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ABSTRACT

Electrocatalysis of degradation products of V-type nerve agents at single-
walled carbon nanotube basal plane pyrolytic graphite modified electrodes

by

Jeseelan Pillay

Supervisor: Dr. K. . Ozoemena

Submitted in fulfilment of the requirements for the degree of Master of Science,

Department of Chemistry, University of Pretoria, Pretoria

O-ethyl S-2-diisopropylaminoethyl methylphosphonothiolate (VX) and O-
isobutyl-S-2-diethylaminoethyl methylphosphonothioate (R-VX), are considered
chemical warfare agents due to their strong acetylcholinesterase-inhibiting
properties. Subsequent to terrorist use of these V-type nerve agents in both
Japan and the United States of America (the September 11, 2001 attacks) and
the limited capability of anti-terrorist groups to detect such weapons, there has
been an increased obligation by the Chemical Weapons Convection for specific
detection and identification methods for VX and R-VX. Chemical and/or
enzymatic hydrolysis yields sulfhydryl mimic products, diethylaminoethanethiol
(DEAET) and dimethylaminoethanethiol (DMAET).

This thesis investigates the electrocatalytic parameters of DEAET and
DMAET using basal plane pyrolytic graphite electrodes (BPPGEs) modified with:

(a) single-wall carbon nanotube (BPPGE-SWCNT); (b) SWCNT functionalised



with cobalt (I1) tetra-aminophthalocyanine by (i) physical (BPPGE-SWCNT-
CoTAPCmixy), (ii) chemical (BPPGE-SWCNT-CoTAPCo) and  (iii)
electrochemical adsorption (BPPGE-SWCNT-CoTAPC(gs)) processes; (c) nickel
powder (BPPGE-Ni); (d) BPPGE-Ni decorated with SWCNT (BPPGE-Ni-
SWCNT), and (e) SWCNT functionalised with nickel (1) tetra-
aminophthalocyanine (BPPGE-SWCNT-poly-NiTAPC).

Electrochemical studies (performed by voltammetric and electrochemical
impedance spectroscopic techniques) revealed that the SWCNT and SWCNT-
CoTAPcmixy films showed comparable electrocatalytic responses towards the
detection of DEAET and DMAET whereas competitive electrochemical behaviour
was seen between SWCNT and SWCNT-NITAPc modified BPPGEs. Using the
BPPGE-SWCNT-CoTAPCmix, the estimated catalytic rate constants (k) and
diffusion coefficients (D) were higher for DEAET than for the DMAET. Also, the
detection limits of approximately 8.0 and 3.0uM for DMAET and DEAET were
obtained with sensitivities of 5.0 10 * and 6.0 10 >AM"* for DMAET and DEAET,
respectively. Unlike BPPGE-SWCNT-CoTAPCmixy that detected the two
sulfhydryls at slightly different potentials, BPPGE-SWCNT did not.

The BPPGE-Ni gave enhanced Faradaic response for the redox probe
([Fe(CN)s]*™ ) and also displayed enhanced electrocatalytic behaviour towards
the detection of DMAET and DEAET with high sensitivity (~23x10° AM*') and
low detection limits (4.0 9.0 uM range). In comparison to other electrodes
reported in the literature, BPPGE-Ni exhibits more promising features required

for a simple, highly sensitive, fast and less expensive electrode for the detection



of the hydrolysis products of V-type nerve agents in aqueous solution. The
efficient response of the BPPGE-Ni is attributed to the high microscopic surface
area of the nickel powder. The poor response of the BPPGE-Ni-SWCNT
suggests that the nickel impurity in SWCNT did not show any detectable impact
on the heterogeneous electron transfer kinetics of SWCNT.

Unlike the nickel powder, SWCNT and CoTAPc-SWCNT, the NiTAPc-
SWCNT hybrid did not show significant electrocatalysis towards the detection of
the sulfhydryls. It is interesting, however, to observe for the first time that
SWCNT induced crystallinity on the electropolymer of NiTAPc, and that such
electropolymer exhibit charge-storage /-transfer properties that greatly enhance

the electrochemical response of nitric oxide.

Vi
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CHAPTER ONE

INTRODUCTION



Introduction

1.1  GENERAL OVERVIEW

The ability to measure accurately molecules of environmental, industrial,
pharmaceutical, clinical and biomedical importance is crucial to the
understanding of the various roles they play in human systems. The use of
analytical methods such as chromatography and spectroscopy for the detection
and measurement of pollutants are difficult and time-consuming. Electrochemical
sensors however, hold an outstanding ability among analytical devices available
for environmental applications because of their simplicity and low-cost, hence the
need to design and fabricate smart and highly selective electrochemical sensing
devices is of immense importance. The success of electrochemical sensing
depends on the type of electrode used, the electrocatalysts used to modify the
electrode or sensor as well as the construction technique (which determines its
stability or shelf life and reliability).

This project describes the electrocatalytic behaviour of single-walled
carbon nanotube (SWCNT) basal plane pyrolytic graphite electrode (BPPGE)
modified with tetraamino-phthalocyanine complexes of cobalt (CoTAPc), nickel
(NITAPc) and nickel powder towards the detection of sulfhydryl degradation
products of V-type nerve agents, notably diethylaminoethanethiol (DEAET) and

dimethylaminoethanethiol (DMAET).
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Aim of Thesis:

To characterize single-walled carbon nanotube integrated to redox-active
CoTAPc and NiTAPc using spectroscopic, microscopic and
electrochemical techniques.

To modify basal plane pyrolytic graphite electrode (BPPGE) with (i)
SWCNT, (ii) SWCNT-CoTAPc, (iii) SWCNT-NIiTAPc and (iv) nickel powder
(Ni), and establish their electrochemical properties.

To investigate the electrocatalytic ability of modified electrodes towards
the detection of the degradation products of V-type nerve agents, notably

DEAET and DMAET.

In this introductory section, a general overview of the degradation
products of V-type nerve agents, electrochemical techniques, carbon
nanotube (CNT) and metallophthalocyanine (MPc) as catalysts and
electrode modifier will be given. In chapter two the procedure adopted for

the experiment is provided. Chapter three discusses the results obtained.
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1.2 THIOL-CONTAINING HYDROLYSIS PRODUCTS OF V-TYPE NERVE AGENTS
Organophosphates based chemical warfare agents (OPCWASs), especially
those of the V-type nerve agents and their sulfhydryl hydrolysis products [1,2]

(Table 1.1) are becoming a major global concern.

TABLE 1.1: Molecular structures of V-type nerve agents and their

corresponding hydrolysis products.

OPCWAs (V-type nerve agents) Actual hydrolysis  Hydrolysis
product product mimics
studied in this
work

e

yu yu
—S\/\N\( HS\/\N\/ HS\/_N\

VX DIPAET DMAET

HS_/ N

J
\_
A

—S N HS N J
YN Y A

R-VX DEAET DEAET

The serious threat which they pose to society has resulted in the need for
their fast detection in the environment. These nerve agents have been described

as the poor man s atomic bomb which is used by terrorists in the development of
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chemical weapons. Upon chemical or enzymatic hydrolysis, the V-type nerve
agents, VX [O-ethyl-S-(2-diisopropylaminoethyl)methylphosphonothioate] and its
Russian analogue R-VX [O-isobutyl-S-(2-
diethylaminoethyl)methylphosphonothioate] generate sulfhydryl moieties such as
the diisopropylaminoethanethiol (DIPAET), DEAET and DMAET [1,2]. These
sulfhydryl degradation products are far more stable in the environment than their
parent V-type nerve agents, meaning that they can be easily utilized as reliable
indicators of the presence of their parent nerve agents.

Electrocatalytic detection of these agents is rarely supported [3, 4]. | am
not aware of the use of basal plane pyrolytic graphite modified electrodes for
their detection. This lack of literature motivated me to study the electrocatalytic
detection of DEAET and DMAET using BPPGE modified with (i) SWCNT, (ii)
SWCNT-CoTAPc, (iii) SWCNT-NiTAPc and (iv) nickel powder (Ni) in aqueous

solutions.
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1.3  ELECTROCHEMISTRY : AN OVERVIEW

Electrochemistry is the study of chemical reactions used to produce
electric power or, alternatively, the use of electricity to effect chemical processes
or systems [5,6]. Hence, electrochemistry can be defined as the relationship
between electricity and chemistry, namely the measurements of electric
guantities, such as current, potential, and charge, and their relationship to
chemical parameters. The use of electrochemistry for analytical purposes has
found a wide range of applications in industrial quality control, biomedical
analysis and environmental monitoring [6].

Unlike many chemical measurements, which involve homogenous bulk
solutions, the fundamental electrochemical reactions are heterogeneous in
nature as they take place at interfaces, usually electrode-solution boundaries.
The electrode creates a phase boundary that differentiates otherwise identical
solute molecules; those at a distance from the electrode, and those close enough
to the surface of the electrode to participate in the electron transfer process [5,6].

The work described in this thesis employed three electroanalytical
techniques, Cyclic voltammetry (CV), Square wave voltammetry (SWV) and
Chronoamperometry (CA). A closer look at electrode processes and these three

techniques follows:
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All current-measuring (voltammetric / amperometric) techniques make use

of a three-electrode electrochemical cell (Figure 1.1) [7-10].

Computer-controlled
Potentiostat

Electrolyte / analyte

Figure 1.1: A representation of a conventional three-electrode cell.

The working (or indicator) electrode, W.E., is where the electrochemical
reaction being studied takes place. A reference electrode, R.E., and a counter
electrode C.E., complete the electric circuit. The best reference electrode is one
whose potential does not shift from equilibrium (i.e. non polarisable). Therefore,
to minimize its polarization, reference electrode with very large surface area is
used [5].

There are several reference electrodes employed in electroanalytical
experiments, silver|silver chloride (Ag|AgCl) being the most common. It consists

of a piece of silver wire anodized with silver chloride in a glass tube. The wire is
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in contact with the concentrated potassium chloride (KCI) or sodium chloride
(NaCl) solution. A semi-permeable salt-bridge protects the electrode from the
bulk of the solution [11]. Counter electrodes are commonly platinum wire, loops,
gauze or foil. Working electrodes are commonly carbon and inert materials,

particularly platinum or gold.

1.3.1 Mass Transport Processes

The fundamental movement of charged or neutral species in an
electrochemical cell to the electrode surface is facilitated by three processes
namely: diffusion, migration or convection [5-10].

Diffusion is mass transport resulting from the spontaneous movement of
analyte species from regions of high concentrations to lower ones.

Migration refers to movement of charged particles under the influence of
an electric field. However the addition of a large excess of easily ionisable salt
(supporting electrolyte) eliminates the contribution of migration to mass transport
of the target analyte [5].

Finally convection is a mass transport due to the movement of the
solution as a whole which is assisted by means of stirring the solution, solution

flow or rotation and/or vibration of the electrode.

1.3.2 Cyclic Voltammetry
Cyclic voltammetry (popularly referred to as CV) depicted in Figure 1.2 is

the most extensively used electrochemical technique and is used to study
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electrochemical reactions as well as to provide information on the reversibility
and kinetics of such reactions [12]. During a cyclic voltammetry experiment, the
potential of an electrode is scanned linearly from an initial potential to a final
potential and then back to the initial potential. The potential at which the peak

current occurs is known as the peak potential (E,) where the redox species has
been depleted at the electrode surface and the current is diffusion limited. The
magnitude of the Faradaic current (I , - anodic peak current) or (I, - cathodic

peak current), gives an indication of the rate at which electrons are being
transferred between the redox species and the electrode. Cyclic voltammetric

processes could be reversible, quasi-reversible and irreversible.

0.5

04 =

0.3

Currant function

| | ]
~100 ~200 =300
mE = Eya

05 | |
#2000 +100

-

Figure 1.2: Typical Cyclic Voltammogram for a reversible process [10].
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Reversible Process

A reversible process is one in which the electron transfer process is rapid,
and the electroactive oxidised (or reduced) species in the forward scan is in
equilibrium with the electroactive reduced (oxidised) species in the reverse scan

(equation 1.1).

Red = = OX + ne- 11

Figure 1.2 shows a typical CV for a reversible process. The electroactive

species are stable and so the magnitudes of I, and I, are equal and

proportional to the concentrations of the active species. AE(E , —E ) should be

independent of the scan rate (v) but in practice AE increases slightly with
increasing v, this is due to the solution resistance (Rs) between the reference
and working electrodes [13,14]. Theoretically, the potential difference between
the oxidation and reduction peaks is 59 mV for one-electron reversible redox
reactions. However, in practice, AE is sometimes found in the 60-100 mV range.

Reversibility is a direct and straight forward means of probing the stability
of an electroactive species. An unstable species reacts as it is formed and hence
produces no current wave in the reverse scan whereas a stable species remains
in the vicinity of the electrodes surface and produces a current wave of opposite
polarity to the forward scan. Larger differences or asymmetric reduction and
oxidation peaks are an indication of irreversible reactions. Irreversibility is a result

of slow exchange between the redox species and the working electrode [13].

-10 -
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At 25°C, the peak current is given by the Randles-Sevcik equation [6,10]:
i =(269x10°)n*2AC(Dv)? 1.2

where, i, = peak current (A)
n = number of electrons transferred
A = electrode area (cm?)
C = concentration (mol cm™)
D = diffusion coefficient (cm?s™)

v = scan rate (Vs™)

These parameters make CV most suitable for characterization and

mechanistic studies of redox reactions at electrodes.

2

A linear plot of i vs. v¥? indicates that the currents are controlled by

planar diffusion to the electrode surface [13]. The ratio of anodic to cathodic

currents (i pa/ipc) is equal for a totally reversible process and deviation from this

is indicative of a chemical reaction involving either one or both of the redox
species. The potential where the current is half of its limiting value is known as

the half-wave potential (E,,,) (also called equilibrium potential, E°) which is the

average of the two peak potentials, represented by equation 1.3.

. En+E,
Byp(orE ) = =2 = 1.3
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where E_, and E_ are the anodic and cathodic peak potentials, respectively.
The separation between two peak potentials, AE, for a reversible couple is

given by equation 1.4 and can be used to obtain the number of electrons

transferred.

AE=E, -E, = 2.303R—: 1.4
n

AE, is independent of the scan rate, and at 25°C equation 1.4 can be
simplified to equation 1.5:
RT _ 0.059v

AEp =2303—=
nF n

1.5

At appropriate conditions (i.e. at 25°C, first cycle voltammogram) the
standard rate constant (k) for the heterogeneous electron transfer process can

be estimated [5,15].

Irreversible Process

For an irreversible process, only forward oxidation (reduction) peak is
observed but at times with a weak reverse reduction (oxidation) peak as a result
of slow electron exchange or slow chemical reactions at the electrode surface

[11]. The peak current, i, for irreversible process is given by equation 1.6:
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i, = (2.99x10° J(L- a)n]2 Ac(DV)? 1.6

where a is the coefficient of electron transfer, the rest of the symbols are defined

above in equation 1.2. For a totally irreversible system, AE is calculated from

equation 1.7:

1/2
AE, = E° —R—TF O.78—In%ln aR”—TF 1.7
an

where all symbols are defined above. At25°C, E  and E,,, differ by 0.048/an.

Quasi-Reversible Process

Unlike the reversible process in which the current is purely mass-transport
controlled, currents due to quasi-reversible process are controlled by a mixture of
mass transport and charge transfer kinetics [6,16]. The process occurs when the
relative rate of electron transfer with respect to that of mass transport is
insufficient to maintain Nernst equilibrium at the electrode surface. For quasi-

reversible process, i_ increases with v'? but not in a linear relationship and

p
AE >0.059/n V increases with increasing v [10]. The slight differences in three

cyclic voltammetric processes are summarized in Table 1.2.
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TABLE 1.2: The diagnostic criteria for reversible, irreversible and quasi-

reversible cyclic voltammetric processes [10,11,13-16]

Parameter Cyclic Voltammetry Process
Reversible Irreversible Quasi-

reversible

E, Independent Shifts cathodically
of v by 30/an mV for a Shifts with v

10-fold increase in
\%

E,-E. ~59nmVat25°C _ May approach
and independent 60/n mV at low
of v v but increases

as v increases

i % Constant Constant Virtually

1/2
v independent
of v
ipa_ Equals 1 and No current on the Equals 1 only
'pc independent reverse side fora=0.5

of v
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1.3.3 Square Wave Voltammetry

Square wave voltammetry (SWV) is a differential technique developed in
the early 1950s by Barker and Jenkins [17], which depends on excitation
functions where a potential waveform composed of a constant, large amplitude
square wave modulation is overlaid on a base staircase potential [18]. During
each square wave cycle, the current is sampled twice, at the end of the forward

and reverse scans. The difference between the forward (i, ) and reverse current
(i,), are plotted against the average potential of each waveform cycle. In this
technique, the peak potential occurs at the E,;,, of the redox couple because the

current function is symmetrical around the half-wave potential [19]. The scan rate

of a square wave voltammetry experiment is given by the equation 1.8:

v =f.AE, 1.8

where f is the square wave frequency (Hz) and AE; is the potential step size.

The major advantage of this electrochemical technique includes the use of
faster scan rates compared to conventional differential pulse voltammetry, ability

to reject capacitive charging currents and excellent sensitivity.

1.3.4 Chronoamperometry
Chronoamperometry (CA) is the simplest most short-lived amperometric
method where the current is recorded as a function of time. This uncomplicated

potential step wave form (Figure 1.3) monitors the current response following the
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electrode potential being stepped from an initial electrode potential at which the
oxidized (reduced) species is stable in solution, to the first step potential where a
redox reaction occurs forming the reduced (oxidized) species and held at this
value for the first step time in a single potential experiment. In a double potential
step experiment, the potential is stepped again after the first step time and now
changed to the second step potential, and it is then held at this value for the

second step time.

T ™

First Step Second Step
Time Time

-€ >

First Step

Initial Step
Second Step

=

N L

Figure 1.3:  Simple Potential wave form for chronoamperometry

The analysis of chronoamperometry (CA) data is based on the Cottrell

V2 is often referred to as the Cottrell

equation, 1.9 [20-22]. A plot of i versus t
plot which defines the current-time dependence for linear diffusion control and
can be used to calculate the diffusion coefficient (D) resulting from the slope of

the plot.
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i =nFACDY?m*?t7? 1.9

where n = number of electrons transferred /molecule
F = Faraday s constant (96 485 C mol‘l)
A = electrode area (cm?)
D = diffusion coefficient (cm?s™)
C = concentration (mol cm™)

t =time (s)

At intermediate times of chronoamperometric measurements the catalytic
rate constant (k) can be determination using the established equation 1.10

[10,20-22];

lea 2 (kC, t)"? 1.10

l L

where |, and |, are the currents of the electrode in the presence and absence

cat
of the analytes, respectively; kand t are the catalytic rate constant (M*.s') and
time elapsed (s), respectively; and C, is the bulk concentration of analytes. The

catalytic rate constant can be determined from the slope of the plot of 1, /I,

versus tY2.
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1.3.5 Electrocatalysis Using Voltammetry

Electrocatalysis using voltammetric techniques is characterized by current
enhancement and/or a potential shift to lower values in the case of CV and SWV.
Scheme 1.1 shows the basic mechanisms through which electrocatalytic
reactions operate at electrodes modified with a catalyst (such as SWCNT, MPc

or Ni as studied in this project).

/Analyte Analyte (oxidized) \

Solution phase

Catalyst (oxidized)  Catalyst

Catalyst layer

NN
Electrode Surface

@

N /

Scheme 1.1:  Generalized schematic representation of electrocatalysis at an

electrode modified with a catalyst.

The catalyst is first oxidized, which then interacts with the analyte leading

to the formation of the oxidized analyte and regeneration of the catalyst [23-28].
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Electrocatalysis amplifies the detection signal of an analyte resulting in faster
electrode reactions at a lower potential in comparison to the bare (unmodified)
electrode. Lowering of detection potentials minimizes interferences from co-
existing electroactive species. Chemically modifying the electrodes improves
their electrocatalytic current necessary for sensitive detection of target analytes

using cyclic voltammetry, square wave voltammetry or chronoamperometry.

1.3.6 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a powerful method
used for investigating electrochemical properties of modified electrodes or
systems and their interfaces [29]. EIS measurements can be used to investigate
the complex electrochemical behaviour of the modified BPPGEs. EIS serves as
an effective technique for interrogating the kinetics at interfaces and to
distinguish between the various mechanisms that govern charge transfer [3, 29,-
31].

Impedance (or complex resistance) is measured by applying a sinusoidal

potential V(t), of small amplitude to an electrochemical cell and measuring
resultant sinusoidal current [I(t), through the cell [29,32-34]. The applied

sinusoidal potential and resulting sinusoidal current are represented as a function
of time. These measurements are done over a suitable frequency range and the
results can be related to the physical and chemical properties of the material

[10,29,32-35]. The relationship is shown in equation 1.11:
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~ :% 1.11

1(t)

N—

where V(t) is the sinusoidal applied voltage at time t, V(t) =V, sinat where V, is
the maximum potential amplitude, « is the radial frequency (in rad.s™) and can
be related to frequency f (Hz) as « =27f . At the same frequency as the applied
sinusoidal potential the current response [ (t) is also sinusoidal but with a shift in
phase, I(t)=1,sin(at+68), where |, is the maximum current applied and &

represents the phase shift by which the voltage lags the current [10,29,32]. The
impedance is a vector quantity with magnitude and direction. The magnitude of
impedance is Z(V /1) and the direction is represented by the phase angle, 8
illustrated in Figure 1.4. The complex notation of impedance is shown in equation
1.12:

Z = Z,+jZ": Zreal + jZimaginary 112
where Z’ and Z” are the real and imaginary parts of the impedance, respectively

and j is a complex number [29].
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o

\_ g -
Figure 1.4: Vector representation of real Z’ and imaginary Z’ parts of
impedance (Z) [29,32].

Data representation of EIS

Electrical equivalent circuits are used for the analysis of the impedance
data, and within the circuit, simple electric elements such as resistance (R) and
capacitance (C) are connected to model the electrochemical processes [29,32].
The resistance in the equivalent circuit represents the electrical conductivity of
the electrolyte and the constant phase element (CPE) caused by the charge
which is in excess at the electrode-electrolyte interface. Randles equivalent
circuit represented in Figure 1.5 is the most widely used circuit to fit
electrochemical data. The Randles equivalent circuit shows the solution or
electrolyte resistance, Rs connected in series to the parallel combination of
charge transfer resistance, Rct and the CPE. In other systems the reaction rate
might be controlled by transport phenomenon and this effect needs to be taken
into consideration, the measured impedance can be explained by the component

that depends on the conditions of the transport or diffusion of electroactive
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species [29,32,35]. This component is called the Warburg impedance (Zw) and is

connected in series to the charge transfer resistance.

- CPE O

o o
IQS
— L "
RCt ZW

N _

Figure 1.5: Randles circuit representing and electrochemical system.

Impedance data can be graphically represented by either the Nyquist or
Bode plot [29,32,35]. A typical Nyquist plot exemplified in Figure 1.6(a) shows the
plot of the imaginary part (Z"’) versus the real part (Z’) of the impedance data.
The corresponding Bode plot represented in Figure 1.6(b) gives the frequency
information of the measured impedance. Bode data representation is the plot of

the phase angle (@) and the logarithm of impedance magnitude (logZ) versus

the logarithm of the frequency (log f ).
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Figure 1.6: Nyquist (a) and the corresponding Bode plot (b) for the Randles

equivalent circuit.

Electrochemical impedance spectroscopy offers many advantages over
other techniques, these include: (i) the use of low amplitude-sinusoidal voltage
(~5mV) which makes the system remain at equilibrium, (ii) rapid acquisition of
data such as ohmic resistance, capacitance, film conductivity, as well as charge
or electron transfer at the electrode-film interface, (iii) accurate, repeatable
measurements can be acquired, (iv) high adaptability of this technique to
different applications and (v) the characterizing of interfacial properties in the
absence of a redox reaction.

The following section briefly describes the various methods reported in
literature for the fabrication of electrochemically modified basal plane graphite

electrodes.

-23 -



Introduction cont d

1.4  MODIFIED ELECTRODES

According to International Union of Pure and Applied Chemistry (IUPAC)
[36], a chemically modified electrode (CME) can be defined as an electrode
made of a conducting or semi-conducting material that is coated with a film of a
chemical modifier and that by means of Faradaic (charge transfer) reactions or
interfacial potential differences (no net charge transfer) exhibits chemical,
electrochemical, and/or optical properties of a film. In other words, the
attachment of specific molecule to the surface of an electrode imparts on the
electrode some chemical, electrochemical or desirable properties not available at

the unmodified electrode [37-39].

1.4.1 General Methods of Electrode Modification

Electrode surfaces are modified using the following methods:

Chemisorption
In this method, the chemical film is strongly and ideally irreversibly
adsorbed (chemisorbed) onto the electrode surface [39-41]. Electrode

modification using self assembled monolayer falls into this category.

Covalent Bonding
This method employs a linking agent (e.g. an organosilane) to covalently
attach one of several monomolecular layers of the chemical modifier to the

electrode surface [42, 43].
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Composite
The composite electrode is prepared by a simple impregnation of the bulk
electrode material with a chemical modifier such as an MPc catalyst. A good

example is the popular carbon paste electrode. [44].

Dip-dry Coating

The electrode is immersed in a solution of the polymer, modifier or catalyst
for a period sufficient for spontaneous film formation to occur by adsorption.
Thereafter the electrode is withdrawn from solution and the solvent is allowed to

dry off [45].

Drop-dry Coating
A few drops of the polymer, modifier or catalyst solution are applied onto

the electrode surface and left to stand to allow the solvent to dry out [46].

Spin-Coating

This method involves evaporating a drop of polymer, modifier or catalyst
solution from an electrode surface by high speed rotations using centrifugal
force. For example, oxide xerogel film electrodes prepared by spin-coating a

viscous gel on an indium tin oxide substrate [47].
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Electrodeposition

In this method, the electrode surface is immersed in a concentrated
solution ((110° mol/L) of the polymer, modifier or catalyst followed by repetitive
voltammetric scans. The first and second scans are similar, subsequent scans
decrease with the peak current. For example, electrochemical deposition of

poly(o-toluidine) on activated carbon fabric [48].

Electropolymerization

In this technique the electrode is immersed in a polymer, modifier or
catalyst solution and layers of the electropolymerized material builds on the
electrode surface. Generally, the peak current increases with each voltammetric
scan such that there is a noticeable difference between the first and final scans
indicating the presence of the polymerized material. For example,

electropolymerization of aniline on polyaniline modified platinum electrodes [49].

1.4.2 Basal Plane Pyrolytic Graphite Electrode

Basal plane pyrolytic graphite electrodes are fabricated from highly
ordered pyrolytic graphite (HOPG). The basal plane pyrolytic graphite electrode
comprises of parallel graphite layers with an interspacing of 3.35 [50] as

illustrated in Figure 1.7.
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Figure 1.7: Edge plane and Basal plane pyrolytic graphite electrodes fabricated
from highly ordered pyrolytic graphite [50].

Electroanalysts are continuously seeking new electrocatalytic surfaces so
as to achieve modified electrode surfaces that serve as electrocatalytic platforms.
Numerous experiments have been reported using carbon nanotube modified
glassy carbon electrodes [51,52]. However, carbon nanotube modified basal
plane pyrolytic graphite electrode has been reported to be superior due to the
two distinct possible reactive sites of the CNT. These sites are the edge plane
like defects found at the open ended tube and the basal plane like sites found on
the side walls of the CNT [50, 53]. As a result of the nature of the chemical
bonding in graphite, it is reported that basal plane exhibits kinetics which shows

irreversible voltammetric behaviour [54].
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1.4.3 Carbon Nanotube Modified Electrodes
Historical Perspective

In 1991, a Japanese electron microscopist, Sumio lijima reported [55] the
discovery of a new type of finite carbon structure, consisting of needle-like tubes
known as carbon nanotubes (CNTs), whilst investigating material deposited on
the cathode during the arc-evaporation synthesis of fullerenes. The carbon
nanotubes are fullerene related structures which consist of graphite cylinders
closed at either end. Further investigation using transmission electron
microscopy revealed that each needle comprised of coaxial tubes of graphite
sheets. lijima also noted from high resolution micrographs, the appearance of the
same number of lattice fringes from both sides of a needle concluding that it had
a seamless and tubular structure. It was no more than two years after the primary
discovery of multi-walled carbon nanotube (MWCNT) in the soot of the arc-
discharge method, that lijima and Ichihashi [56] discovered single-walled carbon
nanotube using metal catalysts in the very same manner (Figure 1.8 (a)).
Smalley and co-workers [57] in 1996 reported the synthesis of bundles of aligned
SWCNT using laser-ablation techniques (Figure 1.8 (b)) whilst Yacaman et al.
[58] accounted for the catalytic growth (Figure 1.8 (c)) of CNT by chemical
vapour decomposition (CVD). During the manufacturing process of SWCNT
small amounts of cobalt, nickel or iron are introduced as catalysts in the

production process [59].
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Figure 1.8: Experimental arrangement for synthesizing carbon nanotubes via.

(a) Arc-discharge (b) Laser-evaporation (c) Catalytic Growth by decomposition of

Hydrocarbon gas [59].

Ebbesen and Ajayan [60] proved that by varying the arc-discharge

conditions nanotubes could then be produced in bulk quantities. CNTs are

generally assigned into two classes:
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individual cylinder of 1-2 nm diameter) depicted in Figure 1.9 (a) which is
essentially a single graphite sheet rolled into a seamless tube capped at each
end by half-spherical fullerene structures [50] and the multi-walled nanotube
represented in Figure 1.9 (b) which comprises of numerous concentric tubes
fitted one inside the other [61,62]. The number of tubes range from 2-50 graphite
cylindrical sheets, with the tubes separated by a distance of 0.34 nm and the

innermost tube having a diameter of 2 nm [55].

(@) (b)

Figure 1.9: lllustration of (a) single-walled carbon nanotube and (b) multi-

walled carbon nanotube [62].

The central aspect of this report will concentrate on SWCNT which has
received immense interest over the last decade and are continued to be
investigated as viable electrochemical materials because of their unique
properties over the less expensive MWCNT. SWCNT possess certain special
features over the MWCNT which include smaller size, larger specific area [63],

stronger inter-tube attraction and adsorptive properties. In addition its
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characteristic curve-shaped surface enables bonding of supramolecular

complexes via non-covalent or hydrophobic interactions [64].

Structure

On each tube, built from sp? carbon units, the arrangement of the carbon-
atom hexagons are in a helical fashion with respect to the needle axis [55]. The
structures of carbon nanotubes shown in Figure 1.10 are determined by the
manner in which the graphite sheet are rolled about the T vector represented in
Figure 1.11. The graphite sheet rolled about the T vector parallel to C-C bonds of
the carbon hexagons leads to the formation of the armchair structure (i), whereas
zigzag (i) and chiral (iii) structures are as a result of the T vector having different
orientations except parallel to the C-C bonds [57,59]. This implies that chirality of
the tubes is dependent on the direction in which the graphite sheet is rolled in

respect to the T vector.

Figure 1.10: lllustration of (i) armchair (ii), zigzag and (iii) chiral structures of

carbon nanotubes [59].
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Figure 1.11:  Representation of the helical arrangement of an unrolled graphite
carbon tube [60].

Properties

The immense interest shown by researchers in carbon nanotubes, can be
attributed to its unique properties such as high electrical conductivity, adsorption
properties, high surface area, tremendous mechanical strength and good
chemical stability so as to produce ideal nanomaterials for the development of
nanoelectronic devices [65-67], drug delivery [54,68,69], and are ideal for
constructing high-performance electrochemical sensors [70,71]. A few of the

above mentioned properties will be considered separately.

Applications

CNTs have been studied for several potential applications [59], owing to
their remarkable properties [72]. Oxygen reduction reaction is important for fuel
cells and MWCNTs have the ability to electro-catalyze this reaction [73].

Electrochemically, SWCNT intercalated with lithium have shown to be an
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excellent materials for potential development of batteries [74]. As a result of
SWCNT having extraordinarily high and reversible hydrogen adsorption, it has
attracted much consideration in the possibility of being used as high-capacity
hydrogen storage media [75]. It is anticipated that CNTs may be used as central
elements of electronic devices including field-effect transistors, single-electron
transistors and rectifying diodes [76] and for logic circuits [77]. The fabrication of
electrochemical sensors will be discussed in more detail.

Electrochemical sensors represent a subclass of chemical sensors in
which the electrode used meets the size, cost and power requirements. The
capability of CNT based electrodes to function as electrocatalysts permit them to
operate as electrochemical sensors [61]. In 1996, Britto and co-workers [78] first
reported a high degree of reversibility in the electrochemical oxidation of
dopamine upon using carbon nanotube modified glassy carbon electrodes. A few
years later [79] they used MWCNT microelectrodes in the study of
electrocatalytic reduction of dissolved oxygen. The reported results confirmed
that carbon nanotube modified electrodes were more effective as electrochemical
sensors in electrochemical reactions than unmodified carbon electrodes. In 1997
Davis et al.[80] immobilized cytochrome C and azurin proteins on nanotubes to
demonstrate the ability of carbon nanotube modified electrodes to act as
biosensing devices. In 1999 Campbell et al.[81] used SWCNT attached to
sharpened platinum wires to design a novel microelectrode to analyze biological
systems. Wang et al.[82] recently reported the ability of SWCNT modified

electrodes to act as a sensor for the detection of 3,4-dihydroxy phenylacetic acid
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(DOPAC). Carbon nanotube modified electrodes have received enormous
attention as electrochemical sensors, over the last decade and are continued to

be investigated by electroanalysts for further applications.

Attachment of CNTs to metallophthalocyanine (to be discussed in the
following section) improves the chemical properties of the CNT-MPc complexes
[83,84]. There are strong 1t Tt interactions between highly teconjunctive and
hydrophobic sidewalls (consisting of sp® carbons and open ends bearing oxygen-
containing moieties) of CNT and the 18 Trelectron phthalocyanine organic
macrocycle system. Amino-substituted metallophthalocyanine complexes can be
covalently linked to CNTs (via amide bond formation [83,84]) while unsubstituted
MPc complexes are non-covalently adsorbed onto CNTs (via 1t TT interactions
[85]). It is possible that facile co-ordination of these two remarkable T-electron
species may well revolutionize their applications as electrocatalysts and in the
fabrication of high-performance electrochemical sensors. Thus, in this project

SWCNT and MPc are studied.
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1.4.4 Metallophthalocyanine Modified Electrodes
Historical Perspective

Phthalocyanine (Pc) complexes represent a unique group of organic
functional materials that have four fused benzo rings [86-94]. The discovery of Pc
in the early 1900s was during a large scale preparation of phthalimide from
phthalic anhydride at the Grangemouth plant of Scottish Dyes [89,90].
Traditionally, they have been used as dyes and pigments due to their intense

blue-green colour.

Structure and Synthesis

The framework of the two-dimensional 18- electron conjugated
Phthalocyanine molecule are 16 carbons and 8 nitrogen atoms in which more
than 70 different metals and non-metals can be incorporated [91].
Metallophthalocyanines illustrated in Figure 1.12 (a) are exploited in a wide range
of applications as a result of their unique physical and chemical properties [91].

MPc synthesis is aimed at introducing a central metal ion or different
substituents at the Pc ring as represented in Figure 1.12 (b), and can be
synthesized from phthalic anhydride, phthalonitrile [92], o-cyanobenzamide [93]
and synthesis of octasubstituted MPc from substituted phthalonitrile [94]. In this
study, cobalt (II) tetra-aminophthalocyanine and nickel (II) tetra-

aminophthalocyanine will be examined in further detail.
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H,N
M = Metal [eqg. Fe, Co, Ni] H,N
(a) (b)

Figure 1.12: The geometric Structure of (a) Metallophthalocyanine and (b)
Metallo-tetraaminophthalocyanine (MTAPc) complex, where M = transition
metals. For example: Co, Ni or Fe.

Applications

Over the years, transiton MPc complexes (notably cobalt
phthalocyanines) have continued to establish themselves as excellent
electrocatalysts for several organic and inorganic analytes [95-99] and have
recently been reviewed by Ozoemena and Nyokong [100]. MPc complexes have
the ability to retain their molecular structure and stability upon addition or removal
of electrons [101] which enables them to exhibit electrocatalytic activity towards
redox reactions especially in the design of electrochemical sensors. So,
theoretically speaking, the integration of the electrocatalytic MTAPc complex and
the conductive SWCNT will afford the fabrication of a remarkable electrochemical
sensor. The adhesion of the CNT onto the frequently used glassy carbon

electrode (GCE) is difficult and fraught with problems such as irreproducibility
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[54], therefore the use of BPPGE or edge plane pyrolytic graphite electrode
(EPPG) should be preferred because of the inherent ability of these electrodes to
interact with CNTs via 1t 1T interactions [102]. Although, multi-walled carbon
nanotube metallophthalocyanine has recently been studied by Siswana et al.
[103] for the detection of amitrole, this work presents the first use of SWCNT-
MPc modified electrodes towards the detection of degradation products of V-type

nerve agents.

1.4.5 Nickel Modified Electrodes

Historical Perspective

Nickel is a silvery white, conductor of heat and electricity [104]. This

transitional metal is the 28" element on the periodic table.

Applications

Electrodes modified with nickel particles [105-109] and nickel-CNTs [108]
have been reported as viable electrochemical sensors and electrocatalysts.
Previous reports established that the electrocatalysis usually observed at multi-
walled carbon nanotube based electrodes are due to the presence of metal (iron
particles) impurities [110]. Although no such report is available for the single-
walled carbon nanotube, to attribute or completely rule out the possible influence
of metal impurities in the electrocatalytic behaviour of SWCNT, it is important to
establish which metal(s) is/are present in the SWCNT being employed in this

project. As will be discussed latter, energy-dispersive X-ray (EDX) proved that
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nickel particles impurities are the main impurities in the SWCNT being used for
this work. Nickel is used as a catalyst in the production of CNTs and this could be

a possible justification for the presence of these impurities [59,111].
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1.5  MICROSCOPIC TECHNIQUES
The following microscopic techniques were used in this work to
characterize the electrodes and confirm the presence of suspected or unknown

structures.

1.5.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique used to scan the dry
surfaces of a material where one is only interested in the surface detail [112].
The operation of the SEM is as follows: At the top of a SEM column an electron
gun generates a beam of electrons which are attracted through the anode,
condensed (condenser lens) and focused (objective lens) as a fine point onto the
sample. These electrons are collected by a secondary detector or a backscatter
detector. The secondary electron detector produces a clear and focused
topographical image of the sample whereas the backscatter electron detector
reflects an elemental composition of the sample and is used for energy

dispersive X-ray analysis [112,113].

1.5.2 Energy Dispersive X-Ray

Energy dispersive X-ray sometimes referred to as an electron
spectroscopy for chemical analysis (ESCA) is an electron spectroscopic method
for the determination of elemental and chemical composition of the materials on
metal surfaces [114-117]. The presence of the desired elements in the film can

be confirmed using the EDX spectra and evaluation of atomic compositions
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[114,115]. EDX is based on the photoelectron effect [114-115] and this effect is
illustrated in Figure 1.13, where the surface is irradiated with the photons. Upon
measuring the energy lost as a result of secondary electrons being displaced
from the primary beam the corresponding element to that energy loss may be
determined. This occurs when an X-ray photon, characteristic of its own atom
(element) is released when incoming primary electrons bombard target material

electrons [117].
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Figure 1.13: A simple representation of the first three shells showing, (a) the
formation of energy dispersive X-ray resulting in (b) a unique spectrum.

An atom has a conventional sequence of electrons known as ’electron
shells’ arranged around its nuclei as a result of electrical charge differences
between them. The shells are, also conventionally, labeled K, L, M, N, O, P, and
Q from innermost to outermost. Primary electrons strike the atom (Figure 1,13

(a)), and knock electrons out of their shell. As a result the atom is excited to
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higher energy state and relaxes after the knocked out electrons are replaced
with outer shell electrons. Therefore, there is a difference in energy states where
the excess energy can be released in the form of an X-ray, which carries this
energy difference, and has a wavelength that is characteristic of the atomic
species from which it came. This same process can occur with the L and M
electrons and as a result leads to a large number of generated X-rays of differing
wavelengths and hence a number of possible lines of X-rays available for
analysis [114-115]. A spectrum (Figure 1.13 (b)) is an accumulation of an index
of X-rays collected from a particular spot on the sample surface each X-ray
generated from an element are characteristic of that particular element and can
thus be used to identify elements that are truly present under the electron probe

[114].

1.5.3 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a technique operated at a
high resolution where the electron is transmitted through the sample owing to the
interest in internal detail thus revealing the morphology (size, shape and
arrangement of the particles), the crystallographic information (the atom
arrangement) and the compositional information (the elemental composition) of
the material examined [118-119]. The operation of a TEM is similar to that of a
slide projector; however, it shines a beam of electrons, instead of light, generated
from an electron gun. This stream of electrons is focused by a coherent beam

that is restricted by a condenser aperture. The beam striking the sample

-41 -



Introduction cont d

transmits portions of the sample which are focused by the objective lens into an
image that is projected onto a screen. There are dark and light areas of the
image representing the more densely packed section which allowed fewer
electrons to pass through and the less densely packed section which allowed

more electrons to pass through, respectively [118-119].
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2.1  MATERIALS AND REAGENTS

Single-walled carbon nanotubes were obtained from Aldrich, and
converted to short and uncapped nanotubes bearing carboxylic functional group
SWCNT-COOH following the established multi-step acid treatment procedures
[120], simply referred to in this work as SWCNT. Cobalt phthalocyanine (CoPc)
was obtained from Aldrich and used as supplied. Nickel (Il) tetra-
aminophthalocyanine and cobalt (I1) tetra-aminophthalocyanine complexes were
donated to our research group by Prof. Nyokong (Rhodes University). Both
MTAPc complexes were synthesized and characterized according to established
procedures [121]. The SWCNT-COOH and its CoTAPc hybrids obtained by
physical attachment (herein referred to as SWCNT-CoTAPcmix) and covalent
bonding (i.e. SWCNT-CoTAPC)) Wwere obtained and characterized as
described in my BSc (Hons) project [122] and summarized in scheme 2.1.

Briefly, the SWCNT was first purified and cut into short and uncapped
nanotubes bearing acidic functions (SWCNT-COOH) according to the multi-step
procedures developed by Smalley and co-workers [120]. Following that
procedure, SWCNT was first refluxed in 2.6M HNOj; then underwent
ultrasonicaton in a mixture of concentrated H,SO, and HNOs (3:1, v/v) and finally
heated and stirred in a mixture of concentrated H,SO, and 30% aqueous H,0,
(4:1, vIV). IR [(KBr) Vmax (cm™)]: 3461 (O H), 2922, 1616 (C=0). The newly
formed SWCNT-COOH were converted to acyl chlorides moieties (SWCNT-
COCI) by reacting it, at 70°C for 72 h, with excess thionyl chloride (SOCI,)

containing a catalytic amount of DMF. SWCNT-COCI (25 mg) was reacted with
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0.15 g of CoTAPc in 25 ml of DMF mixed with several drops of pyridine at
100°C for 10 days [120, 122]. Excess CoTAPc was completely removed by

washing with dry DMF giving a black solid product (SWCNT-CoTAPCo)) ( 0.4
mgq) after centrifugation, thorough cleaning and vacuum-drying. IR [(KBr) Vmax

(cm?1)]: 3377 (N H), 1576 (C=0).

o ™

i. 2.6M HNO;, reflux, 48 h
ii. HNO; / H,SO, sonication 24 h
iii. H,SO,4 / H,0, 60 min

O CoTAPc, DMF
SWCNT —< ’ SWCNT-COTAPC 1
OH ultrasonication, 1 h
(Route 1)
SOCl, / DMF
70°C, 72 h

O CcoTAPc, DMF 10 days
SWENT —& SWCNT-COTAPC )
cl

Pyridine, 100 °C /

Scheme 2.1: Schematic representation for the synthesis of SWCNT-CoTAPc
hybrids

Covalent coordination of the CoTAPc with SWCNT via amide-bond
formation were carried out using (a) the established multi-step chemical
procedures [84] involving the reaction of SWCNT-COCI and CoTAPc, and (b) a

composite form of the SWCNT-CoTAPc system was obtained by simple
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ultrasonication of a mixture of CoTAPc and SWCNT-COOH (1:1, w/w) in DMF at
1000 rpm for 1 h. The solution was then decanted, centrifuged, and vacuum-
dried. The product is abbreviated as already mentioned as BPPGE-SWCNT-
COTAPCmix). IR [(KBI) Vimax (€m 1)]: 3420 (O H, N H), 1562 (C=0).

Nickel powder was obtained from Riedel-de-Han and used as supplied.
Basal plane pyrolytic graphite plate, (geometrical surface area of the electrode
[0.181cm?), from which the BPPGE was fabricated was obtained from Le
Carbone (Sussex, UK). The Norton carborundum paper (p1200C) used to clean
the electrode was purchased from Saint-Gobain Abrasives (Saint-Gobain
Abrasives (pty) Ltd., Isando, South Africa). DEAET and DMAET were obtained
from Sigma. Tetrabutylammonium tetrafluoroborate (TBABF,;), used as an
electrolyte, was obtained from Aldrich. Pyridine was obtained from SAARCHEM
(South Africa). N,N-Dimethylformamide (DMF) was obtained from Sigma Aldrich.
Ultra pure water of resistivity 18.2 MQ was obtained from a Milli-Q Water System
(Millipore Corp., Bedford, MA, USA) and was used throughout for the preparation
of solutions. Phosphate buffer solutions (PBS) at various pHs were prepared with
appropriate amounts of K;HPO, and KH,PO,4, and the pH adjusted with 0.1 M
HsPO, or NaOH. All electrochemical experiments were performed with nitrogen-
saturated phosphate buffer, except for the potassium ferricyanide solutions,
which were prepared in 0.05M potassium chloride (all solutions nitrogen
saturated as well). All other reagents were of analytical grades and were used as

received from the suppliers without further purification.
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2.2 EQUIPMENT

All electrochemical experiments were carried out using an Autolab
Potentiostat PGSTAT 302 (Eco Chemie, Utrecht, Netherlands) driven by the
General Purpose Electrochemical Systems data processing software (GPES,
software version 4.9). Electrochemical impedance spectroscopy (EIS)
measurements were performed with an Autolab FRA software between 1.0 Hz
and 10 kHz using a 5 mV rms sinusoidal modulation with a solution of 1 mM of
KsFe(CN)s and 1 mM KsFe(CN)g (1:1) mixture containing 0.1 M KCI, and at the
Ei, of the [Fe(CN)e]*"*" (0.124 V vs. Ag|AgCl). A non-linear least squares
(NNLS) method based on the EQUIVCRT programme developed by Boukamp
[123] was used for fitting the obtained EIS data. Transmission electron
microscopy (TEM) was performed with Multi-purpose TEM (Philips 301). Field
emission scanning electron microscopy (FESEM) images were obtained on JSM-
6000F (JEOL, Tokyo, Japan) and FESEM images obtained at the AUTEK
Nanotechnology laboratory of MIinTEK were carried out with FEI Nova NanoSEM
200 (Japan). Energy dispersive X-ray (EDX) images were obtained on JSM 5800
LV, Vantage 6, Analytical Systems with 130eV detector (JEOL, Tokyo, Japan).
The diameters of the Ni particles, determined with Mastersizer 2000 ver. 2.00
(Malvern Instruments, UK), are in the 6.25 m (10%), 17.33 m (50%), 59.61 m
(90%) range. Bare or modified basal plane pyrolytic graphite (BPPGE) disk (d =5
mm in Teflon) was used as the working electrode and was fabricated at the
Chemistry department workshop of the University of Pretoria from BPPG plate.

Electrical contact with the disk was maintained through an inserted copper wire
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held in place with conducting silver varnish L 100 (Kemo_ Electronic, Germany).
The working electrode was plane BPPGE disk or BPPGE modified with SWCNTs
(BPPGE-SWCNT) or BPPGE modified an electrocatalytic modifier. A BAS nickel
disk electrode (MF 2016, 3.0 mm ) was also used as the working electrode.

Ag|AgCl wire and platinum wire were used as pseudo-reference and counter
electrodes, respectively. A bench top pH / ISE ORION meter, model 420A, was
used for pH measurements. All solutions were de-aerated by bubbling pure
nitrogen (Afrox) prior to each electrochemical experiment. All experiments were

performed at 25-1°C.

2.3  ELECTRODE MODIFICATION AND PRE-TREATMENT

The BPPGE surface was freshly prepared as reported by Comptons
group [124] by gentle polishing on a p1200C Norton carborundum paper,
followed by cleaning with the cellotape procedure of removing graphite layers
and finally rinsing in acetone to remove any adhesive. The CoTAPc, NiTAPc and

nickel powder modified electrodes are discussed below:

CoTAPc Based Electrodes

The CoTAPc- and CoPc- modified BPPGE-SWCNT was obtained by
immersing a BPPGE-SWCNT (obtained by drop-dry method) in a solution of
1mM CoTAPc (or CoPc), in dry DMF containing 10 mM tetrabutylammonium
tetrafluroroborate (TBABF;) as the supporting electrolyte and repetitively

scanned 50 times between -0.4 and 1.2V. The cobalt phthalocyanine modified
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electrodes underwent electrosorption at 50 scans and are herein referred to as
BPPGE-SWCNT-CoTAPC@gs). COTAPC exhibits poor solubility in DMF, thus the
CoTAPc-DMF solution was left for about 4 days in an air-tight container to allow
for the complete dissolution of the CoTAPc. The BPPGE-SWCNT-COTAPCads)
was conditioned for electrocatalytic studies by repetitively scanning 20 times
between -1.0 V and 1.0 V (vs. Ag|AgCl) in 0.1M phosphate buffer solutions until a
stable cyclic votammogram was obtained.

Other modified BPPGEs (SWCNT-COOH, BPPGE-CoTAPc, BPPGE-
SWCNT-CoTAPCoyy and BPPGE-SWCNT-CoTAPCmix) Were obtained by
placing a drop of the DMF solution of the required modifier onto the BPPGE
surface and drying in an oven at 80C. The modified electrodes were also
conditioned for electrocatalytic studies using the same conditions and

parameters used to condition BPPGE-SWCNT-CoTAPCags).

NiTAPc Based Electrodes

The NiTAPc- modified BPPGE-SWCNT was obtained by immersing a
BPPGE-SWCNT (obtained by drop-dry method) in a solution of ca. 5 mM NiTAPc
, in dry DMF containing 10 mM tetrabutylammonium tetrafluroroborate (TBABF,)
as the supporting electrolyte and scanned between 5 and 40 scans in a potential
window of -0.4 to 1.2V. As will be discussed latter, the electropolymer obtained at
scan number 7 (represented herein as BPPGE-SWCNT-poly-NiTAPc) was used
for most of the experiment, unless otherwise stated. The BPPGE-poly-NiTAPc

was obtained by repetitively scanning between -1.0 V and 1.0 V in 0.1M NaOH
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until about the 20" scan a stable cyclic votammogram was obtained. The
electropolymer was successfully transformed into the oxo-bridged derivatives,

BPPGE-poly-Ni(OH)TAPC.

Nickel Powder Based Electrodes

Nickel powder modified BPPGE (BPPGE-Ni) was obtained by gently
rubbing a freshly prepared BPPGE on a piece of quality filter paper containing 5
mg of nickel powder. BPPGE and BPPGE-Ni modified with SWCNT (i.e.,
BPGGE-SWCNT and BPPGE-Ni-SWCNT, respectively) were obtained by
placing a 5 pl of a SWCNT-DMF solution (1 mg SWCNT / 1ml DMF solution) on
the electrode surface and drying in oven at 80°C. The real surface areas of the

34 reversible

electrodes were estimated as described [103] using the [Fe(CN)g]
electrochemistry and employing the Randles-Sevcik theory [6,10]. The areas
were approximately, 0.192 cm™ for the BPPGE-Ni, 0.194 cm™ for the BPPGE-
SWCNT and 0.190 cm? for the BPPGE-Ni-SWCNT. In the experimental
conditions used for the BPPGE and the nickel disk electrode, no detectable

3/4- \was observed, thus, all

reversible electrochemistry for the [Fe(CN)g]
calculations were based on their geometric surface areas of 0.181 cm™ for the

BPPGE and 0.071 cm for the nickel disk electrode.
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3.1 SWCNT-COTAPC HYBRID ELECTRODE
3.1.1 Characterization
» Spectroscopic Characterization

The solubility of CoTAPc and SWCNT-CoTAPc(o,) Were investigated.
CoTAPc easily forms a precipitate in DMF while the SWCNT-CoTAPCc systems,
especially the SWCNT-CoTAPCc ), did not form any detectable precipitate even
after 6 months, thus suggesting an enhanced solubility of organic solvents due to
the coordination with SWCNT-COOH. Similar results have been reported for
MWCNT-MnTAPc [125]. The insolubility of SWCNT was evident from the
precipitate formation subsequent to sonication in DMF whereas SWCNT-COOH
was highly soluble once sonicated and no precipitate formed. Thus, it was

possible to run the UV-visible spectra which are exemplified in Figure 3.1.

Absorbance

250 350 450 550 650 750 850
y (nm)

Figure 3.1: Ultra violet Visible spectra depicting (i) CoTAPc, (ii) SWCNT-
CoTAPC(mix), (iii) SWCNT-CoTAPC(cov) and (iv) SWCNT-COOH.
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The Q and B bands occur at 679 nm and 301 nm respectively confirming

the presence of CoTAPc [126]. The Q and B bands of the SWCNT-CoTAPC(mix

were exactly the same as that of the SWCNT-CoTAPC ). The Q and B bands
occurred at 671/672 nm and 333/335 nm, respectively. The shifts in the
wavelength of the Q and B bands confirm the mutual interaction of the two 1=

electron systems.

e Scanning Electron Microscopy
SEM images show in Figure 3.2 show the SEM images of the pristine

SWCNT before (a) and after (b) shortening of the CNTs by harsh acid treatment.

(a) (b)
Figure 3.2: SEM images illustrating (a) SWCNT and (b) SWCNT-COOH.

e Transmission Electron Microscopy
The TEM images illustrated in Figure 3.3 confirms the conversion of the
pristine SWCNT (a) to short nanotubes, bearing the carboxylic function confirmed

by IR and EDX, SWCNT-COOH (b) which allows for possible covalent bonding
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with phthalocyanine molecules. The dark spots attributed to carbonaceous
impurities [127] are dramatically reduced after acid washing. The attachment of
the acidified SWCNT to the cobalt (I1) tetra-aminophthalocyanine complex (c)
forming (d) SWCNT-CoTAPc complex clearly shows the acid-treated SWCNT
entangled and protruding from the cobalt phthalocyanine complex, indicative of

the strong interactions between these two 1r-electron species.

* Energy Dispersive X-Ray

Energy Dispersive X-Ray (EDX) profiles confirms the elemental
compositions of the examined complexes. The EDX graphical report is illustrated
in Figure 3.4. Certain features are immediately apparent when one compares the
EDX of the pristine and acid-treated SWCNTs. First, unlike the pristine (a)
SWCNT, the acid-treated (b) SWCNT showed presence of oxygen, confirming
the successful introduction of the oxo-functionalities, mostly the COOH groups
onto the SWCNT. Second, the acid-treated SWCNT exhibited insignificant
amount of the Ni impurities compared to the pristine SWCNT, confirming that the

adopted procedure removed most of the Ni impurities.

-54 -



Results and Discussion contd ..

(@) (b)

(€) (d)

Figure 3.3: TEM images llustrating (a) SWCNT, (b) SWCNT-COOH, (c)
CoTAPc and (d) SWCNT-CoTAPCmiy).
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