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2. ABBREVIATIONS AND SYMBOLS

geometric surface area of an electrode
anion exchange membrane
anion-exchange membrane fuel cell
atomic force microscopy
boron-doped diamond
carbide-derived carbon

carbon nanofibers

carbon nanotubes
cobalt(Il)phthalocyanine
5,10,15,20-tetrakis(4-methoxyphenyl)-2 1H,23H-porphine cobalt(II)
cetyltrimethylammonium bromide
chemical vapour deposition

concentration of oxygen in the bulk solution

cyclic voltammetry
diffusion coefficient of oxygen

dihexadecyl hydrogen phosphate
double-walled carbon nanotubes

electrode potential

standard potential

half-wave potential

electrochemical-chemical

energy dispersive X-ray spectroscopy
Faraday constant

iron(Il)phthalocyanine
5,10,15,20-tetrakis(4-methoxyphenyl)-2 1H,23H-porphine iron(II)
glassy carbon

graphene oxide

highly oriented pyrolytic graphite
high-resolution scanning electron microscopy
high-resolution transmission electron microscopy
current

diffusion-limited current

disc current

kinetic current

ring current

current density

diffusion-limited current density

kinetic current density

heterogeneous electron transfer rate constant



K the apparent electrochemical rate constant for O, reduction
K-L Koutecky-Levich

MEA membrane-electrode assembly
MWCNTs multi-walled carbon nanotubes

n number of electrons transferred per O, molecule
N collection efficiency

NG nitrogen-doped graphene

ocv open circuit voltage

ORR oxygen reduction reaction
PEMFC  proton-exchange membrane fuel cell
PG pyrolytic graphite

Pt/C carbon-supported Pt catalyst
PTFE polytetrafluoroethylene

Q quinone

RDE rotating disk electrode

rGO reduced graphene oxide

RH relative humidity

RHE reversible hydrogen electrode
RRDE rotating ring-disk electrode

rpm revolutions per minute

RVC reticulated vitreous carbon

Sa specific surface area

SEM scanning electron microscopy
SCE saturated calomel electrode

SDS sodium dodecyl sulphate

SHE standard hydrogen electrode
SWCNTs single-walled carbon nanotubes

T temperature

TEM transmission electron microscopy
Vo total volume of pores

Vu volume of micropores

v potential scan rate

XRD X-ray powder diffraction

XPS X-ray photoelectron spectroscopy
0 electron take-off angle

v kinematic viscosity of the solution
D percentage of peroxide formation on the disk
1) electrode rotation rate
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3. INTRODUCTION

Over the past few decades different carbon nanomaterials such as nanocrystals,
nanowires, nanotubes, nanofibers, graphene and carbide-derived carbons have
been extensively studied and they have found numerous promising applications
in energy conversion and storage [1,2]. Nanomaterials can be defined as those
whose characteristic length scale lies within the range between one and several
hundreds of nanometers [3]. Carbon nanostructures can be classified by using
terminology in terms of three allotropic modifications of carbon materials:
1) flat sp® hybridisation of carbon in graphite, 2) curved sp® hybridisation in
fullerenes, nanotubes or nanofibers and 3) sp” hybridisation in diamond [4].

The real nano-boom of carbon nanomaterials started after discovery of
carbon nanotubes in early 1990s [5]. Since then there has been immense interest
in the research of carbon and its related nanomaterials [6]. Research of carbon
nanomaterials has led to many new technical developments and applications
and this is mainly due to their excellent chemical and physical properties.
Recent electrochemical studies have demonstrated that carbon nanomaterials
have the ability to promote electron-transfer reactions [7].

The electrochemical reduction of oxygen continues to be an attractive
research area with different experimental and fundamental approaches focused
on understanding the mechanism of its catalysis [8—11]. The oxygen reduction
reaction (ORR) proceeds by either two-electron pathway, where the final
product is hydrogen peroxide or by a direct four-electron pathway, which is a
crucial reaction in fuel cells and produces water as the final product. The
reduction of O, proceeds on the cathode side of a fuel cell and the efficiency of
the cell depends directly on the kinetics of this reaction [12].

The aim of this PhD thesis was to study the effect of different carbon
nanomaterial-based catalysts on the electrocatalysis of the ORR. The main
attention was focused on the electrocatalytic activity of carbon nanotubes and
carbon nanotube supported catalysts. In addition carbide-derived carbons and
graphene-supported catalysts were investigated. The kinetic parameters of O,
reduction on these catalysts were determined and anion-exchange membrane
fuel cell studies were performed.

In the first part of this work, the electrocatalytic reduction of oxygen has
been studied on single-walled and multi-walled carbon nanotube modified
glassy carbon electrodes in acid solution and the effect of the acid treatment of
carbon nanotubes was investigated [].

In the main part of the thesis the electroreduction of oxygen has been studied
on carbon nanotube-based electrodes [ILIII] and both, the effect of surfactants
and pH dependence have been investigated on these materials [IV]. Oxygen
reduction on different carbon nanomaterials in alkaline media has been
compared as well [V].

In the third part of the work the ORR on multi-walled carbon nanotube
supported metal phthalocyanines and porphyrins was investigated, both in acid
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[VI] and alkaline media [VII]. In addition, anion-exchange membrane fuel cell
experiments with iron and cobalt phthalocyanine/multi-walled carbon nanotube
cathode catalysts have been performed [VIII].

Finally metallophthalocyanines and metalloporphyrins supported on
graphene nanosheets were studied as electrocatalysts for ORR in alkaline media
[IX].

The surface structure, composition and morphology of carbon nanomaterials
and nanocarbon supported catalysts has been examined by transmission electron
microscopy, high-resolution scanning electron microscopy, X-ray photoelectron
spectroscopy, Raman spectroscopy and X-ray powder diffraction analysis.
Electrochemical experiments were carried out using cyclic voltammetry, the
rotating disc electrode and the rotating ring-disc electrode methods.
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4. LITERATURE OVERVIEW

4.1. The general scheme of oxygen electroreduction
The oxygen reduction reaction (ORR) is a multielectron reaction which in
aqueous solutions can proceed by two major pathways. The ORR proceeds by
either two- or four-electron pathway yielding hydrogen peroxide or water as the
final product.

In alkaline solutions these reactions are:
0, +2H,0 +4e — 40H E’=0.401 V vs. SHE (1)
0,+H,0+2¢ - HO, +OH  E°=-0.065V, ()
hydrogen peroxide intermediate can be further reduced:
HO, +H,0 +2¢ — 30H E’=0.867V, (3)

or catalytic decomposition (disproportion) takes place:

2HO, — 20H + 0,. (4)

In acid solutions, the corresponding reactions are:

0, +4H +4e — 2H,0 E'=1229V, (5)

0, +2H"+2e — H,0, E'=0.67V, (6)
peroxide can be further reduced:

H,0, + 2H'+2¢ — 2H,0 E'=1.77V, (7)
or catalytically decomposed (disproportionated):

2H,0, — 2H,0 + O, ®)

[13-16].

The simplified reaction pathway is shown in Scheme 1 [16].
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Scheme 1. Simplified mechanism of oxygen reduction in acid solutions. The rate
constants for different steps are indicated in the scheme (%;). (ads) denotes the species in
their adsorbed state.

In spite of apparent simplicity, these overall reactions represent a complex
electrocatalytic network and involve many elementary steps. The dominating
pathway depends on different factors, like solution pH, electrode material and
electrode potential [15,16].

4.2. Oxygen reduction on bulk carbon electrodes

The electrochemical reduction of oxygen on carbon-based electrodes has
received a long-standing interest and has been extensively studied [17]. It has
been recognised that different types of carbons have different electrocatalytic
properties for ORR. Oxygen reduction on carbon materials, such as pyrolytic
graphite (PG), highly oriented pyrolytic graphite (HOPG), glassy carbon (GC),
boron-doped diamond (BDD), reticulated vitreous carbon (RVC) and other
carbon materials has been reviewed by Tryk et al. [18]. Oxygen reduction on
carbon electrodes has been mainly investigated in alkaline solution, because
most of the carbon materials have catalytically active properties for ORR at
higher pHs [19-24]. The only exceptions are basal plane HOPG and BDD,
which strongly inhibit this reaction [25]. The ORR on bulk carbon electrodes
has been also examined in acid media [26-29]. Even though the process of
ORR on different carbon materials has been extensively studied, the mechanism
of this reaction is still not entirely clear. It is generally considered that both in
acid and alkaline media oxygen reduction on carbon electrodes comprises the
formation of hydrogen peroxide.

The early work on the ORR on carbon materials was made by Davies et al.
[30], who proved that the ORR on carbon electrodes occurs without the rupture
of the O-O bond. In the further research Yeager et al. [31] demonstrated on the
basis of the results obtained with pyrolytic carbon and porous carbon that the
rate-determining step of O, reduction in alkaline media is the first electron
transfer to form hydroperoxyl radical (HO,) or superoxide anion (O,) and
speculated about the role of surface functional groups in the electrocatalysis of
the ORR. In the following studies, Morcos and Yeager demonstrated the
inhibiting effect of the basal plane HOPG on the electroreduction of oxygen.
They compared the electrocatalytic properties of edge plane and basal plane and

14



speculated again about the possible involvement of the native oxygen-
containing groups of carbon in the ORR [19].

Sabirov and Tarasevich investigated the kinetics of the ORR on PG and GC
electrodes [32]. They showed that the ORR on PG and GC in alkaline solution
and on PG in acid solution proceeds via intermediate peroxide formation.
At E>—0.2 Vvs. RHE in 0.5 M H,SO, peroxide is a stable product of reaction
results. The same group of researchers studied the pH-dependence of the
oxygen electroreduction on PG electrodes and concluded that in the pH range
between 1 and 4 the rate of O, reduction is independent of pH [33].

Inspired by the previous studies and ideas about the possible role of the
oxygen-containing functional groups in the process of the ORR, Yeager and co-
workers finally proved this fact in 1989 [21]. They demonstrated that quinones
adsorbed on the basal plane of HOPG act as effective electrocatalysts for ORR
in alkaline media. They suggested that the mechanism involves a redox
mediation process with the one-electron reduced quinone (radical anion), which
is followed by the further reduction of the radical anion to dianion at more
negative potentials. After their leading work, many studies have been made to
examine the ORR on quinone-modified electrodes [22,34—40]. To confirm the
theory of the surface functional groups, Yano et al. prepared as-deposited CVD
diamond surface similar to HOPG material and tested it as the ORR catalyst.
BDD was even less active than HOPG because of the absence of surface
functional groups [41]. These studies made new insights into the role of surface
functional groups of carbon materials as catalyst centres for oxygen reduction.

As mentioned above, the mechanism of O, reduction is influenced by the
solution pH [18]. The pH effect on the kinetics of O, reduction has a
considerable practical importance. Tarasevich et al. claimed that the half-wave
potential (£;,) of O, reduction on PG is almost constant in the pH range from
1.5 to 14 [42]. A similar effect was also observed by Tryk et al. on BDD and
HOPG [18]. However, more recent studies have indicated that O, reduction on
carbon materials is still dependent on pH. Yang and McCreery found that for
pH 12-14 the reduction of O, appears to be independent of pH but as pH
decreases, O, reduction turns to be dependent on pH [28]. Taylor and Humffray
stated that the product of oxygen electroreduction is also dependent on pH [43].
It has been proposed that the pH dependence at higher pHs is caused by quinone
functionalities of carbon materials [21]. It is considered that the semiquinone
radical anion (Q*") is responsible for the electrocatalysis of oxygen reduction
[22,25]. In this case the reduction of O, follows an electrochemical-chemical
(EC) mechanism according to:

Q(o‘) +e _>QE;) )
Qg,, +0,(aq)—>Q-03,, (10)
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The superoxide intermediate is represented as Q—O,) . The intermediate reacts
with a second electron and protons from water, thus producing hydrogen
peroxide (Reaction (11)).

Q-0%,, +2H" +¢e-——Q,, +H,0, (11)

At pH > 12 hydroperoxide anions (HO,") are the main products of this reaction.
As supposed by Wass et al. [44] reactions (9—11) correspond to the reduction of
O; in solutions with pH > pK, of the semiquinol present as a radical anion,
however, at pH < pK, the semiquinol formed by Reaction (12) undergoes
Reaction (13), in which case the superoxo intermediate is protonated

(Q-HO ;(0) , Reaction (13)). This species reacts with a second electron and a

proton producing hydrogen peroxide (Reaction (14)).

Q) +H"—HQ(,, (12)
HQ® +0,(aq)—>Q-HO}, (13)
Q-HO,, +H" +e- ——>Q, +H,0, (14)

The kinetics of O, reduction on quinone-modified electrodes has been
thoroughly studied by our group and the results obtained are summarised in the
PhD thesis by A. Sarapuu [45] and M. Kullapere [46]. The pH-dependence of
O, reduction on bare GC electrodes has been studied by Jiirmann et al. [47]. The
rate constant for O, reduction on GC electrodes increases with increasing
solution pH. It was found that the O, reduction activity was higher in the
solutions of high pH. At lower pH, the nature of active sites on GC changes and
as a result, the value of Ej, for O, reduction is almost independent of pH. All
this is also confirmed by Tryk et al. [18] who compared the pH dependence of
O, reduction on BDD and GC surfaces. It appears from their results that there is
no pH dependence of O, reduction on the BDD electrode which has no quinone-
type functionalities on the surface. At the same time, the reduction on the bare
GC celectrode which has a variety of different quinones on the surface, is
sensitive to pH. Thereby it is a well proven fact that the pH dependence is
caused primarily by the surface oxygen functionalities like quinone-type
groups, not the carbon material itself.
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4.3. Oxygen reduction on carbon nanomaterials

There have been numerous recent efforts to characterise different carbon
nanomaterials as possible electrocatalyst supports as reviewed by Sharma and
Pollet [48]. A number of carbon materials, such as activated carbons, carbon
nanotubes and other types of carbon along with a large variety of precursors and
synthesis conditions have rendered long and systematic research [49]. Carbon
materials used in these studies range from conventional carbon powders such as
Vulcan XC72, Ketjen Black, Black Pearls BP2000, Shawinigan carbon black
and activated carbons, to fewer known carbon fibers, hard carbon spherules and
carbide-derived carbons. Along with the scientific breakthrough of synthesis of
nanostructured carbon materials, several new forms of nanocarbons have been
synthesised like carbon nanocapsules and different forms of carbon nanotubes
[49,50]. For many years micro- and mesoporous carbon materials and the
optimisation of the pore size of these materials have been in the special focus of
scientific research [49].

4.3.1. Oxygen reduction on CNTs and carbon nanofibers

Carbon nanotubes are long cylinders of 3-coordinated carbon, slightly
pyramidalised by curvature from the pure sp® hybridisation of graphene,
towards the diamond-like sp’ [1,51]. Carbon nanotubes were discovered by
lijima in 1991 as a minor by-product of fullerene synthesis [5]. Since then a
remarkable progress has been made in the field of carbon nanotube research
including the discovery of three different structures of CNTs (single-walled,
double-walled and multi-walled carbon nanotubes). Out of these different forms
of CNTs, multi-walled carbon nanotubes (MWCNTs) have been most
frequently employed in research and in different practical applications, this is
mainly because of the ease of production of this material. Carbon nanotubes
have unique structural, mechanical, electronic and chemical properties including
exceptional strength, stiffness and high thermal and electric conductivity [1].
The closed topology and tubular structure make them unique compared with
other forms of carbon [52—54]. Great steps and numerous studies have been
taken in their synthesis, purification and elucidation of fundamental physical
and chemical properties. Besides all the other investigations, immense work has
been made to clarify the electrochemical properties of carbon nanotubes,
including the electrocatalysis of oxygen reduction in both acid [29,55-57] and
alkaline media [58—64].

CNT-modified electrodes are active electrocatalysts for O, reduction in
alkaline solution [61,64], whereas in acid media their activity is much lower
[29,65]. Therefore in acid media, carbon nanotubes have been mostly employed
as catalyst supports [66,67]. Ajayan’s group has reported that some of the
reasons for the improved activation behaviour for ORR are heptagon-heptagon
defect pairs in the lattice pentagons at CNT tips and curvature of CNT [52].
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Different carbon-oxygen functionalities on the surface of CNTs are related to
the electrocatalytic activity for ORR in alkaline media whereas in acid media
the effect and role of the oxygen functionalities formed on the edge plane-like
defects at the open ends of the MWCNTs and at the hole defects on the tube
walls are not yet clear and identified. Matsubara and Waki demonstrated that
the onset potential of oxygen reduction on oxidised MWCNTs shifts positive
approximately 60 mV compared with the untreated MWCNTSs [68]. This
positive shift demonstrates the possibility that oxygen functionalities introduced
by acid treatment have considerable effect on the ORR in acid media. Similar
performance has been observed for other carbon materials as well [27,69].
Strelko et al. attributed the improved electrocatalytic activity of MWCNTSs in
acid media to the oxygen heteroatoms incorporated in groups of carbonyl and
furan types [70].

Even though carbon-oxygen functionalities can change the ORR activity of
MWCNTs in acid media, the ORR still follows the 2e” pathway in the potential
range between —0.4 and —0.15 V vs. SCE and thereby H,0, is the final product
of the electroreduction of O, [29]. It has been proposed that this reaction
pathway of the ORR is affected and the further reduction of H,O; is limited by
the larger amount of oxygen functionalities on MWCNTs. This theory is based
on the presumption that the presence of oxygen functionalities can inhibit the
ability of releasing electrons and the reductive adsorption of oxygen [68]. O-
functionalised CNTs have been thought to act similar to graphite oxide/
graphene oxide (GO) because functionalisation by corrosive acids turns CNTs
into CNT-oxides which should theoretically perform similar to GO [58]. As
observed for GO, defecting nature and reduced electric conductivity will impair
the outstanding properties of CNT material [58,71].

It has been proposed that in many cases the catalyst impurities remaining in
CNTs during their fabrication by chemical vapour deposition (CVD) are
responsible for their electrocatalytic activity in various reactions. The role of the
metal impurities in the improvement of the ORR kinetics has been discussed
recently [29]. Banks et al. reported that metal impurities in CNTs are partially
overcoated with graphite shells [72,73] and thereby it is extremely difficult to
purify the CNTs from catalyst impurities, which are left behind in the CVD
method of preparation of carbon nanotubes. Even acid washing of the as-
prepared CNTs does not help to completely get rid of iron impurities existing in
the nanotubes [I]. Because of this, one of the most fundamental challenges in
carbon nanotube science is the development of efficient and simple but not
harsh purification methods for cleaning the CNTs from the significant amount
of embedded secondary phases, such as graphitic particles, amorphous carbon
and residual metal catalyst impurities (typically Fe, Co, Mo or Ni) used in their
growth [74-79]. When the content of amorphous carbon and metal
nanoparticles is high, it is essential that the impurities are removed if one
wishes to work with a specific carbon material and not a composite. For that
reason there has been an extensive research interest in using various methods of
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removing impurities from CNTs. Several highly effective purification
techniques have been established, including microfiltration, chromatography
and centrifugation, although these are rarely used. A far-spread method has
been the use of oxidative treatments, usually employing strong oxidising acids
[76]. Acid treatment typically involves refluxing CNTs in HNOs, H,SO,4, HCI1
or mixtures of these acids [78,80,81]. In some cases CNTs have been purified
even in more oxidative and extreme conditions like using piranha solution for
this purpose [82], but the problem in this case is that the shortening of CNTs
takes place during acid treatment of the nanotube material in such harsh
conditions [83,84].

Mixtures of concentrated HNO; and H,SO, are most effective in removing
amorphous carbon, while the HCI treatment, in conjunction with sonication, is
considered to assist the removal of catalytic metal nanoparticles [85]. Different
groups advocate slightly different acidic treatment conditions based on
variations in duration, concentration, use of sonication and repeated cycles. An
important consideration in choosing the suitable purification method is the
secondary effect of the acid purification process, which typically results in the
“‘cutting”’ effect of CNTs, i.e. opens the ends of CNTs, cuts CNTs, damages
surface structure, damages oxidatively the sidewall and introduces oxygenated
functional groups on CNTs ends and side holes [86]. The ends and defects
formed in the CNT sp® structure are functionalised with oxygen-containing
groups, such as hydroxylic, carboxylic and ketone groups. While oxygen-
containing surface species can aid certain electrochemical reactions, the
presence of sidewall defects causes significant changes in the CNT electronic
states near the Fermi level. It has also been shown that the increase of graphitic
defects and thereby also oxygen-containing groups created during the acid
oxidation process can cause a slight improvement in the oxygen reduction
activity [87]. At the same time it has been reported that for many
electrochemical reactions, the oxygen-containing species formed as a result of
acid washing of CNTs are not considered electrocatalytically active sites
because they do not considerably influence the kinetics of heterogeneous
charge-transfer processes, as demonstrated by Banks et al. [88].

Although the exact electrocatalytic role of the surface functionalities
attached by the acid treatment is not yet clear and proven, the influence of these
oxygen-containing groups on the surface modification of CNTs is well studied
and confirmed. Acid treatment is important from the catalyst support point of
view because to support an active electrocatalyst on their surface, CNTs should
have some functional groups to hook up or to anchor the active entities on the
functional groups [65]. Unfortunately the CVD synthesised CNTs are
hydrophobic and therefore the modification of CNTs with other catalysts is
complicated and introducing a suitable functionality requires special methods
[89,90]. Treatment with oxidising agents such as acids is one of the most
common methods to form these carbon-oxygen functionalities. Another
possibility is to use electrochemical oxidation methods to get CNTs wetted and
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immersed in the solution for electrochemical applications involving aqueous
electrolytes [91].

For alkaline media, some research groups have proposed that the enhanced
O, reduction current at pre-wave potentials is caused by quinone-type
functionalities [22,92]. Surface-confined quinones were employed as
electrocatalysts for the quantitative reduction of O, to hydrogen peroxide
[22,25,36]. It is considered that the semiquinone radical anion (Q) is
responsible for the electrocatalysis of oxygen reduction [21,22]. The reduction
of oxygen follows an electrochemical-chemical (EC) mechanism according to
the Reactions (9—11) [22]. Reaction (10) is considered to be the rate-
determining step in the overall reduction of oxygen. Besides the carbon nano-
tubes, carbon nanofibers (CNFs) have been extensively studied as a possible
catalyst and catalyst support material [93,94]. Carbon nanofibers could be
defined as sp’-based linear filaments with diameter of ca. 100 nm that are
characterised by flexibility and their high aspect ratio (above 100) [95]. Carbon
materials in the form of fiber are of great practical and scientific importance.
CNFs can be used for a variety of promising applications such as functional and
structural composites and catalyst support in fuel cells because of their long
cycle life, high electrical conductivity and low price compared to similar
nanostructures like carbon nanotubes [96]. Moreover, the ratio of edge to basal
plane atoms is controllable, providing a means to adjust the interaction of metal
with the support [97]. The main advantage of CNFs over many other carbon
nanomaterials is that their unique microstructure and texture are tunable. Such
parameters as diameter, the ratio of the edge atoms to basal atoms and graphite
plane angle to the fiber axes are changeable, which makes it possible to modify
the catalytic properties of CNFs and alter the deposition methods of various
catalysts. Generally, CNFs can be divided into three different forms according
to the different arrangement of graphene layers — platelet CNF, tubular CNF and
fish-bone CNF [98]. Similarly to CNTs, common method for CNF synthesis is
thermal CVD where the carbon source is decomposed on metal catalysts. Even
though the synthesis process is very similar to the growth condition of carbon
nanotubes, their geometry is different from concentric carbon nanotubes
containing an entire hollow core, because they can be visualised as regularly
stacked truncated conical or planar layers along the filament length [99,100]. In
common to the CNT production, the metal catalyst residues will remain in the
as-grown CNFs after the process of synthesis and therefore CNF material needs
to be purified from metal nanoparticles before usage as a catalyst support [101].
Otherwise the impurities and metal catalyst will alter the electrochemical
properties of CNFs [102]. CNFs are also considered as the potential candidate
for ORR cathode catalyst for alkaline fuel cells because of their high chemical
and thermal stability and high surface area [103]. It has been shown that the
electrocatalyst supported on CNF exhibits a higher electrochemical surface area
and more positive onset potential for ORR than that supported on activated
carbon [104]. The ORR activity of CNFs is not only dependent on the
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microstructure and surface area but is also significantly determined by surface
functional groups [105]. Similar to CNTs, these surface functional groups can
be attached to the CNF material during the acid treatment [106].

4.3.2. Oxygen reduction on carbide-derived carbons

One of the promising classes of carbon materials with optimisable pore size and
structure can be synthesised by the selective extraction of metal atoms out of
metal carbides [107,108]. This extraordinary material produced by the
extraction of metals from carbides is called carbide-derived carbon (CDC).
These CDC materials offer variable pore diameters as well pore volumes
and high specific surface area up to 2000 m*g"' [109]. CDCs are produced at
temperatures from 200 to 1200 °C as a powder with or without mesopores.
These materials can find application in gas storage, catalysts, adsorbents,
battery electrodes, supercapacitors, water/air filters and medical devices [110].
Different CDCs have been investigated and different pore sizes have been
achieved by the selection of metal carbide and optimising chlorination
temperatures [110]. Gogotsi et al. have reported major efforts towards the
control of the size, shape and uniformity of the pores as well demonstrated the
possibility of tuning porosity of carbide-derived carbons with subéngstrom
accuracy in a wide range by controlling the chlorination temperature [110].

From the electrochemistry and oxygen reduction electrocatalysis point of
view, one of the most important aspects concerning the electrocatalytic
properties of CDCs is related to their catalytically effective pore size. It appears
that micropores are hard to be reached by reacting species in electrochemical
conditions [111] and for this reason, the process of O, reduction proceeds
basically on the surface of carbon particles and in mesopores. Therefore, for the
optimisation of synthesis of CDC materials it is important to achieve catalyst
material with maximum amount of mesopores which thereafter would give a
higher oxygen reduction activity for these materials. It has been found that
similarly to other carbon materials, the CDC-modified electrodes are active
electrocatalysts for O, reduction in alkaline solution [V]. Up to now only a few
studies have been made to investigate the electrocatalytic properties of CDCs
for oxygen reduction [112—114]. Most of these studies of ORR have been made
with CDC supported precious-metal materials because CDCs afford perfect
porosity for metal nanoparticle modification and encapsulation [115,116]. The
electrocatalytic properties of CDCs for O, reduction are of great fundamental
and practical importance, because of the possibility of using CDC as support
material for various catalysts in fuel cell applications [117].
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4.3.3. Oxygen reduction on graphene

Graphene is a flexible and expandable two-dimensional carbon nanostructure
consisting of sp” carbon atoms. Graphene is densely packed into honeycomb
lattice and is the base of graphitic materials such as fullerenes, carbon
nanotubes and graphite [118,119]. It has promising applications thanks to
several features: the mechanical strength inherent in the strong covalent bond
between adjoining carbon atoms in a basal plane, the unique chemistry of the
edges of a graphene sheet, large theoretical surface area, high electrical
conductivity and high thermal and chemical stability [120,121]. Graphene has
attracted a great interest in different electrochemical applications especially
because of its high specific surface area and good electrical conductivity
[122,123] and therefore has found usage in various applications, such as
batteries, supercapacitors and fuel cells [124,125]. Besides other applications,
graphene nanosheets have been successfully used as electrocatalysts for ORR
[126-130].

The most practical and efficient procedure to generate individual graphene
sheets in bulk quantities is thermal or chemical reduction of graphene oxide
(GO) [92]. The preparation of GO itself proceeds to large scale introduction of
abundant oxygen-containing functional groups on to the vacancy defects to the
basal and edge plane of the exfoliated GO [132]. All of this will afford a large
number of reactive sites for various chemical modifications, such as doping
with nitrogen atoms. Doping or modification is usually needed because
graphene nanosheets themselves have low intrinsic capacitance and poor
electron donor or acceptor properties [125].

Modifying with organic compounds or doping with heteroatoms is a
common strategy to design electrocatalytically active graphene-based catalysts
for ORR [133]. Generation of C-N is one of the methods for the formation of
catalytic sites for ORR. To this end, it is possible that nitrogen-doped graphenes
(NG) derived from GO can have relatively high surface density of ORR
catalytic sites [125]. Several groups have recently reported that NG possessed
extraordinary catalytic activity towards the ORR in alkaline medium [134,135].

While doping with heteroatoms is quite a common strategy to design
electrocatalytically active graphene-based catalysts for ORR [130] then recently
different MN4 macrocycles, such as metal phthalocyanines and porphyrins, have
been employed as promising materials to prepare electrocatalysts with graphene
for ORR in alkaline media [IX]. Even though graphene has been considered as a
good catalyst support for ORR, there are only a few works dealing with MN,4
macrocycle modified graphene [136—138,1X].
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4.4. Oxygen reduction on carbon-supported
metallophthalocyanines and metalloporphyrins

When O, reacts on the cathode side of a fuel cell, it is crucial to reduce O, via
direct four-electron pathway to water. In reality, most of catalyst materials only
promote the two-electron pathway or the pathway, where the intermediate
product is H,O,. This is because of the relatively high dissociation energy of the
0-O bond. Platinum catalyses O, reduction almost entirely via four-electron
pathway both in acid and alkaline conditions [14] but a limiting aspect in using
platinum in widespread fuel cell industry as an oxygen reduction catalyst is the
high cost of this metal. This, in turn, has led to an immense research activity to
search for less expensive alternative materials including non-noble metal
catalysts. MN, macrocycles as one of the most promising non-noble metal
catalysts have been investigated intensively since the pioneering work of
Jasinski [139]. Since then several review articles about O, reduction on MN,
macrocyles have been published [14,140-143].

The ability of MN, macrocycles to reduce O, has led to an enormous
research activity of these materials in the field of oxygen reduction electro-
catalysis both in alkaline and acid media [144—158]. Several authors have
shown, that the mechanism of the ORR depends on the nature of the metal
center in these complexes. For iron phthalocyanine it has been found that at low
overpotentials a four-electron reduction is favourable while many other (Ni, Co
and Cu) MNy-macrocycles promote oxygen reduction mostly via two-electron
pathway. There are, of course, always exceptions like vitamin B;; which
resembles the structure of cobalt porphyrin and also promotes the four-electron
electroreduction of oxygen [159]. Similar electrocatalytic activity has in some
cases been reported for Co phthalocyanine. It has been shown to have the ability
to promote the 4e¢~ oxygen reduction to water without the formation of peroxide
intermediates [160]. Besides the other factors, the 2¢” or 4e pathway of the
ORR on MN;-macrocycles depends highly on solution pH [161].

The catalytic activity of MNs-macrocycles is often related to the redox
potential of M(III)/(II) complexes. The more positive the redox potential of the
M(II)/(I) couple, the higher the catalytic activity of the metallomacrocycle.
The prevailing interactions between O, molecule and central metal atom will
weaken the O-O bond and premise the breaking of this bond. The metal in the
complex should be in the M(II) state for that reaction. If the central metal atom
is in the M(II) state, then reduction of this atom to M(II) is required.

In alkaline solutions the following reactions will take a place [162]:

M(II)-OH + ¢~ S M(I) + OH~ (15)
M(II) + O, = M(III) - O, or M(Il) - O, (16)

which undergoes as follows:
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M) - O, +e — M(II) + intermediates (17)

The scheme is valid for Fe and Mn. For Co the process could involve the M(II)-
O, instead of M(III)-O, . In the case of Co-N, macrocycles Co(Ill) is not
formed in the reaction with O, but Reaction (15) is still crucial because of the
active site of Co(II) [140]. In acid solutions the whole reaction follows a similar
pathway but the process will involve proton.

The onset potential of the ORR follows the redox potential of M(II/III) and
also the pH dependence is in most cases the same as that of the M(II/III) couple
in the absence of O, [156]. The only requirement for this assessment is that the
MI/III) redox potential should be measured in exactly the same conditions
(same electrolyte with same pH) in which the ORR is investigated, because the
M(II/IIT) redox couples are pH dependent [163—-166].

As the support material has its own impact on the electrocatalytic process, it
is essential to measure the redox potential of the M(II/II) couple on the same
support material as used for MN4-macrocycles, because of the possible redox
potential differences in the aqueous media vs. support adsorbed state. It has
been shown that for the Fe and Co tetrakis(4-N-methylpyridyl)porphyrin)
differences of +0.3 V and +0.41 V respectively were found between the edge
plane of pyrolytic graphite adsorbed and solution-based material [167,168].

Despite all that, it is still not entirely clear why these materials catalyse the
ORR. Some authors have proposed that the splitting of the O-O bond takes
place because of the formation of peroxo dimer on the two metal active sites
(dual-site mechanism) [162]. Other authors suggest that MN, macrocycles will
catalyse the ORR via dual-site mechanism where oxygen will coordinate to the
metal active center and to N-atom on the macrocyclic ligand [169]. There is a
general agreement in the literature, that besides the transition metal the nitrogen
ligands in MN, macrocycle catalysts play an important role in their stability and
activity, even if the constituents of the final active sites are uncertain [170,171].

It is worth mentioning that support material can also act as an axial ligand,
therefore the properties of the complexes on the adsorbed state could be
different [162]. Catalyst supports including carbon nanotubes, carbon
nanofibers, graphene, Ketjen Black and Vulcan carbon have been employed for
FePc and CoPc complexes in numerous studies in the field of oxygen reduction
electrocatalysis [94,133,143,172—181]. Functionalising ~CNTs  with
phthalocyanines was reported to improve the electrocatalytic properties of these
complexes [180-182]. Phthalocyanines adsorb strongly on CNTs via
noncovalent m—m interactions and form “molecular phthalocyanine electrodes”
[142,143].

Another aspect that influences the electrocatalytic activity of a catalyst
material is the amount of the MN, catalysts on the surface of the support
material. It has been found that the O, reduction currents are directly related to
the thickness of catalyst layer on the support material. Scherson et al. have
reported that only 30% of the catalyst deposited on the porous support material
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is active for ORR [183]. It has also been found, that only the outmost layer of

the catalyst is accessible to oxygen molecules and therefore active for O,

reduction. Too thick layer of the catalyst starts to affect the electrical

conductivity and thereby decrease the O, reduction current [184].

Long-term stability is a major problem of MN, macrocycles. The formation
of hydroxyl radicals play a primary role in rapid degradation of MN, catalysts,
not H,O,, as sometimes suggested [185]. It has been found that pyrolysis in an
inert atmosphere increases both the catalytic activity and stability of catalyst
materials [186,187]. Since the pioneer study of Jahnke et al. [188], who
reported the effect of heat-treatment, numerous research efforts have been made
to find and optimise the conditions of pyrolysis as well to clarify the exact
structure of the catalytic center causing the electrocatalytic activity towards the
ORR [189-192]. The choice of temperature for the heat-treatment depends on
the specific MNy-macrocycle. Temperatures used for the pyrolysis of MNy-
macrocycles in inert atmosphere vary usually from 500 to 1000 °C but it has
been found that most macrocycles achieve the highest activity at temperatures
from 500 to 600 °C. At higher temperatures the activity of catalyst material can
decrease but at the same time stability increases. One of the first studies about
improved stability at high temperatures has been reported by Bagotsky et al.
[193] who heat-treated MNy-macrocycle catalyst at various temperatures from
400 to 1000 °C. They observed stability change from 150 h (material pyrolysed
at 400 °C) to 10000 h (catalyst heat-treated at 800 °C). The exact chemical
processes taking place during the pyrolysis and resulting catalytically active
chemical species are still under debate. There are several reviews published
about this topic since the mid-1980s [164,194].

There are three main opinions about the mechanism occurring during the
pyrolysis of the MN4-macrocycles [195]:

1. Van Veen proposed that the best catalytic activity can be achieved at
temperatures between 500 to 600 °C and it does not lead to the complete
destruction of the macrocycles. Instead ligand modification takes place.
Stability is achieved by the bounding of the ligands to the carbon support,
which will eliminate the oxidative attack to the catalyst material.

2. Yeager disagreed with the results achieved by van Veen and concluded that
the decomposition of the macrocycles starts already at 400 °C. At 800 °C all
the macrocycles are decomposed and metal is not coordinated to the nitrogen
ligand atoms anymore. Instead of that, metallic ions coordinate or adsorb to
the carbon surface and involve nitrogen to the formed composition as-well.
Yeager proposed that the resulting structure is catalytic site for ORR.

3. According to Wiesener, metal ions of the MNy-macrocycles promote the
decomposition of the chelate at higher themperatures and then formation of
nitrogen-doped carbon takes place. In this case, metal residues of the
decomposed MN;-macrocycles have no remarkable role in the ORR and
incorporation of nitrogen into carbon yields active group for oxygen
reduction.
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In the latter case it was found that the transition metal of the precursor is bonded
via nitrogen to a graphite-like carbon matrix, which was formed by the
pyrolysis reaction. It has been proposed that the inner core structure of the MN,
macrocycle remains after the pyrolysis and acts as a catalytic centre towards the
ORR [196].

Different research groups have reported achievements in enhancing the
electrocatalytic activity as well as stability of CoPc supported on nanocarbon
material by pyrolysis in inert atmosphere [197]. It has been found that after
heat-treatment the cobalt complexes are more stable that the iron complexes
[198]. Despite the numerous studies there is still a lot unclear in the reduction
process and exact catalytic active sites are still unknown and under the debate
[199]. On the one hand MNjy-centers are believed to be responsible for the
improved catalytic effect, on the other hand, nitrogen heteroatoms are favoured
as catalytic sites [194,200,201]. The important role of nitrogen in the MN,
catalyst material has been proved by Lalande et al. [181]. Metal-N, or metal-
N,.; are suggested as active sites also by Wiesener [194].

Some research groups have also suggested that quinone groups present on
the surface of carbon materials could take part in the formation of active sites.
Elbaz et al. presented evidence about the formation of stabilised MN,
macrocycle-quinone complexes at carbon-based surfaces towards the design of
non-noble metal catalysts for the ORR [202].

4.5. Principles of alkaline fuel cell

Traditionally fossil fuels such as coal, oil and gas, have been used to satisfy the
world’s needs for energy. However, these resources are not endless and the
topic of reducing CO, production has already been under debate for many years.
Replacing fossil fuel by H, would be one of the alternatives and would help to
reduce the production of greenhouse gases remarkably. Therefore the
development and production of fuel cells is a worldwide priority. Fuel cell is a
system that directly converts the chemical energy into electrical energy, heat
and water by a redox reaction [203]. Fuel cells are classified according to the
type of the electrolyte and the operating temperature used. Two main types of
fuel cells are classified as low-temperature fuel cells with operating
temperatures below 120 °C: proton-exchange membrane fuel cells (PEMFCs)
and anion-exchange membrane fuel cells (AEMFCs). The working principle of
the AEMFC is as follows: pure oxygen or air oxygen is reduced on the cathode,
producing hydroxide ions. These ions are transferred through the electrolyte
(formerly a liquid electrolyte, now a polyelectrolyte consisting of a polymer that
bears cationic groups) to the anode, on which the oxidation of the hydrogen to
water takes place. Anion exchange membranes (AEM) are usually solid
polymer electrolyte membranes that contain positive ionic functional groups
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and the negatively charged anions (usually OH") will be transported through the
membranes [204]. Among all the types of fuel cells, the AEMFC is the most
recent one [205], as early works on anion-exchange membranes for fuel cells
were published in early 2000 [206]. However, a prototype was designed by
Hunger in 1960 [207]. AEMFCs have several advantages over PEMFCs
including the faster kinetics of the ORR in alkaline conditions and therefore
providing lower activation losses than in acid conditions [208,209]. Another
advantagew are that non-precious metal catalysts can be used [200] (because
these materials are often more active and stable in alkaline media than in acid
environment of PEMFCs) and investments for fuel cell components can be
reduced due to less corrosive environment [210]. Another major issue of
PEMFCs is water management, crossover and cathode flooding which for
AEMEFCs is solved by taking water and ion transport away from the cathode to
the anode, justifying crossover and flooding issues [215].

Several research groups have been developing AEMFCs for many potential
applications [200,211-215]. The increased interest in the research and
development of AEMFCs in recent years has been caused mainly by of the
development of new anion exchange membranes [204]. For almost half a
century, the major barrier to the commercialisation of alkaline fuel cells has
been the lack of a practical polymer electrolyte anion exchange membrane.
However, within the past few years, Tokuyama Corporation has developed an
AEM which has been demonstrated to give power densities competitive to
Nafion in PEMFCs [VIII]. The alkaline environment is significantly less
corrosive to the catalysts, which would permit the use of less noble catalysts
which is one of the main advantages besides the ones mentioned above [216].
However, there are two main drawbacks in the usage of AEM as well. The main
drawback of this fuel cell lies in its membrane which can either yield
carbonation phenomena or generate leaks and this leads to thermal and chemical
instability [217].
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Scheme 2. Illustration of the H,/O, AEMFC’s working principle.

27



5. EXPERIMENTAL

5.1. Chemicals and materials

The single-walled carbon nanotubes (SWCNTs, purity >90%, diameter 1-2 nm,
length 5-30 pum) used were purchased from Nanostructured & Amorphous
Materials, Inc. (Houston, TX, USA). The double-walled carbon nanotubes
(DWCNTs, purity >95%, diameter 4+1 nm, length 5-20 um) and the multi-
walled carbon nanotubes (MWCNTs purity >95%, diameter 30+10 nm, length
5-20 pm) used were purchased from NanoLab, Inc. (Brighton, MA, USA).
Commercial carbon powder Vulcan XC72R was purchased from Cabot Corp.
20 wt.% Pt commercial catalyst supported on Vulcan XC-72 was purchased
from E-TEK, Inc. (Frimingham, MA, USA) and commercial 46.1 wt.% Pt
catalyst supported on Ketjen Black was purchased from Tanaka Kikinzoku
Kogyo K.K. (Japan). Several surfactants were used in the preparation of
aqueous dispersions of MWCNTSs. Dihexadecyl hydrogen phosphate (DHP) was
a product of Fluka, cetyltrimethylammonium bromide (CTAB), sodium dodecyl
sulfate (SDS) and Triton X-100 were purchased from Aldrich.
Polytetrafluoroethylene (PTFE) (Sigma-Aldrich) aqueous dispersion (60 wt.%)
was employed. A 0.5% Nafion solution used in this work was prepared by
diluting the 5% Nafion solution (Aldrich) into ethanol. 5 wt.% OH™ ionomer
solution (Tokuyama Corp.) was used in the preparation of catalyst ink in 2-
propanol. The iron(Il)phthalocyanine (FePc), cobalt(Il)phthalocyanine (CoPc),
5,10,15,20-tetrakis(4 methoxyphenyl)-21H,23H-porphine cobalt (II) (CoPh) and
5,10,15,20-tetrakis(4methoxyphenyl)-21H,23H-porphine iron (II) chloride
(FePh) were purchased from Sigma Aldrich.

The electrolyte solutions for studying O, reduction were prepared from 96%
H,SO, (Suprapur, Merck) and KOH pellets (AristaR, BDH) in Milli-Q water;
these were saturated with O, (99.999%, AGA or 99.95%, AGA) or deaerated
with Ar gas (99.999%, AGA). All other chemicals were analytical grade
reagents and all the solutions were prepared with Milli-Q water (Millipore,
Inc.).

Glassy carbon (GC) electrodes employed for RDE experiments were
prepared by mounting the GC disk of geometric area of 0.2 cm® in a Teflon
holder. GC disks were cut from rods (GC-20SS, Tokai Carbon). The GC
electrode surface was polished to a mirror finish with 1 and 0.3 pm alumina
slurries (Buehler). After alumina polishing the electrodes were sonicated in
water for 5 min before use.

Highly oriented pyrolytic graphite (HOPG) disks of 0.2 cm’ surface area
(NII Graphite, Russia) were used for hydrodynamic experiments. The fresh
surface of HOPG was prepared prior to each measurement by removing the top
layers with adhesive tape.

For the rotating ring-disk electrode (RRDE) experiments the disk electrode
with surface area of 0.2 cm® was employed. An interchangeable E6 series
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RRDE tip of GC disk-Pt ring (Pine Research Instrumentation, Inc., Grove City,
PA, USA) was used for the RRDE measurements. A collection efficiency (V) of
0.25 was determined from measurements of hexacyanoferrate(Ill) reduction.
Both the GC disk and Pt ring electrodes were polished to a mirror finish with
1.0, 0.3 and 0.05 um alumina slurries (Buehler) followed by sonication in water
for 5 min. before use. Milli-Q water (Millipore, Inc.) was used throughout.

5.2. Acid-treatment of carbon nanotubes

For acid washing studies of SWCNTs or MWCNTs different acids (3 M HCI,
3 M HNOs;, concentrated H,SO,4 and the mixture of HNO; and H,SO4) was used
for carbon nanotube purification. As-received SWCNTs and MWCNTs were
first treated by sonicating CNTs for 30 min in acid at room temperature and
then stirring them in acid for 24 h. Finally the CNTs were washed with Milli-Q
water and dried at 110 °C. For all the other studies carbon nanotubes were acid-
treated by refluxing in a mixture of concentrated nitric and sulfuric acids (1:1,
v/v) for 2 h at 55 °C and then 3 h at 80 °C. Afterward, the nanotubes were
washed with Milli-Q water by centrifugation (3000 rpm, 10 min) for several
times and the MWCNTs were resuspended in Milli-Q water. Finally, the
MWCNTs were dried under vacuum for 15 h.

5.3. Synthesis of carbide-derived carbon

Aluminium carbide (Accumet, 325 mesh or Cerac, 1-5 um average particle
size) with or without graphitisation catalyst, was loaded in the horizontal quartz
tube and was reacted with a flow of chlorine gas (99.999%) at a fixed
temperature, which is indicated in Table 1. The byproduct, AICl;, was
evacuated by the flow of the excess chlorine. During the heating and cooling the
reactor was flushed with a slow stream of argon. After chlorination the product
was additionally treated with hydrogen at 800 °C to deeply dechlorinate the
sample.

Table 1. The physical parameters of Al,Cs- derived carbons.

Notation | Origin Catalyst T Sa Ve v,
of CDC | of AlL,C; NiCL/CoCL/FeCl; | [°C] | [m’g"'] | [em’ g '] | [em®g™']
material [mg g™ (carbide)]
C824 Accumet 70/70/70 1100 177 0.12 ~0
C1551 Cerac 35/35/- 700 684 0.88 ~0
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5.4. Preparation of graphite oxide,
graphene oxide and rGO

Graphite oxide was prepared from graphite powder by the modified Hummers
method [218,219]. Briefly: 0.5 g of graphite powder was taken in a 500 mL
flask, 0.25 g of NaNOj; and 12 mL of H,SO, were added and cooled in ice bath
for 30 min. While maintaining vigorous shaking 1.5 g of KMnO, was added
slowly to prevent the temperature of the suspension exceeding 10 °C. Then ice
bath was removed and the temperature of the suspension brought to room
temperature (23+1 °C), where it was maintained for 2-3 h for complete
oxidation of graphite powder. Then 25 mL of deionised water was slowly added
into the paste and stirred, suspension was kept for 30 min. The suspension was
further diluted with 50 mL warm deionised water and to the diluted suspension
5 mL of 7% H,0, was added to completely remove permanganate ions. The
resulting suspension was filtered and washed several times with deionised
water. Finally, the solid brownish filtered material was re-dispersed in deionised
water containing molecular sieve to remove unwanted ions, then filtered and
washed several times with deionised water. The final product was dried in air.

Graphene oxide (GO) was prepared from graphite oxide in water by 5 h
ultrasonication (22 KHz). During ultrasonication the temperature of the
suspension was controlled under 40 °C by sufficient cooling of the system. The
suspension was kept for 48 h to settle down larger particles. Then centrifugation
was performed at 6000 rpm for 8 h. After centrifugation decantation was carried
out by pipetting top part of the suspension.

Reduced graphene oxide (rGO) was prepared by chemical reduction of GO
using reducing agents (Fe/HCI) at room temperature. In a typical experiment 1 g
of Fe powder and 20 mL of 37% HCI were added into a beaker containing
100 mL of GO suspension. The mixture was stirred vigorously for 6 h to
complete the reduction of GO. Then 15 mL of HCI was added into the solution
to fully remove excess Fe powder. Finally, the resulting rGO nanosheets were
collected by filtration, washed with deionised water and ethanol several times
and were re-dispersed in deionised water.

5.5. Preparation of FEPc/MWCNT, CoPc/MWCNT,
FePh/MWCNT and CoPh/MWCNT catalysts

In order to adsorb the metal macrocyclic catalyst on the surface of MWCNTs, a
mixture of 200 mg FePc, CoPc, FePh or CoPh and 200 mg MWCNTs in 40 mL
isopropanol was prepared and sonicated for 30 min followed by magnetic
stirring for 1 h. The homogeneous mass was placed in a ceramic boat, dried at
100 °C and pyrolysed at 400 °C or 800 °C for 2 h in flowing argon atmosphere.
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The initial loading of FePc, CoPc, FePh or CoPh on the MWCNTSs was 50 wt.%
and the final loading was not ascertained.

5.6. Preparation of FePc/rGO and
CoPh/rGO catalysts

For the physical adsorption of metal macrocyclic catalysts on the surface of
rGO, a mixture of 50 mg FePc or CoPh and 50 mg rGO in 40 mL isopropanol
was prepared and sonicated for 30 min followed by magnetic stirring for 24 h.

5.7. Preparation of SWCNT and MWCNT modified
GC electrodes for studies of the effect of purification
of carbon nanotubes

To obtain a uniform layer of SWCNTs and MWCNTs onto GC surface, the
electrodes were modified with nanotubes using aqueous suspensions (1 mg mL™)
containing 0.5% Nafion. All the suspensions were sonicated for 1 h. Then a
20 puL aliquot of SWCNTs or MWCNTs suspension was pipetted onto GC
surface and the solvent was allowed to evaporate in air.

5.8. Preparation of MWCNT modified
HOPG electrodes

The HOPG electrodes were modified with MWCNTSs in 1 mg mL ™ suspension
in isopropanol. Long-term sonication of the suspension is needed to enable the
separation of individual MWCNTs from nanotube bundles. For MWCNTs
deposition a hydrodynamic technique was applied. The HOPG electrodes were
rotated in the MWCNTs suspension at 360 rpm for 10 min. After deposition, the
electrodes were immediately rotated in clean isopropanol at 4600 rpm for 1 min
and then were allowed to dry in air at room temperature.

5.9. Preparation of DWCNT modified GC electrodes

To obtain a uniform layer of DWCNTs onto GC surface, the electrodes were
modified with nanotubes using aqueous suspensions (1 mg mL™") containing
0.3% Triton X-100 for measurements in alkaline media or 0.5% Nafion for acid
conditions. All the suspensions were sonicated for 1 h. Then a 20 pL aliquot of
a DWCNT suspension was pipetted onto GC surface and the solvent was
allowed to evaporate in air.
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5.10. Preparation of MWCNT modified GC
electrodes for the pH-dependence studies

To obtain a uniform layer of MWCNTs onto GC surface, the electrodes were
modified with nanotubes using aqueous suspensions (I mg mL™') in the
presence of surfactants: 1% SDS, 0.3% CTAB, 0.3% Triton X-100 and 0.1%
DHP. These concentrations exceed the critical micelle concentration. All the
suspensions were sonicated for 1 h. Ultrasonication is needed to provide a high
local shear that enables the dispersion of individual nanotubes (or smaller
aggregates) from the bundles of MWCNTs. Then a 10 pL aliquot of the
MWCNT-surfactant suspension was pipetted onto GC surface and the solvent
was allowed to evaporate in air.

5.11. Preparation of CDC modified GC electrodes

The GC disk electrodes were modified with carbon nanomaterials using
aqueous suspensions of 4 mg cm ™ in the presence of 0.3% non-ionic surfactant
Triton X-100 (Sigma-Aldrich) and 0.4 mg cm™ polytetrafluoroethylene, PTFE
(Sigma-Aldrich). The surfactant was used to make a uniform dispersion of
nanocarbons. All the suspensions were sonicated for 1 h. Carbon nanomaterials
were physically attached to the surface of electrodes by pipetting 10 pL aliquot
of the suspension onto GC surface and allowing the solvent to evaporate in air.
For the RDE measurements, the carbon nanomaterial modified GC electrodes
were heated at 80 °C in an oven for 1 h before use. For the RRDE
measurements the modified GC electrodes were heated at 350 °C for 0.5 h. At
this temperature the surfactant used decomposes [220].

5.12. Preparation of MN, macrocycless MWCNT and
MN, macrocycles/rGO modified GC electrodes

To obtain a uniform layer of electrocatalyst onto GC surface, the electrodes
were modified with different catalysts using aqueous suspensions (1 mg mL™")
containing 0.5% Nafion for experiments in 0.5 M H,SO4 and 0.5% OH™
ionomer for measurements in 0.1 M KOH. All the suspensions were sonicated
for 1 h. Then a 20 pL aliquot of the prepared catalyst suspension was pipetted
onto GC surface and was allowed to dry in air for 24 h.

For the rGO supported catalyst studies the electrodes were modified with
different catalysts using isopropanol suspensions (1 mg mL™") containing 0.5%
OH™ ionomer. A 20 pL aliquot of the prepared catalyst suspension was pipetted
onto GC surface and was allowed to dry in air for 24 h.
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5.13. Electrode fabrication and performance
evaluation for AEMFC

Membrane-electrode assemblies (MEAs) were fabricated with commercial
carbon-supported Pt catalyst (Pt/C) as anode catalyst and FePc/MWCNT,
CoPc/MWCNT and commercial catalyst (Pt/C) on cathode sides of the
Tokuyama polymer membrane (A201 membrane, Tokuyama Corporation,
Japan). Catalyst ink was prepared by adding Milli-Q water to catalyst material
(2 mL for 100 mg of electrocatalyst). In order to extend the reaction zone of the
catalyst layer, 5 wt.% ionomer (AS4 ionomer, Tokuyama Corporation, Japan)
dispersion (0.8 mL for 100 mg of electrocatalyst) was added to the catalyst
slurry. Catalyst layer was coated on the alkaline membrane with 5 cm’
geometrically active area applying the catalyst ink by spraying method on both
sides of the membrane and vacuum dried at 70 °C for 15 min. The catalyst
loadings were about 0.4 and 0.6 mg cm™ on the anode and cathode sides,
respectively. The MEA was assembled by sandwiching the catalyst coated
membrane inside the test cell (Fuel Cell Technologies Inc, Albuquerque, NM,
USA) with gas diffusion layers on both sides. Gas sealing was achieved using
silicone coated fabric gasket (Product # CF1007, Saint-Gobain Performance
Plastics, USA) and with a uniform torque of 0.45 kg m.

5.14. Instrumentation and measurements

An EDI101 rotator and a CTV101 speed control unit (Radiometer, Copenhagen)
were used for the rotating disk electrode (RDE) experiments. The electrode
rotation rate was varied between 360 and 4600 rpm. A saturated calomel
electrode (SCE) was employed as the reference electrode. The counter electrode
compartment of the three-electrode cell was separated from the main cell
compartment by a glass frit and Pt wire served as a counter electrode. The
potential was applied with an Autolab potentiostat PGSTAT10 or PGSTAT30
(Eco Chemie B.V., The Netherlands) and the experiments were controlled with
General Purpose Electrochemical System (GPES) software. All experiments
were carried out at room temperature (23+1°C).

For all RDE measurements the adhesion of the composite electrocatalysts to
the GC disk was excellent and no loss of the catalyst occurred during the
measurements as evidenced by an unchanged and stable cyclic voltammogram
before and after the ORR testing.

Transmission electron microscopy (TEM) experiments were performed with
a JEOL, JEM-2010 microscope working at 200 kV, with Tecnai instrument
operated at a 120 kV accelerating voltage and with JEOL JEM 3010 instrument
operated at 300 kV. The sample for TEM analysis was obtained by placing a
droplet of a CNT suspension onto a formvar/carbon coated copper grid and
waiting until the complete evaporation of the solvent in air at room temperature.
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High-resolution scanning electron microscope experiments were performed
with HR-SEM, Helios 600, FEI).

Atomic force microscope studies (AFM) were performed with AutoProbe
CP 1II, Veeco machinery in intermittent contact mode using NSGI11S
(NT-MDT) cantilevers. For the AFM imaging a 2 mm-thick HOPG substrate
(Ix1 cm?, SPI-2, West Chester, PA, USA) was employed.

The X-ray photoelectron spectroscopy (XPS) experiments were carried out
with a SCIENTA SES-100 spectrometer by using a non-monochromatised Mg
Ka and Al Ko X-ray source (incident energy = 1253.6 eV for Mg Ka and
1486.6 eV for Al Ka), electron take-off angle & = 90 ° and a source power of
300 W. The pressure in the analysis chamber was below 10 Torr. While
collecting the survey scan, the following parameters were used: energy
range = 950-0 eV, pass energy =200 eV, step size = 0.5 eV and for the high
resolution scan in the: energy range = 540-525 eV for the Ols region; energy
range = 420 to 395 eV for the N1s region; energy range = 740 to 700 and 800 to
775 eV for the Fe2p and Co2p regions, respectively. Pass energy =200 eV and
step size =0.1 eV for the high resolution scans. The composition of SWCNT
and MWCNT materials was analysed using INCA Energy 350 (Oxford
Instruments) energy dispersive X-ray spectrometer (EDS) equipped with
X-Max 50 mm? detector from the same company, connected to scanning dual
beam microscope Helios™ NanoLab 600 (FEI). The Microanalysis Suite
version 4.13 program was used for the evaluation of sample composition.

Complete conversion of carbide into carbon was confirmed by the X-ray
powder diffraction (XRD) measurements using CuKa. radiation (A = 1.54 A).

The low-temperature N, sorption experiments were performed at —196 °C.
The specific surface area (Sa) was calculated according to the Brunauer—
Emmett-Teller theory up to the nitrogen relative pressure (P/Py) of 0.2. The
total volume of pores (V},) was calculated at relative pressure (P/P) of 0.95 and
the volume of micropores (¥),) from #-plot, using Harkins-Jura thickness values
between 5 A and 90 A.

The single cell fuel cell performance was evaluated with humidified (100%
RH) H, and O, gases at 45 °C using Greenlight Test Station (G50 Fuel cell
system, Hydrogenics, Vancouver, Canada). The flow rates were fixed at 200
and 400 SCCM for H, and O,, respectively.
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6. RESULTS AND DISCUSSION

6.1. Effect of purification of carbon nanotubes
on their electrocatalytic properties
for oxygen reduction

In this section a detailed study of the effect of acid treatment of carbon
nanotubes on the oxygen reduction reaction is presented [I], because it has been
shown that iron impurities are responsible for the electrocatalytic properties of
CNTs in several reactions [221,222]. We compare four different acid-treatment
methods (treating CNTs in 3 M HCI, 3 M HNO;, concentrated H,SO,4 and in the
mixture of HNO; and H,SO4) and their efficiency for carbon nanotube
purification from metal residues. A systematic study was carried out to clarify
the catalytic role of the metal catalyst impurities of CNTs in the ORR on the
CNT modified GC electrodes. The concentration of metal catalysts in the CNT
materials was determined by EDS and the surface morphology of the carbon
nanotube samples was examined by TEM. The acid-treated MWCNTs were
also characterised by Raman and X-ray photoelectron spectroscopies. We also
compare the electrocatalytic properties of SWCNTs and MWCNTSs for oxygen
reduction before and after acid treatment. The oxygen reduction reaction has
been investigated on acid-treated SWCNT and MWCNT modified GC
electrodes in acid media using the RDE method.

6.1.1. Physical characterisation of acid-treated CNTs

The presence of catalytic metal impurities, amorphous carbon, defects and the
structure of SWCNTs and MWCNTs were investigated with transmission
electron microscopy. Figures la and 1b present TEM images of as-received and
3 M HNO; treated MWCNTs, respectively, deposited on a formvar/carbon
coated copper grid. The MWCNT material consists of a notable amount of
metal nanoparticles as well different types of carbons in various sizes, different
shapes and the molecular organisations: free MWCNTSs, carbon nanotubes
trapped in amorphous carbon and some carbon lamellas. The lamellar carbons
can form at any carbon surface where carbon free radicals exist which nucleate
and subsequently add parallel carbon layers [223]. Figure 1b reveals substantial
removal of catalyst impurities by acid treatment. Figures 1c and 1d present
TEM images of as-received and acid-treated SWCNTs, respectively. The as-
received SWCNTs seem to be much cleaner of metal catalyst and amorphous
carbon as compared to the MWCNTs. After purification in 3 M HNO; most of
the metal catalyst is removed. Figure 1d shows the clean-cut structure of
SWCNTs, having no observable defects on the surface of the nanotubes.
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Figure 1. TEM images of CNT materials deposited on formvar/carbon coated copper
grids: as-received MWCNTs (a), 3 M HNO; purified MWCNTSs (b), as-received
SWCNTs (c) and 3 M HNO; purified SWCNTSs (d).

According to the EDS analysis the concentration of iron in MWCNTs was as
follows: as-received material 1.2 wt.%, 3 M HCI purified 0.95 wt.%,
concentrated H,SO4 purified 1.0 wt.% and 3 M HNO; purified 0.4 wt.%. The
concentration of cobalt in SWCNTs was as follows: as-received material
1.0 wt.%, 3 M HCI purified 0.8 wt.%, concentrated H,SO4 purified 0.67 wt.%
and 3 M HNO; purified 0.75 wt.%. In addition, in the as-received SWCNTSs the
sulphur content was as high as 0.9 wt.% and the concentrations of iron were
lower than the detection limit of the method (< 0.1 wt.%).

Figure 2a and 2b presents the XPS survey spectra of HNO; and acid mixture
purified MWCNT samples. Four XPS peaks were observed for both samples,
which correspond to emission from Cls (284.4 eV), satellite peak of the Cls
spectrum, Ols and Nls levels. In addition, there was a small S2p XPS peak of
the acid mixture treated MWCNTs. The Ols peak is caused by various carbon-
oxygen functionalities on the surface of CNTs. Detection of different functional
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groups from the Ols peak is not straightforward because of similar binding
energies. However, more detailed investigations have shown that carboxyl and
quinone groups are present on the surface of carbon nanotubes [224,225]. The
XPS core-level spectrum in the N1s region of HNO;-treated MWCNT shows
two peaks. The N1s peak at higher binding energy (405.8 eV) corresponds to
nitro groups and the one at 399.8 eV could be assigned to N introduced into the
graphene layer. It should be noted that metal catalyst impurities were not
detected in the acid-treated MWCNT samples by XPS.
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Figure 2. XPS spectra of HNO; (a) and HNO; + H,SO, (b) purified MWCNTs.

In order to examine the defects induced by acid treatment and study the
crystalline structure of MWCNTs the characterisation of MWCNTSs was carried
out by Raman spectroscopy. The main features in the Raman spectrum of
carbon materials are the group of peaks called “D-band” around 1340 cm™' and
the peaks called “G-band” in the range of 1550-1600 cm™'. The ratio of
intensities of G and D band is often used to characterise quantity of defects in
MWCNTs and graphitic materials [81]. The D-band is a disorder induced
characteristic and assigned to the amorphous carbon and disordered graphitic
material presented in the CNT material [226]. The structural disorders in CNT
material are usually nanosized graphitic planes and other structures of carbon,
such as rings along with defects on the nanotube walls, vacancies, heptagon-
pentagon pairs, heteroatoms and kinks [82]. The G-peak at 1582 cm'
corresponds to the tangential vibrations of the carbon atoms in the graphite
[227]. Figure 3 presents Raman spectra of the acid-treated and as-received
MWCNTs. When comparing the D and G peaks for the as-received and nitric
acid treated nanotubes, one can see a decrease in the D-band intensity for 3 M
HNO; treated MWCNTSs, which indicates the reduction of disordered carbon
and demonstrates the effectiveness of mild nitric acid treatment in diminution of
amorphous carbon in the MWCNT material. Raman spectra of H,SO,4 and acid
mixture purified MWCNTSs show an increase of D-band as compared to 3 M
HNO; treated MWCNTSs, which might be caused by defects and damages
introduced to MWCNTs by more aggressive oxidation by acids. The ratio of
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intensities between G and D band were as follows: as-received MWCNT
material 1.3, 3 M HNO; purified MWCNTs 3.1, concentrated H,SO, purified
MWCNTs 1.6, and HNO; + H,SO, purified MWCNTs 1.2. As the ratio of
intensities of G and D band can be used as a measure of the graphitic structure
of the carbon nanotubes, it can be concluded that using 3 M HNOj; solution for
the treatment of MWCNTSs improves the structural order and purity of 3 M
HNO; purified MWCNTs.
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Figure 3. Raman spectra of as-received (a) and HNO; (b), H,SO, (¢) and
HNO; + H,SO, (d) purified MWCNTs

6.1.2. Cyclic voltammetry of CNT modified electrodes

Cyclic voltammetric (CV) experiments were performed to investigate the effect
of carbon nanotubes microstructure on their electrochemical properties. The
CVs were recorded in Ar-saturated 0.5 M H,SO, at a scan rate of 100 mV s™'.
Figures 4a and 4b present typical CV responses of the differently purified
carbon nanotube modified GC electrodes recorded between 0.8 and
—0.4 V. For the SWCNT and MWCNT-modified GC electrodes purified in 3 M
HNO;, a clear pair of reduction and oxidation peaks is observed at approxi-
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mately 0.4 V. These peaks can be designated to carbon-oxygen functionalities
on the surface of the CNTs, most probably to quinone-type species [228]. It can
be suggested that the high background current for 3 M HNO; purified SWCNT
and MWCNT-modified GC electrodes is caused by minor defects on the CNTs
walls and the opening of the ends of CNTs or more hydrophilic properties of
oxidised CNTs [65,229]. This presumption is also in agreement with the
research made by Britto et al. [52] who compared the ORR activities of CNT
and graphite, and concluded that the CNTs activity is higher than that of
graphite because of the graphitic defects of CNTs, e.g. pentagon and heptagon
derived defects at the CNT tips. By contrast, the CV curves for the H,SO,
treated MWCNTSs and SWCNTSs are almost featureless and the current is rather
low, which could be due to the less oxidative properties of sulphuric acid at
room temperature, causing therefore smaller number of defects at the surface of
CNTs.
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Figure 4. Comparison of cyclic voltammograms of acid-treated and as-received
MWCNT (a) and SWCNT (b) modified GC electrodes in Ar-saturated 0.5 M H,SO,.
v=100mVs .

6.1.3. O, reduction on SWCNT/GC and
MWCNT/GC electrodes

Acid treatment of CNTs has a considerable effect on the ORR. It is well-known
that carbon material itself is rather inactive in acid media and mostly the metal
nanoparticles remained on the walls and inside the CNTs catalyse the ORR.
Figure 5a presents the polarisation curves for oxygen reduction in O, saturated
0.5 M H,SO, on the acid-treated MWCNT-modified GC electrodes recorded
between 0.8 and —0.4 V. One can see that the O, reduction results depend on the
purification procedure used.

The onset potential of the as-received MWCNT-modified GC electrode is at 0.4
V while the reduction of oxygen on the acid purified MWCNT/GC electrodes
commences at 0.3 V. The only exception are the results obtained with HNO;
purified MWCNT/GC electrodes where the reduction current starts to increase
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at 0.1 V, which indicates that this method of nanotube purification appears to be
the most effective for the removal of metal impurities from MWCNT material.
This was confirmed also by the EDS analysis, which showed a decrease in Fe

content in the HNO; treated MWCNT material by a factor of three.
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Figure 5. Comparison of RDE voltammetry curves for oxygen reduction on acid-
treated and as-received MWCNT (a) and SWCNT (b) modified GC electrodes in O,
saturated 0.5 M H,SO,. v=10 mV s w=1900 pm.

The reduction current increases gradually with increasing cathodic potential and
no current plateau is formed for any of the acid-treated MWCNT/GC electrodes
indicating that not a considerable amount of metal catalyst remained on the
surface of the MWCNT material. Slightly different electrocatalytic behaviour
was observed for MWCNTs purified in 3 M HCI. This could be elucidated by a
larger amount of metal nanoparticles remained on the MWCNTSs and between
the graphene sheets of MWCNTSs. It is also important to mention hereby that
even very small amounts of impurities in CNTs in random array coverage can
dominate the electrochemistry of CNT materials [230]. The value of half-wave
potential for O, reduction on the acid-treated MWCNT/GC electrodes shifted
negative by almost 0.2 V compared with the untreated MWCNT modified
electrodes. This is a notable effect, which shows that the metal catalyst impurities
in CNT material can drastically shift the reduction wave to more positive
potentials. We may also consider that minor electrocatalytic activity difference
between the MWCNTs of various pre-treatment could be caused by the differen-
ces of the amount of metal residues which were not removed by acid washing.

It is important to bring forth the fact that besides the removal of metal
residues the oxidative pre-treatment of carbon materials can also form different
oxygen-containing functional groups, such as quinone, carboxylic acid,
carbonyl, carboxylic anhydride, ether, lactone, phenol and pyrone-type groups
[231,232]. Matsubara and Waki have shown that the amount of O-
functionalities on the MWCNT surface can be increased noticeably by the
oxidative treatment. Oxygen content in the pre-treated nanotube material rose
more than ten times [68]. Despite the rise of oxygen content, Biddinger and
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Ozkan demonstrated that the acid oxidation of carbon nanofiber does not lead to
a significant improvement of the electrocatalytic properties of oxygen reduction
in acid media [87]. The results obtained in the present research are in good
agreement with the observations made by Alexeyeva [233].

The minor effect on the electrocatalytic activity for ORR could be caused
also by Nafion. It has been reported that the kinetic current at Nafion—coated
GC electrodes was smaller than that of bare GC [69]. Possible reason for the
observed current decrease at Nafion-coated electrodes are the effect of pH
change. As Nafion is a superacid and the H" concentration in the Nafion film is
higher than in 0.5 M H,SO,, then the activity of Nafion-coated electrodes can
be lower than that of bare GC [234]. The activity for O, reduction on carbon
electrodes decreases as the pH decreases according to the results of early work
by Tarasevich et al. [42]. Another reason for the current decrease could be the
blocking effects of Nafion polymer side chains in the ionic cluster region [69].

Figure 5b shows the RDE voltammetry curves for oxygen reduction in O,
saturated 0.5 M H,SO, on SWCNT-modified GC electrodes recorded between
0.8 and —0.4 V. It can be seen from Figure 5b that the onset potential of oxygen
reduction on the as-received SWCNT-modified GC electrode is 0.1 V while the
reduction of oxygen on the acid purified SWCNT-modified electrodes starts at
0.0 V. The small difference of the onset potential could be explained by the
lower amount of metallic impurities in the as-received SWCNT material as
compared to as-received MWCNTs.

A set of RDE data on oxygen reduction recorded at rotation rates from 360
to 4600 rpm on 3 M HNOj; purified MWCNT and SWCNT modified GC
electrodes are presented in Figures 6a and 6b, respectively.
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Figure 6. RDE voltammetry curves for oxygen reduction on HNO; treated MWCNT (a)
and SWCNT (b) modified GC electrode in O, saturated 0.5 M H,SO,4. v= 10 mV st
(1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm. Curves bg correspond to
the background current for CNT modified GC electrodes in Ar-saturated 0.5 M H,SO,.

The RDE results were analysed by the Koutecky-Levich method. The

extrapolated K-L lines in Figure 7 shows non-zero intercepts, indicating that the
process of O, reduction is under the mixed kinetic-diffusion control in a large
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range of potentials. The slope of K-L lines is directly related to the number of
electrons involved in the reaction, the higher the slope the lower the number of
electrons transferred.

The number of electrons transferred per O, molecule (n) was calculated from
the Koutecky-Levich (K-L) equation [235]:

1 1
=— - 18
nFAKC,  0.62nFADS’v™"°Co " (9

1 1 1

_—— — + -
I I, 1,
where [ is the measured current, [, and /; are the kinetic and diffusion limited
currents, respectively; k is the electrochemical rate constant for O, reduction,

D02 is the diffusion coefficient of oxygen (D02 = 1.8x107° cm? s [236]), cgz
is its concentration in the bulk (cgz = 1.13x10"° mol cm™ [236] and v is the

kinematic viscosity of the solution (0.01 cm®s™).
The values of n at different potentials are shown as insets in Figure 7a and
7b for MWCNTs and SWCNTs, respectively.
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Figure 7. Koutecky-Levich plots for oxygen reduction on acid-treated and untreated
MWCNT (a) and SWCNT (b) modified GC electrodes at —0.4 V. (m) HNO; + H,SO,
purified, (V) HNO; purified (<€) HCI purified, (o) H,SO, purified and (») as-received
CNTs. The inset shows the potential dependence of x.

The results indicate that the reduction of oxygen produces H,O, for acid-treated
SWCNT, acid-treated MWCNT and as-received SWCNT modified GC
electrodes, which is the final product in this case. For the as-received MWCNT
modified electrodes the H,O, produced on the disk reduces further at more
negative potentials. The further reduction of peroxide on the as-received
MWCNT-modified electrodes at more negative potentials is in agreement with
previous observations [29].
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The importance of pre-treatment of CNTs for the ORR is clear and the acid
treatment of the CNTs should be considered for electroanalytical and
electrocatalytic applications of CNT-modified electrodes, especially when the
CNTs are used as a support material. The significance of metal-free carbon
nanomaterials as catalysts for oxygen reduction has been highlighted recently
[237].

6.2. Oxygen reduction on MWCNT
modified electrodes

In this part of research a hydrodynamic deposition method was used to cover
the surface of HOPG electrode with multi-walled carbon nanotubes. The
electrochemical reduction of oxygen on these electrodes was studied in order to
determine the catalytic effect of oxidatively pretreated MWCNTSs in alkaline
media and to test the feasibility of the hydrodynamic deposition method [II].

6.2.1. Surface characterisation of MWCNT/HOPG samples

The distribution and density of MWCNTs on the surface of the modified HOPG
electrodes were investigated with the AFM technique. Figures 8a and 8b
presents typical AFM micrographs of the bare HOPG and MWCNT/HOPG
samples respectively. The AFM images revealed that the distribution of CNTs
on the substrate surface was rather uniform and no large-scale agglomeration
was evident. It was essential from the point of view of electrochemical
measurements that there were no large uncovered areas on the surface (the size
of the uncovered areas should be smaller than one-tenth of the diffusion layer
thickness). The main advantage of the hydrodynamic deposition method used in
this study, is that larger aggregates of MWCNTs are swept away and mainly
individual nanotubes attach to the substrate surface. It is considered that only
van der Waals forces occur between MWCNTs and the HOPG surface. The
length of the nanotubes varies from submicrometer to several micrometers and
only a small agglomeration is recognisable. The average length of MWCNTs is
significantly smaller than that of the as-received nanotubes which is due to the
acid treatment of the MWCNTs.
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Figure 8. AFM images of the bare HOPG (a) and MWCNT modified HOPG (b).

6.2.2. O, reduction on MWCNT modified HOPG electrodes

In order to study the electrocatalytic properties of the MWCNTSs at higher pH
values, the ORR experiments were carried out on the MWCNT modified HOPG
electrodes. HOPG as the support material has been chosen because of the
inactive surface of the HOPG in alkaline media [25]. Figure 9 shows the
experimental RDE results of O, reduction in 0.1 M KOH solution at different
rotation rates. For the polarisation curves recorded by a linear scan from 0 to
—1.2 V, the limiting current increases when the rotation rate increases and there
is a clear prewave present at a potential of about —0.5 V. The second reduction
wave is caused by the oxygen functionalities of the MWCNTSs material and
starts at approximately —0.7 V. As the O, reduction current on HOPG itself at
these potentials in alkaline solutions is very low (Figure 9, curve a) [25] such a
strong electrocatalytic effect could be only due to the electrocatalysis by
quinone functionalities on the surface of MWCNTs. The coverage of oxygen-
containing groups (including quinone-type sites) increases during the acid
treatment of MWCNTs.

We consider that the electrocatalytic reduction of oxygen on the MWCNT
surface may proceed according to the Reaction (9-14), the quinone-type
functionalities of MWCNTs should be the reactive species of the overall O,
reduction reaction. Analogous electrocatalytic behaviour presented for
MWCNTs towards O, reduction has also been observed for polished GC
electrodes [22]. The number of electrons transferred per O, molecule (n) at
different potentials for MWCNT/HOPG electrode was calculated from the K-L
equation (18), using the values of O, solubility (1.2x10° mol c¢m™) and
diffusion coefficient (1.9x107 cm? s™') in 0.1 M KOH solution [238].
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Figure 9. RDE voltammetry curves for Figure 10. Koutecky-Levich plots for
oxygen reduction on a MWCNT modified oxygen reduction on a MWCNT
HOPG electrode in O, saturated 0.1 M modified HOPG electrode in 0.1 M
KOH at a sweep rate of 20 mV s™'. @: (1) KOH at various potentials: —0.4 V (A),
360, (2) 610, (3) 960, (4) 1900, (5) 3100 —0.6 V (e), 0.8 V (<), -1.0 V (V),
and (6) 4600 rpm. (a) RDE voltammetry and —1.2 V (m). The inset shows the
curve for O, reduction on a bare HOPG potential dependence of the number of
electrode at 360 rpm. electrons transferred per O, molecule.
Data derived from Figure 9.

Figure 10 shows the Koutecky-Levich plots obtained from the RDE data on
oxygen reduction at several rotation rates. The extrapolated K-L lines showed
non-zero intercepts, indicating that the process of O, reduction is under the
mixed kinetic-diffusion control. The inset to Figure 10 shows that at low
overpotentials (£ > —0.6 V) the value of n is close to two and the ORR produces
HO, which is the final product in this case. At more negative potentials the n
value gradually increases (n > 3 at —1.2 V), which shows that the peroxide
formed reduces further to water in this potential range. The increase of n at
more negative potentials is probably due to hydrogen peroxide reduction
governed by surface sites other than quinone groups and then the reduction of
oxygen proceeds by co-existing two-electron and four-electron pathways. The
further reduction of peroxide on MWCNT-modified electrodes at high
overpotentials is in agreement with previous observations [63].

For comparison purposes the reduction of O, was studied also in the solution
of higher pH. Figure 11 presents the RDE polarisation curves of oxygen
reduction recorded in 1 M KOH. As expected, the reduction currents are lower
in this solution as compared to that shown in Figure 9 at the same rotation rate.

The K-L analysis of the RDE data was made also for | M KOH and the
results obtained are shown in Figure 12. The values of oxygen solubility
(0.84x107° mol ecm™) [238] and diffusion coefficient (1.65x107° cm®s ") [238]
were used for these calculations. The potential dependence of n followed a
similar trend as that observed for 0.1 M KOH (see inset to Figure 12).
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Figure 11. RDE voltammetry curves for Figure 12. Koutecky-Levich plots for
oxygen reduction on a MWCNT modified oxygen reduction on a MWCNT modified
HOPG electrode in O, saturated 1 M HOPG electrode in 1 M KOH at various

KOH at a sweep rate of 20 mV s . o: (1) potentials: 0.4 V (A), -0.6 V (e), 0.8 V
360, (2) 610, (3) 960, (4) 1900, (5) 3100 (<€), -1.0 V (V¥), and —1.2 V (m). The
and (6) 4600 rpm. (a) RDE voltammetry inset shows the potential dependence of the
curve for O, reduction on a bare HOPG number of electrons transferred per O,
electrode at 360 rpm. molecule. Data derived from Figure 11.

6.3. Oxygen reduction on DWCNT
modified electrodes

The oxygen reduction reaction has been investigated on double-walled carbon
nanotube modified glassy carbon electrodes in acid and alkaline media to test
the electrocatalytic properties of these extraordinary type of carbon nanotubes
[1I1].

6.3.1. Surface characterisation of DWCNT samples

The distribution and density of DWCNTSs on the surface of the modified
electrodes were investigated with transmission electron microscopy. Figures
13a and 13b present typical TEM images of DWCNTs deposited on a thin holey
carbon supporting film. Figure 13a shows the clean-cut structure of nanotubes
and also that there is no metallic catalyst left in the DWCNT material. Figure
13b reveals that the distribution of DWCNTSs on the substrate surface was rather
uniform.
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Figure 13. TEM images (a,b) for DWCNT samples. Scale bar: a) 20 nm and b) 50 nm.

The composition of the DWCNT material was investigated by the XPS method.
Figure 14 presents the XPS survey spectrum of DWCNT modified GC surface.
Four XPS peaks were observed corresponding to emission from Cls(284.4 eV),
satellite peak of the Cls spectrum, Ols (532.8 eV) and Mo3d (232.2 and
235.5eV) levels. The Ols peak is caused by various carbon-oxygen functio-
nalities on the surface of DWCNTSs. Detection of different functional groups
from the Ols peak is not straightforward because of similar binding energies.
However, more detailed investigations have shown that carboxyl and quinone
groups are present on the surface of carbon nanotubes [224,225].
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Figure 14. The XPS spectra for DWCNT sample. The inset to Fig. 14 shows the core-
level spectrum in the O1s region.
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6.3.2. O, reduction on DWCNT modified GC electrodes

For experiments made in alkaline media the GC electrodes were modified with
DWCNTs in the presence of non-ionic surfactant Triton X-100. For the oxygen
reduction studies in acid media DWCNTs were coated within a Nafion film.
The RDE measurements were carried out in order to test the electrocatalytic
behaviour of DWCNT/GC electrodes towards oxygen reduction. The
electroreduction of oxygen was first studied on DWCNT-surfactant modified
GC celectrodes in alkaline solution. Figure 15a shows the experimental RDE
data of O, reduction in 0.1 M KOH. There is a clear pre-wave present at a
potential of ca —0.5 V which is similar to the results obtained with undoped
MWCNT modified HOPG electrodes in alkaline media [63,64] The half-wave
potential of oxygen reduction (£1,) for a DWCNT/GC electrode is —0.38 V at
960 rpm. This value of Ej, is very close to that observed for MWCNT/GC
electrodes in identical conditions (E,=—-0.37 V) [IV]

The second reduction wave on these materials starts at approximately
—0.7 V. It has been suggested that the improved O, reduction current at the
potential range corresponding to the pre-wave could be caused by oxygen-
containing groups on the surface of carbon materials. Similar electrocatalytic
behaviour of DWCNTs towards O, reduction has also been observed for
polished GC electrodes and it has been proposed that such a strong electro-
catalytic effect could be caused by quinone-type functionalities on the surface
of GC [22]. We consider that the electrocatalytic reduction of O, on DWCNT
modified electrodes at low overpotentials may also be caused by the native
quinone-type functionalities on the surface of DWCNTs and the ORR may
proceed in an analogous manner to the reaction scheme proposed in Ref. [22].
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Figure 15. a) RDE voltammetry curves for oxygen reduction on a DWCNT modified
GC electrode in O, saturated 0.1 M KOH at 10 mV s™'. b) Koutecky-Levich plots for
oxygen reduction on a DWCNT/GC electrode in 0.1 M KOH at various potentials:
(8) 0.4, (4)—0.6,(V¥)-0.8, (m) —1.0 and (A) —1.2 V. The inset shows the potential
dependence of n.
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Figure 15b presents the K-L plots obtained from the RDE data. The
extrapolated K-L lines showed non-zero intercepts, indicating that the O,
reduction process is under the mixed kinetic-diffusion control in a large range
of potentials. The inset to Figure 15b shows that at low overpotentials
(E > —0.6 V) the value of n is close to two and the reduction of O, produces
HO, which is the final product in this case. At more negative potentials the n
value gradually increases (n > 3 at —1.2 V), which indicates that the peroxide
formed reduces further to water in this potential range. The further reduction of
peroxide on DWCNT-modified electrodes at high overpotentials is similar to
the processes observed for MWCNT/GC electrodes [IV].

The RDE voltammetry curves for O, reduction shown in Figure 16 were
recorded in O,—saturated 0.5 M H,SO, between 0.8 and —0.4 V. The reduction
current increases gradually with increasing cathodic potentials and no current
plateau is formed. The oxygen reduction wave commences at a rather negative
potential (approximately 0 V). These results indicate that there is no
considerable amount of metal catalyst impurities remained in and on DWCNTs
and the DWCNT/GC electrodes studied possess rather low electrocatalytic
activity for O, reduction. Because the iron impurities left in CNTs are
responsible for the improved kinetics of the ORR and carbon material itself has
relatively low catalytic activity in acid media as has been discussed previously
[29]. As can be seen in Figure 14, the acid-treated DWCNTs are almost free of
iron impurities and as a result the electrocatalytic activity of DWCNTs for O,
reduction in acid media is rather low. Inset to Figure 16 presents the results of
the K-L analysis of the RDE data on O, reduction in acid media. In acid media
the DWCNTs are inactive for oxygen reduction in a large region of potentials
and for this reason DWCNTs could be used as a support material to study the
electrocatalytic properties of various catalysts deposited on their surface.
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Figure 16. RDE voltammetry curves for oxygen reduction on a DWCNT modified GC
electrode in O, saturated 0.5 M H,SO, at 10 mV s™'. The inset shows the Koutecky-
Levich plots for oxygen reduction at various potentials: (V) —0.3, (<€) —0.35 and
(e)—04V.
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6.4. The pH-dependence of O, reduction and
effect of surfactants on MWCNT/GC electrodes

The purpose of this part of work was to study systematically the pH-dependence
of O, reduction on multi-walled carbon nanotube modified glassy carbon
electrodes and to investigate the effect of different type of surfactants for
oxygen electroreduction [IV].

6.4.1. The pH-dependence of the oxygen electroreduction
on MWCNT/GC electrodes

To study the pH dependence the electrochemical experiments were carried out
in 0.5 M H,SO, solution, acetate buffer (pH 5), phosphate buffers (pH 6, 7 and
8), borate buffer (pH 10), 0.01 M KOH, 0.1 M KOH and in 1 M KOH solution,
using the RDE method. The oxygen reduction behaviour of MWCNT modified
GC electrodes at different pHs was compared.

The reduction of oxygen was first studied on MWCNT-SDS modified GC
electrodes. Figure 17 shows the RDE results at different rotation rates for pH
5-14. On the basis of the experimental data the polarisation curves of O,
reduction can be divided into three groups. For the first group of polarisation
curves a reduction pre-wave is observed at a potential of about — 0.5 V for the
solutions of high pH (pH 12-14). It can be proposed that this feature is due to
the electrocatalysis by oxygen-containing groups on the surface of MWCNTs.
Analogous electrocatalytic behaviour towards O, reduction has been observed
for GC electrodes [92]. The second group of polarisation curves was obtained at
pH 8-10 where only a small hump can be seen and a characteristic feature of
these voltammograms is the absence of the reduction pre-wave. The third group
is formed by I-E curves recorded at lower pH values (pH < 8), where the
reduction pre-wave is totally absent. The electrochemical reduction of oxygen is
strongly inhibited in acid media (data not shown). The O, reduction behaviour
of MWCNT-SDS in 0.5 M H,SOy is similar to that of the MWCNT-Nafion
modified GC electrode [29].

Comparing with previous studies of the pH effect on the kinetics of oxygen
reduction on various carbon materials [18,28] we obtained the same tendency
for the pH-dependence of O, reduction in the present work. Namely at higher
pH values the process of O, reduction on MWCNT modified GC electrodes is
more dependent on pH than at lower pHs. Obviously it is caused by the
reactivity of quinone-type functionalities on the surface of MWCNTs which is
significantly lower in acid media than in alkaline electrolytes. It is reasonable to
consider that the pH effect observed in the present work is caused by the similar
types of quinones that have been found on the GC surface [239].

50



00 (a)
0.2+
-0.4

1/ mA
S S
o N
o o £ w N =
11mA
5 5 5 & o
- o > N o
z
] > W N =

.04 PHE | 10f pHE |
14 12 10 08 06 04 02 00 14 12 10 08 06 04 02 00
EIV EIV
0.0} (c) q 0.0 (d) 1
0.2} 4 0.2 -
1 /
2 1
04} . 04} -
< 3 g 2
£ 3 —
= 06 a4 — i = 06| i
4
5 -0.8 | 4
R E - 5
“10f PH7 | 10F 6 pHE ]
14 12 10 08 06 04 02 00 44 42 10 08 06 04 02 00

EIV EIV

0.0}
00 (o)
0.2+
0.2+
04

04} 0.6

08} 5

11 mA
o
-2
o £ W N -
11 mA
A oa s
N o -
<)
£ @ N =
\N\

L pH 10 6 pH12

o
o

. . . L . . A . . . . . . . .
14 12 10 -08 -06 -04 -02 00 14 412 410 -08 -06 -04 -02 00
EIV EIV

00F (g 0.0- (h)

0.2+
-04 1 1

pH 14

1/ mA
Aoa s b s
N o = -2 N
o » w N
11 mA
s &5 s
-] -3 »
o (3,1 > WN A

141 6 PHI3 ] A0F

L n L .
14 12 -10 -08 -06 -04 -02 00 14 12 -10 -08 -06 -04 -02 00
EIV EIV

Figure 17. RDE voltammetry curves for @ reduction on MWCNT-SDS modified GC
electrodes in O,-saturated solutions of various pH: (a) 5, (b) 6, (c) 7, (d) 8, (e) 10, (f) 12,
(2) 13 and (h) 14. v=20mV s". @: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6)
4600 rpm.
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6.4.2. The effect of surfactants on the electroreduction
of oxygen on MWCNT/GC electrodes

There is an intriguing question about the fate of surfactant after the exposure of
the MWCNT-surfactant film to surfactant-free aqueous solutions. Obviously,
the surfactant remained on the surface of MWCNTs may affect their
electrocatalytic properties. The effect of surfactants on the electrochemical
response of MWCNT-modified electrodes and its pH dependence has not been
thoroughly studied and there is not much information about that in the
respective literature. Therefore comparative studies have been made using
different types of surfactants. The RDE measurements of O, reduction were
carried out with the GC electrodes modified in the presence of different
surfactants (SDS, CTAB, DHP, Triton X-100). The RDE results were rather
similar for all the MWCNT-modified electrodes studied. Representative sets of
voltammetry curves of ORR recorded at a single rotation rate (o = 960 rpm) are
presented in Figure 18. These Figures summarise the observed pH-dependence
of O, reduction showing that the electrocatalytic activity of MWCNTs is
strongly dependent on pH and is the highest in more alkaline solutions.
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Figure 18. Comparison of the RDE data of oxygen reduction on MWCNT-surfactant
modified GC electrodes at different pHs. Surfactants used: (a) SDS, (b) Triton X-100,
(c) CTAB and (d) DHP. ® = 960 rpm. v=20 mV s~".
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At lower pHs, the nature of active sites on MWCNTs changes and as a result,
the half-wave potential of O, reduction is almost independent of pH.

Figure 19 shows the Koutecky-Levich plots obtained from the RDE data on
oxygen reduction at —1.2 V for all the MWCNT-modified GC electrodes at
different pHs. At this potential the K-L lines are not parallel, indicating that the
value of # is dependent on pH. The intercepts of the extrapolated K-L lines were
close to zero, which shows that the process of O, reduction is almost entirely
under diffusion control at high negative potentials.
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Figure 19. Koutecky-Levich plots for O, reduction on MWCNT-surfactant modified GC
electrodes at different pHs (E = —1.2 V). Surfactants used: (a) SDS, (b) Triton X-100,
(c) CTAB and (d) DHP.

Figure 20 compares the n values at various potentials. It is evident that at low
overpotentials (£ > —0.6 V) n was close to two and the reduction of O, produces
H,0O, which is the final product in this case. At more negative potentials the n
value gradually increases, which indicates that the peroxide formed reduces
further in this potential range. The further reduction of peroxide at high
overpotentials is in agreement with previous observations and as a consequence
the value of n is higher than two [63]. At higher pHs (pH 12-14) the n value
approaches four, however there are some differences depending on the
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surfactant used as a dispersing agent. For instance, the electrodes modified in
the presence of CTAB show anomalously low reduction current at high
overpotentials in the solutions of high pH and # is approximately 3.
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Figure 20.Potential dependence of 7 for O, reduction on MWCNT-surfactant modified G
electrodes at different pHs. Surfactants used: (a) SDS, (b) Triton X-100, (c) CTAB and

(d) DHP.

Figure 21 shows the dependence of the half-wave potential for O, reduction on
solution pH. At higher pHs the E), values are higher, but as the solution pH
decreases the nature of active sites on MWCNTs changes and as a result £,
becomes almost independent of pH. There is some scatter in the data,
nevertheless, the results shown in Figure 21 represent the main tendencies
observed. It is important to note that the overpotential of O, reduction is the
lowest in the solutions of high pH. This is an essential aspect considering the
application of the MWCNT-modified electrodes in practical electrocatalysis.
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Baring in mind rather high concentrations of surfactants in the MWCNT
suspensions used in the present work, one could expect a high coverage of
surfactants on the surface of MWCNTs. It appears that there is an optimum
amount of surfactant adsorbed on nanotubes for various applications (for
example, for SDS [240]). If the amount adsorbed is too high then the surfactant
layer may affect charge transport within the MWCNTSs network, which is
detrimental for electronic applications [228]. On the basis of the literature data
and the results obtained in the present work we can conclude that there is only a
little effect of surfactants used in the preparation of the MWCNT-modified
electrodes on the electrocatalytic properties of these electrodes.

6.5. Oxygen reduction on CDC modified electrodes

Electroreduction of O, on glassy carbon electrodes modified with various
carbon nanomaterials in alkaline solution has been investigated. Electrocatalytic
behaviour of carbide-derived carbon materials was of special interest for oxygen
reduction reaction [V].

6.5.1. Physical characterisation of CDC materials

For convenience, the CDC materials studied are designated as C824 and C1551.
The former material can be classified as “turbostratic” carbon, whereas the latter
one forms nanobarrel-like structures. The example of XRD patterns of C1551,
C824 and respective precursor material, Al,C;, is shown in Figure 22. Figure
22a shows a typical powder XRD profile of the partially graphitic carbide-
derived carbon. For both CDC materials the 002 Bragg diffraction peak at 2@
~26° corresponds to parallel graphene layers although there is no graphite like
regularity. The 10 diffraction peak at 20 ~43° characterises the 2D in-plane
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symmetry along the graphene layers. The graphitisation for C1551 is much
lower than for C824, therefore high ordered 004 and 11 graphite interlayer
diffraction peaks are very weak. Also, the peak at 26° is much narrower for
C824 (Figure 22a). The formation of Al4C; derived carbons proceeds by net
Reaction (18):

Al,C, +6Cl, =3C+4AlIClL, T (19)
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Figure 22. Characteristic XRD patterns for CDC sample C824, MWCNTs and Vulcan
XC72R (a), C1551 (b) and the precursor material, Al,C; (b).

The surface morphology of these materials was examined by high-resolution
transmission electron microscopy (HR-TEM). Figure 23 shows a HR-TEM
micrograph of a C1551 sample. One can see on the HR-TEM image a large
number of nanobarrels and small flake-looking particles of a CDC. The HR-
TEM image revealed that this sample consists of nanobarrels having sizes from
50 to 100 nm. However, there were also many particles that at a first view
seemed to be amorphous, but at closer look were found to consist of small
flakes which are actually nanobarrels sized about 10 nm. The thickness of the
turbostratic carbon flakes varied from 2 to 15 graphene layers. The rest is
mainly an intermediate between amorphous carbon and nanoparticles.
Therefore, one may find several similarities between the XRD patterns from the
nanocarbon-containing samples used in this study and those reported for
MWCNTs.
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Figure 23. HR-TEM image of C1551 material deposited on an amorphous carbon film.

6.5.2. O, reduction on CDC modified GC electrodes

Figure 24 presents the RDE polarisation curves for oxygen reduction on CDC-
PTFE (C824-PTFE and C1551-PTFE) modified GC electrodes in O, saturated
0.1 M KOH. For comparison, MWCNT-PTFE and Vulcan carbon-PTFE
modified GC electodes were studied as-well. These electrodes were heated at 80
°C for 1 h before electrochemical testing. The RDE results were rather similar
for all the modified electrodes studied. The limiting current increases when the
rotation rate increases and there is a clear pre-wave present at low over-
potentials. The second reduction wave on these materials starts at approximately
-0.7 V.

For carbon nanomaterials C824 and C1551 a high reduction current was
observed probably because of the high degree of graphitisation, which leads to a
mesoporous structure of these carbons. Mesoporous materials potentially lead to
faster charge transfer rate as observed previously [241,242], while the high
surface area materials with a non-porous structure and fully accessible surface
such as carbon onions were previously shown to have high response rates.
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Figure 24. RDE voltammetry curves for oxygen reduction on carbon nanomaterial-
PTFE modified GC electrodes in O,-saturated 0.1 M KOH. Nanocarbons used:
(a) MWCNT, (b) Vulcan XC72R, (c) C1551 and (d) C824. v=10 mV s". o: (1) 360,
(2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm.

The number of electrons transferred per O, molecule was calculated from the
Koutecky-Levich equation (18). Figure 25 shows the K-L plots obtained from
the RDE data on oxygen reduction at —0.6 V for different carbon nanomaterial
modified electrodes. At this potential the K-L lines are almost parallel,
indicating that the reduction pathway is similar for different carbon materials
studied. The intercepts of the extrapolated K-L lines were close to zero, which
shows that the process of O, reduction is almost entirely under diffusion
control. The inset of Figure 25 compares the n values calculated from the K-L
equation at various potentials. For all carbon materials at low overpotentials
(E > —0.6 V) the n value was close to two and the reduction of O, produces
peroxide which is the final product in this case. At more negative potentials the
value of n gradually increased up to four (the only exception was C824), which
indicates that the peroxide formed reduces further in this potential range. For
most carbon nanomaterials the »n value approaches four, however, there are
some subtle differences depending on the carbon nanomaterials used.
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Figure 25. Koutecky-Levich plots for oxygen reduction on nanocarbon-PTFE modified
GC electrodes at —0.6 V. Nanocarbon materials used: (m) C1551, (o) C824, (<€)
MWCNT, (V) Vulcan XC72R. Inset: Potential dependence of n for O, reduction on
carbon nanomaterial-PTFE modified GC electrodes in 0.1 M KOH.

6.5.3. RRDE studies of O, reduction on CDC materials

Rotating ring-disk electrode was also used for the investigation of the
electrochemical reduction of oxygen on carbon nanomaterials deposited on GC.
In this case the nanocarbon-PTFE mixture was annealed at 350 °C for 0.5 h.
This is a typical procedure for the preparation of commercial Pt/C catalysts
using PTFE as a binder [243]. The PTFE content used (10 wt.%) was found to
be suitable for the preparation of catalytically active and stable gas-diffusion
electrodes [243,244]. The disk currents of oxygen reduction recorded on GC
electrodes modified with different carbon nanomaterials are presented in Figure
26a. The corresponding ring currents are shown in Figure 26b. At the foot of the
polarisation curves the C1551 material shows a higher reduction current than
other nanocarbons studied and this is most probably related to its higher specific
surface area (684 m*g '). At low overpotentials the reduction of oxygen yields
primarily HO, . This was confirmed by the K-L analysis of the disk current
data. The 2¢” reduction pathway predominates at £ > —0.6 V (see RRDE data
analysis below). As can be seen in Figure 26a, an ill-defined current plateau
forms at potentials between —0.6 and —0.4 V for all the nanocarbon modified
electrodes studied. The disk currents at these potentials are close to the
diffusion-limiting current for a 2e” reduction of oxygen. In this potential range
the production of peroxide is the highest, which is important from the point of
view of the electrosynthesis of hydrogen peroxide [245]. At E < -1 V, the
reduction current reaches a limiting value for all the carbon materials studied.
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Figure 26. Ring and disk currents for oxygen reduction on carbon nanomaterial-PTFE
modified GC electrodes in O,-saturated 0.1 M KOH. v =10 mV s™'. ® = 960 rpm. (a)
disk and (b) ring currents

The ring currents increase as the rotation rate increases and reach maximum
value at ca. —0.5 V followed by a decrease of current at more negative
potentials. This is a clear indication that the hydrogen peroxide starts to be
reduced further on the disk electrode and as a consequence the contribution of
the 4e~ pathway to the overall O, reduction reaction increases. The ring current
decrease at £ <—0.5 V depends somewhat on the carbon nanomaterial used. For
instance, the Iz values for carbon black-PTFE modified electrode reach a
plateau from —0.5 to —0.8 V, indicating that hydrogen peroxide is produced in
similar quantities at these potentials. However, for MWCNT-PTFE, C824-
PTFE and C1551-PTFE there is a tendency for a current decrease in the range
of potentials from —0.5 to —1.0 V, which reveals that the production of peroxide
also decreases.

The RRDE data of O, reduction were analysed using the ratio of disk to ring
current [246]. The Ip/Iz vs. ® "> plots were analysed at E = —0.6 V and the
results for different nanocarbons are shown in Figure 27. These plots are very
similar for all the carbon nanomaterials studied, which means that the Ip/lx
values are almost independent of the electrode rotation rate. Similar results were
obtained in Ref. [247]. In all cases, the plots were rather parallel to the X-axis,
indicating that the further reduction of peroxide is negligible at this potential.
Some scatter in the data could occur because of the slightly non-quantitative
detection of the peroxide on the Pt-ring. By extrapolating the NIp/Ix vs. © >
lines to the infinite rotation rate, one can observe intercepts slightly higher than
unity. This means that the predominant pathway is the two-electron reduction of
oxygen to peroxide which is the final product in this case.

The percentage yield of peroxide formation (@) was calculated from [248]

o 2007/N

= 20
I, +1;/N 20
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where Ip and Iz are the disk and ring currents, respectively, and N is the
collection efficiency. The value of @ was between 80 and 90% at low
overpotentials and it decreased at potentials more negative than —0.7 V (Figure
28). At the potentials of the second reduction wave the yield of peroxide was
dependent on rotation speed and increased at higher rotation rates. This shows
that the number of surface sites at which HO, undergoes electrochemical
reduction is limited and as a consequence, the turnover rate at these sites is
insufficient to provide the increased production rate of HO, at high rotation
rates, i.e., the reduction of HO, ions becomes less favourable in comparison to
the rate of desorption and diffusion into the bulk solution.
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Figure 27. The dependence of NIp/lr on Figure 28. Dependence of the yield of

o " at —0.6 V for oxygen reduction on peroxide formation (®) on potential for

carbon nanomaterial-PTFE modified GC carbon nanomaterial-PTFE modified GC
electrodes in 0.1 M KOH. electrodes in 0.1 M KOH. Data derived

from Figure 26.

Some research groups have proposed that the enhanced O, reduction current at
pre-wave potentials in alkaline solutions is caused by quinone-type functio-
nalities on carbon materials [92].

The practical relevance of this work is related to the electrochemical
synthesis of hydrogen peroxide in alkaline solutions [245]. It has been found
that peroxide will degrade the surface of carbon materials so it is highly
challenging to find a carbon-based material, which shows a higher electro-
catalytic activity for O, reduction to peroxide and at the same time improves
corrosion resistance and chemical stability over commercial nanocarbon
powders [249,250]. Up to now, hydrogen peroxide is produced by a chemical
route [251]. The electrosynthesis of peroxide has several advantages over the
chemical route and it is particularly attractive to carry out this process using a
fuel cell technology [245].
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6.6. Oxygen reduction on MN, macrocycle/MWCNT
modified electrodes

Metal phthalocyanine and porphyrin functionalised multi-walled carbon
nanotubes were used as non-precious electrocatalysts for the electroreduction of
oxygen both in acid [VI] and alkaline media [VII]. The catalyst materials were
heat-treated at different temperatures before electrochemical testing. The goal
was to show difference of metalloporphyrins and metallophthalocyanines from
ORR electrocatalysis point of view and to find optimum pyrolysing conditions
in order to achieve a higher activity and stability of these catalysts.

6.6.1. Surface characterisation of MWCNT supported metal
phthalocyanine and porphyrin samples

X-ray photoelectron spectroscopy was used to study the surface composition of
the electrocatalysts and to determine the chemical states of metal and nitrogen
species on the surface. Figure 29a and 29b presents the XPS survey spectra of
heat-treated CoPh/MWCNT and CoPc/MWCNT samples, respectively. All the
samples were heat-treated at 800 °C. It is possible to separate five similar XPS
peaks for both samples, which correspond to emission from Cls, satellite peak
of the Cls spectrum, N1s, Ols, and Co2p levels. The XPS core-level spectrum
in the Nls region of CoPc/MWCNT and CoPh/MWCNT samples shows two
peaks. The N1s peak of higher binding energy at 400.2 eV corresponds to a new
nitrogen species formed likely during the pyrolysis and the peak at 399.8 eV
could be assigned to N introduced into the graphene layer but it is hard to define
the exact chemical nature of these surface species and the identification of the
species is still under debate. Two similar nitrogen peaks to CoPc/MWCNT and
CoPh/MWCNT samples have been observed also for iron porphyrin on
acetylene black and in this case they were assigned to C-N-Hx and C-N-M
groups evolved from the decomposition of the MN, chelates [252].

The Ols peak is related to the MWCNT material and is caused by various
carbon-oxygen functionalities on the surface of MWCNTs. Similarly to the N1s
peak, it is hard to define the exact chemical nature of different surface species
from Ols peak because of close binding energies and the topic is still under
debate, but different investigations have shown that carboxyl and quinone
groups are present on the surface of carbon nanotubes [220].
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Figure 29. XPS spectra of the catalyst materials (a) CoPh/MWCNT and (b)
CoPc/MWCNT with inset spectra of N1s and Co2p.

From the inset of Figures 29a and 29b one can observe XPS peaks at 795.8 eV
which corresponding to Co2ps, lower energy and 780.2 eV corresponding to
Co2py; higher energy asymmetric bands originating from spin-orbital splitting.
The peak at 780.2 eV belongs to Co®" from all CoPc/MWCNT or
CoPh/MWCNT, respectively. The XPS peak at 778.5 eV corresponds to
metallic cobalt and peak at 781 eV corresponding to pure CoPc or CoPh
respectively. It should be noted that nitrogen or metal catalyst impurities were
not detected in the as-received MWCNT samples by XPS.

6.6.2. O, reduction on MWCNT supported metal
phthalocyanines and porphyrins in acid media

Typical RDE polarisation curves obtained for different MN4 macrocycle/
MWCNT modified GC electrodes towards the ORR in acid media is illustrated
in Figure 30a and 30b. The Figures present the RDE results of oxygen
electroreduction obtained with FePh/MWCNT and CoPh/MWCNT materials
pyrolysed at 800 °C. The experiments were performed at different rotation rates
in O,-saturated 0.5 M H,SO, solution. An almost constant onset potential of the
ORR on the same catalyst at different rotation rates shows that no catalyst
material have left from the electrode and no changes are taking place with
catalyst material during the experiment. As expected, the limiting currents in a
hydrodynamic experiment increase with increasing rotation rate. It is possible to
see from Figure 30 that the value of onset potential is similar for both materials
but the difference in half-wave potential is almost 0.2 V. Also the current
plateau is formed at a much more positive potential for the CoPh/MWCNT
catalyst.
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Figure 30. RDE voltammetry curves for oxygen reduction on (a) FePh/MWCNT and
(b) CoPYMWCNT modified GC electrodes in O, saturated 0.5 M H,SO,4 solution.
v=10mV s o: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm. The
catalyst materials were heat-treated at 800 °C.

Still both of the catalysts increase remarkably the ORR activity. For the heat-
treated FePh/MWCNT and CoPh/MWCNT catalysts a high reduction current
was observed probably because of the generation of electrocatalytically active
species which usually form during the heat-treatment at temperatures higher
than 650 °C [154,253]. It has been proposed that the electrocatalytically active
sites for ORR could be the central metal ion with N atoms [254]. Even if the
metal nanoparticles on carbon supports are sometimes reported not to be related
to the activity of the catalyst and nitrogen not being a part of the catalytically
active site for ORR, these two species together can form highly active catalyst
center for ORR [254].

The number of electrons transferred per O, molecule (n) was calculated from
the Koutecky-Levich equation. Figure 31a and 31b presents the K-L plots
obtained from the RDE data on oxygen reduction in 0.5 M H,SO, for annealed
(800 °C) FePh/MWCNT and CoPh/MWCNT catalyst modified electrodes,
respectively. The extrapolated K-L lines showed non-zero intercepts, indicating
that the process of oxygen reduction is under the mixed kinetic-diffusion control
in a large range of potentials. The values of n at different potentials are
presented as insets in Figure 31la and 31b for FePW/MWCNT and
CoPh/MWCNT, respectively.

For both the FePc/MWCNT and CoPh/MWCNT material the n value was
close to 3 for all over the range of potential. This indicates that the mixed 2¢~
and 4e process takes place and the reduction of O, produces both H,O, and
HQO.
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Figure 31. Koutecky-Levich plots for oxygen reduction on (a) FePh/MWCNT and
(b) CoP/MWCNT modified GC electrodes in O, saturated 0.5 M H,SO, at various
potentials: (m) 0.2, (V) 0.1, («€) 0, (¢) 0.1, (») 0.2, (%) —0.3 and (A) —0.4 V. The
inset shows the potential dependence of 7.

Figure 32 presents the comparative RDE results of O, reduction obtained for
GC electrodes modified with different MWCNT supported MN, macrocyclic
catalyst materials annealed at different temperatures. For comparison purposes
the RDE voltammetry curve of unmodified MWCNTSs has been added. For each
catalyst material the polarisation curves of oxygen reduction are presented for
unannealed catalyst and materials pyrolysed at 400 °C and 800 °C. As presented
in Figure 32, the electrocatalytic activity of metalloporphyrin/MWCNT
modified electrodes for ORR was higher than that of the metallophthalocyanine/
MWCNT modified electrodes. Especially higher activity was observed for
CoPh/MWCNT material for which the onset potential of O, reduction shifted
positive for almost 0.1 V as compared to that of FePc/MWCNT, which was the
catalyst with poorest ORR activity. As expected, the electrocatalytic activity of
all metallophthalocyanine and metalloporphyrin modified MWCNT catalysts
improved enormously compared with pristine MWCNTs. It is well-known that
pure MWCNTs itself have rather low electocatalytic activity for O, reduction in
acid media. One can see that the onset potential of O, reduction on unmodified
MWCNTs is substantially more negative than that of metallophthalocyanine
and metalloporphyrin modified MWCNTs. This indicates that the catalyst
activity is entirely determined by the catalytically active sites formed by the
attachment of MN4 macrocycles to the surface of MWCNTs. We could expect
similar performance for analogous catalysts to large conjugated organometallic
molecules as phthalocyanines and porphyrins which easily adsorb on MWCNT
support. However there are visible differences in catalytic activity between
these materials, which could be explained by the existence of better n—n
interactions between MN4 macrocycle and MWCNTs and by small differences
in the structure of the molecules [160, 173]. Given the results of the polarisation
curves for different materials annealed at two different temperatures it can be
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concluded that the samples heat-treated at 800 °C showed the best electro-
catalytic activity towards the ORR. It is proven that heat-treatment enhances the
kinetic current of the catalyst materials and reduces the concentration of MN,
macrocycles in the pyrolysis product. Gupta et al. stated that the presence of
MN, macrocycles had only minor impact for the ORR activity in acid media
without any annealing [255]. It has been proposed that pyridinic-type nitrogen,
forming at temperatures as high as 800 °C, could be responsible for the achieved
catalytic activity [256].
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Figure 32. RDE voltammetry curves for oxygen reduction on (a) FePc/MWCNT,
(b) CoPc/MWCNT, (c¢) FeP/MWCNT and (d) CoPh/MWCNT catalyst material
modified GC electrodes in O,-saturated 0.5 M H,SO,. v=10mV s\, @ = 1900 rpm.

6.6.3. O, reduction on MWCNT supported metal
phthalocyanines and porphyrins in alkaline media

Figure 33a and 33b presents the RDE polarisation curves for oxygen reduction
in alkaline media on GC electrodes modified with FePc/MWCNT and
FePh/MWCNT material pyrolysed at 800 °C. The experiments were performed
in O, saturated 0.1 M KOH solution and at different rotating rates. As expected,
the limiting currents in a hydrodynamic system increase with increasing rotation
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rate. An almost constant onset potential of the ORR on the same catalyst at
different rotation rates shows that no catalyst material have left from the
electrode and no changes are taking place with catalyst material during the
experiment. This phenomenon is observable for both materials and hence for
the Figures 33a and 33b.
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Figure 33. RDE voltammetry curves for oxygen reduction on (a) FePc/MWCNT and
(b) FePh/MWCNT modified GC electrodes in O, saturated 0.1 M KOH. v=10 mV s™".
o= (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm. The catalyst
materials were heat-treated at 800 °C.

The onset potential of the ORR on the FePh/MWCNT is —0.05 V and shifts in
the positive direction as compared to the FePc/MWCNT catalyst for which the
onset potential is —0.1 V, which means that the FePh/MWCNT catalyst material
is more active and with higher reduction current density than the FePc/
MWCNT. There is a visible pre-wave present at low overpotentials for both
materials. The second reduction wave on FePc/MWCNT starts at approximately
—0.7 V and on FePh/MWCNT at approximately —0.6 V. For the heat-treated
FePc/MWCNT and FePW/MWCNT catalysts a high reduction current was
observed probably because of the generation of electrocatalytically active
species which usually form at temperatures from 700 to 950 °C. Ladouceur et
al. have reported that the electrocatalytic activity of CoPc/XC-72, which was
annealed at 800 °C, was twice as high as the activity of the non-pyrolysed
CoPc/XC-72 [197]. It has been proposed that the electrocatalytically active sites
for ORR could be the central metal ion with N atoms [197]. Even if the metal
nanoparticles on carbon supports are sometimes reported not to be related to the
activity of the catalyst [189] and nitrogen not being a part of the catalytically
active site for ORR [246], these two species together can form highly active
catalyst center for ORR.

Figure 34a and 34b shows the K-L plots obtained from the RDE data on
oxygen reduction on FePc/MWCNT and FePh/MWCNT, respectively, and at
several rotation rates in 0.1 M KOH. The linearity of the K-L plots is an
indication that the reaction is first order with respect to molecular O,. The
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intercepts of the extrapolated K-L lines were close to zero, which shows also
that the process of O, reduction is almost entirely under diffusion control at
high negative potentials. The inset of Figures 34a and 34b shows the n values
calculated from the K-L equation at various potentials. For the FePc/MWCNT
material at low overpotentials (£ > —0.7 V) the n value was close to 2.5 and at
more negative potential n reaches 3, which means that the O, reduction reaction
takes place as mixed 2e” and 4e” process and the reduction of O, produces both
HO, and OH . From the inset of Figure 34b corresponding to FePh/MWCNT,
one can see that the value of # is close to 4 in a wide range of potentials. This
indicates that the mixed 2e” and 4e™ process takes place and the reduction of O,
produces OH ™ ions.
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Figure 34. Koutecky-Levich plots for oxygen reduction on (a) FePc/MWCNT and
(b) FeP/MWCNT modified GC electrodes in 0.1 M KOH at various potentials:
(A)-04, (o) 0.6, (€4) 0.8, (¥)—1.0 and (m) —1.2 V. The inset shows the potential
dependence of n.

Figure 35 presents the comparative RDE results of O, reduction obtained for
GC electrodes modified with different catalyst materials pyrolysed at different
temperatures. The RDE voltammetry curve of pure MWCNTs has been added
for comparison purposes. Figures 35a-d presents the RDE polarisation curves
for oxygen reduction on GC electrodes modified with FePc/MWCNT,
CoPc/MWCNT, FePh/MWCNT and CoPh/MWCNT respectively. The ORR
polarisation curves are presented for unannealed material and catalysts heat-
treated at 400 °C and 800 °C. As shown in Figure 35, the catalytic activity of
metalloporphyrin/MWCNT modified GC electrodes was higher than for the
metallophthalocyanine/MWCNT  modified electrodes.  Especially  for
CoPh/MWCNT material which onset potential were shifted positive for almost
0.1 V as compared to CoPc/MWCNT. As expected, the catalytic activity of all
metal phthalocyanine and porphyrin modified MWCNT catalysts improves
enormously compared with the unmodified MWCNTs.
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Figure 35. RDE voltammetry curves for oxygen reduction on (a) FePc/MWCNT,
(b) CoPc/MWCNT, (¢) FeP/MWCNT and (d) CoPh/MWCNT modified GC electrodes
in O,-saturated 0.1 M KOH. v=10mV s™". ® = 1900 rpm.

One can see that the onset potential of O, reduction on unmodified MWCNTs is
substantially more negative than that of metallophthalocyanine and
metalloporphyrin modified MWCNTs. This indicates that the catalyst activity is
entirely determined by the catalytically active sites formed by the attachment of
MN, macrocycles on the surface of MWCNTs.

There are also differences in the electrocatalytic activity of different metal
phthalocyanines. These could be explained by the small differences in the
structure of the molecule and existence of better n—r interactions between MNy
macrocycle and MWCNTSs [160,170]. As can be seen from Figure 35a and 35b
the CoPc/MWCNT catalyst has much better electrocatalytic properties
compared with FePc/MWCNT. This is in accord with previous studies of
Arechederra et al. who found that cobalt doped Pc material requires less
overpotential to achieve oxygen reduction than the iron doped material [178].
For the metal phthalocyanines the clear pre-wave is observed, whereas for the
metaloporphyrins the pre-wave is almost absent.

Given the results of the polarisation curves for different materials annealed
at different temperatures it can be concluded that the samples prepared at 800
°C showed the best electrocatalytic activity towards the ORR. It has been
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proposed that the achieved catalytic activity at this temperature could be
assigned to the pyridinic-type nitrogen forming on these temperatures high as
800 °C [256]. It is also proven that the catalytically active site for the cathodic
ORR is not the Fe or Co in this case, because it a is well known fact that Fe and
Co are playing minor role in the ORR in alkaline solutions and most of the
metallic catalyst is encapsuled into the graphitic carbon materials at this
temperature [257].

Metal phthalocyanine and porphyrin modified carbon nanomaterials may
find application as cathode catalysts for fuel cells. It would be of utmost
importance to replace the costly Pt or its alloys as a cathode material in low
temperature fuel cells. The electrocatalysts studied in this work are particularly
attractive as alternative cathodes for alkaline membrane fuel cell.

6.7. Fuel cell performance of MN,
macrocycle/MWCNT catalyst

The purpose of this part of work was to evaluate Hy/O, fuel cells using an
alkaline anion exchange membrane. Various non-platinum catalyst materials
were investigated by fabricating membrane-electrode assemblies using
Tokuyama membrane and compared with commercial Pt/C catalysts [VIII].

Before evaluating the catalyst materials in a fuel cell, the RDE
measurements were performed. A comparison of the RDE data on oxygen
reduction recorded on GC electrodes modified with different catalyst materials
are presented in Figure 36. The commercial 46 wt.% Pt/C catalyst shows a
higher reduction current than any other material compared and this is related to
the high loading of platinum. At the foot of the polarisation curve the
commercial 20 wt.% Pt/C catalyst also shows a higher reduction current than
phthalocyanines but at more negative potentials the CoPc/MWCNT (heat-
treated at 800 °C) modified electrode becomes more active and its O, reduction
current exceeds the current values of 20 wt.% Pt/C material. Annealed
FePc/MWCNT also shows the extraordinary ORR performance in alkaline
electrolyte but its current is not rising as high as that observed for the
CoPc/MWCNT material. The RDE voltammetry curve of O, reduction on
unmodified MWCNTs has been also added to Figure 36 for comparison
purposes.

Figure 37 compares the fuel cell performance of MEAs with FePc/MWCNT
and CoPc/MWCNT cathode electrocatalysts using humidified H, and O, gases
at 45 °C in a single cell fuel cell. In order to compare the performance of these
non-noble metal catalysts, two commercial Pt/C catalysts (E-TEK and Tanaka)
were also evaluated and the performance compared at identical operating
conditions. As can be seen from the Figure 37, Tanaka Pt/C catalyst showed the
highest performance (~120 mW cm™?). CoPc/MWCNT material performed
almost (power density ~100 mW cm™?) similar to that of the E-TEK catalyst

70



based MEAs. However, the FePc/MWCNTSs based MEA only showed about 60
mW cm* under similar conditions. MEAs with bare MWCNT based cathodes
were also evaluated to see whether there was any ORR activity. Evidently,
MWCNTs showed poor performance with lower OCV also. The fuel cell
performance of the MEAs became fluctuating above 50 °C, probably due to
water balance issues in the cell. However, the reported power density with
Tokuyma membrane was about 180 mW cm ™ using Co-Fe/C catalysts by Li et
al [154]. Recent literature on the AFC using Pt catalyst ink with aminated
tetramethyl polysulfone membrane showed much poorer performance even with
2 mgPt cm ™ under high operating pressure [258].
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Figure 36. RDE voltammetry curves for
oxygen reduction on different catalyst
material modified GC electrodes in O,-

Figure 37. Fuel cell performance of
MEAs with Co and Fe phthalocyanine
modified MWCNTs along with E-TEK

saturated 0.1 M KOH. v =10 mV s, ®:
1900 rpm.

and Tanaka Pt/C catalysts based
cathodes using Tokuyama’s A201 series
anion exchange membrane

6.8. Oxygen reduction on graphene-supported
MN, macrocycles
Graphene was used as a support for MN, macrocycles and the electrocatalytic

activity of these materials towards the ORR was studied in alkaline media using
the rotating disc electrode method [1X].

6.8.1. Surface characterisation of rGO-supported
metallophthalocyanine and metalloporphyrin samples

Figure 38a and 38b presents the XPS survey spectra of FePc/rGO and
CoPh/rGO samples, respectively. Four similar XPS peaks were observed for
both samples, which correspond to emission from Cls, satellite peak of the Cls
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spectrum, Ols and N1s levels. In additon Fe2p and Co2p peaks were observed
for FePc/rGO and CoPh/rGO samples, respectively. The Ols peak is related to
the rGO material and is caused by various carbon-oxygen functionalities on the
surface of rGO. It has been proved that some of the oxygen functionalities
remain on the surface of rGO despite the reduction of the GO material [123].

The XPS core-level spectrum in the Nls region shows one peak at
approximately 399 eV for both FePc/rGO and CoPh/rGO samples and could be
assigned to pyridinic N and MNx. From the inset of Figure 38a one can observe
XPS peaks in the Fe2p region. The peak at 709.2 eV corresponds to the Fe2p;,
emission. This is consistent with the iron in FePc macrocycle being mostly in
the Fe(Il) state. This means that no major change takes place in the chemical
state of FePc without pyrolysis and these metallocomplexes are attached to the
surface of rGO simply by physical adsorption. Inset to Figure 38b shows two
XPS peaks of Co2p relating to similar metal species as for Fe.

Raman spectra of graphite, GO and rGO are presented in Figure 38c. The
typical feature for carbon in Raman spectra is the G band around 1582 cm ™' and
D band around 1350 cm . G mode arises from the first order scattering of E,g
phonon of sp” carbon atoms and D mode arises from breathing mode of « point
phonons of A;g symmetry. During Raman measurements the graphite G band is
observed at around 1580 cm ', which is up shifted to 1588 cm ' in case of GO
and indicates the presence of isolated double bonds, which resonate at
frequencies greater than that of G band of graphite. Upon reduction the G band
for rGO is down shifted to 1583 cm ', attributed to the recovery of the
hexagonal network of carbon atoms, re-gain of double bonds. The prominent D
peak at ca. 1363 cm™' is observed for GO, which is also observed for graphite
(source material), clearly indicate the presence of structural imperfections. The
intensity of 2D peak with respect to the D and G peak is smaller due to disorder.
Non-planarity of GO sheet arises from the presence of sp’ carbon atoms on GO
sheet which causes wrinkle structure, which was observed during SEM surface
morphology analysis of GO on silicon substrate. Upon reduction the GO sheets
become flat, indicating re-gain of sp® structure of the surface, i.e. good
graphitisation. SEM image of rGO is shown in Figure 38d.
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Figure 38. XPS spectra of (a) FePc/rGO and (b) CoPh/rGO samples with inset spectra
of N1s, Fe2p and Co2p. (c) Raman spectra of graphite, GO and rGO. (d) SEM image of
rGO.

6.8.2. O, reduction on rGO-supported metallophthalocyanine
and metalloporphyrin modified electrodes

The ORR kinetics on GC electrodes modified with different catalyst materials
was investigated using the RDE method. Figure 39a and 39b presents the RDE
polarisation curves for O, reduction on GC electrodes modified with FePc/rGO
and CoPh/rGO material, respectively. The experiments were performed in
O,-saturated 0.1 M KOH at different rotation rates. The onset potential of the
ORR on FePc/rGO is —0.05 V and it shifts positive comparing to the CoPh/rGO
catalyst for which the onset potential is —0.15 V. The ORR activity of catalyst
materials could be attributed to the interaction between carbon atoms of the
support material and the central metal atom in the metallocomplexes. For the
CoPh/rGO catalyst a pre-wave is observed, whereas for the FePc/rGO material
the pre-wave is absent and current plateau is reached at a rather positive
potential. This could be explained by the small differences in the structure of
the modifier molecules, difference in the central metal atom and existence of
better n—x interactions between different MN4 macrocycles [259].
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Figures 39¢ and 39d present the K-L plots obtained from the RDE data on
oxygen reduction on FePc/rGO and CoPh/rGO, respectively. The non-zero
intercepts of the extrapolated K-L lines shows that the process of O, reduction
is not entirely under the diffusion control even at high negative potentials. The
inset to Figures 39¢ and 39d shows the n values calculated from the K-L plots at
various potentials. For the CoPh/rfGO material at low overpotentials
(E >-0.7 V) the n value is close to 3 and at more negative potential n reaches 4,
which means that O, reduction takes place as mixed 2e¢ and 4e  process and
produces both HO, and OH. From the inset to Figure 39¢ corresponding to
FePc/rGO, one can see that the value of # is close to 4 in a wide range of
potential.
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Figure 39. RDE voltammetry curves for ORR on (a) FePc/rGO and (b) CoPh/rGO
modified GC electrodes in O,—saturated 0.1 M KOH. v=10 mV s'. Koutecky-Levich
plots for oxygen reduction on (c) FePc/rGO and (d) CoPh/rGO electrodes in 0.1 M
KOH at various potentials: (m) —0.4, (¥) —0.6, («€) —0.8, (¢) —1.0 and (A) —1.2 V. The
inset shows the potential dependence of n.

Figure 40 presents the comparative RDE results of O, reduction obtained for
GC electrodes modified with different catalyst materials. Pure GO and rGO are
showing average electrocatalytic activity for ORR which is characteristic for
most of carbon materials with high surface area. However the electrocatalytic
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effect of GO and rGO is modest comparing to MN, macrocycle modified rGO
catalysts. As one can see from Figure 40, the MN,; macrocycles adsorbed on the
surface of rGO significantly increase the ORR activity. These materials show a
great promise as cathode catalysts for AEMFCs.
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Figure 40. Comparison of RDE results for oxygen reduction on different catalysts in
O,-saturated 0.1 M KOH. v =10 mV s™'. ©=1900 rpm.

The research carried out in the present work is one of the first efforts to study
the ORR activity of graphene-supported MN, macrocycles. So far there have
been only a few papers dealing with oxygen reduction on MN, macrocycle
modified graphene catalysts [137,138,260].
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7. SUMMARY

In this thesis the oxygen reduction reaction on different nanocarbons and
nanocarbon supported metallophthalocyanines and metalloporphyrins has been
studied. The electrochemical reduction of oxygen was explored on glassy
carbon electrodes modified with carbon nanotubes purified in different acids
(3 M HCI, 3 M HNO:s, concentrated H,SO,4 and a mixture of HNO3 and H,SOy).
The half-wave potential of O, reduction shifted almost 0.2 V in the negative
direction upon MWCNTSs pre-treatment in acids. Thereby the RDE results
obtained in this work showed that the acid treatment of MWCNTSs has a strong
effect on the electrocatalytic activity for oxygen reduction in acid solution and
clearly demonstrated the effect of catalysts impurities remained in CNTs on the
kinetics of the ORR. The untreated CNTs contain a high amount of metal
impurities (mostly Fe, Co) which are used as catalysts for their preparation by
CVD and can be largely removed by treatment in acids [I].

MWCNTs supported on HOPG electrodes and DWCNTs on GC electrodes
were investigated as electrocatalysts for ORR in alkaline media. A hydro-
dynamic deposition method was employed to modify the HOPG electrodes with
MWCNTs. The RDE results showed that MWCNTs possess the excellent
electrocatalytic activity towards the ORR in alkaline solution. The AFM studies
of MWCNT modified HOPG surface confirmed the effectiveness of the
hydrodynamic modification method [II]. Similar electrocatalytic activity was
achieved for DWCNT modified GC electrodes in alkaline media, whereas the
measurements performed with DWCNT/GC electrodes in acid media showed
that DWCNTs are rather inactive in a large range of potentials in these
conditions and therefore could be used as an interesting support material for
various catalysts [I1I].

The pH-dependence of the ORR and the effect of surfactants on this reaction
was studied with MWCNT modified GC electrodes and carbon nanotubes were
dispersed in the presence of various surfactants (SDS, CTAB, DHP, Triton
X-100). The electrochemical reduction of oxygen was studied in aqueous
solutions of different pH using the RDE method. The RDE results revealed that
MWCNTs are active catalysts for O, reduction in the solutions of high pH. The
overpotential for O, reduction increases with decreasing pH. The pH
dependence of oxygen reduction on MWCNT-modified electrodes follows the
same trend as that of the unmodified GC electrode. The effect of surfactants for
ORR on MWCNT/GC electrodes was in evidence [IV].

The electrochemical reduction of oxygen has been studied on carbon
nanomaterial modified GC electrodes employing the RDE and RRDE methods.
Polytetrafluoroethylene was used as a binder material. The results obtained in
this part of research indicate that these nanocarbon modified electrodes are
highly active for the reduction of oxygen in alkaline solution and this activity
might be caused by native quinone-type groups on their surface. Besides surface
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functionalities, the differences in the structure and porosity of these materials
may influence the process of oxygen reduction [V].

Co phthalocyanine, Fe phthalocyanine, Co porphyrin and Fe porphyrin were
supported on MWCNTSs with 50% loading through a simple adsorption method
and studied as non-noble metal electrocatalysts for ORR in both acid [VI] and
alkaline media [VII]. These catalyst materials were also heat-treated at two
different temperatures. The XPS analysis of these -catalysts showed
decomposition of the phthalocyanine and porphyrin rings because of the
pyrolysis and the formation of different electrocatalytically active metal and
nitrogen surface groups. The ORR kinetics were investigated by RDE and it
was found that metal porphyrin and phthalocyanine-based electrodes heat-
treated at 800 °C yielded an extraordinary electrocatalytic activity.

Metallophthalocyanine/MWCNTcatalysts were also evaluated in anion
exchange membrane fuel cell. Membrane electrode assemblies were fabricated
using catalyst coated Tokuyama® membrane (# A201) and compared with
E-TEK and Tanaka commercial Pt/C catalysts. The fuel cell performance of the
MEAs with Co phthalocyanine was found to be only slightly inferior to Tanaka
Pt/C cathode catalysts but similar to that of E-TEK catalysts using H, and O,
gases. The fuel cell power densities of the MEAs with Co and Fe
phthalocyanines and Tanaka Kikinzoku Kogyo Pt/C cathode catalysts were 100,
60 and 120 mW cm , respectively, using H, and O, gases [VIII].

Finally the reduced graphene oxide nanosheets as advanced electrocatalyst
support materials were prepared and thoroughly studied by various surface
characterisation methods. The catalyst materials were prepared by functio-
nalisation of rGO with metal porhyrin and metal phthalocyanine via physical
adsorption. The resulting catalyst materials exhibited excellent electrocatalytic
activity towards the ORR in alkaline media. This indicates an efficient electron
transfer between metallocomplexes, rGO and GC electrode and therefore these
types of materials are promising for wide-spread electrochemical applications in
many fields [IX].
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9. KOKKUVOTE

Hapniku elektroredutseerumine sisiniknanomaterjalidel
pohinevatel kataliisaatoritel

Doktoritdds uuriti hapniku elektrokeemilist redutseerumist erinevatel siisinik-
nanomaterjalidel (I-V). Siisinikmaterjalide pinda modifitseeriti ka metalloftalo-
tsianiinide ning -porfiiriinidega ja uuriti nende elektrokataliiiitilisi omadusi
(VI-IX).

T66 esimene osa keskendus siisiniknanotorude puhastamisele hapetes ning
hapete segus (3 M HCI, 3 M HNO;, kontsentreeritud H,SO, ning HNO; ja
H,SO4 segu) ning hapniku elektrokeemilise redutseerumise uurimisele happe-
lises keskkonnas. Hapniku redutseerumise poollainepotensiaal nihkus, vorreldes
tootlemata mitmeseinaliste siisiniknanotorudega, 0,2 V negatiivses suunas.
Seega voib poorleva ketaselektroodi abil saadud mdotmistulemuste alusel viita,
et siisiniknanotorude hapetes todtlemisel on materjali elektrokataliiitilistele
omadustele mérkimisvdidrne mdju ning siisiniknanotorude siinteesi kdigus neisse
jaavad metallide jadgid (peamiselt Fe, Co) méaravad paljuski nende materjalide
elektrokataliiiitilise aktiivsuse O, redutseerumisel happelises keskkonnas [I].

T60 teises osas uuriti hapniku redutseerumist mitmeseinaliste siisiniknano-
torudega modifitseeritud korgorienteeritud piirografiitelektroodidel ja kahe-
seinaliste siisiniknanotorudega modifitseeritud klaassiisinikelektroodidel leelise-
lises keskkonnas. Kdrgorienteeritud piirografiitelektroodi pinna modifitseeri-
mine pdhines nanotorude fiilisikalisel seondumisel ketaselektroodi pinnale ja
sellel eesmirgil kasutati hiidrodiinaamilist meetodit. Modifitseeritud pinna
morfoloogilised uuringud viidi 14bi multifunktsionaalse teravikmikroskoobi abil.
Modtmistulemused kinnitasid hiidrodiinaamilise modifitseerimismeetodi efek-
tiivsust. Poorleva ketaselektroodi eksperimendid néitasid, et taolised elektroodi
pinnal iihtlaselt jaotunud vidikesed mitmeseinaliste nanotorude puntrad ja
iiksikud nanotorud on hapniku redutseerumise seisukohalt kiillaltki efektiivsed
[II]. Kaheseinaliste siisiniknanotorudega modifitseeritud klaassiisinikelektroo-
dide elektrokeemiline kiitumine hapniku elektrokeemilisel redutseerumisel
sarnanes korgorienteeritud piirografiitelektroodidele seondatud mitmeseinaliste
stisiniknanotorude kditumisega. Samas néitasid kaheseinalised siisiniknanotorud
kiillaltki madalat elektrokataliiiitilist aktiivsust hapniku redutseerumisel happe-
lises keskkonnas, viidates selle materjali voimalikule sobivusele teiste katalii-
saatormaterjalide kandjana madalatel pH véaartustel [I1I].

Hapniku elektrokeemilise redutseerumise pH-soltuvuse ja pindaktiivsete
ainete efekti uurimiseks modifitseeriti klaassiisinikelektroode mitmeseinaliste
siisiniknanotorude suspensiooniga naatriumdodetsiiiilsulfaadi, tsetiitiltrimetiiiil-
ammooniumbromiidi, diheksadetsiiiilvesinikfosfaadi ja Triton X-100 vesi-
lahustes. Siisiniknanotorudega modifitseeritud klaassiisinikelektroodil toimunud
0O, redutseerumise uurimisel leiti, et madalamatel pH véirtustel on {ileminevate
elektronide arv ligikaudu 2, mis niitab, et nendes lahustes redutseerub hapnik
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vesinikperoksiidiks, kuid peroksiid edasi ei redutseeru. Kdrgemate pH vééartuste
korral niitasid mitmeseinalised siisiniknanotorud aga suurepérast elektrokata-
luiitilist  aktiivsust. Mitmeseinaliste silisiniknanotorudega modifitseeritud
elektroodidel saadud hapniku redutseerumise pH-soltuvus sarnaneb kvalitatiiv-
selt poleeritud klaassiisinikelektroodiga saadud andmetele. Mdotmistulemuste
alusel voaib viita ka seda, et pindaktiivsete ainete mdju hapniku elektrokeemi-
lisele redutseerumisele on ilmne [IV].

Erinevate siisiniknanomaterjalide elektrokataliiiitiliste omaduste vordluse
tarvis modifitseeriti klaassiisinikelektroode siisiniknanomaterjali ja poliitetra-
fluoroetiileeni suspensiooniga. Elektrokeemilised modtmised viidi 1dbi nii
poorleva ketaselektroodi kui ka poorleva rdngas-ketaselektroodi meetodil.
Erinevate silisiniknanomaterjalidega modifitseeritud elektroodide hapniku
elektrokeemilise redutseerumise uuringud néitasid, et kdigil kasutatud siisinik-
materjalidel oli leeliselistes lahustes suur kataliiiitiline aktiivsus. Siisinikmater-
jalide korge elektrokataliiiitilise aktiivsuse leeliselises keskkonnas pShjustasid
nihtavasti siisinikmaterjali pinnale omased kinoonset tiiiipi funktsionaalriihmad.
Pinnal asetsevate funktsionaalsete rithmade korval mdjutas siisinikmaterjalide
elektrokataliiiitilisi omadusi kindlasti ka materjali struktuur ja poorsus [V].

T606 tihe osana valmistati siisiniknanotorude ja metalloftalotstianiinide ning —
porfiiriinide abil edukalt madalatemperatuurilise kiituseelemendi kataliisaator-
materjale. Raud- ja koobaltporfiiriini ning -ftalotsiianiinidega modifitseeritud
katallisaatorid valmistati vastavate MN, makrotsiiklite ja mitmeseinaliste
stisiniknanotorude suhtega 50/50 ning neid materjale testiti nii happelises [VI]
kui ka aluselises [VII] keskkonnas. Kataliisaatormaterjali siinteesiks disper-
geeriti slisiniknanotorud metalloftalotsiianiinide ning -porfiiriinide isopropa-
nooli lahuses. Nende elektrokataliisaatorite puhul kasutati kahte piiroliiiisi
temperatuuri. Hapniku redutseerumist nendel materjalidel uuriti pdorleva
ketaselektroodi meetodil ning leiti, et 800 °C juures niitab piiroliilisitud katalii-
saator hapniku elektroredutseerumisel korgeimat aktiivsust. Rontgenfoto-
elektronspektroskoopiline analiilis kinnitas MN, makrotsiiklite lagunemist
plroliiiisi kdigus ning elektrokataliiiitiliselt aktiivsete ldmmastiku- ning metalli-
tsentrite teket siisiniknanotorude pinnale.

Lisaks viidi 1dbi ka katallisaatormaterjalide uurimine leeliselises OH™ ioon-
vahetusmembraaniga kiituseelemendis. Kiituseelemendis kasutati anoodimater-
jalina kommertsiaalset plaatinakataliisaatorit (Pt/C) ning katoodimaterjalina
siisiniknanotorudele kantud raudftalotsiianiin voi koobaltftalotsiianiin kata-
liisaatoreid ning vordluseks ka 20%-lise ja 46%-lise Pt sisaldusega kommert-
siaalseid Pt/C kataliisaatoreid. Uherakulise leeliselise kiituseelemendi t56-
temperatuuriks oli 45 °C ning t6dgaasideks niisutatud H, ja O,. Kdorgeimat
voimsustihedust néitas voOrdluseks kasutatud 46%-line Pt/C Kkataliisaator
(~120 mW cm?). Koobaltftalotsiianiin/siisiniknanotorud kataliisaatori maksi-
maalne voOimsustihedus oli sarnane 20%-lisele Pt/C kataliisaatorile
(~100 mW cm ). Samas raudftalotiianiin/siisiniknanotorud kataliisaatori korral
oli vdimsustihedus vaid 60 mW cm > [VIII].
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T66 viimases osas uuriti redutseeritud grafeenoksiidi pinda mitmete
fiilisikaliste meetoditega ning valmistati kataliisaatormaterjalid hapniku
elektrokeemiliseks redutseerumiseks, kasutades selleks metalloftalotsiianiine ja
-porfiiriine. Need MN, makrotsiiklid seondati redutseeritud grafeeni pinnale
fiilisikalise adsorptsiooni meetodil. Elektrokeemilised mootmised néitasid
iilalmainitud grafeenil pohinevate kataliisaatorite suurepéraseid kataliiitilisi
omadusi hapniku redutseerumisel leeliselises keskkonnas [1X].
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The oxygen reduction reaction has been investigated on acid-treated single-walled
(SWCNT) and multi-walled carbon nanotubes (MWCNT) modified glassy carbon (GC) elec-
trodes in acid media using the rotating disk electrode (RDE) method. Different acids were
used for the carbon nanotube (CNT) purification. A systematic study was carried out to elu-
cidate whether the metal catalyst impurities of CNTs play a role in the electroreduction of
oxygen on the CNT modified GC electrodes. The surface morphology of the carbon nano-
tube samples was examined by transmission electron microscopy and the concentration
of metal catalysts in the CNT materials was determined by energy dispersive X-ray spec-
troscopy. The acid-treated MWCNTSs were also characterised by Raman and X-ray photo-
electron spectroscopies. Aqueous suspensions of SWCNTs and MWCNTs used for GC
surface modification were prepared in the presence of Nafion. The RDE results indicated
that the acid-treated CNT modified GC electrodes are less active catalysts for oxygen reduc-
tion than as-received CNTs which could be explained by the absence of metal catalysts on
the surface of purified CNTs.

© 2011 Elsevier Ltd. All rights reserved.

devices, hydrogen storage devices, (bio)sensors, energy stor-
age devices, composite materials, etc. [8-10]. A variety of tech-

1. Introduction

Since lijima’s landmark paper on carbon nanotubes (CNTs) [1]
there has been an intense investigation of CNT materials due
to their unique structure and properties [2,3], including versa-
tile electrochemical properties [4-6]. Carbon nanotubes have
exceptional strength and stiffness along with high thermal
and electric conductivity [7]. Great strides have been taken
in their synthesis and purification, elucidation of fundamental
physical properties, and important steps are being taken to-
wards practical applications. CNTs provide many applications
to different functional devices, such as nanoscale electronic

* Corresponding author: Fax: +372 7375181.
E-mail address: kaido@chem.ut.ee (K. Tammeveski).

niques have been used to synthesise CNTs. Laser vaporisation,
electric-arc discharge and chemical vapour deposition are
widely used methods for the preparation of CNTs. Most of
these approaches produce powders which contain only a
small fraction of CNTSs but also other carbonaceous particles
such as nanocrystalline graphite, amorphous carbon, fuller-
enes and different metals that were introduced as catalysts
during the synthesis. These impurities interfere with most
of the desired properties of CNTs and cause a serious impedi-
ment in detailed characterisation and applications.

0008-6223/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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One of the most fundamental challenges in carbon nano-
tube science is the development of efficient and simple puri-
fication methods for purifying the CNTs from the significant
amount of embedded secondary phases, such as graphitic
particles, amorphous carbon and residual metal catalyst
impurities (typically Fe, Co, Mo or Ni) used in their growth
[11-15]. When the content of amorphous carbon and metal
nanoparticles is high, it is essential that the impurities are re-
moved if one wishes to work with a carbon material and not a
composite. Not surprisingly, there has been an extensive re-
search interest in using various methods of removal of impu-
rities from CNTs. Several highly effective purification
techniques have been established, including microfiltration,
chromatography and centrifugation, although these are used
rarely. Far-spread method has been the use of oxidative treat-
ments, usually employing strong oxidising acids [13]. Acid
treatment typically involves refluxing CNTs in HNO3, H,SO4,
HCI or mixtures of these acids [12,16-20]. In some cases CNTs
have been purified in more oxidative and extreme conditions
like using piranha solution for this purpose [21]. Mixtures of
concentrated HNO3 and H,SO, are most effective in removing
amorphous carbon, while the HCI treatment, in conjunction
with sonication, is considered to assist the removal of cata-
lytic nanoparticles [22]. Different groups advocate slightly dif-
ferent acidic treatment conditions based on variations in
duration, concentration, use of sonication and repeated cy-
cles. An important consideration is the secondary effect of
the acid purification process, which typically results in the
“cutting” effect of CNTs, i.e. the opening of CNTs, cuts CNTs,
damages surface structure and introduces oxygenated func-
tional groups on CNTs ends and oxidative damage of the side-
wall [23]. The ends and defects formed in the CNT sp?
structure are functionalised with oxygen-containing groups,
such as hydroxylic, carboxylic and ketone groups. While oxy-
gen-containing surface groups can aid certain electrochemi-
cal reactions, the presence of sidewall defects causes
significant changes in the CNT electronic states near the Fer-
mi level. It has been also shown that the increase of graphitic
defects and thereby also oxygen-containing groups, created
during the acid oxidation process can cause a slight improve-
ment in the oxygen reduction activity [24]. Thus, the effect of
the purification procedure on the resulting structure and elec-
tronic properties of the CNT must be considered carefully
when fabricating devices or electrode materials using purified
CNTs [4,25].

The purpose of this research was to systematically study
the effect of acid treatment of carbon nanotubes on the oxy-
gen reduction reaction (ORR). It has been shown that iron
impurities are responsible for the electrocatalytic properties
of CNTs in several reactions [26-30]. The efficiency of various
acid treatment procedures for the purification of CNTs was
compared.

2. Experimental
2.1. CNT purification and electrode preparation

Glassy carbon (GC-20SS, Tokai Carbon) was used as substrate
material. GC disks with geometric area (A) of 0.2 cm? were

pressed into a Teflon holder. The GC electrodes were polished
to a mirror finish with 1 and 0.3 pm alumina slurries (Bueh-
ler). After alumina polishing the electrodes were sonicated
in water for 5 min before use. The multi-walled carbon nano-
tubes (purity >95%, diameter 30+ 10nm, length 5-20 pm)
used were purchased from Nanolab, Inc. (Brighton, MA,
USA). The single-walled carbon nanotubes (SWCNTs, pur-
ity > 90%, diameter 1-2 nm, length 5-30 pm) used were pur-
chased from Nanostructured & Amorphous Materials, Inc.
(Houston, TX, USA). Five percentage Nafion solution (Aldrich)
was used in the preparation of aqueous suspensions of
SWCNTs and MWCNTs. All the solutions were prepared with
Milli-Q water (Millipore, Inc.).

To obtain a uniform layer of SWCNTs and MWCNTSs on GC
surface, the electrodes were modified with nanotubes using
aqueous suspensions (1 mgml™?) containing 0.5% Nafion.
All the suspensions were sonicated for 1 h. Then a 20 pl ali-
quot of SWCNT or MWCNT suspension was pipetted onto
GC surface and the solvent was allowed to evaporate in air.

In this study, we compare four different acid-treatment
methods (treating CNTs in 3 M HCl, 3 M HNO3, concentrated
H,SO, and in the mixture of HNO; and H,SO,4) for carbon
nanotube purification. We also compare the electrocatalytic
properties of SWCNTs and MWCNTs for O, reduction before
and after acid treatment. As-received SWCNTs and MWCNTSs
were first treated by sonicating CNTs for 30 min in acid at
room temperature and then stirring them in acid for 24 h. Fi-
nally the CNTs were washed with Milli-Q water and dried at
110°C.

2.2.  Surface characterisation of CNT materials

The surface morphology of SWCNTs and MWCNTSs was exam-
ined using transmission electron microscopy (TEM). TEM
measurements were performed with JEM-2010 (JEOL) micro-
scope working at 200 kV. The sample for TEM analysis was ob-
tained by placing a droplet of a CNT suspension onto a
formvar/carbon coated copper grid and waiting until the com-
plete evaporation of the solvent in air at room temperature.

Composition of SWCNT and MWCNT materials was ana-
lysed using an INCA Energy 350 (Oxford Instruments) energy
dispersive X-ray spectrometer (EDS) equipped with X-Max
50 mm? detector from the same company, connected to scan-
ning dual beam microscope Helios™ NanoLab 600 (FEI). The
Microanalysis Suite version 4.13 program was used for the
evaluation of sample composition. For checking the existence
of molybdenum in the samples also an electron probe micro-
analyzer equipped with wavelength dispersive X-ray spec-
trometer (WDS) was used [31], which allowed distinguishing
between the Mo L, and S K, analytical lines.

For the X-ray photoelectron spectroscopy (XPS) studies,
the MWCNTs in isopropanol (1 mgml~?) were deposited on
a GC plate (1.1 x 1.1 cm) and the solvent was allowed to evap-
orate in air. The XPS measurements were carried out with a
SCIENTA SES-100 spectrometer using an unmonochromated
Mg Ko X-ray source (incident energy = 1253.6 eV) with source
power of 300 W and take-off angle of 90°. The pressure in
the analysis chamber was below 10~° Torr. While collecting
the survey scan, the following parameters were used: energy
range = 800-0 eV, pass energy = 200 eV, step size = 0.5 eV and
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for the high resolution scan: energy range = 540-525 and 410-
395 eV for the Ols and N1s regions, respectively, pass ener-
gy =200 eV, step size =0.1eV.

The high resolution Raman spectra were recorded on a
Renishaw inVia Raman spectrometer, using Ar ion laser beam
at 514.5 nm wavelength.

2.3. Electrochemical characterisation of CNT modified GC
electrodes

The electrochemical measurements were made using the
rotating disk electrode (RDE) technique employing an EDI101
rotator and CTV101 speed control unit (Radiometer). The elec-
trode rotation rate (w) was varied from 360 to 4600 rpm. Exper-
iments were controlled with the General Purpose
Electrochemical System (GPES) software and the potential
was applied with an Autolab potentiostat/galvanostat
PGSTAT10 (Eco Chemie B.V., The Netherlands). A Pt foil served
as the counter electrode and a saturated calomel electrode
(SCE) was used as a reference. All the potentials are referred
to this electrode. Electrochemical experiments were carried
out in 0.5M H,SO, solution. The solutions were saturated
with Ar (99.999%, AGA) or O, (99.999%, AGA). A continuous
flow of gasses was maintained over the solution during the
electrochemical measurements. All measurements were per-
formed at room temperature (23 + 1 °C).

3. Results and discussion

3.1. TEM, EDS, XPS and Raman analysis of CNT samples

The presence of catalytic metal impurities, defects, amor-
phous carbon and the structure of SWCNTs and MWCNTSs
were investigated with transmission electron microscopy.
Fig. 1a and b present TEM images of as-received and 3 M
HNO; treated MWCNTSs, respectively, deposited on a form-
var/carbon coated copper grid. The MWCNT material consist
of a notable amount of metal catalyst of various sizes and dif-
ferent types of carbons which have different shapes and the
molecular organisations: free MWCNTSs, carbon nanotubes
trapped in amorphous carbon and some carbon lamellas.
The lamellar carbons can form at any carbon surface where
carbon free radicals exist which nucleate and subsequently
add parallel carbon layers [32]. Fig. 1b reveals substantial re-
moval of catalyst impurities by acid treatment.

Fig. 1c and d present typical TEM images of as-received
and acid-treated SWCNTs, respectively. The as-received
SWCNTs seem to be much cleaner of metal nanoparticles
and amorphous carbon as compared to the MWCNTSs. After
purification in 3M HNO; most of the metal catalyst is
removed. Fig. 1d shows the clean-cut structure of SWCNTs,
having no observable defects on the surface of the
nanotubes.

The energy dispersive X-ray spectroscopy analysis showed
that the concentration of iron in MWCNTs was as follows: as-
received material 1.2 wt%, 3 M HCI purified 0.95 wt%, concen-
trated H,SO, purified 1.0 wt% and 3 M HNO; purified 0.4 wt%.
The concentration of cobalt in SWCNTs was as follows: as-re-
ceived material 1.0 wt%, 3 M HCI purified 0.8 wt%, concen-

trated H,SO, purified 0.67 wt% and 3M HNO; purified
0.75 wt%. In addition, in the as-received SWCNTs the sulphur
content was as high as 0.9 wt% and the concentrations of
molybdenum and iron were lower than the detection limit
of the method (<0.1 wt%).

Fig. 2a and b present the XPS survey spectra of HNO; and
acid mixture purified MWCNT samples. Four XPS peaks were
observed for both samples, which correspond to emission
from Cls (284.4 eV), satellite peak of the Cls spectrum, Ols
and N1s levels. In addition, there was a small S2p XPS peak
of the acid mixture treated MWCNTSs. The O1s peak is caused
by various carbon-oxygen functionalities on the surface of
CNTs. Detection of different functional groups from the Ols
peak is not straightforward because of similar binding ener-
gies. However, more detailed investigations have shown that
carboxyl and quinone groups are present on the surface of
carbon nanotubes [33,34]. The XPS core-level spectrum in
the N1s region of HNOs-treated MWCNT shows two peaks.
The N1s peak at 399.8 eV could be assigned to N introduced
into the graphene layer. A second peak appeared at a higher
binding energy. It should be noted that metal catalyst
impurities were not detected in the acid-treated MWCNTSs
by XPS.

In order to study the crystalline structure of MWCNTSs and
density of defects induced by acid treatment, characterisation
of MWCNTs was carried out by Raman spectroscopy. The
main features in the Raman spectrum of carbon materials
are the group of peaks called “D-band” around 1340 cm *
and the peaks called “G-band” in the range of 1550-
1600 cm™*. The D-band is a disorder induced characteristic
arising from double resonance Raman scattering process
from a non-zero-centre phonon mode [35]. This band is as-
signed to the disordered graphitic material or amorphous car-
bon presented in the CNT material. The structural disorders
in CNT material are usually nanosized graphitic planes and
other structures of carbon, such as rings along with defects
on the nanotube walls, heptagon-pentagon pairs, vacancies,
heteroatoms and kinks [21]. The G-peak presented at
1582 cm ™! corresponds to the tangential vibrations of the car-
bon atoms in the graphite [36]. The ratio of intensities of G
and D band is often used to characterise the amount of de-
fects in MWCNT and graphitic materials [20]. Fig. 3 presents
Raman spectra of the acid-treated and as-received MWCNTSs.
When comparing the D and G peaks for the as-received and
nitric acid treated nanotubes, one can see a decrease in the
D-band intensity for 3 M HNOj; treated MWCNTSs, which indi-
cates that mild nitric acid treatment reduces noticeably the
amount of amorphous carbon in the MWCNT material. Ra-
man spectra of H,SO, and acid mixture purified MWCNTSs
show an increase of D-band as compared to 3 M HNO; treated
MWCNTs, which might be caused by damages and defects
introduced to MWCNTs. The ratio of intensities between G
and D band were as follows: as-received MWCNT material
1.12, concentrated H,SO, purified MWCNTs 1.19, 3M HNO;
purified MWCNTs 1.09 and HNO; + H,SO,4 purified MWCNTSs
1.16. As the ratio of intensities of G and D band can be used
as a measure of the graphitic structure of carbon nanotubes,
it can be concluded that by using 3 M HNO; for the treatment
of nanotubes improves the purity and structural order of
MWCNTSs.
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Fig. 1 - TEM images of CNT materials deposited on formvar/carbon coated copper grids: as-received MWCNTSs (a), 3 M HNO;
purified MWCNTSs (b), as-received SWCNTs (c) and 3 M HNO; purified SWCNTs (d).
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Fig. 2 - XPS spectra of HNO; (a) and HNO; + H,SO4 (b) purified
MWCNTs.

3.2.  Cyclic voltammetry of CNT modified GC electrodes

Cyclic voltammetric (CV) experiments were performed to
investigate the effect of carbon nanotubes microstructure
on their electrochemical properties. The CV curves were re-
corded in argon-saturated 0.5M H,SO, at a scan rate of
100mV s~ Fig. 4a and b present typical CV responses of
the differently purified SWCNT and MWCNT modified GC
electrodes recorded between 0.8 and —0.4V. A clear pair of
oxidation and reduction peaks is observed at approximately
0.4V for the SWCNT and MWCNT-modified GC electrodes
purified in 3M HNOs;. These peaks can be assigned to car-
bon-oxygen functionalities on the surface of the CNTs, most
probably to quinone-type species [25]. It can be proposed
that the high background current for 3M HNO; purified
SWCNT and MWCNT-modified GC electrodes is caused by
minor defects and the opening of the ends of CNTs or more
hydrophilic properties of oxidised CNTs [6,37]. This assump-
tion is also in accordance with the investigation by Britto
et al. [38] who compared the ORR activities of CNT and
graphite, and concluded that the CNTs activity is higher than
that of graphite because of the graphitic defects of CNTs, e.g.
pentagon and heptagon derived defects at the CNT tips. By
contrast, the CV curves for the H,SO, treated MWCNTSs and
SWCNTs are almost featureless and the current is rather
low, which could be due to the less oxidative properties of
sulphuric acid at room temperature, causing therefore
smaller number of defects at the surface of CNTs. The
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Fig. 3 - Raman spectra of as-received (a) and HNO; (b), H,SO4 (c) and HNO; + H,S0, (d) purified MWGCNTSs.
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electrodes in Ar-saturated 0.5 M H,SO,. v=100mV s~

CNT-modified GC electrodes were cycled ten times in order

to achieve a stable CV response.

3.3.  Oxygen reduction on CNT modified GC electrodes

Acid treatment of CNTs has a significant influence on the oxy-
gen reduction reaction. It is well-known that carbon material
itself is rather inactive in acid media and mostly the metal
catalysts remained in and on the CNTs catalyse the reduction
of oxygen. Fig. 5a shows the experimental RDE data on oxy-
gen reduction in O, saturated 0.5 M H,SO, at the acid treated
MWCNT-modified GC electrodes recorded between 0.8 and
—0.4V. One can see that different purification procedures

may lead to different ORR results.

The reduction of oxygen on the as-received MWCNT-mod-
ified GC electrode commences at 0.4V while the reduction
wave on the acid purified MWCNT/GC electrodes starts at
0.3 V. The only exception is the RDE data of HNO; purified
MWCNT/GC electrodes where the reduction current starts to
increase at 0.1V, which indicates that this method of nano-
tube purification appears to be the most effective for the elim-
ination of metal impurities from MWCNTs. This was
confirmed also by the EDS analysis, which showed a decrease
in Fe content in the HNOj treated MWCNT material by a fac-

tor of three.

The reduction current increases gradually with increasing
cathodic potential and no current plateau is formed for any
of the acid-treated MWCNT/GC electrode indicating that not
a considerable amount of metal catalyst remained on the sur-
face of the MWCNT material. Slightly different electrocatalytic
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behaviour was observed for MWCNTSs purified in 3 M HCL. This
could be explained by a larger amount of metal nanoparticles
remained on the MWCNTSs and between the graphene sheets
of MWCNTs. It is also important to mention hereby that even
very small amounts of impurities in CNTs in random array
coverage can dominate the electrochemistry of CNT materials
[39]. The value of half-wave potential for O, reduction on the
acid-treated MWCNT/GC electrodes shifted by almost 0.2V
to more negative potentials as compared to the electrodes
modified with untreated MWCNTs. This is a notable effect,
which shows that the metal catalyst impurities in CNTs can
drastically shift the reduction wave to more positive
potentials. We may also consider that at least a minor electro-
catalytic activity difference between the MWCNTSs of various
pre-treatment could be caused by the differences of the
amount of impurities which were not removed by the acid
washing.

It is important to note that besides the removal of metal
residues the oxidative pre-treatment of carbon materials
form also carboxylic acid, quinone, ether, carbonyl, carboxylic
anhydride, lactone, phenol and pyrone-type groups [40,41].
Matsubara and Waki have shown that the amount of O-func-
tionalities on the MWCNT surface increased noticeably by the
oxidative treatment and oxygen content in the pre-treated
nanotube material rose more than ten times [42]. In a similar
study, Biddinger and Ozkan found that acid oxidation of car-

bon nanofibers did not lead to a significant improvement of
the electrocatalytic properties of oxygen reduction in acid
media [24]. The results obtained in the present research are
in good agreement with the observations of the latter work.

Carbon nanotube materials are good electrocatalysts for
0, reduction in alkaline solution as shown in previous studies
[43-46]. The electrocatalytic effect in alkaline media is mostly
caused by oxygen-containing functional groups of carbon
materials [47-50]. Apparently, metal catalyst impurities of
CNTs play only a minor role in the overall reduction of oxygen
in the solutions of high pH, same as oxygen-containing sur-
face functional groups of CNTs play minor role in the process
of O, reduction in the solutions of low pH. It is also interesting
to mention that the acid treatment of MWCNTSs in the mix-
ture of HNO3 and H,SO, did not alter their electrocatalytic
properties for O, reduction in alkaline media to a noticeable
degree [51].

The minor effect on the electrocatalytic activity for oxygen
reduction could be caused also by Nafion. Maruyama and Abe
reported that the kinetic current at Nafion-coated GC elec-
trodes was smaller than that of bare GC [52]. Possible reasons
for the diminution observed at Nafion-coated electrodes are
the effect of pH and blocking effects of side chains of the Naf-
ion polymer in the ionic cluster region [52]. The activity for O,
reduction on carbon electrodes decreases as the pH decreases
according to the results of early work by Tarasevich et al. [53].
As Nafion is a superacid and the H* concentration in the Naf-
ion film is higher than in 0.5 M H,SO,, the activity of Nafion-
coated electrodes can be lower than that of bare GC [52,54].

Fig. 5b shows the RDE voltammetry curves for oxygen
reduction in O, saturated 0.5 M H,SO, on SWCNT-modified
GC electrodes recorded between 0.8 and —0.4 V. It can be seen
from Fig. 5b that the onset potential of oxygen reduction on
the as-received SWCNT-modified GC electrode is 0.1 V while
the reduction of oxygen on the acid purified SWCNT-modified
electrodes starts at 0 V. The small difference of the onset po-
tential could be explained by a decrease in the amount of
metallic impurities of the as-received SWCNTSs as compared
to as-received MWCNTs.

A set of RDE data on oxygen reduction recorded at rotation
rates from 360 to 4600 rpm on 3 M HNO; purified MWCNT and
SWCNT modified GC electrodes are presented in Fig. 6a and b,
respectively. The number of electrons transferred per O, mol-
ecule (n) was calculated from the Koutecky-Levich (K-L) equa-
tion [S5]:

11,1 1 1 o

I L'l nFARCY, 0.62nFADZ v 1/6C3,

where I is the measured current, I and I4 are the kinetic and
diffusion-limited currents, respectively; k is the electrochemi-
cal rate constant for O, reduction, F is the Faraday constant
96 485 Cmol ?, A is the electrode area, w is the rotation rate,
Do, is the diffusion coefficient of oxygen (Do, =1.8x
10°cm?s ! [56]) ng is its concentration in the bulk
(€8, =1.13x10~° mol cm? [56]) and v is the kinematic viscosity
of the solution (0.01 cm?s™%).

Fig. 7a and b presents the K-L plots obtained from the RDE
data on oxygen reduction in 0.5 M H,SO4 for MWCNT/GC and
SWCNT/GC electrodes, respectively. The extrapolated K-L
lines showed non-zero intercepts, indicating that the process
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purified, (V) HNO; purified (€) HCl purified, (®) H,SO, purified
and (») as-received CNTs. The inset shows the potential
dependence of n.

of O, reduction is under the mixed kinetic-diffusion control in
a large range of potentials. The values of n at different poten-
tials are shown as insets in Fig. 7a and b for MWCNTs and
SWCNTs, respectively.

The results indicate that the reduction of oxygen produces
H,0, for acid-treated SWCNT, acid-treated MWCNT and as-re-
ceived SWCNT modified GC electrodes, which is the final
product in this case. For the as-received MWCNT modified
electrodes the H,0, produced on the disk reduces further at
more negative potentials. The further reduction of peroxide
on the as-received MWCNT-modified electrodes at more neg-
ative potentials is in agreement with our previous observa-
tions [26].

The importance of pre-treatment of CNTs for the oxygen
reduction reaction is clear and the acid treatment of the
CNTs should be considered for electroanalytical and electro-
catalytic applications of CNT-modified electrodes. The sig-
nificance of metal-free carbon nanomaterials as catalysts
for oxygen reduction has been highlighted recently [57]. It
is particularly attractive to use nitrogen-doped carbon nano-
tubes for this purpose [58]. These materials can be consid-
ered as promising cathode catalysts for low-temperature
fuel cells.

4, Conclusion

The electrochemical reduction of oxygen was studied on GC
electrodes modified with carbon nanotubes purified in differ-
ent acids (3 M HCI, 3 M HNOj, concentrated H,SO, and a mix-
ture of HNO; and H,SO4). The RDE results show that acid
treatment of MWCNTSs has strong effect on the electrocata-
lytic activity for oxygen reduction in acid solution. The acid
treatment of SWCNTs had only a little effect on the electro-
catalytic properties because of the smaller amount of metal
impurities in the as-received SWCNTs. The half-wave poten-
tial of O, reduction shifted almost 0.2 V in the negative direc-
tion upon MWCNTSs pre-treatment in acids. According to our
previous studies it is evident that chemical treatment of
MWCNTs increases the amount of oxygenated species on
the surface of carbon nanotubes, but these groups are inac-
tive for oxygen reduction in acid media. The results obtained
in this work demonstrate the effect of catalyst impurities
remaining in CNTs on the kinetics of the ORR.
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nanotubes (MWCNTs) was investigated in alkaline media using the rotating disk electrode (RDE) technique. A hydrodynamic
method was employed for the deposition of nanotubes onto HOPG. The surface morphology of the MWCNT-modified HOPG
electrodes was examined by atomic force microscopy. RDE studies indicate that the MWCNT/HOPG electrodes reveal a remark-
able electrocatalytic activity toward O, reduction, and the surface morphology of the modified electrodes showed that the
distribution of nanotubes on the HOPG surface was rather uniform and no essential agglomeration was evident.
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Carbon nanotubes (CNTs) are materials with special properties,1
such as high mechanical strength, chemical stability, high electrical
conductivity, and high surface area, which make them very promis-
ing candidates in a wide range of applications,” such as
nanodevices,’ nanocomposite materials,” and support materials for
different electroanalytical and electrocatalytic applications.” As
CNTs possess a high electrochemically accessible surface area and
the ability to promote electron-transfer reactions, several studies
have been made to mvestlgale Oz reduction using CNT-modified
glassy carbon (GC) electrodes.®'® The oxygen reduction measure-
ments have been carried out in both acid”'' and alkaline
solutions.'>1 Special attention has been paid to the effect of cata-
lyst impurities of CNTs on the kinetics of O, reduction. 816 pH de-
pendence of oxygen reducnon on CNT-surfactant-modified GC elec-
trodes has also been studied.® Recent advantages in this field include
the apphcduon of nitrogen-doped CNTs for the electrocatalysis of
O, reduction. 1® The electrochemical reduction of oxygen on carbon-
based electrodes has received a longstanding interest and has been
extensively studied. 17 It has been recognized that certain types of
carbons are electrocatalytically active for oxygen reduction. The ki-
netics investigations of oxygen reduction on unmodified GC and
highly oriented pyrolytic graphite (HOPG) electrodes in 0.1 M KOH
have shown that the pollshed GC surface is active'® and the basal
plane of HOPG is inactive'® toward 0O, reduction. To use the full
advantage of the CNTs toward O, reduction, it is important to find
possibilities to assemble them in a controlled manner onto the sur-
face of an electrode substrate. There are two dlfferent routes avail-
able to achleve this goal, either in situ growth or postfabrication
deposition. ! In situ growth of nanotubes requires high temperatures,
and the CNT material formed consists of a significant amount of
impurities, which can all be shortcomings of this method. Therefore
a postfabrication procedure could be preferable when assembling
CNTs onto the surface of an electrode substrate. Usually the sim-
plest postfabrication modification method is solution-based deposi-
tion. A dip-coating procedure has been used for the selected area
deposition of nanotubes onto a silicon substrate.”” Spin-coating has
also been employed for the modification of HOPG substrates with
CNTs.2* A common problem of the solution-based deposition is the
insolubility of CNTs in usual organic solvents at reasonable concen-
trations.

As solubility and electronic properties of CNTs are largely influ-
enced by surface functional groups, CNTs can be treated with oxi-
dizing agents, resulting in the formation of oxyg,en containing
groups preferably at the ends and along the tube axis. 724 Oxidative
treatment helps to suspend the CNTs in different solvents by making

* E-mail: kaido@chem.ut.ce

CNTs more hydrophilic. To remove graphitic nanoparticles, amor-
phous carbon, and catalyst impurities and also shorten the nano-
tubes, the electrochemical, chemical, physical, and sonochemical
oxidative pretreatments have been used.

The aim of this work was to study the electroreduction of O, on
oxidatively pretreated multiwalled carbon nanotube (MWCNT)-
modified HOPG electrodes in alkaline media employing the rotating
disk electrode (RDE) technique. A hydrodynamic solution-based
method was used for the deposition of MWCNTSs and the surface
morphology of the MWCNT/HOPG electrodes was examined by
atomic force microscopy (AFM).

Experimental

MWCNTs (purity >95%, diameter of 30 = 10 nm, and length
of 5-20 pm) used in the present work were purchased from Nano-
Lab, Inc. (Brighton, MA). The nanotubes were treated by refluxing
in a mixture of concentrated nitric and sulfuric acids (1:1, v/v) for 2
h at 55°C and then for 3 h at 80°C. Afterward, the nanotubes were
washed with Milli-Q water by centrifugation (3000 rpm, 10 min)
several times, and the MWCNTSs were resuspended in Milli-Q water.
Finally, the MWCNTs were dried under vacuum for 15 h.

HOPG disks of 0.2 cm? surface area (NII Graphite, Russia) were
used for hydrodynamic experiments. The fresh surface of HOPG
was prepared before each measurement by removing the top layers
with adhesive tape. The HOPG electrodes were modified with
MWCNTs in 1 mg/mL suspension in isopropanol. Long-term soni-
cation of the suspension was needed to enable the separation of
individual MWCNTs from nanotube bundles. For MWCNT deposi-
tion, a hydrodynamic technique was applied. The HOPG electrodes
were rotated in the MWCNT suspension at 360 rpm for 10 min.
After deposition, the electrodes were immediately rotated in clean
isopropanol at 4600 rpm for 1 min and then were allowed to dry in
air at room temperature.

The electrochemical reduction of oxygen was studied on
MWCNT/HOPG electrodes in 0.1 and 1 M KOH solutions (AristaR,
BDH) employing the RDE method. The RDE experiments were per-
formed using an EDII01 rotator and CTV101 speed control unit
(Radiometer, Copenhagen). For O, reduction measurements, the
electrode rotation rate (w) was varied from 360 to 4600 rpm. The
potential was applied with an Autolab potentiostat/galvanostat PG-
STAT10 (Eco Chemie BV, The Netherlands), and experiments were
controlled with the General Purpose Electrochemical System soft-
ware. A potential sweep rate (v) of 20 mV/s was used for electro-
chemical measurements. A Pt foil served as the counter electrode
and a saturated calomel electrode was used as a reference. All the
potentials are referred to this electrode. All the solutions were satu-
rated with Ar (99.999%, AGA) or O, (99.999%, AGA). All mea-
surements were carried out at room temperature (23 * 1°C).
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Figure 1. (Color online) AFM image of an MWCNT-modified HOPG elec-
trode.

The surface morphology of the MWCNT/HOPG samples was
examined by an atomic force microscope (AutoProbe CP II, Veeco)
in intermittent contact mode using NSG11S (NT-MDT) cantilevers.
For the AFM imaging, a 2 mm thick HOPG substrate (1 X 1 cm,
SPI-2, West Chester, PA) was employed. A specially designed Teflon
holder was used for this substrate to enable the application of the
hydrodynamic method for MWCNT deposition.

Results

The distribution and density of MWCNTSs on the surface of the
modified HOPG electrodes were investigated with the AFM tech-
nique. Figure 1 presents a typical AFM micrograph of an MWCNT/
HOPG sample. The AFM images revealed that the distribution of
CNTs on the substrate surface was rather uniform and no essential
agglomeration was evident. The main advantage of the hydrody-
namic deposition method is that larger aggregates of MWCNTS are
swept away and only individual nanotubes attach to the substrate
surface. It is considered that only van der Waals forces occur be-
tween MWCNTs and the HOPG surface. The length of the nano-
tubes varies from submicrometer to several micrometers and only a
small agglomeration is recognizable. The average length of
MWCNTs is significantly smaller than that of the as-received nano-
tubes. Shortening of CNTs takes place during acid treatment of the
nanotube material in harsh conditions.”®*’ It was essential from the
point of view of electrochemical measurements that there were no
large uncovered areas on the surface (the size of the uncovered areas
should be smaller than one-tenth of the diffusion layer thickness).

Figure 2 shows the experimental RDE results of O, reduction in
0.1 M KOH at different rotation rates. For the polarization curves
recorded by a linear scan from 0.0 to —1.2 V, the limiting current
increases when the rotation rate increases and there is a clear pre-
wave present at a potential of about —0.5 V. The second reduction
wave on these materials starts at approximately —0.7 V. It has been
suggested that the enhanced O, reduction current at prewave poten-
tials is caused by quinone functionalities and other oxygen-
containing groups on the surface of carbon materials.'>?% As the
O, reduction current on HOPG itself at these potentials in alkaline
solutions is very low (Fig. 2, curve a\),19 such a strong electrocata-
lytic effect could be due to the electrocatalysis by quinone function-
alities on the surface of MWCNTs. The coverage of oxygen-
containing groups (including quinone-type sites) increases during
the acid treatment of MWCNTS. In our earlier studies, the surface-
confined quinones were employed as electrocatalysts for the quanti-
tative reduction of oxygen to hydrogen peroxide.”™ =" It is con-
sidered that the semiquinone radical anion (Q"") is responsible for

0.0 - 4
-0.2+ a ]
-0.4 1 e
2
E -0.6 |- 3 E
~ -0.8F 4 4
-
1.0 + 5 4
1.2+ E
6
1.4+ g
L 1 1 1 L

L . .
14 12 -1.0 -08 -06 -04 -02 0.0
EIV

Figure 2. RDE voltammetry curves for oxygen reduction on an MWCNT-
modified HOPG electrode in O,-saturated 0.1 M KOH at a sweep rate of 20
mV/s. w: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, and (6) 4600 rpm. (a)
RDE voltammetry curve for O, reduction on a bare HOPG electrode at 360
rpm.

the electrocatalysis of oxygen reduction.'®? In this case, the reduc-
tion of O, follows an electrochemical-chemical mechanism accord-
ing to

Qe +¢ — Q) [1]

kl
Q) + 02(aq)—~Q-05, (2]
The superoxide intermediate is represented as Q — O3,. The inter-

mediate reacts with a second electron and protons from water, thus
producing hydrogen peroxide (Reaction 3)

Q-03, + 2H* + ™= Q(y) + Hy0, [3]

In alkaline solutions, hydroperoxide anions (HO;) are the main
products of this reaction as supposed by Wass et al. 7 Reactions 1-3
correspond to the reduction of O, in solutions with pH > pK,, of the
semiquinol present as a radical anion.

We consider that the electrocatalytic reduction of oxygen on the
MWCNT surface may proceed in an analogous manner. According
to the reaction scheme proposed above, the quinone-type function-
alities of MWCNTs should be the reactive species of the overall O,
reduction reaction. Analogous electrocatalytic behavior of
MWCNTs toward O, reduction has also been observed for polished
GC electrodes.'®

For many electrochemical reactions, the oxygen-containing spe-
cies formed as a result of acid pretreatment of CNTs are not consid-
ered electrocatalytically active sites because they do not consider-
ably influence the kinetics of heterogeneous charge-transfer
processes, as demonstrated by Banks et al.”” It has been proposed
that in many cases, the catalyst impurities remaining in CNTs during
their fabrication by chemical vapor deposition (CVD) are respon-
sible for their electrocatalytic activity for various reactions.” Even
acid washing of the as-prepared CNTs does not helg to completely
get rid of iron impurities existing in the nanotubes. 0 The iron im-
purities left in the CNTs improve the kinetics of the O, reduction, as
discussed recently.® Sljukic et al. reported that these iron oxide im-
purities are partially overcoated with graphite shells,” and thereby it
is extremely difficult to purify the CNTs from catalyst impurities,
which are left behind in the CVD method of preparation of nano-
tubes.

The number of electrons transferred per O, molecule (n) was
calculated from the Koutecky-Levich (KL) equation41
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Figure 3. KL plots for oxygen reduction on an MWCNT-modified HOPG
electrode in 0.1 M KOH at various potentials: —0.4 (A), —0.6 (@), —0.8
(«),—-1.0(¥),and —1.2 V (M). The inset shows the potential dependence
of the number of electrons transferred per O, molecule. Data derived from
Fig. 2.
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where [ is the measured current; /, and [ are the kinetic and
diffusion-limited currents, respectively; k is the electrochemical rate
constant for O, reduction; Do, is the diffusion coefficient of oxygen
(1.9 X 1075 cm?/s) ** and cl(’% is its concentration in the bulk
(1.2 X 1076 mol/cm3);42 and v is the kinematic viscosity of the
solution (0.01 cm?/s). These data are given for 0.1 M KOH.

Figure 3 shows the KL plots obtained from the RDE data on
oxygen reduction at several rotation rates. The extrapolated KL lines
showed nonzero intercepts, indicating that the process of O, reduc-
tion is under the mixed kinetic—diffusion control. The slope of KL
lines is directly related to the number of electrons involved in the
reaction: The higher the slope, the lower the number of electrons
transferred.

The number of electrons transferred per O, molecule at different
potentials for the MWCNT/HOPG electrode was calculated from the
slope of the KL lines. The inset to Fig. 3 shows that at low overpo-

00} i
a
0.2} -
i
& 04} 2 1
3
€
S 0sF -
8L . i
A0b o -
14 12 10 08 -06 -04 -02 00

EIV

Figure 4. RDE voltammetry curves for oxygen reduction on an MWCNT-
modified HOPG electrode in O,-saturated 1 M KOH at a sweep rate of 20
mV/s. : (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, and (6) 4600 rpm. (a)
RDE voltammetry curve for O, reduction on a bare HOPG electrode at 360
rpm.
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Figure 5. KL plots for oxygen reduction on an MWCNT-modified HOPG
electrode in 1 M KOH at various potentials: —0.4 (A), —0.6 (@), —0.8
(«),-1.0(¥),and —1.2 V (M). The inset shows the potential dependence
of the number of electrons transferred per O, molecule. Data derived from
Fig. 4.

tentials (E > —0.6 V), the value of 7 is close to 2 and the reduction
of O, produces HO,, which is the final product in this case. At more
negative potentials, the n value gradually increases (n > 3 at —1.2
V), which indicates that the peroxide formed reduces further to wa-
ter in this potential range. The increase in n at more negative poten-
tials is probably due to hydrogen peroxide reduction governed by
surface sites other than quinone groups, and then the reduction of
oxygen proceeds by coexisting two-electron and four-electron path-
ways. The nature of these sites is not clear at this stage of work. The
further reduction of peroxide on MWCNT-modified electrodes at
high overpotentials agrees with previous observations.

For comparison purposes, the reduction of O, was also
studied in a solution of higher pH. Figure 4 presents the RDE po-
larization curves of oxygen reduction recorded in 1 M KOH.
As expected, the reduction currents are lower in this solution as
compared to that shown in Fig. 2 at the same rotation rate.
The KL analysis of the RDE data was made also for | M KOH and
the results obtained are shown in Fi%. 5. The values of
oxygen solubility (0.84 X 107 mol/cm?) 2 and diffusion coeffi-
cient (1.65 X 1075 cm?/s) 42 were used for these calculations. The
potential dependence of n followed a similar trend as that observed
for 0.1 M KOH (see Fig. 5 inset).

Conclusions

The reduction of oxygen was studied on HOPG electrodes modi-
fied with MWCNTSs in alkaline media. A solution-based nanotube
deposition method was employed. The RDE results show that
MWCNTs have excellent electrocatalytic activity toward oxygen re-
duction in alkaline solution. The AFM results revealed that the dis-
tribution of CNTs on the HOPG surface was rather uniform and no
essential agglomeration was evident.
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The oxygen reduction reaction has been investigated on double-walled carbon nanotube (DWCNT) modified
glassy carbon (GC) electrodes in acid and alkaline media using the rotating disk electrode (RDE) method. The
surface morphology and composition of DWCNT samples was examined by transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). Aqueous suspensions of DWCNTs were
prepared using Nafion and non-ionic surfactant Triton X-100 as dispersing agents. The RDE results indicated
that the DWCNT muodified GC electrodes are active catalysts for oxygen reduction in alkaline solution. In acid
media DWCNT/GC electrodes possess poor electrocatalytic properties for O, reduction which indicates lack
of metal catalyst impurities in the DWCNT material studied. The oxygen reduction behaviour of DWCNTs was
similar to that of multi-walled carbon nanotubes (MWCNTs) observed in our previous studies.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) are a new type of carbon materials
which have attracted much attention since their discovery by lijima
[1] and they are used in many fields because of their exceptional
mechanical, electronic and chemical properties. CNTs have been
employed for various electrochemical applications, including electro-
catalysis and electroanalysis [2-6]. The advantages of CNTs for these
applications could be increased electron transfer kinetics and
apparent electrocatalytic effect for many reactions. This has led to
numerous studies of the electrochemical properties of various types of
CNTs in relation to their surface structure [3].

Carbon nanotubes can be synthesised with different structures.
Because of the ease of production of multi-walled carbon nanotubes
(MWCNTSs) these materials have been most frequently employed and
various properties of MWCNTs have been investigated. With the
development of techniques for the synthesis of double-walled carbon
nanotubes (DWCNTs) [7] the investigations of this material have
enormously increased. A great deal of work has been made to study
the electrochemical properties of DWCNTs [8,9].

The oxygen reduction reaction continues to be an active area of
research and it is of utmost importance to better understand its
mechanism and the main factors that determine its catalysis [10]. The

* Corresponding author. Tel.: 4372 7375168; fax: 4372 7375181.
E-mail address: kaido@chem.ut.ee (K. Tammeveski).
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kinetics of oxygen reduction has been extensively studied on carbon
electrodes, because of the application of carbon materials as catalyst
support in fuel cells [11]. Much work has been made to investigate the
reduction of O, on bulk carbon electrodes such as glassy carbon,
highly oriented pyrolytic graphite, boron doped diamond and other
carbon materials [12]. The electroreduction of oxygen has been also
explored on different carbon nanomaterials, including carbon nano-
tubes [13-22]. Recently, a strong enhancement of the kinetics of O,
reduction has been observed for nitrogen-doped CNTs [21,22].

To our knowledge, there is no literature on the electrochemical reduc-
tion of oxygen on double-walled carbon nanotube modified glassy carbon
(GC) electrodes. The purpose of the present work was to investigate the
reduction of oxygen on DWCNT/GC electrodes in 0.1 M KOH and in 0.5 M
H,S0, using the rotating disk electrode method. The surface morphology
and composition of DWCNT materials was studied using transmission
electron microscopy and X-ray photoelectron spectroscopy.

2. Experimental

Glassy carbon (GC-20SS, Tokai Carbon) was used as substrate
material. GC disks with geometric area (A) of 0.2 cm? were pressed into
aTeflon holder. The GC electrodes were polished to a mirror finish with
1 and 0.3 um alumina slurries (Buehler). After alumina polishing the
electrodes were sonicated in water for 5 min before use. The double-
walled carbon nanotubes (DWCNTs, purity >95%, diameter 441 nm,
length 5-20 um) used were purchased from NanoLab, Inc. (Brighton,
MA, USA). The DWCNT material was acid-treated in mild conditions.
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Triton X-100 surfactant and 5% Nafion (purchased from Aldrich) were
used in the preparation of aqueous suspensions of DWCNTs. All the
solutions were prepared with Milli-Q water (Millipore, Inc.).

To obtain a uniform layer of DWCNTs onto GC surface, the electrodes
were modified with nanotubes using aqueous suspensions (1 mg ml~ 1)
containing 0.3% Triton X-100 or 0.5% Nafion. All the suspensions were
sonicated for 1h. Then a 20 pl aliquot of a DWCNT suspension was
pipetted onto GC surface and the solvent was allowed to evaporate in air.

The surface morphology of DWCNTs was examined using
transmission electron microscopy (TEM). High resolution TEM
measurements of DWCNT samples were performed with a JEOL
2200FS double aberration corrected FEG TEM/STEM. The microscope
was operated at 200 kV in TEM mode. For TEM examination the
DWCNT samples were deposited onto a 400 mesh copper TEM grid
covered with holey carbon film.

For the X-ray photoelectron spectroscopy (XPS) studies, the
DWCNTs in isopropanol (1 mg ml~—') were deposited on a GC slide
(1.1x 1.1 cm) and the solvent was allowed to evaporate in air. The XPS
measurements were carried out with a SCIENTA SES-100 spectrometer
using an unmonochromated Mg Ko X-ray source (incident ener-
gy =1253.6 eV), a take-off angle of 90° and a source power of 300 W.
The pressure in the analysis chamber was below 10~° Torr. While
collecting the survey scan, the following parameters were used: energy
range = 900-0 eV, pass energy =200 eV, step size =0.5 eV and for the
high resolution scan in the O1s region: energy range = 540-525 eV, pass
energy =200 eV, step size=0.1eV.

The electrochemical measurements were made using the rotating
disk electrode (RDE) technique employing an EDI101 rotator and
CTV101 speed control unit (Radiometer). The potential was applied
with an Autolab potentiostat/galvanostat PGSTAT10 (Eco Chemie BV,
The Netherlands). A Pt foil served as the counter electrode and a
saturated calomel electrode (SCE) was used as a reference. All the
potentials are referred to this electrode. Electrochemical experiments
were carried out in 0.5 M H,SO,4 and in 0.1 M KOH solutions. All the
solutions were saturated with Ar (99.999%, AGA) or O, (99.999%, AGA).

3. Results and discussion
3.1. TEM imaging of DWCNT samples

For experiments made in alkaline media the GC electrodes were
modified with DWCNTSs in the presence of non-ionic surfactant Triton
X-100. For the oxygen reduction studies in acid media DWCNTSs were
coated within a Nafion film. The distribution and density of DWCNTs
on the surface of the modified electrodes were investigated with
transmission electron microscopy. Fig. 1a and b presents typical TEM
images of DWCNTs deposited on a thin holey carbon supporting film.
Fig. 1a shows the clean-cut structure of nanotubes and also that there
is no metallic catalysts left in the DWCNT material.

3.2. XPS analysis of DWCNT samples

Fig. 1c presents the XPS survey spectrum of DWCNT modified GC
surface. The following XPS peaks were observed: C1s (284.4 eV) and
its satellite peak, O1s (532.8 eV) and Mo3d (232.2 and 235.5 eV). The
O1s peak is caused by various carbon-oxygen functionalities on the
surface of DWCNTs. According to quantitative analysis of the XPS
spectra the oxygen content is ca 3 at.%. Detection of different
functional groups from the Ols peak (inset to Fig. 1c) is not
straightforward because of similar binding energies. However, more
detailed investigations have shown that carboxyl and quinone groups
are present on the surface of carbon nanotubes [23,24]. Mo3d peak
was also determined and the quantitative analysis of the XPS spectra
showed that the amount of Mo in the DWCNT material is
approximately 0.1 at.%. Therefore it should not significantly contrib-
ute to the electrocatalytic activity of DWCNT modified GC electrodes.
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Fig. 1. TEM images (a, b) and the XPS spectra (c) for DWCNT samples. Scale bar:
a) 20 nm and b) 50 nm. The inset to ¢ shows the core-level spectrum in the O1s region.

3.3. Oxygen reduction on DWCNT/GC electrodes

The RDE measurements were carried out in order to test the
electrocatalytic behaviour of DWCNT/GC electrodes towards oxy-
gen reduction. The electroreduction of oxygen was first studied on
DWCNT-surfactant modified GC electrodes in alkaline solution. Fig. 2a
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shows the experimental RDE data of O, reduction in 0.1 M KOH. There
is a clear pre-wave present at a potential of ca — 0.5 V which is similar
to the results obtained with undoped MWCNT modified carbon
electrodes in alkaline media [16-19]. The half-wave potential of
oxygen reduction (E;,) for a DWCNT/GC electrode is —0.38 V at
960 rpm. This value of E; , is very close to that observed for MWCNT/
GC electrodes in identical conditions (E;,=—0.37 V [18]).

The second reduction wave on these materials starts at approxi-
mately —0.7 V. It has been suggested that the enhanced O, reduction
current at the potential range corresponding to the pre-wave could be
caused by oxygen-containing groups on the surface of carbon materials.
Similar electrocatalytic behaviour of DWCNTSs towards O, reduction has
also been observed for polished GC electrodes and it has been proposed
that such a strong electrocatalytic effect could be caused by quinone-
type functionalities on the surface of glassy carbon [25].

It has been considered that the semiquinone radical anion (Q*~)
could be responsible for the electrocatalysis of oxygen reduction [25].
In that case the electrochemical-chemical (EC) mechanism of O,
reduction could be as follows:
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Fig. 2. a) RDE voltammetry curves for oxygen reduction on a DWCNT modified GC
electrode in O, saturated 0.1 M KOH at 10mVs~'. b) Koutecky-Levich plots for
oxygen reduction on a DWCNT/GC electrode in 0.1 M KOH at various potentials:
(®)—04,(«)—0.6,(v) —0.8, (M) —1.0and (A) — 1.2 V.The inset shows the potential
dependence of n.

In this reaction scheme the superoxide intermediate is repre-
sented as Q-05". The superoxide intermediate reacts with a second
electron and protons from water, herewith producing hydrogen
peroxide as presented in Reaction (3). In alkaline solutions the main
products of this reaction are hydroperoxide anions (HO3 ).

We consider that the electrocatalytic reduction of oxygen on
DWCNT modified electrodes at low overpotentials may also be caused
by the native quinone-type functionalities on the surface of DWCNTs
and the oxygen reduction reaction may proceed in an analogous
manner to the reaction scheme proposed above and as presented in
earlier publications [25].

The number of electrons transferred per O, molecule (n) was
calculated from the Koutecky-Levich (K-L) equation [26]:

r_1,1___ 1t _ 1 )
I LI nFAKCY, 0.62nFAD v °Cp '

where I is the measured current, I, and Iy are the kinetic and diffusion
limited currents, respectively; k is the electrochemical rate constant
for O, reduction, Do,is the diffusion coefficient of oxygen (Do,=
1.9x107°em?s™ " [27]), ¢, is its concentration in the bulk
(§,=1.2x10~®mol cm~> [27]) and v is the kinematic viscosity of
the solution.

Fig. 2b presents the K-L plots obtained from the RDE data on
oxygen reduction at several rotation rates in 0.1 M KOH. The
extrapolated K-L lines showed non-zero intercepts, indicating that
the O, reduction process is under the mixed kinetic-diffusion control
in a large range of potentials. The inset to Fig. 2b shows that at low
overpotentials (E>—0.6V) the value of n is close to two and the
reduction of O, produces HO> which is the final product in this case.
At more negative potentials the n value gradually increases (n>3 at
—1.2V), which indicates that the peroxide formed reduces further to
water in this potential range. The further reduction of peroxide on
DWCNT modified electrodes at high overpotentials is in agreement
with previous observations of MWCNTs [17-20].

The RDE voltammetry curves shown in Fig. 3 were recorded in O,-
saturated 0.5 M H,SO4 between 0.8 and — 0.4 V. The reduction current
increases gradually with increasing cathodic potentials and no current
plateau is formed. The oxygen reduction wave commences at a rather
negative potential (approximately 0 V). These results indicate that
there is no considerable amount of metal catalyst impurities that
remained in and on DWCNTs and the DWCNT/GC electrodes studied
possess rather low electrocatalytic activity for O, reduction. It has
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Fig. 3. RDE voltammetry curves for oxygen reduction on a DWCNT modified GC
electrode in O, saturated 0.5 M H,SO4 at 10 mV s~ . The inset shows the Koutecky-
Levich plots for oxygen reduction at various potentials: (¥) —0.3, («€) —0.35 and
(@) —04V.
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been found that catalyst impurities remaining in carbon nanotubes
during their fabrication by chemical vapour deposition are responsi-
ble for their electrocatalytic activity towards O, reduction in acid
media, as carbon material itself is rather inactive in the solutions of
low pH [14]. Usually even acid washing of the as-prepared CNTs does
not help to get completely rid of iron impurities existing in nanotubes
[28]. The iron impurities left in CNTs improve the kinetics of the O,
reduction reaction, as has been discussed previously [14]. As can be
seen in Fig. 1, the acid-treated DWCNTs are almost free of iron
impurities and as a result the electrocatalytic activity of DWCNTSs for
0, reduction is rather low. Some influence of Nafion film to decrease
the electrocatalytic activity of DWCNTs for oxygen reduction in 0.5 M
H,SO, has been also recognised. The effect of Nafion film on the
reduction of oxygen on GC electrodes in acid solution has been
studied by Maruyama and Abe [29].

Inset to Fig. 3 presents the results of the K-L analysis of the RDE
data in acid media (using Do,=1.8x10~°cm?s~' [30] and co,’=
1.13x 10~ % mol cm ™3 [30] for 0.5 M H,S0, in Eq. (4). The potential
dependence of n for this solution follows a similar trend to that
observed in our previous investigation of O, reduction on MWCNT
modified GC electrodes [14]. In acid media the DWCNTs are inactive
for oxygen reduction in a large region of potentials and for this reason
DWCNTs could be used as a support material to study the electro-
catalytic properties of various catalysts deposited on their surface.

4. Conclusions

The reduction of oxygen was studied in 0.1 M KOH and in 0.5 M
H,S0,4 solutions on GC electrodes modified with DWCNT-Triton X-100
and DWCNT-Nafion films, respectively, employing the RDE method.
The results obtained in the present research indicate that the DWCNT
modified GC electrodes are highly active for the oxygen reduction
reaction in alkaline solution, whereas in acid media the DWCNTs are
inactive in a large range of potentials and therefore could be used as an
interesting support material for various catalysts.
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The pH-dependence of oxygen electroreduction has been investigated on multi-walled car-
bon nanotube (MWCNT) modified glassy carbon (GC) electrodes. Various surfactants were
used in the electrode modification: dihexadecyl hydrogen phosphate, cetyltrimethylammo-
nium bromide, sodium dodecyl sulfate and Triton X-100. Electrochemical experiments
were carried out in 0.5 M H,SO, solution, acetate buffer (pH 5), phosphate buffers (pH 6,
7 and 8), borate buffer (pH 10), 0.01 M KOH, 0.1 M KOH and in 1M KOH solution, using
the rotating disk electrode (RDE) method. The oxygen reduction behaviour of MWCNT-
modified GC electrodes at different pHs was compared. The RDE results revealed that the
half-wave potential (E;/,) of oxygen reduction was higher in solutions of high pH. At lower
PHs (pH < 10) the value of E;/, did not essentially depend on the solution pH. A comparison
with previous studies on bare GC showed that the pH-dependence of the half-wave poten-
tial of oxygen reduction on MWCNT-modified GC electrodes follows a similar trend to that
observed for bare GC.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The electrochemical reduction of oxygen is one of the most
important reactions in electrochemistry because of its central
role in fuel cells, metal-air batteries and in the electrosynthe-
sis of hydrogen peroxide [1-4]. Depending on the electrode
material and the solution composition the oxygen reduction
reaction proceeds as a direct four-electron process or a two-
electron process [5,6]. The production of water by a four-elec-
tron oxygen reduction is used in fuel cells, while hydrogen
peroxide is electrochemically generated by a two-electron
reduction of oxygen. The mechanism of O, reduction is also
influenced by the solution pH as well as the electrode mate-
rial used in the experimental system [1].

The electrochemical reduction of oxygen on carbon-based
electrodes has received a long-standing interest and has been
extensively studied. It has been recognized that certain types
of carbons are electrocatalytically active for oxygen reduction.
In alkaline solution different types of carbons have wide re-

* Corresponding author: Fax: +372 7375181.
E-mail address: kaido@chem.ut.ee (K. Tammeveski).

search interest, such as pyrolytic graphite (PG), highly ori-
ented pyrolytic graphite (HOPG), glassy carbon (GC), boron-
doped diamond (BDD), reticulated vitreous carbon (RVC) and
other carbon materials as reviewed by Tryk et al. [7]. Caused
by catalytically active properties of carbon materials for O,
reduction at higher pHs, most of oxygen reduction studies
on carbons electrodes have been carried out in alkaline solu-
tion [8-16]. The exceptions are BDD and the basal plane of
HOPG, which possess strong inhibiting properties for this
reaction [17]. The electroreduction of O, on carbon materials
has also been examined in acid media [18-21]. Although the
mechanism of this reaction is not entirely clear, it is generally
considered that in alkaline and acidic media oxygen reduc-
tion on carbon-based electrodes involves the formation of
hydrogen peroxide.

It is of considerable practical importance to study the ef-
fect of pH on the kinetics of O, reduction. Tarasevich et al.
claimed that the half-wave potential (Eq/,) of O, reduction
on PG is almost constant in the pH range from 1.5 to 14 [22].

0008-6223/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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However, more recent studies have indicated that O, reduc-
tion on carbon materials is still dependent on pH. Yang and
McCreery found that for pH 12-14 the reduction of O, appears
to be independent of pH but as pH decreases, then O, reduc-
tion turns to be dependent on pH [19]. Taylor and Humffray
stated that the product of oxygen electroreduction is also
dependent on pH [23]. The rate constant for O, reduction on
GC electrodes increases with increasing solution pH [24].

Since their discovery by lijima in 1991 [25], carbon nano-
tubes (CNTs) have attracted a great deal of attention as a
new type of electrocatalytic material [26]. There are two types
of CNTs: single-walled carbon nanotubes (SWCNTs) and mul-
ti-walled carbon nanotubes (MWCNTs). Numerous studies
have been made to elucidate the electrochemistry of carbon
nanotubes, including the electrocatalysis of oxygen reduction
[8,18,27-31]. The electrocatalytic properties of carbon nano-
tubes toward O, reduction are of great fundamental and prac-
tical importance, because of the possibility of using them as
support material for various catalysts. CNT-modified elec-
trodes are active electrocatalysts for O, reduction in alkaline
solution [8,28-30], whereas in acid media their activity is
much lower [18,27,31].

Since carbon nanotubes are insoluble in most solvents
there is a problem of fixing them to the electrode substrate
in a controlled manner. This is due to the tendency of carbon
nanotubes to agglomerate in the absence of surfactants,
which is mainly caused by their hydrophobic nature. Both io-
nic and non-ionic surfactants have been employed to dis-
perse CNTs [32]. In aqueous solutions it has been noted that
surfactants have the ability to separate individual nanotubes
from larger agglomerates.

To our knowledge, there is no systematic investigation of
the pH effect on O, reduction on carbon nanotube modified
electrodes. Recently, we have investigated the reduction of
0O, on MWCNT/HOPG electrodes in 0.1M KOH [8] and on
MWCNT/GC electrodes in 0.5M H,SO, [18]. The purpose of
the present work is to study the pH-dependence of O, reduc-
tion on multi-walled carbon nanotube modified glassy carbon
electrodes.

2. Experimental

2.1. Chemicals and materials

Glassy carbon was used as substrate material. GC disks with
geometric surface area of 0.2cm? were cut from GC rods
(GC-20SS, Tokai Carbon) and were pressed into a Teflon
holder. The GC electrode surface was polished to a mirror fin-
ish with 1 and 0.3 ym alumina slurries (Buehler). After alu-
mina polishing the electrodes were sonicated in water for
5 min before use. The multi-walled carbon nanotubes (purity
>95%, diameter 30 + 10 nm, length 5-20 ym) used were pur-
chased from NanoLab, Inc. (Brighton, MA, USA). To get rid of
the iron impurities from the MWCNT material [33] the nano-
tubes were treated by refluxing in a mixture of concentrated
nitric and sulphuric acids (1:1, v/v) for 2 h at 55 °C and then
3h at 80°C. Afterwards, the nanotubes were washed with
Milli-Q water by centrifugation (3000 rpm, 10 min) for several
times and the MWCNTSs were resuspended in Milli-Q water.
Finally, the MWCNTs were dried under vacuum for 15 h. Sev-

eral surfactants were used in the preparation of aqueous dis-
persions of MWCNTs. Dihexadecyl hydrogen phosphate (DHP)
was a product of Fluka, cetyltrimethylammonium bromide
(CTAB), sodium dodecyl sulfate (SDS) and Triton X-100 were
purchased from Aldrich. All the solutions were prepared with
Milli-Q water (Millipore, Inc.).

2.2.  Preparation of electrodes

To obtain a uniform layer of MWCNTSs onto GC surface, the
electrodes were modified with nanotubes using aqueous sus-
pensions (1 mgml~?) in the presence of surfactants: 1% SDS,
0.3% CTAB, 0.3% Triton X-100 and 0.1% DHP. These concentra-
tions exceed the critical micelle concentration. All the sus-
pensions were sonicated for 1h. Ultrasonication is needed
to provide a high local shear that enables the dispersion of
individual nanotubes (or smaller aggregates) from the bun-
dles of MWCNTs. Then a 10 pl aliquot of the MWCNT-surfac-
tant suspension was pipetted onto GC surface and the solvent
was allowed to evaporate in air. Surface morphology was
examined using transmission electron microscopy (TEM).
TEM measurements were performed on a Tecnai instrument
operated at a 120 kV accelerating voltage. The MWCNT sam-
ples were deposited onto a formvar/carbon coated copper
grid.

2.3. Electrochemical measurements

The rotating disk electrode (RDE) technique was employed
using an EDI101 rotator and CTV101 speed control unit (Radi-
ometer, Copenhagen). The electrode rotation rate (w) was var-
ied from 360 to 4600 rpm. The potential was applied with an
Autolab potentiostat/galvanostat PGSTAT10 (Eco Chemie BV,
The Netherlands) and the experiments were controlled with
the general purpose electrochemical system (GPES) software.
A Pt foil served as the counter electrode and a saturated cal-
omel electrode (SCE) was used as a reference. All the poten-
tials are referred to this electrode.

The electrochemical experiments were carried out in 0.5 M
H,SO, (pH 0.3) solution, 0.1 M acetate buffer (pH 5), 0.1M
phosphate buffers (pH 6, 7 and 8), 0.1 M borate buffer (pH
10), 0.01 M KOH (pH 12), 0.1 M KOH (pH 13) and in 1M KOH
(pH 14) solution. Buffer solutions and 0.01M KOH solution
contained 0.1 M K,SO, as additional supporting electrolyte.
All the solutions were saturated with Ar (99.999%, AGA) or
0, (99.999%, AGA). All measurements were carried out at
room temperature (23 + 1 °C).

3. Results and discussion
3.1. Surface morphology of MWCNT-modified samples

Glassy carbon electrodes were modified in the presence of
surfactants in order to avoid larger agglomeration of
MWCNTs in aqueous solution. Long-term sonication is
needed to enable the separation of individual nanotubes after
the adsorption of surfactant on their surface. Fig. 1 shows a
TEM micrograph of a MWCNT-SDS modified surface. The
TEM images revealed that the distribution of carbon nano-
tubes on the substrate surface was rather uniform and no
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Fig. 1 - TEM image of SDS-stabilised MWCNTSs deposited on
an amorphous carbon film.

essential agglomeration was in evidence. It was essential
from the point of view of electrochemical measurements that
there were no large uncovered areas on the surface. The spac-
ing between nanotubes should be significantly smaller than
the thickness of the diffusion layer to fulfil the conditions of
uniform diffusion.

3.2. Oxygen reduction on MWCNT-SDS modified glassy
carbon electrodes

Reduction of oxygen was first studied on MWCNT-SDS mod-
ified GC electrodes. Fig. 2 shows the RDE results at different
rotation rates for pH 5-14. On the basis of the experimental
data the polarisation curves of O, reduction can be divided
into three groups. For the first group of polarisation curves a
reduction pre-wave is observed at a potential of about -0.5 V
for the solutions of high pH (pH 12-14). It can be proposed that
this feature is due to the electrocatalysis by oxygen-contain-
ing groups on the surface of MWCNTs. Analogous electrocat-
alytic behaviour toward O, reduction has been observed for
GC electrodes [14,15]. The second group of polarisation curves
was obtained at pH 8-10 where only a small hump can be
seen and a characteristic feature of these voltammograms is
the absence of the reduction pre-wave. The third group is
formed by I-E curves recorded at lower pH values (pH < 8),
where the reduction pre-wave is absent. The electrochemical
reduction of oxygen is strongly inhibited in acid media (data
not shown). The O, reduction behaviour of MWCNT-SDS in
0.5 M H,S0O, is similar to that of the MWCNT-Nafion modified
GC electrode [18].

3.3.  Comparison of the O, reduction results for MWCNT-
surfactant modified GC electrodes

The RDE measurements of O, reduction were also carried out
with the GC electrodes modified in the presence of other sur-
factants (CTAB, DHP, Triton X-100). The effect of surfactants
on the electrochemical response of MWCNT-modified elec-
trodes has not been thoroughly studied and there is not much

information about that in the respective literature. Therefore
comparative studies have been made using these different
types of surfactants. The RDE results were rather similar for
all the MWCNT-modified electrodes studied. Representative
sets of voltammetry curves of oxygen reduction recorded at
a single rotation rate (w=960rpm) are presented in Fig. 3.
These Figures summarise the observed pH-dependence of
O, reduction showing that the electrocatalytic activity of
MWCNTs is strongly dependent on pH and is the highest in
more alkaline solutions. At lower pHs, the nature of active
sites on MWCNTSs changes and as a result, the half-wave po-
tential of O, reduction is almost independent of pH.

The number of electrons transferred per O, molecule was
calculated from the Koutecky-Levich (K-L) equation [34]:
1 1 1 1 1

=4 = — 1
I I la  nFAkC), —0.62nFADE v-1/6CY wi/2 @

where I is the measured current, Iy and I4 are the kinetic and
diffusion-limited currents, respectively, n is the number of
electrons transferred per O, molecule, k is the rate constant
for O, reduction, F is the Faraday constant (96485 C mol ™),
A is the geometric electrode area,  is the rotation rate, Cp,
is the concentration of oxygen in the bulk (at pHs 5-13
Ch,=12x10 *molem > and at pH 14 Ch =0.84x
10~°mol cm3), Dy, is the diffusion coefficient of oxygen (at
pHs 5-13 Do, =1.9x10°cm?s™* and at pH 14 Do, = 1.65x
107° cm?s™Y) and v is the kinematic viscosity of the solution
(0.01cm?s™? at all pHs). Fig. 4 shows the Koutecky-Levich
plots obtained from the RDE data on oxygen reduction at
—1.2V for all the MWCNT-modified electrodes at different
PHs. At this potential the K-L lines are not parallel, indicating
that the value of n is dependent on pH. The intercepts of the
extrapolated K-L lines were close to zero, which shows that
the process of O, reduction is almost entirely under diffusion
control at high negative potentials.

Fig. 5 compares the n values at various potentials. It was
evident that at low overpotentials (E > —0.6 V) n was close to
two and the reduction of O, produces H,0, which is the final
product in this case. At more negative potentials the n value
gradually increased, which indicates that the peroxide
formed reduces further in this potential range. The further
reduction of peroxide at high overpotentials is in agreement
with previous observations and as a consequence the value
of n is higher than 2 [8]. At higher pHs (pH 12-14) the n value
approaches four, however there are some differences depend-
ing on the surfactant used as a dispersing agent. For instance,
the electrodes modified in the presence of CTAB show anom-
alously low reduction current at high overpotentials in the
solutions of high pH and n is approximately 3.

Fig. 6 shows the dependence of the half-wave potential for
0, reduction on solution pH. At higher pHs the E,/, values are
higher, but as the solution pH decreases the nature of active
sites on MWCNTSs changes and as a result E;/, becomes al-
most independent of pH. There is some scatter in the data,
nevertheless, the results shown in Fig. 6 represent the main
tendencies observed. It is important to note that the overpo-
tential of O, reduction is the lowest in the solutions of high
pH. This is an essential aspect considering the application
of the MWCNT-modified electrodes in  practical
electrocatalysis.
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Fig. 2 - RDE voltammetry curves for O, reduction on MWCNT-SDS modified GC electrodes in O,-saturated solutions of various
PH: (a) 5, (b) 6, (c) 7, (d) 8, (e) 10, (f) 12, (g) 13 and (h) 14. v=20 mV s . o: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6)

4600 rpm.

3.4.

It has been proposed that the enhanced O, reduction cur-
rent at pre-wave potentials and higher values of half-wave 39].

Mechanism of O, reduction on MWCNT-modified
electrodes

potential at higher pHs (pH 12-14) are caused by quinone

functionalities of carbon materials [13,15]. Surface-confined
quinones were employed as electrocatalysts for the quanti-

tative reduction of oxygen to hydrogen peroxide [15,17,35-
It is considered that the semiquinone radical anion



CARBON 47 (2009) 651-658

655

1/ mA

11 mA

0.0

0.2

0.4

-0.6

-0.8

0.0

-0.6

I mA

L n L z L L n
14 12 10 -08 -06 -04 -0.2

EVvs. SCE

4 12 4.0 -08 -06 -04
EIVvs.SCE

1/ mA

0.0

0.2+

04+

0.6

08|

L n L L n n L
<14 12 10 -08 -06 -04 .02

E/Vvs. SCE

4 A2 A0 08 06 04
E/Vvs.SCE

Fig. 3 - Comparison of the RDE data of oxygen reduction on MWCNT-surfactant modified GC electrodes
Surfactants used: (a) SDS, (b) Triton X-100, (c) CTAB and (d) DHP. v = 960 rpm v=20mVs %

a

I/ mA?

I imA?

at different pHs.

A T T T T ™ b o T T T T ™
H
*
3t . p 3t t i
2 v
N - 3
t I X E ! «
2+ * 2t [ 3
. * W pHS = M < W pHS
® pHE f ® pHE
: ‘ * A pH7 = . : « A pH7
»* Y pHE < ¥ pHS
1 al & pH10 | 1 !5 ® pH10 |
« 4 pH12 4 pH12
> pH13 » pH13
® pH14 ® pH14
of 1 ol 1
L L . " L n . L L . " L
0.00 0.04 0.08 0.12 0.16 0.20 0.00 0.04 0.08 0.12 0.16 0.20
0)4/2/ rad 112 S112 m—1/2, rad -2 s171
o T T T T \; ] d of T T T T T ™]
¥
.
3t ; " 4 3t 4
X x
. - - . %
2 R T, R
i * B pHS — | 4 s B pHS
® pHE - $ < ® pHE
zi H A pHT -~ ‘ « A pHT
Y pHE v pHB
1 " @ pH10 1t x‘ < @ pH10 7
« pH12 <« 4 pH12
P pHI13 P pH13
® pH14 @ pH14
of 1 of g
L n L n . L n " L L . .
0.00 0.04 0.08 0.12 0.16 0.20 0.00 0.04 0.08 0.12 0.16 0.20
o rad ™ s"? 7 | rad 2 g1

Fig. 4 - Koutecky-Levich plots for O, reduction on MWCNT-surfactant modified GC electrodes at different pHs (E=-1.2V).
Surfactants used: (a) SDS, (b) Triton X-100, (c) CTAB and (d) DHP.

(Q") is responsible for the electrocatalysis of oxygen reduc-
tion [15,17]. In this case the reduction of O, follows an

electrochemical-chemical

to:

(EC)

mechanism

according
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Qu+e —Q, @
Q;,, +0:(aq) 2 Q - 0y, (m

The superoxide intermediate is represented as Q — Oy,.
The intermediate reacts with a second electron and protons
from water, thus producing hydrogen peroxide (Reaction (III)).

Q- 0y, +2H' +e — Q) +H0, (1)

At pH > 12 hydroperoxide anions HO,™ are the main prod-
ucts of this reaction. As supposed by Wass et al. [39] Reactions
(I, I1, I1I) correspond to the reduction of O, in solutions with pH
> pK, of the semiquinol present as a radical anion, however,
at pH < pK, the semiquinol formed by Reaction (IV) undergoes

Reaction (V), in which case the superoxo intermediate is pro-
tonated (Q — HOy,), Reaction (V). This species reacts with a
second electron and a proton producing hydrogen peroxide
(Reaction (VI)).

Q,, +H" = HQ, (1v)
ki

HQ +0(aq)—Q - Ho.zm) \2

Q - HOy,) +H" +e” — Q) + Hy0, (VI)

As found by Wass et al. [40] using quantum chemistry cal-
culations, two distinctly different structures were predicted
for the critical chemical step depending on the protonation
of the quinone site (catalytic sites present as Q" or HQ' in
Reactions (II) and (V), respectively). The activation barrier
for the protonated intermediate is much higher than that of
the semiquinone radical anion [40]. We consider that the elec-
trocatalytic reduction of oxygen on MWCNTs surface may
proceed in an analogous manner. Indeed, according to the
reaction scheme proposed above the reactive species should
be quinone-type functionalities of MWCNTSs. In an early work
Degrand [41] found that the rate constant for the chemical
step remarkably decreased when the pH was lower than the
PKa of the quinone on the surface. A similar trend was ob-
served in Ref. [24] in which the effect of pH on O, reduction
on covalently attached quinones was investigated.

Comparing with previous studies of the pH effect on the
kinetics of oxygen reduction on various carbon materials
[7,19,24] we obtained the same tendency for the pH-depen-
dence of O, reduction in the present work. Namely at higher
pH values the process of O, reduction on MWCNT-modified
GC electrodes is more dependent on pH than at lower pHs.
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Obviously it is caused by the reactivity of quinone-type func-
tionalities on the surface of MWCNTSs which is significantly
lower in acid media than in alkaline electrolytes. Tryk et al.
[7] compared the pH-dependence of O, reduction on BDD
and GC surfaces. It appears from their results that there is
no pH-dependence of O, reduction on the BDD electrode
which has no quinone-type functionalities on the surface.
On the other hand, the reduction on the GC electrode is sen-
sitive to pH caused by the variety of different quinones on GC
surface. It is reasonable to consider that the pH effect ob-
served in the present work is caused by the similar types of
quinones that have been found on the GC surface [42]. The
electrocatalytic behaviour of O, reduction on MWCNT-modi-
fied GC electrodes followed a similar trend as that observed
for bare GC.

3.5. The effect of surfactants on the electrochemical
response of MWCNT-modified electrodes

There is an intriguing question about the fate of surfactant
after the exposure of the MWCNT-surfactant film to surfac-
tant-free aqueous solutions. Surprisingly, there is not much
information about that in the respective literature. Obviously,
the surfactant remained on the surface of MWCNTs may af-
fect their electrocatalytic properties. It is well-known that a
good suspendibility of MWCNTs is achieved due to the adsorp-
tion of surfactants on the nanotube surface [32] and these sur-
factants remain there upon electrode preparation (surface
modification with MWCNTSs). The stability of aqueous disper-
sion of MWCNTSs is due to the electrostatic repulsion (provided
by the charge of adsorbed ionic surfactants) or steric stabilisa-
tion (this mechanism prevails in the presence of non-ionic
surfactants). Baring in mind rather high concentrations of sur-
factants in the MWCNT suspensions used in the present work,
one could expect a high coverage of surfactants on the surface
of MWCNTs. It appears that there is an optimum amount of
surfactant adsorbed on nanotubes for various applications
(for example, for SDS [43]). If the amount adsorbed is too high
then the surfactant layer may affect charge transport within
the MWCNTs network, which is detrimental for electronic
applications [43]. A pair of peaks was present on cyclic voltam-
mograms for cast films of MWCNT-SDS on GC surface, indi-
cating that the surfactant does not completely suppress the
electrochemical response of the oxygenated groups of
MWCNTs [44]. It has been observed in Ref. [45] that there
was no essential influence of SDS on the electrocatalytic prop-
erties of the MWCNT-SDS modified GC electrodes. This con-
clusion was made when comparing the electrochemical
behaviour of acid-treated MWCNTSs in the presence and ab-
sence of SDS. On the basis of the literature data and the results
obtained in the present work we can conclude that there is
only a little effect of surfactants used in the preparation of
the MWCNT-modified electrodes on the electrocatalytic prop-
erties of these electrodes.

4. Conclusions

Multi-walled carbon nanotubes were dispersed in the pres-
ence of various surfactants (SDS, CTAB, DHP, Triton X-100)

and the MWCNT-surfactant modified glassy carbon elec-
trodes were electrochemically tested. The electrochemical
reduction of oxygen was studied in aqueous solutions of dif-
ferent pH using the RDE method. MWCNTs are active cata-
lysts for O, reduction in the solutions of high pH. The
overpotential for O, reduction increases with decreasing pH.
The pH-dependence of oxygen reduction on MWCNT-modi-
fied electrodes follows the same trend as that of the unmod-
ified GC electrode.
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Abstract Electroreduction of oxygen in alkaline solution
on glassy carbon (GC) electrodes modified with different
carbon nanomaterials has been studied. Electrochemical
experiments were carried out in 0.1 M KOH employing the
rotating disk electrode and rotating ring-disk electrode
methods. The GC disk electrodes were modified with
carbon nanomaterials using polytetrafluoroethylene as a
binder. Four different carbon nanomaterials were used:
multiwalled carbon nanotubes, carbon black powder, and
two carbide-derived carbons (CDC). For the first time, the
electrocatalytic behavior of CDC materials toward oxygen
reduction is explored. Electrochemical characterization of
the materials showed that all the carbon nanomaterial-
modified GC electrodes are highly active for the reduction
of oxygen in alkaline solutions.

Keywords Oxygen reduction - Electrocatalysis - Carbon
nanomaterial - Carbide-derived carbon - Carbon nanotube
Introduction

Oxygen reduction has attracted much attention in electro-

chemistry due to its importance in electrochemical devices
like fuel cells, metal-air batteries, and biosensors, in the
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electrosynthesis of hydrogen peroxide, and in other indus-
trial processes [1-4]. Depending on the electrode material
and the solution composition, the oxygen reduction reaction
proceeds by a two-electron pathway or via “direct” four-
electron pathway [5, 6]. The production of water by a four-
electron oxygen reduction is used in fuel cells, while
hydrogen peroxide is electrochemically generated by a two-
electron reduction of oxygen. The mechanism of O,
reduction is influenced by the electrode material and its
surface properties as well as by the solution pH [1]. Caused
by catalytically active properties of carbon materials for O,
reduction at higher pHs, most of the oxygen reduction
studies on carbon electrodes have been carried out in
alkaline solution [7-19]. The electrochemical reduction of
oxygen on carbon-based electrodes has received a long-
standing interest and has been extensively studied. In
alkaline solution, different types of carbon have wide
research interest, such as glassy carbon, pyrolytic graphite,
highly oriented pyrolytic graphite, boron-doped diamond,
reticulated vitreous carbon, and other carbon materials as
reviewed by Tryk et al. [20]. There have been recent efforts
to characterize different carbon nanomaterials as possible
electrocatalyst supports [21]. A number of activated
carbons, carbon nanotubes, and other types of carbon along
with a large variety of precursors and synthesis conditions
rendered long and extensive systematic studies [22].
Carbon materials used for these studies range from
conventional carbon powders, such as Vulcan XC72, Black
Pearls BP2000, and Shawinigan carbon black and activated
carbons, to fewer known carbon fibers and hard carbon
spherules. With the scientific breakthrough of synthesis of
nanostructured carbon materials, several new forms of
carbons have been synthesized like carbon nanocapsules
and carbon nanotubes [23, 24]. Carbon nanotubes (CNTs)
have attracted a great deal of attention since their discovery
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by lijima [24] in 1991 as a new type of electrocatalytic
material. Numerous studies have been made to investigate
the electrochemical properties of CNTs, including the
electrocatalysis of oxygen reduction [25-28]. The electro-
catalytic properties of CNTs toward O, reduction are of
great fundamental and practical importance, because of the
possibility of using them as support material for various
catalysts in fuel cell applications. As most of carbon
materials, CNT-modified electrodes are active electrocatalysts
for O, reduction in alkaline solution [29-31].

Recently, we have studied the electro chemical reduction
of oxygen on multiwalled carbon nanotube (MWCNT)-
modified electrodes in acid [25] and alkaline [29] solutions.
The pH dependence of O, reduction on MWCNT-
surfactant-modified glassy carbon electrodes has also been
investigated [32]. The purpose of the present work is to study
the reduction of O, on various carbon nanomaterials in
alkaline solution. This is the first report on the electro-
catalytic properties of carbide-derived carbon (CDC) materi-
als for oxygen reduction.

Materials and methods
Synthesis and characterization of carbide-derived carbon

Aluminum carbide (Accumet, 325 mesh or Cerac, 1-5 pm
of average particle size), with or without graphitization
catalyst [33], was loaded in the horizontal quartz tube and
was reacted with a flow of chlorine gas (99.999%) at a
fixed temperature, which is indicated in Table 1. The by-
product, AICl;, was evacuated by the flow of the excess
chlorine. During the heating and cooling, the reactor was
flushed with a slow stream of argon. After chlorination, the
product was additionally treated with hydrogen at 800°C to
deeply dechlorinate the sample. Complete conversion of
carbide into carbon was confirmed by the X-ray powder
diffraction (XRD) measurements using CuK« radiation (A=
1.54A). For convenience, these CDC materials are desig-
nated as C824 and C1551. The former material can be
classified as “turbostratic” carbon, whereas the latter one
forms nanobarrel-like structures.

The low-temperature N, sorption experiments were
performed at —196°C. The specific surface area (S) was
calculated according to the Brunauer—-Emmett—Teller theory

Table 1 The physical parameters of Al,Cs-derived carbons

up to the nitrogen relative pressure (P/P,) of 0.2. The total
volume of pores (V},) was calculated at relative pressure
(P/Pg) of 0.95 and the volume of micropores (V) from
t plot, using Harkins—Jura thickness values between 5 and
90A.

Transmission electron microscopy (TEM) studies were
made with a JEOL JEM 3010 instrument operated at
300 kV. For the TEM measurements, small sample amounts
were crushed in n-butanol, and a drop of the dispersion
obtained was transferred to a perforated carbon film
supported by a copper grid.

Electrode preparation

Rotating disk electrode (RDE) and the rotating ring-disk
electrode (RRDE) techniques were used. For the RDE
experiments, a glassy carbon (GC) disk of geometric area
(4) of 0.2 cm?® was employed. An interchangeable E6 series
RRDE tip of GC disk—Pt ring (Pine Research Instrumen-
tation, Inc., Grove City, PA, USA) was used for the RRDE
measurements. A collection efficiency (N) of 0.25 was
determined from measurements of hexacyanoferrate(IIT)
reduction. Both the GC disk and Pt ring electrodes were
polished to a mirror finish with 1.0, 0.3, and 0.05 pm
alumina slurries (Buehler) followed by sonication in water
for 5 min before use. Milli-Q water (Millipore, Inc.) was
used throughout.

Four different carbon nanomaterials were used in the
present study: multiwalled carbon nanotubes (MWCNTs),
carbon black powder (Vulcan XC72R), and the CDC
materials C824 and C1551. The S, value of Vulcan
XC72R (Cabot Corp.) was 254 m*g~". MWCNTs, purity
>95%, diameter 30+10 nm, and length 5-20 pum, was a
product of Nanolab, Inc. (Brighton, MA, USA). The
nanotubes were treated by refluxing in a mixture of
concentrated sulphuric and nitric acids (1:1, v/v) for 2 h at
55°C and then for 3 h at 80°C. Afterwards, the nanotubes
were washed with Milli-Q water by centrifugation
(3,000 rpm, 10 min) repeating it for several times. Finally,
the MWCNTs were dried under vacuum for 15 h.

The GC disk electrodes were modified with carbon
nanomaterials using aqueous suspensions of 4 mg cm > in
the presence of 0.3% nonionic surfactant Triton X-100
(Sigma-Aldrich) and 0.4 mg cm™ polytetrafluoroethylene
(PTFE; Sigma-Aldrich). The surfactant was used to make a

Notation of CDC Origin of Catalyst NiCl,/CoCly/FeCls Ter (°C) Sa (m*g™h) V, em’g ™) V. (em’g™h)
material AlyCs (mg g " (carbide))

C824 Accumet 70/70/70 1,100 177 0.12 ~0
C1551 Cerac 3.5/3.5/- 700 684 0.88 ~0
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uniform dispersion of nanocarbons. All the suspensions
were sonicated for 1 h. Carbon nanomaterials were
physically attached to the surface of electrodes by pipetting
10 ul aliquot of the suspension onto GC surface and
allowing the solvent to evaporate in air. For the RDE
measurements, the carbon nanomaterial-modified GC elec-
trodes were heated at 80°C in an oven for 1 h before use.
For the RRDE measurements, the modified GC electrodes
were heated at 350°C for 0.5 h. At this temperature, the
surfactant used decomposes [34].

Electrochemical measurements

A Pine Research Instrumentation AFMSRX rotator and
MSRX speed controller were employed for the RDE and
RRDE measurements. Experiments were controlled with
the General Purpose Electrochemical System software, and
the potential was applied with an Autolab potentiostat/
galvanostat PGSTAT10 (Eco Chemie B.V., The Netherlands).
A Pt foil served as the counter electrode, and reference
electrode was a saturated calomel electrode. All potentials are
referred to this electrode.

All the experiments were carried out in 0.1 M KOH
(Aristar, BDH). The electrodes were electrochemically
characterized by cyclic voltammetry in the electrolyte
saturated with Ar (99.999%, AGA). Oxygen reduction
was studied in the same solution saturated with O,
(99.95%, AGA). For the RRDE measurements, the Pt ring
electrode was activated before recording each scan by
applying three potential cycles between —1.0 and 0.7 V at
0.1 Vs~ in order to improve reliability in the determination
of peroxide. The potential of the Pt ring electrode was kept
under potentiostatic control at 0.55 V for peroxide
detection.

Results and discussion
XRD characterization of carbon nanomaterials

The example of XRD patterns of nanocarbons and the
respective precursor material, Al4C;, are shown in Fig. 1.
Figure la shows a typical powder XRD profile of the
partially graphitic carbide-derived carbon (C824) and that
of MWCNT and carbon black samples. As expected, the
XRD peaks of commercial carbon powder (Vulcan XC72R)
are rather broad and small, indicating that the material
contains mostly amorphous carbon. There are some
graphitic regions in this material which gives reflections
at 24.5 and 43.5°. The nanotube material shows a
somewhat higher peak of the 002 orientation. For both
CDC materials, the 002 Bragg diffraction peak at 20 ~26°
corresponds to parallel graphene layers although there is no
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Fig. 1 Characteristic XRD patterns for carbon materials. a C824,
MWCNT, and Vulcan XC72R. b C1551 and the precursor material,
AlyCs

graphite-like regularity. The 10 diffraction peak at 20 ~43°
characterizes the 2D in-plane symmetry along the graphene
layers. The graphitization for C1551 is much lower than for
(824, therefore high ordered 004 and 11 graphite interlayer
diffraction peaks are very weak. Also, the peak at 26° is
much narrower for C824 (Fig. 1a). The formation of Al4Cs-
derived carbons proceeds by net reaction 1:

AlCs + 6Cl, = 3C + 4AICl; 1 (1)

Surface morphology of CDC samples

The surface morphology was examined by transmission
electron microscopy (TEM) method. Figure 2 shows TEM
micrographs of C1551 and MWCNT samples. One can see
on the TEM image a large number of nanobarrels and small
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Fig. 2 TEM images of a C1551
and b MWCNT materials
deposited on an amorphous
carbon film

flake-looking particles of a CDC material (Fig. 2a). The
TEM image revealed that this sample consisted of nano-
barrels having sizes from 50 to 100 nm. However, there
were also many particles that at a first view seemed to be
amorphous, but at closer look were found to consist of
small flakes which are actually nanobarrels sized about
10 nm. The thickness of the turbostratic carbon flakes
varied from two to 15 graphene layers. The rest is mainly
an intermediate between amorphous carbon and nano-
particles. Therefore, one may find several similarities
between the XRD patterns from the nanocarbon-
containing samples used in this study and those reported
for MWCNTs. A typical TEM image of the acid-treated
MWCNTs used in this work is also presented (Fig. 2b). The
TEM micrograph indicates that the nanotube material is
free of catalyst impurities.

Rotating disk electrode studies of O, reduction

The kinetics of the oxygen reduction reaction at carbon
nanomaterial-modified electrodes was investigated using
the RDE method. Figure 3 presents the RDE polarization
curves for oxygen reduction on different carbon material-
PTFE (MWCNT-PTFE, carbon black-PTFE, C824-PTFE,
and C1551-PTFE)-modified GC electrodes in O,-saturated
0.1 M KOH. These electrodes were heated at 80°C for 1 h
before electrochemical testing. The RDE results were rather
similar for all the modified electrodes studied. The limiting
current increases when the rotation rate increases, and there
is a clear prewave present at low overpotentials. The second
reduction wave on these materials starts at approximately
—0.7 V.

For carbon nanomaterials C824 and CI1551, a high
reduction current was observed probably because of the
high degree of graphitization, which leads to a mesoporous
structure of these carbons. Mesoporous materials potentially
lead to faster charge transfer rate as observed previously

@ Springer

[35, 36], while the high surface area materials with a
nonporous structure and fully accessible surface such as
carbon onions were previously shown to have high response
rates.

The number of electrons transferred per O, molecule (1)
was calculated from the Koutecky—Levich (K-L) equation
[37]

I 1 1 1 1

I~ LIy nFAke, 0.62n FADZ v1/5¢h, o1/

@

where I is the measured current, [, and Iy are the kinetic and
diffusion-limited currents, respectively, k£ is the electro-
chemical rate constant for O, reduction, Do, is the diffusion
coefficient of oxygen (1.9x10cm?s™") [38], c%z is the
concentration of oxygen in the bulk (1.2x10®mol cm™)
[38], and v is the kinematic viscosity of the solution
0.01 cm?s™") [39].

Figure 4 shows the Koutecky—Levich plots obtained
from the RDE data on oxygen reduction at —0.6 V for
different carbon nanomaterial-modified electrodes. At this
potential, the K-L lines are almost parallel, indicating that
the reduction pathway is similar for different carbon
materials studied. The intercepts of the extrapolated K-L
lines were close to zero, which shows that the process of O,
reduction is almost entirely under diffusion control. The
inset of Fig. 4 compares the n values calculated from the
K-L equation at various potentials. For all carbon materials
at low overpotentials (E>—0.6 V), the n value was close to
two, and the reduction of O, produces peroxide which is
the final product in this case. At more negative potentials,
the value of n gradually increased up to four (the only
exception was C824), which indicates that the peroxide
formed reduces further in this potential range. The further
reduction of peroxide at high overpotentials is in agreement



J Solid State Electrochem (2010) 14:1269-1277 1273
a T T T T T T T T b T T T T T T T T
0.0} 4 0.0+ E
0.2 B 0.2 4
1
04} 2 e 04} 1 E
3 2
E -0.6 4 4 g 0.6 3 4
— -0.8F 5 4 — 08| .
— —
4
1.0} 6 E 1.0+ 4
5
1.2 4 1.2 4
1.4} 4 A4t 6 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
14 12 10 -08 -06 -04 -02 0.0 14 12 10 -08 -06 -04 -0.2 0.0
EIV EIV
c d
T T T T T T T T T T T M T M T T T T T T T T T
0.0 1 0.0 E
0.2 . 0.2} E
1
0.4 1 b 04} 2 E
2 3
‘é -0.6 3 E -0.6 - B
Z o8 1 Z o0sf ¢ 1
~ 4 —~—
1.0 . 1.0+ 5 i
5
121 B 1.2 6 E
6
14 B 141 E
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
14 12 10 -08 -06 -04 -02 0.0 14 12 10 -08 -06 -04 -02 0.0

EIV

Fig. 3 RDE voltammetry curves for oxygen reduction on carbon
nanomaterial-PTFE-modified GC electrodes in O,-saturated 0.1 M
KOH. Nanocarbons used: a MWCNT, b Vulcan XC72R, ¢ C1551,

with previous observations [29]. For most carbon nano-
materials, the n value approaches four, however, there are
some subtle differences depending on the carbon materials
used.

Rotating ring-disk electrode studies of O, reduction

Rotating ring-disk electrode was also used for the investi-
gation of the electrochemical reduction of oxygen on
carbon materials deposited on GC. In this case, the
nanocarbon—PTFE mixture was annealed at 350°C for
0.5 h. This is a typical procedure for the preparation of
commercial Pt/C catalysts using PTFE as a binder [40]. The
PTFE content used (10 wt.%) was found to be suitable for
the preparation of catalytically active and stable gas
diffusion electrodes [40,41]. The disk currents of oxygen

EIV

and d C824. v=10 mV s™". w: 1 360, 2 610, 3 960, 4 1,900, 5 3,100,
and 6 4,600 rpm

reduction recorded on GC electrodes modified with
different carbon nanomaterials are presented in Fig. Sa.
The corresponding ring currents are shown in Fig. 5b. At
the foot of the polarization curves, the C1551 material
shows a higher reduction current than other nanocarbons
studied, and this is most probably related to its higher
specific surface area (see Table 1). At low overpotentials,
the reduction of oxygen yields primarily HO, . This was
confirmed by the K-L analysis of the disk current data. The
2e  reduction pathway predominates at E>—0.6 V (see
RRDE data analysis below). As can be seen in Fig. 5a, an
ill-defined current plateau forms at potentials between —0.6
and —0.4 V for all the nanocarbon-modified electrodes
studied. The disk currents at these potentials are close to the
diffusion-limiting current for a 2™ reduction of oxygen. In
this potential range, the production of peroxide is the
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Fig. 4 Koutecky—Levich plots for oxygen reduction on nanocarbon-
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Potential dependence of n for O, reduction on carbon nanomaterial-
PTFE-modified GC electrodes in 0.1 M KOH

highest, which is important from the point of view of the
electrosynthesis of hydrogen peroxide [15]. At E<—1V, the
reduction current reaches a limiting value for all the carbon
material studied.

The ring currents increase as the rotation rate increases
and reach maximum value at ca. —0.5 V followed by a
decrease of current at more negative potentials. This is a
clear indication that the hydrogen peroxide starts to reduce
further on the disk electrode, and as a consequence, the
contribution of the 4e” (series) pathway to the overall
reduction rate increases. The ring current decrease at
E<—0.5 V depends somewhat on the carbon nanomaterial
used. For instance, the Iz values for carbon black-PTFE-
modified electrode reach a plateau from —0.5 to —0.8 V,
indicating that hydrogen peroxide is produced in similar
quantities at these potentials. However, for MWCNT-PTFE,
C824-PTFE, and C1551-PTFE, there is a tendency for a
current decrease in the range of potentials from —0.5 to
—1.0 V which reveals that the production of peroxide also
decreases.

The RRDE data of O, reduction were analyzed using the
ratio of disk to ring current [42]. The In/Ix vs. w2 plots
were analyzed at £=—0.6 V, and the results for different
nanocarbons are shown in Fig. 6. These plots were very
similar for all the carbon nanomaterials studied, which
means that the Ip/lx values are almost independent of
electrode rotation rate. Similar results were obtained in the
work of Appel and Appleby [43]. In all cases, the plots
were rather parallel to the x-axis, indicating that the further
reduction of peroxide is negligible at this potential. Some
scatter in the data could occur because of the nonquantitative
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Fig. 5 Ring and disk currents for oxygen reduction on carbon
nanomaterial-PTFE-modified GC electrodes in O,-saturated 0.1 M
KOH. v=10 mV s™'. w=960 rpm. a disk and b ring currents

detection of the peroxide on the Pt ring. By extrapolating the
Nip/lz vs w "2 lines to the infinite rotation rate, one can
observe intercepts slightly higher than unity. This means that
the predominant pathway is the two-electron reduction of
oxygen to peroxide which is the final product in this case.

The percentage yield of peroxide formation () was
calculated from [44]

_200/r/N 3)
T I+ IR/N

where I and Iy are the disk and ring currents, respectively,
and N is the collection efficiency. The value of & was
between 80% and 90% at low overpotentials, and it
decreased at potentials more negative than —0.7 V
(Fig. 7). At the potentials of the second reduction wave,
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the yield of peroxide was dependent on rotation speed and
increased at higher rotation rates. This shows that the
number of surface sites at which HO, undergoes electro-
chemical reduction is limited, and as a consequence, the
turnover rate at these sites is insufficient to provide the
increased production rate of HO, at high rotation rates,
i.e., the reduction of HO, ions becomes less favorable in
comparison to the rate of desorption and diffusion in the
bulk.

It was shown earlier that the oxidative treatment of high-
area carbon materials leads to an increase in the O,
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Fig. 7 Dependence of the yield of peroxide formation (€) on
potential for carbon nanomaterial-PTFE-modified GC electrodes in
0.1 M KOH. Data derived from Fig. 5

reduction activity in alkaline solutions [45]. The higher
reduction rate could be related to an increase in the number
of carbon—oxygen functionalities on their surface. For
MWCNTs, it is also well known that some oxygen
containing groups are formed during acid treatment. An
enhanced electrocatalytic activity for O, reduction on
anodized GC has been reported [46].

Some research groups have proposed that the enhanced
O, reduction current at prewave potentials in alkaline
solutions is caused by quinone-type functionalities on
carbon materials [12, 47]. Surface-confined quinones were
employed as electrocatalysts for the quantitative reduction
of O, to hydrogen peroxide [12—14, 46-55]. It is considered
that the semiquinone radical anion (Q™) is responsible for
the electrocatalysis of oxygen reduction [12—14, 48]. The
reduction of oxygen follows an electrochemical-chemical
process according to [12]:

Q+e” — Q™ 4)
Q" +0, —* 05 +Q (5)
L) (6)

Reaction 5 is considered to be the rate-determining step
in the overall reduction of oxygen.

Another important aspect concerning the electrocatalytic
properties of carbon nanomaterials is related to their pore
size. It appears that micropores are hard to be reached by
reacting species [56], and for this reason, the process of O,
reduction proceeds basically on the surface of carbon
particles and in mesopores. Therefore for the nanocarbon-
PTFE composites studied, there is only little effect of
surface area on the oxygen reduction activity of these
materials.

The practical relevance of this work is related to the
electrochemical synthesis of hydrogen peroxide in alka-
line solutions [15, 57—62]. However, it has been found
that peroxide can degrade the surface of carbon materials,
and therefore, it is highly challenging to find a carbon-
based material, which shows a high electrocatalytic
activity for O, reduction to peroxide and at the same time
possesses an improved corrosion resistance and chemical
stability over commercial carbon powders [19, 63]. Up to
now, hydrogen peroxide is produced by a chemical route
[64]. The electrosynthesis of peroxide has several advan-
tages over the chemical route, and it is particularly
attractive to carry out this process using a fuel cell
technology [15].
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Conclusions

The electrochemical reduction of oxygen has been studied
on carbon nanomaterial-modified GC electrodes employing
the RDE and RRDE methods. Polytetrafluoroethylene was
used as a binder. The results obtained in the present research
indicate that these nanocarbon-modified electrodes are highly
active for the reduction of oxygen in alkaline solution. It
appears that the good electrocatalytic properties of carbon
nanomaterials for a 2e” reduction of O, at low overpotentials
are caused by native quinone-type groups on their surface.
Besides surface functionalities, the differences in the
structure and porosity of these materials may influence the
process of oxygen reduction.
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Metal phthalocyanine and porphyrin functionalized multi-walled carbon nanotubes (MWCNTS) were
used as non-precious electrocatalysts for the electroreduction of oxygen. The catalyst materials were
heat-treated at different temperatures before electrochemical testing. X-ray photoelectron spectroscopic
study was carried out in order to examine the surface composition. The oxygen reduction reaction
(ORR) has been investigated on Fe phthalocyanine/MWCNT, Co phthalocyanine/MWCNT, Fe
porphyrin/MWCNT and Co porphyrin/fMWCNT catalysts. Electrochemical experiments were carried
out in 0.5 M H,SO, solution employing the rotating disk electrode (RDE) method. The RDE
measurements showed increase of electrocatalytic activity for MN4 macrocycle/MWCNT maodified
electrodes in acid media and catalytic activity increased with increase of pyrolysis temperature.
Particularly high electrocatalytic activity for ORR was observed for electrodes heat-treated at 800 °C.
The RDE results obtained indicate the effect of different nitrogen groups introduced by pyrolysis on
the electrocatalytic activity.

Keywords: Oxygen reduction; Electrocatalysis; Carbon nanotubes; Porphyrin; Phthalocyanine

1. INTRODUCTION

In order to reduce the high price of proton-exchange membrane fuel cells (PEMFCs), Pt-based
cathode catalysts need to be replaced with cheaper alternatives. Novel PEMFC catalysts must
overcome a number of kinetic limitations on the oxygen reduction reaction (ORR). To eliminate these
limitations stable cathode catalysts with an order of magnitude increase in the specific activity over
that of state-of-the-art carbon-supported platinum (Pt/C) catalyst can be developed [1,2]. Numerous
fundamental and practical approaches have been made to improve electrocatalytic performance and
stability of high surface area carbon supports for metal nanoparticle based catalyst materials [3-5].
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Catalyst support materials exhibit major influence on the performance and durability of proton
exchange membrane fuel cells [6]. Due to their excellent mechanical and chemical properties carbon
nanotubes can serve as stable support for metal nanoparticle-based catalyst materials [7-8]. With
different possibilities of their large-scale synthesis, attention is now being focused on their potential
applications in various fields of heterogeneous catalysis. A number of methods have been used to
disperse and stabilize metal nanoparticle-carbon nanotube composite materials. Catalytic properties of
these solids are known to be dependent upon the interaction between the carbon support and the metal
particles. By meeting the requirements for highly-durable fuel-cell operation multi-walled carbon
nanotubes (MWCNTS) turned out to be a promising potential support for ORR catalysts [9,10].

Among the nobel and non-nobel metal catalysts, the transition metal-nitrogen containing MN,4
macrocycles have achieved huge interest because of their high electrocatalytic activity toward oxygen
reduction and competitive price on the market. Starting from the pioneering work of Jasinski [11], the
ability of MN4 macrocycles to reduce O, has led to an enormous research activity of these materials in
the field of oxygen reduction electrocatalysis both in alkaline and acid media [12-18]. There is a
general agreement in the literature that both nitrogen ligands and transition metal in MN4 macrocycle
catalysts play an important role in their stability and activity, even if the constituents of the final active
sites are uncertain [19,20]. Phthalocyanines and porphyrins containing iron or cobalt as a central metal
atom are one of the most commonly studied and also one of the most promising MN4 macrocycle
electrocatalysts for O, reduction, especially when they are adsorbed on the surface of high-area
carbons such as carbon nanotubes [21-29]. MN4 macrocycles form bulky particles during the pyrolysis
because of the melting of the porphyrins and phthalocyanines previous to their polymerization [30]. In
such kind of catalyst material only a small number of the active sites can participate in the oxygen
reduction reaction because of the low surface area. Therefore it has been demonstrated that the type of
support to which the phthalocyanine or porphyrin is attached to, also has a significant effect on the
electrocatalytic activity [30,31]. It is important to keep in mind that the morphology of the catalyst
material and surface area will influence strongly the electrocatalytic activity for the oxygen reduction
reaction. MWCNTSs with their large surface area and well-defined structure are perfect support material
from this point of view. Therefore the aim of the present study is to show the potential of carbon
nanotubes as a support for metal macrocyclic catalysts.

A number of studies have shown that heat-treatment of MN, macrocycles in an inert
atmosphere at high temperatures significantly improved the O, reduction activity and stability of these
catalyst materials. Since the pioneer study of Jahnke et al. who reported the effect of heat-treatment,
numerous research efforts have been made to find and optimize the perfect parameters of the pyrolysis
as well to clarify the exact structure of the catalytic center causing the electrocatalytic activity toward
the ORR. In the latter case it was found that the transition metal of the precursor is bonded via nitrogen
to a graphite-like carbon matrix which was formed by the pyrolysis reaction. It has been proposed that
the inner core structure of the MN, macrocycle remains after the pyrolysis and acts as a catalytic center
for ORR [30].

The purpose of this work is to study and compare the electrocatalytic activity of multi-walled
carbon nanotubes modified with different porphyrins and phthalocyanines for the oxygen reduction
reaction in acid media. Our goal is to show difference of porphyrins and phthalocyanines from ORR
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catalyst point of view and to find optimum pyrolyzing conditions in order to achieve a higher activity
and stability of the catalysts studied.

2. EXPERIMENTAL

2.1. Materials

The iron(Il)phthalocyanine (FePc), cobalt(ll)phthalocyanine (CoPc), 5,10,15,20-tetrakis(4-
methoxyphenyl)-21H,23H-porphine cobalt (1) (CoPh) and 5,10,15,20-tetrakis(4-methoxyphenyl)-
21H,23H-porphine iron (I1) chloride (FePh) were purchased from Sigma-Aldrich. The multi-walled
carbon nanotubes (MWCNTSs, purity > 95%, diameter 30 £ 10 nm, length 5-20 pum) used were
purchased from NanoLab, Inc. (Brighton, MA, USA). 5 wt.% Nafion solution (Aldrich) was used in
the preparation of catalyst ink in isopropanol. All the solutions were prepared with Milli-Q water
(Millipore, Inc.).

2.2. Preparation of FePc/MWCNT, CoPc/MWCNT, FePh/MWCNT and CoPh/MWCNT catalysts

In order to adsorb the metal macrocyclic catalyst on the surface of MWCNTS, a mixture of 200
mg FePc, CoPc, FePh or CoPh and 200 mg of MWCNTSs in 40 ml isopropanol was prepared and
sonicated for 30 min followed by magnetic stirring for 1 h. The homogeneous mass was placed in a
ceramic boat, dried at 100 °C and pyrolyzed at 400 °C or 800 °C for 2 h in flowing argon atmosphere.
The initial loading of FePc, CoPc, FePh or CoPh on the MWCNTSs was 50 wt.% and the final loading
was not ascertained.

2.3. X-ray photoelectron spectroscopy analysis

The surface composition of the as-received MWCNT and pyrolyzed FePc/MWCNT,
CoPc/MWCNT, FePh/MWCNT and CoPh/MWCNT materials was analyzed using X-ray
photoelectron spectroscopy (XPS). For the XPS studies the catalyst materials in isopropanol (1 mg
ml™") were deposited on a glassy carbon plate (1.1x1.1 cm) and the solvent was allowed to evaporate
in air. The XPS measurements were carried out with a SCIENTA SES-100 spectrometer using an
unmonochromated Mg Ko X-ray source (incident energy = 1253.6 eV), a take-off angle of 90 degrees
and a source power of 300 W. The pressure in the analysis chamber was below 10~° Torr. While
collecting the survey scan, the following parameters were used: energy range = 800 to 0 eV, pass
energy = 200 eV, step size = 0.5 eV and for the high resolution scan: energy range = 410 to 395 eV for
the N1s region; 740 to 700 eV and 800 to 775 eV for the Fe2p and Co2p regions, respectively, with
pass energy = 200 eV and step size = 0.1 eV.



Int. J. Electrochem. Sci., Vol. 8, 2013 1060

2.4. Preparation of electrodes and electrochemical characterization

For the rotating disk electrode (RDE) experiments a glassy carbon (GC) disk of geometric area
(A) of 0.2 cm?® was used as substrate material. GC disks (GC-20SS, Tokai Carbon) were pressed into a
Teflon holder and then the electrodes were polished to a mirror finish with 1 and 0.3 pm alumina
slurries (Buehler). After alumina polishing the electrodes were sonicated in water for 5 min. To obtain
a uniform layer of electrocatalyst onto GC surface, the electrodes were modified with different
catalysts using suspensions of MPc/MWCNT or MPh/MWCNT in isopropanol (1 mg ml™) containing
0.5% Nafion solution. All the suspensions were sonicated for 1 h. Then a 20 pl aliquot of the prepared
catalyst suspension was pipetted onto GC surface and was allowed to dry in air for 24 h.

The electrochemical measurements were made using the RDE technique employing an ED1101
rotator and a CTV101 speed control unit (Radiometer). Experiments were controlled with the General
Purpose Electrochemical System (GPES) software and the potential was applied with an Autolab
potentiostat/galvanostat PGSTAT30 (Eco Chemie B.V., The Netherlands). A Pt foil served as the
counter electrode and a saturated calomel electrode (SCE) was used as a reference. All the potentials
are referred to this electrode. Electrochemical experiments were carried out in 0.5 M H,SO, solution at
room temperature (23 + 1 °C). The solutions were saturated with Ar (99.999%, AGA) or O (99.999%,
AGA). A continuous flow of gases was maintained over the solution during the electrochemical
measurements.

3. RESULTS AND DISCUSSION

3.1. XPS analysis of metal phthalocyanine and porphyrin modified MWCNT samples

The X-ray photoelectron spectroscopy (XPS) was used to study the surface composition of the
electrocatalysts and to determine the chemical states of species on the surface. Figure la and 1b
presents the XPS survey spectra of heat-treated CoPh/MWCNT and CoPc/MWCNT samples,
respectively. All the samples were heat-treated at 800 °C. It is possible to separate five similar XPS
peaks for both samples, which correspond to emission from C1s, satellite peak of the C1s spectrum,
N1s, Ols, and Co2p levels. The XPS core-level spectrum in the N1s region of CoPc/MWCNT and
CoPh/MWCNT samples shows two peaks. The N1s peak of higher binding energy at 400.2 eV
corresponds to a new nitrogen species formed likely during the pyrolysis and the peak at 399.8 eV
could be assigned to N introduced into the graphene layer but it is hard to define the exact chemical
nature of these surface species and the identification of the species is still under debate. Two similar
nitrogen peaks to CoPc/MWCNT and CoPh/MWCNT samples have been observed also for CIFeTPP
on acetylene black and in this case they were assigned to C-N-Hx and C-N-M groups evolved from the
decomposition of the MN, chelates [32].

The O1s peak is related to the MWCNT material and is caused by various carbon-oxygen
functionalities on the surface of MWCNTSs [33]. Similarly to the N1s peak, it is hard to define the
exact chemical nature of different surface species from O1s peak because of close binding energies and
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the topic is still under debate, but different investigations have shown that carboxyl and quinone
groups are present on the surface of carbon nanotubes [34].
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Figure 1. XPS spectra of the catalyst materials (a) CoPh/MWCNT and (b) CoPc/MWCNT with inset
spectra of N1s and Co2p.

From the inset of Figures 1a and 1b one can observe XPS peaks at peak at 795.8 eV which
corresponding to Co2ps, lower energy and 780.2 eV corresponding to Co2pi, higher energy
asymmetric bands originating from spin-orbital splitting. The peak at 780.2 eV belongs to Co?* from
all CoPc/MWCNT or CoPh/MWCNT respectively. The XPS peak at 778.5 eV corresponds to metallic
cobalt and peak at 781 eV corresponding to pure CoPc or CoPh respectively. It should be noted that
nitrogen or metal catalyst impurities were not detected in the as-received MWCNT samples by XPS.

3.2. Rotating disk electrode studies of O, reduction
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Figure 2. RDE voltammetry curves for oxygen reduction on (a) FePh/MWCNT and (b)
CoPh/MWCNT modified GC electrodes in O, saturated 0.5 M H,SOs. v=10mV st @ = Q)
360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm.

Typical RDE polarization curves obtained for different MN,/MWCNT modified electrodes
toward ORR in acid media is illustrated in Figure 2a and 2b. The Figures present the RDE results of
oxygen electroreduction obtained with FePh/MWCNT and CoPh/MWCNT materials pyrolyzed at 800
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°C. The experiments were performed at different rotating rates in O,-saturated 0.5 M H,SO, solution.
An almost constant onset potential of the ORR on the same catalyst at different rotation rates shows
that no catalyst material have left from the electrode and no changes are taking place with catalyst
material during the experiment. As expected, the limiting currents in a hydrodynamic experiment
increase with increasing rotation rate.

To compare these two materials with each other, it is possible to see from Figure 2 that the
value of onset potential is similar for both materials, but the difference in half-wave potential is almost
0.2 V. Also the current plateau is formed at a much more positive potential for the CoOPh/MWCNT
catalyst. Still both of the catalysts increase remarkably the ORR activity. For the heat-treated
FePh/MWCNT and CoPh/MWCNT catalysts a high reduction current was observed probably because
of the generation of electrocatalytically active species which usually form during the heat-treatment at
temperatures higher than 650 °C [16,35]. Ladouceur et al. reported that the electrocatalytic activity of
CoPc/Vulcan XC-72, which was annealed at 800 °C, was twice as high as the activity of the non-
pyrolyzed CoPc/Vulcan XC-72 [36]. It has been proposed that the electrocatalytically active sites for
ORR could be the central metal ion with N atoms [37]. Even if the metal nanoparticles on carbon
supports are sometimes reported not to be related to the activity of the catalyst and nitrogen not being a
part of the catalytically active site for ORR, these two species together can form highly active catalyst
center for ORR [37].

The number of electrons transferred per O, molecule (n) was calculated from the Koutecky-
Levich (K-L) equation [38]:

it,1_ 1 1 W
I 1, 1, nFAKCS — 0.62nFAD3*v°Cg o'

where | is the measured current, Iy and lg are the kinetic and diffusion limited currents,
respectively; k is the electrochemical rate constant for O, reduction, Doz is the diffusion coefficient of

oxygen (Do, = 1.8x107° cm’ s™ [39]), ¢5_is its concentration in the bulk (cg = 1.13x107° mol cm™

[39]) and v is the kinematic viscosity of the solution (0.01 cm?s™).

Figure 3a and 3b presents the K-L plots obtained from the RDE data on oxygen reduction in
0.5 M H,SO, for annealed FePh/MWCNT and CoPh/MWCNT catalyst modified electrodes,
respectively. The extrapolated K-L lines showed non-zero intercepts, indicating that the process of
oxygen reduction is under the mixed kinetic-diffusion control in a large range of potentials. The values
of n at different potentials are presented as insets in Figure 3a and 3b for FePh/MWCNT and
CoPh/MWCNT, respectively.

For both the FePc/MWCNT and CoPh/MWCNT materials the n value was close to 3 for all
over the range of potential. This indicates that the mixed 2e” and 4e™ process takes place and the
reduction of O, produces both H,O, and H,O.
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Figure 3. Koutecky-Levich plots for oxygen reduction on (a) FePh/MWCNT and (b) CoOPh/MWCNT
modified GC electrodes in O, saturated 0.5 M H,SO, at various potentials: (m) 0.2, (V) 0.1,
(€)0, (o) -0.1, (») -0.2, (%) -0.3 and (A) -0.4 V. The inset shows the potential dependence
of n.

Figure 4 presents the comparative RDE results of O reduction obtained for GC electrodes
modified with different MWCNT supported MN4 macrocyclic catalyst materials annealed at different
temperatures. For comparison purposes the RDE voltammetry curve of unmodified MWCNTSs has
been added. For each catalyst material the polarization curves of oxygen reduction are presented for
unannealed catalyst and materials pyrolyzed at 400 °C and 800 °C. As presented in Figure 4, the
electrocatalytic activity for ORR of metallo-porphyrin/MWCNT-GC electrodes was higher than that of
the metallo-phthalocyanine/MWCNT maodified electrodes. Especially higher activity was observed for
CoPh/MWCNT material for which the onset potential of O, reduction shifted positive for almost 0.1 V
as compared to that of FePc/MWCNT which was the catalyst with poorest ORR activity. As expected,
the catalytic activity of all metallo-phthalocyanine and metallo-porphyrin modified MWCNT catalysts
improved enormously comparing to pristine MWCNTSs. It is well-known that pure MWCNTS itself
have rather low electocatalytic activity for O, reduction in acid media [33]. One can see that the onset
potential of O, reduction on unmodified MWCNTS is substantially more negative than that of metallo-
phthalocyanine and metallo-porphyrin modified MWCNTSs. This indicates that the catalyst activity is
entirely determined by the catalytically active sites formed by the attachment of MN, macrocycles to
the surface of MWCNTSs.

We could expect similar performance for analogous catalysts to large conjugated
organometallic molecules as phthalocyanines and porphyrins which easily adsorb on MWCNT
support. However there are visible differences in catalytic activity between these materials, which
could be explained by the existence of better n-n interactions between MN4 macrocycle and MWCNTS
and by small differences in the structure of the molecules [40,41]. Given the results of the polarization
curves for different materials annealed at two different temperatures it can be concluded that the
samples heat-treated at 800 °C showed the best electrocatalytic activity toward the ORR. It has been
proposed that pyridinic-type nitrogen, forming at temperatures as high as 800 °C, could be responsible
for the achieved catalytic activity [42].
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It is proven that annealing temperature will enhance the kinetic current density of the catalyst
materials and reduce the concentration of MN4 macrocycles in the pyrolysis product. Gupta et al.
stated that the presence of MN, macrocycles was not important for the ORR activity in acid media
without any annealing [43].
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Figure 4. RDE voltammetry curves for oxygen reduction on (a) FePc/MWCNT, (b) CoPc/MWCNT,
(c) FePh/MWCNT and (d) CoPh/MWCNT catalyst material modified GC electrodes in O,
saturated 0.5 M HySO4. v =10 mV s . = 1900 rpm.

However comprehension of the exact mechanism and participation of MNjy-centers in the
oxygen reduction mechanism is still discussed controversially [44-46]. From one side MNg-centers is
believed to be responsible for the improved catalytic effect, from another hand nitrogen heteroatoms
are favored as catalytic sites [47-49]. It is proven that when nitrogen is presented in the carbon matrix,
the ORR proceeds only at low current densities, high overpotentials and therefore produces hydrogen
peroxide [48,50]. Still the nitrogen plays important role in the MN, catalyst material and has been
proved by Lalande et al. who achieved highest catalytic activity with complex material having both
nitrogen and metal presented [51]. Therefore metal-N4~ or metal-N,. are suggested as active sites [47].

Some research groups have also suggested that quinone groups presented on the surface of
carbon materials could take part from the formation of active sites. Elbaz et al. presented evidences
about the formation of stabilized MN, macrocycle-quinone complexes at carbon-based surfaces toward
design of non-noble-metal catalyst for the oxygen reduction reaction [51].
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4. CONCLUSIONS

Non-noble metal electrocatalysts namely Co phthalocyanine, Fe phthalocyanine, Co porphyrin
and Fe porphyrin were adsorbed on the surface of multi-walled carbon nanotubes. All of these catalyst
materials were heat-treated at 400 °C and 800 °C in an inert atmosphere. The surface composition of
MWCNT supported Co and Fe phthalocyanines and porphyrins were examined by XPS. The XPS
results showed decomposition of the porphyrin ring because of the pyrolysis and the formation of
different electrocatalytically active metallic and nitrogen surface groups. These electrocatalysts were
also examined toward the ORR kinetics by RDE method in 0.5 M H,SO, and it was found that metal-
porphyrin based electrodes heat-treated at 800 °C possessed higher O, reduction activity compared
with metal-phthalocyanine catalysts. The results obtained in the present work further highlight the
advantages of carbon nanotube supported MN,4 macrocycles as electrocatalysts for ORR [52].
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Oxygen Electroreduction on Multi-Walled Carbon
Nanotube Supported Metal Phthalocyanines and
Porphyrins in Alkaline Media
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Institute of Chemistry, University of Tartu, Ravila 14a, 50411 Tartu, Estonia
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Metal phthalocyanine and porphyrin modified electrodes were prepared using multi-walled car-
bon nanotubes (MWCNTs) as a support material. The catalyst materials were heat-treated
before electrochemical testing. X-ray photoelectron spectroscopic study was carried out in order
to examine the surface composition. The electroreduction of oxygen has been investigated
on Fe phthalocyanine/MWCNT, Co phthalocyanine/MWCNT, Fe porphyrin/MWCNT and Co por-
phyrin/MWCNT catalysts. Electrochemical experiments were carried out in 0.1 M KOH employing
the rotating disk electrode (RDE) method. The glassy carbon (GC) disk electrodes were modified
with MN, macrocycle/MWCNT catalysts using Tokuyama AS-4 ionomer. Electrochemical character-
isation of the materials showed that all the MN, macrocycle/MWCNT modified GC electrodes are
highly active for the reduction of oxygen in alkaline solutions. Particularly high electrocatalytic activ-
ity was observed for porphyrin-based electrodes heat-treated at 800 °C. The RDE results obtained
are significant for the development of alkaline membrane fuel cells.

Keywords: Oxygen Reduction, Carbon Nanotubes, Metal Phthalocyanines, Metal Porphyrins.

1. INTRODUCTION

Low temperature fuel cells have received a great deal of
attention as an attractive energy conversion technology
for automotive, portable and stationary applications due
to their higher efficiencies and low emissions."? As one
of the key factors limiting the performance of the low
temperature fuel cells is the slow kinetics of the oxygen
reduction reaction (ORR) at the cathode side of the fuel
cell and therefore finding a suitable cathode material to
evaluate the ORR has been the major issue in the fuel cell
industry. Nowadays the mostly used electrocatalysts for
the cathodic oxygen reduction are platinum or Pt-transition
metal alloys on high-area carbon support (carbon pow-
der, multi-walled carbon nanotubes, graphene, etc.). In the
cost point of view there is a huge interest in developing
fuel cell cathodes with lower amount of noble metal cat-
alysts or non-noble metal catalysts, such as MN, macro-
cycles. Starting from the pioneering work of Jasinski, the
ability of MN, macrocycles to reduce O, has led to sig-
nificant research activity of these materials in the field
of oxygen reduction electrocatalysis both in alkaline and
acid media.*'° Phthalocyanines and porphyrins containing

*Author to whom correspondence should be addressed.
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a transition metal (Fe, Co) as a central atom are one of
the most promising MN, macrocycle electrocatalysts for
O, reduction, especially when they are adsorbed on the
surface of high-area carbons such as carbon nanotubes
(CNT).!""18 It has been demonstrated that the type of sup-
port to which the phthalocyanine or porphyrin is attached
to, also has a significant effect on the electrocatalytic activ-
ity. Shi and Anson have shown that carbon materials hav-
ing functional groups on the exposed graphite planes could
act as anchors for the adsorbed complexes.!” Therefore we
can also expect that oxidized CNT material with high sur-
face area and many functional groups and defects on the
surface could act as a good anchor for the MN, macrocy-
cles. One of the major drawbacks in using carbon nano-
tubes as support material is the agglomeration of CNTs
into bundles or larger ropes because of the van der Waals
forces. Several studies have still shown that functional-
ization of CNTs with protonated porphyrins or phthalo-
cyanines leads to increased solubility of CNTs and also
helps to break the nanotube bundles already formed.?-?!
Silva et al. have demonstrated a simple way to prepare
the GC/SWCNT-CoPc electrodes by sonicationg the mix-
ture slurry of CoPc and oxidized SWCNTs in ultra-pure
Milli-Q water and dropcoating the GC electrodes with that
mixture.?

doi:10.1166/jnn.2012.6918 1
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It has been also proved that amino-substituted metal-
lomacrocyclic MN, complexes can be covalently linked
to CNTs via amide bond formation, while unsubstituted
MN, complexes are non-covalently adsorbed onto CNTs
via -7 interactions.”>> Previous studies have shown
that phthalocyanine macrocycles are immobilized by 77—
interactions which are very strong because even the treat-
ment of modified nanotubes with different solvents under
heating up to 40 °C and sonication could not remove the
adsorbed molecules.?

There are numerous reports on the electrocatalytic prop-
erties of carbon nanotubes modified with Co and Fe
phthalocyanines and porphyrins and there is a continuously
growing research activity in this area. It has been reported
that Fe phthalocyanine and Co phthalocyanine have the
ability to promote the 4e~ oxygen reduction to water with-
out the formation of peroxide intermediates>!7-2® while
Fe porphyrin and Co porphyrin in general catalyze two-
electron reduction of oxygen to hydrogen peroxide fol-
lowed by further two-electron reduction to water.”’

It is well known that the lifetime and catalytic activ-
ity of MN, macrocycles is reduced by the attack of H,O,
released during the ORR. To get rid of this problem a
thermal pre-treatment of MN, macrocycles/carbon sam-
ples in an inert gas atmosphere has been used. Different
research groups have reported achievements in enhancing
the electrocatalytic activity as well as stability of MN,
macrocycles/carbon samples such as CoPc/Vulcan and
CoPc/CNT materials by pyrolysis in inert atmosphere.?$-3
The best heat-treating temperatures depend on the par-
ticular MN, macrocycle but temperature range between
500 °C and 950 °C is recommended.” ' At higher temper-
atures the activity of catalyst can decrease but at the same
time the stability increases.??> Changes in the catalyst com-
position upon annealing and its effect on the ORR activity
and stability are still under a debate. It is also question-
able, what is the real structure of the resulting catalytic
site after pyrolysis. Wiesener has proposed that metal ions
of adsorbed MN, macrocycles promote the decomposition
of the macrocycle and formation of the special form of
electrocatalytically active carbon upon pyrolysis.* In this
case Wiesener suggested the metal is only an intermediate
and has no active role in the ORR.%

The purpose of this work is to compare the electrocat-
alytic activity of multi-walled carbon nanotubes modified
with iron and cobalt porphyrins and phthalocyanines for
the oxygen reduction reaction in alkaline media. Our goal
is to find optimum pyrolysis conditions in order to achieve
a higher activity and stability of the catalysts studied.

2. EXPERIMENTAL DETAILS
2.1. Materials

The iron(II) phthalocyanine (FePc), cobalt(II) phthalocya-
nine (CoPc), 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,

2

23H-porphine cobalt(IT) (CoPh) and 5,10,15,20-tetrakis(4-
methoxyphenyl)-21H,23H-porphine  iron(Il)  chloride
(FePh) were purchased from Sigma Aldrich. The multi-
walled carbon nanotubes (MWCNTSs, purity > 95%,
diameter 30+ 10 nm, length 5-20 um) used were pur-
chased from NanoLab, Inc. (Brighton, MA, USA). 5 wt%
OH™ ionomer solution (Tokuyama Corp.) was used in the
preparation of catalyst ink in water. All the solutions were
prepared with Milli-Q water (Millipore, Inc.).

2.2. Preparation of FePc/MWCNT, CoPc/MWCNT,
FePh/MWCNT and CoPh/MWCNT Catalysts

In order to adsorb the metal macrocyclic catalyst on the
surface of MWCNTSs, a mixture of 200 mg FePc, CoPc,
FePh or CoPh and 200 mg MWCNTs in 40 ml isopropanol
was prepared and sonicated for 30 min followed by mag-
netic stirring for 1 h. The homogeneous mass was placed
in a ceramic boat, dried at 100 °C and pyrolyzed at 400 °C
or 800 °C for 2 h in flowing argon atmosphere. The initial
loading of FePc, CoPc, FePh or CoPh on the MWCNTs
was 50 wt% and the final loading was not ascertained.

2.3. X-Ray Photoelectron Spectroscopy Analysis

The surface composition of the as-received MWCNT and
pyrolysed FePc/MWCNT, CoPc/MWCNT FePh/MWCNT
and CoPh/MWCNT materials was analysed using X-ray
photoelectron spectroscopy (XPS). For the XPS studies
the catalyst materials in isopropanol (1 mg ml~!) were
deposited on a glassy carbon plate (1.1 x 1.1 cm) and the
solvent was allowed to evaporate in air. The XPS mea-
surements were carried out with a SCIENTA SES-100
spectrometer using an unmonochromated Mg Ka X-ray
source (incident energy = 1253.6 eV), a take-off angle of
90 degrees and a source power of 300 W. The pressure in
the analysis chamber was below 10~ Torr. While collect-
ing the survey scan, the following parameters were used:
energy range = 800 to 0 eV, pass energy = 200 eV, step
size = 0.5 eV and for the high resolution scan: energy
range = 420 to 395 eV for the N1s region; 740 to 700 and
800 to 775 eV for the Fe2p and Co2p regions, respectively,
with pass energy =200 eV and step size = 0.1 eV.

2.4. Electrode Preparation for RDE Measurements
and Electrochemical Characterization

For the rotating disk electrode (RDE) experiments a glassy
carbon (GC) disk of geometric area (A) of 0.2 cm? was
used as substrate material. GC disks (GC-20SS, Tokai
Carbon) were pressed into a Teflon holder and then the
electrodes were polished to a mirror finish with 1 and
0.3 pum alumina slurries (Buehler). After alumina pol-
ishing the electrodes were sonicated in water for 5 min.
To obtain a uniform layer of electrocatalyst onto GC sur-
face, the electrodes were modified with different catalysts

J. Nanosci. Nanotechnol. 12, 1-7, 2012
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using aqueous suspensions (1 mg ml~!) containing 0.5%
OH™ ionomer solution. All the suspensions were sonicated
for 1 h. Then a 20 ul aliquot of the prepared catalyst sus-
pension was pipetted onto GC surface and was allowed to
dry in air for 24 h.

The electrochemical measurements were made using
the RDE technique employing an EDI101 rotator and a
CTV101 speed control unit (Radiometer). Experiments
were controlled with the General Purpose Electrochemi-
cal System (GPES) software and the potential was applied
with an Autolab potentiostat/galvanostat PGSTAT30 (Eco
Chemie B. V., The Netherlands). A Pt foil served as the
counter electrode and a saturated calomel electrode (SCE)
was used as a reference. All the potentials are referred to
this electrode. Electrochemical experiments were carried
out in 0.1 M KOH solution at room temperature (23 £+
1 °C). The solutions were saturated with Ar (99.999%,
AGA) or O, (99.999%, AGA). A continuous flow of gases
was maintained over the solution during the electrochem-
ical measurements.

3. RESULTS AND DISCUSSION

3.1. XPS Analysis of Metal Phthalocyanine and
Porphyrin Modified MWCNT Samples

To study the surface composition of the electrocatalysts
and to determine the chemical states of the species on the
surface, the X-ray photoelectron spectroscopy (XPS) has
been used. Figures 1(a) and (b) presents the XPS survey
spectra of heat-treated FePc/MWCNT and FePh/MWCNT
samples, respectively. Samples were annealed at 800 °C.
Five similar XPS peaks were observed for both samples,
which correspond to emission from Cls, satellite peak of
the Cls spectrum, Ols, N1s and Fe2p levels. The Ols
peak is related to the MWCNT material and is caused by
various carbon-oxygen functionalities on the surface of
MWCNTs.

Identification of different functional groups from the
Ols peak is not straightforward because of close binding
energies, but different investigations have shown that car-
boxyl and quinone groups are present on the surface of
carbon nanotubes.**** The XPS core-level spectrum in the
N1s region of FePc/MWCNT and FePh/MWCNT samples
shows two peaks. The peak at 399.8 eV could be assigned
to N introduced into the graphene layer but the N1s peak
at higher binding energy at 400.2 eV corresponds to a new
nitrogen species formed likely during the pyrolysis. Simi-
larly to the Ols peak, it is hard to define the exact chem-
ical nature of these surface species and the topic is still
under debate. Two similar nitrogen peaks to FePc/MWCNT
and FePh/MWCNT samples have been observed also for
CIFeTPP on acetylene black and in this case they were
assigned to C-N-H, and C-N-Me groups evolved from the
decomposition of the MeN, chelates.*® From the inset of
Figures 1(a) and 1(b) one can observe XPS peaks at 710.5
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Fig. 1. XPS survey spectra of the catalyst materials (a) FePc/MWCNT
and (b) FePh/MWCNT with inset spectra of N1s and Fe2p regions.

and 711.5 eV which could correspond to iron oxide and
PcFe—OOH groups respectively. The determination of the
exact form of iron oxides on the basis of Fe2p,, emis-
sion is difficult because it is regarded as complex multiplet
structures due to the coupling of the core hole to the open
valence shell of the Fe atom.””-3 It should be noted that
nitrogen or metal catalyst impurities were not detected in
the as-received MWCNT samples by XPS.

3.2. Rotating Disk Electrode Studies of O, Reduction

The ORR kinetics on GC electrodes modified with dif-
ferent catalyst materials was investigated using the RDE
method. Figures 2(a) and (b) presents the RDE polar-
ization curves for oxygen reduction on GC electrodes
modified with FePc/MWCNT and FePh/MWCNT material
pyrolyzed at 800 °C. The experiments were performed in
O, saturated 0.1 M KOH solution and at different rotating
rates. As expected, the limiting currents in a hydrodynamic
system increase with increasing rotation rate. An almost
constant onset potential of the ORR on the same catalyst

3
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Fig. 2. RDE voltammetry curves for oxygen reduction on
(a) FePc/MWCNT and (b) FePh/MWCNT modified GC electrodes in
0, saturated 0.1 M KOH. v=10 mV s'. w = (1) 360, (2) 610, (3) 960,
(4) 1900, (5) 3100 and (6) 4600 rpm. The catalyst materials were
heat-treated at 800 °C.

at different rotation rates shows that no catalyst material
have left from the electrode and no changes are taking
place with catalyst material during the experiment. This
phenomenon is observable for both materials and hence
for the Figures 2(a) and (b).

The onset potential of the ORR on the FePh/MWCNT
is —0.05 V and shifts in the positive direction as com-
pared to the FePc/MWCNT catalyst for which the onset
potential is —0.1 V, which means that the FePh/MWCNT
catalyst material is more active and with higher reduc-
tion current density than the FePc/MWCNT. There is a
visible pre-wave present at low overpotentials for both
materials. The second reduction wave on FePc/MWCNT
starts at approximately —0.7 V and on FePh/MWCNT at
approximately —0.6 V. For the heat-treated FePc/MWCNT
and FePh/MWCNT catalysts a high reduction current was
observed probably because of the generation of electrocat-
alytically active species which usually form at tempera-
tures from 700 to 950 °C. Ladouceur et al. have reported

4

that the electrocatalytic activity of CoPc/XC-72, which
was annealed at 800 °C, was twice as high as the activity
of the non-pyrolyzed CoPc/XC-72.% Tt has been proposed
that the electrocatalytically active sites for ORR could be
the central metal ion with N atoms.?® Even if the metal
nanoparticles on carbon supports are sometimes reported
not to be related to the activity of the catalyst** and nitro-
gen not being a part of the catalytically active site for
ORR,* these two species together can form highly active
catalyst center for ORR.

The number of electrons transferred per O, molecule
(n) was calculated from the Koutecky-Levich (K-L)
equation:*

o1 1
" nFAkch,
1

0.62nFADY v V5ch w12

1oL,

M

where [ is the measured current, /, and [, are the
kinetic and diffusion-limited currents, respectively, & is the
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Fig. 3. Koutecky-Levich plots for oxygen reduction on (a)
FePc/MWCNT and (b) FePh/MWCNT electrodes in 0.1 M KOH at
various potentials: (e) —0.4, («) —0.6, (v)—0.8, (M) —1.0 and (A)
—1.2 V. The inset shows the potential dependence of n.
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electrochemical rate constant for O, reduction, Dy, is the
diffusion coefficient of oxygen (1.9 x 10=° cm? s~1),* ¢},
is the concentration of oxygen in the bulk (1.2 x 10~ mol
cm™3),% and v is the kinematic viscosity of the solution
(0.01 cm? s71).#

Figures 3(a) and (b) shows the K-L plots obtained from
the RDE data on oxygen reduction on FePc/MWCNT and
FePh/MWCNT respectively and at several rotation rates in
0.1 M KOH. The linearity of the K-L plots is an indication
that the reaction is first order and controlled by kinetics
at the electrode surface and also by the mass transport of
oxygen molecules. The intercepts of the extrapolated K-L
lines were close to zero, which shows also that the process
of O, reduction is almost entirely under diffusion con-
trol at high negative potentials. The inset of Figures 3(a)
and (b) shows the n values calculated from the K-L equa-
tion at various potentials. For the FePc/MWCNT material
at low overpotentials (E > —0.7 V) the n value was close
to 2.5 and at more negative potential n reaches 3, which
means that the O, reduction reaction takes place as mixed
2e~ and 4e” process and the reduction of O, produces
both HO; and OH™. From the inset of Figure 3(b) cor-
responding to FePh/MWCNT, one can see that the value
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of n is close to 4 for all over the range of potential. This
indicates that the mixed 2e~ and 4e~ process takes place
and the reduction of O, produces OH™ ions.

Figure 4 presents the comparative RDE data results of O,
reduction obtained for GC electrodes modified with differ-
ent catalyst materials pyrolyzed at different temperatures.
The RDE voltammetry curve of pure MWCNTSs has been
added for comparison purposes. Figures 4(a)-(d) presents
the RDE polarization curves for oxygen reduction on GC
electrodes modified with FePc/MWCNT, CoPc/MWCNT,
FePh/MWCNT and CoPh/MWCNT respectively. ORR
polarization curves are presented for unannealed material
and catalysts heat-treated at 400 °C and 800 °C. As shown
in Figure 4, the catalytic activity of porphyrin/MWCNT-
GC electrodes was higher than for the phthalocyanine/
MWCNT modified electrodes. Especially for CoPh/
MWCNT material which onset potential were shifted pos-
itive for almost 0.1 V as compared to CoPc/MWCNT.
As expected the catalytic activity of all phthalocyanine
and porphyrin modified MWCNT catalysts improves enor-
mously comparing to the pure MWCNTs.

One can see that the onset potential of O, reduction
on unmodified MWCNTSs is substantially more negative
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Fig. 4. RDE voltammetry curves for oxygen reduction on (a) FePc/MWCNT, (b) CoPc/MWCNT, (c) FePh/MWCNT and (d) CoPh/MWCNT catalyst
material modified GC electrodes in O,-saturated 0.1 M KOH. v =10 mV s~'. @ = 1900 rpm.
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than that of phthalocyanine and porphyrin modified
MWCNTs. This indicates that the catalyst activity is
entirely determined by the catalytically active sites formed
by the attachment of MN, macrocycles on the surface of
MWCNTs. This is in agreement with previous investiga-
tions dealing with the ORR on pure MWCNTs where the
reduction of oxygen on MWCNTSs follows a two-electron
pathway at low overpotentials and the formed HO, reduces
further at more negative potentials.*34*

There are also differences in the catalytic activity of dif-
ferent phthalocyanines. These could be explained by the
small differences in the structure of the molecule and exis-
tence of better m—7 interactions between MN, macrocy-
cle and MWCNTs.!7% As can be seen from Figures 4(a)
and (b) the CoOPc/MWCNT catalyst has much better elec-
trocatalytic properties compared with FePc/MWCNT. This
is in accord with previous studies of Arechederra et al.
who found that cobalt doped Pc material requires less over-
potential to achieve oxygen reduction than the iron doped
material.*® For the metal phthalocyanines the clear pre-
wave is observed, whereas for the porphyrins the pre-wave
is almost absent.

Given the results of the polarization curves for different
materials heated at different temperatures it can be con-
cluded that the samples prepared at 800 °C showed the best
electrocatalytic activity towards the ORR. It has been pro-
posed that achieved catalytic activity on this temperature
could be assigned for the pyridinic-type nitrogen forming
on these temperatures high as 800 °C.4’ It is also proven
that the catalytically active site for the cathodic ORR is not
the Fe or Co in this case, because it is well known fact that
Fe and Co are playing minor role in the ORR in alkaline
solutions and most of the metallic catalyst is encapsuled
into the graphitic carbon materials at this temperature.*®

Metal phthalocyanine and porphyrin modified carbon
nanomaterials may find application as cathode catalysts for
fuel cells. It would be of utmost importance to replace the
costly Pt or its alloys as a cathode material in low tempera-
ture fuel cells. The electrocatalysts studied in this work are
particularly attractive as alternative cathodes for alkaline
membrane fuel cell.

4. CONCLUSION

Non-noble metal electrocatalysts namely Co phthalocya-
nine, Fe phthalocyanine, Co porphyrin and Fe porphyrin
were supported on multi-walled carbon nanotubes with
50% loading through a simple adsorption method. These
catalyst materials were also heat-treated at two different
temperatures. The surface composition of MWCNT sup-
ported Co and Fe phthalocyanines and porphyrins were
examined by XPS. The XPS results showed decomposi-
tion of the phthalocyanine ring because of the pyroly-
sis and the formation of the different electrocatalytically
active metallic and nitrogen surface groups. These elec-
trocatalysts were also examined towards the ORR kinetics

6

by RDE method in 0.1 M KOH and it was found that
porphyrin-based electrodes heat-treated at 800 °C yielded
better response compared with phthalocyanine catalysts.
These results are important for the development of alkaline
membrane fuel cells.
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Hydrogen—oxygen fuel cells using an alkaline anion exchange membrane were prepared
and evaluated. Various non-platinum catalyst materials were investigated by fabricating
membrane-electrode assemblies (MEAs) using Tokuyama membrane (# A201) and
compared with commercial noble metal catalysts. Co and Fe phthalocyanine catalyst
materials were synthesized using multi-walled carbon nanotubes (MWCNTS) as support
materials. X-ray photoelectron spectroscopic study was conducted in order to examine the
surface composition. The electroreduction of oxygen has been investigated on Fe phtha-
locyanine/MWCNT, Co phthalocyanine/MWCNT and commercial Pt/C catalysts. The
oxygen reduction reaction kinetics on these catalyst materials were evaluated using
rotating disk electrodes in 0.1M KOH solution and the current density values were
consistently higher for Co phthalocyanine based electrodes compared to Fe phthalocya-
nine. The fuel cell performance of the MEAs with Co and Fe phthalocyanines and Tanaka
Kikinzoku Kogyo Pt/C cathode catalysts were 100, 60 and 120 mW cm 2 using H, and O,
gases.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

cells [2—4]. In the cost point of view there is a huge interest in
developing fuel cell electrodes with lower amount of noble

Fuel cells operating below 100 °C are very attractive energy
conversion technology for automotive applications due to
their higher efficiencies and higher peak power density
values. Due high cost and limited durability and reliability of
the fuel cell components, commercialisation of this tech-
nology has not been widely realised as yet. The strong O=0
bond (498 kJ mol~?) with very slow oxygen reduction reaction
(ORR) rate at the fuel cell cathode necessitates higher amount
of noble metal catalyst [1]. In general, the ORR catalyst
materials are Pt or Pt-transition metal alloys on carbon or
multi-walled carbon nanotubes in the low temperature fuel

* Corresponding author. Tel.: +1 4807271102; fax: +1 4807271723.
E-mail address: amk@asu.edu (A.M. Kannan).

metal catalysts or non-noble metal catalysts [2,5—12] towards
ORR.

Iron phthalocyanines (FePc), cobalt phthalocyanines (CoPc)
and other similar M-N -macrocycles supported on different
carbon nanomaterials have attracted much attention towards
ORR in alkaline medium since the pioneering work of Jasinski
[13]. It is worth mentioning about the recent reports on
various non-noble metal catalysts studied towards ORR
[14—20]. Nitrogen containing transition metal catalysts have
been used for oxygen reduction both in acid [15,17,18] and
alkaline media [20]. Catalyst supports including carbon

0360-3199/$ — see front matter Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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nanotubes (CNTs), Ketjen Black and Vulcan carbon have been
employed for FePc and CoPc complexes in numerous studies
in the field of oxygen reduction electrocatalysis [21—25]. Good
electrical conductivity, high durability and better accessibility
for O, molecules are the advantages of CNTs as the cathode
catalyst supports. Functionalising CNTs with phthalocyanines
was reported to improve the electrocatalytic properties of
these complexes. Phthalocyanines adsorb strongly on CNTs
via noncovalent m—= interactions and form “molecular
phthalocyanine electrodes” [23]. Different research groups
have reported achievements in enhancing the electrocatalytic
activity as well as stability of CoPc/Vulcan and CoPc/CNT
materials by pyrolysis in inert atmosphere [26,27].

It has been reported that FePc and CoPc have the ability to
promote the 4e” oxygen reduction to water without the
formation of peroxide intermediates [17,28,29]. With the possi-
bility of using non-noble metal ORR catalysts in the alkaline fuel
cells, there is a renewed interest in using anion exchange
membrane electrolyte, as reported in detail in a review [30]. Very
recently, polymer electrolytes based on polyphenylene oxide,
polyxylylene block ionenes, PVA, polysulfone have been studied
in alkaline system very successfully [31—-36]. Li et al. have re-
ported using Tokuyama anion exchange membrane with Co—Fe
alloy cathode catalyst for alkaline fuel cells [20]. To our knowl-
edge, there is no literature on the alkaline fuel cell studies per-
formed with CoPc and FePc modified MWCNTs. In this paper we
have synthesised FePc/MWCNT and CoPc/MWCNT electro-
catalysts as alternative cathode materials to Pt/C in alkaline fuel
cell using Tokuyama A201 membranes. We have also explored
the electrocatalytic activity of FePc/MWCNT and CoPc/MWCNT
modified glassy carbon electrodes towards oxygen reduction
using the rotating disk electrode (RDE) method.

2. Experimental
2.1. Materials

The iron (II) phthalocyanine (FePc) and cobalt (II) phthalocy-
anine (CoPc) were purchased from Sigma Aldrich. The multi-
walled carbon nanotubes (MWCNTs, purity >95%, diameter
30+10nm, length 5-20um) used were purchased from
Nanolab, Inc. (Brighton, MA, USA). 20 wt.% Pt commercial
catalyst supported on Vulcan XC-72 was purchased from E-
TEK, Inc. (Frimingham, MA, USA) and commercial 46.1 wt.% Pt
catalyst supported on Ketjen Black was purchased from
Tanaka Kikinzoku Kogyo K.K. (Japan). Anion exchange
membrane (model # A201) samples were provided by
Tokuyama (Tokuyama Corporation, 2-1, Kasumigaseki3-
chome, Chiyoda-ku, Tokyo 100-8983, Japan). The characteris-
tics of the membrane are given in Table 1. A 5 wt.% OH™ ion-
omer solution (Tokuyama) was used in the preparation of
catalyst ink in water. All the solutions were prepared with
Milli-Q water (Millipore, Inc.).

2.2. Preparation of FePc/MWCNT and CoPo/MWCNT
electrocatalysts

In order to disperse the catalyst on the surface of MWCNTs,
a mixture of 200 mg FePc or CoPc and 200 mg MWCNTSs in

Table 1 — Properties of Tokuyama anion exchange
membrane (#A201).

Parameter Value
1. Thickness (um) 28
2. Ion exchange capacity (mmol g ?) 1.8
3. Water content (%) 25

4. Tonic conductance at 23 °C, 90% RH (mS cm ?) 11

5. Ionic conductivity 23 °C, 90% RH (mScm ™ ?) 42
6. Burst strength (Mpa) 0.4
7. Dimensional change: wet to dry (%)

(a) MD 2

(b) TD 6

40 ml isopropanol was prepared and sonicated for 30 min
followed by magnetic stirring for 1 h. The homogeneous mass
was placed in a ceramic boat, vacuum dried at 100 °C and
pyrolysed at 800 °C for 2 h in flowing argon atmosphere. The
initial loading of FePc or CoPc on the MWCNTSs was 50 wt.%
and the final loading was not ascertained.

2.3. X-ray photoelectron spectroscopy analysis

The surface composition of the as-received MWCNT, FePc/
MWCNT and CoPc/MWCNT materials was analysed using
X-ray photoelectron spectroscopy (XPS). For the XPS studies the
catalyst materials in isopropanol (1 mg ml~*) were deposited on
aglassy carbon plate (1.1 x 1.1 cm) and the solvent was allowed
to evaporate in air. The XPS measurements were carried out
with a SCIENTA SES-100 spectrometer using an unmonochro-
mated Al Ka X-ray source (incident energy = 1486.6 eV), a take-
off angle of 90° and a source power of 300 W. The pressure in the
analysis chamber was below 10~° Torr. While collecting the
survey scan, the following parameters were used: energy
range = 800to 0 eV, pass energy = 200 eV, step size = 0.5 eVand
for the high resolution scan: energy range = 420—395 eV for the
N1s region; 740—700 and 800—775 eV for the Fe2p and Co2p
regions, respectively with pass energy=200eV and step
size=0.1eV.

2.4. Electrode preparation for RDE measurements and
electrochemical characterisation

For the rotating disk electrode (RDE) experiments a glassy
carbon (GC) disk of geometric area (A) of 0.2 cm? was used as
substrate material. GC disks were pressed into a Teflon holder
and then electrodes were polished to a mirror finish with 1
and 0.3 pm alumina slurries (Buehler). After alumina polishing
the electrodes were sonicated in water for 5 min. To obtain
a uniform layer of electrocatalyst onto GC surface, the elec-
trodes were modified with different catalysts using aqueous
suspensions (1 mgml ") containing 0.5% OH™ ionomer solu-
tion. All the suspensions were sonicated for 1 h. Then a 20 ul
aliquot of prepared catalyst suspension was pipetted onto GC
surface and was allowed to dry in ambient air for 24 h.

The electrochemical measurements were made using the
RDE technique employing an EDI101 rotator and a CTV101
speed control unit (Radiometer). Experiments were controlled
with the General Purpose Electrochemical System (GPES)
software and the potential was applied with an Autolab
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potentiostat/galvanostat PGSTAT30 (Eco Chemie B.V., The
Netherlands). A Pt foil served as the counter electrode and
a saturated calomel electrode (SCE) was used as a reference.
All the potentials are referred to this electrode. Electro-
chemical experiments were carried out in 0.1 M KOH solution
at room temperature (23 + 1 °C). The solutions were saturated
with Ar (99.999%, AGA) or O, (99.999%, AGA). A continuous
flow of gases was maintained over the solution during the
electrochemical measurements.

2.5.  Electrode fabrication and performance evaluation
for AFC

Membrane-electrode assemblies (MEAs) were fabricated with
commercial carbon-supported Pt catalyst (Pt/C) as anode
catalyst and FePc/MWCNT, CoPc/MWCNT and commercial
catalyst (Pt/C) on cathode sides of the Tokuyama polymer
membrane (A201 membrane, Tokuyama Corporation, Japan).
Catalyst ink was prepared by adding Milli-Q water to catalyst
material (2 ml for 100 mg of electrocatalyst). In order to extend
the reaction zone of the catalyst layer, 5 wt.% ionomer (AS4
ionomer, Tokuyama Corporation, Japan) dispersion (0.8 ml for
100 mg of electrocatalyst) was added to the catalyst slurry.
Catalyst layer was coated on the alkaline membrane with
5 cm? geometrically active area applying the catalyst ink by
spraying method on both sides of the membrane and vacuum
dried at 70 °C for 15 min. The catalyst loadings were about 0.4
and 0.6 mg cm ™2 on the anode and cathode sides, respectively.
The MEA was assembled by sandwiching the catalyst coated
membrane inside the test cell (Fuel Cell Technologies Inc,
Albuquerque, NM, USA) with gas diffusion layers (fabricated
by a wire rod coating method [37]) on both sides. Gas sealing
was achieved using silicone coated fabric gasket (Product #
CF1007, Saint-Gobain Performance Plastics, USA) and with
a uniform torque of 0.45 kgm. The single cell fuel cell perfor-
mance was evaluated with humidified (100% RH) H, and O,
gases at 45 °C using Greenlight Test Station (G50 Fuel cell
system, Hydrogenics, Vancouver, Canada). The flow rates
were fixed at 200 and 400 SCCM for H, and O,, respectively.

3. Results and discussion

3.1.  XPS analysis of FePc/MWCNT and CoPc/MWCNT
samples

To study the composition of the electrocatalysts surface and
to determine the chemical states of the surface species, the X-
ray photoelectron spectroscopy (XPS) has been used. Fig. 1a,
b presents the XPS survey spectra of FePc/MWCNT and CoPc/
MWCNT samples, respectively. Four XPS peaks were observed
for both samples, which correspond to emission from Cis,
satellite peak of the Cls spectrum, Ols and Nis levels. In
addition Fe2p peak has been detected for FePc/MWCNT and
Co2p peak for CoPc/MWCNT samples, respectively. The Ols
peak is related to the MWCNT material and is caused by
various carbon-oxygen functionalities on the surface of CNTs.
Detection of different functional groups from the O1s peak is
not straightforward because of similar binding energies, but
different investigations have shown that quinone and
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Fig. 1 — XPS spectra of the catalyst materials (a) FePc/

MWQCNT with inset spectra of N1s and Fe2p (b) GoPc/
MWCNT with inset spectra of N1s and Co2p.

carboxyl groups are present on the surface of carbon nano-
tubes [38,39]. The XPS core-level spectrum in the N1s region of
FePc/MWCNT and CoPc/MWCNT samples shows two peaks.
The peak at 399.8 eV could be assigned to N introduced into
the graphene layer but the N1s peak at higher binding energy
at 400.2 eV corresponds to a new nitrogen species formed
likely during the pyrolysis. Similarly to the O1s peak, the exact
chemical nature of these surface species is still under debate.
Two similar nitrogen peaks to FePc/MWCNT and CoPc/
MWCNT samples have been observed also for CoTPP and
CIFeTPP on an acetylene black and in this case they were
assigned to C—N—H, and C—N—Me groups evolved from the
decomposition of the M—Nj, chelates [40]. From the inset of
Fig. 2a it is possible to observe peaks at 710.5 and 711.5eV
which could correspond to iron oxide and PcFe—OOH groups,
respectively. The determination of the exact form of iron
oxides on the basis of Fe2ps/, emission is difficult because it is
regarded as complex multiplet structure due to the coupling of
the core hole to the open valence shell of the Fe atom [41,42].
From the inset of Fig. 2b it is possible to observe the triplet of
the peaks of Co2p. The XPS peak at 778.5 eV corresponds to
metallic cobalt, peak 780.5 eV which corresponds to Co?* from
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Fig. 2 — RDE voltammetry curves for oxygen reduction on
(a) FePc/MWCNT and (b) CoPc/MWCNT modified GC
electrodes in O, saturated 0.1 M KOH. v =10 mVs ™%, w: (1)
360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm.

all CoPc/MWCNT and peak at 781 eV corresponding to pure
CoPc [26]. The percentage of different elements in FePc/
MWCNT sample were Fe: 0.3%, N: 4% and O: 4.5% and for CoPc/
MWCNT sample Co: 0.35%, N: 3% and O: 3%. It should be noted
that nitrogen or metal catalyst impurities were not detected in
the as-received MWCNT samples by XPS.

3.2 Rotating disk electrode studies of O, reduction

The kinetics of the ORR on GC electrodes modified with
different catalyst materials was investigated using the RDE
method. Fig. 2a and b presents the RDE polarisation curves for
oxygen reduction on FePc/MWCNT and CoPc/MWCNT modi-
fied GC electrodes in O, saturated 0.1 M KOH. The RDE results
show that the CoPc/MWCNT catalyst material is more active
and with higher reduction current density than the FePc/
MWCNT because the onset potential of the oxygen reduction
reaction on the CoPc/MWCNT starts at —0.1V and shifts

towards the positive direction as compared to the FePc/
MWCNT catalyst for which the onset potential is —0.15 V. The
limiting current density increases when the rotation rate
increases and there is a clear pre-wave present at low over-
potentials. The second reduction wave on FePc/MWCNT starts
at approximately —0.7 V and on CoPc/MWCNT at approxi-
mately —0.6 V.

For the heat-treated FePc/MWCNT and CoPc/MWCNT
catalysts a high reduction current density was observed
probably because of the generation of electrocatalytically
active species which usually form at temperatures from 700 to
950 °C. Ladouceur et al. have reported that the electrocatalytic
activity of CoPc/XC-72, which were annealed at 800 °C, was
twice as high as the activity of the non-pyrolysed CoPc/XC-72
[26]. It has been proposed that the electrocatalytically active
sites for ORR could be the central metal ion with N atoms [26].
Even if the metal particles on carbon supports are sometimes
reported not to be related to the activity of the catalyst [43] and
N not being a part of the catalytically active site for ORR [44],
these two species together form highly active catalyst center
for ORR.

The number of electrons transferred per O, molecule (n)
was calculated from the Koutecky—Levich (K—L) equation [45]

1 11 1 1
TE=—te= (1)

J Jc Ja nFReg,  0.62nFDyr-1/6ch o'/

where j is the measured current density, jx and jq are the
kinetic and diffusion-limited current densities, respectively, k
is the electrochemical rate constant for O, reduction, D, is the
diffusion coefficient of oxygen (1.9 x 10> cm*s ™) [46], 3 is
the concentration of oxygen in the bulk (1.2 x 107 mol cm )
[46], and v is the kinematic viscosity of the solution
(0.01 cm?s7?) [47].

Fig. 3a and b presents the K—L plots obtained from the RDE
data on oxygen reduction for FePc/MWCNT (3a) and CoPc/
MWCNT (3b) at several rotation rates in 0.1M KOH. The
intercepts of the extrapolated K—L lines were close to zero,
which shows that the process of O, reduction is almost
entirely under the diffusion control. The inset of Fig. 3a and
b compares the number of electrons involved in the reduction
of O, calculated from the K—L equation at various potentials.
The inset to Fig. 3a shows that the value of n for oxygen
reduction on the FePc/MWCNT catalyst varies between 2.5
and 3, depending on the potential at high negative potentials.
This indicates that the mixed 2e™ and 4e™ process takes place
and the reduction of O, produces both HO; and OH™. From the
inset of Fig. 3b one can see that for the CoPc/MWCNT material
the value of n is close to 3 at —0.4 V but at more negative
potentials the n value gradually increases and approaches
almost 4, which indicates that the peroxide formed reduces
further to water in this potential range.

A comparison of the RDE data on oxygen reduction
recorded on GC electrodes modified with different catalyst
materials are presented in Fig. 4. The commercial catalyst Pt/
C 46 wt.% shows a higher reduction current than any other
material compared and this is related to the high loading of
platinum. At the foot of the polarisation curve the commer-
cial catalyst Pt/C 20 wt.% also shows a higher reduction
current than phthalocyanines but at more negative potentials
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Fig. 3 — Koutecky—Levich plots for oxygen reduction on
FePc/MWCNT (a) and CoPc/MWCNT (b) electrodes in 0.1 M
KOH at various potentials: (®) —0.6, («4) —1.0, (V) —0.8,
(M) —1.2 and (A) —0.4 V. The inset shows the potential
dependence of n.

the CoPc/MWCNT modified electrode becomes more active
and its current rate exceeds the current values of Pt/C 20 wt.%
material. FePc/MWCNT also shows the extraordinary ORR
performance in alkaline electrolyte but its current is not
rising as high as that observed for the CoPc/MWCNT material.
The RDE voltammetry curve of unmodified MWCNTs has
been also added for comparison purposes. It is clearly evident
that the onset potential of O, reduction on unmodified
MWCNTs is substantially more negative than that of
MWCNTSs coated with CoPc and FePc. This indicates that the
catalyst activity is entirely determined by pyrolysed metallo-
phthalocyanines on the surface of MWCNTSs. In agreement
with previous investigations, the reduction of oxygen on
MWCNTs follows a two-electron pathway at low over-
potentials and the formed HO, reduces further at more
negative potentials [48,49].
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Fig. 4 — RDE voltammetry curves for oxygen reduction on
different catalyst material modified GC electrodes in O,-
saturated 0.1 M KOH. v = 10 mV s~ %, : 1900 rpm.

3.3.  Fuel cell performance of FePc/MWCNT and CoPc/
MWCNT catalysts

Fig. 5 compares the fuel cell performance of MEAs with FePc/
MWCNT and CoPc/MWCNT cathode electrocatalysts using
humidified H, and O, gases at 45 °C in a single cell fuel cell. In
order to compare the performance of these non-noble metal
catalysts, two commercial Pt/C catalysts (E-TEK and Tanaka)
were also evaluated and the performance compared at iden-
tical operating conditions. As can be seen from the figure,
Tanaka Pt/C catalyst showed the highest performance
(~120 mW cm ?). CoPc/MWCNT performed almost (power
density ~ 100 mW cm ™) similar to that of the E-TEK catalyst
based MEAs. However, the FePc/MWCNTs based MEA only
showed about 60 mW cm 2 under similar conditions. MEAs
with bare MWCNT based cathodes were also evaluated to see
whether there was any ORR activity. Evidently, MWCNTSs
showed poor performance with lower OCV also. The fuel cell
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Fig. 5 — Fuel cell performance of MEAs with Co and Fe
phthalocyanine modified MWCNTSs along with E-TEK and
Tanaka Pt/C catalysts based cathodes using Tokuyama’s
A201 series anion exchange membrane.
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performance of the MEAs became fluctuating above 50 °C,
probably due to water balance issues in the cell. However, the
reported power density with Tokuyma membrane was about
180 mW cm 2 using Co—Fe/C catalysts by Li et al. [20]. Recent
literature on the AFC using Pt catalyst ink with aminated
tetramethyl polysulfone membrane showed much poorer
performance even with 2 mgPtcm 2 under high operating
pressure [50]. Work is in progress to optimise the operating
conditions to improve the performance at elevated tempera-
tures. Further work is also in progress to evaluate Tokuyama
membrane #901 with 10 pm thickness.

4, Conclusion

Non-noble metal electrocatalysts namely Co and Fe phthalo-
cyanines were supported on multi-walled carbon nanotubes
with 50% loading through a simple thermal method. The
surface composition of MWCNT supported Co and Fe phtha-
locyanines were examined by XPS. The XPS results showed the
decomposition of the phthalocyanine ring because of the
pyrolysis and the formation of the different electrocatalytically
active metallic and nitrogen surface groups. These non-noble
catalysts were also evaluated towards the ORR kinetics by
RDE method in 0.1 M KOH and it was found that Co phthalo-
cyanine based electrodes performed well compared to Fe
phthalocyanine. Membrane electrode assemblies were fabri-
cated using catalyst coated Tokuyama® membrane (# A201)
and compared with E-TEK and Tanaka commercial Pt/C cata-
lysts. The fuel cell performance of the MEAs with Co phthalo-
cyanine/MWCNT cathode was found to be only slightly inferior
to Tanaka Pt/C cathode catalysts but similar to that with E-TEK
catalysts using H, and O, gases.
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Fe phthalocyanine (FePc) and Co porphyrin (CoPh) modified reduced graphene oxide (rGO) nanosheets were
used as non-noble metal electrocatalysts for oxygen reduction reaction (ORR). The surface morphology,
graphitisation and surface composition of the catalyst materials were characterised by scanning electron mi-
croscopy, micro-Raman spectroscopy and X-ray photoelectron spectroscopy. Electrochemical experiments
with FePc/rGO and CoPh/rGO catalysts were carried out in 0.1 M KOH employing the rotating disc electrode
(RDE) method. The RDE results show that both MN4-macrocycle/rGO modified glassy carbon electrodes are
highly active for ORR in alkaline solution.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Further development of fuel cell technologies is of utmost impor-
tance from the practical point of view. Therefore anion exchange
membrane fuel cells (AEMFCs) as potential platinum-free, low-cost
and high performance power sources have received increasing interest
in the past few years [1,2]. The main advantage of AEMFCs over other
low-temperature fuel cells is the possibility of using non-noble metals
and carbon-based materials as electrocatalysts for oxygen reduction re-
action (ORR).

Graphene has attracted a great interest in electrochemistry espe-
cially because of its high specific surface area and good electrical con-
ductivity [3]. Graphene nanosheets have been also used as a cathode
catalyst support for ORR [4,5]. Doping with heteroatoms or modifying
with organic compounds is a common strategy to increase the elec-
trocatalytic activity of graphene-based materials towards the ORR
[6]. Different MN4 macrocycles, such as metal phthalocyanines and
porphyrins, have been studied as promising materials to prepare
electrocatalysts for ORR in alkaline media. Even though graphene
has been considered as a good catalyst support for ORR, there are
only a few works dealing with MN, macrocycle modified graphene.
Recently, carbon nanotube-supported metallocomplexes have been
employed as electrocatalysts for cathodic oxygen reduction [7,8]. It
has been considered that the type of support material to which the
metal phthalocyanine or porphyrin is attached to, also has a signifi-
cant effect on the electrocatalytic activity. Shi and Anson have
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shown that carbon materials having functional groups on the exposed
graphite planes could act as anchors for the adsorbed complexes [9].
Phthalocyanines adsorb strongly on carbon materials via noncovalent
-1 interactions and form “molecular phthalocyanine electrodes” [10].

The purpose of this work was to use graphene as a support for
MN, macrocycles and to study the electrocatalytic activity of these
materials towards the ORR in alkaline media using the rotating disc
electrode method.

2. Experimental
2.1. Materials

Iron(II) phthalocyanine (FePc) and 5,10,15,20-tetrakis(4-methoxy-
phenyl)-21H,23H-porphine cobalt(Il) (CoPh) were purchased from
Sigma-Aldrich. 5 wt.% OH~ ionomer solution (Tokuyama Corp.) was
used in the preparation of catalyst ink in isopropanol. Solutions were
prepared with Milli-Q water (Millipore, Inc.) and isopropanol (Sigma-
Aldrich). Graphite powder (submicrometer particles, aggregates diame-
ter <2 pm, thickness 2-6 nm, surface area 750 m? g’1, carbon content
99.5 wt.%, Strem Chemicals), Fe powder, potassium permanganate, so-
dium nitrate, 96% sulphuric acid, 37% hydrochloric acid, 30% hydrogen
peroxide and potassium hydroxide (Merck) were used in this work.

2.2. Preparation of graphite oxide, graphene oxide and reduced graphene
oxide

Graphite oxide was prepared from graphite powder by the modified
Hummers method [11,12]. Briefly: 0.5 g of graphite powder was taken
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in a 500 mL flask, 0.25 g of NaNO5 and 12 mL of H,SO,4 were added and
cooled in ice bath for 30 min. While maintaining vigorous shaking, 1.5 g
of KMnO,4 was added slowly to prevent the temperature of the suspension
exceeding 10 °C. Then ice bath was removed and the temperature of the
suspension was brought to room temperature (23 £ 1 °C), where it was
maintained for 2-3 h for complete oxidation of graphite powder. Then
25 mL deionised water was slowly added into the paste and stirred, sus-
pension was kept for 30 min. The suspension was further diluted with
50 mL warm deionised water and to the diluted suspension 5 mL of 7%
H,0, was added to completely remove permanganate ions. The resulting
suspension was filtered and washed several times with deionised water.
Finally, the solid brownish filtered material was re-dispersed in deionised
water containing molecular sieve to remove unwanted ions, then fil-
tered and washed several times with deionised water. The final product
was dried in air.

Graphene oxide (GO) was prepared from graphite oxide in water
by 5 h ultrasonication (22 kHz). During ultrasonication the tempera-
ture of the suspension was controlled under 40 °C by sufficient
cooling of the system. The suspension was kept for 48 h to settle
down larger particles. Then centrifugation was performed at
6000 rpm for 8 h. After centrifugation, decantation was carried out
by pipetting the top part of the suspension.

Reduced graphene oxide (rGO) was prepared by chemical reduc-
tion of GO using reducing agents (Fe/HCl) at room temperature. In
a typical experiment 1 g of Fe powder and 20 mL of 37% HCl were
added into a beaker containing 100 mL of GO suspension. The mix-
ture was stirred vigorously for 6 h to complete the reduction of GO.
Then 15 mL of HCl was added into the solution to fully remove excess
Fe powder. Finally, the resulting rGO nanosheets were collected by fil-
tration, washed with deionised water and ethanol several times and
were re-dispersed in deionised water.

2.3. Preparation of FePc/rGO and CoPh/rGO catalysts

For the physical adsorption of metal macrocyclic catalysts on the
surface of rGO, a mixture of 50 mg FePc or CoPh and 50 mg rGO in
40 ml isopropanol was prepared and sonicated for 30 min followed
by magnetic stirring for 24 h.

2.4. SEM, micro-Raman and XPS analysis

As prepared, GO and rGO were analysed by high-resolution scan-
ning electron microscope (HR-SEM, Helios 600, FEI) and micro-Raman
Spectrometer (inVia, Renishaw). For Raman scattering measurements
a laser with 514 nm wavelength and 10% of maximum intensity was
used. For the XPS studies the catalyst materials were deposited on a
glassy carbon plate (1.1 x 1.1 cm?). The XPS measurements were carried
out with a SCIENTA SES-100 spectrometer using an unmonochromated
Al Ko X-ray source (incident energy = 1486.6 eV), a take-off angle of
90° and a source power of 300 W. The pressure in the analysis chamber
was below 10~° Torr.

2.5. Electrode preparation and electrochemical characterisation

For the rotating disc electrode (RDE) experiments a glassy carbon
(GC) disc of geometric area (A) of 0.2 cm? was used as substrate mate-
rial. GC discs (GC-20SS, Tokai Carbon) were pressed into a Teflon holder
and were polished to a mirror finish with 1 and 0.3 pm alumina slurries
(Buehler). The electrodes were modified with different catalysts using
isopropanol suspensions (1 mg mL™') containing 0.5% OH ™~ ionomer.
A 20 pL aliquot of the prepared catalyst suspension was pipetted onto
the GC surface and was allowed to dry in air for 24 h.
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The electrochemical measurements were made using the RDE
technique employing an EDI101 rotator and a CTV101 speed control
unit (Radiometer). Experiments were controlled with the General

Purpose Electrochemical System (GPES) software and the potential
was applied with an Autolab potentiostat/galvanostat PGSTAT30
(Eco Chemie B.V., The Netherlands). A Pt foil served as the counter
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electrode and a saturated calomel electrode (SCE) was used as a refer-
ence. All the potentials are referred to this electrode. Electrochemical
experiments were carried out in 0.1 M KOH solution at room temper-
ature (23 £ 1 °C). The solutions were saturated with Ar (99.999%,
AGA) or O, (99.999%, AGA).

3. Results and discussion
3.1. Surface characterisation of modified rGO samples

Fig. 1a and b presents the XPS survey spectra of FePc/rGO and
CoPh/rGO samples, respectively. Four similar XPS peaks were ob-
served for both samples, which correspond to emission from Cls,
satellite peak of the Cls spectrum, O1s and N1s levels. In addition,
Fe2p and Co2p peaks were observed for FePc/rGO and CoPh/rGO sam-
ples, respectively. The O1s peak is related to the rGO material and is
caused by various carbon-oxygen functionalities on the surface of
rGO. It has been proved that some of the oxygen functionalities remain
on the surface of rGO despite the reduction of material [4]. The XPS
core-level spectrum in the N1s region shows one peak at approxi-
mately 399 eV for both FePc/rGO and CoPh/rGO samples and could
be assigned to pyridinic N and MNy. From the inset of Fig. 1a one can
observe XPS peaks in the Fe2p region. The peak at 709.2 eV corre-
sponds to the Fe2ps, emission. This is consistent with the iron in
FePc macrocycle being mostly in the Fe(ll) state. This means that no
major change takes place in the chemical state of FePc without pyrol-
ysis and metallocomplexes are attached to the surface of rGO simply
by physical adsorption. Inset to Fig. 1b shows two XPS peaks of Co2p
relating to similar metal species as for Fe.

Raman spectra of graphite, GO and rGO are presented in Fig. 1c. The
typical feature for carbon in Raman spectra is the G band around
1582 cm ™! and D band around 1350 cm ™. G mode arises from the
first order scattering of E,g phonon of sp? carbon atoms and D mode
arises from the breathing mode of k point phonons of A;g symmetry.
During Raman measurements the graphite G band is observed at
around 1580 cm ™!, which is up shifted to 1588 cm~! in case of GO
and indicates the presence of isolated double bonds, which resonate
at frequencies greater than that of G band of graphite. Upon reduction,
the G band for rGO is down shifted to 1583 cm~ !, attributed to the re-
covery of the hexagonal network of carbon atoms, re-gain of double
bonds. The prominent D peak at ca. 1363 cm~ ! is observed for GO,
which is also observed for graphite (source material), clearly indicates
the presence of structural imperfections. The intensity of 2D peak with
respect to the D and G peak is smaller due to disorder. Non-planarity of
GO sheet arises from the presence of sp> carbon atoms on GO sheet
which causes wrinkle structure, which was observed during SEM sur-
face morphology analysis of GO on silicon substrate. Upon reduction,
GO sheets become flat, indicating re-gain of sp? structure of the sur-
face, i.e. good graphitisation. SEM image of rGO is shown in Fig. 1d.

3.2. Rotating disc electrode studies of O, reduction

The ORR kinetics on GC electrodes modified with different catalyst
materials was investigated using the RDE method. Fig. 2a and b
presents the RDE polarisation curves for O, reduction on GC electrodes
modified with FePc/rGO and CoPh/rGO material, respectively. The ex-
periments were performed in O,-saturated 0.1 M KOH at different ro-
tation rates. The onset potential of the ORR on FePc/rGO is —0.05 V
and it shifts positive compared with the CoPh/rGO catalyst for which
the onset potential is —0.15 V. The ORR activity of catalyst materials
could be attributed to the interaction between carbon atoms of the
support material and the central metal atom in the metallocomplexes
[13]. For the CoPh/rGO catalyst a pre-wave is observed, whereas for
the FePc/rGO material the pre-wave is absent and current plateau is
reached at a rather positive potential. This could be explained by the
small differences in the structure of the modifier molecules, difference

in the central metal atom and existence of better m-m interactions be-
tween different MN, macrocycles.

The number of electrons transferred per O, molecule (n) was cal-
culated from the Koutecky-Levich (K-L) equation [14]:

111 1 1
f= = 1)

Ik g _nFAkc‘(’)z_0,62nFAD(2)/2/3V”/65‘52101/2

where [ is the measured current, Iy and Iy are the kinetic and
diffusion-limited currents, respectively, k is the electrochemical rate
constant for O reduction, Dy, is the diffusion coefficient of oxygen
(1.9 x 107 em* s~ 1) [15], cg, is the concentration of oxygen in the
bulk (1.2 x 10~% mol cm~3) [15], and v is the kinematic viscosity
of the solution (0.01 cm? s~ 1).

Fig. 2c and d present the K-L plots obtained from the RDE data
on oxygen reduction on FePc/rGO and CoPh/rGO, respectively. The
non-zero intercepts of the extrapolated K-L lines shows that the pro-
cess of O, reduction is not entirely under the diffusion control even at
high negative potentials. The inset to Fig. 2c and d shows the n values
calculated from the K-L plots at various potentials. For the CoPh/rGO
material at low overpotentials (E > —0.7 V) the n value is close to 3
and at more negative potential n reaches 4, which means that O, reduc-
tion takes place as mixed 2e~ and 4e ~ process and produces both HO;
and OH ™. From the inset to Fig. 2c corresponding to FePc/rGO, one can
see that the value of n is close to 4 for all over the range of potential.

Fig. 2e presents the comparative RDE results of O, reduction
obtained for GC electrodes modified with different catalyst materials.
Pure GO and rGO show a substantial electrocalytic activity for ORR,
which is typical for most carbon materials of high surface area in alka-
line media. More detailed investigations have shown that quinone-
type groups present on the surface of carbon materials are active
sites for ORR in alkaline solution [16]. However the electrocatalytic ef-
fect of GO and rGO is modest compared with MN, macrocycle modi-
fied rGO catalysts. As can be seen from Fig. 2e, the MN, macrocycles
adsorbed on the surface of rGO significantly increase the ORR activity.
These materials show a great promise as cathode catalysts for AEMFCs.

4. Conclusions

Reduced graphene oxide nanosheets as advanced electrocatalyst
support materials were prepared and thoroughly studied by various
surface characterisation methods. The catalyst materials were prepared
by functionalisation of rGO with metal porphyrin and metal phthalo-
cyanine via physical adsorption. The resulting catalyst material exhibited
excellent electrocatalytic activity towards the ORR in alkaline media.
This indicates an efficient electron transfer between metallocomplexes,
rGO and GC electrode and therefore this type of materials is promising
for wide-spread electrochemical applications in many fields.
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