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Abstract

Carbon materials are essential in chemical energy storage and conversion systems
because of their high electrical and thermal conductivity, a large diversity in structure,
and relatively low cost. Although its versatility has led to an advanced performance of
electrochemical applications, carbon still does not provide its full capacity due to
corrosion under operating conditions. Thermodynamically, the electrochemical oxidation
of carbon is possible at a potential above 0.2 V (vs. reversible hydrogen electrode (RHE))
in an aqueous environment. Thus, carbon degradation is likely to happen when carbon is
used as an electrode material for oxygen evolution that occurs above 1.23 V in water
electrolysis.

The work described in this thesis focuses on the study of the electrochemical and thermal
oxidative degradation of carbon nanotubes (CNTs). It is known that the sidewalls of
CNTs are essentially inert, whereas open end and defect sites of CNTs provide the active
species for electrochemical reactions. This unique structure of CNTs could influence high
activity and stability in electrochemical applications.

In this thesis, the electrochemical oxidation of CNTs was performed at high anodic
potentials where both oxygen evolution and carbon oxidation occur simultaneously. For
thermal oxidation, CNTs were treated at a temperature at which the combustion of carbon
takes place. The morphological and structural changes during the oxidative degradation
of CNTs were measured by electron microscopy, Raman and infrared spectroscopy. The
effect of the degradation on the electrochemical behavior of carbon was analyzed by
cyclic voltammetry, linear sweep voltammetry and electrochemical impedance
spectroscopy.

The results indicate that the degradation of carbon initially purifies the CNTs via
oxidizing amorphous carbon, subsequently attacks the graphitic walls and create defects.
The oxidation of CNTs produces various oxygen-containing surface functional groups
and the growth of surface oxides reaches a limiting value for the formation of a passive
oxide. This research can pave the way for the utilization of carbon-based catalysts in
electrocatalytic applications involving oxygen, such as water splitting, regenerative fuel
cells, and metal-air batteries.



Zusammenfassung

Kohlenstoffmaterialien sind unentbehrlich in Energiespeicher- und
Energieumwandlungs-systemen, da sie eine hohe elektrische und thermische
Leitfdhigkeit aufweisen, in einer groflen strukturellen Vielfalt existieren und relativ
niedrige Kosten verursachen. Obwohl die Anwendung von Kohlenstoffmaterialien
aufgrund ihrer Vielseitigkeit zu einer gesteigerten Effektivitidt in elektrochemischen
Anwendungen gefiihrt hat, liefert sie bei den gewlinschten Betriebsbedingungen durch
die auftretende Kohlenstoffkorrosion noch nicht ihre maximale Effizienz.
Thermodynamisch kann Kohlenstoff in wéssrigem Milieu oberhalb von einem
elektrochemischen Potential von 0.2 V - relativ zur reversiblen Wasserstoffelektrode
(RHE) - elektrochemisch oxidiert werden. Daher ist die Zersetzung von Kohlenstoff sehr
wahrscheinlich, wenn es als Elektrodenmaterial fiir die Sauerstoffentwicklung in der
Wasserelektrolyse oberhalb von 1.23 V verwendet wird.

Diese Doktorarbeit konzentriert sich auf die Untersuchung der elektrochemischen und
thermisch oxidativen Degradation von Kohlenstoffnanorohren (CNTs). Es ist bekannt,
dass die Seitenwinde von CNTs besonders inert sind, wohingegen die offenen Enden und
Defektstellen die aktiven Zentren fiir elektrochemische Reaktionen darstellen. Diese
einzigartige Struktur der CNTs konnte die hohe Aktivitdit und Stabilitit in
elektrochemischen Anwendungen beeinflussen.

In dieser Arbeit wurde die elektrochemische Oxidation von CNTs bei hohem anodischen
Potential ~ durchgefiihrt, bei dem sowohl Sauerstoffentwicklung als auch
Kohlenstoffoxidierung gleichzeitig stattfinden. Fiir die thermische Oxidation wurden die
CNTs bei einer hohen Temperatur behandelt, bei der die Verbrennung des Kohlenstoffs
einsetzt. Die morphologischen und strukturellen Verdnderungen wéhrend der oxidativen
Zersetzung der CNTs wurden mittels Elektronenmikroskopie, Raman- und
Infrarotspektroskopie verfolgt. Die Wirkung der Kohlenstoffzersetzung auf das
elektrochemische Verhalten wurde mittels zyklischer Voltammetrie, linearer
Voltammetrie und elektrochemischer Impedanz-Spektroskopie untersucht.

Die Ergebnisse deuten darauf hin, dass die Degradation von CNTs iiber die oxidative
Entfernung von amorphem Kohlenstoff verlauft. AnschlieBend werden die graphitischen
Winde angegriffen und in der Folge Defekte erzeugt. Bei der Oxidation von CNTs
entsteht eine Vielzahl an sauerstoffhaltigen funktionellen Oberflichenspezies, deren
Bildung einen Grenzwert erreicht, was zu einer Passivierung fiihrt. Die Ergebnisse
konnen den Weg fiir die Verwendung von kohlenstoffbasierten Katalysatoren in
elektrochemischen Anwendungen, wie Wasserspaltung, regenerative Brennstoffzellen
und Metall-Luft Batterien ebnen.
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1 Introduction

This chapter presents general information about carbon materials for electrochemical
applications relevant to the scope of this thesis. The first part of this chapter describes
why carbon is interesting for electrochemical applications. Furthermore, carbon
degradation/oxidation is discussed. In the second and third part, promising
electrocatalytic applications are introduced in which carbon materials are employed as
electrocatalysts. General principles and technical challenges of water electrolysis and fuel
cell are elucidated. The focus of the second part is the recent research trend of using
carbon-based materials for water electrolysis. While carbon materials are widespread as
electrode materials on the cathode, the application of these materials for the anode in
water oxidation is a great challenge because of the accelerated carbon corrosion at the
high oxidative potentials. In the third part, the principle of the limited performance for
fuel cells is elaborated. During the start-up and shut-down of fuel cells, the cathode
potential increases and accelerates the kinetics of electrochemical carbon corrosion. The
fourth part demonstrates other electrochemical applications in which carbon materials are

mostly used; batteries, supercapacitors, and electrochemical sensors.

1.1 Carbon in electrochemistry

Carbon nanostructures feature numerous outstanding intrinsic properties that are
attractive for many electrochemical applications; high electrical and thermal conductivity,
a large diversity in crystallinity, morphology and porosity, a reasonable corrosion-
resistance and low thermal expansion. Moreover, carbon materials are readily available at
a relatively low cost [1, 2].

Carbon exists in various allotropic forms, including diamond, graphite, amorphous
carbon, graphene, fullerenes and carbon nanotubes (Figure 1.1). The properties of the
allotropes strongly depend on the bonding nature of the carbon atoms within the

structure. Diamond, which is built up by sp> hybridized carbon atoms, possesses excellent



mechanical properties and thermal conductivity. In contrast, graphite is an aromatic
planar system constituted by sp® hybridized carbon atoms with delocalized n electrons
that confer a high electrical conductivity along the planes. Graphene, carbon nanotubes
and fullerenes are all closely related to graphite and exhibit unique physical and chemical
properties. In addition to the wealth of allotropes, the structural unit of carbon materials,
which is a stack of layers of carbon hexagons, tends to agglomerate. This results in
diverse textures that govern the degree of graphitization, more or less ordered, which can
be adjusted according to the particular application needs. Furthermore, carbon materials
can be produced in a wide variety of forms, such as powders, fibers, foams, fabrics and
composites, thin solid films, and porous sheets. Therefore, the characteristics of carbon

materials are very attractive for electrochemical applications [1, 3, 4].

Figure 1.1. Different allotropes of carbon; modified from [5].

Carbon is mainly used as an electrode, either directly as an electrocatalyst itself or as a
conductive support for electrochemically active materials [1]. Its textural properties such
as porosity and specific surface area affect the accessibility of the electrolyte. A carbon
electrode is well polarizable, however, its electrical conductivity depends on the thermal

treatment, microtexture, hybridization, and content of heteroatoms [6]. With this respect,



the synthesis and post-activation treatment of carbon materials has to be optimized in
order to obtain carbon electrodes tailored for particular electrochemical uses [7].

In electrochemical applications, carbon is exposed to a wide range of potentials, to
aqueous/nonaqueous electrolytes, to reactive gases, and to ambient temperature. Carbon
materials are relatively chemically stable in strongly acidic and alkaline media within a
wide temperature range. The practical potential limits for the carbon electrode is usually
dictated by hydrogen and oxygen evolution in aqueous solution. The anodic and cathodic
potential limits for the carbon electrode depend on different electrolyte and temperature,
since carbon corrosion may limit the practical anodic potential. Nevertheless, carbon has
a wide potential window compared to other electrode materials. For instance, a graphite
electrode can be used at more positive and more negative potentials than platinum in the
same electrolyte [1].

Carbon is thermodynamically oxidized to carbon dioxide and monoxide in aqueous

solution.

C +2H,0 - CO, + 4H"+ 4 E’=0207V  (Eq. 1.1)

C+HO — CO+2H +2 E’=0518V (Eq. 1.2)

In addition, CO is thermodynamically unstable with respect to CO,.

CO + HLO — CO, + 2H" +2¢ E’=-0.103V  (Eq. 1.3)

The rate of carbon oxidation depends on potential, temperature and time. Since these
oxidation reactions are kinetically very slow, they are almost negligible at the potential
relevant for the oxygen reduction reaction (below 1.2 V) under normal operation
conditions for fuel cells [8]. However, when the anodic potential is high enough for
oxygen evolution, carbon corrosion can occur with fast kinetics.

A possible pathway for carbon oxidation begins with the adsorption of oxygen atoms on
the surface. Subsequently, oxide species form as reaction intermediates. Finally, the
surface oxide is further oxidized and CO, evolves (Eq. 1.4), alternatively, also a direct

electrochemical oxidation of carbon can take place (Eq. 1.5) [1].
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Carbon — surface oxide — CO, (Eq. 1.4)
Carbon — CO, (Eq. 1.5)

In order to specifically understand the oxidation behavior of carbon, it is necessary to
identify the reactive sites at which the oxidation occurs as well as the nature of surface
oxides that are produced. Carbon oxidation is initiated at defect sites, such as edges and
corners of the basal planes, since these exhibit unsaturated valences and c-electrons [9,
10]. At crystallographic defects, surface species, i.e. functional groups, are preferentially
generated. The nature of surface functional groups on carbon has been investigated with a
large number of experimental techniques. These techniques include X-ray photoelectron
spectroscopy, temperature programmed desorption, Boehm titration, and Fourier-
transform infrared spectroscopy. Due to the limitations of each technique, it is only
possible to understand a qualitative analysis of the surface chemistry [1, 11]. It was found
that lactones, anhydrides, carboxylic acids, quinones, and phenols are formed by the
electrochemical oxidation of carbon. However, the role of surface oxide species on
carbon is still unclear. Some of these surface functional groups can be reversibly oxidized
and reduced, whereas others can be oxidized irreversibly via an electrochemical process
to form gaseous CO, [11-13], as shown in Eq. 1.4.

The electrochemical oxidation of carbon, commonly referred to as carbon corrosion, can
lead to a loss of structural carbon and to a significant change of the surface properties.
Furthermore, it decreases the electrical conductivity, which is associated with the
disruption of the aromatic character of the graphitic lattice planes. In addition, carbon
oxidation induces an aggregation of isolated metal particles when carbon materials are
used for a catalyst support [9, 12]. Consequently, carbon corrosion is considered to be
one of the most serious problems when carbon is used as a conductive support for

electro-active elements in electrochemical applications.



1.2 Electrocatalytic application of carbon in water electrolysis

One of the ways to efficiently utilize sustainable energy sources is to store hydrogen
which is produced by water electrolysis. Hydrogen as an energy source has the
advantages of being a low polluting fuel, high combustion heat and abundant sources.
Although water electrolysis is a relatively expensive method for hydrogen production, it
can produce high purity hydrogen from non-fossil fuels. Therefore, it is regarded as an

environmentally friendly technique.

1.2.1 The principle of water electrolysis

Water electrolysis splits water into molecular hydrogen and oxygen using electricity.

Anode : 2H,0 - 0,+ 4H* + 4e” E=123V vs.SHE (Eq. 1.6)
Cathode: 4H" +4e~ - 2H, E= 0V vs.SHE (Eq.1.7)
Total : 2H,0 - 0,+ 2H, E=123V vs.SHE  (Eq. 1.8)

Water is oxidized to oxygen (oxygen evolution reaction, OER) and reduced to hydrogen
(hydrogen evolution reaction, HER). The reversible cell potential for this reaction is 1.23
V, which is equivalent to AG® = —2FE = 237.2 kJ/mol at 25 °C. With consideration of
thermal energy in thermodynamics, water is isothermally electrolyzed by applying an
electrical energy equivalent to AH’ = 285.8 kJ/mol, that is 1.48 V. This value is
independent of the solution pH, but is affected by temperature and gas pressure [14]. The

general electrochemical reaction is dependent on pH media of the electrolytes .

Acidic media Alkaline media
Anode : Hy0 —» ~0,+ 2H*+ 2e”  20H™ - 20, + 2H,0+ 2e~ (Eq. 1.9)

Cathode : 2H* + 2¢e~ - H, 2H,0 + 2e~ > H, + 20H" (Eq. 1.10)



The detailed reaction mechanism for water electrolysis possesses various pathways,
which are to a wide extend not known in so far. The cathodic reaction shows relatively
1deal kinetics on noble metal electrodes, whereas the anodic reaction has slow kinetics
due to the complexity of managing four electrons and protons to evolve one oxygen
molecule. For this reason, the anode requires a significantly higher overpotential to carry
out oxygen evolution at reasonable rates (Figure 1.2). Herein, OER dominates the overall

cell performance for electrocatalytic water splitting [15].

Current

2H* + 2e’|++ H, 2H,0 < |0, + 4H' + de-
Oxygen evolutign
{OER)
Anodic
oV 1.23Vv
Potential
Hydrogen evolytion
(HER) Cathodic
) Electrolysis -

Figure 1.2. A schematic diagram for electrocatalytic water splitting.

1.2.2 Technical challenge - oxygen evolution reaction (OER)

The oxygen evolution involves four electrons and is more complex compared to
hydrogen evolution where only two electrons are transferred. OER is a multiple-step
process involving the formation of both oxygenated intermediates and surface oxides. A
variety of reaction pathways has been proposed for the OER that depends on the
electrocatalyst and experimental conditions.

Trasatti has suggested a volcano curve for OER catalysts using the relationship between
the OER overpotential and the strength of the metal-oxygen bonds in the surface oxide
(Figure 1.3) [16]. RuO; and IrO, have the lowest overpotentials and the optimized bond
strengths which mean that oxygen atoms are easily adsorbed and released on the surface.

Materials to the left of the volcano plot maximum represent a relatively weak metal-
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oxygen bond, whereas materials to the right like Co3O4 and Fe;O4 are easily oxidized and
strongly bound with oxygen so that the desorption of gaseous oxygen is kinetically
limited. In addition, Trasatti emphasizes that oxygen evolution can only proceed when
the electrode potential is higher than the potential of the metal/metal oxide couple [14,

16, 17].

0
RuQ, "‘—._
0.2 d-'g:kd;-.,_
P10, ! T
Am Co,0
s T ¢ MnO, e
= NiO,
0.4 = ;
H
. Fe.,(}
06 { PbO, w 1
)
| 1 | 1
1] - 10y -200 -300)

AH" (kI mol™)
Figure 1.3. Electrocatalytic activity in O, evolution at various oxide electrodes as a
function of the enthalpy of the lower — higher oxide transition. (o) alkaline and () acid

solutions [16, 18].

1.2.3 Oxygen evolution electrocatalysts

Electrocatalysts for oxygen evolution are usually noble metal (e.g., Pt, Au, Ir, Rh, Ru,
Ag), but their metal oxides are more active than the corresponding metals [19, 20]. Pt is a
relatively poor electrocatalyst for oxygen evolution, in contrast to its high electrocatalytic
activity for oxygen reduction. This probably originates from a poorly conductive
platinum monooxide layer, which forms during the OER. Ru and Ir form conductive
metallic oxides and thus have been used as OER electrocatalysts. Ru oxide is the best
catalyst for oxygen evolution, but thermodynamically unstable due to a possible
formation of higher valent Ru oxides, so it forms corrosion products at high anodic
potentials. Ir oxide exhibits a strong resistance to corrosion during oxygen evolution, but

possesses lower activity than Ru [16, 18]. Dimensionally stable anodes (DSAs), which



typically consist usually of RuO, and/or IrO, on a Ti substrate, have been developed and
established as the anode material in industrial electrochemical processes such as water
electrolysis and the chlor-alkali process [21]. For the electrode stability, other metal
oxides e.g. TiO,, SnO,, Ta,0s, ZrO, are added to DSAs [22, 23].

The oxides of first row transition metals, in particular Ni and Co, possess the desirable
electrocatalytic activity for oxygen evolution. However, their use is restricted as a
consequence of corrosion problems. Co, Ni, Mn and Fe based complex oxides and crystal
structures have been considered to improve the OER activity and stability in alkaline
media [24-26].

Recently, nanostructural catalysts have been studied for the OER. The particle size and
shape of the catalyst can determine the surface area and active sites for oxygen evolution.
Krtil et al. have studied RuO,, Ru;.4Co,O; and Ru;-.Ni,O,-, with respect to the effect of
size and shape of nanoparticles in acidic media. They reported that the crystal edges on
the prismatic part of RuO, nanocrystals are the primary sites for the recombination of
surface oxygen. The OER activity is independent on the particle size, but is affected by
adding Co and Ni [27-29]. Lee ef al. reported that rutile RuO, and IrO, nanoparticles (~ 6
nm) shows high intrinsic specific activity as well as OER mass activity in both acidic and
alkaline media [30]. Tilley et al. have reported the size dependence of cubic nanoparticles
of Co304 as OER active materials in alkaline media. An increase in the surface area of
the catalyst due to the controlled particle size increases the OER activity [31].

Nocera et al. observed that Co-phosphate (Co-Pi) bulk catalysts electrodeposited in a
cobalt nitrate/phosphate buffer solution shows a promising water oxidation activity in the
neutral and mildly basic pH regime [32, 33]. This Co-Pi has a self-repair mechanism
which involves the dissolution/redeposition of Co ion during oxygen evolution.
Furthermore, Ni-borate catalysts deposited from nickel/borate buffer solution were
reported [34]. They suggest that these catalysts deposited on semiconductor materials,
such as indium tin oxide (ITO) and fluorine-doped tin oxide (FTO), can be used under
mild conditions and at current densities commensurate with a non-concentrated solar

photovoltaic cell.



1.2.4 Oxygen evolution catalyst supports

Bulk catalysts have a limited surface area for electrochemical activity, so catalyst
supports are used to increase the active surface area of the catalysts. A catalyst support
provides a physical surface for the dispersion of small particles, which is necessary for
high surface area and electrical conductivity. Therefore, it could improve the catalytic
efficiency due to the better catalyst utilization and the reduction of the catalyst loadings.
However, supported OER catalysts are difficult to apply in water electrolysis because of
the highly corrosive condition. From the point of view of the electrocatalytic efficiency,
the electrochemically stable materials for catalyst supports have been studied for the
OER.

Ma et al. prepared Ir supported on TiC for oxygen evolution in acidic media and found
that supported Ir is more active and stable than unsupported Ir [35]. Weidner et al.
reported Pt, Ru, and Ir supported on anatase and rutile TiO, for oxygen evolution in
acidic media [36]. They insist that the high surface area of TiO, can be sufficiently
conductive for electrocatalytic applications. Electrically conductive Ti suboxides have
been applied to water electrolysis and the oxygen electrodes for utilized regenerative fuel
cells (URFCs) [37]. Sb doped SnO; (ATO) has been used as a catalyst support for IrO,
and RuO; [38, 39]. Although these materials show a high stability in an OER
environment and acceptable electrical conductivity, most of them have a low surface
area, resulting in poor metal dispersion and a low electrocatalytic activity. Moreover,
some of the conducting metal oxides are not chemically inert, and often degrade to higher
oxides.

Boron doped diamond (BDD) is a well-known support for noble metal oxide films.
Diamond possesses morphological stability and corrosion-resistance under both acidic
and alkaline conditions without any structural degradation. However, the anchoring of a

metal on BDD surface and surface area has to be improved [40].

1.2.5 Carbon in oxygen evolution catalysts

Since dimensionally stable metal oxide anodes (DSAs) have been developed, technical

interest in carbon anodes for electrolytic processes such as water/brine electrolysis and



chlorine-alkali industry has diminished [41]. Recently, a large effort on the efficient
utilization of sustainable energy aroused interest in the use of carbon-based materials for
water electrolysis, with the aim of overcoming the costs involved in the production of
conventional electrodes. Furthermore, the exploitation of many interesting carbon
structures; like graphene, carbon nanotubes and mesoporous carbon, has raised the
possibility of carbon-based materials to be used for water electrolysis. Hence, the
applications of various structures of carbon for the OER have been the subject of recent
research.

In principle, carbon as an electrode material for OER is not stable enough due to the
issues of carbon corrosion. However, carbon materials possess high electrical
conductivity and tunable surface area, and a relatively low cost compared to other
materials such as conducting metal oxides. Carbon supported catalysts provide an
enhanced electrocatalytic activity for the OER compared to a bulk catalyst.

It is well-known that nitrogen-doped carbon is active for the oxygen reduction reaction
(ORR) in alkaline media. Furthermore, Zhao et al. reported that oxygen evolution as a
reverse reaction of oxygen reduction can be also activated on nitrogen-doped carbons
[42]. Nitrogen doped carbon nanomaterials, which are pyrolyzed from the hybrid of a
melamine/formaldehyde polymer and nickel nitrate, show high oxygen evolution activity
and are comparable to iridium and cobalt oxide catalysts. This startling finding leads one
to expect the possibility of efficiently using non-noble oxygen evolution electrocatalysts.
However, since the authors of this finding do not distinguish oxygen evolution and
carbon oxidation, their conclusions bring the reported intrinsic OER activity of nitrogen
doped carbon into question.

Strasser et al. [43] compared the intrinsic catalytic activity and stability of carbon
supported Ru, Ir, and Pt nanoparticles for the OER in acidic media. They used carbon
black as the catalyst support. Ru nanoparticles on carbon show the highest OER activity,
but they are not suitable as a practical OER catalyst due to a low stability. Pt/C suffers
from the additional deactivation under OER conditions. Ir/C exhibits the most practical
activity and stability combination for the OER compared to bulk catalyst.

Toma et al. [44, 45] reported that the polyoxometalate anion, which is a molecular

catalyst for water oxidation, in combination with multiwall carbon nanotubes
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(MWCNTs) shows good activity for the OER in neutral media. The MWCNTSs improve
the electrical contact between the redox-active center and the electrode surface.

Mette et al. [46] observed a promising OER activity on MnOy supported on CNTs in
neutral media. Owing to the CNTs support, a relatively low amount 5 wt.% of MnOx
shows an enhanced OER activity. Furthermore, distinct differences in the oxidation state
of the Mn centers and structures in Mn oxides on the carbon support affect the water
oxidation [47].

Dai et al. [48] prepared Co304 nanocrystals on graphene for a bi-functional catalyst, that
performs oxygen reduction and evolution in alkaline media. Although Co304 or graphene
oxide alone has little catalytic activity, their hybrid exhibits unexpectedly high ORR and
OER activities that arise from a synergetic chemical coupling effect. Furthermore,
recently Dai et al. reported another catalyst, ultrathin nickel—iron layered double
hydroxide (NiFe-LDH) nanoplates on mildly oxidized multiwalled carbon nanotubes
(CNTs) [49]. The crystalline NiFe-LDH phase in nanoplate form exhibits higher
electrocatalytic activity and stability for oxygen evolution in alkaline media than
commercial precious metal Ir catalysts. With the high intrinsic activity on the crystalline
structure, the underlying CNT network enhances electron transport and facilitates high

OER activity of the NiFe-LDH nanoplate/CNT complex.
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1.3 Electrocatalytic application of carbon in fuel cells

Fuel cells are the electrochemical systems that convert a fuel with oxygen as the oxidant
gas directly into electrical energy and heat with high efficiencies. There are several types
of fuel cells, classified by on the operating principles and conditions. Proton exchange
membrane fuel cells (PEMFCs) are based on a proton conducting polymer electrolyte

membrane.

1.3.1 The principle of PEM fuel cells

The basic principle of fuel cells is the reverse process of water electrolysis, illustrated the

following equations;

Anode : 2H, - 4H* +4e” E= 0V vs.SHE (Eq.1.11)
Cathode : 0, + 4H* + 4e~ > 2H,0 E=1.23V vs. SHE (Eq. 1.12)
Total : 0,4+ 2H, - 2H,0 E=123V vs.SHE (Eq.1.13)

Hydrogen gives up electrons and protons (Hydrogen oxidation reaction, HOR). The
protons migrate to the electrolyte, and the electrons are forced through an external circuit
to produce an electrical current. Oxygen accepts the electrons and the protons to form
water (Oxygen reduction reaction, ORR). Both reactions are accelerated by platinum-

based catalysts [50].

Current

2H*+ 2e <> H, 2H,0 «»|0, +4H" + 4e”
Hydrogen oxidation
(HOR)
Anodic
oV Cathodic 123V Potential
Fuel cell

Oxygen|reduction
{(ORR)

Figure 1.4. A schematic diagram for fuel cells.
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The thermodynamically predicted overall potential of a fuel cell is 1.23 V at zero current
(open circuit potential, OCV). As the temperature rises from room temperature (25 °C) to
a operating condition (80 °C), the maximum cell voltage decreases from 1.23 V at 25 °C
to 1.18 V at 80 °C [51]. However, the reversible cell voltage is not realized during the
fuel cell operation. The polarization curve, which is the plot of the cell potential versus
the current density, represents the performance of a fuel cell, as shown in Figure 1.5. The
OCV of the cell is generally lower than its thermodynamic value as a result of mixed
potential at the electrodes due to unavoidable parasitic reactions, mainly at the cathode.
The cell voltage decreases with increasing current density. This irreversible phenomenon
arises from electrochemical kinetic limitations at the electrode surface (activation
overpotentials, 1,), mass transport or concentration losses that result from the change in
concentration of the reactants at the electrode surface as a function of the reaction rate
(concentration overpotentials, 1), and ohmic losses in the ionic and electronic conductors
[50]. It is believed that the activation overpotential for the ORR is much higher than that
of the HOR due to the slow kinetics of oxygen reduction. Therefore, much research has
been directed toward the improving the efficiency of the electrocatalyst for oxygen

reduction.

Cell reversible voltage

1.2 —— =-—
T=70°C, pyz = Poz =1 atm
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~——___Hydrogen activatlon 108868
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0.7 ¢ —~ Ohmic losses
06
Concentration polarization losses
0.5 )
Total polarization curve =~
0.4+ P
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0.2 0.4 0.6 0.8 1 1.2 1.4
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Figure 1.5. Typical polarization curve of fuel cells [50].
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1.3.2 Technical challenge — cathode stability

The cathode reaction in fuel cells, i.e. the oxygen reduction reaction (ORR), is a key issue
for the overall performance of fuel cells. Owing to the sluggish kinetics of the ORR, a
high metal loading of a Pt catalyst is required compared to the anode.

Although Pt has a low solubility, Pt dissolves in the presence of oxygen which is the case
at the cathode in fuel cells. Pt dissolution leads to particle sintering due to Oswald
ripening, coalescence and particle migration [8, 52]. The agglomeration of Pt
nanoparticles to bigger particles results in the loss of Pt active surface area, and
consequently a performance degradation of fuel cells [53]. Since Pt is usually very stable
even in acidic media, Pt dissolution has not been considered seriously in normal
operating conditions (below 1 V vs. RHE). However, the degradation of catalysts can be
exacerbated under abnormal operating conditions, such as start-up and shut-down in fuel

cell vehicles.

C(S) + 2H20 — 002 + 4H+ + 4e_
‘ O, + 4H* + 4¢- —> 2H,0 ‘ 2H;0 — Oy + 4H* + 46

Catalyst layer
Gas diffusion layer

Flow channel
Bipolarplate

| H, > 2H" + 26 | | 0, + 4H* + 46 2H,0

Figure 1.6. Schematic diagram of fuel flow path and electrode reactions during shut-

down/start-up of Fuel cells; “reverse current” conditions.

Under prolonged shut-down, all areas of both the anode and the cathode are filled with air.
In this case, when hydrogen is supplied into the anode by start-up, the inlet section is only
in hydrogen whereas the outlet section is still in air. In the region where hydrogen is
absent, i.e. hydrogen starvation at the outlet section, this gas distribution at the anode
increases the local potential difference in excess of 1.8 V vs. RHE, resulting in carbon

corrosion and oxygen evolution at the cathode (Figure 1.6) [8, 54]. As a result, the start-
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up/shut-down cycling induces significant damage to the cell. The corrosion caused from
carbon oxidation creates not only a loss of electrical contact, but also the
detachment/agglomeration of Pt particles on the carbon support. Therefore, many
researchers have made substantial efforts to minimize the rate of the electrochemical
oxidation of carbon for the cathode in fuel cells [8, 55].

To increase the corrosion-resistance of carbon supports, graphitization of carbon is
considered to improve the stability of fuel cells [56, 57]. Graphitic carbon is kinetically
more resistant to oxidation than amorphous carbon. Figure 1.7 shows a mass
spectrometry measurement performed during CO, formation using Pt supported on

graphitized carbon (G-Pt/C) and Pt supported on non-graphitized carbon. G-Pt/C shows a

substantial reduced CO; generation.
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Figure 1.7. CO, mass spectra profile with Pt supported on non-graphitized carbon (N-
Pt/C) and Pt supported on graphitized carbon (G-Pt/C) at 1.4 V in single cell for fuel cells

[56].

In conclusion, the degradation of carbon materials at high potential accompanying
oxygen evolution reaction should be considered in water electrolysis as well as fuel cells.
However, while carbon corrosion in fuel cells has been examined vigorously, the
literature on the corrosion of carbon anodes in water electrolysis has been, in comparison,

almost nonexistent in the past several years.
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1.4 Other electrochemical applications of carbon

Other representative applications of carbon in electrochemistry are batteries,
supercapacitors and electrochemical sensors. Their performances are strongly influenced
by the physicochemical properties of carbon materials. Therefore, the discovery of novel

carbon structures boosts the development of their applications.

Batteries: Batteries convert chemical energy directly into electrical energy. The energy
and power in batteries are dependent on the quality and characteristics of the materials
used to construct the cell. Carbon is used as an electrode or as an additive to improve the
electronic conductivity in batteries. For example, in Li-ion batteries, the carbon anode
intercalates/deintercalates Li ions in and out of the carbon structure upon
charge/discharge. Moreover, carbon materials are considered to be used as
electrocatalysts and/or supports for bifunctional air electrodes in metal/air batteries to
develop a low cost electrode [17]. The recent interests in batteries for environmentally-
friendly electrical vehicles and efficient storage of renewable energies require higher
energy and power density, safety, and cycle life. The development of carbon nanotubes
and graphene is able to meet the required high energy density for advanced Li-ion

batteries, thus much research has been progressed on this field [2-4, 7].

Supercapacitors: Supercapacitors are an energy storage system with high energy and

power density. They are usually adapted for the applications that require energy supplies
for few seconds. Supercapacitors consist of two identical electrodes immersed in an
electrolyte. When the electrode is biased, the ions of opposite charge are accumulated on
the electrode surface. Supercapacitors are classified by electrochemical double layer
capacitors (EDLCs) and pseudocapacitors, depending on the charge storage mechanism.
EDLCs are operated by adsorbing/desorbing charged ion from an electrolyte onto the
surface of the electrodes, and are proportional to the electrode surface area. On the other
hand, pseudocapacitors are obtained from the faradaic charge transfer reaction between
the electrode and the electrolyte. A pseudocapacitive contribution is observed in

conducting polymers, metallic oxides and carbon-riched with heteroatoms (nitrogen and
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oxygen). In order to enhance the performance of supercapacitors, many researches have
been worked on the increase of surface area, the surface functionalization of carbon
and/or the coating the carbon materials with conducting polymers such as polyanilline

and polypyrrole or transition metal oxides such as manganese oxides [3, 4, 6].

Electrochemical sensors: Electrochemical sensors and biosensors are analytical devices

that convert the electrochemical response of the analyte into an electrical signal. The
electrochemical potential window, the electron transfer rate and redox potentials are
considered for the optimal performance of the sensors. The electrode requires favorable
electrochemical properties such as fast electron transfer and good reproducibility [58,
59]. Carbon-based nanomaterials have been widely used in electrochemical sensors due
to their excellent catalytic activity, superior conductivity, large surface area, ease of
functionalization and biocompatibility [60]. Especially nanostructured carbon materials
promote electron transfer in electrochemical reactions. For example, carbon nanotubes
show fast electron transfer kinetics due to the activity of edge-plain-like graphite sites at
the CNT ends. Furthermore, the existence of functional groups on the carbon surface
facilitates electron transfer [61]. It has been reported that the modified CNT electrodes
exhibit the promising sensitivity for glucose, dopamine, ascorbic acid, uric acid,
norepinephrine, NADH and hydrogen peroxide [62, 63]. Of late, graphene has been also
considered as a promising material for sensors. The unique electronic structure of

graphene and carbon nanotubes is beneficial for fast electron transfer [59, 60].
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2 Scope of the work

This chapter describes the specific background and approach of this PhD-project, derived
from the background information in Chapter 1. The first part describes the main idea and
the motivation for this thesis based on the recent research trend of carbon-based energy
conversion and storage technologies. Experiments involving the carbon materials which
are described in this thesis; carbon nanotubes are described in second part. The third part

gives a general overview of the thesis.

2.1 Motivation

Renewable energy from intermittent sources such as solar and wind, needs to be stored or
converted into continuously available energy. The conversion of these sources into
hydrogen and oxygen by electrocatalytic water splitting will possibly be a key technology
and an environmentally friendly solution for the global energy crisis. Hydrogen as an
energy carrier can be supplied to fuel cells or used to reduce CO, to valuable organic
chemical compounds [64].

One of the major challenges for water splitting is the oxygen evolution reaction (OER),
which has a larger overpotential than the hydrogen evolution reaction (HER). OER also
occurs at highly anodic potential and corrosive environment. For this reason, extensive
efforts have been made to find effective electrocatalysts which provide high OER activity
with a low overpotential. The oxides of Ru and Ir are considered as the best OER
catalysts, and are usually unsupported due to an oxidizing condition. However, the use of
catalyst supports can reduce the loading of noble metal catalyst and improve catalytic
efficiency due to higher electrical conductivity, high surface area and better utilization
via metal dispersion.

Carbon materials have been used as a catalyst support for most electrochemical reactions
because of its high conductivity and suitable porous structure. Nevertheless, the
electrochemical oxidation of carbon is inevitable for carbon supported catalysts under the

OER conditions. The corrosion caused from carbon oxidation creates a loss of electrical

18



contact necessary for electron transfer. Despite these limitations, carbon is still promising
as the catalyst support for water electrolysis [1]. Compared to other alternative support
materials, carbon is abundant, highly conductive and available at relatively low cost.
Moreover, it has a high surface area and provides better metal-support interactions than
conducting metal oxides. Hence, current interest in the efficient utilization of sustainable
energy arouses the potential application of carbon materials for water electrolysis to
overcome higher-priced techniques [26, 43-46, 48, 49].

This project aims to explore the possible application of the carbon supported catalyst for
oxygen evolution in electrocatalytic water splitting. When the electrode is operated at the
potential above the equilibrium potential of water oxidation the anodic current is
expected to contribute to only OER, but all other possible reactions cannot be totally
ruled out. Figure 2.1 illustrates the overpotentials for the oxygen evolution reaction
(moer) and the carbon oxidation reaction (ncor) when the supported catalyst is at the
highly anodic potential which is above the thermodynamic potential for oxygen
evolution. Carbon can be thermally oxidized at 0.207 V, as described in chapter 1.1. The
reaction for carbon oxidation has very slow kinetics, thus it is not serious under the
typical potential for oxygen reduction below 1.2 V. However, under OER conditions the
driving force applies to carbon electrochemical corrosion. When the potential above 1.23
V is supplied to get a certain current (i) for oxygen evolution on the carbon supported
catalyst, the overall faradaic current is likely to have a significant contribution to the
carbon oxidation reaction (COR) besides OER. The reactions of both water and carbon

are competitive on the carbon supported catalyst under the condition for water splitting.
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Figure 2.1. The overpotential for oxygen evolution and carbon oxidation at an anodic

potential for water electrolysis.

Furthermore, when carbon materials are used as the catalyst support for the anode in
water electrolysis, several possible reactions occur at the surface of the electrode. Figure
2.2 describes some of representative reactions which can be simply assumed. Owing to
the electrochemical oxidation of carbon, the carbon support forms oxygen-containing
surface functional groups which either stay on the surface or are further oxidized to
gaseous products. Moreover, the carbon oxidation produces gaseous CO and CO,. CO is
thermodynamically unstable, so it is directly further oxidized to CO,. Water is oxidized
to gaseous O, on a (oxidized) metal as well as the carbon support. It can additionally lead
to the dissolution of the supported metal or metal oxide species [20]. Depending on the
kind of the supported metal and metal oxide, the carbon oxidation can be accelerated by

Pt [65], and be inhibited by Ru and Ir [55].
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Figure 2.2. Some of representative reactions occurring on carbon supported catalyst at
high anodic potentials for water splitting.
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The intention of this thesis is to understand the degradation of carbon materials under the
oxidizing conditions. First of all, the electrochemical degradation of carbon at a high
anodic potential for OER was examined. The behavior of carbon materials in the OER
environments can be a background phenomenon for carbon supported catalysts for OER.
The change in the physicochemical properties of carbon during the degradation could
provide the possibility of carbon materials for the electrochemical application involving
oxygen. Secondly, thermal oxidative degradation of carbon was explored to compare
with the electrochemical degradation. The thermal oxidation of carbon also limits a
catalytic reaction at a high temperature in an oxidative atmosphere. Furthermore, the
effect of thermal oxidative treatment for the electrochemical activity and stability under
OER conditions was investigated. It could turn out the major factors for the
electrochemical degradation. Through the understanding of the progress of both
degradations, the limitation of carbon oxidation for the applications would be effectively
controlled and further possible utilization of carbon materials comes out for the

electrocatalytic applications.
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2.2 Materials — carbon nanotubes

In this thesis, carbon nanotubes (CNTs) have been selected as a specimen to examine the
degradation under highly oxidizing conditions. CNTs are one-dimensional (1D) tube
structures formed by rolling up one graphene sheet or wrapping concentric cylinders.
Since they are a well-defined graphitic structure, the structural changes of carbon during
the degradation can be clearly monitored.

CNTs are the most promising of all nanomaterials and demonstrate excellent properties
relevant to electrochemical applications [2, 3, 62, 66]. Particularly, the electrochemical
behavior of CNTs has been likened to that of highly oriented pyrolytic graphite (HOPG).
The side walls of a CNT are equivalent to the basal plane of graphite; and the open ends
of CNTs are like the edge-plane-steps on the HOPG surface. The electrochemical
response of CNTs suggests that the sidewalls of multiwall carbon nanotubes (MWCNTs)
are essentially inert, and open ends and defect sites are responsible for the
electrochemical activity observed [66]. This unique structure of CNTs could influence
high activity and stability in electrochemical systems.

CNTs exhibit many interesting features for electrocatalysts, owing to the high electronic
conductivity in individual graphene sheets and fast electron transfer on the sidewall.
Therefore, CNTs can improve the catalytic activity for electrochemical reaction as
providing superior corrosion-resistant as compared to other carbon structures, such as
carbon black. The rolled graphene sheets with fewer defects prevent the attack of
oxidative species on the closed structure, resulting in significantly improved resistance to
carbon corrosion [53, 67].

In practice, Pt supported on CNTs improves the activity and stability for fuel cells
compared to Pt supported on carbon black. As a result of high corrosion resistance, CNTs
as the catalyst support shows less loss of Pt active surface area and the improved oxygen
reduction reaction (ORR) activity [68-70]. Furthermore, recent research reported that the
varying degrees of functionalization on single wall carbon nanotubes (SWCNTs) could
reduce the Pt loading on the support [71].

Commercial MWCNTs (Baytube, Bayer Material Science AG, Germany) used in this
work were synthesized using a chemical vapor deposition (CVD). As-received MWCNTs
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contain carbonaceous impurities and metal catalyst particles. Since these impurities affect
the properties of the CNTs, it is important to remove them from the MWOCNTs.
Purification with nitric acid is a common method to remove metal and carbon impurities
from the MWCNTs. However, this method creates the density and type of surface
functional groups and damages carbon structures. In this work, multi-step purification
processes of the MWCNT samples were used under mild conditions to minimize
structural damages. A nitric acid treatment was carried out using dilute nitric acid to
eliminate metal catalysts from the MWCNTSs. An ultrasonic treatment allows the weakly
attached amorphous carbon to detach and further decompose into organic fragments via
pyrolytic and/or oxidative pathways. An alkaline solution washing step improved the

dissolution of oxidized amorphous carbon and oxidation debris [72, 73].
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2.3 Overview of this thesis

The present work contributes to the understanding of the degradation of MWCNTs in
oxidative environments. In order to explore the variation of morphology and
physicochemical properties of MWCNTs during the degradation process, the MWCNT

samples were further characterized.

The electrochemical oxidative degradation of MWCNTs is dealt with in Chapter 3. The
electrochemical oxidation of MWCNTs was carried out at the high anodic potential
accompanying carbon oxidation and oxygen evolution. During the electrochemical
oxidation of MWCNTs, the variation of electrochemical properties, such as the
electrochemical response of electron transfer, specific capacitance, oxidation activity and

complex resistance, was monitored using electrochemical measurements.

The thermal oxidative degradation of MWCNTs is discussed in Chapter 4. MWCNTs
were thermally oxidized at the temperature at which combustion starts in an oxidative
atmosphere. Thermal behavior of the MWCNT samples was characterized using
temperature programmed desorption and oxidation. Depending on the thermal oxidative
treatment, the effect on electrochemical properties is also demonstrated by

electrochemical characterization.
The summary and outlook part in Chapter 5 provide a comparison of the electrochemical

and the thermal oxidative degradation of MWCNTs. Moreover, future work based on this

research is presented.
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3 Electrochemical degradation of multiwall carbon
nanotubes (MWCNTs) at high anodic potential
in acidic media

Youngmi Yi, Chinmoy Ranjan, Elena Willinger, Marc Willinger, Julian Tornow,

Robert Schlogl

Abstract

A great interest in the efficient utilization of sustainable energy makes the potential
application of carbon-based materials for water splitting attractive to overcome higher-
priced techniques. However, carbon is limited as a catalyst support for the oxygen
evolution reaction (OER) due to the electrochemical oxidation of carbon. In this study,
we investigated the electrochemical degradation of multiwall carbon nanotubes
(MWCNTs) under OER conditions in acidic media. Electrochemical oxidation of
MWCNTs induces structural changes and the formation of oxygen-containing functional
groups on the carbon surface. Hence, the electrochemical and physicochemical properties
of the MWCNTs are changed during the electrochemical oxidation. Through a
combination of electrochemical, microstructural and spectroscopic methods, we explore
how MWCNTs electrochemically degrade. Through a better understanding of this
degradation process, we find that it is possible to tune the electrochemical properties of

MWCNTs and use them more effectively in electrochemical applications.
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3.1 Introduction

Storage strategies for energy derived from renewable energy sources, such as solar, wind
and geothermal, have received much attention. One such strategy involves the generation
of hydrogen by electrocatalytic water splitting. The chemical energy stored in the
hydrogen can be converted directly to electricity by means of fuel cells. As an alternate
strategy, hydrogen can be used to reduce CO, into organic compounds that serve as
energy carriers.

Oxygen evolution reaction (OER) is a core challenge for electrocatalytic water splitting,
since it has a large overpotential and occurs in a highly oxidizing environment. Hence, an
efficient electrocatalyst with suitable activity and stability is required. Preferably, such a
catalyst would possess a lower noble metal content, as a stable support would allow for
better dispersion and stabilization of the active phase. However, the development of an
inexpensive non-noble metal catalyst would present an ideal solution [15, 46, 64].

Carbon materials are commonly used as electrocatalyst supports because of their high
electrical conductivity and surface area, as well as their wide variety of structural and
chemical properties. However, using carbon in electrochemistry as an electrode is limited
because of the electrochemical oxidation of carbon. Carbon can be thermodynamically

oxidized to carbon dioxide (Eq. 1) and monoxide (Eq. 2) [1].

C +2H,0 — CO, +4H" + 4¢, E*=0.207 Vvs. SHE (Eq. 1)
C+ H,0 - CO +2H +2¢, E°=0.518 Vvs. SHE (Eq.2)

Since the kinetics of carbon oxidation is very slow, carbon can be applied without serious
problems. However, when the anodic potential is high enough for oxygen evolution
above 1.23 V (vs. SHE), carbon oxidation can occur with fast kinetics. This problem is
exacerbated with high surface area carbon, which is more susceptible to corrosion. Thus,
the studies on the electrochemical oxidation/corrosion of carbon in an aqueous solution
have been focused on fuel cells and metal-air batteries [9, 10, 74, 75]. In fuel cells
operation, carbon corrosion is facilitated on the cathode under abnormal conditions for
start-up and shut-down [70]. Therefore, many researchers have made substantial efforts

to minimize the rate of the electrochemical oxidation of carbon [8, 55]. While carbon
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corrosion in fuel cells has been examined vigorously, the literature on the corrosion of
carbon anodes during oxygen evolution has been, in comparison, almost nonexistent in
the past several years. The loss of interest in this field likely resulted from the
replacement of graphite by dimensionally stable anode (DSA) electrode in the chlor-
alkali industry. Although the use of carbon is limited under the OER conditions, it is an
economically competitive material for an electrocatalyst support compared to metal
oxides to achieve effective performance in a water electrolyzer. Very recently, carbon-
based catalysts for water electrolysis have received attention in the research [26, 43-46,
48, 49].

In the last several decades many different types of carbon structures such as carbon
nanotubes/fibers, graphene, etc were discovered [7, 76]. Their electrochemical activity
has been reported in several articles, whereas the electrochemical stability is rarely
mentioned. Understanding the electrochemical degradation of these carbon materials is
useful to enhance and influence the application of carbon electrodes in electrochemical
systems. MWCNTs were chosen in this work for electrochemical oxidation. It is well
known that MWCNTs exhibit excellent electrochemical activity and stability in
electrochemical applications because of their unique structure and intrinsically superior
properties. For example, Pt supported CNTs displays higher performance for fuel cells
than carbon black. Moreover, CNTs are likely to be more corrosion-resistant than carbon
black [77-79]

The intention of the present work is to study the electrochemical degradation of
MWCNTs under the higher anodic potential conditions of OER in an acidic environment.
We focus on the change in electrochemical and physicochemical properties of MWCNTSs
by electrochemical oxidation rather than the mechanism of carbon oxidation. The
structural change of rolled graphene sheets of the MWCNTs can be clearly examined by
electrochemical oxidation/corrosion. The electrochemically oxidized MWCNTs were
investigated by electron microscopy, Raman spectroscopy, and infrared spectroscopy to
analyze the morphological and structural changes. Furthermore, electrochemical
characterization, including cyclic voltammetry (CV), linear sweep voltammetry (LSV)
and electrochemical impedance spectroscopy (EIS) were performed to investigate the

electrochemical behavior of the MWCNTs during electrochemical oxidation.
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3.2 Experimental

3.2.1 MWCNT purification

The commercial MWCNTs (Baytube) provided by Bayer Material Science were purified
with the established method as in previous studies [73]. The MWCNTs were treated with
3 M HNOs; at room temperature for 24 hours under stirring conditions, followed by
filtration and washing with water to remove catalyst particles involved for the growth of
MWCNT. The obtained black solid was dispersed in ethanol and sonicated with a
Titanium tip sonicator (Bandolin sonopuls 10% power, 5 cycles per second) for 3 hours
under stirring to remove carbonaceous impurities. Afterward the MWCNT suspension
was treated with 1 M NH4OH at 70 °C while stirring for 2 hours, was subsequently
filtered, and twice subjected to 24 hour soxhlet extraction with water and another 24 hour
soxhlet extract with acetone, followed by drying in an oven at 110 °C for 24 hours under

air.

3.2.2 Electrochemical characterization

The electrochemical measurements were conducted in a three-electrode system, which is
controlled with potentiostat/galvanostat (BioLogic VSP, France). A platinized Pt wire as
a counter electrode and a reversible hydrogen electrode (RHE) as a reference electrode
were used, respectively. The working electrode was prepared on a glassy carbon in the
form of a thin-film. A MWCNT ink with a concentration of 1.0 mg/ml was prepared by
ultrasonically dispersing 5 mg powder in 5 ml solvent composed of isopropanol, water
and 20 pl Nafion solution (5 wt.%, Aldrich). Nafion plays a role of a binder that attaches
the film to a substrate. A 150 ul aliquot of the MWCNT ink was pipetted onto a polished
glassy carbon (dia. 8 mm) and dried at 60 °C for 1 hour in air. The resulting carbon film
loaded on glassy carbon was 0.3 mg of carbon per cm”.

The electrochemical oxidation experiment was carried out in N, saturated 0.5 M H,SOy at
room temperature. The MWCNT electrode was continuously cycled between 0.05 and 1
V versus RHE until a stable cyclic voltammogram was recorded. Subsequently, it was

linearly swept to 1.8 V and then was applied at a constant potential for a certain time. To
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monitor the electrochemical change of MWCNTs, cyclic voltammograms were recorded
during the electrochemical oxidation. The experiments were performed using several
replicas of the MWCNTs, obtaining reproducible results, to overcome the experimental
error of the thin-film technique. After electrochemical oxidation, the MWCNT electrodes
were washed with ultrapure water and ethanol several times to remove the electrolyte for
further physical and chemical characterization.

Electrochemical impedance spectroscopy was performed in the potentiostatic mode
during the electrochemical oxidation of MWCNTs. The amplitude of the AC signal was 5
mV. Impedance was measured in the frequency range from 100 kHz to 100 mHz with 10

points per decade.

3.2.3 Physicochemical characterization

Scanning electron microscopy (SEM, Hitachi S4800) coupled with EDX for element
analysis was used to investigate the surface morphology of MWCNT film on glassy
carbon before and after electrochemical oxidation.

The morphological change of graphitic layer on MWCNTs during electrochemical
oxidation was observed through high resolution transmission electron microscopy (HR-
TEM, Philips CM200 FEG). Electron energy loss spectroscopy (EELS) which is
equipped with a Gatan GIF energy filter in FEI Titan was also measured to obtain
information about the elemental composition and the electronic structure. For this
measurement, the MWCNTs powders after electrochemical oxidation were sonicated in
ethanol. An aliquot was pipetted on a Cu grid with holey carbon film and dried in air.

The mass of carbon was evaluated from CHN/O analyzer (Elementar Vario EL) through
high temperature combustion. The electrochemically oxidized MWCNTs samples are
converted to carbon dioxide by combustion. The combustion products were separated and
conducted to a thermal conductivity detector.

Raman spectroscopy performed on a HORIBA Jobin Yvon spectrometer at an excitation
line 633 nm, 100x objective. It measured (using 5 different positions) the MWCNT film
on a glassy carbon, and the average ratios of intensity for interesting peaks were

compared.
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Detection of the functional groups formed during electrochemical oxidation of MWCNTs
was carried out by Infrared spectroscopy in the attenuated total reflection (ATR) mode.
For this measurement, the MWCNTs powder detached from a glassy carbon are dried
overnight in an oven at 60 °C to remove water in the samples. The spectra were collected
with a DTGS detector and a ZnSe crystal. A spectrum, collected on average of 1024

scans with a resolution of 4 cm'l, was recorded from 4000 to 500 cm’".
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3.3 Results

3.3.1 The variation of oxidation current on MWCNTs

To explore the electrochemical degradation of MWCNTs, the potentiostatic oxidation
was performed on MWCNTs at the potential where oxygen evolution and carbon
oxidation occur simultaneously. Figure 3.1 shows the current transient of the MWCNT
electrode at a fixed potential of 1.8 V versus RHE. The oxidation current increases with a
higher applied potential (Figure S3.1(a)). The rate of oxidation is commonly explained by
a power law, i = k-t ", with the specific current i, the rate parameter &, and the time decay
exponent n [1, 11]. However, under conditions for oxygen evolution, the reaction rate for
the electrochemical oxidation of carbon does not follow the logarithmic decay of current

with time (Figure S3.1(b)).
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Figure 3.1. Chronoamperogram on MWCNTs at 1.8 V versus RHE in 0.5 M H,SOs,.
From the chronoamperogram in Figure 3.1, four different regions can be identified,

marked here as regions A-D. In Figure S3.2, the distinguishable regions for the

electrochemical oxidation of MWOCNTs were separated from the overall
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chronoamperogram. The initial oxidation current falls abruptly, and gradually declines to
a steady-state value with a time constant of circa 10 minutes (region A) [80]. This current
decay generally results from the effect of double layer capacitance and diffusion-
controlled behavior of porous electrode structure. The oxidation current in region A is not
well fitted by a power law. The general value of the exponent for diffusion controlled
decay is 0.5, but the empirical time decay exponent for region A is about 2.6 (see Figure
S3.3). As a high anodic potential is applied to the MWCNT electrode, the initial current
decay is presumably a superposition of the oxidation reactions of both carbon and water.
This process leads to a subsequent increase of the oxidation current, which is observed in
region B. A current increase in chronoamperometry could be attributed to surface
oxidation and depends on an increase in the density of oxidation sites with increasing
amount of surface oxide.

Figure S3.4 shows that the current increase in region B is observed for as-received and
purified MWCNTs, and it is more pronounced for the purified ones. As-received
MWCNTs contain much more amorphous carbon than the purified ones. The oxidation
current of as-received MWCNTs in region B is higher and has a faster transition to the
next region, when compared to the purified MWCNTs. Therefore, it is believed that the
initial oxidation in regions A and B are associated with active sites, such as defects and
edges of the carbon due to residual amorphous carbon on MWCNTs [1, 11, 81]

Initial oxides formed on the preferential sites promote the formation of gaseous products,
such as CO, CO; and/or O; [1, 11]. However, as the carbon surface becomes saturated
with surface oxides by electrochemical oxidation, the formation of additional oxides may
be inhibited [1]. These surface oxides might slow the reaction kinetics towards the further
formation of the final surface oxide and gaseous products during the electrochemical
oxidation. They lead to the second current decay observed in region C. Consequently, the
MWCNT electrode is fully passivated by protective surface oxides yielding the small
steady-state current observed in region D [82]. Figure S3.5 shows a step potential
measurement conducted in region D. Even by polarizing to reducing conditions, no
change in the oxidation current for reversible reaction of surface oxides are observed,

indicating the stability of the surface oxide formed in region D.
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3.3.2 The morphological and structural changes

To understand the degradation of MWCNTs at a high anodic potential, morphological
and structural investigations were carried out in different chronoamperometric regimes.
The SEM images in Figure 3.2 show an overview of the surface morphology on
MWCNT electrodes before (pristine) and after (region C) the electrochemical oxidation.
The pristine MWCNTs exhibit a flat and smooth surface with well-dispersed and densely
packed agglomerates. After the electrochemical oxidation, the surface of the MWCNTs
becomes rougher and clumpier. The increase of the oxygen signal in the EDX analysis
confirms that surface oxides are formed on the carbon surface through electrochemical
oxidation. Moreover, a small amount of sulfur is detected after the electrochemical
oxidation, likely due to the effect of H,SO, electrolyte. To avoid the effect of other
elements in the EDX measurement, these two electrodes were prepared without a Nafion

binder.
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Figure 3.2. SEM images and EDX spectrum of the pristine MWCNTs (a) and (b), and the
electrochemically oxidized MWCNTs (c) and (d).
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The structural changes of the MWCNTs during electrochemical oxidation can clearly be
observed by transmission electron microscopy (TEM). Figure 3.3(a) shows a
representative TEM image of pristine MWCNTs. Despite several purification steps, some
residual amorphous carbon remains on the MWCNT surface. Initial electrochemical
oxidation leads to a reduction of this amorphous carbon, as shown in Figure 3.3(b). These
observations suggest that a different oxidation rate exists between amorphous and
graphitic carbon. With further oxidation, the surface of the MWCNTs shows a
roughening and a loss in the crystalline structure in region C (Figure 3.3(c)). The TEM
image of the material in region D in Figure 3.3(d) shows similar, but a little bit more
pronounced features. It can be seen that a defective layer is formed on the sidewalls of
the MWCNTs in region D. From the TEM investigation, we can conclude that within the
electrochemical oxidation of MWCNTs, initially residual amorphous carbon is removed
and afterward the revealed graphitic layers on the MWCNTs are destroyed with creating
structural defects on the MWCNTSs. Furthermore, the outer graphitic layers of the
MWCNTs are damaged, whereas the inner graphitic layers remain mostly intact. It seems
that the graphitic walls underneath the defective layers are protected from further
degradation. Figure S3.6 shows more TEM images at various resolutions to support the

observed trends in Figure 3.3.
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Figure 3.3. TEM images of (a) initial MWCNTs, the MWCNTs electrochemically
oxidized at 1.8 V for (b) 0.5 Coulomb (region B), (c) 1 Coulomb (region C) and (d) 1.5
Coulomb (region D).

EELS provides information about the electronic structure of the tubes. The fine structure
of the carbon K ionization edge, shown in Figure 3.4, reveals characteristic features due
to transitions into final states with n*- and o*- character. All spectra were normalized
with the range which is not sensitive to structure variation, i.e. 295 eV. First peak which
is assigned to m* orbital, is a characteristic sp> hybridized carbon. Second peak is the
main contribution of o* orbital. After the electrochemical oxidation, these peaks are
broader and have less intensity against that of initial MWCNTs. This indicates that the
electrochemical oxidation makes the structure of carbon less sp” ordering. The full width

at half maximum of the n* feature centered at 284 eV as well as the spectral weight of the
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m*- and o*- contributions can be used to estimate the sp” hybridization ratio and degree
of graphitic order [83]. Table 1 shows the graphitic order estimated by fitting Gaussians
to the n* and o* features and comparing a real ratio of these characteristic features to the
one obtained in the case of highly graphitic tubes. The results given in Table 3.1 show
that the sp” ratio of the MWCNTs decreases with electrochemical oxidation, meaning the
MWCNTs are less graphitic. However, there is no significant change in the sp” ratio to

justify structural differences between regions B-D.

Relative intensity

—— Graphitic tube
initial

—— Region B (0.5 C)
RegionC ( 1C)
—— Region D (1.5 C)

280 285 290 295 300 305 310
Energy loss (eV)
Figure 3.4. EEL spectra of MWCNTs during the electrochemical oxidation

A loss in the graphitic order due to the electrochemical oxidation is clearly observed,
which can also be confirmed by the Raman spectroscopy. The intensity ratios Ip/Ig and
Ip/Ig shown in Table 3.1 are determined from Raman spectra of tubes from different
chronoamperometric regimes. The fitting procedure is described in Figure S3.7. An
increasing Ip/lg ratio represents a loss of structural order of the MWCNTs [84, 85].
Among the different regions of electrochemical oxidation, the variations in the
determined degrees of graphitization are in the range of the experimental error. However,
a small difference between initial and the electrochemically oxidized MWCNTSs can be

explained. Compared to pristine MWCNT, Ip/Ig ratio increases after the electrochemical
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oxidation, indicating that the electrochemical oxidation of carbon proceeds to disordered
carbon.

From the evidence of the structural change of the MWCNTs during the electrochemical
oxidation, as obtained from EELS and Raman spectroscopy, it can be concluded that the
electrochemical oxidation of carbon induces the loss of graphitization, but no significant
further change in graphitic order with higher applied charge is observed. As we have seen
in HRTEM, the graphitic layers beneath the defect layer of the MWCNTs in region D are
intact and protected from further oxidation. EELS and Raman spectroscopy enhance the
statistical reliability in comparison to the information obtained by HRTEM. Although
both are bulk methods, they demonstrate a very high sensitivity to changes in structural
order that is mainly confined to the non-graphitic parts in the surface layer of the
MWCNTs.

The elemental composition of the MWCNTs is also provided by EELS and shown in
Table 3.1 for the different regions. With the electrochemical treatment, the relative
oxygen content increases in region B and C. This can be related to the formation of the
surface oxides and is in good agreement with the structural changes observed by HRTEM.
According to the EELS data in Table 3.1, the oxygen content does not change
significantly from region C to D. We conclude that the surface oxides are fully covered
on the MWCNTs in region D, indicative of the formation of protective oxide layer. To
confirm that this finding is not an artifact of the localized EELS analysis, we also
conducted elemental analysis (EA) shown in Figure S3.8. It is found that carbon mass
decreases with the electrochemical oxidation of MWCNTs. However, no significant
change of carbon mass in region D is observed. The saturation of the oxygen
concentration could be associated with a stable oxide content, which has achieved a
steady state between oxide formation and dissolution towards CO or CO,. It is therefore
inferred that the existence of stable surface oxide, where the MWCNTs are protected
from further corrosion, induces slow kinetics of carbon corrosion toward gaseous
products. This trend can compare with the variation of oxidation current from Figure 3.1.
The high oxidation current in regions A, B and C provide evidence for fast oxidation rate
and a considerable loss of carbon mass. In region D, which has a low oxidation current,

there is little change in carbon mass.
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Table 3.1. Electrochemical and physicochemical characterization data of MWCNTSs

during electrochemical oxidation.

Applied Electron Raman EELS
charge for transfer >
oxidation (AEp) (2] IyTg Lo/l | Sp ratio C, % 0, %
Initial 88 2.4 +£0.04 0.25 95 % 98.3 1.7
0.5C 75 2.56 £0.06 0.25 85 % 97.6 2.4
(region B)
1C 85 2.48 £0.06 0.2 89 % 96.2 3.8
(region C)
1.5C 104 2.48 £0.05 0.2 87 % 96.7 33
(region D)

[a] Anodic peak potential (E ) — cathodic peak potential (E ) from [Fe(CN),] " redox
response.

[b] Intensity ratio of D/G and 2D/G from Raman spectra.

[c] Elemental composition and degree of sp2 ordering with respect to highly graphitized
CNTs from EELS spectra.

3.3.3 Identification of surface functional groups — Infrared spectroscopy

Infrared spectroscopy identifies surface oxides and its structural groups on the MWCNTs.
Figure 3.5 shows infrared spectra (IR) of the MWCNTs electrochemically oxidized in the
different chronoamperometric regimes. Most peaks from functional groups on MWCNTs
are present in the range of 900-1800 cm™ [86]. Due to the effect of Nafion as a binder in
electrode preparation, all spectra show the characteristic vibration of Nafion at 1220 cm™
and 1156 cm™ corresponding to asymmetric and symmetric C-F stretching [87]. The
peaks of C-O stretching and O-H bending appear at ~1250 cm™. Even though the range
overlaps with the peak for Nafion, overall bands in the range of 1000-1250 cm™ decrease

in intensity with electrochemical oxidation until region C.
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The IR band range for C=0 stretching and C=C bonds is 1500 ~ 1750 cm™ [86]. In
general, quinone groups formed by carbon oxidation were mostly identified with redox
reaction by electrochemical measurement, discussed in section 3.3.4. In our infrared
spectrum, it is likely that the absorption for quinone group downshift to the broad peak in
1635-1655 cm™' region. The appearance of O-H stretching after the electrochemical
oxidation supports that the coupling effects with hydroxyl groups and the extended
conjugation with the weakly coupled carbonyl groups might be responsible for the

downshift in the C=0 stretching for surface-bound quinone groups [88].

Absorbance (A)

(@)
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Wavenumber (cm'1)

Figure 3.5. FTIR spectra of (a) pristine MWCNTs, the MWCNTs electrochemically

oxidized for (b) 0.5 Coulomb (region b), (c) 1 Coulomb (region c) and (d) 1.5 Coulomb

(region d).

Furthermore, the 1700 cm™ band can be assigned to carbonyl (C=0) stretching in ketones,
aldehydes, or carboxylic acid groups. Since the —OH stretch band from coupled
carboxylic acid groups is present at 3100 cm™, the C=0O band at 1710 cm™ should
probably be identified with carboxylic acid. According to Figure 3.5 (b)-(d), the bands at
1710 ¢cm™ and at 3100 cm™' increase with electrochemical oxidation, which means
carboxylic acid groups are formed on the carbon surface. In the MWCNTs oxidized in

region C and D, the peak at 1520 cm™ is enhanced. This indicates that the localized C=C
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bond in surface defects on the MWCNTs introduces oxygen-containing groups to
stabilize the structure [88]. Therefore, it can be inferred that from region C during the
electrochemical oxidation of MWCNTs additional defects are created on the carbon
surface by opening the graphite ring structure. As you have seen in TEM image, this fact
supports the damage of crystalline structure from region C.

For the MWCNTSs oxidized in region D, a strong band at 1101 cm™ is exhibited and a
broad band additionally appears at the high frequency of 3400 cm™ (Figure 3.4(d)). The
band at ~1100 cm™ is located within the range expected for C-O stretching modes in
ethers, esters, alcohol, or phenol compounds. The band at 3400 cm’! can be attributed to
OH stretching within alcoholic or phenolic groups [86]. Since ether-like oxygen and OH
species are arranged in stable configuration, they may be contributed from protective

surface oxides in region D.

3.3.4 The change of electrochemical behavior

Electron transfer of Fe(CN)s /Fe(CN) ¢ redox

The influence of the surface oxides on electrochemical behavior is analyzed by the
electrochemical response of [Fe(CN)6]3'/4' which is a well-known redox system, shown in
Figure S3.9. A large capacitive component of the background current is observed after
the electrochemical oxidation on MWCNTs. The anodic and cathodic peak separation
(AE,) means heterogeneous electron transfer (ET) kinetics. Table 3.1 lists the values of
AE, on the electrochemically oxidized MWCNTs in the different chronoamperometric
regimes. The AE, in region B is lower than that of pristine MWCNTs, indicative of faster
ET kinetics. Hence the MWCNTs in region B are electrochemically activated, which is a
well-known effect within electrochemical oxidation due to an increased number of
defects, better wetting, and the formation of oxygen-containing groups [61, 89, 90]. It is
interesting that the AE, is getting larger for the MWCNTSs oxidized in region C and the
ET kinetics of the MWCNTs in region D is much slower than pristine MWCNTs. It

seems that different kinds of electro-active oxides formed with prolonged oxidation
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inhibit electron transfer. Therefore, the reduced electrochemical activity is in good

agreement with the passivating properties of the surface oxides on the MWCNT electrode.

Cycling voltammetry in H,SO4

Cycling voltammetry (CV) was performed directly in H,SOj electrolyte in the range of
the potential applied before hydrogen and oxygen evolution. It provides information on
electrochemical capacitance and the formation of surface oxides on MWCNTs. Figure
3.6(a) shows the CV on the MWCNTs dependent on the charge applied during the
oxidation. The CV of pristine MWCNTs exhibits a typical double layer behavior with no
faradaic current contribution. With electrochemical oxidation, the capacitive current
increases significantly; in particular, the anodic and cathodic peaks around 0.6 V have
become more distinguishable. In general, an increasing capacitance results from an
electrochemical surface roughening and/or a modification of the capacitive contribution
of surface functional groups. The surface functional groups on the MWCNTs change the
isoelectrical point and thus improve the wettability of the MWCNT surfaces and thereby
increase the contacted surface area. The observed faradaic current peaks around 0.6 V
RHE can be addressed to oxygen-containing functional groups, generally a
hydroquinone-quinone (HQ-Q) redox pair [12, 79].

The MWCNTs oxidized until region C have linear increase of the capacitive current and
same redox potential for surface oxides. When the oxidation current of the MWCNTs
reaches region D, the peak positions in the anodic/cathodic scans have moved to
higher/lower potentials as the applied charge/oxidation time increases. This shift could
indicate that different kinds of surface oxide are produced on the carbon surface in region
D [77]. This would coincide with the increased number of carboxylic groups and the
existence of hydroxyl groups observed in the infrared spectrum of the MWCNTs in
region D (Figure 3.4).

The total capacitance and the amount of surface oxides on the MWCNTSs can be
quantitatively calculated from the capacitive and faradaic contributions of the CVs in
Figure 3.6(a) [12, 79, 91]. The results obtained are plotted as a function of the amount of
the charge applied for the electrochemical oxidation in Figure 3.6(b). The total

capacitance of the electrochemically oxidized MWCNTs steadily increases until region C,
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where 1 Coulomb of charge has passed. With further oxidation, entering the
chronoamperometric region D, the total capacitance is saturated and no significant further
increase is observed. This saturation could be one indication of a passive state on the
carbon surface. However, the amount of surface oxides produced in region D increase

again after applying 1.2 Coulomb on MWCNTs.
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Figure 3.6. (a) Cyclic voltammetry of MWCNTs during the electrochemical oxidation
with a different amount of charge applied in 0.5 M H,SOy, scan rate: 50 mV/s. initial
MWCNTs (black), the MWCNTs oxidized in region B (red), in region C (blue) and in
region D (green line). (b) The total capacitance and the amount of surface oxides as

function of applied charge for MWCNTs oxidation.

Linear sweep voltammetry (LSV)

Linear sweep voltammetry (LSV) was performed on the MWCNTs oxidized with
different regions to measure the change in the electrochemical activity for the oxidation
(Figure 3.7). The electrochemical activity increases with the electrochemical oxidation
until region C by activating the carbon structure due to the formation of surface oxides
and defects. This is well matched with a trend in the kinetics for electron transfer.
However, the electrochemical activity of the MWCNTs reached region D decreases and
possesses a peak current. The appearance of the peak current in this potential range
indicates that the oxide film formed on the electrode surface in region D results in less

mass transfer. This induces the slow kinetics for the oxidation reaction, thus supports the
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existence of the passive oxide on the MWCNTs with prolonged oxidation. In a corrosion
study [92], if a metal forms a stable oxide by oxidation, the metal is in its passive state
because the oxide film formed is likely to be a barrier between the metal and the
environment.

Figure S3.10 shows the Tafel plots from the logarithm of current density. It is clear that
the current density (log i) of the MWCNTs oxidized in region D starts to decrease beyond
a certain potential and reaches into a primary passivation range. The Tafel slopes on the
MWCNTs oxidized with different regions are listed in Table S3.2. The MWCNTs
oxidized after region B show two different slopes in the potential range. It could indicate
that different kinetic behavior is involved on the surface of MWCNTs for oxidation. At a
high overpotential, the Tafel slope on the electrochemically oxidized MWCNTs increases
as the oxidation time is longer. The high slopes result from the presence of surface
functional groups which seem to be a barrier for oxidation on the carbon surface [93]. It
can be conclusive that the MWCNTs oxidized in region D block on the surface through

the accumulation of oxygen species on the electrode, acting as passivation.
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Figure 3.7. Linear sweep voltammetry of the MWCNTs during the electrochemical
oxidation with a different amount of charge applied in 0.5 M H,SOj, scan rate 10 mV/s.
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Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful diagnostic tool to study the
processes occurring at the electrode/electrolyte interfaces [94, 95]. This technique was
used for probing the impedance change of the MWCNT electrode surface during the
electrochemical oxidation.

The Nyquist plots of MWCNTs at an anodic potential of 1.8 V versus RHE are presented
in Figure 3.8(a). The impedance behavior of MWCNTs is strongly dependent on the
region for the oxidation. The diameter of the semi-circle corresponds to the capacitance
and the charge-transfer resistance of the electrode/electrolyte interface. There is no
significant change in the semi-circle until the MWCNTs oxidized in region B. From
region C, the semi-circle gets larger with an increased amount of passed charges. It is
probable that surface oxides start to cover the carbon surface. For the MWCNTs oxidized
in region D, the impedance arc is obviously large and stable, indicative of the largest
resistance. This is reasonably attributed to its poor electrical conductivity due to the
formation of a passive oxide on the electrode. In addition, the spectra at high frequency —
which is generally considered as ohmic resistance (Rq) — is shifted after the oxidation for
1.5 Coulomb shown in an expansion of EIS spectra (Figure 3.8(b)). The fact that the
increase of Rq in region D provides that the existence of a passive oxide film on the

carbon surface blocks electrolyte access.

44



(@)

4000

3000

2000

-7" (@)

1000

5000

4000
- —
150 . ./ 13000
. 2.0 T B
“E- / L1500 &
O —
=% =% —— initial =, 151 ] 2
— a
= o © / i \ L 1000
N ——0.75C 1.0q" Ra L]
' 50 ——1C Rer
——120C 05 Ve L 500
—=—1.3C . e}
——14C O—0—0uo6——o0— "
0 ——1.5C 0.0 . . I—I—T—I 0
. . , — = 17c 0.0 05 1.0 15
0 50 100 150
Z'(Q) Applied charge (Coulomb)

Figure 3.8. (a) Nyquist plots of the MWCNTs at 1.8 V during the electrochemical
oxidation with a different amount of charge applied in 0.5 M H,SOs4. (b) A magnified
portion of the plot near the origin. MWCNTs oxidized in region B (red), region C (blue)
and region D (green line). (¢) Variation of the double layer capacitance (Cpr) and charge
transfer resistance (Rct) on MWCNTs during the electrochemical oxidation, fitted by the

Randles circuit (inset Figure).
Fitting of the impedance spectra is performed using a basic Randles circuit, which

consists of a cell resistance (Rg) and a double layer capacitance (Cpr) in parallel with a

charge transfer resistance (Rct), as shown in the inset of Figure 3.8(c). The values
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obtained from the fitting are listed in Table S3.3 and the variation of Cpp and Rcrt is
plotted as a function of applied charge in Figure 3.8(c).

Cpr of the MWCNTs increases up to 0.5 Coulomb due to the surface modification during
the electrochemical oxidation. It is likely to produce the electrode surface with a high
dielectric constant, as it is known from oxide formation on semiconductors. The surface
oxide formed on the MWCNTs by electrochemical oxidation may lower the dielectric
properties and then decreases the overall capacitance. The observed decrease of the
capacitance is related to the growth of a oxide film, since the capacitance is inversely
proportional to the film thickness [96]. When the MWCNTs are reached in
chronoamperometric region D, the capacitance value is almost constant, indicating a
constant oxide thickness.

In contrast, the Rcr of MWCNTs shows the opposite behavior with Cpp during
electrochemical oxidation. The Rcr until 0.75 Coulomb is slightly lower than its initial
value, but increases substantially after 1 Coulomb. This trend is in accordance with the

_/4- g
3 ; the lower Rt indicates

findings from the kinetics of electron transfer from Fe(CNy)
faster ET kinetics. In Region D above 1.4 Coulomb, the Rcr is nearly 20 times larger than
its initial value, and is stabilized. The observed increase of the Rct supports the growth of
a passive oxide film which means that surface oxides are fully covered in region D,
indicated by the saturation in Rcp. Therefore, it is conclusive that carbon corrosion

increases the electrode resistance owed to the oxide coverage on the carbon surface.
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3.4 Discussion

The physicochemical and electrochemical characterizations of the MWCNTs during
electrochemical oxidation contribute to better understanding of the electrochemical
degradation of MWCNTs. When the MWCNTs are electrochemically oxidized at a high
anodic potential, the structure and characteristics of the MWCNTs change with the
transition of the oxidation current. Based on the above MWCNT analysis during the
electrochemical oxidation, we demonstrate how MWCNTs electrochemically degrade at
a high anodic potential, as shown in Figure 3.9. Surface functional groups such as
carboxyl, hydroxyl, or other groups, formed by electrochemical oxidation processes on
the MWCNTs are not shown in this scheme.

When high anodic potential is applied to the MWCNTs, water is reversibly adsorbed and
surface oxides are formed on active sites that are defects and the edges of the carbon
surface (region A and B). Some of these surface oxides promote the formation of gaseous
products. A carbon with higher degree of disorder is susceptible to oxidization more
rapidly than graphitized/ordered carbon [81]. Therefore, during this process, residual
amorphous carbon on the MWCNT surface is removed and graphitic layers are exposed
due to selective oxidation. Even though this study did not investigate it, the end of
MWCNTs, which consist of amorphous carbon or discontinuous graphitic carbon, can be
opened by electrochemical oxidation [97, 98]. Moreover, the oxygen-containing
functional groups formed on the MWCNTs oxidized in region B are electrochemically
active. It shows fast electron transfer and low charge transfer resistance [99, 100]. This
step can be used for the electrochemical purification and activation of MWCNTs.

With the prolonged electrochemical oxidation of the MWCNTs, surface oxides cover and
are saturated on the carbon. This induces the decrease of the oxidation current on the
MWCNTs, indicative of the resistive properties of the oxygen coverage on the
MWCNTs. In this state of carbon oxidation, the revealed graphitic layer on the sidewalls
of the MWCNTs is further oxidized and collapses directly by introducing many surface
defects, which is region C (Figure 3.9(c)). This destruction of graphitic carbon has been

previously applied for the cutting or etching of MWCNTs [81, 101]. In region C, the
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highest capacitance on MWCNTs was found due to surface functional groups and a high
surface area by breaking the graphitic layers.

The coverage of surface oxides is fully dominant on the MWCNTs, it almost blocks the
charge transfer and limits the oxidation current (Figure 3.9(d)). The surface oxide film on
the MWCNTs prevents a further attack by electrochemical oxidation, acting as a
passivation. It is evident that the graphitic layers beneath defective carbon layers are

protected from further electrochemical degradation.

-

-

!

-

Figure 3.9. A schematic diagram of MWCNT electrochemical degradation.

The electrochemical properties of MWCNTs are affected by the electrochemical
oxidation at a high anodic potential due to the change in structure and surface functional
groups [102]. Initial oxidation of MWCNTs enhances electrochemical activity, increases
capacitance and reduces resistance. With prolonged oxidation, the electrochemical
activity of MWCNTs decreases with high resistance due to the formation of protective
oxides on the electrode. It is proposed that the passive MWOCNT electrode is

electrochemically stable since it is protected from further oxidation.
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3.5 Conclusion

We report here how MWCNTs degrade electrochemically at a high anodic potential
accompanying both oxidations of carbon and water in acidic media. Through the
characterization of morphology, structural order, functional groups and electrochemical
properties, the change of the MWCNTs during the electrochemical oxidation is well
understood. At the beginning of electrochemical oxidation, MWCNTSs are not only
purified but also activated by removing impurities and producing electrochemically
active surface oxides. With prolonged oxidation, the MWCNT electrode is passivated by
the oxides covering the carbon surface. This leads to the high electrical resistance and
low electrochemical activity of MWCNTs. Due to the unique structure of MWCNTs, the
graphitic layers beneath a passive oxide film can protect from further oxidation. This
finding makes it possible to tune or control the suitable properties of MWCNT electrodes
using the electrochemical oxidation for potential electrochemical applications. Moreover,
it 1s helpful to understand the degradation of electrochemical systems when MWCNTs
are used for the electrocatalyst support for a reaction involving oxygen, such as water

electrolysis, fuel cells and metal-air batteries.
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3.6 Supporting information

Figure S3.1. The electrochemical oxidation on MWCNTs with different applied ptentials
in 0.5 M H,SOq. (a) the oxidation current as function of applied charge, (b) logarithm of

the oxidation current and time
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In logarithmic scale of the current-time on MWCNTs, the variation of oxidation current
is nonlinear. Overall rate of oxidation reaction is not following approximated with a
power law i = kt™. Probably, this is because the oxidation condition performed at high
anodic potential is containing not only carbon but water oxidation on the MWCNTs
electrode. It could be that oxygen from water oxidation affects the oxidation behavior of
the MWCNTs. At the first stage of the oxidation, the oxidation current decrease
exponentially with time. The slope of the current drop decreases with an increase in
potential. The electrochemical oxidation of MWCNTs for extended time shows the
change in the oxidation current. Furthermore, the time reached for the next stage in the
electrochemical oxidation of MWCNTs is shorter as the higher potential is applied for the

oxidation.
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Figure S3.2. Distinct regions of oxidation current in overall chronoamperogram on

MWCNTs at 1.8 V vs. RHE in 0.5 M H,SO,.
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Figure S3.3. Fitting of chronoamperometric decay in region A.
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Figure S3.4. Chronoamperograms on as-received and purified MWCNTSs at 1.8 V vs.
RHE in 0.5 M H,SO4.
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Figure S3.5. In region D of the electrochemical oxidation of MWCNTs, double step
potential chronoamperogram on MWCNTs in 0.5 M H,SO,.
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Returning the potential from open circuit potential (OCP) and reduction potential to 1.8 V
shows that the oxidation current drops due to capacitive contribution and continuously
decays towards a steady-state value. There is no obvious change of the steady-state value
for the oxidation before and after the potential step. It could be inferred therefore that the

surface oxide formed on MWCNT in region D is irreversible and quite stable.
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Figure S3.6. Fitting procedure of the Raman spectra of the MWCNT electrode.
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The Lorentzian peak at 1600 cm™ (G) results from the graphitic structure of the sample,
the Lorentzian peak at 1320 cm™ (D) is attributed to the presence defects and edges. The
Lorentzian peak at 1620 cm™ (D2) and 1180 cm™ (D4) are assigned to small graphite
domains and polyene-like carbons respectively. The Gaussian peak at 1500 cm™ (D3) is
assigned to amorphous carbon. The Lorentian peak at 2700 cm™ (2D) can be attributed to
the first overtone of the D1 band and is sensitive in a crystal, thus a characteristic feature
for highly ordered graphite lattices. The Lorentian peak at 2950 cm™ has been assigned to

a combination of the G and D modes characterstics for disturbed graphite structures [103].
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Figure S3.7. TEM images of MWCNTs (a) — (c) pristine, electrochemically oxidized at
1.8 V vs. RHE for (d) — (f) 0.5 Coulomb (region B), (g) — (i) 1 Coulomb (region C) and
(k) — (D) 1.5 Coulomb (region D).
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Figure S3.8. Mass loss of carbon during the electrochemical oxidation of MWCNTs as a

function of oxidation time.
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The mass of carbon is plotted as a function of oxidation time (representative figure) and
applied charge (inset figure). It is linear with applied charge for the electrochemical
oxidation of MWCNTs. It is evident that the applied charge is directly related to the
oxidation from carbon to other products, i.e. CO,, CO or surface oxides. With regard to
the oxidation time, the mass of carbon rapidly decreases until region C. This is
comparable with the variation of oxidation current from Figure 3.1. High oxidation
current in region A, B and C induces a fast oxidation rate and considerable mass loss of
carbon. The oxidation current reached steady-state in region D, there is a little mass loss

of carbon.
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Figure S3.9. Cyclic voltammogram in 5 mM K4Fe(CN)gs + 1 M KCI for the kinetics of
electron transfer (ET) on the electrochemically oxidized MWCNTs, scan rate : 50 mV/s.
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Figure S3.10. Tafel plots of MWCNTs during 1able S3.2. _The change of Tafel
electrochemical oxidation in 0.5 M H,SO,, scan slope obtained from Figure
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Table S3.3. Parameters of equivalent circuits obtained by the fitting of Nyquist plot.

Oxidation

Applied

region | charge ( C )| Re (Ohm)|Cor (mF) | Rer (Ohm)
initial 16.9 1.05 277.8
5 0.25 16.7 2.11 252.7
0.5 16.8 2.42 219.3
0.75 16.8 2.25 233.1
1 17.0 1.50 352.2
C 1.1 17.0 0.97 584.2
1.2 16.8 0.34 1376
1.3 17.7 0.13 3876
1.4 222 0.13 4471
D 1.5 41.3 0.14 4348
1.7 41.8 0.14 4447

57




4 Thermal-oxidative degradation of multiwall carbon
nanotubes (MWCNTy); its effect for electrochemical
activity and stability

Youngmi Yi, Xing Huang, Klaus Friedel Ortega, Marc Willinger, Julian Tornow,
Robert Schlogl

Abstract

Multiwall carbon nanotubes (MWCNTSs) degrade thermally under oxygen atmosphere.
This degradation can limit the application of MWCNTs in heterogeneous catalysis and
electrocatalysis. In this study, we investigated the morphological and structural changes
of MWCNTs by a thermal oxidative treatment. The progress of the oxidative degradation
was monitored by electron microscopy, elemental analysis, Raman and infrared
spectroscopy. The thermal oxidation of MWCNTs leads to the formation of oxygen-
containing functional groups and structural damage. Furthermore, its effect on the
thermal and electrochemical behavior of MWCNTs was examined by temperature
programmed desorption/oxidation (TPD/TPO) and electrochemical measurements. The
prolonged thermal oxidation of MWCNTs induces a significant change in their thermal
and electrochemical properties. Especially, the higher oxygen content in MWCNTs has a
strong influence on thermal oxidation stability. Moreover, with respect to electrochemical
measurements at an anodic potential, there are some noteworthy relations between the
electrochemical activity/stability and the thermal oxidation of MWCNTs. Understanding
the change of the thermal and electrochemical properties of MWCNTs during the thermal
oxidative degradation makes it possible to effectively utilize MWCNTs in heterogeneous

catalysis and electrochemical systems.
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4.1 Introduction

The efficient utilization of sustainable energy is a key challenge for the future.
Intermittent energy sources, such as solar and wind, need to be stored or converted into a
storable energy carrier. Thus, energy conversion and storage have been extensively
studied around the world. Carbon is one of the most economically competitive materials
and has a variety of physicochemical properties for energy-related technologies [2, 3, 7].
Among many kinds of carbon materials, carbon nanotubes (CNTs) have been of great
interest for decades. The unique structure of the CNTs imparts intrinsic physicochemical
properties that make them suitable for many potential applications. Particularly, CNTs
are extensively utilized in heterogeneous catalysis and electrocatalysis, either as a catalyst
itself or as a catalyst support [104]. For example, CNTs have been used as direct catalysts
in oxidative dehydrogenation (ODH) of hydrocarbons. Their performance is determined
by the surface concentration of oxygen functionalities, the structural order, and the
surface area of the CNTs. In the ODH of ethylbenzene and propane, more graphitized
CNTs show higher and longer stability and a positive trend for the selectivity toward
styrene and propene. The activity of CNTs for the ODH is proportional to the amount of
active sites, that is, oxygen functional groups [105]. Compared to other carbon materials,
CNTs are available in microporous forms as catalyst supports, and they offer tunable
surface chemical properties by functionalization. Moreover, the functionalization of
CNTs provides the specific metal-support interactions that can directly affect the catalytic
activity and selectivity. Surface modification of CNTs could control their chemical and
electronic properties by attaching specific molecules or incorporating heteroatoms into
the carbon structure. The CNTs treated with NH; at different temperatures feature
specific basic and acidic functional groups on the carbon surface [106]. N-containing
species lead to a better metal dispersion and stabilize small nanoparticles. They provide a
strong metal/support interaction with a beneficial effect on the activity and stability in the
direct synthesis of hydrogen peroxide and the liquid phase oxidation of benzyl alcohol to
benzaldehyde [107, 108].

In electrochemical applications, CNTs also exhibit unique properties for electrochemical

reactions. For instance, nitrogen-containing CNTs enhance the interaction between metal
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and carbon support and affect their electrocatalytic activity and stability for fuel cells
[109, 110]. Furthermore, they are active for the oxygen reduction reaction (ORR) and the
oxygen evolution reaction (OER), offering the possibility for metal-free electrocatalysts
[42, 111, 112].

However, some applications of CNTs have been limited so far due to the inherent
instability of carbon. Carbon is thermally oxidized to gaseous products at high
temperature (above circa 400 - 600 °C) in oxidative atmosphere. There is general

agreement about the mechanism of carbon oxidation [113];

2C(s) + Ox(g) — 2C(0) (Eq. 4.1)
C(O) — 2CO(g) (Eq. 4.2)
C+C0)+0, — C(0)+CO,(g) (Eq. 4.3)
2C(0) — C + COx(g) (Eq. 4.4)

where C(O) represents adsorbed oxygen species on the carbon surface.

Thus, carbon oxidation in the high temperature regime inevitably results in a thermal
degradation of CNTs. Gas phase oxidation of CNTs damages carbon structures and
introduces oxygenated functional groups that represent the sites where the degradation is
initiated upon utilization. On the other hand, it can be positively used for potential
applications. Air oxidation of CNTs has been used to remove carbonaceous impurities
and to open the ends of CNTs [114, 115]. The purification method is based on the
selective oxidation of carbon, that is, the rate for the oxidation of amorphous carbon is
faster than the one of graphitic carbon [116, 117]. Moreover, the addition of functional
groups on the surface of CNTs via thermal oxidation can be considered for the
immobilization of active species in catalysis. Oxygenated functional groups are also the
active sites for metal-free catalyzed reactions. Therefore, it is important to understand
how CNTs thermally degrade and the relationship between the thermal oxidation of
CNTs and physicochemical properties.

Herein, we report on the thermal oxidative degradation of multiwall carbon nanotubes
(MWCNTs). These allotropes were thermally oxidized at a temperature at which carbon

starts to be oxidized and/or combusted. We monitored the thermal degradation process of
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MWCNTs over a period of time and its effect on physicochemical properties. The
morphological and structural changes of MWCNTs during thermal oxidative degradation
were measured by electron microscopic investigation, elemental analysis, and Raman and
infrared spectroscopy. Furthermore, to assist in the development of practical applications
of CNTs, the thermal and electrochemical behavior of the thermally oxidized CNTs was
investigated. With respect to electrochemical characterizations, we focused on the
electrochemical oxidation activity and stability/degradation behavior at a high anodic
potential. These findings are valuable for the research and application of MWCNTSs in

energy storage and conversion technology.
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4.2 Experimental

4.2.1 Sample preparation

MWCNTs (Baytube, Bayer MaterialScience AG, Germany) were purified with mild wet-
oxidation. Mild conditions were used to minimize structural damage of the MWCNTs
during the cleaning procedure [73]. The MWCNTs were treated in 3 M HNO; with
stirring under room temperature for 24 hours to remove metal(oxide) and carbon
impurities from the MWCNTs. The oxidized sample was thoroughly washed and filtrated
with deionized water until it achieved a neutral pH. To remove further amorphous carbon
and oxidation debris, the sample dispersed in ethanol was sonicated with a Titanium tip
sonicator (Bandolin sonopuls of 10% power, 5 cycles per second) for 3 hours.
Afterwards, the MWCNTs suspension was treated with 1 M NH4OH at 70 °C with
stirring for 2 hours, subsequently filtered, and subjected to soxhlet extraction with
deionized water twice in 24 hours and soxhlet extract with acetone for another 24 hours,
followed by drying in an oven at 110 °C for 24 hours. For the thermal oxidation of the
MWCNTs, the purified MWCNTSs were treated with 5% O,/Ar at 500 °C for 2 hours and

4 hours.

4.2.2 Physicochemical characterizations

The elemental compositions of MWCNT samples were examined by elemental analysis
on CHN/O analyzer (Elementar Vario EL) through high temperature combustion.

For the investigation of the morphological change of the MWCNTs by thermal oxidation,
scanning electron microscopy (SEM, Hitachi S4800 with cold field emission gun) was
operated at 1.5 kV with secondary electrons. High resolution transmission electron
microscopy (HR-TEM, Titan) was performed to examine the microstructure of the
MWCNT samples. The specific surface area of the MWCNT samples was determined
from N, adsorption-desorption at liquid nitrogen temperature using a Quantachrome
Autosorb-6B-MP sorptometer. Prior to the measurement, the MWCNT samples were
pretreated at 225 °C for 4 hours in He to remove moisture. The total surface area was

calculated using the BET equation.
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Raman spectroscopy (HORIBA Jobin Yvon spectrometer) was used to characterize the
structural order of the MWCNTs on vibrational mode. The measurement was conducted
using an excitation laser at 633 nm with 100x magnification.

Infrared spectroscopy at attenuated total reflection (ATR, company model) was carried
out to identify the functional groups formed on the tube wall of the MWCNT samples.
The spectra collected were equipped with a DTGS detector and a ZnSe crystal. A

collected spectrum was on average scanned 1024 times with a resolution of 4 cm™.

4.2.3 Thermal characterizations

Temperature-programmed desorption (TPD) was performed in a home-built setup
equipped with a gas chromatograph (Varian CP-4900 Micro-GC) and a mass
spectrometer (Pfeiffer Omnistar) for on-line product analysis. The experiment was
carried out at 100 °C in He at the flow rate of 25 ml per minute to evaporate water on the
MWCNT samples, and then the temperate was increased until 1100 °C at the heating rate
of 5 Kpm. The temperature was kept constant for 30 minutes before cooling down to
ambient temperature.

Temperature-programmed oxidation (TPO) was carried out with Netzsch STA 449C
Jupiter thermobalance for simultaneous thermal analysis, thermal gravimetric analysis-
differential scanning calorimetry (TGA-DSC). The measurement was conducted using a
100 ml per minute flow of 5 % O, in Ar. The weighted amount of the MWCNTs was
heated at 5 Kpm from room temperature to 1000 °C, and then held at that temperature for

10 minutes.

4.2.4 Electrochemical characterizations

All electrochemical measurements were conducted with a potentiostat/galvanostat
(BioLogic VSP, France) at room temperature. A conventional three-electrode system was
employed; a platinized Pt wire — as a counter electrode — and a standard calomel
electrode (SCE, Hg/HgCl,, 0.245 V versus SHE) as a reference electrode were used,
respectively. The working electrode was prepared on a glassy carbon with a thin film

coating method. A MWCNT ink with a concentration of 1.0 mg/ml was prepared by
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ultrasonically dispersing 5 mg of powder in 5 ml of solvent, which contained
isopropanol, water and 20 pl Nafion solution (5 wt.%, Aldrich). A 100 pul aliquot of the
MWCNT ink was pipetted onto the polished glassy carbon (8 mm in diameter) and dried
at 60 °C for 1 hour in air. The resulting carbon film loaded on the glassy carbon is 0.2 mg
of MWCNTSs per cm’.

The electrochemical activity of the MWCNTs was determined from the electron transfer
of simple redox system by measuring cyclic voltammetry in 5 mM K4Fe(CN)s + 1 M
KCI. To characterize further electrochemical performance of the MWCNTs samples,
cyclic voltammetry and linear sweep voltammetry were carried out in N, saturated 0.5 M
H,S0O4. The electrochemical oxidation stability of the MWCNT samples was determined
from the oxidation behavior at a high anodic potential in acidic media. For this
experiment, the oxidation current on the MWCNT electrode was recorded for 3 hours at
the fixed potential of 1.55 V versus SCE (1.8 V versus RHE). Electrochemical impedance
spectroscopy was performed in the potentiostatic mode with the amplitude of 5 mV. The
impedance before and after the electrochemical oxidation at an open circuit potential
(OCP) was measured in the frequency range from 500 kHz to 100 mHz with 10 points
per decade. It should be mentioned that the electrochemical experiments were reproduced

several times and the data shown are thought to be representative of typical results.
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4.3 Results and discussion

The onset of the weight loss and CO, produced on the purified MWCNTs (P-MWCNTs)
are at around 500 °C in 5 % O,/Ar from thermal gravimetric analysis (TGA) (Figure
S4.1). Therefore, the thermal oxidation of P-MWCNTs was carried out at 500 °C for 2 h
and 4 h. Samples are labeled as TO2h-MWCNTs and TO4h-MWCNTs. To monitor the
progress of thermal oxidative degradation of the MWCNTs, we have chosen these
oxidation conditions to avoid the fast combustion of the MWCNTs. Since the thermal
oxidation runs under the relatively mild-oxidative conditions, there was no prominent

mass loss of the MWCNTs after thermal oxidative treatment.

4.3.1 Physicochemical properties of the MWCNTs

Elemental analysis

The elemental compositions of the MWCNTs from elemental analysis are listed in Table
4.1. It shows that the total amount of carbon decreases with the time of thermal oxidation.
TO2h-MWCNTs show a slight decrease in carbon contents from the starting materials of
P-MWCNTs. However, the amount of carbon in TO4h-MWCNTs drops significantly.
After the thermal oxidation of the MWCNTs, the amounts of hydrogen are reduced from
0.54 % to approximately 0.3 %, and nitrogen content appears. It is thought that there is
the exchange of some C-H termination with C-O upon oxidation. Oxygen content was
calculated as a residual percentage. The total amount of oxygen in the MWCNT samples
increases with thermal oxidation. The change in the components of the MWCNTs by
thermal oxidation may be due to surface oxidation or incorporation of nitrogen and
oxygen within the carbon network of the MWCNTs. TO4h-MWCNTs contain
considerably less carbon (94.8 %) and more oxygen (4.79 %) content compared to other
MWCNT samples. It is generally accepted that significant oxidation happens at the
MWCNTs with the prolonged thermal oxidation.
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Table 4.1. CHN/O elemental analysis of thermally oxidized MWCNTs

Samples Treatment of MWCNTs Contents, wt.%
C H N O
P-MWCNTs purified by mild wet oxidation | 98.49 | 0.54 0 0.97

TO2h-MWCNTs | 500 °Cin 5% O, for2 hours | 97.85 | 0.33 | 0.01 | 1.81

TO4h- MWCNTs 500 °C in 5% O2 for 4 hours | 94.80 | 0.35 0.06 4.79

Microscopic analysis

SEM images in Figure 4.1 (a)-(c) show the overall morphology of the MWCNTs during
thermal oxidation. Bundles of MWCNTs are tangled and densely packed. P-MWCNTs
and TO2h-MWCNTs have smooth tube walls. However, it is observed that the tube walls
of TO4h-MWCNTs are broken, indicated by an arrow in Figure 4.1(c). Moreover, overall
tube bundles are rough and form segmented tubes by damaging the carbon structure.
Therefore, it is clear that the prolonged thermal oxidation induces large structural

changes of the MWCNTs.

Figure 4.1. SEM images of (a) purified MWCNTs, thermally oxidized for 2 h (b) and
4 h (c) MWCNTs.

TEM investigation provides a closer look at the nanostructure of the MWCNTSs. Lower
magnification TEM images (Figure 4.2 (a), (c¢) and (e)) show that P-MWCNTs and
TO2h-MWCNTs reveal smooth bundles of tubes, while TO4h-MWCNTs are rough and
have defective segments on tubes. Higher magnification TEM images (Figure 4.2 (b), (d)
and (f)) further confirm the morphological change of individual tubes by thermal
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oxidation. Despite several purification procedures by mild wet oxidation of the
MWCNTs, some pyrolytic/amorphous carbons are observed on the tube wall of P-
MWCNTs. TO2h-MWCNTs have well-defined tube surface without local defects and
relatively clean tube walls compared to P-MWCNTs. It could be inferred that the
amorphous carbon and impurities remained on P-MWCNTs were eliminated by initial
thermal oxidation [116].

In TO4h-MWCNTs, we found pit holes on the tube wall due to serious damage of
graphitic layers. The prolonged oxidation leads to the damages of the tube walls, and
initiates at some defects since it looks like holes in the walls. Interestingly, these defects
are not only confined at the top of the graphitic layers, but also combust deeper layers. It
is likely to cut the tube wall of the MWCNTs. Furthermore, we observed the presence of
clumpy amorphous carbon inside the tube on TO4h-MWCNT in Figure 2(f). It seems that
the opened MWCNTs may fill with the carbonaceous debris remaining after thermal
oxidation [118-120]. Probably, additional oxidation debris are produced inside the wall of
the MWCNTs via the pyrolysis of the gasified carbon species, and/or the amorphous
carbon deposits are intermediates of the CNTs combustion [113].

Some previous studies observed a thinning of the MWCNTs from gas phase oxidation
[115, 117, 121]. However, since as-received MWCNTs are inhomogeneous with various
diameter distributions, we have not found the visible thinning of tube walls in the

thermally oxidized MWCNTs.
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Figure 4.2. TEM images of purified MWCNTs (a, b), thermally oxidized for 2 h (c, d)
and for 4 h (e, f).

Based on microscopic investigations, the structural change of the MWCNTs during
thermal oxidative degradation is illustrated in Figure 4.3. Initial oxidation of the
MWCNTs purifies the tube walls by removing residual amorphous carbon on the surface.
Subsequently, further oxidation attacks to the graphitic layer and creates structural

defects by destroying the outer wall of the tubular structure. The pit holes formed by
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structural damage of the MWCNTs initiate successive gasification of graphitic walls and

could lead to the cutting of the MWCNTs.

. _ _ —
— 5% 0, in Ar 5% O, in Ar

E__ S
at500 °Cfor2h at 500 °C for 4 h

Figure 4.3. A schematic diagram for the thermal oxidative degradation of MWCNTs.

BET surface area

The surface area of the MWCNT samples, calculated using the BET method, is included
in Table 4.2. The specific surface area of the MWCNT samples slightly increases after
thermal oxidation for 2 h. Since there is no significant morphological change of
individual tubes in TO2h-MWCNTs, the slight increase of surface area could result from
the loosening of MWCNT entanglement and the opening of tube ends [116, 122]. The
surface area of TO4h-MWCNTs is over 3 times higher than one of the other MWCNT
samples. This is evidence of an increased number of defects caused by broken tubes
through prolonged thermal oxidation. It is therefore speculated that the structural
damages on the sidewall of nanotubes in TO4h-MWCNTs increase the specific surface

area of the MWCNTs.

Table 4.2. BET surface area and Ip/Ig intensity ratio from Raman spectra of the MWCNT

samples.

BET area (m*/g) | Raman (I /1)

P-MWCNT 226 2.44
TO2h-MWCNT 268 2.35
TO4h- MWCNT 899 2.78
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Raman spectroscopy

Raman spectroscopy captures structural changes in the MWCNTs by thermal oxidative
degradation. As shown in Figure 4.4, the Raman spectra of the MWCNT samples show
the two characteristic peaks: the D1 (“disorder,” “defect”) band centered at around 1320
cm” and the G (“graphite”) band around 1580 cm™. All spectra were normalized with
respect to the D1 band intensity for comparison purposes. Raman spectrum of TO2h-
MWCNTs is similar to that of P-MWCNTs. In contrast, the G band intensity of TO4h-
MWCNTs is much lower than for other MWCNT samples, suggesting less ordered
carbon. The second peak in the spectrum of TO4h-MWCNTs was clearly distinguishable
as a G band around 1580 cm™ and D2 band around 1620 cm™. The D2 band comes from
several graphene layers or small graphite domains on bulk graphite crystals, commonly
found in defective graphite [105]. It can be inferred that the prolonged thermal oxidation
of the MWCNTs induces the destruction of graphitic layer.

—— P-MWCNTs
—— TO2h-MWCNTs
—— TO4h-MWCNTs

Intensity (a.u.)

1000 1200 1400 1600 1800
Raman shift (cm'1)
Figure 4.4. Raman spectra of the MWCNTs samples with thermal oxidative treatment.

The spectra are normalized with respect to their intensity of D-band.

All Raman spectra of the MWCNTs samples was analyzed with four Lorentzian peaks at
around 1180 cm'l, 1320 ecm™, 1580 cm'l, and 1620 cm™ and a Gaussian peak at around
1500 cm™, which was proposed by Sadezky et al. [103]. The fitting of Raman spectra in
detail is presented in Figure S4.2(a). The ratio of relative intensities of the D1 and G
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bands (Ipi/Ig) can be used to evaluate the defect density of carbon materials. These
values, together with the BET surface area, are listed in Table 4.2. The Ip,/Ig ratio of
TO2h-MWCNTs is slightly less than one of P-MWCNTs. It is believed that graphitic
layers on a carbon surface are revealed by removing disordered amorphous carbon. This
is in good agreement with the microscopic investigation that TO2h-MWCNTs have
relatively clean tube walls without damaging the structure of tube wall. In contrast,
TO4h-MWCNTs exhibit the highest value for Ipi/Ig of 2.73. It is evident that more
defects and disordered carbons are produced from the prolonged thermal oxidation of the
MWCNTs.

Figure S4.2 (b) compares all peak areas of the thermally oxidized MWCNTs against P-
MWCNTs. Except for the D4 band, other disordered bands which are D1, D2 and D3
decrease after thermal oxidative treatment. The difference between P-MWCNTs and
TO4h-MWCNTs are clearly higher than with TO2h-MWCNTs, indicating the significant
change of carbon structure. The signal intensity at ~1500 cm™ between two high peaks,
which (designated D3) is attributed to amorphous carbon fraction. The peak area of the
D3 band is remarkably reduced with the thermal oxidation of MWCNTs. It is evident that
amorphous carbons are reduced on the MWCNTs by thermal oxidation. However, the
peak area of D4 band at ~1200 cm™ increases with a longer time period for thermal
oxidation. The D4 band originates from mixed sp2-sp3 bonding, or C-C and C=C
stretching vibration modes of a polyene-like structure [103, 123]. The increase of D4
band may explain the presence of functional groups on the MWCNTSs produced by

thermal oxidation.

Infrared spectroscopy

Infrared spectroscopy (IR) is a well-known qualitative technique for determining
chemical structure on a carbon surface. Figure 4.5 shows the IR spectra of the MWCNT
samples to identify which type of functional groups were formed on the MWCNTs by
thermal oxidation. It was observed that all spectra have several peaks in the range of
2800-2960 cm™ which has been assigned as C-H stretching. Since this band shows up in
all spectra without any change, it could be from hydrocarbon contamination during the

measurement [88].
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In the spectrum of P-MWCNT, there are two interesting bands; a distinct peak at 1547
cm” and a broad peak around 3260 cm™. The band at 1547 cm™ is from the graphitic
structure of the MWCNTs and/or assigned to the localization of C=C bonds and coupling
to C=0 modes [124]. The band at 3260 cm™ is identified with O-H stretching modes.
Small peaks between 1100 and 1300 cm™ are expected for C-O stretching vibration in
ethers, ester, alcohol, and phenol functional group[86].

After thermal oxidation for 2 h, the IR band for C-O stretching is enhanced, indicating
that initial thermal oxidation introduces some C-O groups to the end or the side of tube
walls. Moreover, an additional broad peak appears at around 3500 cm™. This broad band
is attributed to several different -OH containing groups. In the rage of 3100 ~ 3600 cm™
which is sensitive to hydrogen bonding, the low frequency around 3250 cm™ is identified
with O-H stretching from coupled carboxylic acid groups and the higher frequency
around 3500 cm™ from alcoholic or phenolic groups [88]. Therefore, the peak at 1720
cm” of P-MWCNTs and TO2h-MWCNTs could be identified with carboxylic acid

groups.
1550
TO4h-MWCNTs
< DN\
@ :
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Figure 4.5. Infrared spectra of the MWCNTSs samples with thermal oxidative treatment.
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For the spectrum of TO4h-MWCNTs, we could observe the intense peak for carboxylic
acid groups and the reduction of the band for C-O strength with the disappearance of the
broad peak at 3500 cm™. It is assumed that alcoholic hydroxyl groups are oxidized and
the functional groups for C=0 strength and C=C bond are strongly produced with further
thermal oxidation of the MWCNTs. We also found that the peak is shifted from 1547 cm”
"to 1550 cm™ with a strong increase in intensity. This could account for additional
defects on the carbon surface and the structural change of the MWCNTs [125].
Moreover, the broad band at a high frequency is downshifted, indicating a couple of
hydroxyl groups, consistent with an increase in their population [88]. Therefore, the IR
analysis proves that the prolonged thermal oxidation of MWCNTs creates defects via the
destruction of graphitic layers and leads to the abundance of oxygen-containing surface

groups formed on these defects.

4.3.2 Thermal behavior of the MWCNTs

Temperature programmed desorption

Temperature programmed desorption (TPD) of carbon materials provides information on
the decomposition stability of the chemical nature on a carbon surface. Figure 4.6(a)
shows the weight loss of the MWCNT samples under Ar. It can be seen that TO4h-
MWCNTs have noticeably larger weight loss than other MWCNT samples. A
temperature up to 150 °C corresponds to the evaporation of the adsorbed water. The
temperature range between 150 °C and 500 °C is related to the removal of functional
groups [126, 127]. It was observed that the weight loss of TO2h-MWCNTs is similar as
P-MWCNTs in this temperature range. This means that there is no obvious change in the
amount of surface functional groups during initial thermal oxidation of the MWCNTs for
2 h. The weight loss of TO4h-MWCNTs is approximately 2 % until 500 °C, indicative of
the hydrophilic character. The temperature higher than about 500 °C is attributed to
thermal decomposition of the disordered or amorphous carbon. The weight losses of the

MWCNTs samples above 500 °C increase with time for thermal oxidative treatment. In
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particular, the dramatic weight loss of TO4h-MWCNTSs makes it clear that the significant

amount of disordered carbon was created by the destruction of the graphitic structure.
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Figure 4.6. Temperature programmed desorption (TPD) of the MWCNT samples in inert
gas;(a) weight loss profiles and (b) CO,, CO, and H,O release profiles.

The volatile products decomposed from chemisorbed species at the carbon surface were
simultaneously detected by online mass spectrometer. Figure 4.6(b) presents the mass

profiles of CO,, CO and H,O as a function of temperature. The decomposition
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temperature of these species depends on the surface functional groups on the carbon
surface [12, 128, 129]. CO; peaks arise from the decomposition of carboxylic acid at a
low temperature (~350 °C) and from anhydride, lactones or lactols at higher temperature
(~600 °C). Since carboxylic groups are decomposed to anhydrides at a low temperature,
carboxylic anhydrides produce the CO; peak an equal amount of CO. A CO peak at high
temperature (~700 °C) is assigned to several types of surface oxygen groups, for
example, ethers, phenols, carbonyls and quinones.

According to the CO, profiles in the TPD of the MWCNT samples, CO, generating
groups on P-MWCNTs and TO2h-MWCNTs are quite different. The CO, complexes are
decomposed rapidly on the P-MWCNTs at near 350 °C. After thermal oxidation for 2 h,
the CO, peak is reduced at a low temperature and enhanced at a high temperature. This
indicates that TO2h-MWCNTs have higher thermal stable oxygenated species than P-
MWCNTs. Otake et al [130] reported that air oxidation of carbon leads to the
dehydration of adjacent carboxyl groups to a carboxylic anhydride. The existence of
water can be confirmed by the H,O profiles that the H,O evolved on TO2h-MWCNTs is
more than on P-MWCNTs in the low temperature regime. In addition, hydroxyl group
formed during this process could be supported by infrared analysis (Figure 4.5). Infrared
spectrum of TO2h-MWCNTs exhibits the additional broad peak at a high frequency,
which is identified with O-H stretching from alcoholic or phenolic groups.
TO4h-MWCNTs reveal much higher evolved CO; than other MWCNT samples. It is
apparent that prolonged thermal oxidation produces a larger amount of the functional
group. The CO, peak of TO4h-MWCNTs is relatively small at a low temperature and
large at a high temperature. As we have seen previously, TO4h-MWCNTs have more
defects than other MWCNTs samples due to the damage of graphitic layers on the
sidewall of the MWCNTs. It is likely that nonadjacent acidic oxygen complexes such as
carboxylic groups are formed on the edge carbon atoms on defects by further thermal
oxidation of the MWCNTs.

The CO profiles clearly explain that oxygen-containing functional groups increase with
time for thermal oxidative treatment of the MWCNTs. It can be seen that in TO4h-
MWCNTs, the amount of CO evolving is noticeably larger than in other MWCNT

samples. The broad CO peak indicates many kinds of surface functional groups. The
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temperature in the range where CO and CO, curves overlap originates from carboxylic
anhydride, which subsequently decomposes to equivalent amounts of CO and CO,. Close
examination of the CO profile of TO2h-MWCNTs reveals a main peak at around 700 °C
with the shoulder around 900 °C. These two peaks are ascribed to phenols and ethers at a
low temperature, and to carbonyl and quinones at a high temperature [128, 131]. TO4h-
MWCNTs have a prominent peak at 700 °C, which means a large amount of phenolic
groups were formed by prolonged thermal oxidation. Furthermore, the H,O profiles
support this examination. The evolution of H,O from TPD experiment originates from H-
bonded H,O associated with acidic oxygen complexes and from condensation of
neighboring phenolic species [132]. TO4h-MWCNTs have an appreciable amount of
water during TPD, indicating hydrophilic properties.

The total amounts of CO and CO, evolved from the MWCNTs samples obtained by
integration of the TPD spectra are presented in Table 4.3. The amount of CO in TO2h-
MWCNTs is less than P-MWCNTs, probably due to the conversion or dehydration of
some functional groups. However, since prolonged thermal oxidation induces the
substantial increase of the surface oxides on carbon surfaces, TO4h-MWCNTs have over
twice the amount of CO than the other MWCNTs samples. On the other hand, the amount
of CO; increases linearly with time for thermal oxidative treatment. The ratio of oxygen
can be obtained in the amount of CO to CO, evolution. After thermal oxidation, this
CO/CQO; ratio increases from initially 4 to about 9, suggesting less-acidic characteristics.
This indicates that the amount of strong acidic groups is relatively lower than hydroxyl
groups produced by thermal oxidative treatment. At the beginning of thermal oxidation
for 2 h, CO evolving complexes are mainly formed on the carbon surface. However,
further thermal oxidation produces an amount of CO, complexes together with CO

evolving complexes, thus the ratio is not significantly different [130].
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Table 4.3. Thermal properties of the MWCNT samples obtained from TPD and TPO

measurements (Figures 4.6 and 4.7).

TPD TPO-TGA TPO-DSC

Co. Heat 'of

mmol/ mi%f/g COICO, (T“g;‘ (TC) ng) OXfIa{t:’“’

& (kJ/mol)
P-MWCNTs 0.321 0.080 4.01 463 600 592 266
TO2h-MWCNTs | 0.642 0.071 9.04 453 593 589 259
TO4h-MWCNTs 1.747 0.180 9.71 451 609 598 246

Temperature programmed oxidation

Thermogravimetric analysis in an oxidative atmosphere, that is temperature programmed
oxidation (TPO), was used to investigate the oxidation stability of the MWCNT samples.
Figure 4.7(a) shows the differences in the oxidation behavior through the weight loss of
the MWCNT samples from TPO. According to overall curves, TO2h-MWCNTs resemble
closely the P-MWCNTs with the slight deterioration of the oxidation stability, while the
oxidation stability is enhanced in TO4h-MWCNTs. In general, the graphitized MWCNTs
with less active sites show high oxidation stability [73]. However, TO2h-MWCNTs
which have clean tubes due to selective thermal oxidation of amorphous/pyrolytic carbon
show slightly lower oxidation stability than P-MWCNTs. In our case, starting MWCNTs
were purified with several procedures. Subsequent thermal oxidation of the MWCNTSs
produces more surface oxides and opens the end of tubes from P-MWCNTs. Since these
surface functional groups are thermally unstable and the edges on the end of tubes are
more susceptible to thermal oxidative attack during TPO [117], it could result in low
oxidation stability of TO2h-MWCNTs. Interestingly, even though TO4h-MWCNTs have
many defects due to surface damage, as confirmed by previous morphological and
structural investigations, its thermal-oxidative stability is improved compared to other
MWCNTs samples. We looked closely at the initial weight loss of the MWCNTs (the
inset of Figure 4.7(a)). The first 5% weight loss of TO4h-MWCNTs is faster than that of

P-MWCNTs. This initial mass reduction results from the gasification of reactive surface
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oxides on the MWCNTs. Since elemental analysis showed that TO4h-MWCNTs process
a significant amount of oxygen, the gasification of an oxygen-rich carbon surface during
TPO may slow down the rate for thermal oxidation of the MWCNTs. Therefore, it seems
probable that the temperature increase on oxygen-rich TO4h-MWCNTSs accumulates
oxygen on the surface and forms an oxide barrier against further oxidation, which acts as
a passivation. This behavior could be also supported by differential-scanning calorimetry
(DSC), as shown in Figure 4.7(b). The DSC curve of TO4h-MWCNTs is broader than
one of the other MWCNTs at the range for low temperature before the significant
combustion of the MWCNTs. It may explain that the oxygen species is involved in initial
oxidation of TO4h-MWCNTs and affects slow thermal oxidation later.

The residue remaining after TPO of TO4h-MWCNTs was observed. Through TEM-EDX
analysis of this residue, it is confirmed that Co and Mn were metal catalysts used for
growing carbon nanotubes. This is an unexplainable behavior of the thermally oxidized
MWCNTs. The metal catalysts encaged in polyhedral graphitic particles might not be
removed completely by previous purification of mild-wet oxidation. These particles were
exposed and oxidized during thermal oxidative treatment and/or TPO measurement [124].
As the result, the mass was gained by the oxidation of remaining metal particles and was

observed as residual in the weight loss curve.
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Figure 4.7. Temperature-programmed oxidation (TPO) of MWCNT samples in 5%
O,/Ar ; (a) weight loss profiles and (b) differential scanning calorimetry (DSC) signals.
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Several comparative parameters were obtained from the weight loss curve to understand
the oxidation stability of the thermally oxidized MWCNTs, summarized in Table 4.3.
Onset temperature (Tonser) at which the weight loss begins is extrapolated in the range of
250 °C and 500 °C for initial oxidation of MWCNTs. The oxidation temperature (T o),
which is the peak of the derivative of the weight loss curve, indicates the point of greatest
rate of change. These values demonstrate that initial oxidation increases with the
treatment time for thermal oxidation on the MWCNTSs, but overall oxidation exhibits a
different trend. Tox of TO2h-MWCNT is lower whereas one of the TO4h-MWCNTs is
higher than P-MWCNTs. Moreover, a DSC curve recorded during TPO gives the
enthalpies associated with the thermal oxidation of the MWCNT samples. The position of
the peak maximum in the DSC curves (Tmax.psc), Which is the maximum rate of heat
evolution, exhibits a consistent trend with the oxidation temperature of the thermally
oxidized MWCNTs samples. The integral heat of oxidation of the MWCNTs calculated
from the DSC decreases slightly with time for thermal oxidative treatment. Therefore,
since the prolonged thermal oxidation of MWCNTSs produces an oxygen-rich surface, it

ironically results in low heat of oxidation and high oxidation stability.

4.3.3 Electrochemical behavior of the MWCNTs

With respect to the thermal oxidative degradation of MWCNTs, its effects for
electrochemical properties of the MWOCNTs were investigated with several

electrochemical measurements.

The effect of the electron transfer of Fe(CN) 63'/Fe(CN) ¢+ redox couple

The influence of the thermal oxidation of the MWCNTSs on their electron transfer
properties was probed by simple redox reaction of Fe(CN) s> /Fe(CN)¢* redox couple. In
Figure 4.8(a), cyclic voltammogram (CV) of the MWCNTs in K4Fe(CN)g solution shows
a reversible behavior of one electron transfer reaction. It can be seen that similar
voltammograms were obtained for P-MWCNTs and TO2h-MWCNTs. However, TO4h-
MWCNTs process higher background current, suggesting high capacitance. The
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difference between anodic and cathodic peak potential (AE,) is an indicative value for the
electron transfer (ET) kinetics, listed in Table 4.4. AE, increases with the thermal
oxidation of the MWCNTs, meaning that slow kinetics of electron transfer on the
MWCNT electrode. Actually, it was expected that the presence of functional groups and
defects on the carbon surface would enhance ET kinetics [61, 100]. However, in the
progress of thermal oxidative degradation of MWCNTs, the change of the carbon surface
gives the MWCNTs electrode slow ET kinetics. It could be that surface oxides formed by
the thermal oxidation do not contribute to electron transfer, and deteriorate the ET

kinetics on the MWCNT electrode.
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Figure 4.8. Electrochemical measurement of MWCNTs samples; cyclic voltammetry in
(a) 5 mM K4Fe(CN)s + 1 M KCIl, (b) 0.5 M H,SOy, scan rate : 50 mV/s, and (c¢) linear

sweep voltammetry in 0.5 M H,SOy, scan rate : 5 mV/s.
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Table 4.4. Electrochemical properties of the MWCNTSs samples obtained from Figure 4.8.

ET specific capacitance Tafel plot
kinetics Tafel exchange
AE, mF/cm® | uF /cmZBET slope b current density
(mV) (mV/dec) | -log jo(mA/cm?)
P-MWCNTs 71 0.1 0.23 234 7.1
TO2h-MWCNTs 76 0.5 0.85 245 6.1
TO4h-MWCNTs 83 6.8 3.80 308 3.9

Cyclic voltammetry in acidic media

Figure 4.8(b) shows the cyclic voltammetry (CV) of the MWCNT samples in 0.5 M
H,SO4. P-MWCNTs and TO2h-MWCNTs feature a rectangular-shaped curve, which
indicates a typical shape for electrochemical double layer capacitance. After the
prolonged thermal oxidation of the MWCNTs, a pair of broad peaks appears around 0.6 V,
and the specific capacitance increases significantly. It is widely accepted that the
oxidative treatment of a carbon material increases the electrochemical capacitance due to
an increase in the surface area and the generation of functional groups on the carbon

surface. The following reactions of surface functional groups could be considered a

contribution to electrochemical capacitance [6].

>C-OH — >C=0+H +e¢ (Eq. 4.5)
~COOH « —-COO+H +¢ (Eq. 4.6)
>C=0+e¢ & >C-O (Eq. 4.7)

In particular, the intensified redox peak originates from a surface redox reaction of the
oxygen-containing functional groups that are electrochemically active. Redox processes
of surface oxides on carbon are responsible for a pseudocapacitance. With consideration
for the carbon structures in TO4h-MWCNTs, the oxygen functional groups formed at the
exposed edges of the broken and rough tube wall may contribute to the redox reaction of

surface oxides. Thus, it is demonstrated that initial thermal oxidation of MWCNTSs
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enhances only double layer capacitance, and the prolonged thermal oxidation induces the
significant increase in double layer capacitance with the contribution of
pseudocapacitance. A value for the specific capacitance of the MWCNTSs was calculated
from CV by dividing the voltammetric current with the potential scan rate. These values
are presented against geometric area and BET surface area, respectively, in Table 4.4.
The specific capacitance of TO4h-MWCNTs is about 70 times and 16 times regarding

the geometric area and the surface area respectively higher than one of P-MWCNTs.

Linear sweep voltammetry in acidic media

Linear sweep voltammetry (LSV) was measured on the MWCNT samples at anodic
potentials, as shown in Figure 4.8. As the applied potential increases, electrochemical
oxidation of both carbon and water occur at the MWCNTs electrode. The electrochemical
oxidation activity of MWCNTs, which is monitored by the oxidation current, increases
with thermal oxidative treatment. It is clearly seen that the concentration of the functional

groups formed on the carbon surface is directly related to the electrochemical oxidation
.. o 2.3RT
activity. For a more quantitative assessment, Tafel slope (qu) and exchange current

density (a) were obtained from Tafel plot which is the linear relationship between the

potential and logarithm of the current. Tafel equation is following;

2.3RT .
E=a+ — logi (Eq. 4.8)

n

where R is the ideal gas constant, F is the Faraday constant, and T is absolute temperature.
These values are the kinetic parameters of an electrochemical reaction, listed in Table 4.4.
Tafel slope of all MWCNTs samples are getting higher as the time for thermal oxidative
treatment increases. The parameters determining the Tafel slope are transfer coefficient a
and electron number n. High Tafel slope has been attributed either to a potential drop in
the space charge region or to the accumulation of oxygen species on the electrode [93]. It
1s demonstrated that the reaction kinetics on the MWCNTSs, which means low transfer
coefficient in Tafel slope, is slower by thermal oxidation, as confirmed in redox response

of Fe(CN) ¢*/Fe(CN) ¢*. Moreover, it is reasonable to suppose that the presence of
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oxygen-containing surface functional groups acts as a barrier to the oxidation reaction on
the MWCNT electrode. Furthermore, the higher exchange current density indicates
higher oxidation activity. The value for the exchange current density on P-MWCNTs is
10”7 mA/cmz, whereas on TO4h-CNT leads about 10 mA/cmz, 3 orders of magnitude for

the rate for the reaction.

Electrochemical impedance spectroscopy of MWCNTs in acidic media

To determine all components of complex resistance, such as charge transfer resistance
and capacitance of the MWCNT electrode, electrochemical impedance spectroscopy (EIS)
was measured at open circuit potential (OCP) in which no current flows. Figure 4.9
displays impedance spectra in the form of a Nyquist plot.

A detailed interpretation of EIS requires the fitting of spectra with an appropriate
electrical equivalent circuit. Considering the electrode preparation and chemical
processes on the MWCNTs, we used the equivalent electrical circuit proposed by
Obradovic et al. [133], as shown in the inset of Figure 4.9. The equivalent electrical
circuit consists of three parts: first, cell resistance (R¢e) of the electrolyte and carbon
surface film; second, in series with a parallel combination of a contact resistance and
capacitance (R., CPE;) which represent the resistances between the carbon film and
glassy carbon electrode; and third, in series with the resistance from electrochemical
process at the electrolyte/carbon interface. The third part is our interesting point because
it contains double layer capacitance (CPEg) in parallel to pseudocapacitance (Cp) with
charge transfer resistance (R.). Instead of capacitance, the constant phase element (CPE),
which is a non-ideal capacitance with a roughness factor (o), was used for EIS fitting
because of a porous carbon film.

The results obtained from the fitting are summarized in Table 4.5. The factor for contact
resistance (R., CPE,) is not presented. The cell resistance decreases in TO2h-MWCNTs,
since initial surface oxides formed by the thermal oxidation are likely to allow a better
accessibility. The value of R decreases slightly in TO2h-MWCNTs and then increases
again in TO4h-MWCNTs, compared to P-MWCNTs. The thermal oxidative treatment
initially makes the surface of the MWCNTs hydrophilic, but further oxidation induces

surface oxides that prevent the flow of the electrolyte to the electrode. The value of CPEy
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increases linearly by thermal oxidative treatment of the MWCNTSs. The roughness factor
maintains around 0.8 without significant difference. The value for C, is tremendously
improved in TO4h-MWCNTs. In accordance with the findings of cyclic voltammogram
on TO4h-MWCNTs, it is evident that the surface oxides formed on a broken tube wall by
prolonged thermal oxidation contribute to the redox response of oxygen-containing
functional groups. The value of R is the lowest in TO2h-MWCNTs, and increases in
TO4h-MWCNTs about 5 times against TO2h-MWCNTs. This supports the fact that the

prolonged thermal oxidation of MWCNTs interferes with the charge transfer on

MWCNT electrodes.
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Figure 4.9. Electrochemical impedance spectroscopy (EIS); Nyquist plots of the
MWCNT samples at open circuit potential (OCP) in 0.5 M H,SO,. Inset figure is an

equivalent electrical circuit used for the fitting.

Table 4.5. EIS fitting values obtained from Figure 4.9.

1(15;. (u(F:lzg% y | CPEara | Cp(uF) (nljfi)

P-MWCNTs | 5.6 35 081 | 1088 | 4805
TO2h-MWCNTs | 4.8 171 077 | 3278 | 1681
TO4h-MWCNTs | 5.4 477 081 | 2341 | 1034




The stability of the electrochemical oxidation on MWCNTSs

The electrochemical oxidation stability of MWOCNTs was measured by
chronoamperommetry at a high anodic potential where the oxidation of carbon and water
can take place simultaneously, 1.8 V versus RHE in 0.5 M H,;SO4. Our previous study
reported on the electrochemical degradation of MWCNTs via the change of oxidation
current under the constant potential [134]. Initial oxidation current rapidly drops to a
steady state, and then increases slightly. Beyond this change of initial oxidation current,
the current decays again, and finally reaches a constant current that is close to zero.
Therefore, at the end of the electrochemical oxidation, the MWCNTs are stabilized due to
the formation of a passive oxide film. In this study, we investigated the effect of thermal
oxidative treatment on the MWCNTs for the electrochemical stability at high anodic
potential.

Figure 4.10 shows a current-time transient on the MWCNTs at a fixed potential of 1.8 V
versus RHE for 3 hours. The oxidation current transition on P-MWCNTs is the same as
the one found in previous investigations. Compared with P-MWCNTs,
chronoamperograms of TO2h-MWCNTs and TO4h-MWCNTs have no region for the
oxidation current increase and reach the last region of constant current after the current
decay. This indicates fast degradation of the thermally oxidized MWCNTs. Since the
thermally oxidized MWCNTs have relatively less amorphous carbon and more surface
oxides than the starting P-MWNCTs, these characteristics of the MWCNTSs have an
effect on their electrochemical oxidization. The degradation region/stage of the oxidation
current increase provides that initial surface oxides formed on carbon promote further
oxidation of gaseous products. The current decay of TO4h-MWCNTs is faster than
TO2h-MWCNTs. It is clear that more defective MWCNTs by prolonged thermal
oxidation have more reactive sites and induce fast degradation. On the other hand, this
result could be associated with the oxygen concentration on the MWCNTSs by thermal
oxidative treatment. In general, surface oxides are also formed on the carbon by the
electrochemical oxidation of MWCNTs. In the region of the oxidation current decay,
surface oxides start to cover the carbon surface, and block the electron transfer on the

MWCNT electrode. It seems that the pre-existence of oxygen on the carbon electrode
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accelerates the formation of the protective oxide layers on the MWCNT electrode and
interrupts further the electrochemical oxidation reaction. Therefore, it is conclusive that
the oxygen coverage on the carbon surface determines the stage of the electrochemical

degradation of MWCNTs.
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Figure 4.10. Chronoamperogram of the MWCNTs samples at 1.8 V versus RHE for 3

hours in 0.5 M HzSO4.

The electrochemical behavior of the MWCNT electrodes before and/or after the
electrochemical oxidation performed by chronoamperommetry at 1.8 V versus RHE for 3 h
was compared to supporting information, Figure S4.3 — S4.5. As we can see in Figure
4.10, the oxidation current of all MWCNT electrodes reached the last stage of the
electrochemical degradation, which is constant with a low value of the oxidation current.
In Figure S4.3, cyclic voltammetry of the Fe(CN) 6> /Fe(CN) ¢* redox couple shows a
significant increase of the capacitive current after the electrochemical oxidation of the
MWCNTs. The values of peak separation (AE,) in all MWCNTs later are larger than
initial MWCNTs, indicating slow ET kinetics. The relationship between peak current (ip)
values and the square root of scan rate is linear in the initial MWCNT electrodes.
However, after the electrochemical oxidation, its relationship is nonlinear. This indicates
that the electrode process on the MWCNTs after electrochemical oxidation is not only

limited by diffusion, but might be due to surface adsorption of reactants to the electrode
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[61]. Furthermore, The evidence suggests that the oxide barriers are formed on the carbon
surface by the electrochemical oxidation of the MWCNTs. Cyclic voltammetry in 0.5 M
H,SO4, on MWCNTs shows a considerable increase in the capacitance with the
intensified redox peak after electrochemical oxidation (Figure S4.4). Interestingly, cyclic
voltammograms of all MWCNT samples after the electrochemical oxidation have the
same features, despite different initial electrochemical properties of each MWCNT
sample. It is likely that there is no surface change by further electrochemical oxidation,
once the oxidation current reached a constant current. For better confirmation, the
impedance behavior of the MWCNTs samples before/after electrochemical oxidation was
analyzed with a Bode plot, shown in Figure S4.5. The impedance magnitude and phase
decrease at high- and intermediate-frequencies and are nearly vertical to the real axis at
low frequencies after the electrochemical oxidation of the MWCNTs. Moreover, it shows
that the plateau at low frequencies may result from a new process occurring on the
interface of electrode and electrolyte. It probably supports that surface oxides fully cover
the electrode and form an oxide barrier against further surface reaction. The impedance
spectra of all MWCNT samples show almost the same curves after the electrochemical
oxidation. As the results of cyclic voltammetry in acidic media, impedance spectra
support the view that the electrochemical state of the MWCNT electrode is the same after
the electrochemical oxidation in which the oxidation current is close to zero in the last
stage of chronoamperommetry. According to the results shown in the supporting
information, it is conclusive that regardless of the initial state of MWCNTs, the
electrochemical behavior of the fully degraded MWCNT electrodes shows the same high
capacitance and losses in the electrochemical activity due to the effect of inactive surface

oxide barriers on MWCNTs.
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4.4 Conclusion

We reported in this study how MWCNTs thermally degrade in oxidative environment.
MWCNTs were treated under an oxygen atmosphere at the temperature in which the
combustion of carbon takes place. Through the microscopic investigations of the
thermally oxidized MWCNTSs with time, we could elucidate the progress of thermal
oxidative degradation of the MWCNTs. Initial thermal oxidation of the MWCNTSs
induces a purification that reveals graphitic walls by removing pyrolytic/amorphous
carbon due to selective oxidation. The prolonged thermal oxidation damages the graphitic
layer and creates many structural defects. Especially, the MWCNTs in the prolonged
thermal oxidation show a significant change of their physicochemical properties; high
BET surface area, many defective sites, and large amounts of oxygen-containing
functional groups.

The thermal and electrochemical behavior of MWCNTs is strongly influenced by the
thermal oxidative degradation of MWCNTs. By means of thermal analysis in inert gas,
volatile compounds such as CO and CO, clearly confirmed the presence of surface
functional groups formed on MWCNTs during thermal oxidative treatment. In thermal
analysis in oxygen gas, compared to P-MWCNTs, the overall stability for thermal
oxidation is lower in TO2h-MWCNTs due to more reactive sites by opened ends of the
tubes, whereas is higher in TO4h-MWCNTs. It may be tentatively explained that the
oxide barriers were formed on the oxygen-rich carbon surfaces.

Based on electrochemical characterizations of the MWCNT samples, we could observe
the effect of thermal oxidative degradation in the electrochemical activity and stability of
the MWCNTs. Surface oxides formed by thermal oxidation do not contribute to electron
transfer on the electrode surface. Furthermore, the MWCNTs treated in the prolonged
thermal oxidation starkly show the largest capacitance, high electrochemical oxidation
activity and low stability. As the time for thermal oxidative treatment of the MWCNTs
increases, overall electrochemical oxidation activity at high anodic potential is enhanced,
but degrades faster — which means that the oxidation current drops and becomes constant
at a low value. This behavior is related to the oxygen concentration on the carbon surface

and many defects. It is therefore conclusive that the thermal oxidation of the MWCNTs
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determines the stage for the electrochemical oxidation. However, regardless of the
thermally oxidized MWCNTs, the complete electrochemical oxidation of the MWCNTs
which have passive oxide films on the electrode surface shows a limited increase in
electrochemical capacitance and high resistance.

These findings have profound implications for various applications of MWCNTs. In
particular, significant surface modification for essential nanotube materials is of great
interest for many electrochemical applications. For example, clean MWCNTs with the
opened end obtained using thermal oxidative treatment for a short time is a hydrophilic
surface; this could be preferable for a catalyst support to deposit metal(oxide) with better
dispersion. The MWCNTs with high surface area obtained from the prolonged thermal
oxidation have considerably high electrochemical capacitance, making them favorable for
supercapacitors and batteries. Tuning of the electrochemical or thermal properties of
MWCNTs by thermal oxidative treatment enlarges the feasibility of MWCNTs in a wide

range of potential applications in heterogeneous catalysis and electrochemical systems.
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4.5 Supporting information

Figure S4.1. Thermogravimetric analysis (TGA) of MWCNTs in 5% Os/Ar, 5 Kpm;
weight loss and mass of CO, produced of the purified MWCNTSs (P-MWCNTs).
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Figure S4.2. (a) The fitting of Raman spectra (b) Fitting values of thermally oxidized
MWCNTs compared to purified MWCNTs.
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Figure S4.3. Cyclic voltammetry (CV) of the MWCNTs before (dotted) and after (solid
line) electrochemical oxidation (at 1.8 V versus RHE for 3 h in H,SO4). CVs were
measured in 5 mM K4Fe(CN)g + 1 M KCI. at the scan rate of 50 mV/s. (a) P-MWCNTs,
(b) TO2h-MWCNTs and (c) TO4h-MWCNTs. (d) Anodic peak current of cyclic

voltammetry obtained with the MWCNTSs samples versus the square root of scan rate.
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Figure S4.4. Cyclic voltammetry of the MWCNTs before (dotted) and after (solid line)
electrochemical oxidation (at 1.8 V versus RHE for 3 hrs in 0.5 M H;SO4). CV was
measured in 0.5 M H,SOy at the scan rate of 50 mV/s.
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Figure S4.5. Bode plots of the MWCNTs samples before (closed) and after (open)
electrochemical oxidation at 1.8 V versus RHE for 3 hrs. Electrochemical impedance of

the MWCNTs electrodes was measured at open circuit potential (OCP) in 0.5 M H,SOq4

(a) P-MWCNTs, (b) TO2h-MWCNTs and (c) TO4h-MWCNTs.
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5 Conclusion and outlook

5.1 Conclusion

Carbon materials have widespread applications for efficient energy conversion and
storage. However, some applications in heterogeneous catalysis and electrocatalysis are
limited due to the degradation of carbon via its instability in oxidizing environments. This
thesis deals with the electrochemical and thermal oxidative degradation of multiwall
carbon nanotubes (MWCNTs). Each oxidation progress is associated with liquid-phase
and gas-phase reactants, respectively. The change of physicochemical and
electrochemical properties was investigated during these two types of degradations. In
this conclusion part, I compare the electrochemical and thermal oxidative degradation of
the MWCNTs and their effects on electrochemical behavior.

A similarity was found to exist in the morphological change induced electrochemical and
thermal oxidative degradation respectively. Initial oxidation of the MWCNTs purifies the
carbon surface by removing residual amorphous carbon due to selective oxidation.
Whereas prolonged oxidation attacks the exposed graphitic walls on the MWCNTs and
introduces many defects. The structural defects cause a significant change in
physicochemical properties of the MWCNTs. With respect to the prolonged oxidation of
MWCNTs, in the case of electrochemical degradation, passive oxides are formed on the
outer wall of the MWCNTs, so the inner graphitic layer beneath the defective layer is
protected from further oxidation. In contrast, thermal oxidative degradation breaks the
graphitic wall and forms pits on the tube wall. Furthermore inside the wall, carbonaceous
species formed by pyrolysis of the gasified carbon species were observed.

According to the structural order obtained from Raman spectroscopy, the MWCNTs are
less graphitic after electrochemical degradation, but there is only minor change in the
degree of disorder. However, the thermally oxidized MWCNTs show considerable
change in the structural order in accordance with the morphological change. The degree
of disorder in the MWCNTs is slightly lower with initial thermal oxidation due to the
purification of the MWCNTs, but the disorder is much higher with prolonged thermal

oxidation.
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Both degradations produce oxides on the carbon surface. The identification of surface
functional groups from infrared spectroscopy, the similarities and differences between
electrochemical- and thermal-degradation were clearly observed. The formation of
carbonyl (C=0) stretching in ketones, aldehydes, or carboxylic acid groups are
conspicuous in both oxidations. Moreover, we could confirm additional defects on the
carbon surface and the structural change of the MWCNTs through prolonged thermal or
electrochemical oxidations. The difference in the change in surface functional groups
between electrochemical and thermal oxidative degradation could come from a different
oxidant. In electrochemical degradation, the oxidant is water, whereas molecular oxygen
is responsible for oxidation in thermal oxidative degradation. In the case of
electrochemical oxidation, carboxylic groups are dominant with initial oxidation, and
then alcoholic and/or phenolic hydroxyl groups appear prominently with prolonged
oxidation. In contrast to this, thermal oxidation initially produces both carbonyl groups
and alcoholic hydroxyl groups. But carbonyl groups are dominant on the carbon surface
of the thermally oxidized MWCNTs in the prolonged oxidation. Hydroxyl groups are
likely oxidized and the formation of carbonyl groups increases with further thermal
oxidation of the MWCNTSs. The analysis of surface functional groups by temperature
programmed desorption (TPD) provides more information on the change in chemical
species during the thermal oxidation of the MWCNTs. The electrochemically oxidized
MWCNTs were not able to be analyzed with TPD, since the amount of the sample
obtained from the MWCNTs electrode is not sufficient for this measurement. Adjacent
carboxyl groups on the MWCNTs dehydrate to carboxylic anhydride in initial thermal
oxidation. It is clear that the amount of surface oxides on the MWCNTs significantly
increases during the prolonged thermal oxidation. Moreover, the thermally oxidized
MWCNTs show less acidic character than the purified one due to the effect of hydroxyl
groups involved in the thermal oxidation.

The effect of electrochemical and thermal oxidative degradation on electrochemical
behavior was discussed. Both degradations of the MWCNTs induce the increase in
specific capacitance of the MWCNTs and the growth of reversible surface oxides which
contribute to pseudocapacitance. The specific capacitance of the electrochemically

oxidized MWCNTs increases linearly with oxidation time until the oxygen covers the
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carbon surface completely. The full coverage of surface oxides on the MWCNTSs limits
the increase of the specific capacitance. However in thermal oxidative degradation, the
specific capacitance is associated with the surface area of the MWCNTSs. The loosening
of MWCNTSs entanglement in initial thermal oxidation leads to small increases in the
surface area and the specific capacitance of MWCNTs. The MWCNTs with a prolonged
thermal oxidation possess a higher surface area due to many structural defects caused by
broken tubes. Thus, a significant increase of the specific capacitance with the
contribution of reversible surface oxides is observed.

The electrochemical activity for the oxidation on the MWCNTs was measured by linear
sweep voltammetry recorded at high anodic potentials where the oxidation of water and
carbon occur simultaneously. During the electrochemical degradation of the MWCNTs,
the electrochemical activity of the MWCNTSs increases in the initial oxidation, but it
decreases in the prolonged oxidation. The fact that the MWCNTs in the initial oxidation
have a higher oxidation activity than pristine MWCNTs suggests that initial
electrochemical oxidation produces the surface functional groups that are
electrochemically active. In contrast, lower oxidation activity in the prolonged
electrochemical oxidation supports the formation of passive surface oxides which inhibits
further oxidation. The change in electron transfer (ET) kinetics for Fe(CN)63'/Fe(CN)62'
redox during the electrochemical degradation of the MWCNTs follows the same trend of
the electrochemical oxidation activity. However, the thermally oxidized MWCNTs
proportionally increase the electrochemical oxidation activity of MWCNTs during the
thermal oxidative degradation. However, the change of the carbon surface by the thermal

oxidation of MWCNTs permits slow ET kinetics.

Carbon oxidation is usually concerned with two pathways [1];

Carbon — gaseous products CO,

Carbon — surface oxide — gaseous product CO,

The progress of carbon degradation can be elucidated with these pathways based on the
above results of the change in physicochemical and electrochemical properties. The
progress of electrochemical oxidative degradation of the MWCNTs is associated with the

oxidation current transition. The MWCNTs are first activated by facilitating both
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pathways, and then passivated through full coverage of oxides on the carbon surface. The
progress of thermal oxidative degradation of the MWCNTs is provided by the weight loss
during temperature programmed oxidation (TPO). Initially, thermal oxidation is activated
by creating more reactive sites, indicated by lower thermal oxidative stability. With
prolonged oxidation, the thermal oxidative stability of the MWCNTs is higher than
pristine MWCNTs, likely caused by oxide barriers that may be formed on the oxygen-
rich carbon surfaces. Therefore, it is inferred that surface oxides produced by both
oxidations affect the degradation of MWCNTSs. The functional groups formed in the
initial oxidation promote the subsequent oxidation of carbon. However, the covered

surface oxides on the carbon in the prolonged oxidation inhibit further oxidation.

The effect of the thermally oxidized MWCNTs on the electrochemical oxidation stability
was examined using chronoamperommetry at a high anodic potential. The thermally
oxidized MWCNTs exclude the region for an initial current increase during the
electrochemical degradation, meaning that active sites could already be occupied by
oxygen. As the time period for thermal oxidative treatment of the MWCNTs increases,
the overall electrochemical oxidation activity at a high anodic potential also gets higher,
but it degrades faster — which means that the oxidation current decays and reaches the
steady-state at a low value. This behavior is related to the coverage of oxygen on the
carbon surface. Since the thermally oxidized MWCNTs in the prolonged oxidation
process a large amount of oxygen, the oxidation current reaches a limiting value much
faster than other MWCNT samples. Therefore, it is conclusive that the oxygen coverage
is one of the determining factors for the electrochemical degradation of carbon.
Furthermore, regardless of the initial state of the MWCNTs, once the electrochemical
oxidation of the MWCNTs is completed through the formation of a passive oxide film on
the electrode surface, the MWCNTSs show similar electrochemical behavior. There is no
further increase of specific capacitance and resistance. Moreover, the MWCNTs
electrode 1s deprived of the electrochemical activity. Therefore, we could speculate that

the surface oxides fully covered on the carbon are inactive for further reactions.
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The results presented in this thesis unveil the degradation of carbon materials under
electrochemically and thermally oxidative conditions. The change in physicochemical
properties during carbon oxidation makes it possible to control its properties for suitable
applications. Therefore, tuning the electrochemical or thermal properties of MWCNTs by
oxidative treatment enhances the feasibility of MWCNTs in a wide range of
electrochemical applications. Furthermore, this research shows the possibility of using
carbon-based materials for applications involving oxygen. This work presents a
foundational understanding of degradation in electrochemical systems, which is relevant

to applications, such as water electrolysis, fuel cells and metal-air batteries.
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5.2 Outlook

This research has the potential to provide the foundation for interesting future projects.

Suggested follow-up investigations are listed below.

1. Gaseous products analysis during the electrochemical oxidation of carbon
materials at high anodic potential will provide further understanding of carbon
degradation. The oxidation of carbon at a high anodic potential involves both an
O, and a CO, evolution reaction. The dominant reaction during the carbon
degradation can be determined by monitoring gaseous products using online
electrochemical mass spectroscopy. This approach can distinguish water and
carbon oxidation on the carbon electrode, and further test the applicability of

carbon-based materials for oxygen evolution reaction in water electrolysis.

2. The treatment of carbon materials affects the electrochemical properties of carbon,
as the effect of the thermal oxidation for electrochemical activity and stability
was demonstrated in chapter 4. More information is presented in Appendix 1. We
could consider the electrochemical behavior of the carbon materials which are
modified by various treatments, such as chemical and thermal treatments. It is
possible to study the relationship between the physicochemical and
electrochemical properties of carbon. Furthermore, this approach to
electrochemical stability could clarify the determining factors for the

electrochemical degradation of carbon.

3. During the oxidative degradation of carbon, many kinds of surface oxides are
introduced onto the carbon surface. These surface oxides could provide anchoring
sites to deposit metal and/or metal oxide on carbon. Subsequently, we could
synthesize a carbon-supported catalyst using the multiwall carbon nanotubes
(MWCNTs) modified by the electrochemical and/or thermal oxidative treatment.
It would be an interesting to compare the impact of active- and passive-surface

oxides for carbon supported catalysts. The instinct properties of the MWCNTs as
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a catalyst support could affect the activity and stability of carbon supported

catalysts for electrocatalytic applications.

Based on an informed understanding of the electrochemical degradation of
carbon, we could speculate on the performance of a carbon-based catalyst at a
high anodic potential, as this is the condition for oxygen evolution reaction (OER)
in water electrolysis. Further study should also include the electrochemical
performance of metal/metal oxide supported on carbon for OER. Ir in acidic
media and transition metals, such as Ni and Co in alkaline media, are attractive

elements for this approach.
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Appendix 1 Influence of the purification of carbon nanotubes on

their electrochemical stability at high anodic potential

As-received carbon nanotubes (CNTs) require a purification procedure in order to
remove carbonaceous impurities and residual metal catalyst. Several purification methods
of CNTs have been reported. However, the treatment of CNTs influences the chemical
and physical properties of the purified CNTs. It may damage carbon structure with
creating defects and/or functionalize oxygen-containing groups. In this study, the
purification of CNTs and its effect for the electrochemical behavior at high anodic

potentials were investigated.

Al.1 Air oxidation and annealing

Air oxidation removes carbonaceous impurities by means of the different oxidation rate
of amorphous and graphitic carbon. Annealing of CNTs reduces the surface oxide and
rearranges carbon structure. Table Al.1 listed the treatment procedure of CNTs for air

oxidation and annealing.

Table A1.1. Sample notation and details of corresponding treatment procedures.

Sample Treatment/Purification

Pristine CNTs Pristine CNTs_As received

AO-CNTs oxidation at 400 °C for 12 hrs under Air

oxidation at 400 °C for 12 hrs under Air
+ heat treated at 1700 °C for 1.5 hrs under N2

AO-HT-CNTs

Figure A1.1 shows cyclic voltammetry (CV) of the MWCNTs samples. P-CNTs show a
typical curve for double layer capacitance of carbon. After air oxidation, the capacitance
of AO-CNTs increases significantly and a redox peak of surface oxide appears. Further

treatment of the annealing process under an inert atmosphere, such as nitrogen, removes
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the surface functionalities and rearranges graphitic carbon structures. Therefore, CV of

AO-HT-CNTs exhibits the decrease of electrochemical capacitance.
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Figure Al.1. Cyclic voltammetry of the CNTs samples in 0.5 M H,SOs4,
Scan rate: 50 mV/s.

The stability of electrochemical oxidation on the CNTs samples was carried out by
potential cycling up to 1.8 V versus RHE. As the number of potential cycling increase,
the oxidation current of the CNTs decreases, indicating the degradation of the CNTs.
Figure Al1.2 (a) shows the change of CV on the CNTs before and after 30 scans of
potential cycling. Even though the capacitance of P-CNTs is lower than AO-CNTs, the
oxidation current at high anodic potential is higher. Probably, residual metal catalyst on
P-CNTs catalyzes the oxidation. The oxidation current above 1.2 V of P-CNTs and AO-
CNTs is lower than the initial current after potential cycling. However the oxidation
current below 1.2 V increases. It is evident that surface functional groups formed during
potential cycling contribute to an increase of capacitance. On the other hand, the CV
curves of AO-HT-CNTs show no obvious change. The oxidation current of AO-HT-
CNTs slightly increases with potential cycling at high anodic potential. AO-HT-CNTs
that are the graphitized CNTs have fewer defects than other samples, thus the initial
oxidation activity is lower, whereas the stability is higher than the other CNTs samples.

During the potential cycling on AO-HT-CNTs, the carbon surface may be activated by
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producing surface oxides and defects, and thus induces the increase of the oxidation
current after the electrochemical oxidation of CNTSs. Therefore, it is conclusive that the

annealing of CNTs improves the stability of electrochemical oxidation.
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Figure A1.2. (a) Potential cycling for the oxidation stability of the MWCNTs samples in
0.5 M H,SOy4. Scan rate: 50 mV/s. A solid line is initial scan and a dotted line is 31 scan.
(b) The variation of the current at 1.2 V, 1.5 V and 1.8 V obtained from the potential
cycling.
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A1.2 Chemical oxidation and purification

CNT treatment with nitric acid is a common method to remove metal(oxide) and carbon
impurities, and subsequently functionalizes the carbon surface. The formation of
functional groups on the CNTs is dependent on the concentration of nitric acid and
temperature. In this part, the different concentration of nitric acid and temperature were
considered to treat the CNTs. Furthermore, additional purification methods were applied
after nitric acid treatment. Base washing and sonication steps dissolve further oxidation
debris and decompose into organic frames. Labeling assignments and treatment

procedures are listed in Table A1.2.

Table A1.2. Sample notation and details of corresponding treatment procedures.

Sample Treatment/Purification

CNA110-CNTs treated in 65% Nitric acid at 110 °C for 16 hrs

treated in 65% Nitric acid at 110 °C for 16 hrs
+ purification (NH4OH& Sonication)

CNA110-P-CNTs

CNART-CNTs treated in 65% Nitric acid at room temperature for 16 hrs

treated in 65% Nitric acid at room temperature for 16 hrs
CNART-P-CNTs
+ purification (NH4OH & Sonication)

IMNART-CNTs treated in 1M Nitric acid at room temperature for 16 hrs

treated in 1M Nitric acid at room temperature for 16 hrs
IMNART-P-CNTs
+ purification (NH4OH & Sonication)

As shown in Figure A1.3, the CV of CNA110-CNTs indicates the largest capacitance of
the CNTs samples. The CNTs treated in concentrated nitric acid at high temperature
produce more functional groups on the surface. The CNTs treated at room temperature do
not increase total capacitance, but high concentration of nitric acid arouses a redox peak
that result from electrochemically active surface oxides. Thus, it could be inferred that

the concentration of nitric acid affects the formation of surface oxides that contribute to
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pseudocapacitance. The effect of a further purification step was clearly observed in CV of
the CNT samples. The CNTs treated in nitric acid have a redox current peak around 0.6
V. However, after a further purification step of the CNTs, the peak is reduced which
means the removal of functional groups on the carbon surface. It is interesting that the
CV contributed by double layer capacitance has no change, only pseudocapacitance is
affected. The CNT treated in low temperature and concentration (IMNART-CNTs) has
no carbon redox current peak. Mild conditions of cleaning procedures minimize structural

damage of the CNTs.
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Figure A1.3. Cyclic voltammetry of the MWCNTs samples in 0.5 M H,SO,.
Scan rate: 50 mV/s

Figure Al.4 shows the variation of the oxidation current on the CNTs samples during
potential cycling. The oxidation activity of IMNART-CNTs is higher than one of the
other CNTs samples. The CNTs treated in high concentration of nitric acid (CNA100-
CNTs and CNART-CNTs) degrade faster at high anodic potential. Moreover, even
though there are some different features on CV with and without the further purification
step, the oxidation behavior at high anodic potential is the same. There is no effect of
more redox surface oxide species on the surface at high anodic potential. On the contrary,
IMNART-CNTs have no difference in CV with and without further purification step but
show higher oxidation current than IMNART-P-CNTs. Through these results, high
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concentration of nitric acid induces structural defects on the CNTs. The functional groups
formed on these defects contribute to redox surface oxides, but leads to less oxidation
stability and activity at high anodic potential. The CNTs treated in mild conditions
(IMNART-P-CNTs) are more conductive at high anodic potential, and show good

oxidation stability due to fewer defects on the surface.
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Figure A1.4. The variation of current at 1.2 V, 1.5 V and 1.8 V obtained from potential
cycling scan for the oxidation stability of the MWCNTs samples in 0.5 M H,SOs. Scan
rate: 50 mV/s.
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A1.3 The effect of boron modified CNTs

Besides the purification of CNTs, this part deals with heteroatoms with CNTs. The
modification with heteroatoms, such as nitrogen, boron and phosphorous, can affect their
properties such as pH, catalytic activity, conductivity and their crystallinity. 5 wt.% boron
modified CNTs were prepared by nitric acid treatment and further modified with H;BO3

solution.

Table A1.3. Sample notation and details of corresponding treatment procedures.

Sample Treatment/Purification

P-CNTs Pristine CNTs_As received

B-CNTs Nitric acid treatment + impregnation of B(OH),
+ heat treatment at 1500 °C for 4 h under Ar

There is no change of the capacitance with and without boron modification of the CNTs,

as shown in Figure A1.5.
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e
O
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Figure A1.5. Cyclic voltammetry of the MWCNTs samples in 0.5 M H,SO,.

Scan rate: 50 mV/s

Interestingly, the oxidation current of B-CNTs is much lower than P-CNTs, despite no
difference in the potential range for the capacitance. It could be that boron containing

functional groups inhibit the oxidation of carbon and water at high anodic potential.
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Furthermore, B-CNTs reach constant CV curves after 1 scan of potential cycling. The
change of the capacitance on B-CNTs during the carbon oxidation is much less compared
to P-CNTs. Therefore, boron oxide is likely to act as an inhibitor for the electrochemical

oxidation of carbon.
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Figure A1.6. Potential cycling for the oxidation stability of the MWCNTs samples in 0.5

M H;S0Oq. Scan rate: 50 mV/s. Solid line is initial scan curve and dotted line is during the

scan. Inset figure 1s the magnification of the overall curves.
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Appendix 2 The effect of pH media for -electrochemical

degradation of carbon materials

Herein, the electrochemical behavior of multiwall carbon nanotubes (MWCNTSs) and
carbon black (CB) with different pH media were compared. For different pH media, 0.5
M H2S04 for acidic media (pH 1, 23 mS/cm), 0.1 M phosphate buffer for neutral media
(pH 7, 2 mS/cm) and 0.1 M KOH for neutral media (pH 13, 24 mS/cm) were used.

The MWCNTs have high electrochemical capacitance compared to CB because of high
surface area. The difference of the electrochemical behavior between CB and MWCNTs
is higher in neutral media. Figure A2.1 shows the typical CV curves for the capacitance
with different pH media. In the CV of MWCNTs in neutral media, the cathodic current
peak is undefined, probably comes from the effect of phosphate ion. The relative value of

capacitance from CVs increase as the pH of the electrolyte is higher.
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Figure A2.1. Cyclic voltammetry of carbon black (CB) and multiwall carbon nanotubes
(MWCNTs) in (a) 0.5 M H,SOq4 (pH 1), (b) 0.1 M phosphate buffer (pH 7) and (¢) 0.1 M
KOH (pH 13), Scan rate: 50 mV/s.

Linear sweep voltammetry (LSV) at high anodic potential represents the activity of
electrochemical oxidation of carbon materials. In contrast with the trend of CVs, the
electrochemical activity of carbon is the highest in acidic media, and lowest in neutral
media. Low activity in neutral media could result from low solution conductivity
compared to other electrolytes. The MWCNTSs show higher activity than CB due to high

surface area and more active sites.
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Figure A2.2. Linear sweep voltammetry of carbon black (CB) and multiwall carbon
nanotubes (MWCNTs) in (a) 0.5 M H,SO4 (pH 1), (b) 0.1 M phosphate buffer (pH 7) and
(c) 0.1 M KOH (pH 13), Scan rate: 10 mV/s.

Complex resistance of the MWCNTs with different pH media was measured by
electrochemical impedance spectroscopy. Figure A2.3 (a-c) show the Nyquist plots of the
MWCNTs with different applied potential. Total resistance of the MWCNTs decreases as
the applied potential increases. Semicircle appears when the gas evolution occurs on the
electrode with mass transfer. The impedance spectra at open circuit potential was fitted
with the equivalent electrical circuit in Figure A2.3(d). The equivalent electrical circuit
consist cell resistance (Rce) of the electrolyte and carbon surface film, contact resistance
and capacitance (R, CPE;) between the carbon film and glassy carbon electrode, and the
resistances from electrochemical process at the electrolyte/carbon interface containing
double layer capacitance (CPEg4) pseudocapacitance (C,) and charge transfer resistance
(Ret). The factor for contact resistance is not presented. The results obtained from the
fitting are summarized in Table A2.1. The highest value of R and Rct in neutral media
comes from low solution conductivity. CPE4 and Cp increase with pH media. This is in a

good agreement with the trend of CV. Roughness factor (o) indicates a porous electrode.
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Figure A2.3. Nyquist plots of MWCNTs with different applied potentials in (a) 0.5 M
H,SO4 (pH 1), (b) 0.1 M phosphate buffer (pH 7) and (c) 0.1 M KOH (pH 13). (d)

equivalent electrical circuit for EIS fitting.

Table A2.1. Impedance spectra fitting values obtained from Figure A2.3.

At OCP acidic neutral alkaline
R (Q) 5.17 99.15 51.46
CPE -A

% 83.3 107.6 831

10 F .s"(a-1)

CPE -a 0.74 0.88 0.87
C, (uF) 9.46 11.76 14.22
R, () 76.95 705.8 300
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Figure A2.4. show that the electrochemical oxidation behavior of CB and MWCNTs at
high anodic potential with different pH media.
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Figure A2.4. Chronoamperommetry of CB and MWCNTat 1.8 V versus RHE in (a) 0.5

M H,SO4 (pH 1), (b) 0.1 M phosphate buffer (pH 7) and (c) 0.1 M KOH (pH 13).
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Carrying Poison

My breast has long been full of poison,
newly drawn poison that so far has harmed nobody.

A friend tells me I should pour away that dreadful poison.
I threaten: that poison might suddenly harm even my friend.

Even if our lives are not full of poison, very soon you and I will have gone for good,

then a trillion generations will flow away in silence,
ultimately the earth will wear away to a grain of sand.
Such things are all vanity! Why be full of poison?

Ah! Was there one single day that I spent without resenting

having been born in this world? All vanity, I say.

Before and behind me, wolves, coyotes rush for my heart.
My destiny is to be eaten alive by beasts, to be torn apart,

clawed.

Full of poison still, I will readily go,
to save my soul on the last day of my life.

Kim Yeong-Nang
(1903-1950)
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