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ABSTRACT

This research is based on the modification of a glassy carbon electrode with cobalt (I1) tetra
carboxy phthalocyanine and nitrogen doped graphene oxide nanosheets composite (CoTCPc/N-
GONS) was used for the electrocatalytic oxidation of nitrites. The synthesised cobalt (I1) tetra
carboxy phthalocyanine (CoTCPc) and nitrogen doped graphene oxide nanosheets (N-GONS)
were characterized by FTIR spectroscopy, UV-Vis spectroscopy, electrochemical impedance and
cyclic voltammetry. The electrode surface area for CoTCPc/N-GONS-GCE was 0.174 cm?,
which was at least twice that of a BGCE indicating that the modified electrode provided larger
surface area for electro catalysis. The modified electrode had a surface coverage of 1.22 X
1073 molcm=2. The CoTCPc/N-GONS-GCE had Kapp and Rer values of 3.64 x 1076 cms™!
and 145.47 Q respectively. The electrochemical detection of the nitrite with CoTCPc/N-GONS-
GCE was successful producing high peak currents compared to other electrodes. The
electrocatalytic oxidation of nitrite was determined to be a 1% order reaction and with a Tafel
slope of 270 mV/decade. Limit of detection (LOD) was 2.49 x 1077 M and Limit of
quantification (LOQ) was 8.29 x 10~7 M. The electrode showed good reproducibility with

lower oxidation potential at 0.86 V and high sensitivity towards nitrite.
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CHAPTER 1

INTRODUCTION

1.0 Introduction
This chapter highlights the summary of the research, background, phthalocyanines, nitrogen

doped graphene nanosheets (N-GONS) and electrochemical techniques.

1.1 Background

There are several analytical techniques used for quantitative determination of nitrite including
spectrophotometry, ion chromatography and electrochemical methods [1]. However, these
analytical methods usually have expensive equipment, tedious detection procedure and often
time consuming. The electrochemical method has been proven to be inexpensive and effective

way for quantitative determination nitrites, because of its intrinsic sensitivity and simplicity [2].

1.1.2 Phthalocynanines (Pcs)

Phthalocyanine derivatives, which have a similar structure to porphyrin, have been utilized in
important functional materials in many fields. Their useful properties are attributed to their
efficient electron transfer abilities [3]. The central cavity of phthalocyanines is known to be
capable of accommodating 63 different elemental ions, including hydrogen (metal-free
phthalocyanine, H,-Pc) [4]. A phthalocyanine containing one or two metal ions is called a metal
phthalocyanine (M-Pc) [5]. As a result of their high electron transfer abilities, M-PCs have been
utilized in many fields such as molecular electronics, optoelectronics, photonics, and electro
catalytic properties. The functions of M-PCs are almost universally based on electron transfer

reactions because of the 18 & electron conjugated ring system found in their molecular structure.



Figure 1.1: General chemical structure of a metallophthalocyanine (MPc)

Properties of MPc molecules are closely related to the metal atom located at the central cavity

[6]. Such metal atoms are cobalt, copper, iron and zinc.

1.1.3 Nitrites

Nitrites are crucial ions used in some food additives or to prevent corrosion [1]. The importance
of determination of nitrite in water, food and agriculture products which to prevent corrosion, has
been widely recognized due to the evidence that nitrites can interact with amine and form
carcinogenic compounds of nitrosamines [7]. Nitrites can be introduced into the environment due

to different chemical handling activities such as farming.
1.1.4 Nitrogen doped graphene oxide nanosheets (N-GONS)

1.1.4.1 Introduction

Graphene, is a single atom-thick sheet of hexagonally arranged sp? — bonded carbon atoms,
shows extraordinary electronic, mechanical, optical and potential applications because of its
unique properties such as high surface area, high conductivity, mechanical strength [8].

Graphene has potential applications in many fields, such as solar cells, sensors, fuel cells and



drug delivery and biosensor [9]. Doping of graphene with elements like boron, nitrogen, oxygen
and sulphur can enhance the electronic properties and chemical reactivity. In particular, nitrogen
doped graphene (NG) and boron doped graphene (BG) have been highly used in lithium-ion-
batteries, super capacitors, and catalysis for oxygen reduction reaction (ORR) [9-12]. Among
these the most important applications of NG is electro catalyst of ORR, because it has ability to
replace expensive Pt-based catalyst for fuel cells and metal-air batteries. It has high catalytic

activity and superior reliability.

1.1.4.2 Structure

The schematic diagram of the bonding configuration of N atoms in graphene is shown in Fig 1.2
which determines the performance of NG. The configurations of typical N functionalities present
in NG includes N atoms doped into graphene basal plane (quaternary N), N atoms in six member
ring (pyridinic N) and five member ring (pyrrolic N), among them Quaternary N is believed to
be vital for catalytic activity [13].

quaternary N

pyrrolic N pyridinic N

Figure 1.2: Schematic diagram of the bonding configuration of N atoms in graphene [13]



1.1.4.3 General synthesis of nitrogen doped graphene oxide nanosheets.

Generally, there are several major methods like mechanical exfoliation, epitaxial growth bottom
up synthesis and chemical reduction of graphene oxide (GO) suspension, which are used to
prepare the reduced graphene sheets [12,14,15]. Among them, the chemical reduction of GO
results in a bulk quantity and at relatively low cost. GO is mainly synthesized by the Brodie,
Staudenmaier or Hummers method. All of them produce GO by the strong oxidation of graphite
with acid. GO is highly hydrophilic, and it can be easily exfoliated in aqueous media which are
then subjected to chemical reduction to obtain graphene as individual sheets [11,16]. The
reducing agents which are mainly used are hydrazine, sodium borohydride, hydroquinone, or
strongly alkaline solutions. The chemical reduction of GO results in restoration of sp? carbon
sites but not all the oxygen functionalities are removed completely and it also leaves a number of
defects like vacancies, edge/cracks and adsorbed impurities [15,17]. Many methods have been
successfully demonstrated to dope nitrogen atoms into graphene sheets such as thermal annealing
of GO in ammonia, chemical vapor deposition by adding ammonia gas (or other nitrogen
precursor) and electrical joule heating in ammonia [18,19]. Scheme 1.1 demonstrates the

synthesis of nitrogen doped graphene oxide nanosheets.



Oxidation,

Nitrogen exfoliation

Hummers
method

1. Graphite

Design principle:
removal of
intercalated water

2. Graphene oxide (GO)

850°C Vacuum
Nitrogen NH, Ethanol
: Eth
doping = Removal
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Scheme 1.1: Synthesis of nitrogen doped graphene oxide nanosheets [18].

1.1.5 Voltammetry

Numerous methods for the analysis of nitrites have been developed and reported elsewhere, such
as fluorescence spectrophotometry, microchip electrophoresis, thin layer chromatography, UV-
Vis, gas chromatography [20]. Compared with other detection techniques, the electrochemical
methods are proved to be popular tools ascribed to their advantages of stability, selectivity, and
simple and easy fabrication process [21]. Various electrochemically modified electrodes have
been explored to detect the content of nitrites in samples. Compared to these methods, the
electrochemical method can provide compact, relatively inexpensive, reliable, sensitive and real-
time analysis [22]. Moreover, the development of a rapid electrochemical method for nitrite
detection without the sample pretreatment prior to analysis and also no interference from other

sources (such as nitrate, sulfate and bromate ions) is highly important. Recently, different kinds



of electrochemical nitrite sensors have been fabricated based on the chemical modification of

electrode [23].

1.1.6 Electrode modification

When an electrode such as a bare glassy carbon electrode is cover with a layer of water
molecules or solvent containing certain species or impurities, the species present in solution will
attach to the electrode surface [2]. The presences of such adsorbed species will often modify the
electrochemical behavior of the electrode. For example, they may cause the current observed for
a given electrochemical process to be much smaller, because they block access to electrode
surface [24]. In this research the modification of the electrode with Cobalt (11) tetra-carboxyl
phthalocyanine incorporated with nitrogen doped graphene oxide nanosheets is aimed at
improving the electrochemical detection of nitrites by the electrode. The modified electrode
should exhibit lower peak potential in the detection of nitrites compared to a bare glassy carbon
electrode [25]. Modifying an electrode with chemical species that have good electrochemical
properties such as conductivity, thermal stability and large surface area will improve the

sensitivity and selectivity of the electrode [26].



1.2 Aim of the study
« To determine the electrocatalytic oxidation of nitrites on glassy carbon electrode modified with

cobalt (I1) tetra-carboxy phthalocyanine/ nitrogen doped graphene oxide nanosheets composite.

1.3 Objectives

o To synthesise cobalt (I1) tetra-carboxy phthalocyanine (CoTCPc).

e To characterize the electrode modifiers with FTIR, UV-Vis, cyclic voltammetry,
differential pulse voltammetry and electrochemical impedance spectroscopy.

e To modify glass carbon electrode with cobalt (I1) tetra-carboxy phthalocyanine
incorporated with nitrogen doped graphene oxide nanosheets (CoTCPc/N-GONS).

e To evaluate the effect of pH, scan rate and concentration on peak currents and peak
potentials.

e To determine the apparent rate constant (kapp), Tafel slopes, and relative catalytic effects

of the (CoTCPc/N-GONS-GCE).

1.4 Problem statement

Industrial processes have been known to generate large effluents that contain high levels of toxic
heavy metals and organic pollutants [27]. The presence of these organic and inorganic (for
example cadmium, chromium, mercury, perchlorates and of interest in this research nitrites)
contaminants in water sources has huge environmental, public health and economic impact.
Monitoring and removal from drinking water of these contaminants is associated with high costs.
They also result in an imbalance of the aquatic life; affect ground water, commercial fishing,
recreational and cultural activities associated with lakes and river water. Therefore there is need
for monitoring and remediation of nitrites in the water resources using low cost, fast and easy

methods which can find applicability in both rural and urban areas. The most employed
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techniques are chromatography and spectrometry, which require intensive sample preparation,
require experienced personal and are expensive [2,7,28]. In the recent years electrochemical
techniques have proved to be fast, reliable and cost effective as compared to the traditional
conventional techniques [29-31]. There is still need to improve the electrode modifying material
for the oxidative detection of nitrites. This research is aimed at contributing to the improvement

of electrode modifiers that is cheap and has excellent electrocatalytic properties.

1.5 Justification

Traditional analytical techniques for the determination of nitrites are usually time consuming as
they are based on discrete sampling methods followed by laboratory analyses [22].
Electrochemical techniques represent an important subclass of methods that do not require
extensive sample pre-treatment and the electrode is used as the transduction element. They meet
the cost, size and power requirements to even perform on-site analysis. There is still need for
development electrochemical determination of nitrites in the area of electrochemistry. These
include selectivity, stability and to meet challenges posed by the environmental samples [28,32—
34]. Characteristics that make electrochemical methods more favourable include low cost
instrumentation, sensitivity and selectivity, minimal space and power requirements. Also by
providing fast processing of the analytical information in a  safe and cost effective manner,
electrochemical techniques provide direct and reliable nitrite detection. Incorporation of the
glassy carbon electrode with nanomaterials makes this technique to be a cheap, reliable and fast

method of detection of nitrites [30].



1.6.0 Literature review

1.6.1 Summary

Metallophthalocyanines (MPcs) carrying electro-active metal centres have attracted the attention
of many researchers due to their excellent electro-catalytic properties. Their chemical and
physical properties can also be altered by varying the substituent on the phenyl rings [35]. These
include groups such as amino, sulfo, hydroxyl and for this study carboxyl. The carboxyl groups
provide sites for the phthalocyanine to chemically link with other compounds [36]. In this study
CoTCPc is chemically linked to another electro-active specie nitrogen doped graphene oxide
nanosheets. This improves chemical and physical properties, resulting in improving catalytic

activity and reduced over potential for oxidative determination of nitrites.

1.6.2 Phthalocyanine (Pc).

1.6.2.1 Discovery

The macromolecules were accidentally discovered in year 1928 at the works of Scottish Dyes
Ltd. The discovery came as a result of passing ammonia gas on molten phthalic anhydride in an
iron vessel for the synthesis of phthalimide; there appeared a blue coloured impurity in the
reaction mass [37]. Dunworth and Dreseher properly repeated the reaction of phthalimide with
iron compounds to establish the synthesis of this blue green compound. In 1929 the first patent
was issued with respect to compounds that we now know as phthalocyanines, to Dandrige,
Drescher and Thomsan of Scottish Dyes Ltd. The patent based on the claim of the reaction of
ammonia or primary monoamines of aliphatic series or of benzene or naphthalene series on
phthalic anhydride, phthalimide or mono or diamide of phthalic acid in presence of iron, nickel
or cobalt in the form of metal or compounds [38,39]. From 1929 till 1933 non of the scientist

working with the compound attempted to determine the structure of this compound when



professor Linstead at the University of London determined and proudly announced the structure
of Pc and metal Pcs in the year 1933 and 1934. Thus 1934 was the year when the discovery of Pc

class of organic compounds terminated [40—42].

1.6.2.2 Structure
Phthalocyanine has a molecular formula Cs;HisNg or (CgHsN2)sH, and has a grouping of 4
isoindoline units arranged in the form of a planner ring structure [29]. Metal phthalocyanine

(MPc) is derived by replacement of the two hydrogen atoms in the centre by metal atom [3,10].

X

% I T \; % [

N / \ N N / " K
NH N— N/
/ = N/ / = N/

phthalocyanine Metallo phthalocyanine

Figure 1.3: General structure of phthalocyanine and metallophthalocyanine.

The colour of the resultant Pc changes with presence of a particular metal at the centre.
Generally Pcs and MPcs are stable colour pigments which are very stable against heat (sublimes
at 550°C), oxidation, reduction, acids, alkalis and other wear and tear activities [29,36]. The
macromolecule has the same resembles to other naturally occurring coloured compounds, like
green chlorophyll in each of the plants and red hemin of haemoglobin of red blood cells. All this

coloured compounds have the same inner chemical structure, in each of them 4 pyrole units join
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to the central metal atom through their nitrogen atom [43]. Phthalocyanines differ only by the
presence of 4 benzene rings on the periphery of the pyrolian ring structure and in general this

makes phthalocyanines much more stable as compared to the porphirines [38].

1.6.2.3 General application of phthalocyanines (Pcs).

The characteristic properties such as very high thermal stability, intrinsic conductivity, intense
colour, electron transfer reactions due the 187w electron ring system which enables various redox
activity and other properties, make phthalocyanines suitable form many applications. In
particular Pcs attract attention in the field of molecular electronics such as for photovoltaic cells
[14,41,44,45], optical displays and organic light emitting diodes. Others include chemical
sensors, based on their attractive blue to green colours and excellent fastness to light this makes

Pcs suitable for commercial production of dyes, catalysis and synthetic metals [46].

1.6.2.4 General synthesis of Phthalocyanines (Pcs)

Phthalocyanines can be synthesised as metal free or metal substituted compounds [37]. Ever
since their discovery, researchers reported quite a number of synthetic methods that involve
derivatives that can be applied as precursors [3,47]. These include phthalic acid, phthalic
anhydride, phthalonitrile, o-cyanobenzene and o-dibromobenzene. Researchers usually favour
the use of phthalonitrile derivatives over those of the inexpensive phthalic anhydride derivatives
which are also favourites but produce low yields. However phthalonitrile precursors give a clean
reasonable yield and are easy to produce [48]. The product is therefore suitable to carry out
further studies, with the exception of the metals mercury ad silver, while compared to some
precursor derivatives which a produce a fair yield, but with trace impurities leading to
undependable further studies. In this study research a phthalic anhydride, trimellitic anhydride
precursor was used.
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1.6.2.5 Metal free Substituted phthalocyanines.

Even with earlier difficulties in preparing phthalonitriles, Linstead and Lowe showed that
phthalonitrile, upon treatment with sodium or lithium n-pentoxide in n-pentanol at 135-140 °C
produced disodium phthalocyanine, which could be directly demetallated to phthalocyanine with
concentrated sulphuric acid. Substituted phthalocyanines are now easy to synthesis by this
method since substituted phthalonitriles are ready obtainable. For example 4-
phenoxyphthalonitrile  and  4-thiophenoxyphthalonitrile  produce 2, 9, 16, 23-
tetraphenoxyphthalocyanine and 2, 9, 16, 23- tetrathiophenoxyphthalocyanine as mixtures of
isomers in 39% and 25% yield respectively. But in the past 2 decades Wohrle reported that
substitution of alkoxide bases for strong bases such as 1, 8,-diazabicyclo[5.4.0]undec-7-ene
(DBU) or 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) gave the previously mentioned
phthalocyanines in yields of 77% and 96% respectively. Introduction of these substituents alters

the physical, chemical and electrochemical properties of the macrocycle [49,50].

1.6.2.6 Unsubstituted (Metal Free) Phthalocyanines (H2Pcs)

These are phthalocyanines that have hydrogen in the inner cavity of the macrocycle. Linstead
proposed a method for synthesizing H,Pcs; phthalonitrile precursor or diiminoisoindoline is
refluxed 2-N, N-dimethylaminoethanol, followed by dementallation via reacting the solution

with dilute acids to remove the alkali metals from the solution to obtain H,Pc [51,52].

1.6.2.7 Peripheral Substituents (p) and Non peripheral substituents (o)
Phthalocyanine chromophores that have that have alkylthio and alkoxy on the peripheral (2, 3, 9,
10, 16, 17, 23, 24) and non peripheral (1, 4, 8, 11, 15, 16, 22, 25) positions of the macrocyclic

ring shown in Figure 1.4.
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Figure 1.4: Substitution positions on the phthalocyanine molecule

1.6.2.8 Metallophthalocyanines (MPcs)

Pcs that have a metal atom (for example Cu, Co and Zn) located at the inner cavity of the
macrocycle of the phthalocyanine are called metallophthalocyanines [37]. Phthalonitrile,
phthalic anhydride, phthalimide and other precursors are metallated through various synthetic
routes in the presents of the metal ion to produce MPcs [3,5,53]. Symmetrical change is
controlled by the nature of the solvent used, central metal size, axial and ring substituents.

Scheme 1.2 shows synthetic route for metallophthalocyanines.
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Scheme 1.2: General synthetic routes for metallated phthalocyanines.

1.6.3 Characterisation of synthesised complex

1.6.3.1 Infrared Spectroscopy

FTIR is an analytical technique used to confirm the structural changes during the synthesis of a
complex by observing the appearance and disappearance of vibration band [54,55]. Infrared
spectroscopy (IR) can be used for compound identification basing on the region of the
electromagnetic spectrum. In this study for instance Pcs can be identified through the appearance
of vibration frequencies of such as C-N, C-H and aromatic group, hence serves as a confirmation

for the synthesis of Pc complex [56].
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1.6.3.2 Ultraviolent-visible spectroscopy (UV-Vis)
This is a technique used for both qualitative and quantitative analysis basing on the basis of the
characteristic absorption in the ultraviolet and visible light regions [57]. The UV-Vis of CoTCPc

and N-GONS is best acknowledged through the use of a molecular orbital diagram in Figure 1.5.
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Figure 1.5: Molecular orbital diagram: Transitions of phthalocyanine that give rise to absorption

bands [4].

Experimental and theoretical studies prove that the UV-Vis spectrum of Pcs is strongly
dominated by  — 7* transition in the strong Q-band (600 nm -750 nm) and broad B-band (300
nm - 450 nm). Gouterman et al. illustrates that the strong Q-band (600 nm — 750 nm) is
associated with transitions from a;y to e*y orbitals (= — =*). The broad B band is related to
transitions between ay, and by, to e*g orbitals [39,40,58].

Dissolved Pcs often show solvatochromic effects. Dimerization of Pc molecules in solution
causes a (reversible) band shift. Interaction with the solvent results in deformation of the Pc

molecules alter the symmetry of the molecules and influences the absorption
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spectra[4,37,41,19,59,60], for example causes the splitting of absorption bands in case of Dy to

C,y transitions.

1.6.4 Electro-analytical techniques

1.6.4.1 Electrochemistry

Electrochemistry is a chemistry branch that focuses on interrelation of electrical and chemical
effects. These involve measurement of electrical quantities such current, potential, or charge and
relationship to chemical parameters [61]. Electro-chemistry deals with the study of chemical
changes brought about by passing an electrical current and the generation of electrical energy by
chemical reactions [62]. Vast applications have been found for analytical purposes using these

electrical measurements.

The chemical measurements in a homogenous bulk solution occur at the electrode-solution
interface. Different electro-analytical techniques are used to monitor such processes. These
techniques differ in the type of analytical signal used. There are two major types of

electrochemical sensors, namely potentiometric and voltammetric methods

e Potentiometric methods — in these methods no current passes between the electrode, and
the concentration of the species in the electrochemical cell remain unchanged or static,
hence why the method is sometimes called static [63].

e Voltammetric or amperometric methods — these are techniques that involve application of
a linearly varying potential between a working electrode and a reference electrode in an
electrochemical cell containing a high concentration of an indifferent electrolyte to make
the solution conductive (supporting electrolyte) and an electroactive species. The current

through the cell is continuously monitored and a plot of current against potential is
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obtained and is known as a voltammograms [63,64]. This technique deal with the study
of charge transfer at the electrode — solution interface [65]. During the process the
analytes gain or lose an electron, hence gets reduced or oxidized respectively [61]. As a
result these methods are applicable to any species that undergoes a redox reaction as the
resultant current is a sign of the rate at which electrons move across the electron- solution
interface.

This research focuses on voltammetric methods therefore it was important to firstly have an

understanding of concepts voltammetry.

1.6.4.2 Voltammetric techniques

The value of the potential at an electrode cannot be directly known, thus it is the potential
difference between the two electrodes that is measured. The electrode whose potential is a
function of the analyte’s concentration is called the working electrode (WE), while another
electrode whose potential remains constant and against which other potentials can be measured is
called the reference electrode (RE). The third electrode in the cell that completes the circuit is
called the counter electrode (CE) [61,65]. Electrochemical analysis therefore employs three
electrodes as shown in Figure 1.6. The potential is applied to the WE, changing its potential
relative to the fixed potential of the reference electrode. The resulting current between the
working and counter electrode is measured. Common examples of a counter electrode is
platinum wire while that of a reference electrode are the Saturated calomel electrode (SCE) and
as for this study Ag/AgCl electrode [64,66]. Examples working electrodes include mercury,

platinum, gold, silver and carbon electrodes.

17



Auxiliary Working
electrode electrode

. Reference
N; Purge Ime\t\A / /electrﬂde
o
I

- -1

(]

\ Stir bar

Figure 1.6: Systematic representation of a three electrode cell [66].

The current recorded will be comprised of two components; faradaic and non- faradaic currents.
Faradic currents are currents in an electrochemical cell due to an oxidation and reduction
reaction and it is that component of the overall charge that follows Faraday’s laws. Thus linked
to the sum of the electron- transfer reaction effect, which is proportional to the concentration of

the analyte. This is achieved by monitoring the charge transfer during the redox process

described as;
O+ne «—>» R

where O and R are the oxidized and reduced forms of the redox couple, respectively. The

measured current is normally more than the theoretical current.
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The extra current is said to be non faradaic, as it does not follow Faraday’s laws. The overall

current observed is

L overall = | faradaic T | non-faradaic

The non faradaic current can affect the sensitivity of electrochemical techniques, thus there

should be minimized by careful selection of reagents, apparatus and experimental design.

1.6.4.3 Cyclic voltammetry (CV)
In cyclic voltammetry, the potential is scanned to more positive values, resulting in the following

oxidation reaction for the species R

R <> O+ ne

When the potential reaches a predetermined switching potential, the direction of the scan
reverses toward more negative potentials. Since the species O is generated on the forward scan,

during the reverse scan it is reduced back to R.

O+ne «—>» R

Cyclic voltammetry is carried out in an unstirred solution, hence the resulting cyclic

voltammograms in Figure 1.7
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Figure 1.7: Potential against current for cyclic voltammetry. Inset: Waveform, Potential against

time [65].
The peak current in cyclic voltammetry is given b the Randles - Sevcik Equation (1.1);
3 11 :
i, = (2.69 X 10°)n2A,;D2v2C Equation (1.1)

where n is the number of electrons in the redox reaction, Aes is the effective surface area of the
working electrode, D is the diffusion coefficient for the electroactive species, v is the scan rate

and C is the concentration of the electroactive species at the electrode [61].

For a well behaved system, the anodic and cathodic peak currents are equal, and the ratio ipa/ipc
=1.00. The half-wave potential E;,, is the midway between the anodic and cathodic peak

potentials, given by Equation (1.2);

Epq+E
Eif = paz e Equation (1.2)
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Cyclic voltammetry is one of the electrochemical methods that are convenient to mechanisms
and Kinetics. It is also a powerful tool for studying redox reactions in aqueous and organic
solutions, surface deposition and adsorption. CV is usually the first experiment performed in
electro-analysis to provide information on the reversibility, kinetics, and oxidation and reduction
potentials of a system [67]. Once there is a proper mechanistic understanding of the system,
other methods are usually better suited for the precise evaluation of parameters, for example

concentration.

The peak separation of a reversible process is given by Equation (1.3);

AE, = Epq — Epc = 0059 Equation (1.3)

n

In reversible process AE is always greater than 0.059/n V, while for an irreversible process only
one peak will be observed on one of the potential scans. Peak separation (AE) can be used to
calculate the number of electron involved in the system. For systems that have a poor electron

exchange system, the peaks are widely separated and reduced in size.

1.6.4.4 Differential Pulse Voltammetry (DPV)

Differential pulse voltammetry is a more sensitive method compared to cyclic voltammetry.
According to Wang (2001) detection limits can be lowered to nano-molar range by increasing the
ratio between the faradaic and non faradaic currents [61]. The method uses a series of potential
pulses characterized by cycle of time (t), a pulse time of t,, a potential pulse of AE, and a
potential step per cycle of AE, s in Figure 1.8(A). Typical experimental conditions for DPV are t

=1s,tp =50 ms, AE,=50 mV, AEys =2 mV. The current is measured twice, for approximately
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17 ms before the forward pulse and for 17 ms before the reverse pulse. The difference between

the two gives rise to a peak shaped voltammogram in Figure 1.8 (B) [61,62].

potential

1

change in current

potential

Figure 1.8: A. Typical Waveform, Potential against time; B. Potential against current for

Differential Pulse voltammetry [61].

1.6.5 Types of Electrodes.

Electrodes or electrode materials are metals or substances used as the makeup of electrical
components ad are used to make contact with a nonmetallic part of a circuit. They are the
component in a system through which an electrical current is transferred [68] and they are
sometimes referred to as substrates. Examples include platinum (Pt), gold (Au), carbon, or semi-
conductor (SnO,) [61]. The electrode materials must have some basic properties such as good

mechanical and chemical stability.

The material of the working electrode influences performance of voltammetric experiments. The
working electrode must provide high signal noise ratio and good reproducibility. This implies
that a number of factors are considered before an electrode is chosen for any experiment. These

include redox behavior of the target analyte, background current over the potential region
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required, electrical conductivity, mechanical properties, potential window, availability, cost,

surface reproducibility and toxicity [16,13,11].

1.6.5.1 Carbon electrodes

Carbon is a very important widely used electrode material with advantages such as low cost, low
residual currents, chemical inertness, easy modification, great versatility and broad potential
window [69,70]. Properties such as good conductivity, resistance to environmental and chemical
hazards make carbon suitable for electrochemical detection. To enhance and extend application
of these various carbon forms in electrochemical detection systems, the modification of carbon
surface is essential [71]. The common carbon based electrodes are glassy carbon electrode
(GCE), carbon fibres electrodes and carbon paste electrodes. Amongst these electrodes glassy

carbon electrode was chosen for this research.

1.6.5.2 Glassy carbon electrode (GCE)

Glassy carbon is a conductive form of carbon made by pyrolysing carbon or graphite [65]. It is a
form of carbon that is extremely hard and highly conductive to electrons, and is thus a good
choice for fabricating inert electrodes [72]. This electrode is the most widely used electrode of all
carbon based electrodes. A large number of electrochemical publications in which GCE is used
mostly with some form of modification, are seen due to its popularity. These include its use in
heavy metal analysis [73-75], biological compounds, nitrates [7,13,76] and other important
compounds such as electro-catalytic oxidation of methanol [77], pentachlorophenol and many

other analyses.
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1.6.5.3 Electrode modification

Electrodes do not possess selectivity, except that which is due to variations of the imposed
potential. Therefore electrode modification forms a major part of electrochemical research. The
modification of electrodes can be described as the process whereby the electrode is purposely
covered with an adsorbed layer or film to produce an electrode suited for particular function.
This is done to improve the electron transfer kinetics by using electron transfer mediators such as
redox active metal nanopaticles, since bare electrodes usually have slow electron transfer
behavior [78]. The properties of the modified electrode are usually different from those of the
unmodified such as the electron transfer rate [79] and the electroactive surface area. Modified
electrodes, therefore usually show a decrease in the activation over-potential and hence
effectively speed up the reaction, thus reducing interferences and results in lower limits of

detection [80] in addition to selectivity and sensitivity.

Modification of electrodes can be accomplished in various ways such as covalent attachment of a
monolayer, irreversible adsorption and coating the electrode with a film of polymer or other
material [81]. The type of modification used is based mainly on the feasible function. For this
work, GCE was used as an electroanalytical sensor thus modification was directed towards
selectivity and lower detection limits for the nitrite ions. Nanomaterials (CoTCPc and N-GONS)

were used for modification of the GCE by drop-drying technique.

The drop-dry method involves placing a drop of the modifier on the electrode surface and then
letting it dry [82]. The major advantage of this approach is that the coverage is immediately
known from the solution concentration and droplet volume [55]. Other modification techniques
include dip-drying, spin coating, electrochemical polymerization and electrodeposition. The

main aim of electrode modification is usually to increase catalytic effect towards a certain
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analyte. Therefore electrocatalysis at a modified electrode usually proceeds at a lower

overpotential than it would occur at the bare electrode.

Nanomaterials have a good reputation for their high surface areas and interesting chemical

properties such as catalysis hence their use in electrocatalysis.

1.6.5.4 Nanoparticles (NPs) modified electrodes

In this modernizing technical world nanoparticles have attracted attention owing to their low cost
and unique properties. There applicability includes uses in catalysis, optics, bioelectronics and
biosensors. Some of the properties that make NPs unique include their electrical, optical,
mechanical, magnetic and catalytic properties and also they have a high surface area to volume
ratio [83]. Owing to their extra ordinary physical and chemical properties especially their

catalytic nature, NPs have been employed in many electrochemical applications.

Glassy carbon electrodes (GCE) can host metal nanoparticles or as composite with other
materials as this has been accomplished in a number of electrochemical studies. For this study

CoTCPc and N-GONS are used for modification.

1.7 Electrode characterisation

The use of a modified electrode requires the use of physical and electrochemical characterisation.

1.7.1 Physical characterisation techniques for nanomaterials

When nanomaterials are synthesised, they should be followed by characterisation to get
information on their size, charge, shape and composition [84]. The properties of a material can
be greatly influenced by particle size if it is of concern in nanotechnology. Some of the
techniques used to study the size and arrangement properties include Scanning Electron
Microscopy (SEM), Tunneling Electron Microscopy (TEM) and X-Ray Diffraction (XRD)
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1.7.1.1 Powder X-Ray Diffraction

X-ray scattering has for many years been used to study the long range order of the atomic
arrangement in crystals and is now also used in the characterisation of nanomaterials. The atomic
structure influences the pattern, intensity, position, shape of the peaks in XRD [84]. This
technique is not element specific thus the diffraction pattern of unknown samples must be
compared to those of reference compounds from the database. Information regarding the size of
nanoparticles may also be derived from the XRD pattern as the size strongly affects the peak
width [84]. It also gives information about the crystalline nature of compound and the difference

in the d-spacing.

1.7.1.2 Scanning Electron Microscopy (SEM)

This technique gives information about the size and morphology of nanoparticles. This is
obtained by using a finely focused beam of electrons to scan sample surface. The interaction
between the electron beam and solid surface result in a number of elastic and inelastic scattering
processes [84]. During scanning the incident electrons are completely backscattered, remerging
from the surface of the surface. Since the scattering angle is strongly dependent on the atomic
number of the nucleus involved, the primary electrons arriving at a given detector position can be
used to yield images containing both topology and compositional information [84]. This

therefore makes the technique useful for the morphological characterisation of nanoparticles.

1.7.2 Electrochemical characterisation.

For any electrode substrate there is a need to electrochemically probe in order to ascertain
whether that electrode can be used for any electrochemical study. This is usually done by
performing a number of electrochemical experiments (such as CV and sometime electrochemical

impedance spectroscopy, EIS) in some redox systems.
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There are a number of redox systems that been have used to describe and explain the electron-
transfer kinetics on the carbon — electrode based on their electrochemical reversibility. These can
be classified into quasi-reversible inorganic systems and quasi-reversible organic systems [85].
The [Fe (CN)s]*™ redox probe has been extensively studied to benchmark various electrodes
while electron-transfer kinetics on glassy carbon electrodes (GCE) have also been extensively
investigated. Other redox probe are [Ru (NHs)e]*"** (which is positive while [Fe (CN)e]*™" is

negative) and ferrocene (an organic probe).

1.7.2.1 Electrochemical impedance spectroscopy (EIS)

This technique is applied for characterisation of modified electrodes to study the properties of the
interface [86]. The technique is used to investigate the dynamics o bound or mobile charge in the
bulk region of any kind of solid or liquid material. EIS is the ratio of the alternating potential and
the alternating current signal. The technique is favoured for assessing probe surface-confined
species due to advantages which include; potential to adapt for various applications, the ability to
obtain accurate and reproducible measurement and rapid acquisition of such as charge or

electron transfer at the electrode-film interface [87].
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Figure 1.9: Nyquist plot of imaginary impedance against real impedance. Inset: A typical

representation of Randles equivalent circuit for an electrochemical system [88].

A Nyquist plot is a typical plot that can be obtained, this consist of imaginary impedance (Z
imaginary) Versus the real impedance (Z ). It includes a semicircle at high frequencies and linear
portions at low frequencies. The diameter of the circle is equivalent to the electron transfer
resistance (Rc), which monitors the electron transfer kinetics of the redox electrode at the
electrode interface [89]. The plots of the bare and modified electrodes are compared generally
the bare electrode (Fig: 1.9 (a)), is known to display an almost linear curve due to mass
diffusional limiting electron transfer processes. Considering the modified electrode (Fig: 1.9(b))
the Nyquist plot displays a characteristic semi-circle which is fitted by the Randles equivalent
circuit (Ry) (Fig: 1.9). This is known to be due to nature and thickness of the surface of the

modified electrode. The Randles equivalent circuit (Fig: 1.9 insert) consist of R; (the resistance
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of the electrolyte), in series connection with parallel elements of Cq (double layer capacitance),

Rt (resistance to charge transfer) and Z,, (Warbung impedance) [86].

1.8 Summary of the aims of the research

Electrodes do not posses selectivity, except that which is due to variation of the imposed
potential. Therefore electrode modification forms a major part of electrochemical research
whereby nanomaterials are being used as modifiers. Nanotechnology is now subject of major
concern in terms electrochemistry to produce an electrode suited for a particular function.
Chemical or physical coupling of nanoparticles such as N-GONS with CoTCPc can improve
selectivity and electron transfer Kinetics, since bare glassy carbon electrodes usually have
sluggish electron transfer behavior. Based on these known attractive characteristics, the research

is being pursued.
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CHAPTER 2

EXPERIMENTAL

2.0 Introduction

This chapter presents the experimental procedures followed in order to accomplish the set
objectives. The experimental procedures were done to synthesis CoTCPc, N-GONS was kindly
provided by my supervisor Mr Shumba. Then their catalytic properties as BGCE modifiers on
the determination of nitrites was evaluated using cyclic voltammetry, impedance spectroscopy
(EIS) and differential pulse voltammetry (DPV). Factors such as pH and scan rate were
investigated to evaluate the applicability of the best electrode in the electrocatalytic oxidation of

nitrite.

2.1 Chemicals and reagents

All the chemicals which were used in this study were of analytical grade and were used without
further purification. Trimellitic acid anhydride (C9H4Os) from Aldrich chemistry; cobalt (1)
chloride (CoCl2.6H20) and nitrobenzene (CsHsNO2) from Alpha Chemika; ammonium
molybdate ((NH4)2MoOs4) from Glass world; sodium nitrite (NaNOz2) from Minema; phosphoric
acid (HsPO,), potassium ferrocyanide (Ks[Fe(CN)s]); ammonium chloride (NH4Cl), sodium
chloride (NaCl), di- Sodium hydrogen phosphate (Na:HPO4) and potassium dihydrogen
phosphate KH,PO, from Merck Chemicals; urea (CO(NH2)2 ) from Radchem. Dimethyl
sulfoxide (C2HsOS) and methanol (CHsOH) from Associated Chemical Enterprises. Ethanol
(C2Hs50H) from Cosmo chemicals; sodium hydroxide (NaOH), potassium chloride (KCI) and

hydrochloric acid (HCI) from Skylabs. Distilled water was used to prepare all solutions. A stock
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solution of K3 [Fe (CN) s] in 1 M KCI was prepared in 1000 ml; phosphate buffers were prepared

from Na2HPOs and KH,PO,.

2.2 Equipment

Reagents were weighed using an Analytical Balance Model JJ224BC. UV- Vis spectroscopy was
used for characterisation on the Shimadzu UV-1700 spectrophotometer with Pharmaspec
software. FTIR spectra were obtained using Thermo-scientific Model equipped with OMNIC
software. Sonicator model KQ-250B was used for agitation of samples. All electrochemical
experiments were performed using Auto potentiostat PGSTAT302N equipped with NOVA
version 1.10 software and encompassed with a three electrochemical cell comprising of a glassy

carbon electrode (GCE), platinum wire counter and Ag|AgCl reference electrode.

2.3 Synthesis of cobalt tetracarboxy-phthalocyanine (CoTCPc)

o COOH _._COOH
I\ \ \ [
- (NH;);:MoOs . NH,CL f-.ﬁ_%_ S,
0 —_— 1 [DC]:&H:G.' MM, ,h-‘-\
) > A NA
/ i 8] MO-.185 9y TN NTY
- , (40ml) CgH,NO,.185 °C/4 b T(/’Hf& ~
cooE ="CooH
Trimellitic acid anhydride CoTCPe

Figure 2.1: Synthesis of Cobalt tetracarboxy-phthalocyanine (CoTCPc) [52]

Trimellitic acid anhydride (4.79 g,), cobalt (11) chloride (3.71 g), ammonium chloride (0.27 g),
ammonium molybdate (0.59 g), and urea (15 g) were mixed and finely ground. The mixture was
then added to 40 ml of nitrobenzene and was heated under reflux at 160 °C - 190 °C for 4 h. A
dark coloured solid was formed in solution and this was filtered off and washed several times

with methanol. Then the solid was Soxhlet extracted for 12 h to further remove any nitrobenzene
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left and then was dried overnight at 70 °C to form the amide complex, which was boiled with
275 ml of 1 M HCI and excess NaCl. The solution was neutralized by 1 M NaOH then separation
of the solid was done by vacuum filtration and to the resultant sodium salt solution, 1 M HCI was
added to precipitate the tetracarboxyl-complex. The solution was then filtered and the resultant
dark blue/green complex was dried at 70 °C in an oven and then was stored in a desiccator prior

to further procedures.

2.3 Characterisation of CoTCPc, N-GONS and mixture.

2.3.1 Fourier Transfer Infrared Spectroscopy (FTIR)
FTIR was used to characterize all the samples in liquid state. The IR spectra for all samples were

obtained by using solutions and suspension of analytes in DMSO.

2.3.2 Ultra-Violent Spectroscopy (UV-Vis)
The UV-Vis electronic absorption spectra were obtained by using solutions and suspension of

analytes in DMSO, using a 1 mm quartz cuvette.

2.4 Electrochemical methods

2.4.1 Preparation of electrode modifiers
Masses of 0.1 g of the synthesised CoTCPc and 0.1 g N-GONS were both dissolved in 50 ml
DMSO and a mixture of the two was prepared from 0.1 g of each complex and dissolved in 100

ml DMSO and these solutions were ultra-sonicated for 30 minutes.

2.4.2 Chemical modification of electrodes
Before modification the BGCE was carefully polished with alumina paste on Buehler felt pads

and then was ultrasonically cleaned in ethanol for 5 minutes. Then rinsed with distilled water and
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was air dried before each modification. The cleaned BGCE was modified by drop and dry
method by applying 2 pL of each of the modifiers. The dry GCE was then modified with

CoTCPc, N-GONS and CoTCPc and N-GONS mixture.

Table 2.1: Working electrodes used in this research.

Electrode Modifier Electrode Designation
Bare Glassy Carbon. BGCE
Cobalt tetracarboxyl-phthalocyanine. CoTCPc-GCE
Nitrogen doped graphene oxide nanosheets. N-GONS-GCE

Cobalt tetracarboxyl-phthalocyanine and Nitrogen | CoTCPc/N-GONS-GCE

doped graphene oxide nanosheets mixture

2.5 Phosphate buffer
Phosphate buffer solution was prepared by mixing stock solution of 0.1 M KH,PO,4 and 0.1 M

Na;HPO4 and adjusting the pH either with 0.1 M NaOH or 0.1 M H3PO,

2.6 Sodium nitrite analysis
A volume of 1 mM sodium nitrite was prepared by dissolving 0.0345 g in phosphate pH 7 buffer

and diluted to 500 ml.
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CHAPTER 3

RESULTS AND DISCUSSION

3.0 Introduction

This chapter presents and discuses detailed research findings.

3.1 Characterisation
Synthesised CoTCPc, N-GONS and the mixture were characterized by FTIR spectroscopy and
UV-Vis spectroscopy. FTIR was used to verify the available functional groups and UV-Vis

spectroscopy to confirm the characteristic absorption spectra of the phthalocyanine and effect of

mixing with N-GONS on the Q band.

3.1.1 Fourier Transfer Infrared Spectroscopy (FTIR)
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Figure 3.1: FTIR spectrum for: (a) CoTCPc, (b) N-GONS and (¢) CoTCPc/N-GONS composite.
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FTIR spectra of all the three complexes were recorded in the fundamental region 4000-400 cm™
(Fig 3.1) by analysis of liquid samples of the complexes in DMSO. Peaks at 699.39-701, 873.34-
888, 911- 954.90, 1087-1096 and 1121-1165 cm™ are observed for CoTCPc (fig 3.1(a)) which
may be assigned to phthalocyanine skeletal vibrations [80,90]. The vibration band at 1662.42
may be assigned to C=0 carbonyl of the tetra carboxylic acid groups. Also broad O-H stretch
from 3403.80-3270 cm™ was noticed. The peaks at 1312.36 and 1095.32 cm™ are typical

stretches of C-O [56].

The FTIR spectra of N-GONS (Fig 3.1(b)) displayed peaks at 1662.36 and 1435.36 cm™
corresponding to the C=0 stretching vibration peak and aromatic C=C stretching peak. Also

bands at 2221.86 and 1160 cm™ can be assigned to CN triple bond and C-N stretching [91].

The FTIR of the mixed complexes (Fig 3.1(c)) shows no significant bathochromic effect as the

peaks show no red shifting.
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3.1.2 UV-Vis Spectroscopy
1.2 +

Absorbance

200 300 400 500 600 700 800
Wavelenght (nm)

Figure 3.2: Electronic absorption spectra of: (a) N-GONS, (b) CoTCPc and CoTCPc/N-GONS

mixture. Solvent dimethyl sulphoxide (DMSO).

The UV-Visible spectra of N-GONS (Fig. 3.2 (a)), bands appeared at 210 nm and 230 nm. The
bands can be assigned to ™ — ™ transition of C=C [22,92,93] and n — ™ of the carbonyl

groups [22,58], due to the transition from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). The spectra for CoTCPc (Fig. 3.2 (b)) had B-band

at 610 nm and a strong absorption peak (Q-band) at 680 nm. The Q-band is attributed to allowed
T — " transition [41]. The UV-Visible spectra of CoTCPc/N-GONS mixture (Fig. 3.2 (c))

showed a B- band at 630 nm and a red shifted Q-band at 00 nm, indicating that CoTCPc

interacted with N-GONS. The red shifting (Bathochromic) shift due to the electron transfer from
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electron rich N-GONS to phthalocyanine ring, thus lowering the gap between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
[29,37,94]. According to literature this electron transfer results in the formation of w —«

stacking interaction between graphene sheets and CoTCPc [16,42,69].
3.2 Electrochemical characterisations

3.2.1 Voltammetric studies in 5 mM Kj[Fe (CN) ¢] (in 1 M KCI solution)
All electrodes were scanned in 5 mM Ks[Fe (CN) ¢] (in 1 M KCI) and the obtained cyclic

voltammograms and AE,values are shown in Fig 3.3 and Table 3.1 respectively.

E/V vs Ag|AgCI

Figure 3.3: Cyclic voltammograms for: (a) BGCE, (b) CoTCPc-GCE, (¢) N-GONS-GCE and

(d) CoTCPc/N-GONS-GCE in 5 mM Kgs[Fe (CN) ¢] (in 1 M KCI). Scan rate =100 mV/s.

37



Table 3.1: AE,values of all working electrodes.

Electrode Modifier A Ep values/V
BGCE 0.21
CoTCPc-GCE 0.13
N-GONS-GCE 0.11
CoTCPc/N-GONS-GCE 0.09

The different electrodes gave peak potential differences with the following trend: CoTCPc/N-
GONS-GCE < N-GONS-GCE < CoTCPc-GCE< BGCE (as shown in Table 3.1).

The CoTCPc/N-GONS-GCE displayed excellent electron-transfer rate among all the electrodes.
The above trend displays the advantage of combining a metallophthalocyanine and the nitrogen
doped graphene complex compared to the bare electrode as the phthalocyanine creates a suitable
microenvironment for the electroactive graphene and thus increase the electrochemical activity
[16,31,43]. The AE, values decrease from bare to CoTCPc-GCE, is due to the improved flow of
electrons on the surface of the electrode due to pie electrons in the Pc [29].

From CoTCPc-GCE to N-GONS-GCE, is due to the unique nanostructure, the covalent
interactions between N and graphene, the conductivity and high surface area which reduce the
electron transfer enhancing better current flow.

From N-GONS-GCE to CoTCPc/N-GONS-GCE, mixing the MPc with graphene oxide
nanosheets proved to have synergistic effect. This is due to the combined properties of the two

complexes, especially due to nitrogen doped graphene oxide nanosheets which have superb
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characteristics of chemical stability, high electrical conductivity and larger surface area

[11,15,18].

3.2.2 Surface area determination
The surface area of the modified GCE was determined in 5 mM Kz [Fe (CN) 6] in (1 M KCI), by

applying the Randles - Sevcik Equation (3.1) [25]
i, = (2.69 x 105)n§AD§v§C (3.1)

where i, is the peak current, n is equal to the number of electrons transferred at the surface of the
electrode,

Fe(CN);” + e~ » Fe (CN)¢~ (3.2
From Equation (3.2), n is equal to 1, D is the diffusion coefficient of the analyte in solution i.e.

7.6 X 10~%cm?s~1 and C is the concentration in mol/cm3, A is the effective surface area and

1
v is the scan rate (V/s). From Equation (1), i, is proportional to vz and produces a linear plot

with slope m, given by the Equation (3.3)

m = (2.69 x 105)n3/24,,,D'/2C (3.3)
Scan rate studies were done from 100 mVs™ = 350 mVs™. Figure 2 shows the obtained
voltammograms at different scan rates and a plot of i, vs v1/2 is shown as an insert. The plot

showed a linear relationship with a R? value of 0.9906.
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Figure 3.4: Effect of scan rate on peak potentials and currents (a) 100 mV/s, (b) 125 mV/s, (c)
150 mV/s, (d) 175 mV/s, (e) 200 mV/s, (f) 250 mV/s, (g) 300 mV/s and (h) 350 mV/s, on
CoTCPc/N-GONS-GCE in 5 mM Kj[Fe (CN) ¢] (in 1 M KCI). Inset: Plot of peak current versus

root of scan rate

Using Equation (3.3), the effective surface area of CoTCPc/N-GONS-GCE was found to be
0.174 cm®. Comparing to the known surface area of BGCE of 0.0712 cm?, the ratio was 2:1
respectively. This indicates that the modified electrode provided a large surface area for electro

catalysis than the BGCE.
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3.2.3 pH studies in phosphate buffer
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Figure 3.5: pH studies for COTCPc/N-GONS in 1 mM sodium nitrite, from pH 4 to pH 9 (a-f)

respectively. Insert: Plot of current against pH. Scan rate = 50 mV/s

pH was varied from 4 to 9 and peak potential and current for each pH were noted. Maximum
peak current was observed at pH 7, but pH 6 was chosen as the optimum pH since it has a lower
peak potential. The plot of peak current against pH also displays that the variation in peak
currents for pH 5, 6 and 7 are very small and oxidation of sodium nitrite occurs at a lower peak

potential at pH 6 (Figure 3.5 inset).
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Figure 3.6: Plot of peak potential against pH

The plot of E}, against pH had a correlational value of 0.9776 and a slope of -0.0494, which
proved that equal number of protons and electrons participated in the reaction [31]. The plot
proves that the electrocatalytic oxidation of sodium nitrite is a one electron transfer process as
indicated by the slope value obtained which was close to the actual slope value for a single

electron transfer process which is -0.05916 [95].
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3.2.4 Comparative studies in pH 6

E/V vs Ag/AgCI

Figure 3.7: Cyclic voltammograms for: (a) BGCE, (b) N-GONS-GCE, (c) CoTCPc-GCE and

(d) CoTCPc/N-GONS-GCE all in pH 6 phosphate buffer. Scan rate= 50 mV/s.

Electrodes (c) and (d) showed broad peaks at 0.86 V which were attributed by the oxidation

between cobalt and the phthalocyanine ring (Co'!Pc=1|Co'' Pc~?) [95].

3.2.5 Surface Coverage

Surface coverage is defined as the thin film of modifier deposited on the electrode surface and it

is calculated according to equation (3.4) [35,79].

n2F2ACv
ipa = 0 (3.4)
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where n is the number of electrons involved in the reaction, F is the faraday constant which is
equal to 9.6487 C/mol, A is the effective surface area of the electrode, and I" is the surface
coverage in mol cm?, v is the scan rate, R is the gas constant (8.314 kJ/mol) and T is the

temperature in Kelvins.

0.4 0.6 0.8 1 1.2
E/V vs Ag|AgCl

Figure 3.8: Cyclic voltammograms of CoTCPc/GONS-GCE in phosphate buffer pH 6 with
increasing scan rate (a) 50 mV/s, (b) 100 mV/s, (c) 150 mV/s, (d) 200 mV/s, (e) 250 mV/s and

(f) 300 mV/s.

Peak currents were sampled at 0.86 V to plot current against scan rate in Figure 3.9
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Figure 3.9: Plot of current against scan rate

From Equation (3.4) the plot of current against scan rate gives the Equation (3.5)

n?F2A
4RT

slope = ( )T (3.5)

A surface coverage of 1.22 x 10™* mol cm™ was obtained.
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3.2.6 Comparative study in 1 mM sodium nitrite in pH buffer 6

ISHA C S5 HA a

0.4 0.6 0.8 1

E/V vs Ag|AgCl
0.4 0.6 0.8 1 1.2

E/V vs Ag|AgCI

Figure 3.10: Cyclic voltammograms of:(a) BGCE , (b) CoTCPc-GCE , (¢) N-GONS-GCE and

(d) CoTCPc/N-GONS-GCE in 1 mM sodium Nitrite in pH 6 buffer. Inset BGCE. Scan rate = 50

mV/s

Figure 3.10 shows that the oxidation sodium nitrite started at a lower potential for CoTCPc/N-

GONS-GCE, therefore the combination of cobalt phthalocyanine and nitrogen doped graphene

had improved electrocatalytic property compared to the BGCE and other modifications. Current

increased in the order CoTCPc/N-GONS-GCE< N-GONS-GCE< CoTCPc-GCE< BGCE.
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Table 3.2: Peak currents, initial oxidation potential and peak oxidation potential for all probes,

in 1 mM sodium nitrite in pH 6 buffer.

Electrode Initial Oxidation Peak oxidation Current
Potential, E/V Potential, E/V (LA)
BGCE 0.72 0.88 32.8
CoTCPc-GCE 0.71 0.87 34.8
N-GONS-GCE 0.68 0.85 35.2
CoTCPc/ N-GONS-GCE | 0.66 0.84 35.5

Previous studies for the electrochemical determination of nitrites have been done using modified

silver doped zeolite-expanded graphite-epoxy electrode and the oxidation potential was 0.90 V

[2,96] . Comparing previous studies results with CoTCPc/N-GONS-GCE, it shows that it is the

best electrode for the determination of nitrites.
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3.2.7 Electrochemical Impedance Spectroscopy
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Figure 3.11: Nyquist plot of (a) CoTCPc/GONS-GCE, (b) N-GONS-GCE, (c) CoTCPc-GCE,

(d) BGCE in 1 mM sodium nitrite (Phosphate buffer pH 6). Inset: (a) - Suggested Randles

equivalent circuit model for the impedance spectrum (WE-working electrode, RE-reference

electrode); (b) - Enlarged nyquist plot.

Further investigations were done using electrochemical impedance spectroscopy (EIS) in 1 mM

sodium nitrite to deduce the electrochemical behaviour of the electrodes. The nyquist plots in

Figure 3.11 of the four electrodes comprised of minute semicircles and straight line portions. The

diameter of the semicircle corresponds to the charge transfer resistance and diffusion controlled
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process respectively [97]. The straight line portion represents the Warburg impedance which
takes into account the frequency dependence on diffusion transportation to the electrode
surface [98]. The representative circuit for the Nyquist plots shown by inset in Figure 3.11(a)
where, Rs, Cq, Rct and Zw represent solution resistance, a constant phase element, the charge

transfer resistance and the Warburg impedance respectively [99].

The apparent electron transfer rate constant (kapp) Were obtained using Equation (3.6) [101];

_ RT
avp " F2RcrC

k (3.6)

where C is the concentration of sodium nitrite (1 mM), with R, T and F having their usual
meanings. As reflected in its Kapp and Rer values, CoTCPc/N-GONS-GCE exhibited fastest
electron transfer process towards nitrite compared to other electrodes investigated in this

research.

Table 3.3: Estimated parameters for the different electrodes.

Electrode Rcr(Q) Kapp (CMs™)
Bare GCE 484.74 5.49 x 1077
CoTCPc-GCE 181.33 1.47 x 107°
N-GONS-GCE 155.35 1.71 x 107°
CoTCPc/N-GONS-GCE 145.47 1.83 x 107°

The order of decrease of electron transfer efficiencies is as follows BGCE < CoTCPc-GCE< N-
GONS-GCE < CoTCPc/N-GONS-GCE. The trend is the same as the one obtained in table 3.2
from the cyclic voltammetry study where CoTCPc/N-GONS-GCE exhibited reduced potentials

and improved currents.
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3.2.8 Kinetics
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Figure 3.12: Cyclic voltammograms for CoTCPc/N-GONS-GCE in 1.0 mM sodium nitrite in
pH 6 buffer. Scan rates: (a) 75 mV/s, (b) 100 mV/s, (c) 125 mV/s, (d) 150 mV/s, (e) 175 mV/s,
(f) 200 mV/s, (g) 225 mV/s, (h) 250 mV/s, (i) 300 mV/s and (j) 350 mV/s. . Insert: Plot of peak

current against square root of scan rate.

The effect of varying scan rate showed that the electro-catalytic oxidation of sodium nitrite was
diffusion controlled [58,94,100], as shown by the insert, where the plot of peak current against

scan rate showed linear relationship with a correlation value of 0.9956.
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Figure 3.13: Plot of E,, against logv

From the plot in Figure 3.13, a Tafel slope of 270 mV/ decade (2 x slope) was produced. Such
Tafel slopes have no kinetic meaning and are consistent with substrate-catalyst interaction in a
reaction intermediate or simply passivation of the electrode surface [101]. Very high Tafel
slopes, much greater than the normal of 30-120 mV/ decade for a one electron rate determining
step are known and have been linked to chemical reactions coupled to electrochemical

steps[25,98].
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3.2.9 Order of reaction

Fig 3.14 is a plot of log | versus log [concentration] for sodium nitrite.
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Figure 3.14: Plot of log current vs. log concentration of sodium nitrite

The slope from plot of log current vs log concentration gives the order of the reaction of the
analyte [2]. From Figure 3.14 the slope is 0.8836 for the electro analysis of sodium nitrite,
which is approximately equal to one, thus the catalytic oxidation of sodium nitrite is a 1% order

reaction.

The proposed mechanism for the catalytic oxidation of sodium nitrite is given by Equation (3.7),

(3.8) and (3.9);

Co™Pc?*™ — Co™Pc™ + e~ (3.7)
Co™Pc™ + NO; — Co™Pc?* + NO, (3.8)
2NO, + H,0 & NO; + NO3 + 2H* (3.9
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3.2.10 Limit of detection

Differential pulse voltammetry was used to detect sodium nitrite at different concentrations, due
to its ability to generate well defined peaks at low concentrations. The CoTCPc/N-GONS-GCE
probe was used on different concentrations of sodium nitrite. The Relationship between the peak

current and concentration is shown in Figure 3.15 insert.
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Figure 3.15: Differential pulse voltammetric determination of sodium nitrite at different
concentrations: (a) 0.5 mM, (b) 1 mM, (c) 1.5 mM, (d) 2 mM, (e) 2.5 mM and (f) 3 mM. Insert:

Plot of peak current against concentration. Scan rate = 100 mV/s.

The plot of peak current against concentration produced a linear relationship as shown in Figure
3.15 insert. The relationship was statistically analysed by the least square regression method.

Calculations were done using the excel Linest formula. The linear regression equation was
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obtained as i, = 2 x 107°x +4 x 1077 and R* = 0.9928, where x is he concentration of the
analyte. The limit of detection is equivalent to 3a/s, where o is the standard deviation of the
intercept and s is the slope of the calibration curve. The limit of detection (LOD) was found to
be 2.49 x 1077 M, which lower than other reported researches for nitrite detection [2,22,23]. .

The limit of quantification (10a/s), for sodium nitrite was 8.29 x 10~7 M.

3.2.11 Reproducibility
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Figure 3.16: Differential pulse voltammograms for CoTCPc/N-GONS-GCE in 1 mM sodium

nitrite in PBS (pH 6). Scan rate = 100 mVs™.

The CoTCPc/N-GONS-GCE was used to detect nitrites in 1 mM sodium nitrite for three times,
in the same analyte concentration. The fabricated sensor was rinsed with distilled water before

each run in order to remove any substrate on the electrode surface. There were slight
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unnoticeable variations in the peak current upon each assay, with standard deviation of less than

zero. This indicated good reproducibility of the modified electrode [28,71].

3.2.12 Electrode stability

0.4 0.6 0.8 1 1.2
E/V vs Ag/AgCI

Figure 3.17: 20 continuous cyclic voltammetric evolutions in 1 mM sodium nitrite produced on

CoTCPc/N-GONS-GCE. Scan rate = 100 mV/s. pH 6 buffer

From Figure 3.17 it is noted that peak current decreases as the number cycles continues, with the
highest decrease between the first and the second scan and the drop in current becomes very
small showing the passivation of the electrode. The rate at which current drops is a measure of
resistance to passivation of the electrode towards the analyte [70]. There is an increase in the
oxidation potential as the number of cycles continues and the highest differences are observed

between the first and second scan. The increase becomes very small. The oxidation potential of
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the first scan is lower than the second scan but it later becomes almost constant as the number of

scans continues showing passivation of the electrode.

3.2.13 Interference studies

=<\ MgSO
0.5 PA R NI S :

0.4 0.6 0.8 1 1.2
E/V vs. Ag|AgCI

Figure 3.18: Differential pulse voltammograms of nitrite oxidation with and without

interference. Scan rate 100 mV/s.

The selectivity of the CoTCPc/N-GONS-GCE towards 1 mM sodium nitrite was examined in the
presence of other foreign species in 0.1 M PBS (pH 6). The species included magnesium
sulphate and urea which were evaluated using DPV. The concentrations of the interfering
compounds were in a 100 fold concentration [30]. The relative standard deviation (%) was

calculated using the formulae;
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(analyte+inter)

RSD (%) = 1 — (2 —apm—) X 100 (3.10)
pa

where I,,*"**¢ and I,,™*" are the peak currents for sodium nitrite and for the interfering
respectively. Relative standard deviation (%) above 10% show that the compound interferes with
the analyte. The RSD % were 23% for Urea and 8,7% for magnesium sulphate. The selected
compounds showed that urea interferes with oxidation of sodium nitrite since the value was

above 10%.
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CHAPTER 4

4.0 Conclusion

CoTCPc nanopaticles were synthesised. The IR spectra and UV-Vis for results CoTCPc and N-
GONS corresponded to similar compounds in literature. Further characterisation to evaluate the
use of CoTCPc and N-GONS in the modification of glassy carbon electrode for the detection of
nitrites was done and the results were successful in CV, DPV and EIS. The results showed that
using CoTCPc and N-GONS can lower glassy carbon electrode oxidation potential of sodium

nitrite.

The surface area of CoTCPc/N-GONS-GCE was 0.174 cm?, which was twice that of a BGCE
indicating that the modified electrode displayed an improved larger surface area for
electrocatalysis. The surface coverage was 1.22 x 10™ mol cm™, showing the deposited modifier
on the electrode surface. The CoTCPc/N-GONS-GCE exhibited fastest electron transfer process
towards nitrites compared to other electrodes investigated in this work as reflected in its kapp and
Rer values of 1.83 x 10° cms™ and 145.47 Q. The electrochemical detection of nitrites with
CoTCPc/N-GONS-GCE was successful producing high peak currents compared to other
electrodes. The catalytic oxidation of nitrites was found to be a 1% order reaction with a Tafel
slope of 270 mV/ decade. Peak current increased with increasing nitrite concentration, while
peak potential reduced. LOD was 2.49 x 10~7 Mand LOQ was 8.29 x 107 M. The electrode

showed good stability, sensitivity and reproducibility with lower oxidation potential at 0.86 V.
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4.1 Recommendations

Further studies can be carried out by introducing large functional groups onto the CoPc ring,
groups such as alkyl or aryl groups can be used so as to observe their effect on the
electrocatalytic activities of the nitrites. Effect of temperature and accumulation time can also be
studied. | recommend the use of CoOTCPc/N-GONS-GCE for the detection of nitrites in the water

works industry and mineral water bottlers.
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APPENDIX
APPENDIX A: MATERIALS
List Al: Apparatus used for synthesis and characterisation
Beakers, volumetric flasks (100 ml, 250 ml, 500 ml, 1000 ml), burette, spatula, pestle and
mortar, sample bottles (500 ml), filter funnels, conical flasks, weighing crucibles, measuring
cylinder (10 ml, 50 ml, 100 ml),whattman filter papers, Erlenmeyer flask, Liebig’s condenser,
distillation flask.

Table Al: Reagents and chemicals.

Name Chemical formula Manufacturer Concentration/Mass
Trimellitic acid C9H40s Sigma Aldrich 4799
anhydride

Cobalt (1) chloride CoCl2.6H20 Alpha Chemika 3.71¢
Ammonium chloride | NH4Cl Merck Chemicals 0.27¢
Ammonium (NH4)2MoOa4 Glass world 0.59¢
molybdate

Urea CO(NH2)2 Radchem 15.0¢
Nitrobenzene CeHsNO:2 Alpha Chemika 2M
Ethanol C2HsOH Cosmo chemicals 99%
Hydrochloric acid HCI Skylabs 85 %
Sodium hydroxide NaOH Skylabs 0.1M
Sodium chloride NaCl Merck Chemicals 0.1M
Methanol CH30OH ACE 95%
Sodium nitrite NaNO2 Minema 0.1M
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Phosphoric acid H3PO4 Merck chemical 0.1 M

di Sodium hydrogen | Na2HPOa4 Merck chemical 0.1M
phosphate

Dimethyl sulfoxide C2HsOS ACE 2M

Potassium dihydrogen | KH2PO4 Merck chemical 0.1M
phosphate

Potassium bromide KBr Skylabs 0.01g
Potassium chloride KCI Skylabs 1M

Distilled water H,O MSU labs -

Table A 2: Instrumentation.

Name Model Manufacturer Use in research
Analytical Balance JJ 224 BC Gand G Weighing

FTIR Nicolet 6700 Thermoscientific Characterisation
pH meter Orion star- A 211 Labotec pH measurement
Potentiostat PGSTAT302N AUTO LAB Electroanalysis
UV-vis UV-1700 Shimadzu UV spectra
Sonicator KQ-250B China Corp. Ultra-agitation

Treatment of Glassware

Laboratory detergents were used to wash glassware after which they were rinsed using distilled

water to remove contaminants and impurities. This would help minimise interference that could

occur during analyses.




APPENDIX B: UV-Vis spectra data.

CoTCPc N-GONS CoTCPc/N-GONS
Wavelength | Absorbance | Absorbance Absorbance
200 0.73 0.728 0.729
210 0.967 0.965 0.966
220 0.976 0.974 0.975
230 0.937 0.936 0.937
240 1.033 1.032 1.032
250 1.012 1.01 1.011
260 0.952 0.95 0.95
270 0.878 0.877 0.876
280 0.837 0.837 0.836
290 0.823 0.816 0.819
300 0.756 0.664 0.712
310 0.567 0.39 0.479
320 0.505 0.234 0.374
330 0.47 0.137 0.322
340 0.415 0.088 0.28
350 0.424 0.074 0.279
360 0.375 0.065 0.243
370 0.297 0.063 0.189
380 0.225 0.061 0.142
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390 0.164 0.043 0.095
400 0.142 0.055 0.087
410 0.107 0.055 0.064
420 0.08 0.054 0.046
430 0.067 0.059 0.039
440 0.058 0.057 0.034
450 0.045 0.055 0.026
460 0.036 0.052 0.02
470 0.031 0.054 0.026
480 0.026 0.051 0.013
490 0.024 0.048 0.011
500 0.023 0.05 0.01
510 0.024 0.051 0.011
520 0.026 0.049 0.012
530 0.03 0.052 0.014
540 0.037 0.054 0.017
550 0.05 0.055 0.023
560 0.067 0.05 0.025
570 0.09 0.048 0.028
580 0.116 0.046 0.032
590 0.16 0.047 0.044
600 0.241 0.042 0.057
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610 0.32 0.042 0.08
620 0.303 0.043 0.129
630 0.3 0.044 0.181
640 0.35 0.043 0.162
650 0.454 0.042 0.156
660 0.633 0.043 0.181
670 0.768 0.041 0.238
680 0.833 0.038 0.356
690 0.73 0.042 0.533
700 0.383 0.041 0.618
710 0.167 0.039 0.504
720 0.086 0.038 0.242
730 0.053 0.037 0.101
740 0.034 0.036 0.049
750 0.021 0.035 0.028
760 0.015 0.035 0.016
770 0.011 0.034 0.007
780 0.009 0.037 0.003

APPENDIX C: CALCULATIONS
C 1: Effective surface area (Aeff)

Constant R = 8.314 Jmol-1, T =273 K
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Rearranging Randles-Sevcik equation
3 1
Aer = m/((2.69 x 10%)n2D2C)
where D=7.6 x 108cm?s ™, n=1, m=0.6441, C =0.005 M and A = 0.174 cm 2.

C 2: Surface coverage/ T’

n2rF24
ART

slope = ( ).

Constant R = 8.314 Jmol-1, T= 273 K

where Aer = 0.174cm?, n=1, F = 96487 C/ mol and T =1.12 x10° mol/cm?.

C 3: Limit of Detection (LOD) and Limit of Quantification (LOQ)

Table C1: Excel Linest function.

Coefficients Standard Error
Intercept 4.00667x 1077 1.98561x 1077
X Variable 1 2.39486x 10~° 1.01971x 1077

C4: Apparent rate constant (Kapp)

_RT
PP F2Rcrc

k , Constant R = 8.314 Jmol-1, T =273 K

where C = 0.001 M.

76



