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2. ABBREVIATIONS AND SYMBOLS 

A geometric surface area of an electrode 
Ar real surface area of an electrode 
AB azobenzene  
ABD azobenzene diazonium tetrafluoroborate 
ABTS 2,2`-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 

diammonium salt 
ACN acetonitrile 
AFM atomic force microscopy 
AP 4-aminophenyl 
APOH hydroxylaminophenyl  
AQ 9,10-anthraquinone 
AQD 9,10-anthraquinone-1-diazonium tetrafluoroborate 
Au/AB gold electrodes electrografted with azobenzene groups 
Au/FBK  gold electrodes electrografted with 2,5–dimethoxy–4–([4–

nitrophenyl]azo)benzene groups  
Au/GBC  gold electrodes electrografted with 2–methyl–4–([2–

methylphenyl]azo)benzene groups 
Cº concentration in the bulk solution 
Cdl double-layer capacitance 
Cf  the sensitivity factor of the crystal  

 concentration of oxygen in the bulk solution 
CP 4-carboxyphenyl  
CPD 4-carboxyphenyldiazonium salt 
CV cyclic voltammetry 
Cu-Gra chemical vapour deposition-grown graphene on copper foil 
Cu-Gra/AQ chemical vapour deposition-grown graphene on copper foil 

electrografted with 9,10-anthraquinone groups 
CVD chemical vapour deposition 
D diffusion coefficient 

 diffusion coefficient of oxygen  
DEA 4-diazo-N,N-diethylaniline Fc+ standard potential of the Fc+/Fc couple  
Ep peak potential 
E1/2 half-wave potential 
EC electrochemical-chemical 
EIS electrochemical impedance spectroscopy 
ET electron transfer 
EQCM electrochemical quartz crystal microbalance 
F Faraday constant 
FBK 2,5–dimethoxy–4–([4–nitrophenyl]azo)benzene  
GBC 2–methyl–4–([2–methylphenyl]azo)benzene 
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GC glassy carbon 
GC/AB glassy carbon electrografted with azobenzene groups 
GC/AQ glassy carbon electrografted with 9,10-anthraquinone groups 
GC/CP glassy carbon electrografted with 4-carboxyphenyl groups 
GC/FBK  glassy carbon electrografted with 2,5–dimethoxy–4–([4–

nitrophenyl]azo)benzene groups  
GC/GBC  glassy carbon electrografted with 2–methyl–4–([2–

methylphenyl]azo)benzene groups 
GC/NP  glassy carbon electrografted with 4-nitrophenyl groups 
GO graphene oxide 
HOPG highly oriented pyrolytic graphite 
HOPG/AQ highly oriented pyrolytic graphite electrografted with 9,10-

anthraquinone groups 
I current 
ID disk current 
Id diffusion-limited current 
Ik kinetic current 
Ipa the anodic peak current 
Ipc the cathodic peak current 
Irel relative blocking efficiency 
j current density 
k electrochemical rate constant 
k° (or kapp

°) standard heterogeneous electron transfer rate constant 
K-L Koutecky-Levich 
LSV linear sweep voltammetry 
n number of electrons  
NAB nitroazobenzene  
NADH -nicotinamide adenine dinucleotide  
NBD 4-nitrobenzenediazonium tetrafluoroborate 
Ni-Gra graphene grown on nickel by chemical vapour deposition 
Ni-Gra/AQ chemical vapour deposition-grown graphene on nickel 

substrate electrografted with 9,10-anthraquinone groups 
NMR nuclear magnetic resonance 
NP 4-nitrophenyl 
OCP open circuit potential 
OH●  hydroxyl radical 
ORR oxygen reduction reaction 
PAA 4–diazophenylaceticacid tetrafluroborate 
PMMA poly(methyl methacrylate) 
Q charge  
Qdl constant phase element involving an n exponent to represent 

double-layer capacitance 
Qlf constant phase element at the low-frequency limits 
R universal gas constant 
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RDE rotating disk electrode 
rGO reduced graphene oxide 
RMS root-mean-square 
rpm revolutions per minute 
Rct resistance of the charge transfer 
Rs solution resistance 
Rp the overall reflection coefficient for in-plane polarised lights 
Rs  the overall reflection coefficient for out-of-plane polarised 

lights 
SAM self-assembled monolayer 
SCE saturated calomel electrode 
TBABF4 tetrabutylammonium tetrafluoroborate 
UV ultraviolet 
v kinematic viscosity of the solution 
XPS X-ray photoelectron spectroscopy 
ΓAQ  surface concentration of 9,10-anthraquinone groups 
ΓNP surface concentration of 4-nitrophenyl groups 
ΔEp peak potential separation  
Δf resonance frequency shift 
Δm change of mass per unit area 
g ellipsometric parameter of the grafted substrate (the phase 

shift) 
s ellipsometric parameter of the bare substrate (the phase shift) 
s ellipsometric parameter of the bare substrate (the amplitude 

ration upon reflection) 
g  ellipsometric parameter of the grafted substrate (the amplitude 

ratio upon reflection) 
ν potential scan rate 
ω electrode rotation rate 
 
 
 
 
 
  



11 

3. INTRODUCTION 

Often, the functionalisation of electrode surface with organic (aryl) groups is 
necessary in order to achieve desired electrochemical properties which differ 
from that of the bulk material. A versatile way to do that is to use the electro-
chemical reduction of corresponding aryldiazonium salts. This method allows 
the modification of various electrode materials with desired functional groups 
and most importantly, strong (covalent) bonding between the underlying 
substrate and organic molecules is obtained [1].  

The electrode modification by diazonium chemistry has found many 
potential applications including (bio)sensors, electrocatalysis and 
electroanalysis [2–4]. Although the practical output is highly necessary, the 
fundamental studies (including the blocking and electrocatalytic properties of 
aryl-modified electrodes) are important as well. Even though the modification 
of different electrode materials by diazonium reduction has already been the 
subject of research over two decades [1], there are still some controversies, 
which need to be explored. For example, the electrochemical behaviour of 
different substrate materials during electrografting, the stability of the aryl films 
(especially on gold), the nature of the aryl layers formed on the underlying 
substrate (e.g. mono- or multilayer) and last but not least, the morphological and 
electrochemical properties of the aryl-modified electrodes (including 
comparison between highly oriented pyrolytic graphite and graphene).  

Therefore, the main purpose of this PhD thesis was to modify different 
electrode materials including glassy carbon (GC), gold, highly oriented 
pyrolytic graphite (HOPG) and graphene grown by chemical vapour deposition 
(CVD) method through electrochemical reduction of corresponding diazonium 
salts to further investigate their morphological and electrochemical properties.  

The present thesis comprises three chapters. Firstly, a brief literature 
overview is made for better understanding of the electrode materials, diazonium 
salts and electrografting method selected for this particular work. Thereafter, a 
full description of experimental work followed by results and discussion is 
given. The main part of the work was divided into three sections. First, the 
electrochemical behaviour of ABTS, which is most common redox mediator for 
enzyme-based electrodes, was studied on 4-nitrophenyl-, reduced 4-nitrophenyl- 
and 4-carboxyphenyl-modified GC electrodes in aqueous solutions of various 
pH [I]. The second part of the work focused on comparison studies of GC and 
Au electrodes modified with three different azobenzene derivatives [II,III]. In 
addition, the aryl film degradation on GC and Au electrodes was further 
investigated by OH● radicals attack [IV]. The third part of the work involved the 
morphological and electrochemical investigations of bare HOPG and CVD-
grown graphene electrodes [V] followed by electrografting with thick 
anthraquinone layers on HOPG and graphene-based electrodes [VI].  
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4. LITERATURE OVERVIEW 

4.1. The diazonium reduction method 
The modification of different electrode materials with organic films has been a 
widely studied area because of their prospective applications for example in 
(bio)sensors, corrosion protection, smart surfaces, electroanalysis and electro-
catalysis [1]. It is of paramount importance to obtain a strong (covalent) bond 
between the underlying substrate surface and organic group. In terms of that, the 
reduction of aryldiazonium salts has received much attention and is currently 
one of the most commonly used surface derivatisation methods [4]. Mostly 
because it is a versatile tool to functionalise the electrode surfaces (including 
carbon, metals and semiconductors) with different aryl groups bearing various 
functionalities via strong (covalent) bond [5, 6]. This literature overview 
summarises briefly the diazonium reduction method (both on carbon- and 
metal-based electrodes) including the selection of substrate materials and 
diazonium salts. Furthermore, morphological and electrochemical properties of 
aryl-modified electrodes will be discussed.  
 

4.1.1. Electrode materials for electrografting 

Before the modification, the choice of the substrate material is important. Many 
types of electrode surfaces have been modified by diazonium reduction: carbon 
(e.g. glassy carbon (GC), highly oriented pyrolytic graphite (HOPG), carbon 
nanotubes, graphene), metals (e.g. gold, nickel, copper) and even insulators (e.g. 
organic polymers) [4]. Taken into account the used substrates in this thesis, an 
overview about GC, HOPG, graphene and Au electrodes is given. While 
graphene is rather new material, a longer description about this substrate will be 
given. 

The main advantages of the electrodes based on carbon materials are as 
follows: low-cost, conductive surface, mechanical stability and wide potential 
window in electrochemistry [7]. Among bulk carbon electrodes, GC has been 
the most frequently used and extensively studied substrate material in electro-
chemistry research [8]. GC provides a stable surface to attach organic and 
biomolecules and also it has a reproducible surface for film formation, which is 
extremely important in the field of modification [9]. The surface of GC is 
expected to be a mixture of edge and basal plane sites [7]. Furthermore, the 
heterogeneous electron transfer rate constant (k°) of polished GC electrode for 
the most commonly used redox probe (ferri/ferrocyanide) is relatively high. 
Based on the different reports the value of k° for polished GC has measured to 
be 0.012 cm s–1 [10] or 0.076 cm s–1 [11] which makes this material suitable for 
studying the blocking properties of aryl layers.  

The most ordered carbon material is highly oriented pyrolytic graphite 
(HOPG) [7]. HOPG has been used for several applications due to its extreme 
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smoothness and easily renewable surface by an adhesive tape [12]. In addition, 
HOPG has a good conductivity, but this material is mechanically quite fragile 
[12]. It has been proposed that if an adhesive tape is used for the removing of 
HOPG layers, this method may introduce defects on the surface of HOPG [12], 
which may have a great impact on the electrochemical properties of this 
material itself. The reactivity of HOPG has been widely studied by McCreery 
and co-workers [13–15]. It has been well established that the electrochemical 
kinetics is faster on the edge sites than on the basal plane of HOPG [12]. For 
example, the electrochemical behaviour of edge plane HOPG towards 
ferricyanide reduction is rather similar to that of bare GC, whereas basal plane 
HOPG is rather inactive [13, 15, 16], which makes this substrate attractive for 
studying the electrocatalytically active materials. Based on the literature, the k° 
value measured on defect-free basal plane HOPG is less than 10–6 cm s–1 for the 
ferricyanide reduction [17] or even as low as 10–9 cm s–1 [16]. It is also 
important to note that HOPG is the closest material to a novel carbon material, 
graphene, because well-defined HOPG consists of single layered graphene 
sheets [18, 19].  

As mentioned above, one of the newest member of the carbon family is 
graphene. With its extraordinary electrical, optical, thermal and chemical 
properties, graphene has attracted particular attention since its discovery by 
Novoselov et al. [19, 20]. In a simplified way, graphene may be considered as a 
two-dimensional one-atomic thin layer of graphite, where the sp2-hybridised 
carbon atoms are hexagonally arranged like in a honeycomb lattice. According 
to the literature, high-quality mono- or few-layer graphene layers can be 
prepared by mechanical exfoliation of HOPG using the Scotch tape method [19, 
20]. For research applications this method works excellently but on a 
commercial scale it will hardly ever be applicable [20]. There are some other 
methods employed for graphene synthesis, for example epitaxial growth, 
chemical exfoliation (e.g. Hummers’ method) and chemical vapour deposition 
(CVD), the latter being the most promising and frequently used method to 
synthesise graphene on a larger scale [21, 22].  

By controlling synthesising parameters, mono-, bi-, few- or multilayer 
graphene can be made by CVD on different catalytic metal substrates (Pt, Ru, 
Ni, Cu, Ir or Co). The choice of the metal substrate greatly depends on the cost 
and therefore the low-cost polycrystalline Ni has been widely employed in order 
to synthesise graphene by CVD [23]. Zhou´s group has compared the graphene 
formation on single crystal Ni(111) and on polycrystalline Ni substrate by CVD 
method [24]. The authors revealed that on single crystal surface the monolayer 
or bilayer graphene was formed because of the atomically smooth underlying 
surface and the absence of grain boundaries, whereas multilayer graphene was 
formed on polycrystalline Ni presumably due to the grain boundaries in Ni 
which enables the multilayer growth [24]. Just for the clarification, multilayer 
graphene can be viewed as more than three and less than ten layers of graphene 
nanosheets [25].  

4



14 

In general, graphene has a broad range of promising applications including 
(bio)sensors, nanocomposite materials and protection against corrosion [26]. 
For example, it has been shown that graphene films grown on catalytic 
substrates (for example on Ni) by CVD can be used to protect the underlying 
surface from the oxidation [27, 28]. Furthermore, graphene is also a good model 
material to be modified because of its novel interesting properties [29]. 

 In contrast to the multilayer graphene formation on Ni substrate, graphene 
synthesis by CVD on Cu generally yields a uniform thickness and single-layer 
graphene films due to the low solubility of carbon in Cu. It has also been 
suggested that graphene growth on Cu is self-limiting [30].  

Although carbon-based substrates (especially GC) have some advantages 
(usually low-cost) over metals, metal-based (particularly gold) electrodes have 
also gained much interest [31]. It has been claimed that gold has a lower 
capacitance than carbon materials [32]. Furthermore, the surface of Au can be 
easily cleaned and while it can be produced very flat (even as a single crystal), 
this substrate material is suitable for various surface-sensitive techniques such 
as atomic force microscopy (AFM), ellipsometry and X-ray photoelectron 
spectroscopy (XPS) [6].  

 

4.1.2. The selection of diazonium salts 

In general, the aryldiazonium salts (with the general structure of RC6H4N2
+, 

where R can be –NO2, –COOH, etc.) are widely used in organic synthesis in 
order to generate a large variety of organic compounds including the production 
of dyes [6]. For example, aromatic azo compounds are known as a basis for the 
production of dyes [33]. One of the most common azo compounds is 
azobenzene. Because of its characteristic colour and photoresponsive properties, 
azobenzene and its derivatives have received considerable attention. In addition, 
they are known for their reversible trans–cis photoisomerisation [34]. Thus, 
these compounds have a wide variety of potential applications such as optical 
storage media, chemosensors and photochemical molecular switches [35, 36].  

In general, aryldiazonium salts have many advantages. For example, a lot of 
them are commercially available. Also, the synthesising process of diazonium 
salt is quite easy and if necessary, it can be prepared rapidly in situ from the 
corresponding aromatic amine [5]. 

Recently, the diazonium salts have attracted much attention from the 
modification of electrode materials point of view. There is a wide variety of 
diazonium salts which have been used for surface modification. Among the 
other aryldiazonium salts, 4-nitrobenzenediazonium salt (NBD) is one of the 
most widely used and studied diazonium compounds for modifying different 
electrode surfaces (e.g. GC, Au, graphene) with nitrophenyl (NP) groups [37, 
38]. It has quite a simple structure which generally allows the formation of 
densely packed aryl film on the substrate material [39, 40]. Furthermore, the NP 
groups are electroactive and therefore it is possible to estimate the surface 
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concentration of the NP molecules attached to the electrode surface [5, 41]. 
Furthermore, NP groups can be further reduced in protic media via 
electrochemical or chemical reduction to aminophenyl groups [42, 43], which 
are important ”bridges” for covalently immobilised biomolecules (e.g. enzymes, 
redox proteins, DNA) to surfaces for biological sensing. Also the  
4-carboxyphenyldiazonium salts (CPD) have attracted much attention in order 
to form 4-carboxyphenyl (CP) layers on electrode surfaces for sensing 
applications [44, 45]. Furthermore, the CP-derivatised electrodes have been 
employed/ studied for the corrosion inhibitors on metal surfaces [46]. 

In addition, a lot of interest has been shown in diazonium salts containing 
anthraquinone (AQ) derivatives. Generally, AQ has been frequently used in 
dyes [47] but it is also an important redox molecule for electrochemical 
applications, including redox mediation [1]. Because of this feature AQ-
functionalised substrates have shown promising applications in (bio)sensors 
[48–50], biofuel cells [51], and electrocatalysis, including the production of 
hydrogen peroxide via the oxygen reduction reaction (ORR) [52–57]. In 
addition, similarly to NP groups, it is possible to determine the surface 
concentration of AQ groups attached on the substrate material. 
 

4.1.3. The mechanism of electrode surface  
modification via diazonium reduction 

The electrode surface modification method via the electrochemical reduction of 
aryldiazonium salts was first introduced by Pinson and co-workers in 1992 [41]. 
In general, this process follows a two-step pathway and the proposed reaction 
mechanism of that is depicted in Scheme 1.  
 

 
 
Scheme 1. Proposed reaction mechanism for electrografting by diazonium 
reduction [5]. 
 
In the first step (Scheme 1), the formation of aryl radical and evolution of 
nitrogen occurs during the one-electron reduction of aryldiazonium compound 
[1]. Thereafter, the formed aryl radical reacts with the electrode surface, giving 
a strong bond between the electrode surface and modifier [1]. In case of carbon 
materials it has been proposed that during the electrografting, the surface 
carbons bearing the aryl group most likely pass from a sp2 to a sp3 hybridisation 
[58]. 

The surface grafting with aryldiazonium salts can be performed 
spontaneously or electrochemically. The spontaneous grafting is achieved by 
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dipping the electrode into a solution of the diazonium salt for a certain time 
period [59] and this method has proven to be very useful for modification for 
example graphene sheets [60]. In contrast, the electrochemical grafting involves 
the potential cycling or electrolysis at certain potential by applying the potential 
with a potentiostat [4]. Although spontaneous modification is easier than 
electrochemical grafting, the first method usually lacks control during the 
modification, is time-consuming and is not very reproducible [5, 7]. Therefore, 
the latter method (electrografting) is more preferable due to the better control of 
the formation of an aryl film on the electrode surface. Usually, the electro-
grafting is performed in a narrow potential range using potential cycling. On the 
first cycle, single and broad, one-electron wave is observed at potentials close to 
0 V (vs. SCE) [1]. It has been proposed that this reduction wave corresponds to 
the formation of an aryl radical which reacts with the electrode surface. On the 
subsequent cycles, this reduction wave disappears, which is indicative of the 
blocking of the electrode surface by the organic groups [5].  

The electrochemical reduction of aryldiazonium salts can be carried out both 
in aprotic (e.g. acetonitrile) or in aqueous acidic solutions. It has been proposed 
that the grafted aryl-layers on Au surface in aqueous solution are less compact 
than those grafted in acetonitrile [32]. Based on the Brooksby and Downard 
study [40], the aryl-film formation on pyrolysed photoresist films in aqueous 
acid medium yielded lower surface coverage as well as thinner films compared 
to the aryl films formed in acetonitrile. 

The diazonium reduction method has been applied to different electrode 
materials [7]. One of the most important issues concerns the nature of the bond 
between the aryl group and electrode surface. Generally, it has been suggested 
that one of the advantages of the diazonium reduction method is the long-term 
stability of the aryl layer on electrode surface which indicates that this method 
allows a strong (covalent) bond between the surface modifier and substrate. It is 
well established that aryl groups are covalently bonded to the GC surface [61]. 
This finding has been supported by Raman spectroscopy [62, 63] or time-of-
flight secondary ion mass spectroscopy [64]. Also, the calculated bonding 
energy is very high between the aryl group and carbon electrode surface (105 
kcal mol–1) indicating the formation of covalent bond [65]. However, the nature 
of the bond between an aryl group and HOPG (especially basal plane) is still 
not fully clear. Liu and McCreery have reported about the chemisorbed 
(covalently attached) aryl groups on both basal and edge plane HOPG by the 
electrochemical reduction of the corresponding diazonium salts [62, 66]. In 
addition, Saveant and co-workers have claimed that the aryl radicals are able to 
attach to both edge and basal plane graphite [41, 58]. Furthermore, Ray and 
McCreery concluded that the chemisorption of aryl radicals formed during the 
diazonium reduction may form both basal and edge regions but more rapidly at 
edge sites [67]. Very recently, Kirkman et al. [68] proposed that aryl groups are 
covalently attached both basal plane and step edge sites of HOPG. In contrast, 
Ma et al. [69] presented an interesting finding on the attachment of aryl groups 
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onto HOPG via diazonium reduction and these authors concluded that there is 
no clear evidence for covalent attachment of aryl groups to basal plane HOPG.  

There is also a disagreement about the nature of the bonding (covalent or 
noncovalent bond) between the aryl group and graphene surface. One point of 
view is that grafting the graphene (including the basal plane graphene) by 
diazonium reduction yielded a covalent carbon-carbon bond between the aryl 
group and graphene surface [60, 70, 71]. In contrast, Jiang et al. concluded in 
their paper that the isolated phenyl groups might be weakly bonded on the basal 
plane graphene via diazonium reduction although a carbon-carbon bond is 
formed between the aryl group and graphene converting a sp2-carbon in the 
graphene sheet to sp3 [72]. Furthermore, it has been proposed that the 
diazonium reduction appears more rapidly at edges and the reactivity of the sp2 
sites is much higher for single layer than bilayer graphene and decreases further 
as the number of graphene layers increases and it is still not clear how aryl 
radicals bind to multilayer graphene [69, 73]. 

It has been proposed that the modification by the reduction of diazonium 
salts on metal surfaces (including Au) is more complex and difficult than that of 
carbon electrodes [5]. The first attempt of modifying metal electrodes 
(including Au) by diazonium salts was reported by Ahlberg et al. already in 
1980 [74]. However a systematic characterisation of diazonium-functionalised 
Au was first reported by Laforgue et al. [75]. It has been considered, that for Au 
substrate, the nature of the bond on Au surface is also controversial and there is 
still lack of information about the electrochemical grafting process and the 
physico-chemical properties of the deposited layer [32]. In general, it has been 
shown that the reduction of aryldiazonium salts on Au surface leads to the 
formation of Au–C bonds [76]. Furthermore, the Au–C bond formed by 
diazonium-based radical during electrografting is more stable and stronger 
compared to the Au–S (sulphur) bond produced by self-assembled monolayers 
(SAMs) of thiols on gold [44, 77–79]. Laurentius et al. [76] have claimed that 
the interaction between the organic layer derived from diazonium chemistry and 
Au substrate is Au–C covalent bond, which was confirmed by surface-enhanced 
Raman scattering studies. It has been claimed that the calculated bonding 
energy between the organic molecule and Au surface is 24 kcal mol–1 [80], 
which is much higher than that reported for thiol SAMs on Au (5 kcal mol–1) 
[5], but at the same time it is much lower than that calculated in case of carbon-
based materials (105 kcal mol–1). Besides the strong bond between aryl layer 
and substrate, and the presence of azo bonds inside the multilayer films, the 
formation of Au–N=N–C bonds is also evident [81].  

In general, the attachment of the aryl films on electrode surface is strong and 
persistent. In order to remove the organic films from the surface, a mechanical 
abrasion is required. It has been shown that the aryl films on GC and Au surface 
are even able to withstand ultrasonication in different solvents and long time 
exposure to ambient conditions [5]. Lately, Lee et al. [82] studied the stability 
of aminophenyl films electrografted on GC and Au surfaces and the results 
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revealed that the aryl films grafted on Au surface were more stable than those 
grafted to GC.  

An interesting study has been carried out by Scholz et al. [83] where the 
authors showed that SAMs of thiols on gold and mercury electrodes were 
degraded by hydroxyl radicals (OH●). It is known that OH● radical is a highly 
reactive species degrading almost all kinds of organic compounds. Usually, the 
OH● radicals are used in advanced oxidation processes for removal or 
degradation of pollutants, e.g., azo compounds (dyes) in different wastewaters. 
OH● radicals can be produced by Fenton reactions or UV photolysis of water 
and hydrogen peroxide. In the Fenton process, OH● radicals are generated in 
acid media from H2O2 in the presence of Fe2+ ions [84]. As shown by Scholz 
workgroup, OH● radicals were able to degrade SAMs of thiols on Au [83] and 
in addition to remove surface asperities from mechanically polished Au 
electrodes [85] whereby active centres were knocked out [86]. Therefore, it 
would be highly interesting to study the degradation of aryl layers on GC and 
Au substrate by OH● radicals in order to get some insight into the stability of 
the aryl layers formed on either GC and Au substrate and it was performed 
recently [IV]. 

 

4.1.4. Mono- or multilayer formation of aryl films 

Electrochemical reduction of diazonium salts often yields submonolayers, 
monolayers or multilayers on electrode surfaces, depending on the choice of the 
substrate, aryldiazonium salt and the modification procedures used. 
Furthermore, an insulating (when diazonium compounds are not electroactive) 
or conducting aryl film may form on the electrode surface. The insulating layers 
can be functionalised with electroactive molecules (e.g. ferrocene) [77]. Both 
(mono- and multilayers) have potential applications in many fields including 
biosensing, corrosion protection, electrocatalysis, etc. [5].  

It is necessary to obtain a sufficiently thin (rather a monolayer) and well-
conductive aryl layer on the electrode surface in order to attach biomolecules 
for the construction of biosensors [87]. Taking into account the substrate nature 
(e.g. GC), it is suggested that highly ordered monolayers could not form on the 
GC surface due to its roughness [88], rather a structurally disordered monolayer 
containing defects or microscopic pinholes may form [89]. However, there is a 
discrepancy in the literature. According to the study by Downard and Prince, 
even if the monolayer is very thin, it can be rather blocking towards electron 
transfer decreasing the electron transfer rate [89]. Whereas others suggest that 
the monolayer is not expected to significantly decrease the ferri/ferrocyanide 
electron-transfer rate [75, 90]. 

While aryl radicals are highly reactive, the formation of multilayers is 
usually observed. The resulting organic layers bring new properties to the 
covered substrate, leading to applications in many areas such as corrosion, 
insulating material and catalysis [91]. Different mechanisms for aryl film 
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growth and multilayer formation have been proposed. The most common 
explanation is that the multilayer formation on electrode surface may occur due 
to the highly reactive free radicals in the solution generated during the 
electrografting which might react with already formed aryl layer on electrode 
surface (see Scheme 2) [17]. This might indicate that the initial aryl layer could 
become sufficiently conductive to reduce further diazonium ions in the solution 
[92]. As can be seen from Scheme 2, the formed aryl radical may attack already 
grafted aryl group on the electrode surface. It has been even proposed that 
during this process, cyclohexadienyl radical may form which may further react 
with an aryl radical or diazonium cations [1, 5]. In order to recover the 
aromaticity, the cyclohexadienyl radical should lose a hydrogen radical [5]. 
Furthermore, it has been proposed that during the multilayer formation, the azo 
bonds within the aryl film may form [1]. Another explanation has been given by 
Brooksby and Downard, where the multilayer formation may occur due to the 
penetration of diazonium precursor in aryl film defects/pinholes/pores [93]. 
Solak et al. [94] proposed that if the electrons could transfer only through 
pinholes, they would be rapidly clogged and multilayer formation would be 
inhibited. In general, the multilayers formed on the electrode surface are rather 
disordered than closely packed (e.g. para-substitution) [10, 17]. However, the 
thickness of the aryl film formed can be controlled by several parameters (see 
Section 4.1.5).  

 
 

Scheme 2. Proposed mechanism for the formation of multilayer on electrode 
surface by aryldiazonium reduction [5]. 
 

4.1.5. The formation of thick organic films by diazonium reduction 

There are several factors which influence the thickness of aryl films formed on 
electrode surface by the electrochemical reduction of diazonium salts: the 
number of potential cycles applied, electrolysis (modification) time, applied 
potential, potential sweep rate, the type of electrode material, the type of aryl 
diazonium salt, the concentration of the diazonium salt solution [40]. For 
example, the aryl film thickness can be varied through controlled potential 
electrolysis. Downard [95] investigated the aryl film formation using different 
electrolysis potentials as well as different electrolysis time. The results revealed 
that the surface concentration of aryl groups (e.g. nitrophenyl) depends greatly 
on the modification potential. The surface coverage increased as the electrolysis 
potential became more negative, however using the same potential but different 
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electrolysis time the film formation seemed to be self-limiting (e.g. 10 min was 
enough instead of 100 min) [95]. In addition, the film growth stopped at each 
potential used and submonolayer coverage was obtained [95]. Moreover, 
Kariuki and McDermott [10] claimed that thick aryl films (15–25 nm) can be 
obtained using high diazonium concentration as well as long periods of 
deposition time (10–30 min).  

A step forward is the formation of thick organic film on the electrode 
surface. Very recently, this strategy was fully explored by Daasbjerg and 
coworkers [96–98] who reported about the formation of thick covalently 
attached conducting organic layers on different substrates (GC, gold and 
stainless steel) via electrochemical reduction of various aryldiazonium salts 
(including 4-nitrobenzenediazonium tetrafluoroborate and 9,10-dioxo-9,10-
dihydroanthracene-2-diazonium salt). In order to form conductive organic films 
of high thickness, the main factors are as follows: the aryldiazonium salt should 
contain redox active functionality in order to maintain the charge propagation in 
the growing film; the sweeping of potential is essential during the electro-
grafting process to avoid the clogging of the physisorbed species in the 
electrolyte channels in the film; usually a higher sweep rate than 500 mV s–1 is 
preferred and last but not least, the selection of the switching potential during 
the surface modification is important [96–98]. For example, when the electro-
grafting of AQ moieties on Au substrate was carried out in the potential range 
where only the reduction pre-wave of the diazonium salt appeared, the layer 
thickness of the organic film was almost 10 times lower compared to the one 
where the switching potential was set to more negative direction where the first 
redox wave of the AQ moiety was observed as well [98]. Furthermore, the 
formation of thick conducting films depends on the substrate and aryldiazonium 
salt used [96]. To date, there has been no report on systematic studies about the 
formation of thick organic layers on CVD-grown graphene or HOPG as yet. 
Therefore it has been done recently in the frame of this PhD thesis [VI]. 

 
 

4.2. Surface morphology characterisation  
of aryl-modified electrodes 

After surface derivatisation with aryl groups, it is necessary to ascertain the 
presence of an aryl film on electrode surface [5]. The characterisation of the 
aryl-modified surfaces can be achieved by various analytical or spectroscopic 
methods, including X-ray photoelectron spectroscopy (XPS), atomic force 
microscopy (AFM), ellipsometry, Raman spectroscopy, electrochemical quartz 
crystal microbalance [4, 5, 99].  

One of the most popular surface characterisation method is X-ray photo-
electron spectroscopy. This method has been widely used for the elemental 
composition analysis of surface films. There is a large variety of functional 
groups (e.g. F-, Br-, I-) that can be detected in the aryl film by XPS [5]. Most 
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widely studied are the modifiers containing nitro groups. The latter give a clear 
signal in the XPS spectra at about 406 eV [1]. In addition, further reduction of  
–NO2 groups give a peak at about 400 eV [1], which usually corresponds to the 
aminophenyl groups. The XPS peak at ca 400 eV can be also attributed to azo 
groups or azo bonds, which may form during the electrografting and 
additionally confirm the multilayer presence on the electrode surface [4].  

Atomic force microscopy has been widely used for the observation of modi-
fication of surfaces after electrografting. The AFM images clearly evidence the 
formation of an aryl layer of variable height and roughness (depending on the 
grafting conditions). AFM can be also used for estimating the aryl layer 
thickness by the “scratching” method [5]. Ellipsometry has been also used for 
measuring the film thickness [100]. It has been proposed that ellipsometry can 
be applied to film thicknesses from monoatomic up to mircometer [101]. In 
1994, Wall et al. [102] measured the thickness of thin poly(phenyleneoxide) 
film (the latter was electrochemically deposited onto HOPG) by AFM and 
spectroscopic ellipsometry and the results showed that the ellipsometry 
measurements were more or less concordant with AFM measurements. 

Raman spectroscopy is also a very useful technique in characterising the 
surface groups [5]. For example, McCreery and co-workers modified the (both 
edge and basal plane) HOPG and GC surfaces with 4-azobenzene (AB) or  
4-nitroazobenzene (NAB) groups by diazonium reduction and studied the aryl-
film composition by Raman spectroscopy [62, 67]. The authors demonstrated 
that the attachment of AB or NAB layers on GC and HOPG was observed 
through a complete assignment of the spectra [5]. In addition, Raman 
spectroscopy is a powerful tool to characterise the quality of HOPG and CVD-
grown graphene [103]. 

Electrochemical quartz crystal microbalance (EQCM) is a good technique in 
order to study the formation of mono- or multilayers. Gold substrates are 
suitable for these measurements. For example, the EQCM results on aryl-
modified Au substrates have shown a mass increase higher than a monolayer 
even after the first half cycle during the electrochemical grafting, which 
increased progressively also in the subsequent cycles indicating the formation of 
multilayer on Au substrate [104]. 
 
 

4.3. Electrochemical properties of aryl-modified 
electrodes 

Aryl groups grafted to an electrode surface may have a great impact on the 
underlying material itself, therefore it is important to study the electrochemical 
properties of these functional layers [105]. In order to do that, electrochemistry 
(e.g. cyclic voltammetry, rotating disk electrode method, electrochemical 
impedance spectroscopy) provides a convenient tool to study the electro-
chemical properties of aryl films deposited onto electrode surface. Using the 
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solution-based redox probes at aryl-modified surfaces, it is possible to study the 
blocking properties or in contrast, electrocatalytic effect on the electron transfer 
reactions.  

 

4.3.1. Studies of redox systems on aryl-modified electrodes 

Based on the literature, different redox probes have been used to investigate the 
electrochemical properties (especially barrier properties) of aryl-modified 
electrodes compared to bare surfaces [7, 8, 61].  

One of the interesting redox probes is ABTS2/ABTS (2,2`-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid), ABTS). ABTS has been widely used as 
an electron transfer (ET) mediator for O2 reduction on laccase-modified elec-
trodes to ensure the effective electron transfer communication between the 
redox centres of the enzyme and the underlying electrode [106, 107]. For 
clarification, laccase is an enzyme, which belongs to the copper-containing 
oxidases and which catalyses the reduction of oxygen to water [108]. Therefore, 
laccase is also one of the most commonly studied enzymes in the applications of 
biofuel cells [109]. Based on the recent review, there is an enormous number of 
reports concerning studies about the (bio)electrochemical properties of laccase-
modified electrodes in the presence of ABTS in solution or co-immobilised with 
ABTS [109]. However, only few studies have focused on the electrochemical 
behaviour of ABTS itself. For example, early work on the ET process of ABTS 
on GC electrodes has been studied by Scott et al. [110]. The authors reported 
that ABTS undergoes reversible oxidation from the colourless dianion (ABTS2) 
to coloured (intensely blue-green) radical (ABTS) [110]. Furthermore, it is 
now well established that ABTS undergoes two consecutive one-electron 
oxidations at 475 mV and 885 mV (vs. Ag/AgCl), which correspond to the 
reactions of redox couples of ABTS2/ABTS and ABTS/ABTS, respectively 
[110–112]. Quan et al. [113] studied the pH dependence of redox properties of 
ABTS on platinum electrode and the results revealed that the oxidation of 
ABTS is almost pH independent. Very recently, Zeng et al. [114] investigated 
systematically the kinetic parameters of ABTS2/ABTS redox reaction on bare 
GC electrodes using cyclic voltammetry and the rotating disk electrode method. 
Among other things, the authors determined the rate constant to be  
k° = 4.6×10–3 cm s–1 which was close to the value obtained by Palmore and Kim 
[106]. However, the diffusion coefficient of ABTS (4.4×10−6 cm2 s−1) [114] was 
different from that of Di Fusco et al. study, where the diffusion coefficient of 
ABTS was determined to be 3.4×10−6 cm2 s−1 in case of platinum electrode 
[115]. In recent years it has been shown that laccase can be covalently 
immobilised onto electrode surfaces that are modified with aryl groups by 
diazonium reduction [116–120]. However, the literature about the 
electrochemical behaviour of ABTS on electrodes modified with aryl groups 
(especially the aryl-modified electrodes which can be used in the attachment of 
biomolecules, e.g. aminophenyl or carboxyphenyl) is still scarce. Therefore it 
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was necessary to study the electrochemical behaviour of ABTS on aryl-
modified electrodes and it has been done as part of this thesis [I]. 

In general, the ferri/ferrocyanide (Fe(CN)6
3/4) couple is probably the most 

often used redox system to evaluate the electrochemical properties of modified 
electrodes [7]. The Fe(CN)6

3/4couple is an inner sphere redox system and 
therefore can be used as a redox probe to analyse the pinholes and defects on 
the aryl-modified electrode surfaces [90]. The diameter of the Fe(CN)6

3– ion is ca 
0.6 nm [121] and it has rather hydrophilic properties [89]. Furthermore, ferri-
cyanide is negatively charged and may be repelled from the electrode surface by 
the carboxylate species at the electrode surface [77]. For example, a systematic 
investigation of the pH dependence of the electron transfer kinetics for four 
redox probes (including the Fe(CN)6

3 probe) on electrochemically grafted  
4-diazo-N,N-diethylaniline (DEA) on GC electrode has been performed by 
Schauff et al. [122]. The authors reported that the electron transfer process on 
the DEA-modified GC electrode depends on the chemical nature of the redox 
species. It was shown that the blocking effect of the grafted layer was strong for 
the Fe(CN)6

3/4 redox couple, while others (for example, the Ru(NH3)6
2+/3+ 

redox system) were barely affected by the DEA grafted layer. However, for the 
Fe(CN)6

3 probe, a major blocking effect was demonstrated at pH 10, while the 
DEA grafted electrode suppressed the response of Ru(NH3)6

2+/3+ at pH 2. 
Furthermore, Kullapere et al. [123] have studied the blocking properties of aryl-
modified GC electrodes using the Fe(CN)6

3/4 redox probe and in addition, the 
electrochemical behaviour of these electrodes was investigated towards oxygen 
reduction. The overall results showed that the ferricyanide reduction on aryl-
modified GC electrodes was blocked to a much larger degree than oxygen 
reduction and in addition the blocking effect varied significantly depending on 
the aryldiazonium salt used [123].  

Gui et al. [31] investigated the electrochemical properties of sulfophenyl-
grafted GC and Au electrodes. The authors suggested that if the aryl layer (e.g. 
sulfophenyl) should give a negatively charged layer, then it is expected to 
provide an electrostatic barrier to the electrochemistry of soluble negatively 
charged redox species (like ferri/ferrocyanide ions). The effect of blocking 
occurs if the electrochemical response of the redox probe is suppressed on  
4-sulfophenyl-grafted GC electrodes [31]. If it is not (as in case of gold grafted 
with 4-sulfophenyl groups), then the aryl layer is not as closely packed as it was 
in case of aryl-modified GC [31].  

Based on the above-mentioned results, the electrochemical properties of 
aryl-modified electrodes depend on the electrode material, modification 
procedure and redox species [89]. Therefore it is important to use different 
redox probes in order to make solid conclusions about the nature of the aryl 
film. Furthermore, it is relevant to perform comparative studies between 
different underlying materials electrografted with different aryl groups. This has 
been done recently [II,III]. 
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Besides the investigation of electrochemical behaviour of aryl-modified 
electrodes, the electrochemical properties of the new material, graphene, need to 
be studied. As highlighted by Banks and co-workers [124, 125], it is important 
to investigate the electrochemical behaviour of CVD graphene compared with a 
material of similar structure (e.g. HOPG). However, there is a disagreement in 
the literature comprising the electrochemical behaviour between CVD-grown 
graphene and HOPG. Namely, Brownson et al. [126] claimed that the 
electrochemical behaviour of CVD graphene on Ni substrate (commercially 
available) towards -nicotinamide adenine dinucleotide (NADH) and uric acid 
resembled that of the edge plane HOPG. In contrast, Ambrosi et al. [127] 
showed that the electrochemical response of CVD-grown multilayer graphene 
transferred to a poly(ethylene terephthalate) substrate towards NADH as well as 
the Fe(CN)6

3/4 redox system was similar to that of basal plane HOPG. 
Therefore it was necessary to study the electrochemical behaviour of CVD-
grown graphene compared to HOPG more systematically and it has been done 
recently [V].  
 

4.3.2. The oxygen reduction studies on aryl-modified electrodes 

The ORR has been widely explored because it is an important reaction in fuel 
cells, metal-air batteries and in the electrochemical synthesis of hydrogen 
peroxide. Recently, Šljukic et al. [128] investigated the reduction of oxygen on 
GC electrodes modified with azobenzene, hydroazobenzene and Fast Black K 
salt via solvent evaporation. Based on their results, the modified electrodes 
showed the best electrocatalytic properties towards the ORR in acidic solution  
(pH 2) compared with bare GC [128]. In addition, these aryl-modified 
electrodes were suggested to be appropriate for H2O2 formation [128].  

 The investigation of ORR in alkaline medium has received considerable 
interest [129]. Over many years, a large research has been carried out to 
investigate O2 reduction on AQ-modified electrodes in alkaline electrolyte. In 
our workgroup [53, 54, 121, 130–134] it has been shown that the AQ 
derivatives covalently attached to GC electrode surfaces can be used as 
electrocatalysts for O2 reduction. Moreover, it was demonstrated that O2 
reduction follows a two-electron pathway indicating that the AQ-modified GC 
electrodes efficiently catalyse the reduction of oxygen to hydrogen peroxide in 
alkaline solution [53, 54, 121, 130–134]. Furthermore, Sarapuu et al. [135] and 
Kocak et al. [136] have studied the reduction of oxygen on AQ-modified HOPG 
electrodes with the AQ surface concentration (ΓAQ) lower than 1×1010 mol cm2 
and 1.3×1010 mol cm2, respectively. Taking into account that the surface 
coverage for a closely-packed monolayer of anthraquinonyl groups is  
3.45×1010 mol cm2 [137] then these ΓAQ values correspond to submonolayer 
AQ films on the HOPG surface. Even so, from both studies, the AQ-modified 
HOPG electrodes catalysed the reduction of oxygen to hydrogen peroxide via 
two-electron pathway [135, 136].  
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4.3.3. The oxygen reduction studies on graphene-based electrodes 

In recent years, there has been an increased interest in O2 reduction studies on 
bare and modified graphene-based electrodes because of the excellent properties 
of graphene itself (e.g. high electrical conductivity, large specific surface area, 
etc.) [138]. Very recently, Randviir and Banks [139] reported a comparative 
study of ORR in acidic media using pristine graphene (which is free from 
surfactants), graphene oxide (GO, synthesised by Hummer´s method) and edge 
and basal plane pyrolytic graphite electrodes. The results showed that the 
electrocatalytic activity depended on the underlying substrate [139]. To be more 
specific, the electrocatalytic activity towards the ORR was higher on GO than 
on pristine graphene, whereas pristine graphene was less active than basal plane 
pyrolytic graphite [139]. Lima et al. [140] and Matsumoto et al. [141] showed, 
that the reduced graphene oxide (rGO) was more electrocatalytically active for 
ORR in alkaline solution than GO. In addition, the ORR activity of GO was 
comparable with edge plane HOPG, whereas basal plane HOPG was less active 
towards ORR than GO or rGO electrodes [141]. As can be seen, the electro-
chemical behaviour between differently obtained graphene and pyrolytic 
graphite electrodes varies. To date, the comparative ORR studies between 
CVD-grown graphene and HOPG have not been reported as yet, which was for 
the motivation to investigate that as a part of this thesis [V]. 

In order to enhance the electrocatalytic activity of graphene towards the 
ORR, graphene has been used as a catalyst-support for ORR studies [142]. For 
example, Tiido et al. [143] have shown that Pt catalyst supported onto TiO2 
functionalised graphene nanosheets exhibited similar electrocatalytic activity 
compared with bulk Pt towards O2 reduction in both acidic and alkaline 
medium. In addition, nitrogen-doped graphene has received much interest [129]. 
For example, Vikkisk et al. [144] showed that N-doped GO revealed similar 
electrocatalytic activity towards the ORR in 0.1 M KOH compared to Pt/C 
catalyst. Furthermore, N-doped GO and mutliwalled carbon nanotube composite 
materials are good electrocatalysts for ORR as reported by Ratso et al. [145]. 

However, in the literature there are only a few studies concerning the 
modification of graphene with AQ groups. For example, Yang and co-workers 
have studied the electrochemistry of rGO modified with AQ moieties covalently 
attached by electrochemical reduction of the corresponding diazonium salt 
[146] and noncovalently by adsorption method [147]. The authors also 
determined the surface concentration of AQ groups attached to graphene: in the 
first report the surface coverage of AQ groups was 9.58×10−10 mol cm− 2 [146] 
and in the latter study it was twice lower (ΓAQ = 4.9×10−11 mol cm−2) [147], 
although these electrodes showed good electrocatalytic properties towards the 
ORR. Moreover, it would be interesting to study O2 reduction on thick AQ 
films electrografted on HOPG and CVD-grown graphene electrodes and it has 
been done recently [VI]. 
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5. EXPERIMENTAL 

5.1. Chemicals and materials 
2,2`-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt 
(ABTS, 98%, Sigma), 4-aminobenzoic acid (99%, Aldrich), 4-aminoazobenzene 
hydrochloride (97%, TCI), 1-aminoanthraquinone (Sigma-Aldrich), 
tetrafluoroboric acid (48%, Sigma-Aldrich), potassium hexacyanoferrate(III) 
(K3Fe(CN)6, Aldrich or Merck), potassium hexacyanoferrate(II) trihydrate 
(K4Fe(CN)6×3H2O, Merck), KOH pellets (p.a. quality, Merck or BDH, 
AristaR), KCl (Merck), K2SO4 (p.a. quality, Merck), NaNO2 (Merck), KH2PO4 
(Merck), Na2HPO4 (Fluka), CH3COONa×3H2O (Fluka), CH3COOH (Sigma-
Aldrich), acetonitrile (ACN, HPLC grade, Sigma-Aldrich), isopropanol (Sigma-
Aldrich), acetone (Lach-Ner or VWR), methanol and diethyl ether (HPLC 
grade, Sigma-Aldrich), H2SO4 (96%, Merck), HCl (37%, Sigma-Aldrich), 
sodium tetrafluoroborate (NaBF4, 98%, Sigma-Aldrich), hydrogen peroxide 
(H2O2, 30%, Merck), tetrabutylammonium perchlorate monohydrate 
(TBAClO4×H2O, 99%, Acros Organics) and tetrabutylammonium iodide 
(Bu4NI, Sigma-Aldrich) were used without further purification. Tetrabu-
tylammonium tetrafluoroborate (TBABF4) was purchased from Fluka (98%) or 
was synthesised using standard procedure [148]. Alumina with the grain size of 
1, 0.3 and 0.05 µm was purchased from Buehler.  

Three commercially available diazonium salts: 4-nitrobenzenediazonium 
tetrafluoroborate (NBD, 97%, Aldrich), Fast Garnet GBC sulphate salt  
(2-methyl-4-([2-methylphenyl]azo)benzenediazonium salt, Sigma–Aldrich), 
Fast Black K salt (2,5-dimethoxy-4-([4-nitrophenyl]azo)benzenediazonium 
chloride hemi(zinc chloride), Sigma) and three pre-synthesised diazonium salts: 
4-carboxyphenyl diazonium tetrafluoroborate (CPD), azobenzene diazonium 
tetrafluroborate (ABD) and 9,10-anthraquinone-1-diazonium tetrafluoroborate 
(AQD) were used for the electrochemical grafting of different electrode surfaces. 
The latter three diazonium salts were synthesized similarly using previously 
published procedures [39, 65, 149–154]: 

CPD: 4-aminobenzoic acid (0.04 mol) was dissolved in water (56 mL) and 
7.2 mL of 37% HCl was added slowly. The solution was maintained at about 
0 ºC in an ice bath. Thereafter, a solution containing NaNO2 (0.044 mol) in 
16 mL was added and the obtained solution was allowed to stir for 1 h in an ice 
bath. Afterwards, the solution was filtered and NaBF4 (0.044 mol) was added. 
The slurry was cooled below 0 ºC, filtered by suction and washed with ice water 
and cold ether. The synthesised CPD was dried and stored in a desiccator (about 
4 ºC). Yield was ca 44%. Additionally, the diazonium functionality was 
detected by IR spectroscopy at about 2290 cm–1 [155] and the purity of CPD 
was controlled by NMR spectroscopy. 

ABD: 4-aminoazobenzene hydrochloride (0.01 mol) was dissolved in 100 mL 
of the mixture of water and acetone (1:1 by volume). The obtained solution was 
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maintained at 0~5 ºC in an ice bath. A mixture of NaNO2 (0.01 mol), HCl 
(0.01 mol) and 50 mL of water and acetone (1:1 by volume) was added to the 
previously prepared solution. The solution was filtered and NaBF4 (0.01 mol) 
was added. The slurry was cooled below 0 ºC, filtered by suction and washed 
with ice water and cold ether. The synthesised ABD was dried and stored in a 
desiccator (about 4 ºC). Yield was ca 50%. The purity of ABD was controlled 
by NMR spectroscopy. 

AQD: 1-aminoanthraquinone (2.2 mmol) was dissolved in acetone (5 mL) 
while stirring. Tetrafluoroboric acid (48%, 1 mL) was added and the solution 
was cooled in an ice bath for 10 min. NaNO2 (2.2 mmol) was dissolved in 
distilled water (0.5 mL) and the solution was cooled in an ice bath for 10 min. 
The dissolved NaNO2 was added slowly to the 1-aminoanthraquinone solution 
and the obtained solution was allowed to stir for 1 h in an ice bath. Afterwards, 
the solution was filtered and the solid was washed with cold tetrafluoroboric 
acid, pre-cooled methanol and diethyl ether, followed by recrystallisation from 
acetone and diethyl ether. The resulting AQD was dried by rotary evaporator 
and stored at 18 ºC. Yield was ca 60%. The purity of AQD was checked by 
NMR spectroscopy. 

Glassy carbon (GC) and gold electrodes were prepared by pressing GC  
(GC-20SS, Tokai Carbon) or Au disks (99.99%, Alfa Aesar) into Teflon 
holders, respectively. The geometric area (A) of these electrodes was 0.2 cm2 
[I–IV]. 

GC plates (12×12×2 mm) were supplied from NII Grafit (Russia). HOPG 
(SPI-2 grade, 12×12×2 mm or 10×10×2 mm and ZYB grade, 12×12×1.2 mm) 
substrates were purchased from SPI Supplies or NT-MDT (Russia). The area of 
these electrodes exposed to solution was fixed by Kalrez® perfluoroelastomer 
O-ring yielding the area of 0.64 or 0.38 cm2 [V,VI]. 

The synthesis of graphene was performed by chemical vapour deposition 
(CVD) onto nickel or copper substrates (designation: Ni-Gra or Cu-Gra). The 
CVD-grown graphene on Ni foil was synthesised at the Institute of Physics of 
the University of Tartu similarly to the method described in Ref. [156]. In short, 
prior to deposition the Ni foils (99.9%, Strem Chemicals) were annealed for 
40 min. in Ar and H2 flow with the rate of 100 and 120 sccm, respectively, at 
1000 oC. Then Ni foils were exposed to a gas mixture of 10% CH4 in Ar at the 
same temperature for 40 min. The flow rates of the H2 and CH4/Ar mixture were 
kept at 120 and 40 sccm, respectively. Samples were cooled by moving away of 
an external heating element and using additional Ar flow with the rate of 
100 sccm keeping the H2 and CH4/Ar gas flow rates the same as they were 
during the deposition. 

Cu-Gra was prepared by growing graphene onto 50 µm thick Cu foil in a 
homemade CVD system at Aarhus University (Denmark). The oxygen-free Cu 
foil was purchased from Advent Research Materials (CU1333) and electro-
polished prior to graphene growth [157]. The CVD growth of graphene onto Cu 
substrate was carried out in a similar way as described by Ruoff and co-workers 
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[158]. Briefly, the Cu foil was annealed in a split tube furnace at 1030 ºC for 
30 min with Ar and H2 flow at 1470 sccm and 27 sccm, respectively, which was 
held constant throughout the whole procedure. The temperature was decreased 
to 1000 ºC and graphene growth was initiated by bleeding 3 sccm CH4 into the 
reaction chamber. The growth proceeded for 1 h (pressure = 28 mbar), after 
which the tube was rapidly cooled to room temperature. 

In addition, commercially available CVD-grown graphene on Ni was used. 
Ni-Gra (10×10 mm) was purchased from Graphene Supermarket with the thin 
film of Ni itself deposited onto silicon. Bare Cu foil and Ni plates (both 
12×12 mm) were used for comparative purposes in the electrochemical 
experiments.  

It should be noted that all current densities in section 6.3.2 were calculated 
with respect to the A of the individual electrodes. For GC, HOPG (ZYB grade), 
Cu, Ni, and Cu-Gra, the A was 0.64 cm2 while for HOPG (SPI-2 grade) and  
Ni-Gra, it was 0.38 cm2. 
 
 

5.2. The electrode preparation before electrografting  
Prior the use, the GC substrates were polished to a mirror finish with 1.0 and 
0.3 μm alumina slurries on Milli-Q water microcloth pads or with sandpaper 
grids (P180, P500, P1000 and P2000) followed by polishing with diamond 
suspensions (grain sizes 9, 3, 1 and 0.25 µm). In case of Au disk electrodes, 1.0, 
0.3 and 0.05 µm alumina slurries were used. Thereafter, the GC and Au 
electrodes were sonicated in Milli-Q water, isopropanol and ACN for 5 min. In 
addition, the Au electrodes were cleaned electrochemically in Ar- or N2-
saturated 0.5 M H2SO4 solution by cycling the electrodes between –0.3 and 
1.5 V vs. SCE at a sweep rate (ν) of 100 mV s–1 until a reproducible cyclic volt-
ammogram was obtained. 

The fresh surface of HOPG was prepared prior to each measurement by 
removing the top layers with adhesive tape.  
 
 

5.3. Electrochemical reduction of aryldiazonium salts 
NBD, CPD, ABD, Fast Garnet GBC sulphate salt, Fast Black K salt and AQD 
were used in order to functionalise different electrode surfaces with  
4-nitrophenyl (NP), 4-carboxyphenyl (CP), azobenzene (AB), 2-methyl-4([2-
methylphenyl]azo)benzene (GBC), 2,5-dimethoxy-4-([4-nitrophenyl]azo)benzene 
(FBK) and 9,10-anthraquinone (AQ) groups, respectively. Scheme 3 illustrates 
the chemical structures of the diazonium compounds used in this thesis.  
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Scheme 3. Chemical structures of the studied diazonium compounds: a) 4-nitrobenzene; 
b) 4-carboxyphenyl; c) azobenzene; d) Fast Garnet GBC; e) Fast Black K and  
f) 9,10-anthraquinone. 
 
The electrochemical grafting of carbon-based and Au electrodes was carried out 
in ACN containing 1 mM or 3 mM of the corresponding diazonium salt and 
0.1 M TBABF4 as a base electrolyte. It should be noted that the concentration of 
the diazonium salts in the solutions was 1 mM and 3 mM in case of carbon-
based and Au electrodes, respectively. The exact modification procedures are 
indicated in the text. After electrochemical grafting, the aryl-modified GC and 
Au electrodes were sonicated in ACN for 5 min to remove physically adsorbed 
material. In contrast, the aryl-modified HOPG and CVD-grown graphene 
electrodes (either on Ni or Cu substrates) were carefully rinsed with ACN in 
order to avoid the surface damage. 
 
 

5.4. Electrochemical measurements 
Electrochemical measurements were performed using a three-electrode system. 
Bare and aryl-modified GC or Au electrodes were employed as a working 
electrode, whereas saturated calomel electrode (SCE) and Pt wire were used as 
a reference and counter electrode, respectively. In addition, specially designed 
three-electrode cell with Kalrez® perfluoroelastomer O-ring (DuPont™) was 
used in case of GC, HOPG and CVD-grown graphene substrates [V,VI]. The  
O-ring was used in order to avoid leakage of the solution and to ensure the fixed 
area of the working electrode. 

In some organic solvents a Ag/AgI pseudo-reference electrode (a silver wire 
immersed in ACN of 0.1 M TBABF4 + 0.01 M Bu4NI) was used. At the end of 
each experiment the standard potential of the Fc+/Fc couple, Fc+° , was measured 
and all potentials were referred against SCE using a previous determination of Fc+°  = 0.41 V vs. SCE in ACN [70]. To facilitate comparison with all the 
results, all potentials in this thesis are quoted with respect to SCE. 

The potential was applied using an Autolab potentiostat/galvanostat 
PGSTAT128N or PGSTAT30 (Eco Chemie B.V., The Netherlands) and the 
experiments were controlled with General Purpose Electrochemical System 
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(GPES) software [I–V]. For some experiments, potentiostat of CH Instruments 
660B or 601D were used [VI]. 

For the electrochemical studies, cyclic voltammetry (CV) or linear sweep 
voltammetry (LSV) was employed. In some experiments, the rotating disk 
electrode (RDE) technique was used with an EDI101 rotator and a CTV101 
speed control unit (Radiometer, Copenhagen) and the electrode rotation rate (ω) 
was varied between 360 and 4600 rpm. 

The electrochemical behaviour of ABTS was studied in Ar-saturated 50 mM 
acetate (pH 4 and 5) and phosphate buffers (pH=6–8) containing 0.5 mM ABTS 
and 0.1 M KCl as a base electrolyte. The electrochemical response towards the 
Fe(CN)6

3–/4– redox probe was studied in Ar- or N2-saturated 0.1 M K2SO4 or 
0.1 M KOH containing 1 mM K3Fe(CN)6 or 1 mM K4Fe(CN)6. The O2 reduction 
studies were performed in O2-saturated 0.1 M KOH solution. All buffer and 
aqueous solutions were prepared in Milli-Q water (Millipore Inc.).  

In Section 6.2.3., the electrochemical impedance spectroscopy (EIS) was 
employed in case of GBC- and FBK-modifed Au electrodes [III]. An Autolab 
potentiostat/galvanostat (model PGSTAT128N) equipped with a FRA2.X 
module was used for these EIS experiments. These experiments were conducted 
at a fixed potential: at an open-circuit potential (OCP) approximately at 0.31 V 
in the presence of 1 mM K3Fe(CN)6

 with potential perturbation of 25 mV (rms) 
within a frequency range of 10 mHz to 100 kHz. Care was taken to ensure that 
AC impedance data corresponded to the interfaces being investigated at high 
frequencies – namely, the potentiostat employed had faster performance; the 
highest cutoff frequency was limited to 160 kHz for the FRA2 module, which 
used a fixed filter when the frequency applied exceeded 19 kHz; cables were 
short and, akin to the connections, were shielded; the electrochemical cell was 
placed inside a Faraday cage; the working electrode was positioned in front of 
and close to a larger Pt plate; and the SCE was placed near to the working elec-
trode. Nova 1.7 Autolab (2009) software was used to simulate the behaviour of 
equivalent circuits of the interface in the presence of the Fe(CN)6

3– probe and 
the parameters of these circuits were fitted to the measured spectra using a non-
linear least-squares program. The EIS experiments were performed in Federal 
University of Mato Grosso do Sul, Brazil. 

Depending on the purpose, solutions were deaerated with Ar (99.999%, 
AGA) or saturated with O2 (99.999%, AGA). All electrochemical experiments 
were carried out at room temperature (23±1 ºC). 
 
 

5.5. UV treatment with OH● radicals 
The GBC and FBK-modified GC and Au surfaces were treated with OH● 
radicals generated by UV photolysis of a 10% H2O2 solution [IV]. High-
pressure mercury lamp (500 W) was used. The solutions were housed in quartz 
test tubes. The disk electrodes used for electrochemical experiments were 
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positioned in such way that only some diffuse stray radiation could shine on the 
electrode surface. In case of the electrodes for AFM measurements, the direct 
irradiation with the UV lamp of the aryl-modified Au surface was avoided. 
 
 

5.6. Surface characterisation methods used for bare and 
aryl-modified electrodes 

5.6.1. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) data were collected with a SCIENTA 
SES-100 spectrometer using an unmonochromated Mg Kα (incident energy = 
1253.6 eV) or Al Kα X-ray source (incident energy = 1486.6 eV) and a take-off 
angle of 90º. In case of Mg Kα and Al Kα X-ray source, a source power of 300 
or 400 W was used, respectively. The operating pressure in the analysis 
chamber was set below 10–9 Torr.  

GC plates (1.1×1.1 cm) and Au Arrandee™ (Schröer GmbH, Lienen, 
Germany) specimens (250±50) nm thick Au film deposited on a (2.5±1.5) nm 
chromium layer on borosilicate glass slides (1.1×1.1 cm) were used as a 
substrate material [I–IV]. Prior the electrografting, the latter samples were 
annealed in a butane flame until a weak dark-red glowing of the surface. After 
this the Au/glass samples were cooled down to room temperature in N2 stream, 
in order to get flat gold terraces with preferential Au{111} orientation [IV]. 

The surface modification procedures of GC and Au plates for the XPS 
studies were identical to those used for the electrochemistry measurements  
[I–IV]. However, the cleaning procedure after electrografting of the Au 
substrates involved rinsing several times with ACN and dried in a stream of 
argon gas. The ultrasonic cleaning was not employed due to the risk of 
delaminating the gold sputtered layer from the glass plate or to damage of the 
Ni-Gra surface. 

The survey spectra of NP- and AP-modified GC samples were recorded 
between 800–0 eV [I]. In case of AB-, GBC- and FBK-modified GC and Au 
substrates, the survey scan were obtained between 700–0 eV [II,III] and  
600–0 eV [IV]. For bare Ni and Ni-Gra samples, the survey spectra were 
collected in the energy range of 1000–0 eV. For all cases, pass energy = 200 eV 
and step size = 0.5 eV were used. 

For the high-resolution scan in the N1s region, the energy range was 410–
395 eV for the NP-, AP-modified GC [I] or 408–396 eV in case of AB-, GBC-, 
FBK-modified GC and Au substrates [II–IV]. In addition, pass energy = 200 eV 
and step size = 0.1 eV were used in all cases.  

The XPS measurements were performed by Dr. Leonard Matisen in the 
Institute of Physics of the University of Tartu. 
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5.6.2. Atomic force microscopy 

The surface morphology of aryl-modified Au, HOPG and CVD-grown 
graphene electrodes (on either Ni or Cu substrate) was studied by atomic force 
microscopy (AFM) with a multimode AFM Autoprobe CP II (Veeco) instrument 
and AFM images were recorded in non-contact mode using a NSG01 (NTMDT) 
or UL20 (PSI) series cantilevers under ambient conditions. The Gwyddion™ 
free software (Czech Metrology Institute) ver. 2.27 or 2.34 was employed for 
image processing and surface roughness calculations. AFM images were 
processed by the first order flattening for background slope removal, and if 
necessary, the contrast and brightness were adjusted [III,V,VI]. In some 
experiments, a DualScope 95–50 microscope (DME, Denmark) in non-contact 
mode using the Software DME Scan Tool Version 1.2.1.0 was used for the 
AFM measurements [IV]. Each AFM image presented is a representative of 
numerous images taken on different locations of the sample.  

It should be noted that in some AFM experiments, monocrystalline Au(111) 
film deposited on mica at elevated temperature using electron beam evaporator 
VS-17 (Vacuum Service OY) was used as a substrate material [III]. The mica 
substrates were cleaved just before Au deposition and prior to each surface 
modification the Au(111) film surface was shortly annealed in H2 flame [III]. In 
addition, Au/glass substrates were used similarly to XPS measurements [IV].  

The thickness of AB-, GBC-, FBK films on Au and in addition, AQ film 
thickness on HOPG and CVD-grown graphene electrodes (on either Ni or Cu 
substrate) was measured with AFM in contact mode using UL20 series 
cantilevers. For thickness measurements, AFM was used in nanolithography 
mode to scratch off the modifier layer [III,VI]. 

The AFM measurements were performed by Dr. Margus Marandi in the 
Institute of Physics of the University of Tartu [III,V,VI] and Dr. Ulrich Hasse in 
the Institute of Biochemistry of the University of Greifswald [IV]. 
 

5.6.3. Ellipsometry 

The thicknesses of AB, GBC and FBK films on Au electrodes were performed 
using GES-5E ellipsometer with rotating polarizer (Semilab), angle of incidence 
65°. Obtained spectra were analysed in the range 1.3–5 eV using WinelliII 
software [III]. The data for a gold substrate were taken from Ref. [159], the 
polymer layers approximated as n = 1.46 like in Ref. [160].  

The thicknesses of AQ films on GC, HOPG and graphene-based electrodes 
(dried under Ar flow after electrografting) were measured using a rotating 
analyser ellipsometer (Dre, Germany) [VI]. GC and HOPG substrates were 
measured at 65° angle of incidence, while Ni-Gra was measured at 70°. The 
ellipsometric parameters of the bare (s, s) and the grafted (g, g) substrates 
were measured in air at ambient temperature, where  is the phase shift and 
tan() is the amplitude ratio upon reflection. The complex refractive index of 
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the bare substrate was calculated from the measured s and s values. A three-
layer optical model consisting of a substrate with a complex refractive index, 
the grafted layer with a refractive index and thickness and the surrounding 
medium (air) was used to calculate the overall reflection coefficients for in-
plane (Rp) and out-of-plane (Rs) polarised lights [70]. 

The real and the imaginary parts of the refractive index of the bare substrate 
were obtained by measuring the clean plates prior to modification. Ellipsometric 
measurements were performed on the same area of the plates before and after 
electrografting. Because the measurements were carried out on a dried and 
therefore collapsed films, the refractive index of the layer was fixed at a 
constant value (real = 1.55; imaginary = 0), independent of the thickness. The 
average and the standard deviation values reported correspond to data points 
obtained from measuring three spots on each plate [70]. 

The ellipsometry measurements of AB-, GBC- and FBK-modified Au 
electrodes were carried out by Dr. Aarne Kasikov in the Institute of Physics of 
the University of Tartu [III] and the ellipsometry measurements of AQ-modified 
GC, HOPG and graphene-based substrates were carried out in Department of 
Chemistry and Interdisciplinary Nanoscience Center, Aarhus University [VI]. 
 

5.6.4. Electrochemical quartz crystal microbalance 

In section 6.2.3., the GBC and FBK film formation on Au electrodes were 
studied by electrochemical quartz crystal microbalance (EQCM) method. A 
Research Quartz Crystal Microbalance (Maxtek) was employed to measure 
resonance frequency shifts in situ in case of GBC- and FBK-grafted Au 
electrodes [III]. The microgravimetric studies were carried out in a GC-15 
three-electrode glass cell that included a CHC-15 crystal holder, clamp and 
stopper (Maxtek). A 5-MHz AT-cut quartz crystal (25.4 mm in diameter) 
vertically positioned in front of the counter electrode served as the working 
electrode (polycrystalline Au), both sides of which were coated with Au 
sputtered on a Ti layer in a keyhole pattern (geometric area in contact with 
solution = 1.37 cm2) (Maxtek). The surface was thoroughly cleaned before 
electrografting by cycling 30 times in N2-saturated 0.5 M H2SO4 between 0.2 
and 1.5 V vs. SCE at 100 mV s1 and, if necessary, changing the solution three 
times. After this step, the cell and electrodes were washed several times with 
water followed by rinsing with ACN. The surface modification of the working 
electrode for EQCM measurements was carried out in 0.1 M TBAClO4/ACN 
containing 3 mM of Fast Garnet GBC sulphate salt or Fast Black K salt. The 
reference electrode was separated from the modification solution by a jacket 
equipped with a sintered glass junction in order to minimise water penetration. 
The Sauerbrey equation was used assuming that the attached layer of GBC or 
FBK is rigid and no viscoelastic changes occur at the electrode/solution 
interface: m = –f/Cf [161], where m is the change of mass per unit area in g 
cm2, f is the resonance frequency shift in Hz and Cf is the sensitivity factor of 
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the crystal in Hz ng1 cm2 (0.056 Hz ng1 cm2 in the present case). The EQCM 
experiments were performed in Federal University of Mato Grosso do Sul, 
Brazil. 
 

5.6.5. High-resolution scanning electron microscopy 

High-resolution scanning electron microscopy (HR-SEM) using Helios™ 
NanoLab 600 (FEI) instrument was employed for the CVD-grown graphene on 
Ni foil characterisation [V]. These HR-SEM measurements were performed by 
Jekaterina Kozlova in the Institute of Physics of the University of Tartu. 
 

5.6.6. Raman spectroscopy 

For the characterisation of CVD-grown graphene on Ni foil, Raman spectra 
were recorded with a Renishaw inVia micro-Raman spectrometer with an 
incident laser beam wavelength of 514 nm [V].  

In order to perform Raman analysis for Cu-Gra, the graphene was transferred 
from Cu-Gra to Si/SiO2 (300 nm) wafers using the standard procedure. First, the 
Cu-Gra substrate was spin-coated with 2% poly(methyl methacrylate) (PMMA) 
in anisole at 1000 rpm for 45 s, and baked at 150 ºC for 15 min. The Cu-foil 
was etched with 1 M FeCl3 and the remaining graphene/PMMA was transferred 
after a short treatment in 1 M HCl and extensive washing with deionised water. 
The sample was put in the oven to dry at 150 ºC, after which the PMMA was 
dissolved in hot acetone.  

The Raman spectroscopy measurements of bare Ni-Gra electrodes [V] were 
performed by Jekaterina Kozlova in the Institute of Physics of the University of 
Tartu. The Raman spectroscopy measurements of bare Cu-Gra (transferred to 
Si/SiO2) [VI] were performed in Department of Chemistry and Interdisciplinary 
Nanoscience Center, Aarhus University.  
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6. RESULTS AND DISCUSSION 

6.1. Surface and electrochemical properties  
of NP-, CP- and reduced NP-modified GC electrodes  

The electrode surface functionalised with 4-aminophenyl (AP) or  
4-carboxyphenyl (CP) groups offer the platform for coupling the biomolecules 
in order to fabricate for example biosensor surfaces [2, 42, 43]. Based on the 
literature, the blocking properties of NP-, AP- or CP-modified GC electrodes 
towards the ferri/ferrocyanide couple have been extensively studied [39, 77, 
149, 162]. However, while these aryl films (AP or CP) can be used for further 
attachment of (bio)molecules (e.g. laccase) and ABTS is mostly used redox 
system studied in laccase-modified electrodes, the electrochemical properties of 
AP-, NP- and CP-modified GC electrodes towards ABTS oxidation were 
explored in this section [I]. 
 

6.1.1. Electrochemical grafting of GC with NP and CP groups 

Figures 1a,b show the cyclic voltammograms recorded during the modification 
of GC electrodes with 4-nitrophenyl (NP) and 4-carboxyphenyl (CP) groups via 
electrochemical reduction of the corresponding diazonium salts. The 
electrografting for both diazonium compounds was performed between 0.6 and 
–0.8 V using a sweep rate (v) of 100 mV s1. In case of NBD, one (Procedure a) 
and 20 (Procedure b) potential cycles and in case of CPD, two (Procedure c) 
and 20 (Procedure d) potential cycles were carried out. The electrodes modified 
with NP and CP groups are denoted as GC/NP and GC/CP, respectively. 
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Figure 1. Electrochemical grafting of (a) 4-nitrophenyl and (b) 4-carboxyphenyl groups 
onto GC electrode in Ar-saturated acetonitrile containing 1 mM of the corresponding 
aryldiazonium cations and 0.1 M TBABF4 at a sweep rate of 100 mV s1.  

 
As mentioned in the literature overview (Section 4.1.3.), usually only one 
reduction peak in a narrow potential range is observed which refers to the 
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reduction of the aryldiazonium cations to an aryl radical which then reacts with 
the carbon surface giving a strong covalent C–C bond. However, as can be seen 
from Figure 1, the first CV of electrografting showed two irreversible cathodic 
peaks for both aryldiazonium compounds which is in agreement with previous 
reports [123, 163, 164]. Based on the literature, it has been proposed that the 
second reduction peak at lower potentials should correspond to the reduction of 
the aryldiazonium cations to a radical. The origin of the first reduction peak 
(also assigned as a pre-peak) is still not fully understood [40, 164–166]. During 
the successive cycling, the reduction peaks diminished by the 20th potential 
cycle (see Figure 1). This is a typical electrografting behaviour of aryl-
diazonium salts and the disappearance of the reduction peaks refers to the 
progressive blocking of the GC surface by an aryl film. 

Thereafter, it was of special interest to further reduce the NP groups to 
aminophenyl (AP) groups. The electrochemical reduction of NP groups was 
carried out in EtOH–H2O (1:9 by volume) solution containing 0.1 M KCl as a 
supporting electrolyte similarly as described in the literature [41, 58, 162]. 
Briefly, the reduction procedure involved five potential cycles at 100 mV s1 
from 0.7 to –1.5 V followed by sonication in EtOH–H2O for 5 min. The 
corresponding CVs are shown in Figure 2 and the electrodes are designated as 
reduced GC/NP. 
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Figure 2. Electrochemical reduction of NP-modified GC electrode in Ar-saturated 
EtOH–H2O solution containing 0.1 M KCl (v = 100 mV s1). First (solid line) and fifth 
(dotted line) potential cycles are shown. 

 
It has been claimed that a four-electron reduction of NP in protic medium yields 
hydroxylaminophenyl (APOH) group which may be further reduced to 
aminophenyl group in the second two-electron step [162]. According to Yu et 
al. [42], the first cycle (see Figure 2) shows a single chemically irreversible 
reduction and an oxidation process which appears to be two closely spaced 
peaks. The large reduction peak in the first potential cycle indicates the 6e 
reduction of NP to AP groups. A part of NP groups may be reduced to APOH 
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groups. During subsequent cycles, the reduction peak at –1.0 V disappeared and 
a small reduction peak at –0.35 V associated with the oxidations appeared. It is 
suggested that those peaks arise from the APOH/nitrosophenyl couple [162].  

While it is known that NP groups are electroactive, the presence of NP 
groups on GC/NP electrodes was confirmed by electrochemically recording the 
CVs in Ar-saturated 0.1 M KOH between 0 and –1.2 V (ν = 100 mV s1). The 
surface concentration of NP groups (ΓNP) was calculated by the charge 
integration under the voltammetric peaks according to the equation (1) [167]: 
 

 =  (1) 

 
where Q is the amount of charge consumed, n is the number of electrons 
involved (n = 2), F is the Faraday constant (F = 96485 C mol1) and A is the 
electrode area (A = 0.2 cm2). Modification with one full potential cycle 
(Procedure a) and 20 cycles (Procedure b) yielded ΓNP values of 5×1010 and  
7×1010 mol cm2, respectively. Both ΓNP values correspond to less than a 
monolayer coverage, which is 1.25×109 mol cm2 [58]. However, the accurate 
electrochemical determination of the NP groups can be misleading because not 
all nitro groups may be electroactive (there is a possibility that the electro-
chemically inaccessible NP groups may be “buried” within the aryl film) [40, 
64, 168]. Therefore, the actual surface concentration of NP groups might be 
higher than that determined from the CV data. From these results it is  
reasonable assume that a loosely packed NP film may be formed which shows 
multilayer structure. The surface coverage of other aryl films studied in the 
present work remains unknown because these modifiers are not electroactive. 
 

6.1.2. Surface characterisation by XPS  

XPS measurements were carried out to characterise the elemental composition 
of NP and reduced NP films. Figure 3 presents the XPS spectra of the N1s 
region for the as-prepared NP film and for the NP film reduced in EtOH–H2O, 
using the modification Procedures (a) and (b), i.e. by applying one and 20 
cycles between 0.6 and –0.8 V (see Figure 1a). 

It is known that the binding energy values of 406 and 400 eV correspond to 
–NO2 and –NH2 groups, respectively [169, 170]. The XPS peak at 400 eV can 
also be explained by the presence of azo linkages (–N=N–) within a multilayer 
film [75]. As can be seen from Figure 3a, no peak attributed to –NO2 groups (at 
406 eV) was observed for reduced GC/NP electrodes modified by Procedure 
(a), only a large peak at 400 eV was detected, which indicates a complete 
transformation of NP groups to AP groups and therefore it can be concluded 
that NP groups of this particular electrode are reduced mainly to AP groups. 
However, a substantial XPS peak close to 406 eV was observed for reduced 
GC/NP electrodes modified by Procedure (b), but mostly amino groups of 

10
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binding energy of 400 eV dominated (Figure 3b). Both peaks were visible upon 
surface modification with NP groups, using the modification Procedures (a) and 
(b) (Figures 3a,b). Besides the azo linkages, the second peak with a lower 
binding energy close to 400 eV could also arise from chemical transformations 
of nitro groups during the XPS experiment [169, 170].  
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Figure 3. XPS spectra of N1s region of the as-prepared GC/NP (solid line) and reduced 
GC/NP (dotted line) electrodes, electrografted by: (a) one and (b) 20 cycles. 
 

6.1.3. Electrochemical behaviour towards ABTS oxidation on NP-, 
CP- and reduced NP-modified GC electrodes 

The electrochemical behaviour of ABTS was studied on bare and aryl-modified 
GC electrodes using cyclic voltammetry (CV) and the rotating disk electrode 
(RDE) method. First, the CV curves of bare GC electrodes were recorded 
between 0 and 0.8 V in order to confirm the results obtained in the literature 
[106, 110]. As can be seen from Figure 4, the CVs showed well-defined one-
electron reversible waves which correspond to the ABTS2/ABTS redox 
couple and in addition, the electrochemical response of ABTS on bare GC was 
independent of pH. The redox potential of the ABTS2/ couple was found to be 
0.46 V, which is in good agreement with the previous report [110]. Further-
more, the experiments showed that the peak potential separation (ΔEp) was 
determined as 0.08 V in the solutions of various pH (pH=4–8), while Palmore et 
al. [106] reported that in the solution of pH 4, the value of ΔEp was 0.110 V. 

While the electrochemical behaviour towards the ABTS2/ABTS redox 
probe on bare GC is pH independent, only the representative RDE voltammetry 
curves for ABTS oxidation on a bare GC electrode at pH 5 are shown in 
Figure 5. Current plateaux are observed on unmodified GC in the range of 
potentials between 0.55 and 0.75 V. The theoretical diffusion-limited current 
was calculated by the Levich equation (2) according to Ref. [167]: 
 

 2/16/13/2
d 62.0   DnFACI    (2) 
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where Id represents diffusion-limited current, n is the number of electrons 
involved (n = 1), F is the Faraday constant (96485 C mol−1), A is the electrode 
area (0.2 cm2), C is the concentration of ABTS in the bulk (0.5×10−6 mol 
cm−3), D is the diffusion coefficient of ABTS (3.4×10−6 cm2 s−1 [115] or 
4.4×10−6 cm2 s−1 [114]), ν is the kinematic viscosity of the solution (0.01 cm2 s−1 
[171]) and ω is the electrode rotation rate. It is relevant to note that in the paper 
[I], the theoretical Levich plot was calculated using the value of D as reported 
by Di Fusco and co-workers (D = 3.4×10−6 cm2 s−1 [115]). However, it was of 
special interest to see whether the new D value of ABTS (4.4×10−6 cm2 s−1 
[114]) determined later by Zeng et al. could fit with the experimental results 
obtained in this study. As can be seen from Figure 5 insets 1,2, the oxidation 
current is equal to the theoretical diffusion-limited current while using the value 
of D = 3.4×10−6 cm2 s−1 [115] (see Figure 5, inset 1). The half-wave potential 
(E1/2) of ABTS oxidation on bare GC was independent of pH and the E1/2 value 
was 0.46 V, exactly the same as determined from the CV data of bare GC. This 
is an expected result considering the nearly reversible CV response of ABTS.  
 

0.0 0.2 0.4 0.6 0.8

-0.02

-0.01

0.00

0.01

0.02

 pH 4
 pH 5
 pH 6
 pH 7
 pH 8

I 
/ m

A

E vs SCE / V         
0.0 0.2 0.4 0.6 0.8

0.00

0.02

0.04

0.06

0.08

0 5 10 15 20 25

0.00

0.02

0.04

0.06

0.08

 

 

I 
/ m

A


1/2

 / rad
1/2 

s
1/2

(2)

0 5 10 15 20 25

0.00

0.02

0.04

0.06

0.08

 

 

I 
/ m

A


1/2

 / rad
1/2 

s
1/2

pH 5

I 
/ m

A

E vs SCE / V

(1)  /rpm

4600

3100

1900

960
610
360

 
 

Figure 4. Cyclic voltammograms of a 
bare GC electrode in Ar-saturated 
50 mM acetate buffer (pH 4 and 5) and 
50 mM phosphate buffer (pH 6, 7 and 8) 
containing 0.5 mM ABTS and 0.1 M KCl. 
v = 100 mV s1. 

 
 

 

Figure 5. RDE voltammetry curves for 
ABTS oxidation on a bare GC electrode 
in Ar-saturated 50 mM acetate buffer 
(pH 5), containing 0.5 mM ABTS and 
0.1 M KCl at various rotation rates.  
v = 10 mV s1. The insets show the Levich 
plot at 0.6 V. The solid line corresponds 
to the theoretical Levich plot, where the 
D was used as (1) 3.4×10−6 cm2 s−1 [115] 
or (2) 4.4×10−6 cm2 s−1 [114]), 
respectively. 

 
Figures 6a,c,e,g,i and Figures 6b,d,f,h,j show the CV curves and RDE 
voltammetry curves towards the ABTS2/ redox probe on aryl-modified GC 
electrodes, respectively. The voltammetric response of bare GC is given for 
comparison. In addition, the electrochemical data for the ABTS2/ couple of 
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bare GC and differently modified GC electrodes after modification by 
Procedures (a) and (c) were determined from the CV curves presented in 
Figures 6a,c,e,g,i and are given in Table 1. One of the parameters, the relative 
blocking efficiency (Irel), was used for aryl-modified GC electrodes and was 
defined analogously to Ref. [163]: 
 

 rel	 = 	 	 pa	with	a	filmpa	for	a	bare	GC × 100%  (3) 

 
where Ipa is the intensity of the anodic peak current. It should be noted that 
while using the modification Procedure (b) for GC/NP and reduced GC/NP 
electrodes and Procedure (d) for GC/CP electrodes, the blocking effect was so 
strong that the CV peaks were not discernible (see Figures 6a,c,e,g,i) and for 
these electrodes the parameters to characterise their barrier properties towards 
the ABTS2/ redox couple could not be determined.  

According to the values given in Table 1, the ABTS2/ redox system 
exhibits a significant increase of the ∆Ep value and decrease in peak current for 
NP-modified GC electrode (Procedure a) as compared to bare GC in all 
solutions. It should be noted that the increase in the separation of peak 
potentials demonstrates the inhibition of the charge transfer process. But in 
general, the electrochemical behaviour of ABTS on the GC/NP electrode 
(Procedure a) was almost the same in the solutions of different pH. 
Interestingly, the reduced GC/NP (Procedure a) and GC/CP (Procedures c) 
electrodes showed a rather similar behaviour in the charge transfer process (at 
pH 4) because the values of ∆Ep were almost the same (see Table 1).  

As can be seen from Table 1 and Figure 6, amongst other aryl-modified 
electrodes studied, some differences were observed in the electrochemical 
behaviour of ABTS on reduced GC/NP electrodes in different pH solutions as 
well (Figures 6a,c,e,g,i). It is known that the pKa of aniline is 4.6 [42, 172], 
therefore at pH 4 and 5 the AP groups on the modified electrode are protonated. 
At higher pH (pH >> pKa) the AP groups are deprotonated and the electron 
transfer of the ABTS2/ couple is somewhat blocked. Furthermore, the reduced 
GC/NP electrode (Procedure a) showed the lowest barrier properties for the 
ABTS oxidation in the solutions of different pH (pH=4–8), especially as 
compared with GC/NP electrodes (Procedure a). This might indicate that the 
aryl layer of NP is more compact than the reduced NP film where the 
aminophenyl groups are present (as shown by XPS in Section 6.1.2).  
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Figure 6. (a,c,e,g,i) CVs and (b,d,f,h,j) RDE voltammetry curves for bare and aryl-
modified GC electrodes in Ar-saturated buffer solutions containing 0.5 mM ABTS and 
0.1 M KCl at different pH (4–8). (a,c,e,g,i) v = 100 mV s1 and (b,d,f,h,j) v = 10 mV s1 
and  = 1900 rpm. 
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The electrochemical results are rather controversial compared with literature. 
Namely, Lyskawa and Bélanger [173] reported the electrochemical behaviour 
towards ferricyanide reduction of Au electrodes modified with NP or 
aminophenyl groups by in situ generated diazonium salt reduction. The 
experimental results revealed that the electrochemical response of the  
Fe(CN)6

3/4 redox system was more suppressed for AP-modified Au electrodes 
than for NP-modified Au electrodes [173] and therefore it was further 
concluded that the aminophenyl layer was more compact than the NP layer [40].  
 
Table 1. Comparison of the CV results of bare GC and aryl-modified GC electrodes, 
using the modification Procedure a (one cycle) and c (two cycles). CVs were recorded 
in Ar-saturated 0.1 M KCl solution of various pH (pH=4–8) containing 0.5 mM ABTS. 
v = 100 mV s1. 

 
Electrode 

pH 4 pH 5 pH 6 
∆Ep 

(V) 
Ipa 

(µA) 
Irel 
(%) 

∆Ep 

(V) 
Ipa 

(µA) 
Irel 
(%) 

∆Ep 

(V) 
Ipa 

(µA) 
Irel 
(%) 

Bare GC 0.08 13.9 – 0.08 13.8 – 0.08 13.8 – 
GC/NP1 0.22 7.7 55 0.26 7.7 56 0.27 7.3 53 

Reduced GC/NP1 0.11 11.3 81 0.13 9.6 70 0.14 9.3 67 
GC/CP2 0.11 8.6 62 n.d. n.d. n.d. n.d. n.d. n.d. 

 
Electrode 

pH 7 pH 8 
∆Ep 

(V) 
Ipa 

(µA) 
Irel 
(%) 

∆Ep 

(V) 
Ipa 

(µA) 
Irel 
(%) 

Bare GC 0.08 12.7 – 0.08 13.2 – 
GC/NP1 0.22 7.7 61 0.25 7.1 54 

Reduced GC/NP1 0.17 9.6 76 0.15 9.2 70 
GC/CP2 n.d. n.d. n.d. n.d. n.d. n.d. 

1 These electrodes were modified by Procedure (a); 2 This electrode was modified by  
Procedure (c); n.d. – not detectable 
 
According to the CV and RDE results, the largest pH effect was observed for 
the GC/CP electrodes (both Procedures c and d). In case of GC/CP electrode 
modified by Procedure (c), the oxidation peak of ABTS was clearly visible at 
pH 4 (Figure 6a), while at pH 5 (Figure 6c) the electrochemical response of 
ABTS was more suppressed and even more at pHs 6–8 (Figures 6e,g,i). 
Therefore, the electrochemical parameters for GC/CP electrode (Procedure c) at 
pH>5 could not be determined as can be seen in Table 1. A similar behaviour of 
CP-modified electrodes has been observed by Saby et al. [39] and Abiman et al. 
[174] for the Fe(CN)6

3/4 redox system in buffer solutions of differing pH. The 
authors revealed that as the pH of the solution increased, the peak current 
decreased significantly at the CP-modified electrode. This kind of blocking 
behaviour was explained by the surface pKa value of CP groups. Saby et al. [39] 
reported that the apparent pKa of the 4-carboxyphenyl grafted layer shifted to a 
lower value (pKa = 2.8) than the pKa of solution based benzoic acid (pKa = 4.2). 
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It can be said that the CP groups on GC surface are deprotonated at the pHs 
studied according to the estimated pKa of 2.8 [39] or 3.25 [174] and thus repel 
the negatively charged ABTS. 

In order to get a better overview of the blocking effect, the differences of the 
currents of ABTS oxidation at 0.6 V between the electrodes of various aryl 
films were taken for comparison with that of bare GC. The respective current 
values are given in Table 2. As can be seen from Table 2, the effect of pH on 
ABTS oxidation was rather negligible in case of GC/NP (Procedures a,b) and 
reduced GC/NP (Procedure a) electrodes. Also the electrochemical behaviour 
towards the ABTS2/ redox probe on the GC/NP electrode (Procedure a) was 
almost the same in the solutions of different pH (see Figure 6). However, the 
oxidation current values for GC/CP electrode (Procedure d) were higher at pH 4 
than in other solutions (pH=5–8), where the current values were almost the 
same (this was discussed above). The same tendency was also noticed for the 
reduced NP film by applying Procedure (b). 

 
Table 2. Comparison of oxidation current (I, mA) values at the potential of 0.6 V for a 
bare and aryl-modified GC electrodes obtained by the RDE method in Ar-saturated 
solutions of various pH (pH=4–8) containing 0.5 mM ABTS and 0.1 M KCl.  = 1900 rpm, 
v = 10 mV s1. 

Electrode ABTS oxidation current (mA) 

pH 4 pH 5 pH 6 pH 7 pH 8 

Bare GC 0.0399 0.0397 0.0399 0.0386 0.0390 

GC/NP (Procedure a) 0.0109 0.0096 0.0120 0.0118 0.0077 

GC/NP (Procedure b) 0.0002 0.0004 0.0002 0.0002 0.0002 

Reduced GC/NP (Procedure a) 0.0270 0.0214 0.0153 0.0155  0.0113 

Reduced GC/NP (Procedure b) 0.0018 0.0009 0.0001 0.0001 0.0011 

GC/CP (Procedure c) 0.0283 0.0158 0.0130 0.0082 0.0080 

GC/CP (Procedure d) 0.0134 0.0048 0.0048 0.0044 0.0069 

 
The blocking action towards ABTS response increased with the number of 
modification cycles. The largest blocking effect towards ABTS was observed 
for a GC/NP electrode (Procedure b) in the solution of different pH (shown in 
Figure 6), but also for reduced GC/NP (Procedure b) electrodes as can be seen 
from Table 2. The GC electrodes modified with NP, CP and AP groups using 
Procedures (b) and (d) showed a similar response towards the ABTS2/ couple 
at various pHs and yielded a stronger blocking effect as compared to the 
electrodes modified by Procedures (a) and (c). This is obviously related to the 
differences in the surface concentration of aryl groups. 

In addition, the barrier properties of the aryl-modified electrodes can be 
explained by electrostatic interaction between charged groups and ionic redox 
probes according to the study by Schauff et al. [122] and as discussed in  
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Section 4.3. Besides the electrostatic interactions the barrier properties are 
strongly influenced by surface coverage of the modifier film. The structure of 
the aryl films has not been studied in the present work. However, previous 
investigations have shown that the blocking properties of aryl films depend on 
the modification conditions and even on the post-deposition treatment [8]. In 
addition, the presence and distribution of pinholes in the film might 
considerably influence its barrier properties. All these aspects are important for 
the practical application of aryl-modified electrodes in electroanalysis. 

 
 
6.2. Surface and electrochemical properties of GC and  
Au electrodes modified with azobenzene derivatives  

by diazonium reduction 
One of the important questions is whether the stability of aryl layer on Au 
surface is as high as that of the layer on carbon surface. Another issue concerns 
the electrochemical behaviour during electrografting between carbon and Au 
substrate. And last but not least, how different is the electrochemical behaviour 
between aryl-modified GC and Au electrodes. Comparative studies on GC and 
Au electrografted with NP, CP or 4-sulfophenyl groups have been performed by 
Gooding and co-workers [31, 38, 44, 77]. According to our knowledge, a 
comparative study between GC and Au surface electrografted with different 
azobenzene diazonium salts has not been reported as yet. Therefore, in this 
section, the electrochemical properties (including electrochemical behaviour 
during electrografting) of GC and Au electrodes modified with azobenzene 
derivatives via electrochemical reduction of the corresponding diazonium salts 
are compared [II,III]. Since the electrochemical grafting of GC and Au with aryl 
groups yielded robust layers, which inhibited the electrochemical response of 
the Fe(CN)6

3− probe and in addition, the aryl layers were difficult to remove 
without mechanical treatment on both GC and Au substrates [II,III], it was of 
special interest to further explore the degradation effect of aryl films on GC and 
Au surface by OH● radicals generated by UV photolysis of H2O2 [IV]. 

 

6.2.1. Electrochemical grafting of GC and Au electrodes  
with different azobenzene derivatives 

GC and Au electrodes were modified with AB, GBC and FBK groups via 
electrochemical reduction of the corresponding diazonium salts. These specific 
diazonium compounds were chosen due to the differences in their structure (see 
Scheme 3c-e). For both substrates, three different modification procedures were 
used with each diazonium compound: (1) one cycle, (2) 10 cycles and (3) 10 
cycles after which the electrode was held at –0.2 V for 10 min. In all cases, the 
potential cycling was performed between 0.6 and –0.4 V with a scan rate of 
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100 mV s1. For the clarification, the GC and Au substrates electrografted with 
AB, GBC and FBK groups are designated as GC/AB, GC/GBC, GC/FBK and 
Au/AB, Au/GBC, Au/FBK, respectively.  
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Figure 7. Electrografting of GC (a,c,e) and Au (b,d,f) electrodes by electrochemical 
reduction of (a,b) azobenzene diazonium salt, (c,d) Fast Garnet GBC sulphate salt and 
(e,f) Fast Black K salt in Ar-saturated ACN containing 0.1 M TBABF4 as a supporting 
electrolyte. ν = 100 mV s1. It should be noted that the diazonium salt concentration was 
1 and 3 mM in case of GC (a,c,e) and Au (b,d,f) electrodes, respectively. 
 
The modification curves of the electrochemical reduction of different 
azobenzene diazonium salts on GC are shown in Figures 7a,c,e and on Au are 
presented in Figures 7b,d,f. The first modification cycle showed two reduction 
peaks in case of ABD (Ep ≈ 0.31 V and 0.05 V), Fast Garnet GBC sulphate salt 
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(Ep ≈ 0.30 V and –0.02 V) and Fast Black K salt (Ep ≈ 0.33 V and 0.16 V) while 
using GC as an electrode. The reduction potential of the ABD on GC was rather 
similar to that reported in the literature [175]. Compared with GC electrodes, 
quite similar electrochemical behaviour was observed in case of Au electrodes 
electrografted with AB (Ep ≈ 0.26 and 0.03 V) and FBK groups (0.23 and  
–0.15 V), except in case of GBC, where only one reduction peak appeared on 
Au at ca 0.23 V. The latter result was also confirmed by EQCM study (the 
discussion is given above).  

As discussed in Section 6.1.1, the origin of pre-peak is still not clear, 
meanwhile, the second reduction peak can be attributed to the reduction of the 
diazonium species on GC electrode. Different explanation is given in case of 
electrografting of Au surfaces with aryldiazonium cations. It was proposed by 
Benedetto et al. [176] that the first reduction peak can be associated with the 
reduction of diazonium cations on Au(111) facets, while the second peak at 
lower potential values can be attributed to the reduction of diazonium cations on 
Au(100), or on Au(110), Au(311) and other crystal facets.  

Although rather similar electrochemical behaviour during the electrografting 
between GC and Au electrodes was observed, it is important to note that the 
reduction potential of different azobenzene derivatives at GC electrode was a 
more positive (by ca 0.1 V) than that at Au electrode surface. Based on the 
recent reports [77, 177], the reason of this shift is the spill over of electron 
density into the resultant film derived from the aryl diazonium salts that occurs 
on gold surfaces. The negative charge makes the attachment of radicals difficult 
hence shifts the second peak potential to the negative values with respect to the 
first peak [177]. 

In general, for both substrates, the diazonium reduction peak(s) disappeared 
and peak current values decreased upon successive potential cycling (see Figure 
7) indicating the formation of the aryl layer on the electrode surface [5]. 
However, as can be seen from the electrochemical behaviour of Fast Black K 
diazonium cations on Au surface, the first reduction peak vanishes for the 
subsequent cycles, whereas the current of the second peak only slightly 
decreases and does not disappear entirely. Similar electrochemical behaviour 
was observed by Gui et al. [31] where the Au surface was electrografted with  
4-sulfophenyl diazonium salt. The authors suggested that the second reduction 
peak at lower potentials is observed because on Au(100) a smaller amount of 
aryl radicals is attached to this particular crystallographic facet [31]. 

There has been a disagreement in determining the surface concentration of 
azobenzene groups. Sadowska et al. [178] proposed that azo compounds are 
electroactive and therefore the surface concentration can be estimated by cyclic 
voltammetry. According to Brooksby and Downard [93], the azobenzene groups 
have no detectable electroactivity in aqueous acidic solution, whereas Šljukic  
et al. [128] have evaluated the surface concentration of physically adsorbed 
azobenzene in acidic solution. In the present thesis, the CV peaks were not 
reproducible and therefore the surface coverage of all the azobenzene 
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derivatives used for the modification of GC and Au substrates remained 
unknown.  

In case of Au electrodes, the GBC and FBK film formation on Au electrode 
was further investigated by EQCM. Figures 8a,b present the I–E and m–E 
potentiodynamic results for an Au electrode grafting during 10 repetitive 
potential cycles in 0.1 M TBAClO4/ACN containing 3 mM of the Fast Garnet 
GBC sulphate salt and Fast Black K salt, respectively. As can be seen from 
Figures 8a,b, the electrochemical behaviour of Au surface grafting with Fast 
Garnet GBC sulphate salt and Fast Black K salt is similar to that presented in 
Figures 7d,f. Briefly, the first cycle showed one (Ep ≈ 0.15 V) and two  
(Ep ≈ 0.10 V and –0.05 V) reduction peaks in case of electrografting with GBC 
and FBK diazonium compounds, respectively.  

From the EQCM results we may conclude that the aryl-film thickness 
increases with successive potential cycles despite the lack of an observable 
reduction wave. This continuing growth of the film may be attributed to the 
diazonium cation reduction via electron transfer through the grafted film 
although grafting at a decreased rate was observed [75]. 
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Figure 8. (a,b) I−E (solid line) and Δm−E (dashed line) potentiodynamic profiles for ten 
repetitive potential cycles (ν = 100 mV s1) and (c,d) dynamic profiles for the 
chronoamperometric experiment at −0.2 V for Au electrode in 0.1 M TBAClO4/ACN 
containing 3 mM of Fast Garnet GBC sulphate salt and Fast Black K salt (after 10 
potential scans presented). 
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Increases in mass densities are observed for potentials more negative than 0.57 
and 0.45 V to Fast Garnet GBC diazonium cation and Fast Black K diazonium 
cation, respectively, which coincide with increases in currents for the first CV 
scans. These increases in mass densities (230 and 75 ng cm2) are linear until 
around 0.21 and 0.17 V which are close to the potentials of the first reduction 
peaks. Therefore, the attachment of GBC and FBK groups to the surface of Au 
is in evidence already in the first stage. After these potentials, in the negative 
potential scan direction, a second increase in mass densities  
(137 (= 367–230) and 295 (= 370–75) ng cm2) with smaller and higher inclina-
tions (ng cm2 V1), respectively, are observed until around –0.09 and –0.35 V 
(second stage of the attachment of GBC and FBK groups to the surface of gold 
film, respectively). At the end of the first potential half-cycle the increases in 
mass densities were very close (390 ng cm2) for both compounds, and at the 
end of the first potential cycle were 420 and 480 ng cm2 for GBC and FBK 
groups, respectively. When the potential scan is reversed, the mass densities 
continue to increase slowly. A gradual mass density increase is observed for 
further potential cycling. Comparing the mass density change of the first and 
tenth scans, an increase in mass density of approximately 425 ng cm2 (in 
average), for both compounds, is observed for a layer that blocks completely the 
reduction of the Fast Garnet GBC diazonium compound. This behaviour has 
been previously observed for the covalent grafting of gold with other 
aryldiazonium compounds [75, 104, 176, 179]. The slow mass density increase 
in the reverse scan has been attributed to the formation of charge-transfer 
complexes that precipitate on the electrode surface [104, 180–183], but further 
growth from the radicals generated and diffusing to the electrode surface cannot 
be ruled out. In case of the Fast Black K diazonium compound, the decrease in 
mass densities was noted after the second potential cycling at more positive 
potentials than 0.2 V, whereas the increase in mass densities was observed at 
more negative potentials than 0.2 V. This kind of behaviour can be attributed to 
some redox behaviour/electron hopping [183] to the film produced after 
reduction of Fast Black K diazonium compound. 

The faradaic efficiencies were calculated from the slope of the m–q plots 
for different experimental conditions and values of 21 and 34% were found for 
the first electrografting half-cycle to Fast Garnet GBC and Fast Black K 
diazonium compound, respectively. 

By assuming a surface concentration of 10×1010 mol cm2 for a monolayer 
[75], the corresponding mass density expected for a monolayer of GBC group is 
286 ng cm2 and FBK group is 209 ng cm2. The surface concentration of GBC 
and FBK groups on Au surface can be calculated as 13.6×1010 and  
18.7×1010 mol cm2 (390 ng cm2), respectively, indicating higher coverage 
than a monolayer for the first potential half-cycle. 

After recording ten consecutive I–E and m–E profiles the electrode was 
held at a constant potential of –0.2 V for 10 min and a relatively small reduction 
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current was observed during the chronoamperometric experiment (Figures 8c,d) 
for both diazonium compounds. Surprisingly, although the currents are very 
small, the mass densities continue to increase (more effective to Fast Black K 
diazonium salt) indicating further growth of the grafted layers (i.e. multilayer 
growth). 

 

6.2.2 Surface characterisation of AB-, GBC- and  
FBK-modified GC and Au electrodes 

In order to confirm the presence of different azobenzene derivatives on aryl-
modified GC and Au substrates, the XPS analysis was used. The surface 
morphology of aryl-modified Au electrodes was further characterised by AFM. 

As all the azobenzene derivatives used include azo groups (–N=N–), then it 
is relevant to note that the presence of azo linkages in aryl layers was studied by 
Saby et al. [39]. They revealed that the XPS peak in the N1s region at 400 eV is 
attributed to –N=N– linkage. Furthermore, Liu and McCreery [62] used the 
electrochemical reduction method to modify the GC electrodes with aryl 
groups, using azobenzene as well as nitroazobenzene (NAB) diazonium salts. 
They investigated the aryl layers with Raman spectroscopy and also with XPS. 
As NAB includes nitro group besides the azo group, the high–resolution XPS 
spectra showed N1s peaks at 400 and 406 eV, which correspond to the azo and 
the nitro groups, respectively.  
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Figure 9. The XPS spectra in the N1s region for AB-, GBC- and FBK-modified:  
(a) GC and (b) Au electrodes. Both substrates were modified using Procedure (2). 

 
The XPS core–level spectrum in the N1s region of AB-, GBC- and FBK-
modified GC and Au electrodes is shown in Figure 9. While the XPS data for 
the corresponding diazonium salts using different modification procedures was 
rather similar, only the data of one modification procedure which involved 10 
subsequent cycles were chosen for comparison. It is important to note that the 
XPS survey spectra of AB-, GBC- and FBK-modified Au electrodes showed 

13
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gold, carbon, oxygen and nitrogen peaks (data not shown). The appearance of 
the gold peak is due to the presence of the defect sites in the grafted aryl layer. 
However, it was of considerable interest to investigate the nitrogen groups of 
azobenzene derivatives attached to GC and Au surfaces via electrochemical 
reduction of the corresponding diazonium salts and therefore only the N1s core 
level spectra of aryl-modified GC and Au samples are presented in Figure 9.  

As can be seen in Figure 9, the main peak at ca 400 eV gives evidence for 
the presence of azo groups as well as azo linkages (–N=N–) for AB-, GBC- and 
FBK-modified GC and Au electrodes. It is relevant to note that Ricci et al. [81] 
studied the formation of an azo bond during the electroreduction of diazonium 
salts on Au electrode surface. They revealed from the XPS study the formation 
of N=N bonds tethering the complexes to Au. On the other hand, for both FBK-
modified surfaces, the XPS spectrum in the N1s region revealed two peaks 
(Figures 9a,b). The first peak around 406 eV is attributed to –NO2 functionality 
and the second one at 400 eV corresponds to azo linkage. These observations 
are in good agreement with earlier reports for on different substrate materials 
[184]. Since all the studied aryl-compounds contain azo linkage and 
additionally, FBK contains a nitro group (see Scheme 3), these XPS results 
were rather expected. However, from the XPS data it can be concluded that the 
GC and Au electrodes can be successfully electrografted with AB, GBC and 
FBK groups. 

As it was shown previously [104], the Au(111) thin-film electrodes are very 
suitable for detailed topographic studies of the modifier films on gold. 
Therefore, the surface morphology of the Au film on a mica substrate modified 
with different aryldiazonium compounds was further examined using AFM. 
Typical topographical images obtained in non-contact mode and their height 
profiles are presented in Figure 10. The AFM images of modified Au electrodes 
clearly show that the surfaces of all electrodes are fully covered with a granular 
layer (see Figure 10). Thickening of modifier layers can be clearly seen in all 
three cases. The typical pattern of Au(111) surface is clearly visible after 
modification with one voltammetric cycle (Figures 10a,d,g), but after 10 
voltammetric scans and holding the electrode at –0.2 V for 10 min, the pattern 
of Au(111) is practically invisible (Figures 10c,f,i).  
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Figure 10. AFM images of Au(111) film electrodes modified with AB (a–c), GBC (d–f) 
and FBK (g–i) groups. The Au electrodes were electrografted using one potential cycle 
(a,d,g), 10 cycles (b,e,h), and 10 cycles, followed by holding the electrode at –0.2 V for 
10 min (c,f,i). 

 
The granular features of the electrodes modified by one potential cycle were 
uniform with average diameter of 30–50 nm for AB (Figure 10a), 35–50 nm for 
GBC (Figure 10d) and 25–45 nm for FBK (Figure 10g). After 10 voltammetric 
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scans, the dimensions of the granules increased in case of AB (35–70 nm) and 
FBK (40–60 nm). Different change of dimensions of the granules is detectable 
in case of GBC, average diameter decreases to 20–45 nm. This can be explained 
by differences in the growth stage of GBC film. After one cycle the upper layer 
of GBC film is not fully filled and separate granules can be measured, but after 
10 cycles all layers are filled and granules are closely packed, therefore their 
sizes are reduced. This explanation is also supported by decrease in the root 
mean square (RMS) roughness values from 1.53 nm for electrode modified with 
one voltammetric cycle to 1.35 nm for an electrode modified with 10 potential 
cycles. For electrodes modified with AB and FBK the RMS roughness increases 
from 1.34 nm and 1.1 nm for electrodes modified with one cycle to 1.58 nm and 
1.9 nm for electrodes modified with 10 potential cycles, respectively. The RMS 
roughness of modified electrodes after additional holding the electrode at  
–0.2 V for 10 min were 1.45 nm for AB, 1.22 nm for GBC and 0.93 nm for 
FBK. Decrease in RMS roughness of the modified Au electrodes during 
additional modification can be explained by thickening of modifier layers and 
close package of granules. Granule sizes do not change during this additional 
process for GBC (20–45 nm) and FBK (40–60 nm). Increase in granule 
dimensions was measured for electrodes modified with AB (50–80 nm). For 
comparison purposes, the RMS roughness of the unmodified Au(111) film 
surface was 0.2 nm. 

The thickness of aryl films was estimated using the AFM scratching 
experiment or ellipsometry (see Table 3).  
 
Table 3. Estimation of the AB, GBC or FBK film thickness on Au electrode by 
ellipsometry. 

Electrode Film thickness measured by ellipsometry (nm) 

Au/AB1 12 (or 11)a 

Au/AB2 18 (or 13)a 

Au/AB3 21 (or 18)a 

Au/GBC1 5 

Au/GBC2 4 (or 7)a 

Au/GBC3 11 

Au/FBK1 10 

Au/FBK2 12 (or 17)a 

Au/FBK3 33 

a Film thickness was measured by AFM  
 
The layer thicknesses measured by AFM in case of AB were 11 nm for the 
electrode modified with one cycle, 13 nm for the electrode modified with 10 
cycles, and 18 nm for the electrode modified with 10 cycles and additional 
holding of the electrode at –0.2 V for 10 min. For Au electrodes modified with 
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FBK and GBC groups by 10 potential cycles the thicknesses of modifier layers 
were 17 and 7 nm, respectively. These estimations of layer thickness were 
qualitatively confirmed by ellipsometric measurements (see Table 3). It should 
be noted that the ellipsometric thickness results for FBK layers are less reliable 
as modelling was performed only using a homogeneous film model. However, 
the comparison of measured and fitted spectra clearly indicates a more complex 
structure of a film. 
 

6.2.3. Electrochemical behaviour towards the Fe(CN)63− /4−  redox 
probe on AB-, GBC- and FBK-modified GC and Au electrodes 

The electrochemical properties of GC and Au electrodes modified with different 
azobenzene derivatives were characterised by CV using the ferri/ferrocyanide 
redox probe (see Figure 11). For comparison purposes, the electrochemical 
experiments with polished GC and Au electrodes were also conducted. Figure 
11 shows peak-shaped voltammograms for the redox reaction on bare GC and 
Au substrates, indicating that the electron-transfer process is under diffusion 
control. The ∆Ep values were ca. 76 and 60 mV for polished GC and Au 
electrodes, respectively. It is known that these ∆Ep values exhibit fast one-
electron transfer kinetics for the Fe(CN)6

3/4 redox couple. 
In general, the electrochemical responses towards the ferri/ferrocyanide 

redox probe at the aryl-modified GC and Au electrodes are of two general types 
(see Figure 11). To be more specific, quite well-defined peaks were observed in 
case of GC grafted with AB, GBC and FBK films using short modification 
procedure (e.g. one cycle, Procedure 1) while the shape of CVs of aryl-modified 
Au electrodes was rather sigmoidal. Therefore, two main parameters, ΔEp and 
Irel, were used to characterise the barrier properties of the aryl films studied in 
case of GC/AB1, GC/GBC1 and GC/FBK1 electrodes. The parameter of Irel was 
defined according to the equation (3) given in Section 6.1.3, with a difference 
that the intensity of the cathodic peak (Ipc) was used. 
 
 
 
 
 

14 
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Figure 11. Cyclic voltammograms of (a,c,e) GC and (b,d,f) Au electrografted with  
(a,b) AB, (c,d) GBC and (e,f) FBK groups. CVs were recorded in 1 mM K3Fe(CN)6 
solution containing 0.1 M K2SO4 as a supporting electrolyte. ν = 100 mV s1. 
 
The electrochemical data for aryl-modified GC electrodes are given in Table 4. 
 

 

 

 

 



55 

Table 4. CV results of polished and aryl–modified GC electrodes recorded in Ar-
saturated 0.1 M K2SO4 containing 1 mM K3Fe(CN)6 (ν = 100 mV s1). The GC 
electrodes were modified using Procedure (1).  

Electrode Ipc (µA) Irel (%) ΔEp (V) 

Polished GC 44 – 0.076 

GC/AB 10 22.8 0.863 

GC/GBC 12.5 28.4 0.597 

GC/FBK 18 40.9 0.377 

 
Considerable increase in the ΔEp value for all the aryl layers studied was 
observed compared to the polished GC electrode (see Table 4). The increase in 
the value of ΔEp reflects a significant decrease in the ET rate due to the 
blocking action of the grafted AB, GBC and FBK layers. It is well-known that 
the Fe(CN)6

3/4 ions should interact with GC surface for an effective ET 
process to occur [16, 90]. Therefore, it is evident that the formation of an aryl 
layer on the GC surface should inhibit the electron transfer kinetics of this redox 
couple. Also, it has been previously demonstrated that using the same procedure 
of modification by different aryl groups results in different degrees of surface 
blocking [123]. Khoshroo and Rostami [185] have grafted the GC surface with 
FBK via electrochemical reduction using different diazonium reduction times 
and compared the electrochemical behaviour with 4–diazophenylaceticacid 
tetrafluroborate (PAA) modified GC electrodes. They concluded that the 
blocking action was less pronounced for FBK-modified electrode towards the 
Fe(CN)6

3/4 redox couple compared to PAA-modified GC electrode although 
both aryl layers showed a significant blocking effect for the oxidation and 
reduction reactions of the Fe(CN)6

3/4 redox system compared to polished GC 
electrode [185]. For example, using the modification time of 30 s to obtain FBK 
layer on the GC surface, the parameter Irel was evaluated as 55.6% [185]. In this 
study, according to the value of Irel, the best blocking action was observed for 
GC/AB electrode (22.8%) and the lowest, 40.9%, for GC/FBK electrode (see 
Table 4), when only one potential cycle was used during electrografting.  

While using a shorter modification program during electrografing (e.g. only 
one potential cycle), the electrochemical results somewhat differed between 
aryl-modified Au and GC electrodes (see Figure 11). For example, for the 
Au/AB1 electrode, the CV did not show any peak indicating that the electron 
transfer process was strongly inhibited (see Figure 11b). In contrast to the 
results obtained on GC/AB1 electrodes, both the cathodic and anodic waves 
were observed (see Figure 11a). This might be explained by the circumstance 
that different diazonium salt concentrations were used for electrochemical 
grafting (1 mM and 3 mM for GC and Au substrates, respectively). Therefore, 
higher concentration may allow the Au surface to be better covered with aryl 
film. Furthermore, the electrochemical behaviour of the Au/GBC1 and 
Au/FBK1 electrodes was different compared to Au/AB1 and aryl-modified GC 
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electrodes. More specifically, the general shape of the corresponding CVs was 
rather sigmoidal in case of GBC- and FBK-modified Au electrodes. There were 
no defined peaks but the peaks were not suppressed completely. The sigmoidal 
shape of CV might refer that the aryl film contains pinholes where the electron 
transfer process between the Fe(CN)6

3/4 redox species and electrode surface is 
possible [162]. 

Kariuki and McDermott [10] reported that the longer electrolysis time of 
diazonium salt yielded larger ΔEp for several redox systems. Also, Khoshroo 
and Rostami [32, 185] studies revealed that in case of FBK film on GC or Au 
substrate the blocking action increased with increasing the modification time. In 
the present study, we also used different modification conditions (i.e. by 
applying 10 potential cycles beside the one cycle and furthermore, for the third 
modification procedure the electrode was held 10 min at a constant potential in 
order to improve the compactness of the aryl film) with all three diazonium salts 
and with both substrates (GC and Au) in order to further investigate the 
blocking effect. The slowing down of the electron-transfer kinetics was more 
evident by increasing the number of potential cycles during the electrografting 
of both, GC and Au surfaces. The electrochemical response of the Fe(CN)6

3–/4– 
probe was strongly suppressed (the CV peaks were not discernible, see Figures 
11a,c,e) by applying modification Procedures (2) and (3) in case of GC elec-
trodes. Therefore, the electrochemical data for the Fe(CN)6

3–/4– couple using CV 
could not be determined in order to characterise their barrier properties. Also, 
using a longer modification program in case of Au electrodes, the blocking 
effect was found to be somewhat stronger (see Figures 11b,d,f), indicating that 
the electrode surface is better-covered with aryl layers as it was also clearly 
evidenced by AFM study described above. However, the shape of CV was still 
rather sigmoidal in case of Au/FBK3 electrodes (see Figure 11f) compared to 
GC/FBK3 electrodes, where the electrochemical response of the Fe(CN)6

3–/4– 
couple was completely blocked (Figure 11e). The differences between the 
electrochemical behaviour of AB-modified electrode and for instance FBK-
modified electrode could be explained on the basis of the structure of aryl 
layers. Apparently, the azobenzene groups are more closely packed than FBK 
groups and this provides better blocking action. From these results we may 
conclude that the use of subsequent cycles and increasing the duration of the 
grafting procedure would result in larger aryl film thickness (as was seen in case 
of Au electrodes by ellipsometry and AFM, Table 3) and more compact film. 

In addition to the CV experiments, the RDE method was employed for aryl-
modified GC electrodes to investigate the blocking action towards the 
Fe(CN)6

3–/4– redox couple in the potential range between 0.6 and –0.6 V. The 
corresponding RDE voltammetry curves are presented in Figure 12. Similar 
tendency was observed for all aryl grafted electrodes using the same 
modification procedure. For instance, using Procedure (3), AB, GBC as well as 
FBK-modified GC electrodes remarkably suppressed the reduction current. 
Meanwhile, the Fe(CN)6

3– reduction behaviour of GC/AB, GC/GBC and 
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GC/FBK electrodes by applying Procedure (1) differs notably as compared to 
the above mentioned electrodes. It can be seen that in case of GC/AB1 electrode 
(see Figure 12a), the reduction current is more suppressed than on GBC- and 
FBK-modified GC electrodes electrografted by the same procedure. However, 
using multiple cycles in the grafting procedure, a significant effect on the 
current values and on the blocking action was observed similarly to CV results.  
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Figure 12. RDE voltammetry curves for Fe(CN)6

3– reduction on polished and aryl–
modified GC electrodes recorded in Ar–saturated 0.1 M K2SO4 solution containing  
1 mM K3Fe(CN)6: (a) GC/AB, (b) GC/GBC and (c) GC/FBK.  = 1900 rpm, ν = 20 mV s1. 

 
In addition, from the RDE data (Figure 12), the half-wave potential (E1/2) of 
Fe(CN)6

3– reduction on polished and aryl-modified GC electrodes was 
calculated. The E1/2 value for a polished GC electrode was found to be 0.16 V. 
In case of aryl-modified electrodes, the value of E1/2 shifted to more negative 
potentials compared to polished GC which additionally refers to the inhibition 
of the ET rate.  

To further characterise the compactness of the formed aryl layers on Au 
substrate and to obtain more information about the electron-transfer kinetics, the 
electrochemical impedance spectroscopy (EIS) was used. The EIS experiments 
were conducted at open circuit potential (OCP), which was 0.31 V for bare and 
electrografted Au electrodes in the presence of 1 mM K3Fe(CN)6. Figure 13 

15
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shows the impedance plots (Nyquist diagram) of the bare Au, Au/GBC2 and 
Au/FBK2 electrodes.  
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Figure 13. Impedance plane plots for bare Au (), Au/GBC2 () and Au/FBK2 () 
electrodes in N2-saturated 0.1 M K2SO4 solution containing 1 mM K3Fe(CN)6. Potential 
perturbation: 25 mV (rms). Frequency range: 100 kHz–10 mHz. Constant potential for 
EIS acquisition: OCP (0.31 V vs. SCE on average). Lines represent spectra (adjusted) 
calculated using a non-linear least-squares program, conforming to the equivalent circuit 
Rs[Cdl(RctQlf)], or Rs[Qdl(RctQlf)]. Calculated average values: Rs = 50 , Qdl = 6 F sn–1, 
 n = 0.9, and Qlf = 36 F, n = 0.45. Inset: Impedance plane plots in the main graph 
restricted to 15 kΩ. 

 
These complex plane impedance plots combine the regions of mass transfer and 
kinetic control at low and high frequencies, respectively [167]. When the 
electrochemical system is kinetically sluggish, large charge transfer resistance 
(Rct) values are found within a well-defined semicircular region, displaying a 
limited frequency range in which mass transfer is a significant factor [167] (see 
curve  in Figure 13). When Rct is small, the system is kinetically so facile that 
mass transfer always plays a role, and the semicircular region is not well 
defined [167] (see curve  in Figure 13).  

The simplest equivalent circuit of an electrochemical cell is a Randles 
equivalent circuit composed of resistors and capacitors [167]. This type of 
equivalent circuit was used in the present study and perfectly fitted the EIS 
results obtained (see the lines on the EIS curves in Figure 13). The equivalent 
circuit employed can be represented as Rs[Cdl(RctQlf)], or Rs[Qdl(RctQlf)], where 
Rs stands for the solution resistance, Qdl for the constant phase element 
involving an n exponent to represent Cdl (double layer capacitance), and Qlf for 
a constant phase element at the low-frequency limits. 

The results obtained at OCP are given in Table 5 (see also previous papers 
[183, 186, 187] for the assumed conditions to obtain EIS results).  
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Table 5. Approximate Rct and kº (or kappº) values obtained from non-linear least-squares 
calculations for elements of the equivalent circuit Rs[Cdl(RctQlf)], or Rs[Qdl(RctQlf)], 
adjusted for EIS responses (Figure 13) provided by bare Au and Au surfaces 
electrografted with GBC and FBK, in N2-saturated 0.1 M K2SO4 solution containing  
1 mM K3Fe(CN)6. 

Electrode Rct  (k) kº (or kappº)* (cm s–1  105) 

Bare Au 0.1 1700 

Au/GBC2 24 7 

Au/FBK2 72.6 2 

*kº (or kappº) values were obtained from Rct as described in Refs. [183, 186, 187]. 
 

In order to calculate the standard heterogenous rate constant (kº or kappº), the 
following equation (4) (for one-electron transfers) was used: 

 

 																																										 °	(or	 app°) = RT

F2RctAC
 (4) 

 
where R is the universal gas constant, T is the absolute temperature, F is the 
Faraday constant, A is the electrode area and C is the concentration of species in 
the solution. From Table 5 it can be seen that the kº (or kappº) = 0.017 cm s1 was 
determined for bare Au which is slightly higher compared with the result 
(0.011 cm s1) obtained by Laforgue et al. [75]. Furthermore, the calculated 
charge transfer rates were 243 and 850 times lower (kappº approaches 0.00007 
and 0.00002 cm s1) for GBC- and FBK-modified Au electrodes, respectively, 
compared with bare Au, thereby showing that modification decreased drastically 
the charge transfer to the Fe(CN)6

3 probe at OCP. This behaviour is in good 
agreement with CV responses presented in Figures 11d,f. 

The Rct value obtained for bare Au (Table 5) is close to the value reported by 
Khoshroo and Rostami [32] and Laforgue et al. [75]. Also, the Rct values 
obtained for Au/GBC2 and Au/FBK2 electrodes are close to the values reported 
by Khoshroo and Rostami [32]. It should be noted that we mainly compared the 
Rct value of Au/FBK2 with that of the Au/FBK electrode obtained by Khoshroo 
and Rostami [32], where the Au electrode was modified in ACN or aqueous 
solution containing 5 mM of Fast Black K salt and electrografting was 
performed during 270 s at a fixed potential and with Rct values obtained by 
Venarusso et al. [183] for anthraquinone-modified GC electrodes. The data 
given in Table 5 clearly show that the charge-transfer resistance (Rct) increases 
with the modification of the Au surface with GBC (24 k) and FBK (72.6 k) 
layers compared to bare Au (0.1 k). 

It appears that the FBK film is less compact or presents more pinholes than 
the film of GBC, because the complex plane impedance plot presents an 
extended region of mass transfer (see curve  in comparison with curve  in 
Figure 13). This can be inferred by comparing the structures of diazonium 
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compounds, Fast Black K and Fast Garnet GBC (see Scheme 3). See also in the 
next section that the blocking effect on oxygen reduction is slower on an Au 
surface electrografted with FBK, which results in high penetration of oxygen 
through this film. 

On the basis of these results, the best blocking properties were obtained with 
AB-modified GC and Au electrodes. Moreover, we may assume that the defects 
are absent (at least the Fe(CN)6

3– ions cannot penetrate the aryl-film) in case of 
AB film electrografted on both (GC and Au) surfaces using a longer deposition 
time during electrografting because the electrochemical response of ferricyanide 
reduction was suppressed. Furthermore, interesting findings were obtained with 
GBC- and FBK-modified Au electrodes. To be more specific, the GBC films on 
Au electrodes are more compact inhibiting the CV response of the ferricyanide 
redox probe more than FBK films.  
 

6.2.4. Oxygen reduction on AB-, GBC- and FBK-modified GC and  
Au electrodes 

An effort has been made to study the reduction of oxygen on the GC and Au 
electrodes electrografted with AB, GBC and FBK groups. These experiments 
were performed in O2–saturated 0.1 M KOH and two methods were employed: 
LSV and RDE techniques. 

In earlier reports, the O2 reduction has been widely studied for unmodified 
GC [121, 188, 189] and polycrystalline Au electrodes [104, 190–193]. 

First, the reduction of oxygen on bare and AB-, GBC- and FBK-modified 
GC electrodes is described. The corresponding LSV curves for bare and aryl-
modified GC electrodes are shown in Figure 14, whereas the RDE voltammetry 
curves of GC electrodes electrografted with AB, GBC and FBK groups are 
shown in Figure 15. In addition, Figure 16 shows the comparative RDE 
voltammetry curves for polished and aryl-modified GC electrodes. 

As can be seen from Figure 14, the O2 reduction wave on bare GC starts at 
ca 0.2 V with a peak appearing at 0.4 V and at more negative potentials  
( 0.9 V) a second peak is observed when LSV is employed. As can be seen in 
Figure 16, the pre–wave at –0.5 V for unmodified GC was in evidence and the 
reduction wave started at ca –0.25 V when the RDE method was employed. 
Both, LSV and RDE results for bare GC electrodes are in good accordance with 
previous reports [121, 188, 189]. It has been claimed that the first O2 reduction 
peak with a larger current can be associated with quinone-type centres which 
are present on the surface of polished GC [53, 54, 132, 194, 195]. These groups 
are active in the solutions of high pH [132]. At lower potentials (approximately 
at –0.9 V), the process of oxygen reduction is catalysed by other type of centres, 
however their nature is not clearly understood. It is known that the reduction of 
O2 on bare GC electrodes proceeds by a two-electron pathway [53, 54].  

Only some reports have been published in which the reduction of oxygen has 
been studied on azobenzene-modified electrodes. According to the results 
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reported by Šljukić et al. [128], the optimum pH for electrocatalysis of oxygen 
reduction on azobenzene- and FBK- modified GC electrodes is 2. In the latter 
study, the authors used the solvent evaporation method to modify the GC 
electrodes with azobenzene and FBK groups. The reduction of oxygen was 
studied in acid media (phosphate buffer solution at pH=2) and an electro-
catalytic effect for modified electrodes compared to polished GC was observed 
[128]. Forti et al. [196] studied the azobenzene redox reactions on GC electrode 
in 0.1 M dimethylformamide and NaClO4 solution (pH 7) containing 60 mM of 
azobenzene. They proposed that the reduction peak at –0.79 V (vs. Ag/AgCl) 
corresponds to the reduction of azobenzene to hydrazobenzene. They also 
studied the reduction of oxygen in the same solution using CV and a remarkable 
increase in the peak current was observed compared to the results without 
azobenzene, which also refers to the electrocatalytic effect in the presence of 
azobenzene [196].  

Interesting LSV results of O2 reduction were obtained in this study as can be 
seen in Figures 14a–c. In contrast to polished GC, all aryl–modified electrodes 
were rather inactive towards oxygen reduction in alkaline solution. The first 
peak shifted to more negative potentials and the Ep values were as follows:  
–0.51, –0.47 and –0.46 V for the AB, GBC and FBK modified electrodes, 
respectively using the modification Procedure (1). Some differences were 
observed depending on the diazonium salt and modification procedure used. For 
instance, the second peak was also shifted to more negative potentials for 
GC/AB electrodes (see Figure 14a). In case of GC/GBC and GC/FBK, the 
second peak was rarely observed (Figures 14b,c). Using different modification 
procedures, notable differences were not observed in case of GC/AB. However, 
the LSV behaviour of GC/GBC and GC/FBK electrodes in the presence of 
oxygen indicated that the blocking action depends greatly on the modification 
procedure. In order to evaluate the degree of blocking action, the parameter Irel 
was used in case of the short modification program (Procedure (1)). Hence, the 
Irel of the AB, GBC and FBK modified electrodes was estimated as 65%, 72% 
and 64%, respectively. 

Similarly to LSV results, notable differences were observed for the GBC and 
FBK modified electrodes compared to the attached AB film while the RDE 
method was employed (see Figures 15a–c). 
  

16 
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Figure 14. Linear sweep 
voltammograms for oxygen reduction 
in O2–saturated 0.1 M KOH at a sweep 
rate of 100 mV s1 on polished and 
aryl–modified GC electrodes: (a) 
GC/AB, (b) GC/GBC and (c) GC/FBK.  
 
 
 

Figure 15. RDE voltammetry curves of 
oxygen reduction in O2–saturated  
0.1 M KOH at various rotation rates 
and using a sweep rate of 20 mV s1. 
The GC electrodes were modified with:  
(a) AB, (b) GBC and (c) FBK groups. 
In all cases, the modification Procedure 
(3) was used. The insets show the 
Koutecky-Levich plots for oxygen 
reduction at different potentials. 

 
The most different behaviour was observed for GC/AB modified electrodes. For 
GC/AB electrodes, the pre-wave started at more negative potentials compared 
to other electrografted and polished GC electrodes (see Figure 16). 
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Figure 16. RDE voltammetry curves of oxygen reduction on GC/AB, GC/GBC, 
GC/FBK and polished GC electrodes.  = 1900 rpm, ν = 20 mV s1. The GC electrodes 
were modified using Procedure (3). Inset shows the dependence of I1 on 1/2 for O2 
reduction in 0.1 M KOH at –1.0 V. 
 
Also, the first reduction peak shifted negative and it was more suppressed. 
Surprisingly, the current values of the second reduction wave increased for this 
particular electrode compared to polished GC (Figure 16). Further work is 
needed in order to explain the reduction current increase at these more negative 
potentials. The onset potential of oxygen reduction shifted by up to 50 mV to 
more negative potentials for the GC electrodes modified with different 
azobenzene derivatives (see Figure 16) compared to polished GC. In case of 
modified GC electrodes, the pre-wave was not strongly suppressed indicating 
that the GC surface is not completely covered with aryl groups. However, it is 
difficult to estimate the uncovered area. To a certain extent, the native quinone 
groups are still blocked by the AB, GBC and FBK films. Recently, it has been 
proposed that the aryl radical formed by diazonium reduction can react with 
carbonyl groups [197]. This might be an alternative explanation for a decrease 
in the O2 reduction current at pre-wave potentials, besides steric hindrance 
caused by an aryl layer. 

Subsequently, the Koutecky–Levich (K-L) analysis (dependence of I 1/2 on 
ω1/2) was made using the following equation (5): 
 

 
2/1

O
6/13/2

OOdk
222

62.0

11111

bb CvnFADnFAkCIII    (5) 

 
where I is the measured current, Ik and Id are the kinetic and diffusion–limited 
currents, respectively, n is the number of electrons exchanged, F is the Faraday 
constant (96485 C mol1), A is the geometric electrode area, k is the 
electrochemical rate constant for O2 reduction, bC

2O  is the concentration of 

oxygen in bulk (1.2×10−6 mol cm−3 [198]), 	is the diffusion coefficient of 
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oxygen (1.9×10−5 cm2 s−1 [198]), ν is the kinematic viscosity of the solution 
(0.01 cm2 s−1 [171]) and ω is the electrode rotation rate. According to these K-L 
plots (see Figures 15a-c insets), the process of oxygen reduction is under the 
mixed kinetic–diffusion control. The number of electrons transferred per O2 
molecule was calculated from the K–L plots. As discussed above, the reduction 
of oxygen follows a two–electron pathway on polished GC electrodes in 
alkaline solutions. In the same way, the value of n was close to two for GBC 
and FBK electrografted electrodes using different modification procedures. This 
indicates that on these electrodes the reduction of O2 yields hydrogen peroxide 
as the final product. By contrast, for AB modified electrodes, the number of 
electrons was close to two at the pre-wave potentials, but it increased at higher 
negative potentials (the value of n was close to three at –1.2 V). At this stage of 
work it is not clear what could be the reason for the reduction current increase at 
these potentials. 

It is well-known that a bare polycrystalline Au electrode is an active 
electrocatalyst for oxygen reduction in alkaline media [104, 190–193]. To be 
more specific, the oxygen reduction peak on bare Au electrode appeared already 
at ca –0.2 V (in case of LSV method, see Figure 17) or ca –0.35 V (in case of 
RDE method, see Figure 18). These observations are similar to that reported in 
the literature [192, 193]. In addition, Figure 17 displays the LSV curves of 
oxygen reduction on AB, GBC and FBK grafted Au electrodes using the 
modification Procedure (2). It was found that the cathodic peak shifted to more 
negative values as compared to that of bare Au for all aryl-modified electrodes 
and the peak currents decreased indicating that the blocking effect is obvious. 
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Figure 17. Linear sweep 
voltammograms of O2 reduction on 
Au/AB, Au/GBC and Au/FBK 
electrodes in O2-saturated 0.1 M KOH 
solution at 100 mV s1. All the aryl-
modified Au electrodes were 
electrografted using the modification 
Procedure (2).  

Figure 18. Comparison of the RDE 
voltammetry curves for oxygen 
reduction on Au/AB, Au/GBC and 
Au/FBK electrodes. Modification 
Procedure (1) was used. The 
measurements were carried out in O2-
saturated 0.1 M KOH.  = 1900 rpm, 
ν = 20 mV s1. 
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Once again, in order to evaluate the best blocking action amongst the aryl films, 
the parameter of Irel was used. From these results, the Irel for Au/AB, Au/GBC 
and Au/FBK was as follows: 35%, 42% and 57%. It can be assumed that due to 
the different structures of the surface modifiers used, the cathodic peak 
locations were also somewhat different. However, using different modification 
procedures, the cathodic peak location was almost constant, but peak currents 
were somewhat different (data not shown). The typical trend was that increasing 
the modification program, the reduction currents decreased. Still, the blocking 
action was not strong enough to completely suppress the oxygen reduction 
wave.  

Another evidence for the blocking action was provided by the RDE method. 
Figure 18 compares the RDE voltammetry curves for oxygen reduction on 
polished and various aryl-modified Au electrodes at a rotation rate of 1900 rpm. 
For a change, the data for AB, GBC and FBK electrodes electrografted using 
the modification Procedure (1) are given. Similar behavioural tendencies were 
observed compared to LSV measurements (see Figure 17). In more specific, the 
blocking properties towards oxygen reduction increased as follows: Au/FBK, 
Au/GBC and Au/AB. This electrochemical behaviour resembles the results 
obtained for aryl-modified GC substrates as stated above. However, the 
blocking effect of the modifier films towards O2 reduction was higher using Au 
as a substrate (compare Figure 18 to Figure 16). Presumably, it is due to the 
differences between concentrations of diazonium salts used for surface 
modification (as mentioned in section 6.2.3). 

Figure 19 illustrates the representative current-potential curves for O2 
reduction on Au/AB electrodes at various rotation rates. The data are given for 
the modification by Procedure (2).  
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Figure 19. RDE voltammetry curves for oxygen reduction on AB-modified Au 
electrode in O2-saturated 0.1 M KOH. ν = 20 mV s1. The inset shows the K-L plots for 
oxygen reduction at different potentials. The modification Procedure (2) was used. 
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The inset in Figure 19 shows the K-L plots derived from the RDE data. From 
the K-L plots it can be concluded that the process is under the mixed kinetic 
diffusion control (similarly as reported for GC/AB electrodes). Identical 
experiments were carried out with the other azobenzene derivatives and the 
behavioural tendencies were rather similar (data not shown). In addition, the 
number of electrons transferred per O2 molecule was calculated using the K-L 
equation (5). It is known that on the polished Au electrode, the n value is higher 
than two [192]. In this study, at more negative potentials, the value of n 
gradually increased indicating further reduction of H2O2.  

Based on these experimental results described in Section 6.2.3 and 6.2.4, we 
may conclude that notable differences were found between the electrochemical 
behaviour of the modified GC and Au electrodes towards the Fe(CN)6

3− probe 
and oxygen reduction. This might be caused by differences in the  
hydrophilic/hydrophobic properties of aryl films and reacting species. O2 
molecule is hydrophobic and can therefore easily penetrate the aryl films 
studied. One should also note a difference in size between the Fe(CN)6

3− ion and 
O2 molecule, which might affect their penetration through the aryl films. 
 

6.2.5. GBC and FBK film degradation on GC and  
Au by OH●  radicals  

While aryl layers on GC and Au electrodes inhibited the electrochemical 
response of redox system, it was of special interest to see whether it is possible 
to degrade the aryl films by OH● radicals. In order to do that, the OH● radicals 
were generated by UV photolysis of H2O2. The degradation of GBC and FBK 
films on GC or Au electrodes was studied electrochemically on the basis of the 
response towards the Fe(CN)6

4− probe. In addition, XPS and AFM were used in 
case of GBC- and FBK-modified Au electrodes. 

As the first step, GC and Au electrodes were electrografted with GBC and 
FBK layers similarly as described in Section 6.2.1. Briefly, the attachment of 
GBC and FBK groups to the GC and Au electrodes was carried out in  
Ar-saturated ACN containing the corresponding diazonium salts (GC: 1 mM, 
Au: 3 mM) and 0.1 M TBABF4 as a base electrolyte. The electrochemical 
grafting was performed between 0.6 and –0.4 V for 10 potential cycles 
(ν = 100 mV s1). The modification cycles for GC and Au electrodes were 
similar as previously shown (see Figures 7c,e and 7d,f). While only one 
modification procedure was used, the aryl-modified GC and Au electrodes are 
designated in this section as: GC/GBC, GC/FBK, Au/GBC and Au/FBK. 

Next, the electrochemical behaviour of aryl-modified GC and Au electrodes 
towards the Fe(CN)6

4− probe before and after OH● radicals attack was studied 
(see Figure 20). In order to see the degradation effect of aryl film before and 
after the treatment with OH● radicals, the CV curves of bare GC, Au and GBC-, 
FBK-modified GC and Au electrodes are given for comparison. As can be seen 
from Figures 20a,c, the response of the Fe(CN)6

4− probe for aryl-modified GC 
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electrodes was suppressed compared with that of bare GC, which is in good 
agreement with the results reported in Section 6.2.3. In contrast, the shape of 
CVs for aryl-modified Au electrodes was rather sigmoidal (Figures 20b,d) 
indicating that the aryl film on Au electrode surface contained pinholes or 
defects. These results are in good accordance with the results obtained in 
Section 6.2.3. Therefore, based on the results obtained in this thesis and reports 
in the literature [31, 104], we may assume that the aryl layers on GC electrodes 
are more closely packed compared to Au electrodes and therefore the blocking 
effect is stronger on the modified GC electrodes than on Au surfaces.  
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Figure 20. Cyclic voltammograms of bare and aryl-modified electrodes and after 
treatment with OH radicals for various time periods: (a) GC/GBC, (b) Au/GBC, (c) 
GC/FBK and (d) Au/FBK electrodes in N2-saturated 0.1 M K2SO4 containing 1 mM 
K4Fe(CN)6. ν=100 mV s1. 
 
Following that, the GBC- and FBK-modified GC and Au electrodes were 
treated with OH● radicals via the combination of H2O2 and UV irradiation. First, 
10% H2O2 solution and the UV treatment time of 1 min were used. It should be 
noted that while the effect of a 1 min treatment was very small, in further 
experiments the treatment time up to 5 min at a time was used. As seen in 
Figure 20, the 5 min treatments were repeated as long as a similar CV of bare 
GC or Au electrodes was obtained. For the GC/GBC and GC/FBK electrodes, 
the total H2O2/UV treatment time was 25 min and then the electrochemical 
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behaviour was rather similar to that of unmodified GC. Meanwhile, only 10 and 
5 min of H2O2/UV treatment was enough to degrade the GBC and FBK layers 
from Au electrodes, respectively. In an earlier work [31], it has been found that 
the stability of aryl layers (4-sulphophenyl) is higher on carbon surfaces 
compared to gold surface. This could be one reason why the degradation of aryl 
layer was faster on Au surface than on GC surface.  

By comparing the degradation process on aryl-modified GC electrodes 
(Figures 20a,c) with Au electrodes (Figures 20b,d), an interesting electro-
chemical behaviour was observed. In case of aryl-modified GC electrodes, after 
each treatment with OH● radicals, the CV response returned, accompanied by 
an increasing electrochemical reversibility which was verified by the decrease 
of the ∆Ep. For instance, the ∆Ep values for GC/GBC electrodes were estimated 
as 0.32 V and 0.12 V, after 10 and 25 min treatment time, respectively. The 
CVs exhibited the typical response of planar infinite diffusion [199]. It is 
evident that multilayer films were formed during the electrografting process and 
the aryl layers were gradually removed by OH• radical attack. Therefore we 
may conclude that in case of the aryl layers on GC, the aryl-film degradation by 
OH● radicals leads to a thinning (decreasing thickness) of the film without 
pinhole formation. The continuous thinning of the aryl layer improved the 
electrochemical reversibility of Fe(CN)6

4–, practically shifting from complete 
irreversibility to an almost complete regain of reversibility. This behaviour 
strongly reminds of the effect of alkyl chain length of SAMs on the reversibility 
of dissolved redox probes [200], and corroborates the interpretation that the 
OH● radicals are thinning the film. In contrast to GC electrodes, the shape of 
CVs of aryl-modified Au electrodes before and after the H2O2/UV treatment 
(Figures 20b,d) exhibited the sigmoidal response. This electrochemical 
behaviour is typical for microelectrode arrays and an electrochemically 
reversible couple. The microelectrode behaviour taken together with the full 
electrochemical reversibility of Fe(CN)6

4– can be explained by the formation of 
pinholes in the film which act as microelectrodes. For instance, mixed SAMs on 
gold have shown a typical behaviour of microelectrode arrays [201].  

To obtain more information about the degradation process, the elemental 
composition of aryl films before and after OH● radical attack was investigated 
for the Au/GBC and Au/FBK electrodes by XPS (Figure 21).  
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Figure 21. XPS spectra for: (a) Au/GBC, (b) Au/GBC after 10 min of H2O2/UV 
treatment, (c) Au/FBK, and (d) Au/FBK after 5 min of H2O2/UV treatment. The insets 
show the XPS spectrum in the N1s region. 

 
First, the formation of the GBC and FBK layers on Au surface was confirmed. 
The survey spectrum revealed the presence of nitrogen (N1s), oxygen (O1s), 
carbon (C1s) and gold (Au4f, Au4d) on the electrode surface. The XPS peak at 
400 eV was detected for both modifiers and it is attributed to azo groups 
(Figures 21a,c insets). Moreover, the attachment of FBK groups on Au 
electrode was further confirmed by the peak at 406 eV, which corresponds to 
nitro groups (Figure 21c inset). These results are in good agreement with earlier 
observations using different substrates [184] as well as the results obtained in 
Section 6.2.2. As can be seen in Figures 21b,d, no XPS peak in the N1s region 
was detected for GBC and FBK grafted Au electrodes after 10 and 5 min of 
H2O2/UV treatment. This indicates that after the OH● radicals treatment for that 
time period, the aryl layers were degraded so much that XPS could not detect 
the film residue.  

Figure 22 presents the AFM images of the GBC and FBK modified Au 
electrodes before and after the OH● radicals attack.  
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Figure 22. AFM images for Au/GBC electrodes before (a), after 5 min (b) and 10 min 
(c) of OH radicals attack. AFM micrographs for Au/FBK electrodes before (d) and 
after 5 min of OH radicals attack (e). The arrows in image (b) show the pinholes. 
 
Figure 22a shows an AFM micrograph of a GBC covered gold surface: the 
GBC film has a granular structure. Figure 22b depicts the surface after 5 min of 
OH● radicals attack. Small holes in the polymer are clearly detectable (see the 
marks). After further 5 min attack (Figure 22c) the film was obviously 
extremely thin and only the fact that the Au crystallites underneath could not yet 
be seen and some remaining grains of polymer on the surface can be taken as a 
proof of its existence. This explains the above mentioned XPS results. Figure 
22d shows the FBK covered gold surface before OH● radicals attack. Also, this 
film is rather granular, although less pronounced, and probably very thin, since 
the grain boundaries of the Au crystallites are still visible. With the help of 
AFM measurements the thickness of the formed FBK layer during modification 
was determined as follows: one part of an annealed gold surface was covered by 
a polysiloxane layer and the gold surface was modified with FBK in the 
described way. After the cleaning process the polysiloxane layer was removed 
and the thickness of the FBK layer was determined by AFM as 38 nm. Figure 
3e presents the FBK film after 5 min of H2O2/UV treatment. The aryl film 
appears to be similar like the GBC film after 10 min of attack. The invisibility 
of the typical Au{111} triangle structures indicates that a very thin film is still 
present. 

From these results we may conclude that the aryl films on GC and Au 
electrodes can be degraded by OH radicals. Most interestingly, the degradation 
of the films on these two substrates follows two different pathways: the 
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thickness of aryl layers on GC is decreased by OH and the reversibility of the 
dissolved redox probe Fe(CN)6

4– is returning, whereas the aryl film on Au 
shows degradation with pinhole formation, so that the electrode exhibits 
microelectrode behaviour and reversibility of Fe(CN)6

4–. These observations 
allow assuming that treatment of blocking surface films with OH radicals may 
be a versatile tool to produce arrays of microelectrodes, and in other cases, the 
tuning of the reversibility of electrode systems is feasible.  
 
 

6.3. Surface and electrochemical properties  
of AQ-modified graphene-based and HOPG electrodes  

While it is known that high-quality graphene can be prepared by mechanical 
exfoliation of HOPG and according to our knowledge, the electrochemical 
grafting of CVD-grown graphene electrodes by diazonium reduction is 
relatively rare, the third part of this thesis involves the investigation of the 
electrochemical properties of bare and aryl-modified HOPG and CVD-grown 
graphene electrodes. First, the electrochemical behaviour of CVD graphene 
grown onto Ni foil with a material of similar structure (e.g. HOPG) was 
compared [V]. The second aim of this work was to electrochemically graft 
HOPG and CVD-grown graphene electrodes with thick AQ layers by 
diazonium reduction in order to study the electrochemical and morphological 
properties of AQ-modified HOPG and graphene-based electrodes [VI]. In both 
studies [V,VI], GC was used for comparison purposes. 
 

6.3.1. Morphological and electrochemical properties  
of bare CVD-grown graphene and HOPG  

Herein, a systematic study of bare CVD-grown graphene (Ni-Gra), HOPG and 
GC that served as reference material, is described.  It should be noted, that these 
Ni-Gra samples were prepared in the Institute of Physics of the University of 
Tartu and therefore the samples are designated as “home-made” Ni-Gra.  
 

6.3.1.1. Surface characterisation of bare CVD-grown graphene and HOPG 

First, the XPS measurements of Ni foil before and after the synthesis of 
graphene by CVD method were performed (see Figure 23). The XPS survey 
spectra of Ar-purified bare Ni foil (Figure 23a) showed characteristic peaks of 
Ni, whereas the XPS spectra of CVD-grown graphene on Ni foil did not show 
any Ni peaks, only a symmetric peak at ca 284 eV was observed which 
corresponds to the sp2 carbon (Figure 23b).  
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Figure 23. XPS survey spectra of (a) Ar-purified bare Ni and (b) CVD-grown graphene 
on Ni foil. 
 
Figure 24 presents the Raman spectra of HOPG and CVD-grown graphene.  
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Figure 24. Raman spectra of (a) HOPG and (b) CVD-grown graphene sheet on Ni 
substrate. 
 
The Raman spectra of HOPG showed a G band and a 2D band at about 1581 
and 2718 cm–1, respectively. Clearly, no G and 2D bands appear in the Raman 
spectra of bare Ni foil [202]. In this study, G band (1582 cm–1) and 2D band 
(2711 cm–1) were observed in the spectrum of the CVD-grown graphene on Ni 
foil (Figure 24b). These results are similar to Raman spectra of HOPG and 
CVD graphene films presented in Ref. [203]. The intensity of the 2D band was 
smaller compared with the G band (Figure 24b). According to the literature data 
[204], this indicates that the CVD graphene film consists more than one atomic 
layer of graphene, which confirms the presence of multilayer graphene.  

Taking into account the Raman spectrum of CVD graphene (Figure 24b), the 
number of graphene layers grown on the Ni substrate was estimated to be <10. 
Based on the Geim and Novoselov report [205], graphene can be viewed as less 
than 10 layers of graphite. The absence of the D peak in the Raman spectra of 
CVD graphene (Figure 24b) at about 1360 cm–1, which corresponds to the 
disorders in the graphene film, indicates that this material is almost defect-free, 
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well-ordered and high-quality [127, 204]. In case of HOPG (Figure 24a) the D 
band was also missing, which refers to the low-defect surface. This is in good 
accordance with the study by Pimenta et al. [206] who showed that on the flat 
HOPG surface the D band was not observed.  

Next, HR-SEM studies were carried out to illustrate the morphological 
features of the CVD graphene film. Figure 25a exhibits a large-area HR-SEM 
image of graphene layers that were grown by the CVD method onto Ni foil. In 
closer look (Figure 25b), characteristic folds and wrinkles of the graphene layers 
on Ni foil were observed, whereas defects within the film were rarely visible, 
which is in accordance with the results of Raman spectroscopy (Figure 24b).  
 

     
 
Figure 25. HR-SEM micrographs of “home-made” Ni-Gra. Scale bar: (a) 40 µm and 
(b) 5 µm. 
 
AFM measurements were performed to compare the surface morphology of 
HOPG and CVD graphene (Figures 26a,b). In case of CVD graphene (Figure 
26b), the folds and wrinkles are still visible as is also seen in SEM images. 
These folds and wrinkles cause an increase in the real surface area (Ar) over the 
geometric area. The Ar/A ratio is larger for CVD graphene than for HOPG 
surface (compare the height scales in Figures 26a,b). 

 

          
Figure 26. AFM images of (a) HOPG substrate and (b) “home-made” Ni-Gra. 

19 
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6.3.1.2. Electrochemical characterisation of bare CVD-grown graphene and 
HOPG electrodes 

Ambrosi et al. [202] described an easy electrochemical way of evaluating the 
quality of CVD-grown graphene. Specifically, this method utilises the inherent 
electrochemical signals of exposed sites of the underlying metal catalysts (i.e., 
Ni and Cu), when fractures or discontinuities of the graphene film are present 
[202]. Figure 27 compares the CV behaviour of Ni substrate and CVD-grown 
graphene in Ar-saturated 0.1 M KOH. The results obtained are similar to that 
reported by Ambrosi et al. [202]. They have studied the electrochemical 
behaviour of bare Ni foil and CVD graphene grown onto the Ni foil in  
0.1 M NaOH in the potential range of –0.5 to 0.8 V vs. Ag/AgCl. The authors 
revealed that the Ni foil covered with multilayer graphene film showed 
extremely low redox signal generated by Ni(OH)2 compared with bare Ni, 
indicating that the Ni foil was covered with graphene film although some holes 
might be present [202].  
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Figure 27. CV curves for bare Ni and “home-made” Ni-Gra electrodes recorded in Ar-
saturated 0.1 M KOH (10th cycles are shown). ν = 100 mV s1. 
 
In the current study, a rather small Ni signal was observed for the CVD-grown 
graphene sample (Figure 27), which indicates that the underlying Ni substrate is 
covered with graphene sheet but some holes are still present. 

In the following step, the electrochemical properties of the CVD-grown 
graphene were investigated using the ferricyanide probe. For comparative 
purposes, electrochemical testing with bare GC and HOPG electrodes was also 
performed. Figure 28 shows CVs of the GC, HOPG and CVD graphene 
electrodes registered in Ar-saturated 0.1 M K2SO4 solution containing 1 mM 
K3Fe(CN)6 at a scan rate of 100 mV s1. As mentioned before in sections 6.1.3 
and 6.2.3 the peak-to-peak separation increases with decreasing the ET rate 
[199]. The electrochemical behaviour towards the Fe(CN)6

3/4 redox probe 
shows that the electron transfer kinetics on HOPG and CVD-grown graphene is 
remarkably slower compared with bare GC (Figure 28). McCreery et al. [207] 
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studied the ET kinetics of various redox systems and the CV results revealed 
that the ET rates were also slower on basal plane HOPG than on GC. Similarly, 
Davies et al. [16] observed slower ET kinetics at basal plane HOPG compared 
with edge plane pyrolytic graphite. Recently, Ambrosi and Pumera [127] have 
demonstrated that the electrochemical behaviour towards ferricyanide reduction 
on multilayer graphene electrodes grown by the CVD method resembled that of 
basal plane graphite. Based on the above-mentioned results, it is important to 
note that the general electrochemical behaviour of CVD graphene film is similar 
to that of HOPG. It should also be mentioned that bare Ni substrate cannot be 
used for the CV experiments of the Fe(CN)6

3/4 redox probe in neutral solution, 
because the oxidation potential of nickel is more negative than the redox 
potential of the Fe(CN)6

3/4 couple [170]. No extra peaks were observed on the 
CV curves of the CVD graphene in Figure 28, which indicates that the area of 
the underlying Ni substrate exposed to solution is negligible, therefore 
confirming the CV results presented in Figure 27. 
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Figure 28. CVs of bare GC, HOPG and “home-made” Ni-Gra in Ar-saturated  
0.1 M K2SO4 solution containing 1 mM K3Fe(CN)6. ν = 100 mV s1. 
 
The ORR was investigated by measuring the LSVs in O2-saturated 0.1 M KOH 
at different carbon electrodes (Figure 29). In case of bare GC the oxygen 
reduction peaks at –0.45 and –0.9 V were observed, which is in good agreement 
with earlier observations shown in Section 6.2.4. On the other hand, a reduction 
pre-peak appeared at ca –0.5 V on HOPG, which is only 50 mV more negative 
compared with the first LSV peak on bare GC (Figure 29). This might be due to 
the fact that the reduction of oxygen on HOPG is mediated by oxygen-
containing groups present on the defect sites [188]. However, as can be seen 
from Raman spectra (Figure 24a), these defect sites are almost missing, which 
confirms that we have the basal plane surface of HOPG with negligible amount 
of edge plane sites and therefore low density of sites for functional groups [13]. 
These observations are consistent with previous results using the rotating disk 
electrode method [208]. The pre-peak of the ORR was absent on the CVD-
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graphene (Figure 29), which confirms the results of Raman spectroscopy 
investigations (Figure 24b). The oxygen reduction peaks for HOPG and CVD 
graphene appeared at approximately –0.8 and –1.1 V. This again demonstrates 
that the overall electrochemical behaviour for HOPG and CVD graphene is 
rather comparable. In general, HOPG and CVD-grown graphene electrodes 
were inactive compared with bare GC, which makes these substrates 
appropriate to study the properties of electrocatalytically active materials [208]. 
Furthermore, the ORR studies performed by Qu et al. [209] revealed that the 
CVD-grown graphene was a less active catalyst than commercial carbon 
supported Pt. Lima et al. [140] observed electrocatalytic effect of rGO on O2 
reduction compared with bare GC. Similar results with rGO were also obtained 
by Kruusenberg et al. [210]. This indicates that the electrocatalytic properties of 
rGO and the CVD-grown graphene studied in this work are remarkably 
different, the latter material being significantly less active for ORR than rGO. 
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Figure 29. LSV curves for oxygen reduction at bare GC, HOPG and CVD-grown 
graphene in O2-saturated 0.1 M KOH. ν = 100 mV s1. 

 

6.3.2. Surface and electrochemical characterisation  
of CVD-grown graphene and HOPG electrografted  

with thick anthraquinone films 

In this part of the work the film formation, the electrochemical behaviour and 
the surface morphology of AQ-modified different carbon materials (including 
CVD graphene, HOPG and GC as reference substrate) is investigated. In 
addition to HOPG, two different sources of CVD-grown graphene are 
considered, i.e., commercially available Ni-Gra (graphene is synthesised by 
CVD method on Ni, whereas thin film of Ni itself is deposited onto silicon) and 
graphene synthesised by CVD on Cu foil (Cu-Gra). The Cu-Gra samples were 
made in Aarhus University (Denmark).  
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6.3.2.1. Evaluation of the quality of CVD-grown graphene  

It was of special interest to see whether the quality or the nature of the 
commercially available Ni-Gra and Cu-Gra samples differed from the “home-
made” Ni-Gra electrodes used in Section 6.3.1. First, the cyclic voltammetry 
was employed similarly as described in Section 6.3.1.2. As shown in Figure 30, 
the characteristic peaks of bare Ni are almost suppressed in case of 
commercially available CVD-grown graphene on Ni which is rather similar to 
“home-made” Ni-Gra electrode as shown in Section 6.3.1.2 (Figure 27). Also, 
the characteristic peaks of bare Cu are almost suppressed in case of CVD-grown 
graphene on Cu (see Figure 30b). In closer look (data not shown) the cyclic 
voltammogram of graphene (both on Ni and Cu substrate) showed an extremely 
low redox signals corresponding to the underlying substrate. These observations 
indicate that the underlying substrate is covered with graphene, although some 
holes might still be present [202].  
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Figure 30. Cyclic voltammograms recorded in Ar-saturated 0.1 M KOH at ν = 100 mV s–1 
for (a) bare Ni and Ni-Gra and (b) bare Cu and Cu-Gra. 
 
Also, it is important to determine whether we have mono-, few- or multilayer 
graphene grown by CVD. Raman spectroscopy provides useful information 
about the number of graphene layers as well as the presence of disorders and 
defects within the graphene [158, 206, 211]. According to the specification from 
the supplier (i.e., Graphene Supermarket) Ni-Gra is composed of patches of 1−7 
layers with dimensions of 3−10 μm. This is in accordance with Raman analysis 
carried out by Lillethorup et al. [70]. With an average number of layers being 4, 
Ni-Gra should be considered multilayer graphene. Also, a “home-made” Ni-Gra 
was specified as multi-layer graphene (graphene layers were estimated to be 
<10) in Section 6.3.1.1. 

Figure 31 shows a Raman spectrum of Cu-Gra obtained on a SiO2/Si wafer. 
It should be noted that the graphene on Cu-Gra was transferred onto SiO2/Si 
only for the Raman spectroscopy measurements to allow a better comparison 
with literature data [158]. As can be seen, the intensity ratio 2D/G is ca 2 which 
is expected for the monolayer graphene. However, a small D peak was also 

20 
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observed from disorders or defects in the graphene which could partially expose 
the underlying substrate. Furthermore, Raman mapping (45×45 µm2) of similar 
Cu-Gra samples showed that, primarily, monolayer graphene was present. From 
the results obtained we may conclude the almost 100% coverage of graphene on 
Cu-Gra covers the underlying substrate. However, there are some regional 
variations, regarding the amount of layers, which, most likely, are due to 
insufficient electropolishing/annealing of the Cu foil before graphene synthesis.  
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Figure 31. Raman spectrum of Cu-Gra after transferring graphene onto a SiO2/Si wafer. 
 
It is important to note that in case of commercially available Ni-Gra substrate 
(data not shown), rather small D peak in Raman spectra was observed. This is 
also relevant because no D peak was detected in case of “home-made” Ni-Gra 
(see Figure 24b). According to these observations, we might conclude that 
within the graphene layers, some disorders or defects might occur which may 
partially expose the underlying substrate surface. This was also confirmed by 
the electrochemical experiments stated above (see Figure 30). 

It is also important to note that the Raman spectra of HOPG samples were 
similar to spectra already shown in Section 6.3.1.1 (see Figure 24a) with no D 
peak showing up). This indicates the presence of rather basal plane HOPG with 
a negligible amount of edge sites. 

 

6.3.2.2. The formation of thick AQ layers onto  
different carbon-based electrodes 

Based on the principles of redox grafting [96–98] discussed in the literature 
overview (Section 4.1.5.), thick conductive AQ films on GC, HOPG, Ni-Gra 
and Cu-Gra were prepared. First, the redox grafting of AQ moieties on GC 
substrate was carried out in order to see the similarities in the results reported in 
Refs. [96, 98]. Considering that switching potential, number of sweeps and 
sweep rate play a crucial role in forming the organic layer of high thickness, the 
redox grafting of AQD on GC was performed between 0.6 and –1.6 V for 10 
cycles at a sweep rate of 1 V s–1 (this electrode is designated as GC/AQ). As 
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seen from Figure 32a, a broad peak at ca 0.2 V, assigned to the reduction of AQ 
diazonium compound disappeared while the current density of the redox wave 
at E = 0.96 V pertaining to the one-electron reduction of GC/AQ to GC/AQ●– 
increased during potential cycling. The gradual increase in the latter is due to 
the continuous attachment of AQ groups, occurring in a mediated reduction of 
AQD [96–98, 212]. In general, this electrochemical behaviour is in good 
accordance with previous results [96]. 

To the best of our knowledge, the electrografting of AQ moieties on HOPG 
in a wide potential range has not been performed as yet. Therefore, in order to 
see the general electrochemical behaviour, the potential sweeping was 
performed from 0.6 to –2 V on HOPG (see Figure 32b inset). There is a pre-
peak or shoulder on the first cycle in the potential region where the reduction of 
diazonium salt appears giving the aryl radical which reacts with the electrode 
surface. The pre-peak or shoulder has been seen earlier for other aryldiazonium 
salts on the basal plane of HOPG and this might be associated with reaction on 
the more reactive cleavage defects or the electrochemical behaviour towards 
aryl radical is just different compared to other materials (for instance GC or 
edge plane HOPG) [136]. Most likely, this can be attributed to reactions taking 
place at defect sites on the basal plane of HOPG. At more negative potentials, 
two redox waves were observed pertaining to the one-electron reduction of 
HOPG/AQ to HOPG/AQ●– and the further reduction of the latter to the dianion, 
HOPG/AQ2− [212, 213]. In addition, there is a distinct reduction peak between 
the two redox waves, which was not observed for GC/AQ. At this point we do 
not know the exact origin of this, but we speculate that it might arise from the 
attachment of AQ groups to the basal plane HOPG.  

Based on the results reported previously [98], AQ layers of high thickness 
should be attainable if the switching potential of the electrografting is set before 
the potential of the second redox wave. For the preparation of HOPG/AQ 
electrodes two modification procedures with equal potential sweeping time 
were used: (1) 10 consecutive potential cycles recorded from 0.6 to 1.5 V at 1 
V s–1 and (2) 20 potential cycles recorded from 0.6 to 1.5 V at ν = 2 V s–1 
(Figure 32b), to obtain HOPG/AQ1 and HOPG/AQ2, respectively. As may be 
noticed from Figure 32b, the diazonium reduction wave gradually diminished 
while the current density of the first redox wave of the AQ moiety at HOPG 
concomitantly increased during potential sweeping due to the continuous 
attachment of AQ groups by the redox catalysis effect [96–98]. Overall, this 
electrografting behaviour is the same as that observed for GC electrodes. 

Figures 32c,d show the redox grafting of AQD on Ni-Gra and Cu-Gra, 
respectively, performed by potential cycling (20 cycles, ν = 2 V s–1). To avoid 
any corrosion at holes of exposed metal for the Ni-Gra and Cu-Gra electrodes, 
the starting potential was chosen to be 0.4 and 0.2 V, respectively. In case of 
Cu-Gra, the reduction peak of AQD is not observed at the starting potential, 
although we may assume that the aryl radical is already formed at this potential 
[1]. 
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Figure 32. Redox grafting of AQ on (a) GC, (b) HOPG, (c) Ni-Gra and (d) Cu-Gra in 
Ar-saturated 0.1 M TBABF4/ACN containing 2 mM AQD; ν = 1 V s–1 (a) and 2 V s–1 
(b-d) using 10 (a) and 20 (b-d) potential cycles. In all cases, the arrow indicates the 
direction for increasing number of potential cycles applied during the electrografting. 
Inset of (b) shows the first potential cycle in a wider potential range on HOPG. 
 
On successive potential cycles an increase in the current density of the redox 
wave at more negative potentials was observed for both Ni-Gra and Cu-Gra (see 
Figures 32c,d). This again refers to the surface-mediated reduction of the AQD 
as well as an increase in the number of AQ groups attached to the graphene-
based electrode surfaces. As for HOPG an additional peak after the redox wave 
was observed at both substrates which may be attributed to the attachment of 
AQ groups to the basal plane surface. 

 

6.3.2.3. Determination of surface concentration of AQ groups and  
film thickness  

Figure 33 shows cyclic voltammograms recorded for all AQ-modified carbon 
electrodes in Ar-saturated 0.1 M TBABF4/ACN, all exhibiting well-defined 
redox peaks pertaining to the AQ moieties. The surface concentration of 
electroactive AQ (ΓAQ) on GC/AQ, HOPG/AQ, Ni-Gra/AQ, and Cu-Gra/AQ 
electrodes was determined electrochemically according to the equation (1) 
where Q is the charge consumed during the reduction of AQ to AQ●– during the 
first sweep in cyclic voltammetry (obtained from an integration of the area 
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beneath the reduction wave) and in this case, n = 1. Similarly to ΓNP in case of 
NP-modified GC electrodes (Section 6.1.1), it is important to emphasize that 
this measurement of ΓAQ only includes electroactive AQ moieties, meaning that 
the real surface density could be considerably larger if the compactness of the 
film restricts the access of the counter ions. The availability of counter ions is a 
prerequisite for having electrochemical activity at all. 
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Figure 33. Cyclic voltammograms recorded in Ar-saturated 0.1 M TBABF4/ACN for 
different carbon electrodes electrografted with AQ groups; ν = 1 V s1 for GC/AQ and 
HOPG/AQ1; otherwise ν = 2 V s1.  
 
In Table 6 the values of ΓAQ are collected along with film thicknesses measured 
by ellipsometry or the AFM scratching method.  
 

Table 6. Surface concentration of AQ groups (ΓAQ) and thickness of AQ films on GC, 
HOPG, Ni-Gra and Cu-Gra.  

Electrode ΓAQ (mol cm−2) measured in  
0.1 M TBABF4/ACN  

Thickness (nm) 

GC/AQa 4.2 × 10–9 26.9 ± 0.9f 

HOPG/AQ1b 2.1 × 10–9 7.1 ± 0.3f 

HOPG/AQ2c 9.9 × 10–9 61.3 ± 1.2f;  55g 

Ni-Gra/AQd
 7.1 × 10–9 40.7 ± 0.1f; 40g 

Cu-Gra/AQe 3.5 × 10–9 10g 

Modification procedures: a 0.6 to 1.6 V, 10 cycles, ν = 1 V s–1; b 0.6 to 1.5 V, 10 cycles,  
ν = 1 V s–1; c 0.6 to 1.5 V, 20 cycles, ν = 2 V s–1; d 0.4 to 1.6 V, 20 cycles, ν = 2 V s–1; e 0.2 to 
1.6 V, 20 cycles, ν = 2 V s–1. f Measured by ellipsometry; g Measured by the AFM scratching 
technique. 

 
First of all, it may be noted that ΓAQ for GC/AQ obtained by redox grafting, 
involving charging and discharging of the film through scanning the potential, 
is 10 times larger compared to what would generally have been obtained using 
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classical electrografting of AQD restricted to the potential region of the 
diazonium salt [53, 183, 214].  

Second, ΓAQ for HOPG/AQ1 is only half that for GC/AQ, although the 
grafting conditions were very similar. This is also reflected in the measured 
layer thickness which was found to be higher in case of GC/AQ compared to 
HOPG/AQ1 (~ 27 and 7 nm, respectively). Hence, from these results we may 
conclude that the electrografting of AQ proceeds more efficiently on GC 
compared with HOPG using similar modification procedures. The same 
tendency was observed earlier using NBD to modify GC and the basal plane 
HOPG surface with NP groups [41, 58, 66]. These results may be explained by 
the fact that GC has a rougher surface than HOPG and that basal plane HOPG 
has a negligible amount of edge sites. 

Third, for HOPG/AQ2 electrodes using the same scanning time as for 
HOPG/AQ1 electrodes but with twice the number of cycles and twice as high a 
sweep rate, ΓAQ and the film thickness are more than four and eight times larger, 
respectively, than the corresponding values for HOPG/AQ1 and they are even 
higher than those obtained for GC/AQ. This indicates that for a given carbon 
substrate the redox grafting efficiency may be enhanced by increasing the 
number of sweeps as well as by applying higher sweep rates [98]. 

Fourth, the redox grafting efficiency of AQD on Ni-Gra/AQ and Cu-Gra/AQ 
is smaller compared to HOPG/AQ2 with values of ΓAQ and layer thicknesses 
being 25% and 50% lower, respectively, for the two metal-based graphene 
substrates. Still, the absolute values are substantial, underlining the generality of 
the redox catalysis approach. Furthermore, Figure 34 shows that a good 
correlation between ΓAQ and film thickness exists. The relationship is not ideally 
linear as it was observed previously in case of gold surfaces redox grafted with 
thick AQ films [98]. However, the plot clearly confirms that thick AQ layers 
may be formed by redox grafting on all substrates, i.e., GC, HOPG, Ni-Gra and 
Cu-Gra, with almost ten times higher surface density and film thickness than in 
the classical diazonium grafting method. 
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Figure 34. Relationship between the surface concentration of AQ groups, ΓAQ, attached 
to various carbon-based electrodes and the AQ layer thickness, d. 
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6.3.2.4. Morphological studies of AQ-modified HOPG, Ni-Gra and 
 Cu-Gra electrodes by AFM 

Figure 35 shows the topographical AFM images characterising the surface 
morphology of the bare HOPG, Ni-Gra, and Cu-Gra along with the modified 
HOPG/AQ2, Ni-Gra/AQ, and Cu-Gra/AQ samples. For the bare HOPG 
substrate a typical smooth surface feature with large atomically flat areas is seen 
(Figure 35a), which is in good agreement with the AFM result obtained in 
Section 6.3.1.1. In comparison, for the bare Ni-Gra and Cu-Gra (Figures 35b,c) 
a large degree of relief surface morphology is revealed due to the influence of 
the underlying substrate (compare height bars in Figures 35a-c). The latter AFM 
images of bare Ni-Gra and Cu-Gra differ from previously shown AFM image of 
“home-made” Ni-Gra (see Section 6.3.1.1, Figure 26b), where folds and 
wrinkles were observed. This might be explained by the differences of the 
underlying substrate. 

 
Figure 35. AFM images of (a) HOPG, (b) Ni-Gra, (c) Cu-Gra, (d,g) HOPG/AQ2,  
(e,h) Ni-Gra/AQ and (f,i) Cu-Gra/AQ. Scanning areas were 5×5 µm2 for (a-f) and  
1×1 µm2 for (g-i). The various carbon-based substrates were modified using 2 mM 
AQD in 0.1 M TBABF4/ACN by applying 20 potential cycles (ν = 2 V s–1) between 0.6 
and 1.5 V, 0.4 and 1.6 V and 0.2 and 1.6 V vs. SCE in case of HOPG, Ni-Gra and 
Cu-Gra, respectively. 
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AFM images of the AQ-modified electrodes clearly show that the surfaces in all 
cases are fully covered with a granular layer of AQ (Figures 35d-i). The typical 
pattern of the underlying substrate surface is evident for Cu-Gra/AQ electrodes 
(Figures 35f,i), whereas HOPG/AQ2 (Figures 35d,g) and Ni-Gra/AQ (Figures 
35e,h) exhibit no distinct pattern in this respect. Considering that the AFM 
images were recorded under dried conditions, the AQ coating will be lodged as 
seen, e.g., for HOPG/AQ2 in Figure 35d. The AQ film thickness measured by 
an AFM scratching experiment was found to be 55, 40, and 10 nm for 
HOPG/AQ2, Ni-Gra/AQ, and Cu-Gra/AQ, respectively. This is in accordance 
with the AFM images of the structures taken with larger magnification (Figures 
35g-i), showing gradually decreasing globules of the AQ coating. Also, the 
AFM-measured thicknesses of the AQ coating are, by and large, equal to the 
corresponding ellipsometry data (Table 6). Hence, it appears that the formation 
of the AQ film on mono-layered Cu-Gra is not as efficient as on multi-layered 
Ni-Gra or on HOPG. Furthermore, the morphology of Ni-Gra/AQ somewhat 
resembles that of HOPG/AQ2, although the electrochemical behaviour of these 
two electrodes is quite different (see next Section 6.3.2.5). 
 

6.3.2.5. Electrochemical response of AQ-modified carbon-based  
electrodes towards the Fe(CN)63–/4– redox couple 

Figure 36 shows the electrochemical behaviour of the Fe(CN)6
3−/4− redox probe 

on GC/AQ, HOPG/AQ1, HOPG/AQ2, Ni-Gra/AQ, and Cu-Gra/AQ electrodes. 
For comparative reasons, the bare electrodes are also included in these studies. 
As seen earlier (from Figures 11a,c,e, in Section 6.2.3), the interaction of 
ferricyanide ions on bare GC enables a fast heterogeneous electron transfer 
(Figure 36a), however the redox response of the Fe(CN)6

3–/4– probe on the basal 
plane HOPG is slower (Figure 36b) [12, 16], giving rise to a considerably larger 
peak-to-peak separation. 

Interestingly, it was not possible to perform the experiments with bare CVD-
grown graphene on Ni electrodes in neutral pH as shown previously. This 
observation is contradictory to our previous results of electrochemical 
behaviour of bare “home-made” Ni-Gra towards ferricyanide reduction (see 
Section 6.3.1.2, Figure 28). This discrepancy could arise due to the differences 
of graphene layers between commercially available (ca 4) and “home-made” 
Ni-Gra samples (below 10 graphene layers).  
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Figure 36. Electrochemical response towards the Fe(CN)6

3–/4– redox probe on bare and 
AQ-modified (a) GC, (b) HOPG, (d) Ni-Gra and (d) Cu-Gra in Ar-saturated (a,b) 0.1 M 
K2SO4 or (c,d) 0.1 M KOH solution containing 1 mM K3Fe(CN)6. ν = 100 mV s1. 
 
Hence, the electrochemical behaviour of the Fe(CN)6

3–/4– couple at Ni-Gra and 
Cu-Gra were studied in 0.1 M KOH containing 1 mM K3Fe(CN)6 (Figures 
36c,d) to avoid oxidation of the underlying metals that would, otherwise, take 
place at neutral pH [215]. Both voltammograms recorded showed a sigmoidal 
shape with small current density values and larger peak-to-peak separations 
compared, for example, to bare Ni in the same solution [216]. This definitely 
refers that graphene is present on Ni surface. Interestingly, Shul et al. [217] 
have reported that even Fe(CN)6

3– may oxidise the surface of Cu to preclude any 
further measurements. However, as seen the voltammogram of Cu-Gra (Figure 
36d) showed the expected electrochemical response of the Fe(CN)6

3–/4– redox 
system, implying that the monolayer graphene is protecting the Cu surface.  

From previous study on GC/AQ [214] it is known that the electrochemical 
response of Fe(CN)6

3–/4– is strongly inhibited, if ΓAQ > 10–9 mol cm–2. This is 
also observed herein (Figure 35a). In contrast, for both HOPG/AQ1 and 
HOPG/AQ2 the response comes through and, moreover, the peak separation is 
decreased compared to that for bare HOPG, indicating slightly faster ET 
kinetics. According to a study by Liu and McCreery [66] on the electrochemical 
reduction of NBD on GC and basal plane HOPG, NP radicals formed during the 
electrografting process would be sufficiently reactive to attack both edge and 
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basal plane sites on HOPG. In particular, the attack of the radicals on edges was 
assumed to be fast, thereby damaging the carbon lattice to create even more 
edge sites [66]. If this is happening herein as well, this would certainly make the 
electron transfer kinetics of the Fe(CN)6

3–/4– redox probe faster on HOPG/AQ 
than HOPG itself. At the same time the AQ layer is expected to be more porous 
on HOPG/AQ than GC/AQ because of the fewer nucleation sites in the former 
case. As a result, the electron transfer of Fe(CN)6

3–/4– ions may take place 
directly on uncovered edge sites at the HOPG. Importantly, this would also 
provide an explanation why the electrochemical behaviour of Fe(CN)6

3−/4− on 
HOPG/AQ1 and HOPG/AQ2 is so similar, despite the AQ film being more than 
eight times thicker in the latter case (see Table 6). 

On Ni-Gra/AQ the electrochemical signal of the Fe(CN)6
3−/4− redox probe 

was almost completely suppressed (Figure 36c), implying that the ET is 
strongly inhibited. For Cu-Gra/AQ the current density values also decreased but 
in this case the sigmoidal shape of the voltammogram remained. This would 
suggest that Cu-Gra/AQ having a thinner film is covered with AQ layers of 
higher porosity or containing pinholes. In general we may conclude that the  
AQ film on HOPG, Ni-Gra and Cu-Gra is not as closely packed as on GC  
surface.  
 

6.3.2.6. Oxygen reduction on AQ-modified carbon-based electrodes  

Figure 37 shows the linear sweep voltammograms for the reduction of O2 on 
bare and AQ-modified GC, HOPG, Ni-Gra and Cu-Gra electrodes in alkaline 
solution. Several O2 reduction studies have been performed on AQ-modified 
GC electrodes [53–55, 121, 130, 131, 134, 195, 218], only very recently the 
ORR was investigated on GC substrates modified with thick AQ films (up to 
ΓAQ = 6×10–9 mol cm–2) [219]. In the latter study, the results of kinetic para-
meters revealed that in spite of the thick AQ film on GC electrode, these 
electrodes are not advantageous for the electrocatalysis of O2 reduction and a 
good electrocatalytic effect can be observed already for the ΓAQ values of 10–9 
mol cm–2 [219]. As can be seen from Figure 37a, these results are in good 
agreement with those obtained in our previous study [219]. Briefly, the O2 
reduction wave on AQ grafted GC electrode started at more negative potential 
(ca –0.3 V) compared to bare GC (ca –0.2 V). Furthermore, the O2 reduction 
wave which is usually caused by the native quinone-type groups present on the 
bare GC surface [53, 54] shifted to more negative direction on GC/AQ 
electrodes (Figure 37a) indicating that the electrochemically grafted AQ groups 
inhibit O2 reduction on GC electrodes at these potentials. However, at lower 
potentials (E < –0.6 V) the reduction current densities were larger on AQ-
modified GC electrode compared to bare GC and this is due to the electro-
catalytic effect of AQ groups attached to GC electrode surface during the 
electrografting process (Figure 37a) [131, 219]. 
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Figure 37. LSVs of O2 reduction on bare and AQ-modified (a) GC, (b) HOPG,  
(c) Ni-Gra, and (d) Cu-Gra in O2-saturated 0.1 M KOH; ν = 100 mV s1. 
 
The LSV curves for O2 reduction on bare HOPG, Ni-Gra and Cu-Gra (Figures 
37b-d) all show a major reduction wave at ca 0.75 V and a minor wave at 
around 1.1 V. This shows that the ORR activity is significantly lower 
compared to that of bare GC which is consistent with earlier studies [135, 208]. 
The small pre-peak seen in Figure 37b at 0.55 V on bare HOPG is suggested to 
occur from O2 reduction at quinone-type groups present on HOPG defect sites. 

Moreover, its relatively low intensity implies that mainly the basal plane is 
exposed [208]. The pre-peak is absent in case of CVD-grown graphene on Ni or 
Cu substrate (Figures 37c,d) implying that graphene sheets cover the 
corresponding underlying surface without edge sites. These findings also 
indicate that the substrates (basal plane HOPG and CVD-grown graphene 
electrodes) are suitable to study the properties of electrocatalytically active 
functional groups as reported earlier [53, 54, 134, 135, 195, 218] and therefore 
anthraquinone is a good candidate for that. 

As can be seen in Figure 37b, the O2 reduction wave started at a more 
positive potential (at ca –0.3 V) for AQ-modified HOPG compared to bare 
HOPG. Sarapuu et al. [135] studied the reduction of O2 in 0.1 M KOH at AQ-
modified basal plane HOPG with very low surface concentration of AQ groups 
(8×1011 mol cm2). The authors revealed that in case of HOPG/AQ electrodes, 
the first O2 reduction peak was around –0.8 V and larger current values were 
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observed compared to bare HOPG, suggesting the catalytic effect due to the 
presence of surface-confined AQ [135]. In contrast to the latter study, the first 
oxygen reduction peak of the AQ-modified HOPG electrodes was already 
observed at ca –0.55 V (see Figure 37b). At this point we do not know the exact 
reason for this observation. However there might be several reasons for that. 
First the presence of this cathodic peak might be associated with edge plane 
sites which might have been formed during the grafting of HOPG surface with 
AQ moieties as suggested above. Therefore the native quinone-type 
functionalities which are present only on defect sites of HOPG enhance the 
electrocatalytic activity for O2 reduction at these potentials. Another explanation 
might also be attributed to the thicker AQ layer on HOPG (Figure 37b). Then in 
this case, the O2 reduction peak observed at bare HOPG (ca –0.8 V) has been 
shifted to more positive potentials (–0.55 V) because of the AQ-modified 
HOPG electrodes. For example, Kocak et al. [136] performed the O2 reduction 
studies in 0.1 M acetate buffer (pH=5) at basal plane and edge plane HOPG 
modified with AQ through –NH2CH2C6H4– linker. Amongst other things the 
authors investigated the influence of edge plane HOPG electrodes of different 
AQ coverage on the ORR and the results showed that as the surface 
concentration of AQ groups increased the reduction peak shifted to a more 
positive direction and the peak current increased as well [136]. A similar 
tendency was observed in this study (Figure 37b). Therefore it may be 
concluded that the current density values depend on the surface concentration of 
the AQ groups as observed earlier [136]. 

Compared with bare CVD-grown graphene substrates, the AQ-modified 
graphene-based electrodes greatly increase the ORR current density values (see 
Figures 37c,d). In both cases, the oxygen reduction peaks shifted to more 
positive potentials (at around –0.55 V) compared to the bare substrates where 
the first peak potential was at ca –0.8 V (Figures 37c,d). Similarly to GC/AQ 
electrodes, a reduction peak close to –0.9 V was observed for all the AQ-
modified carbon-based electrodes (see Figures 37b-d). This peak is most 
probably due to the electrocatalysis by the surface-bound AQ groups. 

However, there is an additional peak at ca –0.65 V in case of GC, HOPG and 
Ni-Gra grafted with AQ groups. Unfortunately the reason for that remains 
unclear, but according to the study by Kullapere et al. [121] this peak might 
indicate the involvement of the AQ sites in the reduction of oxygen. 

On the basis of these results we may conclude that all HOPG and graphene-
based electrodes modified with thick AQ films display enhanced ORR 
performance compared to bare substrates. This is caused by the intrinsic electro-
catalytic property of AQ groups for O2 reduction in alkaline media. 
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7. SUMMARY 

In this PhD thesis, a variety of aryl groups, for example 4-nitrophenyl (NP),  
4-carboxyphenyl (CP), azobenzene (AB), 2-methyl-4([2-methylphenyl]azo)-
benzene (GBC), 2,5-dimethoxy-4-([4-nitrophenyl]azo)benzene (FBK) and  
9,10-anthraquinone (AQ) groups were electrografted onto different electrode 
surfaces (e.g. GC, Au, HOPG and CVD-grown graphene on Ni or Cu) via 
electrochemical reduction of the corresponding diazonium salts and these aryl-
modified electrodes were systematically investigated using various surface 
analytical and electrochemical methods.  

In the first part of the work, the electrochemical behaviour of ABTS on aryl-
modified GC electrodes was studied. GC electrodes were electrografted with 
NP or CP groups and in addition, the electrochemical reduction of the NP films 
was used to prepare 4-aminophenyl (AP) modified GC electrodes. First, the  
X-ray photoelectron spectroscopy (XPS) results confirmed the presence of NP 
or AP layers on GC surfaces. Thereafter, the oxidation of ABTS was studied in 
aqueous solutions of different pH (pH=4–8). The cyclic voltammetry (CV) and 
rotating disk electrode (RDE) results revealed that the response of ABTS was 
independent of pH for bare GC and GC/NP electrodes (modified by 20 
electrografting cycles), whereas a slight pH-dependence was observed for other 
electrodes (especially for CP-modified GC electrodes). In general, the strongest 
blocking action was observed for the NP-modified GC electrodes of higher 
surface coverage and the lowest for reduced NP films (modified by a single 
electrografting cycle) [I]. 

In the next part of the work, three different azobenzene diazonium 
compounds (AB, GBC and FBK) were strongly attached to GC and Au 
electrodes via electrochemical grafting in order to compare the surface grafting 
and electrochemical behaviour of these aryl-modified electrodes. After electro-
chemical grafting, the presence of azo groups as well as azo linkages within aryl 
films was observed for all aryl-modified GC and Au electrodes and additionally, 
the nitro functionality for the FBK-modified GC and Au electrodes was 
detected by XPS. Furthermore, in case of aryl-modified Au electrodes, the 
atomic force microscopy (AFM) and electrochemical quartz crystal 
microbalance results showed that potential cycling during surface modification 
enables the formation of multilayer films. For all aryl-modified GC and Au 
substrates, the results indicated that the blocking action towards the Fe(CN)6

3– 
probe was far more evident than for oxygen reduction, which might be 
explained by differences in size between the Fe(CN)6

3–/4– ions and O2 molecule. 
Also, the hydrophobic/hydrophilic interactions between the aryl film and redox 
probe may influence the electron transfer rate. Based on the performance of 
aryl-modified electrodes for oxygen reduction by linear sweep voltammetry and 
RDE, the aryl layers on GC or Au surface tend to be loosely packed which 
means that the electrochemical grafting of aryldiazonium salts does not provide 
an efficient barrier for ORR. It should also be noted that even though a higher 
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diazonium salt concentration was used in case of Au surfaces, the blocking 
effect of aryl-modified Au electrodes was not as strong as compared with aryl-
modified GC electrodes [II,III]. Afterwards, the aryl films on GC and Au 
substrate were treated with OH● radicals generated by UV photolysis of H2O2. It 
was found that the treatment with OH● radicals was effective to degrade aryl 
films on both GC and Au substrate and the aryl layers were removed more 
quickly from Au surface than from the GC surface [IV].  

In the final part of the work, the surface characterisation and electrochemical 
behaviour of bare and anthraquinone-grafted different carbon substrates, 
including GC that served as a reference material, HOPG and the novel carbon 
material, CVD-grown graphene, were studied. First, the Raman spectroscopy, 
high-resolution scanning electron microscopy and AFM confirmed that 
multilayer graphene was formed on the Ni foil by the CVD method [V], 
whereas based on the Raman spectroscopy results, CVD graphene grown on Cu 
foil was rather a monolayer [VI]. In addition, electrochemical experiments 
revealed that the electrochemical behaviour of bare HOPG can be assimilated to 
CVD-grown graphene on Ni foil [V]. Next, it was demonstrated that thick AQ 
films can be electrografted onto different carbon substrates, including HOPG 
and CVD-grown graphene on Ni and Cu substrate. The AQ layer thickness on 
different carbon substrates varied in the range of 760 nm (measured by 
ellipsometry or the AFM scratching method). The general electrografting 
behaviour was similar for HOPG and the graphene-based substrates, but it was 
shown to be highly dependent on the potential range, the sweep rate and the 
number of potential cycles applied. For example, the experimental results 
showed that the electrochemical response of Fe(CN)6

3−/4− was completely 
blocked on AQ-grafted GC electrode and strongly suppressed on AQ-grafted 
CVD grown graphene on Ni substrate. Meanwhile, for AQ-grafted CVD grown 
graphene on Cu substrate and in particular HOPG electrodes the signal was only 
slightly suppressed. This could be explained by the formation of a more densely 
packed AQ film on GC than on HOPG or CVD graphene. Interestingly, the 
oxygen reduction studies revealed good electrocatalytic activity of AQ-modified 
HOPG and graphene electrodes compared with the bare substrates [VI].  

In conclusion, it is clear that the diazonium reduction is an efficient method 
for surface modification because it can be applied to all types of electrodes 
(including CVD-grown graphene) studied in this thesis. Unfortunately, the 
nature of the bonding which occurs during elecrografting between the electrode 
surface (e.g Au, HOPG and CVD-grown graphene electrodes) and the aryl 
group is not fully understood and therefore it is still under investigation. The 
experimental results clearly indicated that the aryl films were strongly bonded 
to the Au surface as these survived an ultrasonic treatment. Moreover, the 
experimental results revealed that the aryl modifiers changed the electro-
chemical properties of the bulk electrode materials and the electrochemical 
behaviour of aryl-modified electrodes greatly depended on the diazonium salt, 
electrografting procedures and substrate material.  
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9. SUMMARY IN ESTONIAN 

Klaassüsinik- ja kuldelektroodide ning kõrgorienteeritud 
pürolüütilise grafiidi ja keemilisel aurufaasist sadestamise meetodil 

valmistatud grafeeni elektrokeemiline modifitseerimine 
diasooniumisoolade redutseerumise meetodil 

Doktoritöö eesmärk oli erinevate elektroodide modifitseerimine 
diasooniumisoolade elektrokeemilise redutseerumise meetodil, et uurida 
arüülkiledega kaetud elektroodide elektrokeemilisi omadusi.  

Doktoritöös kasutati alusmaterjalina klaassüsinikku (GC) [I,II,IV–VI] ja 
kuldelektroode (Au) [III,IV], kõrgorienteeritud pürolüütilist grafiiti (HOPG) 
[V,VI] ja viimastel aastatel palju huvi tekitanud keemilisel aurufaasist 
sadestamise meetodil valmistatud grafeeni [V,VI]. Vastavalt eesmärgile, 
modifitseeriti eelpool mainitud elektroodid diasooniumisoolade 
elektrokeemilise redutseerumise meetodil erinevate arüülrühmadega:  
4-nitrofenüül- (NP) [I], 4-karboksüfenüül- (CP) [I], asobenseen- (AB) [II,III],  
2-metüül-4([2-metüülfenüül]aso)benseen- (GBC) [II–IV], 2,5-dimetoksü-4-([4-
nitrofenüül]aso)benseen- (FBK) [II–IV] ja 9,10-antrakinoonrühmadega (AQ) 
[VI], kasutades vastavaid diasooniumisoolasid. 

Doktoritöö esimeses osas keskenduti 2,2`-asino-bis(3-etüülbensotiasoliin-6-
sulfoonhappe) diammooniumsoola (ABTS) elektrokeemilise käitumise 
uurimisele erineva pH väärtusega lahustes (pH=4–8) NP või CP rühmadega 
modifitseeritud GC elektroodidel. Lisaks kasutati NP kilega kaetud GC 
elektroodide puhul elektrokeemilist  redutseerumist, et saada elektroodi pinnale 
aminofenüülrühmad (AP). Röntgenfotoelektronspektroskoopilise (XPS) 
analüüsi tulemused näitasid vastavate arüülrühmade (NP või AP) esinemist GC 
elektroodi pinnal. Tsüklilise voltamperomeetria (CV) ja pöörleva 
ketaselektroodi (RDE) eksperimentide põhjal võis järeldada, et ABTS-i redoks-
protsess oli pH-st sõltumatu nii puhtal kui ka NP-modifitseeritud GC 
elektroodidel, kui modifitseerimisel kasutati suuremat potentsiaali tsüklite 

elektroodide korral.  
Doktoritöö teises osas modifitseeriti GC ja Au elektroodid AB, GBC ja FBK 

diasooniumiühenditega, et võrrelda arüülrühmadega kaetud GC ja Au 
elektroodide pinna morfoloogiat ning elektrokeemilist käitumist 
heksatsüanoferraat(III)ioonide redutseerumisel ja hapniku redutseerumisel 
leeliselises lahuses. Pärast modifitseerimist kasutati arüülkilede 
iseloomustamiseks XPS-analüüsi, mille tulemused näitasid nii asorühmade kui 
ka asosildade teket kõigil arüülkiledega modifitseeritud GC ja Au elektroodidel 
ning lisaks ka nitrorühmade olemasolu FBK-modifitseeritud elektroodidel. 
Lisaks kinnitasid aatomjõumikroskoopia (AFM) ja kvartsmikrokaalude 
meetodil saadud tulemused arüülmodifikaatorite polükihtide moodustumist 
kuldelektroodi pinnal. CV ja RDE tulemused näitasid, et mõlema substraadi 

arvu. Samas suurimat pH efekti täheldati CP-modifitseeritud GC 
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puhul (GC või Au) oli kõige tugevamalt Fe(CN)6
3−/4− redokspaari signaal maha 

surutud asobenseeniga modifitseeritud elektroodide korral, aga hapniku 
redutseerumisel ei olnud kõigil juhtudel arüülkilede blokeerivad omadused 
piisavalt efektiivsed, et redutseerumisprotsessi täielikult inhibeerida. 
Kokkuvõtvalt võib öelda, et arüülrühmadega modifitseeritud GC elektroodide 
puhul oli nii heksatsüanoferraat(III)ioonide laenguülekande- kui ka hapniku 
redutseerumise protsess rohkem inhibeeritud kui sarnaselt modifitseeritud Au 
elektroodide korral [II,III]. Kuna arüülkiled GC ja Au pinnal blokeerisid 
muuhulgas heksatsüanoferraat(III)ioonide laenguülekannet ning pärast 
eksperimente oli näha, et arüülkilede eemaldamiseks nii GC kui ka Au pinnalt 
oli vaja rakendada mehaanilist töötlemist, oli huvipakkuv edasi uurida, kuidas 
mõjutab OH● radikaalidega töötlemine asobenseeni derivaatidega modifit-
seeritud GC ja Au elektroodide omadusi. Arüülkilede lagundamiseks kasutati 
OH● radikaalide tekitamiseks vesinikperoksiidi ja ultraviolettkiirgust. 
Eksperimentaalsed tulemused näitasid, et OH● radikaalidega töötlemine 
lagundab GC ja Au elektroodidel arüülkilesid, kusjuures Au elektroodidel 
toimus arüülkilede lagundamine kiiremini kui GC elektroodidel [IV]. 

Doktoritöö viimases osas uuriti antrakinooniga (AQ) modifitseeritud ja 
modifitseerimata HOPG ja uudse nanomaterjali, grafeeni, morfoloogilisi ning 
elektrokeemilisi omadusi. Võrdlusena kasutati ka klaassüsinikelektroodi. 
Ramani spektroskoopia, kõrglahutusega skaneeriva elektronmikroskoopia ja 
AFM tulemused kinnitasid mitmekihilise grafeeni olemasolu nikkelfooliumil 
[V], kusjuures Ramani spektroskoopia mõõtmised täheldasid pigem monokihi 
esinemist vaskfooliumil [VI]. Tsüklilised voltamperogrammid näitasid, et puhta 
HOPG ja mitmekihilise grafeeni elektrokeemiline käitumine oli omavahel 
sarnane ning eelpool toodud materjalid olid pigem inaktiivsed, võrreldes puhta 
GC elektroodiga [V]. Järgnevalt uuriti esmakordselt paksude antrakinooni 
kilede moodustumist HOPG ja keemilisel aurufaasist sadestamise meetodil 
valmistatud grafeeni (nii Ni kui ka Cu alusel) pinnal. Olenevalt alusmaterjalist, 
mõõdeti AQ kile paksuseks 7–60 nm kasutades AFM kraapimise tehnikat või 
ellipsomeetriat. Lähtudes AFM ja elektrokeemiliste eksperimentide tulemustest 
võib väita, et arüülkilede struktuur ning elektrokeemilised omadused sõltuvad 
suuresti alusmaterjalist (GC, HOPG, ühe- või mitmekihiline grafeen). Näiteks 
heksatsüanoferraat(III)ioonide laenguülekandeprotsess oli AQ-modifitseeritud 
GC elektroodide korral täielikult maha surutud ning suurel määral ka AQ-
modifitseeritud mitmekihilise grafeeni puhul. Samas kui modifitseerimisel 
kasutati alusmaterjalina HOPG või ühekihilist grafeeni, oli antud elektroodidel 
Fe(CN)6

3−/4− redokspaari signaal oluliselt vähem inhibeeritud. Huvitavaid 
tulemusi saadi ka hapniku redutseerumise uurimisel leeliselises lahuses. Nimelt 
näitasid AQ-modifitseeritud HOPG ja grafeen väga head elektrokatalüütilist 
efekti võrreldes modifitseerimata substraatidega [VI].  
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