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3. INTRODUCTION

The daily increasing word population and energy consumption drives the de-
mand for utilising more resources and materials. The necessary resources on the
planet are limited and also more attention has been drawn to the environmental
problems regarding the increasing use of available resources. Corresponding
problems can be satisfied to some extent by the more effective use of the
resources and the greater deployment of renewable energy devices. These
directions are also recognised and supported by the Smart Specialisation
approach, which is one of the cornerstones of innovation policy across the
European Union and also has supported the research in this PhD thesis.

For the more effective use of the resources, the surface functionalisation can
be used to modify the physical and chemical properties of the materials towards
the required needs. One option for the surface functionalisation with desired
molecules or organic aryl films is to use the aryldiazonium salt reduction
method [1]. This method is very versatile allowing the functionalisation of
different carbon materials and metals with and without the application of
electrical potential [2]. In this way, the cheaper and more available materials
can be tailored to meet the properties inherent to more expensive or less com-
mon materials. The main applications of aryl film modified materials are in the
field of electronics (e.g. sensors, electrodes and energy storage devices [3, 4]).

The aim of the present PhD thesis was to prepare and study the aryl film
functionalised electrodes and non-precious metal catalysts. The first part of the
thesis is focused on the grafting of different carbon materials with aryl films via
reduction of aryldiazonium salt [I-VI]. In the second part of the thesis, the
electrochemical derivatisation of metal (Au, Ni, Cu) electrodes is described
[VI-VIII]. The prepared aryl films on carbon and metal electrodes are
characterised by several physical or chemical methods and electrochemically
using the cyclic voltammetry (CV) and rotating disc electrode (RDE) technique.
Among the renewable energy applications, fuel cells (FCs) are promising
energy conversion devices due to high power density, easy deployment in diffe-
rent areas and also relatively low maintenance costs [5, 6]. Furthermore, con-
sidering the environmental needs for water treatment, microbial fuel cells
(MFCs) also play an important role in the technology development regarding
smart specialisation strategies [7, 8]. In the FCs and MFCs, the oxygen
reduction reaction (ORR) at the cathode is very often limiting the performance
of the device due to its slow reaction kinetics [9]. To increase the ORR activity,
the catalyst material is needed and up to date, the Pt-based catalysts are most
often used. The high price and scarcity of the Pt drives the need for cheaper and
more available nonprecious metal (NPM) catalyst for ORR [6]. Therefore, the
third part of the PhD thesis describes the development of catalysts for ORR
from electrospun polymer based multi-walled carbon nanotubes containing
carbon nanofibres and the nitrogen and transition metal codoped SiOC based
polymer-derived ceramics (PDC) [IX-XI].
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4. LITERATURE OVERVIEW

4.1. Oxygen reduction reaction

The ORR is one of the most widely studied electrochemical reactions since it
occurs in the energy conversion systems (e.g. fuel cell) [6, 8, 9]. This process
has been studied on a large number of different metal and carbon electrode
materials. The main factors that affect the ORR process are the electrolyte solu-
tion, properties of the catalyst and the potential of the electrode. The ORR is a
multielectron process. The elementary stages of the ORR can proceed via diffe-
rent parallel and sequential combinations. In aqueous solution, the ORR can
occur via direct 4-electron process straight to water or via 2-electron process
that includes the production of the hydrogen peroxide as a final product. In
addition, a two-step 2e pathway, forming hydrogen peroxide as an intermediate
product is possible [6]. As in the present PhD thesis, the ORR is mainly studied
in alkaline conditions [I, II, IV=VI, IX-XI], the possible pathways in alkaline
medium are as follows:
The direct 4e” reduction:

0, +2H,0+4e — 40H" (1
The 2e™ reduction resulting the production of hydrogen peroxide:
0, +HO0+2¢ — HO, + OH" 2)

The formed hydrogen peroxide can be further reduced (3) or disproportionate
“)

HO, +H,0 +2¢ — 30H 3)
2HO, — 20H + 0, (4)

The 4¢™ reduction is a slow reaction as the stability of the oxygen-oxygen (O=0)
bond is very high and the dissociation energy of this bond is 494 kJ mol .
Therefore, the 4¢” reduction usually occurs on the metal electrodes (e.g. Pt and
Ag). On the undoped carbon materials (e.g. GC) the ORR usually proceeds via
2¢” pathway. According to the experimental data obtained on different
electrodes, a general scheme for the reactions of oxygen and hydrogen peroxide
has been proposed for alkaline solution (Scheme 1) [10]. In addition to
hydrogen peroxide, the superoxide radical anion (O,") or its protonated version
(HO;") can be formed and both of them can also desorb.
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Oy Oaa) HO, (a)—>OH
A

N\

H02 * —>H02 (b)

Oapy

Scheme 1. Simplified scheme for electrocatalytic ORR in alkaline solution, k; is the
reaction rate constant. (b), (*) and (a) denote the O, and HO, in the solution, in the
surface layer and as the adsorbed form, respectively [10].

The ORR on carbon electrodes, e.g. graphene (GR) [I, II] [11], multi-walled
carbon nanotubes (MWCNTs) [II] [12], glassy carbon (GC) [IV-VI] [11, 13,
14] modified with AQ and its derivatives like methylanthraquinone (MAQ) [[V]
[15] has drawn a lot of attention because the ORR on quinone-modified
electrodes follows an electrochemical-chemical mechanism [14, 16]:

Q+e > Q" )
followed by the chemical step

Q +0,—- 0, +Q (6)
The superoxide ion can be further reduced to peroxide

0, +H,0+¢ — HO, +OH (7)
or undergo the disproportionation process

20,” + H,O —» O, + HO, + OH™ ()

in which Q is the quinone moiety bound to the surface. The reaction (6) is the
rate-determining step and in the presented reaction model the overall reaction
rate is determined by the surface concentration of Q°*" [14, 16]. As observed
from the reactions (7) and (8), the quinone-modified electrodes could be used
for the electrochemical synthesis of hydrogen peroxide [17]. This is possible
because the reactions (7) and (8) are considered to be fast and they both result in
the formation of HO, . The electrochemical-chemical mechanism of O,
reduction on quinone-modified electrodes, emphasising the extremely high
activity of semiquinone radical ions, has been confirmed using CV according to
the literature [18]. Therefore, one possible application of the AQ-modified
carbon materials described in the present thesis is the environmentally greener
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production of hydrogen peroxide compared to the chemical system that is
currently most widely used for this application [19-21] .

Two novel carbon nanomaterials, MWCNTs and GR, have been extensively
studied due their unique and extraordinary properties [22, 23]. It is well-known
that the purified MWCNTSs possess good electrocatalytic activity towards the
ORR in alkaline solution since the number of electrons (n) transferred per O,
molecule [24] is usually between 2 and 4e, which refers to the ORR proceeding
via mixed 2- and 4e” pathways [25, 26]. Furthermore, Gong et al. have reported
monohydroxy-anthraquinone modified MWCNTs to exhibit higher activity
towards the ORR than the unfunctionalised MWCNTs [15]. Moreover, Dyke
and Tour have published a different method [27] applicable for the covalent
modification of MWCNTSs with aryl groups by the spontaneous reduction of
aryldiazonium salts. Considering the gathered information, the ORR investi-
gation on the purified MWCNTs grafted with AQ moieties using the sponta-
neous diazonium reduction method would therefore be a very attractive study.
In addition, the electrografting of chemical vapour deposition (CVD) grown GR
with AQ functionalities was found to increase the electrocatalytic activity of GR
towards the ORR [11]. Therefore, the parallel study with commercially avail-
able GR would add an extra value to the corresponding investigation [II].

In addition to the nanocarbons such as MWCNTs and GR, the GC electrodes
can be also covalently functionalised with AQ [14]. According to the previous
studies by our workgroup, the AQ-modified GC electrodes have exhibited high
electrocatalytic activity towards the ORR in alkaline medium [13, 14, 28-35]. It
should be noted that the electrografting of AQ groups was performed in various
conditions to yield the /'5q value less than 1 nmol cm . Although, there was no
information available for the ORR studies on thick AQ films with high I'xq
values on GC electrodes. Recently, Daasbjerg and co-workers established a
redox grafting (RG) procedure for electrografting different electrodes with AQ
films with high thickness [36—38]. Therefore, it was of special interest to use
RG modification procedure to prepare thick AQ film modified GC electrodes
and study their catalytic properties towards the ORR [V]. In addition to the RG
method, another new procedure has been proposed to functionalise the GC
electrode surface with AQ groups via methylene linker (designated as MAQ)
[39]. In specific, Jouikov and Simonet [39] reported a successful attachment of
AQ moieties to GC using 2-(bromomethyl)anthraquinone to derivatise GC with
MAQ groups. This grafting procedure is based on the 1e™ reduction of AQ-CH,-
Br to a free radical (AQ-CH,") and the formed radical bounds to the GC surface
giving a strong covalent bond [39]. There was no information available for the
ORR activity of MAQ functionalised GC electrodes and therefore,
corresponding work was carried out as a part of this PhD thesis. Additionally,
for modification also the 2-(chloromethyl)anthraquinone derivate was used to
assess the possible influence of the grafting agent towards the ORR [IV].

In addition to the AQ functionalised carbon materials (e.g. MWCNTs, GR
and GC), the ORR on aryl-modified metal electrodes (e.g. Au, Cu) is also im-
portant aspect to study since they have a potential use in the sensing applica-
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tions [4, 40]. The polycrystalline Au itself is relatively active electrode material
towards the ORR in alkaline medium and the process proceeds via the mixed 2-
and 4e reduction [41-44]. The aryl films grafted on metal electrodes via
reduction of aryldiazonium salts are known to suppress the ORR kinetics and
also favour the 2e” reduction pathway on Au [41-43]. In previous studies by our
workgroup, the ORR has been investigated on Au electrodes grafted with
several aryl films (e.g. nitrophenyl (NP) [43], 4-bromophenyl [41], azobenzene
derivatives [42]). Although, there was no information available about the
blocking behaviour of thick AQ films on Au electrodes towards the ORR.
Therefore, as a part of the present thesis, the ORR was studied on Au electrodes
electrografted with AQ films with various thicknesses and I'sq values including
the films prepared by recently established RG [36—38] procedure [VI].

Another metal electrode that is attractive for ORR studies is polycrystalline
Cu. Since Cu is one of the most important materials in the industry and the
inhibition of its corrosion is challenging [45-47]. It is well-known that the
reduction of oxygen on bare Cu electrodes proceeds predominantly via 4e
pathway in a broad pH range [46, 48—54]. However, no information about the
influence of the (thick) aryl films grafted via reduction aryldiazonium salts on
polycrystalline Cu electrode towards the ORR was available. Therefore, the
corresponding investigations were carried out within this PhD work [VIII].

Non-precious metal (NPM) catalysts are especially attractive to be studied
from the fuel cell application point of view [6, 9]. N-doped metal-free carbon-
based catalysts are known to catalyse the ORR via 2x2¢" (reactions (2) and (3))
or direct 4e” (reaction (1)) reduction in alkaline medium [55-61]. Moreover, on
the transition metal (e.g. Co, Fe) and nitrogen codoped carbon-based catalysts
the ORR proceeds via 4¢” pathway [61—64]. In case of codoped electrospun and
pyrolysed polyacrylonitrile (PAN) based NPM catalysts, the ORR is also known
to proceed mainly via 4e” pathway [65-70] and on the materials functionalised
with N without incorporated transition metals the reaction is reported to occur
by 2x2e process [71-74]. The last part of the present PhD thesis is devoted to
the ORR studies on nitrogen functionalised NPM catalysts with and without
transition metal content. The corresponding ORR studies were carried out for
the first time on these specific NPM catalysts with the mission of further
possible application as a catalyst at the (microbial) fuel cell cathode [IX—XI].

4.2. Grafting of the electrodes by reduction of
aryldiazonium salts

Functionalisation of the electrode surface by the reduction of aryldiazonium
salts has been widely investigated since the first report describing this procedure
via electrografting by Pinson and co-workers in 1992 [75]. The diazonium
chemistry is very versatile method giving the opportunity to attach different
modifiers to various carbon-based materials and metals by spontaneous grafting
or electrochemical modification [1, 4, 76]. The most relevant feature of this
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method is the reduction of aryldiazonium cations (Ar-N,"). This reduction pro-
cess produces highly reactive aryl radicals (Ar®), which react with the electrode
surface forming a strong covalent C—C bond between the underlying substrate
and organic group [2]. Scheme 2 depicts the illustration of the described process
as an example with the grafting of AQ groups to the GC electrode [VI].

GC [ 6c | | cc |
A = oy — 3 00

Scheme 2. The illustration of electrografting process of anthraquinone-1-diazonium
compound on the GC surface by electrochemical reduction of AQ diazonium salts [VI].

The process is facilitated by the adsorption of the Ar-N," and by the relatively
positive reduction potential of Ar-N,". In addition, the Ar® may also react with
the already surface-bound modifier molecules forming multilayer films
(Scheme 2). One possible opportunity to perform this grafting process is by
electrochemical reduction, where the Ar—N," cation is reduced to the Ar® radical
and the N, is released [1]. In latter case, the electron for the reduction of Ar-N,"
is obtained from the electrode under the applied potential. Another option for
surface functionalisation via reduction of aryldiazonium salts is by applying
non-electrochemical spontaneous derivatisation [77]. This method is widely
used on the reducing surfaces employing easily reducible diazonium salts (e.g.
4-nitrobenzenediazonium tetrafluoroborate (NBD) and Fast Red AL (FRA))
[77, 78]. Spontaneous grafting is a relatively simpler method as there is no need
to apply the electric potential to the electrode. In the present thesis, the sponta-
neous modification was employed for grafting the AQ groups on the MWCNT
and GR surfaces according to the procedure presented by Dyke and Tour [II].
Recently, the spontaneous functionalisation with surface modifiers has been
incorporated into the preparation procedure of the GR via electrochemical
exfoliation [79]. In specific, a relatively convenient one-pot synthesis method
has been developed in which the production of GR as well as in sifu modifica-
tion of GR sheets are carried out simultaneously in one electrolyte solution [79].
Using the established one-pot synthesis method, GR or GR-like materials (e.g.
graphene oxide) have been modified for example with nitrogen [79-83], sulphur
[84] and AQ moieties [85]. In the latter study by Ossonon and Bélanger [85],
the functionalisation of GR sheets with AQ during electrochemical exfoliation
of graphite was performed using spontaneous reduction of aryldiazonium salts
[85]. Although, there was no information about the ORR on GR modified with
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AQ diazonium salt using the above-described one-pot synthesis. Therefore, the
corresponding study was carried out as a part of this PhD thesis [I].

In general, the electrochemical reduction of aryldiazonium salts for surface
functionalisation has been performed by CV in a narrow potential range or in
potentiostatic conditions by holding the electrode at a certain potential. In case
of the potentiostatic modification, the potential is chosen to be the peak
potential or more negative than the one of Ar-N, reduction peak on the
corresponding CV curve [1]. If using the CV method, the potential is cycled
over the potential range where only the reduction peak of Ar-N," is observed
and on the subsequent cycles the decrease in the current values refers to the
blocking of the electrode surface by the aryl film [14, 86]. The latter modi-
fication procedure is referred to as “normal” electrografting in the present PhD
thesis. Using the “normal” electrografting method [38], thicker modifier films
and more efficient control over the film growth can be achieved compared to
the spontaneous modification [87]. Although, the thickness of the aryl film on
the electrode does not exceed usually 10 nm using the “normal” electrografting
because of the restricted electron transfer between the electrode and Ar-N, " [36—
38]. However, thicker aryl films could be beneficial for blocking the electrode
surface and in the development of sensors and supercapacitors [36, 37].

Some years ago, the research on the formation of thick aryl films on
electrode surfaces via diazonium electroreduction was further developed. In
more specific, Daasbjerg’s group proposed a new method called RG based on
the diazonium chemistry and cyclic voltammetry (CV) to form thick aryl layers
on various electrode materials. Already, a systematic investigations about the
formation of thick organic layers on different electrodes (e.g. GC, Au and stain-
less steel) [36-38] and in addition, GR-based materials [11] via RG of
aryldiazonium salts had been carried out. In case of RG method, the electron
transfer in the film does not become restricted and the RG enables the film
growth up to 900 nm for example in case of Au electrode modified with NP
groups [36]. To prepare organic films of high thickness via diazonium
chemistry, the main contributing factors are as follows: the aryldiazonium salt
should contain redox active functionality (e.g. quinone, nitro group) in order to
maintain the charge propagation in the growing film; the sweeping of potential
is essential during the electrografting process to avoid the clogging of the
physisorbed species in the electrolyte channels in the film; a higher sweep rate
than 500 mV s ' is preferred and last but not least, the switching potential
during RG must be chosen so that the electrode is cycled over the redox
potential of the redox active moiety [36—38]. In the RG method, the film growth
of thick organic layers is accomplished by reducing the electroactive functional
group (e.g. AQ, NP) of an aryl-modifier to an anion radical (e.g. AQ™, NP")
under more negative potential which should promote the growth of an aryl
layer. In the present PhD thesis the RG method was used for the first time for
the functionalisation of Ni electrodes and CVD-grown GR on Ni substrates with
NP films of high thickness [III, VII]. In addition, it was of special interest to
expand the RG method by combining the RDE method with the RG for possibly
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even thicker aryl film formation. Therefore, in the present work, the RG and
RDE combined method was employed for preparing the thick AQ films on Au
and GC electrodes [ VI] and thick AQ and NP films on the Cu electrodes [ VIII].

The composition and the layer thickness of the multilayer aryl films can be
determined by various surface characterisation methods (e.g. atomic force
microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)). In addition,
the electroactive moieties (e.g. AQ, NP) containing aryl films can be characte-
rised by measuring the surface concentration of these aryl groups (/'aq and 'np
values) [56]. For the surface-confined quinone groups, the determination of the
surface concentration can be easily performed by the charge integration under
the redox peaks appearing on the CV curve [59]. According to the study by
Ernst et al. [60] the surface coverage for closely-packed monolayer of anthra-
quinonyl groups is 3.45%10™'" mol cm™.

The potential applications for the different aryl film modified electrodes
prepared in this PhD thesis could be as follows: carbon materials derivatised
with AQ groups can be employed in the preparation of (bio)sensors [4, 40, 88]
and energy storage devices [3, 89]. Also, quinone-modified graphene materials
have been investigated for battery and electrochemical capacitor applications
[89, 90]. In case of metal electrodes (e.g. Ni and Cu), the aryl films obtained by
the reduction of aryldiazonium salts have also been proposed to be suitable for
the protection against corrosion [47, 76].

4.3. Nonprecious metal catalysts for the ORR

The electrochemical reduction of oxygen is the key reaction that takes place at
the cathode of the fuel cell [6, 9]. Because of the sluggish kinetics of the ORR,
intensive research has been performed to design cathode catalysts applicable in
the fuel cell [6]. The fuel cell cathode catalyst should support either direct 4-
electron (reaction (1) ) or 2x2 electron (reactions (2) and (3), respectively) ORR
process with minimal peroxide production [6]. In this case, the production of
highly reactive HO, , which could degrade the fuel cell components, is avoided
and the maximum energy efficiency of the fuel cell is achieved [9]. At the
moment, Pt-based materials are the best known catalysts for the fuel cell
cathode as Pt supports a 4-electron reduction pathway and the Eq of the ORR
on Pt electrode is rather high. The carbon-supported Pt (Pt/C) is the most widely
used state-of-the-art catalyst material due to its high activity towards the ORR
in acidic and alkaline conditions [91]. Although, the limited availability, high
cost and long-term stability issues of Pt influence the commercial viability of
low-temperature fuel cells, which operate generally with Pt-based electrocata-
lysts [9]. Therefore, the efficient, cost-effective and durable cathode NPM
catalyst with similar performance to Pt that is also practically applicable in the
fuel cell is required. Possible alternative NPM catalysts for addressing the
issues of Pt-based materials, can be divided into transition metal-containing
and/or heteroatom-doped carbon materials [9].
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The diversity and low cost of carbon nanomaterials make them attractive for
the application as ORR catalyst [6, 92]. Therefore, several high area nanocarbon
materials (e.g. MWCNTs and GR) have already been investigated as NPM ORR
catalysts at the fuel cell cathode [6, 9, 92]. MWCNTs are usually preferred,
mainly because of their excellent chemical stability, mechanical strength, high
aspect ratio and good electrical conductivity [93, 94]. Despite the high surface
area of the carbon-based materials, usually the electrocatalytic activity of
pristine carbon nanomaterials towards the ORR is insufficient for fuel cell
applications [9, 95]. Therefore, N-doping is a typical approach to enhance the
electrocatalytic activity of various nanocarbons towards the ORR [92, 96-98].
The covalent attachment of N atoms affects the charge distribution in the
graphitic carbon material, which in turn increases the basic nature and
electrocatalytic activity of the N-doped nanocarbon materials towards the ORR
[92, 96]. As one option for the preparation of N-doped carbon materials is the
pyrolysis of carbon-based material along with the N-containing precursor [99—
101]. For the introduction of the nitrogen species into the material, several N-
sources have been used, e.g. (poly)aniline [102, 103], NH; [68, 73, 74, 104—
106], and dicyandiamide (DCDA) [107]. At least five different nitrogen species
have been reported on the surface of the N-doped carbon nanomaterials [92, 99—
101, 108, 109]. According to the literature, the remarkable contribution to the
electrocatalytic activity towards the ORR has been observed even for N content
as low as 0.5 at% [110]. Several years ago, the novel composite fibre material
consisting of styrene-acrylonitrile copolymer (SAN, Scheme 3) and MWCNTs
prepared by electrospinning was introduced by Krumme's workgroup [111].
Because SAN contains nitrogen, it was an appealing idea of using SAN as a N
source for the functionalisation of MWCNTs with N-moieties in order to
prepare NPM catalyst. Corresponding study was carried out as a part of this
thesis [1X].

In recent years, one-dimensional CNFs have drawn a lot of attention and
have been widely studied for the preparation of NPM catalysts [62, 112]. The
CNFs are attractive because of their interesting properties e.g. high surface area,
high length/diameter ratio, specific porosities and multiple functionalities [112].
For the CNF preparation, the electrospinning technique with further pyrolysis of
the material in inert atmosphere can be employed. Electrospinning is considered
a simple, low cost, and versatile method for producing nanofibres from different
materials [62, 112]. To enhance the CNF properties for fuel cell application, the
functionalisation with metals or nitrogen [65, 113—116] can also be used.

The optimisation of pyrolysis temperature is very important for obtaining the
CNF based NPM catalyst with optimal performance [66, 68, 74, 102, 104, 113,
117-120]. According to the several reports, the electrospun PAN (Scheme 3)
based N-doped NPM catalysts have shown high catalytic activity towards the
ORR [67, 73, 74, 102, 104]. Similarly to SAN, PAN polymer also contains
nitrogen. Therefore, the ORR performance of the NPM catalyst prepared from
three component composite material of MWCNTs, SAN and PAN
(SAN/PAN/CNT) was studied herein.
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Scheme 3. Repeating units in the structure of (a) polyacrylonitrile (PAN) and (b)
styrene-acrylonitrile copolymer (SAN) [X].

A few papers can be found from the literature about the preparation of materials
similar to SAN/PAN/CNT. In more specific, Lee et al. have prepared CNFs by
pyrolysis of the electrospun PAN and SAN [121] and Zhou et al. have
carbonised SAN, PAN and single-walled carbon nanotube composite films. The
latter films were prepared by casting on a glass substrate instead of using the
electrospinning technique [122]. These described composite materials were
tested for the supercapacitor and Li-ion battery applications and there was no
information about their performance as ORR catalysts [121, 122]. Therefore, it
was very attractive to study the CNFs prepared from electrospun
SAN/PAN/CNT composite fibres as NPM catalysts for ORR [X].

From the NPM catalysts based on transition metal-containing and nitrogen-
doped carbon materials, the ones functionalised with nitrogen and Co via high-
temperature pyrolysis in an inert atmosphere [9, 92] have exhibited improved
ORR performance. The increase in the ORR activity due to co-doping with Co
and N via carbonisation has been found to be effective on different carbon
materials such as carbon nanotubes [123-127], CNFs [64, 68, 128-130], GR
[131, 132], carbon aerogels [133—135], carbon spheres [136], carbon nanocom-
posites [107, 137—139], porous carbon [140-144], carbon dots [145] and carbon
black [146]. As one possible reagent, DCDA has been employed as a nitrogen
precursor for the modification of the carbon material with nitrogen moieties
during carbonisation [56, 107, 124, 126, 127, 132, 134, 142, 144, 146-148].

Low corrosion resistance of carbon materials is one of the major concerns
regarding their application as NPM catalyst [5, 149, 150]. To overcome this,
silicon oxycarbide (SiOC) is an interesting class of PDCs since their properties
can be modified by varying the preceramic polymers and carbonisation condi-
tions. SiOC based ceramics possess high chemical and thermal stability and
allow the adjustment of surface properties. The good stability of SiOC is a
result of the amorphous structure made of SiO,/C nanodomains [151, 152].
Since there was no prior information about the use of SiOC based PDC
materials as NPM catalyst for the ORR, the corresponding investigation was
carried out [XI].
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5. AIMS OF THE STUDY

The main purpose of the present PhD thesis was to prepare and characterise the
aryl film functionalised electrodes and NPM catalysts. For this reason, the
results and discussion section of this PhD thesis is divided into three main
chapters and the aims are:

1. to prepare and study the aryl film grafted carbon nanomaterial (EG, GR,
CVD-grown GR, MWCNTs) coated and M(AQ) film functionalised GC
electrodes. In addition, to apply the RG and RDE combined method for the
first time to prepare thick AQ films via reduction of aryldiazonium salts on
the GC electrodes [I-VI].

2. to characterise the thick aryl film derivatised Au and Cu electrodes
prepared via reduction of aryldiazonium salts for the first time using RG
and RDE combined method. Additionally, to functionalise the Ni electrode
with NP film using the RG method for the first time [ VI-VIII].

3. to prepare the NPM catalysts from the materials that have not been studied
before as ORR catalysts [IX—XI].
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6. EXPERIMENTAL

6.1. Electrode preparation before modification

The electrodes with geometric area (4) of 0.196 cm® were prepared by
mounting the discs into Teflon® holders. The discs were prepared from the rods
(diameter 5 mm) of GC (GC-20SS, Tokai Carbon, Japan) [I, II, VI, V,VI, IX—
XI], Au (99.99%, Alfa Aesar) [VI], Ni (99.995%, Alfa Aesar) [VII] and Cu
(99.999%, Puratronic®, Alfa Aesar) [VIII]. The electrodes were polished with
silicon carbide grinding paper (P4000) and alumina slurries (1.0 and 0.3 pm,
Buehler). After polishing the GC electrodes were sonicated (Bransonic 3510,
Branson) in Milli-Q water (Millipore, Inc.), 2-propanol (99.8%, Honeywell
Riedel-de Haén) and acetonitrile (ACN, Sigma—Aldrich) for 5 min in each
solvent [I, I, IV-VI, IX-XI]. The Au electrodes were additionally polished with
0.05 um alumina slurry (Buehler) and treated by sonication only in Milli-Q
water. After sonication the Au electrodes were cycled between —0.3 and 1.5 V
vs SCE (v = 100 mV s ') in Ar-saturated (99.999%, AGA) 0.5 M H,SO, (96%
Suprapur®, Merck) for surface cleaning of Au [VI]. Ni electrodes were cleaned
by ultrasonication in Milli-Q water after polishing [VII]. Polycrystalline Cu
electrodes were sonicated in Milli-Q water and ACN for removing polishing
residue. Prior to electrografting or electrochemical measurements, the Cu
electrodes were immersed into CH;COOH (99.8%, puriss p.a., Sigma—Aldrich)
for 30 s [47, 153, 154] and rinsed with Milli-Q water [VIII].

Graphene was prepared by CVD method onto 25 pm thick Ni foil similarly
as described earlier [155]. The graphene was used without transferring it to
another substrate and therefore it is designated as Ni/Gra electrode [III].

6.1.1. Grafting with AQ during electrochemical exfoliation

AQ-modified graphene (designated as EG-AQ) was synthesised during the
electrochemical exfoliation of graphite according to the published procedure
[85]. In brief, the EG-AQ-1 was prepared by dispersing 2-aminoanthraquinone
(223 mg) in ACN (70 mL) via sonication for 30 min. Then, the suspension was
stirred for 12 h at 50 °C [156]. The mixture was cooled down to room tempera-
ture and the anthraquinone-2-diazonium cations were generated in situ by
adding 0.22 mL of tert-butylnitrite (1 equiv. compared to the quinone). After
30 min, another 0.22 mL of tert-butylnitrite was added and the mixture was
stirred for 30 min. This solution was added to 130 mL of 0.15 M H,SO, for
obtaining the 200 mL anthraquinone diazonium cations solution (5 mM, N, -
AQ). The EG-AQ-2 was prepared similarly as EG-AQ-1, but using the 16 mM
N, -AQ solution. For comparison purposes, EG without AQ was also prepared.

1 mg of the corresponding nanomaterial (EG, EG-AQ-1, and EG-AQ-2) was
dispersed by ultrasonication in 1 mL of N, N-dimethylformamide (DMF, Sigma—
Aldrich) or 2-propanol that contained 0.05% anion exchange ionomer (OH™
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ionomer, 5 wt%, AS-04, Tokuyama Corp., Japan). Then, 20 pL of the catalyst
ink was pipetted onto the GC electrode surface to obtain 0.1 mg cm > catalyst
loading. The solvent from the ink was evaporated in the oven at 60 °C for 20
min. The electrodes were carefully rinsed with Milli-Q water prior to
electrochemical measurements and are designated as GC/ followed by the
carbon material (e.g. EG, EG-AQ-1 and EG-AQ-2). The additional marking of I
is used if the catalyst ink suspension was prepared in 2-propanol containing
0.05% OH  ionomer [I].

6.1.2. Spontaneous grafting of MWCNTs and graphene with AQ

The procedure for spontaneous grafting was taken from the literature [27]. Speci-
fically, 4 mg of GR (Strem Chemicals, Inc., 06-0235 Graphene nanoplatelets
aggregates) containing 1% of sodium dodecyl sulphate (SDS, Sigma—Aldrich)
was dispersed in 4 mL of Milli-Q water by sonication. Then to obtain the 59 mM
solution of anthraquinone-1-diazonium compound 0.256 g of FRA (Sigma—
Aldrich) was added. The spontaneous grafting was carried out by placing the
beaker with the solution on the magnetic stirrer for 1 h. Afterwards, the obtained
material was filtered 4 times with Milli-Q water and 2 times with ACN. The AQ-
modified GR was dried in an oven at 60 °C and is designated as GR/AQ(W)s.

For comparison purposes, the spontaneous grafting was also carried out in 4
mL of ACN instead of SDS containing Milli-Q water. Other conditions of the
grafting procedure were the same and the obtained material is designated as
GR/AQs. In addition, the purified [25] MWCNTs (Nano-Lab, Inc., Brighton,
MA, USA) were also grafted in the ACN solution according to the same pro-
cedure and the obtained material is designated as MWCNT/AQs.

For preparing the catalyst ink, 1 mg of the corresponding nanomaterial (GR,
MWCNTs, GR/AQ(W)s, GR/AQs or MWCNT/AQs) was dispersed in 1 mL of
ACN by sonication. Then 20 puL of the ink was drop casted on the GC electrode
followed by ACN evaporation in air resulting in 0.1 mg cm * catalyst loading on
the GC surface. For comparison, some of the electrodes were also coated with
OH' ionomer. In specific, 4 pL of 0.05% OH ionomer in 2-propanol was drop-
casted onto the electrode to obtain 8 pg cm > OH ionomer loading. The
prepared electrodes are designated as GC/ followed by the carbon nanomaterial
and /I only in case of OH™ ionomer coating [I1].

6.1.3. Electrochemical grafting

6.1.3.1. Carbon nanomaterial coated GC electrodes

The bare GC or unmodified nanomaterial coated GC electrodes (GC/MWCNT
or GC/GR) were used for electrografting by the reduction of aryldiazonium
salts. The grafting was carried out in Ar-saturated ACN containing 10 mM FRA
and 0.1 M TBABF, as a supporting electrolyte. For electrografting the potential
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of the electrode was cycled three times from 0.7 to —0.3 V vs SCE at 50 mV s .
After the potential cycling the electrode was held at —0.3 V vs SCE for 5 min.
The prepared electrodes were then cleaned for 30 min in ACN on the magnetic
stirrer. The electrografted electrodes are designated as GC/AQg, GC/GR/AQE,
GC/MWCNT/AQEg and with additional /I in case of OH™ ionomer coating [I1].

6.1.3.2. CVD-grown graphene and Ni electrodes

The electrochemical measurements and electrografting with Ni/Gra electrodes
were performed using a special designed three-electrode cell with bare or aryl-
modified Ni/Gra as a working electrode (4 = 0.64 cm®) [III]. NBD (97%,
Aldrich) was used in order to electrograft the Ni/Gra substrates or Ni electrodes
with NP groups. For the clarification, NP-film modified Ni/Gra and Ni electro-
des are designated as Ni/Gra/NP and Ni/NP, respectively. Surface modification
of Ni/Gra electrodes was performed in Ar-saturated ACN (HPLC grade, Sigma-
Aldrich) containing 1 mM of the NBD and 0.1 M TBABEF, as a base electrolyte
using repetitive potential cycling. For the Ni electrodes, the 3 mM NBD con-
centration was used in the electrografting solution. Pt-foil served as a counter
electrode and SCE was used as a reference electrode. In some cases, additional
holding at a fixed potential was used. After electrochemical grafting, the NP-
film modified Ni/Gra electrodes were carefully rinsed with ACN in order to
remove most of the adsorbed species [I11, VII].

For the “normal” electrografting of Ni electrodes, 10 CV cycles between 0.3
and —0.4 V were used. After potential cycling, the electrode was held at —-0.4 V
for 10 min. The Ni electrodes were also modified by RG in order to obtain
thicker NP films on Ni surface. For that purpose, 10 CV cycles between 0.3 and
—1.8 V were carried out. The Ni electrodes modified via “normal” electro-
grafting and RG are designated as Ni/NP1 and Ni/NP2, respectively. In all
cases, the potential cycling was performed at 100 mV s ' and after surface
grafting the aryl-modified Ni electrodes were sonicated in ACN for 5 min [VII].

6.1.3.3. GC electrodes

In the article [IV], the surface of GC electrodes was covalently modified with
9,10-anthraquinone groups via methylene linker. The electrografting procedure
was carried out in the mixture of propylene carbonate and ethylene carbonate
50/50 (v:v) containing 5 mM 2-bromomethyl-anthraquinone (Br-MAQ) or 2-
chloromethyl-anthraquinone (CI-MAQ) and 0.1 M tetrabutylammonium iodide
(TBAI) as a supporting electrolyte. All these chemicals were obtained from
Sigma-Aldrich and used as received. The GC electrodes electrografted using
Br-MAQ or CI-MAQ are designated as GC/(Br-)MAQ and GC/(Cl-)MAQ,
respectively. Different modification procedures were used which are given in
Table 1. After electrografting, the electrodes were sonicated in ACN for 5 min
to remove the physically adsorbed species [IV].
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Table 1. The electrografting conditions for modification of GC electrode surface with
MAQ compounds (2-bromomethyl-anthraquinone ((Br-)MAQ) or 2-chloromethyl-
anthraquinone ((Cl-)MAQ)). The electrografting solution: 5 mM Br-MAQ or CI-MAQ
in ethylene carbonate-propylene carbonate mixture (50:50, v:v) containing 0.1 M TBAI
as supporting electrolyte [IV].

EI?CtrO(.ie Modification conditions
designation
GC/(Br-)MAQ' 10 cycles between 0 and —0.4 V at 100 mV s

GC/(Br-)MAQ* 10 cycles between 0 and —0.5 V at 100 mV s
GC/(Br-)MAQ’
GC/(CI-))MAQ?
GC/(Br-)MAQ*
GC/(CI-)MAQ"

5
gg%:%ﬁgc 10 cycles between 0 and —0.8 V at 100 mV s
GC/(Cl-)MAQ* 10 cycles between 0 and —0.9 V at 100 mV s
GC/(Br-)MAQ° GC electrode was held at —0.4 V for 10 min
GC/(Br-)MAQ’ GC electrode was held at —0.5 V for 10 min

8
((}}(Cjﬁ?égﬁige GC electrode was held at —0.6 V for 10 min
GC/(Br-)MAQ’
GC/(CI-))MAQ'

0
%%//((Bcrl__))li\/[/[?%g GC electrode was held at —0.8 V for 10 min

GC/(Cl-)MAQ" GC electrode was held at —0.9 V for 10 min

10 cycles between 0 and —0.6 V at 100 mV s '

10 cycles between 0 and —0.7 V at 100 mV s '

GC electrode was held at —0.7 V for 10 min

In the papers [V-VI], the covalent attachment of AQ groups was performed
by the electrochemical reduction of the corresponding diazonium salt. The
initial modification procedure was taken from the literature [36—38]. The
electrografting was carried out by CV using a scan rate of 100 mV s in ACN
solution containing diazonium salt (FRA) and 0.1 M TBABF, as supporting
electrolyte. Two different concentrations of diazonium salt (2 and 10 mM) and
various number of potential cycles were used in order to obtain electrodes with
different /'so values. The designations of the electrografted electrodes together
with the specific modification conditions are presented in Table 2. If the
electrografting was carried out in the ACN solution containing 10 mM Fast Red
AL salt the additional marking of ® is used in the designation of the electrode. In
addition, to study the electrografting of GC electrode with AQ groups in
hydrodynamic conditions, the combination of CV and rotating disc electrode
(RDE) method was applied [VI]. The RDE experiments were carried out using
the EDI101 rotator and a CTVI101 speed control unit (Radiometer,
Copenhagen). The used rotation rates and specific modification procedures are
given in Table 2. After electrografting, the AQ-modified GC electrodes were
sonicated in ACN for 5 min for surface cleaning [V, VI].
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Table 2. The modification procedures of GC electrodes with anthraquinone groups.
Modification conditions: 2 mM or 10 mM Fast Red AL salt in acetonitrile containing
0.1 M TBABF, as a supporting electrolyte (v = 100 mV s'). If the 10 mM Fast Red AL
salt solution was used for electrografting, the additional marking of ® is used [IV, V].

Electrode designation Modification conditions
(?g//ﬁg__llcc\\//' 1 cycle between 0.6 and —1.45 V, 0 = 0 rpm
GC/AQ-2CV* 2 cycles between 0.6 and —1.45 V, w = 0 rpm
(?g//ﬁg- _;CC\\,/. 3 cycles between 0.6 and —1.45 V, w = 0 rpm
GC/AQ-5CV* 5 cycles between 0.6 and —1.45 V, ® = 0 rpm
((}}((33/@8:11(;) g\\//. 10 cycles between 0.6 and —1.45 V, @ = 0 rpm

GC/AQ-1.1 10 cycles between 0.6 and —1.1 V, w = 1000 rpm
GC/AQ-1.3 10 cycles between 0.6 and —1.3 V, w = 1000 rpm
GC/AQ-200 10 cycles between 0.6 and —1.2 V, w =200 rpm
GC/AQ-500 10 cycles between 0.6 and —1.2 V, @ = 500 rpm
GC/AQ-1 1 cycle between 0.6 and —1.2 V, w = 1000 rpm
GC/AQ-2 2 cycles between 0.6 and —1.2 V, w = 1000 rpm
GC/AQ-3 3 cycles between 0.6 and —1.2 V, w = 1000 rpm
GC/AQ-6 6 cycles between 0.6 and —1.2 V, w = 1000 rpm
GC/AQ-10 10 cycles between 0.6 and —1.2 V, @ = 1000 rpm
GC/AQ-10* 10 cycles between 0.6 and —1.2 V, =0 rpm

6.1.3.4. Au and Cu electrodes

The functionalisation of Au electrode with AQ groups was carried out in Ar-
saturated ACN containing 2 mM FRA and 0.1 M TBABF, as a supporting
electrolyte. The electrografting of polycrystalline Cu electrodes with AQ or NP
groups was performed in ACN solution containing 3 mM FRA or NBD,
respectively and 0.1 M TBABF;, as a supporting electrolyte. For electrografting,
CV or the combination of CV and RDE method was used. To achieve variable
surface concentrations of AQ or NP groups on Au or Cu electrodes, several
modification procedures were applied (Table 3). The designations for the aryl
film functionalised Cu or Au electrodes by specific modification procedure are
also given in Table 3. After electrografting, the electrodes were sonicated in
ACN for 5 min to remove the physically adsorbed material [VI, VIII].
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Table 3. Different procedures applied for the electrografting of Au and Cu electrodes
using (a) Fast Red AL (FRA) or (b) 4-nitrobenzenediazonium tetrafluoroborate (NBD).
Modification conditions: Ar-saturated ACN solution containing 2 or 3 mM of the
corresponding diazonium salt in case of Au and Cu electrodes, respectively, and 0.1 M
TBABF,, v=100 mV s~ [VI, VIII].

Electrode designation Modification conditions
Au/AQ-0.4 (a) 10 cycles between 0.5 and —0.4 V, ® = 0 rpm
Au/AQ-200 (a) 10 cycles between 0.5 and —1.2 V, @ = 200 rpm
Au/AQ-500 (a) 10 cycles between 0.5 and —1.2 V, @ = 500 rpm
Au/AQ-1 (a) 1 cycle between 0.5 and —1.2 V, @ = 1000 rpm
Au/AQ-2 (a) 2 cycles between 0.5 and —1.2 V, w = 1000 rpm
Au/AQ-3 (a) 3 cycles between 0.5 and —1.2 V, w = 1000 rpm
Au/AQ-6 (a) 6 cycles between 0.5 and —1.2 V, w = 1000 rpm
Au/AQ-8 (a) 8 cycles between 0.5 and —1.2 V, w = 1000 rpm
Au/AQ-10 (a) 10 cycles between 0.5 and —1.2 V, @ = 1000 rpm
Au/AQ-10* (a) 10 cycles between 0.5 and —1.2 V, ® = 0 rpm
a) 10 cycles between —0.35 and -0.7 V, o = 0 rpm + 300 s
Cu-AQ-CV-0.7 flo)ld at zonstant potential -0.7 V i
b) 10 cycles between —0.35 and -0.7 V, @ = 0 rpm + 300
Cu-NP-CV-0.7 g gold aty constant potential -0.7 V i
Cu-AQ-CV-1.2 (a) 10 cycles between —0.35 and 1.2 V, @ = 0 rpm
Cu-NP-CV-1.2 (b) 10 cycles between —0.35 and —1.2 V, = 0 rpm

Cu-AQ-RDE-1.2 (a) 10 cycles between —0.35 and —1.2 V, @ = 1000 rpm
Cu-NP-RDE-1.2 (b) 10 cycles between —0.35 and —1.2 V, w = 1000 rpm
Cu-AQ-CV-1.5 (a) 10 cycles between —0.35 and —1.5 V, @ = 0 rpm
Cu-NP-CV-1.5 (b) 10 cycles between —0.35 and —1.5 V, = 0 rpm
Cu-AQ-RDE-1.5 (a) 10 cycles between —0.35 and —1.5 V, @ = 1000 rpm
Cu-NP-RDE-1.5 (b) 10 cycles between —0.35 and —1.5 V, w = 1000 rpm

6.1.4. Preparation of SAN-MWCNTs and SAN/PAN/CNT composite
fibre based catalyst materials

Four electrospun nanofibre materials with different composition were prepared
[IX, X]. The fibres consisted of PAN (My = 150,000, Sigma-Aldrich), SAN
(Polimeri Europa SRL) and MWCNTs (90% purity, diameter of 9.5 nm and
length of 1.5 um, NANOCYL™ NC7000) and were used as received without
further purification. The designation and composition of these materials is
presented in Table 4. The specific conditions for the preparation of the materials
by electrospinning can be found in the original articles [IX, X]. For the catalyst
material preparation, the fibre materials were pyrolysed in the quartz tube
furnace (MTF 12/38/400, Carbolite) under N, atmosphere using heating rate of
10 °C min' to a specific temperature (700, 800, 900, 1000, 1100 or 1200 °C)
and kept at that temperature for 2 h. The designation of the prepared materials is
based on the precursor material (Table 4) followed by the used pyrolysis
temperature. For comparison purposes, additional materials were also prepared
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applying the stabilisation at 250 °C in air [67, 102, 106, 122, 157] prior to
pyrolysis in inert atmosphere in case of SAN/PAN, SAN/PAN/CNT and
PAN/CNT materials. Corresponding materials have the additional marking of
250/ in the designation before the pyrolysis temperature.

Table 4. Designation and the content of fibre precursor materials (wt%) in the precursor
mixture for the electrospinning solutions and in the electrospun fibres prepared in the
present work [IX, X].

Designation Composition of fibre material
SAN-MWCNT 99% SAN, 1% MWCNTs
SAN/PAN 25% SAN, 75% PAN
SAN/PAN/CNT 25% SAN, 72.5% PAN, 2.5% MWCNTs
PAN/CNT 97.5% PAN, 2.5% MWCNTs

For the catalyst ink preparation in case of SAN-MWCNT based materials, 1 mg
of the pyrolysed material was dispersed in 1 mL of 2-propanol followed by
sonication (2 h). To study the influence of OH ionomer, the catalyst inks were
also prepared in 2-propanol containing 0.05% OH ionomer. The catalyst
materials prepared with OH ionomer containing ink are designated with
additional /I. The catalyst ink with pristine MWCNTs was prepared in DMF.
For the catalyst ink preparation of SAN/PAN, SAN/PAN/CNT and PAN/CNT
based materials, 8 mg of the pyrolysed material together with 10 pL of Nafion®
solution (5 wt%, Aldrich) was dispersed in 2 mL of 2-propanol followed by
sonication for 1.5 h.

As an underlying substrate, the GC electrode was used as described in Sec-
tion 6.1. The catalyst ink of SAN-MWCNT based materials was pipetted onto
the GC electrode surface yielding a catalyst loading of 0.1 mg cm > Pristine
MWCNTs dispersed in DMF and coated on GC were dried in oven at 60 °C for
20 min. The catalyst ink of SAN/PAN, SAN/PAN/CNT and PAN/CNT based
materials was pipetted (5%2 pL) onto the GC electrode resulting in catalyst
loading of 0.2 mg cm >. After coating, the electrodes were rinsed with Milli-Q
water. The prepared electrodes are designated as GC/ followed by specific
catalyst material [IX, X].

6.1.5. Preparation of PDC catalyst materials

The SiOC based PDC materials were synthesised according to the previously
reported procedure for the preparation of conductive porous materials and
hybrid materials containing metallic nanoparticles [158, 159]. The chemicals
and precursor materials used for the preparation of PDC catalyst materials with
and without the transition metal (Ni or Co) were silicon resin poly(methyl
silsesquioxane) (MK, Wacker Chemie AG), poly(methyl phenyl silsesquioxane)
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(H44, Wacker Chemie AQG), graphite (KS75, IMERYL Graphite & Carbon),
molybdenum disilicide (MoSi,, abcr GmbH), azodicarboxamide (Azo, Sigma-
Aldrich), nickel chloride (NiCl,, Alfa Aesar), cobalt chloride (CoCl,, Alfa
Aesar), xylene (Sigma-Aldrich), imidazole (Imi, Alfa Aesar). The specific pro-
cedures for the preparation of the materials can be found in the article [XI]. The
synthesised samples are designated as PDC, PDC-Ni, and PDC-Co.

For the nitrogen doping of PDC, PDC-Ni and PDC-Co materials a
previously published procedure was used [56]. As the nitrogen source, DCDA
was added with a weight ratio of 1:20 (PDC:DCDA, PDC-Ni:DCDA or PDC-
Co:DCDA). PVP was employed as a surface-active agent, in an amount of 1/10
of the PDC, PDC-Ni or PDC-Co material. The mixed reagents were transferred
to a beaker containing 2-propanol and sonicated for 2 h to obtain a homo-
geneous mixture. After sonication, the 2-propanol was evaporated at 60 °C. The
obtained material was pyrolysed in N, atmosphere at 800 °C for 2 h using a
heating rate of 10 °C min'. After pyrolysis, the furnace was slowly cooled to
room temperature. The N-doped materials are designated as: PDC-N, PDC-Ni-
N, PDC-Co-N.

As an underlying substrate, the GC electrode was used as described in
Section 6.1. For coating the GC electrode with the corresponding catalyst mate-
rial, 2 mg of the nanomaterial was dispersed in 1 mL of 2-propanol followed by
sonication for 1 h. Thereafter, 10x2 pL of the catalyst ink was pipetted onto the
polished GC surface. The solvent evaporated in air, yielding a 0.2 mg cm
catalyst loading. Prior to electrochemical measurements, the electrodes were
rinsed with Milli-Q water. For clarification, the catalyst-coated GC electrodes
are designated as underlying material GC/ followed by the catalyst material. For
the comparison, also the Pt/C catalyst coated GC electrode was prepared with
the commercial 20 wt% Pt catalyst supported on Vulcan carbon XC-72 (E-TEK,
Inc., Framingham, MA, USA). The Pt/C catalyst was dispersed in 2-propanol
and the GC electrode was coated with Pt/C ink yielding the Pt loading of
40 pg cm 2 [XI].

6.2. Physical characterisation

Raman spectroscopy measurements were carried out with a micro-Raman sys-
tem (UHTS300) using excitation from an Ar ion laser beam (532 nm) at 2 mW
power level in order to avoid the decomposition of organic functional groups.
For performing the thermogravimetric analysis a thermogravimetric analyser
(TA Instruments TGA (Q500)/Discovery MS) was employed. Into the Pt pan a
2 mg sample was placed and heated (5 °C min™") from 30 to 800 °C under
flowing He atmosphere [I].

The XPS characterisation of the materials was carried out using the 11x11 mm
GC plates coated with nanomaterial without the binder (e.g. OH™ ionomer or
Nafion®) [II, IX-XI], AQ-modified redox grafted GC plate (Table 2) [V], bare
Ni, Ni/Gra and aryl-modified Ni/Gra samples (Section 6.1.3.2) [III], NP film
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modified Ni plates (Section 6.1.3.2) [VII], AQ film modified Au discs (4 =
0.196 cm®, Section 6.1.3.4) [VI], bare and AQ or NP modified Cu (99.999%,
extra pure) plates (Section 6.1.3.4) [VII]. The XPS analyses were performed
with SCIENTA SES-100 spectrometer with a 300 W unmonochromated Mg K,
X-ray source (incident energy 1253.6 ¢V) [II, V-XI] or with a 400 W unmono-
chromated Al Ko X-ray source (incident energy 1486.6 e¢V) [III, XI], electron
take-off angle 90° and pass energy was 200 eV. The pressure inside the analysis
chamber was less than 10~ Torr. Step sizes of 0.5 eV and 0.1 eV were used for
survey and high-resolution scan, respectively [II, I1I, V=XI].

In case of composite material coated GC electrodes the determination of
doped N species was carried out [IX-XI]. The N1s XPS peak was deconvoluted
to 5 components [109]: (i) pyridinic-N, (ii) amines, (iii) pyrrolic-N, (iv)
graphitic-N and (v) pyridine-N-oxides. The specific values and procedure for
the deconvolution is given in the Experimental section of the articles [IX—XI].
All peaks were assumed to be 70% Gaussian and 30% Lorentzian. A blend of
50% Shirley and 50% linear background was used except in case of the Nls
XPS spectra for PDC materials [IX, X]. A linear background was used for PDC-
Co, but for all other PDC materials, Shirley background was used [XI]. The
software CasaXPS (2.3.18) was used for peak fitting [IX-XI].

AFM experiments were carried out with a multimode AFM Autoprobe CP 11
(Veeco). The images were recorded in non-contact mode using UL20 (PSI) [III,
VI], NSG 01 (NT-MDT) [III, VI] or HA-HR (NT-MDT) [VIII] series canti-
levers under ambient conditions. The Gwyddion free software (Czech Metro-
logy Institute) ver. 2.34 [III], ver. 2.42 [VI] or ver. 2.44 [VIII] was employed
for image processing. In case of using stationary Au electrode during the
modification procedure, the Au film on a mica substrate was used and after
electrografting, the substrate was carefully rinsed with ACN [VI]. All images
were processed by the first-order flattening for background slope removal, and
if necessary, the contrast and brightness were adjusted. For measuring the aryl
film thickness, AFM was used in contact mode to scratch off the modifier layer.
The scanning continued until a typical image of a clean electrode surface was
obtained. Thereafter the height difference was measured in non-contact mode
[111, VI, VIII].

For SEM experiments, GC discs were coated with catalyst ink [XI] without
OH' ionomer [IX] or Nafion® [X]. The surface morphology and the transition
metal content of the catalyst materials was studied with high-resolution
scanning electron microscope (HR-SEM) Helios NanoLab 600 (FEI Company)
equipped with an energy-dispersive X-ray (EDX) spectrometer analyser INCA
Energy 350 (Oxford Instruments) [IX-XI].
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6.3. Electrochemical characterisation

The electrochemical measurements were carried out in Ar-saturated or O,-
saturated (99.999%, AGA) 0.1 M KOH (p.a. quality, Merck). The ferricyanide
reduction measurements on bare and aryl film modified GC and Au electrodes
were carried out in Ar-saturated 0.1 M K,SO, (p.a. quality, Merck) solution
containing 1 mM potassium hexacyanoferrate(I1l) (Kz;Fe(CN)s, Aldrich) [VI]. In
case of bare and aryl film modified Ni and Cu electrodes, the ferricyanide
reduction was performed in Ar-saturated 0.1 M KOH solution containing 1 mM
K;3Fe(CN)g [VIL, VIII]. In two papers, for the determination of the amount of
redox active groups within the aryl film on GC, Au and Cu electrodes cyclic
voltammograms were recorded in Ar-saturated anhydrous ACN containing
0.1 M vacuum dried TBABF, [VI, VIII]. The reduction of O, on bare and aryl
film modified polycrystalline Cu electrodes and PDC based catalyst materials
was studied in O,-saturated 0.1 M phosphate buffer solution (PBS, pH = 7)
containing 0.1 M NaClOy (pro analysi, Merck). The background was recorded
in Ar-saturated solution. The PBS was prepared from Na,HPO, (puriss p.a.,
Fluka) and KH,PO, (pro analysi, Merck) [VIII, XI]. All the presented RDE
voltammetry curves are baseline-corrected [I-XI].

For electrochemical characterisation CV and RDE methods were used. The
potential was applied to the working electrode with an Autolab potentiostat/
galvanostat PGSTAT30 or PGSTATI128N (Eco Chemie B.V., The Nether-
lands). For controlling the experiments General Purpose Electrochemical Sys-
tem or Nova 2.1 software was used. The SCE served as the reference electrode
and all the potentials presented in this PhD thesis are referred to this electrode.
A Pt-foil or Pt-wire was employed as a counter electrode. During the measure-
ments continuous flow of corresponding gas was passed through the electro-
chemical cell at room temperature (23+1 °C) [I-XI].

For the rotating ring-disc electrode (RRDE) measurements, an interchange-
able E6 series RRDE tip of GC (4 = 0.196 cm?) disc-Pt ring [IV] or fixed tip
GC disc (4 = 0.164 cm?®) and Pt ring electrode [IX] (Pine Research, Grove City,
PA, USA) and a Pine Research Instrumentation AFMSRX rotator and MSRX
speed controller were used. The collection efficiency (V) was 0.25 [IV] or 0.22
[IX] as determined by the reduction of hexacyanoferrate(Ill) [160]. The Pt ring
electrode was activated prior to recording each scan by applying three potential
cycles between —1.0 and 0.7 V at 0.1 V s™' to improve reliability in the determi-
nation of peroxide. The potential of the Pt ring electrode was kept under
potentiostatic control at 0.55 V vs SCE for peroxide detection [IV, IX].

31



7. RESULTS AND DISCUSSION

7.1. Aryl films on carbon electrodes

In the first part of the thesis the aryl film modified carbon electrodes are
described. The first section of this part concerns the electrochemical grafting of
MWCNTs [II], graphene [II, III] and GC electrodes [II, IV-VI] with aryl
groups. The second section covers the physical characterisation of the aryl film
modified carbon electrodes by Raman spectroscopy [I], thermogravimetry [I],
XPS [1I1, 111, V] and AFM [III]. In the third section, the electrochemical charac-
terisation of the aryl-modified carbon electrodes is presented. The surface
concentration of the electroactive species on the electrodes is determined [I-VI],
the surface blocking towards the ferricyanide probe is studied [III, VI] and the
ORR on the prepared electrodes is investigated [, II, IV, V]. It should be noted
that the article [VI] is the first report describing the use of RDE and redox
grafting (RG) combined method for grafting aryl films onto the GC electrode
via diazonium reduction method.

7.1.1. Electrografting of graphene and MWCNTs with AQ groups

The first CV curve recorded during electrografting of GC, GC/MWCNT and
GC/GR celectrodes via reduction of aryldiazonium salts in the solution
containing 10 mM FRA is depicted in Fig. 1. In case of GC electrode the
reduction wave of anthraquinone-1-diazonium compound is observed at ca
0.33 V vs SCE [14, 161]. On the GC/MWCNT and GC/GR electrodes the
reduction wave appears at a more positive potential (ca 0.48 V and 0.53 V,
respectively). Similar shift in peak potential has been observed in case of
graphene oxide coated GC electrode by Zhou et al. [162] and the exact reason
for this is unknown.
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Fig. 1. First cyclic voltammogram of: GC (solid line), GC/MWCNT (dotted line),
GC/GR (dashed line) electrodes recorded in Ar-saturated ACN containing 10 mM Fast
Red AL and 0.1 M TBABF, (v =50 mV s ™) [II].
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Although, the electrografted materials (GC, MWCNT and GR) consist mainly
of sp” carbon [163] we suggest that the observed shift is due to the electronic
effects of nanomaterial. In addition to the shift in the potential of the reduction
peak, the overall higher reduction current is observed for nanomaterial coated
GC electrodes. This can be explained by the higher electroactive surface area of
MWCNT and GR compared to the GC [15]. On the subsequent grafting cycles
(data not shown) the well-known decrease in reduction current was observed
due to the surface blocking by the AQ film grafted via reduction of aryldia-
zonium salts [14, 164].

7.1.2. Electrografting of CVD-grown graphene with NP films

Ni/Gra electrodes were grafted with NP groups by electrochemical reduction of
the corresponding diazonium salt (NBD) using “normal” electrografting or RG
method. For “normal” electrografting to obtain Ni/Gra/NP1 and Ni/Gra/NP2
electrodes, a narrow potential range from 0.6 to —0.5 V (v = 100 mV s ") using
one and 10 potential cycles (Fig. 2a) was applied, respectively. After 10 poten-
tial cycles, the Ni/Gra/NP2 was additionally held at —0.2 V for 10 min in order
to increase the thickness of the aryl layer. As observed in Fig. 2a, a reduction
wave of 4-nitrobenzenediazonium cation at ca 0.38 V on the first cycle was
registered which completely disappears on the consecutive cycles indicating the
progressive blocking of the electrode surface with a NP film [165]. Therefore,
we may assume that the Ni/Gra electrode becomes covered by NP layers.

The RG method was used in order to prepare thick NP film covered Ni/Gra
electrode (Ni/Gra/NP3). In detail, the electrografting (Fig. 2b) was performed in
a wider potential range (from 0.6 to -1.4 V) using higher scan rate (v=1V s™).
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Fig. 2. Electrografting of 4-nitrophenyl groups on Ni/Gra electrodes in Ar-saturated
ACN containing 1 mM 4-nitrobenzenediazonium tetrafluoroborate and 0.1 M TBABF4
as a base electrolyte using: (a) switching potential —0.5 V and v = 100 mV s '; (b)
switching potential -1.4 Vandv=1V st In Fig. (a), the 1st, 2nd, 3rd, 5th and 10th
potential cycles are shown and in Fig. (b), the arrow shows the direction for increasing
number of potential cycles applied during the redox grafting [III].
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The reduction peak of 4-nitrobenzenediazonium cation was registered at a more
negative potential (£, = 0.25 V) in case of RG method compared to the
“normal” electrografting (£, = 0.38 V), which is most likely caused by the
higher sweep rate. As in case of “normal” electrografting, the reduction peak
diminished after 10 consecutive potential cycles. In addition, the second redox
wave with an additional cathodic pre-peak was recorded at more negative
potentials (at ca —1 V) which might correspond to the formation of the NP
radical anions [36]. During subsequent potential cycling, the second redox wave
shifted to a more negative potential and the increase in the current values of the
redox wave was observed (Fig. 2b). Based on the studies by Daasbjerg’s
workgroup [36-38] this could refer to the increase of the redox active groups
attached to the electrode surface [I11].

7.1.3. Electrografting of GC electrodes with anthraquinone

7.1.3.1. Electrografting of MAQ groups onto the GC

The surface of the GC electrode was electrografted with AQ groups via methy-
lene linker in the mixture of propylene carbonate and ethylene carbonate con-
taining 5 mM Br-MAQ or CI-MAQ and 0.1 M TBALI as a supporting electro-
lyte. The procedure for surface modification was obtained from literature [39].
Firstly, the CV curve of the GC electrode was registered in a wider potential
range (Fig. 3a) to confirm the results obtained by Jouikov and Simonet [39]. In
the present work, a broader peak at ca —0.7 V in case of Br-MAQ was recorded
(Fig. 3a). Jouikov et al. [39] reported the appearance of two peaks in the same
potential region where the free radical formation and its further reduction
occurs. Although, when the experiment in the present work was made with CI-
MAQ (Fig. 3a), two peaks were registered (at ca —0.55 and —0.8 V) which
might correspond to the formation of the free radical and its further reduction as
reported in the literature [39]. In case of both AQ compounds (Br-MAQ and ClI-
MAQ), two redox waves at more negative potentials were recorded (Fig. 3a).
According to several studies about the redox behaviour of AQ and its
derivatives [166—168], these redox waves could correspond to the formation of
radical anion (AQ*") and dianion (AQ?), respectively.

In Figs. 3b and c, the CV curves of a GC electrode modification in the solu-
tions of 5 mM Br-MAQ and CI-MAQ are shown, respectively. In both cases,
the peak currents decreased during the subsequent cycles, which could indicate
the partial blocking of the electrode surface due to the formation of MAQ layer.
Similar electrochemical grafting behaviour has been observed in case of the
diazonium reduction method (Fig. 2a) [14, 29] [II, III]. In both methods, a
radical is formed in the first step, which should then react with the GC electrode
surface in the following step. However, as presented in Fig. 3b, the reduction
peak at ca —0.7 V did not disappear eventually. In addition, as can be seen in
Fig. 3c, the peak at ca —0.55 V shifted towards more negative potentials and
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disappeared during the 10 consecutive potential cycles. At the same time, the
second peak (at ca —0.8 V) did not diminish even after 10 potential cycles.
According to these observations, this grafting procedure may not yield in a
complete blocking of the GC electrode surface with MAQ groups.

For comparison with the modification via potential cycling, the GC electrode
was also electrografted with MAQ groups by holding the electrode at a fixed
potential for 10 min (Table 1). The peak current values on the CV curve of the
MAQ-modified GC electrode recorded after the electrografting procedure (data
not shown) were almost 10 times lower than after cycling the electrode for 10
times in the corresponding modification solution. These observations indicate
that in case of holding at a fixed potential the surface blocking of the GC
surface by MAQ groups could be more complete than in case of electrografting
via potential cycling [IV].
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Fig. 3. Cyclic voltammograms of GC electrodes recorded in Ar-saturated solution of pro-
pylene carbonate and ethylene carbonate containing 5 mM (a) 2-bromomethyl-anthra-
quinone ((Br-)MAQ) or 2-chloromethyl-anthraquinone ((Cl-)MAQ), (b) (Br-)MAQ,
(¢) (CI-))MAQ) and 0.1 M TBAI as a supporting electrolyte (v= 100 mV s ') [IV].
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7.1.3.2. Electrografting via reduction of aryldiazonium salts

The cyclic voltammograms presenting the RG of AQ groups on GC electrode
by the electrochemical reduction of Fast Red AL salt in the potential range from
0.6 V to —1.45 V are shown in Figs. 4a and b. The RG behaviour is in good
agreement with the results obtained by Daasbjerg’s workgroup [36, 37]. The
difference between RG conditions in Figs. 4a and b was the diazonium salt
concentration of 2 and 10 mM, respectively. In both cases, the first cycle
showed the reduction wave of AQ diazonium cations at ca 0.4 V, which dis-
appeared during subsequent cycles as was also observed in case of Ni/Gra
electrode during RG with NP groups (Fig. 2b). In Figs. 4a and b, a redox wave
appeared at more negative potentials with the peak potential separation (AE,)
and redox potential (£°) values of ca 0.166 V and —0.89 V, respectively.
According to the literature [168], this redox wave could correspond to the one-
electron reduction of AQ to AQ®". Similarly to the study by Bousquet et al. [37]
the increase in the intensity of the redox wave during the following cycles was
observed (Figs. 4a, b). This could be due to a steady increase in the number of
AQ groups attached to the electrode surface [37]. During potential cycling, a
pre-wave at around —0.6 V appeared and the peak was still present up to 10th
cycle. It is believed that this peak might originate from the so-called total
catalysis situation, where the diazonium salt is consumed in diffusion layer due
to the fast mediated (by carbonyl groups within the AQ film) electron transfer
from electrode surface to the aryldiazonium salt [37]. It can be noted that the
peak currents between the pre-wave around —0.6 V and redox wave at ca —0.89 V
are different. We propose that the increase in the reduction current of the redox
wave at —0.89 V compared to the pre-wave around —0.6 V could be caused by
the response of AQ groups, which become electroactive within the already
surface bound film. In Fig. 4¢c, the CV cycles of RG in narrower potential range
are presented for comparison as this potential range was also applied for
electrografting using RG and RDE combined method as shown next.

For functionalisation of the GC electrodes with AQ by RG and RDE
combined method, the rotation rate was applied to the electrode during
electrografting. In Figs. 4d, e and f, the /-E curves obtained using @ of 200, 500
and 1000 rpm are presented, respectively. In hydrodynamic conditions, the pre-
peak at ca —0.6 V slightly shifted to more negative potentials compared with the
electrochemical behaviour of the electrodes when only CV was used for
grafting (Figs. 4a—c). The shift in the pre-peak is presumably attributed to the
application of the rotation rate. In addition, in case of the RG and RDE
combined method, the current plateau was formed from ca —1.0 to —1.2 V (Figs.
4d-f), which may correspond to the reduction of AQ to AQ", whereas the minor
oxidation wave at ca —0.85 V may refer to the oxidation of electroactive AQ™
groups back to the AQ in the surface bound aryl film [168]. According to the
Levich equation [24] the plateau current is not solely diffusion limited and we
propose that the inhibition of mass-transfer occurs by the steric restriction of
already surface bound aryl film. In addition, the increase in the reduction
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plateau currents up to the 9th, 4th and 3rd /-E curves applying 200, 500 or
1000 rpm, respectively, was registered which, similarly to the results obtained
by RG method (Fig. 4c), may refer to the increase of electroactive AQ groups in
the surface bound aryl film. However, after 9th, 4th and 3rd RDE voltammetry
curve, the current signal started to decrease, which is inherent to the electro-

chemical behaviour of “normal” electrografting.
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Fig. 4. Redox grafting of anthraquinone on a GC electrode using (a, ¢-f) 2 mM and (b)
10 mM Fast Red AL salt in Ar-saturated ACN containing 0.1 M TBABF, as a base
electrolyte by: (a-¢) cyclic voltammetry (v = 100 mV s '), (d-f) combination of CV and
the RDE method (v= 100 mV s, & = (d) 200 rpm ; () 500 rpm; (f) 1000 rpm) [V, VI].
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The decrease is considered due to the gradual blocking of the electrode surface
by the aryl film as explained in Section 7.1.2. In addition, one can notice that
the RDE voltammetry curves of GC electrodes recorded at 200, 500 and
1000 rpm (Figs. 4d-f) are different from each other for the plateau currents: the
lower the rotation rate, the lower the currents. Simultaneously, the decrease of
the current starts later when a lower rotation rate is used. This observation could
be explained by the slower mass transfer to the electrode surface at 200 and
500 rpm compared to the 1000 rpm. The electrografting conditions were also
varied to optimise the AQ film formation on the GC electrodes (Table 2) [V, VI].

7.1.4. Physical characterisation of aryl-modified
carbon electrodes

7.1.4.1. Physical characterisation of the EG-AQ materials

For the determination of the presence of organic groups and the evaluation of
AQ loading on the different EG materials the thermogravimetric analysis was
carried out (Fig. 5a). The progressive weight loss between 450 and 800 °C in
case of EG corresponds to the departure of the oxygen-containing groups from
graphene surface. In case of EG-AQ-1 and EG-AQ-2, the sharper weight loss is
observed from ca 300400 °C compared to the EG. This is most likely caused
by the decomposition of covalently attached organic functional groups [85, 169,
170]. The weight loss of EG at 400 °C is 3.5 and 7% lower compared to the
weight loss of EG-AQ-1 and EG-AQ-2, respectively. These differences in
weight losses could correspond to the AQ loading on the EG-AQ materials
[171, 172] [1].

Raman spectroscopy was used to study the structural defects caused by the
covalent attachement of AQ groups onto EG during grafting. The Raman
spectra for AQ-modified and pristine EG are presented in Figs. 5b-d. In case of
all studied materials, three peaks corresponding to D, G and 2D bands are
observed. The D band is related to the amorphous or disordered carbon in the
graphitic materials, the G band corresponds to the graphitic carbon (sp® carbon)
and the 2D band is associated with the two-phonon double resonance Raman
process [173—175]. For the quantification of the defects in the graphitic
materials the intensity ratio of the D and G bands (/p/Is) can be used [173, 176,
177]. In case of EG (Fig. 5b), the Ip/I; ratio is 0.1 referring to the high quality
graphene with low amount of defects [85]. The AQ-modified EG materials
possess the Ip/lg ratio of 0.8 and 0.85 (Figs. S5c-d). The higher Ip/lg ratio
compared to the unmodified EG is explained by the covalent bond between the
EG and AQ groups, which converted some C atoms in the graphene from sp” to
sp> hybridisation. This in turn gave rise to the intensity of D band and also
results in a higher /Ip/Ig ratio [169, 173, 178]. It can be concluded that the
increase in the concentration of AQ-N," in the exfoliation solution from 5 to
16 mM only slightly affects the /p/I; ratio.
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Due to the functionalisation with AQ, the G peak has shifted positively for
15 and 27 cm ' in case of EG-AQ-1 and EG-AQ-2 samples, respectively. The
reason behind this shift could be the presence of isolated sp>-C which are
separated by the AQ groups in the carbon structure [179]. In addition, the
positive shift in 2D band and the appearance of D' peak (Fig. 5d) refers to the
disorder created in the basal plane of the graphene by grafting with AQ groups
[180, 181]. The surface morphology of these materials has also been thoroughly
characterised in the previous paper by Ossonon and Bélanger [22]. In the latter
work, the AQ-modified EG materials were found to be single layer or bilayer
graphene and the graphene structure was not damaged due to the grafting with
AQ groups [22] [1].
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under He atmosphere, Raman spectra of (b) EG, (¢) EG-AQ-1 and (d) EG-AQ-2 [I].
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7.1.4.2. XPS analysis of the AQ modified nanocarbons

The elemental composition of different carbon nanomaterial coated electrodes
was studied by XPS analysis. In Figs. 6a and b the XPS survey spectra of
MWCNTs and GR coated electrodes are presented, respectively. The Cls XPS
peak at ca 284.5 eV corresponds to the graphitic sp*-carbon [182]. The Ols
XPS peak at ca 532-533 eV (the insets to Figs. 6a and b) is inherent to these
nanomaterials due to the native oxygen-containing groups on the material
surface (e.g carboxyl and carbonyl) [163]. The oxygen content was determined
to be 6.5 and 2.7 at% for GC/MWCNT and GC/GR electrodes, respectively.

The XPS spectra of GC/MWCNT/AQs and GC/GR/AQs electrodes (Figs. 6¢
and d) are very similar to the ones of unmodified nanomaterial (Figs. 6a and b)
except the oxygen content was higher: 7.5 and 6 at% in case of spontaneously
AQ-modified MWCNT and GR coated electrodes, respectively. The higher
oxygen content compared to the unmodified nanomaterials can be explained by
greater amount of C=0 groups due to the grafted AQ moieties on the surface of
nanomaterials [182].

The absence of Nls photoelectron peak indicates that the azo linkages
(—N=N- [183]) are not formed within the AQ film during the spontaneous
grafting of anthraquinone-1-diazonium compound, which is usually seen in case
of electrografted materials [183—186]. The electrochemically AQ-grafted nano-
material coated GC electrodes were also characterised by XPS (Figs. 6¢ and f).
The oxygen content was determined to be 8 at% in case of both electrodes
(GC/MWCNT/AQg and GC/GR/AQE) indicating the higher amount of electro-
grafted AQ moieties compared to the spontaneously grafted nanomaterials
(Figs. 6¢ and d). Also, the N1s photoelectron peak was registered at ca 400 eV
for the electrografted catalyst coated electrodes (the insets to Figs. 6e and f).
This peak has also been observed in case of GC electrodes electrografted using
the FRA [V] and refers to the formation of multilayer AQ film containing —
N=N- linkages [183]. The nitrogen content in the present work was calculated
to be 3 at% in both cases [II].
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Fig. 6. XPS survey spectra of: (a) GC/MWCNT, (b) GC/GR, (¢) GC/MWCNT/AQs,
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or electrochemical (e, f) grafting of Fast Red AL salt was employed. The insets present
high-resolution XPS spectra in the Ols or N1s region [II].
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7.1.4.3. XPS and AFM characterisation of the nitrophenyl film
modified CVD-grown graphene electrodes

The XPS survey spectra of Ni foil before and after the synthesis of graphene by
CVD are presented in Figs. 7a and b, respectively. In case of Ni foil, the
characteristic photoelectron peaks of Ni are registered as expected. While in
case of Ni/Gra only the Cl1s photoelectron peak at 284 eV corresponding to the
sp” carbon was observed. The absence of characteristic Ni photoelectron peaks
in case of Ni/Gra (Fig. 7b) indicates the successful formation of graphene onto
Ni foil by CVD. It is worth to note that the graphene on Ni foil is high quality
multilayer graphene (less than 10 graphene layers) with rather no defects as was
confirmed in our workgroup’s earlier study [155].

In order to confirm the successful electrografting of Ni/Gra electrodes with
NP films, the XPS analyses were also carried out with the electrografted
electrodes (Figs. 7c, e and f). All NP film covered Ni/Gra electrodes showed
photoelectron peaks of carbon (Cls), nitrogen (N1s) and oxygen (Ols). The
Ols peak may be due to the adsorption of oxygen on the surface. The high-
resolution spectra in the N1s region of Ni/Gra/NP1 and Ni/Gra/NP2 were very
similar (insets to Figs. 7c and e). Obtained data is consistent with the work by
Pembroke et al. [187], where the CVD-grown graphene transferred onto Si/SiO,
substrate was grafted using NBD. The photoelectron peak in the N1s region at a
higher binding energy (ca 406 eV) is evidently attributed to the nitro groups.
While, the peak at lower binding energy (ca 400 eV) might be due to the azo
linkages [185] within the multilayer NP film on Ni/Gra electrodes or may arise
from the reduction of nitro groups under the X-ray beam [188, 189]. The photo-
electron peak at 400 eV in Nls region is higher in case of Ni/Gra/NP3 com-
pared to the Ni/Gra/NP1 and Ni/Gra/NP2 electrodes. This could be due to the
greater overall amount of azo linkages in the thicker redox grafted NP film for
Ni/Gra/NP3 electrode.

Furthermore, it was of special interest to see if it is possible to reduce the NP
groups within the film on Ni/Gra electrode to aminophenyl (AP) groups in Ar-
saturated 0.1 M KOH solution. For this reason, the XPS spectra after the
potential cycling in Ar-saturated 0.1 M KOH were also recorded (Fig. 7d). In
case of Ni/Gra electrode grafted with only one potential cycle in “normal”
electrografting conditions (Ni/Gra/NP1), the XPS spectra of the electrode
showed that the NP groups were mainly reduced to AP groups.
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Fig. 7. XPS survey spectra of: (a) Ni foil, (b) Ni/Gra, (¢) Ni/Gra/NP1, (d) reduced
Ni/Gra/NP1, (e) Ni/Gra/NP2, (f) Ni/Gra/NP3 electrodes. The insets present high-
resolution XPS spectra of N1s region [III].

In more specific, the peak at 406 eV was smaller in case of reduced Ni/Gra/NP1
electrode (Fig. 7d) compared with as-prepared Ni/Gra/NP1 electrode (Fig. 7c),
meanwhile the peak at 400 eV has increased for reduced Ni/Gra/NP1 compared
to the as-prepared Ni/Gra/NP1 electrode. Although, the XPS spectra obtained
for Ni/Gra/NP2 and Ni/Gra/NP3 electrodes revealed also two peaks at ca 400
and 406 eV (data not shown), the peak at 406 eV remained almost the same
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after reduction indicating that the NP film was most likely too thick in order to
reduce the NP groups to AP groups.

The AFM images of Ni/Gra/NP1, Ni/Gra/NP2 and Ni/Gra/NP3 electrodes
are presented in Fig. 8a, b and c, respectively. In case of Ni/Gra/NP1 and
Ni/Gra/NP2 electrodes, the characteristic folds and wrinkles of the underlying
Ni/Gra [155] material were still visible. In contrast, the Ni/Gra became fully
covered with granular structure and the typical pattern of the underlying
material was rarely visible if the RG method was used for grafting the Ni/Gra
with NP groups (Ni/Gra/NP3, Fig. 8c). In addition, the thickness of NP film was
determined to be about 5, 20 and 30 nm, in case of Ni/Gra/NP1, Ni/Gra/NP2
and Ni/Gra/NP3 electrodes, respectively. Considering the calculated thickness
for the NP monolayer (0.68 nm [185]) the findings in the current study indicate
that multilayers have been formed on Ni/Gra substrates, which has been also
confirmed by the XPS results. In addition to the formation of multilayers
through the azo linkages (see the XPS results), the multilayer film may also
form due to the electrografting at already surface bound NP groups [165] [I11].

(a)
0.0 um 1.0 2.0
0.0

72

Fig. 8. AFM images (3x3 um®) of: (a) Ni/Gra/NP1, (b) Ni/Gra/NP2 and (c) Ni/Gra/NP3
electrodes [II].

7.1.4.4. XPS analysis of the AQ modified GC electrodes

The XPS analyses of differently redox-grafted AQ films on GC plates (Table 2)
were carried out to characterise the elemental composition of the prepared aryl
films. Since the XPS data obtained with different samples were rather similar,
only the XPS survey spectrum of the AQ-modified GC electrode electrografted
with one potential cycle (GC/AQ-1CV) is shown in Fig. 9. Three XPS peaks of
Cls, Nls and Ols can be seen from the survey spectrum, which refers to the
presence of these elements in the AQ film on the GC surface. The Cls peak
may originate from the substrate (GC) and from the aromatic groups of the AQ
film and the peak of Ols is related to the carbonyl groups of AQ and surface
oxides. The XPS peak in the N1s region centred at 400 eV (the inset to Fig. 9) is
probably due to the azo linkages (-N=N-) [183] confirming the presence of
multilayers on the electrode surface as in case of AQ modified carbon
nanomaterials (Section 7.1.4.2). In all samples (Table 2), the N content was
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3.540.5 at%. This nitrogen content is in good agreement with a report by Bous-
quet et al. [37] in which AQ films on Au substrate were analysed by XPS [V].
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Fig. 9. XPS survey spectrum of a GC/AQ-1CV electrode modified by one potential
cycle in acetonitrile solution containing 2 mM Fast Red AL salt and 0.1 M TBABF, as a
base electrolyte. The inset shows the high-resolution spectrum in the N1s region [V].

7.1.5. Electrochemical characterisation of aryl film modified
carbon electrodes

7.1.5.1. Surface concentration of AQ groups on the nanomaterial
coated GC electrodes

In Fig. 10 the CV curves of bare and different AQ-functionalised or nanomate-
rial coated GC electrodes recorded in Ar-saturated 0.1 M KOH are presented.
The electrode was cycled until a reproducible CV curve was obtained. From the
CV data, the peak-to-peak separation (AE,), the redox potential (£°) of AQ and
the surface concentration of electrochemically active AQ groups ([aq) are
presented in Table 5. For calculating the I'5q values the following equation was
used [24]:

I=0/nFA ©))

where 4 is the geometric area of the GC electrode (4 = 0.196 cm?), F is Faraday
constant (96485 C mol™), # is the number of electrons transferred (n = 2) and Q
is the consumed charge (C). Note that the amount of AQ attached to carbon
nanomaterials is calculated per geometric surface area of the GC electrode.

As can be seen from the CV curves (Fig. 10), the increase in capacitive base-
line current is observed in case of unmodified EG, GR or MWCNT coated
electrodes compared to the bare GC. This indicates that the electron transfer
occurs between the high surface area nanomaterial and the underlying GC
electrode. In Fig. 10a, the lower capacitive current is observed for the GC/EG
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compared to the GC/EG-AQ-1 and GC/EG-AQ-2 electrodes despite the equal
loading of the material on the electrode. This is not in line with a previous
report dealing with the EG-AQ materials [85]. We propose that this might be
due to the aggregation of the graphene sheets leading to a decrease of the
electrochemically active surface area and the double layer capacitance of the
EG when coated on a GC electrode. In Fig. 10a, the well-defined AQ redox
wave has developed only in case of GC/EG-AQ-2 electrode and the I'sq value
was calculated to be 1.37 nmol cm™ (Table 5). A magnitude lower value of I'sq
has been reported by Lalaoui et al. who studied covalently functionalised
reduced graphene oxide obtained by in situ formation and reduction of
anthraquinone-2-diazonium compound on the GC electrode [190]. This diffe-
rence could be due to the various nanomaterials and the concentration of cata-
lyst in the ink used for the electrode coating.
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Fig. 10. Cyclic voltammograms of bare and different nanomaterial coated GC electro-
des recorded in Ar-saturated 0.1 M KOH (v=100 mV s ') [I, II].

If the GR was modified with AQ groups in ACN or Milli-Q water by sponta-
neous modification, the calculated /'»q and measured E° values were quite
similar (Table 5, Fig. 10b) suggesting that the 1 h spontaneous grafting process
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on graphene in aqueous solution or ACN gives a similar outcome. The /g
value of GC/GR/AQg is ca 10 times higher than in case of GC/EG-AQ-2
electrode (Table 5). This can be explained by ca 12 times difference in specific
surface areas of these graphene materials (60 m”> g [85] vs 750 m” g™ [95]).
The CV curve of GC/MWCNT/AQg/I electrode (Fig. 10c) is somewhat different
from the others. Within the quite high baseline current, the second pair of redox
peaks at higher potentials is registered. The appearance of double AQ peaks has
been previously observed on GC electrodes coated with covalently AQ-modi-
fied carbon nanotubes and may occur because of the adsorption of AQ mole-
cules on the carbon nanotube surface of different energy [191].

The electrochemically grafted AQ-derivatised GR or MWCNT coated GC
electrodes showed quite comparable CV curves (Figs. 10b and c) and [aq
values (ca 35 and 25 nmol cm 2, respectively). Zhou et al. has used similar
modification conditions for functionalisation of graphene oxide coated GC
electrode and reported remarkably lower /'sq value [162]. As a difference, the
electrode was cycled in 0.1 M PBS prior to the electrografting in latter work.
The reported 'sq value (ca 1 nmol cm 2 [162]) is more similar to the one of
GC/AQg and GC/EG-AQ-2 electrodes (Table 5). In addition, the OH™ ionomer
coating has no remarkable influence on the shape of the CV curves of the
electrodes (Figs. 10b and c). Although, the I'5q values are slightly lower in case
of OH™ ionomer coating (Table 5).

Table 5. Surface concentration of anthraquinone groups (/ ), peak-to-peak separation
(AE,) and redox potential (E°) of electroactive anthraquinone moieties recorded in Ar-
saturated 0.1 M KOH using a scan rate of 100 mV s™' [, II].

Electrode designation I’y [nmol cm 7| AE, [V] E°[V]
GC/EG-AQ-2 1.37 - —0.88
GC/AQg 1.18 0.047 —0.856
GC/GR/AQ(W)s 11.1 0.101 —0.872
GC/GR/AQs 12.4 0.084 —0.874
GC/GR/AQg/I 12.0 0.079 —0.871
GC/GR/AQg 35.1 0.136 —0.852
GC/GR/AQg/1 323 0.149 —0.852
GC/MWCNT/AQg/1 28.5 0.177 —0.854
GC/MWCNT/AQg 26.2 0.131 —0.830
GC/MWCNT/AQg/1 25.5 0.135 —0.830

7.1.5.2. Surface concentration of NP groups on the NP-modified
CVD-grown graphene
For studying the surface concentration of the electroactive NP groups (/np) on
the NP film modified Ni/Gra electrodes prepared by different electrografting

conditions (Section 7.1.2), the CV curves were recorded in Ar-saturated 0.1 M
KOH. The I'yp values were calculated according to the same equation (9) as was
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used for calculating the 5o values (Section 7.1.5.1). In Fig. 11, typical stable
CV responses of NP-modified Ni/Gra electrodes with different surface
coverages are shown. Interestingly, the /\p values did not vary significantly:
2.3x107"%,2.9x10""” and 2.9x10""mol cm ™ in case of Ni/Gra/NP1, Ni/Gra/NP2
and Ni/Gra/NP3 electrodes, respectively. The reason behind this could be that
some NP groups are not electroactive due to the steric hindrance in the compact
NP film and therefore, the real /\p value cannot be measured from the CV
curves [36, 192][111].
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Fig. 11. Cyclic voltammograms of NP-modified Ni/Gra electrodes recorded in Ar-
saturated 0.1 M KOH (v =100 mV s ) [III].

7.1.5.3. Surface concentration of MAQ and AQ groups on
the electrografted GC electrodes

The presence of MAQ or AQ groups at the GC electrode surface was confirmed
by CV in Ar-saturated 0.1 M KOH [IV, V] or ACN containing 0.1 M TBABF,
[VI]. Typical quasi-reversible redox peaks of surface-confined AQ or MAQ
groups were observed in case of all electrografted electrodes (Fig. 12). The sur-
face concentration of MAQ groups (I maq) or I'aq were calculated according to
the equation (9) from Section 7.1.5.1 for CV data obtained in Ar-saturated
0.1 M KOH. The obtained values are given in Table 6.

Figs. 12a and b only display cyclic voltammograms obtained with differently
modified GC/(Br)-MAQ electrodes because the CV results obtained for
GC/(Br-)MAQ and GC/(CI-)MAQ electrodes were rather similar. Surprisingly,
no clear dependence between the modification procedure and the value of I yiaq
was observed. In general, higher I'yaq values were obtained by holding the
electrode at fixed potentials for 10 min compared to the electrografting by the
potential cycling method (Tables 1 and 6). Additionally, GC/(Cl-)MAQ electro-
des showed higher /vaq values compared to their GC/(Br-)MAQ counterparts.
According to the reported surface coverage for a closely-packed monolayer of
anthraquinonyl groups (3.45x107"° mol cm™ [193]), all MAQ-modified
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electrodes have the surface concentration less than a monolayer (Table 6).
Compared to the GC electrode modified with AQ via reduction of aryldia-
zonium salts in the ACN solution containing 10 mM FRA, ca 5-10 times higher
surface concentration of electroactive AQ moieties on the electrode was
determined (1.18 nmol cm?, GC/AQg, Table 5). These observations indicate
that the reduction of aryldiazonium salts method is more efficient for preparing
the aryl films with higher amount of electroactive AQ moieties [IV].
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Fig. 12. Cyclic voltammograms of AQ-modified GC electrodes recorded in Ar-saturated
(a-¢) 0.1 M KOH or (d) ACN containing 0.1 M TBABF, using v of 100 mV s'. The
electrografting of GC electrode with AQ groups was carried out using: (a-¢) cyclic
voltammetry [IV, V] and (d) cyclic voltammetry and the RDE combined method [VI].

In Fig 12c, the cyclic voltammograms of GC electrodes redox-grafted via reduc-
tion of aryldiazonium salts in 2 or 10 mM FRA solution are presented. The
corresponding I'aq values are given in Table 6. If we compare the “normal”
electrografting with the RG method, then in 10 mM FRA solution with one RG
cycle already ca 2.5 times higher I'5q value is obtained (3 nmol cm %, GC/AQ-
1CV?®, Table 6) compared to the electrode functionalised in the narrow potential
range by “normal” electrografting (1.18 nmol cm*, GC/AQg, Table 5). For
comparison with the data obtained with the RG method, Bousquet et al. used
similar potential range (from 0.55 to —1.5 V vs SCE), 2 mM (pre-synthesised)
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AQ diazonium salt concentration and 10 potential cycles for surface modifica-
tion of Au electrode [37]. In the latter work, the scan rate was 10 times higher
and the surface coverage was investigated in ACN solution containing 0.1 M
TBABF,. The I'sq value of 10.3 nmol cm ™ was determined, which is higher
than the ones obtained in the present study most likely due to the higher v used
[37]. Herein, if the electrodes were redox grafted in 10 mM diazonium salt
solution higher I"5q values up to 6.2 nmol cm 2 (GC/AQ-10CV®, Table 6) were
obtained. This indicates that the concentration of AQ diazonium salt in the
electrografting solution is an important parameter among the grafting condi-
tions. These I'sq values were significantly higher compared to the ones reported
in the papers on O, reduction studies by our workgroup [13, 14, 28-31, 33-35,
194, 195] prior to this work [V].

Table 6. Surface concentration of anthraquinone (/5q) or methylanthraquinone (/7 MA%)
groups on GC electrode recorded in Ar-saturated 0.1 M KOH using v of 100 mV s .
The electrografting conditions of AQ and MAQ modified GC electrodes are given in
Table 1 and 2, respectively. The additional marking of *™ is used if the Iy value was
determined from the CV curve recorded in ACN containing 0.1 M TBABF, [TV-VI].

Electrode designation Paiag 19210 Electrode designation Tao -2
[mol cm ™) [nmol cm ]
GC/(Br-)MAQ' 0.5 GC/AQ-1CV* 3.0
GC/(Br-)MAQ* 1.4 GC/AQ-2CV* 3.7
GC/(Br-)MAQ’ 1.1 GC/AQ-3CV* 4.0
GC/(Br-)MAQ* 1.4 GC/AQ-5CV* 5.0
GC/(Br-)MAQ’ 1.2 GC/AQ-10CV"* 6.2
GC/(Br-)MAQ° 1.4 GC/AQ-1CV 1.0
GC/(Br-)MAQ’ 1.9 GC/AQ-3CV 1.7
GC/(Br—)MAQz 1.6 GC/AQ-10CV ZA%N
GC/(Br-)MAQ 1.9 GC/AQ-1.1 11
GC/(Br-)MAQ" 2.0 GC/AQ-1.3 102N
GC/(CI-)MAQ* 2.2 GC/AQ-200 134N
GC/(CI-)MAQ® 2.2 GC/AQ-500 124N
GC/(CI-))MAQ°® 1.8 GC/AQ-1 520N
GC/(Cl-)MAQ"® 2.4 GC/AQ-2 8.6°N
GC/(CI-))MAQ® 2.0 GC/AQ-3 114N
GC/(CI-)MAQ" 2.0 GC/AQ-6 16"
GC/(Cl-)MAQ® 2.1 GC/AQ-10 18N
GC/(CI-)MAQ" 2.4 GC/AQ-10* 4.9°N

The I'sq values of the GC electrodes functionalised with AQ using the RG and
RDE combined method were determined from the CV curves obtained in ACN
containing 0.1 M TBABF, (Fig. 12d). The stabilised cyclic voltammogram was
already achieved after 5th potential cycle irrespective of whether the ultrasonic
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treatment (5 min in ACN) or only rinsing the electrodes after modification
process with ACN was used. This was observed only when the RDE method
was combined in the modification process suggesting that ultrasonic treatment
is not needed when RDE is employed during electrografting. The /'so values
(Table 6) were calculated using the equation (9) given in Section 7.1.5.1 with
one modification for number of electrons involved (n = 1). If the RDE method
was applied during the modification process, the calculated /'ao values signi-
ficantly increased compared to the electrodes prepared in the stationary mode.
In specific, the highest I’y value of 18 nmol cm > was determined (GC/AQ-10,
Table 6) when RG with the combination of CV and RDE (@ = 1000 rpm) was
applied for the electrode modification. According to our knowledge, this value
is the highest reported for AQ-modified GC electrodes. In addition, there is a
possibility that some of the AQ moieties in the aryl film are inactive because of
the restricted access by counter ions and steric hindrance in the film. In this
case, the calculated /'5q values in this study may correspond only to the electro-
active AQ units in the aryl film and therefore, the real AQ surface coverage
could be even higher. For comparison, the RG without the RDE was performed
(GC/AQ-10*, Table 2) and the ['sq value of 4.9 nmol cm? (Table 6) was
determined. Similar /'sq value is obtained in case of RG and RDE combined
method already with one grafting cycle (5.2 nmol cm 2, GC/AQ-1, Table 6).
Also, it is worth noting that with the increasing number of potential cycles the
value of I'yq became higher (Fig. 12d, Table 6). This is in accordance with the
reports by other workgroups [37, 196, 197] [VI].

7.1.5.4. Electrochemical response of thick AQ film modified GC
electrodes towards the ferri/ferrocyanide redox probe

Several studies about ferricyanide reduction on aryl-modified GC electrodes
have been carried out according to the literature [11, 38, 198]. Although, for the
preparation of aryl-modified electrodes, usually “normal” electrografting or
redox grafting by CV has been applied. In Fig. 13, the ferricyanide response on
thick AQ film-modified GC electrodes, where the combination of RG and RDE
combined method was used for electrografting was reported for the first time.

The response of the Fe(CN)s* redox probe is strongly suppressed in case
of all electrografted electrodes except for the GC/AQ-1 electrode. This kind of
CV behaviour indicates that the AQ film is compact enough to restrict the
access of ferricyanide anions to the active sites of GC. The CV curve of
GC/AQ-1 shows a small redox wave of Fe(CN)s>"* redox probe compared to
other AQ grafted GC electrodes. This may indicate the presence of pinholes in
the AQ film if the GC electrode is modified only by one grafting cycle using the
RG and RDE combined method ACN containing 2 mM FRA [VI].
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Fig. 13. Cyclic voltammograms of bare and different AQ-modified GC electrodes
recorded in Ar-saturated 0.1 M K,SO4 containing 1 mM K;Fe(CN)s (v =100 mV s™).
The electrografting of GC electrode with AQ groups was carried out using the
combination of cyclic voltammetry and the RDE method [VI].

7.1.6. ORR studies on aryl film modified GC electrodes
7.1.6.1. ORR on AQ-modified nanomaterial coated GC electrodes

In Fig. 14, the RDE polarisation curves for ORR on bare and different nanomate-
rial coated GC electrodes in 0.1 M KOH (o = 1900 rpm, v = 20 mV s ') are
presented. The E,s values and O, reduction current at —1.2 V (I, v) derived
from these RDE polarisation curves are shown in Table 7. From the RDE
voltammetry data we can see that all the nanomaterial coated electrodes are
more electrocatalytically active towards the ORR than bare GC in terms of the
Eonser and O, reduction current values. In case of the EG-based catalyst coated
electrodes (Fig. 14a), the RDE voltammetry curves for AQ-modified and un-
modified materials are very similar. Although, a partial blocking of active O,
reduction sites on catalyst materials (i.e. native quinone-like groups [199]) is
observed at ca —0.5 V (GC/EG vs GC/EG-AQ-1 and GC/EG-AQ-2) most likely
due to the modification with AQ analogously to that reported on AQ-modified
GC electrodes [29]. The commercially available graphene coated GC electrode
(GC/GR, Fig. 14c) is more active towards the ORR than the EG coated GC
electrode (GC/EG, Fig. 14a, Table 7). This can be explained by 12 times diffe-
rence in specific surface areas (Section 7.1.5.1). Both, spontanecously and
electrochemically AQ-grafted GR-coated GC electrodes (GC/GR/AQs, GC/GR/
AQ(W)s, GC/GR/AQg) have no advantage for ORR performance compared to
the GC/GR electrode (Fig. 14c, Table 7) analogously as in case of unmodified
and AQ-modified EG-based catalyst materials.

The RDE voltammetry curve of GC/MWCNT compared to bare GC
electrode (Fig. 14d, Table 7) shows a similar rise in electrocatalytic activity as
in case of GC/GR electrode. This indicates that the electrochemical behaviour
of these two specific carbon nanomaterials towards the ORR is quite similar. It
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is proposed that the strong electrocatalytic effect could be caused by oxygen-
containing functionalities (e.g. quinone groups) on the surface of MWCNTs
[15, 26]. When AQ moieties are electrografted onto GC/GR or GC/MWCNT
electrode, the E,. is more negative than in case of spontaneously AQ-
derivatised GR- or MWCNT-coated electrodes (e.g. GC/GR/AQg/I vs GC/GR/
AQg/l and GC/MWCNT/AQg/l vs GC/MWCNT/AQs/I). Hence, a possible
explanation: during electrografting some of the active O, reduction sites of GR
or MWCNTs become covalently modified or sterically hindered by AQ moie-
ties resulting in a lower ORR activity.
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Fig. 14. RDE voltammetry curves for O, reduction on bare and different nanomaterial
coated GC electrodes recorded in O,-saturated 0.1 M KOH (w = 1900 rpm, v =20 mV
-1

s ) [L 1.

If the OH ionomer was used as a catalyst binder on the electrode, the oxygen
reduction current was often lower compared to the electrodes without OH™
ionomer (Fig. 14, Table 7). Similar inhibiting effect has been also observed in
our previous study with different graphene-based carbon materials [95]. This is
an important result regarding the role of OH ionomer used for the preparation
of cathode catalyst layers for anion-exchange membrane fuel cells or as a binder

53



of the composite materials used for ORR studies. This inhibiting effect is most
likely due to the blocking of the ORR active sites by OH ionomer.

The spontaneously modified MWCNTs and OH ionomer coated GC electro-
de (GC/MWCNT/AQg/I) showed the lowest E s and highest O, reduction
current among all the prepared electrodes (Fig. 14, Table 7). This is an expected
result because Gong et al. have reported monohydroxy-anthraquinone modified
MWCNTs coated GC electrodes to be also more electrocatalytically active for
ORR than unmodified MWCNTs [15]. Although, in the latter study, the
MWCNTSs were not purified, the binder used was Nafion® and for surface
grafting the diazonium reduction process was not used [15]. Gong et al. pro-
posed that the electrocatalytic effect of the catalysts can be explained by the
high surface area and low charge transfer resistance provided by MWCNTs and
the AQ moieties on the MWCNT surface keep excess electroactive sites, which
results in more favourable electron-transfer kinetics for ORR on the modified
electrode [15]. In addition, the enhancement in electrocatalytic activity towards
the ORR due to the AQ functionalisation has also been observed for different
AQ derivatives and carbon materials [11, 200-203].

Table 7. The ORR onset potential (E) and O, reduction current at —1.2 V (L, v) for
bare GC and different nanomaterial coated GC electrodes obtained from the RDE
polarisation curves recorded in O,-saturated 0.1 M KOH solution (v = 1900 rpm, v =
20 mV s"). All the potentials are given with respect to the SCE [I, II].

Electrode E neet I,y Electrode E nset L,y
designation [V] [mA] designation [V] [mA]
GC —0.30 —0.61
GC/EG —0.26 -0.70 | GC/EG/I —0.26 —0.62
GC/EG-AQ-1 —0.24 -0.72 | GC/EG-AQ-1/1 —0.26 —0.63
GC/EG-AQ-2 -0.25 -0.70 | GC/EG-AQ-2/1 —0.26 —0.59
GC/GR —0.22 —1.03 GC/GR/ —0.22 —1.01
GC/MWCNT —0.23 —0.81 GC/MWCNT/ —0.21 —0.71
GC/GR/AQg —0.24 —0.83 GC/GR/AQg/1 —0.23 —0.83
GC/GR/AQg —0.26 —0.68 | GC/GR/AQy/!1 —0.26 —0.71
GC/MWCNT/AQg | —0.21 -0.78 | GC/MWCNT/AQg/1 | —0.21 —0.76
GC/GR/AQ(W)s —0.25 —0.86 | GC/MWCNT/AQg/1 | —0.19 —0.93

To calculate the number of electrons transferred (n) per O, molecule from the
RDE data, the K-L equation was employed [24]:

11 1 ] 1

_=—t — = — —

I Iy I4 nFAkcg 0.62nFAD(2)/3v_1/6cg w'’?
2 2 2

(10)

54



where [/ is the measured current at a specific potential, /i and /, are the kinetic
and diffusion-limited currents, respectively, k£ is the electrochemical rate
constant for O, reduction, ' is the Faraday constant, 4 is the geometric area of
GC electrode,  is the rotation rate, "o, is the concentration of oxygen in the
bulk (1.2x107° mol cm™ [204]), Do, is the diffusion coefficient of oxygen
(1.9x107 cm® s [204]) and v is the kinematic viscosity of the solution
(0.01 cm® s™' [205]). The value of n was between 2 and 4 (Fig. 15) in case of all
MWCNT- and GR-based material coated electrodes in the studied potential
range and these n values indicate the partial further reduction of peroxide to
water on the nanomaterial.
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Fig. 15. The number of electrons transferred per O, molecule as a function of potential
on bare GC and GC coated with unmodified and AQ-modified (a) graphene and (b)
MWCNTs [I1].

In Fig. 16a, the RDE polarisation curves for O, reduction on the most active
GC/MWCNT/AQs/I electrode at different rotation rates and in Fig. 16b the K-L
plots derived from the RDE data are presented. At lower overpotentials, the
reduction of O, is under the mixed kinetic-diffusion control and at more
negative potentials (ca —1.1 and —1.2 V) the extrapolated K-L lines yield inter-
cept close to zero at the y-axis indicating the diffusion-limited O, reduction.
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Fig. 16. (a) RDE voltammetry curves for oxygen reduction on a GC/MWCNT/AQg/I
electrode in O,-saturated 0.1 M KOH (o = 360-4600 rpm, v =20 mV s ), (b) K-L plots
for O, reduction in 0.1 M KOH derived from the RDE data shown in Fig. a [II].

In addition, the stability of the GC/EG-AQ-1, GC/EG-AQ-2, GC/GR/AQg and
GC/GR/AQg/1 electrodes was studied in O,-saturated 0.1 M KOH solution by
applying 1000 potential cycles (Fig. 17). The procedure for the stability test was
taken from our previous work [206]. For GC/EG-AQ-2, GC/GR/AQs and
GC/GR/AQgs/I electrodes, the I'sq value was determined after every 100 or 200
cycles (insets to Figs. 17b—d). In case of GC/EG-AQ-1 and GC/EG-AQ-2
electrodes, the E did not noticeably change and the decrease in O, reduction
current at —1.2 V was ca 6% after 1000 cycles. The decline in the O, reduction
current is comparable with the data published previously by our workgroup [59,
206). The I'sq value of the GC/EG-AQ-2 electrode has decreased by 13%. The
GC/GR/AQs electrode (Fig. 17¢) had well reproducible O, reduction current
during 1000 cycles but in the end of the stability test the /'sq value diminished
down to 31% of the initial AQ coverage. The I'sq value on the electrode with
OH™ ionomer coating GC/GR/AQg/I (Fig. 17d) was 66% of the initial value
(over 2 times higher) at the end of the stability test. Although, the O, reduction
current decreased noticeably compared to the GC/GR/AQs electrode. According
to the obtained results, the OH™ ionomer should be used when the aryl groups
(e.g. AQ moieties) are needed for the catalyst preparation. If the nanomaterial
(e.g. GR) itself is the electrocatalyst for ORR in alkaline solution then the use of
OH™ ionomer coating should be avoided for better stability [I, I1].
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Fig. 17. RDE voltammetry curves for O, reduction on: (a) GC/EG-AQ-1, (b) GC/EG-
AQ-2, (¢) GC/GR/AQs and (d) GC/GR/AQg/I electrodes in O,-saturated 0.1 M KOH
(@ = 960 rpm, v = 20 mV s') recorded after 1st, 100th, 200th, 500th and 1000th
potential cycle. The insets to (b-d) show the dependence of I'aq on the number of
potential cycles [I, IT].

7.1.6.2. ORR on MAQ or AQ-modified GC electrodes

The ORR on MAQ- and AQ-modified GC electrodes was studied using the
RDE method. In Figs. 18a-d, the RDE voltammetry curves for different
GC/(Br-)MAQ and GC/(CI-)MAQ electrodes at 1900 rpm and 20 mV s are
presented. The results for both MAQ derivatives and differently modified
GC/MAQ electrodes were rather similar.
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Fig. 18. Comparison of RDE voltammetry curves for oxygen reduction on bare GC and
(a, b) GC/(Br-)MAQ, (¢, d) GC/(CI-)MAQ, (e) GC/AQ celectrodes in O,-saturated
0.1 M KOH (@ = 1900 rpm, v=20 mV s™) [IV, V].

In case of all MAQ-modified GC electrodes the O, reduction current com-
menced at ca —0.3 V. In addition, the pre-wave of O, reduction on bare GC (at
ca —0.5 V) was rather suppressed on GC/(Br-)MAQ electrodes compared to
GC/(CI-)MAQ celectrodes with some exceptions. This could indicate that in
some cases the native GC surface sites might be partially blocked by MAQ
groups depending on the used electrografting conditions (Figs. 18a-d, Table 1).
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On the other hand, the O, reduction current increased at more negative poten-
tials for all the MAQ-grafted GC electrodes and this is due to the electro-
catalytic activity of the surface-bound MAQ groups. The RDE polarisation
curves of O, reduction recorded for GC electrodes electrografted with AQ
(Table 2) by RG method via reduction of aryldiazonium salts are shown in Fig.
18e. Compared to the MAQ-modified GC electrodes (Figs. 18a-d), the Eqpns 18
slightly more negative in case of GC/AQ electrodes. This could be due to the
more intense inhibition of O, reduction by the thick AQ films in the potential
range from —0.3 V > E > —0.6 V compared to the less than a monolayer MAQ
films. The difference in the film thickness was confirmed by the fact that the
I'Aq values were 10 times higher compared to the ones of /'viaq (Section 7.1.5.3,
Table 6). At higher negative potentials (£ < —0.7 V) the O, reduction current
sharply increases similarly as in case of MAQ-grafted electrodes. Although, the
stable O, reduction current is obtained at lower overpotentials in case of GC/AQ
electrodes, which again refers to the higher amount of electrocatalytically active
groups in the aryl film compared to the MAQ-modified electrodes. For both,
MAQ- and AQ-grafted electrodes, one can consider that the covalently attached
AQ groups play a dual role in the process of O, reduction: at lower over-
potentials the reduction of O, is slightly suppressed by surface-bound AQ and at
more negative potentials these groups catalyse the ORR process. These observa-
tions are in good agreement with previous investigations by our workgroup [13,
14, 28-35, 194, 195, 207].

In Figs. 19a and b, the RDE polarisation curves for O, reduction recorded in
0.1 M KOH with the electrodes having highest /yaq and I'sq values, GC/(Cl-
YMAQ" and GC/AQ-10CV®, respectively, are presented. These electrodes were
chosen because one purpose of the present work was to study the electro-
catalytic activity of the thickest prepared aryl films towards the ORR. As seen
in Figs. 19a and b, the increase in the electrode rotation rate leads to an in-
creasing O, reduction current. The K-L plots (Figs. 19¢ and d) derived from the
RDE data presented in Figs. 19a and b, respectively, showed good linearity and
parallelism from which we may conclude that the ORR is under the mixed
kinetic-diffusion control at lower overpotentials (£ > —0.8 V) in case of both
electrodes. From E < —0.8 V, the extrapolated K-L lines yield intercept close to
the origin, which indicates fast charge transfer at the surface of AQ-modified
GC electrodes. The value of n was almost independent of potential and was
close to two (insets to Figs 19¢ and d) indicating the production of peroxide.
These results are in good agreement with the proposed reaction scheme (Section
4.1, reactions 5-8).

The RRDE experiments were performed in order to ascertain the formation
of hydrogen peroxide during the electroreduction of O, on the MAQ-modified
electrode. In Fig. 20, the RRDE results for GC/(Br-)MAQ* electrode at a single
rotation rate (w = 960 rpm) are presented. The percentage of peroxide formation
(®) was calculated from the following equation:
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where Ip and Iz are the disc and ring currents, respectively and N is the

collection efficiency. The theoretical value of @ should be 100% if the ORR

follows entirely a two-electron pathway. In present study it was found that the

peroxide formation was 95% (Fig. 20c¢).
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Fig. 19. RDE measurements at different rotation rates: (1) 360, (2) 610, (3) 960, (4)
1900, (5) 3100 and (6) 4600 rpm in O,-saturated 0.1 M KOH (v = 20 mV s™') for (a)
GC/(CI-)MAQ" and (b) GC/AQ-10CV* electrodes. (¢) and (d) show the K-L plots at
various potentials for oxygen reduction on GC/(CI-)MAQ" and GC/AQ-10CV*®
electrodes, respectively. The insets to (c¢) and (d) present the potential dependence of n
[TV, V].

The slightly lower values for the detected peroxide (95%) compared with the
theoretical value (100%) could be because of the non-quantitative peroxide
detection on the Pt-ring electrode [IV, V].
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Fig. 20. (a) Disc and (b) ring currents for O, reduction on a GC/(Br-)MAQ* electrode in
O,-saturated 0.1 M KOH (e = 960 rpm, v =20 mV s'). (¢) Dependence of the yield of
peroxide formation (®) on potential for a GC/(Br-)MAQ* electrode [IV].

7.2. Aryl films on metal electrodes

The second part of the thesis is focused on the aryl film modified metal
electrodes. The first section of this part concerns the electrochemical grafting of
Ni [VII], Au [VI] and Cu electrodes [VIII] with different aryl films. There was
no prior information about the RG of Ni and Cu electrodes. Also, the same
applies to the functionalisation of Cu and Au via RG and RDE combined
method. The second section covers the physical characterisation of the aryl-
modified metal electrodes by XPS [VI-VIII] and AFM [VI, VIII]. In the third
section, the electrochemical characterisation of the aryl film modified metal
electrodes is presented. The surface concentration of the electroactive species
on the electrodes was determined in ACN solution [VI, VIII], the surface
blocking towards the ferricyanide probe [VI-VII] and the ORR [VI, VIII] was
studied. The article [VIII] is the first known report describing the ferricyanide
reduction on bare and aryl film modified polycrystalline Cu electrodes as well
as presenting the ORR studies on Cu electrodes modified with AQ and NP films
by reduction of aryldiazonium salts.
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7.2.1. Electrografting of Ni with nitrophenyl groups

Fig. 21 presents the CV curves recorded during electrografting of Ni electrodes
in 3 mM NBD solution. If the “normal” electrografting was used (Ni/NP1, Fig.
21a), a clear cathodic reduction peak of 4-nitrobenzenediazonium cation was
observed during the first potential cycle. The CV peak disappears on subsequent
cycles referring to the blocking of the Ni surface with the NP layer. This
electrochemical behaviour is in accordance with the “normal” electrografting
applied to Ni/Gra electrode (Fig. 2a). As a difference, the value of peak poten-
tial (E,) for the reduction of aryldiazonium cation on the Ni electrode is 0.11 V
(Fig. 21a) compared to the 0.38 V for Ni/Gra (Fig. 2a). This can be explained
by different substrate materials (Ni vs Ni/Gra) and concentration of diazonium
salt in the electrografting solution (1 vs 3 mM). In the literature, several studies
report the electrografting of Ni electrodes with NP groups by the reduction of
aryldiazonium salts using shorter potential range in “normal” electrografting
conditions. If the results obtained in the present study are compared to the
literature, the electrochemical behaviour and the value of E, are in accordance
with the data reported by other workgroups [86, 189, 208].
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Fig. 21. Functionalisation of Ni electrodes by (a) “normal” electrografting or (b) redox
grafting in Ar-saturated ACN solution containing 3 mM 4-nitrobenzenediazonium
tetrafluoroborate and 0.1 M TBABF, as a base electrolyte (v =100 mV s™") [VII].

Herein, the modification of Ni electrodes with thicker NP films by RG was
reported for the first time. Prior to this work, several papers had been published
by Daasbjerg’s and our workgroup about RG of various conducting materials
with different thick aryl films (e.g. GC [VI], Au [VI], stainless steel, highly
oriented pyrolytic graphite and CVD-grown GR [III] [11, 36-38]. Generally,
the CV curves recorded during the RG in a wider potential range have shown
that the reduction peak of the aryldiazonium cation diminishes with the
following potential cycles and the redox wave at more negative potentials grows
during subsequent potential cycling [III, VI] [11, 36-38]. In the present work, a
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somewhat different electrochemical behaviour during RG of Ni substrate with
NP groups using potential range from 0.3 to —1.8 V was observed (Ni/NP2, Fig.
21b). As shown in Fig. 21b, the second reduction peak appears at ca —1.0 V
which could refer to the reduction of NP to its radical anion and which is in
accordance with earlier reports [III] [36]. Surprisingly, a reproducible redox
wave did not appear during potential cycling (Fig. 21b) as observed in case of
RG of Ni/Gra with NP groups (Fig. 2b). The disappearance of the reduction
peak(s) during subsequent potential cycling observed herein (Fig. 21b) is rather
similar to the electrochemical behaviour registered during “normal” electro-
grafting (Fig. 21a), but different from the RG data reported for other electrode
materials (Ni/Gra and GC) [III, VI] [11, 36-38]. The electrochemical behaviour
observed herein could indicate to the gradual blocking of the aryl film during
electrografting process. To our knowledge, for comparison there is no
information available for the RG of Ni electrodes except for the data presented
in this work (Fig. 21b) [VII].

7.2.2. Electrografting of Au with anthraquinone groups

The electrografting of Au electrodes with AQ groups was carried out in Ar-
saturated ACN containing 2 mM FRA by RG (Fig. 22a) and by the RG and
RDE combined method (Figs. 22b—d). The /-E curves recorded on a stationary
Au electrode were quite similar to the ones obtained within GC electrode (Fig.
4c). Although, one difference can be observed on the first CV curve at positive
potential values. In more specific, two reduction peaks (at ca 0.32 V and 0.15 V)
were registered, while on the GC electrode rather single aryldiazonium cation
reduction peak was observed (Fig. 4a—). As a remark, it is worth to note that
the disappearance of the reduction peak(s) during potential cycling is rather
inherent to the “normal” electrografting process [37, 38, 209]. In the present
case, the appearance of these peaks on the first CV cycle and diminishing of the
peaks during following potential cycling can be explained by the slower scan
rate used (v = 0.1 V s ). Lee et al. [210] have shown that using lower v, two
reduction peaks appeared, but if the v was increased (e.g. 0.5 V s), only a
single reduction peak was observed. In addition, an intense and distinctive
reduction peak was recorded throughout 10 potential cycles by RG at high scan
rate (v =1 V s7) [37], but considerably diminished when lower v of 0.4 V s
was applied for electrografting [38].

Interestingly, if the RG was combined with the RDE method for the electro-
grafting in hydrodynamic conditions (w = 200; 500; 1000 rpm, Figs. 22b—d),
only a single reduction wave of diazonium cation appeared at ca 0.28 V in the
first grafting cycle. This behaviour is very similar to the one observed for GC
electrodes together with the disappearance of the peak during the subsequent
potential cycling (Figs. 4d—f). In addition, the overall electrochemical behaviour
is very similar among the GC and Au electrodes if the RG or the RG and RDE
combined method was employed for electrografting (Figs. 4c—f vs 22a—d).

63



Therefore, the discussion in Section 7.1.3.2 for Figs. 4c—f also applies for Figs.
22a—d. Moreover, the electrografting conditions were also varied to optimise the
AQ film formation on the Au electrode (Table 3) [VI].
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Fig. 22. Redox grafting of AQ groups on Au electrode using 2 mM Fast Red AL salt in
Ar-saturated ACN containing 0.1 M TBABF, as a base electrolyte by: (a) cyclic
voltammetry (v = 100 mV s '), (b—d) combination of CV and the RDE method (v =
100 mV s, @ = (b) 200 rpm ; (¢) 500 rpm; (d) 1000 rpm). In all Figs, up to 10 potential
cycles are shown [VI].

7.2.3. Electrografting of Cu with AQ and NP groups

Previously, the electrografting of Ni using NBD [VII] and Au using FRA [VI]
was investigated. Therefore, for the surface modification of Cu both diazonium
salts (FRA and NBD) were employed [VIII]. Firstly, CV cycle between —0.35 to
—2.0 V was registered in ACN containing 3 mM corresponding diazonium salt
(NBD or FRA) and 0.1 M TBABF,. If the FRA was used, two redox waves
were recorded with the E° values of —0.88 and —1.52 V (Fig. 23a). The redox
wave at —0.88 V and —1.52 V corresponds to the AQ/AQ"™ redox couple and
AQ /AQ” redox couple, respectively [168]; both waves are known to appear if
the potential of the Cu electrode is cycled in ACN solution containing AQ
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molecules [86]. In contrast, only a single redox wave with E° of —1.19 V was
observed in NBD containing electrografting solution (Fig. 23b), which has been
seen earlier [86] and corresponding to the NP/NP™ redox couple [36]. The well-
known reduction peak of aryldiazonium cation (Section 4.2) is not observed on
the first CV cycle as it appears at a higher potential value compared to the open
circuit potential of Cu (ca —0.25 to —0.30 V in the present solutions) at which
Cu would be oxidised and dissolved [86, 211].

The RG of polycrystalline Cu electrodes with AQ or NP groups was per-
formed by applying 10 CV cycles between —0.35 and —1.5 V (or —1.2 V) at
100 mV s (Table 3). Since the grafting behaviour was similar in both potential
ranges, only the CV curves recorded in wider potential range are presented
(Figs. 23c and d). In Fig. 23c, repetitive CV curves from ca 5th potential cycle
were recorded with relatively stable currents of the AQ/AQ™ redox wave. The
electrochemical behaviour is somewhat different from the one observed for GC
and Au electrodes, where the continuous increase in the current values of the
AQ/AQ" redox wave was recorded up to 10th electrografting cycle (Figs. 4c
and 22a) [V, VI]. An explanation for this could be a difference in the conditions
for film formation due to the different electrode materials. In Fig. 23d,
continuous decrease in the current values of the NP/NP™ redox wave are
observed during potential cycling compared to the AQ/AQ™ redox wave (Fig.
23c). This could refer to the saturation or blocking of the aryl film with NP
species during the electrografting process similarly as in case of RG of Ni
electrodes with NP moieties (Fig. 21b) [VII]. As a difference, the redox wave
did not appear during RG of Ni electrode (Fig. 21b).

For the surface functionalisation using the combined RG and RDE method,
the optimised rotation rate (w = 1000 rpm) was applied according to the
previous study with GC and Au electrodes [VI]. If the w of 1000 rpm was
employed during the RG of Cu electrode using FRA (Fig. 23¢), the recorded I-E
curves were remarkably different from the ones of the stationary electrode (Fig.
23c) and also from the /-E curves obtained with Au and GC electrodes (Figs. 4f
and 22d). In the first cycle, the reduction wave at ca —0.71 V most likely
corresponds to the reduction of AQ to AQ"™ and during subsequent potential
cycling, the current steadily decreases. At the 10th potential cycle, a relatively
stable AQ/AQ" redox wave was recorded with E° value of —0.90 V. This refers
to a similar electrochemical behaviour on the surface-bound thick AQ film as in
case of the stationary electrode (E° =—0.88 V for Cu-AQ-CV-1.5, Fig. 23c).

Different electrochemical behaviour during grafting was observed if the
RDE and RG combined method was employed for functionalisation of Cu using
NBD (Fig. 23f) compared to the FRA (Fig. 23e) in three key aspects: (i) the
overall shape of the /-E curve changed, (ii) the peak current was six times
higher for Cu-NP-RDE-1.5 and (iii) the cathodic current was higher during the
reverse scan up to —1.0 V. We propose that these phenomena could be due to
the additional effect that contributes the RDE response in the potential range
where RG occurs. The higher cathodic current for the reverse scan refers to the
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formation or the existence of more easily reduced species than in case of the
forward scan.
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Fig. 23. Electrochemical grafting of: (a, ¢, €) AQ and (b, d, f) NP groups on Cu
electrode in Ar-saturated ACN containing 3 mM (a, ¢, e) Fast Red AL or (b, d, f)
4-nitrobenzenediazonium tetrafluoroborate and 0.1 M TBABF, as a base clectrolyte.
(v =100 mV s, (e, f) @ = 1000 rpm). Modification conditions: (¢) Cu-AQ-CV-1.5;
(d) Cu-NP-CV-1.5; (e) Cu-AQ-RDE-1.5; (f) Cu-NP-RDE-1.5 (Table 3). Chemical
structures of diazonium derivatives are also depicted: (a) anthraquinone-1-diazonium
and (b) 4-nitrobenzenediazonium [VIII].
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The species that could be reduced in the corresponding potential region (from —
1.2 to —1.5 V) are -NO, groups, but the cathodic current may also increase by
the diazonium groups that are reduced during the contact with the already
grafted NP groups. In this situation one may consider that the film is inconsis-
tent and the current could pass through the pinholes (Section 7.2.4.2). In the
present case, the grafted film could not be an insulator because of the redox
active moieties (-NO, groups). According to the study by De Feyter’s group
[212], the attack of the NP radicals on the groups within the aryl film is very fast
[213], because these already grafted groups act like ultramicroelectrodes
surrounded by a hemispherical diffusion layer [214]. During the following
potential cycling, current decreases up to 10th CV cycle but is not completely
suppressed. This refers to the partial blocking of the electroactive reduction
centres. The redox wave as observed in case of Cu-AQ-RDE-1.5 (Fig. 23e) did
not form during subsequent potential cycling indicating that the electrografting
behaviour is different between these two diazonium salts (FRA and NBD) in
hydrodynamic conditions. This could be explained by the different redox
potential for the anion radical formation (E° (AQ/AQ") = -0.88 V vs E°
(NP/NP") =-1.19 V, Figs. 23a and b, respectively) and the size of the modifier
molecule (AQ vs NP). In case of both diazonium salts (FRA and NBD), during
electrografting via RG and RDE combined method (Figs. 23¢ and f) the overall
decrease in current values during potential cycling is similar to the behaviour
observed for GC and Au electrodes using FRA (Figs. 4f and 22d) [VI].

For comparison with the literature, the RDE method has been previously
employed for promoting the derivatisation of Cu electrodes with self-assembled
monolayers [215]. These monolayers were derived from 3-N,N-dimethyl-
aminodithiocarbamoyl-1-propane sulfonic acid in aqueous solution using a @ of
50 rpm for a specified time (2—240 min) [215]. In contrast, the present work
reported the electrochemical grafting of aryldiazonium salts with the combina-
tion of RDE technique on Cu electrodes for the first time.

For comparison purposes, the Cu electrodes were also grafted via the “nor-
mal” electrografting conditions (Cu-NP-CV-0.7 and Cu-AQ-CV-0.7, Table 3).
The expected behaviour of surface blocking due to the aryl film formation was
observed during the electrochemical functionalisation (data not shown) [VIII].

7.2.4. Physical characterisation of aryl-modified
metal electrodes

7.2.4.1. XPS analysis of the aryl-modified Ni and Au electrodes

For AQ and NP-modified Au and Ni electrodes, the XPS analysis revealed that
the electrografting with both diazonium compounds (AQ and NP) was in
evidence since all the XPS survey spectra showed photoelectron peaks (e.g. N1,
Cls, Ols) characteristic to the diazonium salt used (Fig. 24).
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The presence of NP film on the electrografted Ni substrate was confirmed by
the -NO, group located at 406 eV in the high-resolution N1s XPS spectra as
shown in the insets to Figs. 24a and b. In addition, the peak at 400 eV was also
present (insets to Figs. 24a and b) that could be attributed to the amine groups
which can be formed when the -NO, groups are reduced under the X-ray beam
during the XPS measurements [77, 208]. These results are in compliance with
the earlier studies reporting the XPS data of NP grafted Ni electrodes [189,
208]. In addition, the peak at 400 eV could show the presence of azo linkages
within the multilayer aryl film on the Ni surface [47] similarly as in case of AQ
derivatised nanomaterial coated GC electrodes [II], NP modified CVD-grown
GR [III] and GC electrodes redox grafted with AQ [V] (Sections 7.1.4.2—
7.1.4.4).

The XPS survey spectrum of both modified Ni electrodes showed a decrease
in the characteristic Ni photoelectron peaks (e.g. Ni2p, Ni(LLM), Ni3s, Ni3p) in
comparison with the corresponding peaks in the XPS spectrum of bare Ni (data
not shown). Although, after the electrografting these peaks were more or less
visible (Figs. 24a and b). This could indicate that the aryl film is partially
incomplete or thinner on Ni surface and this is in accordance with the literature
[77, 208]. If the XPS spectra of Ni/NP1 (Fig. 24a) and Ni/NP2 (Fig. 24b) are
compared, the peaks inherent to Ni (Ni2p, Ni(LLM), Ni3s) were missing in case
of Ni/NP2. Only a very small peak of Ni3p was registered when the RG was
employed for the electrografting of Ni electrodes (Fig. 24b). From this we can
assume that the NP film becomes thicker if the potential of the electrode is
cycled to a more negative value. This is supported by the electrochemical
measurements carried out with the Fe(CN)g>"*~ redox probe (Section 7.2.5.2). In
addition, Combellas et al. [216] have shown that the stronger the decrease of the
signal of an underlying substrate material of aryl film modified electrode in the
XPS spectra, the thicker is the grafted aryl film [VII].

The XPS survey spectra of Au electrodes modified by “normal” electro-
grafting with 10 CV cycles and by RG with one potential cycle at @ = 1000 rpm
are shown in Figs. 24¢ and d (Au/AQ-0.4 and Au/AQ-1, Table 3), respectively.
The insets to Figs. 24c and d present the high resolution spectrum in the Audf
region (e.g. Audf;, and Audfs, peaks at 84 and 88 eV, respectively) [217]. The
XPS peaks of Ols at ca 531.5 eV and Cls at ca 285-288 eV probably
correspond to the carbonyl groups and the aromatic rings in the AQ film [37] as
also registered for GC electrodes grafted with AQ (Fig. 9, Section 7.1.4.4) [V].
In Fig. 24d, the lower peaks characteristic to bare Au compared to the ones of
Fig. 24c indicate the AQ film on Au electrode surface being thicker in case of
Au/AQ-1 than for Au/AQ-0.4 electrode as less Au photoelectrons were
registered [37, 217-219]. The XPS survey spectrum of Au/AQ-10 electrode
(data not shown) was very similar to the one of Au/AQ-1 electrode (Fig. 24d).
In case of Au/AQ-10, the intensity of the Au photoelectron peaks was even
smaller but still detectable. This tendency has also been observed by Bousquet
et al. [37]: the signal of the Au XPS peaks decreased together with the increase
in the aryl film thickness, but even in case of a 50 nm thick aryl film, the XPS
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peaks of Au were still detected. The appearance of Au peaks in case of thick
AQ films (e.g. Aw/AQ-1 and Au/AQ-10) could refer to the pores or pinholes
within the AQ film or the AQ film is uneven and the areas of bare Au surface
are visible [37, 41].
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Fig. 24. XPS survey spectra of (a) Ni/NP1; (b) Ni/NP2; (¢) Au/AQ-0.4 and (d) Au/AQ-
1 electrodes (Table 3). The insets show the high-resolution XPS spectrum of (a, b) N1s
and (¢, d) Au4f region for aryl-modified Ni and Au electrodes, respectively [VI, VII].

Surprisingly, the N1s peak was hardly noticeable (Figs. 24¢ and d) compared to
the GC electrodes electrografted with thick AQ films (Fig. 9) [V]. Although, the
Nl1s photoelectron peak has been registered in case of Au electrodes func-
tionalised with different aryl groups via diazonium reduction [37, 43, 186, 217].
The N1s peak at ca 400 eV may conform to the atmospheric N, [189] or origi-
nate from the supporting electrolyte together with a small peak of fluorine (at ca
685 eV) in the XPS survey spectra of Au/AQ-1 and Au/AQ-10 electrodes. This
may indicate that some of the supporting electrolyte could be confined into the
AQ film [37]. In addition, there might be a chance that the N1s peak could be
attributed to the presence of azo linkages within the grafted multilayer AQ film
[37] as observed in case of AQ modified GC (Section 7.1.4.4 [V]) [VI].
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7.2.4.2. XPS analysis of the aryl film modified Cu electrodes

In Fig. 25a, the XPS spectrum of polished and CH;COOH treated (Section 6.1)
Cu plate is shown; Figs. 25b-e correspond to the Cu plates electrografted with
AQ or NP aryl films (Table 3). In the XPS spectrum of polished Cu (Fig. 25a),
photoelectron peaks inherent to Cu and also the XPS peaks of Ols and Cls
regions were observed. The broad Ols peak (inset to Fig. 25a) probably
corresponds to the Cu,O [47, 153, 220-222] and to the O-C bond [221]. The
latter could be explained by the formation of copper complexes with acetate
ions or adsorption of atmospheric CO, onto the Cu surface.

The strong suppression of Cu(LMM) peaks [153] and decreased Cu2p
(Cu2psp at ca 932 eV, Cu2py, at ca 952 eV) photoelectron peaks was observed
after grafting the Cu plates with aryl films (Figs. 25b-e). This indicates the
presence of the aryl film on the Cu electrode [154, 189, 223]. If the Cu plate
was functionalised with AQ groups using FRA by RG method (Cu-AQ-CV-1.5,
Fig. 25b), the Ols peak (inset to Fig. 25b) was registered at 531.5 eV. The Ols
peak at this BE value is inherent to the oxygen in the AQ [224]. In the Cls
region two peaks at ca 285 and 288 eV were observed, which correspond to
carbon in phenyl ring and C=0 groups, respectively, originating from the AQ
molecule [VI]. The Ols and Cls photoelectron peaks at similar BE values were
also observed in case of AQ modified Au electrodes (Section 7.2.4.1). In addi-
tion, the absence of the distinguishable N1s peak from the spectrum indicates
that the presence of azo linkages (—N=N-) is unlikely within the AQ film on the
Cu if the RG method was used similarly as observed in case of Au (Fig. 24d)
[VI]. In contrast, the corresponding N1s peak has been observed for the films on
Cu obtained by “normal” electrografting of 4-trifluoromethylbenzenediazonium
ions [154] and spontaneous functionalisation with benzene diazonium (BD) salt
[47]. The XPS spectrum of Cu-AQ-CV-0.7 (Table 3) prepared by “normal”
electrografting was very similar to the one of Cu-AQ-CV-1.5 (Fig. 25b) and
therefore it is not shown.

In case of NBD, the XPS survey spectra of three different electrodes are
presented in Figs. 25c—e. In all cases, the Ols peak at 532.4 eV and Cls peak at
ca 284.6 eV were registered. The first peak is characteristic to oxygen in -NO,
group and second peak to the carbon of aromatic ring as reported for NP films
grafted by different methods on the Cu surface in ACN using NBD [86, 153].

The insets to Figs. 25c—e shows the high-resolution spectra in the N1s region
with the XPS peaks at ca. 400 eV (-N=N- [47] and —NH, [86]) and at ca. 406
eV (-NO, [86]). For all the N1s spectra, the ratio (R) of baseline subtracted
peak areas was calculated using the equation: R = Ayo/Aaes [154]. For the
electrode prepared by “normal” electrografting (Cu-NP-CV-0.7, Table 3), the
R = 0.31 was obtained (inset to Fig. 25¢). This peak ratio is very similar to the
ones from the literature obtained in case of spontaneous grafting [153] and
“normal” electrografting [86]. The 400 eV peak could be attributed to the azo
linkages as it has been registered with spontaneously grafted films on Cu using
BD or NBD in the same conditions [47]. Additionally, the presence of azo
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linkages in polyphenylene films on Cu have also been supported by time-of-
flight secondary ion mass spectrometry experiments and infrared spectroscopy
[184]. Although, the azo linkages bonded to the Cu surface atoms are quite
unlikely [184]. The chemical reduction of -NO, to —NH, under the X-ray beam
should also be taken into consideration [47, 86, 153, 189]. If the RG was used
for grafting the Cu plate with NP film (Cu-AQ-CV-1.2, Fig. 25d), then higher
R =~ 1.13 was obtained (inset to Fig. 25d). This could indicate the reduction of —
NO, groups to —NH, during RG.
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Fig. 25. XPS survey spectra of (a) polished and CH;COOH-treated Cu plate; (b) Cu-
AQ-CV-1.5; (¢) Cu-NP-CV-0.7, (d) Cu-NP-CV-1.2 and (e) Cu-NP-CV-1.5 electrodes
(Table 3). The insets show the XPS spectrum of (a, b) Ols and (c-e) N1s region for
aryl-modified Cu electrodes [VIII].
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As an evidence to the reduction process, the R = 1.89 was obtained (inset to Fig.
25e) if the switching potential during RG was adjusted to a more negative value
of —1.5 V (Cu-AQ-CV-1.5, Table 3). According to these results, the adjustment
of the potential in electrografting/RG procedure allows us to vary the type of
nitrogen moieties (—-NO, or —NH,) in the NP film. As the NP film thickness on
the Cu-NP-CV-0.7 and Cu-NP-CV-1.5 electrodes was equal (Section 7.2.4.3),
the probability of higher amount of azo linkages in the redox grafted films
compared to the film obtained via “normal” electrografting is unlikely. In addi-
tion, the electrochemical reduction of —-NO, to —NH, in the NP film on the GC
electrode has been also previously reported [225].

The appearance of the azo linkages in the NP film (Figs. 25¢c-e) compared to
the AQ film (Fig. 25b) could be explained by the different properties of the
modifier molecule (AQ vs NP). In addition, the AQ and NP films must contain
pinholes or pores because the photoelectron peaks of the Cu were detected
despite the thickness of the grafted films of 19 to 47 nm (Section 7.2.4.3) if the
analysis depth of the XPS method is considered (ca 10 nm) [37, 220, 226].
Similar results were obtained for the redox grafted AQ films on the Au
electrode (Fig. 24d) [VI].

For comparing the aryl films obtained with RG or RDE and RG combined
method, the XPS spectra of Cu-AQ-RDE-1.5 and Cu-NP-RDE-1.5 electrodes
was registered in the Cu2p region. The strong suppression of the Cu2p peaks
was observed for the electrodes compared to the Cu-AQ-CV-1.5 and Cu-NP-
CV-1.5 probably due to the thicker aryl films prepared by RDE and RG
combined method [VIII].

7.2.4.3. AFM characterisation of the aryl-modified
Au and Cu electrodes

The AFM study of AQ and NP film modified Au and Cu electrodes was per-
formed to obtain additional information about the electrochemical grafting of
AQ and NP diazonium cations and the thickness of the AQ and NP layers.
Firstly, the AFM image of Au film on a mica substrate functionalised with
10 CV cycles using “normal” electrografting method (Au/AQ-0.4, Table 3) is
presented in Fig. 26a. The granular structure inherent to AQ film was observed
similarly as in earlier work by our workgroup, where also “normal” electro-
grafting was used for grafting Au film on mica substrate with AQ moieties
[209]. In the present study, the thickness of the aryl film of Au/AQ-0.4
electrode was found to be 6 nm. The AFM image of Au electrode modified with
one or 10 CV cycles by the RG and RDE combined method using @ of
1000 rpm are presented in Figs. 26b (Au/AQ-1) and ¢ (Au/AQ-10), respecti-
vely. The AQ film thickness in case of Au/AQ-1 electrode was found to be
around 15-20 nm. Although, in the latter case the surface of mechanically
polished Au electrode was still visible. For Au/AQ-10 electrode (Figs. 26c), the
underlying mechanically polished Au surface was not as clearly seen. This

72



difference shows that thicker AQ film has been obtained in case of Au/AQ-10
electrode. Furthermore, the presence of pinholes within the AQ film was
observed in case of both electrodes prepared by the combination of RG and
RDE method, which could explain the presence of Au photoelectron peaks in
the XPS survey spectra (Fig. 24d) [VI].

In Figs. 27a and b, the AFM images of Cu-CV-NP-0.7 and Cu-CV-NP-1.5
electrodes are presented, respectively. In case of both electrodes, the inherent
granular structure of the NP film [III] [189] was observed and the film thickness
of ca 27-28 nm was measured. Very similar value (30 nm) was obtained when
the Ni/GRA was functionalised with NP film by RG in similar conditions
(except the v of 1 V s was used, Ni/Gra/NP3, Section 7.1.4.3). According to
the results obtained for Cu electrodes herein, we can conclude that RG seems
not to be advantageous for obtaining the NP film with higher thickness com-
pared to the “normal” electrografting. Although, if the RDE and RG combined
method was used for the electrografting (Cu-NP-RDE-1.5, Fig. 27c), the
thickest film of the present work was obtained (47 nm). In addition, the under-
lying Cu surface was not as clearly seen as in case of the Cu-CV-NP-1.5
electrode (Fig. 27b). These results indicate that the incorporation of RDE into
the electrografting procedure is highly effective for increasing the thickness of
the NP film on Cu.

Au/AQ-10 electrode (Table 3). Insets present the AFM images of the respective
electrodes with higher magnification (scan area 0.5x0.5 pm?) [VI].

The AFM images of AQ films prepared via: “normal” electrografting (Cu-AQ-
CV-0.7), RG (Cu-AQ-CV-1.5), RG and RDE combined method (Cu-AQ-RDE-
1.5) with the film thickness of 19, 26 and 37 nm, respectively, are shown in
Figs. 27d—f. The granular structure characteristic to AQ film, which has been
observed on Au (Fig. 26a) [37, 209] and CVD-grown graphene [11] was not
seen; but clear dependence between the modification procedure and the film
thickness was in evidence. Similar thickness to the 26 nm AQ film as in case of
Cu-AQ-CV-1.5 has been reported for the redox grafted AQ film (24.5+4.2 nm)
on the stainless steel by Ceccato et al. [36]. The thickness of the redox grafted
AQ film seems to depend on the substrate material; e.g. on the CVD-grown
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graphene, if monolayer graphene on Cu or multilayer graphene on Ni substrate,
the four times difference in the film thickness has been found [11]. On Au
substrates, if similar conditions to Cu-AQ-CV-1.5 (Table 3) were used for RG
(except the v > 0.5 V s7') usually ca 60+10 nm thick AQ films have been
prepared [36—38]. Considering the latter information, it is possible that the film
in case of Cu-AQ-RDE-1.5 (37 nm) is thinner than the film on the Au/AQ-10
electrode (Fig. 26¢). The visual comparison of AFM images supports this as the
underlying Au surface is not as clearly seen as in case of Cu (Figs. 26¢ vs 27f).
Also, ca two times difference in the I',q value was measured for Au/AQ-10
supporting the thicker film in the latter case (Section 7.2.5.1). For the formation
of thinner films on Cu compared to the Au electrode, the more negative initial
potential (—0.35 V for Cu and 0.5 V for Au (Table 3)) during electrografting
process can be proposed. Specifically, the charging and discharging of the
already grafted film, which is essential for the continuous film growth [36]
could be less effective for Cu with shorter electrografting potential range and
this could limit the film thickness [VI, VIII].

Fig. 27. AFM images (scan area 5x5 um?) of: (a) Cu-NP-CV-0.7; (b) Cu-NP-CV-1.5;
(¢) Cu-NP-RDE-1.5; (d) Cu-AQ-CV-0.7; (e) Cu-AQ-CV-1.5; (f) Cu-AQ-RDE-1.5
electrodes [VIII].
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7.2.5. Electrochemical characterisation of aryl film modified
metal electrodes

7.2.5.1. Surface concentration of AQ and NP groups on
Au and Cu electrodes

The I'ao and I'\p values determined from the CV curves recorded in Ar-
saturated ACN containing 0.1 M TBABF, (Fig. 28) in case of AQ or NP film
modified Au and Cu electrodes are presented in Table 8. For the calculation of
I'aq and I'\p values equation (9) from Section 7.1.5.1 was used with a
modification for the number of electrons involved (n = 1). In case of the Au/AQ
electrodes (Fig. 28a), the stabilised CV curve was already achieved after 5th
potential cycle irrespective of the ultrasonic treatment similarly as in case of
GC/AQ electrodes (Fig. 12d, Section 7.1.5.3). Also, when the RDE method was
applied during the modification process, the calculated I'aq values drastically
increased compared to the electrodes prepared by the stationary mode similarly
as in case of GC/AQ electrodes (Fig. 12d, Table 6). The dependence between
the calculated /'sq value and number of CV cycles used during redox grafting
with the combination of CV and RDE (w = 1000 rpm) method is shown in the
inset to Fig. 28a. The highest I'sq value was found to be /5o = 21 nmol cm 2
(Au/AQ-10, Table 8) when 10 CV cycles were applied during electrografting
similarly as in case of GC/AQ electrodes (Table 6). Also, the calculated I'aq
values on Au/AQ electrodes could correspond only to the electroactive AQ
units in the aryl film resulting in the underestimation of real I'sq values as in
case of GC/AQ electrodes [VI].

The I'sq values on the AQ-modified Cu electrodes were determined from the
CV curves (Fig. 28b) recorded in the potential range from —0.35 to —1.3 V vs
SCE. Similarly, the stable cyclic voltammogram was obtained usually on ca 5th
cycle as in case of the Au/AQ electrodes. Surprisingly, the /'sq value of the film
prepared by “normal” electrografting (Cu-AQ-CV-0.7) is ca 87% of the I'aq
value of the films prepared via RG (Cu-AQ-CV-1.2, Cu-AQ-CV-1.5, Table 8).
For comparison, in case of Au/AQ electrodes a considerably larger (ca 3-fold)
difference was obtained in the /4o values of the correspondingly electrografted
electrodes (Table 8). If the experimentally determined thickness constant for
redox grafted AQ film (on Au) from the literature is considered (0.2 nmol cm >
nm ') [37], the I Ao value difference should be higher according to the 7 nm
thicker film in case of Cu-AQ-CV-1.5 compared to the Cu-AQ-CV-0.7 (Section
7.2.4.3) electrode. As an explanation, some of the AQ molecules could be
electrochemically non-responsive due to the compactness of the redox grafted
film and the internal hindrance within the film [11, 37]. If the RG and RDE
combined method was employed for the electrografting (Cu-AQ-RDE-1.2, Cu-
AQ-RDE-1.5), the calculated I'sq values were ca 3-times higher than the ones
prepared via RG. Similar tendency was observed also in case of GC/AQ and
Au/AQ electrodes (Tables 6 and 8). In turn, the 3-times increase in the /'aq
value obtained by incorporation of the RDE method is unexpectedly high if the
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thickness difference of only 11 nm is considered (Section 7.2.4.3). As a pro-
posed explanation, the electrolyte flow in hydrodynamic conditions could
favour the functionalities within the grafted AQ layers to remain accessible for
electron transfer in the growing film. In case of the electrode functionalised in
the stationary conditions, the AQ film could get more clogged up during
grafting.
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Fig. 28. Cyclic voltammograms of: (a) Au/AQ, (b) Cu-AQ and (c) Cu-NP electrodes
registered in Ar-saturated ACN containing 0.1 M TBABF, (v = 100 mV s ). In (b) and
(c), the CV curve of polished and CH;COOH-treated Cu electrode is also presented for
comparison. The inset to 28a presents the dependence between the AQ surface
concentration (/'ag, Table 8) and the number of potential cycles used during the
electrografting of the Au electrode. Modification conditions of the electrodes are
presented in Table 3 [VI, VIII].

The determination of /\p values from CV curves in ACN is more complicated
compared to the redox wave of AQ with stable peak currents (Fig. 28b),
because during subsequent potential cycles, the redox peak currents usually
continue to decline, which could indicate the decomposition of the NP film
[227]. Therefore, in Table 8 the I'\p values determined from the reduction peak
of the first CV cycle recorded on NP grafted Cu electrodes (Fig. 28c) are
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presented. This method was taken from the literature [220]. As a remark, no
substantial contribution to —NO, reduction peak by Cu oxides is observed
according to the CV curve of bare Cu (Fig. 28¢). The maximum of the reduction
peak of NP groups appears between —1.1 and —1.2 V (Fig. 28c), which
corresponds to the potential range reported for NP film modified Cu electrodes
in several studies [86, 153, 189, 220]. Interestingly, NP films with very similar
I'vp values (Table 8) and thicknesses (Section 7.2.4.3) were obtained by
“normal” electrografting (Cu-NP-CV-0.7) and RG using a wider potential range
(Cu-NP-CV-1.5). While, the XPS results (Figs. 25¢ and e) revealed the
significantly higher amount of electrochemically non-responsive reduced -NO,
moieties and the ferricyanide and O, reduction studies showed more effective
surface blocking in case of Cu-NP-CV-1.5 compared to the Cu-NP-CV-0.7
electrode (Sections 7.2.5.3 and 7.2.5.4). According to these results, the redox
grafted NP film seems to be more dense and compact than the NP film obtained
by “normal” electrografting.

For the three remaining electrografted electrodes (Cu-NP-CV-1.2, Cu-NP-
RDE-1.2, and Cu-NP-RDE-1.5) ca 2-times higher /\p value of ca 25 nmol
cm * was calculated (Table 8). The reason behind these similar I'vp values may
be caused by the various amount of -NO, groups electrochemically reduced to
—NH, moieties during electrografting (Section 7.2.4.2) depending on the
grafting conditions or a higher number of non-electroactive —-NO, groups within
the NP film. Interestingly, the obtained /\p value is very similar to the one from
the literature (25+1 nmol cm °) reported for NP film spontaneously grafted onto
Cu electrodes in ACN containing 10 mM NBD by Chamoulaud and Bélanger
[153]. The presence of electrochemically non-responsive —NO, moieties due to
the hindrance within the NP films has to be also considered similarly as in case
of the AQ films [228]. The remarkable difference between the magnitudes of
the I'aqg and I'np values for the films prepared in similar conditions with
different diazonium salts (FRA or NBD) could be explained by the multilayer
film structures [37, 47, 86, 213, 228, 229], different unit volume of NP or AQ
film components and due to the different intermolecular bonding.

The I'sq values of 12 and 21 nmol cm 2 for Cu-AQ-RDE-1.5 and Au/AQ-10,
respectively, are the highest known amount of electroactive AQ groups reported
for the AQ films on corresponding electrodes grafted using the reduction of
aryldiazonium salts method [VI, VIII].
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Table 8. The calculated surface concentrations of anthraquinone (/aq) and nitrophenyl
(I'vp) groups on Au and Cu electrodes. s values are calculated from the average area
of reduction and oxidation peaks in Fig. 28a and b. I'\p values are calculated from the
area of reduction peak in Fig. 28c [220]. Modification conditions of the electrodes are
presented in Table 3 [VI, VIII].

Electrode designation [nmf)]A(c)m’zl Electrode designation [ﬂ?{?g(;l;:l'l;ll\ig]
Au/AQ-0.4 2.6 Cu-AQ-CV-0.7 3.1
Au/AQ-200 18 Cu-AQ-CV-1.2 3.5
Au/AQ-500 16 Cu-AQ-RDE-1.2 8.6
AWAQ-1 4.6 Cu-AQ-CV-1.5 3.6
AWAQ-2 68 | Cl-AQ-RDE-1.5 12
Au/AQ-3 12 Cu-NP-CV-0.7 12.2
Au/AQ-6 17 Cu-NP-CV-1.2 25.7
Au/AQ-8 18 Cu-NP-RDE-1.2 23.9
Auw/AQ-10 21 Cu-NP-CV-1.5 12.6
Au/AQ-10* 8.0 Cu-NP-RDE-1.5 24 4

7.2.5.2. Blocking properties of the aryl film modified Ni and Au
electrodes towards the Fe(CN) s> probe

For studying the blocking effect of NP films on Ni electrodes towards the
ferri/ferrocyanide redox probe, the bare Ni electrode was first characterised. The
RDE voltammetry curves of bare Ni were registered using rotation rates from
360 to 4600 rpm in 0.1 M KOH containing 1 mM K;Fe(CN); (Fig. 29a). All I-E
curves in Fig. 29a show a well-formed diffusion-limited current plateau and a
clear dependence on the w. This is in accordance with the data published by our
workgroup [208]. As observed in Fig. 29b, the reduction current is rather
equivalent to the theoretical one calculated using the Levich equation [24]:

I;=0.62nFAC°D**v ' (12)

where I stands for the diffusion-limited current, n is the number of electrons
involved (n = 1), F'is the Faraday constant, 4 is the geometric electrode area, C°
is the concentration of Fe(CN),~ in the bulk (1x10° mol cm™), D is the
diffusion coefficient of Fe(CN)¢®™ (7.63x10°° ecm?” s™' [230]), v is the kinematic
viscosity of the solution (0.01 cm® s™' [205]) and w is the electrode rotation rate.
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Fig. 29. (a) RDE voltammetry curves of ferricyanide reduction on a bare Ni electrode
(v=20mV s, (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm), (c)
cyclic voltammograms (v = 100 mV s™') and (d) comparative RDE voltammetry curves
(v=20mV s, ® = 1900 rpm) for bare and NP modified Ni electrodes registered in Ar-
saturated 0.1 M KOH containing 1 mM K;Fe(CN)s. (b) Levich plots of ferricyanide

reduction on bare Ni electrode at —0.5 V. The solid and dotted curves correspond to the
theoretical and experimental Levich plot, respectively [VII].

In Fig. 29d, the comparative RDE voltammetry curves are in accordance with
the data obtained by CV (Fig. 29c). Although, the current of RDE polarisation
curves were strongly inhibited on both, Ni/NP1 and Ni/NP2 electrodes, a small
difference can be observed between these two (Fig. 29d). In more specific, after
modification of Ni electrode with NP groups via “normal” electrografting the
ferricyanide reduction current decreased by 92% (Ni/NP1), meanwhile
functionalisation of Ni with NP moieties by RG results in the almost totally
suppressed current (98%) (Fig. 29d). Furthermore, the efficient blocking
behaviour observed with Ni/NP2 electrode towards the ferri/ferrocyanide redox
probe is in accordance with the obtained XPS data (Section 7.2.4.1), where the
characteristic Ni peaks (Ni2p, Ni(LLM) and Ni3s) in the XPS spectra were
suppressed referring to the formation of thick and compact NP layer on Ni
surface by RG. The results obtained here are important for the practical
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application of NP film modified Ni electrodes in various fields. For example,
thick compact NP layers can be used as protective barriers or may be further
used for the development of (bio)sensors [VII].

In the literature, several studies have been reported for ferricyanide reduction
on aryl-modified Au electrodes [40, 43, 185, 219, 231]. Herein, the ferricyanide
response on thick AQ film modified Au electrode prepared by RG and RDE
combined method is reported for the first time. In Fig. 30, the CV curves of bare
Au and different Au/AQ electrodes recorded in Ar-saturated 0.1 M K,SO,
solution containing 1 mM K;Fe(CN)s are shown.
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Fig. 30. Cyclic voltammograms of bare and different AQ-modified Au electrodes
recorded in Ar-saturated 0.1 M K,SO, containing 1 mM K;Fe(CN)s (v =100 mV s™").
The electrografting conditions of the Au electrodes are presented in Table 3 [VI].

Surprisingly, a redox wave of Fe(CN)s" '+ is clearly observable in case of the

Au/AQ-0.4 electrode prepared via “normal” electrografting. This indicates the
film being porous enough so that the Fe(CN),*~ anions can access the surface
sites of Au. If the RG was used for the Au surface functionalisation with AQ
moieties (Au/AQ-10*, Fig. 30), the response of the ferri/ferrocyanide redox
probe was strongly suppressed, which is in accordance with the literature [38].
This electrochemical behaviour indicates that the AQ film is sufficiently
compact to restrict the access of Fe(CN)s’~ anions to the active sites of the Au
electrode. If the RDE method was combined into the electrografting procedure
and a lower number of potential cycles (< 8) was used, the response of the
ferri/ferrocyanide redox probe was less suppressed in comparison with the
Au/AQ-10* electrode (Fig. 30). In addition, there seems to be no clear
dependence between the blocking intensity and the number of modification
cycles. Although, if 10 potential cycles during the grafting via RG and RDE
combined method was used, the signal of the Fe(CN)s" probe was more
suppressed than in case of the Au/AQ-10* electrode [VI].
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7.2.5.3. Blocking properties of the aryl film modified Cu electrodes
towards the Fe(CN)¢>"* probe

Prior to this work, no information could be found describing the ferricyanide
reduction on bare and aryl-film modified polycrystalline Cu electrodes.
Similarly to the previous Fe(CN)s> reduction study on Ni electrodes (Section
7.2.5.2 [VII]), the RDE polarisation curves on polycrystalline Cu electrodes
were recorded at different @ values in Ar-saturated 0.1 M KOH solution
containing 1 mM K;Fe(CN)g (Fig. 31a). The reduction current values were in
accordance with the /-E£ curves obtained in case of bare un-oxidized Ni
electrodes (Fig. 29a [VII]) [208]. The compliance was additionally confirmed
by comparing the experimental reduction current values recorded at —0.15 V
(Fig. 31a) with theoretical diffusion-limited currents calculated by equation (12)
(Fig. 31b). The obtained results indicated that the reduction of ferricyanide is
not noticeably affected by the oxidized surface state (Cu*") of the poly-
crystalline Cu electrode and most likely could be used for studying the blocking
behaviour of the aryl films on Cu electrodes.

In Fig. 31c, the CV curves registered on AQ modified Cu electrodes in 0.1 M
KOH solution containing 1 mM K;Fe(CN)g are presented. For comparing the
extent of inhibition, the corresponding values of AQ functionalised electrodes
obtained from the CV curves shown in Fig. 31c are given in Table 9 in which
AE, presents the peak-to-peak separation, /. is the cathodic peak current value
at maximum and /. is the blocking efficiency calculated according to the
equation (13) taken from the literature [232]:

1. with the film
I for bare Cu

1,(%)= x 100 (13)

As can be seen from Fig. 31e, the most effective blocking behaviour towards
the Fe(CN),> " redox probe is registered in case of Cu electrodes electrografted
via RG and RDE combined method (Cu-AQ-RDE-1.2 and Cu-AQ-RDE-1.5).
The comparative diffusion-limited reduction current values (/pp) at —0.15 V is
given in Table 9. These results indicate that the most dense and impenetrable
AQ film towards the Fe(CN)s® ion is obtained if the RG and RDE combined
method was used for the electrografting. Similar observations were seen also in
case of Au/AQ electrodes (Fig. 30 [VI]). The film structure obtained in case of
Cu-AQ-RDE-1.2 exhibits slightly stronger blocking intensity than the one of
Cu-AQ-RDE-1.5 electrode (Table 9, Figs. 31¢ and e).
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Fig. 31. (a) RDE voltammetry curves of ferricyanide reduction on bare Cu electrode
(w = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, (6) 4600, v =20 mV s™), (¢, d) CV
curves (v= 100 mV s™), (e, f) RDE voltammetry curves (v =20 mV s, @ = 1900 rpm)
for (c-f) bare and different (¢, e) AQ, (d, f) NP-modified polycrystalline Cu electrodes
recorded in Ar-saturated 0.1 M KOH containing 1 mM K3Fe(CN)s. Modification
conditions of the electrodes are presented in Table 3. (b) Levich plots of ferricyanide
reduction on bare Cu electrode at —0.15 V, the solid and dotted curves correspond to the
theoretical and experimental reduction current values, respectively [VIII].
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Table 9. Different parameters (/y, .1, AE,) determined from the CV curves for bare,
AQ (Fig. 31c) and NP (Fig. 31d) modified Cu electrodes; comparison of current values
(Ipp) of ferricyanide reduction at —0.15 V for respective electrodes obtained by the RDE
method (Figs. 31e and f). Test solution: Ar-saturated 0.1 M KOH containing 1 mM
K3Fe(CN)g. For RDE: @= 1900 rpm, v =20 mV s, for CV: v=100 mV s . I, (%) is
calculated using equation (13) where /. values are substituted with respective I, values
[VIII].

Electrode I, [nA] L [%] | AE, [mV] | Iy, [pA] Loz [%0]
designation

Cu 46 - 67 132 -

Cu-AQ-CV-0.7 15 32 - 26 19
Cu-NP-CV-0.7 18 39 125 42 32
Cu-AQ-CV-1.2 14 31 - 25 19
Cu-NP-CV-1.2 53 12 - 8.5 6.4
Cu-AQ-RDE-1.2 3.7 8.1 - 8.1 6.1
Cu-NP-RDE-1.2 27 58 108 55 41
Cu-AQ-CV-1.5 26 58 111 55 41
Cu-NP-CV-1.5 7.1 16 - 17 13
Cu-AQ-RDE-1.5 5.1 11 - 13 10
Cu-NP-RDE-1.5 30 65 98 75 57

The CV and RDE voltammetry curves of ferricyanide reduction for NP-modi-
fied Cu electrodes are presented in Figs. 31d and f, respectively. In addition, the
calculated parameters are listed in Table 9. One can observe that the tendency of
surface blocking intensity is different from the AQ-modified electrodes. In
specific, the NP films obtained using the RG and RDE combined method (Cu-
NP-RDE-1.2 and Cu-NP-RDE-1.5) show significantly lower blocking ability
compared to the films (Cu-NP-CV-1.2 and Cu-NP-CV-1.5) prepared by RG.
For comparison, the Cu-NP-RDE-1.5 and Cu-NP-RDE-1.2 electrodes were also
studied without the 5 min sonication in ACN after electrografting. These
electrodes showed the blocking behaviour towards the Fe(CN)s* " redox probe
with a similar intensity as Cu-NP-CV-1.2 and Cu-AQ-RDE-1.2 electrodes (Fig.
31). Although, without the sonication the absence of physisorbed species in
these films cannot be verified [87]. We propose that, the NP films prepared by
RG and RDE combined method are more fragile compared to the redox grafted
ones and therefore do not withstand the sonication with equal durability.
According to the gathered results, the redox grafted NP films should be
preferred for durability and surface blocking purposes compared to the NP films
prepared via RG and RDE combined method (Figs. 31d and f, Table 9).

To our knowledge, this was the first report on the relatively strong suppres-
sion of ferricyanide reduction on aryl film modified Cu electrodes electrografted
via reduction of aryldiazonium salts (i.e. Cu-NP-CV-1.2 and Cu-AQ-RDE-1.2).
In addition, the blocking efficiency towards the ferricyanide reduction of the
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AQ and NP films was found to decrease if the aryl film modified Cu electrode
was potential cycled in ACN solution in order to determine the /'xp and I'sq
values by CV (Fig. 28b and c). Therefore, the surface blocking studies towards
the ferri/ferricyanide redox probe should be carried out before performing the
CV experiments in ACN solution [VIII].

7.2.5.4. Blocking properties of the aryl film modified
Au and Cu electrodes towards the ORR

In Fig. 32a, the RDE voltammetry curves of bare polycrystalline Au and Auw/AQ
electrodes (Table 3) in O,-saturated 0.1 M KOH solution are presented for
studying the influence of AQ films with different /', values (Table 8) towards
the ORR. As observed in Fig. 32a, the bare polycrystalline Au is relatively
active ORR electrocatalyst in alkaline media compared to the AQ film grafted
Au electrodes. This is also in agreement with the literature [41-43, 233-235].
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Fig. 32. (a) Comparative RDE voltammetry curves for ORR on bare Au and Au/AQ
electrodes (w = 1900 rpm, v = 20 mV s'), (b) RDE voltammetry curves for O,
reduction on Au/AQ-10 electrode (w = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and
(6) 4600 rpm, v =20 mV s ') in O,-saturated 0.1 M KOH. (c¢) Koutecky-Levich plots
for ORR on Au/AQ-10 electrode. The inset presents the potential dependence of n [VI].
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The blocking effect towards the ORR is similar in case of all Au/AQ electrodes
suggesting that the ', value does not affect the ORR performance on thick AQ
film modified Au electrodes similarly as observed in case of thick AQ film
modified GC electrodes (Section 7.1.6.2, Fig. 18e) [V].

The ORR polarisation curves on Au/AQ-10 electrode with the highest 'aq
value (21 nmol cm ™2, Table 8) at different rotation rates are presented in Fig.
32b. Despite the blocking effect of the thick AQ film on Au electrode the
dependence on the w is clearly observable. This electrochemical behaviour
indicates that the electron tunnelling through AQ film takes place [236] or some
of the Au catalytically active sites are accessible for O, molecules. These
observations are also in accordance with the XPS and AFM results (Sections
7.2.4.1 and 7.2.4.3, respectively), where the photoelectron peaks of Au were
registered (Fig. 24d) and pinholes in the AQ film were observed (Fig. 26b and
c¢). The K-L plots derived from the RDE voltammetry curves shown in Fig. 32b
are presented in Fig. 32c. The K-L analysis reveals that O, reduction is under
the mixed kinetic-diffusion control in the studied potential range. In addition,
the extrapolated K-L lines do not pass the origin and this refers to a substantial
blocking of the active surface sites of Au by the thick AQ film [43]. The value
of n was calculated according to the equation (10). The calculated value of n
was between 2 and 3 (inset to Fig. 32c¢), which refers to the further partial
reduction of HO, to OH . The obtained value of » is lower than the one of bare
Au [44]. This observation also refers to the inhibiting effect on the active sites
of Au on the Au/AQ electrodes by thick AQ film [VI].

The O, reduction studies on Cu electrodes were performed in aqueous
solution with pH = 7 as the electrochemical behaviour of Cu towards the ORR
is well known in these conditions [49, 52, 54]. Firstly, the RDE voltammetry
curves were registered at different w values on bare Cu electrodes (Fig. 33a)
and the K-L plots derived from the RDE polarisation curves are shown in Fig.
33b. K-L plots reveal that O, reduction is under the mixed kinetic-diffusion
control at £ > —0.85 V, but diffusion-limited from —0.85 V to —1 V. The latter
phenomenon is shown by the extrapolated K-L lines passing the origin in the
diffusion-controlled region. The value of n was close to 4 (inset to Fig. 33b) as
expected [49, 52, 54]. It should be noted that for calculating the value of #, the
equation (10) was used with a new value of diffusion coefficient of O, (Do,=
1.8x107° cm? s [52, 54]). The behaviour of the electrochemical O, reduction
on Cu electrode is in agreement with the literature [52, 54].

In Figs. 33c and d, the RDE voltammetry curves for the Cu electrodes
functionalised with AQ and NP films (Table 3), respectively, are presented. The
I-E curve for bare Cu is shown for the comparison purposes. As in case of the
bare polycrystalline Cu electrode, the value of n was also close to 4 for all aryl-
film modified Cu electrodes. The blocking efficiency of NP and AQ films
towards the ORR is noticeably lower than for Fe(CN)s' reduction (Fig. 31).
Such phenomenon was also observed in case of AQ grafted Au (Figs. 30 and
32a) and has also been evidenced in previous studies by our workgroup [42,
43]. As an explanation, the hydrophobic aryl film could be more penetrable for
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the small O, molecules in comparison with the bigger hydrophilic ferricyanide
ions and therefore the reduction of O, could be less suppressed [195]. The
blocking effect towards Fe(CN)q reduction was very similar for Cu-NP-CV-
1.2 and Cu-AQ-RDE-1.2 electrodes (Fig. 31 and Table 9).
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Fig. 33. (a) RDE voltammetry curves for oxygen reduction on a bare polycrystalline Cu
electrode in Op-saturated 0.1 M NaClO, and 0.1 M phosphate buffer solution (pH = 7)
at different rotation rates: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm
(v=20 mV s ). (b) Koutecky-Levich plots for O, reduction on bare polycrystalline Cu
electrode. The inset of (b) presents the potential dependence of . (¢, d) Comparison of
RDE voltammetry curves for oxygen reduction on (¢, d) bare Cu and (¢) AQ, (d) NP-
modified Cu electrodes in the pH = 7 solution (& = 1900 rpm, v =20 mV s ') [VIII].

Surprisingly, the Cu-NP-CV-1.2 electrode exhibits better blocking efficiency
than the Cu-AQ-RDE-1.2 electrode towards the ORR (Figs. 33c and d). This
can be attributed to the higher surface concentration of NP groups referring to
the higher film density compared to the AQ film on Cu (Table 8). Cor-
responding difference could have more effect on small O, molecule compared
to bulkier Fe(CN),*~ anion. In addition, at the negative values in the potential
range used for ORR studies, the partial charging of the AQ groups could occur
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resulting in the increase in the conductivity of the AQ films. The charging of
NP groups occurs at more negative potentials and therefore, the conductivity of
NP films would not be as much affected in the potential range corresponding to
the ORR experiments. In addition to the inhibition of O, reduction observed
herein, the AQ films are known to inhibit the electroreduction of CO, towards
hydrocarbons on Cu nanowires [221].

The decrease of the blocking efficiency of the AQ and NP films on the aryl
film modified Cu electrode due to cycling in ACN solution was also observed in
case of the ORR studies similarly to ferricyanide reduction experiments (Section
7.2.5.3). Therefore, the surface blocking studies towards the ORR should be also
carried out before performing the CV experiments in ACN solution [VIII].

7.3. Composite material coated GC electrodes

In the third part of the thesis several composite materials (SAN-MWCNT,
SAN/PAN/CNT and PDC materials [IX—XI]) are studied as ORR electrocata-
lysts. Firstly, physical characterisation of the prepared materials by XPS and
SEM was carried out [IX—XI]. The second section describes the ORR perfor-
mance of the prepared catalysts in alkaline environment. Prior to this work,
there was no information about the ORR catalysts based on SAN-MWCNT and
SAN/PAN/CNT materials [IX, X]. The last paper [XI] is the first one proposing
a new class of materials (SiIOC based PDC) for being used as ORR electro-
catalysts. The ORR on latter materials is also studied in neutral conditions [XI].

7.3.1. Physical characterisation of composite materials

7.3.1.1. SEM studies of the composite materials

The SEM micrographs (125 000x magnification) of MWCNT, SAN-MWCNT-
700 and SAN-MWCNT-800 catalyst materials (Section 6.1.4) are presented in
Figs. 34a—. Both pyrolysed SAN-MWCNT catalysts consist mainly of
MWCNTs according to the SEM images (Figs. 34b and c). Although, in the
composition of SAN-MWCNT-700 catalyst more remaining material from SAN
was observed compared to the SAN-MWCNT-800 catalyst material. This is in
compliance with the reported decomposition of SAN during the pyrolysis [121].
Yang et al. have also carbonised SAN and MWCNTs based composite materials
at 700 °C for 3 h using different precursor material ratios in the composite
[237]. They reported that the pure SAN resin without any MWCNTSs signifi-
cantly shrank into a carbon block after the pyrolysis according to the SEM
images [237]. Although, low content of MWCNTs (3 wt%) reduced the extent
of shrinkage during carbonisation due to the clinging of the SAN-based carbons
to the surface of MWCNTs [237]. In case of SAN-MWCNT-700 and SAN-
MWCNT-800 catalysts containing 1 wt% of MWCNTs, also a considerable
shrinkage of the material was observed due to the carbonisation [I1X].
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Fig. 34. SEM images of 125 000x magnification (scale bar: 400 nm): (a) MWCNT, (b)
SAN-MWCNT-700, (¢) SAN-MWCNT-800; 50 000% magnification (scale bar: 1 um):
(d) SAN/PAN-250/800, (e¢) SAN/PAN-250/1100, (f) SAN/PAN/CNT-250/800, (g)
SAN/PAN/CNT-250/1100, (h) SAN/PAN/CNT-800, (i) SAN/PAN/CNT-1100 [IX, X].

In Figs. 34d-i, the SEM images (50 000x magnification) of different SAN/PAN
and SAN/PAN/CNT based catalyst materials (Section 6.1.4) are presented. In
case of all these materials, pyrolysed CNFs are observed with the diameter less
than 1 pm. CNFs with a similar diameter have also been prepared in case of
stabilised (250 °C) and pyrolysed (900 °C) electrospun PAN fibres with or
without the addition of transition metal (Co) in the work by Kim et al. [238]. In
Figs. 34d and e, the SEM micrographs of SAN/PAN-250/800 and SAN/PAN-
250/1100 materials, respectively, are shown. One can see that the structure of
the CNFs is not affected by the use of different pyrolysis temperatures. In the
end cross-sections and the sides of CNFs pores are visible. The weight loss
during the carbonisation of SAN is ca 96% according to the literature [239].
This explains the porous structure of CNFs, which is obtained during the
decomposition and burning out of the SAN component. Similar results have
been also obtained in previous studies by other workgroups [121, 122, 240]. In
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Figs. 34f and g, the images of SAN/PAN/CNT based catalysts prepared at diffe-
rent pyrolysis temperatures and with prior stabilisation in the air are presented.
Corresponding CNFs are very similar to the ones obtained in case of the carbon
fibres without the addition of MWCNTs (Figs. 34d and e).

The SEM images of SAN/PAN/CNT based composite materials prepared
without the prior stabilisation in air are presented in Figs. 34h and i. The CNFs
that were not stabilised seemed to be somewhat fused together and more
decomposed compared to the materials prepared with prior stabilisation (Figs.
34f and g). Also, due to the fusion, more bulky carbon chunks seemed to be
present in the material. This was also supported by ca 20% difference in weight
loss during thermal treatment between the materials carbonised with and
without prior stabilisation (data presented in the Electronic supplementary
material of the original article [X]). As a very important aspect, the MWCNTs
were visible in case of the catalyst materials prepared without the prior
stabilisation in the air (Figs. 34h and 1) [X].

In Fig. 35, the SEM images (50 000x magnification) of the different PDC
based catalyst materials (Section 6.1.5) are presented. The ball-milling was used
to grind the ceramic material in order to reduce the particle size of the material
[XI] and the SEM micrographs show that the ball-milling refined the SiOC
ceramic material into powder with particle size less than 20 um (Fig. 35a). The
functionalisation of the materials with Ni, Co and N has no observable effect on
the structure of the SiOC powder (Figs. 35b-f) as expected [XI].

—1um ——

Fig. 35. SEM images (50 000x magnification, scale bar: 1 um) of (a) PDC, (b) PDC-Ni,
(c) PDC-Co, (d) PDC-N, (e) PDC-Ni-N, (f) PDC-Co-N catalysts [XI].
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7.3.1.2. XPS characterisation of composite materials

In Figs. 36 and 37, the XPS survey spectra of different SAN-MWCNT and
SAN/PAN(/CNT) based catalysts (Section 6.1.4), respectively, are presented.
The calculated values (at%) of the elemental composition of these catalysts and
pristine MWCNT material are presented in Table 10. All pyrolysed catalyst
materials contain carbon (Cls peak at ca 284-285 eV, insets to Figs. 36a and b),
nitrogen (N1s peak at ca 400 eV) and oxygen (Ols peak at ca 532 eV, insets to
Figs. 36a and b) as expected. However, except the presence of N1s peak at 400
eV, the XPS survey spectra were similar with the one of MWCNTSs (data not
shown). Very close BE values corresponding to the specific Cls, N1s or Ols
photoelectron peak have been reported for pyrolysed electrospun pristine PAN
fibres [71] and porous PAN fibres prepared by burning out of SAN [121]. The
content of oxygen (Table 10) for all catalysts prepared by pyrolysis is higher
than 1.3 at% obtained for pristine MWCNTs herein. The latter value is in turn
very similar to the one presented by White et al. for pristine MWCNTSs [241].

The difference among the SAN-MWOCNT based materials (Fig. 36) is ca 1 at%
of N in the composition of the catalyst materials pyrolysed at 700 and 800 °C
(Table 10, Figs. 36d and e) compared to the SAN-MWCNT-900 material with
the N content of only 0.4 at% (Table 10, Figs. 36f). This may indicate that
during carbonisation at lower temperatures more N moieties originating from
the SAN could remain in the material. The deconvoluted N1s peaks (Table 10,
Figs. 36d—f) reveal the notable trends in the ratios of different N species
depending on the pyrolysis temperature. In case of using the higher pyrolysis
temperature, the content of pyridinic-N (BE=398.1 eV) decreased while the
content of pyrrolic-N (BE=400.6 ¢V) and graphitic-N (BE=402 eV) increased.
This tendency for these three N species has previously been observed in case of
carbonised PAN by Pels et al. [99]. The reasons behind these trends have been
proposed to be that at higher temperatures (i) some of the pyridinic-N is con-
verted to the graphitic-N and (ii) during the post-pyrolysis oxidation of the polymer
char, part of the pyridinic-N is converted to pyridone-N. The latter one contributes
to the XPS spectrum at very similar BE values (400.5 eV [99]) as pyrrolic-N [99].
Similar conversion of pyridinic-N to graphitic-N has been reported on N-doped
carbon nanotubes in several papers together with the decrease in the content of
pyridine-N-oxides (BE=405 eV) at elevated temperature [242, 243] as also
observed herein. Furthermore, there was no detectable content of Co and Fe in the
pyrolysed SAN-MWCNT based catalyst materials according to the XPS (inset to
Fig. 36¢c) and SEM-EDX analysis (data not shown).

In case of SAN/PAN(/CNT) based materials (Fig. 37), the content of C, N
and O for different pyrolysed materials (Table 10) seemed to be influenced by
the carbonisation temperature rather than the application of stabilisation pro-
cedure or the fibre composition (Table 4). The content of C, N and O in case of
catalysts pyrolysed at 800°C is very similar to the ones reported for different
electrospun PAN based fibre materials carbonised at 800-900°C in several
studies [69, 130].
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Fig. 36. (a—c) XPS survey spectra and (d—f) N1s spectra for SAN-MWCNT-700, SAN-
MWCNT-800, and SAN-MWCNT-900 catalysts, respectively. The insets to Figs. a-c
show high-resolution XPS spectra in the Ols, Cls, Fe2p and Co2p regions [IX].

The O content (ca 4 at%) is very similar among all the SAN/PAN(/CNT) based
materials regardless of the used pyrolysis temperature (Table 10), while the C
content is higher by ca 5 at% for the materials prepared at 1100 °C compared to
the 800 °C ones. In compliance with the latter difference, the N content is ca 1.5
at% and 7 at% for the materials carbonised at 1100 °C and 800 °C, respectively.
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Fig. 37. XPS survey spectra of: (a) SAN/PAN/CNT-800, (b) SAN/PAN/CNT-1100, (c)
SAN/PAN/CNT-250/1100 and (d) SAN/PAN-250/1100. The insets show high-
resolution XPS spectra in the N1s region, which have been deconvoluted to different
nitrogen species: (N1) pyridinic-N, (N2) amines, (N3) pyrrolic-N, (N4) graphitic-N and
(NS) pyridine-N-oxides [X].

According to these observations, the increasing weight loss together with higher
carbonisation temperatures (data presented in the Electronic supplementary
material of the original paper [X]) could be due to the decomposition of N-
containing functionalities. The N1s XPS spectra of SAN/PAN(/CNT) based
catalyst materials (insets to Fig. 37) were also deconvoluted to 5 nitrogen
species (Table 10). The Nls spectra with well distinguishable and intense
pyridinic-N and pyrrolic-N peaks (N1 and N3, respectively, inset to Fig. 37a)
are known to be inherent to CNFs prepared by carbonisation at 800-900°C from
PAN electrospun fibres [71, 72, 117, 129, 130, 157, 238]. The outstanding
difference among the SAN/PAN(/CNT) based catalysts is the noticeable
decrease in pyridinic-N (N1) and amines (N2) for the materials pyrolysed at
1100 °C compared to the 800 °C ones (Table 10). Although, the amount of
pyrrolic-N (N3) and graphitic-N (N4) is higher for the catalysts carbonised at
higher temperature. Similar tendency was also observed in case of SAN-
MWCNT based materials and the proposed explanations are probably also
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applicable for SAN/PAN(/CNT) based catalyst materials. Furthermore, the XPS
peak of amines (N2) could actually correspond to the cyano groups as they
contribute at similar BE values [99, 134] and the existence of amines after high-
temperature carbonisation is not likely [134].

Table 10. Elemental composition (at%) of different catalyst materials calculated from
the XPS data. The relative content (%) of different nitrogen species has been determined
from deconvoluted peaks of high-resolution N1s XPS spectra (the insets to Figs. 36 and
37): (N1) pyridinic-N, (N2) amines, (N3) pyrrolic-N, (N4) graphitic-N and (N5)
pyridine-N-oxides [I1X, X].

Catalyst material C o N N1 N2 N3 | N4 N5
Y [at%] | [at%] | [at%] | [%] | [%] | [%] | [%] | [%]
MWCNT 987 | 1.3 i 3 ) - - -
E&N'MWCNT' 96.5 | 2.4 11 | 39 | 19 ] 2|12 8
S&N'MWCNT' 963 | 2.7 10 | 29 | 20 | 28 | 16 | 8
S’&N'MWCNT' 979 | 17 | 04 | 23 | 22 | 30 | 21 3
S&N/PAN/ CNT- 877 | 43 80 | 440 | 21.1 | 241 | 63 | 45
SAN/PAN/CNT-
250/800 902 | 38 | 6.0 |399 203|200 | 72 36
SAN/PAN-250/800 | 90.5 | 3.8 | 5.7 | 368 | 192 | 315 | 73 | 52
f’f}}g/PAN/ CNT- 95.0 3.6 14 | 124 | 115 | 51.1 | 142 | 10.8
SAN/PAN/CNT-
550/1100 941 | 47 12 | 113 | 124 | 574 | 150 | 3.9
SAN/PAN-
250/1100 946 | 3.6 1.8 | 135 | 11.1 | 51.0 | 150 | 9.4

The transition metal content in SAN/PAN(/CNT) based catalyst materials was
verified by the SEM-EDX analysis. Contrary to SAN-MWCNT based materials,
the low amounts of transition metals were found in case of the SAN/PAN/CNT
based materials. The source of the metal impurities is most likely the MWCNT
material as transition metals are used in the synthesis process of MWCNTs by
CVD [241] and the MWCNTs are present in the catalyst materials (Table 4). In
case of SAN/PAN/CNT-1100 catalyst, 0.02 at% of Co and 0.03 at% of Fe were
detected [IX, X].

In Fig. 38, the XPS survey spectra of the studied PDC based materials are
presented. The XPS spectra of the N-doped PDC materials (Figs. 38d—f) are
otherwise similar to the ones of SAN-MWCNT and SAN/PAN(/CNT) based
catalysts (Figs. 36 and 37, respectively), except the photoelectron peak of Si2p
corresponding to Si was observed as expected for SiOC based PDC materials
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[244]. The detection of nitrogen confirmed the successful N-doping of PDC based
catalysts as was also observed in case of SAN-MWCNT based catalysts (Fig. 36).
The content of different elements in the catalysts is presented in Table 11.
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Fig. 38. XPS survey spectra of (a) PDC, (b) PDC-N, (¢) PDC-Ni, (d) PDC-Ni-N, (e)
PDC-Co, (f) PDC-Co-N catalysts. The insets to (b, d, f) show high-resolution XPS
spectra in the N1s region [XI].

The intensity of the XPS photoelectron peaks for Co and Ni (Figs. 38c-f) is low
and therefore rather difficult to distinguish from the background noise of the
XPS spectra. This is a known phenomenon and has been also reported for
carbon nanomaterial based ORR catalysts with low Co loading in several papers
[128, 138, 147]. The presence of transition metals was additionally confirmed
by the SEM-EDX and the content of corresponding transition metals (Ni or Co)
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was found to be ca 0.3 at% in case of all transition metal modified catalysts
similarly as in case of XPS (Table 11). The surface chemical composition of the
PDC based catalysts is somewhat varying according to the XPS results: ca 3-9 at%
Si, 7-13 at% O and 75-88 at% C. The presence of these elements is a result of the
polysiloxanes conversion into ceramics and an additional use of carbon source.

Table 11. Elemental composition (at%) of catalyst materials calculated from the XPS
data. Relative content (%) of different nitrogen species has been determined from de-
convoluted peaks of high-resolution N1s XPS spectra (the insets to Figs. 38b, d and f):
(N1) pyridinic-N, (N2) amines, (N3) pyrrolic-N, (N4) graphitic-N and (N5) pyridine-N-

oxides [XIT].

Catalyst material C 0 N Si Ni Co
[at%] [at%] [at%] [at%] [at%] [at%]
PDC 88.6 8.1 - 33 - -
PDC-Ni 79.3 11.2 - 9.3 0.2 -
PDC-Co 78.9 13.7 - 7.2 - 0.2
PDC-N 87.1 7.3 2.8 2.8 - -
PDC-Ni-N 80.6 8.4 5.1 5.7 0.2 -
PDC-Co-N 75.7 10.2 7.0 6.9 - 0.2
Catalyst material N1 [%] N2 [%] N3 [%] N4 [%] N5 [%]
PDC-N 29 32 30 6 3
PDC-Ni-N 48 32 18 3 -
PDC-Co-N 61 26 11 1 1

The majority of the Cls XPS peak of PDC-materials (Fig. 38) is attributed to
the sp” carbon (284 eV) [244]. Low intensity Cls-signals from 286 to 289 eV
most likely correspond to C—N or carbon oxygenated groups and the Cls XPS
peak at 283 eV to the bonds of C—Si [244, 245]. In the Ols spectra a broad peak
was registered at 533 eV indicating the existence of Si—O bonds and a smaller
peak at 536 eV refers to the C-O bonds [246]. In the Si2p spectra, the XPS
signals from 102 to 103 eV correspond to the Si-O-C bonds and Si—O bond
[247]. These signals could be also masking the XPS signals of Si-C and Si-N
bonds due to the high content of SiO, and SiOC in the Si2p XPS spectra. The
high-resolution XPS spectra collected in the Co2p region for PDC-Co and PDC-
Co-N catalysts are presented in Fig. 39. The outstanding difference between
these two XPS spectra is the remarkably higher amount of Co registered at ca.
781 eV for PDC-Co-N catalyst compared to the PDC-Co material. The cor-
responding peak at ca. 781-782 eV is proposed to conform to the bonds in the
Co-N center according to the literature [129, 143, 144, 147, 148]. This could
refer to a considerable amount of Co coordinated to N in case of PDC-Co-N
compared to the catalyst which was not doped with nitrogen (PDC-Co).
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Fig. 39. XPS high resolution spectra in the Co2p region for PDC-Co and PDC-Co-N
catalyst materials [XI].

The high resolution N1s XPS spectra of the N-doped PDC catalyst materials
were also deconvoluted into different N species (the insets to Figs. 38b, d, f,
Table 11). The content of pyridinic-N, amines and pyrrolic-N is very similar (ca
30%) in case of PDC-N material. Due to the possible disappearance of amine
moieties during pyrolysis, the N1s peak of amines could be also assigned to the
nitrile groups [134]. In addition, the N1s XPS peaks of pyridinic-N could also
include the photoelectrons corresponding to the N-Si bond [248, 249]. The
suppression of pyridine-N-oxide peak observed for transition metal (Co and Ni)
and nitrogen codoped catalysts has been also previously noticed in our earlier
study investigating carbon aerogel based catalysts [134]. If the PDC-N and
PDC-Ni-N are compared, the higher amount of pyrrolic-N and lower amount of
pyridinic-N is obtained for PDC-Ni-N. Analogous tendency has been previously
observed in case of N-doped carbon and nickel nitride composite materials and
this could be due to the conversion of the nitrogen species among each other
during high temperature carbonisation [250]. The highest N content (7 at%)
among the PDC materials is detected for PDC-Co-N catalyst (Table 11). This is
in compliance with the literature as Co is proposed to act as a booster for
increasing N content by creating more N groups that are electrocatalytically
active towards the ORR [251]. Therefore, this could also explain the lower
content of pyrrolic-N and higher content of pyridinic-N in PDC-Co-N compared
to the PDC-Ni-N catalyst (Table 11). In the N1s region, the Co-Ny contributes
to the XPS spectrum at very similar BE value (ca 399 eV) as pyridinic-N [148].
The presence of Co-Ny species [146, 148] was most likely also detected in the
Co2p region (Fig. 39) [IX-XI].
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7.3.2. ORR studies on composite material coated GC electrodes

7.3.2.1. ORR studies on SAN-MWCNT and SAN/PAN/CNT composite
fibre based catalysts

The ORR on SAN-MWCNT and SAN/PAN/(CNT) based composite material
coated GC electrodes was studied in O,-saturated 0.1 M KOH. In Figs. 40a and
b, comparative RDE voltammetry curves recorded at 1900 rpm for oxygen
reduction on bare and different SAN-MWCNT catalyst coated GC electrodes
are shown. The /-E curves presented in Fig. 40a correspond to the electrodes
prepared with the catalyst ink made in 2-propanol (for MWCNTs it was DMF)
and the ones in Fig. 40b correspond to the electrodes coated with the catalyst
ink that contains 0.05% OH ionomer (Section 6.1.4). The values of Eouser, £112
and the O, reduction current at —1.2 V derived from Figs. 40a and b are pre-
sented in Table 12. The electrode with the lowest ORR activity among the
electrodes without the OH ionomer is GC/MWCNT (Fig. 40a). All pyrolysed
SAN-MWCNT catalysts showed higher ORR performance (Fig. 40a and Table
12) in terms of E,ns values and O, reduction current than undoped MWCNTs.
The highest ORR performance among the electrodes without the OH  ionomer
was registered in case of GC/SAN-MWCNT-800 electrode (Fig. 40a and Table
12). According to the obtained results, the functionalisation of MWCNTSs with
N during the carbonisation (Section 6.1.4 and 7.3.1.2) using SAN has positive
effect on the ORR performance of the catalyst material.

In case of the OH ionomer containing catalyst coated electrodes, the SAN-
MWCNT-700 possessed the lowest ORR activity (Fig. 40b and Table 12). The
reduction current of the latter electrode was even lower than the one of pristine
MWCNTs coated GC electrode (GC/MWCNT/I, Fig. 40b). The similar in-
hibiting effect in the presence of OH ionomer was also observed for the cata-
lyst material carbonised at 800 °C (Fig. 40b). The ORR performance in case of
catalysts pyrolysed at 900 and 1000 °C seems to be less influenced by the OH
ionomer compared to the catalysts prepared at 700 and 800 °C. This could refer
to the structure differences in the ORR active sites formed during pyrolysis at
900 °C or higher temperature. Furthermore, these sites formed at 900+ °C could
be more susceptible for OH ionomer. Although, some decrease in the Eqpser, E1/2
and O, reduction current values was recorded also for 900 and 1000 °C mate-
rials most likely due to the diffusional resistance by the OH ionomer within the
catalyst layer. Similar inhibition by the OH ionomer was also noticed and
discussed in case of AQ-modified and unmodified nanomaterial coated GC
electrodes in Section 7.1.6.1 (Fig. 14, Table 7). The GC/SAN-MWCNT-900/1
electrode exhibits the highest ORR performance among the OH ionomer
containing ink based electrodes with even lower E,u and higher O, reduction
current at —1.2 V than the best performing GC/MWCNT/AQg/I electrode from
the Section 7.1.6.1 (Fig. 14, Table 7). This comparison is applicable as both of
the catalyst materials contain the OH ionomer. The n values for different
electrodes determined in the potential range from —0.4 to —1.2 V vs SCE are
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presented in Figs. 40c and d. The » value is higher for all carbonised catalyst
material compared to the MWCNT based electrodes. According to these results
the SAN-MWCNT based catalysts are more suitable as ORR electrocatalysts for
the fuel cell applications compared to the pristine MWCNTs.
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Fig. 40. (a, b) RDE voltammetry curves for oxygen reduction on bare and different
catalyst material coated GC electrodes in O,-saturated 0.1 M KOH (@ = 1900 rpm, v =
20 mV s ) and (¢, d) the number of electrons transferred per O, molecule. The electro-
des are coated with catalyst inks made in (a, ¢) 2-propanol and (b, d) 2-propanol
containing 0.05% OH ionomer. The catalyst loading of 0.1 mg cm > was used [IX].

The comparative RDE voltammetry curves for oxygen reduction recorded at
1900 rpm on the non-stabilised SAN/PAN/CNT based catalyst coated GC
electrodes are shown in Fig. 4la. The corresponding /-E curves for the stabi-
lised SAN/PAN/CNT based catalysts showed a relatively similar tendency [X].
The values of Eyneet, £1/2 and the O, reduction current at —1.2 V derived from the
RDE curves for all the studied electrodes are shown in Table 12. In case of
stabilised and non-stabilised SAN/PAN/CNT based catalysts, the highest acti-
vity towards the ORR was observed for the catalysts prepared at 1100 °C (Figs.
41a, Table 12). In more specific, the SAN/PAN/CNT-1100 coated GC electrode
showed higher ORR performance in terms of the Eu of —0.13 V, Ej, of
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—0.29 V and O, reduction current of =1 mA at —1.2 V. For the confirmation of
the highest ORR activity compared to the other fibre materials (SAN/PAN and
PAN/CNT, Table 4), the RDE voltammetry curves for SAN/PAN and PAN/
CNT based catalysts carbonised at 1100 °C with or without prior stabilisation in
air are shown in Fig. 41b (Table 12). In the literature, the preparation of the
materials similar to PAN/CNT (CNFs carbonised from electrospun CNT and
PAN composite fibres [114] and pyrolysed films made of PAN and CNT casted
blends [252, 253]) have been reported and these materials have been studied for
the application in supercapacitors [114, 252, 253].
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Fig. 41. (a, b) Rotating disc electrode voltammetry curves for O, reduction on bare and
different catalyst material coated GC electrodes in O,-saturated 0.1 M KOH (w = 1900 rpm,
v =10 mV s ) and (c, d) electron transfer number (n) as a function of potential
calculated from the K-L equation. The catalyst loading of 0.2 mg cm * was used [X].

No information was found regarding the use of corresponding materials as ORR
electrocatalysts in the literature. Although, according to the results obtained
herein, the electrocatalytic activity of SAN/PAN and PAN/CNT catalysts to-
wards the ORR (Fig. 41b and Table 12) was lower than in case of SAN/PAN/
CNT-1100 catalyst. These observations indicate the superiority of the latter

99



composite material for the application as an ORR electrocatalyst. The ORR on
metal-free CNF (pyrolysed from PAN) catalysts is known to proceed via 2x2e"
pathway involving the formation of HO, as an intermediate according to the
literature [71, 72]. Herein, the n values (Figs. 41c, d) between 2 and 4 were
obtained for all the catalyst-coated GC electrodes supporting the proposed
2x2e pathway. The obtained n values refer to the partial further reduction of
HO{ to OH .

Table 12. The ORR onset potential (E,.), half-wave potential (£},) and O, reduction
current at —1.2 V (/) for different electrodes in O,-saturated in 0.1 M KOH. The data is
derived from the RDE polarisation curves recorded at 1900 rpm and using v = 20 mV
s~ for SAN-MWCNT and MWCNT catalyst coated electrodes and v =10 mV s for all
the other electrodes. All the potentials are given with respect to the SCE [IX, X].

Electrode designation Eonset [V] Es V] I[mA]
GC —-0.30 - —0.61
GC/MWCNT -0.28 —-0.39 -0.76
GC/SAN-MWCNT-700 —0.20 —0.33 -1.07
GC/SAN-MWCNT-800 -0.17 -0.27 -1.30
GC/SAN-MWCNT-900 -0.17 —0.25 -1.22
GC/SAN-MWCNT-1000 —0.19 —0.31 —0.96
GC/MWCNT/I -0.28 —0.40 —0.86
GC/SAN-MWCNT-700/1 —0.23 —0.40 —0.73
GC/SAN-MWCNT-800/1 -0.20 —0.36 -0.97
GC/SAN-MWCNT-900/1 —0.18 =0.30 -1.09
GC/SAN-MWCNT-1000/1 -0.20 —0.33 —0.96
GC/SAN/PAN-800 —0.26 —0.45 —0.95
GC/SAN/PAN-1100 —0.19 -0.37 —0.83
GC/SAN/PAN-250/800 -0.27 —0.43 -0.77
GC/SAN/PAN-250/1100 —0.17 -0.34 -0.79
GC/PAN/CNT-1100 —0.17 —0.38 —0.93
GC/PAN/CNT-250/1100 —0.23 —0.43 -0.79
GC/SAN/PAN/CNT-800 —0.16 —0.40 —0.98
GC/SAN/PAN/CNT-900 —0.17 —0.38 —0.95
GC/SAN/PAN/CNT-1000 —0.13 —0.32 —0.98
GC/SAN/PAN/CNT-1100 —-0.13 -0.29 —1.00
GC/SAN/PAN/CNT-1200 —0.15 -0.34 —1.01
GC/SAN/PAN/CNT-250/800 —0.19 —0.43 -0.79
GC/SAN/PAN/CNT-250/900 —0.23 -0.44 —0.85
GC/SAN/PAN/CNT-250/1000 —0.20 -0.43 —0.88
GC/SAN/PAN/CNT-250/1100 —0.14 —0.31 —0.90
GC/SAN/PAN/CNT-250/1200 —0.16 —0.34 —0.90
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The RDE polarisation curves at different rotation rates (w=360—4600 rpm) for
the most active catalyst coated GC electrodes (GC/SAN-MWCNT-900/1 and
GC/SAN/PAN/CNT-1100) prepared using the catalyst ink that contains binder
(e.g. OH ionomer, Nafion®) are shown in Figs. 42a and b, respectively. It
should be noted that different binders (OH ionomer vs Nafion®), potential
sweep rates (20 vs 10 mV s') and catalyst loadings (0.1 vs 0.2 mg cm °) were
used in case of different electrodes. The lower E,, Was obtained in case of
GC/SAN/PAN/CNT-1100 (Table 12), while the higher oxygen reduction
currents were registered in case of GC/SAN-MWCNT-900/1 up to 1900 rpm.
The RDE voltammetry curves of both electrodes recorded at 3100 rpm exhibit
very similar current values and when 4600 rpm is used, the GC/SAN/PAN/

CNT-1100 shows better ORR performance than GC/SAN-MWCNT-900/1.
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Fig. 42. RDE voltammetry curves for oxygen reduction on: (a) GC/SAN-MWCNT-
900/I (v =20 mV s ', catalyst loading 0.1 mg cm ?) (b) GC/SAN/PAN/CNT-1100 (v =
10 mV s ', catalyst loading 0.2 mg cm %) recorded in O,-saturated 0.1 M KOH at
different rotation rates: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, (6) 4600 rpm.
Koutecky-Levich plots for O, reduction: (¢) GC/SAN-MWCNT-900/ and (d)
GC/SAN/PAN/CNT-1100 derived from the RDE results of Figs. (a) and (b) [IX, X].
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These differences could be explained by different binders, catalyst composition
and catalyst loadings used. The K-L plots derived from the corresponding RDE
polarisation data are presented in Figs. 42c and d. According to the intercepts on
y-axis for the extrapolated K-L lines [24], the ORR process is under the mixed
kinetic-diffusion control in the studied potential range in case of GC/SAN-
MWCNT-900/1 electrode as the extrapolated K-L lines pass the origin at posi-
tive values. At higher overpotentials (1.1 to —1.2 V), the reduction of O, is
diffusion-limited in case of GC/SAN/PAN/CNT-1100 electrode as indicated by
the extrapolated K-L lines passing the origin [24].

In addition, the HO, formation on the SAN-MWCNT based catalyst was
studied in more detail by the RRDE method. The measurements were performed
at 960 rpm with bare, SAN-MWCNT-800 and SAN-MWCNT-900 coated GC
electrode. The recorded I and Iy are presented in Figs. 43a and b, respectively.
The value of @ was calculated using the equations (11) from Section 7.1.6.2 and
the value of n was calculated according to the following equation:
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Fig. 43. (a) Disc current, (b) ring current and (¢) dependence of the yield of peroxide
formation (@) for oxygen reduction on bare, SAN-MWCNT-800 and SAN-MWCNT-
900 catalyst coated GC disc and Pt ring electrode in O,-saturated 0.1 M KOH (w =
960 rpm, v=20 mV s ). The inset to Fig. (c) presents the potential dependence of 7 [IX].
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The dependences of @ and n on the applied potential are shown in Fig. 43c and
the inset to Fig. 43¢, respectively. The ORR on bare GC proceeds via 2-electron
pathway resulting in the production of HO, in the studied potential range as
also known from the literature [14, 254]. This result confirms the adequate
detection of the HO, on the Pt-ring. In case of the catalysts coated GC
electrodes (SAN-MWCNT-800 or SAN-MWCNT-900), the value of @ was
around 10% at —1.2 V. This refers to the formation of a small amount of per-
oxide and the majority (ca 90%) of oxygen is reduced directly into water via
four-electron pathway. The value of n (close to 4 at —1.2 V) is in accordance
with the latter.

For a practical use of the catalyst material in a composition of the fuel cell
cathode, the assessment of the stability of the catalyst is necessary. The stability
testing was carried out with three most active ORR catalyst coated electrodes in
O,-saturated 0.1 M KOH according to the same procedure as used for GC/EG-
AQ-1 electrode (Fig. 17a) in Section 7.1.6.1. The obtained results are presented
in Fig. 44a, b and ¢ for GC/SAN-MWCNT-800, GC/SAN-MWCNT-900 and
GC/SAN/PAN/CNT-1100 electrode, respectively. After 1000th potential cycle,
the Equt value did not noticeably change, while the ORR current at —1.2 V
decreased by 5-7 % compared to the initial value for all three electrodes.
Similar behaviour during the stability testing was observed in case of AQ
modified GR coated GC electrodes (Fig. 17, in Section 7.1.6.1) and N-doped
carbide-derived carbon coated electrode in previous work by our workgroup
[56]. The stability testing results reported for N-doped pyrolysed electrospun
PAN based catalyst materials in the literature [67, 120] are very similar to the
ones obtained with GC/SAN/PAN/CNT-1100 electrode (Fig. 44c¢).

Next, the reasons behind the ORR activity of the SAN/PAN/CNT-1100,
SAN-MWCNT-800 and SAN-MWCNT-900 catalysts with the highest ORR
performance will be discussed. The exact reason for the enhanced ORR activity
of these catalysts is not known yet, but different properties and influence of the
precursor materials have to be considered. One possible reason for the higher
ORR performance of the catalysts could be the presence of the N species on the
surface of the catalysts as detected by XPS (Section 7.3.1.2). This is supported
by Borghei et al. study [110] in which a high ORR activity was observed for the
few-walled carbon nanotubes (FWCNTSs) containing as low as 0.56 at% of
nitrogen. In case of SAN-MWCNT based catalysts, no clear correlation between
the increased ORR electrocatalytic activity and relative concentration of speci-
fic N moieties was noticed (Tables 10 and 12). However, there is no agreement
which specific N-functionality is responsible for the ORR activity. Mainly the
pyridinic-N is considered to be advantageous for ORR applications [62, 112].
Although, several studies have found that the ORR performance is related to the
amount of pyrrolic-N [60, 66, 73, 102, 104] or to the synergy of different N-
species (e.g. co-existence of pyridinic-N and quaternary-N [56]) [67, 69, 103,
107, 118, 255]. Interestingly, in case of SAN/PAN/CNT-1100, pyrrolic-N (N3)
and graphitic-N (N4) could be responsible for the enhanced ORR activity as a
higher amount of these nitrogen species were detected by XPS (Tables 10 and

103



12). Also, for the high ORR activity of SAN/PAN/CNT-1100 catalyst, the po-
rous structure (Fig. 34) and high number of defects in the carbon structure
should be considered. The latter was evidenced by the Ip/lg ratio of 2.93 from
Raman spectroscopy results (presented in the original paper [X]). For compari-
son, the EG material with low amount of defects showed the Ip/I ratio of 0.1
(Section 7.1.4.1). According to the XPS data, the oxygen content was higher in
all pyrolysed catalyst material coated electrodes compared to the pristine
MWCNTs coated electrode (Table 10).
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Fig. 44. Stability testing of: (a) GC/SAN-MWCNT-800 (v =20 mV s '), (b) GC/SAN-
MWCNT-900 (v = 20 mV s ') and (¢) GC/SAN/PAN/CNT-1100 (v = 10 mV s)
electrodes in O,-saturated 0.1 M KOH. The RDE voltammetry curves (w = 960 rpm)
were recorded after 1st, 100th, 200th, 300th, 500th and 1000th potential cycle [IX, X].

Therefore, the greater Ols signal in the XPS spectra could refer to the larger
amount of quinone moieties in the catalyst material [I] [11, 207]. Quinones are
known to catalyse the ORR process favouring the peroxide production (Section
4.1) [V] [60, 256]. Also, the incorporation of MWCNTs themselves into the
composition of the catalyst material is known to be beneficial for the ORR
performance according to our previous studies [57, 58, 138, 206]. The rise in
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the ORR activity due to the very low amounts of transition metals originating
from the MWCNTs (Section 7.3.1.2) could be rather excluded as the pristine
MWCNTs coated electrodes exhibited relatively poor ORR performance
compared to the pyrolysed catalyst materials (Table 12). In addition, the
importance of the optimisation of the amount of binder (e.g. OH  ionomer,
Nafion®) in the catalyst ink is crucial in the aspect of higher ORR performance
as it was experimentally investigated and ascertained [X]. In conclusion, the
origin for the ORR activity of the catalysts in the present work could be linked
to several different sources described in this section. All of them and their
synergy could play an important role in the overall electrocatalytic activity
towards the ORR of the catalyst materials presented herein [IX, X].

7.3.2.2. ORR studies on PDC catalyst materials

Prior to this work, there was no information about the application of SiOC
based PDC materials as ORR electrocatalysts. Therefore, the ORR studies on
the PDC-based catalysts were carried out in 0.1 M KOH (pH = 13) and 0.1 M
PBS containing 0.1 M NaClO, (pH = 7) solution. The latter medium was used
for the further possible application of the best performing PDC material as a
cathode catalyst in the microbial fuel cell (MFC) [XI].

In Figs. 45a and b, the RDE polarisation curves for O, reduction on bare and
different PDC catalyst coated GC electrodes recorded at 1900 rpm in solutions
with different pH values (pH = 13 and 7, respectively) are presented. In addi-
tion, the RDE voltammetry curves obtained with commercial Pt/C catalyst are
included for comparison purposes. The various parameters (Eonse, £1, and O,
reduction current density at —1.2 V) are presented in Table 13. According to the
obtained results, the commercial Pt/C catalyst appears to be superior compared
to all of the other catalysts studied herein. In contrast, the pristine PDC material
exhibited the lowest activity towards the ORR, which could be explained by the
absence of transition metal centres and/or nitrogen groups (Fig. 38a), which
could provide high ORR activity. After the carbonisation of the material in the
presence of nitrogen precursor (DCDA), the improvement in the value of Eye
and O, reduction current are observed (Fig. 45) due to the presence of N-
containing groups (Fig. 38b). A similar tendency has been noticed in previous
studies by our workgroup with different carbon-based catalysts after the pyro-
lysis with DCDA [55, 56, 257]. In case of both metal doped catalyst coated
electrodes (GC/PDC-Ni and GC/PDC-Co), higher ORR activity is observed
compared to the GC/PDC electrode referring to the known positive effect of the
transition metal inclusion towards the ORR performance [258]. Furthermore,
the PDC-Co catalyst shows better ORR activity than the PDC-Ni. Similar
results have been reported by Abdelwahab et al. for Co- and Ni-doped carbon
aerogels [259]. After carbonisation of PDC-Ni catalyst together with DCDA,
the resulting material coated GC electrode (GC/PDC-Ni-N) exhibits similar
ORR performance to that of GC/PDC-N electrode. Meanwhile, the ORR
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activity of PDC-Ni-N is much lower compared to the PDC-Co-N catalyst.
These observations indicate that the ORR activity of Ni-Ny present in the
catalyst is lower than that of its Co-Ny counterpart or Ni does not form as many
metal coordinated centres (Me-Ny) during high-temperature carbonisation.
Similar information has been reported in the work by Liu et al. [260], where the
influence of different metal dopants was evaluated in N-doped carbon xerogels.
In the latter work, the value of FE,. in acidic solution for the Ni-doped and
metal-free N-functionalised catalyst coated electrode was very similar, while the
Co-doped counterpart showed significantly higher electrocatalytic activity
towards the ORR [260]. The order of the ORR activity of the catalysts was
similar in case of both studied solutions (pH = 13 and 7, Figs. 45a and b,
respectively), although superior ORR performance was observed in alkaline
media for all the catalysts. This could be attributed to the change in the ORR
active sites and their interaction with O, molecule. This is supported by Wan et
al. work [261], where the effect of pH was investigated on N-doped ordered
mesoporous carbon.
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Fig. 45. RDE voltammetry curves for O, reduction on different electrodes in O,-
saturated (a) 0.1 M KOH and (b) 0.1 M PBS containing 0.1 M NaClO,4 (w = 1900 rpm,
v=10mV s™). (¢, d) The potential dependence of n calculated using the K-L equation
from the corresponding RDE data [XI].
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Table 13. The ORR onset potential (Eq,), half-wave potential (E,) and O, reduction
current at —1.2 V (/) for different electrodes in O,-saturated aqueous solutions. The data
was derived from the RDE polarisation curves (w = 1900 rpm and v = 10 mV s)
presented in Figs. 45a (*Data obtained in 0.1 M KOH) and b ("Data obtained in 0.1 M
PBS containing 0.1 M NaClO,) [XI].

Electrode E‘onseta [V] E‘1/2a [V] Ia [mA] E'onsetb [V]

designation
GC —0.30 - —0.61 —0.43
GC/PDC —0.28 —0.45 —0.78 —0.31
GC/PDC-Ni —0.23 —0.38 —0.93 —0.17
GC/PDC-Co —0.21 —0.37 —1.00 —0.10
GC/PDC-N —0.18 —0.40 —1.11 —0.03
GC/PDC-Ni-N —0.16 —0.39 —1.23 —0.02
GC/PDC-Co-N —0.11 —-0.21 -1.17 0.14
Pt/C —0.02 —0.15 - 0.32

For the evaluation of the n value, the equation (10) from Section 7.1.6.1 was
used and the results obtained in the solution of pH = 13 are presented in Fig.
45c. In case of pH = 7 solution, the equation (10) was used with a new value of
0, diffusion coefficient (Do,= 1.8x107° cm® s™' [52, 54]) and the obtained
results are shown in Fig. 45d. All the electrodes, except GC/PDC-Co-N show
the value of n between 2 and 4 in the studied potential ranges indicating the
partial production of peroxide. The GC/PDC-Co-N electrode showed the n
value being 4 in the studied potential range in 0.1 M KOH. This is an expected
result due to the presence of the Co—Ny centres (Section 7.3.1.2, Fig. 39), which
is reported to be highly active for the 4-electron reduction of O, [146].
According to these results, the GC/PDC-Co-N is best performing ORR
electrocatalyst among the PDC materials studied herein.

Since the GC/PDC-Co-N electrode showed the highest activity towards the
ORR among all PDC based catalysts, the following discussion is mainly
focused on the PDC-Co-N catalyst. In Fig. 46, the RDE voltammetry curves for
O, reduction in 0.1 M KOH at different w values and the K-L plots derived
from the corresponding RDE data on the GC/PDC-Co-N electrode are pre-
sented. The diffusion limited O, reduction is obtained at relatively low over-
potentials as the K-L lines coincide from ca. —0.6 V and the extrapolated K-L
lines pass the origin. For the possible application of PDC-Co-N as a fuel cell
cathode catalyst, the stability of the catalyst was tested as follows: the
accelerated aging test was performed by CV method and the potential of the
catalyst coated electrode was cycled for 10 000 times between —0.4 V and 0 V
in Ar-saturated 0.1 M KOH. The experiment was performed with GC/PDC-Co-
N and Pt/C electrodes and the RDE polarisation curves recorded in O,-saturated
0.1 M KOH before and after 10 000 CV cycles are shown in Fig. 47. The E/),
was about 34 mV more negative and current value at —0.95 V decreased by 6%
after the potential cycling in case of Pt/C electrode.
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Fig. 46. (a) RDE voltammetry curves for oxygen reduction on a GC/PDC-Co-N
electrode in O,-saturated 0.1 M KOH (w= 1-360; 2-610; 3-960; 4-1900; 5-3100;
6-4600 rpm, v = 10 mV s ), (b) Koutecky-Levich plots for O, reduction in
0.1 M KOH derived from the RDE data shown in Fig. 46a [XI].

In contrast, the corresponding values for GC/PDC-Co-N were 4 mV and less
than 1%, respectively. The obtained results imply that the durability of the
PDC-Co-N catalyst is higher compared to the commercial Pt/C catalyst.
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Fig. 47. RDE voltammetry curves for oxygen reduction on GC/PDC-Co-N and Pt/C
catalysts in O,-saturated 0.1 M KOH recorded before and after 10 000 cycles between
—0.4 and 0 V vs SCE in Ar-saturated 0.1 M KOH. = 960 rpm, v=10 mV s ' [XI].

Many papers have been reported about the ORR studies describing the Co-
containing carbon-based catalysts doped with nitrogen via pyrolysis. Here only
a brief comparison is given. More thorough comparison of the ORR perfor-
mance with similar catalysts reported in the literature can be found in the
Electronic supplementary information of the original article [XI]. In the present
work, the FEoi of —0.11 V and E;», of —0.21 V were determined for the
GC/PDC-Co-N electrode in 0.1 M KOH at 1900 rpm (Table 13). These values
are more positive than the ones obtained for GC/SAN-MWCNT-900/1 and
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GC/SAN/PAN/CNT-1100 electrodes (Table 12) in section 7.3.2.1 indicating the
PDC-Co-N being the best performing NPM catalyst among the catalysts studied
in the present thesis. For comparison, several more negative E: values have
been reported for Co and N-containing catalysts in alkaline medium [126, 147].
However, very similar E,,s and Ej, values have been obtained in case of Co-
containing nitrogen-doped carbon aerogels [134]. In addition, more positive
Eonset values can be found in several studies [142, 144, 146, 148], and the
highest value has been achieved for the cobalt nanocrystals grown through the
N-doped graphene nanoparticles (0.05 V) [132]. In neutral conditions (pH = 7),
the E,pnset values of —0.07 V and —0.1 V have been obtained for NiCo-doped C-N
nanocomposite in 0.5 M KNOj; solution [107] and for square-like nano cobalt
oxide anchored on N-doped graphene catalyst in PBS [131], respectively. It
should be noted that the latter catalyst was further applied in the MFC [131]. In
case of the GC/PDC-Co-N electrode, significantly more positive value of 0.14
V (Table 13, Figs. 45b) was obtained, which makes the PDC-Co-N catalyst
attractive for the use in MFC conditions. For comparison, in section 7.2.5.4 the
ORR was also studied on polycrystalline Cu electrode in the pH = 7 solution
(Eonset = —0.38, Fig 33a). The ORR activity of GC/PDC-Co-N is also signifi-
cantly higher compared to the polycrystalline Cu electrode.

The main reason behind the electrocatalytic activity of the PDC-Co-N
catalyst is probably the presence of highly active Co-N, functionalities [124,
134, 144, 146—-148] which was confirmed by the XPS data (Section 7.3.1.2, Fig.
39). However, in the surface composition of the PDC-Co-N, a significantly
higher amount of metal-free N functionalities compared to Co was detected
according to the XPS studies (Table 11). In the literature describing the Co-
containing carbon-based ORR catalysts functionalised with nitrogen via carbo-
nisation with DCDA or other N precursors, one of the most active metal-free N
species for oxygen reduction is reported to be pyridinic-N [131, 134, 146, 148,
251]. The reason behind the high ORR activity of the pyridinic-N is attributed
to its N atom bonded with two C atoms that provides a basic lone electron pair
of N atom. Due to a lone electron pair it is claimed that pyridinic-N can increase the
electron-donating ability to promote ORR via 2x2e or direct 4¢ process [262—
264]. In addition, the importance of pyridinic-N for promoting the ORR has
also been emphasised regarding the application as MFC catalyst [131, 140,
265]. In case of PDC catalyst materials, the highest content of total nitrogen
together with the highest relative content of the pyridinic-N (Table 11) was
registered for PDC-Co-N. In addition to N, it is proposed that Si could improve
the ORR activity due to changes in the charge distribution in the carbon lattice
[266, 267]. Also, the high surface area confirmed by N, adsorption and CV
experiments (the data is found in the original article [XI]) of the catalyst should
be considered for enhanced ORR performance [140, 144]. Considering all these
findings, the PDC-Co-N material is the most active ORR electrocatalyst
reported among the NPM catalysts in the present thesis (Tables 7, 12, 13) and
therefore should be further used in (microbial) fuel cell applications [XI].
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8. SUMMARY

The first part of the thesis described the modification of carbon electrodes with
different aryl films followed by physical and electrochemical characterisation of
the prepared electrodes [I-VI]. The functionalisation of MWCNTs and
graphene with AQ films were carried out spontaneously and via “normal”
electrografting by the reduction of aryldiazonium salts method [I, II]. The GR
prepared by CVD and GC electrodes were modified with NP and AQ films,
respectively, using the RG method [III, V]. The CVD-grown GR was also
derivatised using the “normal” electrografting method [III]. In addition, the GC
electrodes were grafted with MAQ moieties using different electrografting
procedure [IV]. Finally, the GC electrodes were electrografted with AQ by RG
and RDE combined method [VI]. According to the XPS analysis, the presence
of azo linkages within the electrografted multilayer aryl film was detected in
case of several AQ and NP film modified electrodes [II, III, V]. The thickness
of the electrografted NP films on the CVD-grown GR electrodes was measured
to be from 5 to 30 nm depending on the electrografting procedure [II1].

The amount of electroactive redox species in the aryl film-modified electro-
des was determined electrochemically by CV. The highest I'yq value of
35.1 nmol cm™ for AQ modified nanomaterial based electrode was calculated in
case of commercially available GR electrografted with AQ moieties (GC/GR/
AQg,) [II]. The highest I'xq value of 18 nmol em™ for electrografted GC
electrode was obtained if the RG and RDE combined method was employed for
electrochemical modification (GC/AQ-10) [VI]. Also, it was found that on the
GC electrode the electrografted MAQ films were less than a monolayer
compared to the multilayer AQ films obtained via reduction of aryldiazonium
salts [[V-VI]. The surface blocking behaviour of the AQ films prepared by RG
and RDE method on GC electrodes towards the Fe(CN)s"* redox probe was
also studied. The response of the Fe(CN)s" '+ redox probe was strongly sup-
pressed [VI].

The ORR was studied on AQ grafted and unmodified nanomaterial coated
GC electrodes [1, II]. The highest electrocatalytic activity towards the ORR was
observed in case of spontaneously modified MWCNTs and OH™ ionomer coated
GC electrode (GC/MWCNT/AQg/]) [11]. The ORR was also investigated on GC
electrodes electrografted with AQ and MAQ groups [IV, V]. The amount of
electroactive redox species in the aryl film had no remarkable influence on the
ORR performance in case of both, AQ and MAQ films [IV, V]. Stronger
suppression of the oxygen reduction rate on the native GC surface sites was
observed due to thicker AQ film compared to the thinner MAQ film [IV, V].
The inhibiting effect of OH ionomer on the ORR rate was observed when the
RDE polarisation curves of the electrodes with and without OH ionomer were
compared [I, I1].

The second part of the thesis described the modification of Ni, Au and Cu
electrodes with aryl films and characterisation of the prepared electrodes. The
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modification of the electrodes was successful according to the XPS and AFM
results verifying the presence of the aryl film on the electrodes. The aryl films
of NP and AQ with the thickness up to 47 nm (Cu-NP-RDE-1.5) were prepared.
The RG method was found to be beneficial for obtaining thicker NP film on Ni
electrode compared to the “normal electrografting” [VII]. The RG and RDE
combined method was more efficient for preparing thicker films on Cu and Au
electrodes compared to the RG method [VI, VIII]. By using the latter method,
the highest known I'sq values of 12 nmol cm 2 and 21 nmol ¢cm ™ for Cu-AQ-
RDE-1.5 and Au/AQ-10 electrodes, respectively, were obtained [VI, VIII]. The
surface blocking of Ni electrode towards the Fe(CN)s’~ reduction was more
efficient in case of redox grafted NP film compared to the NP film prepared by
“normal electrografting” [VII]. The Fe(CN)s’~ reduction on the Au electrode
was most suppressed in case of the AQ film prepared by RG and RDE
combined method (Au/AQ-10) [VI]. In case of Cu, the response of Fe(CN)g> ™+
redox probe was completely suppressed in case of redox grafted NP film and
the AQ film prepared by RG and RDE combined method [VIII]. The blocking
of the ORR on the aryl film modified Au and Cu electrodes was not as
sufficient as the blocking behaviour towards the ferricyanide reduction [VI,
VIII]. In case of aryl film modified Cu electrodes, the suppression of ORR
current did depend on the used electrografting conditions.

In the third part of the thesis the electrocatalysts prepared from the composi-
te materials of SAN-MWCNT, SAN/PAN/CNT and PDC were studied towards
the ORR [IX-XI]. In case of the SAN-MWCNT catalysts, the MWCNTs were
successfully doped with N during the pyrolysis according to the XPS studies.
The SAN-MWCNT carbonised at 800-900 °C appeared to be highly active
catalyst material towards the ORR. The inhibiting effect of OH ionomer on the
ORR current was also observed for SAN-MWCNT catalysts [IX]. In case of
SAN/PAN/CNT materials, the CNF catalyst with highest ORR performance
was obtained when the composite was pyrolysed at 1100 °C. The SAN/PAN/
CNT catalysts also consisted of O, C and N as the SAN-MWCNT materials
according to the XPS results [X]. Lastly, the transition metal containing and
pristine PDC materials were studied as ORR catalysts. Different PDC materials
were additionally functionalised with N via pyrolysis using the DCDA as
nitrogen precursor at 800 °C. The catalyst with the highest activity towards the
ORR was obtained in case of Co and N codoped PDC material exhibiting the
Eonset of —0.11 V vs SCE and the ORR proceeded via 4-electron pathway. The
PDC catalysts were also studied in neutral solution (pH = 7) for the possible
further application of the best performing material as a cathode catalyst in MFC.
In addition to N, O and C the PDC materials also contained Si according to the
XPS studies [XI]. The high ORR performance of the Co and N codoped PDC
catalyst was attributed to the introduction of N-functionalities and transition
metal into the material during the pyrolysis [XI].
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10. SUMMARY IN ESTONIAN

Aruulkilede ja nanokomposiitmaterjalidega modifitseeritud
susinik- ja metallelektroodide pinna ja elektrokeemiliste
omaduste karakteriseerimine

Kéesoleva doktoritdé eesmirk oli valmistada ja uurida ariiiilkiledega modifit-
seeritud siisinik- ja metallelektroodide ning mittevéédrismetallidel pohinevate
kataliisaatormaterjalide pinna- ja elektrokeemilisi omadusi. Sellest 1dhtuvalt on
kiesolev doktoritdo jagatud kolmeks osaks.

Doktorit6d esimene osa kirjeldab siisinikelektroodide modifitseerimist erine-
vate ariiiilkiledega ning valmistatud elektroodide fiilisikalist ja elektrokeemilist
karakteriseerimist [[-VI]. Mitmeseinaliste siisiniknanotorude (MWCNT) ja
grafeeni funktsionaliseerimine 9,10-antrakinooni (AQ) riihmadega viidi 14bi dia-
sooniumisoolade redutseerumise meetodil nii spontaanselt kui ka ,tavalisel”
elektrokeemilisel meetodil [I, II]. Keemilisel aurufaasist sadestamise meetodil
valmistatud grafeeni (CVD-GR) ja klaassiisinik elektroodidel (GC) valmistati
lisaks paksusid AQ ja 4-nitrofeniiiilriihmade (NP) kilesid redokspookimise
meetodil [III, V]. Redokspookimise meetodil valmistatud NP kile paksus CVD-
GR elektroodil oli 30 nm [III]. GC elektroodidel valmistati lisaks ka metiiiil-
antrakinooni (MAQ) kilesid. Valmistatud MAQ kiled olid vahem kui monokihi
paksused vorreldes mitmekihiliste AQ kiledega GC elektroodide korral [IV, V].
Viimasena valmistati paksusid AQ kilesid GC elektroodidel teadaolevalt esma-
kordselt redokspookimise ja pdorleva ketaselektroodi (RDE) kombineeritud
meetodil [VI]. Sellisel viisil valmistatud AQ kiles méérati ka suurim teadaolev
AQ elektroaktiivsete rithmade hulk (/'sq) GC elektroodil (18 nmol cm™) [VI].

Hapniku redutseerumise uuringud aluselises keskkonnas viidi 1dbi AQ kile-
dega modifitseeritud siisinikmaterjalidega ja (M)AQ kiledega kaetud GC elekt-
roodidel [I, II, IV-V]. Koige aktiivsem kataliisaatormaterjal hapniku redutsee-
rumisel oli AQ rithmadega spontaanselt modifitseeritud MWCNT [II]. Erinev
elektroaktiivsete MAQ ja AQ riihmade hulk ariitilkiles GC elektroodidel ei
mojutanud hapniku redutseerumise elektrokataliilisi efektiivsust. Kiill aga oli
mairgata rohkem hapniku redutseerumise inhibeerimist GC enda tsentritel
paksemate AQ kilede korral vorreldes dhemate MAQ kiledega [IV, V]. Anioon-
vahetus poliimeeri (OH ionomeer) kasutamise puhul kataliisaatormaterjali
koostises oli mérgata voolu mdningat inhibeerimist OH ionomeeri kasutamise
tottu [I, ). Lisaks viidi l&bi ka pinna blokeerumise uuringud redokspookimise
ja RDE kombineeritud meetodil valmistatud AQ kiledega GC elektroodidel.
Vastavate AQ kilede tdttu oli Fe(CN)s* '+ redokspaari vool elektroodidel tuge-
valt maha surutud vorreldes puhta GC elektroodiga [VI].

Doktoritdo teises osas uuriti NP ja AQ ariililkilede valmistamist ja kilede
fiiiisikalisi ning elektrokeemilisi omadusi metallelektroodidel (Au, Ni, Cu) [VI-
VIII]. Ariitilkilede olemasolule modifitseeritud elektroodidel saadi kinnitust
rontgenfotoelektronspektroskoopia (XPS) ja aatomjoumikroskoopia (AFM)
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eksperimentidest. Kodige paksem ariiiilkile kéesolevas doktoritods (47 nm)
mdddeti NP kilega Cu elektroodil, mis oli valmistatud redokspookimise ja RDE
kombineeritud meetodil (Cu-NP-RDE-1.5) [VIII]. Redokspookimise meetodil
valmistatud NP kile Ni elektroodil oli paksem vdrreldes ,tavalise“ elektro-
keemilise meetodiga valmistatud NP kilega [VII]. Redokspookimise ja RDE
kombineeritud meetod osutus efektiivsemaks paksemate ariiiilkilede valmista-
miseks Au ja Cu elektroodidel vorreldes ainult redokspookimise meetodiga [V,
VIII]. Kasutades redokspookimise ja RDE kombineeritud meetodit valmistati
suurima teadaoleva I’y vidrtusega AQ kiled vask- (12 nmol cm?, Cu-AQ-
RDE-1.5) ja kuldelektroodidel (21 nmol cm?, Aw/AQ-10) [VI, VIII]. Pinna
blokeerimine Fe(CN)s* " redokspaari suhtes oli efektiivsem NP kilega kaetud
Ni elektroodi puhul, mis oli valmistatud redokspookimise meetodil [VII]. AQ
kiledega kaetud Au elektroodide puhul oli kdige efektiivsem pinna blokeeri-
mine Fe(CN)s"™* redokspaari suhtes redokspookimise ja RDE kombineeritud
meetodil valmistatud kile korral (Au/AQ-10) [VI]. Cu elektroodide korral oli
elektroodi pind Fe(CN)s"* redokspaari jaoks kdige efektiivsemalt blokeeritud
redokspookimise meetodil tehtud NP kile ja redokspookimise ning RDE kombi-
neeritud meetodil tehtud AQ kile korral [VIII]. Hapniku redutseerumise
blokeerimine ariililkiledega modifitseeritud Au ja Cu elektroodidel ei olnud
niivord efektiivne kui Fe(CN)s*"* redokspaari korral. Ariiiilkiledega modifit-
seeritud Cu elektroodide puhul olenes ariiilkile blokeerimise moju hapniku
redutseerumisele kasutatud modifitseerimisprotseduurist [ VIII].

Doktorit6d viimases osas uuriti elektrokedratud poliimeeridel pohinevaid
stisiniknanotorusid sisaldavaid materjale (SAN-MWCNT, SAN/PAN/CNT) ja
ranioksiikarbiidil pohinevaid materjale eesmargiga kasutada neid mitte-vaaris-
metallkataliisaatorina hapniku redutseerumisreaktsiooni jaoks [IX—XI]. Kdige
efektiivsem SAN-MWCNT materjalil pShinev hapniku redutseerumise katalii-
saator valmistati piiroliiiisil 800—900 °C juures ning lisaks oli elektrokeemiliste
katsete kédigus mérgata ka OH ionomeeri inhibeerivat mdju hapniku redutsee-
rumisele [IX]. SAN/PAN/CNT materjali korral onnestus valmistada koige
efektiivsem hapniku redutseerumise kataliisaator 1100 °C juures [X]. XPS ana-
liiisi pohjal sisaldasid mdlemad poliimeeridel pShinevad ja siisiniknanotorusid
sisaldavad kataliisaatormaterjalid elemente O, N ja C. Rénioksiikarbiidil pohi-
nevate materjalide korral osutus kdige aktiivsemaks kataliisaatoriks siirdeme-
talli (Co) sisaldav materjal, mida oli dopeeritud ldmmastikuga piiroliiiisil 800 °C
juures kasutades lammastikuallikana ditstiaandiamiidi. Antud materjalil toimus
4-elektroniline hapniku redutseerumine ning veel téheldati, et vastav reaktsioon
algas suhteliselt madalal iilepingel [XI]. Lisaks testiti seda materjali ka neut-
raalses keskkonnas eesmirgiga kasutada valmistatud kataliisaatormaterjali mik-
roobse kiituselemendi katoodil. Antud kataliisaatormaterjali hapniku redutsee-
rumise aktiivsuse olulisimaks pohjuseks leiti olevat materjali struktuuri piiro-
liiisi kdigus viidud aktiivsed lammastikuriihmad ja siirdemetall [XI].
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