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2. ABBREVIATIONS AND SYMBOLS

A geometric surface area of an electrode

ACN acetonitrile

AFM atomic force microscopy

Au/AQ gold modified with 9,10-anthraquinone groups
Au/BP gold modified with biphenyl groups

Au/DP gold modified with 4-decylphenyl groups

Au/Naphl gold modified with 1-naphthyl groups
Au/Naph2 gold modified with 2-naphthyl groups

Au/NP gold modified with 4-nitrophenyl groups

Au/PhBr gold modified with 4-bromophenyl groups

AQ 9,10-anthraquinone

B Levich slope

BDD boron-doped diamond

ng concentration of oxygen in the bulk solution

Cr sensitivity factor of the crystal

CNTs carbon nanotubes

CP carboxyphenyl group

Ccv cyclic voltammetry

DA dopamine

DBD 4-decylbenzenediazonium tetrafluoroborate

D02 diffusion coefficient of oxygen

AE difference between the standard potentials of the Q" /Q* and the
Q/Q" couples

AE, separation of redox peaks

E electrode potential

E° standard potential

Eg/Qz, standard potential of the Q/Q*” couple

Ei» half-wave potential

Ey redox potential

E, peak potential

EC electrochemical-chemical

EIS electrochemical impedance spectroscopy

EQCM electrochemical quartz crystal microbalance

ET electron transfer

F Faraday constant

Af resonance frequency shift

FTIRRAS Fourier transform infrared reflection absorption spectroscopy

GC glassy carbon

GC/AAQI glassy carbon modified with in situ synthesised 1-anthra-
quinone diazonium cations
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GC/AAQ2

GC/Anth1
GC/Anth2
GC/AQ
GC/AQ-Ph
GC/BP
GC/DP
GC/Naphl
GC/Naph2
GC/NP
GC/Ph
GC/PhBr
HOPG

1

14

Ip

glassy carbon modified with in situ synthesised 2-anthra-
quinone diazonium cations

glassy carbon modified with 1-anthracenyl groups
glassy carbon modified with 2-anthracenyl groups
glassy carbon modified with 9,10-anthraquinone groups
glassy carbon modified with AQ and phenyl groups
glassy carbon modified with biphenyl groups
glassy carbon modified with 4-decylphenyl groups
glassy carbon modified with 1-naphthyl groups
glassy carbon modified with 2-naphthyl groups
glassy carbon modified with 4-nitrophenyl groups
glassy carbon modified with phenyl groups

glassy carbon modified with 4-bromophenyl groups
highly oriented pyrolytic graphite

current

diffusion-limited current

disk current

kinetic current

peak current

ring current

current density

diffusion-limited current density

heterogeneous electron transfer rate constant
standard electrochemical rate constant

apparent electrochemical rate constant for O, reduction
rate constant for the chemical reaction between Q™ and O,
chemical rate parameter

Koutecky-Levich

linear sweep voltammetry

change of mass per unit area

methylphenyl group

number of electrons transferred per O, molecule
collection efficiency

4-nitrobenzenediazonium tetrafluoroborate

nickel modified with 9,10-anthraquinone groups
nickel modified with 4-nitrophenyl groups
non-linear regression

nitrophenyl group

open circuit potential

pyrolysed photoresist film

quinone

universal gas constant

Rutherford backscattering spectroscopy

rotating disk electrode

root-mean-square
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RRDE
SCE
SHE
SWCNTs
TBABF,

P

PS

e /IO TIR

rotating ring-disk electrode

saturated calomel electrode

standard hydrogen electrode
single-walled carbon nanotubes
tetrabutylammonium tetrafluoroborate
potential scan rate

X-ray photoelectron spectroscopy
transfer coefficient

surface concentration

charge

kinematic viscosity of the solution
percentage yield of peroxide formation
electrode rotation rate

surface coverage
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3. INTRODUCTION

Modification of carbon and metal electrode surfaces is an important task in
electrochemistry and material science. The electrochemical grafting of the
electrodes by diazonium reduction has become a widely used method of surface
modification [1-3].

It is of considerable interest to study the reduction of oxygen on carbon and
metal electrodes modified with barrier layers of various organic compounds.
The blocking behaviour of these films is of paramount importance in many
fields, including electrocatalysis and electroanalysis.

In this work the modification of glassy carbon (GC), nickel and gold sur-
faces with aryl groups was performed by electrochemical reduction of the
corresponding diazonium salts. The electrografting of anthraquinone (AQ) to
GC surface was also achieved using in situ generated AQ diazonium cations.
The in situ modification method is especially attractive since the synthesis of
the diazonium salts is made via a standard diazotisation procedure and the
modification of the electrodes is carried out from the reaction solution thus
avoiding separation and purification steps.

In addition to electrochemical grafting, also surface grafting via spontaneous
modification is used [4]. It provides a simpler and more versatile route for
electrode functionalisation. A systematic study of spontaneously grafted anthra-
quinone on GC from the solutions of its diazonium derivative and the resulting
electrocatalytic properties are reported. Surface modification was performed in
acetonitrile and in aqueous solutions of various pH and a strong bonding of AQ
to the surface is in evidence. The kinetic parameters for oxygen reduction were
determined.

It is of special interest to find out whether the strong attachment of aryl
groups could be extended to substrates other than carbon materials. Therefore
one of the aims of the present work is to demonstrate the modification of nickel
and gold with various modifiers by diazonium reduction and to study the barrier
properties of modified Ni and Au electrodes.

The main purpose of this work was to explore the electrochemical properties
of GC, Ni and Au electrodes modified with different aryl groups to investigate
the resulting blocking of electron transfer reactions. The molecules were chosen
to provide attached aromatic rings of different sizes and two examples of a
phenyl group containing a polar group. The barrier properties of these electro-
des were characterised using dopamine and Fe(CN)s’~ redox probes.

The aryl film formation was studied with electrochemical quartz crystal
microbalance (EQCM). The surface morphology and chemical composition of
the modifier films was characterised by atomic force microscopy (AFM) and X-
ray photoelectron spectroscopy (XPS). The electrochemical experiments were
performed using cyclic voltammetry (CV) and the rotating disk electrode (RDE)
method.

13



4. LITERATURE OVERVIEW

4.1. Surface modification of carbon materials
by diazonium reduction

Aryldiazonium salts are very effective and diverse reagents for functionalising
carbon surfaces with a variety of functional groups. The unique characteristics
of the aryldiazonium cation are the very strong electron-withdrawing effect of
diazonium moiety and high stability of dinitrogen as a leaving group [4].

4.1.1. Electrochemical grafting

There has been an increased research activity in the modification of carbon
electrodes by electrochemical reduction of diazonium salts since the first report
on the application of this method [5]. The details of this process and the pro-
perties of the modified electrodes have been reviewed by Downard [1] and by
Pinson and Podvorica [2], and more recently by McCreery [3], Knigge et al. [6]
and Gooding [7]. The surface modification by the electrochemical reduction of
diazonium salts is shown in Scheme 1.

GC GC
U++NzOR+e_ — -Q—R+N2——> UOR

Scheme 1. Electrografting of GC surface with aryl groups by diazonium reduction [2].

The binding of aryl groups to carbon electrodes is a two-step process. The
diazonium cation (ArN,") is reduced and the formed aryl radical (Ar") reacts
with the carbon surface giving a strong covalent C—C bond [8-10]. It is likely
that a short-lived neutral phenyl-N, species exist as an intermediate, but it
rapidly and irreversibly dissociates to much more stable N, and phenyl radical
[10]. In derivatisation of the carbon surfaces by electrochemical reduction of
diazonium salts it is significant that the aryl radicals produced are not reduced at
the potential at which they are produced and may thus react with the surface
[10]. Formed radicals do not reduce further and not all radicals will attach to the
surface, many will diffuse to the solution. Electrochemical reduction of diazo-
nium salts has several features that make it an attractive surface modification
method. As the radicals can be generated electrochemically, they are generated
precisely where it is most likely to react with the electrode surface and even
further the radicals are more likely to form near an uncovered region, thus the
film would be with relatively even surface coverage [3].
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Glassy carbon (GC) [5,10-24], highly oriented pyrolytic graphite (HOPG)
[9-11,25], boron-doped diamond (BDD) [25-27], carbon nanotubes (CNT)
[28,29] and other carbon materials have been successfully grafted using the
diazonium reduction method.

The attachment of aryl groups to graphene sheet has been investigated by
Jiang et al., using first principles density functional theory methods [30]. They
showed that the interaction between the basal plane and isolated phenyl groups
is weak, but it could be strengthened significantly with two phenyl groups
attached to the para positions of the same six-membered ring to form a pair on
the basal plane. The strongest bonding was found at the graphene edges. A 1,2-
addition pair is predicted to be most stable for the armchair edge, whereas the
zigzag edge possesses a unique localized state near the Fermi level that shows a
high affinity for the phenyl group [30].

A large variety of surface modifiers can be attached to carbon surfaces.
Among other compounds, several quinones have been grafted to carbon
electrodes [10,31-35]. The quinone-modified electrodes showed a high electro-
catalytic activity for the two-electron reduction of oxygen as reported by
Schiffrin and co-workers [25,31-35].

Alternatively, a radical generated at an unmodified carbon surface can attack
an adjacent surface-bound molecule instead of the carbon surface itself. Since
all diazonium reagents used for carbon surface modification so far have been
aromatic, electron tunnelling through a monolayer is fairly efficient, thus
permitting the generation of second equivalent radicals [3,36,37].

Multilayer growth can be explained by the following mechanism (Scheme
2):

Scheme 2. Schematic representation of multilayer formation by diazonium reduction

[2].

The radical formed by diazonium ion reduction may attack an already attached
group by abstracting H atom and this surface bound radical may react with
another radical causing the second layer and subsequent layers to be formed [2].
The film resulting from this mechanism remains conjugated, although alterna-
tive mechanisms can result in termination of the chain reaction.

It was found that a longer deposition time (at least 10 min) at constant
potential results in a thicker film formation. The preferential growth of the films
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occurred on defect sites of HOPG. The formation of “humps” was also seen,
which reveals the three-dimensional (3D) growth of the film on HOPG. The
height of these features was 5—15 nm above the substrate surface [9].

In this respect, the structure of the modifier film is a major concern. It is
important to know whether (sub)monolayer or multilayer films are formed
[1,2]. In case of submonolayers the determination of the modifier orientation is
a rather complicated task. There is also experimental evidence that in many
cases multilayer films are formed [9,18,37—40].

A comparison of the amount of the electrografted material determined by
charge integration and the data on film morphology measured by atomic force
microscopy (AFM) was made by Brooksby and Downard [38]. An atomically
flat pyrolysed photoresist film (PPF) was used as a substrate material and the
authors concluded on the basis of their data that an incompact layer was formed.
The experimentally determined surface concentration of nitrophenyl groups
corresponded to 21% of a close-packed monolayer [38].

The tendency to form multilayers and the thickness of the modifier film
depend on the nature of the surface, the particular diazonium reagent employed,
and the deposition conditions, including scan rate and potential range,
diazonium ion concentration, and number of deposition scans [3].

4.1.2. Spontaneous grafting

The spontaneous grafting from solutions of the diazonium derivatives was
originally reported for carbon black and patented by the Cabot Corporation
[41]. The attachment of aryl groups to electrode surfaces by reduction of
aryldiazonium cations has attracted considerable interest in recent years,
particularly, in relation to spontaneous grafting [23,42-50]. Various aspects of
spontaneous modification have been recently highlighted in the review by
Barriere and Downard [4]. Current interest in these reactions results from the
desirability of the construction of nanostructures with carbon nanotubes
employing simple chemical means [51,52].

Compared with electrochemical grafting, spontaneous modification provides
a simpler and more versatile route for electrode functionalisation. For example,
GC electrodes have been modified with nitrophenyl groups by immersion in the
corresponding diazonium salt solution in acetonitrile, as shown by the typical
cyclic voltammetric response of the —-NO, group [42]. The formation of organic
layers has also been clearly demonstrated by atomic force microscopy [42,43].
The AFM images revealed layer thicknesses above 5 nm, which is an indication
of the formation of multilayers (a monolayer thickness is ca 1nm). The
presence of the —NO, substituent group was confirmed by FTIR [42,43] and X-
ray photoelectron spectroscopy [43,47,48]. The studies show that the films
grafted spontaneously have the same characteristics as those grafted electro-
chemically, but in general, films are thinner and form more slowly by the
spontaneous route [50]. For example, in their study aimed at confirming
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covalent bonding between GC and aryl groups, Combellas and co-workers
employed time-of-flight secondary ion mass spectroscopy to examine films
electrografted and spontaneously grafted from solutions of aryldiazonium salts
(2 mM in 0.1 M TBABF,-acetonitrile) [23]. The spontaneously grafted films of
—CgF13 and bromophenyl derivatives gave qualitatively similar spectra to those
grafted electrochemically, although for the same preparation times, signals were
much weaker after spontaneous grafting.

Le Floch et al. studied a number of diazonium salts and observed that only
the compound with electron withdrawing group was able to create spontaneous
covalent bonding with the GC electrode. They concluded that for molecules
with electron withdrawing groups, the reduction wave feet starts before the
open-circuit potential of GC in ACN whereas for the other compounds the onset
of the reduction waves starts at more cathodic potential values and then grafting
occurs only by polarizing the electrode at higher cathodic potential [49].

4.2. Electrografting of metal surfaces by
diazonium reduction

The attachment of organic layers to metals is an important process in many
fields (protection against corrosion, preparation of functionalised materials,
sensors, electrocatalysis and others) [53]. Coating of metals with paints, poly-
mers and related organic materials is an industrial process of wide application
and there exists a large variety of methods for this purpose: plasma deposition,
spin coating, vapour deposition and self-assembly [54]. In these cases, only
weak bonds are formed between the metal substrate and the organic layer
[53,54].

Three methods are available for the formation of a strong bond between a
metal and an organic molecule as has been reviewed by Palacin et al. [54]. One
of these involves the electrochemical reduction of vinylic compounds (H,C=
CHR) in aprotic medium and it leads to a metal-polymer structure. Thin
(~10 nm) polymeric layers can be grafted to a variety of metals (Fe, Ni, Au and
Pt) [55]. The second method is based on the electrooxidation of diamines such
as ethylenediamine on metal (Pt, Au) electrodes, which furnishes a polyethyle-
neimine coating [56]. The third method is the reduction of diazonium salts
[2,57], which has been frequently employed for the attachment of aryl layers to
metal surfaces. Electrochemical reduction of diazonium salts can be used with
oxidisable metals and the reduction potential is always set negative compared to
the open circuit potential of the metal. This is made in order to prevent the
oxidation of the metal electrode surface during the electrochemical grafting.

It is now well-established that the electrochemical reduction of diazonium
salts on metals (iron and mild steel, zinc, nickel, cobalt, copper, palladium,
gold, platinum) [45,53,57—60] and silicon leads to the covalent bonding of aryl
groups bearing a terminal functionality such as alkyl, nitro, cyanide, carboxylic,
hydroxylic, thiol and halogenated groups.
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4.2.1. Modification of gold by diazonium reduction

Ahlberg et al. were the first to report on the irreversible adsorption of aryl
groups to gold by electrochemical reduction of diazonium salts in acetonitrile
[57]. In recent years, there has been an increased research activity in the electro-
grafting of aryldiazonium derivatives to gold [7,53,59,61-79] since Au is
considered to be the most inert of all metals [80]. The mechanism of attachment
of aryl groups to gold is not entirely clear although there is good evidence for
the formation of Au—C bonds [53,61,65,67]. Also the Au—C bonds formed yield
layers that are more stable than those obtained by chemisorption of alkanethiols
regarding long-term storage, ability to withstand repeated cycling and available
potential window [68,79]. The modification of Au surface by diazonium
reduction is different from that of carbon materials as modification peaks also
depend on the crystallographic properties of substrate. Benedetto et al.
explained the formation of multi-peaks in cyclic voltammogramms during Au
modification by the reduction of diazonium salts on different crystallographic
sites of gold electrodes [62].

An attractive grafting approach is to use in sifu synthesised diazonium
derivatives [65,75,77]. This is especially attractive since the in situ synthesis of
the diazonium salts is made via a standard diazotisation procedure and the
modification of the electrodes is carried out from the reaction solution thus
avoiding separation and purification steps. Aryl-modified Au electrodes can
find applications in biochemical sensing [7] due to the possibility of performing
additional chemical transformations to the attached film. Belanger and co-
workers have systematically studied the electrochemical deposition of 4-
substituted phenyl groups to gold by diazonium reduction [64].

Spontaneous modification of gold surfaces at open circuit potential (OCP) in
acetonitrile and aqueous acid solutions of diazonium salts has been reported in
several works [81,82]. Films prepared at OCP show growth behaviour and
composition that are very similar to those electrografted from acetonitrile
solution, but their stability to sonication is significantly smaller [82]. Podvorica
et al. reported spontaneous chemical and electrochemical grafting of diazotate
salts to gold from aqueous solutions and a successful modification of Au
surface with nitrophenyl and bromophenyl groups was achieved [83]. The
diazonium chemistry can be used to attach alkylbenzene monolayer to gold
nanoparticles [84].

The thickness of aryl layers can vary from a monolayer to thin films [59].
Surface polymerization of hydrophobic monomers could be a means to protect
the surface. It is possible to form pm thick polyphenylene films by electro-
chemical reduction of benzenediazonium tetrafluoroborate on metals in aceto-
nitrile [59]. It has been reported that aryl films on gold are less stable than those
formed on carbon substrates [85,86].
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4.2.2. Modification of nickel by diazonium reduction

So far there are only a few papers that focus directly on the modification of
nickel surfaces by diazonium reduction [42,43,53]. The electrochemical
modification of Ni electrodes with NP groups has been achieved and a typical
electrografting behaviour has been observed [53]. Adenier et al. studied the
spontaneous modification of Ni substrates from 4-nitrobenzenediazonium tetra-
fluoroborate solutions of various concentrations [42]. It was shown that NP
layers can be grafted to Ni surfaces without electrochemical induction. In sub-
sequent work the spontaneous grafting with aryldiazonium salts was further
studied on nickel and zinc surfaces in order to compare the modification
behaviour of two metals of different redox properties [43]. It appeared that
spontaneous grafting with 4-nitrobenzenediazonium tetrafluoroborate was
rather fast on the easily oxidised metal (Zn), but did not lead to a dense layer.
The grafting of the nickel surface took a much longer time (a homogeneous NP
layer was observed after 2 h immersion). These authors concluded that sponta-
neous grafting occurs when electrode substrate provides electrons for the
reduction of a diazonium cation into an aryl radical. However, there is still a
debate about the formation of thicker layers by spontaneous modification from
diazonium salts.
Electrografting reactions are shown in Scheme 3.

M M
U++NZOR+e_ — o@fR'i‘Nz» UOR

Scheme 3. Electrografting of metal surface (M) with aryl groups by diazonium
reduction.

4.3. Blocking properties of aryl-modified electrodes

Blocking behaviour of aryl-modified electrodes is an important aspect from
both fundamental and practical points of view. These are of special interest due
to the application of these modified electrodes in electroanalysis and other areas
of electrochemistry [2,7].

4.3.1. Blocking properties of aryl-modified carbon electrodes

Blocking properties of electrochemically grafted aryl moieties have been of
considerable interest during the recent decade [1,2,9,13,15-18,24,87-91].
Various compounds have been covalently attached to carbon electrode surfaces
and their effect on the electron transfer kinetics has been investigated.
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The barrier properties of covalently grafted phenyl layers have been studied
in several laboratories [13—17,24]. This is the thinnest blocking layer which can
be formed by the diazonium reduction method. The estimated thickness of the
phenyl monolayer is 0.59 nm, however, the “average thickness” of the layer is
less than that, due to defects and disorder in the modifier monolayer. The
phenyl monolayer was found to decrease the rate of electron transfer reactions
of certain redox species (for example, the Fe(CN)¢> ™~ couple [17,24]), whereas
for others (e.g. methyl-viologen) the redox process was not significantly
influenced by the surface modifier [17].

The modifier film structure is crucially important in the electron transfer
kinetics research. If the layer is not compact enough, then the redox active
species can reach the underlying substrate and therefore the modifier film does
not provide an effective blocking of the electrode surface. By contrast, for a
compact monolayer the electron transfer can occur only by tunnelling through
the film and obviously its rate depends on the thickness of the monolayer film.
Systematic investigations in this field using monolayer of variable thicknesses
(from 0.59 to 1.4 nm) have been carried out by Yang and McCreery [15]. For
several organic redox systems studied, the presence of a monolayer had little
effect on the value of &° as compared to the one of the polished GC. For
instance, only 50% decrease of k&’ was observed for methyl-viologen on the GC
electrode modified with nitrophenyl groups. For chlorpromazine, the value of
the tunnelling parameter () was found to be 0.2 A™'. However, when inter-
preting these results, one must be concerned about the compactness and
ordering of the chemisorbed monolayer on GC.

Downard proposed that electrolysis potential influences the barrier
properties of the aryl films. Markedly different blocking behaviours towards
solution-based redox probes have been reported for monolayer films of the
same modifier. Apparently, different electrolysis potential of electrode modi-
fication leads to such variability [16].

The blocking action of aryl films depends on their thickness (monolayer vs.
multilayer films) and compactness [17]. The blocking behaviour towards
solution-based redox probes depends also on the charging of a film. For
example, carboxyphenyl and aminophenyl groups behave in a different way in
this regard. The charge of an ionisable group is pH dependent and the solution
pH influences the barrier properties of a film [87]. Much work has been done to
study the electrochemical response of various redox couples on aryl-modified
electrodes. There is clear evidence that the blocking action depends on the
chemical nature of the redox species and their hydrophile/lipophile properties
[17,87]. For example, the electron transfer of the Fe(CN)s>™* redox system is
facilitated by interaction with carbon surface [89] and therefore the blocking
effect of aryl films is rather strong, whereas for the Ru(NH;)¢>"** redox couple
the electron transfer process is less suppressed.

The blocking properties of the aryl films depend greatly on electrostatic and
electrolyte/solvent effects (hydrophobic/hydrophilic properties and from the
electrostatic interactions between the layer and the redox probe) [13].
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Comparisons of various redox couples show that the electron-transfer kinetics
of hydrophobic probes is inhibited to a lesser degree than those of hydrophilic
probes. This observation indicates that hydrophobic/hydrophilic interactions
between solution species and the modifier film restrict the approach of redox
probes to the monolayer surface [17].

Indeed there are many aspects that affect the blocking behaviour of aryl
films and some of these are connected with film properties. To obtain the
highest blocking action the formed film should be as regular and compact as
possible, also the thickness of the film is an important criteria. Modification
conditions such as modification media, concentration of modifier, applied
potential and modification time (or number of potential cycles) are the variables
that affect the film properties and therefore also the blocking properties of the
aryl films. Frequently, the multilayer films formed are loosely packed and this
is an important consequence, when studying the blocking action of aryl films
[90].

One of the main problems in studying the blocking properties of aryl films is
related to the correct determination of surface concentration of aryl groups (I).
There are only a few modifiers for which the value of /" could be determined
electrochemically, for instance nitrophenyl and quinone groups. An alternative
approach is to employ various surface analytical techniques for this purpose.

4.3.2. Blocking properties of aryl-modified metal electrodes

It is of considerable interest to study metal electrodes modified with barrier
layers of various organic compounds. The blocking behaviour of these films is
of paramount importance in many fields (e.g. electrocatalysis, electroanalysis
and protection against corrosion).

The barrier properties of aryl-modified Au electrodes for various solution-
based redox species have been investigated and the blocking action depends on
the properties of the modifier film [61,64,65,68].

The inhibition of electron transfer (ET) reactions by the attachment of aryl
groups to gold electrodes have been studied using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) [65]. Typically, thicker and
more compact films exhibit a stronger blocking behaviour but the nature of the
modifier film and the ionisation of functional groups play an important role in
determining the electrochemical response of these modified electrodes.

Laforgue et al. showed that a thin carboxyphenyl (CP) layer attached to gold
did not alter the kinetics of ET for the Fe(CN)s"'* probe [64] and the peak
potential separation was the same as for bare gold. Stronger inhibition was ob-
served, however, by increasing the grafting time at a constant potential [64,74].
By contrast, Liu et al. observed that a CP film of submonolayer coverage
suppressed electron transfer compared with bare gold [68]. Long-term soni-
cation of the freshly prepared Au/CP electrode partially removed the modifier
from the surface and the CV became similar to that of unmodified gold. Paulik

21



et al. studied the structure and properties of multilayer CP and methylphenyl
(MP) films on gold [61]. The formation of porous films was in evidence.
However, the voltammetric peaks of the Fe(CN)s '+ probe disappeared in the
presence of an incomplete CP layer. This effect was explained by electrostatic
repulsion between the —COO~ groups and the Fe(CN)s>"* anions in solution.
Both CP and MP multilayer films were affected by long time sonication, which
changes their structure and electrochemical properties. Sonication of these
functionalised Au electrodes in solvents of different polarities led to different
interfacial electrochemistry and hydrophilicity, consistent with a dynamic
surface structure that can reorganize in response to the environment [61]. The
greater stability of functional residues attached using diazonium chemistry
compared with thiol attachment has been recently demonstrated by Shewchuk
and McDermott [79].

Surprisingly, the behaviour of the Fe(CN)s> ™" couple is not affected by the
presence of a thick phenyl film on gold [59], whereas the CV response is
completely inhibited on the Au electrodes modified with nitrophenyl (NP)
groups [59]. Thick NP and diethylaniline films remarkably decrease the ferri/
ferrocyanide electron transfer rate [64]. Electrode modification with amino-
phenyl groups appears to suppress the response of this redox probe even more
strongly than the NP-modified Au electrodes [65]. In this case, AFM imaging
showed that the thickness of the aminophenyl layer was approximately 25 nm.
Modification of gold electrodes with (4-aminoethyl)benzenediazonium cations
had little effect on the voltammetric response of the Fe(CN)s* ™~ couple [69].
The degree of inhibition increases significantly by attaching glutathione to the
modifier film. The EIS results indicate effective grafting of Au electrode surface
with a fluorinated diazonium salt [62]. Some attempts have been made to obtain
molecular level information regarding the binding of carbon to gold [92,93].
Similarly, electrografting of gold has also been achieved using iodonium salts
[94].

Aryl-modified gold electrodes provide a good platform for the development
of biosensors [7]. Aminophenyl and carboxyphenyl groups are most suitable for
the covalent attachment of DNA, enzymes, redox proteins, antibodies and cells.
These techniques have been used, for example, for the immobilisation of
horseradish peroxidase on a Au electrode surface [75,77] and therefore methods
for the functionalisation of gold electrodes are of great current interest. Of
these, spontaneous modification with aryl groups from diazonium salts solu-
tions presents advantages in terms of simplicity and has been recently
demonstrated [81-83].

The blocking behaviour of these films is of paramount importance in many
fields, including electrocatalysis and electroanalysis. Up to now, there have
been only a few studies of O, reduction on self-assembled monolayer-modified
gold electrodes (SAM/Au) [95-99] and a single report on the reduction on 4-
methylphenyl-modified GC electrodes [100]. The blocking action for O,
reduction was also observed for fullerene monolayers on gold electrodes [101].
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4.4. Oxygen reduction on bare carbon and
on quinone-modified electrodes

The electrochemical reduction of oxygen on carbon materials generally yields
hydrogen peroxide as the final product. The decomposition and reduction
process of hydrogen peroxide on bare carbon surfaces which does not contain
impurities or additives is very slow [102]. Oxygen reduction on bulk carbon
electrodes in alkaline solution has been thoroughly investigated and several
mechanisms have been proposed [103—112]. However, so far there is still no
general agreement on the exact oxygen reduction mechanistic pathway.

Morcos and Yeager suggested a mechanistic scheme, where the reduction of
adsorbed O, (Reaction (2)) is the rate-determining step, which is followed by
disproportionation [103]:

0, — O2(ads) (1)

Osadgs) T € + HyO — HOy (457 OH™ 2

2HO2(ads)+ OH — HO[ + HQO + 02 (3)
Xu et al. have considered the following pathway [109]:

O, +e — 05" (u) 4)

O2.7(ads) + Hzo e HOz. (ads)+ OH (5)

HOZ. + OZF — H027 + 02 (6)
or

HOZ. (ads) te — H027 (7)

It was suggested that adsorption of O,” on a carbon surface makes this species
more basic and therefore accelerates its protonation (Reaction (5)), which is the
rate determining step at pH>12. At pH<10, the first electron transfer (Reaction
(4)) becomes rate-determining. At lower pH, adsorbed HO," blocks the
adsorption centres of O, and the reduction proceeds by the outer sphere route.
The electrocatalytic properties of carbon materials and also the proposed
mechanism for the oxygen reduction reaction depend highly on the structure of
a carbon material. On boron-doped diamond (BDD) and on the basal plane of
highly ordered pyrolytic graphite (HOPG) this process is almost completely
inhibited also in basic solution. However glassy carbon (GC) and pyrolytic
graphite are quite active catalysts for the oxygen reduction reaction. The
electrocatalytic properties also depend on the number of oxygen-containing
functional groups, called as native quinone-type functionalities. It has been
proposed that after oxidising the electrode the quantity of these groups arises,
therefore also increasing the electrocatalytic activity of the electrode [106,107,
112]. The native quinone functionalities are present in a larger number on GC
surface, but their concentration is very low on the basal plane of HOPG and on
BDD. This could be the reason why the pre-wave of O, reduction is observed
on GC, but not on BDD and HOPG and three orders of magnitude larger
electron transfer rate constant for O, reduction on GC has been estimated [111].
Tryk et al. have reviewed the reduction of O, on different carbon materials
and suggested that there are two distinct types of reduction processes [111]. In
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the first process, the first electron transfer (Reaction (4)) is rate-determining and
therefore it is not pH-dependent. The second process is considered to be electro-
catalytically mediated by the quinone radical anions that are formed from native
quinone-type functionalities on carbon surface at certain potentials [105].

Oxygen reduction on quinone-modified electrodes has been extensively
studied and it has been demonstrated that they display excellent electrocatalytic
properties [25,31-35,104,105,112—138]. Various quinones have been employed:
9,10-phenanthrenequinone (PQ) [25,33,105,121,124], 1,2-naphthoquinone (NQ)
[124], 1,4-naphthoquinone and its derivatives [104,112,114,117,132—134], and
most frequently, 9,10-anthraquinone (AQ) and its derivatives [25,31,32,
34,104,105,116,118-125,131,135-138].

Detailed mechanistic aspects of this reaction have been obtained from
quantum chemical calculations [127], which show that the anion radical of the
quinone is responsible for their electrocatalytic activity [31,105]. In addition,
entropic effects of the intermediates are important in determining the reaction
channels followed. The reduction of O, on quinone-modified electrodes follows
an electrochemical-chemical (EC) mechanism according to [31]:

Q+te - Q" 8)

followed by a chemical step:

Q" +0; k% 0," +Q )
The superoxide ion can undergo disproportionation

20, + H,0 — O, + HO, + OH" (10)
or further reduction to peroxide:

0, +H,0+¢ — HO, +OH (11)

where Q is the surface quinone species. Reaction (9) is the rate determining step
and in this reaction model, the overall rate is determined by the surface
concentration of Q" [31,105]. Reactions (10) and (11) are considered to be fast
and lead to the formation of peroxide although the preferred route to peroxide is
most likely the further reaction of the O," intermediate [127]. Previous work
demonstrated that the commercial diazonium salt of anthraquinone (AQ), Fast
Red AL, could be easily used for surface grafting [31]. The resulting AQ-
modified GC electrode showed a high electrocatalytic activity for oxygen
reduction in alkaline solutions and as expected from the proposed mechanism
(Reactions (8) and (9)), the rate of the chemical reaction between the
semiquinone radical anion and molecular oxygen (Reaction (9)) depended
linearly on the surface concentration of AQ [32]. It has been established that the
electrocatalytic activity of surface-confined quinones greatly depends on their
redox potential (Ey). For example the Er of surface-bound phenanthrenequinone
is higher by 300 mV as compared to that of AQ and as a consequence its O,
reduction activity is significantly higher [33]. Various aspects of O, reduction
electrocatalysis by quinones have been thoroughly reviewed by Sarapuu [139].
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5. EXPERIMENTAL
5.1. Preparation of electrodes

For electrochemical measurements the following electrodes were used:

e A single-piece GC rotating disk electrode (Pine Research Instrumentation)
with a geometric area of 0.196 cm® [I-IV]. RRDE measurements were
carried out on a GC disk-Au ring electrode (Pine Research Instrumentation)
[IV]. A(disk) = 0.164 cm”. The collection efficiency (V) was 0.23 as deter-
mined by ferricyanide reduction.

e A nickel rotating disk electrode with a geometric area of 0.196 cm”. The disk
was cut from Ni rod (99.995%, 5 mm in diameter, product of Alfa Aesar)
and was pressed in a Teflon holder [V-VI].

e A gold rotating disk electrode with a geometric area of 0.196 cm”. The disk
was cut from Au rod (99.99%, 5 mm in diameter, product of Alfa Aesar) and
was pressed in a Teflon holder [VII-IX].

All the electrodes were polished before use to a mirror finish with 1.0 and

0.3 pm alumina slurries (Buehler) and cleaned by sonication in Milli-Q water

(Millipore, Inc.) and isopropanol and/or in acetonitrile for 5 min.

The polished Au electrodes were electrochemically cleaned in Ar-saturated
0.5 M H,S0, by cycling the potential 50 times at 100 mV s~ between —0.3 and
1.5 V vs. SCE. Sulphuric acid (96%, Suprapur) was supplied by Merck.

In some experiments, chemical polishing of Ni electrodes was carried out by
immersing the electrodes in an etching solution, which consisted of 33 vol.%
concentrated CH;COOH, 33 vol.%. (CH;CO),0, 33 vol.% concentrated HNO;
and 1 vol.% concentrated HC1 for 2 min [V].

5.2. Modification procedures and
aryldiazonium salts used

The following diazonium salts were used for surface grafting in this work:
benzenediazonium tetrafluoroborate, biphenyldiazonium tetrafluoroborate, 1-
naphthalenediazonium tetrafluoroborate, 2-naphthalenediazonium tetrafluoro-
borate, 1-anthracenediazonium tetrafluoroborate and 2-anthracenediazonium
tetrafluoroborate (also AQ-N,BF, and DBD salts mentioned below) were
synthesised by Dr. Jerzy J. Paprotny at the University of Liverpool. The
synthesis was made according to a published procedure [140]. Briefly, an ice-
cooled solution of 50 mmol of NaNO, in 7.5 ml water was added slowly
(dropwise ~0.5 h) to a mixture of 45 mmol of aryl amine in 30 ml of 48% HBF,
cooled to 0 °C. The temperature was kept at 0—2 °C while stirring the solution
for an additional 0.5 h. The compound was filtered, washed once with ice cool
HBF,4, once with ice cool water, twice with ice cool ethanol and finally three
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times with diethyl ether. The product was then dried in vacuum or air (yield up
to 90%).

The synthetic procedure for the preparation of AQ-N,BF, is as follows:
5 mmol of AQ-NH, is dissolved/suspended in 20 ml acetic acid and 10 ml of
48% HBF, is added. The suspension is cooled to 10—12 °C and 0.6 g of NaNO,
is added in small portions within 30-60 min. The suspension is then stirred for
3 h. The off-white precipitate is filtered off, washed three times with water, then
methanol and finally with diethyl ether and dried (yield 90%).

4-decylbenzenediazonium tetrafluoroborate (DBD) was synthesized ac-
cording to a published procedure [84]. Briefly, DBD was prepared by the
diazotization of 4-aminodecylbenzene (Aldrich) in fluoroboric acid and sodium
nitrite [1X].

The covalent attachment of 4-nitrophenyl and 4-bromophenyl groups was
performed using commercially available 4-nitrobenzenediazonium tetrafluoro-
borate, 97% (Aldrich) and 4-bromobenzenediazonium tetrafluoroborate
(Aldrich) [1LVLIX].

For some experiments (modification of nickel and spontaneous modification
of GC) also commercially available 9,10-anthraquinone diazonium salt (Fast
Red AL salt, Acros Organics) was used [IIL V].

Chemical structures of the diazonium salts used are shown in Scheme 4.

Surface grafting was carried out in acetonitrile (ACN, Riedel-de Haén)
containing 0.1 M tetrabutylammonium tetrafluoroborate (TBABF,4, Fluka) as
base electrolyte. The concentration of the aryldiazonium salts was 1 mM
[LILIV], 3 mM [VLVILVILIX] or 10 mM [V]. In some experiments modi-
fication was also carried out on acidic aqueous media (0.05 M H,SO,) where
the diazonium salt concentration was 3 mM [VI,VII] or 10 mM [V].

The surface modification with in sifu generated anthraquinone diazonium
cations was performed in acetonitrile, ACN (Riedel-de Haén) containing 1 mM
of 1-aminoanthraquinone, 1-AAQ (97%, Aldrich) or 2-aminoanthraquinone, 2-
AAQ (84+%, Aldrich) and 0.1 M tetrabutylammonium tetrafluoroborate,
TBABF, (Fluka) [IV]. Before use TBABF, was dried under vacuum at 80 °C
for 24 h. 3 mM of fert-butyl nitrite (90%, Aldrich) was added 20 min before
electrochemical grafting. The procedure for the covalent attachment of AQ
using in situ generated diazonium cations in ACN was taken from Ref. [141].

In all cases, the electrografting was followed by sonication in acetonitrile for
5 min in order to remove the physically adsorbed material.
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Scheme 4. Chemical structures of the diazonium salts used.

5.3. EQCM studies of film formation

The resonance frequency shifts were measured in situ with a Research Quartz
Crystal Microbalance (RQCM, Maxtek). The working electrode used for the
electrogravimetric measurements was a 5 MHz AT-cut quartz crystal with a
gold film sputtered on a Ti layer (4 =1.37 cm?) (Maxtek). The microgravi-
metric studies were carried out in a GC-15 three-electrode glass cell that
included a CHC-15 crystal holder, clamp, and stopper (Maxtek).

The surface was thoroughly cleaned before electrografting by cycling 30
times in N,-saturated 0.5 M H,SO, between —0.2 and 1.5V vs. SCE at

27



100 mV s ' and changing the solution three times. The surface modification of
the working electrode for EQCM measurements was carried out in 0.1 M
NaClO4/ACN containing 3 mM 4-bromobenzenediazonium tetrafluoroborate
(96%, Aldrich). [VIII] or 3 mM NBD [IX] or 3 mM Fast Red AL salt [VII].
NaClO4-H,0 (99%) was supplied by Merck.

With Fast Red AL salt the surface modification was also carried out in
0.05 M H,SO, containing 3 mM of the diazonium salt [VII]. Sulphuric acid p.a.
quality was supplied by Merck.

The Sauerbrey equation was used assuming that the attached layer of AQ is
rigid and no viscoelastic changes occur at electrode/solution interface:
Am =—=AfIC; [142], where Am is the change of mass per unit area in g cm %, Af
is the resonance frequency shift in Hz and C; is the sensitivity factor of the
crystal in Hzng™' em” [VII]. The EQCM measurements were carried out at the
Federal University of Mato Grosso do Sul, Brazil.

5.4. Surface characterisation methods

All XPS measurements were carried out using SCIENTA SES-100 spectro-
meter. The pressure in the analysis chamber was below 10’ Torr. For the X-ray
photoelectron spectroscopy studies on gold, the gold Arrandee™ specimens
(2504£50) nm thick gold film deposited on a (2.5+1.5) nm chromium layer on
borosilicate glass slides, (1.1x1.1 cm) were used [VIILIX]. For the experiments
on gold an unmonochromated Mg Ko X-ray source energy (incident energy =
1253.6 eV), a take-off angle of 90° and a source power of 300 W, was used.

While collecting the survey scan of 4-bromophenyl film on gold, the
following parameters were used: pass energy =200 eV, step size =0.5¢V,
energy range = 600—0 eV [VIII]. For collecting the survey scan of 4-nitrophenyl
film on gold energy range was 1100-0 eV and for the high-resolution scan in
the Nls region: energy range=415-380¢eV, pass energy =200¢V, step
size = 0.1 eV [IX].

For the X-ray photoelectron spectroscopy studies on nickel, nickel plates of
12x12 mm* and 1 mm thick were used and an Al Ko X-ray source (incident
energy = 1486.6 eV), electron take-off angle = 90°. A source power of 400 W
was used. While collecting the survey scan, the following parameters were
used: energy range = 900-0 eV, pass energy = 200 eV, step size =0.5 eV, and
for the high resolution scan in the N1s region: energy range = 420-390 eV, pass
energy =200 eV, step size =0.1 eV [VI]. The XPS measurements were per-
formed by Dr. Leonard Matisen in the Institute of Physics, University of Tartu.

The surface morphology of AQ-modified [VII] Au(111) electrodes was
studied by atomic force microscope 5500 Measurement System (Agilent
Technologies) in non-contact mode using PPP-NCHR (Nanosensors™) canti-
levers. The surface morphology of 4-bromophenyl-modified [VIII] and 4-
nitrophenyl-modified [IX] Au(111) electrodes as well as that of the bare gold
electrode was studied by AFM with a CP-1I (PSI/Veeco) multimode microscope
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in intermittent contact mode using a NSGO1 series cantilevers (NT-MDT) under
ambient conditions.

For all cases the Gwyddion™ free software (Czech Metrology Institute) was
employed for image processing and surface roughness calculations. All images
were processed by the first order flattening for background slope removal, and
if necessary, the contrast and brightness were adjusted. A flat Au film deposited
on mica sheets was used as a substrate for the AFM measurements. After
annealing the Au film showed a preferential orientation of the (111) plane. Each
AFM image presented is representative of numerous images taken on different
locations of the sample [VII,VIIL,IX]. The AFM measurements were performed
by Jekaterina Kozlova [VIII] and Margus Marandi [VILIX] in the Institute of
Physics, University of Tartu.

5.5. Electrochemical instrumentation and
measurements

The electrochemical studies of polished and aryl-modified electrodes were
carried out by cyclic voltammetry in 0.1 M K,SO, containing 1 or 5 mM
K;3Fe(CN)g (Aldrich) and in 0.1 M H,SO4 containing 1 mM dopamine (Sigma).

The electrolyte solutions for studying O, reduction were prepared from KOH
pellets (AristaR, BDH or pro analysi, Merck) in Milli-Q water and these were
saturated with O, (99.999%, AGA or 99.95%, AGA) or deaerated with Ar gas
(99.999%, AGA). An EDI101 rotator and a CTV101 speed control unit (Radio-
meter, Copenhagen) were used for the RDE experiments. A Pine Research
Instrumentation (Grove City, PA, USA) AFMSRX rotator and MSRX speed
controller were used for the RRDE experiments. A saturated calomel electrode
(SCE) was employed as a reference and all the potentials are referred to this
electrode. The counter electrode compartment of the three-clectrode cell was
separated from the main cell compartment by a glass frit and Pt wire served as a
counter electrode. The potential was applied with an Autolab potentiostat
PGSTAT10 or PGSTAT30 (Eco Chemie B.V., The Netherlands) and the
experiments were controlled with General Purpose Electrochemical System
(GPES) software. All experiments were carried out at room temperature
(23+1°0C).
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6. RESULTS AND DISCUSSION

6.1. Electrochemical properties of
modified GC electrodes

6.1.1. Oxygen electroreduction on chemically modified
glassy carbon electrodes in alkaline solution

6.1.1.1. GC surface modification with aryl groups

The surface of GC electrodes was modified with phenyl (Ph), naphthyl (Naph)
and anthracenyl (Anth) groups by electrochemical reduction of the cor-
responding diazonium salts. Figure 1 presents the cyclic voltammograms of
electrografting of phenyl groups to the GC electrodes. The grafting behaviour of
Ph to GC is very similar to previous observations [24]. The first potential scan
showed a current peak of diazonium reduction at ca —0.17 V vs. SCE and the
second reduction peak as a shoulder at more negative potentials. The first peak
gradually disappeared during subsequent scans and the final voltammogram was
featureless in the range of potentials from 0.6 to —1.2 V, indicating a complete
blocking of the surface by phenyl layer. After such a potential program the GC
electrode was held at —0.8 V for 10 min in order to improve the compactness of
the Ph film. The electrografting behaviour of naphthalene and anthracene
diazonium salts was qualitatively similar to that presented in Fig. 1. The peak
potentials of the first cathodic scan were 0.04, 0.03, —0.02 and —0.06 V for the
modification with Naphl, Naph2, Anthl and Anth2, respectively. It appears that
the reduction potential of all these aryldiazonium salts is rather similar, in
agreement with previous studies [2].
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Figure 1. Electrochemical grafting of
phenyl groups to GC in Ar saturated
acetonitrile containing 1 mM CgHsN,"
and 0.1 M TBABF, at a sweep rate of
100 mV s™'. The first, second, third, fifth
and thirtieth potential scan are shown.

Figure 2. Cyclic voltammogram for a
GC/AQ-Ph electrode in Ar saturated
0.l MKOH. v=100mV s~
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In addition, a mixed film of surface-bound anthraquinone and phenyl modifier
was formed by the diazonium reduction method. In this case a submonolayer of
AQ was formed first in 1 mM solution of AQ-N," and then the GC/AQ
electrode was further modified in ACN containing 1 mM Ph-N,". The grafting
of AQ to GC was identical to that shown previously [31]. The potential profile
used for the covalent attachment of Ph groups was different than that shown in
Fig. 1. We found that the grafting of Ph in such a large potential region
(between 0.6 and —1.2 V) led to a significant decrease in the current of AQ
redox peaks in Ar-saturated 0.1 M KOH. We might speculate that at the
reduction potential of AQ in ACN the formed AQ radical anion can react with
phenyl radicals, therefore losing the quinone functionality in the mixed film.
For this reason, the GC/AQ electrode was cycled only up to —0.6 V in the
grafting experiment with Ph groups, followed by holding the electrode for 5 min
at the same potential (=0.6 V). The cyclic voltammetric response of the GC/AQ-
Ph electrode in Ar-saturated 0.1 M KOH is shown in Fig. 2. The redox potential
of surface-bound AQ was found to be —0.86 V, very close to the value pre-
viously reported (—0.845 V [31]). The surface concentration of AQ was deter-
mined from charge integration under the CV peaks (/xq = 1.6% 107 mol cm™).

6.1.1.2. O, reduction on aryl-modified GC electrodes

In this work an attempt has been made to systematically investigate the oxygen
reduction behaviour on GC electrodes modified with aryl layers. We started
with oxygen reduction on an unmodified GC, which was used as a substrate
material in further investigations. For comparison purposes, a set of RDE
voltammetry curves of O, reduction on a bare GC electrode is presented in Fig.
3. This process has been studied by many groups [100,104,106,107,109] and the
data are shown here because of the application of higher rotation rates than in
the previous studies [31]. The application of higher values of ® is advantageous
for the determination of kinetic parameters of O, reduction (Section 6.1.1.4.).
As stated earlier, the reduction of oxygen follows a two-electron pathway on a
polished GC electrode in alkaline solutions [31].

There are notable differences in the oxygen reduction behaviour on a GC/Ph
electrode as compared to that of bare GC (Fig. 4). Most importantly, the first
reduction peak at ca —0.5 V is remarkably suppressed and instead of a well-
defined peak, a gradual increase of current is observed, which commences at
more negative potentials than in Fig. 3.
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Figure 3. RDE voltammetry curves for Figure 4. RDE voltammetry curves for
oxygen reduction on a bare GC elect- oxygen reduction on a GC/Ph electrode in
rode in O, saturated 0.1 M KOH. 0, saturated 0.1 M KOH. v=20mV s .
v=20mV s

Obviously, the phenyl layer blocks those active sites on the surface of GC,
which are responsible for the high reduction current at pre-wave potentials. The
exact nature of these sites is not clear at the moment, but according to the
literature data, these could be quinone-type species [104]. It has been proposed
recently that surface carbon-oxygen groups are not covalently modified by
reduction of benzenediazonium ions [24]. Based on these considerations one
cannot expect an essential change in the O, reduction behaviour caused by the
phenyl layer. Nevertheless, we may assume that the interaction between surface
functional groups and molecular O, is sterically hindered by neighbouring Ph
groups and this could result in the decreased oxygen reduction activity of the
most active GC surface sites.

Also, the second O, reduction wave is shifted to more negative potentials for
the GC/Ph electrode. However, it should be noted that the barrier properties of
Ph groups are not efficient enough to completely suppress the oxygen reduction
activity of the modified electrode. Apparently, a part of the surface of the
underlying GC electrode is available for O, molecules. It is difficult to estimate
the uncovered area of GC and no such effort has been undertaken in the present
work. There are two principle options to determine the surface coverage of
covalently attached compounds. One can use an electrochemical determination,
provided that the modifier molecule has an electroactive functionality (for
instance, nitrophenyl group is frequently used) or alternatively, various surface
analytical techniques can be employed [2].

The oxygen reduction behaviour of GC/Naph and GC/Anth electrodes is
analogous to that of GC/Ph (see Figs. 5 and 6), however, some differences are
also in evidence. It is clearly seen that the pre-wave current at —0.6 V is higher
on GC/Naphl and GC/Naph2 and even higher on GC/Anthl and GC/Anth2
than on the GC/Ph electrode. These experiments have been repeated for several
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times and we have always observed the same tendency. Such behaviour was not
expected on the basis of barrier properties of monolayers of various thicknesses.
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Figure 5. RDE voltammetry curves for oxygen reduction on GC/Naph electrodes in O,
saturated 0.1 M KOH: (a) GC/Naphl and (b) GC/Naph2 electrodes. v=20 mV s .
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Figure 6. RDE voltammetry curves for oxygen reduction on GC/Anth electrodes in O,
saturated 0.1 M KOH: (a) GC/Anth1 and (b) GC/Anth2 electrodes. v=20 mV s

The dependence of the electron transfer rate on film thickness should be
observed for those systems in which the through-layer tunnelling is the only
charge transfer mechanism. Surface-bound anthracene (monolayer thickness
was calculated to be 0.99 nm for the attachment in position 2) is assumed to
provide a thicker barrier towards solution based redox species than naphthyl
(0.76 nm, attachment in position 2) and phenyl groups (0.54 nm) and therefore
should inhibit the reduction of O, to a larger degree. However, the order of
electrocatalytic activities of the GC electrodes modified with the aryl groups
does not follow this assumption, i.e. the half-wave potential of O, reduction
(E\p) decreases in the following sequence GC > GC/Anth2 > GC/Anthl >
GC/Naphl > GC/Naph2 > GC/Ph (Fig. 7). The estimation of monolayer
thicknesses for naphthyl and anthracenyl groups attached in position 1 is even
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more difficult task, because the exact orientation of these moieties is unknown.
Most of the previous reports have been concentrated on the study of phenyl
layers. The surface concentration for a close-packed monolayer for Ph groups
was estimated to be 1.35x107° mol cm™ [2]. Unfortunately, the studying of the
coverage of surface-bound naphthyl and anthracenyl groups is relatively scarce.
Two groups of researchers have estimated the surface concentration of 1-
naphthylmethyl groups (/"= 1.5x107"" mol cm™ [143] and /"= 1.6x10"° mol
cm > [144]). This layer was formed by the electrochemical oxidation of the
carboxylate substituent. Note, that there is a —CH,— linkage between the
naphthyl group and the electrode surface which allows rotation around the
linkage group. Therefore, the surface area occupied by a naphthylmethyl group
might be much higher than that in the absence of the linkage group. However,
the formation of multilayers was in evidence on the basis of AFM results as
shown by Brooksby et al. [144]. The most convenient method of the estimation
of the modifier coverage is based on the application of solution redox species.
The extent at which the response of these redox couples is suppressed is related
to the surface coverage of the modifier.
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Figure 7. Comparison of current-poten-
tial curves for oxygen reduction on bare
GC and electrochemically grafted GC
electrodes in O, saturated 0.1 M KOH:

Figure 8. Comparison of Koutecky-
Levich plots for oxygen reduction on bare
GC, GC/Ph, GC/Naphl and GC/Naph2
electrodes in O, saturated 0.1 M KOH.

(1) bare GC, (2) GC/Anth2, (3)
GC/Anth1, (4) GC/Naphl, (5) GC/Naph2
and (6) GC/Ph. w= 1900 rpm). Data from
Figures 3-6.

E=-12V.

The O, reduction results obtained with aryl-modified GC electrodes in the
present work could be explained in a different way than that stated in the
literature about the electron-transfer behaviour of larger redox couples (for
instance, Fe(CN),>™* [17,24]). We may assume that the covalently attached
aryl film is disordered on the surface of GC. There is also a question about the
surface coverage of these films as mentioned above. The formation of multi-
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layers is another possibility, which may occur in the electrochemical reduction
of aryldiazonium cations (Scheme 2). The presence of a multilayer does not
necessarily mean that the underlying substrate surface is completely blocked by
modifier molecules, even though their total amount may exceed the monolayer
coverage. It has been proposed that the second layer may grow by the covalent
binding of aryl radicals to aryl moieties already attached to the substrate surface
[9,18], even in case of a submonolayer coverage in the first layer. The O,
reduction results presented above can be interpreted as follows: phenyl groups
cover the surface of GC to a larger extent as compared to those of Naph or
Anth, or alternatively the films formed by covalent bonding of the latter
modifiers are more disordered.

The RDE data of O, reduction were treated according to the Koutecky-
Levich (K-L) method of analysis. The K-L lines of bare GC, GC/Ph, GC/Naphl
and GC/Naph2 electrodes were almost parallel (Fig. 8) and from the slope of
these lines the number of electrons transferred per O, molecule (n) was
calculated. The data were analysed using the K-L equation [145]:

1 1 1 1 1

—_=—t —=

I I g4 nFAkCg 0.62nFADX 3y oct 12
2 95 &)

(12)

where [ is the measured current, [, and /4 are the kinetic and diffusion-limited
currents, respectively, k is the rate constant for O, reduction, F is the Faraday

constant (96484 C mol ™), 4 is the electrode area, m is the rotation rate, ng is

the concentration of oxygen in the bulk (1.2x107° mol cm™ [146]), D02 is the

diffusion coefficient of oxygen (1.9x10~ cm” s™' [146]) and v is the kinematic

viscosity of the solution (0.01 cm?® s™' [147]).

The value of n was close to two for all the electrodes shown in Fig. 8.
However, for GC/Anthl and GC/Anth2 electrodes n>2 at high negative
potentials. The kinetic component of current was obtained by the extrapolation
of the K-L lines to the infinite rotation rate. As expected, the extent of inhibition
of O, reduction estimated on the bases of the kinetic current data follows
approximately the same order as that of the half-wave potential and could be
explained by different coverage of covalently attached groups. The higher the
modifier coverage, the smaller the number of GC sites available for O,
reduction.

We have also tested the response of GC/AQ-Ph electrodes towards O,
reduction (Fig. 9). These mixed films were prepared by two separate modifi-
cations using the diazonium salts of AQ and Ph, respectively. The reduction of
oxygen on GC/AQ electrodes has been well documented [31,32] and the idea of
using Ph groups was to further block the GC surface sites not covered by AQ
molecules. Indeed, the effect of surface-bound Ph is clearly evident, because the
prewave of O, reduction is almost entirely suppressed (Fig. 9). There are
important consequences of this effect in the determination of kinetic parameters
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of O, reduction (see Section 6.1.1.4.). In this electrode architecture the Ph
groups act as spectator species and the electrocatalysis of O, reduction proceeds
only on AQ sites (Scheme 5).
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Scheme 5. Schematic representation for the electrochemical production of hydrogen
peroxide on GC/AQ-Ph electrodes.
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Figure 9. RDE voltammetry curves for Figure 10. Comparison of linear sweep
oxygen reduction on a GC/AQ-Ph  voltammograms for oxygen reduction in
electrode in O, saturated 0.1 M KOH at O, saturated 0.1 M KOH on: (1) bare GC,
a sweep rate of 20 mV s, Electrode (2) GC/Ph, (3) GC/Anth1 and (4) GC/AQ
modified in a two-step procedure, first electrodes. v=100 mV s

in 1 mM AQ-N," and then in 1 mM

C¢HsN," in acetonitrile containing 0.1 M

TBABF,. Curve AQ 9900 corresponds

to GC/AQ. @= 9900 rpm.
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6.1.1.3. LSV studies of O, reduction

Linear sweep voltammetry (LSV) was also used in the O, reduction studies.
LSV curves of O, reduction are shown in Fig. 10. There are two peaks observed
on LSV voltammograms for the unmodified GC electrode. The first sharp peak
appears at —0.45 V and the second peak of much lower current is seen at ca
—0.9 V. Such LSV response is typical for a bare GC electrode and has been
observed in many studies [100,109]. For the GC/AQ electrode the first peak
appears at the same potential as for GC, but its current value is lower. The
second peak is observed at much more positive potentials (at —0.65 V), which
indicates about the involvement of the AQ sites in the reduction of oxygen. The
LSV behaviour of GC/Ph and GC/Anthl electrodes presented in Fig. 10 is
significantly different than that of the unmodified GC electrode. The first sharp
peak at —0.45 V is completely absent for these two electrodes. The LSV curve
of the GC/Ph electrode is shifted to more negative potentials, in agreement with
the RDE results of O, reduction presented above.

6.1.1.4. Determination of O, reduction kinetic parameters on
GC modified with AQ and Ph groups

A redox-catalytic cycle model of quinone-modified electrodes developed by
Schiffrin in 2001 [31] was used for the determination of kinetic parameters for
oxygen reduction. It is assumed that the reactive species in the oxygen reduction
reaction is the semiquinone radical anion (Q®), which is formed in the one-
electron reduction of surface-confined quinones (Reaction (8)). In the following
chemical step the radical reacts with molecular oxygen yielding the superoxide
radical anion (Reaction (9)). This reaction is considered to be the rate limiting
step in the overall reduction of oxygen on quinone-modified electrodes. The
following transformation of O," by either electrochemical reduction or
disproportionation (Reactions (10) and (11)) are considered to be fast and both
processes yield hydroperoxide anion (HO,") as the final product of O, reduction
in alkaline solutions. The overall O, reduction current is a function of the

surface concentration of the semiquinone radical anion (/" .- ). The expression

for the potential dependence of [’ 0" was derived in Ref. [31]. Besides

quinone-type sites there are also free carbon sites on the surface of GC and the
reduction of O, is assumed to proceed on these sites according to the Butler-
Volmer relationship. Therefore the model equation used for the calculation of
kinetic parameters of O, reduction is as follows:

-1

(13)
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where jg is the diffusionally controlled limiting current density; £ is the
apparent electrochemical rate constant for O, reduction on the free carbon
surface and o is the corresponding transfer coefficient; E° is the standard
potential of the O,/HO, couple (-0.065 V vs. SHE); k. is the rate constant of
the reaction between semiquinone and molecular oxygen; /" is the surface

concentration of the quinone species; Eg/QZ is the standard potential of the

surface Q/Q” couple; AE is the difference between the standard potentials of the
Q" /Q* and the Q/Q" couples; c82 is the concentration of O, in the bulk, F is

the Faraday constant and /= F/RT.

The kinetic parameters for O, reduction have been calculated by the non-
linear regression (NLR) method [31,148]. For the GC/AQ electrode a two-
quinone model was used in the previous studies in which the chemical rate
parameter &,/ corresponded to the native quinone-type sites on GC and k,/75 to
those of the attached AQ [31,32,120,121]. In the present work the native sites
are almost entirely blocked by phenyl groups on the GC/AQ-Ph electrode (see
Fig. 9) and for this reason, the one-quinone model can be used for the
determination of kinetic parameters of O, reduction. Therefore the chemical rate
parameters k./ determined in this work should be compared with those of &7,
and k,/; for the native quinone sites of bare GC and surface-bound AQ,
respectively. Table 1 lists the kinetic parameters of O, reduction for the bare GC
and GC/AQ-Ph electrodes studied. The NLR results obtained for a bare GC
electrode confirm our previous observations [31,32]. The only difference in
experimental conditions used in this work is a much higher electrode rotation
rate employed. Higher w values should allow a more reliable determination of
the kinetic parameters. For the first time, we have studied the reduction of
oxygen on a mixed AQ and Ph film. As mentioned above, the grafting of
GC/AQ electrodes with Ph groups further blocks the electrocatalytically active
sites of the underlying GC electrode. As a result, the shape of the polarisation
curve of O, reduction changes. The contribution of native GC sites to the
overall reduction of oxygen at prewave potentials is negligible (cf. Figs. 3 and
9) and for this reason we could employ the one-quinone model in the
determination of kinetic parameters for O, reduction. The parameter values that

are related to surface-bound AQ (Eg/Qz,, AE, k. I) are in a good agreement

with those determined for GC/AQ electrodes of the same surface concentration
of AQ using a two-quinone model [32] (see Table 1). The value of the chemical
rate parameter (k./) is much higher for the GC/AQ-Ph and GC/AQ electrodes
as compared to that of bare GC. The obvious reason for this difference relies on
the remarkably higher surface coverage of covalently attached AQ. Unfortu-
nately, we have not been able to determine the coverage of active carbon-
oxygen groups on polished GC, because no cyclic-voltammetric peak is in
evidence.
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Table 1. The average values of kinetic parameters for oxygen reduction on polished GC
and GC/AQ-Ph electrodes in O, saturated 0.1 M KOH (/3 = 1.6x107'" mol cm™).

E° 470,
Electrode Q/Q*” 10 k,l o AE kcr,]
) (cms™) V) (cms™)
Bare GC —-0.53+0.01 [82%+1.6 [0.21%+0.01 |-0.23+£0.01 [0.027 £0.001
GC/AQ-Ph —-0.81+£0.01 [55+1.8 [0.17£0.02 |[-0.294+0.02 [0.078 £ 0.003
GC/AQ -0.86+0.01 [4.0%£2.0 [0.19£0.02 |-0.29+0.01 [0.072 £0.004

The parameters were calculated by NLR analysis [31,148]. The parameter values for
GC/AQ electrode (Lag = 1.9% 107" mol cm™) [32] are given for comparison purposes.

There have been many studies of O, reduction on quinone-modified carbon
electrodes [25,31-35,104,105,112—138], In most of these studies the electrodes
with physically adsorbed quinones have been employed. However, these
compounds tend to desorb from the electrode surface, especially in alkaline
solutions. The main advantage of the covalent attachment of quinones is that the
modified electrodes are stable for long-term application. The redox-catalytic
cycle model presented above is an invaluable tool in order to determine the
kinetic parameters of O, reduction for quinone-modified electrodes.

6.1.1.5. Fe(CN)> ™ redox process on aryl-modified GC electrodes

The Fe(CN)¢>™* redox couple was used as a benchmark system in order to
study the barrier properties of aryl layers on GC electrodes [149]. There is
experimental evidence that the Fe(CN)s*"* couple should interact with the GC
surface for a fast electron transfer (ET) to occur [89]. Apparently, blocking the
surface by aryl moieties should inhibit the rate of ET of this couple. Fig. 11
presents the RDE voltammetry curves recorded in the solution of 1 mM
Fe(CN)s"". It is clearly evident that all the aryl-modified electrodes used re-
markably suppress the reduction current. However, we observed some scatter in
the RDE data which primarily arises from fine differences in the preparation of
aryl-modified electrodes, even though the same procedure of modification was
used. Therefore we did not succeed in determining the correct order of blocking
efficiencies for the aryl-modified GC electrodes studied. Fig. 12 shows the
cyclic voltammetric response of GC/Ph, GC/Naphl, GC/Anthl, and bare GC
electrodes towards the Fe(CN)¢"* redox couple. A quasi-reversible redox
behaviour was observed for unmodified GC, whereas the CV curves of aryl-
modified GC electrodes were almost featureless in agreement with previous
observations [17-24].
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Figure 11. Representative RDE voltam-  Figure 12. Cyclic voltammograms re-
metry curves for ferricyanide reduction corded in Ar-saturated 0.1 M K,SO,
on bare GC and aryl-modified GC containingl mM K;Fe(CN)4 for bare GC,
electrodes in Ar-saturated 0.1 M K,SO, GC/Ph, GC/Naphl and GC/Anthl elect-
containing 1 mM K;3Fe(CN)g. rodes. v=100mV s

v=20mV s~ @= 1900 rpm.

Obviously, the electron transfer process is more efficiently inhibited by aryl
groups for larger redox species. The size of the Fe(CN)¢>™ ion (diam. 0.62 nm)
was calculated on the basis of the data on bond-length taken from the literature
[150]. The disordered areas or defect sites of the aryl film formed by diazonium
reduction are easily available for smaller molecules like O, (bond length
0.12 nm [147]) and therefore its reduction is less hindered by aryl groups as
compared to that of ferricyanide.

6.1.2. Electrochemical behaviour of glassy carbon
electrodes modified with aryl groups

6.1.2.1. Electrografting of GC surface with aryl groups

Glassy carbon surface was modified with biphenyl (BP), 1-naphthyl (Naphl), 2-
naphthyl (Naph2), 4-bromophenyl (PhBr), 4-decylphenyl (DP) and 4-nitro-
phenyl (NP) groups by electrochemical reduction of the corresponding diazo-
nium salts. Figure 13 presents the first modification cycle of electrografting of
the aryl groups to the GC electrodes. In all cases the first peak gradually dis-
appeared during subsequent scans and the final voltammogram was featureless
in the range of potentials from 0.5 to —1.0 V, indicating a complete blocking of
the surface by aryl layers. The electrografting behaviour of aryl diazonium
derivates used was qualitatively similar (Fig. 13).

The peak potentials of the first cathodic scan were as follows: E,gp =
—-0.24 V, Ep,Naphl = —0.23 V, Ep,NaphZ = —(0.28 V, Ep,PhBr = —-0.39 V, Ep’[)p =
—0.33 Vand E,np = 0.04 V vs. SCE. It appears that the reduction potential of all
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these aryldiazonium salts is rather similar, in agreement with previous studies,
(GC/BP -0.15 V [15], GC/PhBr —0.35 V [89] and GC/NP 0.04 V [5,15]). The
only exception is the positive potential of the reduction of nitrobenzenediazo-
nium cations. This is due to the presence of nitro group. Due to the attachment
of aryl groups the CV response is more complex than that of solution based
redox species undergoing only electron transfer step at the electrode surface.
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Figure 13. Electrochemical grafting of
aryl groups to glassy carbon in Ar satu-
rated acetonitrile containing 1 mM of
the corresponding aryldiazonium salt
and 0.1 M TBABF; at the sweep rate of
100 mVs™.

Figure
GC/NP electrodes in Ar-saturated 0.1 M
KOH at a sweep rate of 100 mV s™'. Mo-
dification conditions: (1) Procedure 1, (2)
Procedure 2 and (3) Procedure 3. Electro-
des were electrochemically modified in

acetonitrile containing 1 mM of the cor-
responding diazonium salt and 0.1 M
TBABEF,.

After modification the surface concentration (/) of nitrophenyl groups for GC/NP
electrodes was estimated. Fig. 14 shows the CV response of the GC/NP electrodes
in O,-free 0.1 M KOH. Surface concentrations were determined by charge
integration under the voltammetric peaks according to /=0/nFA, where Q is the
charge under the peak, 7 is the number of electrons involved (n is considered to be
2), F is the Faraday constant and 4 is the electrode area (4 = 0.196 cm?). The
procedure for the estimation of the /" values was taken from ref. [151].

The surface modification by cycling the potential once between 0.5 and
0.1 V (Procedure 1), resulted in the value of 7" = 3.3x10"° mol cm . Modification
with one full cycle (Procedure 2) and 20 cycles (Procedure 3) between 0.5 and
—0.8 V gave surface concentrations of 3.5x107'° and 5.8x107° mol cm?
respectively. The theoretical monolayer coverage is 1.25x10~° mol ecm™ [10].
Therefore, the surface coverage of NP groups is less than a monolayer. We may
assume that the coverage of other aryl groups used in present work follow a
similar trend to that of surface-bound NP groups. Unfortunately, the surface
coverages of all other aryl films remain unknown, because these modifiers are
not electroactive.
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6.1.2.2. Oxygen reduction on aryl-modified GC electrodes

In the present work an attempt has been made to systematically study the
oxygen reduction reaction on GC electrodes modified with aryl layers of
different surface coverage. Figure 15 presents the RDE voltammetry curves of
O, reduction on a GC/BP electrode in O, saturated 0.1 M KOH solution. For
comparison purposes, a polarisation curve of O, reduction on a bare GC
electrode at 9900 rpm is also shown in Fig. 15. The oxygen reduction behaviour
of a GC/BP electrode differs notably as compared to that of bare GC. The first
reduction peak at ca —0.5 V is remarkably suppressed and the reduction wave
commences at more negative potentials than that of the unmodified GC
electrode.

The Koutecky—Levich analysis (dependence of 7 "* on © %) of the RDE data
on O, reduction is shown in Fig. 16. The number of electrons transferred per O,
molecule (7) was calculated from these plots using the K-L equation [145].
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Figure 15. RDE voltammetry curves for
oxygen reduction on a GC/BP electrode
in O, saturated 0.1 M KOH. v =20 mV

s”'. Electrode was modified using Proce-

Figure 16. Koutecky-Levich plots for
oxygen reduction on a GC/BP electrode
in O,-saturated 0.1 M KOH solution.
Data derived from Figure 15.

dure 3. The curve GC corresponds to the
reduction of O, on a polished GC
electrode at w = 9900 rpm.

The value of n was close to two for GC/BP electrode for the entire range of
potentials studied, indicating that the process of O, reduction on these
electrodes yields hydrogen peroxide as the final product. It is also evident that
the reduction of O, is under the mixed kinetic—diffusion control even at high
negative potentials.

The effect of different modification procedures on the RDE voltammetry
curves for oxygen reduction on aryl modified GC electrodes in O, saturated
0.1 M KOH is shown in Fig. 17.
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Figure 17. RDE voltammetry curves for oxygen reduction on: (a) GC/Naphl, (b)
GC/Naph2, (c¢) GC/BP, (d) GC/DP, (e¢) GC/PhBr and (f) GC/NP electrodes in O,
saturated 0.1 M KOH (® = 1900 rpm, v = 20 mV s™'). Modification conditions: (1)
Procedure 1, (2) Procedure 2 and (3) Procedure 3. Electrodes were electrochemically
modified in acetonitrile containing 1 mM of the corresponding diazonium salt and
0.1 M TBABF,. Curve GC corresponds to the voltammetry curve of O, reduction on a
bare GC electrode.

It can be seen that already a very short modification program i.e. by applying
Procedure 1 (Fig. 17, curve 1) suppresses the oxygen reduction current
significantly and shifts the first reduction peak to more negative potentials as
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compared to that of the bare GC electrode (Fig. 17, curve GC). Electrode
surface modification by Procedure 2 (Fig. 17, curve 2) suppressed the reduction
current even more.

Procedure 3 used for the modification of GC electrodes (Fig. 17, curve 3)
suppresses the peak current even further and instead of a well-defined peak
there is almost a gradual increase of reduction current. Twenty modification
cycles seems to yield maximum surface coverage and no significant change in
the shape of the oxygen reduction voltammetry curves could be observed with
increasing the number of modification cycles.

Obviously, all the aryl layers studied even with quite low coverage block at
least in part those active sites on the surface of GC, which are responsible for
the high reduction current at pre-wave potentials. The exact nature of these sites
is not clear at the moment, but according to the literature data, these could be
quinone-type species [31,104,105]. It has been proposed recently that surface
carbon-oxygen groups are not covalently modified by electrochemical reduction
of benzenediazonium cations [24]. However, this claim is not justified. There
are several reports on the modification of oxide surfaces by diazonium
reduction [46,152].

We have recently proposed that the interaction between surface functional
groups and molecular O, is sterically hindered by aryl groups attached to
neighbouring sites and this could result in the decreased oxygen reduction
activity of the most active GC surface sites [I].

Nevertheless, it is evident that even modification by 20 potential cycles
(Procedure 3) does not give completely blocked surface and therefore we may
assume that the formed aryl layer is not uniform and has defects through which
the oxygen reduction can still take place, however, in a significantly lower rate.
The formation of an incomplete or loosely packed film is the obvious reason
why a relatively large reduction current is observed at high negative potentials.
For several aryl-modified electrodes the value of current at —1.2 V is very close
to that of bare GC.

Recently, it has been proposed that the aryl radicals (Ar") formed during the
diazonium reduction can react with the quinone groups [153]. One can also
assume that such a reaction may occur with the centers on the GC surface and
thereby lead to a decrease in the oxygen reduction current. This is an alternative
explanation for a significantly lower O, reduction current at pre-wave
potentials.

Although the different aryl-modified electrodes show similar electrocatalytic
behaviour, the largest blocking effect towards oxygen reduction was observed
for a GC/PhBr electrode. The half-wave potentials (£),) of O, reduction were
determined and the results are given in Table 2. There is a clear tendency for the
E\;, value to shift negatively for more strongly modified electrodes. This is
obviously related to an increase in surface concentration, even though the latter
values could not be determined for five surface modifiers used, because these
are not electroactive.
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Table 2. Half-wave potentials of O, reduction for aryl modified GC electrodes in 0.1 M
KOH at 1900 rpm. Data derived from Fig. 17. The E;, value for a bare GC was
-0.37 V.

Modification E,/V

procedure GC/Naphl | GC/Naph2 | GC/BP | GC/DP | GC/PhBr | GC/NP
Procedure 1 —0.56 -0.71 —0.60 —0.63 —-0.81 —-0.70

Procedure 2 -0.73 —0.78 —-0.70 —0.73 —0.85 —0.72

Procedure 3 -0.79 -0.79 —0.78 -0.75 —0.89 —0.75

6.1.2.3. Electrochemical response of Fe(CN),*™ on
aryl-modified GC electrodes

The Fe(CN)s> " redox couple was used to study further the blocking properties
of aryl films. There is an experimental proof that the Fe(CN)s ™ redox couple
should interact with the GC surface for a fast ET to occur [89]. Therefore
covering the electrode surface with aryl moieties should inhibit the rate of ET
for this couple. Figure 18 shows that grafting the electrode surface in a narrow
potential range between 0.1 and 0.5 V gives substantially smaller Fe(CN)s* "+
redox peak currents (curve 1) and the peak potentials are shifted as compared to
that of bare GC (curve GC). The peak potential separation (AE,) values after
modification by Procedure 1 are given in Table 3. It is evident that the same
procedure of electrografting by different aryl groups results in different degrees
of surface blocking. The blocking properties towards Fe(CN)s> " redox couple
using Procedure 1 increase in the following sequence:

GC < GC/NP < GC/Naphl < GC/Naph2 < GC/DP < GC/BP < GC/PhBr.
However the order of the blocking action of aryl films would change with the
application of further modification procedures.
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Figure 18. Electrochemical response of the Fe(CN)g
(¢) GC/BP, (d) GC/DP, (¢) GC/PhBr and (f) GC/NP
electrodes in Ar-saturated 0.1 M K,SO4 containing 1 mM K3Fe(CN)g (v = 100 mV s™").
Modification conditions: (1) Procedure 1, (2) Procedure 2 and (3) Procedure 3. Electro-
des were electrochemically modified in acetonitrile containing 1 mM of the cor-
responding diazonium salt and 0.1 M TBABF,. Curve GC corresponds to the CV
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It has been previously demonstrated that it is possible to chemically modify the
surface of GC electrodes with different para-substituted phenyl groups simply
by dipping the GC electrode into 10 mM aryldiazonium salt solution in ACN
[43]. In that work a similar electrochemical response was observed to our
results obtained by applying modification Procedure 1. From six para-
substituted phenyl groups studied the best blocking effect was found for the
GC/PhBr electrode.

Modification with one cycle in the potential range between —1.0 and 0.5 V
(curve 2) results in a drastic inhibition of the charge transfer process for all the
aryl layers studied. For some aryl modified electrodes the blocking action was
strong enough that the CV peaks were not discernible. For these electrodes we
could not determine the separation of peak potentials (AE,) in order to
characterise their blocking properties. Further cycling improves the blocking
effect even further and curve 3 shows that the ET through the film almost
completely ceased.

Table 3. Comparison of AE,, values for aryl-modified GC electrodes determined in Ar-
saturated 0.1 M K,SO, containing 1 mM K;3Fe(CN)g and in Ar-saturated 0.1 M H,SO,
containing 1 mM dopamine. Electrodes were modified using Procedure 1. Data derived
from Figures 18 and 19.

Redox AE,/V

probe GC | GC/Naphl | GC/Naph2 | GC/BP | GC/DP | GC/PhBr | GC/NP
K;Fe(CN)s [0.087| 0.403 0.508 0.685 | 0.559 n.d. 0.292
Dopamine [0.054| 0.504 0.755 0.881 0.429 0.952 0.097

n.d. — not detectable

6.1.2.4. Electrochemical response of dopamine on
aryl-modified GC electrodes

In addition to anionic Fe(CN)s'* redox couple also oxidation of cationic

dopamine was studied on aryl modified GC electrodes. Figure 19 presents the

electrochemical behaviour of the modified electrodes of different surface

concentrations in 0.1 M H,SOy solution containing 1 mM dopamine.
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Figure 19. Electrochemical response of dopamine on (a) GC/Naphl, (b) GC/Naph2, (c)
GC/BP, (d) GC/DP, (e) GC/PhBr and (f) GC/NP electrodes in Ar-saturated 0.1 M
H,SO, containing 1 mM dopamine (v = 100 mV s™'). Modification conditions: (1)
Procedure 1, (2) Procedure 2 and (3) Procedure 3. Electrodes were electrochemically
modified in acetonitrile containing 1 mM of the corresponding diazonium salt and
0.1 M TBABF,. Curve GC corresponds to the CV response of a bare GC electrode.

The electrochemical behaviour of Fe(CN)s° " and dopamine redox couple

clearly shows, that with increasing the number of modification cycles the sur-
face concentration of aryl groups increases and therefore improving also the
barrier properties of the modified surface. The increase of the separation of peak
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potentials indicates the inhibition of the charge transfer process. The results
obtained for dopamine oxidation on aryl films are in agreement with the results
reported by DuVall and McCreery on dopamine electrochemistry on trifluoro-
methylphenyl [154] and methylene blue [155] modified electrodes.

Ferricyanide reduction and dopamine oxidation is blocked on the modified
electrodes to a much larger degree than O, reduction. This effect could be
explained by the hydrophobic properties of the aryl films studied and by size
differences between the Fe(CN)s>~ ions and dopamine and O, molecules. The
values of AE, are listed in Table 3 for substituted phenyl groups such as NP, DP
and PhBr are higher for hexacyanoferrate redox probe than for dopamine redox
probe. Indicating that these films are blocking the response towards the
Fe(CN)s** couple more effectively than that of dopamine. For Naphl, Naph2
and BP higher AE, values were observed for dopamine redox probe.

6.1.3. Spontaneous modification of GC surface with
AQ from the solutions of its diazonium derivative:
An oxygen reduction study

6.1.3.1. Cyclic voltammetry of GC/AQ electrodes

The GC electrodes were spontaneously modified in various solutions containing
10 mM Fast Red AL salt for different periods of time. The cyclic voltammetry
of the GC/AQ electrodes was recorded in O,-free 0.1 M KOH. Figure 20 shows
that AQ spontaneously attached to GC by simple immersion in the diazonium
salt solution. For comparison, the voltammogram for electrochemically grafted
GC/AQ electrodes is shown in Fig. 20a, curve 1. This is a typical response for
electrochemically grafted GC/AQ electrodes as previously observed [31-—
33,120,121], whereas the CV response of the bare GC electrode is completely
featureless (Fig. 20a, curve 2).
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Figure 20. Cyclic voltammograms for GC/AQ electrodes in Ar saturated 0.1 M KOH.
The electrodes were modified by: (a) electrochemically grafted (1) and unmodified GC
(2); (b) immersion in 10 mM Fast Red AL salt/ACN for 0.5 h (1), I h (2) and 24 h (3);
(c) immersion in 10 mM Fast Red AL salt/0.5 M HCI for 10 min (1) and 0.5 h (2); (d)
immersion in 10 mM Fast Red AL salt/phosphate buffer (pH 7) for 0.5 h (1) and 1 h (2);
(e) immersion in 10 mM Fast Red AL salt/H,O for 0.5h (1), 1 h (2) and 3 h (3); (f)
immersion in 10 mM Fast Red AL salt/borate buffer (pH 10) for 10 min (1), 0.5 h (2)
and 1 h (3). 4=0.196 cm?, v=100mV s .

A clear pair of peaks for the GC/AQ modified electrode obtained by immersion
in the AQ-N," solutions is shown in Fig. 20b-f. The average redox potential (Ey)
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of spontaneously attached AQ was —0.85 V, very close to the value reported for
the electrochemically modified electrode (E:=-0.845V [31]). The sponta-
neously grafted electrodes withstand ultrasonication indicating a strong bonding
between the AQ moieties and the electrode surface. Although the spontaneous
attachment of AQ occurs for all solutions studied, the rate of attachment differs
somewhat for the different media as shown by the different times required to
achieve coverages close to a monolayer (see below). There was some scatter in
the CV data (measurements with duplicate electrodes were made throughout
this study) and the spontaneous modification technique is not very reproducible.

The surface concentration of covalently attached AQ (/) was calculated
from Ihq = O/nFA4 [145], where Q is the charge integrated under the CV peaks,
n is the number of electrons involved per AQ molecule (n=2) and 4 is the
geometric electrode area. The value of /o was in the range between (1-—
5)x107"" mol cm™ for all the modified electrodes studied. There is a clear trend
for the surface concentration of AQ to increase with increasing immersion time
for spontaneous grafting in acetonitrile. The grafting rate is faster in aqueous
media and maximum coverage is nearly complete in 10-30 min, with a limited
thickness of 2-3 monolayers. It is of particular interest that AQ grafting was
also successful from slightly basic media (in borate buffer at pH 10) since only
a few examples of grafting using the reduction of diazonium compounds have
been reported in alkaline solutions [156,157] and it is known that diazonium
salts are not very stable at pH>2 [2]. Spontaneous modification with diazonium
salts was previously achieved from acidic and neutral aqueous solutions
[43,45,46] and the latter has been particularly attractive for the covalent
modification of carbon nanotubes [51,156,158,159].

The modification time is important from a practical point of view and
grafting times of the order of several minutes are desirable for many appli-
cations. The main advantage of spontaneous attachment is that no electro-
chemical equipment is required, the method is simple and versatile and enables
the grafting of surfaces in conditions for which the electrochemical reduction
procedure is difficult to employ.

6.1.3.2. Mechanism of spontaneous modification of
GC with aryldiazonium derivatives

The purpose of this work was not to investigate the mechanism of the
spontaneous grafting reaction and therefore the possible reaction pathways are
given here in brief. The attachment of the radical formed in the dediazotation
reaction to a graphitic surface, requires a change from an sp” to an sp’ surface
structure. It is recognised that the kinetics of substitution is much faster at edge
plane sites than at the basal plane although grafting appears to be non-selective
for oxygen terminated surfaces [6]. The loss of resonance stabilisation energy
on functionalisation of an sp” surface would be too large for this process to
occur on the terraces of the graphene sheets and therefore, attachment would
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only be possible at edges, steps or defects. If attachment could only occur at sp
carbon sites already present on the surface, the functionalisation of HOPG or of
carbon nanotubes could not take place. Since this is indeed observed, it is
reasonable to consider that a highly reactive species is involved, i.e., an aryl
radical (Ar"). Bahr and Tour attributed the increase in the relative intensity of
the disorder mode of Raman spectra at 1290 cm ™' to an increased number of sp’
carbon atoms upon derivatisation of single-walled carbon nanotubes with aryl
groups demonstrating the changes in the graphene sheets on their spontaneous
functionalisation [48].

The reaction of Ar® obtained by reduction of ArN," with a carbon surface is
very fast but in the absence of an applied potential, the reducing agent needs to
be identified. Toupin and Bélanger [50] investigated the mechanism of the
spontaneous chemical functionalisation of Vulcan carbon black by reaction with
4-nitrobenzenediazonium cations by varying the reaction conditions (carbon
surface modification by in situ generated diazonium cations and in the presence
of a reducing agent). They found that the grafting yield was not affected by a
change in the reaction conditions. Therefore, they suggested that a galvanic
process of the carbon surface could be responsible for the reduction of the
diazonium salts and subsequent functionalisation. They did not discard
diazonium ions decomposition in acidic solutions in the presence of a
nucleophile such as electron-donating m-electron systems (the carbon n-electron
system would be presumably the nucleophile, which transfers electrons needed
for the reduction of the diazonium cations that leads to the formation of aryl
radicals). This could be followed by the formation of a covalent C—C bond
between the surface and the aryl radical. Toupin and Bélanger [50] proposed
that the higher energy of the Fermi level in HOPG (and, presumably, in GC)
could lead to electron transfer to ArN," but this still leaves open the question of
which functional groups or reactions are responsible for the quenching of the
hole produced after electron transfer. Considering the slow reaction rates in the
heterolytic pathway, however, this appears a reasonable explanation for the
spontaneous grafting in acid solutions and provides a common rationalisation
for both the attachment of aryl groups and the spontaneous electroless metal
deposition on HOPG in the absence of an added reducing agent.

Diazonium chemistry is, however, more complicated than the reduction of a
metal ion, due to the involvement of an Ar® radical. In neutral and alkaline
solution, an additional source of radicals required for the homolytic mechanism
could be the Gomberg—Bachmann reaction. This mechanism offers an
interpretation of the complex behaviour of diazonium compounds in near
neutral and alkaline solutions [160-163] due to the formation of radicals in
solution that can couple the aryl moiety of the aryldiazonium cation with other
aryl groups. Importantly, this coupling can also occur with the conjugated
graphitic regions of the GC surface instead of reaction with solution species.
OH' can bind covalently to the aryldiazonium cation [162,164,165]:
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AN,"+ OH" == ArN=NOH

(14)
In alkaline solutions, the ArN=NOH species is ionized:
OH"
ArN=NOH —>> ArN=NO" (15)

to give an aryldiazotate, which by reaction with an additional molecule of ArN,"
yields a diazoanhydride:

AIN=NO" + ArN," —>  ArN=N-O-N=NAr (16)
Further decomposition leads to radical formation according to:

ArN=N-O-N=NAr —> Ar" +N, + ArN=NO" (17)

The Ar® radical is the arylating reagent [166]. Eliel et al. [166] further proposed
that disproportionation of ArN=NO® gives the corresponding arylbenzene and
regenerates ArN=NOH, thus providing a cyclic mechanism for radical
generation. These reactions can take place in the pH range where steps (14) and
(15) are feasible and hence, depends on the acid-base properties of the
intermediates [167,168]. A similar analysis for the spontaneous grafting of
single-walled carbon nanotubes (SWCNTs) from the aqueous solutions of
aryldiazonium salts has been suggested by Tour and co-workers [51,158,159].
Recently, Doyle et al. have proposed the physisorption of diazoanhydride on the
surface of SWCNTSs, which could then cleave and yield a radical that attacks
SWCNT and form a covalent bond [157]. Thus, Reactions (14), (15), (16) and
(17) represent an alternative mechanism of spontaneous modification from one
in which the substrate is directly involved in the formation of reactive
intermediates from the diazonium salt at open-circuit potential [43,45,46].

It is difficult to understand the further growth of the aryl layers when the
substrate surface is completely blocked by a monolayer film. It has been
proposed that electron tunnelling or transfer through m-conjugated bonds to
diazonium species in solution could occur [46] but the mechanism of multilayer
formation by spontaneous grafting needs further elucidation. Although there are
difficulties with a mechanism involving electron transfer from GC to
aryldiazonium cations at open-circuit to produce, for example, AQ° leading to
the multilayer growth as often observed, the latter process cannot be entirely
ruled out. The surface of GC is highly heterogeneous and various surface sites
can possess different electronic properties.

Spontaneous grafting of GC can be carried out in non-aqueous media, for
example, in ACN solutions [42,43]. The formation of thicker layers would
involve a further reaction of the diazonium reactive intermediates with attached
material leading to further functionalisation of the aryl film [42,43]. D’ Amours
and Belanger have proposed an adsorption phenomenon considering that only a
few layers would be concerned in electrografting and the growth of the film
would be due to the adsorption of reaction products arising from aryl radicals
This could be a mixture of dimers or oligomers resulting from H-atom transfer
from the solvent to the monomeric or oligomeric radicals [20]. The comple-
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xities of the reaction mechanism leading to the formation of multilayers are
beyond the scope of the present work.

Based on the above considerations, it is proposed that the most likely
mechanism for spontaneous grafting with anthraquinone diazonium salt in
aqueous solution (acidic or neutral pH) and in acetonitrile would be a
combination of an electron transfer reaction from the graphene sheets in glassy
carbon resulting in the rapid formation of aryl radicals. In neutral to alkaline
solutions, the availability of ArN,  decreases due to equilibrium (14) but
besides the electron transfer process mentioned above, the intermediate could
still be the aryl radical resulting from the Gomberg—Bachmann mechanism
(Reactions (14), (15), (16) and (17)). The lower coverage by AQ observed at pH
10 may result from this lower concentration of the precursor of Ar’; the actual
concentration of arylating agent will depend, in this case, on the stability of the
ArN—NO® and ArN—N-O-N—NAr intermediates. Further growth leading
to a multilayer film can also take place. The presence of much thicker films has
been observed [42,43] and an alternative explanation for multilayer formation
can be, for example, the addition of an aryl carbocation or an aryl radical to the
already attached aryl group at the GC surface. The details of the mechanism
require further investigation. The significance of non-electrochemical methods
in carbon surface modification has been recently highlighted in the review by
Barriére and Downard [4]. However, the mechanistic aspects of spontaneous
grafting from the solutions of aryldiazonium derivatives are still under debate.

6.1.3.3. Oxygen reduction on GC/AQ electrodes

The electrochemical reduction of oxygen was studied in order to characterise
the electrocatalytic properties of the spontaneously grafted AQ layers. For
comparison, O, reduction on electrografted GC/AQ electrodes was also
examined. Electrocatalysis of covalently attached AQ for this reaction is well
established [31-33,120,121]. A typical feature of the polarisation curves for
these electrodes is the suppression of the O, reduction pre-wave (c.f. curves 1
and 2 at —0.5 V in Fig. 21a), due to the presence of native quinone groups on
the carbon surface. Electrocatalysis by surface-bound AQ starts at more
negative potentials.
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The reduction of O, on spontaneously modified GC/AQ electrodes is shown in
Fig. 21b—f. Although the polarisation curves of these electrodes are similar to
those of electrografted GC/AQ, some subtle differences are in evidence. A
much weaker suppression of the native quinone groups pre-wave is observed
and therefore the binding of AQ occurs preferentially at surface sites that are
not involved in the reduction of O, at pre-wave potentials. There is still
controversy whether the covalent bond is formed only with surface carbon
atoms or aryl groups are attached to oxygenated sites of the surface leading to
the formation of C—O—C bonds. It appears that by spontaneous modification
from acetonitrile solutions the catalytically active carbon—oxygen functionalities
(most probably quinone-type groups) remain active on the surface of GC (Fig.
21b) as the suppression of the O, reduction pre-wave is much weaker as
compared to that of the electrografted GC/AQ (Fig. 21a). A current peak is
observed at ca —0.8V, which is due to electrocatalysis by the attached
anthraquinone and the reduction current reaches a value close to the diffusion
control at this potential.

By contrast, for electrodes modified in borate buffer (pH 10), suppression of
the pre-wave is clearly observed (Fig. 21f). The reason for such a difference in
the O, reduction behaviour between the electrodes spontaneously modified from
ACN and borate buffer is unclear at present. A possible explanation could be
the different intermediates produced in solution and further bonded to the GC
surface as was suggested in the previous section. If the Gomberg—Bachmann
reaction made a significant contribution to the radical inventory present close to
the GC surface, two radical species would be present, Ar" and ArN=NO°. The
surface chemistry of the latter would be very different from that of the simple
Ar® species. The polarisation curves of O, reduction presented in Fig. 21c—¢ are,
however, similar and the effect of surface-confined AQ on the reduction rate is
clear. The Koutecky—Levich analysis (dependence of I'"* on @ "%) is shown in
Fig. 22. The number of electrons transferred per O, molecule (7) was calculated
from these plots using the K-L equation [145].

It 1s also evident that the reduction of O, is under mixed kinetic-diffusion
control even at the potential of the current maximum at —0.8 V since there is a
clear intercept of the K-L plot at infinite rotation rate. A lower intercept value
for the GC/AQ electrodes of higher surface concentration of AQ was obtained
by extrapolating the K-L lines at this potential indicating that there is a finite
reaction rate limiting the surface reaction. Equation (12) was used to obtain the
value of n since it reflects the changes in the thickness of the diffusion layer
with @ and hence, the diffusional term is independent of the type of reaction
taking place at the surface, e.g. under electron transfer control or by an EC
mechanism, see below Equation (18). The value of n was close to two for all the
AQ-modified electrodes studied (see Fig. 23), indicating that O, reduction on
these electrodes yields hydrogen peroxide as the final product.
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Figure 22. The dependence of /' on
o for O, reduction on GC/AQ
electrodes in 0.1 M KOH at -0.8 V. The
electrodes were spontaneously modified
in different solutions containing 10 mM
Fast Red AL salt: (#) ACN; (A) 0.05M
H,SOy; (¥) phosphate buffer (pH 7);
(#) water; (m) borate buffer (pH 10) and
(™) bare GC electrode. All the results
shown correspond to electrodes mo-
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Figure 23. The potential dependence of n
for O, reduction on GC/AQ electrodes in
0.1 M KOH. The electrodes were
spontaneously modified in different solu-
tions containing 10 mM Fast Red AL salt:
(e) ACN; (A) 0.05 M H,SO, (V)
phosphate buffer (pH 7); (¢) water; (m)
borate buffer (pH 10) and (») bare GC
electrode. All the results shown cor-
respond to electrodes modified for 0.5 h.
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Figure 24. The dependence of k,/; on AQ surface concentration for O, reduction on
GC/AQ electrodes in 0.1 M KOH. The electrodes were spontaneously modified in
different solutions: (e) ACN; (A) 0.5 M HCI; (W) phosphate buffer (pH 7); (¢) water
and (m) borate buffer (pH 10).

The kinetics of O, reduction on the spontaneously modified GC/AQ electrodes
was studied as a function of the immersion time and a direct correlation
between the O, reduction rate and the surface concentration of AQ was found
(Fig. 24).
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6.1.3.4. Determination of kinetic parameters for O, reduction

The kinetic parameters were determined by non-linear regression (NLR)
analysis using the surface redox catalytic cycle model previously described
[31]. This model distinguishes between contributions to the current from native
and grafted quinone groups, and from the free carbon surface, and considers
that Reaction (9) is the rate determining step. The current density is given by:

_1_ 1 (18)
' 2Fcd kT,

ef(E—Ef?,) o/ /DRy e—f(E—E(O,)) o/ VA

. 0
2Fcg ke D 4

i 1+

where i = 1 corresponds to properties of the quinone-type groups present on
native GC and i = 2 to those of the attached quinones; jq is the diffusionally
controlled limiting current density; &° is the standard electrochemical rate
constant on the free GC surface and o is the corresponding transfer coefficient;
E° is the standard potential of the O,/HO, couple (=0.065 V vs. SHE); k; is the
rate constant for the reaction between the quinone radical anion and oxygen
(Reaction (9)); 77 is the surface concentration of the quinone species; Eo(i) is the
standard potential of the surface Q/Q” couples; AE,; is the difference between
the standard potentials of the Q*/Q* and the Q/Q* couple; F is the Faraday
constant and /= F/RT. The two-quinone surface redox catalytic cycle model fits
well the oxygen reduction data for quinone modified GC electrodes [31—
33,120,121]. The main advantage of this method is that it can distinguish
between the contributions of various surface sites to the overall rate of oxygen
reduction without the need to use extrapolations to infinite rotation rates to
calculate the chemical rate parameters (k/;). In addition, the analysis of the
extrapolated values of the K-L plots (the second term in Eq. (18)) would be very
inaccurate. The use of the potential dependent currents allows employing the
whole experimental dataset without the need to rely on data extrapolation.

The kinetic parameters obtained for the GC/AQ electrodes of various surface
modifications are listed in Tables 4-8. The parameters determined for the
polished GC electrode used are given for comparison purposes. These values
are similar to those previously observed [31,32].
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There is a clear change in the shape of the polarisation curve of O, reduction,
when the electrode was immersed in the diazonium solution before the mea-
surements. A notable feature is the appearance of a new peak at approximately
—0.8 V indicating electrocatalysis by the attached anthraquinone. The values of
kI, were significantly higher than those of the unmodified GC electrode (k1)
in accordance with the increased coverage by the quinone.

The kinetic parameters related to the underlying GC substrate (E%, £°, o,
AE, ki 1) did not significantly differ for the different preparations except for
the result at 0.5 h (Table 4). The chemical rate constant &; corresponding to the
native quinone-type groups of GC (k;/7) for electrodes spontaneously modified
in ACN show a similar value to that for unmodified GC (Table 4), indicating
that the attached AQ groups do not affect the electrocatalytic properties of the
most active native quinone sites. However, for most of the AQ/GC electrodes,
the value of k77 decreased slightly for reaction times of 0.5 and 1 h. The value
of k° shows a small decrease after surface modification. The other kinetic
parameters (E°(;), o, AE(;)) are almost unchanged for these particular electrodes.
This is an unexpected result, because the AQ surface concentration was rather
high and therefore it would be expected that this would influence the properties
of the underlying substrate. It is proposed that, in accordance with previous
observations for spontaneous attachment from the solutions of AQ carboxylic
derivatives [122], the surface is unevenly covered by AQ probably with islets of
AQ formed in the regions of favourable attachment.

The parameters characterising the properties of surface-confined AQ (E°y),
AE(;), and k,/5) are similar for the different electrode preparations. It can be
concluded that the electrocatalytic activity for O, reduction resulting from the
attached quinone depends mostly on the surface concentration of AQ and not on
the particular media from which the spontaneous modification was carried out.
There are differences, however, for oxygen reduction at the pre-wave (see Fig.
21). The product k75 should be linearly proportional to the surface con-
centration of AQ. Figure 24 shows these results for all the electrodes modified
in different media. A clear linear tendency for the chemical rate parameter is
observed for increasing /g values. From the slope of this plot, the rate constant
for the chemical reaction between the semiquinone radical and oxygen was
determined (k, = 4.9x10® cm® mol™ s™"). This value is in excellent agreement
with that previously determined for electrochemically grafted AQ [32]. In con-
sequence, the bonding of anthraquinone moieties to GC is similar for both types
of modification (spontaneous attachment vs. electrografting).

The bonding between AQ and GC is strong since the modified electrodes
survived sonication for 10 min without alteration in their properties. In the case
of spontaneous functionalisation, the AQ moiety (carbocation or radical) could
attach to the surface of GC in a manner similar to that of electrochemical
modification (i.e. the AQ radical formed reacts with the GC surface) [10]. These
results are in line with previous investigations in which the grafting of aryl
groups to GC was achieved without any external potential applied [42,43]. The
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spontaneous attachment of AQ from the solutions of its diazonium derivative is
much faster compared to the reaction of its carboxylic derivative [122] and is
therefore more suitable for practical applications. The formation of multilayers
(layer thickness above 5 nm) and islets was observed by AFM when carboxylic
derivatives were used for spontaneous grafting [122] and it is very likely that
these features would also be present for spontaneously modified GC surfaces.

6.1.4. Electroreduction of oxygen on GC electrodes
modified with in situ generated AQ diazonium cations

6.1.4.1. GC surface modification with in situ synthesised AQ-N,"

Figure 25 presents the first and the fifth potential scans for the electrochemical
grafting of a GC electrode in the presence of in situ generated 9,10-
anthraquinone-2-diazonium cations. The current peak of the diazonium ion
reduction was observed at 0.28 and 0.17 V for the electrodes modified in
acetonitrile (Fig. 25a) and in aqueous acidic media (Fig. 25b), respectively. This
peak almost disappears on consecutive scans. Similar electrografting behaviour
was observed for in situ synthesised 9,10-anthraquinone-1-diazonium cations.
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Figure 25. Electrochemical grafting of anthraquinone groups to glassy carbon using in
situ generated diazonium derivatives. Electrode modified in: (a) Ar saturated ACN con-
taining 1 mM of 2-aminoanthraquinone and 3 mM fert-butyl nitrite, (b) Ar saturated
0.5 M HCI containing 2 mM of 2-aminoanthraquinone and 4 mM NaNO,. v = 100 mV
s'. 4 =0.196 cm® Trace (1) corresponds to the first and trace (2) to the fifth scan.

Anthraquinone coverage and stability of the grafted surfaces were characterised
by cycling the electrode between 0 and —1.2 V 25 times in Ar saturated 0.1 M
KOH. Characteristic cyclic voltammetric responses of these electrodes in 0.1 M
KOH are shown in Fig. 26. The redox potential (£r) of surface-bound AAQI
obtained by functionalisation in ACN was —0.865 V, very close to the value
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previously reported for 1-anthraquinonyl modified surfaces (—0.845V [31]).
The GC/AAQI1 electrode modified in 0.5 M HCI showed a similar redox
potential (Er=—0.859 V). The E; values for surface-bound AAQ2 were —0.838
and —0.840 V for electrodes modified in ACN and 0.5 M HCI, respectively. The
surface quinone concentration (/) was determined by charge integration under
the CV peaks (I"= O/nFA [145], where Q is the amount of charge consumed, »
is the number of electrons involved (n=2), F' is the Faraday constant and A
is the geometric surface area). The I'aao; values were 4.0x10'°and
5.1x10""" mol cm™ for the electrodes modified in ACN and in aqueous 0.5 M
HCI, respectively. For GC electrodes modified from solutions containing
in situ generated 9,10-anthraquinone-2-diazonium cations, /[ Axq2 = 11.7x107"°
mol cm ™ (electrode modified in ACN) and [apg = 4.6x107" mol cm™>
(electrode modified in 0.5 M HCI). The electrodes modified with previously
synthesised AQ diazonium derivatives yielded surface concentrations of the
same order: I'xo;=8.9x10""molem™ and g =6.8x10"" mol cm™
(modification in ACN) and [agI= 41x10 " molem™ and I AQ2 =
4.0x107" mol cm? (modification in aqueous media).
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Figure 26. Cyclic voltammograms for GC/AAQ]1 (1) and GC/AAQ2 (2) electrodes in
Ar saturated 0.1 M KOH. v=100 mV s™', 4 = 0.196 cm®. Electrode modified in ACN
(a) and in 0.5 HCI (b).

It was of special interest to test electrochemically the redox processes of surface
bound anthraquinone at different potential scan rates. Figure 27 presents the
representative CV responses for GC/AAQ2 modified in ACN and in 0.5 M HCI.
As expected for a surface electron transfer reaction, the peak current corrected
for the baseline (/,) is linearly dependent on v. The surface confined anthra-
quinone shows a quasi-reversible electron-transfer behaviour as the separation
of anodic and cathodic peak potentials increases with the scan rate. These
features are similar to those observed in a previous study for anthraquinone-
modified GC [31]. No attempt has been made to determine the rate constant of
electron transfer from the CV data shown in Fig. 27.
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Figure 27. Cyclic voltammograms for GC/AAQ?2 electrodes in Ar saturated 0.1 M
KOH recorded at various sweep rates: 20, 50, 100, 200 and 500 mV s7!. Electrode mo-
dified in ACN (a) and in 0.5 M HCI (b). The insets show the plots of /, vs. v and E,, vs.
log v.

6.1.4.2. O, reduction on GC modified with in situ synthesised AQ-N,"

Oxygen reduction on GC/AAQ electrodes was studied between 0 and —1.2 V at
different rotations rates to establish the dependence of electrocatalytic activity
on preparation conditions and point of attachment of the quinone to the carbon
surface. Figure 28 shows the RDE results for the GC/AAQ2 electrodes
modified in acetonitrile (Fig. 28a) and in aqueous acidic solution (Fig. 28b).
These different grafting methods give very similar electrocatalytic properties.
As observed before [31], the attached AQ groups partially block native GC
surface sites, therefore suppressing the O, reduction pre-wave observed at
—0.5 V due to the native quinone groups of GC. At potentials more negative
than ca —0.6 V the attached quinone groups act as electrocatalysts for O,
reduction and consequently, the reduction current increases sharply close to its
diffusion-limited value.
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Figure 28. RDE voltammetry curves for oxygen reduction on a GC/AAQ?2 electrode
modified via in situ generated diazonium cations (a) in ACN and (b) in 0.5 M HCl in O,
saturated 0.1 M KOH. v=20mV s™'. 4 = 0.196 cm”.
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The Koutecky—Levich analysis for these results is shown in Fig. 29. The
number of electrons transferred per O, molecule (n) was calculated from these
plots using the K-L equation [145].
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Figure 29. Koutecky—Levich plots for oxygen reduction on GC/AAQ?2 electrodes in
0.1 M KOH (a) modified in ACN and (b) modified in 0.5 M HCI. The inset shows the
potential dependence of the number of electrons transferred per O, molecule. Data
derived from Figure 28.

Figure 29 shows that the reduction of O, is under mixed kinetic-diffusion
control even at the potential of the current maximum at —0.8 V. The intercept
obtained by extrapolating the K-L lines at this potential depends on the surface
concentration of the attached anthraquinone as previously observed [32]. The
value of n was close to two for all the AQ-modified electrodes studied (see
insets to Fig. 29), indicating that O, reduction on these electrodes stops at the
peroxide stage. Figure 30 compares the RDE results obtained for the bare GC
electrode and for the electrodes electrografted with anthraquinone in ACN and
in an aqueous solution. Both GC/AAQ electrodes gave similar responses
towards O, reduction, similarly to results previously obtained [32]. The limiting
current was almost equal to that for bare GC. Small differences between the
polarisation curves could be explained by differences in surface coverage (see
Section 6.1.4.1.). It appears that the electrodes modified with 2-anthraquinonyl
groups show slightly better electrocatalytic properties (for example, the current
plateau starts at a more positive potential), regardless of the media from which
the modification was carried out. A quantitative analysis of these results is
presented below.
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Figure 30. Comparison of current-potential curves for oxygen reduction on bare GC
and electrochemically grafted electrodes in O, saturated 0.1 M KOH: (1) GC/AAQ]I,
(2) GC/AAQ2 and (3) bare GC. @ = 1900 rpm, 4 = 0.196 cm®. Electrodes modified in
ACN (a) and in 0.5 HCI (b).

6.1.4.3. O, reduction on GC modified with previously synthesised AQ diazonium salts

In order to evaluate the electrocatalytic properties of these electrodes, a
comparison between electrodes modified with in situ generated AQ-N," and
those modified with previously synthesised diazonium salts was made. Figures
31 and 32 present typical RRDE voltammetry results for a bare GC electrode
(curve 3) and for GC/AQI1 (curve 1) and GC/AQ2 (curve 2) electrodes grafted
in acetonitrile (Fig. 31) and in an aqueous acidic solution (Fig. 32). Both
GC/AQ electrodes modified by previously synthesised AQ diazonium salts gave
similar responses and their diffusion limiting current was almost equal to that
for bare GC. Earlier studies have shown that the reduction of oxygen on GC/AQ
electrodes follows a two-electron pathway [31,32]. In previous work the RRDE
data were analysed using Wroblowa method [169]. The percentage of peroxide
formation on the disk (@) can be calculated from [170]:

ID+1R/N

where Ix and Ip are the ring and disk currents, respectively and N is the
collection efficiency. Figure 33 shows the potential dependence of @ for all the
GC/AQ electrodes studied. All these electrodes showed a 95-100% yield for
peroxide production. The slight decrease observed at more negative potentials
could by caused by the adsorption of impurities on the gold ring during the
RRDE measurements that may result in a slightly non-quantitative detection of
peroxide.
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Figure 31. Ring and disk currents for oxygen reduction in O, saturated 0.1 M KOH on:
(1) GC/AQ1, (2) GC/AQ2 and (3) bare GC. GC electrodes modified in ACN containing
20mVs™, w=1900rpm and 4

I mM of the corresponding diazonium salt. v

(disk) = 0.164 cm?; (a) disk and (b) ring currents.
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Figure 32. Ring and disk currents for oxygen reduction in O, saturated 0.1 M KOH on:
(1) GC/AQI, (2) GC/AQ2 and (3) bare GC. GC electrodes modified in 0.05 M H,SO,
containing 2 mM of the corresponding diazonium salt. v =20 mV s ', @ = 1900 rpm
and 4 (disk) = 0.164 cm?; (a) disk and (b) ring currents.
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Figure 33. Dependence of the yield of peroxide formation (&) on potential for: (m)
GC/AQL, (o) GC/AQ2 (GC electrodes modified in ACN); (A) GC/AQL, (V) GC/AQ2
(GC electrodes modified in 0.05 M H,SO,) and (¢) bare GC. @ = 1900 rpm. Data
derived from Figures 31 and 32.
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6.1.4.4. Determination of O, reduction kinetic parameters

The kinetic parameters for oxygen reduction were calculated by a non-linear
regression analysis of the current—potential curves at different rotation rates
using the surface redox catalytic cycle model for quinone-modified electrodes
previously described [31]. This model distinguishes between contributions to
the current from native and grafted quinone groups and from the free carbon
surface, and considers that Reaction (9) is the rate determining step.

The values of the diffusion-limited current densities used were calculated
from the Koutecky—Levich plots and these were fixed during the analysis. The
results of the NLR analysis for the electrodes modified with in situ generated
AQ diazonium cations are listed in Table 9. The kinetic parameters cor-
responding to the GC substrate (Eom, £, a, AEqy, k) are similar to those
observed in previous investigations [31,32]. The value of £, of the modified
electrode is slightly more negative than that of unmodified GC. The k” value of
the electrode decreases when the surface of GC becomes crowded with
covalently attached AQ. This is expected since this parameter relates only to the
free GC surface and therefore, it should decrease as the surface becomes
covered with attached quinone groups. For the same reason, the chemical rate
parameter £/ has a lower value as compared to bare GC because some active
sites of GC are blocked by surface-bound AQ groups. These results are as
expected for the division of current contributions described above and provide
additional evidence for the usefulness of the NLR method adopted.

An important conclusion from these results is the observation that these
kinetic parameters characterising the properties of the covalently bound
anthraquinone groups do not depend on the point of attachment in the molecule.
A rather small positive shift of the £, values for AQ attached in position 2 is
observed as compared to that attached in position 1. The values of AE, are
similar for both AQ derivatives studied regardless of the grafting method
employed.

The maximum rate of peroxide production on a quinone-modified electrode
is proportional to the product k»/». As shown in previous work [32] this product
is linearly dependent on the quinone coverage. The values of the rate constant &,
(Reaction 9) calculated from the coverage measured was of the same order for
the different preparation methods and the average value for all the results
obtained in the present work was k, = (3.5+1)x10® cm® mol ™' s™'. This compares
reasonably well with a previous determination for AQIl of (4.7£0.3)x
10% cm® mol ' s7' [32].
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The kinetic parameters for O, reduction on GC/AQ electrodes modified with
previously synthesised AQ diazonium tetrafluoroborates are listed in Table 10.
These values are similar to those obtained for the electrodes modified with in
situ generated AQ diazonium compounds. The parameters characterising the
properties of covalently attached AQ (E°,), AE) and k) do not depend greatly
on the point of attachment of the quinone (i.e. whether it is attached in position
1 or 2) although the value of k, for the 2-derivative is slightly larger than that
for the 1-anthraquinone derivative. This is a surprising observation since at first
sight, these two substitutions could lead to very different steric constraints for
the attached molecule and hence different configurations for the activated state
for the reaction between Q° and O, [127]. Since no such large difference is
observed, it has to be concluded that the support plays a secondary role in the
activated state configuration. The reason for this might be related to the type of
bond formed on grafting. In all cases, an sp’ configuration must result when
grafting takes place on an sp’ domain on the GC surface [6]. Therefore, the
steric constraints that may result from the different points in the quinone
molecule bound to a carbon atom on the surface are minimised. This is
particularly important for a highly disordered surface such as that of GC where
the different configurations that may prevail in the grafted layer cannot
distinguish between attachments at position 1 or 2 in the quinone molecule. The
slightly higher value of &, could be ascribed to an increase in steric hindrance of
the attached molecule leading to an increase in the activation energy for the first
step of the reaction between the semiquinone and O, [127].

Although this was not the purpose of present work, the values of AE(
require some comments. This parameter is the difference between the standard
potentials for the Q/Q° and the Q" /Q* redox couples. An average value of the
order of —0.35V has been calculated from the oxygen reduction results.
However, a single voltammetric wave is observed in the absence of oxygen.
The observation of a single voltammetric wave indicates that the value of AE,
should be close to zero but a much larger value of AE) is observed. The
difference in behaviour of quinones in aqueous and non-aqueous solvents has
been known for a long time. Quan et al. [171] have provided a rationalisation
based on solvation effects for the observation of a single voltammetric wave in
alkaline aqueous solutions in many systems, including complex quinones such
as ubiquinone [172]. The values of the width at half maximum are of the order
of 140 mV but this could simply be a consequence of a small difference in the
potentials of the two redox processes but cannot account for the larger values of
AE ;) observed.

The model used assumes that the quinone/quinone radical anion redox
process is not dependent on the presence of oxygen in the system, i.e. the rates
for this equilibrium are much faster than the rate of reaction of oxygen with the
radical anion. It is difficult to see how the thermodynamics of the Q/Q" redox
couple can be influenced by the presence of oxygen. A more complete analysis
should include the individual rate constants for the Q/Q* couple in competition
with the chemical rate constant and these questions will be analysed further in
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the future. It should be stressed that the model used is an oversimplification in
an attempt to extract kinetic information from a very complex system; the value
of the parameter AE(;) contains more information than a simple difference in
standard potentials. These observations do not alter the conclusions of the
present work.

6.2. Electrochemical properties
of modified Ni electrodes

6.2.1. Oxygen electroreduction on anthraquinone-modified
nickel electrodes in alkaline solution

6.2.1.1. Cyclic voltammetry of Ni/AQ electrodes

Modified nickel electrodes were cycled in Ar saturated 0.1 M KOH solution in
the range of potentials from —0.3 to —1.0 V using sweep rate of 100 mV s .
During potential cycling the peak area decreased, because the physically
adsorbed AQ remaining on the surface desorbs into solution. This is due to the
fact that in alkaline solution, anthrahydroquinone is in anionic form and
repulsion takes place between anionic species and the negatively charged
electrode surface. The stabilised cyclic voltammetric response of Ni/AQ
electrodes in O, free 0.1 M KOH is shown in Fig. 34. Cyclic voltammograms of
Ni/AQ electrodes modified in different grafting solutions are similar, neverthe-
less, one can observe a slight difference in redox potentials (£r=—0.835 V for
the electrode modified in ACN and E;=—0.812 V for the electrode modified in
H,S0,). Figure 34 shows that modification in ACN yields a larger surface
concentration of anthraquinone than modification in H,SO,. For comparison
purposes, the CV response of an unmodified nickel electrode in O, free 0.1 M
KOH is also shown. It can be seen that at £<—0.9 V there is an increase of
current, which could be associated with the reduction of Ni surface oxides. The
hydrogen evolution reaction starts at more negative potentials on the bare nickel
electrode. These results are in agreement with previous reports on the CV
behaviour of Ni electrodes in alkaline solution [173-175].
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Figure 34. Cyclic voltammograms recorded in Ar saturated 0.1 M KOH for bare Ni (3)
and Ni/AQ electrodes modified in acetonitrile (1) and in acid solution (2).
v=100mV s

The surface concentration of anthraquinone (/) was determined by integration
of the charge under the CV peaks (I o=Q/nFA [145]). The values of I of
6.5x107"% and 5.3x10'"° mol cm* were found for Ni/AQ electrodes modified in
ACN and H,SO,, respectively. These values are higher than the surface
concentrations of AQ on GC electrodes of similar modification [32]. The
precise determination of /g is a complicated task because of the difficulties in
baseline correction. Note also that the electrode roughness factor has not been
taken into account for calculating /7 for either of the electrodes. Therefore the
actual surface coverages by AQ are not known. The higher value of surface
concentration obtained in ACN as compared to that obtained in H,SO, is in
agreement with previous observations [58].

6.2.1.2. Oxygen reduction on Ni/AQ electrodes

The polarisation curves of oxygen reduction on Ni/AQ electrodes were
registered in the same potential range as CV curves (from —0.3 to —1.0 V) at
different rotation rates. Figures 35 and 36 present the oxygen reduction results
for Ni/AQ electrodes modified in ACN and H,SOy,, respectively. Figure 35 also
shows that Ni electrodes modified with AQ are significantly more active for
oxygen reduction than a polished Ni electrode. It is evident that the electro-
catalytic activity of the bare Ni electrode is rather low. It was found that the O,
reduction current on the latter electrode was almost independent of rotation rate.
These results obtained for polished nickel are in a good agreement with those
obtained by Bagotzky et al. for oxidised Ni electrodes [173,174]. A poor
performance towards O, reduction in alkaline solution was also observed for Ni
catalysts supported on Vulcan XC-72R (the exchange current density (jy) was
found to be rather low: jo = 8x107' mA cm?) [176].
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Figure 35. RDE voltammetry curves for
oxygen reduction in O, saturated 0.1 M
KOH on a Ni/AQ electrode modified in
acetonitrile solution. v=20mV s '. The
curve (Ni) corresponds to the reduction
of O, on a polished Ni electrode at
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Figure 36. RDE voltammetry curves for
oxygen reduction in O, saturated 0.1 M
KOH on a Ni/AQ electrode modified in
acid media. v=20 mV s '. The curve (Ni)
corresponds to the reduction of O, on a
polished Ni electrode at w = 360 rpm.

o =360 rpm.

On both Ni/AQ electrodes, the O, reduction wave commences at ca 0.4V,
which is 0.1 V more negative than that of the AQ-modified GC electrodes
[31,32]. This could be explained by the electrocatalytic effect of the native
quinone-type species on the surface of GC. The electrocatalysis by surface-
bound AQ starts at a more negative potential as compared to GC sites [31]. It is
also evident that Ni/AQ electrodes modified in H,SO, showed slightly higher
reduction currents than Ni/AQ electrodes modified in ACN. Further work is
needed in order to explain the peculiarities caused by modification in different
grafting solutions. It is interesting to note that chemical polishing of the Ni
electrode surfaces did not noticeably alter the electrocatalytic properties of the
anthraquinone-modified electrodes towards O, reduction.

The Koutecky—Levich analysis is shown in Figs. 37 and 38. The number of
electrons transferred per O, molecule (n) was calculated from the K-L equation
[145].
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Figure 37. Koutecky—Levich plots for
oxygen reduction on Ni/AQ electrodes
in 0.1 M KOH (electrode modified in
ACN). The inset shows the potential
dependence of the number of electrons
transferred per O, molecule. Data
derived from Figure 35.
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Figure 38. Koutecky—Levich plots for
oxygen reduction on Ni/AQ electrodes in
0.1 M KOH (electrode modified in
H,SO4). The inset shows the potential
dependence of the number of electrons
transferred per O, molecule. Data derived
from Figure 36.

The value of n was close to two for both AQ-modified Ni electrodes (see insets
to Figs. 37 and 38), indicating that the process of O, reduction on these
electrodes yields hydrogen peroxide as the final product. It is also evident that
the reduction of O, is under mixed kinetic—diffusion control even at high
negative potentials. By extrapolating the K-L lines at —0.8 V, we obtain a lower
intercept value for the Ni/AQ electrode modified in H,SO,, which indicates the
faster kinetics of O, reduction on this electrode.

The value of the rate constant & obtained from the intercept at —0.8 V (i.e., at
the potential very close to the redox potential of surface-bound AQ) could be
compared with the chemical rate parameter (k./) determined in our previous
studies using GC/AQ electrodes of different values of I [31,32]. In this case,
we assume that k = k./" using the following equation:

Iy

h=—thk (20)
nFAC02

The simplified approach used in the present work for the determination of k./" is
due to the fact that there are other sites contributing to the reduction current
besides quinone sites. The increase of current at E<—0.9 V (Figs. 35 and 36) is
associated with the reduction of O, on Ni sites. For this reason, we could not
use the surface redox-catalytic cycle model which has been employed in the
determination of kinetic parameters of O, reduction on GC/AQ electrodes in our
previous studies [25,31-35,120,121].
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In case of Ni/AQ electrode modified in ACN, k. =0.035 cm s ! and for the
electrode modified in H,SO,4, the value of the chemical rate parameter was
higher (kJ'=0.081 cms™'). By using the surface concentrations of AQ
determined from the cyclic voltammograms, the rate constant for a chemical re-
action between AQ® and molecular oxygen (k.) was calculated to be 5.4x
10" cm® mol ™' s™' and 1.5x10% cm® mol™' s™' for Ni/AQ electrodes modified in
ACN and in acid media, respectively. It should be noted that the value of rate
constant reported for the AQ-modified GC electrode in the same solution
(0.1 M KOH) was significantly higher (k. =4.7x10° cm’ mol™' s™' [32]). The
reason for this discrepancy is not clear. We may assume that there could be
different orientation of AQ moieties on GC and Ni electrodes. There is also an
intriguing question whether quinone groups are attached to metal surface or to
oxide film of the latter electrode. There is a controversy in the literature in this
respect. Some groups claim that a covalent bond is formed between metal
surface and aryl groups [53,58], other authors argue that the attachment could
also occur via surface oxides [46]. By comparing the surface modification of Ni
electrodes in ACN and in aqueous acidic solution, one could expect the
reduction of surface oxides during electrochemical grafting in 0.05 M H,SO,
(the Ni electrode was held at —0.4 V for 10 min). In this way, at least in part, the
covalent attachment of AQ species to metallic surface may occur. It appears that
the higher O, reduction activity of the electrode modified in 0.05 M H,SOy is
related to such a difference in surface grafting. A sophisticated surface
analytical approach is needed in order to clarify this essential aspect of surface
modification. Such an investigation was outside the scope of the present work.

6.2.2. Electrochemical behaviour of
nickel electrodes modified with nitrophenyl groups

6.2.2.1. Electrografting of Ni electrodes with NP groups

The surface of Ni electrodes was modified with nitrobenzene layers by electro-
chemical reduction of the corresponding diazonium salt. Figure 39 presents the
linear potential scans of electrografting of nitrophenyl groups to the Ni
electrode surface in acetonitrile. The grafting behaviour of NP to Ni is rather
similar to that previously observed [53]. The first potential scan shows a current
peak of diazonium reduction at ca 0.1 V vs. SCE and the peak disappeared on
the second scan, indicating a complete blocking of the surface by nitrophenyl
layer. To improve the compactness of the NP film altogether 10 cycles were
carried out followed by holding the electrode at —0.3 V for 10 min.
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Figure 39. Electrochemical grafting of Figure 40. Cyclic voltammograms for
nitrophenyl groups to nickel electrode in  nitrophenyl modified Ni (1) and polished
Ar-saturated  acetonitrile  containing Ni (2) electrodes in Ar-saturated
3mM 4-nitrobenzenediazonium tetra- ACN +0.1 M TBABF,. v=100 mV s ..
fluoroborate and 0.1 M TBABF,,

v=100mV s . The first (1), second (2)

and tenth (3) potential scan are shown.

Figure 40 shows a cyclic voltammogram obtained after the electrochemical
grafting with nitrophenyl groups (curve 1). A cathodic peak is observed at
—1.05 V on the grafted electrode, which corresponds to the reduction of nitro-
phenyl groups [42,53] confirming the presence of these groups on the Ni
electrode after ultrasonic rinsing. The peak decreases on subsequent scans,
indicating the formation of protonated species by reaction of radical anions
(-NO,") with residual water. The CV response of an unmodified Ni electrode
in the same solution is given for comparison purposes (Fig. 40, curve 2).

6.2.2.2. XPS analysis of Ni/NP samples

The modified electrode surfaces were further characterised by XPS. The XPS
survey spectrum of the nitrophenyl modified nickel is shown in Fig. 41. A large
decrease of the Ni2p peak was observed upon surface modification with NP
groups, but still it is clearly visible. The XPS peaks of underlying nickel (Ni2p,
Ni3s, Ni3p) are detected either because the organic layer is very thin or because
it is incomplete in places. Similar behaviour has been reported by Adenier et al.
[43]. Other large peaks are that of carbon (Cls) originating from the organic
layer and of oxygen (O1s) related to nitro groups and surface oxides and most
importantly the N1s peak confirming the presence of nitrophenyl groups on the
surface. This peak is totally absent on the survey spectra of an unmodified
nickel surface (data not shown). The inset of Fig. 41 reveals two peaks in the
N1s region similar to the XPS spectra of nitrophenyl modified nickel electrodes
previously observed [42]. The first peak with the higher binding energy around
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406 eV is attributed to —NO, functionality. The second peak with a lower
binding energy around 400 eV is attributed to amines. It has been demonstrated
that the second peak can come from chemical transformations of —NO, groups
under the X-ray beam during the XPS experiment [42,177].
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Figure 41. XPS survey spectrum of a nitrophenyl modified nickel. The inset shows the
XPS spectrum of N1s region of nitrophenyl modified nickel.

6.2.2.3. Electrochemical reduction of Fe(CN),*" on bare Ni electrodes

The passivation of the nickel surfaces after the modification with nitrobenzene
diazonium salt was investigated using potassium ferricyanide as a redox probe.
In order to describe the blocking effect of aryl films, Fe(CN)s> reduction was
first studied on a polished nickel electrode for comparison purposes. Figure 42
presents the RDE voltammetry curves recorded on an unmodified Ni electrode
in 0.1 M KOH containing 5 mM Fe(CN)s>. A large diffusion-limited current
plateau is observed analogous to that of carbon and noble metal electrodes in
the same solution. The half-wave potential independence of rotation rate reveals
close to the reversible behaviour, which is an indication of a fast redox
transition process. It is interesting to note that these experiments cannot be
carried out on Ni electrodes in a neutral solution (for instance in 0.1 M K;SO,
containing ferricyanide), because the oxidation potential of nickel is more
negative than the redox potential of the Fe(CN),> " couple [42]. However,
these measurements can be performed in alkaline solution because the Ni
surface oxidation is pH dependent. It is well-known that nickel electrodes are
much more stable when the oxide layer is covering their surface. It has been
estimated by XPS that the thickness of the oxide film is ca 1-2 nm when a
polished Ni electrode is immersed in 0.1 M KOH. Obviously, the different
behaviour of Ni electrodes in the solution of high pH could be related to the
presence of an oxide film.
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Figure 42. RDE voltammetry curves for
ferricyanide reduction on a polished Ni
electrode in Ar-saturated 0.1 M KOH
containing 5 mM K;Fe(CN); at different

1" ImA”
N
[ ]

0.00 0.04 0.08 0.12 0.16 0.20

12 -2 _112
o Irad s

Figure 43. Koutecky—Levich plots of
ferricyanide reduction on a polished Ni
electrode in Ar-saturated 0.1 M KOH
solution containing 5 mM K;Fe(CN)g at

rotation rates. v=20mV s '. Curve BG
is recorded in the absence of ferricyani-
de and represents the background cur-
rent.

E=-0.5V. Data derived from Figure 42.

The Koutecky—Levich plot for ferricyanide reduction on the polished Ni
electrode is shown in Fig. 43. The extrapolated K-L line yields intercept close
to the origin at —0.5 V, which indicates that the process is primarily controlled
by mass-transfer at this potential. The Levich slope determined from Fig. 43 is
0.0483 mA rad "?s"%, which is in a good agreement with a theoretical Levich
slope (B = 0.0499 mA rad "* s"?), calculated using Eq. (21) [145].

1,=0.62nFAC’D**v™"*@'"* = Bw'"” 21)
where I; represents diffusion-limited current, n» is the number of electrons
involved (n=1), F is the Faraday constant (96 485 Cmol"), C° is the
concentration of ferricyanide in the bulk (5x107° mol cm™), D is the diffusion
coefficient of ferricyanide (7.63x107° cm” s ™) [178], v is the kinematic viscosity
of the solution (0.01 cm” s™') [147] and w is the rotation rate.

6.2.2.4. Electrochemical response of the Fe(CN)**

probe on Ni/NP electrodes

It can be assumed that the Fe(CN)¢>'* couple should interact with the Ni
surface for a fast electron transfer to occur. Apparently, blocking the surface by
aryl moieties should inhibit the rate of electron transfer of this couple. Figure 44
presents the RDE voltammetry curves for Ni/NP modified electrodes recorded
in the solution of 5 mM Fe(CN)s*. It is clearly evident that compared with
polished Ni electrode (shown in Fig. 41) the nitrophenyl film on the Ni
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electrode surface suppresses the reduction current to a great extent. The
reduction current is almost independent of rotation rate, which is an indication
of relatively small fraction of the surface at which the reaction proceeds.
However, we observed some scatter in the RDE data, which primarily arises
from fine differences in the preparation of Ni/NP modified electrodes, even
though the same procedure of modification was used. Nevertheless, it is clearly
observed that the nitrophenyl layer attached to the Ni electrode surface strongly
inhibits the ET kinetics of the Fe(CN)>"* redox couple.
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Figure 44. RDE voltammetry curves for ~ Figure 45. Cyclic voltammograms re-
ferricyanide reduction on a NP-modified corded in Ar-saturated 0.1 M KOH con-
Ni electrode in Ar-saturated 0.1 M KOH  taining 5 mM K;Fe(CN); for polished Ni
containing 5 mM K3Fe(CN)g. (1) and Ni/NP electrodes (2).
v=20mVs". w: (1) 360, (2) 610, (3) v=100mVs "

960, (4) 1900, (5) 3100 and (6)

4600 rpm. The inset shows the K-L plot

for ferricyanide reduction on a Ni/NP

electrode at —0.5 V.

The Koutecky—Levich analysis was made and the K-L plot was inserted in Fig.
44. At this stage of work we are not able to determine unequivocally, what is
the percentage of the Ni electrode surface blocked. It appears to be too
speculative to determine the uncovered area from the response of the
Fe(CN)¢> ™ probe. The kinetic current (/i) was obtained from the intercept of
the extrapolated K—L lines shown in the inset of Fig. 44. However, we can only
calculate from /x = nFkAC the product kx4 and cannot distinguish between their
contributions (i.e. the decrease in the heterogeneous electron transfer rate
constant (k) and the decrease in the surface area available for the redox species
(4) cannot be separated). Moreover, the application of other redox couples
might give significantly different response when the same modified electrode
(Ni/NP) is used.

Obviously, the main reason for the retardation of the electron transfer
process is that these ions (ca 0.62 nm in size) cannot penetrate through the NP
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film. Apparently, there is a relatively small number of defects or uncovered
areas at which the interaction between hexacyanoferrate ions and Ni surface
could occur (the Ni2p peak observed in the XPS survey spectrum gives further
evidence for that). The requirement for the direct interaction is analogous to that
proposed for GC electrodes [89].

Figure 45 shows the cyclic voltammograms of nickel electrodes before
(polished Ni) and after surface modification with nitrophenyl groups in 5 mM
ferricyanide in 0.1 M KOH solution at a scan rate of 100 mV s . At low sweep
rates the peak separation of the polished Ni electrode cyclic voltammogram is
close to the theoretical value for a reversible electron transfer process
(AE =59 mV) [145], however, the AE value slightly increases with increasing
sweep rate. As expected, the dependence of I, vs v'”? yields a linear relationship.
The electrochemical behaviour of the unmodified Ni electrode towards this
redox couple is similar to that of GC and noble metal electrodes [179]. The
cyclic voltammograms of Ni/NP modified electrodes in the same solution were
almost featureless showing a strong blocking effect of the modifier film (Fig.
45, curve 2). Also, the AE value was higher for the Ni/NP electrode. The extent
of blocking can be estimated on the bases of the normalised current
(Lo(itmy/ Ipvare)) [20]. The CV peak current decreases by a factor of approximately
50 in the presence of the NP film. These results are in line with those obtained
using NP-modified GC electrodes [13,14,16,20,42,180]. The CV and RDE
results obtained with Ni/NP electrodes modified in aqueous acidic solution were
similar to those modified in acetonitrile. The versatility of the diazonium re-
duction method makes it a promising tool in the modification of nickel surface
with aryl groups for various applications, including molecular electronics.

6.3. Electrochemical properties of
modified Au electrodes

6.3.1. Surface modification of gold electrodes with
anthraquinone diazonium cations

6.3.1.1. Surface modification of gold with AQ by diazonium reduction

Figure 46 shows i — E and Am — E potentiodynamic profiles for Au electrodes
during five repetitive cycles in 0.1 M NaClO4/ACN and in 0.05M H,SO,
containing 3 mM of the AQ diazonium salt. As can be seen in Fig. 46 the first
potential scan shows a current peak corresponding to the reduction of AQ
diazonium cations. These peaks are centered at 0.22 and 0.29 V vs. SCE in
NaClO4/ACN and in H,SOy, respectively. At the same time an increase in mass
is observed with the displacement of the potential at negative direction. It is
important to note that the peak current density of the reduction of AQ
diazonium cations is significantly higher in NaCIO4/ACN as compared to that
obtained in H,SO,4. However, the mass increases by almost the same value in
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both solutions. It should be mentioned that in both solutions the mass increase
starts only at more negative potentials than the potential of the first CV peak.
When the potential scan is reversed, the mass continues to increase slowly.
During the further cycling the increase of mass is rather gradual. By comparing
the mass change between the first and the fifth scans, an increase in mass
around 200 and 70 ng cm > was observed for the reduction of the AQ diazonium
salt in NaClO4/ACN and in H,SO,, respectively. This type of behaviour was
observed previously by other groups studying the covalent grafting of gold with
other aryldiazonium compounds [62,64,70]. The behaviour of mass increase
only after the potential of the first CV peak and a slow mass increase on the
reverse scan can be attributed to the formation of charge-transfer complexes that
precipitate on the electrode surface [181].
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Figure 46. i — E (solid line) and Am — E (dashed line) potentiodynamic profiles for five
repetitive potential cycles for electrografting of AQ groups to Au electrodes in: (a)
0.1 M NaCIO4ACN and (b) 0.05 M H,SO,. Both solutions contained 3 mM AQ dia-
zonium salt. v=100 mV s .

After recording five consecutive i — £ and Am — E profiles the electrodes were
held at a constant potential (—0.2 V in both solutions) for 5 min and a relatively
small reduction current was observed during the chronoamperometric
experiments (data not shown). Surprisingly, at the same time the mass continues
to increase indicating that a thicker modifier layer is formed reinforcing the
multilayer growth as observed in Fig. 47 (see the section of AFM studies). The
faradaic efficiency was calculated from the slope of the Am — Ag plots for
different experimental conditions and the efficiency in ACN was close to 0.5
during the first electrografting scan. The faradaic efficiency was higher in
H,SO,.

81



6.3.1.2. Surface characterisation of AQ-modified Au electrodes by AFM

Surface morphology of AQ-modified gold electrodes was studied with AFM.
Typical topographical images of the AQ-modified and bare Au surfaces are
presented in Fig. 47. It can be seen from these images that a uniform granular
AQ film is formed on the electrode surface in both modification media. The
mean granule size in both cases is approximately the same (ca 15-17 nm). A
certain distribution of granule sizes and the appearance of larger AQ grains are
also notable. These features are bigger (50—55 nm in diameter) than the size of
typical granules and sparse on the surface of electrode modified in ACN (Fig.
47b). For the samples modified in acid media the size of large AQ granules is
smaller, 35—45 nm in diameter, but they appear rather frequently on the surface
(Fig. 47¢).

It is evident from Fig. 47 that in both cases the AQ films formed are
relatively smooth: the RMS (root mean square) roughness value of both AQ
films is almost the same, 1.30 nm for the film modified in ACN and 1.32 nm for
the film modified in acid media. For comparison, the RMS roughness value for
the unmodified Au(111) surface was determined to be 0.26 nm (Fig. 47a).

L 0 nm

Figure 47. AFM images of AQ-modified (b,c) and bare gold (a) electrodes. Electrodes
were modified in 0.1 M TBABF/ACN (b) and 0.05 M H,SO, (c) containing 3 mM AQ
diazonium salt. Note that the z-axis scale for image (a) is different than that used for the
other two images.

6.3.1.3. Electrochemical behaviour of AQ-modified Au electrodes

Anthraquinone coverage and stability of the grafted surfaces were characterised
by cycling the electrodes between —0.4 and —1.1 V for 25 times in Ar saturated
0.1 M KOH. Characteristic CV responses of these electrodes at various poten-
tial scan rates are shown in Fig. 48.
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Figure 48. Cyclic voltammograms recorded in Ar saturated 0.1 M KOH for Au/AQ
electrodes at different potential scan rates (v = 20; 50; 100 and 200 mVs™).
A=0.2 cm’ The electrodes were modified in ACN (a) and in acid solution (b). The
insets show the plots of 7, vs. v and E, vs. log v.

The redox potential (E£f) of surface-bound AQ obtained by modification in ACN
was —0.85 'V, close to the value previously reported for an AQ-modified GC
electrode (—0.845 V [31]). The electrode modified in 0.05 M H,SO, showed a
similar redox potential (E;=-0.83 V). The surface concentration of anthra-
quinone (/) was determined by charge integration under the CV peaks
(I"=Q/nFA [145], where Q is the amount of charge consumed, # is the number
of electrons involved (n=2), F' is the Faraday constant and 4 is the geometric
area). The I'xo values were 8.1x10'% and 2.9x107'" mol cm™* for the electrodes
modified in ACN and in 0.05 M H,SO,, respectively. The scan rate dependence
of the peak current (/,) and potential (£,) was also analysed. The insets to Fig.
48 present the [, vs. v and E, vs. log v responses for the AQ-modified Au
electrodes. As expected for a surface ET process, the peak currents for both
Au/AQ electrodes are linearly dependent on v. The surface-confined AQ shows
a quasi-reversible ET behaviour as the separation of anodic and cathodic peak
potentials increases with the scan rate. These features are similar to those
observed for GC/AQ electrodes in our previous studies [31,LIILIV]. The
significance of this work is to have demonstrated that electrografting from the
solutions of AQ diazonium derivatives provides a good means for the prepa-
ration of Au/AQ electrodes. These electrodes could be employed for various
applications, including electrochemical biosensors. It is highly challenging to
develop biosensors based on aryl-modified Au electrodes [7,63].
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6.3.2. Electrochemical properties of
aryl-modified Au electrodes

6.3.2.1. Electrografting of aryldiazonium cations to Au electrodes

Figure 49 shows cyclic voltammograms for a gold electrode in the solutions of
the aryldiazonium salts studied. The voltammograms show multiple peaks. The
first sharp peak can be associated with the reduction of diazonium cations on
Au(111) facets and the second peak, at more negative potentials, with reduction
on Au(100) domains [62]. For the attachment of 1-naphthyl groups a third and
broader peak was observed and this was more marked in the case of PhBr. This
can be attributed to the convolution of reduction on Au(110), Au(311) and other
crystal faces [62]. The peak potentials for the first cathodic scan were 0.25 and
0.08 V for Naphl, 0.24 and 0.14 V for Naph2, 0.23 and 0.09 V for BP, and 0.34
and 0.15 V for PhBr. These peaks disappear on consecutive scans and the cyclic
voltammogram becomes featureless indicating maximum coverage.

0.00
000} ,
002}
1
-0.04 - 1 -0.04
‘é 0.06 ‘é
E £ o0}
~ -0.08 3 ~
010} 1 012}
0.12
014l (a) 1 016 (b)
10 08 06 04 02 00 02 04 06 04 0z 00 o0z o0z o6
EIV EIV

Figure 49. Electrografting of aryl groups to gold in Ar-saturated ACN containing 3 mM
aryldiazonium cations and 0.1 M TBABF, at 100 mV s '. (a) 2-Naph-N," (1); BP-N,"
(2); 1-Naph-N," (3) showing the first scan and (b) PhBr-N,". The 1st (1) and 10th (2)

scans are shown.

As suggested by Benedetto et al. [62], although the exact nature and peak
potential for the reduction of diazonium salts is not fully understood yet, the
reduction of electroactive species in the solution leads to the formation of a
strongly adsorbed layer (chemisorbed product) on the electrode surface. The
diffusion peak corresponding to the reduction of the species in solution is
preceded by a pre-peak which corresponds to the formation of the strongly
adsorbed layer.
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Figure 50a. [-F (solid line) and Am—FE
(dashed line) potentiodynamic profiles for
10 repetitive potential cycles for electro-
grafting of PhBr groups to Au electrode in
0.1 M NaClO4/ACN containing 3 mM 4-
bromobenzenediazonium cations.
v=100mVs.
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Figure 50b./-¢ (solid line) and Am—t
(dashed line) dynamic profiles for the
chronoamperometric experiment at —0.2 V
vs. SCE for Au electrode in 0.1 M
NaClO4/ACN containing 3 mM of 4-bro-
mobenzenediazonium cations (after 10
potential scans presented in Fig. 50a).

Figure 50a presents /—E and Am—E potentiodynamic results for a Au electrode
during 10 repetitive cycles in 0.1 M NaCIO4#/ACN containing 3 mM of the 4-
bromobenzenediazonium salt. The current response in Fig. 50a differs from that
in Fig. 49b. The 0.34 V peak for bulk Au is absent from the voltammograms
recorded during the EQCM experiments. This can be attributed to differences in
crystallographic orientation of the Au/quartz oscillator compared with a
polished bulk gold electrode. The first potential scan shows two current peaks at
0.2 and —0.15V (see Fig. 50a) corresponding to the reduction of the 4-
bromobenzenediazonium cation. An increase in mass is observed for potentials
more negative than 0.1 V, which does not necessarily mean that no grafting
occurs during the first reduction wave. If at the first stage of the attachment of
aryl groups the molecules of the modifier replace adsorbed solvent molecules
on the surface of gold film in equivalent mass could be the reason why we do
not observe a total mass change at potentials between 0.4 and 0.1 V of the first
electrografting scan. When the potential scan is reversed, the mass continues to
increase slowly. A gradual mass increase is observed on further cycling the
potential. Comparing the mass change of the 1st and 10th scans, an increase in
mass of approximately 550 ng cm > is observed for a layer that blocks comp-
letely the reduction of the diazonium compound. This behaviour has been
previously observed for the covalent grafting of gold with other aryldiazonium
compounds [62,64,70]. The slow mass increase in the reverse scan has been
attributed to the formation of charge-transfer complexes that precipitate on the
electrode surface [181,VII], but further growth from the radicals generated and
diffusing to the electrode surface cannot be ruled out. The faradaic efficiency
was calculated from the slope of the Am — Ag plots for different experimental
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conditions and a value of 24% was found for the first electrografting scan. By
assuming a surface concentration of 10x107'* mol cm™ for a monolayer [64],
the corresponding mass expected for a monolayer of PhBr is 156 ng cm >, The
surface concentration of PhBr on Au surface can be calculated as 28.2x
107" mol cm ™ (440 ng cm?), indicating the presence of more than a monolayer
for the first potential half cycle.

After recording 10 consecutive /-F and Am—FE profiles the electrode was
held at a constant potential of —0.2 V for 5 min and a relatively small reduction
current was observed during the chronoamperometric transient (Fig. 50b).
Surprisingly, although the current is very small, the mass continues to increase
indicating further growth of the grafted layer (i.e. multilayer growth).
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Figure 51. Cyclic voltammograms recorded in Ar-saturated 0.5 M H,SO, for polished
gold (1) and Au/PhBr (2) electrodes. v=100mV s '. Electrode was modified by
potential cycling between 0.5 and —0.4 V (10 scans in total) in ACN + 0.1 M TBABF,
containing 3 mM 4-bromobenzenediazonium cations, followed by holding the potential
at —0.2 V for 10 min.

The surface coverage by bromophenyl groups (6) was characterised by cycling
the polished gold (1) and Au/PhBr (2) electrodes between —0.3 and 1.5 V in Ar-
saturated 0.5 M H,SO, (Figure 51). The charge under the cathodic reduction
peak (Q) for the Au/PhBr electrode was 221 pC, which is lower by a factor of
two compared to unmodified gold (Q = 459 pC). Even though the bromophenyl
film appears to be rather thick (see Section 6.3.2.3. of AFM measurements),
there are still some areas of the underlying gold substrate that are exposed to the
solution. For this Au/PhBr electrode the value of § was 0.52. The exposed
surface area (4,) of gold was determined by integration of the current under the
oxide reduction peak, assuming a charge of 400 uCcm > for an oxide
monolayer [182]. The value of surface coverage of the modified electrodes may
vary with the state of organic layers and substrate due the fact that different
crystallographic orientation of gold surface may result in the formation of
adsorbed layer of various strength and structures.
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6.3.2.2. XPS analysis of Au/PhBr electrodes

Figure 52a and b compare the XPS survey spectra of 4-bromophenyl modified
gold surfaces prepared by cycling and cycling followed by further reduction of
the diazonium precursor at —0.2 V, respectively. The ratio of the Au4f to the
Br3d peaks is larger for the former, confirming the results in Fig. 50a and b that,
although the current is low, the 4-bromophenyl layer continues growing at
—0.2 V. No detectable N1s peak at ca 400 eV is observed and therefore no
reduction to other nitrogen containing groups is in evidence [42]. Also, no
satellite peak on the high resolution Cls spectrum indicating the formation of a
Au—C covalent bond on the surface is detectable (data not shown). The presence
of Au—C bonds has been difficult to detect unambiguously by XPS [65,68].
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Figure 52. XPS survey spectra of 4-bromophenyl modified Au samples: (a) thin layer
and (b) thick layer. Electrodes were modified: (a) by applying 10 potential cycles
between 0.5 and —0.4 V at 100 mV s ' in ACN + 0.1 M TBABF, containing 3 mM 4-
bromobenzenediazonium cations and (b) followed by holding the potential at —0.2 V for
10 min.

6.3.2.3. Surface characterisation of Au/PhBr electrodes by AFM
AFM was used to study the surface morphology of the 4-bromophenyl-modified

gold on a mica substrate. Figure 53 presents typical topographical images
obtained in intermittent contact mode and their height profiles.
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Figure 53. AFM images of bare gold (a) and Au/PhBr electrodes (b—d). Au electrodes
were modified in 0.1 M TBABF,ACN containing 3 mM 4-bromobenzenediazonium ca-
tions, (b) 3 cycles between 0.5 and —0.4 V, (c) 10 cycles between 0.5 and —0.4 V and (d)
10 cycles between 0.5 and —0.4 V, followed by holding the electrode at —0.2 V for 10 min.

The bare Au film topography consists of atomically flat (111) terraces separated
by (mono)atomic steps (Fig. 53a). The AFM images of aryl-modified electrodes
exhibited a granular morphology (Fig. 53b—c). The film roughness and thick-
ness increases with the number of potential cycles: three voltammetric cycles
between 0.5 and —0.4 V (Fig. 53b) yielded a relatively smooth surface with a
root mean square (RMS) roughness of 0.89 nm compared to 2.3 nm for the
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same surface after 10 potential cycles (Fig. 53c). After holding the electrode at
—0.2 V for 10 min the RMS surface roughness increased even more drastically,
up to 7.5 nm (Fig. 53d). For comparison, the RMS roughness of the unmodified
Au(111) surface was 0.26 nm. For additional comparison, the RMS roughness
ratio obtained from the value after three voltammetric cycles between 0.5 and
—0.4 V during the modification of Au(111) surface (Fig. 53b) and the un-
modified Au(111) surface was 3.5 and the calculated surface concentration of
PhBr on a Au surface after three voltammetric cycles between 0.5 and —0.4 V
was 45x107'" mol cm™ (700 ng cm >, see Fig. 50a). The granular features on
the electrode modified by three potential cycles (Fig. 53b) were highly uniform
with a 14-16 nm average diameter, whereas after 10 voltammetric scans, their
dimensions varied markedly, with a maximum diameter of 35 nm. When the
electrode potential was further held at —0.2 V for 10 min, their diameter became
more uniform, but their mean size still remained larger (18-25 nm) than that of
the granules formed after three potential cycles.

34—

6.3.2.4. Electrochemical response of the Fe(CN),
on modified Au electrodes

probe

The blocking behaviour of aryl layers was investigated using the Fe(CN)s® "

redox couple [61]. Figure 54 compares the cyclic voltammetric behaviour of
aryl-modified gold electrodes in 0.1 M K,SO, containing 1 mM Fe(CN)s> . For
comparison, the response of a bare gold electrode is also shown (Fig. 54, curve
1). A pair of well-defined peaks is observed, with a peak to peak separation
(AE,) of 65 mV confirming the well-known fast one-electron transfer kinetics
for this couple, close to the theoretical value of 60 mV expected for a reversible
one-electron transfer process. In contrast to a bare gold electrode, electron trans-
fer at the aryl-modified electrodes is almost completely blocked. The observed
inhibition of ET between the metal and the redox species is in agreement with
results for GC [24,183,1], and Ni [VI] electrodes functionalised with aryl layers.
Earlier studies of aryl-modified Au electrodes showed that ET inhibition by
a 4-carboxyphenyl film was much lower than that observed here [68]. The
difference is probably due to the different layer thickness employed; a sub-
monolayer film was studied in Ref. [68] since the functionalisation of an
electrode with a monolayer of phenyl groups does not decrease significantly the
hexacyanoferrate ET rate [89]. These results can be rationalised considering the
high value of the single molecule conductance associated with a phenyl group
[184]. However, thicker aryl films on gold (aminophenyl [64,65], 4-nitrophenyl
[65], 4-carboxyphenyl [64] and 4-diethylaniline [64] multilayer films) block ET
to the Fe(CN)s> '+ redox system. In the present work, a much stronger inhibition
is observed (Fig. 54). There are only slight differences in the CV response
among the different aryl-modified Au electrodes studied. The hexacyanoferrate
reduction current at 0.15 V increases in the sequence: Au/Naph2 < Au/Naphl
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< Au/BP <bare Au. The hexacyanoferrate response of the Au/PhBr electrode
was very close to that of Au/Naph2 (data not shown).
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Figure 54. Cyclic voltammograms re-
corded in Ar-saturated 0.1 M K,SO,
containing 1 mM K;Fe(CN)s for
polished gold (1) and aryl-modified Au
electrodes at 100 mV s '; (2) Au/Naph2;
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Figure S55. Cyclic voltammograms re-
corded in Ar-saturated 0.1 M H,SO, con-
taining 1 mM dopamine on (1) bare Au
and (2) Au/PhBr electrodes at

100 mV s~

(3) Au/Naphl and (4) Au/BP. Au elect-
rodes were modified in 0.1 M TBABF,/
ACN containing 3 mM of the cor-
responding diazonium salt by applying
10 potential cycles between 0.5 and
—1.0 V, followed by holding the elect-
rode at —0.2 V for 10 min.

Both probe size and hydrophobic/hydrophilic interactions between the surface
and redox probes affect the kinetics of ET [17]. All the aryl layers studied are
expected to give rise to hydrophobic surfaces and therefore, these would be
expected to limit the approach of redox probes from the aqueous phase to the
electrode surface. Thus, on hydrophobic surfaces, hydrophilic redox species
such as Fe(CN)s* " are forced to undergo electron transfer at greater distances
to the surface than hydrophobic probes [17]. The blocking behaviour of
different aryl layers has been widely investigated on GC surfaces [20,180,I] and
shown to inhibit severely the electrochemical response of hexacyanoferrate
ions. For 4-nitrophenyl films, blocking of ET increased when grafting was
carried out at more negative potentials and/or for longer film growth times
[180]. Although the formation of aryl layers on gold is less effective than that at
glassy carbon, the general ET blocking trends are similar for both aryl-modified
electrodes. The Au/PhBr electrode results may indicate the influence of the
localised dipole moment of this molecule. Organisation and close packing of the
organic residues in this film is likely to be influenced by intermolecular
interactions between the residues attached to the Au surface. In particular, the
local orientation of a molecule containing dipolar groups will tend to be
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adjusted to minimise energy and hence, an end-on orientation will be dis-
favoured. The film in the case of this molecule is expected to be tilted or show
free domains, as is discussed later on for the dopamine oxidation experiments.

6.3.2.5. Electrochemical response of dopamine on Au/PhBr electrodes

The oxidation of catechol derivatives has been studied widely due to the
importance of catecholamine neurotransmitters and related compounds in
biology. Dopamine (3,4-dihydroxy phenethylamine, DA) is an example of a
catechol with heterogeneous electron transfer strongly dependent on the electrode
surface properties [154,155]. In particular, the oxidations on GC are catalysed by
adsorbed dopamine [154]. Figure 55 shows a comparison of the cyclic
voltammetry of dopamine on a bulk Au electrode and on a Au/PhBr modified
electrode. For the former, the half-wave potential was (0.520+0.002) V and the
peak separation was (38+5) mV in the whole range of sweep rates investigated,
thus corresponding to a fast two-electron oxidation mechanism.

The response of the PhBr filmed electrode is very different and is charac-
teristic of a microelectrode array or that of a partially recessed and blocked
electrode [185]. Since the film thickness is approximately 30—50 nm (data from
AFM images), the diffusional contribution across the film will be negligible
[185] and therefore the behaviour can be modelled as that of a microelectrode
array. Thus, due to its open structure, the film partially blocks the transport of
the dopamine molecules to the gold surface. DA oxidation is fully restored if a
monolayer of anthraquinone instead of trifluoromethylphenyl covers the elect-
rode surface, as shown in Ref. [154]. The catalytic effect was attributed to the
presence of hydrogen bonding sites on the surface, which assists DA oxidation
by bonding to the catechol hydrogen to effect a proton-assisted electron transfer
mechanism [154]. On a bare carbon surface lacking hydrogen bonding sites, the
catechol itself can adsorb on the surface to allow a self-catalytic mechanism by
hydrogen bonding to quinones from solution [154].

The different activation procedures employed for GC led to the inference
that an active electrode will exhibit fast electron transfer kinetics for all redox
systems considered, when in fact the sensitivity of £° to various activation
procedures depends strongly on the redox system considered. This variation
with electrode surface condition has been exploited to impart selectivity of
carbon surfaces for particular analytes. For example, an anionic carbon surface
is much more sensitive to dopamine at pH 7 when dopamine is present in its
cationic form, than to ascorbate, due to electrostatic repulsion of the ascorbate
anion by the surface. Clearly the activation of a GC electrode by surface
modification must be considered in the light of the particular redox system
being considered [154]. As will be discussed in Section 6.3.2.6. polished GC
surfaces generally have a 8—15% surface O/C ratio, while vacuum heat treat-
ment reduces oxide coverage to a few percent. The example of dopamine
oxidation cited illustrates that some redox processes have an enhanced ET rate
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due to the presence of surface oxides, but in some other cases due to other
functionalities such as carbonyl or carboxylate moieties [154].

A second low current redox process can be seen at ca 0.75V for the
Au/PhBr electrode. No indication of this feature is observed for the free Au
surface, in accordance with literature data [154,155,186]. It is not the purpose of
this work to analyse in detail dopamine oxidation but it is proposed that this
additional process reflects the difference in environments between a free Au
electrode and an electrode containing a strong hydrophobic film attached to it.
Thus, for the latter, a non aqueous environment is present at the surface,
stabilising the radical intermediates and allowing the oxidation reaction to
follow a complex mechanism. The many different reactions sequences are
described in [186] and in references cited therein.

The interest of the results shown in Fig. 55 is to demonstrate that the path-
way of complex electrochemical reactions can be strongly influenced by
electrode functionalisation not only in inhibiting direct electron transfer but also
in providing a different local dielectric environment.

6.3.2.6. Oxygen reduction on aryl-modified Au electrodes

The oxygen reduction behaviour for aryl-modified gold electrodes was studied
in 0.1 M KOH using the RDE and Fig. 56 shows some representative results.
The attachment of 4-bromophenyl, 1-naphthyl and 2-naphthyl groups on the Au
surface inhibits the electrochemical reduction of oxygen. It is well-known that
on bare gold in the range of potentials studied, the number of electrons
transferred per O, molecule is higher than two [187] indicating the further
reduction of the intermediate HO, ion formed [101,188].
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Figure 56. (a) Comparison of current—potential curves for oxygen reduction on bare Au
and electrochemically grafted Au electrodes in O, saturated 0.1 M KOH at 1900 rpm:
(1) Au/PhBr, (2) Au/Naph2 and (3) Au/Naphl. (b) RDE voltammetry curves for oxygen
reduction on a bare gold (Au) electrode (w = 1900 rpm) and on a Au/PhBr electrode at
different rotation rates: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm in
O, saturated 0.1 M KOH. v=20mV s .
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A bare polycrystalline gold electrode is an active electrocatalyst for O,
reduction in alkaline solutions [101,151,187,188]. The oxygen reduction wave
commences at ca —0.1 V on bare Au. The oxygen reduction current is re-
markably suppressed on the aryl-modified Au electrodes but not to such an
extent as to suppress completely oxygen reduction activity and a gradual
increase of current at potentials more negative than —0.3 V is observed. A
change in the O, reduction pathway by 4-methylphenyl groups on GC has been
previously observed by Yang and McCreery [100]. Even though the oxygen
reduction behaviour is analogous for all modified surfaces, there are some
subtle differences. Oxygen reduction is similar for the different electrodes
studied up to a potential of —0.45V but at more negative potentials, the
reduction current increases in the order: Au/PhBr < Au/Naph2 < Au/Naphl
< bare Au. The blocking efficiency of aryl films towards the Fe(CN)s* '+ redox
couple is significantly higher compared to that for oxygen reduction. The
oxygen molecule is small and therefore can easily penetrate into the modifier
film, whereas the Fe(CN)s>* ion is larger and strongly hydrophilic and for this
reason, ET is strongly inhibited in this case by the aryl films studied.
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Figure 57. Potential dependence of n (m) for the results in Figure 56b; (o) data taken
from Figure 6 in Ref. [101] corresponding to oxygen reduction on a bare Au electrode
in 0.1 M KOH.

The value of n on the PhBr modified surface can be calculated from the results
shown in Fig. 56b using the Koutecky—Levich equation as described in Ref.
[101]. Figure 57 compares the potential dependence of n for the functionalised
surface with that for bare Au. A very good agreement between these two
surfaces is observed. It should be noted that, as discussed in Ref. [185], for a
recessed and partially blocked electrode, there is a range of pore sizes and
thickness of the porous film covering the electrode surface for which the value
of n calculated from the K-L equation is independent of the surface available
for reaction since changes in the current with rotation rate are determined only
by the changes of the thickness of the diffusion layer [185]. It was argued in this
work that when a fullerene film covers the electrode surface, oxygen reduction
changed from a 4e to a 2e mechanism due to the suppression of the bridge
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adsorption of oxygen on Au. The severe geometrical constrains in the close-
packed fullerene films are not present in the PhBr films studied here and hence,
the blocking effect due to the chemically bonded organic groups do not change
the reduction product distribution.

6.3.3. Blocking properties of gold electrodes modified with
4-nitrophenyl and 4-decylphenyl groups

6.3.3.1. Electrografting of aryldiazonium cations to Au electrodes

Figure 58 presents electrografting behaviour of aryldiazonium derivatives on a
gold electrode. The voltammograms show multiple peaks. The first sharp peak
is attributed to the reduction of diazonium cations on Au(111) facets and the
second peak observed at more negative potentials corresponds to the reduction
on Au(100) domains [62]. The peak potentials for the first cathodic scan were
0.48 and 0.27 V for 4-nitrobenzenediazonium cations. These peaks completely
disappear for the second scan. The first grafting scan of 4-decylbenzenedia-
zonium cations shows a sharp peak at 0.15 V, which disappears on consecutive
scans. A second peak appears at ca —0.8 V and the current of this peak
decreases during repetitive potential cycling. The true origin of this peak is not
clear, however this could be attributed to the reduction of aryldiazonium cations
on Au(110), Au(311) and other crystal faces [62]. However, even after holding
the electrode at —0.25 V for 5 min, the residual of this peak is still observed.

0.00 |-

A Nwo

0.04

-0.08 -

I/ mA
1/ mA

-0.12

0.16 - @
0.2 0.0 0.2 0.4 0.6 1.0 08 06 04 -02 00 02 04 06
EIV EIV

Figure 58. Electrografting of (a) 4-nitrophenyl and (b) 4-decylphenyl groups to gold in
Ar saturated ACN containing 3 mM of the corresponding aryldiazonium cations and
0.1 M TBABF, at 100 mV s '. The 1st (1), 2nd (2) 3rd (3) and 5th (4) potential scans
are shown. Curve (5) corresponds to the CV response of an electrode hold at —0.25 V
for 5 min.

Figure 59a shows I-E and Am—E potentiodynamic results for an Au electrode
during 10 repetitive cycles in 0.1 M NaClO4/ACN containing 3 mM of the
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4-nitrobenzenediazonium salt. The current response is similar to that presented
in Fig. 58a. The first potential scan shows two current peaks at 0.3 and 0.12 V
(see Fig. 59a) corresponding to the reduction of the 4-nitrobenzenediazonium
cation. An increase in mass is observed for potentials more negative than
0.53 V, which coincides with the increase of current for the first CV scan. This
increase in mass (340 ng cm™?) is linear until around 0.35 V which is very near
to the potential of the first reduction peak potential and the first stage of the
attachment of nitrophenyl (NP) groups on the surface of gold film is evident.
After this potential, in negative potential scan direction, a second increase in
mass (150 (=490-340) ng cm™>) with smaller inclination (ng cm™ V") is
observed until around 0.0 V (second stage of the attachment of NP groups on
the surface of gold film). In the end of the first potential half cycle the increase
in mass was 520 ng cm™* and in the end of the first potential cycle was 540 ng
cm . When the potential scan is reversed, the mass continues to increase
slowly. A gradual mass increase is observed on further potential cycling.
Comparing the mass change of the first and tenth scans, an increase in mass of
approximately 500 ng cm ™ is observed for a layer that blocks completely the
reduction of the diazonium compound. This behaviour has been previously
observed for the covalent grafting of gold with other aryldiazonium compounds
[62,64,70]. The slow mass increase in the reverse scan has been attributed to the
formation of charge-transfer complexes that precipitate on the electrode surface
[181,VILVIII], but further growth from the radicals generated and diffusing to
the electrode surface cannot be ruled out. The faradaic efficiency was calculated
from the slope of the Am — Aq plots for different experimental conditions and a
value of 20% was found for the first electrografting half scan.
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Figure 59. [-E (solid line) and Am—FE (dashed line) potentiodynamic profiles for ten
repetitive potential cycles (a) and dynamic profiles for the chronoamperometric
experiment (b) at —0.25 V for Au electrode in 0.1 M NaClO4/ACN containing 3 mM of
4-nitrobenzenediazonium cations (after 10 potential scans presented).

By assuming a surface concentration of 10x10™'° mol cm™ for a monolayer
[64], the corresponding mass expected for a monolayer of NP is 122 ng cm ™.
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The surface concentration of NP on Au surface can be calculated as
42.6x107" mol ecm™ (520 ng cm™), indicating the presence of more than a
monolayer for the first potential half cycle.

After recording ten consecutive /I-E and Am—E profiles the electrode was
held at a constant potential of —0.25 V for 5 min and a relatively small reduction
current was observed during the chronoamperometric transient (Fig. 59b).
Surprisingly, although the current is very small, the mass continues to increase
indicating further growth of the grafted layer (i.e. multilayer growth).

6.3.3.2. Surface characterization of Au/NP electrodes by AFM

Surface morphology of the 4-nitrophenyl-modified gold film on a mica
substrate was examined using AFM. Typical topographical images obtained in
intermittent contact mode and their height profiles are presented in Fig. 60.

Distance.

Figure 60. AFM images (1 x 1 um) and line analysis profiles for a bare gold substrate
(a), thin Au/NP film (b) and thick Aw/NP film (c). Au electrodes were modified in
0.1 M TBABF/ACN containing 3 mM 4-nitrobenzenediazonium cations by applying
three potential cycles between 0.6 and —0.25 V (b) and ten cycles between 0.6 and
—0.25 'V, followed by holding the electrode at —0.25 V for 5 min (c).

It can be seen that bare Au film surface is formed by atomically flat (111)
terraces separated by monoatomic steps (Fig. 60a). The AFM images of aryl-
modified electrodes show clearly that the surfaces of the electrodes are fully
covered with granular NP layer (Fig. 60b,c). The granular features of the
electrode modified by three potential cycles (Fig. 60b) were uniform with a 15—
30 nm average diameter, whereas after 10 voltammetric scans and holding the
electrode at —0.25 V, their dimensions varied markedly, with a maximum
diameter of 100 nm. Essential increase of the root-mean-square (RMS) rough-
ness values from 1.9 nm for electrode modified with three voltammetric cycles
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to 3.2 nm for electrode modified with 10 potential cycles and after holding the
same electrode at —0.25 V for 5 min (Fig. 60c), confirms the film roughness and
thickness increase with the number of potential cycles. For comparison, the
RMS roughness of the unmodified Au(111) surface was 0.5 nm.

6.3.3.3. XPS analysis of Au/NP electrodes

Figure 61a presents the XPS survey spectrum of 4-nitrophenyl modified gold
electrode grafted by 10 cycles between 0.6 and —0.25 V, followed by holding
the electrode at —0.25 V for 5 min. A large decrease of the Au4f peak was
observed upon surface modification with NP groups, but it was still visible. The
latter can be explained either due to the formation of a non-uniform thin film or
the presence of defect sites. Carbon (Cls) and oxygen (Ols) and most
importantly the N1s peaks confirm the presence of nitrophenyl groups on the
surface. On an unmodified gold surface survey spectra the N1s peak is totally
absent (data not shown). The peak with the binding energy close to 406 eV is
attributed to —NO, functionality, whereas the peak with the binding energy
around 400 eV is attributed to amines. It has been demonstrated that X-ray
beam during the XPS experiment can chemically transform —NO, groups to
—NH, groups [42,177]. Alternatively, the XPS peak at 400 eV can be explained
by the presence of azo-linkages within the NP film [64].
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Figure 61. (a) XPS survey spectrum of a nitrophenyl modified gold electrode, (b) XPS
spectrum of Nls region of nitrophenyl modified gold. Au electrodes were modified in
0.1 M TBABF4/ACN containing 3 mM 4-nitrobenzenediazonium cations by applying
ten potential cycles between 0.6 and —0.25 V, followed by holding the electrode at
—0.25 V for 5 min.
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6.3.3.4. Cyclic voltammetry of Au/NP electrodes
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Figure 62. Cyclic voltammetric response of an Au/NP electrode in Ar saturated 0.1 M
KOH at 100 mV s™". (1) first scan and (2) second scan.

Figure 62 shows repetitive cyclic voltammograms of Au/NP electrode in Ar
saturated 0.1 M KOH. The first scan shows the characteristic, irreversible
reduction (£, = —0.93 V) of the NP group to aminophenyl (Reaction (22)) and
hydroxyaminophenyl groups (Reaction (23)) and on the return scan, oxidation
(E, = —0.4 V) of hydroxyaminophenyl to nitrosophenyl groups (Reaction (24))
[151]. On the second cycle, the only significant feature is the nitrosophenyl/
hydroxyaminophenyl redox couple. This provides further evidence that the gold
surface has been modified with NP groups.

Ph-NO, + 6H" + 6e” — Ph-NH, + 2H,0 (22)
Ph-NO, + 4H" + 4¢” — Ph-NHOH + H,0 (23)
Ph-NHOH <> Ph-NO +2H" +2 ¢~ (24)

6.3.3.5. Oxygen reduction on aryl-modified Au electrodes

The oxygen reduction behaviour of aryl-modified gold electrodes was studied in
0.1 M KOH using the RDE method and Fig. 63 shows the representative RDE
results. The attachment of 4-nitrophenyl groups (Fig. 63a) and 4-decylphenyl
groups (Fig. 63b) to the Au surface inhibits the electrochemical reduction of
oxygen. It is well-known that on bare gold in the range of potentials studied, the
number of electrons transferred per O, molecule is higher than two [187]
indicating the further reduction of the peroxide intermediate formed [187,188].
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Figure 63. RDE voltammetry curves for oxygen reduction on (a) Au/NP and (b) Au/DP
electrodes at different rotation rates: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and
(6) 4600 rpm in O, saturated 0.1 M KOH. v=20mV s'. The insets show
the Koutecky—Levich plots for oxygen reduction on modified Au electrodes.

The electrochemical reduction of oxygen is strongly influenced by the presence
of the modifier film (Fig. 63). The half-wave potential of O, reduction shifted to
negative direction as compared to that of a polished Au electrode. A typical
feature of O, reduction on polycrystalline gold in alkaline solution is the
presence of reduction current peak at ca —0.3 V. Both Au/NP and Au/DP
electrodes show negligible reduction current at this potential. At more negative
potentials the rate of O, reduction increases and current is dependent on the
electrode rotation rate (Fig. 63a,b). Obviously, some parts of the catalytically
active sites of the underlying gold electrode are not blocked and the reduction of
O, occurs on these sites. A comparison of the RDE results on O, reduction of 4-
nitrophenyl and 4-decylphenyl modified gold electrodes is presented in Fig. 64.
Both modified electrodes have comparable behavior and are similar to those
observed for Au electrodes modified with bromophenyl groups in our previous
investigation [VIII].

The Koutecky—Levich analysis is shown in the insets of Fig. 63a,b. It is
evident that the reduction of O, is under the mixed kinetic-diffusion control
over the entire range of potentials studied, since there is a clear intercept of the
K-L plots at infinite rotation rate. The intercept value other than zero for both
modified electrodes gives further evidence for surface blocking and indicates
that there is only a limited number of surface sites for oxygen reduction to
occur.
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6.3.3.6. Electrochemical response of the Fe(CN),
on modified Au electrodes

probe

The blocking properties of NP and DP films towards Fe(CN)s ™+ redox probe
were studied to further investigate the effect of film structure on the electro-
chemical behaviour of aryl modified Au electrodes. The CV response of the
Fe(CN)¢*™* redox probe is significantly suppressed on the Au/DP electrode
(Fig. 65, curve 2) and totally suppressed on Au/NP electrode (Fig. 65, curve 1),
indicating that the ET rate is much slower for Au/NP electrode. Apparently, for
the Au/DP electrode there are pinholes or defects in the modifier film and
therefore a sigmoidal shape of CVs is observed. For comparison, the response
of a bare gold electrode is also shown (Fig. 65, curve 3). A pair of well-defined
peaks is observed, with a peak to peak separation (AE;) of 65 mV confirming
the well-known fast one-electron transfer kinetics for this couple, close to the
theoretical value of 60 mV expected for a reversible one-electron transfer
process. In our earlier study we have demonstrated that grafting the Au
electrodes with 1- and 2-naphthyl, biphenyl and 4-bromophenyl groups yielded
strongly attached layers with high blocking efficiency toward Fe(CN)g "+
redox probe [VIII]. Recently, the barrier effect of 4-sulfophenyl layer on gold
toward Fe(CN)s""* redox probe was studied and it was concluded that the
modified film on Au is not as closely packed as on glassy carbon [86]. These
aspects are important for the development of electrochemical (bio)sensors based
on aryl-modified gold electrodes.
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7. SUMMARY

In this work the electrochemical behaviour of aryl modified glassy carbon (GC)
[I-IV], nickel [V-VI] and gold [VII-IX] electrodes was studied. The electrodes
were modified using the diazonium reduction method.

Glassy carbon electrodes electrografted with phenyl [I], naphthyl [LII],
anthracenyl [I], biphenyl [II], 4-bromophenyl [II], 4-decylphenyl [II] and 4-
nitrophenyl [II] groups were used in the oxygen reduction studies. The blocking
behaviour of the aryl films was in evidence. The highest blocking efficiency
was observed for phenyl-modified GC electrodes. For comparison purposes the
electrochemical response of the Fe(CN)s>~ probe on aryl modified GC electro-
des was studied. Ferricyanide reduction was blocked on the modified electrodes
to a much larger degree than O, reduction and this effect can be explained by
differences in size and hydrophilic/hydrophobic properties between the
Fe(CN)¢’™ ion and O, molecule [I,11].

The spontaneous grafting of GC with 9,10-anthraquinone (AQ) was
achieved by immersion of the substrate in the solutions of its diazonium
derivative for different periods of time [III]. A strong attachment of AQ to GC
was observed. There was a general tendency for the surface concentration of
AQ to increase with increasing immersion time. The grafting reaction, however,
depended on the solvent. The electrocatalytic activity of spontaneously grafted
AQ for O, reduction was similar to that of the electrochemically grafted
electrodes [III]. The kinetic parameters for this reaction were determined.

The GC surface modification with in situ generated anthraquinone dia-
zonium cations is similar to that observed for previously synthesised anthra-
quinone diazonium salts. The GC electrodes modified in acetonitrile and in
aqueous acidic solution showed similar electrocatalytic activity for O, reduction
[IV].

The reduction of oxygen was studied on anthraquinone modified Ni electro-
des and a high electrocatalytic activity for this reaction was observed [V]. The
electrochemical grafting of nickel electrodes with nitrophenyl groups is easily
feasible by the reduction of the corresponding diazonium salt. The surface
modification was performed in acetonitrile and in aqueous acidic solution. The
presence of the modifier film on the substrate surface was confirmed by the
XPS analysis. The blocking effect of the nitrophenyl film towards the
Fe(CN)s>"* redox couple was in evidence [VI].

Electrografting of Au electrodes with diazonium compounds in acetonitrile
yielded strongly attached films. The modified Au electrodes were characterised
using AFM, EQCM and XPS techniques. The EQCM results gave insight into
the growth of aryl films on gold. Cyclic voltammetry revealed a quasi-rever-
sible response of surface-confined AQ in 0.1 M KOH [VII]. The blocking pro-
perties of gold electrodes modified with various aryl groups have been in-
vestigated [VIILIX]. The aryl-modified Au surface showed an electrochemical
behaviour towards dopamine oxidation corresponding to a microelectrode array.
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The electrochemical response of the Fe(CN)¢~ probe was completely sup-
pressed on aryl-modified Au electrodes. The electrochemical reduction of
oxygen was inhibited to a lesser extent by the modifier films [VIII]. AFM
studies revealed that the film does not grow uniformly and a rather granular
growth is evident, which does not result in compact, but rather loosely packed
film. This finding is also supported by the XPS data where the Au4f peaks are
clearly seen for the electrodes of high surface concentration of 4-bromophenyl
and 4-nitrophenyl groups. The electrochemical response of the Fe(CN)¢’~ probe
was completely suppressed on 4-nitrophenyl modified Au electrodes and less
suppressed on 4-decylphenyl modified Au electrodes. The kinetics of O,
reduction was inhibited to a lesser extent on both modified electrodes as
compared to that of the Fe(CN)q”~ probe [IX].
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9. SUMMARY IN ESTONIAN

Ariiiilriihmadega modifitseeritud klaassiisinik-, nikkel- ja
kuldelektroodide elektrokeemilised omadused.

Kéesolevas doktorit6os uuriti artiiilriihmadega modifitseeritud elektroodide elektro-
keemilist kéitumist. Klaassiisinik- [[-IV], nikkel- [V=VI] ja kuldelektroodide
[VII-IX] pinna modifitseerimiseks kasutati vastavate diasooniumisoolade elektro-
keemilist redutseerumist.

Hapniku redutseerumist uuriti feniitil- [I], naftiitil- [LII], antratseniiiil- [I],
bifeniitil- [II], 4-bromofeniitil- [II], 4-detsiiiilfeniitil- [II] ja 4-nitrofeniiiil-
riihmadega [II] modifitseeritud klaassiisinikelektroodidel. Téheldati ariitilkilede
blokeerivate omaduste esinemist ning kdige tugevamat inhibeerimist hapniku
redutseerumisel niitas feniiiilrihmadega modifitseeritud klaassiisinikelektrood.
Vordleval eesmirgil uuriti ka Fe(CN)s" " redokspaari elektrokeemilist kiitu-
mist. Tulemustest selgus, et heksatsiianoferraat(Ill)ioonide redutseerumine oli
palju suuremal madral blokeeritud, kui hapniku redutseerumine. Saadud efekti
voivad pdhjustada Fe(CN)s>~ iooni ja O, molekuli suuruste erinevus ning erine-
vused hiidrofoobsetes/hiidrofiilsetes omadustes [LI1].

Klaasstisinikelektroodi spontaanseks modifitseerimiseks 9,10-antrakinooniga
(AQ) sukeldati elektroode erinevateks ajavahemikeks vastava diasooniumisoola
lahustesse [II1]. Antrakinooni kile seondus tugevalt klaassiisiniku pinnale ja AQ
pindkontsentratsioon soltus elektroodi hoidmise ajast diasooniumisoola lahustes.
Leiti, et modifitseerimise efektiivsus soltub olulisel maédral modifitseerimis-
keskkonnast. Spontaanselt modifitseeritud elektroodidel oli antrakinooni elektro-
kataliiiitiline efekt hapniku redutseerumisele klaassiisinikelektroodidel vorreldav
elektrokeemiliselt modifitseeritud elektroodide puhul saadud tulemustega [III].
Sarnased tulemused saadi ka in situ silinteesitud antrakinooni diasooniumisoo-
ladega elektrokeemiliselt modifitseeritud klaassiisinikelektroodidel. Atsetonit-
riillis ja happelises vesilahuses modifitseeritud elektroodid niitasid sarnast
elektrokataliiiitilist aktiivsust hapniku redutseerumisel 0,1 M KOH lahuses [IV].
Mairati kineetilised parameetrid sellele reaktsioonile erinevates tingimustes
modifitseeritud elektroodide korral.

Hapniku elektrokeemilist redutseerumist uuriti ka antrakinooniga modifit-
seeritud nikkelelektroodidel ning tdheldati kdrget elektrokataliiiitililist aktiivsust
[V]. Nikkelelektroodi pinda modifitseeriti ka 4-nitrofeniitilriithmadega vastava
diasooniumisoola elektrokeemilise redutseerimise teel. Pinna modifitseerimine
viidi 1dbi atsetonitriilis ja happelises vesikeskkonnas. Nitrofeniiiilkile seondu-
mist nikli pinnale kinnitasid ka rontgenfotoelektronspektroskoopilised modt-
mised. Modifitseeritud elektroodid néitasid hédid blokeerivaid omadusi
Fe(CN)s> "+ redokspaari laenguiilekandeprotsessile [VI].

Diasooniumisoola redutseerumise meetodil modifitseeriti ka kuldelektroode
ning saadi tugevalt seondunud artiiilkiled. Ariiiilrihmadega modifitseeritud kuld-
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elektroodide iseloomustamiseks kasutati kvartsmikrokaalude, aatomjoumikro-
skoopia ja rontgenfotoelektronspektroskoopia meetodeid.

0,1 M KOH lahuses registreeritud antrakinooniga modifitseeritud kuld-
elektroodide tsiiklilised voltamperogrammid osutasid kvaasipdorduvale elektro-
keemilisele kditumisele [VII].

Uuriti mitmete kullale seondatud ariiiilkilede blokeerivaid omadusi [VIII,
IX]. Artiilkilede kasvamist kullal iseloomustati kvartsmikrokaalude meetodiga.
Kilede uurimine aatomjoumikroskoobiga niitas, et moodustunud artiiilkile ei
ole kompaktne, vaid pigem teraline ning hdredalt pakitud. Saadud tulemusi
kinnitasid ka rontgenfotoelektronspektroskoopilised mootmised, mis niitasid
Aud4f piigi esinemist ka kdrge 4-bromofendiiil- ja 4-nitrofentiiilrithmade pindkont-
sentratsiooni korral. Ariiiilrihmadega modifitseeritud kullal toimus dopamiini
oksiidatsioon sarnaselt mikroelektroodide rivi kiitumisele ning Fe(CN)s™*
redokspaari laenguiilekandeprotsess oli téielikult blokeeritud [VIII]. Hapniku
redutseerumine artiiilkiledega modifitseeritud kuldelektroodidel oli inhibeeritud
viiksemal méiral kui Fe(CN)s" '+ ja dopamiini redokspaaride laenguiilekande-
protsess [VIILIX].

110



10. ACKNOWLEDGEMENTS

I wish to express my sincere gratitude to my supervisor Assoc. Prof. Kaido
Tammeveski for professional guidance, good advice and support through the
years of my studies.

I would like to sincearly thank Prof. David J. Schiffrin, Dr. Fakhradin
Mirkkhalaf, Dr. Uno Méeorg, Prof. Vdino Sammelselg and Prof. Toomas Tenno
for helpful discussions and collaboration.

I wish to thank Drs. Leonard Matisen and Agu Saar for performing the XPS
measurements, Margus Marandi and Jakaterina Kozlova for AFM studies, Dr.
Jaak Arold for his help in chemical polishing of nickel electrodes and Dr. Uko
Maran for calculating the sizes of the modifier molecules.

I also thank Dr. Jerzy J. Paprotny from University of Liverpool for
synthesising the aryldiazonium salts and Dr. Gilberto Maia from UFMS, Brazil
for performing the EQCM measurements.

Very special thanks to my dear colleagues at the Chair of Colloid and
Environmental Chemistry of the University of Tartu during my studies: Ave
Sarapuu, Nadezda Aleksejeva, Ivar Kruusenberg and Jaanika-Maria Seinberg
who made the atmosphere very much enjoyable and above all for provided a
very good company.

Also I greatfully thank Mr. Marek Parol and all my dear colleagues in
Biesterfeld for encouragement and understanding.

The warmest thanks go to my parents Arvo and Kadri, to my brother Tarvo,
to my relatives and friends for support and a great company.

I am most greatful to Kairi Kivirand for her constant support and patience.

The financial support from the Estonian Science Foundation (Grants Nos.
5831 and 7546) and European Union Framework VI program, NENA Project
(Contract No. NMP3-CT-2004-505906) is greatfully acknowledged.

111






1. PUBLICATIONS



CURRICULUM VITAE

Marko Kullapere

Born: 25.08.1981, Kuressaare
Citzenship: Estonian
Marital status: Single
Address: Institute of Chemistry

University of Tartu

Ravila 14a, 50411 Tartu, Estonia
Phone: +372 737 5174, +372 566 71 555
E-mail: kullapere@hotmail.com

Education

2006— PhD Student, Institute of Chemistry, University of Tartu,

Estonia, doctoral advisor, Kaido Tammeveski

2004-2006 Department of Chemistry, University of Tartu, Estonia, M.Sc.
in chemistry

1999-2004 Department of Chemistry, University of Tartu, Estonia, B.Sc. in
chemistry.

Professional employment

2005-2006 University of Tartu, Department of Chemistry, chemist (0.5)
2005-2005 University of Tartu, Department of Chemistry, chemist (0.8)

Main scientific publications

1. M. Kullapere, G. Jirmann, T.T. Tenno, J.J. Paprotny, F. Mirkhalaf, K.
Tammeveski, Oxygen electroreduction on chemically modified glassy car-
bon electrodes in alkaline solution, Journal of Electroanalytical Chemistry
599 (2007) 183—-193.

2. M. Kullapere, K. Tammeveski, Oxygen electroreduction on anthraquinone-
modified nickel electrodes in alkaline solution, Electrochemistry Commu-
nications 9 (2007) 1196-1201.

3. M. Kullapere, L. Matisen, A. Saar, V. Sammelselg, K. Tammeveski,
Electrochemical behaviour of nickel electrodes modified with nitrophenyl
groups, Electrochemistry Communications 9 (2007) 2412-2417.

4. J.-M Seinberg, M. Kullapere, U. Méeorg, F.C. Maschion, G. Maia, D.J.
Schiffrin, K. Tammeveski, Spontaneous modification of glassy carbon

223



10.

surface with anthraquinone from the solutions of its diazonium derivative:
An oxygen reduction study, Journal of Electroanalytical Chemistry 624
(2008) 151-160.

M. Kullapere, J.-M. Seinberg, U. Mieorg, G. Maia, D.J. Schiffrin, K.
Tammeveski, Electroreduction of oxygen on glassy carbon electrodes modi-
fied with in situ generated anthraquinone diazonium cations, Electrochimica
Acta 54 (2009) 1961-1969.

M. Kullapere, M. Marandi, V. Sammelselg, H.A, Menezes, G. Maia, K.
Tammeveski, Surface modification of gold electrodes with anthraquinone
diazonium cations, Electrochemistry Communications 11 (2009) 405—408.
M. Kullapere, J. Kozlova, L. Matisen, V. Sammelselg, H.A. Menezes, G.
Maia, D.J. Schiffrin, K. Tammeveski, Electrochemical properties of aryl-
modified gold electrodes, Journal of FElectroanalytical Chemistry 641
(2010) 90-98.

R.Reilson, M. Kullapere, K. Tammeveski, Blocking behavior of covalently
attached anthraquinone towards solution-based redox probes, Electro-
analysis 22 (2010) 513-518.

M. Kullapere, M. Marandi, L. Matisen, F. Mirkhalaf, A.E. Carvalho, G.
Maia, V. Sammelselg, K. Tammeveski, Blocking properties of gold electro-
des modified with 4-nitrophenyl and 4-decylphenyl groups, (manuscript
submitted).

M. Kullapere, F. Mirkhalaf, K. Tammeveski, Electrochemical behaviour of
glassy carbon electrodes modified with aryl groups, (manuscript submitted).

224



ELULOOKIRJELDUS

Marko Kullapere

Siinniaeg ja koht: 25.08.1981, Kuressaare
Kodakondsus: Eesti
Perekonnaseis: vallaline
Aadress: Keemia Instituut
Tartu Ulikool
Ravila 14a, 50411 Tartu, Eesti
Telefon: +372 737 5174, +372 566 71 555
E-mail: kullapere@hotmail.com
Haridus
2006— Tartu Ulikool, Loodus- ja tehnoloogiateaduskond, Keemia
Instituudi doktoridppe iilidpilane, juhendaja Kaido
Tammeveski
2004-2006 Tartu Ulikool, Fiiiisika-keemiateaduskond, M.Sc.
1999-2004 Tartu Ulikool, Fiiiisika-keemiateaduskond, B.Sc.
Teenistuskaik
2005-2006 TU, Fiiiisika-keemiateaduskond, fiiiisikalise keemia
instituut, keemik (0,5)
2005-2005 TU, Fiiiisika-keemiateaduskond, fiitisikalise keemia

instituut, keemik (0,8)

Tadhtsamad teaduspublikatsioonid

M. Kullapere, G. Jirmann, T.T. Tenno, J.J. Paprotny, F. Mirkhalaf, K.
Tammeveski, Oxygen electroreduction on chemically modified glassy
carbon electrodes in alkaline solution, Journal of Electroanalytical Che-
mistry 599 (2007) 183-193.

M. Kullapere, K. Tammeveski, Oxygen electroreduction on anthraquinone-
modified nickel electrodes in alkaline solution, Electrochemistry Commu-
nications 9 (2007) 1196-1201.

M. Kullapere, L. Matisen, A. Saar, V. Sammelselg, K. Tammeveski,
Electrochemical behaviour of nickel electrodes modified with nitrophenyl
groups, Electrochemistry Communications 9 (2007) 2412-2417.

J.-M Seinberg, M. Kullapere, U. Maeorg, F.C. Maschion, G. Maia, D.J.
Schiffrin, K. Tammeveski, Spontaneous modification of glassy carbon sur-

225



10.

face with anthraquinone from the solutions of its diazonium derivative: An
oxygen reduction study, Journal of Electroanalytical Chemistry 624 (2008)
151-160.

M. Kullapere, J.-M. Seinberg, U. Méaeorg, G. Maia, D.J. Schiffrin, K. Tam-
meveski, Electroreduction of oxygen on glassy carbon electrodes modified
with in situ generated anthraquinone diazonium cations, Electrochimica
Acta 54 (2009) 1961-1969.

M. Kullapere, M. Marandi, V. Sammelselg, H.A, Menezes, G. Maia, K.
Tammeveski, Surface modification of gold electrodes with anthraquinone
diazonium cations, Electrochemistry Communications 11 (2009) 405—408.
M. Kullapere, J. Kozlova, L. Matisen, V. Sammelselg, H.A. Menezes, G.
Maia, D.J. Schiffrin, K. Tammeveski, Electrochemical properties of aryl-
modified gold electrodes, Journal of Electroanalytical Chemistry 641
(2010) 90-98.

R.Reilson, M. Kullapere, K. Tammeveski, Blocking behavior of covalently
attached anthraquinone towards solution-based redox probes, Electro-
analysis 22 (2010) 513-518.

M. Kullapere, M. Marandi, L. Matisen, F. Mirkhalaf, A.E. Carvalho, G.
Maia, V. Sammelselg, K. Tammeveski, Blocking properties of gold electro-
des modified with 4-nitrophenyl and 4-decylphenyl groups, (manuscript
submitted).

M. Kullapere, F. Mirkhalaf, K. Tammeveski, Electrochemical behaviour of
glassy carbon electrodes modified with aryl groups, (manuscript submitted).

226



10.

11.

12.
13.

14.

15.

16.

17.

18.

DISSERTATIONES CHIMICAE
UNIVERSITATIS TARTUENSIS

Toomas Tamm. Quantum-chemical simulation of solvent effects. Tartu,
1993, 110 p.

Peeter Burk. Theoretical study of gas-phase acid-base equilibria. Tartu,
1994, 96 p.

Victor Lobanov. Quantitative structure-property relationships in large
descriptor spaces. Tartu, 1995, 135 p.

Vahur Miemets. The 'O and 'H nuclear magnetic resonance study of
H,O in individual solvents and its charged clusters in aqueous solutions of
electrolytes. Tartu, 1997, 140 p.

Andrus Metsala. Microcanonical rate constant in nonequilibrium distribu-
tion of vibrational energy and in restricted intramolecular vibrational
energy redistribution on the basis of slater’s theory of unimolecular re-
actions. Tartu, 1997, 150 p.

Uko Maran. Quantum-mechanical study of potential energy surfaces in
different environments. Tartu, 1997, 137 p.

Alar Jéanes. Adsorption of organic compounds on antimony, bismuth and
cadmium electrodes. Tartu, 1998, 219 p.

Kaido Tammeveski. Oxygen electroreduction on thin platinum films and
the electrochemical detection of superoxide anion. Tartu, 1998, 139 p.

Ivo Leito. Studies of Brensted acid-base equilibria in water and non-
aqueous media. Tartu, 1998, 101 p.

Jaan Leis. Conformational dynamics and equilibria in amides. Tartu,
1998, 131 p.

Toonika Rinken. The modelling of amperometric biosensors based on oxi-
doreductases. Tartu, 2000, 108 p.

Dmitri Panov. Partially solvated Grignard reagents. Tartu, 2000, 64 p.
Kaja Orupéld. Treatment and analysis of phenolic wastewater with micro-
organisms. Tartu, 2000, 123 p.

Jiiri Ivask. Ion Chromatographic determination of major anions and
cations in polar ice core. Tartu, 2000, 85 p.

Lauri Vares. Stereoselective Synthesis of Tetrahydrofuran and Tetra-
hydropyran Derivatives by Use of Asymmetric Horner-Wadsworth-Em-
mons and Ring Closure Reactions. Tartu, 2000, 184 p.

Martin Lepiku. Kinetic aspects of dopamine D, receptor interactions with
specific ligands. Tartu, 2000, 81 p.

Katrin Sak. Some aspects of ligand specificity of P2Y receptors. Tartu,
2000, 106 p.

Vello Pillin. The role of solvation in the formation of iotsitch complexes.
Tartu, 2001, 95 p.

227



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Katrin Kollist. Interactions between polycyclic aromatic compounds and
humic substances. Tartu, 2001, 93 p.

Ivar Koppel. Quantum chemical study of acidity of strong and superstrong
Brensted acids. Tartu, 2001, 104 p.

Viljar Pihl. The study of the substituent and solvent effects on the acidity
of OH and CH acids. Tartu, 2001, 132 p.

Natalia Palm. Specification of the minimum, sufficient and significant set
of descriptors for general description of solvent effects. Tartu, 2001, 134 p.
Sulev Sild. QSPR/QSAR approaches for complex molecular systems.
Tartu, 2001, 134 p.

Ruslan Petrukhin. Industrial applications of the quantitative structure-
property relationships. Tartu, 2001, 162 p.

Boris V. Rogovoy. Synthesis of (benzotriazolyl)carboximidamides and their
application in relations with N- and S-nucleophyles. Tartu, 2002, 84 p.

Koit Herodes. Solvent effects on UV-vis absorption spectra of some
solvatochromic substances in binary solvent mixtures: the preferential
solvation model. Tartu, 2002, 102 p.

Anti Perkson. Synthesis and characterisation of nanostructured carbon.
Tartu, 2002, 152 p.

Ivari Kaljurand. Self-consistent acidity scales of neutral and cationic
Brensted acids in acetonitrile and tetrahydrofuran. Tartu, 2003, 108 p.
Karmen Lust. Adsorption of anions on bismuth single crystal electrodes.
Tartu, 2003, 128 p.

Mare Piirsalu. Substituent, temperature and solvent effects on the alkaline
hydrolysis of substituted phenyl and alkyl esters of benzoic acid. Tartu,
2003, 156 p.

Meeri Sassian. Reactions of partially solvated Grignard reagents. Tartu,
2003, 78 p.

Tarmo Tamm. Quantum chemical modelling of polypyrrole. Tartu, 2003.
100 p.

Erik Teinemaa. The environmental fate of the particulate matter and
organic pollutants from an oil shale power plant. Tartu, 2003. 102 p.

Jaana Tammiku-Taul. Quantum chemical study of the properties of
Grignard reagents. Tartu, 2003. 120 p.

Andre Lomaka. Biomedical applications of predictive computational
chemistry. Tartu, 2003. 132 p.

Kostyantyn Kirichenko. Benzotriazole — Mediated Carbon—Carbon
Bond Formation. Tartu, 2003. 132 p.

Gunnar Nurk. Adsorption kinetics of some organic compounds on bis-
muth single crystal electrodes. Tartu, 2003, 170 p.

Mati Arulepp. Electrochemical characteristics of porous carbon materials
and electrical double layer capacitors. Tartu, 2003, 196 p.

228



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Dan Cornel Fara. QSPR modeling of complexation and distribution of
organic compounds. Tartu, 2004, 126 p.

Riina Mahlapuu. Signalling of galanin and amyloid precursor protein
through adenylate cyclase. Tartu, 2004, 124 p.

Mihkel Kerikméie. Some luminescent materials for dosimetric applications
and physical research. Tartu, 2004, 143 p.

Jaanus Kruusma. Determination of some important trace metal ions in
human blood. Tartu, 2004, 115 p.

Urmas Johanson. Investigations of the electrochemical properties of poly-
pyrrole modified electrodes. Tartu, 2004, 91 p.

Kaido Sillar. Computational study of the acid sites in zeolite ZSM-5.
Tartu, 2004, 80 p.

Aldo Oras. Kinetic aspects of dATPaS interaction with P2Y,; receptor.
Tartu, 2004, 75 p.

Erik Mélder. Measurement of the oxygen mass transfer through the air-
water interface. Tartu, 2005, 73 p.

Thomas Thomberg. The kinetics of electroreduction of peroxodisulfate
anion on cadmium (0001) single crystal electrode. Tartu, 2005, 95 p.

Olavi Loog. Aspects of condensations of carbonyl compounds and their
imine analogues. Tartu, 2005, 83 p.

Siim Salmar. Effect of ultrasound on ester hydrolysis in aqueous ethanol.
Tartu, 2006, 73 p.

Ain Uustare. Modulation of signal transduction of heptahelical receptors
by other receptors and G proteins. Tartu, 2006, 121 p.

Sergei Yurchenko. Determination of some carcinogenic contaminants in
food. Tartu, 2006, 143 p.

Kaido Tédmm. QSPR modeling of some properties of organic compounds.
Tartu, 2006, 67 p.

Olga TSubrik. New methods in the synthesis of multisubstituted hydra-
zines. Tartu. 2006, 183 p.

Lilli Soovili. Spectrophotometric measurements and their uncertainty in
chemical analysis and dissociation constant measurements. Tartu, 2006,
125 p.

Eve Koort. Uncertainty estimation of potentiometrically measured ph and
pK, values. Tartu, 2006, 139 p.

Sergei Kopanchuk. Regulation of ligand binding to melanocortin receptor
subtypes. Tartu, 2006, 119 p.

Silvar Kallip. Surface structure of some bismuth and antimony single
crystal electrodes. Tartu, 2006, 107 p.

Kristjan Saal. Surface silanization and its application in biomolecule
coupling. Tartu, 2006, 77 p.

Tanel Titte. High viscosity Sn(OBu), oligomeric concentrates and their
applications in technology. Tartu, 2006, 91 p.

229



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Dimitar Atanasov Dobchev. Robust QSAR methods for the prediction of
properties from molecular structure. Tartu, 2006, 118 p.

Hannes Hagu. Impact of ultrasound on hydrophobic interactions in
solutions. Tartu, 2007, 81 p.

Rutha Jiéger. Electroreduction of peroxodisulfate anion on bismuth
electrodes. Tartu, 2007, 142 p.

Kaido Viht. Immobilizable bisubstrate-analogue inhibitors of basophilic
protein kinases: development and application in biosensors. Tartu, 2007,
88 p.

Eva-Ingrid R66m. Acid-base equilibria in nonpolar media. Tartu, 2007,
156 p.

Sven Tamp. DFT study of the cesium cation containing complexes relevant
to the cesium cation binding by the humic acids. Tartu, 2007, 102 p.

Jaak Nerut. Electroreduction of hexacyanoferrate(Ill) anion on Cadmium
(0001) single crystal electrode. Tartu, 2007, 180 p.

Lauri Jalukse. Measurement uncertainty estimation in amperometric
dissolved oxygen concentration measurement. Tartu, 2007, 112 p.

Aime Lust. Charge state of dopants and ordered clusters formation in
CaF,:Mn and CaF,:Eu luminophors. Tartu, 2007, 100 p.

Iiris Kahn. Quantitative Structure-Activity Relationships of environ-
mentally relevant properties. Tartu, 2007, 98 p.

Mari Reinik. Nitrates, nitrites, N-nitrosamines and polycyclic aromatic
hydrocarbons in food: analytical methods, occurrence and dietary intake.
Tartu, 2007, 172 p.

Heili Kasuk. Thermodynamic parameters and adsorption kinetics of orga-
nic compounds forming the compact adsorption layer at Bi single crystal
electrodes. Tartu, 2007, 212 p.

Erki Enkvist. Synthesis of adenosine-peptide conjugates for biological
applications. Tartu, 2007, 114 p.

Svetoslav Hristov Slavov. Biomedical applications of the QSAR ap-
proach. Tartu, 2007, 146 p.

Eneli Hérk. Electroreduction of complex cations on electrochemically
polished Bi(%kl) single crystal electrodes. Tartu, 2008, 158 p.

Priit Méller. Electrochemical characteristics of some cathodes for medium
temperature solid oxide fuel cells, synthesized by solid state reaction
technique. Tartu, 2008, 90 p.

Signe Viggor. Impact of biochemical parameters of genetically different
pseudomonads at the degradation of phenolic compounds. Tartu, 2008, 122 p.

Ave Sarapuu. Electrochemical reduction of oxygen on quinone-modified
carbon electrodes and on thin films of platinum and gold. Tartu, 2008,
134 p.

Agnes Kiitt. Studies of acid-base equilibria in non-aqueous media. Tartu,
2008, 198 p.

230



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Rouvim Kadis. Evaluation of measurement uncertainty in analytical che-
mistry: related concepts and some points of misinterpretation. Tartu, 2008,
118 p.

Valter Reedo. Elaboration of IVB group metal oxide structures and their
possible applications. Tartu, 2008, 98 p.

Aleksei Kuznetsov. Allosteric effects in reactions catalyzed by the cAMP-
dependent protein kinase catalytic subunit. Tartu, 2009, 133 p.

Aleksei Bredihhin. Use of mono- and polyanions in the synthesis of
multisubstituted hydrazine derivatives. Tartu, 2009, 105 p.

Anu Ploom. Quantitative structure-reactivity analysis in organosilicon
chemistry. Tartu, 2009, 99 p.

Argo Vonk. Determination of adenosine A,5- and dopamine D, receptor-
specific modulation of adenylate cyclase activity in rat striatum. Tartu,
2009, 129 p.

Indrek Kivi. Synthesis and electrochemical characterization of porous
cathode materials for intermediate temperature solid oxide fuel cells. Tartu,
2009, 177 p.

Jaanus Eskusson. Synthesis and characterisation of diamond-like carbon
thin films prepared by pulsed laser deposition method. Tartu, 2009, 117 p.
Margo Litt. Carbide derived microporous carbon and electrical double
layer capacitors. Tartu, 2009, 107 p.

Vladimir Stepanov. Slow conformational changes in dopamine transporter
interaction with its ligands. Tartu, 2009, 103 p.

Aleksander Trummal. Computational Study of Structural and Solvent
Effects on Acidities of Some Brensted Acids. Tartu, 2009, 103 p.

Eerold Vellemée. Applications of mischmetal in organic synthesis. Tartu,
2009, 93 p.

Sven Parkel. Ligand binding to 5-HT; receptors and its regulation by
Mg”" and Mn*". Tartu, 2010, 99 p.

Signe Vahur. Expanding the possibilities of ATR-FT-IR spectroscopy in
determination of inorganic pigments. Tartu, 2010, 184 p.

Tavo Romann. Preparation and surface modification of bismuth thin film,
porous, and microelectrodes. Tartu, 2010, 155 p.

NadeZda Aleksejeva. Electrocatalytic reduction of oxygen on carbon
nanotube-based nanocomposite materials. Tartu, 2010, 147 p.



	lõpp.pdf
	pub-id.pdf
	Article1.pdf
	Oxygen electroreduction on chemically modified glassy carbon electrodes in alkaline solution
	Introduction
	Experimental
	Results
	GC surface modification with aryl groups
	O2 reduction on aryl-modified GC electrodes
	LSV studies of O2 reduction
	Determination of O2 reduction kinetic parameters
	Electrochemical response of {{Fe}}({{CN}} {)}_{6}^{ 3-} on aryl-modified GC electrodes

	Conclusions
	Acknowledgements
	References


	Article3.pdf
	Spontaneous modification of glassy carbon surface with anthraquinone from the solutions of its diazonium derivative: An oxygen reduction study
	Introduction
	Experimental
	Results and Discussiondiscussion
	Cyclic voltammetry (CV)
	Mechanism of spontaneous modification of GC with aryldiazonium derivatives
	Oxygen reduction on GC/AQ electrodes
	Determination of kinetic parameters for O2 reduction

	Conclusions
	Acknowledgements
	References


	Article4.pdf
	Electroreduction of oxygen on glassy carbon electrodes modified with in situ generated anthraquinone diazonium cations
	Introduction
	Experimental
	Results and discussion
	GC surface modification with in situ synthesised AQ-N2+
	O2 reduction on GC modified with in situ synthesised AQ-N2+
	O2 reduction on GC modified with previously synthesised AQ diazonium salts
	Determination of O2 reduction kinetic parameters

	Conclusions
	Acknowledgements
	References


	Article5.pdf
	Oxygen electroreduction on anthraquinone-modified nickel electrodes in alkaline solution
	Introduction
	Experimental
	Results
	Cyclic voltammetry (CV)
	Oxygen reduction on Ni/AQ electrodes

	Conclusions
	Acknowledgements
	References


	Article6.pdf
	Electrochemical behaviour of nickel electrodes modified with nitrophenyl groups
	Introduction
	Experimental
	Results and discussion
	Electrografting of Ni electrodes with NP groups
	XPS analysis
	Electrochemical reduction of  {{\rm Fe(CN)}}_{6}^{3-} on bare Ni electrodes
	Electrochemical response of the  {{\rm Fe(CN)}}_{6}^{3-/4-} probe on Ni/NP electrodes

	Conclusions
	Acknowledgements
	References


	Article7.pdf
	Surface modification of gold electrodes with anthraquinone diazonium cations
	Introduction
	Experimental
	Results and discussion
	Surface modification of gold with AQ by diazonium reduction
	Surface characterisation of AQ-modified Au electrodes by AFM
	Electrochemical behaviour of AQ-modified Au electrodes

	Conclusions
	Acknowledgements
	References


	Article8.pdf
	Electrochemical properties of aryl-modified gold electrodes
	Introduction
	Experimental
	Electrode preparation
	Electrografting of Au electrodes with aryl groups
	EQCM studies of 4-bromophenyl film formation
	Surface characterisation of 4-bromophenyl films on gold
	Electrochemical characterisation of the aryl-modified Au electrodes

	Results and discussion
	Electrografting of aryldiazonium cations to Au electrodes
	XPS analysis of Au/PhBr electrodes
	Surface characterisation of Au/PhBr electrodes by AFM
	Electrochemical response of the  {\rm Fe} ( {\rm CN} {)}_{6}^{3-/4-} probe on modified Au electrodes
	Electrochemical response of dopamine on Au/PhBr electrodes
	Oxygen reduction on aryl-modified Au electrodes

	Conclusions
	Acknowledgements
	References







