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ABSTRACT

Metallophthalocyanines and metal nanoparticles were successfully
synthesized and applied for the electrooxidation of amitrole, nitrite and
hydrazine individually or when employed together. The synthesized
materials were characterized using the following techniques: predominantly
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy

(XPS), electrochemistry and scanning electrochemical microscopy (SECM).

Different electrode modification methods were used to modify the glassy
carbon substrates. The methods include adsorption, electrodeposition,
electropolymerization and click chemistry. Modifying the glassy carbon
substrate with MPc (electropolymerization) followed by metal nanoparticles
(electrodeposition) or vice versa, made a hybrid modified surface that had
efficient electron transfer. This was confirmed by electrochemical impedance
studies with voltammetry measurements having lower detection potentials

for the analytes.

This work also describes for the first time the micropatterning of the glassy
carbon substrate using the SECM tip. The substrate was electrografted with
4-azidobenzenediazonium salt and then the click reaction was performed
using ethynylferrocene facilitated by Cu* produced at the SECM tip. The

SECM imaging was then used to show the clicked spot.
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CHAPTER 1 INTRODUCTION

1.1. Metallophthalocyanine (MPc)

MPcs are used to modify electrodes in the presence of metal nanoparticles
(Au, Pd and Ni). The aim of this work is to use MPc and metal nanoparticles
to develop mnovel electrochemical sensors for various electrocatalytic

reactions.

1.1.1. Discovery and general applications

The discovery of phthalocyanines (Pcs) dates back to 1907 when they were
made accidentally during o-cyanobenzamide synthesis [1]. In 1929, Scottish
Dyes obtained a patent for the preparation of Pcs from phthalic anhydride, a
metal salt and ammonia [2]. In 1934, Linstead and co-workers deduced the
structure of this macrocycle and coined the name phthalocyanine (phthalo
from naphtha and cyanine meaning blue) [3]. Pcs are stable blue or green
pigments which exhibit intriguing physical and chemical properties. These
properties render them useful in many applications including as dyes and
pigments, in organic semiconductors, as photosensitizer in photodynamic
therapy, in nonlinear optical materials, as catalysts for photo oxidation, in
optical recording materials and in gas sensing [4]. Fig. 1.1 shows the typical

structures of unsubstituted and tetrasubstituted metallophthalocyanine.
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Fig. 1.1. Unsubstituted and tetrasubstituted Pcs. Where M can be Ni, Co,
Fe; X can be COOH, NH,, SOs.

1.1.2. Electronic absorption spectra of metallophthalocyanine

The absorption spectra of metallophthalocyanines (MPcs) are characterized
by two bands namely the Q band (between 600 and 700 nm) and Soret or B
band (between 300 and 400 nm) [5]. Fig. 1.2 shows an example of the
absorption spectra of MPcs [6]. Both bands are a result of m— w
transitions. There are various factors which affect the position of the Q
band. These include central metal, solvents, axial ligation, peripheral and
nonperipheral substitutions. It can be seen from Fig. 1.2 that when the
central atom change, the position of the Q band and the B band also

changes [6].
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-

Absorbance

300 400 500 600 700 800
Wavelength \ nm

Fig. 1.2. Absorption spectra of CoTMPyrPc (i) and ZnTMPyrPc (ii) in DMF.
TMPyrPc: tetramercaptopyrimidine phthalocyanines [6].

1.1.3. Metallophthalocyanine (MPc) synthesis

1.1.3.1. General synthesis of metallophthalocyanine

The synthesis of MPc involves the reaction of precursors (e.g. phthalic
anhydride [5, 7], phthalimide [8], diiminoisoindoline [5], phthalonitrile [5, 7],
o-cyanobenzamide [S] or phthalic acid [9]) with a metal salt and a catalyst.

Scheme 1.1 shows the various synthetic routes for the synthesis of MPc.
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o N
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\ N f NH,
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diiminoisoindoline phthalic acid

Scheme 1.1. General synthesis of metallophthalocyanine

1.1.3.2. Synthesis of tetrasubstituted metallophthalocyanine

Laboratory synthesis of tetrasubstituted MPc involves cyclotetramerisation
of the substituted precursor in the presence of metal salt and catalyst.
Scheme 1.2 shows the two routes for the synthesis of the tetrasubstituted
MPc using 4-nitrophthalic acid [10] or phthalic anhydride [11]. Both
methods were employed in this work. The complexes used in this work are

well known and these are unsubstituted Ni phthalocyanine (NiPc), Ni
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tetrasulfonated phthalocyanine (NiTSPc), Co tetraaminophthalocyanine

(CoTAPc) and Fe tetracarboxyphthalocyanine (FeTCPc).

+
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+ Urea + Metal salt
4-nitrophthalic acid
/ — S \

Z=O

NH, metal tetramtrophthalocyanme
HzN\\
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[o]
Catalyst
O + Urea + Metal salt a_»a e
N

o

phthalic anhydride
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Scheme 1.2. Synthesis of tetrasubstituted phthalocyanine.
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1.2. Methods of electrode modification using Pcs

Chemically modified electrodes involve attaching specific molecules to the
surface of conventional electrodes [12]. This is crucial especially for
electroanalysis where electrode modification provide surfaces which resist
fouling, concentrates species, offers selectivity [13] and limit access of
interference on a complex sample [14]. Several methods are available for
modifying electrodes using MPc complexes. The methods used in this work
include adsorption (drop and dry), electrodeposition, electropolymerization,

electrografting and click chemistry.

1.2.1. Adsorption (drop and dry)

This is the simplest modification method. It involves dissolving the
electrocatalyst (MPc) in an appropriate solvent followed by applying aliquot
of the solution onto the electrode. The electrode would be left to dry in an
inert environment [15, 16]. The advantage of adsorption is that it is a fast
and easy method. In other words any Pc can be used without complications.
However its limitation is that it is not reproducible. The drop and dry

method was used in this work for attaching NiPc and NiNPs.

1.2.2. Electropolymerization

Electrochemical polymerization has been widely used to synthesize

conducting polymers such as polyaniline, polypyrrole and polythiophene
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[17]. It involves repetitive cyclization of the monomer at a predetermined
potential. The Pc for polymerization must have a polymerizable group such
as NHz or pyrrole. Scheme 1.3 shows the mechanism of polymer formation
on an NH> substituted Pc [18]. The NH> group on the Pc undergoes oxidation
to give a radical cation (Step I), followed by loss of the proton to produce
radicals (Step II). The radicals produced, react together in what is termed

oxidative coupling. The process repeats until a polymer is formed.

o0 .+ °
NH2 NHz Step Il N
Step | . ep
¢ —> + H
N N—/N
Step Il
2 + 2H'+ 2¢

Scheme 1.3. Proposed mechanism of MTAPc complex. Step I oxidation of
the amine, step II loss of proton from the radical cation and step III oxidative

coupling of the monomers. R: rest of the MTAPc molecule [18].

Polymer formation is observed by difference in the successive scan and
appearance of new peaks [19]. Fig. 1.3 shows polymerisation of CoTAPc in
DMF [20]. As the number of cycles increase, the peak currents also increase
and new peaks are formed, confirming that polymerization is taking place.
The advantage of polymerization is that the thickness can be controlled by
the number of polymer cycles. However, the Pc required have complicated

synthetic procedures. NiPc derivatives also undergo polymerization and yield
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polymers with O-Ni-O oxo bridges. Fig. 1.4 shows the transformation of ads-

a-NiPc(OH)s to poly-a-Ni(O)Pc(OH)s in 0.1 M NaOH solution [21].

T T T T T T T

080 -0.60 -0.40 -0.20 000 020 040 060 0.80
E (V vs. Ag|AgCl)

Fig. 1.3. Evolution of the cyclic voltammograms of 1 mM CoTAPc in DMF
containing 0.1 M TBABF4 during the formation of polymers on gold electrode
[20].

20pA

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 01 0.2 0.3 0.4 0.5
E vs (Ag|AgCI)/V

Fig. 1.4. Repetitive cyclic voltammogram of ads-a-NiPc(OH)s adsorbed on
the OPG electrode in 0.1 M NaOH, forming poly-a-Ni(O)Pc(OH)s. Scan rate =
100mV/s [21].
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1.2.3. Electrografting

Electrografting allows the deposition of very thin organic film via very strong
substrate-molecule link [22]. In general, the organic films formed are
insulating, highly adherent and optically transparent [23]. Due to the
covalent bond formed between the substrate and organic material, grafting
has found use in sensors, protection against corrosion, soldering and
lubrication [23]. For this work, aromatic diazonium salts were to modify the
electrodes. The mechanism for the diazotization reaction involves the
reduction of the diazonium group resulting in the formation of an aryl

radical with the release of N2 as shown in reaction Scheme 1.4 [24].

(@) b
aaki (9ak XU
GCE GCE

GCE

GCE GCE
(d) CoPc(COOH)
JE— . H 3
ONHZ + CoPe(COOH);— e N\c/
i
GCE GCE

Scheme 1.4. The processes in grafting may involve as an example (a)
electrochemical reduction of aryldiazonium salt, (b) grafting of aryl radical,
(c) electrochemical reduction of NO2z group and (d) attachment of Co
tetracarboxyphthalocyanine (CoTCPc) using EDS and NHS coupling agents.
EDC: ethyl(dimethylaminopropyl) carbodiimide, NHS: N-Hydroxysuccinimide
[24].
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Fig. 1.5 shows the CV for the grafting of the diazonium salt onto the glassy
carbon electrode [24]. The difference between scan number 1 and scan
number 2 is a typical behaviour of the successful grafting of GCE surface.

The inhibition of peaks in scan number 2 is caused by blocking behaviour of

nitrophenyls on the GCE surface.

-1500 -1000 -500 0 500 1000
E (mV) vs AglAgCI

Fig. 1.5. Cyclic voltammograms of a GCE recorded in 0.01 M 4-
nitrobenzenediazonium tetrafluoroborate, in ACN containing 0.1 M TBABF4.

Numbers refer to scan numbers. Scan rate = 200 mV/s [24].

11
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Table 1.1. MPc linked through grafting and/or click chemistry for the

modification of the electrode.

Graftmg followed by Thlocyanate
coupling MPc with EDS and
NHS
I Grafting and SAM
NiTSPc Electrodeposition

grafting
CoTAPc, Grafting followed by || H202
MnTAPc coupling MPc with BDCA glucose
CoTAPc Grafting followed by || H202
coupling MPc with BDCA

Grafting, click chemistry || Hydrazine

and axial ligation

TA-CoPc Electropolymerization and || Eserine

click chemistry

BPR: bis(4,4-bipyridine)(phthalocyaninato)ruthenium(Il), TA-CoPc: terminal-
alkynyl substituted cobalt phthalocyanine, GC: glassy carbon, ITO: indium
tin oxide, SPAu: screen-printed gold, SAM: self-assembled monolayer, EDC:
ethyl(dimethylaminopropyl) carbodiimide, NHS: N-Hydroxysuccinimide and
BDCA: benzene-1,4-dicarbaldehyde.

Table 1.1 shows Pc that were attached onto the electrode after grafting [24-
30]. The advantage of electrografting is that R group (NO2 in Scheme 1.4)
which is attached may be linked with other reactive groups. For example, if
the R group is azide, click chemistry with an alkyne group can be employed

to add other functional groups. The major drawback is lack of control in

12
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terms of thickness and organization [32]. This work reports on the grafting

followed by click chemistry for the first time, using GCE.

1.2.4. Click chemistry

Click chemistry was first introduced by Sharpless et al [33] to denote the
development of a set of powerful, reliable and selective reactions for the
rapid synthesis of useful compounds. The characteristics of click reactions
are simple reaction conditions, generation of products in high yields,
inoffensive by-products, stereospecificity and minimal requirements for
product purifications [33]. For this work, our focus will be on the Huisgen
cycloaddition of azides and alkynes [34]. The azide-alkyne cycloaddition
reaction enables the unreactive (azide and alkyne groups) to react in the
presence of Cul catalysts [35]. The click reaction is shown in Scheme 1.5.
The click reaction requires the use of alkyne or azide functionality, copper
salt (mostly CuSO4) and ascorbic acid or sodium ascorbate. The copper salt
is the source of Cu catalyst, ascorbic acid or sodium ascorbate function to
reduce Cull to Cul. The common solvent system used is water and ethanol in

the ratio of 1:1.

Hat / N Cut 75 T
\©\ /“'4" +/© - N\)\QN
N &

4-azidoaniline 4-Ethynylpyridine Triazole

Scheme 1.5. The azide-alkyne cycloaddition reaction.
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Click chemistry reaction can be performed in an electrochemical
environment. This is done by reducing Cull to Cu! electrochemically. This
reaction has been termed electro-click. The biased potentials applied for the
electro-click reactions are in the range -0.2 V to -0.5 V [36-38]. The rationale
being that these potentials are roughly 300 mV negative of the Cul/)
standard potential of the catalyst, ensuring that Cu! is formed at the
electrode surface. The other reason is during the reduction of Cull to Cu°, a
small amount of Cu! is produced which is enough to catalyse the click
chemistry reaction [39]. For this work, electro-click has been employed as it
is fast and flexible as far as immobilising molecules on the surface compared

to the chemical approach.

From Table 1.1 [29-31], it can be seen clearly that not much work has been
done in click chemistry using MPc. FePc and CoPc were used for analysis of
hydrazine and serine respectively, Table 1.1. Coates and Nyokong, used
electrografting to deposit the azide groups, perform click chemistry using
ethynylpyridine and link the FePc through axial ligation [30]. The electrode

modification pathway is shown in Scheme 1.6.

14
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S5 = . c . 8¢

Scheme 1.6 Attachment of FePc through: (A) grafting of the bare GCE by
electrochemical reduction of 4-azidodiazonium, (B) click chemistry with 4-

ethynylpyridine and (C) axial ligation of FePc [30].

Ipek et al, used electropolymerization to deposit the azide group followed by
either click chemistry or electro-click chemistry with terminal-alkynyl
substituted cobalt phthalocyanine [31]. In this work, we used two routes.
The first route involves electropolymerization to deposit the azide groups,
electro-click with ethynylpyridine and link with Fe
tetracarboxyphthalocyanine (FeTCPc) through axial ligation. Second route
involve simultaneous electropolymerization and electro-click reaction
followed by linking with FeTCPc through axial ligation. This is the first time
that a substituted MPc is being linked through axial ligation and the

comparison of two routes of click chemistry.

1.2.5. Characterization of chemically modified electrodes
The chemically modified electrodes in this work were characterized using

cyclic voltammetry, electrochemical impedance spectroscopy (EIS) and

15
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scanning electrochemical microscopy (SECM), scanning electron microscopy

(SEM) and X-ray photoelectron spectroscopy (XPS).

1.2.5.1. Cyclic voltammetry (CV)

In order to check the conductivity of the modified electrode and to calculate
surface coverage etc, the CV of the electrodes in ferricyanide solution are
often recorded. Fig. 1.6 shows the CV of electrode modified through
polymerization of MTAPc [20]. The behaviour of different metals can be
noted, CoTAPc had an increase in the peak current while MnTAPc had a

decrease in peak current compared to the bare gold electrode.

r T L L 1 T T ] Ll

-0.20 -0.10 0.00 0.0 020 030 040 050 0.60

E, V vs. Ag/AgCI

Fig. 1.6. Cyclic voltammograms of (i) bare, (ii) poly-CoTAPc and (iii) poly-
MnTAPc-modified gold electrode in 1 mM [Fe(CN)g]3-/4- in 0.1 M KCl1 [20].

The tendency to block electron transfer was observed in Fig 1.5 and further
confirmation can be obtained by cycling the grafted electrode in ferricyanide.

Fig. 1.7 shows the behaviour of electrodes in ferricyanide [30]. The Fell /Fel
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redox couple observed in the bare electrode has disappeared showing that

grafting causes blockage of electron transfer.

40 1
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Fig. 1.7. Cyclic voltammograms of (i) bare GCE, (ii) grafted GCE, (iii) grafted
GCE after click chemistry in ethynylpyridine, and (iv) grafted GCE after click
chemistry in ethynylpyridine and 3 h in 1 mM FePc in DMF [30].

From Fig. 1.6, the effective surface area and surface roughness factor for the
modified electrodes can be determined using [Fe(CN)e|3-/4 redox system and
applying Randles—Sevcik Eq. 1.1 for reversible systems [40]:

I, = 2.69 x 10°n3/%4,;,CDY?p1/? (1.1)

where I, n, A, C, D and v are the peak current, the number of electrons
involved in the reaction, the effective surface area, the concentration of the
reactant, the diffusion coefficient of the reactant species and the scan rate,
respectively. From literature, the D value for K3[Fe(CN)g] = 7.6 x 106 cm? s-!

[41] and n = 1.

17



CHAPTER 1 INTRODUCTION

The CV obtained in the buffer solution in the absence of a redox probe
allows for the determination of the surface coverage. Using the effective area

of the electrode, the surface coverage may be calculated using Eq. 1.2a or

1.2b [42].
2F29Apf sl
r=-% (1.2a)or I, =———< (1.2b)

where I is the film surface coverage, Q is the charge obtained from the peak
area of interest, n is the number of transferred electrons, F is the Faraday
constant and A is the effective area of the electrode area, I, is the
background corrected peak current, R is the universal gas constant and T is
the temperature (298 K). Surface coverage gives a measure of how
electrocatalytic the chemically modified electrode would be in an

electrochemical reaction.

1.2.5.2. Electrochemical impedance spectroscopy (EIS)

EIS measures the frequency response of a system by measuring impedance
(Z). This is achieved by applying a small AC signal over a range of
frequencies at a potential determined by CV studies. When the frequencies
change, the contribution of each element in the Randles circuit also
changes. There are two main plots determined in EIS, Nyquist plots and

Bode plots.

Nyquist plot also known as complex-plane impedance plot. Fig. 1.8 shows

an example of the Nyquist plot [43]. Nyquist plots have the advantage that
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activation-controlled processes with characteristic time-constants exhibits
impedance arcs and the shape of the curves give insight into the probable
reaction mechanism [44]. The semi-circles and straight line portions
represent charge transfer (Rc) and diffusion controlled processes,
respectively. The disadvantage of the Nyquist plot is that frequency is not
explicitly shown as a result, the Bode plots are employed to compliment the

Nyquist plot [45].

400 1 — + AuNP
L = AUNP/(MPA+TDT)
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Fig. 1.8. Nyquist plots of the AuNP-modified electrodes with the binary
SAMs (MPA and TDT, 1:1). Inset: The equivalent electrical circuit used to fit
all the experimental results. MPA: 3-mercaptopropionic acid and TDT: 1-

tetradecanethiol [43].

Fig. 1.9 shows the Bode plots of the various modified electrodes [43]. Bode
plots refers to representation of the impedance magnitude and phase angle
as a function of frequency. Bode plot shows the frequency-dependence of the

impedance of the CME. The Bode plots confirm the structural differences
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between the modified and the bare GCE. The slight changes in the phase
angle and frequencies confirmed that oxidation processes were taking place

at the modified surfaces rather than on the bare GCE.
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Fig. 1.9. Bode plots of the AuNP-modified electrodes with the binary SAMs
(MPA and TDT, 1:1). MPA: 3-mercaptopropionic acid and TDT: 1-
tetradecanethiol [43].

1.2.5.3. Scanning electrochemical microscopy (SECM)

SECM is a powerful electrochemical tool used to investigate heterogeneous
electron transfer reaction at the interface [46]. SECM provides information
on the electrochemical process in which the target molecules are involved,
giving chemical and topographic information about the investigated surface
[47]. SECM involves the measurement of current through the
ultramicroelectrode (UME) when it is held or moved in a solution in the

vicinity of the substrate. UME is an electrode with a radius of order of few
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nm to 25 um. UME is also known as the tip. In this work, the feedback mode
was used for the operation of the SECM. In the feedback mode, the current
of the tip is monitored. There are two types of feedback namely positive and
negative feedbacks. The positive feedback is when the current at the tip
increase due to regeneration of the oxidising species at the substrate
(conducting) while negative feedback occurs when current at the tip is
decreased due to blockage of diffusion by solution species at the substrate
(insulating) [48]. Apart from characterizing the modified surfaces, SECM can
be used as a tool for surface modification [48]. This process is described as
micropatterning using electrochemical techniques. Fig. 1.10 shows the
approach curves obtained by Coates et al [49]. The area where grafting was
done was insulating (blocking electron transfer) and as a result the current
was decreasing as the tip approaches the grafted spot (curve 1). On the
other hand current was increasing on the surface where grafting was not

performed (curve 2).
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Fig. 1.10. SECM approach curves for a 12.5 pm diameter Pt in 5 mM
Ru(NH3)6Clz in 0.1 M KCI aqueous solution above the locally electrografted
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area of the gold substrate (curve 1) and 500 pm away (curve 2). (Etp = — 0.45
V vs. Ag/AgCl; Lim = 9.8 nA). Adapted from [49].

In order to get topographical information about the area where the grafting
was taking place, an area scan may be taken, Fig. 1.11 [49]. The grafted

spot can be seen clearly, having the lowest current.
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Fig. 1.11. SECM images of locally electrografted gold substrate with a Pt tip
in 5 mM Ru(NH3)eClz in 0.1 M KCl aqueous solution (Etp=—0.45 V vs.
Ag/AgCl; Lim=9.8 nA for 12.5 pm diameter). The tip was scanned at 50
pm/s. The electrografting was obtained by a Pt tip of 12.5 pm diameter
positioned 1 pm above the gold surface [49].

In this work, the substrate (macroelectrode) was modified by electrografting
of 4-azidobenzenediazonium. The novel micropatterning was achieved by
performing the localized click reaction using ethynylferrocene, holding the
tip at the potential of -0.3 V. This was the first time it was done on the

glassy carbon substrate and the evidence was shown using SECM imaging.
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1.2.5.4. Scanning electron microscopy (SEM)

SEM is a versatile instrument for the examination and analysis of
microstructure morphology and chemical composition characterization [50].
In SEM, a fine probe of electrons is focused on a specimen and scanned
along a pattern of parallel line [S51]. Numerous signals are given out as a
result of the impact of the incident electrons that are collected to form an
image or to analyse the sample surface [51]. SEM gives information about
the sample’s topography and composition. Fig. 1.12 shows the SEM image of
the gold nanoparticles deposited on the glassy carbon electrode [52]. The
distribution, size and roughness of the gold nanoparticles can be seen
clearly in Fig. 1.12. The advantage of SEM is that it has high spatial

resolution, large depth of field and simple specimen preparation [S0].

Fig. 1.12. FEG-SEM image of AuNPs-GC electrodes prepared by CV from a
0.25 mM HAuCl4 solution in 0.1 M NaNO3s. Adapted from [52].
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1.2.5.5. X-ray photoelectron spectroscopy (XPS)

XPS is also known as electron spectroscopy chemical analysis (ESCA). XPS
is a widely used analytical technique for investigating the chemical
composition of the solid surface [53]. XPS involves irradiation of the solid
surface with X-ray and sorting the emitted electrons by energy [53]. The
spectrum obtained is a plot of the number of emitted electrons versus their
kinetic energy. Fig. 1.13 shows the XPS spectra of grafted GCE (i), grafted
GCE following click chemistry with ethynylpyridine (ii) and grafted GCE after
click chemistry in ethynylpyridine and immersion in FePc (iii). Peak heights
can give quantitative data and peak position and separation allows
identification of chemical state [53]. The main purpose of XPS is to
determine the elements present and their oxidation states when attached to

the GCE surface [30].
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Fig. 1.13. XPS spectra for: (i) grafted GCE, (ii) grafted GCE following click
chemistry with ethynylpyridine and (iii) grafted GCE after click chemistry in

ethynylpyridine and immersion in FePc [30].
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Atomic force microscopy can also be used to obtain the topographic

information from the electrode. However, it was not used in this work.

1.3. Metal Nanoparticles

1.3.1. Properties

Metal nanoparticles are defined as particles that have at least one dimension
in the nanometer size range (1-100 nm) [54]. Due to their small size, metal
nanoparticles have physical, chemical and electronic properties that differ
from the bulk metals [55]. Metal nanoparticles exhibit quantum size
behaviour due to the existence of discrete electronic energy levels and the
loss of overlapping electronic bands [56]. Metal nanoparticles have higher
surface to volume ratio compared to the bulk form. This means, a larger
fraction of the active atoms are on the surface. Owing to these unique
properties, metal nanoparticles have applications in chemical sensors,
biosensors, photovoltaic device, drug delivery, fuel cells, industrial

lithography and catalysis [S5].

1.3.2. Synthesis

Various methods have been employed to synthesize metal nanoparticles. The
most common ones are categorized under the following titles namely
physical methods, chemical methods and electrochemical methods. A

physical method involves evaporation of a metal in a vacuum by laser
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ablation [57]. The limitation of this method is that it is very difficult to
control the size of the nanoparticles formed. Though in theory the size can
be controlled be regulating the rate of evaporation and also using inert
gases. Chemical methods mostly involve reduction of metal salts dissolved in
appropriate solvents to produce metal nanoparticles of varying size
distribution [58]. The size of nanoparticles formed maybe controlled by using
protecting or capping agents. Frequently used protecting agents are
surfactants (cetyltrimethylammonium bromide (CTAB)) and polymeric
ligands (polyvinyl pyrrolidone (PVP)). The limitation of this method is that
the nanoparticle have a tendency of making a strong bond with these
ligands and therefore not very effective in a chosen application. For
electrochemical applications, the nanoparticles containing these capping
agents may need activation step before analysis. The electrochemical
methods involve electrodepositing the metal nanoparticles on the working
electrode by applying potential steps [59]. The size of metal nanoparticles

can be controlled by adjusting the potential steps and deposition time.

Bimetallic nanoparticle electrocatalysts are composed of nanoparticles based
on two different metals and show improved catalytic activity compared to
pristine metal nanoparticles. The advantage of the bimetallic nanoparticles
is that one has high performance in electroactivity and the other influences
the electrocatalytic activity or prevents poisoning problem [60]. The unique
electrocatalytic behaviour of bimetallic nanoparticles is attributed to their
electronic structures which are quite distinct from those of the pure

nanoparticles [61]. Many researchers have observed an enhanced
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performance in electrocatalytic activity and attributed it to the synergetic

effect of the bimetallic nanoparticles.

Electrochemical methods were employed to synthesize metal nanoparticles
(over other methods) in this thesis. Electrochemical methods have been
chosen because they are simple, rapid and flexible. The other advantages of
this method include low cost, high growth rate at room temperature,
reproducible, environmental friendliness and easier control of size and
shape. For electrocatalytic activities, the electrodeposited metal
nanoparticles are active and ready for use in analysis. On the other hand
the metal nanoparticles made from the other methods, need to be cleaned

and then put onto the electrode, which makes the process tedious.

1.4. Electrocatalysis

Electrocatalysis is a term used to describe the processes occurring at the
electrode surface. Fig. 1.14 shows the response of electrode bare and
modified to L-cysteine [62]. Electrocatalysis is given as the increase in
currents and the lowering of the overpotential in comparison to the bare
electrode. The mechanism in which electrocatalysis is achieved in MPc and

in metal nanoparticles used in this study are described below.
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Fig. 1.14. Cyclic voltammetric responses of (i) bare gold electrode, (ii) Au-ME
SAM and (iii) Au-ME-FeTCAPc SAM in pH 4 solution containing 0.1 mM L-
cysteine. ME-SAM: mercaptoethanol self-assembled monolayer, TCAPc:
tetra-carboxylic acid chloride phthalocyanine. Adapted from [62].

1.4.1. MPc alone

The MPcs to be employed in this work are NiPc, NiTSPc, CoTAPc and
FeTCPc. When NiPc and its derivative are adsorbed on the electrodes, they
exhibit the Nill/Nill redox couple in basic medium. Repetitive cyclization of
NiPc and its derivatives in basic medium produces O-Ni-O oxo bridges
which in turn improve the electrocatalytic performance of NiPc and their
derivative. Nill/Nill  redox couple is the one responsible for the
electrocatalysis of many analytes. The mechanism of the electrocatalysis is
shown in Egs. 1.3 and 1.4.

Ni''Pc — [Ni'"'Pc]* + e~ (1.3)

[Ni"'Pc]* + A—- Ni''Pc+ P (1.4)

where A is the analyte and P is the product.
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Metallophthalocyanine with metals that have orbitals which possess energy
level lying between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the Pc will exhibit redox
processes on both the central metal and the ring. These metals include Cr,
Mn, Co and Fe. Depending on the nature of solvents, CoPc and FePc show
MII/MI and MI/M! redox potentials (where M is either Co or Fe) [63].
However, MII/MI is involved in oxidation reactions. The mechanism would
be similar to the one shown for NiPc. When MI/M! redox potentials are
involved in the electrocatalyzing a reduction reaction, the mechanism is

given in Eqgs. 1.5 and 1.6.

M"pc + e~ - M'Pc (1.5)

M'Pc + A- M"pc+ P (1.6)

1.4.2. Metal nanoparticles alone

1.4.2.1. Electrocatalytic behaviour of Ni nanoparticles

Nickel nanoparticles are used as electrode modifiers for carbon electrodes
because they are a suitable substitute for noble metals. They are also
produced at low cost and have good electrical conductivity [64]. They have
been used to electrocatalyse a number of reactions which include detection
of bisphenol A [65], detection of ethanol [66], electrooxidation of propargyl
alcohol [67] and oxygen reduction reactions [68]. Once the Ni nanoparticles
are exposed to the alkaline medium, they react instantly to form a film of the

hydrous Ni(Il) oxide species, a-Ni(OH)2. The a-Ni(OH)2 species may dehydrate
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to form B-Ni(OH)2 [68]. During cyclization in alkaline medium, Ni(OH)2, will
react with the hydroxyl group to form a Nilll species, NiOOH as shown in Eq.
1.7.

Ni(OH), + OH™ =» NiOOH + H,0 + e~ (1.7)

The mechanism of Ni nanoparticles electrocatalysis involve the Nill and Nilll
species, Egs. 1.8 and 1.9.

Ni'l - Nilll + e~ (1.8)

Ni'l + analyte - Ni'' + products (1.9)

Both NiPc and NiNP form Ni oxo complexes and hence the combination of

the two was employed to see the effects on electrocatalysis.

1.4.2.2. Electrocatalytic behaviour of Au nanoparticles.

Gold nanoparticles offer high electrocatalytic activities towards several
electrocatalytic reactions such as electrooxidation of hydrogen peroxide [69],
glucose [70] and methanol [71]. This is due to their unique physical and
chemical properties. Their electrocatalytic performance is dependent on size,
shape and crystallographic orientations [72]. These characteristic are
particularly important to AuNPs since the bulk gold is less reactive, whereas
Ni can still catalyse in the bulk state. Of importance is the ease at which
AuNPs can be electrodeposited on the carbon electrodes. The reaction
involved in the electrodeposition is the reduction of gold(Ill) salt (HAuCl4) to
gold nanoparticles (Au®). The mechanisms of gold electrocatalysis may
proceed via adsorption of the analyte [70]. For example in glucose

electrooxidation, there is formation of (OH)aas on the Au nanoparticles
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surface. This is followed by interaction of adsorbed glucose and (OH)aqas. Egs.

1.10 to 1.12 [73].

Au+ H,0 - Au(OH)gqs + HT + e~ (1.10)
Au(OH)gqs + CoH1206 = Au(CsH110¢)aas + H20 (1.11)
Au(CeH1106)aqs = CeH1906 + Au+ H* + e~ (1.12)
1.4.2.3. Electrocatalytic behaviour of Pd nanoparticles.

Palladium nanoparticles are known to electrocatalyse a wide variety of
reactions which includes electrooxidation of formic acid [74], ethanol [73]
and hydrazine [76]. Pd nanoparticle has propensity to absorb hydrogen,
thus it easily form hydrides on its surface [77]. This behaviour may affect
positively or negatively the electrocatalytic activities, depending on the
nature of reaction. In aqueous medium, Pd nanoparticles easily form PdO or
PdOH as shown in Eqgs. 1.13 and 1.14 [77].

Pd + H,0 - PdO + 2H™ + 2e~ (1.13)

Pd + H,0 - PdOH + H* + e~ (1.14)

In electrochemical reactions, further oxidation of PdO is known and it gives
rise to PdO>. The Pd oxides can also be reduced back to Pd nanoparticles.
The electrooxidation of Pd nanoparticles and reduction of its surface oxides
lead to changes in the surface morphology and micro-roughness [77]. This
in turn increase the electrode’s real surface area through the formation of
surface defects namely clusters of adatoms, vacancies and rearrangement of
atoms at grain boundaries [77]. The mechanism of ethanol electrooxidation

(as an example) is shown in Egs. 1.15 to 1.17 [75].
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Pd+OH™ > Pd — OHys + e~ (1.15)
Pd — (CH;CH,0H) ggs + 30H™ = Pd — (COCHs)gys + 3H,0 + 3¢~ (1.16)

Pd — COCH3) 445 + Pd — OH 45 —» Pd — CH;COOH + Pd (1.17) rds

1.4.2.4. Electrocatalytic behaviour of bimetallic nanoparticles

Bimetallic nanoparticles (core-shell or alloy) exhibit remarkable
electrocatalytic activities due to their enhanced properties such as
selectivity, stability and electrochemical reversibility for redox reactions,
which are different from their corresponding monometallic nanoparticles
[78]. Of the bimetallic nanoparticles available, Au-Pd nanoparticles have
been widely used for a variety of electrochemical reactions [79-82]. In the
Au-Pd nanoparticle, there is stronger adsorption of analytes on the surface
thus facilitating high electrocatalytic performance. The superior behaviour of
Au-Pd nanoparticles can be explained by electronic effects and bi-functional
mechanism [83]. The mechanism of methanol oxidation (as an example) on
the Au-Pd nanoparticle surface involves adsorption of methanol followed by
dehydrogenation of methanol to form COags. COaqs further oxidizes to give
COz according to Egs. 1.18 and 1.19 [83].
COuqs — Pd — Au — OHyys » Pd — CO — Au— OH

- Pd —Au—CO — OH

- Pd —Au—COOH (1.18)

Pd — Au — COOH + OH,ys — Pd — Au + CO, + H,0  (1.19)
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In the methanol oxidation, Pd nanoparticles act as primary sites for
dehydrogenation of methanol while Au nanoparticles enhance the activity
and poison tolerance of neighbouring Pd nanoparticle [83].

1.4.3.

Electrocatalytic behaviour of metallophthalocyanine-metal

nanoparticles (MPc-MNP) hybrids

Table 1.2. Application of MPc-MNP modified electrode

MWCNTs-
CoPc/GR-
AuNPs/CS-
AuNPs

Au. Preformed AuNPs cast
onto the electrode followed

by casting of CoPc.

Drop and dry Kanamycm

(adsorption)

PAH-
AuNP/NiTSPc

ITO. Preformed PAH-AuNPs

was cast onto the ITO

followed by immersion in

NiTSPc

Drop and dry

C-CoOx-FePc

GC. Preformed C-CoOx was
dispersed in the FePc.

Drop and dry

Au-MPS-CoPc

GC. Preformed MPS-AuNPs

were mixed with CoPc.

Drop and dry

Pd/CuTSPc-
MWCNTs

GC. CuTSPc was mixed
with PdCl,
reduction of Pd2*

with NaBHa.

followed by
to Pdo
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NiTAPc-AuNPs

Electrodes and MPc-MNP
formation

Au. NiTAPc was mixed with

HAuCl4 followed

by

reduction of Aus* to Au°

with NaBH4.

Modification Analytes
methods

Hydrazme

TaPc-AuNP

Au. Preformed AuNPs are

mixed with TAPc.

Drop and dry

Bisphenol A

MPTS/NiTAPc
-AuNPs

Au and ITO. NiTAPc was
mixed with HAuCls followed
by reduction of Au3* to Au®

by NaBHa4.

SAM

L-tyrosine

CoTAPc
capped RhNP

GC. CoTAPc was mixed with
RhCl3 followed by reduction
of Rh3* to Rh0 with NaBHj4.

Drop and dry

Cytochrome

C

CoPc@Ag/C

CoPcFis@Ag/
C

GC. Preformed AgNPs were

mixed with CoPc

CoPcFis.

or

Drop and dry

(0))

Pt/NiTSPc-

graphene

GC. NiTSPc was mixed with
H>PtClg by
reduction of Pt* to Pt0 with

NaBHa4.

followed

Drop and dry

Methanol

CoTAPc
capped CuNPs

GC. CoTAPc was mixed with
CuCl; followed by reduction
of Cu?* to Cu® with NaBHz4.

Drop and dry

Pt/CuTSPc-

graphene

GC. CuTSPc was
with HsPtClg
reduction of Pt** to Pt0 with

NaBH4

mixed

followed by
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Electrodes and MPc-MNP | Modification | Analytes
formation methods

Pt/VOPcR4 GC. VOPcR4 was mixed with J| Drop and dry J Oz 96
HoPtCls followed by
microwave reduction of Pt#
to PtO.
Ag-MPS-ZnPc | GC. Preformed Ag-MPS or || SAM CO2 97
Au-MPS-ZnPc J|Au-MPS attached to GC
were immersed in ZnPc.

MWCNT: multiwall carbon nanotubes, NPs: nanoparticles, GR: graphene,

CS: chitosan, TSPc: tetrasulfonated phthalocyanine, TAPc:

tetraaminophthalocyanine, PAH: polyallylamine hydrochloride, MPS:
mercaptopropyl functionalized organo silica, MPTS:
mercaptopropyltriethoxysilane, = VOPcR4:  tetrakis(thiohecyl) vanadyl-
phthalocyanine, GC: glassy carbon, ITO: indium tin oxide, SAM: self-

assembled monolayer.

Table 1.2 shows the MPc-MNP conjugates and mixtures that have been
applied in electrocatalysis [15, 16, 84-97]. Individual metallophthalocyanine
and metal nanoparticles offers high electrocatalytic activities for a variety of
analytes. It is important to study the composite or hybrid of the two in order
to determine whether they would be an increase in the electrocatalytic
performance. It is clear from Table 1.2 that the hybrids or composite were
immobilised onto the electrodes by either adsorption (drop and dry) or self-
assembled monolayer (SAM). Our aim is to introduce other forms of
modification and form new hybrids through these methods. The composite
in this thesis were immobilised onto the electrodes using two main methods

that is electrodeposition (for metal nanoparticles (MNP)) and
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electropolymerization (for MPc). The immobilisation of the composite involves
electrodeposition of MNPs followed by electropolymerization of MPc or vice
versa. The research was motivated by the novel formation of the hybrid
modified electrode with the aim of improving the electrocatalytic
performance. The nanoparticles in Table 1.2 were formed first chemically
and then adsorbed onto the electrode while in this thesis nanoparticles are
formed in situ electrochemically. Also the majority of conjugates with Pc
were formed chemically but in this thesis attachment of Pc (through
electropolymerization) and then nanoparticle attachment (through

electrodeposition) or vice versa.

1.5. Analytes used in this work

The use of electrochemistry for analytical purpose has found applications in
environmental monitoring, industrial quality control and biomedical
analysis [98]. Electroanalytical techniques have an edge over other detection
methods such chromatography and spectroscopy in that, they are of low
cost, easy to use, have accuracy and are reliable [99]. For this work,
electrooxidation of amitrole, nitrite and hydrazine was performed to test the

performance of the electrocatalysts developed.
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1.5.1. Amitrole

HN/NY NH,
\—

N

Fig. 1.15. The structure of amitrole.

The full name of amitrole is 3-amino-1,2,4-triazole. Amitrole is a terrestrial
herbicide used in weed control [100]. The mechanism of action for amitrole
is by inhibiting carotenoid synthesis, chlorophyll formation and limited
regrowth of buds [101]. However amitrole poses danger to human health.
Amitrole is mobile, persistent and may have potential to contaminate ground
water. During spray application, amitrole may contaminate the surface
water through spray drift [101]. Amitrole causes cancer in human beings.
For this reason, it is vital to detect amitrole using electrochemical
techniques. Electrochemical detection of amitrole has been done using
NiTAPc in the presence of multiwalled carbon nanotubes and NiTAPc was
found to perform worse than the corresponding FeTAPc, MnTAPc and
CoTAPc derivatives [102]. In order to improve MPc activity, in this study,
amitrole is employed as a test molecule for the electrocatalytic behaviour of
the NiNPs alone or in combination with Ni phthalocyanines. This is the first
time in which the NiNPs are used for the electrochemical detection of
amitrole with the aim of making a better electrochemical detector for

amitrole.
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1.5.2. Nitrite

Nitrite plays a very important role in our society. Nitrites are known to be
good corrosion inhibitors for water and can supress the corrosion of steel
[103]. Nitrite is also used in meat preservation particularly sodium nitrite
since it is known to inhibit bacteria growth [104]. However, nitrite poses a
threat to human health. High level of nitrite in the blood has proved to
promote the irreversible oxidation of haemoglobin [105]. Nitrite
contamination in drinking water can cause many forms of cancer such as
stomach and bladder cancer by formation of N-nitrosamines (when nitrite
ions interact with amines) [106]. Therefore, it is crucial to obtain accurate
methods of monitoring the level of nitrites for public health, environmental
and food industries. The maximum permissible level of nitrites by the World
Health Organisation is 3 mgL-!. The electrochemical detection of nitrite has
been performed on the electrode modified with metal nanoparticles [107]
and MPc [108], since the bare electrodes requires high overpontials (>0.7 V).
In this work, a combination of metal nanoparticles and MPc has been
explored to modify the electrodes with the goal of lowering the overpotential

as well as improve sensitivity for nitrite sensing.

1.5.3. Hydrazine

Hydrazine (N2H4) is used in agricultural chemicals, chemical blowing agents,
pharmaceutical intermediates, photography chemicals, boiler water

treatment for corrosion protection and as fuel for rockets and spacecraft
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[109]. However, hydrazine is both toxic and corrosive and has to be handled
with care. Apart from safety concern, hydrazine poses a threat to human
health. Hydrazine has been recognised as a carcinogenic and hepatotoxic
substance which affects the liver and the brain glutathione [110]. For this
reason it is imperative to detect hydrazine. Metal nanoparticles have been
used for the electrooxidation of hydrazine [111-113]. Of interest is the use of
palladium nanoparticles for the electrochemical detection of hydrazine.
PdNPs has been supported on carbon black and multiwall carbon nanotubes
for hydrazine detection [111-113]. The results showed better electrocatalytic
activity compared to the bare electrode. MPc were also used for the
electrooxidation of hydrazine [114-116]. These include FePc and CoPc. For
this work, PANPs, AuNPs, Au-Pd, CoTAPc and a combination of nanoparticle
and MPc has been explored with the goal of obtaining a better electrocatalyst
for the electrooxidation of hydrazine. Of interest was the use of FeTCPc in
the electrochemical detection of hydrazine. The hydrazine electrooxidation
was carried out using FeTCPc modified ordinary pyrolytic graphite (OPG)
[117]. This work present for the first time the use of FeTCPc modified glassy
carbon electrode for hydrazine electrooxidation. The advantages of the GCE
are its wide range usable potential, its relatively reproducible performance

and mechanical durability than the graphite electrode.
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1.6. Summary of the aims of the thesis

Considering that metal nanoparticles and MPc exhibit good electron
transfer, combining the two could produce a hybrid with superior properties
for the electrocatalytic activities. From literature, the combination of metal
nanoparticles and MPc has been carried out. However the reports were
limited to chemical linking of the metal nanoparticle and MPc and use either
adsorption or SAM to modify the bare electrode. In this work we explore the
use of adsorption, electropolymerization, electrodeposition and click
chemistry as a means to modify the bare electrodes with metal nanoparticles
and MPc. Therefore the aims of this work are as follows:

1) Synthesis of nickel phthalocyanine (NiPc), cobalt
tetraaminophthalocyanine (CoTAPC) and iron
tetracarboxyphthalocyanine (FeTCPc).

2) Synthesis of nickel nanoparticles using chemical reduction method.

3) Electrosynthesis (electrodeposition) of Au, Pd, Au-Pd nanoparticles.

4) Characterization of the MPcs and metal nanoparticles.

5) Combining the MPc and metal nanoparticle and characterize them.

6) Application of scanning electrochemical microscopy (SECM) for
micropatterning of the glass carbon substrate.

7) Applications for the MPc and metal nanoparticles for the

electrochemical detection of amitrole, nitrite and hydrazine.
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2.1. Materials

The following chemicals were purchased from Sigma-Aldrich: gold salt
(HAuCly), palladium (II) chloride, hydrazine sulphate, ethylene glycol, nickel
tetrasulfonated phthalocyanine tetrasodium salt (NiTSPc), ethynylferrocene,
4-ethynylpyridine hydrochloride, 4-azidoaniline hydrochloride, HBF4,
sodium borohydride, sodium nitrite and sodium nitrate. Saarchem supplied
the following: Acetone, ethanol, methanol, K3Fe(CN)s, CuSO4, KH2PO4 and
KoHPO4. Merck provided potassium chloride, acetonitrile, dimethyl
formamide (DMF), NiCl2.6H20, sodium carbonate, and tetrabutylammonium
fluoroborate (TBAFB4). Fluka supplied pH 4 and pH 9.2 tablets. Aqueous
solutions were prepared using Millipore water from Milli-Q-Water Systems
(Millipore Corp., Bedford, MA, USA). A stock solution of 1 mM amitrole was
preared by pre-dissolving the pesticide in methanol (5 mL) and making up
the volume to 100 mL with pH 9.2 buffer solution. Stock solutions of 1 mM
hydrazine, 1 mM nitrite were prepared in pH 8 or pH 4 buffer solution. A pH

8 buffer solution was prepared from KH2PO4 and KoHPO4.

2.2. Equipment

1. Absorption spectra were recorded using Shimadzu UV-2550
spectrophotometer with a range from 200-800 nm.

2. Powder x-ray diffraction (XRD) was performed on a Bruker D8
Discover X-ray diffractometer with CuK. (A= 1.5405 A) radiation.

Samples were placed on a holder with a zero background silicon wafer
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and data recorded within the range from 26 = 0° to 100°. X-ray
diffraction data were fitted using software called Eva and the analysis
of data was performed using International Center Diffraction Data
(ICDD) database.

3. Scanning electron microscope (SEM) images were obtained using a
JOEL JSM 840 scanning electron microscope. Glassy carbon plates
(GCP, Goodfellow, UK) of 1x1 cm and 2 mm thick were used as
substrates for SEM.

4, Energy dispersive X-ray (EDX) spectroscopy was done on an INCA
PENTA FET coupled to the VAGA TESCAM using 20 kV accelerating
voltage.

5. Transmission electron microscopy (TEM) images were obtained using
a JEOL JEM 1210 TEM model operated at 100 kV.

6. Electron paramagnetic resonance (EPR) measurements were carried
out using a Bruker EMX Plus EPR spectrometer, model number: EMP-
9.5/12B/P. EPR settings were 0.632 mW for the microwave power,
frequency 9.8 GHz, resolution 1024 points, centre field 3455 G and
100 G for the sweep width.

7. X-ray photoelectron spectroscopy (XPS) analysis was done using an
AXIS Ultra DLD, with Al (monochromatic) anode equipped with a
charge neutraliser, supplied by Kratos Analytical. The following
parameters were used: the emission was 10 mA, the anode (HT) was
15 kV and the operating pressure below 5 x 109 torr. A hybrid lens
was used and resolution to acquire scans was at 160 eV pass energy
in slot mode. The centre used for the scans was at 520 eV with a
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10.

width of 1205 eV, with steps at 1 eV and dwell time at 100 ms. High
resolution scans were done using 40 eV and 80 eV pass energy.

All electrochemical experiments were performed using Autolab
potentiostat PGSTAT 302 (Eco Chemie, Utrecht, The Netherlands)
driven by the general purpose electrochemical system data processing
software (GPES, software version 4.9). A three electrode
electrochemical cell comprising a glassy carbon electrode (GCE) as
working, platinum wire (Pt) as counter and (Ag|AgCl, 3M KCI)
reference electrodes was employed.

Electrochemical impedance spectroscopy (EIS) measurements were
performed using Autolab FRA software, between 0.1 Hz and 10 kHz,
with signal amplitude of 10 mV. A nonlinear least squares (NNLS)
method based on the EQUIVCRT programme was used for automatic
fitting of the obtained EIS data

Scanning electrochemical microscopy (SECM) experiments were
carried out using Uniscan Model 370 equipment and
ultramicroelectrodes (25, 15 or 12.5 pm Pt microelectrode from
Uniscan) as the tip. SECM approach curves were done using the Pt
microelectrode with a Pt counter electrode and Ag|AgCl wire as the
pseudo-reference electrode. Images were obtained by maintaining the
tip at a constant Z position and scanning in the X-Y plane over the
desired area (constant-height mode of SECM) and monitoring changes
in the steady-state current of Ks[Fe(CN)s] oxidation at -0.1 V wvs.
Ag|AgCl as the tip travels. Glassy carbon plates (Goodfellow, UK) of

1x1 cm and 2 mm thick were used as substrates for SECM.
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2.3. Synthesis

2.3.1. Synthesis of metallophthalocyanine (MPc)

The MPc used in this work were not new, therefore details for their synthesis
is not given. They were synthesized according to literature methods, NiPc

[118], NiTSPc (Aldrich), CoTAPc [10] and FeTCPc [11].

2.3.2. Synthesis of nickel nanoparticles (NiNPs)

The synthesis of nickel nanoparticles (NiNPs) was as reported before [119]
with slight modifications. Fig. 2.1 represents the synthesis of NiNPs. In a
typical synthesis, NiCl..6H20O (52 mg) was dissolved in the ethylene glycol
(20 mL) in a 100 mL round bottom flask and heated to 150 °C. A reducing
agent, sodium borohydride (90 mg) was added and the green solution
changed immediately to a black colour. The reaction was allowed to
continue for 3 h and subsequently the heating was turned off. A colloidal
dispersion was formed and precipitated with acetone. The precipitate was

filtered and washed with acetone and ethanol and dried at 100 °C.
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NiCl, + solution in ethylene

glycol
Reflux NiNPs
After 1 h, NaBH, was added
Fig. 2.1. Synthesis of NiNPs.
2.3.3. Synthesis of 4-azidobenzenediazonium tetrafluoroborate

The synthesis of 4-azidobenzenediazonium tetrafluoroborate was as reported
before [120] with slight modifications. Briefly, NaNO2 (0.65 mmol) was
dissolved in Millipore to make a solution of 0.25 ml. It was then cooled in a
refrigerator. Azidoaniline hydrochloride (0.59 mmol), was dissolved in HBF4
(1 ml) and placed in an ice bath to maintain a temperature of 4 °C. The cold
solution of NaNO2 was then added slowly to the cold azidoaniline and the
reaction allowed to continue for 1 h. The off-white precipitate was filtered
and rinsed with cold ether (10 ml). The crude product was purified by
recrystallization from acetonitrile in the presence of an excess of diethyl

ether. The solid was dried and stored in a deep freezer.
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2.4. Electrode modification

The glassy carbon electrode (GCE) surface was polished using silicon
carbide grinding paper (grit 1200) followed by polishing on a Buehler-felt
pad using alumina (0.05 um). Between each polishing step, absolute ethanol
was used to remove any impurity by sonicating for 5 min. The electrode was
then rinsed with Millipore water and dried under a N2 stream. This was done
to ensure that there are no contaminates on the electrode surface before the
electrochemical measurements. A summary of modified electrodes is

presented in Table 4.1.

2.4.1. Adsorption (drop and dry)

The process involved dispersing NiNPs, NiPc and NiNPs/NiPc (mix) in
dimethylformamide (DMF) through sonication for 1 h. NiNPs/NiPc (mix) was
obtained by mixing 1:1, 1 mM NiNPs and 1 mM NiPc in DMF. The drop and
dry method was used to introduce 5 uL of the various modifiers onto the
GCE surface and then allowing the electrode to dry in an atmosphere of
nitrogen. The modified electrode was then rinsed in pH 9.2 buffer solution
before analysis. Regeneration of the modified electrode after use was
achieved by either shaking it in pH 9.2 buffer solution or in methanol,
followed by repetitive scanning in pH 9.2 buffer until stable voltammetric
currents were obtained. The GCE was modified with NiNPs, NiPc and
NiNP/NiPc (mix) are represented as NiNP-GCE, NiPc-GCE and NiNP/NiPc

mix-GCE, respectively.
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2.4.2, Electropolymerization

Co tetraaminophthalocyanine (CoTAPc) was electropolymerized on the GCE
by continuous cyclic voltammetry of the CoTAPc monomer (ImM) in DMF
containing 0.1 M TBAFB4 as an electrolyte from -1.2 V to +1.3 V (versus
Ag|AgCl) at 100 mV/s or 200 mV/s for 25 or 50 cycles, as reported in

literature [121-123]. The electrode is denoted poly-CoTAPc-GCE.

Electropolymerization of nickel tetrasulfonated phthalocyanine (NiTSPc) was
carried out by continuous cyclic voltammetry [124] in a solution containing
1 mM NiTSPc in 0.1 M NaOH within a potential range of -0.2 V to +0.84 V
(versus Ag|AgCl) at 10 mV/s for 20 cycles. The electrode is denoted as poly-

NiTSPc-GCE.

Electropolymerization of 4-azidoaniline (10 mM) was performed by cycling
from -0.6 V to 0.9 V at a scan rate of 50 mV/s (vs Ag|AgCl) in a
water/ethanol solution using 0.5 M H2SO4 as an electrolyte. The number of

cycles performed was 50.

2.4.3. Electrodeposition

Electrodeposition was the method used to deposit AuNPs, PdNPs and

bimetallic (core shell and alloy) of gold and palladium nanoparticles.
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2.4.3.1. Electrodeposition of gold nanoparticles

The gold nanoparticles modification of GCE was done using cyclic
voltammetry and a method proposed by Hezard et al [52]. A deaerated
solution of 1 mM HAuCls in 0.1 M NaNO3z was cycled at a scan rate of 50
mV/s for 10 scans from 1 V to O V or 0.4 V to 1.2 V [125]. The modified

electrode is denoted as Au-GCE.

2.4.3.2. Electrodeposition of palladium nanoparticles

Palladium nanoparticles were electrodeposited on to the GCE using cyclic
voltammetry scanning from -0.4 V to 0.6 V in a deaerated solution
containing 1 mM PdCl> (0.1 M HCI) at a scan rate of 50 mV/s for 10 scans,
using modified literature procedure [125]. The modified electrode is denoted

as Pd-GCE.

2.4.3.3. Electrodeposition of bimetallic nanoparticles

Au-Pd (co-deposited) nanoparticles were co-electrodeposited on to the GCE
using cyclic voltammetry scanning from -0.4 V to 1.2 V in a deaerated
solution containing 1 mM HAuCl4 and 1 mM PdCl; (0.1 M HCI) at a scan
rate of 50 mV/s for 10 scans, using modified literature procedure [125]. The

electrode is denoted Au-Pd (co-deposited)-GCE.

49



CHAPTER 2 EXPERIMENTAL

Using the same concentrations of HAuCls or PdCl> as used for co-
electrodeposition, electrodes where Pd and Au were deposited sequentially
on GCE were also studies and are represented as Au/Pd-GCE (for PdNPs

deposited first) or Pd/Au-GCE (for AuNPs deposited first).

2.4.4. Combining electropolymerization and electrodeposition

Electrodes where MPc (NiTSPc and CoTAPc) was first electropolymerized
onto the electrode followed by electrodeposition of metal nanoparticles were
also prepared. The electrodes were denoted Au/poly-CoTAPc-GCE, Pd/poly-
CoTAPc-GCE, Au/Pd-poly-CoTAPc-GCE, Pd/Au-poly-CoTAPc-GCE and Au-

Pd (co-deposited /poly-CoTAPc-GCE.

Electrodes where metal nanoparticles were first electrodeposited onto the
electrode followed by electropolymerization of MPc were also prepared. These

were denoted poly-NiTSPc/Au-GCE and poly-CoTAPc/Au-GCE.

2.4.5. Electrografting

Electrografting was achieved by scanning a solution of 1 mM 4-
azidobenzenediazonium tetrafluoroborate containing 0.1 M TBABF4 in de-
aerated acetonitrile at the potential range of 0.4 V to -0.3 V. Alternatively,
the electrografting of the GCE surface with azidoaryl groups was achieved by

chonoamperometry at -0.9 V vs Ag/AgCl for 60 s, at room temperature and
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without deaerating the aqueous solution containing 1 mM 4-

azidobenzenediazonium and 100 mM HCI.

2.4.6. Click chemistry

The GCE was modified using simultaneous electropolymerization and
electro-click (SEEC) functionalization process following literature methods
[126]. This was achieved by scanning a solution containing 10 mM 4-
azidoaniline, 10 mM 4-ethynylpyridine and 10 mM copper sulphate in a
water/ethanol with 0.5 M H2SO4 as an electrolyte, within a potential window
from -0.6 V to 0.9 V at a scan rate of 50 mV/s (using a pseudo Ag/AgCl
reference electrode). The number of cycles performed was 50. Adsorbed

species were removed by thorough rinsing in ethanol and water.

In another approach electropolymerization of azidoaniline was done first
followed by the attachment of 4-ethynylpyridine using electro-click reaction.
Electro-click reaction was carried out at a constant potential of -0.2 V in 10
mM 4-ethynylpyridine and 10 mM copper sulphate in a water/ethanol
solution with 0.5 M H2SO4 as an electrolyte. Electropolymerization followed

by click chemistry was termed step by step route.

2.4.7. Axial ligation

FeTCPc was introduced to both electrodes (SEEC or step by step) by

immersion of the electrode into a solution of 1 mM FeTCPc in DMF for 1 h.
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The pyridinic nitrogen from 4-ethynylpyridine form an axial bond with Fe in

FeTCPc.

2.4.8. Micropatterning on the glassy carbon substrate

Glassy carbon plates (Goodfellow, UK) of 1 x 1 cm and 2 mm thick were
used as the substrate in the SECM experiments. Each substrate was
manually polished before each experiment with liquid diamond (Biodiamant,
Lamplan, France) of 1 ym and % um. The substrate was then thoroughly
rinsed with ultra-pure water (Millipore System). Scheme 4.3 shows the
micropatterning of the glass carbon substrate using the SECM tip. The
SECM tip was positioned 10 pym above the surface of the azido-modified
substrate, and Cu* ions were produced at the tip. This is aimed at locally
triggering the copper (I) catalyzed azide-alkyne 1,3-dipolar Huisgen
cycloaddition (CuAAC) reaction between azido moieties on the surface and
ethynylferrocene in solution. A potential of -0.3 V was applied on the tip for
the local click procedure. Although this process probably corresponds to the
reduction of Cu2* to Cuf a small amount of Cu* is also present and this

small amount can be enough to catalyze the click chemistry reaction.
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RESULTS AND DISCUSSION

This section has been split into three chapters:

Chapter 3: Characterization of phthalocyanines and nanoparticles
Chapter 4: Electrode modification

Chapter 5: Electrocatalytic studies
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Table 3.1. List of metallophthalocyanines (MPcs) used in this work.

MPcs complexes Abbreviations | Q band (nm)

676, 621

Nickel (II) phthalocyanine NiPc

Nickel (II) tetrasulfonated phthalocyanine NiTSPc 660, 607

Cobalt (II) tetraaminophthalocyanine CoTAPc 710

FeTCPc

642

Iron (II) tetracarboxyphthalocyanine

3.1. UV-Vis spectra of MPcs

3.1.1. UV-Vis spectrum of NiPc

Fig. 3.1 shows the UV-Vis spectrum of NiPc dissolved in pyridine. It has a
two Q bands at 676 nm and 621 nm. The peak at 676 nm is a characteristic
peak of monomeric NiPc while the peak at 621 nm shows aggregation of the

NiPc [127]. The Soret band is seen at 335 nm.
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Fig. 3.1. UV-Vis absorption spectra of NiPc in pyridine (concentration ~ 1

x10-5 M)

3.1.2. UV-Vis spectrum of NiTSPc

The UV-Vis spectrum of NiTSPc in 0.1 M NaOH exhibits a Soret band at 333
nm and a Q band at 607 nm, Fig. 3.2. This is a typical absorption spectrum
of NiTSPc. These results are closely related to those obtained by Ureta-
Zanartu et al [128]. The spectrum shows extensive aggregation with the
band due to the aggregate at 607 nm and the monomer as a shoulder near

660 nm [129].
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Fig. 3.2. Absorption spectrum of NiTSPc in 0.1 M NaOH.

3.1.3. UV-Vis spectrum of CoTAPc

The UV-Vis spectrum of CoTAPc in DMF exhibits a Soret band at 420 nm
and a Q band at 710 nm, Fig. 3.3. This is a typical absorption spectrum of

CoTAPc. Similar spectra were observed in literature [20, 121].

2.0 - 710 nm

1.5 -
420 nm

1.0 4

Absorbance

0.5 4

0.0 T T T T 1
300 400 500 600 700 800

Wavelength/nm

Fig. 3.3. Absorption spectrum of CoTAPc in DMF.
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3.1.4. UV-Vis spectrum of FeTCPc

Fig. 3.4 shows the UV-Vis absorption spectrum of FeTCPc. FeTCPc gives a
characteristic Q band of non-aggregated carboxyphthalocyanine at 640 nm.
Zhang et al obtained similar results in which the peak of non-aggregated

FeTCPc peak occurred at 642 nm [130].
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Fig. 3.4. Absorption spectrum of FeTCPc in DMF.

3.2. Characterization of nickel nanoparticles (NiNPs)

The discussion in this section will be of NiNPs as the other nanoparticles
were made electrochemically. Therefore they will be discussed under

electrode modification.
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3.2.1. UV-Vis spectra of NiNPs

When NiCl2.6H20 was dissolved in ethylene glycol, a green solution was
formed. Fig. 3.5 shows the UV-Vis spectrum of the Ni2* solution with a
strong band at 394 nm and weak ones between 600-800 nm as reported
before [131]. The addition of sodium borohydride caused colour a change
from green to black, where the Ni nanoparticles are black in colour. The UV-
Vis absorption spectrum was taken at the end of the reaction and it showed
the disappearance of the peaks at 394 nm and 600-800 nm as shown in Fig

3.5. This indicates that Ni2+* has been reduced to Ni°.

0.4 4

Absorbance

L] L] L] L] 1
300 400 500 600 700 800

Wavelength/nm

Fig. 3.5. Absorption spectra of Ni2* and NiNPs in ethylene glycol.
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3.2.2. Transmission electron microscopy (TEM) images of NiNPs

The Ni nanoparticles obtained were characterized using TEM. Fig. 3.6 shows
the TEM micrographs of uncapped Ni nanoparticles. It can be seen from the
TEM image that the Ni nanoparticles are well dispersed. Due to the large
surface to volume ratio and strong magnetic forces, the Ni nanoparticles
tend to aggregate in order to minimise the total surface energy of the system
[132]. Singh and co-workers [133] showed that Ni nanoparticles capped with
polyvinyl pyrrolidone (PVP) were smaller and well dispersed compared to
NiNPs shown in Fig. 3.6. Though their NiNPs were observed as small
spheres surrounded by PVP capping, this may affect the electrocatalytic
activity of the NiNPs. The average particle size was estimate by Imaged
software and was found to be 16 nm. The formation of agglomerates was
controlled due to the presence of ethylene glycol which act as a capping
agent. The uncapped NiNPs were however employed in this work since the

capped ones did not show good electrocatalytic behaviour.

Fig. 3.6. TEM image with NiNPs.
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3.2.3. Powder X-ray diffraction (XRD) pattern of NiNPs

The crystalline size of the NiNPs was determined by XRD. Fig. 3.7 shows the
XRD pattern of uncapped Ni nanoparticles prepared. The peaks are sharp
which is indicative of the crystallinity of the nanoparticles. The XRD
standard pattern for Ni nanoparticles gave 20 values at: 44°, 51°, 75°, 91°
and 97°, they were also observed in the literature [134]| and were indexed as
the (111), (200), (220), (311) and (222) planes of the face centered-cubic (fcc)
nickel, respectively. No impurity diffraction peaks, such as nickel oxides or
nickel hydroxides, were detected, indicating that the NiNP were pure. The
crystalline (particle) size of the Ni nanoparticles was calculated using the

Scherrer equations. The Scherrer Eq. 3.1 [133]:

092
" BCos6

(3.1)

where L is the average particle size, A is the wavelength (1.54051&) of the X-
ray source, B is the full width at half maximum of the peak position and 0 is
the angle at which the diffraction peak occurs. The average size of these
uncapped NiNP was 14 nm. The value is close to the one obtained using

TEM which is 16 nm.
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Fig. 3.7. XRD pattern of NiNPs.
3.2.4. Electron paramagnetic resonance (EPR) spectrum of NiNPs

The presence of paramagnetism in the NiNPs and NiPc was determined by
EPR. Fig. 3.8 shows the EPR spectrum of NiNPs. NiPc did not show the EPR
spectrum because of its diamagnetism. The line width is large and shape is
distorted for uncapped NiNPs in Fig. 3.8. The line width in the EPR
spectrum of NPs is known to increase with increase in the size and
distribution of nanoparticles [135]. Thus the large line width observed for
NiNPs suggests a large size distribution. The large size distribution could be
due the presence of different extends of aggregation in addition to some of
the NiNPs not being aggregated. Thus EPR supports TEM and XRD in terms

of the aggregated nature of the NiNPs.
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The effective g factor was experimentally determined using hv/usH, where v
is the microwave frequency, H is the magnetic field at which the resonance
maximum occurs, h is the Planck’s constant, and up is the Bohr magneton.
The effective g factor was found to be 2.26 for these uncapped NiNPs. The

value of the g factor is typical of ferromagnetic substances [136] and thus

confirms the magnetic status of the NiNPs.

Intensity

0 1000 2000 3000 4000 5000 6000
Magnetic Field strength (G)

Fig. 3.8. EPR spectrum of NiNPs.
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Various methods were used to modify the glassy carbon substrate
(electrodes or plates). These methods include adsorption,
electropolymerisation, electrodeposition, electrografting and click chemistry.
The different methods were employed in this work due to nature of the
electrocatalyst which were used to modify the electrode surface. NiPc is
difficult to polymerize in solution while NiNPs are difficult to electrodeposit
in solution hence adsorption was used to immobilise them on the electrode.
However, adsorption has limitations in terms of reproducibility so other
methods were employed. The best was to immobilise metal nanoparticles is
through electrodeposition. Since Au and Pd can easily be electrodeposited,
they were employed in this work. Having seen the challenges with
unsubstituted NiPc, substituted MPc were employed namely NiTSPc, CoTAPc
and FeTCPc. NiTSPc can polymerize easily in solution compared to NiPc.
Both NiTSPc and CoTAPc were immobilised onto the electrode surface
through electropolymerization, since the former forms O-Ni-O on
polymerization and the latter has polymerizable NH> groups. Electrografting
was used for aryl diazonium compound and click chemistry was employed
for coupling azide and alkyne groups. FeTCPc was immobilised onto the
electrode surface possessing pyridinic nitrogen through axial ligation, since
nitrogen containing ligands co-ordinates with with FePc derivative axially
and not with NiPc or CoPc derivatives. Table 4.1 shows the different

methods employed to modifying the glassy carbon substrate.
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Table 4.1. The different methods employed to modifying the glassy carbon

electrode (GCE).

Electrode presentation Modification method

NiNPs NiNP-GCE Adsorption

AuNPs Au-GCE Eletrodeposition

PdNPs Pd-GCE Eletrodeposition

AuNPs & PdNPs | Au/Pd-GCE Eletrodeposition of PANPs

followed by AuNPs

PdNPs & AuNPs [ Pd/Au-GCE Eletrodeposition of AuNPs
‘ followed by PdNPs

AuNPs-PdNPs Au-Pd (co-deposited)-GCE | Co-eletrodeposition

NiPc NiPc-GCE Adsorption

NiTSPc poly-NiTSPc-GCE Electropolymerization

CoTAPc poly-CoTAPc-GCE Electropolymerization
NiNPs & NiPc NiNP/NiPc mix-GCE Adsorption
NiTSPc & AuNPs | poly-NiTSPc/Au-GCE Eletrodeposition followed by

electropolymerization

AuNPs & Au/poly-CoTAPc-GCE Electropolymerization followed by

CoTAPc electrodeposition
CoTAPc & poly-CoTAPc/Au-GCE Eletrodeposition followed by

AuNPs electropolymerization

PdNPs & CoTAPc | Pd/poly-CoTAPc-GCE Electropolymerization followed by

electrodeposition

AuNPs, PdANPs & [ Au/Pd-poly-CoTAPc-GCE | Electropolymerization followed by

CoTAPc electrodeposition
PdNPs, AuNPs & [ Pd/Au-poly-CoTAPc-GCE | Electropolymerization followed by

CoTAPc electrodeposition

AuNPs-PdNPs, Au-Pd (co-deposited)/poly- | Electropolymerization followed by
CoTAPc CoTAPc-GCE electrodeposition
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4.1. NiPc and NiNPs

Glassycarbon
electrode

v

Modified glassy
carbonelectrode

Scheme 4.1. Drop and dry of NiPc or NiNPs or the mixture of NiPc and

NiNPs on to the glassy carbon electrode.

Scheme 4.1 shows the modification of GCE using the drop and dry method.
NiPc, NiNPs, mixture of NiPc and NiNPs were used to modify the GCE and
the electrodes are denoted as NiPc-GCE, NiNP-GCE and NiNP/NiPc mix-
GCE, respectively. NiPc was studied in the presence of NiNPs since they
both form O-Ni-O bridges hence the effect of combined bridges was tested.
The characterization of the bare and modified electrodes was done

electrochemically in ferricyanide and pH 9.2 buffer solutions.

4.1.1. Behaviour of electrodes in ferricyanide

The surface roughness factor for NiINP-GCE and NiPc-GCE were determined
using the [Fe(CN)s]3~/4- redox system (figure not shown but similar figure to
that is shown below for NiTSPc system) and applying the Randles—Sevcik Eq.

4.1 [40].

3 1 1
I, = 2.69 x 105024, D2Cv? (4.1)
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where D and C are the diffusion coefficient and the bulk concentration of the
redox probe (1 mM K3[Fe(CN)eg] in 1 M KCl), respectively, n is the number of
electrons transferred (n = 1), v is the scan rate (0.1 V s°1) and Aex is the
effective surface area. D value for K3[Fe(CN)g] = 7.6 x 1076 cm? s7! [41]. The
surface roughnesses of the electrodes (ratio of Ipa experimental/Ipa
theoretical) are found to be 1.4 for NiNP-GCE and 1.1 for NiPc-GCE
corresponding to a real electrode areas (roughness factor x theoretical
surface area, = 0.071 cm?) of 0.0978 cm? for NINP-GCE and 0.079 cm? for
NiPc-GCE. There is increased roughness for NiNP compared to NiPc. Thus
the NiNP-GCE is expected to perform better than NiPc-GCE based on the
effective electrode area. The cathodic to anodic peak potential separation
(AE) of the bare, NiPc-GCE, NiNP-GCE and NiNP/NiPc mix-GCE were 74,
135, 120 and 140 (versus Ag|AgCl), respectively, at a scan rate of 100
mV/s, Table 4.2. Of the modified electrodes, NiNP-GCE showed the lowest
AE value confirming its better electron transfer kinetic compared to the rest

of the modified electrodes.
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Table 4.2. The different electrocatalysts employed and electrochemical

parameters for the modification of electrode.

Electrode AE/mV
(ferricyanide)

Bare GCE

NiNP-GCE 6.59 x 10-10
Au-GCE 2.44 x 10-10
Pd-GCE 1.82 x 109
Au/Pd-GCE 2.95 x 10-10
Pd/Au-GCE 1.94 x 109

Au-Pd (co-deposited)-GCE 3.30 x 10-10

NiPc-GCE 1.12 x 10-10

Poly-NiTSPc-GCE 1.79 x 10-10

Poly-CoTAPc-GCE 3.10 x 10-10

NiNP/NiPc mix-GCE 1.04 x 10-10

Poly-NiTSPc/Au-GCE 1.89 x 10-10

Au/poly-CoTAPc-GCE 3.40 x 10-10

Poly-CoTAPc/Au-GCE 3.15 x 10-10

Pd/poly-CoTAPc-GCE 1.90 x 109

Au/Pd-poly-CoTAPc-GCE 4.80 x 10-10

Pd/Au-poly-CoTAPc-GCE 1.30 x 109

Au-Pd (co-deposited)/poly-CoTAPc-GCE 4.3 x 10-10

4.1.2. Polymerization and surface coverage

Fig. 4.1 shows comparative cyclic voltammetric studies (274 cycles) for the
different electrodes in pH 9.2 buffer. All the electrodes (NiNP-GCE, NiPc-

GCE, NiNP/NiPc mix-GCE) with the exception of the bare GCE (as expected)
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showed the Ni3*/Ni2* couple. The half wave potentials were 0.76 V, 0.78 V
and 0.79 V for the NiNP-GCE, NiPc-GCE and NiNP/NiPc mix-GCE,
respectively. There was no anodic peak observed for the Ni3*/Ni2* couple
during the first scan, though it has been observed during the first scan in
other studies using different electrode materials [137]. However during
successive scans the Ni3*/Ni2* couple began to be observed and continued to
increase until it stabilises at scan number 15.

It is known that upon immersing Ni electrode in aqueous alkaline solution,
a film of the hydrous Ni(Il) oxide species, a-Ni(OH)2, is spontaneously formed
[68]. It is expected that the NiNPs on the surface of the GCE will also form
the a-Ni(OH)2 [138]. The a structure consists of Ni(OH)2 layers with
intercalated water molecules occupying the space between layers. With
ageing or cyclic voltammetry cycling in alkaline medium, the a-Ni(OH)2
dehydrates to form B-Ni(OH)..

The redox peaks after cycling in Fig. 4.1d are due to the reaction shown in
Eq. 4.2 [138].

Ni(OH), + OH™ & NiOOH + H,0 + e~ (4.2)

Thus the couple at half wave potential (Ex) = 0.76 V (for NiNPs) is due to
Ni3*/Ni?* redox process. The large increase in oxidation peaks beyond +0.8
V have been attributed to the electro-oxidation of OH- ions to Oz with OH-
radicals as intermediates. For NiPc, the peaks are due to Ni3*/Ni?* redox

couple after the formation of the O-Ni-O bridge.
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Fig. 4.1. Second cycle cyclic voltammograms in pH 9.2 for (a) bare GCE, (b)
NiPc-GCE, (c) NiPc/NiNP mix-GCE and (d) NiNP-GCE. Scan rate = 100
mV/s.

Fig. 4.2 shows the increase in the cathodic and anodic peaks as the scan
rate is increased from 50 mV/s to 500 mV/s (for NiNPs). Fig. 4.2 inset
shows a plot of peak current versus sweep rate for the NiNP-GCE in pH 9.2.
The linear relationship of the plot is characteristic of a surface-immobilized
redox species. The surface coverage of NiNP or NiPc on GCE was estimated
from the plot of background corrected peak current versus scan rate,

according to Eq. 4.3 [42, 139]
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n?F2 vAgrsT
Iy =———7712—
4RT

(4.3)

where I, is the background corrected peak current, n is the number of
transferred electrons, F is the Faraday constant, I" is the surface coverage by
NiNPs film, Aef(0.0978 cm? obtained above), R is the universal gas constant
and T is the temperature (298 K). The I' value of 6.59 x10710 mol cm™ was
obtained for the NiNP film. The T" values for NiPc-GCE and NiNP/NiPc mix-
GCE were 1.12 x10710 mol cm™ and 1.04 x10719 mol cm™2, respectively
which are much smaller compared to NiNP-GCE, explaining the lower
catalytic activity observed in the next chapter for the NiPc-GCE and

NiNP/NiPc mix-GCE.

y =5e-08x + 1e-05
10pA R?=0.9878 10 pA

0 0.2 0.4 0.6 0.8 1
E vs (Ag|AgCl)/V

Fig. 4.2. Second cycle cyclic voltammograms of NiNP-GCE in pH 9.2 buffer
with increasing scan rate (50 mV /s to 500 mV/s). Inset: Plot of peak current

versus sweep rate for NINP-GCE in pH 9.2 buffer.
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4.2. NiTSPc and AuNPs

A combination of electrodeposition and electropolymerization was used to
modify the electrode surface. Scheme 4.2 shows the summary of the

modification of the GCE.

Electropolymerization of

Electrodeposition of MNPs TSPc
using metal salt
<P > >
Bare GCE MNPs-GCE poly-TSPc/MNPs-GCE

Electropolymerization of
TSPc

Electrodeposition of MNPs

using metal salt
> e

Poly-TSPc-GCE MNPs/poly-TSPc-GCE

Scheme 4.2. Modification of the glassy carbon electrode (GCE). MNPs: metal

nanoparticles, TSPc: tetrasubstituted phthalocyanine.

NiTSPc is water soluble unlike NiPc in the last section hence could be
electrodeposited directly from its solution in basic medium. AuNPs were
employed together with NiTSPc since AuNPs can be electrodeposited easily

onto the electrode, unlike NiNPs.



CHAPTER 4 ELECTRODE MODIFICATION

4.2.1. Electrodeposition and activation of AuNPs

Fig. 4.3A shows the first and the last cyclic voltammogram of the
electroreduction of 1 mM HAuCls solution in 0.1 M NaNOs. By cycling the
potential from 1 V to O V, golden coloured deposits were observed. The
forward scan shows the reduction of Au(Ill) to Au(0) with a cathodic peak at
0.53 V, inducing the deposition of AuNPs onto the GCE surface. This value
is very close the one obtained by Hezard and co-workers [52] which was 0.48
V for the reduction of Au(lll) on GCE. It can be observed from the cyclic
voltammograms that the peak position has shifted to more positive values
from 0.53 V to 0.70 V after the 10t scan. This behaviour has been reported
before for the formation of AuNPs on GCE [52]. This shift of the reduction
peak indicates that on the subsequent scans, the Au deposition occurred on
the NPs created during the first scan. Liu and co-workers suggested that the
presence of Au nuclei make the deposition of Au easier [140].

The Au-GCE was activated (following literature methods [141]) using 0.5 M
H>SO4 by cyclising (10 scans) within a potential window from 0.2 V to 1.4 V.
Fig. 4.3B shows the cyclic voltammogram of scan number 10. The anodic
and cathodic peaks increased with the increase of the number of scans. The
anodic peaks between 1.0 and 1.3 V correspond to Au oxidation. The
presence of two peaks is indicative of the formation of different types of Au

oxides, mainly AuO according to Eq. 4.4 [141].
Au + H,0 = AuO + 2H* + 2e~ (4.4)
The cathodic peak was found at 0.80 V which corresponds to the reduction

of oxides formed during the forward scan.
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Fig. 4.3. Cyclic voltammograms (A) of the first and the last scan of 1 mM
HAuCls in 0.1 M NaNO3z, Number of scans: 10, scan rate: 50 mV/s, (B) on
AuNPs-GCE recorded in 0.5 M H2SO4 solution, scan rate: 100 mV/s.

4.2.2, UV-Vis absorption spectrum of AuNPs

Fig. 4.4 shows the absorption spectra of gold nanoparticles in
dimethyformamide (DMF). The AuNPs were removed from the GCE by
sonicating the Au-GCE in DMF for 5 min. A colour in DMF was pale purple.
The surface plasmon absorption resonance peak was obtained at 534 nm.
The broad feature between 600 nm and 800 nm is associated with formation
of aggregates. Hu and co-workers [142] found out that as the number of
cycles increase for the electrodeposition, the peak between 600 nm and 800
nm become more pronounced and they attribute the peak to the formation
of aggregates [142], due to the coalescence of adjacent AuNPs with

increasing particle size.

77



CHAPTER 4 ELECTRODE MODIFICATION

3.5 -
3.0-
254
2.0-

1.5 -

Absorbance

1.0 -
0.5 4

0.0 -

I - I - I - I - I - I
300 400 500 600 700 800

Wavelength/nm

Fig. 4.4. Absorption spectrum of AuNPs in DMF.

4.2.3. Electrodeposition of poly-NiTSPc films

Poly-NiTSPc films were deposited onto the bare and Au-GCE using 1mM
NiTSPc in 0.1 M NaOH. The intensity of currents for the Nill/Nill couple
increased with increase in the number of cycles, Fig. 4.5A. Fig. 4.5B shows
the typical cyclic voltammograms of the polymerized NiTSPc using 20 cycles
on bare and Au-GCE. The peaks are similar to those in Fig 4.1 for the
activation of NiPc in pH 9.2 buffer. The cyclic voltammograms shows that
the current for the Nill/Nill couple was larger for Au-GCE than bare GCE for
the same number of cycles. On the forward cycle, bare GCE had a current of
26 pA while Au-GCE had a current of 42 pA. This indicates that the AuNPs
play an important role in promoting the deposition of NiTSPc. Similar cyclic
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voltammograms were obtained for the electrodeposition of NiTSPc by Berrios
and co-worker [143]. After the electropolymerization, the electrodes are
denoted as poly-NiTSPc-GCE and poly-NiTSPc/Au-GCE for the bare and Au-

GCE, respectively.

4.2.4. Microscopic characterization

Fig. 4.6a shows the transmission electron microscopy (TEM) image of the
AuNPs evaporated from DMF solutions onto the copper grids. Some evidence
of agglomeration can be seen on the image. This may be attributed to the
number of cycle during electrodeposition as well as the concentration of
HAuCls. The other probable cause of agglomeration is that, when the
solvent evaporates from the TEM copper grids, it concentrates the AulNPs
resulting in the formation of aggregates. The AuNPs are spherical in nature
even though aggregated. Fig. 4.6 (b, c¢) shows a scanning electron
microscope (SEM) AuNPs (b) and poly-NiTSPc/AuNPs (c) on a glassy carbon
plate. Fig. 4.6b shows that the AuNPs well distributed across the glassy
plate surface. Hezard et al [52] have observed similar results and they
deduced that increasing the electrodeposition cycles would increase the
average size of the particles. The SEM image of poly-NiTSPc/AuNPs (Fig.
4.6¢) suggests that AuNPs have not been completely covered by the NiTSPc
layer, since there are still some white spots (though reduced in number)
compared to Fig. 4.6b. It is also possible that poly-NiTSPc occupies the

empty area not covered by AulNPs in Fig. 4.6c. The morphological changes
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that are observed on the glassy plates will in turn affect electrocatalytic

activities.

To further confirm the presence of AuNPs, NiTSPc and NiTSPc on the carbon
paste plate, energy dispersion spectroscopy (EDS) was used, Fig. 4.7. The
carbon seen on the spectrum is obtained from the glassy carbon plate and is
observed on all the substrates. Fig. 4.7a shows the presence of Ni on the
NiTSPc modified glassy plate. Sodium 1is also observed as the
phthalocyanine is a sodium salt (nickel tetrasulfonated phthalocyanine
tetrasodium salt). Fig. 4.7b shows the presence of the AuNPs and no other
element was observed apart from carbon. Fig. 4.7c shows the presence of

both Ni (from NiTSPc) and Au (from AuNPs).
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Fig. 4.5. (A) Continuous cyclic voltammograms for polymerization of NiTSPc
(1 mM) on Au-GCE in 0.1 M NaOH and (B) and the comparison of the 20th
cycle of bare GCE and Au-GCE in 1 mM NiTSPc. Scan rate: 10 mV/s.
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Fig. 4.6. TEM image of AuNPs evaporated from DMF solutions (a), and SEM
image of AuNPs (b) and poly-NiTSPc/AuNPs (c) on a glassy carbon plate.
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Fig. 4.7. EDS spectrum of poly-NiTSPc (a), AuNPs (b) and poly-
NiTSPc/AuNPs (c) on glassy carbon plate.
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4.2.5. Electrochemical characterization of the modified electrodes

Fig. 4.8 shows the cyclic voltammograms (CVs) of bare and modified
electrodes in 2 mM ferricyanide dissolved in 0.1 M KCIl. The anodic and
cathodic peak separation (AE) for bare GCE, Au-GCE, poly-NiTSPc-GCE and
poly-NiTSPc/Au-GCE are 74 mV, 83 mV, 126 mV and 110 mV respectively
at a scan rate of 100 mV/s. In terms of electron transfer efficiency the order
is bare GCE > Au-GCE > poly-NiTSPc/Au-GCE > poly-NiTSPc-GCE. AE is
126 mV for poly-NiTSPc-GCE and it decreases to 110 mV for poly-
NiTSPc/Au-GCE. Thus the latter shows better electron transfer behaviour,
confirming that the presence of AuNPs improves the electron transfer for
NiTSPc. Au-GCE has a lower AE (compared to the rest of the modified
electrodes) because AulNPs provide a high surface to volume ratio thus
promoting good electron transfer between the redox probe and the electrode
modifier much faster.

The surface roughness factor for the modified electrodes were determined
using [Fe(CN)g]3-/4- redox system (Fig. 4.8) and applying Randles—Sevcik Eq.
(4.1) for reversible systems. The surface roughness factors (ratio of ILa
experimental/ L, theoretical) of the electrodes were found to be 1.13, 1.02
and 1.04 for Au-GCE, poly-NiTSPc-GCE and poly-NiTSPc/Au-GCE,
respectively, corresponding to a real electrode areas {(roughness factor x
theoretical surface area (0.0707 cm?)} of 0.072 cm? for poly-NiTSPc-GCE,
0.074 for poly-NiTSPc/Au-GCE and 0.080 cm? for AuNPs-GCE, thus

showing a larger surface area for poly-NiTSPc/Au-GCE compared to poly-
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NiTSPc, again showing the importance of the presence of both poly-NiTSPc

and AuNPs.

30 -+

poly-NiTSPc/Au-GCE

20 - poly-NiTSPc-GCE

Current/pA

Au-GCE

. . r .
-0.2 0.0 0.2 0.4 0.6
E vs (Ag|AgCIl)/V

Fig. 4.8. Cyclic voltammograms of bare and modified GCE in 2 mM
ferricyanide with 0.1 M KCl electrolyte. Scan rate: 100 mV/s.

The surface coverages of the modified GCE were determined using the CVs
of modified electrodes in pH 8 buffer (to be used for nitrite detection). The
CVs for poly-NiTSPc-GCE and poly-NiTSPc/Au-GCE are similar to those

shown in Fig. 4.5B in 0.1 M NaOH. Surface coverage was calculated using

Eq. 4.5.
r=-% (4.5)
nFA

where I is the surface coverage, Q was determined by integrating the area

under the cathodic peak, n is the number of transferred electrons, F is the
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Faraday constant and A is the real electrode area. The values of the surface
coverage were found to be 1.79 x 10-19 mol cm2 for poly-NiTSPc-GCE, 2.44
%x10710 mol cm2? for Au-GCE and 1.89 x10710 mol cm2 for poly-NiTSPc/Au-
GCE, Table 4.2. Thus higher surface coverages are obtained in the presence

of both AuNPs and poly-NiTSPc.

4.3. CoTAPc with NPs

Repetitive cyclic voltammetry (CV) scanning of a solution containing CoTAPc
in DMF results in a gradual increase in the oxidation currents, due to
polymerization of this complex [121, 144]. Fig. 4.9 shows repetitive cyclic
voltammograms for CoTAPc in DMF solutions in the presence of the 0.1 M
TBAFB4 as an electrolyte. A gradual increase in the faradaic current was
observed for both the oxidation and reduction processes. As seen in Fig. 4.9,
the first scan is different from the second and subsequent scans for CoTAPc,
as has been observed before [121, 144|. Following polymerization, the poly-
CoTAPc electrode was cycled in pH 8 buffer (pH to be wused for
electrocatalysis) and the CV is shown as an insert in Fig. 4.9. Process
labelled I at E, = ~ -0.08 V is attributed to Co!/Co!l. Similar peaks were

observed in literature [10, 122].
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Fig. 4.9. Cyclic voltammetry of 1 mM CoTAPc in DMF containing 0.1 M
TBABF4 (electrolyte). Scan rate 200 mV/s. Inset: CV of poly-CoTAPc in pH 8
buffer.

4.3.1. CoTAPc and AuNPs

The electrodeposition and activation of AuNPs has been described in section

4.2.1.

4.3.1.1. SEM images and EDS

Fig. 4.10 shows a scanning electron microscope (SEM) image of AuNPs/poly-
CoTAPc (a) and poly-CoTAPc/AuNPs (b) on a glassy carbon plate. SEM of
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AuNPs are shown in Fig. 4.6b. When AulNPs are deposited on top of poly-
CoTAPc, Fig. 4.10a the nanoparticles were evenly distributed, compared to
poly-CoTAPc on top of AuNPs, Fig. 4.10b, and this will in turn affect

electrocatalytic activities.

Fig. 4.10. SEM image of AuNPs/poly-CoTAPc (a) and poly-CoTAPc/AulNPs

(b) on a glassy carbon plate.

4.3.1.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was used to study the surface of
unmodified and modified glassy carbon electrodes. Fig. 4.11 shows the X-
ray photoelectron survey spectra of bare glassy carbon plate (GCP), Au-GCP,
poly-CoTAPc-GCP, Au/poly-CoTAPc-GCP and poly-CoTAPc/Au-GCP. The
wide scan shows the presence of C (1s) at around 282 eV. The intensity of
the peak varies depending on the nature of modification of the GCP.

Au/poly-CoTAPc-GCP has the lowest C (1s) peak. The gold peaks are
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observed at 84 eV (4f), 88 eV (4f), 335 eV (4d), 355 eV (4d), 547 eV (4p). They
are prominent for Au-GCP and Au/poly-CoTAPc-GCP, where the AuNPs are
exposed. In poly-CoTAPc/Au-GCP, the peaks are weak indicating that the
top layer is the one that dominates. Cobalt peaks are observed at 781 eV
(2p) and 795 eV (2p). The nitrogen peaks are clearly seen on poly-CoTAPc
and poly-CoTAPc/Au-GCP at 400 eV (1s). There were no observable peaks of
Co on the Au/poly-CoTAPc-GCE this is due to the fact that the AulNPs
completely cover the surface containing poly-CoTAPc. The samples were all
exposed to atmospheric oxygen as a result we observed the presence of

oxygen peak at 533 eV (1s).
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Fig. 4.11. X-ray photoelectron spectra for bare GCP, Au-GCP, poly-CoTAPc-
GCP, Au/poly-CoTAPc-GCP and poly-CoTAPc/Au-GCP.
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4.3.1.3. Electrochemical characterization

The CVs of ferricyanide for bare GCE, Au-GCE, poly-CoTAPc-GCE, poly-
CoTAPc/Au-GCE and Au/poly-CoTAPc-GCE have similar peaks to Fig. 4.8.
The anodic and cathodic peak separation (AEp) for bare GCE, Au-GCE, poly-
CoTAPc-GCE, poly-CoTAPc/Au-GCE and Au/poly-CoTAPc-GCE are 74 mV,
83 mV, 78 mV, 83 mV and 78 mV, respectively, at a scan rate of 100 mV/s.
In terms of electron transfer efficiency the order is bare GCE > Au/poly-
CoTAPc-GCE = poly-CoTAPc-GCE > Au-GCE = poly-CoTAPc/Au-GCE. This
confirms good electron transfer kinetics of the bare GCE. Au/poly-CoTAPc-
GCE has a lower AE (compared to the rest of the modified electrodes)
suggesting fast electron transfer between the redox probe and the electrode
modifier.

The surface roughness factor for the modified electrodes were determined
using [Fe(CN)s]3-/4 redox system and applying Randles—-Sevcik Eq. (4.1) for
reversible systems. A was estimated to be 0.076 cm?2, 0.092 cm?2, 0.096
cm? and 0.10 cm? (higher than-geometric area = 0.071 cm? for a GCE) for
Au-GCE, poly-CoTAPc-GCE, poly-CoTAPc/Au-GCE and Au/poly-CoTAPc-
GCE respectively, giving roughness factor (= area of modified GCE/area of
bare GCE) of 1.07, 1.30, 1.35 and 1.46, respectively. The roughness factors
for the poly-CoTAPc/Au-GCE and Au/poly-CoTAPc-GCE are higher than for
the rest of the electrodes due to heterogeneity caused by two different layers

(AuNPs and poly-CoTAPc).

91



CHAPTER 4 ELECTRODE MODIFICATION

The values of the surface coverage was found to be 2.44 x10710 mol cm2,
3.10 x10719 mol cm2, 3.15 x 10-10 mol cm2 and 3.40 x 10-10© mol cm2, for
Au-GCE, poly-CoTAPc-GCE, poly-CoTAPc/Au-GCE and Au/poly-CoTAPc-
GCE, respectively, Table 4.2. These values are higher than a monolayer
surface coverage for a phthalocyanine molecule lying flat [123]. For CoTAPc,

surface coverage is known to increase with the number of scans [144].

Fig. 4.12 shows the cyclic voltammograms of bare GCE, Au-GCE, poly-
CoTAPc-GCE, poly-CoTAPc/Au-GCE and Au/poly-CoTAPc-GCE recorded in
pH 4 buffer at a scan rate of 100 mV/s. pH 4 buffer was chosen since nitrite
analysis will be carried out at this pH. Au/poly-CoTAPc-GCE showed no
peak. Since the poly-CoTAPc layer is under the AuNPs for Au/poly-CoTAPc-
GCE, no peaks due to the CoTAPc were observed, Fig. 4.12. Au-GCE showed
a small anodic peak at 0.89 V this was attributed to the oxidation of AuNPs.
The cyclic voltammogram for Au-GCE (in pH 4) differs from one in Fig. 4.3B
due to the conditioning in Fig. 4.3B and also differences in media. Three
processes are observed for poly-CoTAPc/Au-GCE and two for poly-CoTAPc-
GCE. The process labelled II at E», = 0.37 V and 0.35 V (for poly-CoTAPc-
GCE and poly-CoTAPc/Au-GCE, respectively) is attributed to Coll/Co!!l and
process III at E» =0.55 V and 0.52 V (poly-CoTAPc-GCE and poly-
CoTAPc/Au-GCE respectively) is attributed to the ring based process [145-
147]. Process I (E, = 0.16 V) is observed for poly-CoTAPc/Au-GCE (and not
for poly-CoTAPc-GCE because it occurs at a negative potential window). This
process may be attributed to the Co!l/Co! in comparison with literature [122]
but shifted to more positive potentials in acid media used in this work.
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Fig. 4.12. Cyclic voltammograms of bare and modified GCE recorded in pH

4 buffer. Scan rate: 100 mV/s.
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4.3.1.4. Scanning electrochemical microscopy (SECM)

Fig. 4.13 shows the 3 D images of unmodified and modified glassy carbon
plates (GCP) surfaces. The plates were immersed in an aqueous solution of 2
mM ferricyanide and 0.1 M KCl. The ultramicroelectrode (UME) 15 um
radius Pt, was held at -0.1 V vs Ag|AgCl and brought 10 um close to the
GCP. This resulted in a reduction current corresponding to
[Fell(CN)g|®  + e — [Fell(CN)e]* . Then, the tip was scanned in the x,y plane
(200 ym x 200 pm), = 10 um above the substrate. From the image in Fig.
4.13a, it can be seen that the surface of the unmodified plate is smooth and
low current was detected. When GCP was modified (Fig. 4.13b-e), the
surface becomes rougher and shows higher currents as compared to the
unmodified GCP. Au/poly-CoTAPc-GCP (Fig. 4.13e) had the roughest
surface and highest currents were detected. The results are well supported
by the cyclic voltammetry ferricyanide studies in which Au/poly-CoTAPc-

GCP had the lowest AE for the modified GCEs.
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Fig. 4.13. SECM image of (a) bare GCP, (b) Au-GCP, (c) poly-CoTAPc-GCP,
(d) poly-CoTAPc/Au-GCP (e) Au/poly-CoTAPc-GCP in 0.1 M KCI containing 2
mM ferricyanide solution. Imaging conditions: Pt UME (15 um diameter)

placed 10 um above the substrate, poised at a potential of — 0.1V vs
Ag/AgCl.

4.3.2. CoTAPc and PdNPs

Since it was shown that attaching poly-CoTAPc first followed by AuNPs gave
the best AE values for ferricyanide, the subsequent studies involving CoTAPc

were all performed by attaching CoTAPc first followed by nanoparticles.
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4.3.2.1. Microscopic characterization

Fig. 4.14 shows the SEM images of PANPs and PdNPs/poly-CoTAPc, PdNPs
can be clearly seen on Fig. 4.14a, showing that they are not well dispersed
and they have agglomerated. When the PdNPs are deposited on top of the
poly-CoTAPc (Fig. 4.14b), there is more evidence of more isolated
nanoparticles compared to agglomerated ones. Fig. 4.14b (inset) shows

isolated PdNPs.

Fig. 4.14. SEM images of PANPs (a) and PdNPs/poly-CoTAPc (b) on a glassy

carbon plate. Inset in (b) individual nanoparticles.

4.3.2.2. XPS

XPS was also used to confirm the existence of poly-CoTAPc and PdNPs on
the glassy carbon plate. Fig. 4.15a shows the wide scan XPS spectra of poly-

CoTAPc, PdNPs and PdNPs/poly-CoTAPc. All the spectra have C (1s) peak
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from the glassy carbon plates. Main peaks for XPS spectra for poly-CoTAPc
are Co (2p) and N (1s) which confirms that the electropolymerization of
CoTAPc was achieved. The oxygen peak at 532 eV is also visible on the poly-
CoTAPc. The peak originates from the oxygen adsorbed on the surface of
poly-CoTAPc. PANPs and PdNPs/poly-CoTAPc do not show the oxygen peaks
as the Pd (3p) has dominant peaks in the region where the oxygen peaks are
located. Co (2p) and N (1s) peaks were also observed on the PdNPs/poly-
CoTAPc. XPS spectra of PdNPs and PdNPs/poly-CoTAPc showed the
characteristic features of palladium at 1159 eV (Pd MNNa), 672 eV (Pd 3s),
560 eV (Pd 3p), 533 eV (Pd 3p), 336 eV (Pd 3d), 88 eV (Pd 4s) and 52 eV (Pd

4p). The chloride peak is from the PdClz used for the formation of PANPs.

High resolution XPS spectra were carried out at Pd 3d peak for PANPs and
PdNPs/poly-CoTAPc. Fig. 4.15b shows peaks at 335.4 eV and 340.6
corresponding to Pd 3ds;2 and Pd 3ds;2 respectively for both PdNPs and
PdNPs/poly-CoTAPc. This indicates that most of the Pd ions have been
reduced to Pd? as reported in literature [148, 149|. However, there are some
noticeable peaks at the binding energies of 337.8 eV and 343.0 eV. They
correspond to the Pd?* ions which have not been reduced. In the case of
PdNPs/poly-CoTAPc it is possible that nitrogen atoms (from the peripheral
amino groups on the Pc) are coordinatively bonded to palladium ions [37],
hence contributing to the intensity of the peaks. To prove if there are any
bonds formed between nitrogen atoms and palladium ions, a high resolution
XPS was carried out at the N 1s energy levels. Fig. 4.15¢c and 4.15d show

the N 1s spectra of poly-CoTAPc and PdNPs/poly-CoTAPc. The peaks at
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binding energy of around 398 eV and 400 eV are observed and are
attributed to imine (=N-) and amine (-NH-), respectively [148, 149]. The
latter has shifted to higher energies for PdNPs/poly-CoTAPc due to the
presence of Pd. The peak at binding energy of 402.5 eV is attributed to
charged nitrogen species [148, 149] and it is not observed on the
PdNPs/poly-CoTAPc. This may suggest that it have been involved in forming

a bond with palladium ions.
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Fig. 4.15. Wide scan XPS spectra of poly-CoTAPc, PANPs and PdNPs/poly-
CoTAPc (a). High resolution Pd 3d XPS spectra for PANPs and PdNPs/poly-
CoTAPc (b). High resolution N 1s XPS spectra for poly-CoTAPc (c) and
PdNPs/poly-CoTAPc (d).
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4.3.2.3. Electrochemical characterization of the modified electrodes

The anodic and cathodic peak separation (AE) for modified electrodes (in 2
mM ferricyanide in 0.1 M KCl) for bare GCE, Pd-GCE, poly-CoTAPc-GCE
and Pd/poly-CoTAPc-GCE are 74 mV, 88 mV, 78 mV and 88 mV,
respectively at a scan rate of 100 mV/s, Table 4.2. In terms of electron
transfer efficiency the order is bare GCE > poly-CoTAPc-GCE > Pd/poly-

CoTAPc-GCE = Pd-GCE.

The surface roughness factor for the modified electrodes were determined
using [Fe(CN)e|3-/4 redox system and applying Randles-Sevcik Eq. 4.1 for
reversible systems. The surface roughness factors (ratio of Ipa
experimental /Ipa theoretical) of the electrode were found to be 1.08, 1.33 and
1.46 for Pd-GCE, poly-CoTAPc-GCE and Pd/poly-CoTAPc-GCE, respectively.
Corresponding to real electrode areas {(roughness factor x theoretical
surface area (0.071 cm?)} of 0.077 cm? for Pd-GCE, 0.094 for poly-CoTAPc-
GCE and 0.10 cm? for Pd/poly-CoTAPc-GCE. Using the effective area of the
electrode, the surface coverage was calculated using Eq. 4.5. The values of
the surface coverages were found to be 1.82 x1072 mol cm for Pd-GCE, 3.10
x10710 mol cm™? for poly-CoTAPc-GCE and 1.90 x107° mol cm2 Pd/poly-
CoTAPc-GCE, Table 4.2. Thus, higher surface coverages are obtained in the

presence of both poly-CoTAPc and PdNPs.

103



CHAPTER 4 ELECTRODE MODIFICATION

Fig. 4.16 shows the cyclic voltammograms of bare GCE, poly-CoTAPc-GCE,
Pd-GCE and Pd/poly-CoTAPc-GCE recorded in pH 8 buffer at a scan rate of
50 mV/s. pH 8 buffer was used since hydrazine analysis will be carried out
at this pH. The bare GCE showed no peak and this was expected. Poly-
CoTAPc-GCE showed peaks though they were not well pronounced. The
inset on Fig. 4.16 shows that there are two processes occurring at the
electrode. Process labelled I at E, = -0.20 V is attributed to Co!l/Co! (though
the assignment is still controversial [144]). Process II at E, = 0.15 V is
attributed to the Co!ll/Coll [144-147]. Both peaks are not well resolved as
has been observed before [144]. Increasing the number of scan for polymer
formation was reported not to improve resolution of these peaks [144]. The
peak near 0.8 V (Fig. 4.16, inset) is associated with the oxidation of the
amino group [150]. Palladium nanoparticles undergo oxidation to give
different types of oxides, processes 2a and 3a (Fig. 4.16) [151-153] which
are reduced at 3c. The redox couples labelled 1a and 1c are also associated

with PANPs redox processes [151, 152].
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Fig. 4.16. Cyclic voltammograms of poly-CoTAPc-GCE, Pd-GCE and
Pd/poly-CoTAPc-GCE in pH 8 buffer. Inset of the cyclic voltammograms of
poly-CoTAPc-GCE in pH 8 buffer. Scan rate = 50 mV/s.

4.2.3.4. Electrochemical impedance spectroscopy (EIS)

The analysis was done as a representative of all electrodes. The bare and the
modified electrodes were examined by electrochemical impedance
spectroscopy (EIS) in 2 mM ferricyanide containing 0.1 M KCl and the
results are shown in Fig. 4.17a and b. Fig. 4.17a shows the Nyquist plot for
the various electrodes that were used in this section. The plots are
composed of semi-circles and straight line portions, representing charge

transfer (Rct) and diffusion controlled processes, respectively. The Randles
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equivalent circuit for this process is shown as an inset in Fig. 4.17a. The
equivalent circuit is composed of Rs (the resistance of the electrolyte), in
series connection with parallel elements of Cai (double layer capacitance), Rct
(resistance to charge transfer) and Zy (Warburg impedance). Such circuits
have been observed in other studies [154]. The Rt values as determined by
the diameter of the semi-circle were found to be 202.4 Q, 251.0 Q, 9.6 Q and
17.4 Q, for bare GCE, Pd-GCE, poly-CoTAPc-GCE and Pd/poly-CoTAPc-GCE
respectively, Table 4.3. The bare electrode and Pd-GCE have larger semi-
circles than for the rest of the electrodes, showing that poly-CoTAPc-GCE
and Pd/poly-CoTAPc-GCE have better conductivity. This has been observed
before for carbon nanotubes/FePc composite electrode [155]. Also Pd/poly-
CoTAPc-GCE offers limited resistance to charge transfer (compared to Pd-

GCE) hence promoting very fast electron exchange rate.

The Bode plot (phase angle (8) versus log frequency) for the various
electrodes in this section is shown in Fig. 4.17b. On a Bode plot, the
Warburg impedance exhibits a phase angle below 459. The Bode plots
confirm the structural differences between the modified and the bare GCE.
The slight changes in the phase angle and frequencies confirmed that
oxidation processes were taking place at the modified surfaces rather than

on the bare GCE.
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Fig. 4.17. (a) Nyquist and (b) Bode plots obtained for (i) Bare GCE, (ii) Pd-
GCE, (iii) poly-CoTAPc-GCE, (iv) Pd/poly-CoTAPc-GCE in 2 mM ferricyanide
containing 0.1 M KCI (electrolyte). Inset in (a) is the Randles equivalent

circuit employed.
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Table 4.3. Electrochemical parameters for the impedance data

Bare GCE 9.26 x 106

Pd-GCE 6.9 x 10

poly-CoTAPc-GCE . 1.5x 104

Pd/poly-CoTAPc-GCE . 7.7 x 103

4.3.3. CoTAPc and Bimetallic nanoparticles

4.3.3.1. Electrodeposition of NPs

Fig. 4.18A shows the electrodeposition of Au (Au-GCE), Pd followed by Au
(Au/Pd-GCE), and Au-Pd co-deposited (Au-Pd (co-deposited)-GCE). Au-GCE
has two peaks occurring at 1.04 V and 0.40 V corresponding to gold
oxidation and gold reduction respectively, Fig. 4.18A. Similar peaks were
obtained with Au/Pd-GCE. Au-Pd (co-deposited)-GCE has peaks at 0.94 V
and 0.35 V, Fig. 4.18A. They correspond to the oxidation and reduction of
gold, shifted to less positive values in the bimetallic nanoparticle. Thus the
AuNPs dominate the CV when on top. At the end of the cathodic reaction,
there is hydrogen evolution. The oxidation of the hydrogen on the bimetallic

nanoparticles occurs at -0.26 V.
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In the presence of poly-CoTAPc (for Au-poly-CoTAPc, Au-Pd (co-deposited)-
poly-CoTAPc-GCE and Au/Pd-poly-CoTAPc), the gold peaks did not shift
significantly, Fig. 4.18B, compared to electrodes in the absence of CoTAPc,
Fig. 4.18A. Wang et al [83] observed Pd/Au NPs exhibits the same
electrochemical behaviours as compared with PANPs in region of hydrogen
adsorption/desorption. Fig. 4.18C compares electrodeposition for Pd (Pd-
GCE), Au followed by Pd (Pd/Au-GCE), and Au-Pd co-deposited (Au-Pd (co-
deposited)-GCE). Pd-GCE shows the oxidation peaks at -0.25V, -0.17 V and
0.46 V. They are attributed to oxidation of hydrogen on the surface of Pd,
oxidation of absorbed hydrogen and oxidation of palladium respectively.
Similar peaks are observed for Pd/Au-GCE though there is an additional
oxidation peak at 0.58 V which may be attributed to gold oxidation. The
peaks do not change significantly when poly-CoTAPc in underneath the NPs,
Fig. 4.18D. These variations in the peaks obtained during electrodeposition

will in turn affect the electrocatalytic activity of the electrocatalyst.
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Fig. 4.18. Cyclic voltammetry for the deposition on GCE of (A) AuNPs to
form Au-GCE, AuNPs on PdNPs to form Au/Pd-GCE) and co-deposition of
AuNPs and PdNPs to form Au-Pd (co-deposited), (B) NPs from (A)
electrodeposited on polymerized CoTAPc; (C) PANPs to form Pd-GCE, PdNPs
on AulNPs to form Pd/Au-GCE) and co-deposition of AuNPs and PdNPs to
form Au-Pd (co-deposited) and (D), NPs from (C) electrodeposited on
polymerized CoTAPc. Concentrations: 1 mM PdClz or 1 mM HAuCls dissolved
in 0.1 M HCI. Scan rate 50 mV/s.
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4.3.3.2. Microscopic and spectroscopic characterisation

Fig. 4.19 shows the SEM image of Au-Pd (co-deposited)/poly-CoTAPc that
shows evenly distributed nanoparticles. Further characterization was
carried out using the energy dispersion spectroscopy (EDS). Fig. 4.20 shows
the EDS spectra of Au-Pd (co-deposited)/poly-CoTAPc. The EDS spectrum
was taken by selecting a nanoparticle and then zooming on it. The spectrum
shows the presence of both gold and palladium nanoparticles. This indicates
that the electrodeposition of Au-Pd (co-deposited) nanoparticles formed an
alloy onto the carbon plate. The spectra have carbon, as the glassy plates

are made from carbon.

Fig. 4.19. SEM image of Au-Pd (co-deposited)/poly-CoTAPc on a glassy

carbon plate.
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Fig. 4.20. EDS spectrum of Au-Pd (co-deposited)/poly-CoTAPc on a glassy

carbon plate.

4.3.3.3. XPS

XPS was also used to confirm the existence of AuNPs, PANPs and Au-Pd co-
deposited on the glassy carbon plate. Fig. 4.21a shows the wide scan XPS
spectra of AuNPs, PANPs and Au-Pd co-deposited. All the spectra have C (1s)
peak (283.4 eV) as it is obtained from the glassy carbon plates. Main peaks
for XPS spectra for Pd in Au-Pd co-deposited are 1157.6 eV (Pd MNNa),
670.1 eV (Pd 3s), 560.4 eV (Pd 3p), 532.7 eV (Pd 3p) and 335.3 eV (Pd 3d)
and for Au in Au-Pd co-deposited the XPS peaks are 763.2 eV (Au 4s), 642.4
eV (Au 4p), 547.6 eV (Au 4p), 354.1 eV (Au 4d) and 84.3 eV (Au 4f). AuNPs
and PdNPs XPS peaks are all seen in Au-Pd co-deposited. This may suggest
that the alloy has been formed during the co-electrodeposition from
HAuCl4.3H20 and PdCly solution. Upon further analysis, the elemental

composition (atomic percentage) was obtained to be (3:2/Pd:Au) which was
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equivalent to 1:1 weight percent distribution. High resolution XPS spectra

were carried to further confirm that an alloy has been formed.

Fig 4.21b shows high resolution spectra of Au 4f in AuNPs and Au-Pd co-
deposited. Bond energies of 84.0 eV and 87.7 eV (AuNPs) correspond to pure
Au® [156]. Any deviation from these bond energies imply that the gold
nanoparticles are interacting with other elements. In this case with Au-Pd
co-deposited 83.7 eV and 87.4 eV bond energies were obtained. This may
suggest that the alloy have been formed with characteristic bond energy
differing from the AuNPs alone. Similar observations were found in
literature, that the presence of Pd causes such a shift in the bond energy of
Au in the alloy (Au-Pd/SiO2) [157, 158]. Fig 4.21c shows the high resolution
of Pd 3d bond energies in PANPs and Au-Pd co-deposited. Peaks at 335.4 eV
and 340.6 eV corresponding to Pd 3ds;2 and Pd 3ds;,2 for PANPs. This
indicates that most of the Pd ions have been reduced to Pd® as reported in
literature [148]. Slight deviation is found on Au-Pd co-deposited with peaks
at 335.0 eV and 340.3 eV. This shows that the alloy will have characteristics
different from the individual nanoparticles. Other peaks were also observed
at 335.8 eV and 341.2 eV which may correspond to the occurrence of the
Pd?+ species [148]. This may be attributed to the presence PdCl. obtained

from solution.
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Fig. 4.21. (a) Wide scan XPS spectra of Au-Pd co-deposited, PANPs and
AuNPs. (b) High resolution Au 4f XPS spectra for Au-Pd co-deposited and
AuNPs. (c) High resolution Pd 3d XPS spectra for Au-Pd co-deposited and
PdNPs.

4.3.3.4. Electrochemical characterization

The anodic and cathodic peak separation (AE) values are shown in Table 4.2.
Comparing the electrodes in the presence of CoTAPc, the lowest AE value of
electrodes in ferricyanide is obtained for poly-CoTAPc-GCE (showing good
electron transfer) and Au-Pd (co-deposited)/poly-CoTAPc-GCE the highest
AE value, Table 4.2.

The surface roughness factor for the modified electrodes were determined
using [Fe(CN)e|3-/4 redox system and applying Randles-Sevcik Eq. 4.1 for
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reversible systems. The surface roughness factors (ratio of Ipa
experimental/I,a theoretical) of the electrode were found to be 1.06, 1.02,
1.03, 1.06, 1.08, 1.05, 1.07, 1.05 and 1.07 for Au-GCE, Au/Pd-GCE,
Pd/Au-GCE, Au-Pd (co-deposited)-GCE, poly-CoTAPc-GCE, Pd-poly-CoTAPc,
Au-poly-CoTAPc, Au/Pd-poly-CoTAPc Pd/Au-poly-CoTAPc and Au-Pd (co-
deposited)/poly-CoTAPc-GCE, respectively. Corresponding to a real electrode
areas {(roughness factor x theoretical surface area (= 0.071 cm?2)} of 0.075,
0.068, 0.070, 0.075, 0.077, 0.075, 0.076, 0.075 and 0.076 cm? for Au-GCE,
Au/Pd-GCE, Pd/Au-GCE, Au-Pd (co-deposited)-GCE, poly-CoTAPc-GCE, Au-
poly-CoTAPc, Au/Pd-poly-CoTAPc-GCE Pd/Au-poly-CoTAPc-GCE and Au-Pd

(co-deposited)/poly-CoTAPc-GCE, respectively.

Fig. 4.22 shows the cyclic voltammograms of bare and modified GCE
recorded in pH 8 buffer at a scan rate of 50 mV/s. pH 8 buffer was used
since hydrazine analysis will be carried out at this pH. Fig. 4.22a shows
that the bare GCE had no peak and this was expected. Both Au-GCE and
Au-poly-CoTAPc have a peak at 0.43 V which can be attributed to reduction
of gold oxides. The Au-Poly-CoTAPc-GCE had an extra peak at -0.16 V. This
may be attributed to the reduction of the central atom on the
phthalocyanine, Co!! to Co! (as shown above, Fig. 4.9 inset), suggesting that
some CoTAPc is exposed and hence will be involved in catalysis. Fig. 4.22b
shows that Au/Pd-GCE has a peak at 0.43 V which is attributed to
reduction of gold oxide. Pd/Au-GCE shows the oxidation of palladium at
0.59 V and its reduction at -0.085 V, shifted compared to Fig. 4.18 due to

differences in media. Au-Pd (co-deposited)-GCE has peaks at 0.42 V and

117



CHAPTER 4 ELECTRODE MODIFICATION

0.13 V corresponding to reduction of gold and palladium oxides respectively.
Fig. 4.22¢c shows the Co!l to Co! couple in poly-CoTAPc-GCE at ~ -0.2 V.
Au/Pd-poly-CoTAPc-GCE has a gold reduction peak at 0.42 V. Pd/Au-poly-
CoTAPc-GCE has a palladium reduction peak at -0.077 V. Au-Pd (co-
deposited)-poly-CoTAPc-GCE has peaks at 0.39 V and 0.11 V corresponding
to reduction of gold and palladium oxides respectively. Similar
voltammograms were observed by Chen et al, though the peak position
differs since the medium used were different [36]. The CVs show the

presence of both Pd and Au in the presence of CoTAPc, Fig. 4.22c.

Using the effective area of the electrode determined above, the surface
coverage was calculated using Eq. 4.5, for CV of modified electrodes in pH 8
buffer, Fig. 4.22. Modified GCE with palladium as the outer layer have the
highest surface coverage, Table 4.2. Pd/Au-poly-CoTAPc-GCE has the least
surface coverage among the electrodes with palladium as the outer layer.
The electrodes modified GCE with gold as the outer layer has the lowest
surface coverage. Even though for Au-Pd (co-deposited)-GCE, the Pd:Au
ratio is 3:2, the electrode shows a surface coverage that is in the range for
when Au is on top, suggesting that Au dominates in terms of its position.

Au/Pd-poly-CoTAPc-GCE has the highest I" value among those with gold as
the outer layer. This may suggest that the order of depositing the
nanoparticles is very important at it can influence some electrochemical
properties. Au-Pd (co-deposited)/poly-CoTAPc-GCE shows a surface

coverage in the range of Au on top, showing that AuNPs dominate.
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Fig. 4.22. Cyclic voltammograms of (a) bare GCE, Au-GCE and Au-poly-
CoTAPc, (b) Au/Pd-GCE, Pd/Au-GCE and Au-Pd (co-deposited) and (c)
Au/Pd-poly-CoTAPc-GCE, Pd/Au-polyCoTAPc-GCE, Au-Pd (co-
deposited)/poly-CoTAPc-GCE and poly-CoTAPc in pH 8 buffer. Scan rate =
50 mV/s.

4.3.3.5. SECM

Fig. 4.23 shows the 3 D images of unmodified and modified glassy carbon
plate (GCP) surfaces. The plates were immersed in an aqueous solution of 2
mM ferricyanide and 0.1 M KCl. When GCP was modified (Fig. 4.23a, 4.23b)
compared to bare GCP, Fig. 4.13a, the surface becomes rougher and results
in increase in current range of 8 nA to 12 nA and 9.5 nA to 13.5 nA for Au-

Pd (co-deposited)-GCP and Au-Pd (co-deposited)/poly-CoTAPc-GCP,
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respectively, compared to 2-3 nA for the bare (Fig. 4.13a). Thus the
combination of poly-CoTAPc and Au-Pd (co-deposited) nanoparticles resulted

in higher currents in SECM images than Au-Pd (co-deposited) nanoparticles

alone.
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Fig. 4.23. SECM image of Au-Pd (co-deposited)-GCP (a) and Au-Pd (co-
deposited)/poly-CoTAPc-GCE (b) in 0.1 M KCI containing 2 mM ferricyanide
solution. Imaging conditions: Pt UME (25 uym diameter) placed 10 um above
the substrate, poised at a potential of — 0.1 V vs Ag/AgCl.
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4.4. Electrografting and click chemistry

The GCE was modified by electrografting of 4-azidobenzenediazonium
tetrafluoroborate followed by click chemistry with ethynylferrocene. The
modified electrodes were characterized in ferricyanide solution. When the
click chemistry reaction was achieved by applying a potential at the tip of

the SECM, the process is called micropatterning.

4.4.1. Electrografting of 4-azidobenzenediazonium salt

Scheme 4.3 shows the grafting of the 4-azidobenzenediazonium
tetrafluoroborate onto the electrode. The cyclic voltammograms (Fig. 4.24)
recorded at a GC electrode in aqueous solution containing 1 mM 4-
azidobenzenediazonium tetrafluoroborate 0.1 M sulphuric acid, exhibits
broad irreversible cathodic peak at approximately -0.75 V. During the
second scan, the peak disappeared. This behaviour is consistent with the

formation of a grafted layer on the electrode surface.

Synthesis Electrografting

—_—

NH, N,* l ELECTROD

Scheme 4.3. Proposed electrografting of the 4-azidobenzenediazonium

tetrafluoroborate onto the electrode.
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Fig. 4.24. Cyclic voltammograms of 5 mM 4-azidobenzenediazonium salt in

0.1 M H2SO4 at a GC electrode. 2 cycles were at 50 mV/s.

4.4.2. Global click chemistry with ethynylferrocene

The global click chemistry was done as a proof of concept. The azide grafted
GC electrode was placed in a click solution (1 mM CuSO4, 5 mM Na
ascorbate and 10 uM ethynylferrocene in ethanol) for 30 minutes. This was
done to couple the azide and ethynylferrocene. Fig. 4.25 shows behavior of
the bare GC, grafted GC and clicked GC in 2 mM ferricyanide. The bare GC
shows the characteristic Fe3* and Fe?* couple and the grafted showed no
peak. The clicked GC shows that ferrocene is facilitating the reduction of

Fe3* to Fe2* but the reduction peak has decreased.
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Fig. 4.25. Cyclic voltammetry of bare GCE (a), GCE after grafting plus click
chemistry (b) and grafted GCE (c) in 2 mM ferricyanide solution in 0.1 M
KCl. Scan rate 100 mV/s.

4.4.3. Local click chemistry with ethynylferrocene using SECM

(micropatterning)

The SECM tip was positioned =10 pm above the surface of the azido-
modified substrate, and Cu* ions were produced at the tip. This is aimed at
locally triggering the CuAAC reaction between azido moieties on the surface
and ethynylferrocene in solution. A potential of —0.3 V was applied on the tip
for the local click procedure. Although this process probably corresponds to

the reduction of Cu?* to Cu?, a small amount of Cu* is also present and this
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small amount can be enough to catalyze the click chemistry reaction [159].
Scheme 4.4 shows the locally electroassisted click reaction of azide and

ethynylferrocene.

UME
- 0.3V, 30 min +

Scheme 4.4. Locally electroassisted click reaction of azide and

ethynylferrocene

4.4.4. SECM

In order to show the successful patterning of the glassy carbon substrate,
SECM was performed. Fig. 4.26 shows (a) SECM approach curves at the
spot and -250 uym in x direction from the spot using 2 mM KsFel[(CN)e
solution in 0.1 M KCI, (b and ¢) SECM images (contour and 3 D plots) of an
azido-modified glassy carbon electrode locally “clicked” by applying a
potential of -0.3 V vs Ag/AgCl wire for 30 min to a Pt UME (12.5 um
diameter). An example of negative feedback is at -250 pm in x direction from

the spot where current is decreasing, indicating that [Fell(CN)g|3~ redox

125



CHAPTER 4 ELECTRODE MODIFICATION

probe is not regenerated by the grafted substrate after its reduction at the
tip. At the clicked spot, the current increases meaning that [Fell(CN)e|*~ is
reoxidized by the substrate. This tends to indicate that the clicked ferrocene
moieties act as a redox catalyst to assist the oxidation of Fell(CN)e*. The
images, Fig 4.26 b and c clearly show that the position where the localized
click reaction occurred had high currents as ferrocene moieties have good
redox properties, thus supporting the information from the SECM approach

Ccurves.
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Fig. 4.26. SECM approach curves at the spot and -250 um in x direction
from the spot using 2 mM KszFelCN)e solution in 0.1 M KCl (a), SECM
images contour (b) and 3 D (c) plots) of an azido-modified glassy carbon

electrode locally “clicked” by applying a potential of -0.3 V vs Ag/AgCl wire
for 30 min to a Pt UME (12.5 um diameter).
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4.4.5. Attachment of Pc following click chemistry
COOH
GCE
N
- \N
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\N*ﬁ NI
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GCE —> GCE ﬁ» GCE

Scheme 4.5. Modification of the glassy carbon electrode (GCE) by
simultaneous electropolymerization and electo-click (SEEC) reaction (Route

A) or step by step (Route B).

Scheme 4.5 shows the summary of how the electrodes were modified. Route
A involves simultaneous electropolymerization and electo-click (SEEC)
reaction followed by axial ligation with FeTCPc. Route B involve
electropolymerization (step 1), electro-click (step 2) and axial ligation with

FeTCPc.

4.4.5.1. Microscopic characterization

Fig. 4.27 shows the SEM images of the film formed after SEEC. The image

shows that the polymer has been deposited on the glassy carbon plate. From
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literature, mostly polyaniline have been electropolymerized onto the
electrode and the SEM image is very comparable with those obtained with
polymers of azidoaniline [160, 161]. Rydzek et al obtained similar images of
polymers for electropolymerization of azidoaniline and ethynylferrocene in
the presence of copper catalyst [126]. When the film obtained during SEEC
was immersed in a solution of DMF containing FeTCPc, there was no change
in the morphology of the film. This may be due to the fact that the FeTCPc

would be too small to be seen on the SEM.

Fig. 4.27. SEM image after simultaneous electropolymerization and electro-

click (SEEC) reaction.

4.4.5.2. XPS

Fig. 4.28 shows XPS spectra of the film formed by SEEC and after
immersion in a solution of DMF containing FeTCPc. The wide XPS spectra
show all the elements present on the film surfaces, Fig 4.28a. The elements

present are C 1s (284 eV), N 1s (399 eV), O 1s (531 eV) and C (KLL, 977 eV
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and 998 eV) [79] for both the films, with higher intensity peaks being
observed for the film which has FeTCPc. Oxygen is obtained from the
adsorbed oxygen from the atmosphere. For the film containing FeTCPc, the
oxygen is also from the carboxylic groups on the FeTCPc. The spectrum with
FeTCPc has iron peaks (711 eV and 725 eV). Fig 4.28b shows the high
resolution XPS spectra for C 1s of the film formed after SEEC. The Cls
spectrum has four peaks 284.2 eV, 285.3 eV, 286.5 eV and 288.5 eV. The
first peak is attributed to C-H aromatic, second peak correspond to C-C and
C=C, the third peak is attributed to carbon bonded to nitrogen in the triazole
ring, C-N and C=N and the fourth peak may be ascribed to C=N* in the
triazole structure [162-164|. Fig 4.28c shows the C 1s spectrum for SEEC
followed by immersion in DMF containing FeTCPc. The C 1s spectrum gives
three peaks with binding energies of 284.3 eV, 285.4 eV and 288.2 eV. The
peak with binding energy around 286 eV (due to C-N and C=N) has
disappeared. This may be ascribed to the strain on the C-N and C=N bonds
forming more C=N*. This suggestion is supported by the fact that the
intensity of the peak at 288 eV increased for the film with FeTCPc. Fig 4.28d
shows the high resolution XPS spectra for N 1s of the film for SEEC. The
peaks at binding energies of 399.2 eV, 400.5 eV and 402.0 eV were
obtained. The first peak corresponds to C-N and unprotonated N atoms (=N-
structure) in the triazole ring, the second peak is attributed to the pyridinic
nitrogen as well as the triazole ring [29], the third peak at higher binding
energy is attributed to the positively charged N in the triazole ring. The
presence of =N- confirms the success of the click reaction. Fig 4.28e shows

the N 1s spectrum for SEEC followed by immersion in DMF containing

131



CHAPTER 4 ELECTRODE MODIFICATION

FeTCPc. When the FeTCPc was added, the binding energies shifted to 398.5
eV, 399. 8 eV and 401.5 eV. The first shows the presence of the pyrrole and
aza-nitrogen groups of the FeTCPc ring [29], the second peak correspond to
C-N and unprotonated N atoms (=N- structure) in the triazole ring, and third
peak is attributed to the positively charged N in the triazole [162-164]. It is
important to note that both Fig 4.28d and 4.28e did not show N 1s at the
binding energy of 404 eV. This means that all the azide groups from
azidoaniline were converted to the triazole. Fig 4.28f shows the high
resolution XPS spectrum of Fe 2p. The prominent binding energy are 711 eV
and 725 eV corresponding to Fe 2p3/2 and Fe 2pi,2 respectively [162-164].

The result shows that axial ligation of FeTCPc was a success.
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Fig. 4.28. Wide XPS spectra (a), high resolution spectra of C 1s (b and c), N
1s (d and e), and Fe 2p (f).
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4.4.5.3. Electrochemical characterization

Fig. 4.29 shows the CVs of bare and modified electrodes in 2 mM
ferricyanide dissolved in 0.1 M KCIl. The anodic and cathodic peak
separation (AE) the electrodes at a scan rate of 100 mV /s are shown in Table
4.4. The bare and the SEEC electrodes (without FeTCPc) had the same AE.
This may suggest that the electrode is not passivated after SEEC. However
the addition of FeTCPc caused the AE to increase, Table 4.4. This may be
attributed to complexity of the modified electrode, which causes slow
electron transfer. For the electrode modified by step by step followed by
immersion in FeTCPc, the AE was 83 mV, hence was lower than that of the
SEEC (93 mV), Table 4.4. The possible reason for the difference is that in
the SEEC route, the formation of two polymers may cause the steric

hindrance hence less FeTCPc on the surface.
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Fig. 4.29. Cyclic voltammograms of bare and modified GCE in 2 mM
ferricyanide with 0.1 M KClI electrolyte. Scan rate: 100 mV/s.

Table 4.4. Electrochemical parameters for the electrode modification.

Electrode

Bare GCE
GCE after SEEC

GCE after SEEC + immersion in FeTCPc

GCE after step by step electropolymerization and electro-click + || 83

immersion in FeTCPc
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Fig. 4.30 shows the cyclic voltammograms of bare and modified GCE
recorded in pH 8 buffer at a scan rate of 100 mV/s. pH 8 buffer was used
since hydrazine analysis will be carried out at this pH. Fig. 4.30 shows that
the bare GCE had no peak and this was expected. The modified electrode
after SEEC without FeTCPc shows a redox couple with Ei/2 of 0.011 V. This
may be attributed to the polyaniline redox formed as the
electropolymerization was taking place. Inset on Fig. 4.30 shows the cyclic
voltammogram of GCE after electropolymerization of azidoaniline alone. It
has a redox couple with Ej;2 of 0.038 V. Similar redox behaviour was
obtained for electrochemical activity of polyaniline [31]. The modified
electrode after SEEC plus immersion in a solution of DMF containing
FeTCPc did not show any pronounced peaks but there was increase in the
faradaic currents. The modified electrode after step by step
electropolymerization and electro-click plus immersion in a solution of DMF
containing FeTCPc showed peaks similar to the ones after SEEC only. The
decrease in intensity may suggest interactions between the amine and

FeTCPc.

138



CHAPTER 4 ELECTRODE MODIFICATION

8 -
Bare GCE
€1 after SEEC
after SEEC + immersion in FeTCPc B
4. after step by step electropolymerization j
and electro-click + immersion in FeTCPc

0 02 04 06 0
E vs (AglAgC! 3M KCIV

Current/upA
N

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
E vs (Ag|AgCI)/V

Fig. 4.30. Cyclic voltammograms of bare and modified GCE in pH 8 buffer.
Scan rate = 100 mV/s.

4.4.5.4. SECM

Fig. 4.31 shows the 3 D images of unmodified and modified glassy carbon
plates (GCP) surfaces. From the image in Fig. 4.31a, it can be seen that the
surface of the unmodified plate has a lower current range of 2 nA to 3 nA.
When GCP was modified with SEEC in the absence of FeTCPc (Fig. 4.31b),
the surface becomes rougher and results in increase in current range of 8
nA to 12 nA. There is a drop in the current range (2.5 nA to 5.0 nA) for the
modified electrode after SEEC followed by immersion in a solution of DMF

containing FeTCPc (Fig. 4.31c), showing that the interaction of the triazole
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and the FeTCPc causes passivation of the electrode. This observation was
also seen in the AE values, Table 4.4. However, Fig. 4.31d the modified
electrode after step by step (electropolymerization followed by electro-click)
plus immersion in a solution of DMF containing FeTCPc had a current range
of 7.8 nA to 8.8 nA. This shows the superiority of the step by step method

compared to SEEC followed by attachment of FeTCPc.
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Fig. 4.31. SECM image of (a) bare GCP, (b) GCP after SEEC (c) GCP after
SEEC + immersion in FeTCPc (d) GCP after step by step
electropolymerization and electro-click + immersion in FeTCPc , in 0.1 M
KCl containing 2 mM ferricyanide solution. Imaging conditions: Pt UME

(25 um diameter) placed 10 um above the substrate, poised at a potential of
- 0.1 Vvs Ag/AgCl.
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4.5. Conclusion

Microscopic (SEM) and spectroscopic (EDS and XPS) characterization have
shown that the electrode surfaces were successful immobilised with MPcs
and NPs. Electrochemical characterization showed the different responds of
the modified electrodes to ferricyanide and buffer solutions. From the
behaviour of modified electrodes in ferricyanide, AE values were determined
to check the electron transfer abilities of the modified electrodes. Amongst
the NPs, AuNPs and Au-Pd were the best with the lowest AE value of 83 mV,
while on MPcs, CoTAPc was the best with AE value of 78 mV. Based on AE
values, the best combination was Au/poly-CoTAPc. CV showed the response
of modified electrodes in pH 4, 8 and 9.2. The peaks obtained in the buffer
soulution enabled the estimation of the surface coverages. Based on the
surface coverage, the best results were from Pd/Au (1.94 x 102 mol cm2),
CoTAPc (3.10 x 10-19 mol cm2) and Pd/poly-CoTAPc (1.90 x 10-9 mol cm-)

for NPs, MPcs and the best combination of NPs and MPcs, respectively.
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Modification of electrode surface has been achieved by adsorption,
electropolymerization, electrodeposition, electrografting and click chemistry
as discussed in Chapter 4. The modified surface are then employed for the

detection of analytes namely amitrole, nitrite and hydrazine.

5.1. Amitrole

The NiPc/NiNP was employed in this study using amitrole as a test analyte.

The effects of NiNPs on NiPc will be evaluated.

5.1.1. Cyclic voltammetric detection of amitrole

Figure 5.1 shows the comparative cyclic voltammetric responses of the
various electrodes in the presence of amitrole. The amitrole oxidation peaks
were observed in the potential range 0.93-1.0 V and this is in agreement
with other studies [165] done in pH 4 buffer. The oxidation potential of
amitrole on NiNP-GCE was 0.93 V, a value 60 mV less positive than that of
the bare GCE, Table 5.1. The NiNP-GCE (Fig. 5.le) shows better
electrocatalytic activity relative to the NiPc-GCE (Fig. 5.1d) as judged by the
huge catalytic current observed for the former. The current for amitrole
oxidation on NiNPs is a factor of 10 higher than the current obtained on
unmodified GCE or NiPc-GCE showing the effects of effective electrode area
and surface coverage, Table 5.1. In Fig. 5.1a, the cathodic peak is due to
Ni2*/Ni3*, and the return peak is due to Ni3*/Ni2*. The preoxidation peak at

around 0.76 V for the detection of amitrole on NiNPs, Fig. 5.1, might be due
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to the oxidation of Ni2* to Ni3* ions. The drastic decrease of the cathodic
peak of the Ni3*/Ni2* process on the return scan suggests that Ni3* species
are being consumed during the oxidation of amitrole, Fig. 5.1e and Ni2*
regenerated. At higher amitrole concentrations (10 mM), the reduction peak
completely disappears (Fig. 5.1 inset), an indication that it is the Ni3* ions
that are involved in the catalysis of amitrole. The NiNP/NiPc(mix)-GCE (Fig.
5.1c) is not very electrocatalytic when compared to the bare electrode, Fig.
5.1 (b). Even though methanol may be electrocatalysed by NiNPs [13], at the
low amounts of methanol in amitrole solutions, no peak was observed for
methanol. This was confirmed by recording the spectra of the same volume
(as used for amitrole analysis) of methanol in pH 9.2 buffer in the absence of
amitrole. No peak was obtained. Having established that NiNPs offer good
electrocatalytic properties relative to the other electrodes, NiNP-GCE was
used in kinetic studies. This electrode is very stable and has a shelf life of
approximately 3 months if stored in pH 9.2 buffer. Its regeneration is

through voltammetric cyclisation in pH 9.2 buffer after use.
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Fig. 5.1. Comparative cyclic voltammograms (Second cycle) for 1 mM
amitrole on (b) bare GCE, (c) NiNP/NiPc mix-GCE, (d) NiPc-GCE and (e)
NiNP-GCE, b-e done in 1 mM amitrole (pH 9.2). Scan rate = 100 mV/s.
Inset: 10 mM amitrole voltammogram on NiNP-GCE. (a) NiNP-GCE (in pH

9.2 bulffer) with no amitrole.

5.1.2. Kinetic studies of amitrole on NiNP-GCE

Fig. 5.2 shows a linear plot of peak potential, E,, versus log v. Increases in
scan rates (from 50 mV/s to 600 mV/s) resulted in the amitrole oxidation
peak shifting towards more positive potentials, an indication of irreversibility
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of the redox reaction. A linear plot of current versus root of scan rate (not
shown) confirmed that the irreversible catalytic oxidation of amitrole is
diffusion controlled.

The relationship between peak potential and scan rate for an irreversible

diffusion-controlled process is given by Eq. 5.1 [42].

_ 23RT
p— 2(1—a)ngy

logv + K (5.1)

where a is the transfer coefficient, n is the number of electrons involved in
the rate determining step, v is the scan rate, K is a constant, R is the
universal gas constant and T is the temperature (298 K). From the plot of Ep
versus log v (Fig. 5.2) a linear relationship represented by Eq. 5.2 and a
Tafel slope (2 x the slope of the plot E, versus log v) of 210 mV decade™! was

obtained.

E, = ~logv +K (5.2)

where E, is the peak potential, v is the scan rate, K is a constant, and b

indicates the Tafel slope.

Such high Tafel slopes have no kinetic meaning and are consistent with
substrate-catalyst interactions in a reaction intermediate [166] or simply
passivation of the electrode surface. Very high Tafel slopes, much greater
than the normal 30-120 mV decade~! for one electron rate determining steps
are known [167] and have been also been linked to chemical reactions
coupled to electrochemical steps [167]. Similar Tafel values have been
observed in systems involving species with very high surface to volume ratio,

like MPcs and carbon nanotubes [165, 168]. In this study it is not surprising
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to have such high Tafel slopes since the NiNP have an average size of 14 nm
and a very high surface coverage of 6.59 x10710 mol cm™. As a result there

is bound to be very strong interactions between the amitrole and the nickel

nanoparticles.
0.94 y = 0.105x + 0.6943
R%=0.9988

0.92 -

E/V 0.9 -
0.88 -
0.86 Y Y Y Y J

1.5 1.7 1.9 2.1 2.3 2.5

Log v

Fig. 5.2. Plot of potential versus log scan rate for 1 mM amitrole.

5.1.3. Electrochemical impedance spectroscopy (EIS)

The electrochemical behaviour of the different electrodes were further
investigated by electrochemical impedance spectroscopy (EIS) in 1 mM
amitrole and the results are shown in Figure 5.3a and b. Figure 5.3a shows
the Nyquist plot for the various electrodes that were used in this study. The
plots are composed of semi-circles and straight line portions, representing
charge transfer (Rct) and diffusion controlled processes, respectively. The
Randles equivalent circuit for this process is shown as an inset in Fig. 5.3a.

The equivalent circuit is composed of Rs (the resistance of the electrolyte), in
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series connection with parallel elements of Cai (double layer capacitance), Rct
(resistance to charge transfer and Zw (Warburg impedance). Such circuits
have been observed in other studies [169, 170]. The R¢: as determined by the
diameter of the semi-circle was found to be 10.3 kQ for NiNP-GCE and is
much smaller than that of bare GCE, NiPc-GCE and NiNP/NiPc(mix)-GCE
which are 35.5 kQ, 17.0 kQ and 26.5 kQ, respectively, see Table 5.1. This
shows that the NiNP modified electrode offer limited resistance to charge
transfer, hence promoting very fast electron exchange rate, results already
confirmed through cyclic voltammetric studies, Fig. 5.1.

The n-values are in the range 0.64 - 0.86 (n<1l) confirming the non-
capacitative nature of the electrodes. Eq. 5.3 was used to calculate the
apparent electron-transfer rate constant (kqpp) and the results are shown in

Table 5.1.

k KT (5.3)

arr T p2RC

where R is the universal gas constant, T is the temperature (298 K), F is the
Faraday constant, R is the resistance to charge transfer and C is the
concentration of amitrole (1 mM). The kgp also confirm that the transfer of
electrons was faster on the NiNP-GCE relative to the other electrodes, as
shown in Table 1. The order in terms of magnitude of kqpp is as follows: NiNP

> NiPc > NiNP/NiPc(mix) > bare GCE.

The Bode plot (phase angle (8) versus log frequency) for the various
electrodes is shown in Figure 5.3b. Such plots give information which is not
easily provided by the Nyquist plot and their nature confirms the structural

differences between the modified and the bare GCE. The bare GCE had a
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phase angle at ~60° corresponding to the GCE |amitrole interface. NiNP-
GCE, NiPc-GCE and NiNP/NiPc(mix)-GCE had their peaks shifted towards
lower frequencies (compared to bare GCE) with NiNP/NiPc(mix)-GCE
showing the largest shift. However, NiNP/NiPc(mix)-GCE showed two peaks
and this confirms the presence of both NiNP and NiPc species on the
electrode surface, with the higher frequency value being attributed to the
NiNP species as already confirmed by the Nyquist plots (Figure 5.3a). The
changes in the phase angle and frequencies confirmed that oxidation
processes were taking place at the modified surfaces rather than on the bare

GCE.
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Fig. 5.3. Nyquist (a) and Bode (b) plots obtained for (i) Bare GCE, (ii)
NiPc/NiNP (mix)-GCE, (iii) NiPc-GCE and (iv) NiNP-GCE in 1 mM amitrole

(pH 9.2 buffer). Inset in (a): Randles equivalent circuit for this process.
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Table 5.1. Electrochemical parameters for the impedance data and

detection of amitrole.

Bare GCE . 7 50 x 10-6

NiNP-GCE . . . - . 6.59 x 10-10

NiPc-GCE . . 1.56 x 105 | . 1.12 x 10-10 |

1.00 x 105 . 1.04 x 10-10

5.1.4. Chronoamperometric studies

Chronoamperometry data was used to determine catalytic rate constant for
the oxidation of amitrole. Catalytic rate constants are a measure of how fast
redox processes takes place at the electrode/analyte interface. Fig. 5.4a
shows the chronoamperometric evolutions on polarized NiNP-GCE for pH
9.2 buffer (i) and amitrole (in pH 9.2 buffer): (ii) 200 uM, (iii) 400 pM, (iv) 600
uM, (v) 800 uM, (vi) 1000 uM. The inset shows a linear relationship between
current and concentration and the slope of this plot represent the sensitivity
of electrode towards the analyte. Fig 5.4b is the plot of (Icat/Ibuf) versus t1/2
(Eq. 5.4) for amitrole. The catalytic current (lcat) is dominated by the rate at
which amitrole is oxidized on the NiNP-GCE surface. The slopes of the plot

of (Icat/Ibuf) versus t1/2 were used to calculate the rate constant according to

Eq. 5.4 [154].
IIZ_Z; = yY27l/2 = gl/2(kCt)V/2 (5.4)
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where L« and Iy are currents in the presence and absence of amitrole,
respectively, k is the catalytic rate constant, C is the concentration of
amitrole and t is the time elapsed in seconds. The plots of the square of
slopes obtained from plot of (lat/Inu) versus t/2, Fig. 5.4b) versus
concentration of amitrole were done (figure not shown). A linear relationship

was observed and represented by Eq. 5.5.

y = 34885 [amitrole] (*— ) - 0.1035 s™%, R? =0.9956 (5.5)

s
mm
where the slope of this plot is equal to k and the value of k was found to be
1.11 x 108 M-! s-1, Table 5.2. This rate constant is lower but with the same
order of magnitude to that which was obtained for amitrole on FeTAPc-
SWCNT (single walled carbon nanotubes)-GCE (4.55 x 103 M~! s71) [171]. An
almost equal value of 1.2 x 103 M-! s was obtained on CoTCPc-EA-
SWCNT(linked)-GCE (TCPc = tetracarboxy phthalocyanine, EA = ethylene
amine) [165]. This indicates that NiNPs are very effective electrocatalysts for
the oxidation of amitrole. The mechanism for the oxidation of amitrole may
be represented by Eqgs. 5.6 and 5.7, similar to the one reported before for

other phthalocyanines [165], Table 5.2.
Ni'l - Nilll+ ¢~ (5.6)

Ni'" + amitrole - Ni!'! amitrole oxidation products (5.7)
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Fig. 5.4. (a) Chronoamperograms for (i) pH 9.2 buffer, (ii) 200, (iii) 400, (iv)
600, (v) 800, (vi) 1000 uM amitrole produced on polarized NiNP-GCE. Inset:
current-concentration plot for amitrole. (b) Plot of (Icat/Ibuf) versus tl/2 for (i)

200, (i) 400, (iii) 600, (iv) 800, (v) 1000 uM amitrole, respectively.
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Table 5.2. Catalytic rate constant (k)

NiNP-GCE
CoTCPc-EA-SWCNT-GCE
FeTAPc-SWCNT-GCE 1.55 x 106

7.84 x 106
poly-NiTSPc-GCE 2.24 x 106°

poly-NiTSPc/Au-GCE 1.23x 107
| Au/poly-CoTAPc-GCE 3.96 x 107

prussian blue NPs-EPPG 4.37 x 106

Pd-GCE 5.54 x 108
poly-CoTAPc-GCE 2.86 x 108
Pd/poly-CoTAPc-GCE 6.12 x 108
GCE after step by step 2.1 x 109

(electropolymerization followed by electro-
click and immersion in FeTCPc)
Au/Ch-GCE

Au/PPy-GCE

where GCE: glassy carbon electrode, CoTCPc-EA-SWCNT(linked)-GCE: Co
tetracarboxy phthalocyanine-ethylene amine-single wall carbon nanotubes,
NPs: nanoparticles, EPPG: edge plane pyrrolytic graphite, Ch: choline, PPy:
poly-pyrrole and TW: this work

In conclusion, NiNPs showed better electrocatalytic activity than NiPc alone
or the mixed. This could be due to the high surface coverage of NiNPs

compared to NiPc and the mixed.
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5.2. Nitrite
5.2.1. AuNPs and NiTSPc
5.2.1.1. Cyclic voltammetric detection of nitrite

Fig. 5.5 shows the cyclic voltammograms of bare and modified GCE in 1 mM
nitrite in pH 8 buffer. The bare GCE had an oxidation peak at 0.78 V, Table
5.3. Relative to the bare GCE, the modified electrodes shift the oxidation
peak to lower values, Table 5.3. The peak potential obtained with the
modified electrodes were 0.62 V, 0.62 V and 0.61 V for Au-GCE, poly-
NiTSPc-GCE and poly-NiTSPc/Au-GCE respectively, Table 5.3. The Au-GCE
showed two reduction peaks at 0.14 V and 0.85 V. They are attributed to the
reduction of gold oxides that would have been formed during the forward
scan. Poly-NiTSPc/Au-GCE did not show the reduction peaks implying that
the oxidation of AuNPs had been suppressed. Huang and co-workers found
out that the gold nanoparticles play an important role in the oxidation of
nitrite by accelerating the rate of electron transfer [172]. Nitrite oxidation on
Au-GCE, poly-NiTSPc-GCE and poly-NiTSPc/Au-GCE occurred at similar
potentials. However, higher currents were observed for poly-NiTSPc/Au-
GCE, corresponding to the higher surface coverage, Table 5.3. This was

attributed to the synergistic effect of AuNPs and NiTSPc.

Table 5.4 compares the potentials for the electrocatalytic oxidation of nitrite

reported in this work with literature values. It has been documented that
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gold nanoparticles attached glassy carbon electrode show improved catalytic
ability when compared to bulk gold electrode alone [107], Table 5.4. Also
when gold electrodes are modified with phthalocyanine complexes [173],
nitrite oxidation occurs at higher potential than when phthalocyanines are

combined with AuNPs as is the case in this work, Table 5.4.

100 -
oly-NiTSPc/Au-GCE

80 poly-NiTSPc-GCE

60 =

40 -

Current/pA

20

0.0 0.2 0.4 0.6 0.8 1.0
E vs (Ag|AgCI)/V

Fig. 5.5. Cyclic voltammograms of bare and modified GCE recorded in 1 mM

nitrite in pH 8 buffer solution. Scan rate: 100 mV/s.
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Table 5.3. Electrochemical parameters for the electrode modification and

detection of nitrite.

Electrode E/V, Tafel slopes|TI' (mol cm-2)
(nitrite) (mV/decade)

Bare GCE 0.78 - -

Au-GCE 2.44 x 10-10

Poly-NiTSPc-GCE 1.79 x 10-10 |

Poly-NiTSPc/Au-GCE . 1.89 x 10-10

Bare GCE

Au-GCE . 2.44 x 10-10

poly-CoTAPc-GCE . 3.10 x 10-10

poly-CoTAPc/Au-GCE . 3.15 x 10-10

Au/poly-CoTAPc-GCE . 3.40 x 10-10
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Table 5.4. Electrochemical detection of nitrite using various electrodes.

Au / GCE

Bare Au . . 107
NiTBMPc-Au . . 173
FeTBMPc-Au . . 173

Au-GCE . . This work

Poly-NiTSPc-GCE . . This work

Poly-NiTSPc/Au-GCE . . This work

where NiTBMPc: nickel(Il) tetrakis (benzylmercapto)phthalocyanines,
FeTBMPc: iron(Il) tetrakis (benzylmercapto) phthalocyanines, p-NiTAPc-
polymeric nickel tetraaminothphalocyanine and SWCNT: Single wall carbon

nanotubes.

5.2.1.2. Kinetic studies of nitrite

Kinetics studies were done in this section for NiTSPc/AulNPs as a
representative of both CoTAPc/AuNPs (to be described in the next section)
and NiTSPc/AuNPs. When the scan rate was increased from 50 mV/s to 300
mV /s, the nitrite oxidation peak shifted towards positive potentials. This is
an indication of irreversibility of the redox reaction. Fig. 5.6 shows linear
plots (using poly-NiTSPc/Au-GCE as an example) of current versus root of
scan rate and the plot of peak potential versus log scan rate for nitrite
oxidation. Linear plots shown in Fig. 5.6a and b were observed on all three

electrodes: Au-GCE, poly-NiTSPc-GCE and poly-NiTSPc/Au-GCE. The plots
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in Fig. 5.6a confirm that the catalytic oxidation of nitrite is diffusion
controlled. The relationship between peak potential and scan rate for an
irreversible diffusion-controlled process is given by Eq. 5.1. The plot of E;
versus log v (Fig. 5.6b) gave a linear relationship and the Tafel slopes were
186 mV decade1l, 153 mV decade! and 130 mV decade-!l, Table 5.3, for
nitrite oxidation on Au-GCE, poly-NiTSPc-GCE and poly-NiTSPc/Au-GCE
respectively. As stated above, Tafel slopes larger than 30-120 mV decade™!
have been associated with chemical reactions coupled to electrochemical
steps [167] or to substrate-catalyst interactions in a reaction intermediate
[166]. Similar Tafel values have been observed for MPcs and carbon

nanotubes [165].

Using the slopes of the plots of Ep versus log v (Fig. 5.6b), the electron
transfer coefficient (¢) for nitrite was found to be 0.68, 0.61 and 0.55 for Au-
GCE, poly-NiTSPc-GCE and poly-NiTSPc/Au-GCE respectively, indicating a
higher probability of the activated complex being converted to the product
for all electrodes. The proposed mechanism for the oxidation of nitrite on

NiTSPc modified electrode is given by Eqgs. 5.8-5.10.

Ni(IDTSPc = [Ni(II)TSPc]* + e~ (5.8)
[Ni(IIDTSPc]* + NO; = [[Ni(IINTSPc]* — NO3] (5.9)
[[Ni(II)TSPc]* — NO3]— Ni(IDTSPc + NO, (5.10)

Nitrite oxidation is in the range of the Nilll/Nill couple in NiTSPc, hence this
couple is implicated in the electrocatalytic oxidation, Eq. 5.8. High Tafel

slopes suggest substrate-catalyst interaction, Eq. 5.9, followed by nitrite
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oxidation, Eq. 5.10. And the NO> species may then disproportionate to give

nitrite and nitrate.

80 - y =115.82x +8.2771
70 - R? = 0.9942

o{ @
50 4
40 4
30 4
20 4
10 4

0 L] L] L] L
0.2 0.3 04 0.5 0.6

V12 (mV/s)1/2

Current/pA

0.65 -

(b) y = 0.0652x + 0.4546
R? = 0.9940

0.6 +

E/V

0.55 -

0-5 L] L

1.5 2 2.5
log v (v/mVs1?)

Fig. 5.6. Plots of (a) peak current versus root of the scan rate and (b) peak
potential versus log v for 1 mM nitrite (pH 8 buffer) detection on poly-
NiTSPc/Au-GCE.
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5.2.1.3. Electrochemical impedance spectroscopy (EIS)

The bare and the modified electrodes were examined by electrochemical
impedance spectroscopy (EIS) in 1 mM nitrite and the results are shown in
Fig. 5.7a and b. Fig. 5.7a shows the Nyquist plot for the various electrodes
that were used in this study. The circuit is as described in section 5.1.3. The
Rt values as determined by the diameter of the semi-circle were found to be
4.59 kQ, 4.01 kQ, 5.28 kQ and 3.95 kQ, for bare GCE, Au-GCE, poly-
NiTSPc-GCE and poly-NiTSPc/Au-GCE respectively, Table 5.5. This shows
that poly-NiTSPc/Au-GCE offer limited resistance to charge transfer in the
presence of nitrite (compared to Au-GCE, poly-NiTSPc-GCE) hence
promoting very fast electron exchange rate, results already confirmed by
larger catalytic currents in cyclic voltammetric studies, Fig. 5.5. The n-
values are in the range 0.87 - 0.90 (n<1) confirming the non-ideal
capacitative nature of the electrodes. Eq. 5.3 was used to calculate the
apparent electron-transfer rate constant (kapp) and the results are shown in
Table 5.5. The kapp also confirm that the transfer of electrons for nitrite
oxidation was faster on the poly-NiTSPc/Au-GCE relative to the other
electrodes, as shown in Table 5.4. The order in terms of magnitude of kapp is

as follows: poly-NiTSPc/Au-GCE > Au-GCE > bare GCE > poly-NiTSPc-GCE.

The Bodes plot (phase angle () versus log frequency) for the various

electrodes are shown in Figure 5.7b. The Bode plots confirm the structural

differences between the modified and the bare GCE. The slight changes in
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the phase angle and frequencies confirmed that oxidation processes were

taking place at the modified surfaces rather than on the bare GCE.
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-Z imaginary/kQ
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-Phase angle

Fig. 5.7.
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(a) Nyquist and (b) Bode plots obtained for (i) Bare GCE, (ii) Au-

GCE, (iii) poly-NiTSPc-GCE, (iv) Au/poly-NiTSPc-GCE in 1 mM nitrite (pH 8

buffer). Inset in (a) is the Randles equivalent circuit employed.
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Table 5.5. EIS data and detection of nitrite.

O i O il i

Bare GCE . . 5.80 x 105

Au-GCE . . 6.59 x 105

5.00 x 105

6.69 x 10-°

Bare GCE . . 1.61 x 10-5

Au-GCE . . 2.11 x 10

poly-CoTAPc-GCE . . 1.93 x 10-5

poly-CoTAPc/Au-GCE . . 2.40x 10

Au/poly-CoTAPc-GCE | 9.9 . 2.69 x 10

5.2.1.4. Chronoamperometric studies

The modified electrodes Au-GCE, poly-NiTSPc-GCE and poly-NiTSPc/Au-
GCE were employed for chronoamperometric studies. Chronoamperometry
data was used to determine catalytic rate constant for the oxidation of
nitrite. Fig. 5.8a shows the chronoamperometric evolutions on polarized
poly-NiTSPc/Au-GCE (as an example) for pH 8 buffer (i) and nitrite (in pH 8
buffer): (ii) 200 uM, (iiij) 400 pM, (iv) 600 pM, (v) 800 uM, (vi) 1000 pM.
Similar chronoamperograms were observed for the other modified electrodes.
As described above, the slopes of this plot represent the sensitivity of
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electrode towards the analyte. Fig. 5.8b shows the plots of (Lat/huf) versus
t/2 (Eq. 5.4) for nitrite. The catalytic current (Lat) is dominated by the rate at
which nitrite is oxidized on Au-GCE, poly-NiTSPc-GCE and poly-NiTSPc/Au-
GCE surfaces. The slopes of the plot of (Lat/huf versus t!/2 were used to
calculate the rate constant according to Eq. 5.4. Linear relationships
(derived in a manner similar to eq. 5.5) were observed and represented by

Egs. 5.11 to 5.14 for, poly-NiTSPc-GCE, Au-GCE and poly-NiTSPc/Au-GCE,

respectively.

S—l
y = 7.03 [nitrite] (2 ) - 1.9157%, R? = 0.9954 (5.11)
y = 24.65 [nitrite] (=)~ 637571, R2=09945  (5.12)
y = 38.64 [nitrite] (=~ ) -~ 9.36 5™, R = 09960  (5.13)

where the slopes of this plots are equal to wk and the values of k were found
to be 2.24 x 109 cm? mol! s1, 7.84 x 106 cm3 mol! s'! and 1.23x 107 cm3
mol! s1, for poly-NiTSPc-GCE, Au-GCE and poly-NiTSPc/Au-GCE,
respectively, Table 5.2. The high catalytic rate constant for poly-NiTSPc/Au-
GCE shows the effectiveness of this electode for the oxidation of nitrite
compared to poly-NiTSPc-GCE and Au-GCE. The catalytic rate constants
obtained for poly-NiTSPc-GCE and poly-NiTSPc/Au-GCE are higher than
4.37 x 10% cm3 mol-! s-! which was reported for nitrite detection on prussian

blue nanoparticles modified edge plane pyrolytic graphite [174], Table 5.2.
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Fig. 5.8. Chronoamperograms (a) for (i pH 8 buffer, (ii) 200, (iii) 400, (iv)
600, (v) 800, (vi) 1000 uM nitrite produced on polarized poly-NiTSPc/Au-
GCE. (b) Plots of (Lat/Iuf) versus t!/2 from (a). With R2 values ranging from
0.9934 to 0.9972.
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5.2.2. AuNPs and CoTAPc

5.2.2.1. Cyclic voltammetric detection of nitrite

Fig. 5.9 shows the cyclic voltammograms of bare and modified GCE in 1 mM
nitrite in pH 4 buffer. The bare GCE had an oxidation peak at 0.92 V, Table
5.3. Relative to the bare GCE, the oxidation peak is shifted to lower values
for the modified electrodes. The peak potential for nitrite oxidation on
modified electrodes were 0.83 V, 0.88 V, 0.79 V and 0.76 V for Au-GCE,
poly-CoTAPc-GCE,  poly-CoTAPc/Au-GCE and  Au/poly-CoTAPc-GCE
respectively, Table 5.3. Nitrite oxidation on Au/poly-CoTAPc-GCE occurred
at a much lower potential of 0.76 V. Higher currents were observed for both
Au/poly-CoTAPc-GCE and poly-CoTAPc/Au-GCE compared to Au-GCE or
poly-CoTAPc-GCE, showing the advantage of combining the two
electrocatalysts (AuNPs and poly-CoTAPc). The observation may be
supported by relatively higher surface coverage on the combined
electrocatalyst compared to the individual electrocatalyst. Poly-CoTAPc-GCE
on its own showed electrocatalysis in terms of peak potential compared to
bare GCE, but worse than for the rest of the modified electrodes. Thus the
presence of AuNPs enhanced the electrocatalytic oxidation of nitrite. Huang
and co-workers found out that the gold nanoparticles play an important role

in the oxidation of nitrite by accelerating the rate of electron transfer [172].
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Fig. 5.9. Cyclic voltammograms of bare and modified GCE recorded in 1 mM

nitrite in pH 4 buffer solution. Scan rate: 100 mV/s.
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5.2.2.2. Electrochemical impedance spectroscopy (EIS)

The electrochemical behaviour of the different electrodes were further
investigated by electrochemical impedance spectroscopy (EIS) in 1 mM
nitrite and the results are shown in Fig. 5.10. Fig. 5.10a shows the Nyquist
plots. The Rt as determined by the diameter of the semi-circle was found to
be 9.9 kQ for Au/poly-CoTAPc-GCE and is much smaller than that of bare
GCE, Au-GCE, poly-CoTAPc-GCE and poly-CoTAPc/Au-GCE which are 16.6
kQ, 12.6 kQ, 13.8 kQ and 11.1 kQ respectively, Table 5.5. This shows that
Au/poly-CoTAPc-GCE offer limited resistance to charge transfer in the
presence of nitrite, hence promoting very fast electron exchange rate, results
already confirmed by lower potentials in cyclic voltammetric studies, Fig.
5.9. The n-values are in the range 0.82-0.87 (n<1) confirming the non-
capacitative nature of the electrodes. Eq. 5.3 was used to calculate the
apparent electron-transfer rate constant (kgpp) and the results are shown in

Table 5.5.

The kqpp also confirm that the transfer of electrons for nitrite oxidation was
faster on the Au/poly-CoTAPc-GCE relative to the other electrodes, Table
5.5. The order in terms of magnitude of kqpp is as follows: Au/poly-CoTAPc-
GCE > poly-CoTAPc/Au-GCE > Au-GCE > poly-CoTAPc-GCE > bare GCE.

The Bode plot (phase angle (6) versus log frequency) for the various
electrodes is shown in Fig. 5.10b. The slight changes in the phase angle and
frequencies, compared to bare GCE confirmed that oxidation processes were

taking place at the modified surfaces.
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Fig. 5.10. Nyquist (a) and Bode (b) plots obtained for (i) Bare GCE, (ii) Au-
GCE, (iii) poly-CoTAPc-GCE, (iv) poly-CoTAPc-Au-GCE and (v) Au/poly-
CoTAPc-GCE in 1 mM nitrite (pH 4 buffer). Inset in (a): Randles equivalent

circuit for this process.
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5.2.2.3. Chronoamperometric studies

Au/poly-CoTAPc-GCE was employed for these studies due to its superior
catalytic activity discussed above. Chronoamperograms similar to those
shown in Fig. 5.8 were constructed. The slopes of the plot of (Icat/Ibuf) Versus
t1/2 were used to calculate the rate constant according to Eq. 5.4. The plots
of the square of slopes from figure similar to Fig. 5.8 b versus concentration
of nitrite were done. A linear relationship was observed and represented by
Eq. 5.14.

y = 124.63 [nitrite] () 3063571, R? = 09944 (5.14)

where the slope of this plot is equal to mk and the value of k was found to be
3.96 x 107 cm?3 mol! s'1, Table 5.2. The rate constant of Au/poly-CoTAPc-
GCE is also higher than that of NiTSPc/Au-GCE, showing that CoTAPc is
superior, Table 5.2. The rate constant indicates that Au/poly-CoTAPc-GCE
was very effective electrocatalysts for the oxidation of nitrite since the value
is higher that the reported (4.37 x 106 cm3 mol-! s-1) for nitrite detection on
prussian blue nanoparticles modified edge plane pyrolytic graphite [174].

The mechanism for the detection of nitrite would be similar to eq. 5.8 to

5.10.

In conclusion, AuNPs and CoTAPc alone were not as effective as to when
combined unlike NiNPs and NiPc, where NiNPs gave better results for the
electrooxidation of amitrole. NiNPs were the best for amitrole detection but
did not work for nitrite detection. CoTAPc better than NiTSPc in terms of the

rate constant.
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5.3. Hydrazine

Hydrazine was detected on poly-CoTAPc in the presence of AuNPs or PANPs
individual or when in bimetallic form. Hydrazine was also detected on

FeTCPc. The discussion will start with the detailed detection on CoTAPc and

PdNPs.
5.3.1. CoTAPc and PdNPs
5.3.1.1. Cyclic voltammetric detection of hydrazine

Fig. 5.11A shows the cyclic voltammograms of bare and modified GCE
recorded in 1 mM hydrazine. The bare had a broad peak for hydrazine at
0.77 V, Table 5.6. Modifying the electrode with CoTAPc caused a shift of
potential to lower values. The hydrazine peak potential was found at 0.15 V,
Table 5.6, with current of 16 pA for poly-CoTAPc. Ivanov et al obtained
hydrazine detection at -0.28 V using PdNPs and polyaniline [175]. In this
work we observed the hydrazine oxidation peak at -0.20 V and -0.28 V for
Pd-GCE (Fig. 5.11B) and Pd/poly-CoTAPc-GCE (Fig. 5.11C), Table 5.6, with
background corrected currents of 36 pA and 60 pA, respectively, Fig. 5.11C.
Both show larger currents than poly-CoTAPc-GCE alone at 16 pA, hence
Pd/poly-CoTAPc-GCE shows the largest currents for hydrazine oxidation at
60 pA. Oxidation of PANPs was observed at 0.54 V and 0.50 V for Pd-GCE
and Pd/poly-CoTAPc-GCE respectively. The oxides of palladium were

reduced near O V, Fig. 5.11. Peaks due to hydrazine oxidation (at -0.20 V
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and -0.28 V for Pd-GCE and Pd/poly-CoTAPc-GCE, respectively) increased
with increase in concentration in Fig. 5.11B and C confirming that they are
due to the analyte. Increasing the concentration of hydrazine resulted in the
shift of its oxidation potential to more positive values, Fig. 5.11C. The
hydrazine peak is observed at -0.28 for Pd/poly-CoTAPc-GCE in this work
which much more negative than PANPs and Pc alone, but also more negative
than reported on similar electrodes in the literature [176], Table 5.7. Thus
combining Pc with PdANPs offers an advantage for the detection of hydrazine
as a test molecule.

The overall reaction for hydrazine is represented by Eq. 5.15.

N,H, — N, + H* +4e” (5.15)

This mechanism has been proposed for the oxidation of hydrazine on PdNPs
[76]. The oxidation of hydrazine on CoTAPc is in the range of Co!l/Col
couple of CoTAPc, hence this couple is involved in the catalysis mechanism.
The mechanism for oxidation of hydrazine has been reported in literature for
FePc [177]. Thus following literature [177] and the fact the Co!!/Co! couple is
involved, we propose the following mechanism (Eqs 5.16-5.19) for CoTAPc

catalysed hydrazine oxidation in basic media.

[Co'TAPc]™ — Co'"'TAPc + e~ (5.16)
Co""TAPc + N,H, + OH™ - [Co'TAPc]” (NyH3)* + H,0 + e~ (5.17)
[Co'TAPc]” (N,H3)* + OH™ - Co'TAPc + (NyH,) + H,0 + e~  (5.18) (rds)
(NoH,) +20H- — N, + 2H,0 + 2e~ (5.19)

The overall mechanism involves the four electron oxidation of hydrazine.
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Fig. 5.11. Cyclic voltammograms of hydrazine on (A) bare and poly-CoTAPc-
GCE (1 mM hydrazine), (B) Pd-GCE (1 and 5 mM hydrazine), (C) Pd/poly-
CoTAPc-GCE (1, 2, 5 and 8 mM hydrazine). Scan rate: 50 mV/s.
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Table 5.6. Electrochemical

hydrazine.

Electrode I'/mol cm-2

Bare GCE

parameters for the

impedance data for

E/V,
(hydrazine)

Pd-GCE

Au-GCE

Au/Pd-GCE

Pd/Au-GCE

Au-Pd (co-deposited)-GCE

Poly-CoTAPc-GCE

Pd/Poly-CoTAPc -GCE

Au/poly-CoTAPc-GCE

Au/Pd-poly-CoTAPc-GCE

Pd/Au-poly-CoTAPc-GCE

Au-Pd (co-deposited)/poly-
CoTAPc-GCE

GCE after SEEC

GCE after SEEC +

immersion in FeTCPc

GCE after step by step
(electropolymerization
followed by electro-click

and immersion in FeTCPc)
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Table 5.7. Oxidation potentials and limits of detection for hydrazine on

various electrodes

Electrode Medium || Potential || LoD Reference

(V) (M)

Pd/BDD . 176
Pd/CB/GCE . . 111
FePc-SAM-Au 114
CoPc/CPE . . 116
Poly-CoTAPc-GCE . This work
Pd-GCE . This work
Pd /Poly-CoTAPc-GCE . This work

GCE: glassy carbon electrode, MWCNT: multi-walled carbon nanotubes,
BDD: boron dopped diamond electrode, CB: carbon black, SAM: self-
assembled monolayer, LoD: limit of detection and CPE: carbon paste

electrode.

5.3.1.2. Kinetic studies of hydrazine oxidation

Pd/poly-CoTAPc-GCE was employed in this section due to its high
electrocatalytic activity for hydrazine detection compared to the individual
compounds. When the scan rate was increased from 50 mV/s to 300 mV/s,
the hydrazine oxidation peak shifted towards positive potentials as shown in
Fig 5.12a. This is an indication of irreversibility of the redox reaction. Fig.
5.12b shows linear plots of current versus root of scan rate and the plot of
peak potential versus log scan rate for hydrazine oxidation. The plots in Fig.
5.12b confirm that the -catalytic oxidation of hydrazine is diffusion

controlled. The relationship between peak potential and scan rate for an
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irreversible diffusion-controlled process is given by Eq. 5.1. The plot of E,
versus log v (Fig. 5.12¢c) gave a linear relationship and the Tafel slope was
204 mV decade™!. As stated above such large Tafel slopes have been
associated with chemical reactions coupled to electrochemical steps [166] or

to substrate—catalyst interactions in a reaction intermediate [167].

Using the slope of the plot of E, versus log v (Fig. 5.12c), the electron
transfer coefficient (a) for hydrazine oxidation was found to be 0.71
indicating a high probability of the activated complex being converted to the

product.
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(c)
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Fig. 5.12. Plots of (a) scan rate from 50 mV/s to 300 mV/s (b) peak current
versus root of the scan rate and (c) peak potential versus log v for 0.5 mM

hydrazine (pH 8 buffer) detection on Pd/poly-CoTAPc-GCE.

5.3.1.3. Chronoamperometric studies

Chronoamperograms similar to those shown for nitrite Fig. 5.8 were
obtained. A linear relationship was observed similar to egs. 5.11 to 5.13 and

represented by Eq. 5.20, for Pd/poly-CoTAPc-GCE.

y = 1926.1 [hydrazine] (*— ) - 743.54 5%, R? =0.9924  (5.20)

s
mM
where the slope of this plot is equal to mk and the value of k was found to be
6.12 x 108 cm3 mol! s'l. The catalytic rate constant for poly-CoTAPc-GCE
and Pd-GCE were found to be 5.54 x 108 cm3 mol! s1 and 2.86 x 108 cm3
mol-! s'! respectively. This shows the superiority of the combining poly-

CoTAPc and PdNPs. The catalytic rate constants obtained for hydrazine

detection in literature are 4.7 x 107 cm3 mol-! s-! and 4.1 x 107 cm3 mol-! s!

181



CHAPTER 5 ELECTROCATALYTIC STUDIES

for gold nanoparticles-choline film and gold nanoparticles-polypyrrole
nanowire respectively [178, 179], Table 5.2. The high catalytic rate constant
for Pd/poly-CoTAPc-GCE shows the effectiveness of the electrocatalyst for

the oxidation of hydrazine.

The detection limit (LoD) of 5.7 x 107® mol L-! for poly-CoTAPc, 9.6 x 107°
mol L1 for PAd-GCE and 1.3 x 107 mol L1 for Pd/poly-CoTAPc-GCE, using
the 36/slope ratio notation (where 6 is the standard deviation of the plot)
were obtained. The values obtained for LoD are comparable to the ones
obtained in literature as showed in Table 5.7, therefore they can serve as a

good electrocatalysts for detecting hydrazine.

5.3.2. CoTAPc and bimetallic nanoparticles

5.3.2.1. Cyclic voltammetric detection of hydrazine

Fig. 5.13 shows the cyclic voltammograms of bare and modified GCE
recorded in 1 mM hydrazine. Fig 5.13a shows that the bare GCE had a
broad peak for hydrazine at 0.77 V. When the bare GCE is modified with Au
and Au/poly-CoTAPc, Fig. 5.13a, the overpotential is lowered to 0.22 V and
0.11 V respectively. The influence of the poly-CoTAPc is very significant as a
lower potential for hydrazine electrooxidation is obtained for Au/poly-
CoTAPc compared to Au-GCE alone. Fig 5.13b shows the hydrazine peak at
0.05V (Au/Pd-GCE), -0.19 V (Pd/Au-GCE) and -0.02 V (Au-Pd co-deposited-

GCE). Fig 5.13c shows the behaviour of these electrodes in the presence of
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the poly-CoTAPc. The poly-CoTAPc-GCE itself has a potential of 0.15 V.
Upon adding the nanoparticles, there is a shift in peak potential for the
electrooxidation of hydrazine to 0.04 V, -0.21 V and -0.12 V for Au/Pd-poly-
CoTAPc-GCE, Pd/Au-poly-CoTAPc-GCE and Au-Pd (co-deposited)/poly-
CoTAPc-GCE, respectively. There is significant improvement in the oxidation
potential in the presence of poly-CoTAPc-GCE for Au-GCE, Pd-GCE and Au-
Pd (co-deposited), showing that CoTAPc enhances the catalytic acitivity. In
general when PdNPs are alone or electrodeposited on top of AuNPs, the
oxidation of hydrazine occurs at a lower potential and as discussed above
and shown in Table 5.6, these electrodes also have the largest surface

coverage.

Using Au-Pd (co-deposited)/poly-CoTAPc-GCE as an example, the reaction
occurs at the outer layer that is the Au-Pd surface. The role of poly-CoTAPc
is to promote electron transfer between the reaction site and GCE. The
mechanism for oxidation of hydrazine on Au-Pd (co-deposited)/poly-CoTAPc-

GCE (Eqgs 5.21 to 5.23) has been reported in literature [180].

N2H4-ad +0H - N2H3ad + HzO +e” (521)
NyHsoq — Ny + 3Hg (5.22)
3H,, + 30H~ — 3H,0 + 3e~ (5.23)

The overall reaction for hydrazine is represented by Eq. 5.24 [181].

N,H, +40H~ - N, + 4H,0 + 4e~ (5.24)

The mechanism of how the Au-Pd surface is not yet understood. However it
is generally accepted that Au promotes the electrocatalytic activity,

selectivity and stability of Pd [182].
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Fig. 5.13. Cyclic voltammograms of (a) bare GCE, Au-GCE and Au-poly-
CoTAPc, (b) Au/Pd-GCE, Pd/Au-GCE and Au-Pd (co-deposited)-GCE and (c)
Au/Pd-poly-CoTAPc-GCE, Pd/Au-poly-CoTAPc-GCE, Au-Pd (co-
deposited)/poly-CoTAPc-GCE and poly-CoTAPc-GCE in 1 mM hydrazine

dissolved in pH 8 buffer solution. Scan rate = 50 mV/s.

5.3.2.2. Electrochemical impedance spectroscopy (EIS)

The bare and the modified electrodes were examined by electrochemical
impedance spectroscopy (EIS) in 1 mM hydrazine dissolved in pH 8 buffer.
Fig. 5.14 shows the Nyquist plots for the various electrodes that were used
in this study. The Randles equivalent circuit for this process is as described
above. The Rt values as determined by the diameter of the semi-circle are
listed in Table 5.6. The bare electrode has the largest diameter of the semi-
circle imply that there is high resistance to the flow of current for hydrazine
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electrooxidation. The fact that Au-Pd (co-deposited)/poly-CoTAPc-GCE has a
smallest diameter of the semi-circle than the rest of the electrodes shows
that it offers limited resistance to charge transfer in the presence of
hydrazine hence promoting very fast electron exchange rate. Thus even
though this electrode did not give the lowest hydrazine oxidation potential,
Table 5.6, it gives the best result for hydrazine electrooxidation in terms of
low charge transfer resistance hence was employed for kinetic studies below.
In general, there is a slight improvement in R¢ value in the presence of
CoTAPc, with a few exceptions. The n-values are in the range 0.82 — 0.95
(n<1) confirming the non-ideal capacitative nature of the electrodes. Eq. 5.3
was used to calculate the apparent electron-transfer rate constant (kqpp) and
the results are shown in Table 5.6. The kqpp also confirm that the transfer of
electrons for hydrazine oxidation was fastest on Au-Pd (co-deposited)/poly-

CoTAPc-GCE than the rest of electrodes, Table 5.6.

186



CHAPTER 5 ELECTROCATALYTIC STUDIES
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Fig. 5.14. Nyquist plots obtained for bare GCE and modified GCE in 1 mM
hydrazine dissolved in pH 8 buffer solution. Inset: The Randles equivalent

circuit employed.

5.3.2.3. Kinetic studies of hydrazine oxidation

Au-Pd (co-deposited)/poly-CoTAPc-GCE was employed in this section due to
its superior electrocatalytic activity for hydrazine oxidation compared to the
rest of the electrodes in terms of the Rt and Kgpp. When the scan rate was
increased from 50 mV/s to 300 mV/s, the hydrazine oxidation peak shifted
towards positive potentials as shown in Fig 5.15a. This is an indication of
irreversibility of the redox reaction. Fig. 5.15b and 5.15c¢c shows linear plots
of current versus root of scan rate and the plot of peak potential versus log

scan rate for hydrazine electrooxidation, respectively. The plots in Fig.
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5.15b confirm that the catalytic electrooxidation of hydrazine is diffusion
controlled. The plot of E, versus log v (Fig. 5.15c) gave a linear relationship
and the Tafel slope was 190 mV decade~!. The Tafel slope is b = 0.059/(1-
a)na, (where a, the transfer coefficient; n, the number of electrons involved
in the rate-determining), assuming the number of electrons is 1, and the

transfer coefficient (a) is estimated to be 0.69.
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Fig. 5.15. Plots of (a) scan rate from 50 mV/s to 300 mV/s (b) peak current
versus root of the scan rate and (c) peak potential versus log v for 1 mM
hydrazine (pH 8 buffer) detection on Au-Pd (co-deposited)/poly-CoTAPc-
GCE.

5.3.2.4. Square wave voltammetry (SWV) detection of hydrazine

Fig. 5.16 shows square wave voltammograms of Au-Pd (co-deposited)/poly-
CoTAPc-GCE in different concentrations of hydrazine. The current increased
with the increase in concentration. The corresponding calibration curve is
shown as an inset in Fig. 5.16. The plot is linear over the concentration
range from 0.05 mM to 1 mM. Using the 36 notation, the limit of detection

LoD was estimated to be 0.5 pM for Au-Pd (co-deposited)/poly-CoTAPc-GCE

and 0.7 uM for Au-Pd (co-deposited)-GCE. Table 5.8 shows a comparison of
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LoD with those in literature [111, 176, 183, 184]. It shows most of the
hydrazine studies were done in pH 7 and their systems are comparable to
the studies done in pH 8. There is a marked improvement for bimetallic
nanoparticles in terms of LoD compared to monometallic nanoparticles. The
LoD for Au-Pd (co-deposited)/poly-CoTAPc-GCE was lower than PdNPs/

poly-CoTAPc-GCE (1.3 uM), Table 5.8.

Current/ pA

Current/pA
w
[

0.4 - -0I.2 - 0.0
E vs (Ag|AgCIl)/V

Fig. 5.16. Square wave voltammograms for (a) 0.05 mM, 0.1 mM, 0.5 mM
and 1 mM hydrazine produced on polarized Au-Pd (co-deposited)/poly-

CoTAPc-GCE. Inset: Corresponding calibration curve for hydrazine.
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Table 5.8. Oxidation potentials and limits of detection for hydrazine on

various electrodes.

Electrode Medium |E/V | LoD Ref

(nM)
grafted GCE after click chemistry in NaOH -0.2 110 30
ethynylpyridine and axial ligation with FePc
F-TiO2NTs-Au@Pd pH 7 0.02 |0.012 |82
Pd/CB/GCE pH 9 -0.1 8.8 111
Pd/BDD pH 7 0.16 | 2.6 176
Pd decorated pH 7 0.04 |10 183
bamboo MWCNTs
PdHCFIAI pH 7 0.95 | 4.6 184
Poly-CoTAPc-GCE pH 8 0.14 9.6 This work
Pd-GCE pH 8 -0.20 | 5.7 This work
Pd/Poly-CoTAPc-GCE pH 8 -0.2811.3 This work
Au-Pd (co-deposited)-GCE pH 8 -0.0210.7 This work
Au-Pd (co-deposited)/poly-CoTAPc-GCE pH 8 -0.1210.5 This work
GCE after step by step pH 8 0.26 | 6.4 This work

(electropolymerization followed by electro-

click and immersion in FeTCPc)

GCE: glassy carbon electrode, BDD: boron doped diamond electrode, CB:

carbon black, LoD: limit of detection, CPE: carbon paste electrode and

PdHCFIALI: palladium hexacyanoferrate film-modified aluminium electrode.
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5.3.83. FeTCPc

5.3.3.1. Cyclic voltammetric detection of hydrazine

Fig. 5.17 shows the cyclic voltammograms of bare and modified GCE
recorded in 1 mM hydrazine in pH 8 buffer. Fig 5.17a shows that the bare
GCE had a broad peak for hydrazine at 0.77 V, Table 5.6. When the bare
GCE is modified by electropolymerization and electro-click, there was only a
broad feature for hydrazine electrooxidation. This implies that the amines
(from the polyaniline) are not responsible for the electrooxidation of
hydrazine. When the bare GCE is modified by SEEC plus immersion in a
solution of DMF containing FeTCPc, peaks were obtained in both the
forward and reverse scans 0.30 V, Table 5.6. This behaviour is attributed to
the regeneration of the species responsible for the electrooxidation of
hydrazine [30]. The modified electrode after step by step
(electropolymerization followed by electro-click) plus immersion in a solution
of DMF containing FeTCPc shows an improvement in the peak potential.
This is attributed to the fact the method does not have side products (like
polymer from ethynylpyridine) which may affect the electrooxidation of
hydrazine.

Ozoemena and Nyokong [114] have suggested the following mechanism for
the oxidation of hydrazine on MPc modified electrodes (Eqgs. 5.25-5.27).
Fe(I)Pc - [Fe(II)Pc]™ + e~ (5.25)

[Fe(II)Pc]* + N,H, - [Fe(II)Pc.N,H,]* (5.26) (rds)

[Fe(III)Pc.N,H,]* + OH™ — Fe(I)Pc + N,H; + H,0 + e~ (5.27)
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However, Zagal and co-workers [185, 186] proposed that the

electrooxidation of hydrazine proceeds via the MII/M! redox couple.

Bare GCE

35 - after SEEC
after SEEC + immersion in FeTCPc

30 - after step by step electropolymerization
and electro-click + immersion in FeTCPc

Current/uA

] ] ]
-04 -02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
E vs (Ag|AgCIl)/V

Fig. 5.17. Cyclic voltammograms of bare and modified GCE in 1 mM

hydrazine dissolved in pH 8 buffer solution. Scan rate = 100 mV/s.

5.3.3.2. Electrochemical impedance spectroscopy (EIS)

The bare and the modified electrodes were examined by electrochemical
impedance spectroscopy (EIS) in 1 mM hydrazine dissolved in pH 8 buffer.
Fig. 5.18 shows the Nyquist plot for the various electrodes that were used in
this study. The Randles equivalent circuit has been described above. The

modified GCEs (after SEEC and after SEEC plus FeTCPc attachment) did
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not have Warburg impedance. The modified electrode after step by step
(electropolymerization followed by electro-click) plus immersion in a solution
of DMF containing FeTCPc has Warburg impedance. This clearly shows that
the method of modifying electrodes determines the effectiveness of the
electrode in an electrocatalytic reaction. The Rt values as determined by the
diameter of the semi-circle are listed in Table 5.6. The bare electrode has the
smallest diameter of the semi-circle implying that there is low resistance to
the flow of current for hydrazine electrooxidation compared to the modified
GCEs. For the modified electrodes, the step by step route had the lowest Rct
value signifying its superiority over the SEEC route. The n-values are in the
range 0.91-0.95 (n<1) confirming the non-ideal capacitative nature of the
electrodes. Eq. 5.3 was used to calculate the apparent electron-transfer rate
constant (kqpp) and the results are shown in Table 5.6. The kg also confirm
that the transfer of electrons for hydrazine oxidation was fastest on bare
GCE than the rest of electrodes, Table 5.6. However, FeTCPc is catalytic in
terms of potential towards electrooxidation of hydrazine. The step by step

route gave the best kqpp for the modified electrodes.
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Fig. 5.18. Nyquist plots obtained for bare and modified GCE in 1 mM
hydrazine dissolved in pH 8 buffer solution. Inset: The Randles equivalent

circuit employed.
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5.3.3.3. Chronoamperometric studies

Fig. 5.19a shows the chronoamperometric evolutions on polarized film
formed after step by step (electropolymerization followed by electro-click)
plus after immersion in a solution of DMF containing FeTCPc for pH 8 buffer
(i) and hydrazine (in pH 8 buffer): (ii) 200 uM, (iii) 400 pM, (iv) 600 uM, (v) 800
uM, (vi) 1000 pM. The inset shows a linear relationship between current
versus concentration and the slope of this plot represents the sensitivity of
electrode towards the analyte. The detection limit (LoD) of 6.4 x 107 mol L1,
using the 36/slope ratio notation (where 6 is the standard deviation of the
plot) was obtained. The value obtained for LoD is an improvement compared
to when unsubstituted FePc was employed (using an electrode modified by
grafting following click chemistry) at 10.0 uM [30] but poor compared to
CoTAPc or PANPs or CoTAPc + PdNPs, Table 5.7. Fig. 5.19b shows the plots
of (Icat/Ibuf) Versus t1/2 (eq. 5.4) for hydrazine electrooxidation. The catalytic
current (lcat) is dominated by the rate at which hydrazine is oxidized on
modified-GCE. The slopes of the plot of (Icat/Ibuf) versus tl/2 were used to
calculate the rate constant according to Eq. 5.4, in a similar manner as
described above.

A linear relationships was observed and represented by Eq. 5.28.

= 6624.9 [hydrazine] ( 3 ) —1992.1s7%, R2 =0.9915  (5.28
y y -

m

where the slope of this plot is equal to mk and the value of k was found to be
2.1 x 102 cm3 mol! s1, Table 5.2. The catalytic rate constants obtained for

hydrazine detection in literature are 4.7 x 107 cm3 mol! s1 and 4.1 x 107
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cm3 mol! s1 for gold nanoparticles-choline film and gold nanoparticles-
polypyrrole nanowire, respectively [178, 179], Table 5.2. The high catalytic
rate constant for step by step (electropolymerization followed by electro-click
and immersion in FeTCPc) shows the effectiveness of the electrocatalyst for

the electrooxidation of hydrazine.

In conclusion, based on the CVs, Pd/poly-CoTAPc was the best electrode for
the detection of hydrazine with detection potential of -0.28 V, Table 5.6. This
could be explained by the fact that Pd/poly-CoTAPc had the highest surface
coverage. Analysis on the EIS data indicates that Au-Pd/poly-CoTAPc was
the best electrode with the highest Kapp, Table 5.6. Au-Pd/poly-CoTAPc also
had the least LoD (0.5 uM, Table 5.8) for the detection of hydrazine. GCE
modified by step by step (electropolymerization followed by electro-click)
plus after immersion in a solution of DMF containing FeTCPc behaved much
better in terms of the rate constant hence it is a superior method of

electrode modification.
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Fig. 5.19. Chronoamperograms (a) for (i) pH 8 buffer, (ii) 200, (iii) 400, (iv)
600, (v) 800, (vi)

1000 uM hydrazine produced on polarized modified

electrode (GCE after electropolymerization and electro-click + immersion in

FeTCPc). Inset: current-concentration plot for hydrazine. (b) Plots of (Icat/Ibui)

versus t!/2 from (a).
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6.1 General conclusions

The synthesis of metallophthalocyanines (NiPc, NiTSPc, CoTAPc and
FeTCPc) and metal nanoparticles (NiNPs, AuNPs, PANPs and bimetallic of Au
and Pd) were successful. Microscopic, spectroscopic and electrochemical
techniques were used to characterize the synthesized materials. These

materials were used to modify the glass carbon substrates.

Various methods were used to modify the electrodes namely, adsorption,
electropolymerization, electrodeposition, electrografting and click chemistry.
Both NiPc and NiNPs were successfully deposited on the electrode surface
and the results showed that the NiNPs exhibited better electrocatalytic
activity for the electrooxidation of amitrole. The mixture of NiPc and NiNPs
was the least as far as the electrooxidation of amitrole. Due to the
shortcoming of adsorption, other methods were used to modify the

electrodes.

Eletrodeposition and electropolymerization were employed to modify
electrodes with metal nanoparticles and MPcs, respectively. This was the
first time in which the combination was used. The results for AuNPs and
NiTSPc showed that when AuNPs was deposited first on the electrode
followed by attachment of NiTSPc through electropolymerization, there was

higher electrocatalytic activity compared to individual AuNPs and NiTSPc.
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The test analyte was nitrite in pH 8 buffer solution. However the results for
AuNPs and CoTAPc showed that when CoTAPc was attached first followed by
deposition of AuNPs, higher electrocatalytic performances were observed

compared to the individual AuNPs and CoTAPc.

Having established that CoTAPc attachment first was the best, AulNPs,
PdNPs, Au-Pd were deposited on top of the CoTAPc layer for the
electrooxidation of hydrazine. Again the electrocatalytic activity of the
combination of CoTAPc and metal nanoparticles was enhanced. The
improvement in the electrocatalytic activities is attributed to synergistic
effect. Metal nanoparticles providing a fast transfer of electrons and the
MPc, offering accessibility of a wide range of oxidation states on the Pc ring

and on the central metal.

This work shows the use of electropolymerization and electro-click chemistry
for the modification of the electrode. This was followed by axial ligation of
FeTCPc. This was the first time a tetrasubstituted MPc had been used. The
electrode modification was monitored by XPS. XPS indicated that the azide
bond at 404 eV (from azidoaniline) had disappeared following electro-click
chemistry and also the appearance of Fe suggesting the success of axial
ligation. We have proved that the electrodes modified step by step

(electropolymerization followed by electro-click and immersion in FeTCPc)
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was the better than the one after SEEC + immersion in FeTCPc for the

electrooxidation of hydrazine.

Finally this work reports for the first time the micropatterning of the glassy
carbon substrate, using the SECM tip. The glassy carbon substrate was
electrografted with 4-azidobenzenediazonium salt. The SECM tip was
positioned ~10 um above the surface of the azido-modified substrate, and
Cu* ions were produced at the tip. This was aimed at locally triggering the
CuAAC reaction between azido moieties on the surface and ethynylferrocene
in solution. The evidence of micropatterning was shown using the SECM
images. The SECM images clearly show that the position where the localized
electro-click reaction occurred had high currents as ferrocene moieties have

good redox properties.
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