Mo
m=—_" eq. 1.2




Where, m is the mass of the substance produced or consumed, M is molar mass of the
substance, Q is total charge in coulomb. F is faraday constant and n is the number of
electrons involved in the redox reaction. The fundamental criterion of the technique for the
quantitative analysis is that the efficiency should be 100%, so that quantity of the substance
reacted can be expressed by means of Faraday’s law [14] or the efficiency should be
calibrated to get the quantitative result. Mainly two techniques are used for the analysis
purpose such as controlled current coulometry (Amperostatic) and controlled potential
coulometry (Potentiostatic). These techniques are widely used for the determination of many
inorganic species especially in the field of nuclear energy, for the determination of uranium
(U) and Plutonium (Pu). This technique is used also in the popular Karl Fischer titration

method [1].

L. 2. 2. 3. Voltammetry:

Voltammetry is a group of electroanalytical techniques which are widely used in various
fields of science and contemporary research, both applied and pure. Voltammetry involves
measurement of current (I) with respect to the time dependent potential (E) applied to the
electrode. The potential is varied in some systematic manner and the resulting current vs.
potential plot is called voltammogram. This plot provides both qualitative and quantitative
information about the analyte(s) involved in the redox reaction. Depending upon the different
potential wave form (E vs t) different types of voltammetric techniques are evolved.
Voltammetric studies are used to extract both qualitative and quantitative information about a
redox system. The qualitative information covers the redox potential of the analyte, number
of electrons transferred during a redox reaction, diffusion coefficient of the analyte in a
particular medium [10]. The methods are also employed to extract the information about the
kinetics of a reaction, reaction mechanism, reversibility of a redox reaction, adsorption

processes at the surface of the electrode, determination of complexation and coordination




values etc. Electrochemical sensors based on these techniques are employed for the precise
quantification of various ionic species, biomolecules, pesticides and other hazardous
chemical species in the environmental samples. These techniques have wide applicability in
the field of energy related research such as fabrication of energy storage devices and electro-

catalysts for generation of hydrogen and oxygen by splitting of water.

L. 2. 2. 4. A brief historical review of Polarography and Voltammetric techniques:

On February 10, 1922, Professor Jaroslav Heyrovsky recorded the first dependence of the
current flowing through the dropping mercury electrode (DME) on the applied potential and
drew a corresponding graph in his laboratory notebook which can be considered as the first
polarogram. The discovery of polarography by the Professor Heyrovsky leads to the
development of voltammetry [15]. In polarography dropping mercury is used while in
voltammetry hanging mercury drop electrode (HMDE) and solid electrodes are used.
Development of polarographic techniques proceeded from classical Direct Current (DC)
polarography [16], through oscillopolarography [17], Kalousek’s switcher [18], AC
polarography [19], tast polarography [20], normal pulse polarography [21] and differential
pulse polarography [22]. Complexities in assembling and operation have made polarography
a less ideal technique for routine analytical purposes. These disadvantages opened up the
field of Voltammetry. The term ‘Voltammetry’ was introduced by I. M. Kolthoff and H. A.
Laitinen in 1940s. In the 1950s and 1960s the HMDE and solid electrodes have replaced the
use of DME. The advancement in theory, development in methodologies and instrumentation
in the late 1960s made the voltammetric techniques more popular, versatile and relatively
inexpensive for commercial purposes [23]. With this brief account of history of voltammetry

different voltammetric techniques are discussed in the following section.




L. 2. 3. Voltammetric Techniques:

The most common voltammetric techniques are as follows:

e DC Polarography (Historical importance).

e Linear Sweep Voltammetry.

e Cyclic Voltammetry

e Pulsed Voltammetry
= Normal Pulsed Voltammetry.
= Differential Pulsed Voltammetry.
= Square Wave Voltammetry.

e Stripping Voltammetry.

e Staircase Voltammetry.
I. 2. 3. 1. DC Polarography:

Invention of DME by Professor Heyrovsky is of enormous importance to the history of
electroanalytical chemistry. Using the DME he discovered a new form of voltammetry, which
he named ‘polarography’. Very often this historic form is referred as ‘dc polarography or
conventional polarography or classical polarography’. A capillary with an internal diameter
of ~ 5 x 107 cm is fed by a head of mercury 20 to 100 cm high. Mercury passes through the
capillary to form a nearly spherical drop, which grows until its weight can no longer be
supported by the surface tension. A mature drop typically has a diameter on the order of 1
mm. If electrolysis occurs during the drop’s growth, the current becomes time dependent
which is the manifestation of both the expansion of spherical electrode and the depletion
effects of electrodes. Upon falling the drop stirs the solution and largely erases the depletion
effects, so that the new drops are formed into fresh solution environment. The current

produced during the redox reaction is given by the Ilkovic equation (eq. 1.3).




iy = 708nD"2cm*/3t'e eq. 1.3

The maximum current can be obtained when sampling is done just before the drop fall and

therefore the maximum current is given by the following equation (eq. 1.4)

1 /6
max

(i) max = 708nD /2Cm”/3t eq. L4

tmax 1S the life time of the drop. n is the number of the electron transfer that occur in the
redox reaction, D is the diffusion coefficient of the analyte in a particular medium (cm*sec™),
C is concentration of the analyte (mol crn'3), m is the mass flow (mg sec‘l), t is the time after
the drop is formed (sec). The classical DME has two principal disadvantages. First, it has
constantly changing area, which complicates the treatment of diffusion and creates a
continuous background current due to the double layer charging. Second, its time scale is
controlled by the lifetime of the drop, which cannot be varied conveniently outside the range
of 05-10sec [3]. By 1980, Princeton Applied Research Corporation, later followed by the
others, had commercialized a replacement of the classical DME that does not suffer these

drawbacks.
L. 2. 3. 2. Linear Sweep Voltammetry:

Linear sweep voltammetry (LSV) is a voltammetric method where the current at a working
electrode is measured while the potential between the working electrode and a reference
electrode is swept linearly with time, sweep rates ranging from 10mV sec” to 1000 V sec
with conventional electrodes and up to 10° V sec! with ultra-micro electrodes (UMEs) [10].

Oxidation or reduction of species is registered as a peak at the potential at which the species

begins to be oxidized or reduced (Fig. I.1.a and Fig. I.1.b).
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Figure I.1: (a) Potential excitation signal used for Linear Sweep Voltammetry (LSV);
(b) Typical linear sweep voltammogram for a redox reaction.

The characteristics of the linear sweep voltammogram recorded depend on a number of
factors including the rate of the electron transfer reaction(s), the chemical reactivity of the
electroactive species and the voltage scan rate. Linear sweep voltammetry can identify
unknown species and determine the concentration of solutions. Half wave potential (E;/;) can
be used to identify the unknown species while the height of the limiting current can
determine the concentration. The sensitivity of current changes vs. voltage can be increased

by increasing the scan rate.
L. 2. 3. 3. Cyclic Voltammetry:

Cyclic voltammetry (CV) is a very important electroanalytical technique, which is widely
used in many areas of chemistry. The popularity of the technique lies in its ability to provide
thermodynamic and kinetic data of an electrochemical process [24, 25]. Usually CV is the
first experiment to be carried out in an electrochemical investigation. This technique was first
reported in 1938 and described by Randles and Sevsick [26, 27]. In a normal CV experiment,
the working electrode potential is ramped linearly versus time. Unlike LSV, after the set
potential is reached in a CV experiment, the working electrode's potential is ramped in the

opposite direction to return to the initial potential i.e. a triangular E-t (Potential-time) wave




form is used as an excitation signal (Fig. 1.2.a) in which, the potential of the electrode is
scanned from E; (starting potential) to Ef (switching potential) and reversing back to E;. These
cycles of ramps in potential may be repeated as many times as needed. The current at the
working electrode is plotted versus the applied voltage; the plot thus obtained is called cyclic
voltammogram. Figure [.2.b shows a typical cyclic voltammogram of a reversible redox
system (heterogeneous electron transfer is much faster than other processes such as diffusion,
scan rate of potential ramp etc.). The parameters such as anodic peak current (I,,), cathodic
peak current (I,.), anodic peak potential (E,), cathodic peak potential (Ep.) and half wave
potential (Ey, potential corresponding to half of peak current) carry both thermodynamic and

kinetic information of the electrochemical system.
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Figure 1.2: (a) Potential excitation signal used for Cyclic Voltammetry (CV); (b) Typical
cyclic voltammogram for a reversible electrochemical system.

For an electrochemically reversible reaction the separation between the cathodic peak

(reduction peak) and anodic peak (oxidation peak) is

AE, = |Epc — Epq| = 2.303RT/nF eq. L5

p=|

10



in aqueous medium. Thus for a reversible process at 25°C temperature AE,, should be

0.059/n V, where n is the number of electrons getting transferred. The formal reduction

potential (EO') of a reversible couple is given by

g = (FoctEr)

5 eq. 1.6
And the peak current can be obtained from Randles — Sevsick equation
_ nFvD 1/ 2
I, = 0.4463 nFAC (*22) eq. 1.7
At 25°C temperature
— 5\ l2 apY2 v
I, = (2.69x10%)n"/2AD /2Cv /2 eq. .8

Where, I, is current maximum in amps, n is number of electrons transferred in the redox
event, A is electrode area in cmz, F is Faraday Constant in C molfl, D is the diffusion
coefficient in cm’ sec"l, C is concentration in mol cm'3, v 1S scan rate in Vs‘l, R is Gas
constant in J K" mol™ and T is temperature in K. The importance of the equation lies in the
determination of diffusion coefficient of an electro-active species in a particular medium,
active surface area of an electrode and number of electrons getting transferred in a redox
reaction. Extent of reversibility of an electrochemical reaction can also be judged by the

following the equation (eq. 1.9).
The peak current observed depend on the two components which are described below.

(a) Electron transfer rate constant [28]

K;= Koexp(%";p (E — EY) eq. L9

11



K; is the electron transfer rate constant of forward reaction, K is the standard heterogeneous
rate constant of electrochemical reaction and « is the charge transfer coefficient. The
exponential dependence of K;on the applied potential accounts for the steep rise in the peak

current.
(b) Mass transfer towards the electrode [29]

During electrolysis surface concentration of the analytes depletes resulting in the
concentration gradient between the bulk electrolytic solution and the electrode. Therefore
diffusion of the electrolyte occurs to the electrode. Current obtained is also dependent on the

concentration gradient according to the following equation,

I =nFAD (%)xzo eq. 1.10

The current is directly proportional to the concentration gradient, where [ is the current (A), A

ac

is the area (cm?), D is diffusion coefficient (cm” sec™), ( 5 ) is the concentration gradient
x=0

X
(mol cm™) at the electrode surface, C is the concentration of the analyte (mol cm™) and x is

the distance from the electrode to the bulk (cm).

For a reduction to occur potential is shifted cathodically with time. When the potential

approaches the vicinity of E© of the analyte the reduction begins and the current starts to
flow and the cathodic current (I;) increases as potential grows more negative since the surface

concentration of the oxidized form of the analyte decreases and flux to the surface (and the

reduction current, I,) increases. As the potential moves past E® the surface concentration
drops nearly to zero and the mass transfer to the surface reaches a maximum rate (Current

achieves its maxima, I,) and then it declines as the depletion effects sets in

ac

[(a) decreases]. The observation is therefore a peaked current potential curve. The
x=0
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current observed in LSV and normal CV is the combination of both faradaic and non faradaic

processes that occur simultaneously.
L. 2. 3. 4. Pulse Voltammetry:

Pulse voltammetric techniques, introduced by Berker and Jenkin in 1950s [30], are aimed at
lowering the detection limits of voltammetric measurements. These techniques allow
convenient measurements up to 10°M concentration level. Because of their greatly improved
performance, modern pulse voltammetric techniques have largely replaced classical
polarography in electroanalytical experiments. The sensitivity of CV and polarography are
restricted due to the continuous presence of double layer charging current (Ic). The basis of
improved sensitivity of the pulse techniques is the development of large ratio of faradaic
current (I) to the Ic [31]. The various pulse techniques are based on a sample current/
potential step experiment. A sequence of such potential pulse (each pulse referring to one
potential step), each with a duration of few msecs, is applied on the working electrode.
Current is sampled after a time lag. On application of potential pulse there is a surge of I¢
which decays exponentially with time (eq. [.11) while I decays slowly as described by the
Cottrell equation (eq. 1.12). Thus by sampling current late in the pulse life, an effective

discrimination against charging current is achieved.

AE —t
I, =—ex ( ) eq. I.11
¢ Ru p Rucdl 1
I nFAD2¢ 12
= -— eq. 1.
f (n't)l/Z q

Where AE is step potential, R, is the solution resistance and Cg4 is the double layer
capacitance. Application of a pulse to an electrode maximises the flux by reducing the

diffusion layer thickness [3]. This leads to the increase in the sensitivity.
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Various pulse voltammetric techniques arose from the difference in the potential wave form

and the current sample regime.
L. 2. 3. 4. a. Normal Pulse Voltammetry (NPV):

This technique uses a series of potential pulse with increasing amplitude superimposed on a
constant base potential (Fig. 1.3.a) applied to the electrode [11]. The current measurement is
done at the end of each pulse, thus allowing I¢ to decay. NPV is usually carried in unstirred
solution at either DME (known as normal pulse polarography) or static electrode. The
amplitude of the pulse increases linearly with time (in the order of mV sec™). The duration of
the pulse, t,, is usually 1 to 100 msec and the interval between the two pulses typically 0.1 to
5 sec. The sampled currents are plotted against the potential to which the pulse is stepped
(Fig. .3.b). NPV is 5 — 10 times sensitive than classical polarography with a LOD of 10° to

107M.

\ 4

\ 4

11 |

(a) (b)

Figure 1.3: (a) Potential excitation signal for a Normal Pulse Voltammetry (NPV);
(b) Voltammogram for NPV.

L. 2. 3. 4. b. Differential Pulse Voltammetry (DPV):

This technique is comparable to the NPV in that the potential is scanned with a series of

pulses. However it differs from NPV because each potential pulse is fixed and of small
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amplitude (10 to 100 mV) and superimposed on a slowly changing potential base line or on a
staircase potential applied on the electrode (Fig. 1.4.a). The current is measured twice, just
before the application of the pulse (I}) and at the end of the pulse (I;), when the charging
current is decayed. The difference between the currents [ AI = (I, —I;)] is plotted against
the base potential. The resulting peak shaped profile is called differential pulse
voltammogram (Fig. 4.b). DPV is 10 — 100 times more sensitive than classical polarography
with a LOD of 10"M to 10®*M. The peak current is proportional to the concentration of the
analyte as mentioned in the following equation (eq. 1.13).

1
nFAD /2 (1-a

I, = T (m) C eq. 1.13

nFAE

SRT ), AE is pulse amplitude and t,, is pulse duration and all other symbols

Where 0 = exp (

have their usual notification. o describes the effect of AE on I,,. The reversible systems
produce narrow and symmetric peak while the irreversible system produces broader peak
with less current sensitivity. Peak shaped response (Fig. 1.4.b) with very low background

makes it a suitable technique for the analysis of mixture.
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Figure 1.4: (a) Two types of potential excitation signal for Differential Pulse
Voltammetry (DPV); (b) Peak shaped voltammogram for DPV.
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L. 2. 3. 4. c. Square Wave Voltammetry:

Square wave voltammetry (SWV) was invented by Ramaley and Krause [32], but has been
developed extensively by Osteryoungs and their co-workers [33-35]. This technique can be
viewed as combining the best aspects of several pulse voltammetric methods, including the
back ground suppression and sensitivity of differential pulse voltammetry, the diagnostic
value of normal pulse voltammetry and the ability to interrogate products directly in much the
manner of reverse pulse voltammetry. It also offers access to a wider range of time scales
than can be achieved by any of the pulse polarographic techniques [10]. SWV is generally
carried out at a stationary electrode. As in other forms of pulse voltammetry the electrode is
taken through a series of measurement cycles. The excitation wave form can be viewed as
consisting of a stair case scan, each trade of which is superimposed by a symmetrical double
pulse, one in forward direction and one in the reverse (Fig. [.5.a). Over many cycles, the
waveform is a bipolar square wave superimposed on the staircase, and this view gives rise to

the name of the method. The square wave is characterized by a pulse height, AE}, , measured

with respect to the corresponding tread to the staircase, and a pulse width t,,. Alternatively,

the pulse width can be expressed in terms of the square wave frequency = 1 /Zt . The stair
P

case shifts by AE; at the beginning of each cycle; thus the scan rate v = AE; /Zt = fAE;.
P

The scan begins at an initial potential, E;, which can be applied initially for an arbitrary time
to initialise the system as desired. Current samples are taken twice per cycle, at the end of
each pulse. The forward current sample, Iforyqrq arises from the first pulse per cycle, which
is in the direction of the staircase scan. The reverse current sample, I, 4perse 1S taken at the end
of the second pulse, which is in the opposite direction. The net current (Al) is obtained from

the difference of Irorwara and Lreperse (Al = Iforwara — Ireverse ) @and is plotted against the
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base staircase potential. The resulting peak shaped profile is called square wave
voltammogram. The peak height is directly proportional to the concentration of the
electrochemically active species and detection limit of 10®M to 10°M is achievable under
optimized condition. SWV provides several advantages such as good accuracy, very high
signal to noise ratio and the speed. The voltammogram can be recorded in a few seconds or
even less than that. Application of SWV includes the study of kinetics, determination of some

species in trace levels and its use in the electrochemical detection system in HPLC.

Forward
sample

B, Ai
Reverse
sample
t E
(a) (b)

Figure L.5: (a) Potential excitation signal for a Square Wave Voltammetry (SWV);
(b) Voltammogram of SWV.

L. 2. 3. 5. Stripping Voltammetry:

Stripping voltammetry is one of the most sensitive electroanalytical methods for measuring
trace amount of metal ions and organic molecules. The outstanding sensitivity of the
technique is attributed to an effective pre-concentration step. The technique consists of three
steps. The first step is the deposition or pre-concentration where the analytes in the solution
are deposited or pre-concentrated either by application of potential or by adsorption process
under the stirring condition (to maximise the deposition). Second step is the equilibrium step

where the stirring is stopped to make the solution steady and third is the stripping which
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involves dissolution or stripping of the pre-concentrated/deposited analytes from the
electrode under potential scan in a tranquil condition. The current produced due to the
faradaic reaction that happens during the stripping is measured using any of the pulse
techniques such as DPV or SWV. Stripping step may be done by cathodic potential scan or
anodic potential scan creating either negative or positive current signal. Depending on the
potential scan direction during stripping the stripping voltammetry is named as cathodic
stripping voltammetry and anodic stripping voltammetry. Prior to cathodic stripping anodic
deposition/preconcentration is performed while cathodic deposition/preconcentration is
performed for anodic stripping voltammetry. There is another kind of stripping voltammetry
which is called adsorptive stripping voltammetry. Here preconcentration is done by way of
adsorption of the analyte from the solution at an adequate potential and then stripping is done
either cathodically or anodically using DPV or SWV. Peak current obtained can be related
linearly with the concentration of the analyte. Stripping voltammetry can produce detection

limit of 10°M to 10"°M.
L. 2. 3. 6. Staircase Voltammetry:

Staircase voltammetry (SCV) is based on the excitation signal which is a staircase potential
waveform; the wave form creates a potential ramp (Fig. 1.6.a). The current is sampled at the
end of each step. The current is plotted against the step potential and the voltammogram is
called Staircase voltammogram. The sampling time and cycle duration can be varied over a
wide range; the change in step potential (AEscy) can also be varied freely, but this determines
the resolution of the technique, therefore AEgcy < 5 mV is maintained for good resolution.
The voltammogram obtained is peak shaped (Fig. 1.6.b). A detection limit of 10°M can be
achieved by the technique. But, due to the limitation of scan rate and low signal to noise ratio

this technique is not used very often for the analysis purpose.
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Figure 1.6: (a) Potential excitation signal for a Stair Case
Voltammetry (SCV); (b) Voltammogram of SCV.

L. 2. 4. Chronoamperometry:

Chronoamperometry (CA) is a technique which basically measures the current produced in
the electrolytic cell with time when a fixed potential is applied to the working electrode.
Potential is adjusted to a value at which redox reaction occurs. Current is monitored with
respect to time and recorded as well; the resulting profile is called chronoamperogram. Actual
experiment involves stepping of potential at working electrode from a value, say, Eguan at
which no redox reaction occurs to a value Egn,. The value of Egna is so chosen that the
concentration of electroactive species (say Xox of the couple Xox + ne =X;eq) at the vicinity
of the surface of the electrode falls to zero due to electrolysis as soon as it is applied on the
working electrode. As a consequence a concentration gradient sets in for Xox and X,x must
diffuse through the diffusion layer from the bulk to the electrode to react. The region within

which the X is depleted is called diffusion layer, thickness of which is symbolized as o

(~A®). On the application of Egyy initially concentration gradient ((%) ) is very steep and
0

x:
the 0 is very small. With time 0 increases, concentration gradient decreases and the rate of

diffusion falls resulting in the decrement in current (Fig. I.7.a, I.7.b and 1.7.c).
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Figure 1.7: (a) Potential excitation signal for a single potential step Chronoamperometry
(CA); (b) Formation of concentration gradient with time during CA; (c) Chronoamperogram.

The most useful equation in chronoamperometry is the Cottrell equation, which describes the
observed current (with planar electrode) at any time following a large forward potential step
in a reversible redox reaction (or to large overpotential) as a function of 12 (eq. I.12). The
current due to double layer charging, Ic, described in a previous section (eq. I.11), also
contributes to the total current following a potential step. By nature however, this capacitive
current, Ic, decays exponentially and is only significant during the initial period (generally for
a few msec) following the step. It can be easily recorded by performing the experiment in a
cell containing only electrolyte, and digitally subtracted. Usually it can be avoided altogether
by only considering i-t data taken during the last 90% of the step time. Chronoamperometry
experiments are most commonly either single potential step, in which only the current
resulting from the forward step as described above is recorded, or double potential step, in
which the potential is returned to a initial value (Egyy), the final potential in the reverse
direction may be different from the Eg, if required, following a time period, usually

designated as 1, at the step potential (E”) (Fig. 1.8.a and 1.8.b).
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corresponding Chronoamperogram.

Chronoamperometry lends itself well to the accurate measurement of electrode area (A) by
use of a well-defined redox couple (known n, C, and D). With a known electrode area,
measurement of either n or D for an electroactive species is easily accomplished. The double
potential step method is often applied in the measurement of rate constants for chemical
reactions (including product adsorption) occurring following the forward potential step.
Chronoamperometry is often carried out in hydrodynamic condition which includes
convective mass transport of the electroactive species. Forced mass transport enhances the
sensitivity of the technique. Steady state is achieved instantly under hydrodynamic condition.
Due to the negligible contribution of I¢ this technique produces precise determination of the

concentration of the electroactive species (current is proportional to the concentration of the

electroactive species, eq. 1.12).

I. 3. Pathways of electrode process:

A typical electrode reaction (O +ne = R) involves the electron transfer between an

electrode and the species in the solution. The electrode reaction involves a series of steps as

mentioned

below:




1. Movement of the electroactive species (reactant) to the electrode, called mass transport.
2. Electron transfer between the electrode and the reactant.
3. Movement of the product away from the electrode to the bulk of the solution.

4. Different chemical reactions (e.g. protonation, dimerization, catalytic decomposition etc.)
and other surface reactions (e.g. adsorption, desorption etc) may be associated preceding or

following the electron transfer (Fig. 1.9).

The simplest reaction involve only the mass transfer of a reactant to the electrode, the
heterogeneous electron transfer or charge transfer and the mass transfer of the product to the
bulk of the solution. Electron transportation occurs only when electroactive species is
adjacent to the electrode surface. However, the initial step is the mass transport to the
electrode from the bulk solution. This mass transport can occur by any of the following

processes.
Electrode surface region

Adsorption ‘11e1111c11
reaction

Desorption

lJu]L

O 'ul‘;
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transfer
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-
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Figure 1.9: Pathways of general electrode reaction.
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I. 3. 1. Diffusion:

It is the spontaneous movement of the species under a concentration gradient. During
electrolysis of analyte at the working electrode, surface concentration of the analyte gets
lowered compared to the bulk concentration resulting in a concentration gradient and the
analyte transports from the higher concentration of bulk solution to the electrode surface. It is
the most common mass transport process during any electrochemical reaction under tranquil

condition.

L. 3. 2. Migration:

It is the transport of charged species under potential gradient due to electrostatic force
between the charged electrode and the ions /charged species. It can be minimized by addition
of excess amount of supporting electrolyte which facilitates the migration of ions of

supporting electrolyte restricting the migration of analyte of interest.

I. 3. 3. Convection:

It is the transport of analyte due to the mechanical motion of the solution by stirring of the
solution or by rotating electrode or by vibration of the solution or electrode. It is also
observed due to formation of density gradient or temperature gradient in the solution. It is
generally eliminated by keeping the experimental set up (electrode assembly, analyte solution

etc) under quiet and stable condition.

In most of the electro-analytical technique the conditions are so created that mass
transport due to migration and convection are eliminated and the mass transport is only
controlled by diffusion process and the current thus obtained is called diffusion controlled

current.
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I. 4. Types of electron transfer:

Depending upon the electron transfer rate between working electrode and the analyte electron
transfer can be divided into three types such as reversible, irreversible and quasi-reversible
electron transfer. These terms are relative to the rate of mass transport. These processes can

be identified by CV experiments.
I. 4. 1. Reversible electron transfer:

An electrochemical reaction is said to be electrochemically reversible if the electron transfer
rate is much faster than the mass transfer rate; precisely K (standard heterogeneous rate

constant of electrochemical reaction) is much higher than mass transfer coefficient my ,

1
FDv

2 . ) ) .
where, my = (F) , v is the scan rate in CV and all other terms bear their usual meaning.

1
Matsuda and Ayabe [36] introduced the parameter, {, given by: { = KO(RT/ FDv) /2,

where the following range is identified at a stationary electrode: ¢ > 15 corresponds to the
reversible limit. Both forward and reverse peaks in CV are observed for reversible
electrochemical system. It follows nernstian behaviour assuming that both oxidized and
reduced species are in equilibrium. The magnitude of the voltammetric current /, observed at
an electrode is governed by the Randles—Sevcik equation (eq. 1.7). The diagnostic criteria for

the electrochemically reversible systems are as follows:

1.AE, = |Epc - Epa| =2.303RT/nF =0.059/nV at 25 °C temperature.

5 g = (EoctEm)
) 2

3. Ipa

L, =1

1
4. Ipocv/z

24



5. Ep is independent of v.

— 0
6.E, — Ep/2 =0.0565/n at25°C.

I. 4. 2. Irreversible electron transfer:

Here the electron transfer rate in an electrochemical reaction is slower compared to mass
transfer rate where { is identified as, { < 1073, This process does not follow nernstian
behaviour. E,, gets shifted with variation of scan rate. For this type of reactions normally any
one of the oxidation and reduction peak is observed, even if both the peaks are observed
separation between the peaks is much more than 0.059/n V. Few diagnostic criteria are noted

below:

1. Izi,rr = +0.496(an')1/2nFAC(FDv/RT)1/2, where «a is the charge transfer
coefficient (usually assumed to be close to 0.5), n is the total number of electrons
transferred per molecule in the electrochemical process and n” is the number of
electrons transferred per mole before the rate determining step. I,i,” is the peak current
in the irreversible reaction at a particular scan rate.

2. E,, shifts by ~30/ an’ for each 10 fold increase in v.

3.E, — Ep; =0.059/an’.

I. 4. 3. Quasi reversible electron transfer:

Here the electron transfer rate and the mass transfer rate are comparable and { is identified as
15 > ¢ > 1073, This is the intermediate case between reversible and irreversible electron
transfer process. This process also does not follow nernstian behaviour. Diagnostic criteria

for this type of process are given below:

1. AE, > 0.0591/n and increases with ».
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2. Ep shifts with increase in v.

I. 5. Sensors and applications:
A sensor is defined as a device which measures a physical quantity and transforms it into a
signal which can be read by an observer or instrument. The world seems to have a natural
division between chemical and physical sensors. Physical sensors are sensitive to the physical
responses such as temperature, pressure, magnetic field etc. and do not have any chemical
interface. However, there are those that do not classify easily, like relative humidity sensors,
a chemical sensor traditionally lumped with physical sensors [37]. A useful definition for a
chemical sensor is a small device that as the result of a chemical interaction or process
between the analyte and the sensor device, transforms chemical or biochemical information
of a quantitative or qualitative type into an analytically useful signal. The signal from a
sensor is typically electronic in nature, being a current, voltage, or impedance/conductance
change caused by changing analyte composition or quality or quantity. Chemical sensors
contain a physical transducer and a chemically sensitive layer or recognition layer where
selective chemistry takes place. Chemical sensors can be classified into following categories
depending upon the transducer type

1. Mass sensitive,

2. Heat sensitive,

3. Optical and

4. Electrochemical sensors.
I. 5. 1. Mass sensitive sensors:
Mass sensitive sensors use piezoelectric effect. Surface acoustic wave sensor which was
particularly used for gas sensing is a type of such sensor. Acoustic gas sensing typically

requires the crystal to be coated with an active layer, often a polymer or other non volatile
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coating, which performs a function similar to the stationary phase in a gas chromatograph.
The change in the amount of the gas on the surface of the crystal is related to the shift in
frequency of the oscillating crystal.

I. 5. 2. Heat sensitive sensors:

Heat of a chemical reaction involving the analyte is monitored with transducers such as
thermistor or a platinum thermometer; they are often called calorimetric sensors.

L. 5. 3. Optical sensors:

Attenuation of light waves can be used to construct some of the most effective chemical
sensors. The sensor design frequently uses a waveguide or optical fibre for convenient
construction. If the analyte is placed at the interface of the fibre and a coating, it will have the
opportunity to interact with the light. If the conditions are appropriate for either absorption or
emission, the intensity and wavelength of the characteristic light provide the opportunity to
obtain an analytical signal for quantitative and/or qualitative analysis. Optical techniques may
often depend upon a coating and therefore derive many analytical properties, such as
sensitivity, selectivity, and stability, from the choice of coating.

L. 5. 4. Electrochemical sensors:

Compared to optical, mass and thermal sensors, electrochemical sensors are especially
attractive because of their remarkable detect ability, experimental simplicity and low cost.
They have a leading position among the presently available sensors that have reached the
commercial stage and which have found a vast range of important applications in the fields of
clinical, industrial, environmental and agricultural analyses [38]. There are three main types
of electrochemical sensors: potentiometric (ion selective electrodes, ion selective field effect
transistors), amperometric/voltammetric and conductometric. For potentiometric sensors, a
local equilibrium is established at the sensor interface, where either the electrode or

membrane potential is measured, and information about the composition of a sample is
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obtained from the potential difference between two electrodes. Voltammetric/Amperometric
sensors exploit the use of a potential applied between a reference and a working electrode, to
cause the oxidation or reduction of an electroactive species; the resultant current is measured.
On the other hand, conductometric sensors are involved with the measurement of
conductivity at a series of frequencies. Voltammetric/amperometric sensors are widely used
for the various application in the field of biomedical [39], environmental [37], industrial [38]
and agricultural analyses [40]. Electrochemical sensors provide several advantages over other
sensors such as

e Inexpensive instrumentation

Possibility of miniaturization

Possibility of fabrication of potable sensors for onsite application

Low detection limit and wide linear dynamic range

High sensitivity and selectivity.
Here, in the thesis, reported works are based on voltammetric sensors which will be discussed
in the later chapters, prior to that experimental set ups for the voltammetric sensors need to be

discussed.

I. 6. Experimental set up for the voltammetric sensors:

Any electrochemical experiment requires an electrochemical cell which is nothing but the
physical boundary inside which electrochemical experiments are performed. The
electrochemical cell for voltammetry comprises of the sample solution/experimental solution
and the three electrode system. The three electrode system consists of a working electrode
(WE), a reference electrode (RE) and a counter electrode (CE). These three electrodes are
immersed into the experimental solution. RE serves to control potential over WE. The three

electrode system is necessary to avoid passage of current through the reference electrode
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otherwise current flow would cause change in its potential via changes in activities of the
chemicals within the RE. Moreover, the potential on WE cannot be controlled due to an
unknown amount of IR drop owing to the solution resistance between WE and RE.
Introduction of CE or auxiliary electrode as a current collector eliminates the issue. The
voltammetric experiments are performed in a quiescent solution condition in presence of an

excess of inert salt, called supporting electrolyte.

L. 6. 1. Experimental solution:

Experimental solution for voltammetric sensor contains solvent and the supporting electrolyte
other than the analytes. The solvent used for preparing the solution should have desirable
properties such as (a) it should have high purity and wide liquid range, (b) it must solvate the
analyte, (c) it must not react with the analyte, supporting electrolyte, the product of the redox
reaction and the material of which the electrochemical cell is made, (d) It should offer a
sufficient potential window for the study of the redox process of interest and (e) It should be
stable on acid base treatment. Water is the most widely used solvent for the electrochemical
experiment. For the organic analytes different non aqueous solvents are used. Acetonitrile,
N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO), methanol, methylene chloride,

propylene carbonate etc. are generally used as the non aqueous solvent.

Supporting electrolyte plays a vital role in the voltammetric experiment. It facilitates
the charge transport in the solution and completes the circuit of the cell. Supporting
electrolytes are nothing but the ionic salts or ionisable species which ionises either
completely or partially in the solvent. These electrolytes must not react with the analyte of
interest, must not corrode the electrodes and the materials of the cell vessel. They must not go

into any chemical change (deposition of cations or liberation of anions) within the potential
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window where electrochemical reaction of the analyte occurs. They must be stable on acid

base treatment (or pH variation). The supporting electrolytes have some rolls to play such as:

1. To increase the conductivity of the solution and minimise the uncompensated IR

drop between the WE and the RE.

2. To eliminate the contribution of migration to the mass transfer of the analyte to the

electrode.

3. To establish a uniform and high ionic strength throughout the solution and is not

perturbed by the electrolysis of the analyte.

4. To restrict the potential drop across the interface within 10-20 A which is necessary

for the electron transfer that happens through quantum mechanical tunnelling [41].

The supporting electrolytes used are 100-1000times than the concentration of the
analyte [12]. This is why the supporting electrolyte should be prepared very cautiously from
ultrapure chemicals to maintain the high purity. The supporting electrolytes generally used
are inorganic salts (KCl, KNO;, LiClO4, NH4Cl, Na,SO4), Mineral Acids (HCl, H,SOs,
HClO,4), base (KOH, NaOH), buffers (Phosphate, acetate, citrate and Britton-Robinson
buffer) and tetraalkylammonium salts (NRfX~). NRj X~ salts are used as supporting

electrolyte when organic media are used.
I. 6. 2. Reference electrode:

A reference electrode has a stable and well defined electrochemical potential (at constant
temperature) against which the applied or measured potentials in an electrochemical cell are
referred. Therefore the roll of a reference electrode is to act as a reference in controlling and
measuring the WE potentials in voltammetric experiments. The reference electrode should

have the following properties:
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1. RE should be ideally nonpolarizable electrode (INE) i.e. an electrode of
constant potential irrespective of flow of current. In reality such an electrode is
not available, commonly occurring REs show nonpolarizable behaviour when
small amount of current is drawn [10].

2. Electrochemical reaction responsible for the development of the potential of
the REs should be reversible and the potential should be calculated from the
Nernst equation.

3. Electrode potential should be constant for a long period of time.

Commonly occurring REs are Normal hydrogen electrode/Standard hydrogen electrode
(NHE/SHE: Pt/H,[a=1]/H" [a=1,aqueous], EO=0V), saturated calomel electrode (SCE:
Hg/Hg,Cl,/KCl1 [saturated], E’= 0.242V vs. NHE) and silver-silver chloride electrode
(Ag/AgCl/KCl [saturated], E’=0.197V vs. NHE) [10]. These REs are aqueous based. For the
non-aqueous media non-aqueous REs are used. In order to avoid contact between organic
solvents and water from the reference electrode, in non-aqueous solutions usually a Ag wire
in contact with AgNOs is used as a reference electrode. When using a 0.1 M AgNOs3 solution
in acetonitrile, the electrode potential is around +0.36 V vs. SHE. As the electrode potentials
of non-aqueous REs are less well defined, it is good practice to also use an internal reference
when measuring in organic solvents. The ferrocene-ferricinium redox couple for example can
be used for this purpose. The redox potential measured for this couple can then be used as an

extra reference point.
L. 6. 3. Counter Electrode:

Counter electrode (CE) or auxiliary electrode acts as the third electrode in an electrochemical
cell for voltammetric analysis. As mentioned in the previous section it acts as the current

collector. In voltammetric analysis the current flows between the WE and the CE. The name
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itself suggests that the reaction occurs at the CE is just the opposite to that of the WE, in other
words if the WE acts as cathode then CE acts as anode. The main condition for an electrode
to act as CE is that the electrode must not get dissolved in the experimental solution or react
with the experimental solution and the reaction product during redox reaction at the CE must
not react with WE. The working area of the CE should be much larger than that of the WE so

as to confirm that the area of the CE does not control the limiting current.
L. 6. 4. Working electrode:

Electrochemical reaction of the analyte of interest occurs on the working electrode (WE).
Potential is applied on the WE with respect to the RE to carry out these electrochemical
reactions. Depending upon the nature of the reaction WE acts as either cathode or anode.
Every working electrode, immersed in a particular supporting electrolyte solution, has a
potential window where it acts as the ideally polarizable electrode (IPE) i.e. within this
potential window no charge transfer occurs across the electrode solution interface. The
potential range also depends on the nature of the supporting electrolyte solution. The only
faradaic current that can flow is due to the charge transfer occurring from the redox reaction
of the trace amount of impurity or the analyte of interest. Other features, which are important
for a good working electrode, are long term stability, easy renewability of the surface, ability
to produce highly pure and reproducible surface etc. The most commonly used WEs can be
categorized as (a) metal solid electrodes, (b) carbon based solid electrodes, (c) Liquid
electrode and (d) conducting film electrodes. Platinum, gold, silver, lead electrodes comes
under the first category; Glassy carbon/ vitreous carbon electrode, carbon paste electrode,
diamond electrode etc. comes under the 2™ category; very well known mercury drop
electrode is a liquid electrode which is widely used for voltammetric analysis. The forth
categories of electrodes are mainly fabricated by casting a conducting film on a substrate

(conducting or non conducting). The casting can be done by chemical vapour deposition
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technique (indium tin oxide, Fluorine doped tin oxide) [41], spray pyrolysis technique [42],
polymerization (electrochemical or chemical, e.g. polyaniline, poly pyrrole etc) [43],
electrochemical deposition on the conducting surface (Bi, Sb film) etc [44]. Sometimes these
thin conducting films, casted on the metal solid electrodes or carbon based electrodes, are
referred as electrode modifiers for enhancing the sensitivity of the electrodes towards the

analyte of interests (will be discussed in the next chapter).

I. 7. Objective of the present work:
Mercury electrodes are well known and widely used for the analysis of metal ions in trace
level in the aqueous solutions. Due to large over potential for hydrogen evolution it provides
a wide potential window (from O to -1v) for the determination of many metal ions in trace
level, ability to form amalgams with the metals enables it to have very high sensitivity and
low detection limit for these metal ions. In spite of all these advantages, toxicity of mercury
and difficulty in handling mercury based electrodes has left the researchers to opt for
alternative electrode materials for the analysis with similar sensitivity. On the other hand,
development of methologies for many important biomolecules using electroanalytical
techniques has gained a lot of importance in the last two/three decades. Investigation of
electrochemical properties and sensitive determination of the concentration of these bio
molecules require sensitive electrodes. The present thesis is aimed

* to minimise the use of mercury based electrodes,

= to fabricate alternate solid electrode materials,

= to improve the sensitivity towards different ions of interest by modifying the

electrodes using thin films, nanoparticles etc.,
= to investigate the electrochemical properties of few important biomolecules and

development of methologies for their detection using modified electrodes.
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I. 8. Scope of the present work:

Metal ions such as Cd, Pb, Zn, Cu and Hg in the environmental samples have been detected
and analysed by using Bi and Sb thin film modified carbon paste electrode applying
differential pulse anodic stripping voltammetry (DPASV). Carbon paste electrode (CPE) was
fabricated by optimising several parameters to give a very low and smooth background
current in the voltammetry experiment. CPE was also used for the electrochemical studies of
melamine, an adulterant of milk product. It offers another advantage of easy renewability of
its active surface. Bi and Sb thin film was electrochemically deposited. Functionalized carbon
nano spheres were used for the fabrication of electrodes for the determination of dopamine
(DA) and uric acid (UA) in the blood serum. Redox properties of another important
biomolecule L-Cysteine were investigated. Several other methods such as atomic
spectrometry, high performance liquid chromatography, electrophoresis, mass spectrometry,
flow injection analysis etc. can be used for the analysis purpose, but, all these techniques are
complex, expensive and require pre-treatment of the samples. These facts force the
researchers to develop simple, fast, cost effective and highly sensitive electroanalytical
techniques for the determination of aforementioned species. The main aspects taken care in
this work are the use of thin metallic films, nanoparticles, reduced graphene oxide and
composite materials to enhance the sensitivity of the electrodes; minimum loading of the
modifiers; utilization of easy techniques for modification (electrochemical deposition, drop-
casting etc.); improvement of sensitivity towards the analyte of interest (metal ions, bio
molecules etc.); improvement of detection limits for the analyte; development of simple
methodologies for the analysis; development of methodologies based on the modified
electrodes which are free from the commonly occurring interfering agents; fabrication of
electrodes which are mechanically and chemically stable and can be used for onsite

application for the analysis; to study effects of surfactants and last but not the least
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investigation of electrochemical properties and adsorption-desorption behaviour of the
biomolecules. For all the sensors developed, the various parameters studied include linear
dynamic range, detection limit, effect of pH, effect of scan rate and interference from foreign

species. The fabricated electrodes and the methodologies have been applied in real samples.
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Chapter 11

Experimental



II. 1. Introduction

A brief sketch of the materials and methods used in the investigations is presented in this
chapter. The instrumentation, devices and the electrode systems used are discussed. The
general methods for the fabrication of the modified electrodes are presented in the chapter.
Special emphasis is given on the practical aspects of preparation of carbon paste electrodes
(CPE) from the graphitic carbon powder. Synthesis procedure of the graphene oxide from
graphite powder is described and the procedure of modification of the CPE using reduced
graphene oxide and carbon nanotubes are presented. A brief account on the electrochemical,
microscopic and diffraction techniques used for the characterization of surface of the
electrodes is discussed. Methods used to determine electrochemical surface area of the
electrodes, diffusion coefficient, electron transfer rate constant and analytical treatment to the

recorded data are detailed.

I1. 2. Reagents and Solutions:

The reagents and the solvents used were of analytical and/or spectroscopic grade. These were
purchased from the local vendors. Bismuth nitrate (Bi(NOs)3), acetic acid (CH3COOH),
potassium hydroxide (KOH), potassium ferrocyanide (Ks4Fe(CN)g), boric acid (HzBOs3),
phosphoric acid (H3;PO,), potassium nitrate (KNOs3), sodium acetate (CH3COONa), zinc
nitrate (Zn(NOs3),), potassium chloride (KCl), cadmium nitrate (Cd(NOs),), lead nitrate
(Pb(NOs3),), cupric nitrate (Cu(NOs3);), antimony trichloride (SbCls), mercuric nitrate
(Hg(NOs),), sodium di-hydrogen phosphate (NaH,PQO,), di-sodium hydrogen phosphate
(Na,HPO4) were of high purity BDH Aristar quality. Gold chloride salt (50% gold content)
used for gold nano particles was of spectroscopic grade, Sigma and 2,4,6-Triamino-1,3,5-
triazine (Melamine) used were of E. Merck G R grade. Multiwalled CNT (length 20nm and
diameter ~15nm) were purchased from Nanostructured and Amorphous materials Inc., Texas,

USA. Nafion (5% solution) was purchased from E. MERCK. Deionized water was used for
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preparation of all the aqueous solutions. Concentrated sulphuric acid (H,SO.), glacial
phosphoric acid (H3PO,), potassium permanganate (KMnQOy), hydrochloric acid (HCI) and
30% hydrogen peroxide (H,O,) were of AR grade and purchased from S.D. fine chemicals
for the preparation of graphene oxide. AR grade sodium borahydride (NaBH4) used for
preparation of reduced graphene oxide (RGO) was purchased from S.D. fine chemicals.
Graphitic carbon nano spheres (CNSs) used for functionalization were of ‘VULCAN XC 72
R’, Suprapur HCI, HNO3; & H,SO4 were of E. MERCK. Dopamine (DA), uric acid (UA) and
L-Ascorbic acid (AA) were of spectroscopic grade from Sigma-Aldrich. L-Cysteine (CYSH)
(98%) was purchased from AVRA Chemicals. Glassy Carbon electrode was purchased from

CHI Instruments. TX 100, CTAB (95%) and SDS (99%) surfactants were of Sigma.

Acetate buffer solutions of pH 3.5 to 5.5 were prepared by mixing various proportions of 0.1
M CH3COOH and 0.1M CH3COONa. Phosphate buffer solutions (PBS) of desired pH from 6
to 10 were prepared by mixing various proportions of 0.1M NaH,PO,4 and 0.1M Na,HPO,.
Britton-Robinson buffer solutions (BR buffer) were prepared by mixing of 0.1M H3POy
0.1IM H3;BO; and 0.1M CH3;COOH. The desired pH (from pH 2 to 12) was achieved by

addition of 1M KOH or HCI.

11. 3. Instrumentation:

All the electrochemical measurements were carried out on Autolab PGSTAT 320N
electrochemical system interfaced to a personal computer (PC). Data acquisition and analysis
were performed by GPES 4.9 software. The apparatus used for the purpose was an
electrolytic cell with conventional three electrode system. Modified carbon material based
electrodes were used as WE, platinum rod as CE and saturated calomel electrode (SCE) or
silver/silver chloride electrode (Ag/AgCl/KCI (satd)) was used as RE. The RE was kept very

near to the WE to minimize the error due to potential drop. CE was kept away from the WE
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so as to avoid any chances of mixing of the reaction product from the CE. The potentiostat
was calibrated periodically by using a dummy cell (a network of resistor and capacitor that
gives a known result) as per the user manual supplied by the manufacturing company. Further
verification of the software and the general performance of the instrument and electrodes was

done using redox behavior of 50uM K4Fe(CN)g solution in 0.1M KCI medium.

I1. 3. 1. Basic working principle of the potentiostat/galvanostat (PGSTAT):

In potentiostatic mode, a potentiostat/galvanostat (PGSTAT) accurately controls the potential
of the counter electrode (CE) against the working electrode (WE) so that the potential
difference between the working electrode (WE) and the reference electrode (RE) is well
defined, and correspond to the value specified by the user. In galvanostatic mode, the current
flow between the WE and the CE is controlled. The potential difference between the RE and
WE and the current flowing between the CE and WE are continuously monitored. By using a
PGSTAT, the value specified by the user (i.e. applied potential or current) is accurately
controlled, anytime during the measurement by using a negative feedback mechanism. As can
be seen from the diagram, the CE is connected to the output of an electronic block which is
called Control Amplifier (CA). The control amplifier forces current to flow through the cell.
The value of the current is measured using a Current Follower (Low CF) or a Shunt (High
CR), for low and high currents, respectively. The potential difference is measured always
between the RE and WE with a Differential Amplifier (Diff amp). Depending on the mode
the instrument is used (potentiostatic or galvanostatic) the PSTAT/GSTAT switch is set
accordingly. The signal is then fed into the summation point (X), which together with the
waveform set by the digital-to-analog converter (DAC) are used as an input (E;,) for the CA

(Fig. IL.1).
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Figure II.1: Block diagram of potentiostat/galvanostat

I1. 3. 2. Working principles of the reference electrodes used:
e Saturated Calomel Electrode:

Saturated calomel electrode (SCE) was used for most of the studies presented in the thesis. It
is a half cell composed of mercurous chloride (Hg,Cl,, calomel) in contact with mercury and
KCl in a paste form. The paste was dipped under a saturated solution of potassium chloride
(KCl). A platinum wire is generally used to allow contact to the external circuit. The half cell

reaction is described as
Hg,Cly(s) +2e” 5 2Hg(l) + 2Cl" (saturated)

with an E° value of +0.244V. Contact to the experimental solution was made by using a

porous glass frit which allows the ions to pass but not the bulk solution. The potential of the
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SCE was regularly checked by comparing its potential with that of the SCE commercially
available. If the potential difference is more than SmV, the prepared SCE was considered to

be faulty.
e Silver/Silver Chloride Electrode:

Silver/silver chloride electrode (Ag/AgCl/KCI) was fabricated by dipping a silver chloride
(AgCl) coated silver wire into a solution saturated with KCI. Contact to the experimental
solution was made similarly by using a porous glass frit which allows the ions to pass but not

the bulk solution. The pertinent half cell reaction is
AgCl(s) + e~ 5 Ag + Cl” (saturated)

The theoretical E value is 0.224V, but, the actual potential of the half cell prepared in this
way 1s 0.197V, because in addition to the KCIl, AgCl also contributes to the chloride activity

which is not exactly unity.

Both the SCE and the Ag/AgCI/KCl reference electrodes offered stable half-cell potentials
that did not change over time. In addition, the loss of electrolyte due to evaporation did not

change the saturated nature of the solution, nor the potential.
IL. 3. 3. Counter Electrode:

CE (Pt rod, 99.99% purity) was purchased from Metrohm. After each experiment the CE was
cleaned with 0.5M HNOs; and de-ionized water under sonication (20KHz) to get a clean and

identical surface every time.
I1. 4. Carbon Paste Electrode (CPE) as working electrode:

In the present work carbon paste electrode (CPE) has been extensively used as the WE.

Carbon paste is a homogeneous mixture of carbon (graphite) powder and a binder (pasting
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liquid) [45-47]. It is compacted into a suitably designed holder which constitutes CPE. CPEs
are widely applicable in electrochemical studies due to their low background current
(compared to solid graphite or noble metal electrodes), low cost, feasibility to incorporate
different substances during the paste preparation (in the case of modified CPEs), easy

preparation, simple renewal of their surface and possibilities of miniaturization [48].

IL. 4. 1. A brief background of the Carbon Paste Electrode:

The carbon paste electrode (CPE) was invented by Ralph Norman Adams, University of
Kansas in Lawrence, at the end of the 1950s [49, 50]. Adams had the original concept to
develop a dropping carbon electrode (DCE), which would have simulated the function of the
DME for anodic oxidations of organic compounds, where the mercury-based electrode could
not be employed [49, 51]. The experiments with the DCE, performed mainly by Adams’s
student Kuwana [52], had finally led to the invention of a new electrode material, carbon
paste, whose properties were already close to those expected for the original concept, the
dropping carbon dispersion. Carbon paste has been widely applied in electrochemistry mainly
as a substitute for noble metals because, depending on the supporting electrolyte, it can be
used at both positive and negative potentials ranging from -1.4V to +1.7V against the SCE
[53]. The early studies of Adam’s group dealt with the various constituents of the carbon
paste and their application in anodic and cathodic stripping voltammetry [50, 54]. Their work
on carbon paste electrode got the world wide popularity and over the last five decades carbon
paste electrodes became one of the most popular electrode materials used for the laboratory

preparation of various electrodes, sensors, and detectors [55].

II. 4. 2. Constituents of the Carbon Paste:

Powdered carbon (graphite) is the main carbon paste component, which ensures the proper

function of an electrode or a sensor in electrochemical measurements. Other than graphite
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powder, other carbonaceous materials are used for preparation of the carbon paste. Suitable

carbonaceous materials should have the following criteria:

i) Particle size in micrometers or sub micrometers, ii) uniform distribution of the particles, iii)
high chemical purity, and iv) low adsorption capabilities. Naturally, the type and quality of
graphite used, as well as its overall amount in the carbon paste mixture, are reflected in all

typical properties of the respective mixture.

From the introduction of CPEs in electrochemical science up until now, the most often
selected carbon powder is spectroscopic graphite with particles in the low micrometric scale
(typically, 5 — 20 mm). It can be estimated that 80 — 90% of carbon pastes reported had been
made from such graphites [56, 57]. So far, the carbon paste mixtures were prepared from: 1)
soot and charcoal [51, 58], ii) acetylene black [59], iii) glassy carbon powders with globular
particles [60, 61], iv) pulverized diamond of both natural and synthetic origin [62], V)
template carbon, vi) porous carbon foam, vii) carbon microspheres [63], viii) fullerenes (C-

60) [64], ix) carbon nanofibres [65] and x) various types of carbon nanotubes [66-70].

Traditional carbon pastes contain organic liquids which link mechanically the individual
carbonaceous particles. These liquids are often called pasting liquids or binder. However,
beside this main function of holding the particles together inside the paste, the binder as the
second main moiety of carbon paste also co-determines the properties of the carbon paste.

Typical parameters required for pasting liquids are:

1) Chemical inertness and electro-inactivity, ii) high viscosity and low volatility, 1i1) minimal

solubility in aqueous solutions, and iv) immiscibility with aqueous and organic solvents.

Bromophenol was used as the binder for the fabrication of the first CPE [49]. The most

popular binding agents used for preparation of carbon pastes are mineral (paraffin) oils;
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namely, 1) Nujol and ii) Uvasol. 70% carbon paste mixtures have been made of these mineral
oils. Other potentially applicable liquids are 1) aliphatic and aromatic hydrocarbons, including
their iv) halogenated derivatives, as well as v) silicone oils and greases [49, 51, 58], or nearly
solid silicone rubbers [71], vi) organic esters of the organophosphate and dialkyl phthalate
type [72]. Apart from these binders some electrolytes e.g. H,SO4 [73] and ionic liquids [74]

are now being used as the binders.

II. 4. 3. Classification of Carbon Paste Electrode:

CPEs can be classified into two categories, i) Unmodified CPE and ii) Modified CPE.

1I1. 4. 3. 1. Unmodified Carbon Paste Electrode:

Mixtures containing merely two main components, carbon powder and the liquid binder, are
now commonly classified as unmodified carbon pastes. Carbon is usually represented by
spectroscopic graphite powders or related materials and acts as the electro active sensing site
of the paste. In the classical conception, the binder (pasting liquid) is a lipophilic organic
liquid. One can name aliphatic hydrocarbons and their mixtures [53, 75] as typical
representatives of such substances. Such types of CPEs are often known as bare CPEs or
virgin CPEs. In order to lower adsorption capabilities of graphite, adsorbed oxygen can be
removed by heating in vacuum with subsequent stabilization by impregnating with a ceresin
wax [76]. This is done prior to the addition of binder. The nature and behaviour of the carbon
paste electrodes can be portrayed by its physicochemical properties such as microstructure of
the carbon paste, specific ohmic resistance, stability of the paste in aqueous and non aqueous
media, ease of renewability and ageing of the paste. The heterogeneous mixture of carbon
paste can be classified as solid dispersion. Investigation of microstructure of carbon paste
revealed that the graphite particles are coated with the thin film of the binder liquid. The

graphite particles are connected physically to each other by the thin layer of the binder. The
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consistency of the carbon paste also plays an important role to determine its physicochemical
properties. Consistency can be correlated with the compactness of the paste. Consistency of
the paste depends upon the components used to fabricate the paste, their size distribution,
graphite powder to binder liquid ratio and extent of homogenization. Although the
consistency as such is not directly associated with the resultant electrochemical behaviour of
carbon pastes, this physical parameter may indicate some important consequences. For
example, too "dry" as well as too "liquid" paste mixtures are very difficult to be packed to
make an electrode, and moreover, the surface of such pastes is usually not renewable in
reproducible way [75, 77]. Despite the presence of typically insulating binders common
carbon paste mixtures exhibit a very low ohmic resistance. The carbon pastes made of

paraffin oil had the average resistances of 20 - 50 Q, whereas some silicon oil-based CPEs

were reported to have the resultant values even below 10 €. Exact reason for such a high
conductivity is not known, although, there were several different hypotheses; for example, 1)
percolation theory, concerning the movement of fluids through porous materials, ii)
tunnelling effect etc. None of them were unambiguously experimentally proven. It also seems
that minimal resistance of carbon pastes can be explained via the tightest systematic
arrangement of spherical particles. High ohmic resistance produces high background current
while doing voltammetry; on the other hand the stable electrochemical signal is not observed
in potentiometry. High resistance may arise due to unsuitable combination of the graphite
powder and the binder, lack of compactness of the electrode fabricated (presence of air
gap/adsorbed gases), inconsistency and insufficient homogenization of the graphite particles
in the mixture. Ageing of the carbon paste has significant role to its physicochemical
behaviour. Ageing may lead to the inconsistency of the paste and the unstable and non
reproducible electrochemical behaviour. Volatility of the binder causes ageing of the paste.

Less volatile binder (e.g. silicone oil) provides longer life against ageing of the paste [78].
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Proper storage of the electrode also proved to be effective. Due to lipophilic behaviour of
binder composition of the carbon paste electrode has high significance on its electrochemical
response. Carbon pastes containing Nujol or silicone oil exhibit background currents of about
10-500 nA [51] whereas the background of tricresyl phosphate-based CPE may exceed the

current level of tens of uA [79] per square cm.

II. 4. 3. 2. Modified Carbon Paste Electrode:

When a foreign constituent is added into the binary mixture of carbon paste modified carbon
paste electrodes (MCPE) are obtained. The modifying agent is generally one substrate, but, in
some special cases more than one modifier is also used, e.g. carbon paste based biosensors
containing enzyme together with appropriate modifier [80] or MCPEs with two modifiers
[81]. Modified electrodes are of two types i) chemically modified CPE (CMCPE) and ii)
biologically modified CPE or carbon paste biosensors. The modification of carbon paste
electrodes began in 1964 with the fundamental studies of Kuwana and co-workers [82, 83].
Adams et al introduced surfactant into the carbon paste as a stabilizer against the
disintegration of the paste in the organic solvents [84]. It was Cheek and Nelson [85] who
prepared CPE made of chemically pre-treated graphite (with functional groups immobilized
on its particles). This is in reality the first representation of CMCPE with an accomplishment
of specific interaction with the analyte of interest. In the stripping voltammetric mode, their
innovative concept enabled a highly effective accumulation of target ions down to the sub-
nM level. In 1981, Ravichandran and Baldwin suggested a simpler method of direct mixing
of the modifier into the plain carbon paste [86]. The idea was to mix an insoluble particulate
component into the carbon powder. This simple method of bulk modification attracted a lot
of electrochemists in the successive years. The first carbon paste based biosensor (oldest
configuration) was prepared by Yao and Musha by modifying the carbon paste electrode with

nicotinamide adenine dinucleotide [87]. Incorporation of enzyme for the bulk modification of
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carbon paste electrode to prepare carbon paste based biosensor was first reported by polish
scientists in 1988 [88]. Later on different methods for the preparation of CMCPEs and carbon
paste based biosensors with different chemical and biological modifiers have been evolved

and successfully used for the sensor applications in the last three decades.

The primary purpose behind modifying an electrode is to improve its analytical performance
either by increasing its sensitivity and selectivity or by protecting the surface from unwanted
reactions. According to Kalcher [53] there are four main reasons for modifying CPEs
involving typical modifier-substrate interactions which enhance the analytical performances

of the electrodes:

e Preferential entrapment of the desired species.
e Mediation of electrochemical reactions via immobilised molecules or their fragments.
e Exploitation of catalytic electrochemical responses/ acting in catalytic reactions.

e Alteration of the surface characteristics of a CPE.

11. 4. 3. 2. a. Different substances for modification of Carbon Paste Electrode:

Carbon paste offers a wide spectrum of possible modification by a diversity of substances.

These modifiers are listed below:

e Metal and metal oxides and fluorides: Here carbon paste electrode acts as a conducting
substrate and the surface of the electrode is modified with metallic films or metal oxide
films. These types of modified electrodes are mainly used for stripping voltammetry
analysis of metal ions. Hg [88], Bi [89, 90], Sb [91, 92], have been used for surface
modification of the carbon paste. On the other hand HgO was mixed with the paste to
form Hg thin film on carbon paste electrode [93]; Sb,O3; and Bi,O3; [94] were used for

bulk modification of the electrode. AuF-CPE, SbF-CPE, BiF-CPE, RuO,-CPE, TiO,-
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CPE, PbO,-CPE, ZrO,-CPE, Al,03-CPE are few modified CPEs to name under this
group.

Commonly wused analytical reagents: Classical analytical reagents like
dimethylglyoxime [95], 8-hydroxyquinoline [81, 96, 97], dithizon [98, 99], diphenyl
carbazide [100, 101] oxine [102-104], PAN [105, 106], Pyrogallol red [107] or
derivatives of 2-naphthol [108] have been used as selective modifiers for adsorptive
accumulation of selected ions. Some compounds of this type contained in the paste may
be slightly soluble in water and, hence, have to be stabilised against “bleeding”

(dissolution) by fixing with an additional adhesion agent [81].

Clay Minerals (Zeolites and Familiar Materials): These substances are capable of
acting as both ion-exchangers and “ion-traps” excluding ion species of inappropriate size.
Moreover, zeolites [109, 110] and related materials (e.g., montmorrilonite [111, 112] or
vermiculite [113]) also exhibit adsorption and catalytic capabilities. Due to these
synergistic effects, zeolites have become apparently the most frequently used modifiers.
Carbon pastes with dispersed zeolites (up to 50% w/w) can be employed to study the
behaviour of numerous inorganic ions in their natural environment when zeolite-modified

CPE:s are applicable to their speciation in real samples.

Ion exchangers and surfactants: Ion exchangers having ion exchange and ion pairing
ability proved to have very significant role in modifying carbon paste electrodes.
Amberlite LA-2 [114], Dowex 50W [115], tricresyl phosphate [116] have been used for
this purpose. Ionic surfactants having ion pairing capability (e.g. CTAB [117] and SDS
[118]) are also used to modify the electrode. On the other hand non ionic surfactant

(Triton X 100) [119] are also used as modifier to enhance lipophilicity.
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Macro cyclic ligands and macromolecules: Different macro cyclic ligands such as
crown ethers [120], cyclodextrines [121], calixarines [122] are used as modifiers for their
suitable host-guest chemistry. Humic acids [123] also play the role of electrode modifiers.
Conducting polymers: Different conducting polymers e.g. polyaniline [124], poly
pyrrole [125], PEDOT [126] are used as modifiers; these polymers can be prepared both
electrochemically and by chemical reactions.

Organometallic substances: Ferrocene and ferrocene derivatives [127, 128], complexes
of pthalocyanine [129] and porphyrine derivatives [130] are used as modifiers.

Biological modifiers: Usually enzymes or enzyme containing tissues are most common
modifiers such as glucose oxidase (GOD) [131], tyrosinase [132], polyphenol oxidase
[1333], horse radish peroxidise (HRP) [134], alcohol dehydrogenase [135], lactate
oxidase etc. DNA (deoxyribonucleic acid) [136] is very useful substrate for carbon paste
biosensors.

New generation modifiers: Application of materials prepared from newer technologies
has become a trend in fabrication of modified electrodes. Development of easier
technology and attractive physical and electrochemical properties of newer carbon
materials such as carbon nanotubes, carbon dots, graphene oxide, carbon nanofibres etc.
have drawn the attention of the scientists to use those materials as modifiers or as
constituent for CPEs [137-140]. Apart from those carbonaceous materials metallic and
bimetallic nanoparticles [141-143] have been used extensively for the modification of the
CPEs. Metallic oxide nanoparticles are also being tested as the modifiers [144, 145].
Polymer composites with the metallic nanoparticles, carbon nanotubes are also being used
as modifiers [146, 147]. Ultrathin multilayer films of Mo(VI)-polyoxometalate type [148]

and supramolecular helical chains [149] have been used as well.
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II. 4. 3. 2. b. Possible ways to modify Carbon Paste Electrode:

Different methods have been adopted to modify the CPEs [55]. These methods are discussed

in brief in the following sections.

In situ modification: Here modifiers are added to the solution and the bare carbon paste
surface is exposed to the modifier. Hydrophobic carbon paste may entrap the lipophilic
modifiers [150].

Bulk modification: Modifier is directly mixed into the paste bulk mechanically. The bulk
modification leads to the high extent of homogeneity and the uniformity of the modifiers

in the mixture. Usually, the content of modifiers in carbon pastes varies between 1 - 5%
(w/w) [77]; however, there are MCPEs with 30 - 50% of the respective modifier [151]

and if some chemically active binders are considered as special modifiers, the resultant
content can be yet higher, up to 70% [72].

Dissolution: here the modifiers get dissolved into the pasting liquid and then mixed with
the graphite powder/ carbonaceous powder to form paste. CPEs modified with ion
exchangers such as Dowex 50W, Amberlite LA-2 etc. are few examples of such
modification [114, 115]. Modification by lipophilic substances can also be done by the
method [119].

Impregnation: Graphite particles are soaked with a solution containing dissolved
modifier. After evaporation of solvent, pre-treated carbon powder is mixed and
homogenized with the liquid binder [152].

Chemical pre-treatment: Here the graphite powder is chemically treated so as to form
chemical bonds between modifiers and graphite particles. In this way of modification

some functional groups or some molecules get anchored into the graphite particles. The
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biggest advantage is that the modifiers do not leach out of the paste due to the formation
of the chemical bond [153].

e Electrolytic activation (anodization/cathodization): It involves forced electrode
oxidation or reduction to make hydrophilic sites on the carbon paste surface those are able
to repel hydrophobic molecules of the binder from the outer layer [154].

e Casting: This is only restricted to the modification of surface. These can be of two types
e.g. 1) manual casting and ii) casting by electrochemical deposition. The first case
involves dispersion of the modifier into a suitable solvent and layering of the dispersion
on the electrode surface mechanically. Evaporation of the solvent produces thin layer of
the modifier on the electrode surface. In the later case the modifier is electrochemically
deposited directly on the electrode surface from its precursor solution. Metallic thin film
modified CPEs [88, 92] are some examples of this kind. Modification by electro-
polymerization [124] can also be included under the second category of casting.

e Multiple modifications: This is a step by step modification of carbon paste electrode
using the methods mentioned early. The main aim for these types of modification is to get
higher sensitivity, selectivity and specificity towards the analytes of interest [115, 117,

155]. Both CMCPE and carbon paste biosensors can be made by multiple modification.

II. 4. 4. Practical aspects of preparation of a bare CPE:

Fabrication of a practically usable good CPE depends upon few parameters [78]:

e Choice of graphite powder,

e Choice of binder liquid,

e Choice of graphite to binder ratio,

e Extent of homogenization during preparation of the paste and

e Fabrication of compact electrode by filling the holder with the paste.
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Importance of all these parameters is discussed in the earlier sections.

IL. 4. 5. Typical properties and specifics of CPEs in electrochemical measurements:

Physicochemical properties of carbon pastes are always mirrored in the overall

electrochemical behaviour of CPEs, resulting in some special features and benefits as

mentioned below [55].

Background signal (residual current): Common type of bare CPEs and CMCPEs
provide very low background, typically below 1uA. Better signal to noise ratio is
obtained for faradaic measurement. But, it may vary with the pH and concentration of the
solution.

Individual polarizability: Polarizability of the CPEs greatly depends on the composition
of the paste (quality of the graphite powder, nature of binder, graphite to binder ratio).
Therefore, variable potential windows can be obtained for the CPE depending on its
composition and supporting electrolyte.

Specific reaction Kinetics: carbon pastes have typically hydrophobic surface which, in
aqueous solutions, repel hydrophilic species involved in the electrode reaction of
numerous redox systems of both inorganic and organic origin. Thus the specific reaction
kinetics depends upon the carbon paste composition and the quality of the both main
components.

Various alternative procedures for pre-treating, conditioning and regenerating the
electrode surface and carbon paste itself.

Variability in utilising various interactions and their synergistic effects at both CPEs and
MCPEs such as electrolysis, catalysis, adsorption, extraction, ion-pairing, and their

combination.
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II. 4. 6. Preparation of the bare Carbon Paste Electrode:

The spectroscopic grade 0.5 g graphite powder taken in a quartz boat was heated at 400°C for
4 hrs in an inert atmosphere (N, atmosphere). After heating, the powder was transferred to a
beaker containing high purity paraffin dissolved in n-hexane. The mixture was kept in a fume
hood maintained at negative pressure and the n-hexane was allowed to evaporate. After that
the mixture was kept under a hot air blower for complete removal of n-hexane. Heating
removed the adsorbed gases from the surface of the carbon paste and upon paraffin
impregnation the re-adsorption of gases is minimized. An optimized amount of ~1.5% (wt %)
of paraffin wax was added to the carbon powder. After paraffin impregnation, the required
quantity of silicone oil was added as the binder (25% of the total mass of the binder and
carbon powder) and ground well to get a homogeneous paste. The carbon paste was filled
into a glass tube with 1.5/2 mm diameter from the bottom end. A platinum wire was used to
connect the carbon paste electrode to the instrument. The proportion of silicone oil to the
mass of the graphite powder plays an important role in determining the electrochemical
properties of the fabricated electrode. The proportion of the silicone oil to the total mass of
the paste (mass of binder and carbon powder) was varied from 10% (wt %) to 40% (wt %).
The performance of the electrode fabricated from the paste was checked monitoring the redox
behaviour of the S0uM Ky4[Fe(CN)s] in 0.1M KCI solution. [Fe(CN)(,]3+/[Fe(CN)(,]4+ is well
known electrochemically reversible couple. The electrode with the 25% (wt %) silicone oil
content in the carbon paste matrix showed the reversible nature of the couple (Fig. 11.2). The
anodic and the cathodic peak potentials remained unaltered upon the variation of the scan rate
from 10mV sec” to 500mV sec’l, AE,, the difference between the anodic and the cathodic
peak potential, was 66 mV, which was very close to the expected value of 59.1mV and Ip./Ipc
(the ratio of peak currents) was 1.012. With higher content of the oil AE, increases and I,./I;,c

deviates more from unity. Although the lower content of the binder oil showed expected
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reversibility of the redox couple, frequent drying of the paste and lack in compactness and
consistency of the paste made the electrode unsuitable for renewability of the surface and
longer usage purpose. In view of these facts the oil content was optimized at 25% (wt %) of

the total mass of the paste. The plot of peak current against the square root of the scan rate

(Vsec'l) followed a linear regression equation as I =3.67><10'4v1/ 2 + 9.68x10° with R*

=(0.998.
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Figure I1.2: Voltammogram of K4[Fe(CN)4]/Ks[Fe(CN);3] couple on CPE,
inset: plot of oxidation peak current vs. square root of scan rate

¢ Regeneration of carbon paste surface: Electrode surface was regenerated by peeling the
paste from the surface and pressing new carbon paste on the top of the carbon paste pool
of the electrode. Reproducibility of the surface was checked each time from the redox
behaviour of the [Fe(CN)¢]**/[Fe(CN)]** couple.

e Ageing: Carbon paste was prepared using less volatile, highly viscous silicone oil as
binder liquid. The paste was kept inside an air tight container to avoid evaporation of the

binder oil. The same carbon paste was used for more than 6 months.
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e Storage of the electrode: After the fabrication of CPEs, the electrodes were stored into

air tight containers with the electrode surface dipped into nano pure water.

In the present work modifications of the CPEs were carried out by different species based on
the requirements. The individual modification and characterization of the modified surface is

discussed in the respective chapters.
IL. 5. Graphene Oxide (GO) and Reduced Graphene Oxide (RGO):

Graphene is a one atom layer thick carbon sheet, two-dimensional crystal. Graphene has
been considered as basic building block for all sp2 graphitic materials including fullerenes,
carbon nanotubes and graphite [156]. Ever since its discovery in 2004 graphene has been
making a profound impact in many areas of science and technology due to its remarkable
physicochemical properties These include a high specific surface area (theoretically 2630
mz/g for single-layer graphene) [157-159], extraordinary electronic properties and electron
transport capabilities, unprecedented pliability and impermeability, strong mechanical
strength and excellent thermal and electrical conductivities [160-166]. These unique
physicochemical properties suggest that it has great potential for providing new approaches
and critical improvements in the field of electrochemistry. The high surface area of
electrically conductive graphene sheets can give rise to high densities of attached analyte
molecules. This in turn can facilitate high sensitivity and device miniaturization. Facile
electron transfer between graphene and redox species opens up opportunities for sensing
strategies based on direct electron transfer rather than mediation.

Currently, many methods had been explored to prepare graphene. Novoselov and Geim [167]
firstly observed a single layer of graphene from highly oriented pyrolytic graphite using
micromechanical exfoliation method. It is a simple way to prepare graphene, but the yield of

graphene was very low, and cannot achieve high-quality industrial production. Srivastava et
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al. [168] prepared “petal” graphite sheet with ~ 20nm thickness by chemical vapor deposition
(CVD). Even though thickness of graphite sheet prepared by CVD method significantly
decreased than ever, impurities of Ni element in graphite sheet was another new problem.
Solvent stripping method [169] is a new approach that emerged in recent years. Its principle
is destroying Van der Waals Force between the graphite layers in a solvent to obtain
graphene sheets. Method of solvent stripping does not destroy the structure of the graphene
and presents no surface defects in the graphene sheet. However, the low yield of graphene is
still a drawback. Chemical oxidation method [159, 170-175] is the most popular method to
prepare graphene. In this method graphene oxide (GO) is produced which can be considered
as a precursor for graphene synthesis by either chemical or thermal reduction processes. GO
consists of a single-layer of graphite oxide and is usually produced by the chemical treatment
of graphite by strong oxidising chemicals, followed by subsequent dispersion and exfoliation
in water or suitable organic solvents [176, 177]. Chemical oxidation introduces functional
groups such as carbonyl, hydroxyl, epoxy and peroxyl in between the carbon layers of
graphite. These functional groups weaken the Van der Waals bond between the carbon layers
which causes the graphene layers to peel off layer by layer from graphite [178]. The precise
atomic structure of GO is still uncertain due to uncertainty pertaining to both the nature and
distribution of the oxygen-containing functional groups [179], its non stoichiometric atomic
composition (depends on the synthesis protocol and extent of reaction) and the lack of
sufficiently sensitive analytical techniques for characterizing the GO structure. Compared to
pristine graphene, oxygenated functional groups in GO can indeed give rise to remarkable
structure defects which is associated with loss in electrical conductivity in GO, which
possibly limits the direct application of GO in electrically active materials and devices.
Presence of oxygenated groups in GO is also responsible to alter electronic and mechanical

properties of pristine graphene. However, presence of the oxygenated functional groups
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provides potential advantages when fabrication of modified electrodes is concerned. Polar
oxygenated functional groups make GO highly hydrophilic; this gives GO very high
dispersibility to many polar solvents, mainly to water. The resulting GO dispersion can be
subsequently deposited on various substrates in order to prepare thin films by means of
common methods such as drop-casting, spraying, or spin-coating. Thus it can be used as a
very good electrode modifier. In addition, using well-known strategies, these functional
groups can be modified or functionalized which can be employed to immobilize various
electroactive species through covalent or non-covalent bonds for the design of sensitive
electrochemical sensors. Although the GO provides such advantages, due to the presence of a
high degree of disorders in pristine graphene structure arising from the incorporation of sp’
carbon they exhibits high sheet resistance (Rg) (1012 Q sq'1 or more) [180]. This in turn
represents transport barriers leading to the absence or disruption of percolating pathways
among the sp” carbon clusters, which allows classical carrier transport to occur [181]. The
reduction of GO (i.e. removal of oxygen) using a variety of chemical and thermal treatments,
which facilitates the carrier transport to occur, can result in a decrease in (Rg) by several
orders of magnitude and hence transform the material into a semiconductor and ultimately
into a graphene-like semimetal [182-185]. The conductivity of the reduced GO (RGO)
samples can reach ~1000 S/m [185, 186]. Due to the very high conductivity RGO has been
used for fabrication of highly sensitive modified electrode.

IL. S. 1. Introduction on the preparation of GO by Chemical oxidation method:

As discussed in the earlier paragraph, synthesis of graphene oxide involves the separation of
graphite layers, by way of rupturing Van der Waals force of attraction between the layers, by
oxidising the layers of graphite. The origin of graphite oxidation came into view, when
Brodie [187] in 1859 first reported oxidation of graphite by addition of KClOj3 into slurry of

graphite in fuming HNO;. The C/H/O ratio of the oxidation product was determined to be
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2.19/1.00/0.80, which is the typical composition of graphite oxide [188]. About 40 years
later, Staudenmaier [189] modified the Brodie method by using concentrated H,SO, and
fuming HNOj as the oxidizing agents. This modified Brodie method required slow addition
of the (potassium chlorate) KCIO; over a period of one week. In the following decades, many
other similar methods have been reported [190, 191]. The method most commonly used today
was reported by Hummers in 1958 [172]. In the Hummers method, preparation of graphite
oxide was accomplished by treating graphite with essentially a water-free mixture of
concentrated H,SO4, NaNO3; and KMnO,. Compared to the Brodie-Staudenmaier methods,
the Hummers method requires less than 2 hrs for completion at temperatures below 45° and
can be carried out safely. These three methods are the primary routes to prepare graphite
oxide from graphite. However, all three reactions involve the liberation of toxic gas NOy
and/or ClO,. Some modifications based on the Hummers method have been proposed.
Kovtyukhova [192] added a pre-oxidized procedure using H,SO., K,S,0g (potassium
persulphate), and P,Os. The C/O ratio of the oxidation product was 4.0/3.1, illustrating that
this was richer in oxygen than the graphite oxide prepared by the Hummers method. The
method proposed by Kovtyukhova is defined as a typical modified Hummers method and has
been cited by many researchers in recent years [193-195]. In 2010, Marcano [196] found
another method by adding H3PO, to the formation of graphene oxide nanoribbons (GONRs)
from multiwalled carbon nanotubes; it shows that more GONRs were produced with more
intact graphitic basal planes [197]. This modified Hummers method (sometimes called
improved Hummers method), using KMnO,, H,SO4, and H3PO4 as the oxidizing agents,
avoids the release of NOy and yields a greater amount of hydrophilic oxidized graphite
material compared to the original Hummers method. Due to its simpler protocol and
equivalent conductivity upon reduction, this newly modified Hummers method is attractive

for preparation of GO on a large scale [198].
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I1. 5. 2. Methods for reduction of GO:

Reduction of graphene oxide is a process to convert sp> carbon of the graphene oxide to sp*
carbon. The process involves elimination of oxygen from the oxygenated functional groups.
The reduced product cannot be pure graphene rather it is graphene like as it contains
structural defects. Therefore the reduced product is called reduced graphene oxide (RGO)
although mechanical, electronic, thermal properties and morphology are similar to that of

pristine graphene [199, 200].

RGO can be produced from the GO using a variety of reduction methods. The most popular
is a chemical reduction procedure. In this procedure Graphene oxide is treated with reducing
agents such as i) hydrazine hydrate (N,Hs-H,O) [201], ii) dimethylhydrazine [199],
hydroquinone [202], oxalic acid [203], sodium hydrosulfite [200] and Sodium borohydride
(NaBH.) [185, 204, 205]. However, both hydrazine and sodium borohydride are highly toxic
to human beings as well as the environment. In addition, the hydrophobic nature of obtained
RGO sheet would lead to irreversible agglomerate of RGO in solutions under Van der Waals
interactions [186]. In recent years, much attention has been paid to exploring environmentally
friendly reductants for production of graphene from graphite oxide with good dispersibility in
solvents. L-ascorbic acid (L-AA) [206], D-glucose (D-GLC) [174], L-Cysteine [207] and tea
polyphenol (TP) [208] are water-soluble and mild reductants. But these reductants require
optimized conditions for effective reduction of the GO. Another commonly used method is
thermal reduction by heating GO to above 1000 °C [194, 209, 210]. Besides, some other
novel reduction methods, such as the photo-catalytic method [211-214], supercritical fluid
method [215], hydrothermal method [216, 217] and electrochemical method [218], were

proposed for the reduction of GO.
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I1. 5. 3. Synthesis of RGO:

GO was prepared here following modified Hummers method. 2g of graphite powder and 12g
of KMnQO, were taken. 360ml of Concentrated H,SO,4 and 40ml of Concentrated H;PO, were
mixed. In a 1 litre flat bottom flask graphite powder was taken. 400ml acid mixture was
poured into the flask which was initially kept in ice bath (to minimise any possible heat
generation). After addition of acid mixture the flask was kept under stirring condition for
1.5hrs for a good mixing of graphite into the acid mixture. Finely ground KMnOy, solid was
then added into the acid mixture at ice cold condition to suppress any possible accidents due
vigorous reaction. The mixture was then kept under stirring condition for 4 days at room
temperature. After 4 days of stirring, the mixture was kept on oil bath at 45°C for 5hrs under
stirring condition in order to confirm the completion of the reaction. 0.5ml solution was taken
from the mixture and to it few drops 30% H,0O, was added. Yellow colour formation hints at
the graphene oxide formation. The acid mixture of the flask was poured into ice blocks of
deionized water under stirring condition and 25-30 ml of H,O, was added to neutralize excess
KMnOy leading to the formation of yellow colour of the mixture. The mixture was allowed to
settle down; the yellow mass was washed with 0.1M HCI and deionised water repeatedly
using centrifugation. Solid gel type mass was filtered out and dried inside a vacuum oven at
50°C temperature for 2 days. The yellowish brown solid was crushed into powder. GO was
reduced using 0.1 M sodium borohydride, washed with water and dried in a vacuum oven at
35°C. Characterization of the GO and RGO was carried out by Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), atomic force microscopy (AFM),
powder X-ray diffraction technique (XRD) and Raman spectroscopy. The characterizations
are discussed in detail in the subsequent chapter (Chapter IV. 1). The RGO was used for the

modification of CPE (Chapter IV. 1).
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II. 6. Different characterization techniques used in the work:

Fourier transform infrared spectroscopy (FTIR) was used to get the information about the
presence/elimination of different functional groups in the modifiers or modified electrode
materials used for the electrode preparation; the high-resolution, three-dimensional images
produced by scanning electron microscopy provided with the topographical and
morphological information of the micro/sub micro structure of the electrode surface,
modifiers and the modified electrode materials; in addition to that, coupling of energy
dispersive spectroscopy (EDS) with SEM produced compositional information of the
materials. Atomic force microscopy (AFM) was also used to get the topographical
information of the materials prepared, in addition to that it was used to get the average
thickness of the GO and RGO films. Structural information was obtained from the powder X-
ray diffraction technique (powder XRD) and analysis of the data from ‘Joint Committee on
Powder Diffraction Standards’ (JCPDS) database. Raman spectroscopy was used as well to

get structural information of the graphene based materials.

FTIR was performed using FTIR instrument, made of ‘Bruker’, model Tensor II, with
Deuterated Lanthanum o Alanine doped TriGlycine Sulphate (DLaTGS) detectors. SEM
images were taken from Field Emission Gun-Scanning Electron Microscopes (FEG-SEM),
made of JEOL, model JSM-7600F, coupled with EDS facility. AFM studies were carried out
using ‘Nanosurf easyscan 2 flex AFM’ with both high resolution and low resolution scanner
head. Powder XRD experiments were carried out using Cu Ko X-ray in Rikagu miniflex
XRD, Japan instrument. Scanning electrochemical microscopy was performed using a CHI

920 D instrument.

HPLC measurements were performed on a JASCO PU 2080 Plus dual pump HPLC system,

Japan, with a JASCO 2075 Plus tunable absorption detector (placed in our institute), using a
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C18 reversed phase HiQ Sil column (5 um, 4 x 250 mm). The eluting solvents (1 mL/min)
used in HPLC were; H,O (solvent A) and acetonitrile (solvent B) with 0.1% trifluoroacetic

acid.
IL. 7. Electrochemical Techniques used in the present investigation:

Cyclic voltammetry, linear sweep voltammetry, differential pulse anodic stripping
voltammetry (DPASV), adsorptive stripping voltammetry, square wave voltammetry,
hydrodynamic amperometry and scanning electrochemical microscopy were used in the

present investigation.
11. 8. Determination of electrochemical surface area of the electrodes:

The electrochemical surface area of the bare carbon paste electrode and the modified
electrodes were determined using randles sevcik equation (eq. 1.7) written in the chapter 1.
For Bi and Sb modified CPE, Cd**/Cd redox couple was taken as the reference system; based
on the CVs at different scan rates electrochemical surface areas of the electrodes were
calculated. For bare carbon paste electrode [Fe(CN)6]3'/[Fe(CN)6]4‘ redox couple has been
taken as the reference system. The diffusion coefficients of these redox couples were

obtained from the literature.
I1. 9. Analytical Treatment of the recorded data:

The electrochemical experiments were carried out 6 times to ensure repeatability and to
calculate the uncertainty involved in the measurements (assuming systematic errors to be
absent). Practically it is very difficult to calculate the true value of population mean (u), as it

requires a huge number of measurements. The arithmetic mean calculated from of the small

xix

number of measured values from the equation X = “* i/n is not the true value of the
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population mean. By evaluating the confidence interval for such a small size sample it can be
asserted that the true value of the population falls within the interval with a certain degree of
confidence/ with certain probability [219]. So confidence interval is nothing but a range
within which true value of population mean can be obtained with certain probability. The

extreme points of the range are called confidence limits of the mean; for small samples

. . . -, t s . .
confidence limits are given by X+ ™1 / N ; where t is a statistical parameter called

‘Student’s t* whose value depends on the degrees of freedom (n — 1) and the degree of
confidence required. The term ‘degrees of freedom’ refers to the number of independent
deviations which are used in calculating sample standard deviation ‘s’. In this case the
number is (r - 1), because when (n - 1) deviations are known the last can be deduced, since
Y.i(x; —x) = 0. The value of ‘t’ for a particular degrees of freedom for a required degree of
confidence/probability can be obtained from literature. ‘s’ is calculated from the following

equation,

s=Yix; —x)2/(n—1) eq. IL.1

x; 1s the individual measured value, X is the arithmetic mean of the sample, n is the total

number of measurements in the sample.

Relative standard variation (RSD) of coefficient of variation (CV) is another parameter to
measure the uncertainty. RSD or CV is often expressed in percentage (%) and is

mathematically calculated by the following equation,

RSD = £ x100% eq. 1.2

s
x

RSD is the measure of relative error and often used to compare the precision of results which

have different units or magnitudes.
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The calibration plots are constructed by plotting the analytical response (Peak current, I,) at

different modified electrodes against the analyte concentration. Standard addition methods
were employed for the construction of the calibration plot and for the real sample analysis.
For each analyte separate linear dynamic range (LDR) is obtained. By using origin-8 software
the linear regression line and the linear regression equation were constructed for the LDR.
The coefficient of determination (Rz) was determined for each LDR. R? indicates the

variation from linearity.

Limit of detection (DL) is the smallest quantity of analyte which can be detected with a
certain degree of confidence. In general terms, the limit of detection of an analyte may be
described as that concentration which gives an instrument signal (y) significantly different
from the ‘blank’ or ‘background’ signal. Though the use of ‘significantly different’ phrase is
debatable, most of the cases limit of detection is expressed as the analyte concentration
giving an analytical signal which is equal to summation of mean blank value (Y}3) and three

standard deviation of the blank (sp) i.e.

pL=Yb+3s)/ eq. IL.3

Where, m is the slope of the calibration curve; s, is multiplied by 3, which ensures that there

1s 99.7% probability that analytical signal due to the blank falls within the range ¥}, + 3sj.

In order to check the efficiency and performance of the modified electrodes spike recovery
tests have been carried out. Here the test solution is spiked with the analyte solutions of
known concentration and the corresponding analytical signals were recorded. The

quantitative recoveries were calculated using the following equation,

concentration of analyte determined

Recovery = X 100% eq. I1.4

concentration of analyte spiked
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This test provides the validity of the proposed method of analysis as well.

II. 10. Electrochemical Impedance study for the electrochemical characterization of

modified electrode:

An electrochemical reaction at the electrode - electrolyte interface cannot be fully understood
by using traditional electrochemical measurements. Those methods provide only currents
made of faradaic and non faradaic components. A complete description requires impedance
measurements made over a broad frequency range at various potentials and determination of
all the electrical characteristics of the interface, the technique called electrochemical
impedance spectroscopy (EIS). The technique is based upon complex mathematical
transforms. The term impedance (Z) was first invented by Oliver Heaviside in the late 19™
century [220] to extend the concept of electrical resistance to the alternating current (ac)
circuit. As a respected mathematician, Heaviside is also credited with the invention of
terminologies such as admittance and conductance. Impedance is simply the opposition force
to electrical current in a circuit made of resistors, capacitors, or inductors, or any combination
of these and is measured in the same units as resistance, ohm (). Heaviside defined the
‘operational impedance’ as the complex ratio of the voltage and current in an ac circuit [221]

which is expressed as

Z(jw) = % eq. IL5

Where, Z is the impedance, E is the potential, I is the current, j is the imaginary component
and w is the frequency of alternating potential. Impedance of an electrode is measured at its
equilibrium potential/open circuit potential or at a potential when the electrode is polarized.
The impedance Z of a system is generally determined by applying a sinusoidal potential

perturbation of small amplitude (5 — 10mV) with variable frequency (0.01 Hz to 100 KHz)

64



and measuring the current response [222]. The sinusoidal potential (E;) can be represented by

the following equation
E; = Eysinwt eq. IL.6

where Egis the amplitude of the potential signal and w is the radial frequency in rads™
(w = 2xf, f is the frequency in Hz). The measured current will also be sinusoidal of same
frequency but with different phase and amplitude (Fig. 11.3.a) as represented by the following

equation
I, = I sin(wt + @) eq. IL.7

Here, I is the amplitude of the sinusoidal current and ¢ is the phase angle which separates

the phases of E; and I,. From the definition of the impedance (Z) it can be expressed as

_ Egsinwt sin wt
- Iy sin(wt+¢) - “0 sin(wt+¢)

eq. IL.8

The impedance is therefore expressed in terms of a magnitude, Zy, and a phase shift, ¢. With
Eulers relationship, e/ = cos @ + j sin @, Z can be expressed in complex function as
following
Z(w) = Zy(cos @ — jsin @) eq. IL.9
Z(w) =Zreqi — JZim eq. I1.10
Where, Z,..4 and Z;,,, are the real and imaginary components of the impedance. The
magnitude of Z, written |Z| is given by |Z|? = Z,oq1> + Z;,,> and the phase angle, ¢ is given

Zz

by tan ¢ = = (Fig. IL.3.b).
Zreal
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Figure II.3: (a) Diagram showing relationship between alternating current and

excitation potential signal at frequency @; (b) Vector diagram of impedance, Z and its

real and imaginary component.
The variation of impedance with frequency is displayed in different ways. In Bode plot,
log|Z| or ¢ is plotted against logw, while in Nyquist plot Z;, is plotted against Z,eq for
different values of @. Each point of Nyquist plot is the impedance at a particular frequency.
The frequency dependence of Z can reveal the processes at the interface of electrode and the
solution. The impedance spectrum obtained is commonly analysed by fitting it to an
equivalent electric circuit model. An electrode surface/solution interface in an
electrochemical cell can be considered to produce impedance to a small sinusoidal excitation.
The performance of the electrode can be represented by an equivalent circuit, comprising of
combination of capacitor, resistor and/or inductor, which allows passage of an alternating
current of same frequency and phase angle that the real cell does under the given excitation.
In a simple case, the interface can be modelled by an equivalent circuit (Fig. II.4.a), also
called a Randles circuit (223), made of a double-layer capacitor (Cq) in parallel with a charge
transfer resistor (R.) (also taken as a polarization resistor (R,)) and a Warburg impedance
(Zw) which represents a kind of resistance to mass transfer, connected in series with a resistor
that measures the resistance of the electrolyte solution (Rs). The corresponding Nyquist plot

is shown at figure I1.4.b. Depending on the types of electrochemical reactions involved at the
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interface, the equivalent circuit can be much more complicated. Bode plot can be helpful to

find capacitive or inductive effects of electrochemical systems.
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Figure I1.4: (a) Equivalent electrical circuit of an electrochemical cell; (b) Nyquist
plot for the corresponding electrochemical system.

Two fundamental equations which describe the real and imaginary components of the

impedances neglecting the contribution from Warburg impedance from the Nyquist plot are

R
Zreal = Rs + m €q. I1.11
2
Zyy = —ot Ll eq. IL12

- 1+w2Rct2Cd12
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R¢t s Rctzcdlw
1+w2Rc2Cyf? 1+w2Rci2Cqp?

Z(w) =R, +

eq. I1.13

At high frequencies, Warburg impedance is not observed as diffusion occurs over much
longer time periods than the operational frequency and thus the relatively slow movement of
molecules in solution renders impedance contributions to be obsolete. Hence, Warburg
contributions are generally seen in the low frequency region. Elimination ® from the pair of

equations yields

(Zrear — R, — %)2 + Zim? = (%)2 eq. 114

. . R .
Zim VS. Z,eq gives a circular plot centered at Z,..q; = R + T" and Z;,,, = 0 and having a

radious of % (Fig. 11.4.b). The semicircular feature of the Nyquist plot ignoring the

contribution from the Zw can be described as at very high perturbation frequency the
capacitive reactance (X¢) of the double layer capacitor is very low that it does not offer any
impedance and therefore the total current is charging current; the only impedance the current
sees 1s the ohmic resistance. As the frequency drops the finite impedance of the double layer
capacitor manifests itself as significant Z;,,,. At very low frequency the double layer capacitor
offers very high impedance leading to the most of the current passage through the pure
resistor components of the circuit, thus Z;, falls off again. In actual case Z;,, does not fall to
zero at very high frequency, instead, it increases linearly due to the contribution from Zy.

At low frequency region contribution of Zy is appreciable. Zw can be mathematically

expressed as Z,, = aw_l/Z(l —j) provided o = ZRZT\/_< 1/1 + 1/1 ), where Do and
nEAZ\p J2co  D2ck

Dp are the diffusion coefficients of the oxidised and reduced species respectively, A is the
area of the electrode, F is the faraday constant, R is the universal gas constant, T is

temperature in Kelvin and Cy and Cy are the bulk concentration of the oxidised and reduced
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1
species respectively. The magnitude of Zw can be expressed as |Zy, | = o (%) 2 Asw o 0,

the relation between Z;,, and Z,.,,; takes the form Z;, = Z,cq — Rs — R, + 20%Cy;. Thus
the plot of Z;,,, vs. Z,.04; 1s linear with unit slope. The extrapolated line intersects the real axis
at Ry + R, — 20%Cy;. Extraction of the system characteristics requires interpreting the
Nyquist plot. At high frequencies, the frequency dependent term of equation II.13 vanishes,
resulting in Z(w) = Z,.q = R which is an intercept on the Z,..4; axis on the high-frequency
side (¢ = 0 or Z;,, = 0). For w — 0, equation IL.13 becomes Z(w) = Z,eq = Rs + R,
which is an intercept on the Z,.,4; axis on the low frequency side. At the frequency where a

maximum Z;, is observed, the straightforward relationship R .Cg4 = 1/wmax =
1/2 , which is the time constant (t) of the electrochemical reaction, can be shown and
T[fmax

indicates how fast the reaction takes place. R.;.Cg4; is known from the f,,.x, Cq; can be
obtained because R, is already known from the low-frequency intercept on the Z,..4; axis.
The Nyquist plot gives all the necessary information about the electrode - electrolyte
interface and the reaction. The higher frequency regions are kinetically controlled while the
very low frequency region is mass transfer controlled as shown in the Nyquist plot (Fig.
IL.4.b). If an electrochemical reaction is very sluggish, it will show a large R.;, and may
display only a very limited frequency region where mass transfer is a significant factor. On
the other hand if the reaction is kinetically very facile R, will be so small in comparison to
the ohmic resistance (Rg) and the Warburg impedance that mass transfer control region will
play a significant role in the plot and the semicircular feature may not be well defined. From
the value of R, exchange current (ip) and the standard heterogeneous electron transfer rate

constant (k”) can be evaluated using the following equations,

R, == eq. IL15

" nFig

iop = nFAK°C eq. I1.16
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From the intercept of the Warburg limited region on Z,.q4 axis, Rg + Rz — 20%Cy4;, 6 and
subsequently diffusion coefficients can be calculated [222].

Randles equivalent circuit gives the simplest way of representing the electrochemical process
at the electrode solution interface. However, the real case may also include contribution from
polarization, adsorption and induction leading to a very complex picture of the
electrochemical process. Careful and proper fitting of the circuit components is needed to
interpret the Nyquist plot obtained by the EIS.

EIS has been intensively used, for example, for the elucidation of corrosion mechanisms
[224-226], the characterization of charge transport across membranes and membrane/solution
interfaces [227, 228], characterization of modified electrodes [229-231] and it serves a very
important role in the field of fabrication of energy storage devices [232, 233] and field of

biosensors.

I1. 11. Scanning Electrochemical Microscopy:

Scanning electrochemical microscopy (SECM) is an Electroanalytical scanning probe
technique capable of imaging substrate (conductive, semiconductive or insulating substrate)
topography and local reactivity with high spatial and temporal resolution. Scanning
electrochemical microscopy (SECM) employs an ultramicroelectrode with a tip diameter of
10 pm or less (UME), also known as a tip, to scan in close proximity to a surface of interest.
The electrochemical response of the tip (or of the substrate in response to the tip) provides
quantitative and qualitative information about the interfacial region. The technique was first
reported in 1989 concurrently by Allen J. Bard [234] and Engstrom [235]. The
instrumentation, theory, modes, and initial applications were developed in the Bard

laboratories during the 1980’s. Since its inception in 1989, it has expanded into a wide
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variety of research areas including biology, corrosion, energy, Kkinetics, instrumental

development, and surface modification.

II. 11. 1. Instrumentation:

A typical scanning electrochemical microscope consists of four essential components (Fig.
IL.5). First, a low current bipotentiostat (<pA) is used to precisely measure and control the
current and potential at both a probe and a substrate. A high resolution three-dimensional
(3D) positioning system allows for accurate movement of a probe and a substrate using an X,
y, z stage with stepper and piezoelectric motors for coarse and finer movements, respectively.
The third component is a small scale probe with dimensions in the low micrometre (um) to
nanometre (nm) range, also referred to as a SECM tip. This critical component defines the
resolution of an SECM measurement. Finally, a data acquisition system (i.e., computer) is
required to synchronize and coordinate each component to perform a successful
measurement. Depending on the application, additional components can be added to a SECM
instrument, including an inverted optical microscope for biological measurements involving

live cells, a fluorescence detection system, or a constant distance unit.

Designing a SECM experiments requires the careful consideration of several important

factors including the following:

Redox mediator and/or substrate being investigated, solvent in which the electrochemical

reaction(s) will occur and probe that should be used.

The success of an experiment relies on the identification of the right combination of these

three parameters.
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Figure IL.5: Block diagram for the instrumentation of a Scanning Electrochemical
Microscopy (SECM).

II. 11. 2. Different modes of operation:

There are several modes of operation of SECM that continue to be used in developing new
applications. Historically, feedback and generation/collection modes were the first to be
introduced. Redox competition mode, direct mode, potentiostatic mode, transient mode etc.

constitutes the other modes of operation.

Feedback mode: The most frequent mode of operation is the feedback mode where only the
tip current of a potentially biased tip is monitored. Tip current is generated due to the

oxidation of the redox mediator, ‘R’ according to the following equation
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R—ne -0 eq. I1.17
The faradaic current resulting from the electrochemical reaction of the mediator is recorded at
the probe and depends on the topography and the electrochemical activity of the substrate.
When a probe is positioned at a tip-to-substrate distance (d) greater than 10 times the radius
(r) of the tip i.e. d > 10r (Fig. I11.6.a), the measured current,i, equals the diffusion
limited current, iy, (i.e., steady state current). For a probe with disk geometry, the steady
state current is defined as ir ., = 4nFDCaf, where C is the concentration of the redox
mediator, a is the tip area and f is the geometric co-efficient [236]. When the tip approaches
the substrate the tip current is perturbed by the presence of the substrate either by blockage of
the diffusion of redox mediator ‘R’ to the tip (negative feedback, iy < ir.) or by
regeneration of ‘R’ at the substrate (positive feedback, iy > iy ) as shown in figure I1.6.b
and IL.6.c. Positive and negative feedback effects enable the investigation of both electrically
conducting and insulating surfaces; it also makes possible the imaging of surfaces and the
reactions that occur there. The tip current-distance curves shown in figure I1.7.a and I1.7.b are
known as negative (a) and positive (b) feedback approach curves, where Iy is the ratio of the
tip current (i) at normalized distance L (d/r) and that at an infinite distance (ir ) from the
underlying substrate. Thus using feedback mode, approach curve can be constructed and tip
to substrate distance can be evaluated. This mode of operation is useful to determine the
heterogeneous rate constant for the charge transfer at an interface [237-240]. The
topographical information of the substrate can be obtained as well from the current
measurement in this mode, since the current response in feedback mode is highly dependent
on tip-to-substrate distance, it is preferable to use as small a distance as possible (without

crashing) to increase sensitivity.
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Figure IL.6: Pictorial representation of interaction of redox active species with
ultramicroelectrode (a) during steady state (diffusion limited) behaviour; (b) in the
negative feedback mode and (c) in the positive feedback mode of SECM
experiment.
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Figure I1.7: Tip current-distance curve for (a) negative feedback and (b) positive
feedback mode of SECM experiment.

Generation/Collection mode: In the generation/collection (G/C) modes of SECM, the tip is
generally located at distance on the order of ten tip radii or less from the substrate and both
tip current (iy) and substrate current (iz) are monitored. There are two types of SECM G/C
modes: the tip generation/substrate collection (TG/SC) mode and the substrate generation/tip
collection (SG/TC) mode [241, 224]. In the tip generation/substrate collection (TG/SC)

mode, the tip is used to generate a reactant that is detected at a substrate electrode (Fig.
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I1.8.a). For example, the tip is held at a potential where the reaction O + ne~ — R occurs
and the substrate is held at a different potential where the product R of the tip reaction will
react and be collected according to the R —ne~ — O reaction. Usually the substrate is
considerably larger than the tip, so that the collection efficiency, given by (igz/ir), is
essentially 1 or 100% for a stable tip-generated species, R, and if the tip is close to the
substrate (i.e, on the order of two tip radii). If R reacts on transit from tip to substrate,
(ig/ir ) becomes smaller and its change with separation distance, d, can be used to determine
the rate constant of the homogeneous reaction [243]. TG/SC mode is predominantly used for
the measurement of reaction kinetics and to perform modifications to the substrate. In the
alternative substrate generation/tip collection (SG/TC) mode (Fig. 11.8.b) the substrate is the

generator and the tip is the collector. Thus, in SG/TC, the tip detects the species formed at the

bat

substrate.
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Figure IL8: Pictorial representation of interaction of redox active species with
ultramicroelectrode in the (a) tip generation/substrate collection mode and (b) substrate
generation/tip collection mode of SECM experiment.

Typically, SG/TC mode is used for the measurements of concentration profiles or chemical
flux from a substrate. A tip scanned perpendicular to the substrate surface can probe a
concentration profile, whereas a tip scanned over the substrate surface can identify active

spots where reactions occur at a higher rate. However, SG/TC suffers from several
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disadvantages, including low collection efficiency, interference between substrate and tip
reactions, and a lack of steady state at large substrate. Nevertheless, this mode has proven
quite useful in both corrosion and enzymatic measurements.

Redox Competition mode: The use of redox competition (RC) mode is less prominent than
feedback and GC, but since its development by Schuhmann and co-workers [244] it has
found a place in the measurement of surface catalytic activity and corrosion [244, 245]. In
this mode, the SECM tip and the substrate, which are in close proximity to each other,
compete for the same redox species, as shown in figure 11.9. In such experiments potentials
are applied to both the substrate and the SECM tip (say for the reaction, 0 + ne~ — R, to
occur). However, the current is measured at the SECM tip and not at the substrate. To avoid
complete depletion of the redox mediator within the tip-to-substrate gap, the substrate is
biased at a reduction potential, while a reductive potential pulse is applied to the SECM tip.
When scanning over an inactive region of the substrate, the reductive current measured at the
SECM tip remains constant. Over an active region of the substrate where the reduction
process occurs, i.e. the catalytic spot, the redox species is consumed at both the SECM tip
and the substrate, leading to a decrease in measured current at the SECM tip. This decrease in

current can then be correlated with substrate activity.

Figure I1.9: Pictorial representation of interaction of redox active species with
ultramicroelectrode in the redox competition mode of SECM experiment.

Direct mode: Direct mode is a specific subset of SECM in which the electrochemical cell

configuration is reversed such that the microelectrode tip is used as the counter electrode and
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the substrate is used as the working electrode, as illustrated in Figure 3G. When a potential is
applied, the electric field is localized between the tip and the substrate (shown by the shaded
area in figure II.10. Direct mode has been mainly used for the surface modification,

particularly for semiconductor etching, enzyme deposition, and micro-patterning [246-248].

Figure II.10: Pictorial representation of interaction of redox active species with
ultramicroelectrode in the direct mode of SECM experiment.

In transient mode tip current is measured with respect to time. The transient mode is useful in
the measurement of homogeneous kinetics, for systems that are changing with time, and for
determining the diffusion coefficient of a species without needing to know the solution
concentration or number of electrons transferred in the electrode reaction [249, 250]. In
potentiometric mode potential is measured instead of current. Use of this mode provides
several advantages including high selectivity and measurement of non electroactive species
or electroactive species with standard reduction potentials outside the solvent window.
Furthermore, since no faradaic reaction is occurring or required, the concentration and
oxidation state of the analyte species is unchanged during the measurement.
Ultramicroelectrodes are used as potentiometric probe mainly for the selective recognition of
local concentration of particular ions/species [251]. Different mediators are used for the
different modes of operation depending upon the solvent used for the experiment and nature
of study. Some common mediators used in aqueous medium are ferrocenemethanol, ascorbic

acid/dehydroascorbic acid, hydroquinone, dopamine/dopamine-o-quinone,
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ferrocenecarboxylic acid, hexacyanoferrate (III), hydrogen peroxide, dihydrogen
orthophosphate etc.

Here we have used SECM for the investigation of adsorption behaviour of melamine and L-
Cysteine on the modified electrode (Chapter IV.1 & IV.3). The details of the investigations

are discussed in the respective chapters.

I1. 12. Modified electrodes used in the study:

Following is the list of modified electrodes used in the study.

¢ Bi film modified CPE, Bi-nafion film modified CPE, Bi-nafion-MWCNT
composite modified CPE,

e Sb film modified CPE, Sb-AuNPs composite modified CPE,

e AuNPs modified CPE,

e AuNPs-RGO modified CPE,

e Functionalized carbon nano spheres paste electrode and

AuNPs modified glassy carbon electrode.

Preparation, characterization and application of these electrodes are discussed in detail in the

following chapters.
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Chapter 111

Modified carbon paste electrode as
electrochemical sensor for heavy metal ions



Introduction:

Heavy metals are naturally occurring elements that have a high atomic weight and a density at
least 5 times greater than that of water [252]. Although heavy metals are naturally occurring
elements that are found throughout the earth’s crust, anthropogenic activities such as mining and
smelting operations, industrial production and use, and domestic and agricultural use of metals
and metal-containing compounds causes most environmental contamination and human exposure
[253-256]. Metals such as cobalt (Co), copper (Cu), chromium (Cr), iron (Fe), magnesium (Mg),
manganese (Mn), molybdenum (Mo), nickel (Ni), selenium (Se) and zinc (Zn) are essential
nutrients as these are required for various biochemical and physiological functions. Inadequate
supply of these micro-nutrients results in a variety of deficiency diseases or syndromes [257].
Again, excessive levels can be damaging to the organism. Other metals such as aluminium (Al),
antinomy (Sb), arsenic (As), barium (Ba), beryllium (Be), bismuth (Bi), cadmium (Cd), gallium
(Ga), germanium (Ge), gold (Au), indium (In), lead (Pb), lithium (Li), mercury (Hg), nickel (Ni),
platinum (Pt), silver (Ag), strontium (Sr), tellurium (Te), thallium (Tl), tin (Sn), titanium (T1),
vanadium (V) and uranium (U) have no established biological functions and are considered as
non-essential metals [258]. Any metal (or metalloid) species may be considered a
contaminant/toxic if it occurs where it is unwanted, or in a form or concentration that causes a
detrimental human or environmental effect. Prolonged exposure to very commonly occurring
heavy metals such as cadmium, copper, lead, nickel, and zinc can cause deleterious health effects
in humans [259]. Several studies have demonstrated that reactive oxygen species (ROS)
production and oxidative stress play a key role in the toxicity and carcinogenicity of metals such
as arsenic [260-262], cadmium [263], chromium [264, 265], lead [266, 267], and mercury [268,

269]. Because of their high degree of toxicity, these five elements rank among the priority metals
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that are of great public health significance. They are all systemic toxicants that are known to
induce multiple organ damage, even at lower levels of exposure. According to the United States
Environmental Protection Agency (U.S. EPA), and the International Agency for Research on
Cancer (JARC), these metals are also classified as either “known” or “probable” human
carcinogens based on epidemiological and experimental studies showing an association between
exposure and cancer incidence in humans and animals. Therefore determination of the
concentration of these heavy metal ions in the environmental samples, industrials effluents,
potable water, food samples, medicines (ayurvedic samples) etc. is necessary and plays an
important role in the quality control of the drinking water and the food products. For heavy metal
detection in the trace level, spectroscopic techniques such as atomic absorption spectroscopy
[270] inductively coupled plasma mass spectroscopy (ICP-MS) [271] X-ray fluorescence and
neutron activation analysis are the most commonly used. These techniques have the advantages
of their versatility since they are suitable for a large panel of elements, sensitivity and low limit
of detection (LOD) (ppb/ sub ppb level). However they suffer from several major drawbacks:
expensive and large volume equipments and qualified operators are needed to perform the multi-
step sample preparation and complex analytical procedures, which are unsuitable for on-site and
on time measurements necessary to prevent transient phenomena monitoring. Using these
techniques only total metal concentration can be determined, and speciation data can be reached
only by associating supplementary extraction and separation techniques such as chromatography
to the spectroscopic detection [272]. These additional steps significantly increase the risk of
contamination of the sample and some modifications of the speciation may occur during sample
storage or handling. On the contrary electrochemistry represents an interesting alternative due to

its numerous advantages. Electrochemical devices are mostly user-friendly since they require
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simple procedures. They are of low cost, and well-suited for miniaturization and automatic in
situ measurements with minimal sample changes. Thus, contamination by reagents or losses by
adsorption on containers are drastically decreased. Electrochemical systems also allow quite fast
analyses with experimental data obtained mostly in real time or in a few minutes. Hence, on-line
monitoring of water samples becomes possible, providing dynamic data of relevance for
biogeochemical survey. The technique provides high selectivity for the analysis of heavy metal
ions with very low detection limit (ppb/ sub ppb level). Electrochemical methods based on the
anodic stripping voltammetry using either mercury drop or the mercury film as the working
electrode provides excellent method of the determination of heavy metal ions. However, use of
mercury as the working electrode material is a debatable issue considering the toxicity of
mercury. Besides that, difficulty in handling the mercury based electrode and the need of
selective and the sensitive detection of the analytes in the complex matrix requires fabrication of
modified solid electrodes (Chemically modified, boron-doped diamond, and screen printed
electrodes as well as noble metals). Soft metallic thin films capable of pre-concentrating the
heavy metal ions are in demand as an alternate to the mercury drop electrode. Bismuth and
antimony were chosen for this purpose. Modification of carbon paste electrodes by
electrochemically deposited bismuth and antimony films and their composites are discussed in

this chapter in detail.
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Chapter 111.1

Bismuth film on carbon paste electrode modified with nafion film embedded

multiwalled carbon nanotubes for the determination of heavy metals.

III. 1. 1. Abstract:

This chapter discusses modification of carbon paste electrode with Bi film and Bi film
composites with nafion and multiwalled carbon nanotubes (MWCNT) and their potential use as a
voltammetric sensor for the determination of Pb, Cd and Zn. The effects of these modifications
on the sensitivity for these elements are presented. Effects of three types of surfactants on the
sensitivity of the modified electrodes are discussed. A probable method for determination of Cu

is approximated.

I1I. 1. 2. Brief account on Bi film and its composites with nafion and MWCNT as electrode

modifier:

Bi, known to be an environmentally friendly material is used in a wide variety of cosmetics and
also in medicines [273-279]. The bismuth-film electrode (BFE), consisting of a thin bismuth film
electroplated on an inert substrate, has been introduced since it has been shown to possess
performance comparable to mercury film electrode’s (MFE’s) in ASV [273, 274, 280, 281]. The
advantageous properties of bismuth are attributed to its ability to form ‘‘fused’” or ‘‘low-
temperature’’ alloys with heavy metals [282, 283] facilitating the nucleation process during
accumulation of heavy metal ions and leading to sensitivity similar to MFE’s. Although BFE can

be prepared on different metal substrate by electro-deposition, but, in the recent years most
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frequently used substrates are carbon based materials. In most of the related work on the BFEs,
Bi-films were deposited on glassy carbon electrodes [284, 281, 286-288]. Bi film was also
deposited on the carbon paste electrodes and used in stripping voltammetry [280, 289, 290]. CPE
reduces the possibility of the memory effect due to its easy renewability. One of the most serious
interferences in anodic stripping voltammetry (ASV), arise from various surface-active
compounds that adsorb on the electrode causing fouling of its surface [291]. There were some
efforts to reduce the surfactant effect on the stripping peaks based on physically separating these
bulky surfactant molecules from the electrode surface by hindering their diffusion through the
permselective membrane [292-300]; On the other hand, the smaller metal cations can easily
diffuse through the membrane and ultimately reach the electrode surface. Nafion film, a cation
exchanger, is an ideal permselective membrane which has been tested in stripping voltammetry,
introduced by Hoyer et al [301]. Nafion films have also been used for application on BFE to
improve the detection of heavy metal ions [302-305]. Carbon nanotubes (CNT) modified
electrodes have been used in stripping voltammetry due to the enhanced charge transfer and
adsorption property of the nanotubes [306-309]. In the present investigation Bi-films were
produced by ex-situ electro-deposition on CPE under optimized parameters of deposition time,
deposition potential, pH and concentration of the precursor solution. Bi films were modified by
nafion film both before and after the deposition of Bi film on the CPE surface. A composite of
MWCNT and nafion were used as well, as the modifier for enhancing the sensitivity in the
stripping analysis. The activity of the working electrode with nafion modification and also by the
MWCNT modification was investigated by depositing the analytes at different deposition
potentials. Determination of Cu using Bi-film electrode is also an important issue as the stripping

peak due to Bi appears before the Cu stripping peak. This issue has been successfully attempted
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in the similar line as reported by Wang and co-workers [274]. The anomalies in the findings on
the determination of Cu using Bi film electrode have been discussed in the present chapter. Bi

film electrode was used for the analysis of heavy metal ions in water samples.

I11. 1. 3. Modification of CPE:

Preparation of carbon paste is already discussed in chapter II (section II. 4. 6). The carbon paste
was filled inside a glass tube with 2 mm diameter at the bottom end; the connection from the
carbon paste to the electrode connector of the instrument was made using a platinum wire.
Performance of the electrode was checked by the method described in that section. In the present
investigation CPE was modified with Bismuth film (BFCPE), nafion coated Bi films (NCBFE -

1 & 2) and carbon nanotubes modified nafion film coated Bi-films (CNTMBFE).

I1L. 1. 3. 1. Deposition of Bi film on CPE:

Conditions of the deposition of Bi films on carbon paste electrode were optimized. For the
electrodeposition of Bi films, 0.3 mM Bi(NOs); solution was used. Deposition solution was
buffered using 0.1 M acetate buffer at pH 4.5. At pH lower than 4.5 enhanced hydrogen
evolution reactions damaged the quality of the Bi films. At higher pH Bi was hydrolyzed, thus, a
pH of 4.5 was found to be suitable for the deposition of Bi films. Deposition potential was varied
from -0.4 V to -1.3 V. A deposition potential of -0.8 V was found to be suitable for the present
purpose. Optimization of the deposition time was very important in the present study as the
stripping current changed considerably on the variation of the deposition time of the Bi films.
Deposition time decides the Bi film to be thick or thin in nature. The stripping property of the
analytes varied significantly with respect to the change in the thickness of the Bi films on the

carbon paste electrode surface. The results of the effect of the deposition time are shown in
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figure III.1. The deposition time was varied from 50 sec to 600 sec at a deposition potential of -
0.8 V. It was observed that with increase in the deposition time from 50 sec, stripping current of
Cd increased and a sudden surge in the increment was observed at a change in deposition time
from 200 sec to 300 sec. After 300 sec of deposition time the stripping current was found to
decrease drastically. This might be due to the fact that at 300 sec deposition time, a thin complete
film of Bi was formed on the electrode surface. Below this deposition time the film might not
have been complete, resulting in a lesser stripping peak current. At a higher deposition time than
300 sec the Bi-film might be getting thicker. On a thicker film the stripping current might be

reduced compared to the stripping on a thinner film.
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Figure II1.1: Effect of deposition time of Bi deposition on the stripping peak of Cd,
deposition potential was fixed at -0.8 V (SCE). Concentration of Cd**was 30 ug L.

Thickness of the Bi film was determined from the stripping peak area of the Bi-peak [287, 302]
The average thickness of the Bi film on bare carbon paste electrode surface using 0.3 mM
Bi(NO3); solution for 300 sec deposition time was 0.15 nm. The average thickness of the Bi-film

on nafion coated surface was 0.11 nm. The thickness was calculated considering complete
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removal of the Bi by stripping from the carbon paste surface. Thickness can be controlled by

using different concentrations of Bi’** solution and also by varying the deposition time.
I1I. 1. 3. 2. Modification of CPE by Nafion and Bi film composite:

In this fabrication, 5% nafion solution was diluted to 0.2% using HPLC grade methanol. The
dilute nafion solution was used to modify the electrode in two ways. Initially BFE was coated
with the dilute nafion solution to prepare an electrode NCBFE - 1. Again bare CPE was coated
with nafion by drop casting and Bi film was electrochemically deposited on it preparing NCBFE
- 2 (Fig. II1.2). Concentration of the nafion solution was varied from 1% to 0.001%. A 0.2%
nafion concentration was found to be suitable in terms of stability of the electrode and higher

sensitivity of the measurements.
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Figure II1.2: Pictorial representation of BFCPE, NCBFE-1 and NCBFE-2.

I1L. 1. 3. 3. Modification of CPE by nafion-MWCNT- bismuth film composite:

Carbon nanotubes were sonicated in the dispersion solution (0.2% nafion) for 10 min and then
drop casted on the bare CPE surface. After drying, this electrode was put inside the Bi(NOs3);
solution and Bi-film was deposited. This CNTMBFE was then washed using nano pure water

and then used for the analysis.
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I1I. 1. 4. Results and Discussions:

Simultaneous detections of the heavy metal ions (Zn**, Cd** and Pb**) were carried out by
differential pulse anodic stripping voltammetry (DPASV), where these ions were deposited on
the surface of modified electrode by constant potential deposition in the first step (deposition
potential of the analytes was -1.25V, deposition time 300 sec) under hydrodynamic condition
(stirring at 2500 rpm) and anodic oxidation in the second step (stripping). Since Bi film is
insensitive towards the reduction of oxygen, purging with inert gas was not performed prior to
the experiment. Bi film has been deposited ex-situ on the CPE. In situ deposition of Bi films was
not suitable in the present case as the Bi film was deposited on the carbon paste electrode instead
of the glassy carbon electrode normally used [274, 284-288]. CPE comprises of carbon particles
which offers faster kinetics for hydrogen evolution resulting in hydrogen evolution at less
negative potential than on glassy carbon electrode. Thus, deposition and determination of Zn was
difficult in the case of in situ deposition procedure, as it was required to apply a deposition
potential of around -1.25 V. At this potential hydrogen evolution was a problem at pH 4.5 on the
carbon paste electrode. A higher pH than 4.5 was not recommended due to the possibility of
hydrolysis of Bi**. Thus, an ex-situ procedure was proposed considering the hydrolysis of Bi**
and the hydrogen evolution on CPE. After preparation of a modified electrode, it was dipped into
the solution containing these ions and analytical responses for these metal ions were obtained by
DPASYV technique. The analyte solutions were prepared using sodium acetate (NaOAc) and the
pH of the solution was optimised to 6.5 in order to minimise the hydrogen evolution and to get
good sensitivity for the metal ions. Calibration plots were prepared from the analytical responses
obtained for each electrode. Figure III.3.a and III.3.b show the analytical response of the metal

ions on the BFCPE and the corresponding calibration plot. The same electrode was used for
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every scan, prior to each scan the electrode was cleaned by applying a conditioning potential of -
0.4V for 300 sec and the analyte ions were further deposited at the optimized potential.
Conditioning was performed to regenerate the fresh electrode surface and to minimise the
memory effect. Inset of figure III.3.a shows the irresponsive nature of bare CPE for Zn, Cd and

Pb at concentrations of 150, 90 and 120 ug L 'respectively.
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Figure II1.3: (a) Differential pulse anodic stripping voltammograms of Pb, Cd and Zn in
sodium acetate solution of pH 6.5 using BFCPE, analyte deposition potential was -1.25V and
deposition time was 300 sec (Inset: Response of bare CPE for Zn, Cd and Pb of concentration
150, 90 and 120 pg L' respectively); (b) Calibration plots of peak current vs. concentration

Well distinguished stripping peaks were obtained at -0.55V, -0.8V and -1.15V for Pb, Cd and Zn
respectively. Peak currents of all these elements followed linear relationship with the increase in
concentration of the analytes. Electrochemical response on NCBFE-1 of the three metal ions
with varying concentrations is shown in figure III.4. When compared with the stripping on bare
BFCPE, NCBFE - 1 had stable background current and the possibility of hydrogen evolution was

reduced. The absolute value of the stripping current remained similar to that of BFCPE.
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Figure II1.4: Differential pulse anodic stripping voltammograms of Pb, Cd
and Zn in sodium acetate solution of pH 6.5 using NCBFE - 1, analyte
deposition potential was -1.25V and deposition time was 300 sec.

In order to improve the sensitivity of the determination CNTMBFE was prepared. Voltammetric
response and calibration using this electrode is shown in figure IIl.5.a and IIL.5.b. Sensitivity of

the CNTMBEFE was substantially higher than BFCPE and NCBFE-1.
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Figure IIL.5: (a) Differential pulse anodic stripping voltammograms of Pb, Cd and
Zn in sodium acetate solution of pH 6.5 using CNTMBFE, analyte deposition
potential was -1.25V and deposition time was 300 sec; (b) Calibration plots of peak
current vs. concentration for Pb, Cd and Zn using CNTMBFE.
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IIL. 1. 4. 1. Scanning electron microscopy (SEM) on the surface of BFCPE and CNTMBFE:
Scanning electron microscopy (SEM) of the Bi films deposited on bare carbon paste and on the
MWCNT-nafion modified surface was obtained and shown in figure III.6.a and II1.6.b. In the
low resolution image as shown in figure I11.6.a the Bi films were seen as the discrete flakes like
deposits on the bare CPE surface. In case of CNTMBFE the deposits were continuous and more
uniform (Fig. III.6.b). At higher resolution the Bi films on MWCNT-nafion modified surface

appeared to be more continuous and uniform compared to that on a bare carbon paste surface.
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Figure II1.6: SEM images of the (a) Bi film on bare carbon paste electrode (BFCPE)
and (b) Bi film on MWCNT-nafion modified carbon paste electrode (CNTMBFE) at
two different magnifications (left is at low and right is at high resolution).
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I1I. 1. 4. 2. Effect of the deposition potential on analyte deposition:

Addition of nafion on the BFCPE, i.e., in the case of NCBFE - 1, sensitivity of the measurements
did not increase considerably over the bare BFCPE. The mass accumulation effect due to the use
of nafion film might not be pronounced. Application of a highly negative deposition potential of
-1.25 V might be the reason for not observing the enhancement of sensitivity in the case of
NCBEE - 1 over BFCPE. Application of higher deposition potential might have compensated the

mass accumulation effect of nafion.
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Figure II1.7: Differential pulse anodic stripping voltammograms of Pb and Cd
at different analyte deposition potentials (-0.55V to -1.25V) using (a) BFCPE,
(b) NCBFE — 1, (c) NCBFE — 2 and (d) CNTMBEE.
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In order to validate the assumptions, deposition potentials were varied from less negative to more
negative values for Cd and Pb using the BFCPE, NCBFE — 1, NCBFE - 2 and CNTMBFE
electrodes. The corresponding voltammograms are shown in figure IIl.7.a, IIL.7.b, IIl.7.c and
II1.7.d respectively. It was observed that in all cases with increase in the deposition potential
stripping peaks of both Pb and Cd increased up to a certain potential. In the case of BFE, the

peak height increased almost up to the deposition potential of -1.25 V.

In the case of NCBFE - 1, the improvement over the BFCPE was not significant; rather the
increased baseline could be detrimental in the measurements. Enhancement of the sensitivity
with increase in analyte deposition potential (in the negative direction) on NCBFE - 1 at a lower
range of potential thus agreed with our assumptions that when a higher deposition potential
(more negative, at -1.25V) was applied, like that applied in constructing the calibration plot (Fig.
II.4), enhancement of the mass transport effect due to the cation exchange behaviour of nafion
film was less pronounced. It was observed however that, nafion film on the top of the Bi-films,
NCBEE - 1, provided better physical stability to the modified electrode on prolonged use and

also on storing. In NCBFE - 2 the response was much superior compared to the bare BFCPE.

IIL. 1. 4. 3. Comparison of sensitivity of the electrodes:

Excellent sensitivity was observed when the carbon paste electrode was modified with carbon
nanotubes, i.e., in the case of CNTMBFE. The stripping response of Pb and Cd is shown in
figure II1.8 for all the four cases at a deposition potential of -0.9 V. It was observed that peak
position of both the peaks remained unchanged in all the four cases. The enhancement of the
sensitivity due to nafion modification was observed in NCBFE - 2. This enhancement in the

stripping current on nafion modification confirmed the increased mass transport through the
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nafion, i.e., due to the non faradaic type of preconcentration process. NCBFE - 1 could not
produce higher sensitivity compared to the BFCPE as observed earlier when the analyte
deposition potential was -1.25V. Lower sensitivity of the NCBFE - 1 compared to NCBFE - 2
can be speculated in the following manner. For NCBFE - 1, Bi film is covered with the nafion
film. Although the nafion film can allow non faradaic preconcentration of ions through its ion
channels due to its cation exchange behaviour resulting in the enhancement of sensitivity; this
phenomena is compensated by the blocking of the large fraction of active Bi sites by the large
non-conducting polymer residue of the nafion film. On the other hand, when nafion film is
coated prior to the deposition of Bi, Bi gets deposited only through the ion channels of the
nafion, thus almost all the active Bi sites are available for the deposition of the analytes; non
faradaic preconcentration of the ions by nafion adds to the higher sensitivity (Fig. II1.8). In the
case of CNTMBFE the much higher sensitivity was due to the enhanced surface area of the
modified electrode. Increase in active surface area can be explained clearly from the SEM
images (Fig. I11.6), deposition of Bi on MWCNT modified surface was more uniform than the Bi
deposition on bare carbon paste; thus more active sites are available to the analytes on
CNTMBFE compared to BFCPE. However the effect of nafion modification or the MWCNT
modifications on the kinetics of the electron transfer rates were not pronounced as the peak
position of the stripping peak remained unaltered in different ways of modifications. The fact
that in all the cases the deposition and the stripping phase was Bi film, thus a marginal change in
the kinetics of the electron transfer processes was expected during the stripping process. In the

case of the MWCNT modifications no considerable peak shifting was observed.
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Figure II1.8: Comparison of stripping response of Pb (40ug L) and Cd (30ug L™) for
BFCPE, NCBFE — 1, NCBFE - 2 and CNTMBFE, analyte deposition potential: -0.9V,
deposition time: 300 sec, from sodium acetate solution of pH 6.5.

The base line of the stripping peaks on use of NCBFE and CNTMBFE has increased compared
to the bare BFE. This might be due to the enhanced capacitance on modifications with nafion
films and by MWCNTs. The capacitance values were measured from the impedance
measurements which suggested a 20% and 30% increase in the capacitance value on NCBFE and

CNTMBEFE respectively as compared to that of BFE.
III. 1. 4. 4. Determination of Cu:

Determination of copper using Bi-film electrode was an issue as the Bi film oxidizes before the
appearance of the Cu stripping peak. This was successfully discussed in the earlier work by
Wang and co-workers [274]. In the present study we also investigated this issue. Present findings
correlated with the reported literature with some additional features, shown in figure IIL9.
Anodic stripping of pure Bi film on CPE produced two peaks (peak A and peak B) instead of one

peak reported by Wang et al. [274]. They used glassy carbon electrode for Bi-deposition where
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the entire Bi film might have behaved like one phase. In the present case, Bi film was deposited
on carbon paste electrode which is expected to have surface inhomogeneity. The Bi deposits on
the top of the carbon particle would be more active compared to the deposits at the valley of the
carbon particles. Thus the Bi film at the active site produced the first oxidation ‘peak A’ and the

Bi film at the valley produced the ‘peak B’.
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Figure IIL.9: Effect of the addition of Cu on the Bi stripping peak. Inset:
corresponding calibration plot of ‘peak A’ (hollow circle), ‘peak B’ (solid circle).
Each time 20 pg L™ Cu was added

In the present study Bi deposition was carried out in situ with Cu. The deposition potential was
optimized at -0.8 V for simultaneous deposition of Cu and the Bi films. Three peaks were
observed, which were designated as A, B and C in figure II1.9. On successive addition of Cu in

the solution, peak height of ‘peak A’ was reduced proportionately till the addition of 150 pg L™
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of Cu. Corresponding calibration of the decrease in the peak current is shown in the inset (hollow
circles) of figure III.9. Peak current corresponding to the ‘peak B’ was also reduced upon
addition of standard Cu in the solution. However, the decrease of the peak current corresponding
to ‘peak B’ (solid circles in the inset) was not proportional enough for the quantitative
determination of Cu. At a higher Cu concentration (more than 150 pg L) linearity in the
decrease in the peak height of ‘peak A’ was not maintained. The third peak ‘peak C’ was more
pronounced only at a concentration more than 50 ug L. Thus, for the determination of Cu, the
calibration plot for the decrease in the current of ‘peak A’ can be used at lower concentration,
and the calibration plot for the increase in peak current of the ‘peak C’ can be used at higher

concentration.
I11. 1. 4. 5. Effect of surfactants on the measurements:

Effect of surfactants was a major concern in the determination of heavy metal ions using
voltammetry [302-305] Wang and co-workers have developed a method of addition of fumed
silica into the sample in order to resolve the problem due to surfactants [310]. In the case of
stripping voltammetry using solid electrodes or film electrodes, permselective membranes are
very much popular to reduce the surfactant effect. Permselective membranes restrict the bulky
surfactants whereas the metal ions diffuse through the membranes to the electrode surface. In the
present investigation nafion was used as the permselective membrane to reduce the effect of
surfactants on the measurements. Neutral, cationic and anionic surfactants were used for the
study. The results of the effects of three different surfactants on BFCPE and on NCBFE - 2 are
shown in figure II1.10.a, I11.10.b and II1.10.c (Concentrations of Zn, Cd and Pb were 400 ug L™,
120 ug L' and 160 pg L™). In the presence of neutral surfactant TX100, the stripping peaks of

all the heavy metals Zn, Cd and Pb were reduced sharply (Fig. II1.10.a). Beyond around 10 uM
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of the TX100 concentration the peak currents were found to be stabilized and remained stable up
to 30 uM concentration, beyond that the voltammograms became noisy. Both the BFCPE and
NCBFE - 2 have shown similar behaviour on the use of surfactants in the stripping solution. No

improvement was observed on nafion modifications over the BFCPE.
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Figure III.10.a: Effect of TX100 on the stripping peak of Zn, Cd and Pb with
concentration of 300 ug L™, 90 pg L™ and 120 ug L™ respectively. Solid points are with
nafion modification (NCBFE - 2) and the empty points are without nafion modifications.

On addition of anionic surfactant, SDS in the stripping solution, the peak current was observed to
get reduced slowly (Fig. II1.10.b) as compared to the TX100. In this case a marginal increase or a
shallow decrease in the stripping peak for all the metal ions was observed with both BFCPE and
NCBFE - 2 in the surfactant concentration up to around 15 uM. Such effect of increase in the
peak current was more pronounced for Zn. This might be due to the entanglement of the cationic

analytes with the anionic surfactant head groups. Though initially the observed rate of decrease
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in the stripping peak on addition of surfactants on BFCPE and NCBFE - 2 were similar, beyond

20 uM of surfactant concentration the stripping peaks on BEFCPE were diminished.
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Figure II1.10.b: Effect of SDS on the stripping peak of Zn, Cd and Pb with concentration
of 400 pg L7, 120 pg L' and 160 pug L' respectively. Solid points are with nafion
modification (NCBFE - 2) and the empty points are without nafion modifications.

However with NCBFE - 2, though the stripping peak reduced considerably beyond 20 uM of

surfactant concentration but remained observable even up to around 90uM concentration.

In the case of a cationic surfactant CTAB, as shown in figure II1.10.c, the stripping peaks were
reduced on addition of the surfactant. The stripping peaks of Cd and Pb have shown a shallow
change over addition of CTAB in the initial CTAB concentration, similar to what was observed
in the case of SDS. The Zn peak however has reduced sharply even from a very low addition of

CTAB and no shallow behaviour was observed. Interestingly it was observed that on BFE the
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stripping was diminished even on the addition of around 15uM of CTAB. Whereas the stripping
peak on NCBFE- 2 remained stable and observable up to the addition of around 50 uM of CTAB
concentration. Thus on nafion modifications of the Bi-film electrodes the stripping peaks of the
heavy metal ions sustained with much higher surfactant concentrations with ionic surfactants.

Neutral surfactants affected the stripping peaks at a higher extent and the peaks became unstable

beyond 30 uM of TX100.
—0O— Zn on BFCPE
6 —0— Cd on BFCPE
4.0x10 —A— Pb on BECPE
—@— /n on NCBFE-2
< —&— Cd on NCBFE-2
o= —M— Pb on NCBFE-2
=
2 r
= 2.0x10 " -
=
o
-2
=
[-P]
=N
0.0 4

I ' ) ' | ' I ' |
0.0 1.0x10°  2.0x10° 3.0x10° 4.0x10°
Concentration of CTAB,M

Figure II1.10.c: Effect of CTAB on the stripping peak of Zn, Cd and Pb with concentration
of 400 pg L', 120 pg L' and 160 ug L'vrespectively. Solid points are with nafion
modification (NCBFE - 2) and the empty points are without nafion modifications.

I1I. 1. 4. 6. Study of interferences:

Effect of commonly occurring metal ions on the stripping voltammetric determination of Zn, Cd,
Pb and Cu was investigated. It was observed that the stripping peak remained unaltered on

addition of Fe, Mn, Ni, Cr, V, U, Hg in the stripping solution at 1000 times higher concentration
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than the analyzing metal ions of Zn, Cd, Pb and Cu. However Cd and Pb peaks were affected by

Mo and Nb at 10 times higher concentration than the analytes.
I1L. 1. 4. 7. Analytical treatment of the recorded data:

Analytical responses obtained from all these modified electrodes were reproducible. The three
sigma limit of detections (LOD) for Zn, Cd and Pb against each modified electrodes were
calculated following the method described in chapter II (section II. 9). Calculated LODs were
tabulated in table IIl.1. Though the sensitivity was enhanced with CNTMBFE, LOD of the
measurements did not improve due to the higher blank value in the measurements. As a
comparison to the present method, LODs obtained by other methods reported in earlier literature
[287, 311, 312] are reported in table III.2. The three sigma LOD of Cu was obtained as 4.6 pg L

! using BFCPE.

Element BFCPE (ug L) NCBFE-2 (ugL ) CNTMBFE (gL )
Zn 17.3 37.1 17.7
cd 16.9 16.2 16.5
Pb 11.9 10.9 17.6

Table IIL.1: Detection limits/Limit of detections (LOD) obtained using
BFCPE, NCBFE - 1 and NCBFE - 2 for Zn, Cd and Pb in aqueous solution.

Reference Zn (ng L") Cd (ugL™ Pb (ug L™
311 600 2.2 23.1
312 | - 1.48 1.03
287 0.4 0.1 0.1

Table IIL.2: Limit of detection (LODs) for Zn, Cd and Pb reported in the
literature using Bi film electrode.
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I1I. 1. 4. 8. Sample Analysis:

NCBEE - 2 was used for the analysis of lake water and potable water samples and BFCPE was
used for the analysis of two types of triphala samples coded as M7205 and M7206. Triphala is an
ancient ayurvedic medicine and its preparation is noted in the Ayurvedic Formulation of India
(AFI). Triphala is basically the combination of three medicinal plants: amalaki, bibhitaki and
haritaki. There are many manufacturers of triphala in India; we have analyzed the Zn, Cd, Pb and
Cu content of triphala from two different manufacturers. Digestion of the solid samples (M7205
and M7206) was carried out using Anton Paar Microwave Digester, Multiwave-3000. An aliquot
of 1 g of the solid sample was taken with 5 ml of concentrated nitric acid and digested at 150 °c
for 20 min. After complete digestion, the solutions were diluted with nano pure water and made
up to the volume of 50 ml. Aliquot of this sample solution was taken in the voltammetric cell and
voltammetric scans were recorded. Analysis results are tabulated in table III.3. Samples were
also analysed using hanging mercury drop electrode (HMDE) and the values were tabulated in

the Table inside the bracket.

Sample Zn (ngL™) Pb(ugL") | Cd(ugL”’) | Cu(ugL™)
Powai lake 160 (155) 12 (13) ND (1.4) 26 (30)
Tap water 121 (150) 16 (15) ND (1.0) 10 (11)

M7205 42(44) 36(33) ND (0.02) 8.5(8.8)

M7206 30(32) 8.1(7.6) ND (0.31) 15(16)

Table I11.3: Analysis result of the water samples collected from different places of India
using NCBFE - 2 for water samples and BFCPE for solid samples, values under the
parenthesis were obtained using HMDE.

% RSD (sample number, n = 6) calculated for the metal ions for the above real samples were

tabulated below (Table I11.4).
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Sample Electrode used Zn (% RSD) Pb (% RSD) Cu (%RSD)
Powai lake NCBFE - 2 4.1 3.7 3.2
Tap water NCBEE - 2 4.1 3.7 34
M7205 BFCPE 5.2 3.8 6.7
M7206 BFCPE 5.2 3.8 6.6

Table II1.4: % RSD calculated from the analysis of real samples (collected from different
places of India) for Zn, Cd, Pb, and Cu in real samples, using NCBFE — 2 and BFCPE.

III. 1. 5. Conclusion:

CPE was modified using Bi films for the determination of heavy metal ions. Bi-film was
modified with nafion coating for the stability of the film and also to enhance sensitivity of the
material. Nafion coating before the deposition of Bi films was found to have enhanced the
sensitivity. Almost an order of magnitude enhancement in the sensitivity was observed when
carbon paste was modified with MWCNT and nafion. Effect of the deposition potential for the
determination of Cd and Pb was studied in detail in order to evaluate the effect of different
modifications on the voltammetric response. Effects of three different surfactants were
investigated on nafion coated Bi film electrodes. Nafion modifications improved the tolerance of
ionic surfactants in the stripping solutions. No improvement was observed for neutral surfactant
on nafion modifications. Generally, the method was found to be tolerant in presence of
surfactants in the real water samples and could be applied for the determination of targeted heavy

metal ions directly on judicial application of deposition and conditioning potentials.
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Chapter 111.2

Antimony and antimony-gold nano composite modified carbon paste electrodes

for the determination of heavy metal ions

III. 2. 1. Abstract:

This chapter presents the important aspects of modification of carbon paste electrode (CPE) by
antimony (Sb) film for the determination of the heavy metal ions such as Cd, Pb and Cu. An ex
situ analytical method based on this Sb film modified CPE (SbMCPE) for the determination of
Cu i1s discussed. Modification of CPE by Sb-Au nano composite for sensitive determination of
Hg in sub pg L" level concentration is explored here. Finally, application of these modified

electrodes for the analysis of the real sample is presented.

III. 2. 2. A brief account of antimony film and its composite with gold as sensing platforms

for heavy metal ions:

In the search of electrode materials alternative to mercury for stripping voltammetric analysis
thin metal-film electrodes gained widespread popularity in electrochemical stripping analysis due
to their relatively simple fabrication and surface regeneration. Wang et al. developed a Bi film as
an electrode material for the determination of heavy metal ions [273]. The electrode was quite
successful in stripping voltammetry when plated over a glassy carbon electrode (GCE) [274,
281, 284-288] or on a CPE. [89, 280, 289, 290]. The use of antimony as an electrode material for

potentiometric pH measurement was first reported in 1923 by Uhl and Kestranek [313] followed
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by other contributions, e.g., application of an antimony based electrode for measuring pH in
whole blood [314]. As an electrode material, antimony/antimony oxide has been successfully
used for decades for pH measurements, as a solid metal/ metal oxide ion-selective electrode in
laboratory and biomedical (e.g., dental) applications [315-318] exploiting a well-known
Sb/Sb,03 surface equilibrium. It was 2007 when Hocevar et al. first reported the use of Sb film
as sensitive electrode material for the stripping analysis of heavy metal ions [319]. Sb film was
deposited on GCE in situ for analysis of Cd, Pb, Bi ang Hg. In the majority of initial reports, the
Sb film was generated by plating over the surface of a GCE [319-326]. Later, Sb film was also
deposited over the surface of a CPE for analytical applications [94, 327-335]. To improve the
sensitivity and application for a specific purpose, Sb films were deposited over many substrates
including boron doped diamond electrodes [340], silicon wafers [337] and carbon nanotubes
[336, 338]. An antimony microelectrode was fabricated by plating Sb film on a single carbon
fibre microelectrode [339]. Due to the easy fabrication and cost effectiveness, the CPE is the
ultimate choice [340]. For the determination of Cd and Pb, the Sb film was applied successfully
[319-322, 328]. However, there are only a few reports on the determination of Cu and Hg [326,
333, 335]. Interestingly, in most previous reports, the Sb film modified electrode was used in a
highly acidic medium and electrodes were mostly fabricated in situ. Since their introduction, Sb
film electrodes were applauded for their excellent characteristics in highly acidic solutions with
pH < 2. Only one report [339] is available for the application of Sb film electrodes in neutral
solutions. Here this work presents ex situ fabrication of Sb film modified CPE for the analysis of
heavy metal ions in near neutral pH. SbMCPE was not suitable for the sensitive and reproducible
determination of Hg in the pg L™ level of concentration. Gold is known to be superior substrate

for working electrode [341] owing to its high affinity for mercury, which enhances the
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preconcentration effect. Several kinds of gold electrodes were used for the voltammetric
determination of mercury such as solid gold electrodes [342, 343], gold films [344, 345], gold
micro wire [346-348], gold fibre [349] and gold ultramicroband array [350]. Gao et al. [351]
electrodeposited gold nanoparticles (AulNPs) onto a gold electrode, followed by a modification
with a mercaptoethanesulfonate monolayer for the same purpose. It was Ornella Abollino and his
group who used AuNPs modified glassy carbon electrode for the determination of Hg [352] by
anodic stripping voltammetry, the work was followed by Barnalte et al. to modify screen printed
electrode (SPE) for the same purpose [353]. Sahoo et al. applied gold nano particle modified
CPE for the same purpose [354]. Here, the present work explored the incorporation of gold in the
antimony film to prepare a nano composite which worked quite sensitively for the determination

of Hg in the pg L level of concentration.
I1L. 2. 3. Fabrication of modified electrodes:

CPE was prepared by the method already described in chapter II (section II. 4. 6). Sb film was
electrochemically deposited from the 10mM SbCl; solution in 0.02M HCI using constant
potential deposition technique to prepare SbDMCPE. Highly acidic condition was maintained to
avoid hydrolysis of Sb>*, which occurs at higher pH of the solution. The deposition potential was
varied from -0.2V to -1.0V and a value of -0.6V was optimized for the faster deposition of the Sb
on the CPE. At a more negative deposition potential than -0.6 V, hydrogen evolution from the
surface of the electrode was observed, which made the films unstable. The deposition time was
optimised at 100 sec. Thickness of the film depends on the time of deposition and the
performance of the electrode in the stripping voltammetry strongly depended upon the thickness
of the film which will be discussed in the subsequent section of this chapter. On the other hand,

SbMCPE was not suitable for sensitive and reproducible detection of Hg, Au was incorporated in
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the form of Sb-Au nano composite as a surface modifier. The modification of CPE by Sb-Au
nano composite was carried out by simultaneous electrochemical deposition of the Au and Sb at
a constant potential of -0.6V for 100 sec from mixed solution containing 10mM of SbCl; and
ImM of AuCl; in 0.02M HCI. After deposition of the modifier films the electrode surfaces were
rinsed with deionized water prior to use to make the electrode surface free from any residual

precursor ions.

II1. 2. 4. Results and Discussions:

I1L. 2. 4. 1. Morphological study using SEM and EDS:

Morphological information about the films was obtained from scanning electron microscopy
(SEM) imaging. SEM image of SbMCPE showed well dispersed globular Sb nanodeposits of 50
to 100 nm in diameter over the surface of the carbon paste electrode (Fig. IIl.11.a). Formation of
Sb nanoparticles deposit was also supported by an article published by Asrafi et al. [355]; the
article reported formation of separate Sb agglomerate and crystalline Bi deposits when Sb and Bi
were co-deposited. This substrate was used for the analysis of Cd, Pb and Cu. In contrast, SEM
images of Sb-Au nano composite exhibited dendrimeric structures (Fig. III.11.b). The SEM with
energy dispersive spectra (EDS) of a point scan and an area scan for the Sb—Au nano composite
film pre-concentrated with Hg are shown in figure IIl.12.a, III.12.b and III.13.a, 1I1.13.b
respectively. The presence of Sb on the Sb-deposited carbon paste electrode was clearly
observed in both the point and area scans. The signature due to the Au and Hg was also observed

in the EDS measurements of the Sb —Au modified nano composite.
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Figure III.11: SEM micrograph of (a) the Sb film modified
CPE and (b) the Sb—Au nano composite modified CPE used for
Hg determination.
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Figure II1.12: (a) SEM image and (b) EDS spectra of point scan of point
scan for the Sb-Au nano composite film pre-concentrated with Hg.
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the Sb-Au nano composite film pre-concentrated with Hg.
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I1I. 2. 4. 2. Effect of the thickness of the Sb film on the analytical response of the modified

electrode:

The Sb film deposited over the surface of the carbon paste electrode was applied for the
determination of heavy metal ions. Thickness of the Sb film was optimized by measuring the
stripping response of Cd while varying the deposition time of the Sb film; corresponding results
are shown in the figure III.14. A thin film generated using deposition times of 50 sec and 100 sec
exhibited a better stripping response in the presence of Cd. At higher deposition times of 150 sec
and 200 sec, the stripping response of Cd was reduced. These results reflect the fact that a thin
Sb film is important for the stripping voltammetry. In this case, the preconcentrated Cd would
remain predominantly at the surface of the film because the surface to volume ratio of a thin film
is higher than that of a thick film. The formation of intermetallic compounds also played an

important role in the stripping response.
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Figure I11.14: Effect of deposition time of Sb deposition on the stripping
peak of Cd (75ug L"), Sb deposition potential: -0.6V, from 10mM
antimony trichloride solution (in 0.02 M HCI).
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From these observations, a deposition time of 100 sec for Sb film deposition was found to be
optimum. The Sb content for the ultimate stripping signal was also investigated previously for
the determination of Pb and Cd [339] and for Cu [334, 339]. Similar observation was also
reported in a previous investigation, which showed that beyond a certain amount of Sb relative to
the amount of analytes, the stripping response to heavy metal ions was reduced. In this
investigation, the film thickness was optimized using the Cd stripping signal. This was due to the
fact that the presence of Cd in natural water is much lower than the concentrations of Pb and Cu;
thus, it is advisable to optimize the sensor response with respect to Cd. Moreover, it was
observed that the sensitivity of the measurements for Pb and Cu was very good when using the

Sb film thickness optimized by measuring the Cd stripping response.

I1I. 2. 4. 3. Effect of pH on the stripping peak of Sb films deposited over the surface of

carbon paste electrode:

In stripping voltammetric measurements, the Cu stripping peak appears after the Sb stripping
peak. Thus, it was necessary to separate these two stripping peaks to observe the stripping
response of Cu on the Sb film modified CPE. The dissolution behaviour of antimony after
deposition was investigated in two supporting electrolyte media: HCl and sodium acetate
(NaOAc) at different pH values. This set of experiments was performed to confirm the
dissolution characteristics of the Sb film and also to optimize the supporting electrolyte media to
obtain a clear separation between the Sb and Cu stripping peaks. The stripping response of the
deposited Sb films at different pH values in an HCI solution is depicted in figure III.15.a. Two
stripping peaks were observed during the anodic dissolution of the Sb film [356]. The potential
region where the peaks were observed is the active dissolution range of antimony. At highly

acidic pH values in the range of 1 to 2, two stripping peaks of Sb were observed: one at -0.07 V
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and the other at 0.06 V. When the pH of the stripping solution was increased, the stripping peak

shifted towards a more negative direction and the stripping peak height was reduced.
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Figure II1.15: Effect of pH on the Sb stripping characteristics in (a) HCI solution and (b)
sodium acetate solution; Sb deposition was carried out using 10 mM antimony trichloride
solution (in 0.02 M HCI) at a deposition potential of -0.6 V for 100 sec.
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At pH 4, the stripping peak of Sb was observed approximately at -0.16 V. Above the pH 4, the
stripping peak was reduced further and nearly vanished at pH 5. The Sb film was not as stable
after the repeated use of the modified electrode during the standard addition method in the
hydrochloric acid solution. Sodium acetate at a concentration of 0.1 M was chosen as an
alternate stripping solution as it is a good supporting electrolyte medium in stripping analysis.
The effect of the pH on the stripping peak of Sb film was investigated in the sodium acetate
solution and the results are shown in figure III.15.b. Similar to that of the HCI solution, two
stripping peaks were observed. When the pH of the solution was increased, the stripping peaks
shifted negatively in the acetate medium. At pH 6, the Sb stripping peak was reduced, but unlike
in the HCI solution, it did not vanish completely. The second stripping peak was reduced
significantly, which made it possible to observe the stripping peak of Cu separated from the Sb
stripping peak. Thus, by adjusting the pH of the solution, it was possible to shift the Sb stripping
peak towards a negative direction such that the Cu stripping peak could be separated from the Sb
peak. At higher pH values, the Sb film was oxidised to form a passive Sb oxide film at the
surface of the electrode, which reduced the Sb stripping current. Furthermore, at a lower pH
value of approximately 1, the corrosion potential of Sb remained in the active region. At a highly

acidic pH, the Sb dissolved according to the following two steps [356]:

Sb + H,0 - SbO(ads) + 2H* + 2e~

SbO(ads) » Sh(0)* + e~

When the pH increased, a passive film was formed with an inner layer of porous antimony oxide
(Sby03) and an outer layer of antimony pentoxide (Sb,Os) [356]. At a higher pH, the passive

oxide film was predominantly formed, which shifted the peak potential towards a negative
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potential. The stripping peak current was reduced due to the passivation of the surface of the
electrode. This interesting property of the Sb film has made it attractive for use in stripping
voltammetry predominantly for the determination of metal ions with peak potentials close to the
Sb stripping peak [319, 326, 335]. In this study, 0.1 M sodium acetate with a pH of 6 was

optimized as the supporting electrolyte medium for all metal ions investigated.
I1L. 2. 4. 4. Analytical responses for Cd and Pb:

After optimising the deposition time of Sb and the pH of suitable supporting electrolyte,
SbMCPE was used for the determination of Cd and Pb. 0.1M NaOAc of adjusted pH 6 was taken

as supporting electrolyte medium for the anodic stripping voltammetry of Pb and Cd.
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Figure IIL.16: Differential pulse anodic stripping voltammetric plots of Cd and Pb at
varying concentrations on the SOMCPE, the Cd and Pb deposition was carried out at -1.0 V
for 300 sec in 0.1 M sodium acetate solution at pH 6.0. Inset: corresponding linear
calibration plot.
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This preferred condition of the supporting electrolyte solution was chosen to maintain a uniform
stripping solution condition for detection and quantitative estimation of all the metal ions (Cd, Pb
and Cu), as higher pH was required for the determination of Cu. Analyte deposition potential
was optimized at -1V for simultaneous deposition of Cd and Pb for 300 sec. Pb and Cd was
found to produce stripping signals at -0.56V and -0.8V respectively with respect to SCE (Fig.

I11.16).

The peak potentials were negatively shifted relative to those found on HMDE, but, almost
superimposed on the peak positions obtained from BFCPE (Fig. I1I.17). This behaviour implies
there are similar processes associated with the formation of metal alloys with bismuth and can
apparently be predicted also for antimony. While comparing the results with published articles
related to Sb film modified electrodes, the results of the present work were found to be in good
agreement with the previously reported data [319]. Calibration plot was constructed by recording
the stripping signals of Cd and Pb with subsequent increase of their concentration. The same
electrode was used for every scan, prior to each scan the analyte solution was purged for 300sec
to remove dissolved oxygen from the solution so as to minimize the nuisance caused during
scanning in the anodic direction, the electrode was cleaned by applying a conditioning potential
of -0.45V for 300 sec and the analyte ions were further deposited at the optimized potential.
Conditioning stripped the deposited metals back to the solution in the form of ions due to
oxidation and regenerate the fresh electrode surface. The corresponding linear calibration plots
are shown in the inset of figure III.16. The Pb calibration curve exhibited a linear relationship
with a slope of 4.42 A g'1 L and a correlation coefficient of 0.998. The Cd calibration plot also
exhibited a linear relationship with a slope of 3.42 A ug' L and a correlation coefficient of

0.997. The modified electrode worked well for Pb and Cd at pH 6 and also in acidic solution.
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Figure III.17: Comparison of peak potentials of anodic stripping
peaks of Pb and Cd on BFCPE, HMDE and SbMCPE.

I1L. 2. 4. 5. Analytical response for Cu:

Very weak stripping signal of Sb film in 0.1M NaOAc solution of pH 6 improved its application
for determination of Cu. Cu®* was deposited at -1.0V for 300 sec. Fresh Sb film was deposited ex
situ every time prior to the deposition of Cu and its stripping. The stripping voltammogram plot
is shown in figure III.18. Cu stripping peak is well separated from that of Sb. Sb stripping peak
was so weak that Cu stripping peak was well observable at -0.07V (vs. SCE). The voltammetric
response increased with the increase in concentration of the Cu®*. A linear calibration plot was
constructed (inset of Fig. III.18) with a slope of 4.42 A pg'l L and a correlation coefficient of

0.998.
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Figure II1.18: Differential pulse anodic stripping voltammetric plot of Cu at varying
concentrations on the SbMCPE, Ex-situ Cu deposition at -1.0 V for 300 sec in 0.1 M
sodium acetate solution at pH 6. Inset: corresponding linear calibration plot.

I1L. 2. 4. 6. Determination of Hg:

In a recent report, determination of Hg was reported using an Sb film electrode [335]. In our
study, the stripping response of Hg could not be detected at 1 ug L and a low concentration
range on a bare SbDMCPE electrode. To improve the sensitivity, Sb—Au nano composite material
was casted on CPE using the electrodeposition route, described in the earlier section (section III.
2. 3). The dendrimeric deposits of Sb—Au nano composite material exhibited good sensitivity
towards Hg. The conditions for Hg deposition on the composite modified electrode were
optimized at -0.6V and 300sec. Deposition of Hg at a potential more negative to -0.6V yields
non reproducible and low analytical response for Hg, this might be because of facilitated

hydrogen evolution from gold nano deposites of the composite material. Under these optimized
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conditions the modified electrode produced appreciable stripping signal for Hg of 0.5 ug L™
concentration (Fig. III.19) at 0.15V. The stripping peak current increased linearly with the
concentration (inset of Fig. III.19) constructing a linear calibration plot with a slope of 4.12 A

ng”' L and a correlation coefficient of 0.998.
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Figure II1.19: Differential pulse anodic stripping voltammetric plot of Hg using Sb—Au
nano composite modified carbon paste electrode. Hg deposition at -0.6V for 300 sec and

stripping was performed in 0.1 M sodium acetate solution. Inset: corresponding linear
calibration plot.

I1L. 2. 4.7. Analytical treatment of the recorded data:

Analytical signals for the analyte ions were reproducible for both types of modified electrodes.
LODs of all the metal ions were calculated based on the procedure described in chapter II. Six

No. of samples were taken for the measurement of LOD of each metal. LODs of Pb, Cd and Cu
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were determined to be 2.65 ug L', 2.32 ug L™ and 9.73 pg L 'using SOMCPE. On the other hand
LOD of 0.052 ug L'for Hg was obtained using Sb-Au nano composite modified CPE in the
aqueous solution. Our group reported AuNPs modified CPE for determination of Hg [354] with a
LOD of 0.24 ug L' in aqueous solution. In the present study the AuNPs were embedded in the
Sb film matrix, this improved the overall and the inter particle conductivity of the composite
material. This results in the improvement of the detection limit. The LODs obtained in the

present work was compared with some literature reports as shown in table IIL.5.

Solution

Reference | Element(s) Modified electrode condition Detection Limit(ug L'l)
333 Cu Sb modified CPE pH 2 1.45 and 1.10
335 Hg Sb modified CPE IM HCl 1.3
326 Hg Sb modified CPE IM HCI 0.39
356 PbandCd | P andrﬁéﬁﬁgrg]ﬁg"d im0 | 1.4.and 1.1 respectively
This work | 12 U PP fgrb ﬁéﬂ?s?ﬁﬁiﬂéﬂ%a pH 6 0.052,9.73, 2.65 and
and Cd 2.32 respectively

CPE for Cu, Pb and Cd.

Table IIL.5: Comparison of analytical parameters determined using SbOMCPE and Sb-Au
nano composite modified CPE with the results already published in the literature.

The LOD of Hg in the present work was superior compared to that reported in the other
literature, while LODs of Cd, Pb and Cu were found to be either higher or comparable to those

reported in the other literature.

I1I. 2. 4. 8. Recovery Test and Sample analysis:

A recovery test was performed using tap water samples by spiking known concentrations of Hg,

Cu, Pb and Cd and determination was carried out using the fabricated electrodes. The test results
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are shown in table III.6. All elements were recovered within 10% deviation from the added

concentration.
Element Splked(:l(:gnlc‘(_ell;tratlon Recoverzpcgo;cgntratwn % of Recovery
Hg 5 5.03+0.24 100.6%
Cu 20 21.5+1.14 107.5%
Pb 10 9.6+0.59 96%
Cd 5 5.3+0.24 106%

Table II1.6: Recovery test results of Hg, Cu, Pb and Cd using the SbDMCPE and Sb-Au
nano composite modified CPE.

The modified electrodes were applied for the determination of heavy metal ions in real water

samples. Two water samples collected: one from the Powai Lake in the Mumbai suburban area

and another ground water sample from the OSCOM (Odissa Sands Company) mining area. The

analysis results are shown in table IIL.7.

Sample Cu (ugL™" Pb (ugL™) Cd (ugL™h Hg (ng L™
Powai lake | 26£1.38 (30) 12:40.74(10) Not detected 0'2(%i§)5'())12
0SCOM 492,59 (63) 5043.1 (56) 1040.46 (11) | 145£6.96 (134)

Table II1.7: Analysis results of Cu, Pb, Cd and Hg in two samples collected from two
regions of India using the modified electrodes. Values in the parenthesis for Cu, Pb and
Cd were calculated using ICPAES; while, for Hg, it was calculated using thermal
decomposition atomic absorption technique.

The analytical results were cross verified using the results from inductively coupled plasma

atomic emission spectrometry (ICPAES) technique for Cu, Cd and Pb and the total mercury

analyser based on the thermal decomposition atomic absorption technique for Hg (in the

parenthesis). The analytical results for most of the measurements were in good agreement

between two methods. The Hg content in the Powai Lake water sample determined using the
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modified electrode was not in agreement with the measured values from the total mercury
analyser. In the Powai Lake water sample, Pb was pre-concentrated by the evaporation pre-
concentration method. The water sample from OSCOM was collected from a mining area where
the heavy metal ion content was higher due to mining activities. The Hg content in that sample
was significantly higher than the limit prescribed by the World Health Organization (WHO) for

potable water.

II1. 2. 5. Conclusion:

CPE was modified with Sb film and Sb-Au nano composite by simple electro deposition
technique and the procedure of modification was optimized considering sensitivity and
selectivity of the modified electrode for the determination of the targeted analytes. The SbMCPE
was used for the determination of Cd, Pb and Cu while the Au-Sb nano composite modified CPE
could be used for Hg. LODs for these metal ions were found to be superior to those obtained for
the Bi film/composite modified CPEs discussed in the previous chapter. The feasibility of the
direct determination of Cu and Hg by the Sb film/composite modified CPE was the real
advantage over the Bi film/composite modified CPEs, the only disadvantage compared to Bi
modified CPEs as discussed in the first part of this chapter as the need of deoxygenation of the
dissolved oxygen from the experimental solution prior to scanning. Most importantly, the
modified electrodes could be applied in a near neutral solution with pH 6. Water samples were
not required to be digested before analysis. Real samples were analysed using the modified
electrode. This development opened up the possibility of fabricating sensors based on these

modified electrodes for field application.
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Chapter 1V

Engineered Nanomaterial Based
Electrochemical Sensors for Biomolecules



Introduction:

Quantification of biological or biochemical processes is of utmost importance for medical,
biological and biotechnological applications. However, converting the biological information
to an easily processed electronic signal is challenging due to the complexity of connecting an
electronic device directly to a biological environment [357]. Electrochemical biosensors
provide an attractive means to analyze the content of a biological sample due to the direct
conversion of a biological event to an electronic signal. The sensing of biomolecules
including glucose, dopamine, proteins, enzymes, uric acid, DNA, RNA, and H;0O,
traditionally employs enzymes, nucleic acids, antibodies, whole cells, and receptors as
recognition element. These recognition elements are immobilized on the electrode surface. Of
these, enzymes are the most commonly used recognition elements (or transducers which
translate the interaction of the analyte with the biological element into electrochemical signal)
[358]. However, these enzymes denature easily, therefore the enzymeless methods are highly
desired. In order to increase sensitivities and to lower detection limits down to even
individual molecules, nanomaterials are promising candidates due to the possibility to
immobilize an enhanced quantity of bioreceptor units at reduced volumes, in addition to that
they can itself act as transducer element as well. Among such nanomaterials, gold
nanoparticles [359], semiconductor quantum dots [360-362], polymer nanoparticles [363,
364], carbon nanotubes [365-368], nanodiamonds [369], and graphenes [370-375] are
intensively studied. One rapidly growing area of biosensor design involves incorporation of
carbon based nanomaterials in working electrodes [376, 377]. This chapter deals with the
inspection of redox properties of few important biomolecules such as melamine, dopamine,
uric acid and L-cysteine using nanomaterials based enzymeless electrodes and further,
development of electrochemical methods for the determination of the concentration of these

molecules in different media. The chapter comprises of three parts where part 1 deals with the
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electrochemical property of melamine, in part 2 the electrochemical property of important
neurotransmitter, dopamine is explored and in part 3 the electrochemistry of cysteine is
discussed. Apart from these biomolecules the electrochemical property of another important
organic molecule 2-(o-hydroxyphenyl)benzoxazole is discussed in another part. In addition to
the bio-chemical application it has importance as energy storage materials when a composite

of it with different form of carbon is fabricated.
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Chapter 1V.1

Investigation of electrochemical properties of melamine and development of

methods for its determination in milk samples

IV. 1. 1. Abstract:

The present work is entitled to extract the electrochemical properties of melamine (2,4,6-
Triamino-1,3,5-triazine) on different electrodes and development of electroanalytical
methods for its determination in milk products. Static mercury drop electrode (SMDE) and
AulNPs modified CPE were used to investigate the redox properties of the species. Effect of
melamine on the electrochemical response of ferrrocyanide/ferricyanide redox couple on
RGO-AuNPs composite modified CPE electrode is discussed in this chapter. Optimization of
different experimental parameters, solution conditions for development of methods for its

determination using electrochemical techniques are accounted here.

IV. 1. 2. Introduction to melamine:

Melamine is an organic base and a trimer of cyanamide, with a 1,3,5-triazine skeleton. Its
IUPAC name is 1,3,5-triazine-2,4,6-Triamine, it contains 67% nitrogen by mass (Fig. IV.1).
Due to the presence of high content of nitrogen it acts as fire retardant, when mixed with

resins it releases nitrogen gas upon burning.

..‘H2
i)
)\ )\
H,N N NH,

Figure IV.1: Chemical structure of melamine.
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It has several other industrial applications. It forms a very durable thermosetting plastic when
it combines with formaldehyde. Melamine can be used as a pesticide; it forms a major
component in pigment yellow 150, which is a colorant in plastics and inks. Melamine is also
used as a super plasticizer to make high resistant concrete. Sulfonated melamine
formaldehyde is used as a cement admixture to increase the fluidity and workability of the
mixture while reducing the water content in the mixture during its handling and pouring. It
results in a concrete with higher mechanical strength and a lower porosity, exhibiting a longer
lifetime and an improved resistance to corrosive environments. Being a nitrogen rich
compound it attracted its use as an adulterant in food products, mainly in milk and milk
products to increase the apparent protein content. Standard tests, such as the Kjeldahl and
Dumas tests, estimate protein levels by measuring the nitrogen content, so they can be misled

by adding melamine.

IV. 1. 3. Toxicity of melamine:

Melamine is described as harmful if swallowed, inhaled or absorbed through the skin.
Chronic exposure may cause cancer or reproductive damage. It is eye, skin and respiratory
irritant. In 2004 and 2007, outbreak of crystalluria and death in animals in china were caused
by contamination of animal feeds with a combination of the stone forming synergists
melamine and cyanuric acid [378-380]. Studies suggested little toxicity of melamine or
cyanuric acid when ingested individually, but showed that co-ingestion, even at far lower
doses than either alone, led to crystal formation [381, 382]. Infants in China fell ill in 2008
when infant formula containing large amounts of melamine [383-386] without evident co-
ingestion of cyanuric acid or other melamine related compounds (MRCs). This illness was
characterized by urinary tract crystals and kidney stones and, less frequently, by renal
impairment from tubular injury and obstructive uropathy. This fact revealed that melamine

alone could cause its own toxicity when ingested at larger dose; the formation of urinary tract
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crystals and kidney stones may be caused due to the combination of melamine with
endogenous urate [385, 386]. Melamine and cyanuric acid or other MRCs may complex
when combined. Reimschuessel et. al. and Ranganathan et. al. [381, 387] reported a rosette
crystal pattern while examining melamine and cyanuric acid together on a slide, which might
result from hydrogen bonding between melamine and cyanuric acid (Fig. IV.2). It is possible
that a similar reaction with urate (Fig. IV.3) was the cause of the Chinese formula illnesses to
the infants in 2008. These patterns are also most likely related to the increased crystal

formation at sufficient concentrations in the kidney [387-391].
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Figure IV.2: Rosette crystal pattern of complex between melamine and cyanuric acid.
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Figure IV.3: Hydrogen bonding between melamine and uric acid.

Human exposure data on melamine are limited, from the available toxicology and
toxicokinetic data from animal studies, melamine and cyanuric acid are considered not
acutely toxic because of their large lethal doses (LDsp). For melamine, these LDso range from
3.1 g/kg to more than 6.4 g/kg in rats and from 3.2 g/kg to 7.0 g/kg in mice [392, 393].
Several early studies on rats suggested that melamine could be carcinogenic in high doses
when added to their feed. Cancer formed exclusively in the bladder of animals that developed
stones, suggesting that the tumors grew as a result of bladder epithelial irritation and
hyperplasia, not because of a genotoxic effect of the chemical itself [392, 394-398]. When
stones were analyzed in one of the studies, melamine and urate were demonstrated in equal
molar amounts [395]. Considering such toxicity of melamine Food Safety and Standards
Authority of India (FSSAI) has proposed permissible limits of 1 mg/kg in powdered infant

formula, 0.15 mg/kg in liquid infant formula and 2.5 mg/kg in other foods.
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IV. 1. 4. A brief account on the analysis of melamine:

Considering the toxic effects of melamine it is very important to determine melamine in milk
products along with other food materials. There are some reports of determination of
melamine based on chromatography [399-401] colorimetry [402, 403] and electrochemistry
[404-406]. Besides the advantages of low cost measurement and simplicity in operation,
electrochemical determination offers the advantage of providing an understanding of the
chemical processes involved in the molecule in addition to the determination. Response from
the direct electron transfer process in melamine is quite poor [407]. Cao et al. [404] have
reported the decrease in the ferricyanide signals due to the presence of melamine on
oligoneucleotide modified gold electrode for the determinations of melamine. Liao et al.
[405] have reported the oxidation of uric acid as the recognition signal on screen printed
electrode for the determination. In another report, electrochemical signal of ascorbic acid was
used as the recognition signal in carbon nano tube (CNT) modified electrode for the
determination [406]. Recently an article reported the determination of melamine from the
decrease in the electrochemical signal from potassium ferrocyanide on gold nano particle
modified indium tin oxide (ITO) electrode [408]. Determination of melamine using
electrochemical techniques is becoming popular [409, 410]. Melamine was determined from
the reduction signal of bismuthyl chloride by pre-concentrating it on a carbon composite
electrode by solid phase micro-extraction [409, 411]. It was also determined in quail egg and
milk samples by capillary zone electrophoresis [410, 412]. In a recent publication, an ordered
mesoporous carbon and Nafion-modified glassy carbon electrode was used for the
determination of melamine based on the melamine dimer oxidation [413]. As direct
electrochemical determination of melamine is difficult, most electrochemical procedures
involve indirect determination by measuring the change in the electrochemical signal of any

electrochemically active compound in the presence of melamine. The determination of
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melamine using electrochemical methods still requires attention and investigation to resolve
important issues. Present report explores the electrochemical properties of melamine using
static mercury drop electrode (SMDE) and AuNPs modified CPE and presents methods for
its determination in milk sample using AuNPs modified CPE and RGO-AuNPs modified

CPE, which will be explored in three parts.
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IV. 1. A. Investigation of redox properties of melamine with static mercury

drop electrode.

IV. 1. A. 1. Reduction behavior of melamine:

With an aim to explore the electrochemical behavior of melamine, which is electrochemically
not so active over conventional electrode and highly adsorptive in nature, cyclic voltammetry
was performed using SMDE in BR buffer solution (see chapter II). While, carrying out the
CV a peak due to reduction of the melamine was observed at -0.93V at pH 2 of the buffer
solution and it was found that the peak position shifted in the cathodic direction when pH of
the buffer was gradually increased from pH 2 to pH 9, when pH was increased above 5 the
electrochemical response merged with current produced due to the hydrogen evolution (Fig.
IV.4). Shifting of reduction peak potentials is linear with pH of the buffer (inset of Fig. IV .4)
with a slope of -0.116 V/pH, the result reflected involvement of double number of proton to
that of electron in the reduction process, if the shift in peak potential is approximated only

due to the proton concentration.
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Figure IV.4: Cyclic voltammograms of melamine on SMDE

in BR buffer of different pHs, Inset: plot of reduction peak
potential of melamine with respect to pH of the solution.
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Thus the electrochemical process could be summarized as the one electron and two proton
transfer process; the positive charge at that carbon centre possibly takes up one more electron
to get neutralized. Scan rate variation in CV (Fig. IV.5) produced linear relationship ,with a
slope of 1.176x10® A V% sec'’? | between the observed peak current against square root of
scan rate (in volt) reflecting that the electrochemical process was diffusion controlled in the

BR Buffer medium (pH 2), although the peak potential got shifted towards more negative

potential at higher scan rate.
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Figure IV.5: Cyclic voltammograms of melamine at pH 2 of BR buffer
at different scan rate, Inset: Linear calibration plot of reduction peak
current vs. Square root of scan rate.

IV. 1. A. 1. 1. Evaluation of important analytical parameters:

During scanning in the reverse direction another peak was found around -0.95V, which did
not increase with increase in the scan rate signifying that this peak was not due to oxidation

of the reduced product of melamine. Identity of the peak could not be retrieved. However, a
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calibration plot was constructed by measuring the reduction peak current using differential
pulse cathodic stripping voltammetry technique with successive addition of the melamine
from 1pM to 100uM at pH 2 in BR buffer; the peak current increased proportionately with
the concentration of melamine (Fig. IV.6) following a linear equation i, = 2.2527x10°
1211.1998x107°C, with linear regression co-efficient (R?) of 0.99968 and slope of 1.1998x10
°A M'!. Concentrations are expressed here in M. LOD was calculated to be 0.2uM (sample
No. 3). Prior to each scan solution was purged for 300 sec with nitrogen gas for de-

oxygenation of the solution.
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Figure IV.6: Differential pulse voltammograms of melamine reduction on
SMDE with different concentration of melamine, Inset: Linear calibration plot
of peak current vs. Concentration of melamine.

IV. 1. A. 1. 2. Interferences:
Although the method provides simplicity in determination of melamine at uM concentration

level, it suffered from the interference of commonly occurring Zn even in sub puM

concentration and Ca in the mM concentration level.
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IV. 1. A. 1. 3. Sample preparation and recovery test

This method was used for the spike recovery test in the real milk sample. Recovery test was
carried out by adding known amount of melamine in milk powder sample. For milk, sample
treatment and measurement procedures were adopted from a previous report [414]. Milk
sample was treated by taking 1 g of milk powder and mixing with 5 mL 0.1 M CaCl,, then 5
mL of 0.5 M trichloroacetic acid and 35 mL of 5 M methanol was added. After 10 min of
ultra-sonication, this mixture was centrifuged and the solution was filtrated, through a 0.45
pm membrane to obtain the samples for detection of melamine. Electrochemical
measurements were carried out using this filtrate. The test results in only 48% recovery from
the added concentration of melamine (50uM in the sample solution). This could be due to the
presence of high content of Ca in the milk sample. Thus this method could not be accepted

for real sample analysis.

IV. 1. A. 2. Interaction of melamine with Cu®* as a tool to determine its

concentration using SMDE:

IV. 1. A. 2. 1. Study of analytical response and evaluation of analytical parameters:

Melamine has strong interaction with Cu**, which generates electrochemical signals. These
electrochemical signals could be a measure of melamine concentration [407]. However a
clear electrochemical signal for quantitative detection of melamine was not attempted
previously. We have explored for the quantitative determination of melamine by monitoring
the stripping signal of copper in linear sweep stripping voltammetry using SMDE. Anodic
stripping voltammetry of copper was carried out with deposition of Cu* at a potential of —1.0
V for 10 s and then the potential was scanned from —1.0 V to 0.2 V. The stripping peak due

to the oxidation of Cu was observed at around O V as shown in figure IV.7.
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Figure IV.7: Linear sweep anodic stripping voltammetry of 3.3 uM of Cu®* with
different concentration of melamine. Deposition potential was -1.0 V for 10 sec.
Inset: corresponding linear calibration plots of peak 1 and peak 2.

Melamine was gradually added in the test solution containing 3.3 uM of Cu**. During the
electrochemical scan Cu was stripped into the solution as Cu”* ion. The original Cu stripping
peak current was gradually decreased with the addition of melamine and a new pre-peak at
more negative potential to that of the Cu stripping peak was appeared. A calibration plot was
constructed from the decrease in the stripping peak of copper which was shown in the inset of
figure IV.7 (peak 1). The calibration plot followed the linear regression equation i, = 1.55 x
107 - 2.37 x 10 C with correlation coefficient of 0.998 and standard deviation of 6.15 x
107", C in molar (M) concentration. The three sigma LOD from the linear calibration plot
was obtained as 0.778 puM. For indirect determination of melamine this measurement was
most workable procedure to determine melamine as it is very easy to obtain reproducible
mercury drop for regular analysis. The new peak which was appeared at —0.09 V was found

to be increased proportionately with the melamine concentration, corresponding linear
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calibration plot was shown in the inset of figure IV.7 (peak 2) The calibration plot followed
the linear regression equation as i, = —7.05 X 10 + 971 x 10* C with correlation
coefficient of 0.996 and standard deviation of 2.503 x 10_10, C in molar concentration. The
three sigma LOD from the linear calibration plot was obtained as 0.773 uM. It was observed
that both the decrease in the stripping peak and the increase in the pre-peak generated similar
proportionality and the detection limits obtained from both the ways were similar. This
indicated that the type of interaction responsible for the decrease in the stripping current of

Cu and generation of a new pre-peak was the same.
IV. 1. A. 2. 2. Interference and recovery study:

This method was affected by the interference due to the presence of Ag*, Pb" and Bi** at 10
times higher concentrations as the method involved pre-concentration step prior scanning.
However, the sprike recovery test could not provide us with satisfactory result showing ~
35% deviations from the added concentration of melamine. This might be due to the
interaction of the organic molecules, present in the milk sample even after pre treatment, with
Cu’*; possible interference due to deposition of other major metal ions such as Ca®* and Zn**
during preconcentration step on Hg surface cannot be withdrawn. Therefore effort was
extended to another indirect way to determine melamine by monitoring oxidation signal of
K4[Fe(CN)g] on RGO-AuNPs composite modified CPE, which is discussed in the following

part (IV. 1. B).
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IV. 1. B. Determination of melamine by a RGO-AuNPs composite modified

CPE:

IV. 1. B. 1. Why RGO-AuNPs composite?

Usage of metallic nanoparticles in the sensing devices has been increased worldwide in the
last decades due to their favourable physicochemical and electronic behaviour for sensor
application. Gold nanoparticles-modified surfaces are excellent substrates for electrochemical
devices due to their enhanced surface-to-volume ratio, localized surface plasmonics,
quantized charging/discharging, high conductivity, catalytic and photocatalytic activity and
good physical properties [415]. Gold nanoparticles-modified substrates as sensing platforms
received much interest in the field of analytical chemistry [416-420]. Graphene and GO based
materials are good choice due to the excellent electronic and surface property (Section II. 5)
required sensor [421, 422]. Due to the easy functionalization and favourable electrochemical
properties of graphene sheets, there is a rush to use graphene and metallic nanoparticle
composites for sensor application. Composites of metallic nanoparticles and graphene
especially improved the electrochemical property of graphene, useful for electrochemical
sensors. As described in the section II. 5, preparation of pristine graphene sheet is very
difficult, therefore RGO are prepared to obtain electronic and other physicochemical
properties, required for electrochemical sensor, nearly approaching to those of pristine
graphene. Due to the excellent properties of the composite, it was used as the platform for

electrochemical sensors [423-426].

IV. 1. B. 2. Preparation of RGO-AuNPs composite modified CPE:

RGO was prepared by modified hummer’s method as described in section II. 5. RGO thus
formed was washed with water and dried under vacuum oven. RGO powder was ultra-

sonicated for 5 min in 1:1 methanol water mixture to make good suspension. The suspended
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RGO solution was drop casted on to the CPE surface to fabricate the RGO modified CPE.
AuNps were electrochemically deposited from 0.1mM Au(III) solution on the RGO modified
CPE at a constant potential of -0.3V (vs. SCE) for 100s. The RGO-AuNPs composite
modified CPE thus formed was washed with ultrapure water and used as the sensing

application.

IV. 1. B. 3. Characterization of the composite:

The X-ray diffraction patterns of GO and RGO showed (Fig. IV.8) the characteristic
diffraction peak of graphite at 20 angle of 26.5° corresponding to the (0 0 2) plane was almost
eliminated upon oxidation and formation of GO. The peak at 10.5° corresponded to the
stacked graphene sheets due to the functionalization with carboxylic acid and hydroxyl
group. This functionalization is responsible for the separation of graphene sheets in graphite.
This peak was eliminated upon the borohydride reduction and the broad diffraction pattern
from 20° to 30° was more prominent. The absence of the peak at 10.5° signifies the reduction

of the GO sheets.
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Figure IV.8: X-ray diffraction patterns of (a) graphene oxide and
(b) reduced graphene oxide.
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The broad diffraction pattern from 20° to 30° is due to the diffraction from the short range

order of (0 0 2) plane due to the agglomeration of RGO sheets.

100nm CRNTS

Figure IV.9: Scanning electron micrograph of the reduced graphene
oxide—gold nanoparticles composite.

A scanning electron micrograph (Fig. IV.9) of the RGO-AuNPs composite modified carbon
paste revealed that clusters of AuNPs were embedded across the graphene sheets. AuNPs
were preferentially deposited at the edges of the graphene sheets. The individual AuNPs had
diameters from 20 to 30 nm and their aggregate size varied from 50 to 200 nm. To record the
atomic force micrograph, the suspended RGO was drop casted on freshly peeled mica. The
corresponding micrograph and the line graph are shown in figure IV.10. The width of the
graphene sheet was 1 nm. This thickness of the graphene sheets correlates well with
previously reported work [184]. The pristine graphene sheet was approximately 0.5 nm in
width. Hence, a thickness of 1 nm was due to two graphene sheets or one hydrated graphene

sheet.
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Figure IV.10: Atomic force micrograph and the corresponding line graph (right) of
reduced graphene oxide.

IV. 1. B. 4. Electrochemical performance of the modified electrode:

Cyclic voltammetry was performed in 1 mM Ky4[Fe(CN)¢] in 0.1 M KCI solution using the
modified electrode. Cyclic voltammograms at different scan rates demonstrated the reversible
oxidation of ferrocyanide (Fig. IV.11.a). Repetitive cyclic voltammetry scans, recorded at 50
mV sec’, showed reproducible behaviour (Fig. IV.11.b). No specific adsorption was
observed. Square wave voltammetry was performed using 105 M ferrocyanide and the
oxidation of ferrocyanide was measured using the modified electrode (Fig. IV.12). The
potential was scanned from O to 0.4 V. The oxidation peak due to the oxidation of

ferrocyanide to ferricyanide was observed at 0.22 V.
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Figure IV.11: (a) Cyclic voltammogram of 1 mM Ky[Fe(CN)¢] at the reduced
graphene oxide—gold nanoparticles composite-modified electrode at scan rates
of a. 10 mV sec_l, b. 20 mV sec_l, c. 30 mV sec_l, .d. 50 mV sec_l, and e. 100
mV sec (b) Twenty cyclic voltammograms of 1 mM Ky[Fe(CN)s] at the
reduced graphene oxide—gold nanoparticles composite-modified electrode at a

scan rate of 50 mV sec .
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IV. 1. B. 5. Effect of melamine on the voltammetric response of oxidation of

ferrocyanide:

The current density due to the ferrocyanide oxidation without the addition of melamine was
approximately 6.5x10” A cm™. Melamine was added and the oxidation peak of ferrocyanide
decreased (Fig. IV.12). The current decreased by 40% due to the addition of 160 uM of
melamine. This decrease in the ferrocyanide oxidation current was proportional to the
melamine concentration. A calibration plot was constructed by plotting the peak current vs.
the concentration of melamine. The calibration plot of melamine was a straight line with a

slope of 0.0025 AM™ and a correlation coefficient of 0.997. The LOD was calculated to be

2.23 M.
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Figure 1V.12: Square wave voltammograms of 0.01 mM Ky[Fe(CN)g] with
the addition of melamine (top to bottom).

141



Melamine strongly interacts with AuNPs [411, 412, 427, 428] and the interaction is enhanced
in the presence of modifying agents [412]. Hence, AuNPs have been commonly used for the
determination of melamine [429, 430]. The RGO used here to hold the AuNPs and also
improved the transport of charge to the electrode surface. Computational investigations
showed that aminotraizines interact strongly with graphene sheets and form two-dimensional
molecular assemblies. Melamine has strong interaction with graphene with the adsorption
affinity reported to be 22.6 kCal M™' [427]. Therefore, the RGO-AuNPs composite strongly
interacted with melamine which improved the analytical determination. Since melamine is
electrochemically inactive, this interaction with the composite electrode substrate decreased
the electrochemically active surface area for the oxidation of ferrocyanide. Therefore, the
oxidation peak current decreased with the increase in the concentration of melamine. In order

to check the adsorption phenomenon of melamine SECM experiment was conducted.
IV. 1. B. 6. SECM study to characterize adsorption of Melamine on the electrode:

Electrochemical measurements were performed to characterize the adsorption of melamine
on the RGO-AuNPs composite. Electrochemical imaging of the substrate provided
information about the adsorption of melamine on the composite. SECM was performed using
a platinum electrode with a 10-um diameter tip [234, 431]. 1 mM solution of ferrocene in
methanol was used as the redox probe. The corresponding probe approach plot is shown in
figure IV.13. The y-axis shows the normalized current during the approach. The x-axis is the

ratio of the distance of tip from the substrate to the radius of the electrode.
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Figure IV.13: Probe approach plot of the platinum tip to the reduced
graphene oxide—gold nanoparticles substrate: Experimental and fitted plot.

Positive feedback was observed during the approach to the substrate and the distance between
the tip and the substrate was 1 um. At this distance, the substrate was scanned and the
corresponding image is shown in figure IV.14. The measured current across the substrate was

approximately 2.5 X 10” A, with occasional spikes in current.
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Figure 1V.14: Scanning electrochemical micrograph of the reduced graphene oxide—
gold nanoparticles substrate for 1 mM ferrocene in methanol. The tip electrode was 10
um diameter platinum and scans were performed 1pum above the substrate.
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The spikes may be due to the agglomerated deposition of RGO and AuNPs on the substrate.
After this scan, melamine was added at a concentration of 1x10® M. An additional scan was

recorded and is shown in figure IV.15.

1.87e-8 A N | 0pm

143e-8A -

9.88e-9A -

545¢-9 A

1.02e9 A 80 um
0 pm 80 pm

Figure IV.15: Scanning electrochemical micrograph of the reduced graphene oxide—
gold nanoparticles substrate for 1 mM ferrocene in methanol and 1puM melamine. The
tip electrode was 10-pum diameter platinum and scans were performed above the

The feedback from the substrate to the tip was reduced and the overall substrate current was
approximately 1.1x10”° A. The current from the spikes were also reduced upon the addition
of melamine. This decrease in the feedback response for the substrate was due to the
adsorption of melamine on the active substrate. Therefore, the scanning electrochemical
measurements confirmed the efficient adsorption of melamine on the RGO-AuNPs substrate.

Furthermore, the feedback from the substrate was reduced due to adsorption.
IV. 1. B. 7. Interferences:

Interferences from common metal ions including Hg**, Ag*, Cu**, Bi**, Pb**, K*, Na*, and
Cl' were investigated. Square wave voltammograms were obtained for potassium

ferrocyanide without any interferences at 10 M, followed by measurement of the response
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following the addition of 100 ppb Hg**, Cu**, and Ag* and 100 ppm of Bi**, Pb**, K*, Na*,

and Cl. The peak height and the shape were unchanged following the addition of the ions

(Fig. IV.16).
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Figure IV.16: Interferences for the oxidation of K4[Fe(CN)¢] in (a) the absence of any
interfering agents; (b) K4[Fe(CN)s] with 100 ppb Hg** and Ag* and 100 ppm of Cu®*,
Bi’*, Pb®*, K*, Na*, and CI; (c) K4[Fe(CN)s] with 1 g L™' casein; and (d) the stripping
response of Hg** (100 ppb), Cu**(100 ppb), and Bi’* (100 ppm) in the absence of
K4[Fe(CN)g].

However, the peak current was reduced by the addition of 1 g L' casein. Therefore, milk
proteins interfere with the analysis, requiring additional sample preparation. Hg**, Cu®*, and
Bi’* might interfere as their stripping peaks are near the ferrocyanide oxidation peak; the
response of Hg™*, Cu**, Bi** following deposition for 300 sec at -0.5 V was recorded using
the modified electrode. The stripping peaks due to the metal ions were close to the oxidation
of potassium ferrocyanide. Since the present measurement does not involve a deposition step,

these interferences are not expected to be present.
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IV. 1. B. 8. Recovery test and validation:

The recovery efficiency of the method was characterized by the addition of melamine to milk
powder and water. For milk, sample preparation was discussed in section IV. 1. A. 1. 3.
Electrochemical measurements were performed using the treated sample solution. Results are
shown in table 8. The recovery was validated by the measurement of melamine by high-
performance liquid chromatography (HPLC) [432] as shown table IV.1. The results from the

HPLC and electrochemical methods were comparable.

Sample Spiked Recovered Recovery recovered Recovery
concentration | concentration using by HPL.C by HPL.C
using the present (%)
present method
method
Milk SuM 5.6£0.2uM 112% 4.940.08 98%
Powder
Tap 2uM 2.240.1uM 110% 2.3+0.03 115%
water

Table IV.1: Recovery of melamine in milk and water using the RGO-AuNPs
composite-modified CPE and HPLC.

The analytical figures of merit obtained in the present work were compared with some

literature reports as shown in table IV.2.

References Limit of Detection Linear Dynamic Range
401 25.37x10” mol/kg 79.3x10™ to 15.86x10 mol/kg
402 0.317x10°M Not specified
403 39.64x10° M Not specified
404 9.6x10° M 3.9x10% to 3.3x10° M
405 12.68x 10° M 0to 1x10°M
Present Method 2.23x10°M 5t0 160 x10° M

Table IV.2: Comparison of the analytical figures of merit for determination of melamine
by the method using the RGO-AuNPs composite modified CPE and other methods
reported in the other literature.
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The present modified electrode is easy to fabricate and operates at higher concentration
ranges compared to the literature reports. Thus, the RGO-AuNPs modified CPE was

successfully used for the determination of melamine in milk sample.

With an aim to detect the direct oxidation signal of melamine the work was further extended
to measure the oxidation signal directly generated from the oxidation in the melamine centre.

Corresponding results are discussed in the following Part.
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IV. 1. C. Determination of Melamine from Its Direct Oxidation:

As the electrochemical oxidation behavior of melamine is quite poor it is difficult to obtain
the direct electrochemical oxidation peak due to melamine. With bare CPE no response due
to oxidation of melamine (in phosphate buffer of pH 9) was observed as shown in figure
IV.17. In order to improve the electro-oxidation property of melamine, CPE was modified
with MWCNT and nafion composite. Interestingly the electrochemical injection from the
melamine molecules was improved on the MWCNT modified surface. This interaction of
melamine with MWCNT was explored for the direct determination of melamine in
contaminated samples. Use of nafion films has the advantage of suppression of interference

besides holding the CNTs on the electrode surface.

4.0x10°

3.0x10° 1

2.0x10° - Modified CPE

\

1.0x10° 1

\

Bare CPE

Current, A

0.0

-1.0x10° -

2.0x10° — -
0.4 0.0 0.4 0.8 1.2

Potential, V

Figure IV.17: Cyclic voltammogram of oxidation of melamine on MWCNT-nafion
composite modified CPE.

However, due to strong interaction of MWCNT with melamine, the electrode regeneration
was an issue to use the sensor for actual application. To solve this problem another approach
of modifying the electrode with AuNPs was proposed as AuNPs has strong interaction with

melamine [411, 412, 427, 428], although, the oxidation peak due to melamine was not
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experimentally observed on bulk gold electrode. The following sections describe the

important findings of melamine oxidation on AuNPs modified CPE.

IV. 1. C. 1. Preparation and characterization of AuNPs modified CPE:

Carbon paste electrode was prepared following the method which was already discussed in
chapter II (section II. 4. 6). Carbon paste electrode was modified with AuNPs by
electrochemical deposition method. Electro-deposition of AuNPs over carbon paste electrode
surface was carried out from auric chloride solution of 1mM concentration. Deposition was
carried out at -0.3 V for 300 sec. Deposits were characterized using SEM; corresponding

micrograph is shown in figure IV.18.

=xu 100nm CRNTS 11/27/2012
X 50,000 5.0kV SEI SEM WD 6.1mm 9:51:47

Figure 1V.18: SEM micrograph of gold nanoparticles electrochemically
deposited on carbon paste electrode substrate.
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Sizes of most of the deposits were in the range of 100 to 120 nm with some occasional

smaller deposits of around 30 nm. The bigger deposits actually comprise of smaller particles.
IV. 1. C. 2. Analytical response for the oxidation of melamine:

An oxidation signal at ~0.15V was obtained when CV was carried out at a scan rate of 20mV
sec” in PBS of pH 7. The peak potential shifted toward more positive direction and landed at
0.23V at a scan rate of 200mV sec'l(Fig. IV.19). The CV profile clearly indicates the non-
reversibility of the redox process. Measurement of peak current with respect to the square
root of the scan rate was found to be non linear reflecting the fact that the electrochemical
process was not fully diffusion controlled; the result was associated with the effect of
adsorption of melamine on the AuNPs as discussed in previous part (section IV. 1. B. 6). In

order to get the quantifiable analytical response due to the oxidation of
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Figure IV.19: Cyclic voltammograms of oxidation of melamine on AuNPs
modified CPE at different scan rates, in PBS of pH 7.
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melamine square wave voltammetry (SQWV) was carried out (Fig. 1V.20). Although, the
oxidation process on the modified electrode was not reversible in nature, to minimise the
effect of adsorption on the response a faster technique, SQWYV, was adopted. The
voltammetric signal was increased with the increase in concentration of melamine. Two
calibration regions were observed one at low and the other at high concentrations (inset of

Fig. IV.20). Three sigma LOD using this procedure was obtained as 0.43 uM.
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Figure IV.20: Square wave voltammograms of melamine on AuNPs modified
carbon paste electrode with successive addition of 0.5 pM melamine. Inset:
Corresponding calibration plot.

IV. 1. C. 3. Effect of interfering species:

Present method was free from interferences form the metal ions like, Cu®* Ag*, Pb**, Bi**,
U and Hg2+ at 100 fold higher concentration than melamine since the method does not

include any preconcentration step. This is the biggest advantage of detection of melamine

using its direct oxidation signal.
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IV. 1. C. 4. Sample recovery test:

Sample preparation for milk was discussed in section IV. 1. A. 1. 3. Recovery test results
were shown in table IV.3. Recovery test has shown good recovery of melamine in milk

sample, recovery within 10%.

Melamine added Melamine recovered % Recovery
2uM 2.24+0.08uM 110%
S5uM 5.4+£0.1uM 108%

Table IV.3: Recovery test results of melamine in milk sample using AuNPs modified CPE.

IV. 1. D. Conclusion:

Electrochemical investigation of melamine revealed both reduction and oxidation behaviour.
The reduction process of melamine was investigated using static mercury drop electrode and
the direct oxidation process was explored using AuNPs modified CPE. The reduction
behaviour of melamine is highly pH sensitive and the reduction signal is highly delicate for
reliable determination of melamine. Indirect method of determination was proposed based on
the electrochemical signal of Cu®* or from the decrease in the electrochemical signal from
ferrocyanide. Determination based on the direct oxidation signal of melamine was also
proposed with the detection limit of 0.43 pM. These methods were applied for the recovery

of the spiked melamine concentration in the milk sample.
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Chapter 1V.2

Electrochemical determination of dopamine and uric acid using

Junctionalized carbon nano spheres modified electrode

IV. 2. 1. Brief introduction of Dopamine and Uric acid:

Dopamine (DA) is one of the most important neurotransmitters in central and peripheral
nervous system of mammals. It has significant role in modulating the brain function [433].
Some of its notable functions are movement, memory, pleasurable reward, behaviour and
cognition, attention, inhibition of prolactin production, sleep, mood and learning. It belongs
to the catecholamine family, with [UPAC name of 4-(2-Aminoethyl) benzene-1, 2-diol. The
chemical structure is shown in figure IV.21. It is biosynthesized mainly in dopaminergic
neurons and cells of the medulla of the adrenal glands [434]. The primary biosynthesis
pathway is shown in figure IV.22. Dopaminergic neurons are located mainly at few discrete
regions in the brain such as substantia nigra, ventral tegmental area and dorsal striatum [435].
DA was chemically synthesized from catechol by George Berger and James Ewens in the
year of 1910, later in late 1950s it was discovered to be a neurotransmitter by Arvid Carlsson
and N. A. Hillarp [436]. This discovery encourages further investigations related to its role in
the central nervous system and in neurological disorders. In presence of lower concentration
of DA in human leads to various neurological disorders, Parkinson’s disease and
hyperactivity. Higher level of DA leads to the mental disorder due to abnormal brain
function. Uric acid (UA) is another important metabolic product in biological system. In
human body system UA is the catabolic product of purin. It is a heterocyclic compound of
carbon, nitrogen, oxygen, and hydrogen with IUPAC name of 7,9-Dihydro-1H-purine-

2,6,8(3H)-trione. The chemical structure is shown in figure IV.21.
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Figure IV.21: Chemical structure of dopamine (DA), uric acid (UA) and L-ascorbic
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Figure IV.22: Scheme of biosynthesis of DA.

An elevated UA concentration in body system may cause renal failure and gout. It may even

cause leukaemia and lymphoma at adverse conditions [437]. Therefore determination of DA
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and UA in blood, urine and any biological fluids is important to evaluate the metabolic

functioning of the body system.

IV. 2. 2. A brief account on sensing Dopamine and Uric acid:

Electrochemical method is one of the important techniques for the determination of DA and
UA in biological samples and has important advantages over other available techniques, as
the electrochemical methods offer direct measurement. Other techniques based on
spectroscopy and chromatography, have disadvantages like, sample pre-treatment and
removal of sample from the sample chamber for the analysis [438]. Electrochemical methods
are highly sensitive, selective and offer better understanding of the chemical process in
addition to the detection. L- Ascorbic acid (AA) (chemical structure, Fig. IV.21) is also one
more constituent present in biological system along with DA and UA. The major challenge is
to separate the electrochemical peak due to DA, UA and AA, since the electrochemical
potential of these three biological molecules are close and it is important to generate the
separate electrochemical response from three molecules [439]. Electrochemical methods
based on modified electrode have been discussed for the determination of DA [372, 440-472]
and these methods are better suited for the determination of biological compounds due to the
easy fabrication of the modified electrode, disposability and the possibility of onsite/online
determination. Among different modifications, carbon-based nanomaterials such as activated
carbon, graphene and carbon nanotubes (CNTs) are important materials of modifications, due
to their good electrochemical activity and the large active surface area and these materials are
either used in the form of carbon paste or modifier over glassy carbon electrode surface by
casting through physical or chemical means [372, 440-461]. Graphene doped with nitrogen
has been used for this purpose and it has shown good activity for the determination of DA
[473]. In the recent time carbon in the form of nano spheres (CNSs) has been used in various

electrochemical applications. CNSs, are the spherical carbon materials, are attractive in
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various functional nano devices due to their excellent physical and chemical properties. In
addition to that CNSs have good structural stability, thermal insulation and excellent
conductivity [474]. These materials are applied widely in lithium ion batteries [475-478],
adsorption [479], catalyst supports [480, 481] and so on. Therefore it is likely that carbon
nano spheres would be good candidate for electrode modification for electroanalytical
application by improving the redox response of analytes. Different nanoparticles in polymeric
matrices also have shown good detection sensitivity of the DA and UA [482-485]. Some of
the recent papers have reported the simultaneous methods of determination of DA and UA

using modified electrode based on different form of carbon [486-489].

IV. 2. 3. Abstract of the present work:

This chapter presents the fabrication and characterization of functionalized carbon nano
spheres (FCNSs) and its application as electrode material for the selective determination of
DA and UA simultaneously in presence of AA in aqueous medium and human blood serum.
Several aspects of development of a method of determination of DA and UA are detailed
revealing the advantages of using the newly fabricated electrode over other electrodes.
Important analytical parameters regarding the analysis of DA and UA are presented. Except
some limited studies [469, 485], where carbon nanoparticles was applied for the
determination of DA, no such investigation was reported about the simultaneous

determination of DA and UA in a simple way of modification as presented in this work.

IV. 2. 4. Preparation of functionalized carbon nano spheres and its paste electrode:

The method adopted for the functionalization of graphitic carbon nano spheres (CNSs) was
based upon the earlier report published in literature [490, 491]. The CNSs were washed
thoroughly by dilute HNOs;, HCI and deionized water to eliminate the possible metal

impurities in the carbon powder prior to the functionalization. 500 mg of the washed CNSs

156



was soaked in 50mL of an acid mixture (1:1) of 50% HNO; and 50% H,SO, for 1 h. Then the
whole mixture was refluxed at 90°C for 6 h under vigorous stirring condition. Subsequently,
the solution was centrifuged and the black residue was collected and washed thoroughly with
deionized water and kept inside a vacuum furnace for 12 h at 50°C for drying. The dried
FCNSs were characterized using spectroscopic and microscopic techniques. These FCNSs
were mixed with CNSs at different proportions. A paste was made with this mixture adding
adequate amount of silicone oil (around 20%), the paste was used to make the modified
electrode. The modified electrode was fabricated by filling a glass tube with the paste and a
Pt wire was used to connect the paste to the potentiostat, this modified electrode was
abbreviated as FCNSPE. This FCNSPE was used for the investigation of electrochemical

properties of DA, UA and AA in PBS of pH 7.

IV. 2. 5. Characterization of functionalized carbon nano spheres:

IV.2.5.1. SEM and AFM imaging:

After functionalization, the carbon powders were well suspended in water which is an
evidence of the functionalization of the nano spheres. SEM and FTIR measurements were
carried out for further investigation on the material’s characteristics. SEM image (Fig.
IV.23.a and IV.23.b) shows that the particles are spherical in shape. The size and shape of the
CNSs did not change on functionalization. The FCNSs were also characterized using AFM
measurements and the morphological and phase contrast images are shown in figure IV.23.c
and IV.23.d respectively. No significant differences between the topography and phase
contrast images were observed, indicating the similar interactions between the AFM tip and
all the functionalized carbon nano spheres spread across the substrate. The histogram
depicting the distribution of size of the nano spheres is shown in figure IV.23.e, the average

size of the nano spheres were obtained as 35.5 nm.
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histogram depicting the distribution of size of the FCNSs.
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IV. 2. 5. 2. FTIR measurement:

The FTIR measurements were recorded on the FCNSs and the spectra are shown in figure.
IV.24. The broad peak at 3400 cm™ is related to the O-H stretching from carboxylic acid. The
band at 1725 cm’ is related to the stretching vibration of the C=0O group present in
carboxylic acid. The sharp band at 1591cm ' is related to the vibration of the adsorbed water
molecules or skeletal vibrations of un-oxidized C-C bonding. Additionally, the peak at 1425
cm™ is due to the O-H bending vibration and the peak at 1385 cm™ is related to the O-H
deformation vibration of the tertiary C-O-H group. The band at 1260 cm™ is due to the C-O
stretching vibration and the band at 1107 cm™ is related to the C-O-C stretching of the oxo
functional group incorporation in the surface of the CNSs. Therefore the FTIR measurements

indicated the incorporation of plenty of functional groups like OH, COOH and epoxy on the

surface of the carbon nano spheres.
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Figure I'V.24: FTIR spectra of FCNSs.
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IV. 2. 5. 3. Characterization by Raman spectroscopy:

Raman spectroscopy is an excellent tool for characterization of carbon materials. Excitation
was carried out at 514.5 nm. In Raman spectroscopic measurements three peaks were
observed at 1336 Cm'l, 1606 cm™ and at 2740 cm’' as shown in figure IV.25. The Raman
peak due to the ideal lattice vibration of graphite normally appears at 1580 cm™. In a real case
many defect bands or D-bands appear in the Raman spectra. These D bands are due to the
disorder in the graphitic structure. Such D-bands are of very high intensity. Presently the peak
at 1336 cm™ is designated as the D1 band. The peak due to the pure lattice vibration of
graphite lattice was not observed. The peak at 1606 cm™ is due to shifted G band; sometime
this band was assigned as the second defective band or D2 band [492-498]. The ratio of the
D/G intensities was obtained as 1.36. This D/G band intensity ratio is a measure of the
presence of structural defects in the system. This may arise due to the disruption of sp2 bond
in the graphite structure. Sometime this disruption of the sp2 spectra is correlated to the

formation of sp’carbon which introduces the deformation in the lattice.
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Figure IV.25: Raman spectra of FCNSs.
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Presently upon functionalization in oxidising acids the CNSs undergo oxidation at the
surface. Obtaining the higher D/G band intensity ratio is the evidence of oxidation of the
CNSs upon functionalization. The Raman spectra also consisted of the second order bands,

the peak at 2740 cm’ is related to the overtone of the D1 peak [492-498].
IV. 2. 6. Results and Discussions:
IV. 2. 6. 1. Basic experimental conditions:

All the experiments were performed using a two step process which includes accumulation or
preconcentration as the first step and electrochemical oxidation by differential pulse anodic
stripping voltammetry (DPASV) as the second step. During accumulation, hydrodynamic
condition was maintained by stirring the solution at 2500 rpm using magnetic needle, while
stripping was carried out under tranquil condition. After each scan the electrode was
regenerated for further use by dipping it into 0.01M HNOs3, 0.01M NH4OH and deionized
water in the stated order for one minute each. All the experimental solutions were prepared in
phosphate buffer of pH 7 except the effect of variation of pH which was conducted in BR
buffer. Although the modified electrode was successfully applied for the determination of DA
and UA, all electrochemical parameters were optimized using the DA signal since DA,
present in human body system at lowest concentration compared to UA and AA, is the most

challenging one to be determined among the three molecules.
IV. 2. 6. 2. Optimization of loading of FCNSs in the electrode:

The percentage of loading of FCNSs in the carbon paste was optimized by varying its content
in the modified material and recording the oxidation peak current of DA. As shown in figure
IV.26, the stripping peak current of DA was increased with increase in the loading of the

FCNSs into the paste. The oxidation peak current of DA attends maxima at around 40% to 50
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% loading. The peak current was increased due to the incorporation of more functionalized
materials into the paste. Beyond that the peak current was decreasing. With increase in the
loading of functionalized material the resistance of the electrode was increased. Furthermore
at higher loading of the FCNSs, the electrode is transformed in to a highly hydrophilic
substrate. It was difficult to stabilise the electrode with the functionalized materials loading
beyond 60-70% as it was coming out from the surface on repetitive scans. Therefore 50%

loading of FCNS was optimized in the present case for all the experiments.
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Figure IV.26: Effect of loading of FCNS in FCNSPE on the oxidation
signal intensity of DA (concentration of DA in 5x107M).

IV. 2. 6. 3. pH dependent cyclic voltammetric response of DA, UA and AA on FCNSPE:

FCNSPE was able to produce good oxidation response for DA and UA, although oxidation
signals of AA were broad and the peaks of the waves were not very prominent. Effect of pH
on the oxidation peak potential of DA, UA and AA was investigated by recording the cyclic
voltammetry scans in BR buffer solution by varying the pH from 2.3 to 9.1. Corresponding

CV plots for DA, UA and AA are shown in figure IV.27.a, IV.27.b and IV.27.c. Peak
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potentials of all the three compounds were shifted towards the negative potentials with
increase in pH of the media. The slope of the linear plot in the case of DA, UA and AA were

obtained as 58, 63 and 46 mV/pH respectively (Fig. IV.27.d).
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Figure 1V.27: Cyclic voltammograms of (a) DA, (b) UA and (c) AA at different pH;
(d) Plot of peak potential vs. pH of the BR buffer for DA, UA and AA.

The slope of around 60mV/pH in the cases of DA and UA was observed, indicated the
liberation of equal numbers of protons and electrons during the oxidation process. Oxidation
of DA is 2 electron transfer process, therefore the oxidation mechanism of DA followed the 2
electron and 2 proton transfer process, which agreed well with the previously reported
literature [499-503]. Where, most of the reports have reported the 2 electron and 2 proton
transfer process to form the dopamine ortho-quinone as the oxidation product. The paper by

Avendano et al. have investigated the mechanism of the electrochemical oxidation of DA in
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detail and the 1 electron 1 proton intermediate oxidation step was also identified [501]. The
mechanism of the electrochemical of DA is shown in the figure 1V.28.a, where DA
undergoes 2 electron 2 proton oxidation processes from DA to dopamine ortho-quinone. The

mechanism of the oxidation of UA and AA is shown in the figure IV.28.b and IV.28.c

respectively [504].
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Figure 1V.28: Oxidation scheme of (a) DA, (b) UA and (c) AA
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The slope in the case of AA was obtained as 46 mV/pH and the value is midway between the
2 electrons and 2 protons and 2 electrons and one proton transfer process. The reduction at
the protonated hydroxyl group present in the equilibrium will undergo the 2 electrons and 2
protons transfer process and the deprotonated hydroxyl group will undergo 2 electrons and 1
proton transfer process. Such partial protonation of the hydroxyl group would result in the
positioning the slope of the potential vs. pH plot at the midway between the 2 electrons 2

protons and 2 electrons 1 proton transfer process.

IV. 2. 6. 4. Optimization of accumulation potential and accumulation time:

Accumulation/pre-concentration plays a vital role in order to obtain high sensitivity for the
analytical determination. Therefore, both accumulation potential and accumulation time were
varied and the voltammetric scans were recorded to optimise their values. Measurements
were carried out at a DA concentration of 0.5uM. The voltammograms recorded at different
accumulation potentials are shown in figure IV.29.a. The stripping peak current due to the
oxidation of DA was found to be highest for accumulation potential of -0.3V (vs.
Ag/AgClI/KCl(satd)) (Fig. IV.29.b). The accumulation potential of -0.3 V, though produced
good oxidation peak of DA with high sensitivity, the voltammetric response was not linear on
successive addition of DA (plots are not shown). Therefore the accumulation potential of -0.3
V was avoided. Similar non linear response was found in other negative accumulation
potentials. Accumulation potential of 0.1V was avoided as it is very close to the peak
potential of DA oxidation and OV was taken as optimized accumulation potential. Effect of
accumulation time was optimized with respect to DA by keeping the accumulation potential
at 0 V. Corresponding results are shown in figure IV.29.c and 1V.29.d. It was observed that
with increase in the accumulation time the voltammetric peak current was increased very fast

till 600 sec. After that the increase in the peak current became less prominent. In order to

165



keep the time of making a measurement less and also to have the good sensitivity in the

measurements the accumulation time of 600 sec was optimized.
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Figure 1V.29: (a) Differential pulse anodic stripping voltammogram of DA oxidation at
different accumulation potential; (b) Dot-line representation of change in peak current of
DA oxidation signal with accumulation potential; (c) Differential pulse anodic stripping
voltammogram of DA oxidation with variation of accumulation time at accumulation
potential of OV and (d) Dot-line representation of the variation of oxidation peak current
of DA with deposition time. Concentration of DA is 5x10”"M in PBS supporting
electrolyte media of pH 7.

IV. 2. 6. 5. Analytical response of the electrode for DA, UA and AA and evaluation of

important analytical parameters:

Oxidation of DA produced distinguished peak at 0.2V in PBS of pH 7 (Fig. IV.30.a). Similar
to DA well defined oxidation peak for UA was observed over the FCNSPE at 0.33V (Fig.
IV.30.b). Voltammetric responses at varying concentration of DA showed proportional

increase in the oxidation current of DA with its concentration (Inset of Fig. IV.30.a). Similar
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to DA the peak current for oxidation of UA was increased proportionately with the UA

concentration. The calibration plot was linear in the concentration range investigated (Inset of

Fig. IV.30.b).
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Figure IV.30: Differential pulse anodic stripping voltammogram of (a) DA
oxidation at different concentrations, Inset: corresponding calibration plot of peak
current vs. concentration and (b) Differential pulse anodic stripping voltammogram
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The calibration plot of DA followed the regression equation 1,=0.499C — 0.62x10™"°, where C
in M (molar) unit, the standard deviation was obtained as of 1.66x107°. Similarly the
calibration plot of DA followed the regression equation 1,=0.124C + 3.49x10”°, where C in M
unit, the standard deviation was obtained as of 2.90x10”. The LOD of DA and UA were
calculated from the slope and the intercept values and using three time of the standard
deviation, the values were obtained as 10 nM and 42 nM respectively for DA and UA. The

sensitivity of DA and UA are 0.499 A/M and 0.124 A/M respectively.

In order to obtain the relative dynamic response from DA and UA and AA from the modified
electrode, voltammetric plots were recorded by varying the DA, UA and AA concentration in
the test solution, UA and AA were added at 10 and 100 times higher than that of DA
concentration respectively. Electrochemical response of both DA and UA were increasing

proportionately with simultaneous addition of DA and UA in the test solution (Fig. IV.31).
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Figure IV.31: Differential pulse anodic stripping voltammogram of DA, UA
and AA at varying concentration. AA was varied at 100 times higher and UA
was varied at 10 times higher in concentration than DA. Experiments were
carried out at pH 7 (PBS) accumulations at OV for 600 sec.
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The UA peak saturated at around 10x10® M concentration, beyond that its oxidation peak
current was not increasing. No clear peak from AA was observed. The calibration plot was
linear for both DA and UA in the concentration range investigated (Fig. IV.32). The
calibration plot of DA followed the regression equation 1,=0.489C — 0.604x10™'°, where C is
concentration in M (molar) unit, the standard deviation was 1.66x107. Similarly the
calibration plot of UA followed the linear regression equation i,=0.0357C — 5.627x107™"°,
where C is concentration in M unit, the standard deviation was 1.524x10°. The LOD of DA
and UA were calculated from the slope and the intercept values and using three time of the
standard deviation, the values were obtained as 10 nM and 0.14 uM respectively for DA and
UA. The sensitivity of DA and UA are 0.489 A/M and 0.0357 A/M respectively. In the
dynamic presence of DA, UA and AA the linear dynamic range of DA and UA were obtained

as 4.93x10"M to 3.98x10°M and 5 x 107 M to 9x10° M respectively.
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IV. 2. 6. 6. Result of interference study:

The method was found to tolerate interference from 100 times higher concentration of

glucose and fructose and 10 times higher concentration of cysteine. Interference due to some

of the commonly occurring metal ions like; Cu®*, Pb*, Cd**, Zn**, As™*, As’* and Cr’*, Cr™*

were investigated, the method was found to interference free at the presence of 10 times

higher concentration of the metal ions.

IV. 2. 6. 7. Comparison of analytical performance with reported literatures:

Analytical performance of the present method was compared along with the previously

reported literatures and placed in table IV.4 [457-461, 482-485]. As seen from the

comparison table present method has comparable or better analytical performance compared

to the methods reported in the literature.

Electrode materials Detection limit (uM) | Linear range (uM) Reference
DA UA DA UA

Fe;0,@GNs 0.007 | --—-- 0.02-13.0 -—-- [457]
Mp-GR 1.5 2.0 4.0-40.0 5.0-120.0 [459]
Pdop@GR/MWCNTs 1.0 15.0 7.0-297.0 20.0-320.0 | [461]
DNA/Pp-ABSA 0.088 |0.19 0.19-13.0 0.4-23.0 [482]
DNA/PAMAM/MWNT | 0.03 0.07 10.0-100.0 | 0.5-100.0 [483]
-Chit/Au

GNP/Ch 0.12 0.60 0.2-80.0 1.2-100.0 [484]
Nano-Cu/PPy 0.0008 | 0.00085 0.001-0.1 0.001-10.0 | [485]
FCNSPE 0.01 0.042(0.14)* | 0.0493-3.98 | 0.5-9 This work

*Value inside the bracket corresponds to the LOD of UA when calculated in presence of DA

and AA.

Table IV.4: Data for comparison of the analytical performance of the FCNSs modified

paste electrode for determination of DA and UA with the previously reported literature.
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IV. 2. 6. 8. Interaction of molecules over the modified electrode:

As discussed in the previous section, sensitivity of the FCNSPE for the UA fell dramatically
from 0.124 AM™ to 0.0357 AM'when measurement was carried out in presence of DA. On
the other hand sensitivity of DA remained almost the same (from 0.499 AM™ to 0.489 AM'I)
even after addition of AA and UA at higher concentrations. This clearly reflected the higher
selectivity of the electrode towards DA than UA and AA. It would be interesting to discuss
about the difference in the electrochemical activity of DA, UA and AA over the FCNSPE
electrode surface. As shown in the FTIR measurements the FCNSPE substrate was anchored
with carboxylic acid groups (-COOH) along with many other active functional groups
through which DA might be preconcentrated over the modified electrode surface. The
possible routes of interaction of DA with the modified electrode surface can be discussed in
the following way. DA is an aliphatic amine and a stronger base, the acidity constant
corresponding to the protonated ethylene amine group (-CH,-CH,-NH>) is ~10.5 and for the
first and second acidity constant of the two phenolic OH groups of the catechol the values are

~9.5 and 12.5 [505].
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Figure IV.33: (a) Equation for ammonium carboxylate salt formation between carboxylate
ions of FCNSs and primary amine of DA; (b) Pictorial representation of interaction pattern
and the entanglement of DA with the FCNSs modified paste electrode.
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Therefore at neutral pH of the experiment the amine group of DA would be in the protonated
state. The protonated amine would have experienced electrostatic attraction with the
carboxylate ions anchored over FCNSs and produced the ammonium carboxylate as shown in
figure IV.33.a. The interaction pattern and the entanglement of DA with the functionalized
carbon nano spheres modified electrode are shown in figure IV.33.b. UA and AA would have
the interaction with FCNSPE through the hydrogen bonding interaction only [502], which are
not so effective during pre-concentration process. Although hydrogen bonding and other
adsorption processes might have some contribution to pre-concentration, however the
contribution of such interaction might be equal to all these three compounds. The interaction
through the formation of ammonium carboxylate was the dominating factor for stronger

interaction between DA and the modified surface.
IV. 2. 6. 9. Electrochemical Impedance Spectroscopy (EIS) on FCNSPE:

The electrochemical impedance experiments were carried out using the modified electrode in
blank supporting electrolyte media and in presence of 0.5x10°M DA; the resulted Nyquist
plots are shown in figure IV.34. Corresponding equivalent circuits are shown in figure
IV.35.a and IV.35.b and the corresponding fitting parameters in table IV.5 and IV.6.
Impedance experiments were carried out at 0 V where the pre-concentration of DA is high.
The nature of the Nyquist plot in blank supporting electrolyte media of PBS at pH 7 has
shown depressed semicircular nature. In the equivalent circuit, Ry corresponds to the series
resistance which arises due to the resistance of the solution. Cy and Ry correspond to the
double layer capacitance and the resistance of the modified surface. C, and R, are the
capacitance and resistance during the polarization process. These two components are
responsible for the measure of polarization during the charge transfer processes. Upon
addition of DA in the test solution the nature of the impedance plot was modified. The

semicircular pattern remained depressed and the nature of the plot was modified at the low
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frequency region. Additional resistance and capacitance components were introduced in the
equivalent circuit to fit the Nyquist plot. The resistance and capacitive components R,q4 and
C,q corresponds to the preferential preconcentration of DA on the modified electrode surface
[506-508]. Small but unavoidable contribution from Warburg component was observed at the
lower frequency side of the Nyquist plot. Therefore the electrochemical oxidation process of

DA over the modified electrode surface has contribution from adsorption of DA.
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Figure IV.34: Nyquist plots using the FCNSs modified paste electrode in blank
supporting electrolyte media and in presence of 0.5x10°M DA.

The diameter of the semicircle would have increased due to the adsorption of DA [509],
however when compared with the blank supporting electrolyte solution the diameter of the
semicircle remained the same. This is due to the higher oxidation current from DA containing
solution at the same applied potential compared to the blank supporting electrolyte solution.
Adsorption enhances the preconcentration property of DA over the electrode surface, does
not foul the electrode on successive electrochemical scans when the regeneration method as

specified in the beginning of this chapter was adapted. The functionalized carbon nano
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spheres as applied in the present case could well be applied by embedding them into polymer
matrix. However preparation of carbon paste with the functionalized carbon nano spheres is

one of easiest way to prepare the modified electrode.
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Figure IV.35.a: Equivalent electrical circuit for the electrochemical system having the
FCNSs modified paste electrode in blank supporting electrolyte media (PBS of pH 7).

Parameter Value Parameter Value
R 300 Ca 138 nF
Rq 110 Q Cp 22 uF
R, 70 kQ

Table IV.5: Table showing the values of the fitting parameters of the equivalent electrical

circuit represented in figure IV.35.a.
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Figure IV.35.b: Equivalent electrical circuit for the electrochemical system having the
FCNSs modified paste electrode in presence of 0.5x10°M DA in the supporting

electrolyte media (PBS of pH 7).
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Parameter Value Parameter Value
RS 30 Q0 Cd1 7.6 nF
Ry 390 Q (O 8.1 uF
R, 40 kQ Cua 1T uF
Rad 3kQ

w 022Q5"

Table IV.6: Table showing the values of the fitting parameters of the equivalent
electrical circuit represented in figure IV.35.b.

IV. 2. 6. 10. Spike recovery test and application of the method in real blood serum

analysis:

Recovery tests were performed to investigate the analytical efficiency of the electrode to
recover the analyte response at low concentrations in real blood serum sample and the results
with 6 repetitions are shown in table IV.7. Human blood was sample collected in a covered
test tube. After collection of the blood, it was allowed to clot by leaving it undisturbed at
room temperature. This usually takes around 15-30 minutes. The clot was removed by
centrifuging at 15000 rpm for 10 minutes in a refrigerated centrifuge at -2°C. The resulting
supernatant which is serum of the blood is collected. An aliquot of 1mL of serum was taken
and diluted to 10 mL by PBS of pH 7 and used as the test solution. This solution was spiked
with standard DA concentration and it was determined using the presently developed method.
Corresponding voltammetric plot during the spike recovery analysis of two different
concentrations (2.2 uM and 0.1uM) are shown in figure 1V.36.a and IV.36.b respectively.
The recovery test results have shown 100.5% and 104% recovery for DA at two different
concentrations in real blood serum sample using the modified electrode. The relative standard
deviations as measured from the 6 repetitive measurements at 2.2 uM and 0.1 pM

concentration levels were 6.7 % and 8.6 % respectively. UA was determined directly in the
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real blood sample using standard addition method and the UA level in the human serum

sample was obtained as 17 (1) uM.

SI. | Concentration of Measured concentration Mean Recovery
No. | Dopamine added with 6 repetition (uM) +standard
(M) deviation
1. 2.20 2.3,2.2,24,2.1,2.0,2.6 2.2140.15 100.5%
2. 0.100 0.12, 0.098, 0.10, 0.10, 0.11, 0.104+0.009 104%
0.095

Table IV.7: Results of recovery study at two different concentration levels (2.2 uM and
0.1uM) of DA in blood serum using FCNSs modified paste electrode.
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Figure IV.36: Differential pulse anodic stripping voltammetric plots during the spike
recovery test of DA with (a) 2.2x10°M and (b) 1x10”M concentration in real blood sample.
The analytical method was also validated by measuring dopamine using HPLC technique
measurements for the spike recovery test in blood serum sample. Electrochemical
measurements were carried out keeping all experimental parameters same as that during
calibration except a preconcentration time of 30 sec. Standard addition method was adopted
for the determination. The results comparing the values obtained using the electrochemical

technique and HPLC are shown in table IV.8, HPLC plots are shown as figure 1V.37. The
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mean value obtained using two different techniques were almost similar. The statistical
analysis, t test of the set of measurements was carried out and the measured t value (tpess) of
the set of measurements was obtained as 0.278. The critical t value (t.q) was obtained by
referring the t table for the degrees of freedom of 10 as 2.228. Since tmeas is less than tei, the
null hypothesis holds and two mean values obtained from two methods are statistically the

same.
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Figure IV.37: HPLC plots during recovery test with successive addition of dopamine.

Dopamine Results using Mean + standard | Results of HPLC Mean +
added Electroanalytical deviation Technique (mM) standard
technique (mM) deviation
0.5 mM 0.51 0.497 £0.019 0.49 0.498 + 0.026
0.49 0.53
0.51 0.48
0.52 0.46
0.48 0.52
0.47 0.51

Table IV.8: Comparison of the results of the recovery test of DA in blood serum
using the FCNSs modified paste electrode and HPLC technique.
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Repeatability of the preparation of the modified electrode was investigated by recording the
voltammetric scans at 2 x 107 M of DA using three sets of modified electrode of same
dimension, corresponding results are shown in figure IV.38. The peak current varied within 2

% from the mean current value.
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Figure IV.38: Differential pulse anodic stripping voltammograms of DA at
2x107 M concentration with three sets of modified electrodes of same
dimension.

IV. 2. 7. Conclusion:

Functionalized carbon nano spheres were synthesised using chemical functionalization route
and the functionalized materials were characterized using spectroscopic and microscopic
techniques. Modified electrode was fabricated using the functionalized materials. FCNSPE
showed very good activity towards the generation of electrochemical oxidation signal of DA
and UA in presence of AA. The electrode was highly selective with excellent sensitivity and
reproducibility of the redox signal of DA and UA. The results obtained from the spike
recovery test in real blood sample were quite reliable as the results were cross validated using

HPLC technique. Thus, a simple way of modification offered very good method of
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determination of DA and UA; the method is suitable for real application. Without having
complicated modification procedure this material is a good candidate for the fabrication of

ultra-microelectrode for in situ determination of DA and AA.
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Chapter IV.3

Investigation of electrochemical properties of L-Cysteine and method

development for its determination.

IV. 3. 1. Abstract:

The present work is orchestrated to extract the adsorptive/desorptive electrochemical
properties of biologically a very significant molecule L-cysteine on gold nanoparticles
(AuNPs) modified glassy carbon electrode (GCE). Electrochemical impedance spectroscopy
(IES) and scanning electrochemical microscopic (SECM) measurements are elaborated here
to evident such adsorptive/desorptive behaviour of the molecule and charge transport through
its dimeric oxidation product as well. The chapter also presents a voltammetric and a
chronoamperometric method for the determination of the molecule using the modified

electrode.

IV. 3. 2. Introduction:

L-cysteine (CySH) is considered to be one of the most important amino acids. This amino
acid has important role in biological functioning and has been used widely in the medicine
and food industries. CySH (Fig. IV. 39) contains very important thiol (—SH) functional group
and the formation and breaking of the disulphide bond plays important role in the biological
system [510]. Activity of this functional group has important role in the biological activity of
proteins and enzymes and this group is responsible for disulfide bridges in peptides and
proteins. During electrochemical oxidation process CySH undergo proton coupled electron

transfer and such oxidation process plays important roles in biological system to avoid any
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charge build up after oxidation. The proton coupled electron transfer or the concerted electron
and proton transfer process has been investigated in some previous publications; the proton
coupled electron transfer pathway is less energy path compared to the separate electron and
proton transfer process [511-513]. Therefore from the basic aspect of the electron and proton
transfer process and its electrochemical detection, the investigation of the electrochemical
properties of CySH still has some important aspects to be reported. In addition to the basic
electrochemical aspects it is important to have analytical method for the sensitive
determination of CySH. It is difficult to determine CySH using spectrochemical technique as
it does not contain any chromophoric functional group. Indirect spectrophotometric method is
reported for its detection [514]. Electrochemical methods are important for its simplicity and
field applicability; there are only a few literatures which reported the electrochemical method
of determination of CySH based on modified electrode [515-522]. In this work a
voltammetric and a potentiometric method were developed for the determination of this

molecule.

OH

HS NH,

Figure IV.39: Chemical structure of L-Cysteine (CySH).

IV. 3. 3. Fabrication of electrode and experimental conditions:

Glassy carbon electrode was polished using fine alumina powder (size 0.05mM) followed by
sonication for 2 minutes at 20 KHz frequency. AuNPs were deposited on glassy carbon
electrode by constant potential deposition at -0.8V potential (vs. Ag/AgCl/KCI (satd.)

reference electrode) for 40 sec under stirring speed of 2500 rpm from 0.1mM Au(III) solution
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having 0.01M KCl as the supporting electrolyte (Fig. IV.52.a). Prior to each scan
experimental solution was purged with high purity nitrogen gas to drive out dissolved oxygen
from the aqueous solution. For the investigation of electrochemical properties of L-cysteine

(CySH) pH of the phosphate buffer (PBS) was optimized at 7.5.

IV. 3. 4. Results and Discussions:

IV. 3. 4. 1. Cyclic voltammetric measurements:

Cyclic voltammetry investigations were carried out using 0.1 mM of CySH using the AuNPs
modified GCE. Experiments were carried out at different switching potentials and at varying
pHs of the supporting electrolyte solution. A clear oxidation peak of CySH was observed at
0.69 V at pH 7.5, no reduction peak was observed during the reverse potential scan. With the
shift in the switching potentials the characteristics of the oxidation peak of CySH remained
the same, additional peak (at 0.85 V) due to the oxidation of gold and the corresponding
reduction peak (at 0.51 V) in the reverse scan were observed (Fig. IV.40). Therefore to avoid
the oxidative damage of the working electrode the suitable switching potential for this
measurement was fixed at 0.78 V. The oxidation peak potential of CySH was shifted towards
more negative direction with increase in pH of the solution (Fig. IV.41), this indicated an
important role of the proton concentration in the supporting electrolyte solution during the
oxidation process of CySH. Since the gold oxidation peak did not get shifted significantly
with increase in pH, at pH 6 the oxidation of gold could not be avoided to observe the
oxidation peak of CySH and the reduction peak due to the reduction of the oxidized gold
electrode was also observed. The variation of the peak potential with pH of the solution was
plotted in the inset of figure IV.41. A linear relationship between the peak potential and pH
was observed, though the experiments were carried out within the narrow pH range to keep

the CySH molecule at the similar prototropic conditions; at this pH range CySH would
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remain as the zwitterionic species with deprotonated carboxylic acid group and protonated
amine group [523]. It was also difficult to get the oxidation peak of cysteine separated from

the gold oxidation peak at lower pH of the supporting electrolyte.
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Figure IV.40: Effect of switching potential of CV on oxidation of CySH
and gold coating.
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Figure IV.41: Cyclic voltammograms showing the effect of pH on
CySH oxidation; Inset: Plot of oxidation peak potential against pH of
the supporting electrolyte media.
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The slope of the plot was around 68 mV/pH, which is somewhat higher than the slope
corresponding to the involvement of equal number of protons and electrons in the
electrochemical oxidation process. The mechanism of the electrochemical oxidation process
is shown in figure IV.42. Where, CySH after one electron and one proton transfer undergo
dimerization process. Thus the overall electrochemical process is characterized as the two

electrons and two protons transfer process [524].
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Figure IV.42: Schematic diagram of oxidation of L-Cysteine to Cystine (CyS-SCy).
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Even higher slope (80 mV/pH) was reported previously even though the mechanism of the
electrochemical oxidation process was 2 electrons and 2 protons transfer process for the
formation of CyS-SCy dimeric species. Such ambiguous behavior was indicated to be due to
the involvement of the oxidation of CyS-SCy dimeric species in the acidic solution where the
peak potential was shifted to more positive potentials, thus sufficient for further oxidation of
the dimeric species. Presently the slope is marginally higher compared to the expected slope

due to the experimental pH in the narrow range of neutral to alkaline [525, 526].

Repeated cyclic voltammetry scans were recorded (Fig. IV.43); it was observed that the
oxidation peak current of CySH decreased significantly on repeated scans and the peak was
almost vanished at 4™ scan. The drastic decrease in the oxidation peak current is due to the

blockage of the electrode surface by the oxidation product.
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Figure IV.43: Cyclic voltammograms of CySH oxidation on repeated scans
between OV and 0.78V, Voltammetric response decreased substantially on
successive scans.
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The effect of the switching potential was further investigated by switching the potential from
positive to the negative direction in the CV measurements. As seen from figure IV.44.a and
IV.44.b a cathodic peak was observed at -0.57 V, when the potential was scanned towards
negative direction after scanning it towards positive potential of up to 0.78 V. Effect of the
switching potential was then investigated in detail and the results are shown in figure IV.44.b.
As seen from the plots when the potentials were switched only in the positive potential
window the oxidation peak of CySH decreased drastically (this observation is similar to what
has been reported in figure IV.43), whereas upon scanning the potential first towards positive
direction then scanning it up to -0.85 V, the oxidation peak was not decreased even on
repeated CV scanning. CySH is known to form disulphide (cystine) on the oxidation process
as shown in the oxidation mechanism in figure IV.42 and it is adsorbed over the gold
electrode surface during the oxidation process. Upon cathodic potential scan the disulphide
species might have undergone reductive desorption at around -0.57 V. Due to this process the

electrode surface is available for further oxidation of the monomeric CySH species.
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Figure IV.44.a: Cyclic voltammetry of CySH in phosphate buffer of
pH 7.5 showing oxidation of CySH followed by desorption of
oxidised species at negative potential.
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Figure IV.44.b: Effect of adsorption of the oxidised species upon oxidation of
CySH when repeated scans were performed between OV to 0.78V; voltammetric
response due to oxidation decreased substantially due to adsorption of oxidised
species of CySH; oxidation followed by desorption at negative potential (full scan)
retains voltammetric response on successive scans.

Cyclic voltammetry scans were also recorded at different scan rates and for each scan freshly
prepared electrodes were used, the results are shown in figure IV.45. It was observed that
with the increase in the scan rates of the measurements the peak current values were
increased and the peak potential was shifted towards more positive directions. The variation
of the peak current was fitted linearly well with the scan rate of the measurements, indicating
the deviation from the purely diffusion control nature of the electrochemical process, (inset of
figure IV. 45). Adsorption process might have played some important role on the
electrochemical process, which has made the deviation. The shifting of the peak potential was
plotted with respect to the logv where v is the scan rate and the plot is shown in figure IV .46.
The plot was fitted with the linear equation, E, = B + RT/(1- a)nF logv; where B is a
constant and related to the redox potential (E®) of the system. From the slope of the linear plot
the (1-a) value was calculated as 0.45. The a and (1-a) parameters determine the influence of

the applied potential towards the activation energy of the reduction and the oxidation process
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respectively. Since (1-a) was calculated as 0.45 and the value a as 0.55, it indicates that

activation steps of both the cathodic and anodic processes are equally influenced by the

applied potential.
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Figure IV.45: Effect of scan rate variation on voltammetric signal of CySH
oxidation; Inset: Linear calibration plot of peak current against scan rate.
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Figure IV.46: Variation of peak potential of CySH oxidation with log of scan rate.
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IV. 3. 4. 2. Electrochemical impedance measurement:

Electrochemical impedance measurements were carried out using the similar three electrode
geometry configuration as that for the voltammetric measurements in the frequency range
from 10 kHz to 0.01 Hz with the modulation amplitude of 10 mV at different applied
potentials. As seen from figure IV.47 at the applied potential of O V the Nyquist plot has
shown very high charge transfer resistance indicating non performance of any charge transfer
process. At an applied potential of 0.3 V charge transfer at lower resistance and an adsorption
component was observed. The corresponding equivalent circuit is shown in the inset of the
figure IV.47. Deviation from simple RC circuit at an applied potential of 0.3 V indicated that
CySH has started adsorbing over the electrode surface at this applied potential. At sufficiently
anodic potential (0.7V) the adsorption component was more prominent, indicating the

oxidative adsorption of the cystine film over the electrode surface.
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Figure IV.47: Nyquist plots of the electrochemical system when data were
recorded by keeping the fresh AuNPs modified GCE, in the solution containing
10uM of CySH in phosphate buffer of pH 7.5, at 0V, 0.3V and 0.7V.
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In order to investigate the desorption process impedance measurements were carried out at
cathodic applied potentials of -0. 6V. When the electrode was pre-treated by the application
of an applied potential of 0.7 V for 200 sec, where it is expected to be coated with cystine
film, the Nyquist plot (Fig. IV.48) has shown to have strong contribution from the desorption
component. There impedance measurements have supported the cyclic voltammetry plot of
the observation of oxidative adsorption and the reductive desorption of CySH during the

oxidation and reduction processes.
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Figure IV.48: Nyquist plots of the electrochemical system when data were recorded by
keeping the fresh AuNPs modified GCE electrode, in the solution containing 10uM of
CYSH in PBS of pH 7.5, at -0.6V, and -0.6V after adsorption at 0.7V for 200 sec.

IV. 3. 4. 3. SECM measurements:

SECM investigations were carried out using the tip and the substrate electrode of gold with
diameter 10 um and 3 mm respectively. Freshly prepared potassium ferrocyanide was used as
the redox mediator to record the approach plot. Probe approach curves (PAC) were recorded

by keeping the tip at 0.4 V and the substrate at -0.2 V subjected to the conditioning of the
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substrate by CySH at different CV cycles in the potential range from 0 to 0.78 V. In all the
cases positive feedback response was observed (Fig. IV.49). Marginal improvement for the
approach current was observed for the substrate used after multiple CV cycles, which were
having adsorbed dimeric CyS-SCy species over the electrode surface. Therefore the adsorbed
cystine improved the charge transport through its adsorbed membrane for ferrocyanide. For

all the cases the approach distance was kept at 1.8 um away from the surface of the substrate

electrode.
—— PAC- bare substrate
7.0 —— PAC- after S cycles
' —— PAC- after 15 cycles
—— PAC- after 35 cycles
Probe potential: 0.4V
_% Substrate potential: -0.2V
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1.2 -
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Figure IV.49: Probe approach plot by keeping the probe at 0.4 V and
substrate at -0.2 V in 1 mM Ky4[Fe(CN)g] solution.

In order to further quantify the effect of the CV cycling on the substrate for oxidation of
CySH on the feedback responses, CV scans at the tip electrode for the redox probe were
carried out at the approach distance and as seen from figure IV.50, the steady state current
response for the redox probe ([Fe(CN)6]2+/[Fe(CN)6]3+ couple) from the tip was increased
with increase in the CV cycling on the substrate. More CV cycling from OV to 0.78V on the

subatrate leads to more oxidation of the CySH to cystine (CyS-SCy) and thus higher is the
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adsorption on the electrode surface. Higher steady state tip current from the CV
measurements at the approach distance indicates the enhanced transport of charge through the

CyS-SCy film deposited over the electrode surface.
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Figure IV.50: CV plots of the Au tip probe electrode at the approach distance after
treatment of the substrate electrode by different CV cycles in CySH solution.

CV measurements were further carried out at the probe electrode at the approach distance,
but, at different substrate conditions. The results are shown in figure IV.51.a and IV.51.b. In
Ist case the substrate was pre-treated with cystine film formed by 15 CV cycles in the
potential range of OV to 0.78V in 0.1 mM CySH concentration and the probe was approached
to this substrate. After approach the CV at the probe electrode was recorded in the potential
range from -0.8V to OV by keeping the substrate at -0.8V. During the anodic scan an
oxidation peak (at -0.54V) was observed which is indicative of the oxidation of reduced
product desorbed out of the substrate electrode. A reduction peak was also observed at -
0.68V during the cathodic CV scan. Here the SECM measurements evident that at the
positive electrochemical scanning of the substrate in CySH containing solution cystine are

deposited over the substrate and with the application of negative potential it has undergone
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reductive desorption process which was detected by the probe electrode present at the
approach distance (2 um away from the substrate). When the similar experiments were

carried out using the untreated substrate electrode no response at the tip was observed as

shown in figure IV.51.b.
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Figure IV.51: CV scans of the Au tip probe electrode at approach distance
when a negative potential (-0.8V) was applied to the substrate (a) after coated
with cystine film and (b) without having any coating of cystine film.

193



AFM measurements of the AuNPs modified GC substrate was recorded by fabricating the
electrode holder to hold the modified GC electrode under the AFM scan head, corresponding
images are shown in figure IV.52.a & IV.52.b. The AuNPs were observed to be deposited
over the GC substrate. The electrode was further characterized after it was treated in CySH
containing solution with the application of cyclic voltammetry scan in the potential region of
0 to 0.7 V for 50 cycles at the scan rate of 50 mVsec . All the AuNPs were observed to be
covered well with the thin films of cystine. In was further observed that all the films
deposited on the substrate were of similar shape and sizes though there was some difference
in the sizes of the deposited AuNPs. Cystine adsorbed only at the AuNP faces and the
remaining part of the electrode surface remained uncovered and at 50 CV cycles all the
AuNP faces were well covered by the cystine films. The mean diameter of the gold
nanoparticles were increased from 38 nm to around 100 nm upon treatment of the AuNPs

modified GC electrode with CySH.

Z-Axis - Scan forward Line fit
Fre ™

Line fit 43.7nm
Line fit 58.3nm

Z-Axis range
Z-Axis range

Figure IV.52: AFM image of (a) freshly deposited AuNPs on bare GCE (b) Cystine
coated AuNPs upon 50 Cyclic Voltammetry from OV to 0.7V in CySH solution.

194



IV. 3. 4. 4. Analytical determination of CySH:

After obtaining the electrochemical behaviour of cysteine an analytical method was
developed for the determination of CySH and the electrode fouling effect has been avoided
by suitably choosing the desorption potential for making the successive voltammetric scans

without fouling the electrode.
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Figure IV.53: (a) Differential pulse anodic stripping voltammograms of different
concentrations of the CySH in PBS of pH 7.5, using AuNPs modified GCE; (b)
corresponding linear calibration plot of peak current and against concentration.
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Differential pulse voltammetric scans were recorded in the potential region of 0.3 to 0.8 V
with conditioning potential at -0.8 V for 300 s at stirring condition for the desorption of the
cystine species. With the variation of the CySH concentration the voltammetric peak was
increased, corresponding plots are shown in figure IV.53.a and IV.53.b. The calibration was
linear and the regression equation followed i,=0.0337C + 3.37x10”°, where C in M, the

standard deviation was obtained as 1.95x10”. The LOD was obtained as 74 nM.

Chronoamperometric measurements were also carried out at an applied potential of 0.6 V
under stirring conditions and the results are shown in figure IV.54. Constant steps were
observed up to 5™ addition when 1 uM of CySH was added in each step in the test solution.
No interference due to the tryptophan and tyrosine was observed since the
chronoamperometric current response was not changed with the addition of these two

chemicals.
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Figure IV.54: Chronoamperometry of CySH under stirring condition using the
modified electrode.
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IV. 3. 5. Conclusion:

AuNPs modified GCE was found to be suitable for the investigation of the electrochemical
property of CySH, since the electrochemical response was significantly enhanced over this
modified electrode. Significant role of oxidation of monomer (CySH) and reduction of dimer
(Cys-SCy) on the adsorption and desorption behaviour on the surface of the electrode were
experimentally proved using EIS, AFM and SECM. SECM measurement reflected that the
cystine film formed over the electrode surface has capability to improve the transport of
charge from ferrocyanide compared to the gold nanoparticles modified electrode surface.
Based on the electrochemical investigations an analytical method was developed for the

determination CySH with the application of proper cleaning potential.
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Electrochemical investigation of 2-(o-hydroxyphenyl)benzoxazole (BNZ):

Introduction:

Benzoxazoles are widely used as effective light protectors as well as materials in continuous
lasers [527, 528]. Its different derivatives have numerous therapeutic applications where
some of them act as potent anti-inflammatory, antifungal and antibacterial agents [529-533].
Other applications are in electroluminescent devices and UV-stabilization of polymers.
Transition metal complexes of benzoxazoles are interestingly used as the materials for light
emitting as well as for the electron transport in organic light emitting diodes (OLEDs) [534-
536]. Electrochemical property and the diffusivity of the benzoxazoles are very important
when it is used as the antifungal agent or as the organic dye material in OLEDs and
supercapacitor applications. In the present investigation electrochemical property of 2-(o-
hydroxyphenyl)benzoxazole (BNZ) (Fig. IV.55) was investigated using cyclic and
voltammetric techniques. Rotating disc electrode voltammetry was carried to study the

diffusivity and the charge transfer property of the compound.

OH N

Figure IV.55: Chemical structure of 2-(o-hydroxyphenyl)benzoxazole

Important findings from electrochemical investigation:

Electrochemical investigation of BNZ was carried out in 0.5 M NaOH solution owing to its

application as charge storage materials when composites are formed along with other
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substances. Electrochemical property of BNZ over conventional electrode is poor therefore
modified electrodes were searched to find electrodes with significant response from the
oxidation of BNZ. Synthesis and characterisation of graphene oxide is reported in previous
chapters (section II. 5. 3 and IV. 1. B. 3), it was used for the modification of glassy carbon
electrode. The results are show in figure IV.56.a. Clear oxidation peak from 10uM BNZ (at a
scan rate of 100 mV sec'l) was observed at around 0.67 V (vs. Ag/AgCl/KCl (satd)),
corresponding reduction peak was observed at 0.18 V, the oxidation behaviour was
characterized as the quasi-reversible in nature. The inability of GC electrode to generate the
electrochemical signal of BNZ is also seen from figure IV.56.a. Electrochemical scans were
carried out at different scan rates and the results are shown in figure IV.56.b. The oxidation
peak current was increased with increase in the scan rate of the measurements, the peak
current vs. square root of scan rate has shown linear relation (plot not shown), indicating the
diffusion control nature of the electrochemical oxidation process. From the rotating disc

electrode measurements the diffusion coefficient of BNZ was obtained as 1.6 x 10°® cm*/sec.

A composite with the functionalized graphitic carbon nano spheres (FCNSs, as
discussed in the chapter IV.2) has been fabricated and the composite material was used for
the surface modification of the glassy carbon electrode. Cyclic voltammetry scans were
recorded at a scan rate of 20 mV sec™' in 0.5 M NaOH solution using this modified electrode
at multiple cycles and the results are shown in figure IV.57. It was observed that the

oxidation peak current of BNZ was increased with multiple cycles.
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Figure IV. 56: (a) Electrochemical responses for the redox behaviour of BNZ on bare GCE
and GO coated GCE; concentration of the compound: 10uM; medium: 0.5M NaOH and
scan rate: 100mV sec” ; (b) Cyclic voltammograms for the redox behaviour of BNZ in 0.5M
NaOH medium, recorded at different scan rates (20 mV sec'l, 50 mV sec'l, 80 mv sec'l, 100
mV sec’l, 200 mV sec'l, 300 mV sec'l, 400 mV sec”! and 500 mV sec'l).
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Figure IV. 57: Multiple scans dipping the composite electrode of FCNSs and
2-(-o-hydroxyphenyl)benzoxazole in 0.5M NaOH at a scan rate of 20mV sec”.

The increase in the electrochemical response is indicative of the surface activation of the
composite materials. This observation also indicates the absence of any unwanted
degradation of the BNZ carbon composite materials under electrochemical scanning. Present
information form cyclic voltammetry scan of BNZ therefore indicates that the molecule has
favourable interaction with carbonaceous materials like graphene oxide and the carbon nano
sphere as investigated. Thus, the composites of BNZ with carbon could be potentially applied
for the charge storage devices, such investigations on the energy storage devices are not
under the scope of the present thesis, therefore the results related to such investigations are

not being reported in the present thesis.
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Chapter V

Summary and Further Scope



Further scope of the thesis in line with the completed work:

The development of chemical sensors has gathered great scientific interest in the last decades,
application of chemical sensor has been extended to chemical industry, food industry, bio-
industry, medicine and environmental control because of their capability to give continuously
selective and fast response to the presence of a specific compound in a complex mixture of
components, without perturbing the system. Chemical sensors consist of a transduction
element covered with a biological or chemical recognition layer. The excellent specificity of
biological recognition processes has led to the development of highly selective devices.
Electrochemical sensors are the most rapidly growing class of chemical and biochemical
sensors due to their capability in complex applications. Electrochemical sensors are sensitive
and selective towards electroactive species; they are fast and accurate, compact, and portable.
Due to its simplicity, electrochemical transduction constitutes a successful route to create low
cost biosensors when coupled with biomolecules. Due to selectivity, biosensors are most
powerful devices which combine the power of analytical detection techniques with the
specificity of biological recognition system. Furthermore, biosensors possess many unique
features such as compact size, simplicity of use, one-step reagent less analysis. Some of the

reviews have reported about the recent development in the field [537-542].

Present thesis is focused on the development of the suitable substrates for the determination
of metal ions and biologically important organic molecules. It has been a worldwide issue to
use mercury based working electrode for the determination of heavy metal ions using
stripping voltammetry. Due to the suitable conductivity soft metals, antimony and bismuth
are preferred choice. Present thesis has discussed on this issue by generating analytical data
on the fabrication of the modified electrode based on Sb and Bi and analytical method was

developed for the determination of heavy metal ions in environmental samples.
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It is a challenging task to generate the measurable electrochemical signals over conventional
electrodes from the biologically active molecules investigated in the present thesis,
melamine, dopamine, uric acid and cysteine. Different modification strategies were adopted
for the modification of the working electrode to generate highly sensitive electrochemical
signal from the organic molecules under investigations. The basic strategies are either to
enhance the surface area of the substrate or to improve the charge transport of the molecules
through the modified substrate. Presently both the strategies were investigated for the
improvement of the analytical signals. The analytical methodologies developed under the
present thesis were successfully applied in real samples. However the methodologies are
based on offline instrumentation and the modified substrate developed; electrochemical
sensors will be developed as the future plan of the present thesis for determining the
concentration of the analyte directly from the electrochemical signal. Electrochemical
signalling using ultramicro or nano electrode is very important as it can be used at very fast
potential scan due to the negligible IR drop and for the generation of the steady state response
on linear potential scan. In vivo analytical determination is also being targeted worldwide
using the nano electrode modified with the suitable modifier for the determination of
biologically active molecules. Work has been initiated already for the determination of
dopamine using the modified carbon paste ultramicroelectrode inside the rat brain. A
successful implication of the work will have an excellent step forward in the direction of the
application of electrochemical techniques for in-vivo biochemical analysis. Electrochemical
techniques based on ultramicroelectrode will be extended towards the formation of tip
substrate nano gap to trap molecules at single molecular levels to detect the molecules at
concentration femto-molar or less, which has application in the detection of explosives and

macromolecules.
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