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ABSTRACT

Electric Double Layer Capacitors (EDLCs), or electrochemical capacitors, store electric
charge in the ionic layer that forms at the interface between an electrolyte and an immersed
electrode. Charge storage in EDLC can be maximized by classical ways through increasing
surface area of the porous electrode material, an approach of limited efficiency and eventually
leads to electrode failure. An alternative modern approach involves using new material with
defined and controllable pore structure for optimum electrolyte uptake. Among such materials,
Single-walled Carbon Nanotubes (SWCNTs) stand as promising candidate material due to their
superior electric conductivity and mechanical strength, defined and controllable morphology,
and high theoretical surface area. But, the capacitance performance of SWCNTs realized in
practice did not seem to reflect the theoretically anticipated performance. However, SWCNT
samples investigated had low quality and purity, and wide diameter distribution, all leading to
electrochemical performance that would significantly deviated from theory. This study
investigated a new class of SWCNTs of high crystallinity and narrow diameter distribution as
electrode material for EDLC. The study revealed unprecedented electrochemical features
influenced by SWCNT fundamental characteristics in addition to their surface morphology.

In Chapter 2, the electrochemical behavior of SWCNTs as EDLC electrode was
investigated by cyclic voltammetry (CV). It was revealed for the first time that the cyclic
voltammogram of SWCNTs does not resemble the classical rectangular shape obtained with
other carbon materials, nor does it resemble the often reported “butterfly” shape. Instead, the
voltammogram had a “dumbbell-like” shape with large steps on both sides of a region of

minimum capacitance in the middle, referred to as the “dumbbell grip”. By using SWCNT




samples separated into metallic and semiconducting tubes, and employing different aqueous and
organic electrolyte solutions, It was confirmed that the width of the dumbbell grip is an intrinsic
feature that reflects the electronic density of states (DOS) of SWCNTSs, and correlates with the
tube chirality and diameter irrespective of the electrolyte medium used.

In Chapter 3, ion adsorption on the outer and inner surfaces of SWCNTs was addressed.
CV measurements were performed on closed-end and open-end SWCNTs at different scan rates,
and in different aqueous and organic electrolytes. It was shown that, within the parameters
tested, the outer surface of the tubes demonstrated the behavior of a flat electrode with little
dependence on the potential scan rate, compared to the inner surface that acts as a porous
electrode showing ohmic drop and distorted voltammogram at high scan rates. Mathematical
analysis was used to quantify the increase in electrode resistance due to ion adsorption inside
the tubes, the magnitude of which was dependent on the type of electrolyte medium.

Chapter 4 combined electrochemical measurements with in situ Raman spectroscopy to
follow changes in charge carrier in the potential region of the dumbbell voltammogram. Sharp
spectroscopic changes were observed on the spectra of metallic SWCNTs, and coincided with
the two steps of dumbbell voltammogram, and correlate with the electronic band gap of
semiconducting SWCNTs. Also the results of closed-end are compared with those of open-end
SWCNTs, and show that spectroscopic changes with applied potential depend on the joined
influence of electronic and surface structure of SWCNTs.

Finally, in Chapter 5, the electronic properties of SWCNTs were manipulated by doping with
nitrogen. It was demonstrated the changes in electrochemical behavior of SWCNTs as EDLC
electrode material, and reveal an enhancement in the ion adsorption kinetics and capacitance at
high scan rate due to the improvement in electrode conductivity. In addition, an unusual increase

in the capacitance of nitrogen-doped SWCNTs with charge-discharge cycling is revealed.
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CHAPTER 1

Introduction

1.1.Electric double layer capacitor: background

Electric double-layer capacitors (EDLCs) are electrochemical systems that are used as
energy storage devices. Scientifically, the expression EDLC is used to describe the
accumulation of charge on the interface of a charged electrode and a surrounding electrolyte.
While a classical dielectric capacitor consists of two parallel surfaces where accumulation of
two opposite charges occurs as the results of applied electric potential, an EDLC consists of one
“real” surface of electronically conducting material (metal, semiconductor, carbon material) and
a second “virtual” surface that is the inner interfacial limit of the conducting electrolyte solution
phase. The double layer distribution of charges is established across this interfacial region.'
Classically, this region was considered to be composed of a compact layer having the
dimensions of about 0.5 to 0.6 nm, corresponding to the diameters of the solvent molecules and
ions that occupy it, and a wider region of thermally distributed ions over 1 to 100 nm,
depending on the ionic concentration. Recent observations of electrochemical behavior of
nanoporous EDLC electrodes * lead to a modified perception of the composition of the double
layer on the electrode surface, which incorporated the length scale of the space available for ion
adsorption, as will be explained later in more detail.

EDLC in its simplest configuration consists of two electrodes immersed into
electrolyte and separated by an ion-conducting but electron-insulating membrane. Upon the
application of a potential to one of the electrodes the ions of the opposite sign travel from the
bulk of the electrolyte and accumulate on its surface in a quantity proportional to the applied
voltage, forming a so-called electrical double layer. This double layer consists of an electrical
space charge from the electrode side and an ion space charge from the electrolyte side.'

The magnitude of electric potential applied to the EDLC electrode lies within a range called
the stability window, inside which the applied potential causes the ionic species of the

electrolytes to adsorb on the surface of the electrode, but not react with the electrode material.



Therefore, the charge storage mechanism in pure EDLC is physical and non- Faradaic, which
means that during charging and discharging of this device no charge transfer takes place across
the electrode/electrolyte interface and the energy storage is electrostatic in nature.

Apart from electrostatic ion adsorption, electrode materials with chemical groups on their
surfaces may additionally exhibit chemical interactions with selected electrolytes, which involve
fast and often reversible charge-transfer reactions between the carbon surface and the electrolyte
ions, hence storing energy charge by the Faradaic charge transfer mechanism giving rise to the
so called pseudo-capacitance. A capacitor combining both the double layer and
pseudo-capacitance is given the general term “supercapacitor”.

Since physical charge storage remains the dominant mechanism in EDLCs, they are capable
of fast delivery of stored charge without any limitation caused by the electrochemical kinetics
found in batteries. They are therefore characterized by very high power density and long cycle
life, which makes them particularly useful for high power applications. In applications that
require high energy and high power delivery, EDLCs can be used to complement the lithium ion
rechargeable batteries, which provide high energy density but low power density. On the other
hand, the major drawback of EDLCs is their lower energy density, which is bound by the
available surface area for ion adsorption, resulting in less energy stored per unit mass compared
to that of rechargeable batteries.

The energy density of an EDLC is determined by the capacitance of positive and negative
electrodes and the maximum voltage, at which the device can be operated:

EEDLC — (&) (VEDLC (1.1)
C_+Cy

To maximize the energy of an EDLC the capacitance of both electrodes should be the same.
In this case:

FEDLC _ % C(v EPLey? (1.2)

The maximum voltage is generally determined by the stability window (from the lowest
stable potential Vy,, to the highest stable potential Vi) of the selected electrolyte. Impurities
and functional groups on the electrode may catalyze electrolyte decomposition and increase

stable Vo, or decrease Viig, thus lowering EDLC maximum voltage and energy density.



Increasing the low energy density of EDLC has been the focus of many research efforts over
the past few decades, because higher energy density is a crucial requirement for expanding the
application possibilities of EDLC to a wider range, and employing them in more advanced
applications like electrical vehicles as high power, next generation replacements for
rechargeable batteries. Achieving high energy storage in EDLCs necessitates the development
of an electrode material that exhibits high electrochemical and temperature stability, as well as
high accessibility for the electrolyte ions. Porous carbon materials are the most common EDLC
electrode materials, with high conductivity, and a porous structure that offers the surface
required for the formation of the double layer of adsorbed ions. The highest possible ion
accessibility into the porous structure of the electrode can be realized in two different ways. The
first is to maximize ion accessibility by increasing the specific surface area of electrode
materials in EDLCs. However, the effectiveness of this approach is limited. A typical example
of such limitation is seen with activated carbon that has a high surface area compared to other
materials, and is being the most commonly used electrode material in commercial EDLCs. With
the increase in its surface area, activated carbon was shown to exhibit a reduction in both
stability and conductivity, which in turn resulted in deterioration in the electrode capacitance.’

The second approach is to design the pore structure of the electrode material for optimum
electrolyte uptake, which requires precise knowledge of the specific ion—pore size relationship.
For this purpose, materials with well-defined and controllable pore structure have proved to be
promising for energy storage purposes, and also in terms of utilizing their predefined structure
to identify the precise ion adsorption behavior in relation to the pore structure. *"'

Below a summary is given about the models proposed in literature to describe the structure
of the double layer on the electrode surface, and the evolution of those models with new insight

on EDLC behavior in constraint porous space.

1.2. Formation of the double layer: electrolyte—electrode interactions

1.2.1. Helmholtz model

The Helmholtz model was the first type of model proposed used to understand the

energy-storage mechanism in terms of the structure of the double layer at an



electrode/electrolyte interface. The model is analogous to that in a solid-state capacitor—i.e.,
two layers of charge of opposite sign are separated by a fixed distance. In this case, one may
assume electrons in the electrode and positive ions in solution. Such structure is equivalent to a
parallel-plate capacitor (Figure 1.1a), and has the following relation between the stored charge

density (Q) and the voltage drop (V) between the plates:

e, (1.3)
Q=—V

where ¢ is the dielectric constant of the medium, g, is the permittivity of free space, and d is the

interplate spacing. The differential capacitance is therefore:

0 _,_s a4
av d
leading to
€& (1.5)
C/A = 7

The model assumes constant differential capacitance, hence does not account for the
dependence of the measured capacity on potential or electrolyte concentration. Variations in C
with potential and concentration suggest that either € or d depends on these variables
necessitating more sophisticated treatment in describing the adsorption of ions on charged
surfaces. Such variation of differential capacitance with applied potential and ionic

concentration was later observed and accounted for by the Gouy-Chapman model.

1.2.2. The Gouy-Chapman theory

In this model Gouy and Chapman considered observations that capacitance was not a
constant and depended on the applied potential and the ionic concentration. To account for that
observation Gouy, and independently, Chapman pictured a diffuse double layer composed of
ions of opposite charge (counterions) attracted to the surface, and ions of the same charge
(coions) repelled from it. lons are embedded in a dielectric continuum while the electric
potential is subject to the Poisson-Boltzmann (PB) differential equation. The greatest

concentration of excess charge would be adjacent to the electrode, while progressively lesser



concentrations would be found at greater distances as those forces become weaker. Thus, an
average distance of charge separation replaces d in the capacitance expression.'” Also; we can
expect that average distance to show dependences on potential and electrolyte concentration. As
the electrode becomes more highly charged, the diffuse layer should become more compact and
Q should rise. As the electrolyte concentration rises, there should be a similar compression of
the diffuse layer and a consequent rise in capacitance.

To formulate this model the Poisson equation was used to relate potential to charge density:

2 1.6
Qx) = _550% (16

The Boltzmann equation was used to determine the distribution of ions:

—Zl-eV) (1.7)

n; = n{’exp( T

Here n” is the concentration of ion 7 in the bulk, e is the unit charge, z; charge on the ion i,
k Boltzmann constant, and T absolute temperature. The total charge density per unit volume for

all ionic species is the sum over all ions:

00 = Y mne = Y ntne ()
X)= ) njzie= ) njz;eexp T

The combination of the two equations above would eventually lead to the differential

capacitance expressed in terms of the electric potential V" and temperature 7 as follows:

aqQ
C=-2
av
Or
2z%e*nlee, 12 zieV (1.8)
C=——— cosh( - )
kT 2KT

The adsorption process described by the Gouy-Chapman model is called non-specific
adsorption, as it arises due to electrostatic interaction between point charge ions and the charge
on the electrode. The size of the ions is introduced only as a distance of closest approach to the

electrode (x,) that is similar for each ion. An ionic atmosphere or diffuse layer extends from x,



and decays out into the bulk of the solution, the net charge on this diffuse layer being equal and
opposite to that on the metal surface. In practice, different types of electrical interactions such as
electric field forces, image forces, dispersion forces, and electronic or repulsive forces, can
occur between the electrodes and ions, causing ions to approach the electrode closer than x,,
giving rise to what is called “specific adsorption” between ions and the electrode. Specific
adsorption can occur when bond could be formed by partial electron transfer between the ion
and the electrode (chemisorption). Other effects, like the 'squeezing out' of a structure- breaking
ion from the bulk of the solution may also contribute to the specific interaction. Because such
specific forces are short-range, specifically adsorbed ions are usually located in a monolayer
with their centers in a plane at x;, from the electrode (x; < x,), which cannot be accounted for by
the Gouy-Chapman model. Therefore, while for or low concentration electrolytes, the
Gouy-Chapman theory has been successful in predicting ionic profiles close to planar and
weakly curved surfaces, it is known to overestimate strongly ionic concentrations close to

1
charged surfaces."

1.2.3. The Stern model

This model is a hybrid of the two models above. First, ions are considered to have a finite
size and are located at a finite distance from the electrode. Second, the charge distribution in the
electrolyte is divided into two parts: (i) an immobilized, Helmholtz-like part close to the
electrode, and (ii)) a Gouy-Chapman part, diffusely spread out in solution. There is a linear
variation of potential with distance across the Helmholtz component and a semi-exponential
variation in the Gouy-Chapman component of the double layer (Figure 1.1c). "

In concentrated electrolytes the structure of the double layer resembles that described by
Helmholtz model (i.e., most of the charge is concentrated in the Helmholtz layer). On other
hand, in extremely dilute solution the double-layer structure approaches that of the
Gouy-Chapman model. However, this model does not take into account the role of the solvent

as related to the hydration of the ions and its influence on the structure of the double layer.

1.2.4. Triple-layer model: Esin and Markov, Grahame, and Devanathan model.

The subtle feature of this model proposed by the three groups was to take into consideration

that ions could be dehydrated in the direction of the electrode and specifically adsorbed on its



surface (Figure 1.1d). Thus, an inner layer between the electrode surface and the Helmholtz
layer further modifies the structure of the double layer. "’ This inner layer is the locus of centers
of unhydrated ions strongly attached to the electrode.

For this case, Devanathan proposed that the capacitance is obtained by as the outcome of the

capacitance contributions of several individual components as seen in the equation below:

1 1 1 1 d 1.9
b a0 o
C Cv-1 Cm-2  Coop dq

where Cy.1, Cy.p, Cap, are the capacitance components from the space between the electrode
and the inner Helmholtz plane (IHP), the space between the inner and outer Helmholtz planes
(OHP), and the diffuse double layer, respectively, while dg/dq is the rate of change of the
specifically adsorbed charge with charge on the electrode. Hence, this model is referred to as the
triple-layer model, and suggests the following characteristics:

® If (dg/dq) is zero, the expression for the capacity C is equivalent to that for 3
capacitors in series, that is, inner Helmholtz, outer Helmholtz, and Gouy. Hence, this model is
referred to as the triple-layer model.

® The capacity is a minimum when (dg,/dq) is zero, because the latter can have only
positive values.

® If (dq,/dq) exceeds unity, the differential capacity attains large values. When C tends
to infinity, the electrode becomes non-polarizable.

® The minimum in the capacity is in the vicinity of the potential of zero charge.
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Figure 1.1: Charge distribution vs. distance and potential variation vs. distance: (a) and (aa) Helmholtz model;
(b) and (bb) Gouy-Chapman model; (c) and (cc) Stern model, and (d) and (dd) Esin and Markov, Grahame, and

Devanathan model.

1.2.5. Beyond the parallel-plates model: pore curvature and ion desolvation effects.

In all the previous models the capacitance of EDLCs was depicted in a parallel-plate
capacitor configuration (Figure 1.2a), mathematically described by equation 1.5.

For cylindrical mesopores, it was hypothesized that solvated counterions would enter pores
and approach the pore walls to form what was called an electric double-cylinder capacitor

(EDCC; Figure 1.2b). The double-cylinder capacitance was given as: *



_2merggly
In(bc/ac)

_ 2mergqlp (1.10)
bc ln(bc/(bc - ac))

C/A

where L, is the pore length and b, and a. are the radii of the outer and inner cylinder,
respectively. The EDCC model can be reduced naturally to the EDLC model when the pores are
large enough so that the pore curvature is no longer significant and can be approximated by a
planar surface."

All the previous models were based on the concept of an ionic layer that consists of ions
surrounded by a shell of the solvent molecules, known as the solvation shell. According to this
perception, the definition of the optimum pore size required to achieve maximum capacitance
was that large enough to accommodate the ion plus the surrounding solvation shell. These
assumptions were consistent with previous work showing that ions carry a dynamic sheath of
solvent molecules, the solvation shell, and that some hundreds of kilojoules per mole are
required to remove it in the case of water molecules.

As a result, a pore size distribution in the range 2—5 nm, which is larger than the size of two
solvated ions, was then identified as a way to improve the energy density and the power
capability. The double layer charging was deemed unfavorable in the confined space of
micropores, where there is no enough space for the formation of the Helmholtz layer and diffuse
layer at a solid—electrolyte interface. Accordingly, it was assumed that pores smaller than 0.5 nm

16, 17

were not accessible to hydrated ions, and even pores under 1 nm were considered too small,

especially in the case of organic electrolytes, where the size of solvated ions is larger than 1
nm."
However, several experiments using different carbon materials with significant contribution

of micropores, '**

reported unexpectedly high capacitance, contradicting the solvated ion
adsorption theory, particularly when organic electrolytes were employed where the large size of
the solvated ion prevents adsorption in micropores. These findings suggested that a partial
desolvation of ions could occur, allowing access to small pores, leading to improved capacitance.

The most convincing evidence of capacitance increase in pores smaller than the solvated ion



26-28

size was provided by experiments using carbide derived carbons (CDCs) as active material.

The change of capacitance with pore size was reported by Chmiola et al.,” and later confirmed

3% to be a linear function of 1/b, (where b, is the pore radius), confirming that

by other studies,
the distance between the ion and the carbon surface, d, was shorter for the smaller pores.

These results challenged the long-held assumption that pores smaller than the size of
solvated electrolyte ions do not contribute to energy storage, and the anomalous increase in
capacitance in subnanometer pores was ascribed to the desolvation of the electrolyte ions
entering subnanometer pores, ~° which was verified by experiments utilizing an ionic liquid
electrolyte with no solvation shell around the electrolyte ions.’’

In lights of these findings, it was assumed that for micropores where the small-size pores do
not allow the formation of a double cylinder, counter-ions (solvated or desolvated) would enter
the pores and line up to form electric wire-in-cylinder capacitor (EWCC; Figure 1.2¢).*”** In a
way, EWCCs can be also viewed as EDCCs, but the key quantity for EWCCs is the radius of the

inner cylinder ao, which is the effective size of the counterions (that is, the extent of electron

density around the ions). By using ay, equation 1.10 (EDCC) becomes:

Er&o (1.11)

A= by jag)

From detailed analysis of experimental data previously obtained data by many researchers,
Huang et al. * concluded that the EDLC/EDCC/EWCC model was valid regardless of the type
of carbon materials used for electrode-active materials, and was universal to carbon

electrochemical capacitors with diverse electrolytes of various concentrations.

10



o

—Blodoo co ©

Figure 1.2: (a) An electric double-layer capacitor (EDLC) formed with solvated cations at the
carbon/electrolyte interface in which the inner and outer Helmholtz planes (IHP, OHP) are marked by purple
and green dashed lines, respectively. (b) top views of a negatively charged mesopore with solvated cations
approaching the pore wall to form an electric double-cylinder capacitor (EDCC) with radii b, and a, for outer
and inner cylinders, respectively, separated by distance d, and (c) a negatively charged micropore of radius b,

with solvated/ desolvated cations of radius a, lining up to form an electric wire-in-cylinder capacitor (EWCC).

1.3.Electrode materials for EDLC

The basic definition of electrode capacitance, based on the concept of formation of ionic
layer on the electrolyte/electrode interface, implies that the key to reaching high capacitance by
charging the double layer lies in using high specific surface area (SSA) blocking and
electronically conducting electrodes.

One of the most commonly used EDLC electrode materials is activated carbon, due to its
high SSA and moderate cost. Activated carbon contains a porous network of broad distribution
of pore size in the bulk of the carbon particles, and consists of micropores (<2 nm in size),
mesopores (2-50 nm) and macropores (>50 nm). A typical cyclic voltammogram of a
two-electrode EDLC laboratory cell is presented in Figure 1.3 below. Its rectangular shape is

characteristic of a pure double layer capacitance mechanism for charge storage according to:

11
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where [/ is the current, (dV/dt) is the potential scan rate, and C is the double layer capacitance.
Assuming a constant value for C, and for a given scan rate the current / is constant, and a

rectangular cyclic voltammogram is obtained.
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Figure 1.3: Cyclic voltammetry of activated carbon powder in 1.0 M NaCl.

The promising power performance and reliability of EDLCs compared to other energy
storage devices caused progressive expansion in their use from small-scale application like
consumer and microelectronics, to wider and heavier duty applications such as electric or hybrid
vehicles, and grid-scale energy storage, which inevitably led to an increase in their energy
density requirements, and activated carbon could no longer fulfill the new power and energy
requirements. Initial research on activated carbon was directed towards increasing the pore
volume by developing high SSA and refining the activation process. However, the SSA of a
porous material cannot be increased indefinitely, because the electrical conductivity, which is an
essential requirement to minimize the equivalent series resistance (ESR), generally decreases as
the surface area increases, due to a disruption of the electronic conduction bands and physically
less carbon in the pore walls. More importantly, and as explained above, the advances made in
the basic understanding of the nature of the double layer led to recasting the theory of double
layer in electrochemistry to take into account pore size and shape, and ion solvation and

desolvation effects, which in turn revolutionized both the process of material selection as well
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as the fundamental understanding of the behavior of ions confined in nanopores, and
necessitated the reinvestigation of EDLC electrode material selection, with special attention to
the aforementioned considerations. To this end, later studies focused on controlling the
effectiveness of ion storage by elimination of the macro- and mesopores of existing materials,
and matching the pore size with the ion size, while others aimed at developing and testing new
carbons that can accommodate energy requirement and still maintain the necessary low
resistivity for high power performance. Graphitic carbon seemed to satisfy the requirements for
this purpose, with high conductivity, electrochemical stability and open porosity.”> Several
carbon materials were investigated as EDLC electrodes, including templated and
carbide-derived carbons (CDC),” carbon fabrics, fibers,” onions® and nanohorns.*® Several
reviews concerning the choice and investigation of EDLC electrode materials can be found in
literature for further reference.” *” *® The next section will focus on single-walled carbon

nanotubes (SWCNTSs) as the main topic of the current study.

1.4.Single-walled Carbon Nanotubes: One-dimensional macro molecule.

Since their discovery, single-walled carbon nanotubes (SWCNTs) were considered promising
candidate materials for high energy density EDLC electrodes, because they exhibit exceptional
properties such as high electrical conductivity, high specific surface area, high charge transport
capability, and also tunable porosity. In order to achieve high performance from such potentially
promising material, it becomes essential to accurately understand the charge storage
performance of SWCNTs, which in turn necessitates understanding the fundamental properties
of SWCNTs in order to have insight into the elements of significant relevance to their

electrochemical behavior, which are their surface structure, and also electronic structure.

1.4.1. Surface structure of SWCNTs

A single-walled carbon nanotube (Figure 1.4) can be described as a graphene sheet (a single
layer from the graphite crystal) that is rolled up into a continuous cylinder whose tip ideally
terminates with a fullerene-like cap or hemisphere. Being one atom in thickness and about few
microns in length, * a SWCNT has a high aspect ratio (10* — 10°) due to which it can be

classified as a one-dimensional nanostructured material. Carbon atoms in SWCNTs are bonded
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by sp” hybrid orbitals that allow them to form hexagons and occasionally pentagons and
heptagon units by in-plane ¢ bonding and out-of-plane © bonding. Tube curvature results in -n
rehybridization or mixing, in which three ¢ bonds are slightly out of plane; for compensation,
the m orbital is more delocalized outside the tube. This makes nanotubes mechanically stronger,
and electrically and thermally more conductive than graphite.*

Depending on the conditions of the growth process, SWCNTSs can be open-ended or closed
ended with caps of fullerene hemispheres.*' Each cap contains six pentagons and an appropriate
number and placement of hexagons that are selected to fit perfectly to the long cylindrical
section.” SWCNTs do not exist individually; rather, they tend to group into bundle-like
structures because they are held together by the non-covalent van der Waals bonds to form a
two-dimensional triangular lattice with a lattice constant of 1.7 nm, and an inter-tube separation

of 0.315 nm at closest approach within a rope.

Figure 1.4: (a) Graphene sheet, (b) Open-end and (c) closed-end Single-walled carbon nanotube (d) Bundle of

aggregated tubes.

The process of rolling a graphene to form a single-wall carbon nanotube results into a
cylinder with axial symmetry and a spiral conformation, called chirality. The tube chirality is
the outcome of the different possible orientations of the six-membered carbon ring (hexagon) in
the honeycomb lattice relative to the axis of the nanotube. It is the most important characteristic
feature that defines SWCNTs, and separates them from other graphitic allotropes, because it
reflects directly on their electronic structure and — as will be revealed for the first time in the
next chapter — their electrochemical behavior as well. The manner of rolling the graphene sheet
determines its chirality as will be explained in more detail below.

The unit cell of the carbon nanotube is shown in Figure 1.5 as the rectangle bounded by two
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vectors, the chiral vector Cy, and the translation vector T.*

The chiral vector Cj is described as the vector that joins two equivalent points on the
original graphene lattice. This means that the SWCNT cylinder is produced by rolling up the
sheet such that the two end-points of this vector are superimposed. The chiral vector is defined

on the honeycomb lattice as follows:
Cp, = na; + ma, (1.12)

where (n, m) are two integer indices (n > m) that denote the number of unit vectors na, and
ma, in the hexagonal honeycomb lattice contained in the vector, and taken respectively in the
direction of a; and a, which are the unit cell base vectors of the graphene sheet. The vector a,
lies along the "zigzag" line, while vector a, direction is a reflection of a; over the “armchair”

line in Figure 1.5. The two vectors can be mathematically determined as follows:

V3 a V3 a
d| = <7a,§> ,dp = <7a,—§>

where a is the here a = ac_¢ *xV3 =249 A is the lattice constant of the honeycomb lattice
in the rolled graphene layer, where ac_c is the nearest-neighbor C—C distance (1.44 A in
SWCNT).

The length L of the chiral vector Cj becomes the circumference of the tube, and is directly

related to the tube diameter, which is also expressed in terms of chiral indices as seen below:

L= T[dt

vn? + m? + nm (1.13)
d; = - a

L= |Cy| = ayn?+m?2+nm (1.14)

The chiral angle 6 between the C) direction and the zigzag direction of the honeycomb

lattice of the tube can also be determined from chiral indices as follows:

V3m (1.15)

tan g =
2n+m

The second vector is 7, the 1D translation vector of the nanotube. The vector T is normal to
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C, and extends from the origin to the first lattice point B in the honeycomb lattice. T is
expressed in terms of the integers (¢, £,) that can also be given in terms of the chiral indices n

and m as follows:

T = t1a1 + tzaz (1.16)
_ 2m+n = 2Zn+m
A T T T
The length T of (7) is given as:
V3L (1.17)
T= ———
dp

In which dy is either equal to d (the highest common divisor of (n, m)), or to 3d, which
depends on whether n - m = 3dr, r being an integer, or not. Finally, the number of carbon atoms

per unit cell, of the 1D tube is 2V, given as:

_ 2(m* +m® +nm) (1.18)

Figure 1.5: 2D graphene sheet shown along with the chiral vector that specifies the chiral nanotube and

translation vector.

From the explanations above, it becomes clear that the chirality of SWCNT can be
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conveniently expressed it terms of solely the chiral indices (n, m) that provide information
about the tubes geometry and, as will be shown later, the electronic structure of SWCNT as
well.

By rolling a graphite sheet in different directions, three typical nanotubes can be obtained:
zigzag tube (n, 0) obtained graphene sheet is rolled along the zigzag direction, armchair tube
(n,n) rolled along the armchair direction, and chiral tube (n, m) with chiral vector along neither
directions. The tube chiral indices are defined in within the relation n >m > 0. Figure 1.6
shows the three rolling patterns, and Figure 1.7 shows the appearance of the three types of
SWCNTs chiralities.

Figure 1.6: Examples of the three rolling patterns of SWCNTs with (a) m =0 (b) n = m and (c) n #m.

Figure 1.7: The three chiralities of SWCNTs (a) Zigzag (m = 0) (b) Armchair (n =m) and (c) Chiral (n #m).
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1.4.2. Electronic structure of SWCNTs

Since a nanotube is a one-dimensional crystal obtained from a graphene sheet rolled into a
tube, the electronic structure of graphene becomes the starting point for understating that of
nanotubes.

Graphene has a hexagonal lattice with two atoms per unit cell, termed A and B atoms (Figure
1.8). Each atom has one s and three p orbitals. The s orbital and the two in-plane p orbitals (2s,
2px and 2py) are tied up in graphene’s strong covalent bonding and do not contribute to its
conductivity, while the remaining 2pz orbital, oriented perpendicular to the molecular plane,
and through interaction with neighboring 2pz orbitals forms non-localized bonding © and
anti-bonding 7+ orbitals. The © bonds pointing out of the plane are responsible for the weak
interactions between different graphene layers in graphite—or between bundled SWNTs—and
play the key role in the determination of the electronic properties.

The graphene primitive cell in the reciprocal space, known as the Brillouin zone, is also a
honeycomb lattice, with six corner points located at its boundary, called the K —points. The
energy structure (ranges of energy that an electron may have, and gaps or forbidden ranges of
energy that it may not have) in the valence and conducting bands of graphene is linear, and the
two bands join like cones at these K —points through which Fermi energy passes (Figure 2.4 in

Ref 39). As a result, graphene has a zero-band gap at the K —points.”

Q P HP=Q
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Figure 1.8: The lattice structure of graphene. The two atoms per unit cell are labeled A, and B.

As the 2D graphene plane is rolled into 1D nanotube, the electronic structure of graphene is
modified to that of a tube by using periodic boundary conditions in the circumferential direction.

As a result, the wave vector associated with the Ch direction becomes quantized, while the wave
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vector associated with the direction of the translational vector 7 (or along the nanotube axis)
remains continuous for a nanotube of infinite length. By this quantization Ch and T is
transformed into K; (discrete unit vector along the circumferential direction) and K, (reciprocal

lattice vector along the nanotube axis), given by the following equations:

K; =[2m+n)b; + 2n + m)b,]/Ndg (1.19)

K, = (mby — nb,)/N (1.20)

where b; and b, are the reciprocal lattice vectors of two-dimensional graphite in the x, y

coordinate, given by:

b—(l 1)2nb_(1 1)27r
1 \/§l a y V2 \/’5—)l a
The periodic boundary condition for a carbon nanotube (n, m) gives N discrete £ values in

the circumferential direction. The direction of the discrete £ vectors and the separation between

two adjacent k vectors are both given by the K, vector shown in Figure 1.9.%*

Figure 1.9: The wave vector k for one-dimensional carbon nanotubes is shown in the two-dimensional

Brillouin zone of graphite (hexagon) as bold lines for (a) metallic and (b) semiconducting carbon nanotubes.

If for a particular (n, m) nanotube, the cutting line passes through a K — point of the 2D
Brillouin zone (Figure 1.9), where the m and n* energy bands of graphene are degenerate by

symmetry, the resulting one-dimensional energy bands will have a zero energy gap. Further, the
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density of states (DOS) at the Fermi level has a finite value for these carbon nanotubes, and they
therefore are metallic. If the cutting line does not pass through a K —point, then the carbon
nanotube is expected to show semiconducting behavior, with a finite energy gap between the
valence and conduction bands.” The geometrical condition for the cutting lines to pass through
the K —points requires that (n — m) is a multiple of 3. In particular, the armchair nanotubes
denoted by (n, n) are always metallic, and the zigzag nanotubes (1, 0) are only metallic when n
is a multiple of 3. It follows that approximately one third of the carbon nanotubes are metallic
and the other two thirds are semiconducting.*

Therefore, the chirality-related electronic density of states (DOS) of SWCNTs is unique for
each tube, and of significant relevance to the optical and charge storage properties of that tube.
The discontinuity known as a van Hove singularity (VHS) on the DOS of SWCNTs is the result
of the one-dimensional confinement of electrons due to the quantization discussed above. This
means that energy required to excite an electron from one VHS in the valence band to a
symmetrical one in the conduction band becomes a signature that correlates to the tube chirality
and provides identification information about the tube. As a result, van Hove singularities are
important for determining many solid state properties of carbon nanotubes, such as optical
absorption and resonant Raman spectroscopy, ** as well as charge transfer properties as will be

shown in detail in the following chapters.

1.4.3. Calculation of SWCNT density of states

Two main methods are used to calculate the density of states of SWCNTs: density functional
theory (DFT), and tight binding model. The employment of the two methods is reported
frequently in literature, where methodology of each approach is discussed in detail. Here a brief
discussion of each method presented to provide some insight on the merits and demerits of each.

Density functional theory is a first principle calculation method based on fundamental
concepts, and incorporates two core elements, the Hohenberg-Kohn theorem and Kohn-Sham
equations. The method obtains all information about a given system from the system electron
density instead of the wave function. The nuclear degrees of freedom (e.g. the crystal lattice in a
solid) appear only in the form of potential acting on the electrons, so that the wave function
depends only on the electronic coordinates. A term called “electron-electron interaction” is

incorporated to differentiate the quantum mechanics of single-body from those with many-body
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problem. These properties are built into DFT in a very fundamental way. DFT is a general,
parameter-free flexible theory with a proven record of calculating the electronic states of both
semiconductors and molecules. The well-known weakness of DFT is its underestimation of the
band gap of semiconductors, which is not a trivial issue for electronic device modeling. Also,
while the use of hybrid density functionals was shown to improve the accuracy in describing the
electronic structure of semiconducting bulk materials and also SWCNTSs, the biggest weakness
of this approach is the limited size of the systems that can be treated, which makes it time
demanding and impractical for SWCNTs, where the number of carbon atoms in the unit may
contain from hundreds to thousands of carbon atoms.***

This latter problem is absent in the tight binding method, which uses the concept known as
zone folding, whereby cutting lines are defined as zone-folded one-dimensional (1D) Brillouin
zone (BZ) line segments, expressed in relation to their two-dimensional (2D) BZ counterparts.*’

This approach in general, and gives reliable electronic energies for states no too far away
from the Fermi level and for large enough nanotubes (d,~1.5 nm). However, since it is based
solely on the confinement of the electronic states along the circumferential direction, it
completely neglects the curvature of the nanotube wall that becomes important for
smaller-diameter. As a result, while zone folding correctly predicts the metallic and
semiconducting character of tubes with diameter between 0.5 and 1 nm, it overestimates the
energies of the conduction bands, and completely fails for very small nanotubes (d; < 0.5nm).

Nevertheless, should the effect of tube curvature be correctly addressed, the zone folding
approximation becomes a feasible technique that not only predicts correct energies, but also
offers an important advantages over most other methods in the sense that it is extremely fast and
can calculate the properties of any desired nanotubes within seconds, which makes it more
useful for calculation of electronic structure of tubes that have so many carbon atoms in their
unit cell that they are far beyond first-principle calculations.

Upon the application of tight binding method, three possible effects are considered in
connection with first principles calculations of the electronic structure of carbon nanotubes:(1)
the effect of curvature on carbon-carbon interaction energy yo, (2) the inclusion of the so-called
tight binding overlap integral s, associated with the asymmetry between the valence and
conduction bands in 2D graphite,* and (3) the trigonal warping effect in which the equi-energy

contours change from a circle to a triangular shape with increasing energy as shown in FIG.1
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from Ref. 43.

To tackle the influence of surface curvature, one must consider the fact that the
carbon-carbon distance for atoms in SWCNTs is different from that in graphene. Also, rolling
up of the graphene sheets the angle of the hexagon is also changed. When the tight-binding is
used to derive the electronic band structure of graphene, the explicit use of the equivalence of
neighbors of a given order will no longer be valid if we want to use curvature.

In addition, there are also arguments from a quantum-mechanical and a symmetry point of
view. In graphene the m orbitals cannot mix with the o states because the former are strictly
perpendicular to the sheet, whereas the latter are parallel.

However, calculations have shown that the curvature effect can be neglected except for very
small diameter nanotubes, since the smallest nanotubes with a Cg, fullerene diameter such as a
(5, 5) nanotube would have only about a 2% decrease in the value for y, due to nanotube
curvature.®

A nonzero value for the overlap integral s modifies the electronic energy at the M point (edge
center of the hexagonal Brillouin zone in FIG.1 from Ref. 43) from +y,to +y, / (1 = s) for the
vo> 0. This was shown to result in asymmetry in the energy values for the n* and « bands at the
M point. However, while that is important for considering intraband optical transitions within
either the conduction or valence bands for doped carbon nanotubes, when we consider the
energy difference between the conduction and valence bands, the overlap effect or nonzero
value for s is not so significant for energies less than 3 eV, since the energy difference at the M
point is modified only by a factor 2yo/ (1 — s%). Accordingly, the effect of a nonzero s value on
the interband energy difference between VHS in the valence and conduction bands is only on
the order of 107,

On the other hand, and for SWNT’s with diameters of around 1 — 2 nm and for excitation
energies below 3 eV, which is the usual situation for observation of the resonant Raman
scattering in SWNT’s, the trigonal warping effect, addressed in greater detail in Ref. 43,
becomes the most important of the three effects above. In that regard, it is sufficient to use
experimentally measured transition energies to provide proper correction for the trigonal
warping effect, and consequently for the calculated electronic structure. The electronic structure
data used in our present study were calculated using tight binding method whereby calculations

were performed after the implementation of such correction procedure.
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1.4.4. Performance of SWCNTs as EDLC electrodes

Although the superior physical properties of SWCNTs rendered them promising candidate
materials for EDLC electrode, the numerous investigations conducted on SWCNT EDLC
electrodes.* ** did not report high EDLC capacity values of SWCNT electrodes. This
unexpected low capacity can be explained by the considerably low specific surface area of bulk
SWCNTs, although the ideal specific surface area of an isolated open-end SWCNT is calculated
to be 2630 m’/g, identical to that of a graphene sheet. In the bulk SWCNT sample, SWCNTs
form several aggregations bound by weak van der Waals interaction; therefore, the specific
surface area of the bulk SWCNT sample becomes significantly lower than that of the isolated
tube. In addition, the tube ends of some SWCNTs are closed by half fullerene caps, preventing
ion adsorption inside the tube. Even if the tube end is open, it was not clarified whether electric
double layers can form on the inner surfaces of SWCNTSs with small diameters of 1-2 nm.

Furthermore, the electronic features of SWCNTs discussed above that suggest a unique,
diameter-related electronic behavior were not reported. Although the cyclic voltammogram of
SWCNTs did not resemble the classical rectangular shape observed for other carbon materials, it
did not reflect any subtle electronic changes during electrochemical polarization, and rather
showed a linear increase in capacitance with applied potential, which gave the voltammogram
the often reported “butterfly” shape discussed in more detail in Chapter 2.

It is important to emphasize that the majority of SWCNT samples investigated in the past
had low quality and purity, and wide diameter distribution, resulting in poor electrochemical
performance that significantly deviated from theory. On the other hand, and with the recent
advances in the understanding of SWCNTSs, it is possible now to synthesize or isolate high
quality and limited/specific diameter and chirality SWCNTs that will approach hypothetically
anticipated properties. As a result, it becomes equally necessary to evaluate this new class of

SWCNTs which includes among other fields, their performance as EDLC electrodes.

1.5.Purpose of the present study

In the present study, the mechanism of charge transfer is investigated in SWCNTs with
controlled properties, used as EDLC electrodes. SWCNTs with high level crystallinity, low

impurities, and narrow diameter distribution are used, and their electrochemical behavior is
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addressed in connection to the two major elements influencing SWCNT electrode capacitance,
which are the electronic density of states, and the surface structure of SWCNTs. The study was
conducted in the following manner:

In Chapter 2, Using cyclic voltammetry (CV), the electrochemical behavior of highly
crystallized small diameter distribution is investigated in different organic and aqueous
electrolyte solutions. The study revealed for the first time a characteristic CV profile that is
referred to later as the “dumbbell-voltammogram”, which reflects the electronic structure of
SWCNTs in the sample, and the origin of dumbbell voltammogram is verified by performing
electrochemical measurements on SWCNTs separated into metallic and semiconducting
SWCNTs, and also SWCNTSs with different average diameters.

In Chapter 3, the possibility of ion adsorption inside SWCNTs is addressed and verified,
and the difference between the nature of adsorption on the inner and outer surface of the tube is
investigated. These elements are addressed by preforming CV electrochemical measurements at
different scan rates, on closed-end and open-end SWCNTs, and in different aqueous and organic
electrolytes. The electrode capacitance of inner and outer surface of SWCNTs was then
simulated, and the difference in their ohmic resistance is quantified.

In Chapter 4, electrochemical measurements are combined with Raman spectroscopy to
investigate the changes in charge carrier density leading to the dumbbell-like cyclic
voltammogram of SWCNTs used as EDLC electrodes. The joined influence of both electronic
and surface structure on the changes in charge carrier is investigated by in situ monitoring
spectroscopic changes with applied potential for closed-end and open-end SWCNT samples
using two laser excitation sources that probe either metallic or semiconducting SWCNTSs in the
sample. Unexpected spectroscopic changes are observed for metallic tubes, coinciding with the
the potential of the two step-like jumps in the dumbbell voltammogram. The influence of
surface structure on these spectroscopic changes is also clarified.

Finally, Chapter 5 addressed the manipulation of electronic properties of SWCNTs through
chemical and doping. Liquid phase chemical approach is used to dope SWCNTs with nitrogen,
and the efficiency of doping of different SWCNT sample is discussed. In addition
electrochemical measurements demonstrated the changes in EDLC electrochemical behavior of
doped SWCNTs and the enhancement in the ion adsorption kinetics and total capacitance at

high scan rate due to the improvement in electrode conductivity.
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CHAPTER 2

The Cyclic Voltammogram Profile of Single-Walled Carbon Nanotube

Electric Double-Layer Capacitor Electrode

2.1.Overview

As discussed in chapter 1, the charge Q on a capacitor is proportional to the potential
difference V, according to the relation O = CV, where C is the capacitance. In ideal EDLCs,
because the capacitance C is a constant, the cyclic voltammogram (CV) shape should be a
rectangle. However, with SWCNTs that may not be the case. The electronic properties of
single-walled carbon nanotubes (SWCNTs) play an important role in their electrochemical
performance. When used as electrical double layer capacitor electrode materials under
sufficiently high voltage window, SWCNTs go through the process of charge carrier injection
into their electronic band structure. This increase in the charge carriers will increase the
electronic conductivity of the electrode. Also, as the additional charge carriers are neutralized by
the increase in the ion adsorption within the electrical double layer at the electrode-electrolyte
interface, a significant increase in the electrode capacitance will be obtained. With this great
potential for superior electrode performance of SWCNTs, their successful incorporation in
energy storage devices will require correct understanding and evaluation of the charge carrier
doping behavior of SWCNTs.

Nevertheless, the observed CV shapes of SWCNT electrodes reported in previous papers
had a symmetrical and steady increase of the current density, proportional to the potential in
both sides of the open-circuit voltage (OCV). This CV shape resembles a butterfly. The origin of

%72 the majority of which

this butterfly shape was extensively discussed in many papers,
reported that carrier doping into the semiconducting SWCNTs was responsible for this shape.
However, it remains unclear whether SWCNT carrier density increases proportionally to
potential with increasing/ decreasing potential.

It is widely accepted that the electronic density of states (DOS) of SWCNT is quite

characteristic. The presence of van Hove singularities results in numerous peaks (kinks) in the
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DOS. Therefore, the increase of carriers proportional to potential is unlikely. The position of van
Hove singularity depends on the chirality of the SWCNT, and many SWCNTs with various
chiralities should be included in a sample. Therefore, we should consider the overlap of
SWCNTs and DOS. As previously mentioned, the ion adsorption mechanism of SWCNT EDLC
electrodes is not clearly understood, although extensive research has been conducted on
SWCNT EDLC electrodes.

Unfortunately, most of the previous studies involved SWCNTs with relatively low
crystallinity produced by chemical vapor disposition (CVD) method, probably because this
method was the only way to produce sufficient amounts of SWCNTs for electrochemical
measurements. However, to elucidate the ion adsorption mechanism of SWCNT EDLC
electrodes, several precise electrochemical measurements using well-defined SWCNTs having
high crystallinity are required. This chapter presents the electrochemical measurements for
SWCNTs produced by arc-discharge method with high crystallinity and narrow diameter
distribution. The results show a characteristic size-dependent cyclic voltammogram of SWCNTs

of different diameters.

2.2. Experimental

2.2.1.  Preparation of samples

The sample of SWCNTs used in the present study was produced by arc discharge (Meijo
Nano Carbon Co. Ltd., SO type), and had high crystallinity and narrow diameter distribution.
First, as-grown sample was purified to remove any metallic catalyst and amorphous carbon
impurities, resulting in low level of non-carbon impurities (3%). Then the purified sample was
annealed under vacuum at 1200 °C for 14 hours to close the defects on the walls of the tubes
and further improve their crystallinity.” The annealed SWCNT sample was then decapped by
heating the closed-end SWCNTSs at 450 °C in air for 20 min to remove their head caps resulting
in open-end SWCNTs. The temperature required to open the tube end was determined by

thermogravimetric analysis (TGA) data (Figure 2.1).
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Figure 2.1: TGA analyses for the SWCNT sample, the purified sample contained 3% non-carbon

impurities.

2.2.2. Characterization of samples

The surface properties of the sample were thoroughly characterized using several techniques.
Scanning electron microscopy (SEM) images of the sample were probed using Field Emission
Scanning Electron Microscope (FESEM), and by elemental analysis using Energy Dispersive
X-ray Detector (EDX) with JSM-7001FF (JEOL) microscope.

Raman spectroscopy measurements were performed using three different nitrogen-cooled
excitation sources: argon (A =514.5, E; = 2.4 eV), green Nd:YAG laser (A =532, E. =2.33 eV),
and red helium-neon laser (A = 632.8, EL. = 1.96 e¢V). Multiple excitation sources were used
because Raman spectra are strongly affected by the resonance effect. The spectra excited by
514.5 nm argon lasers were collected using a Raman microscope system equipped with the
Acton SP 2300 charge-coupled device (CCD) detector (Princeton Instrument). The spectra
excited by 532.1 nm Nd:YAG laser and 632.8 nm helium— neon lasers were collected using
NRS 3300 (JASCO) spectrometer.

Although multiple excitation sources were used, Raman spectroscopy is not a proper method
to determine the mean tube diameter of all the tubes existing in the sample. Raman scattering
from SWCNTs is dominantly in resonance process and only a very small set of tubes participate
in this process. Therefore, powder X-ray diffraction (XRD) measurement of the SWCNT
sample was performed, and the mean tube diameter was determined by simulating the observed

XRD pattern. Because of the low scattering factor of SWCNTs, high brightness synchrotron
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XRD measurements were performed using beamline BL-18C at the Photon Factory (PF), High
Energy Accelerator Research Organization (KEK) in Tsukuba, Japan. The experiments were
conducted using X-ray (wavelength: 0.614 A) monochromatized by Si (111) double-crystal
monochromator. Diffraction patterns were collected using a two-dimensional imaging plate (IP)
detector located 160 mm behind the sample position. The X-ray wavelength and the distance
from the sample to the IP were calibrated on the basis of the X-ray diffraction peaks of CeO,
powder using the double cassette technique, through IPAnalyzer software.”® To eliminate the
preferred orientation effect, the quartz capillary tube that contained the sample was oscillated
during the measurement process. The obtained XRD pattern was corrected for the influence of
Lorentz-polarization factor prior to further analysis.

The obtained XRD patterns were assigned as the diffraction of a two-dimensional hexagonal
structure. To estimate the lattice parameter a, and the tube radius R of the SWCNTs, pattern
simulation were performed in which the SWCNT form factor was assumed using the Oth order
cylindrical Bessel function.>

UV-Vis—NIR absorption spectra were collected using a UV- 1600 spectrophotometer
(JASCO). For the measurements, 0.001 g of SWCNTs was mixed with an equal weight of
sodium cholate surfactant and 0.1 g of distilled water. The mixture was sonicated for 20 min

using a tip-type ultrasonic disruptor UD- 201 (TOMY).

2.2.3. Electrochemical measurement

Electrochemical (cyclic voltammetry and charge—discharge) measurements were conducted
using a potentiostat/galvanostat (Hokuto Denko) controlled by a computerized system (Figure
2.2). A specially designed cell with a conventional three-electrode configuration was used. In
the cell, the SWCNT sheet sample and activated carbon sample on platinum mesh current
collector were used as working and counter electrodes, respectively. The electrolytes used
included Nal, NaCl, and NaBr aqueous solutions and 1.0 M triethylmethylammonium
tetrafluoroborate (TEMABF,) in propylene carbonate (PC) organic electrolyte. Ag/AgCl
electrode was used as reference electrode for the aqueous electrolytes, and Ag/Ag” reference
electrode was used TEMABF,. Cyclic voltammetry measurements were conducted at scan rate 5
mV/s. An argon-filled dry-box was used as the measurement environment using TEMABF,.

Cyclability was checked by performing galvanostatic charge—discharge measurements with
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current densities between 50 and 1000 mA/g.

Figure 2.2: Electrochemical measurement cell. WE: working electrode, CE: counter electrode, and RE:

reference electrode.

2.3. Results and discussion

Scanning electron microscopy (SEM) image of the sample are seen in Figure 2.3, showing

the well-defined rope structure and bundle entanglement of the sample utilized.

Figure 2.3: SEM images of the SWCNT sample.

Raman spectrum of the SWCNT sample is seen in Figure 2.4. The level of crystallinity of the

sample can be judged from the disorder-induced D-band appearing around 1330 cm ™', whose
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intensity increases with the level of defects on the tube surface. The sample probed in Figure 2.4
shows a high level of crystallinity as seen from the very low intensity of the D-band.

The shape of the G-band peak observed at approximately 1590 cm™' for the 632.8 nm laser
was asymmetric and significantly broader than that observed in other excitation sources. The
asymmetric peak profile of the G-band shown in Figure 2.4(C) exhibited a Breit—Wigner—Fano
feature because of the existence of metallic SWCNTs in the sample.

The peaks seen on the low frequency region between 100 and 200 cm™ are known as the
radial breathing mode (RBM), and their peak position correlates inversely with the tube
diameter. The RBM peaks from various laser types show small diameter distribution despite the
change in laser source intensity. The values of SWCNT diameters calculated from these RBM

positions®® were in the range 1.46—1.67 nm.
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Figure 2.4: Raman spectra of open-end SWCNT sample probed using (A) 514.5 nm (B) 532 nm, and (C) 632.8

nm laser.

Cyclic voltammetry curve of the open-end SWCNTs sample in TEMABF,/PC organic
electrolyte taken at a sufficiently low scan rate (5 mV/s) is shown in Figure 2.5.
Contrary to any results reported so far on the cyclic voltammogram of SWCNTs, the cyclic
voltammogram shape obtained here did not resemble the typically obtained “butterfly” shape
previously observed by other researchers. Rather, first the voltammogram had a region in the

middle (at a potential close to the OCP around —0.31 V) where the capacitance maintained a
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constant value. Then, the capacitance showed an abrupt and significant increase at potential
values (-0.05 V) and (-0.65 V). That sudden jump in capacitance led to the formation of two
distinct steps on both the cathodic and anodic scans of the voltammogram, creating the final
shape of a “dumbbell”. The region of low capacitance in the middle will be referred to as the
“dumbbell grip”, and the two potential values where the steps appear will be called the “step

potentials”
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Figure 2.5:The cyclic voltammogram for decapped (open-end) SWCNT sample in TEMABF4/PC obtained at

scan rate 5 mV/s.

Taking the electronic structure of SWCNTSs into consideration, it is assumed that the origin
of the step-increase in capacitance and the dumbbell shaped-voltammogram can be explained by
electrochemical response following up the doping process of SWCNTs. However, one must also
consider the possibility that the steps are the results of redox reactions. In that regard, two facts
must be noted: the first is that from previous studies involving covalent’ and non-covalent
modification of SWCNT,® it was shown that the redox reactions of functional groups are not
likely to invoke a significant modification to the electronic density of states of SWCNTs. The
second fact is that reduction—oxidation reactions manifest on the cyclic voltammogram in the
form of two peaks located symmetrically at around the open circuit voltage. The shape of the
humps obtained in Figure 2.5 suggests that the peaks are located at the same values of the
applied potential, and thus, peak separation and symmetry are absent around the open circuit
voltage. It is also evident that instead of being sharp, the peaks are “stepped”.

The other possibility is that these steps could have been produced accidentally by the
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measurement system including the potentiostat, test cell, and electrolyte. To address that
possibility, a different SWCNT sample (Meijo nano Carbon, FHP type) that had a relatively
wide diameter distribution of 1-2.5 nm (Figure 2.6) is used. Upon performing CV measurement
for that sample (Figure 2.7), a butterfly CV shape was obtained, hence dismissing the possibility
of experimental error. This indicates that the steps were not caused by experimental errors and
should have been caused by the essential nature of SWCNTSs, and further enhances the density

of states of SWCNTs as the origin of the dumbbell-shaped voltammogram.

= z
= 2
3 B
g >
2 g
2 3
< <
E 1T z
= n
Q F i=
g 2
£ NL £
L L L L L L L L L L L L L L L
100 200 300 1200 1400 1600 1800 100 200 300 1200 1400 1600 1800
Raman shift (cm ™) Raman shift (cm )

Figure 2.6: Raman spectra for FH-P type SWCNTs, probed using (a) 532 nm and (b) 632.8 nm laser.
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Figure 2.7: Cyclic Voltammetry for FH-P type SWCNT in TEMABF4/PC at SmV/s. The sample has wide

diameter distribution (1-2.5 nm) and displays a butterfly CV profile.

The relationship between the dumbbell CV shape and the electronic structure of the

SWCNTs used in the present study is considered. As stated in the Introduction regarding the
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origin of the butterfly CV shape, it was discussed that the current increase proportional to
potential was caused by carrier doping into the semiconducting SWCNTs. To examine whether
a similar explanation is possible for the present experimental result of the dumbbell shape, the
electronic structure of the SWCNTSs used in the present study, including the chiralities, should
be determined. Infrared photoluminescence (PL) is a widely accepted method used to determine
the chirality indices of SWCNTs. However, because this method is valid for only
semiconducting tubes, it is not appropriate for the present study. For our sample, as seen for
Raman spectra, the diameter distribution of the SO type SWCNTs used is considered to be quite
small. Therefore, the chiralities should be limited. If the mean tube diameter can be determined
and the estimated error of the determined diameter is evaluated, the chiralities should be
restricted in a limited range.

For that purpose, XRD is a powerful tool that enables the determination of a mean diameter
of SWCNTs in each sample. Figure 2.8 shows the observed XRD pattern for samples A and B.
The intense diffraction peaks indicate that the SWCNT sample used in the present study was
well crystallized with a rather small diameter distribution. The observed peak positions could be
indexed as a two-dimensional hexagonal space group, which can be explained by the SWCNTSs'
bundle structure. Accordingly, pattern simulations were performed through XRD to determine
the lattice parameter a (1.79 nm), and the tube radius R (0.74 nm). These values are in

agreement with the values obtained using Raman measurements.
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Figure 2.8: XRD measurements and pattern simulations for SWCNT sample.

Despite the fact that these two parameters (a, R) correlate empirically and are difficult to

33



obtain simultaneously, the simulated pattern well reproduces the observed pattern. With use of
the determined a and R values, the tube-to-tube distance was calculated to be 0.31 nm, which is
slightly less than the layer distance of graphite (0.335 nm). This distance is quite reasonable
because the graphene sheet bends in the case of SWCNTs, thereby weakening the van der Waals
interactions. Unfortunately, statistical determination of estimated errors for the determined
parameters a and R is impossible. But if the value of parameter R was changed by 0.05 nm from
the determined value (0.74 nm), it would be difficult to obtain good accordance between the
simulated and observed patterns. Therefore, using this simulation, mean tube diameter was
determined as 1.48 nm at a minimum resolution within 0.1 nm.

In this condition, the chirality candidates can be restricted in a limited range. In this range,
(17, 3) and (15, 6) chiralities were obtained for the representative semiconducting and metallic
tubes in the present SWCNT sample, respectively. > The diameters of (17, 3) and (15, 6) tubes
were 1.483 and 1.487 nm, respectively. The electronic structures of these two tubes are
considered (Figure 2.9). Although the other chirality tubes were included in the sample, the
changes in DOS of the other metallic and semiconducting tubes from the DOS of (17, 3) and
(15, 6) tubes were negligible for the following discussion if the tube diameter was 1.48 + 0.1 nm.
Comparing the DOS of (17, 3) and (15, 6) tubes, the energy gap of van Hove singularities of the
semiconducting (17, 3) tube was much smaller than that of the metallic (15, 6) tube. In the
semiconducting SWCNT case the gap from Fermi energy to the first singularity was about 0.3
eV (Ef; ~0.56 eV). Therefore, if the (17, 3) tube is used as an electrode, the carrier density of
the electrode dramatically changes when the electrode potential is altered by about 0.3 V from
the open-circuit potential. This change may have caused the increase in ion adsorption on the
electrode surface, which led to the increase of EDLC capacitance. The steps in the observed
dumbbell CV shape should correspond to this carrier density change. The previously observed
“step potentials” are located at distance of about 0.26 V in the positive side and at 0.34 V in the
negative side from the open-circuit potential, hence are in good agreement with the energy gap

from Fermi energy to the first van Hove singularity points of the semiconducting tubes.
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Figure 2.9: Electronic density of states (DOS) of (17, 3) semiconducting and (15, 6) metallic SWCNTS.

From the above discussion, it is plausible that the origin of the dumbbell CV shape can be
explained by the characteristic DOS of the semiconducting SWCNTSs used in the present study.

According to our hypothesis, if the CV shape of the pure metallic SWCNTs is measured, the
two steps would not be observed in the same potential range as in Figure 2.5 because the energy
gap of the metallic (15, 6) tube from Fermi energy to the first van Hove singularity points was
approximately 0.8 eV.

Therefore, the separation of SWCNTSs into metallic and semiconducting tubes was performed
by the density gradient ultracentrifugation method. The observed UV—Vis spectra of the two
separated samples in Figure 2.10 indicate that the separation was fairly efficient. Figure 2.11
shows the observed CVs of the separated metallic and semiconducting tubes. The observed CV
curves were noisy because the amounts of the finally obtained metallic and semiconducting
tubes were very small. However, it is evident that the CV curves of these two samples differ
significantly. As expected, no bulges were observed in the CV curves of the metallic SWCNT
sample in contrast to that of the semiconducting tube. If the potential range is expanded, bulges
in the CV of metallic SWCNTs are expected, and secondary bulges corresponding to the second
van Hove singularity points should be observed in the case of the semiconducting SWCNTs.
However, no bulges were observed except for the first bulges of the semiconducting tubes in the
CV curves in wider potential range, probably because the electric conductivity changes

dramatically only at the first singularity points of the semiconducting tubes.
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Figure 2.10: UV—Vis spectra of the separated semiconducting and metallic samples.
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Figure 2.11: Cyclic voltammograms of the separated metallic and semiconducting SWCNTs in TEMABF,/PC.

In addition to the evidence obtained from Figure 2.11, it remains important to reproduce the
dumbbell voltammogram irrespective of the electrolyte medium, which will not only as final
confirm the intrinsic nature of the dumbbell voltammogram, but also provide insight on any
possible contributions from redox-like charge transfer as alternative or additional probable
cause behind the step increase in capacitance. As discussed above, were reduction—oxidation to
appear on the cyclic voltammogram, they would have the form of two peaks symmetrical
around the open circuit voltage. The peak separation distance and height of these peaks are
functions of the characteristics of the electrolyte. They may vary in height or disappear
depending on the type of the electrolyte used. To gain insight into this latter issue the same

samples must be tested in different electrolytes under potential window that gave rise to the
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dumbbell shape.

To produce the dumbbell voltammogram, it is required to apply potential whose value is high
enough to achieve an energy transition between two symmetric VHSs separated by a band gap
of about 0.56 eV (Ef; for semiconducting SWCNT with diameter 1.48). In other words, the
potential window must extend to about 350 mV to each side of the center of the dumbbell grip
(a total potential window of 700 mV). However, the potential window should not be extended to
the extent that may cause the electrolyte decomposition. For this reason, an electrolyte such as
aqueous H,SO, should be avoided since it will give rise to redox peaks on the cyclic
voltammogram, and obstruct any analyses of the changes occurring on the voltammogram in
terms of the electronic density of states.

Therefore, CV measurement was repeated for the same sample using 1.0 M NaCl, NaBr, and
Nal aqueous solutions as electrolyte mediums (Figure 2.12), and the results clearly show that
the dumbbell shape was obtained once again with similar “grip width” to that shown in Figure
2.5, followed by an abrupt increase in the electrode capacitance. The value of the total
capacitance will naturally depend on the electrolyte type, but the shape of the voltammogram
and the grip distance remain a function of only the tube characteristics.

It is therefore concluded that the dumbbell-shaped cyclic voltammogram reflected the
characteristic electronic structure of SWCNTs, and correlate to the energy band gap on the DOS
of SWCNTs in the sample. Subsequently, step-like increase in capacitance values occurs as the
results of the increase in the number of charge carriers supposedly providing additional energy

to adsorb more ions on the surface of the tubes, increasing the electrode capacitance.
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Figure 2.12: Cyclic voltammograms of SWCNTs sample in NaCl, NaBr, and Nal, showing dumbbell shapes.
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Finally, the legitimacy of our hypothesis can be further confirmed if it proved valid for other
SWCNTs with different mean diameters. In that case the width of the dumbbell grip must
correlate with the mean diameter of the SWCNTs in that sample. For this purpose, two other
samples were investigated, and had narrow diameter distribution but different mean diameters
as seen from their Raman spectra in Figure 2.13.

The first sample is synthesized by laser ablation method (obtained from the Faculty of
Science, Chiba University, Hattori type). It had high crystallinity, as seen from the D-band on
the spectra in Figure 2.13. From XRD measurement and pattern simulation (Figure 2.14), a
mean tube diameter of 1.36 nm was determined for the sample. This diameter corresponds to
(16, 2) and (14, 5) SWCNTs semiconducting and metallic tubes that were used as the

representative chiralities.
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Figure 2.13: Raman spectra of two SWCNTs samples, probed using (a) 532 nm laser and (b) 633 nm laser.
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Figure 2.14: XRD measurements and pattern simulations for the SWCNT sample produced by laser ablation.
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The other sample was produced by CVD (CoMoCAT®) method, and with low crystallinity
that did not allow the observation of clear XRD patterns. However, the sample is enriched with
semiconducting SWCNTs of mean diameter 0.75 nm and chirality (6, 5), which was used as the
representative chirality to obtain the density of states data for the purpose of comparison.

CV  measurements were performed for those two samples, and dumbbell-like
voltammograms were obtained again. The dumbbell shape for the sample produced by CVD
method is not well defined, which may be explained by its lower level of crystallinity compared
to the other sample. Nevertheless, the voltammogram remains closer in shape to a dumbbell
than to a butterfly.

The width of the dumbbell grip of each voltammogram is compared with the band gap
energy EP, of the representative semiconducting tubes, which again resulted in close

accordance between these two values as seen in Figure 2.15 below.
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Figure 2.15: Comparison between band gap energy and grip width of three samples (A) d,= 1.48 nm (B) d,=

1.36 nm (C) d,= 0.75 nm.

It should be noted that all the previous measurement were performed using open-end
SWCNTs. When annealed (closed-end) samples were used, the dumbbell voltammogram was
maintained but had a less defined shape, and the values of electrode capacitance were less than
those obtained with open-end samples in the same electrolyte. This feature is related to the ion
adsorption on the inner surfaces of SWCNTs. the consequence of using decapped SWCNTs as
EDLC electrodes reflects not only on the obtained capacitance but also on the kinetics of ion

adsorption, which will be discussed in detail in chapter 3.
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2.4. Conclusion

The electrochemical behavior of highly crystallized SWCNT with small diameter
distribution, demonstrated by cyclic voltammetry, displayed a distinct dumbbell shape rather
than the typically expected butterfly shape. This shape resulted from the DOS of
semiconducting tubes in the SWCNT sample. The dumbbell voltammogram includes a
characteristic signature of the tubs’ electronic structure in the region called the dumbbell grip,
which was shown to correlate with SWCNT diameter and chirality irrespective of the electrolyte
used. This behavior can be observed only in SWCNT with high crystallinity and narrow
diameter distribution that represent more accurately the actual electrochemical behavior of

SWCNTs.
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CHAPTER 3

Ion Adsorption on the Inner and outer Surface of Single-walled
Carbon Nanotubes used as Electrodes for Electric Double-layer

Capacitors

3.1. Overview

As energy storage electrode material, single-walled carbon nanotubes (SWCNTs) have well
defined and controllable tubular morphology that promises with superior ion accessibility in
compared to activated carbon whose intrinsically random and extremely complicated porous
structure imposes a limitation on both the ion transfer inside the pores and the possibility of
controlling the structure.

SWCNTs offer moderate surface area that can potentially be increased, as was previously
accomplished by growing the nanotubes as vertically aligned forests ® or by creating windows
on their walls to utilize their inner surfaces as ion adsorption sites.®’ SWCNTSs potentially have
three adsorption sites: the outer surface of the bundle of tubes, the interstitial space between
tubes, and the space inside the tubes. In regards to the latter, previous experiments that
investigated lithium intercalation or methane and fullerenes filling into SWCNTSs, demonstrated
an increase in the amount of the stored species upon etching or creating defects, which might
provide additional access inside the tubes to the diffusing species.”> However, the potential
advantage of the space inside SWCNTs may not be limited to the additional storage space; this
internal space predictably provides superior confinement properties. The nano-size induced
capillary action was shown to lead to absorption of dipolar molecules and efficient filling of
SWCNTs.® Also, the confinement of material within the nanoscale space in carbon nanotubes
has been reported to induce peculiar physical phenomena that are different from those in the
bulk phase; for example, the quasi-high pressure effect had diverse effects on the confined

. Z
material, **®

such as super compression resulting in a high-pressure phase structure.
Considering this particularity in behavior, it becomes important for EDLC applications to not

only to realize the highest possible surface area, but also to define where and how ions are
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stored in a polarized SWCNT electrode, and the characteristics of capacitance in each
adsorption site.

In chapter 2, it was demonstrated that unlike other carbon materials, the electrochemical
behavior of SWCNTs is also influenced by their electronic structure. Due to the unique
one-dimensional electronic density of states of SWCNTs, the variation in their charge carrier
density and electrode capacitance is expected to be conspicuous and well-defined in relation to
the applied potential. The qualitative shape of the obtained cyclic voltammogram was dependent
on the tube diameter and chirality, irrespective of the electrolyte medium. The experiments
performed in chapter 2 used open-end SWCNT samples, and were done with slow scan rate to
allow sufficient time for ion adsorption to take place.

This chapter investigates ion storage and electrochemical behavior in closed-end and
open-end SWCNTs, in different electrolyte solutions, and under different potential scan rates.
The results provide insight on the difference between the outer and inner surfaces of SWCNTs
in terms of the electrode capacitance, and noticeable changes in the manner of ion adsorption.

Differences between the voltammograms of open-end and closed-end SWCNT polarized
under the same conditions point toward the difference in surface structure that influences the ion
adsorption behavior. In addition, the use of different electrolytes offers information related to

the role of ion type on electrode resistance and performance.

3.2.  Experimental

3.2.1. Preparation and characterization of samples

The sample used in this chapter is the same SWCNT sample used in chapter 2. As previously
mentioned in chapter 2, the as-grown samples were purified to remove catalyst impurities and
heat-treated at 300 “C to remove amorphous carbon.

The sample was probed with Raman spectra excited by three laser sources (A =514.5, 532, and =
632.8 nm) as indicated previously in chapter 2.

Two sample types were prepared: closed-end and open-end. The closed-end SWCNTs were
prepared by annealing the purified samples at 1200 °C for 14 hours under vacuum.” The
open-end SWCNTs were prepared by heating the closed-end SWCNTSs at 450 °C in air for 20

min.® In order to verify the success of the decapping treatment, nitrogen adsorption/desorption
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measurements were performed to evaluate the specific surface area of both closed-end and
open-end samples. The measurements were performed at 77 K using a Gemini 2375

(Shimadzu).

3.2.2. Electrochemical measurement

All electrochemical measurement were conducted using a potentiostat/ galvanostat (Hokuto
Denko) controlled by a computerized system. The same three electrode cell illustrated in Figure
2.2 was used for all measurements, with an SWCNT sheet sample and an activated carbon
sample on a platinum mesh current collector as working and counter electrodes, respectively.

CV measurements were performed using three electrolyte solutions: aqueous 1.0 M H,SOy,
1.0 M NaCl, and organic 1.0 M triethylmethylammonium tetrafluoroborate (TEMABF,) in
propylene carbonate (PC). Ag/Ag” was used as reference electrode with TEMABF,/PC, while
Ag/AgCl was used for aqueous electrolytes. CV measurements were conducted at scan rates
between 5 and 100 mV/s. An argon-filled dry box was used as the measurement environment for
the organic electrolyte. Charge—discharge measurements were performed in the three

electrolytes with current densities between 50 and 1000 mA/g.

3.3. Results and discussion

The Raman spectra of closed-end and open-end SWCNT samples are shown in Figure 3.1.
The spectra show that Raman spectrum of the open-end SWCNT sample was nearly the same as
that of the closed-end sample. Both closed-end and open-end SWCNT samples are well
crystallized and have few defects on their surface structure, as is evident from the intensity of
the D-band for both samples. The narrow diameter distribution in the samples is indicated by the

narrow range of the RBM band, as shown in Figure 3.1.%
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Figure 3.1: Raman spectra of sample A using (a) 514.5 nm (b) 532 nm, and (c) 632.8 nm laser.

Although Raman results indicate that the heat treatment for decapping induced few or no
defects on the surface of the SWCNTSs, the results of nitrogen adsorption measurement show
drastic changes in Brunauer—Emmett—Teller surface area (Sggr). Closed-end sample had surface

area 629 m*/g versus 1011 m*/g for open-end SWCNT sample (Figure 3.2).
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Figure 3.2: Nitrogen adsorption isotherms of closed-end (black line) and open-end (red line) SWCNT samples.

From the cyclic voltammograms for closed-end and open-end samples in TEMABF4/PC in
Figure 3.3, it can be seen that the dumbbell shape previously discussed in chapter 2 is seen for
both closed-end and open-end samples. Both voltammograms of each sample resemble a
dumbbell with a “grip” shaped region near the open circuit voltage followed by an increase in
the capacitance, resulting in two step-like steps on both sides of the voltammogram.

However, it can be seen that the height of the dumbbell step (electrode capacitance) for the

open-end samples is greater than that of closed-end SWCNT samples.
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Figure 3.3: Cyclic voltammograms of closed-end and open-end SWCNTs in TEMABF,/PC at scan rate 5 mV/s

The capacitance values in the dumbbell “step” region show that open-end SWCNTs have

higher capacitance than closed-end SWCNTs. This apparently occurs in the post-doping stage
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after the applied potential reaches the value that initiates carrier doping, which suggests that the
increase in the number of charge carriers provides sufficient energy to push the ions inside the
decapped tubes, and this additional ion adsorption could have increased the obtained
capacitance. It can be dismissed that other factors may have caused the additional capacitance in
open-end tubes, like functional groups or defects that may have resulted from the decapping
treatment. To begin with, Raman spectra of the decapped samples (Figure 3.1) show that the
intensity of the D-band for samples was maintained, which indicates that tube decapping could
not have caused variation in the level of defects could. Also, the nitrogen adsorption
measurement (Figure 3.2) shows that the Sggr of the decapped tubes is significantly higher than
that of closed end tubes, hence open-end SWCNTs definitely had more space for possible
additional ion adsorption.

Before the ion adsorption inside the tubes is considered, it is important to observe another
observation concerning the region referred to as the ‘“dumbbell grip” in the middle of the
voltammograms in Figure 3.2. In that region the value of electrode capacitance of open-end
tubes is similar to that of closed-end tubes. It was also observed from the values of capacitance
calculated from charge/discharge measurements, that the capacitance per unit surface area of
closed-end sample (4.9 pF/cm?) was higher than that for open-end sample (3.6 pF/cm®). This
suggests that the ion adsorption at low applied potential is not favorable on the inner surface of
the tube due to the constrained nature of the surface inside the tubes. The unfavorable free
energy of the removal of solvation shells offers one possible explanation for the observation that
open-end tubes have capacitance value similar to their closed-end counterparts at low applied
potential.®” ®® In other words, our observation suggests that depending on the ion size the
wetting of the electrode pores with the electrolyte ions may or may not take place as a function
of the applied potential, which seems to contradict the hypothesis that the electrode pores are
completely wetted with the electrolyte even at the open circuit potential.®’

Next, to consider the adsorption inside SWCNTs, the “grip” region is disregarded and the
focus will be on the dumbbell step region. In this potential range, the capacitance of open-end
tubes is higher than that of closed-end tubes. Therefore, ion adsorption seems to occur inside the
tubes in the region of the dumbbell step. Thus, it is postulated that the characteristics of ion
adsorption behavior in the step region are related to the specific nature of the space inside

open-end SWCNTs. Unlike chapter 2, this time H,SO, can be examined within this window
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without decomposition. To analyze the ion adsorption behavior, cyclic voltammetry was
performed in several electrolyte solutions at varying scan rates.

Neglecting the grip region, a potential between 0 and 800 mV was selected to investigate ion
adsorption inside the SWCNTs. Over this range, the capacitance value of open-end tubes may
be significantly higher than that of closed-end tubes. In the selected potential range, CV curves
were investigated for H,SO, (Figure 3.4) NaCl (Figure 3.5) in addition to TEMABF,/PC (Figure
3.6) solutions. Figure 3.4 and 3.5 show the effect of decapping on the electrode capacitance; the
capacitance of open-end tubes in both electrolytes is higher than that in closed-end tubes. It can
be postulated that additional ion adsorption was taking place inside decapped tubes in both
electrolytes, resulting in additional capacitance. Also, the two electrolytes seem to be different
in terms of ion adsorption behavior inside SWCNTs. The CV curves for closed-end tubes in
three electrolytes (Figures 3.4a, 3.5a and 3.6a, respectively) maintain uniform shape despite the
increase in the scan rate. On the other hand, the shape of cyclic voltammograms and the values
of the capacitance in open-end tubes apparently vary depending on the type of the electrolyte.
With H,SO, (Figure 3.4b), there is no deformation in the voltammograms despite the increase in
scan rate. By contrast, increasing the scan rate causes deformation of the CV curves measured in
NaCl (Figure 3.5b) and TEMABF,/PC (Figure 3.6b), showing signs of ohmic drop and lower

electrode capacitance.
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Figure 3.4: CV curves of (a) closed-end and (b) open-end SWCNTs in H,SO, at scan rates of 5, 10, 20, 50, and

100 mV/s. The arrow indicates the direction of increasing the scan rate.
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Figure 3.5: CV curves of (a) closed-end and (b) open-end SWCNTs in NaCl at scan rates of 5, 10, 20, 50, and

100 mV/s. The arrow indicates the direction of increasing the scan rate.
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Figure 3.6: CV curves of (a) closed-end and (b) open-end SWCNTs in TEMABEF,/PC at scan rates of 5, 10, 20,

50, and 100 mV/s. The arrow indicates the direction of increasing the scan rate.

Since the deformation was insignificant for closed-end tubes in NaCl and TEMABF,/PC, the
ohmic drop causing the deformation can be primarily attributed to the inner resistance to ion
diffusion in the new porous structure introduced by decapping the tubes. Owing to the
entanglement of SWCNTs in the bundle, ion storage in closed-end tubes possibly occurred on
the outer surface of the bundle mat and in the inter-bundle spaces. This storage space is
sufficiently large not to impose any constraints on ion adsorption, which resembles the behavior
of a flat electrode, allowing ions to diffuse easily along the adsorption surface. Thus, the ohmic
drop effect was not observed in closed-end tubes in the two electrolytes. In the open-end tubes,
the additional ion storage space was the tubular channel inside the SWCNT, which provides a

constrained diffusion path. The ion diffusion that requires sufficient time to proceed down the
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tubular channel is likely to become dependent on the type of the ion. In the case of NaCl and
TEMABF,, the diffusion of ions is the result of ion migration. At high scan rates, the pores may
not be able to follow the variation in potential as quickly as the outer surface of the bundle.” As
a result, the time available is insufficient for the ions to diffuse all the way inside the tubes, and
the scan is likely to be reversed before full-path penetration is attained. This shorter penetration
depth reduces the electrolyte concentration and ionic conductivity and increases the internal
resistance down the tubular pore, thus resulting in lower capacitance and a deformed
voltammogram as the scan rate is increased on the voltammograms of both NaCl and
TEMABF,/PC.

With H,SO,, the fact that, at all scan rates investigated, the cyclic voltammograms of both
closed-end and open-end do not exhibit any deformation, implies that the adsorption spaces
outside and inside the tubes are both easily accessible. Such behavior might be expected,
considering that H,SO, dissociates in water to give protons H" with high ionic mobility. The
proton mobility occurs as a result of two mechanisms: the hydrodynamic migration of
hydronium ion (H;0") and the “proton jump,” mechanism i.e., the transfer of an H" ion from
one water molecule to the neighboring one, along a chain of water molecules. The combined
effect of these two mechanisms leads to high mobility and high ionic conductivity.” On the
other hand, the anion contribution to the observed behavior in Figure 3.4(b) cannot be easily
judged. This is caused by the possibility of both HSO, and SO47ions coexisting in the solution
with a population that is crucially determined by the number of surrounding water molecules
coordinating with the ions.”' Nevertheless, the reported high conductivity of H,SO, is
significantly higher than that of NaCl (approximately 4 times higher) can be the origin behind
the low ohmic drop shown in Figure 3.4(b).

To quantitatively assess the change in ohmic drop imposed by the nature of adsorption in the
inner tubular structure of SWCNTs, an analytical approach is employed to reproduce the
experimental results of the present study.”” This approach explains the variation in the shape of
the cyclic voltammogram relative to the time required for the ions to diffuse down the pore
length at different scan rates. lons generally require a longer time to travel down the path inside
the porous structure of the space inside the tubes when compared with the outer surface of the
tube that offers a shorter, straighter diffusion path.

The ion adsorption process is represented with the resistor—capacitor-in-series equivalent
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circuit. The potential across the resistor is given by Ohm’s law, (E7 = [R). Then the potential
across the capacitor is defined as (E2 = Q/C). Both expressions are combined, and then
differentiated with respect to time to obtain a time dependent expression for the potential across

the equivalent circuit:

E(t) = RI(t) +? G-l

In equation (3.1) above, R is the resistance, Q is the electric charge, and C is the double layer

capacitance. The above equation is solved to obtain the current as a function of time:

I(t) = Cv{1 - (1 - %) exp <_ %)} (3.2)

where [, and [ are electric current values at time values 0 and t, respectively. Then, the time is
rephrased as (E/v), where (v) is the potential scan rate. The following is the final equation that

predicts the current through the EDLC:

I(E) = Cv{l - (1 —1—0) exp (—E _E")} 3:3)

Cv VRC
Using equation (3.3), plots of mathematically are calculated CV curves under the same
applied potential and scan rates used in the experiments. Using a trial and error procedure, the
values of both the constants C and R were varied until the values that lead to the closest possible
accordance between the experimentally measured and the mathematically calculated data were
reached (Figure 3.7 for an example of open-end sample in NaCl). The value of R obtained from

this trial and error procedure was considered to be the electrode resistance.
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Figure 3.7: Example for Simulation of CV curve for open-end SWCNT in NaCl at scan rates of 5, 10, 20, 50,

and 100 mV/s. The arrow indicates the direction of increasing the scan rate.

The process was performed for each of the different electrode/electrolyte combinations, as
shown in Table 3.1. The results reflect the difference relative to the electrode resistance and its
dependence on the type of electrolyte. For H,SO,, both closed- and open-end SWCNTs have the
same resistance values. On the other hand, the electrode resistance of open-end tubes is three

and 1.5 times that of closed-end tubes in NaCl and TEMABF,, respectively.

Table 3.1 Total ohmic resistance for both types of SWCNTs

Sample H,S0, NaCl TEMABF,/PC
Closed-end SWCNT 0.005 0.01 0.037
Open-end SWCNT 0.005 0.028 0.055

34. Conclusion

Ion adsorption on the inner surface of SWCNTs requires higher energy than that on the outer
surface within the range of parameters tested in this chapter. The constrained size makes this
inner surface more sensitive to the nature and size of electrolyte ions. The increase in the
number of charge carriers upon doping apparently provides the driving force required to push
the ions inside open-end SWCNTs, leading to sudden increase in the electrode capacitance and

resulting in the step-like step on the dumbbell voltammogram of SWCNTs.
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CHAPTER 4



CHAPTER 4

Spectroscopic Evidence for the Origin of the Dumbbell Cyclic

Voltammogram of Single-walled Carbon Nanotubes.

4.1. Overview

The unique electronic density of states (DOS) of single-walled carbon nanotubes (SWCNTSs)
is of significant relevance to both their optical and charge storage properties. The
one-dimensional confinement of electrons results in a discontinuity known as a van Hove
singularity (VHS) on the electronic density of states of SWCNTs. The energy required to excite
an electron from one VHS in the valence band to a symmetrical one in the conduction band
produces a spectroscopic signature that correlates to the tube chirality.” It follows that due to
this quantization of electronic structure, the energy required to introduce a charge carrier into
the valence or conduction band on the electronic density of states of SWCNTs also becomes a
defined feature of the tube chirality. Using a combination of charge transfer processes and
spectroscopic techniques, valuable information on the mechanism of charge storage in SWCNT
electrodes can be obtained.”™®'

In a sample of wide size distribution and low crystallinity, charge is stored as a collective
response of all the tubes (as well as surface defects and chemical groups) in the sample, whereas
the behavior of only a limited portion of the tubes is probed by spectroscopic methods such as
Raman spectroscopy.”” However, recent advancements in SWCNT science/applications now
allow/require the synthesis and characterization of tubes with limited or specified chirality and
diameter distribution.**® In particular, for charge storage in electric double layer capacitors
(EDLCs), recent studies revealed the importance of narrow-range or uni-modal pore size
distributions in the maximization of the energy density of the porous electrode.*® When
SWCNTs with narrow diameter distribution are used as such electrode materials, the unique
electronic structure of SWCNTSs will be an important design factor that can be used to tune the
potential window of the SWCNT electrode to optimize its charge storage. In addition,

spectroscopic techniques will provide more information on the mechanism of charge transfer in
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this new generation of SWCNTs that are well-defined in size and electronic properties.

Chapter 2 revealed that the cyclic voltammogram of SWCNT samples of high crystallinity
and narrow diameter distribution had the shape of a dumbbell rather than either the typical
rectangular shape obtained for other porous materials, or the butterfly shape previously reported
for SWCNTs.® The dumbbell voltammogram was also observed in different aqueous
electrolytes, and had a region of applied potential corresponding to the lowest capacitance,
referred to as the “dumbbell grip.” The width of that region, or the “grip distance,” was shown
to change as a function of the mean diameter of SWCNTs in the sample, confirming the intrinsic
nature of the change in capacitance with applied potential. In chapter 3, it was revealed that the
height of the step increase of SWCNT capacitance is related to the tube surface structure, where
the cyclic voltammogram open-end SWCNTs showed higher electrode capacitance at the steps
of the dumbbell.”

In this chapter, the evolution of the Raman spectra of SWCNTs as an EDLC electrode is
followed within the potential range of the dumbbell voltammogram, to identify the origin of the
change in charge carrier density giving rise to the aforementioned increase in capacitance. In
addition, the same tests were performed on closed-end and open-end SWCNT samples to
investigate the influence of surface structure, and again an array of different electrolytes was
utilized to incorporate the potential effect of those additional elements on the

spectro-electrochemical behavior of SWCNT electrodes.

4.2. Experimental

The sample used in the present study was sample referred to in previous chapters, produced
by the arc discharge method (Meijo Nano Carbon Co. Ltd.), and has high crystallinity and
narrow diameter distribution (Figure 3.1). The samples used after the as-grown samples were
purified to remove amorphous carbon then purified and catalyst impurities, annealed at 1200 °C
for 14 hours in vacuum,, then decapped as described in previous chapter to obtain two types of
samples: closed-end and open-end SWCNTs. The in sifu Raman measurements were performed
in the potentiostatic mode using a potentiostat/galvanostat (Hokuto Denko) in a three electrode
arrangement cell equipped with a quartz window directly above the working electrode (Figure
4.1). SWCNT sample and an activated carbon fiber sample on a platinum mesh current collector

were used as the working and counter electrodes, respectively. Samples were sandwiched with
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the current collector between two glass fiber sheets, with a small hole on one of them to allow
access for the laser beam. Raman spectra were excited with two nitrogen-cooled excitation
sources: green Nd:YAG laser (A = 532, E; = 2.33 eV), and red helium-neon laser (A = 632.8, E.
= 1.96 eV), collected using a NRS 3300 (JASCO) spectrometer. The laser was focused on the
working electrode and the spectra were collected for each applied potential at 0.1 V intervals.
The spectra were fitted using Fityk software for further analyses.

Cyclic voltammetry (CV) was also conducted with a scan rate (5 mV/s). This scan rate is
slow enough to allow sufficient time for ion diffusion into the porous structure inside the tubes,
and permit to observe the characteristic dumbbell-shaped voltammogram that would not be
observed otherwise, because of the deformation in the voltammogram at high scan rates due to
ohmic drop in the porous structure as discussed in chapter 3.*" All spectro-electro measurements
were conducted for both closed- and open-end samples in different electrolytes (NaCl, NaBr,
Nal, and KCl), each 1.0 M in concentration with Ag/AgCl as the reference electrode. The
electrolytes used show a gradual change in the ion size which might shed light on individual

differences between different ions.
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Figure 4.1: Cell arrangements for in situ Raman spectroscopy measurements.

4.3.Results and discussion

As shown in chapter 2, the cyclic voltammogram of SWCNTs having high crystallinity and

narrow diameter distribution was recently observed in organic electrolytes, and shown to exhibit
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the shape of a dumbbell. Upon performing cyclic voltammetry for separate samples of metallic
and semiconducting SWCNTs, the cyclic voltammogram of semiconducting tubes had the shape
of a dumbbell, while that of metallic tubes maintained a semi-rectangular shape in the same
potential range. Moreover, the dumbbell voltammogram had a region of minimum capacity,
referred to as the “dumbbell grip,” whose width corresponded very closely to the energy band
gap of the electronic density of states of the semiconducting tubes in the sample investigated.
The dumbbell voltammogram was also observed using aqueous electrolytes. Based on these
observations, the step-like increase in capacitance leading to the dumbbell shape was concluded
to relate to the increase in charge carrier density that correlates with the electronic density of
states of semiconducting tubes.

The goal of this chapter is to obtain spectroscopic evidence for the origin of the change in
electrode capacitance leading to the appearance of the dumbbell-shaped voltammogram. Taking
into consideration the aforementioned observations using cyclic voltammetry, it was expected to
see considerable spectroscopic changes in the spectra of semiconducting SWCNTs.

Figure 4.2 shows the cyclic voltammogram of open-end SWCNTs (solid line) in NaCl, and
also reveals the shape of a dumbbell. The center of the dumbbell grip is positioned at a potential
value of about -0.31 V. Two step-like humps are observed roughly around -0.6 and 0 V, which

will be referred to here as the “step potentials.”
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Figure 4.2: Cyclic voltammograms of closed-end (dashed line) and open-end (solid line).

The in situ Raman spectra of open-end SWCNTs in NaCl using two laser types (green, A =

532 and red, A = 632.8 nm) are shown in Figure 4.3 and Figure 4.4, which display the
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potential-dependent spectral changes of semiconducting and metallic SWCNTs, respectively.
The G band appears at a frequency shift around 1590 cm™ in both figures.

Contrary to the results previously observed with cyclic voltammetry for semiconducting and
metallic SWCNTs, the Raman spectra of semiconducting SWCNTs do not show any significant
changes in the vibrational modes with applied potential. Raman spectra of metallic SWCNTs,
on the other hand, exhibit significant potential-dependent changes in the shape and frequency of
different characteristic peaks as discussed in more detail below.

The lower component of the tangential G band (called the G™ band), exhibits a conspicuous
enhancement in intensity with applied potential. Similar results were observed with other

electrolytes as seen in Figures A1 — A4 using 632.8 nm laser, and A5 —A8 using 532 nm laser.
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Figure 4.3: Raman spectra of the RBM mode (left), tangential mode (middle), and G’ band (right), for

open-end SWCNTs in NaCl using green laser. Values of applied potential in (V) are indicated on the right.
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Figure 4.4: Raman spectra of the RBM mode (left), tangential mode (middle), and G’ band (right), for

open-end SWCNTs in NaCl using red laser. Values of applied potential in (V) are indicated on the right.

Contrary to other characteristic peaks in the spectra of SWCNTs, which can normally be
fitted by a Lorentzian function that is symmetrical in shape, the G band of metallic SWCNTs is
normally fitted by the asymmetrical Breit—Wigner—Fano (BWF) line shape. This feature appears
only when the carrier density at the Fermi energy has a finite value;* hence it is considered an
intrinsic and characteristic feature that can be used to distinguish the spectra of metallic
SWCNTs from those of semiconducting ones. The intensity of the BWF feature, however, is of
a collective nature, in the sense that it is enhanced in bundles of metallic SWCNTSs compared to
its value in the spectrum of individual tubes.® It is also known to change as a function of charge
carrier density, and is enhanced upon charge transfer.’®* This enhancement occurs not only
with metallic SWCNTs, but was also observed in alkaline-metal doped (GIC’s) due to the
transfer of electrons from alkaline metals to the graphite layers for the low stage forms.”

Quite interestingly, the onset of intensity enhancement of the BWF feature seems to occur at
values of applied potential that correspond closely to those of the “step potentials” on the

dumbbell voltammogram in Figure 4.2. This was unexpected, considering that the step
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potentials are supposed to correlate with the energy transition between the first singularities on
the density of states of semiconducting but not metallic SWCNTs. This observation leads us to
presume that the charge generated due to doping of semiconducting tubes is possibly being
transferred to metallic ones, thereby enhancing the BWF feature in the spectra of Figure 4.4, due
to some form of inter-tube free carrier transfer tendency from semiconducting tubes towards
metallic tubes and semiconducting tubes with smaller energy gaps.”' However, in the absence of
an exact mechanism to explain this hypothesis, it remains unverified without at least further
examination of other charge transfer-dependent Raman modes besides the BWF feature. For this
purpose, other features that are known to be sensitive to charge transfer were examined: the
position of the higher frequency component of the tangential G mode (G" band), the intensity of
the radial breathing mode (RBM band), and the frequency shift of the G’ band.

First, the frequency shift of the G* band was examined as shown in Figure 4.5. The
frequency of the G' band is expected to show an upshift due to doping, which is explained by
the stiffening of the C—C bond associated with electron removal from the m-band of the
electronic structure of SWCNTSs.* > ** Figure 4.5 shows the frequency shift of the G* band for
semiconducting and metallic SWCNTs, probed by green and red laser respectively. It can
clearly be seen that the frequency upshift is higher for metallic tubes in the potential region

where the charge carrier density of only semiconducting tubes is being altered.
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Figure 4.5: Frequency shift of G band with applied potential in different electrolytes for open-end SWCNTs

using (a) green laser and (b) red laser.

Next, the change in intensity was examined for the radial breathing mode (RBM), which is a
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low energy mode that is sensitive to the charge density on the tubes. As shown in Figures 4.3
and 4.4, two RBM peaks can be seen with each laser type. For comparison purposes, each peak
was fitted with a Lorentzian function, and plotted the change in peak intensity relative to that of
the G band with applied potential (Figures 4.6 and 4.7). The peaks denoted as P1 and P2 are
peaks probed using the red laser, and P3 and P4 are for those probed with the green laser. Upon
comparing the two figures, it can be seen that P1 and P2 in Figure 4.6 exhibit a sharp drop in
intensity, while little or no change in the intensity is seen with P3 and P4 in Figure 4.7. Another
observation is that the trend in intensity loss for P1 is quite different from P2 despite the fact
that both peaks are probed using the same laser source. P1 has a point of maximum intensity,
and then loses intensity gradually and progressively on both sides of the applied potential. The
intensity of P2 maintains a plateau of constant value, after which it starts to lose intensity rather
sharply. Further, the plateau of constant intensity of P2 matches the potential interval of the
voltammogram dumbbell grip in Figure 4.2. Following previous analyses on the evolution of the
RBM band with applied potential, P1 can be attributed to metallic SWCNTs, while P2 is
designated as semiconducting.” This assumption can be rationalized since it is possible to probe
both metallic and semiconducting SWCNTSs using red laser, whose energy is close to both EM
and E3; on the density of states of SWCNTSs in our samples.*”*

The intensity drop with applied potential for the tubes probed in Figure 4.6 but not in Figure
4.7 has two possible explanations. One reason is based on the hypothesis that doping charges
can decrease the electron-photon interaction, thus reducing the Raman intensity.”* One might
speculate that these doping-induced changes cause more significant changes to the
electron-photon interaction at E} (probed with red laser), which is lower in energy than Ej;
(probed with green laser). The other possible reason is the aforementioned possibility of charge
transfer from semiconducting tubes probed with a green laser, which has an approximate band
gap of 0.51 eV, towards tubes probed with a red laser that consist of metallic tubes and

semiconducting tubes with an approximate band gap of 0.49.%
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Figure 4.6: RBM intensity for peaks probed for open-end SWCNTs in NaCl using red (A = 632.8 nm) laser.
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Figure 4.7. RBM intensity for peaks probed for open-end SWCNTs in NaCl using green (A= 532 nm) laser.

Nevertheless, due to the multiple possibilities behind the drop in RBM intensity, the
assumption of inter-tube charge transfer as the origin of change of both RBM intensity and G
band remains inconclusive. Thus, the frequency shift of the G’ band was analyzed, and
compared with previous studies that reported particular sensitivity in G’ band position to charge
transfer, by exhibiting upshifts in the region of anodic potential and downshifts in the cathodic
potential region.” In Figure 4.8, it can be seen the potential-dependent change in frequency shift
of the G’ band, probed employing the two laser sources as before. It can be seen that the G’ band
of metallic tubes (632.8 nm laser) shows a region of constant frequency shift, followed by
significant upshifts. In contrast, the frequency shift of G’ of semiconducting tubes (532 nm
laser) does not exhibit any frequency upshift with applied potential. In fact, its frequency shows
a slight downshift in the anodic region. The reason behind the slight difference for

semiconducting tubes in terms of direction of shift remains unexplainable, but it is clear that (i)

60



unlike metallic tubes, semiconducting tubes do not show the previously predicted upshift in the
anodic region, and (ii) similar to the above mentioned enhancement in the BWF feature, the
onset of upshift in the G’ band frequency of metallic tubes corresponds closely to the band gap
of semiconducting tubes. It is therefore assumed that the charge generated on semiconducting
tubes due to doping is adopted by the metallic tubes, thereby triggering the aforementioned
observations in their Raman features. In other words, the above analysis suggests that when
semiconducting tubes are doped, the electrons removed from the valance band transfer to the
metallic tubes, enhancing the BWF feature. This leads to more ion adsorption on the surface

once they travel through the outer circuit and causes more frequency upshift in the G’ band.
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Figure 4.8: G’ band for open-end SWCNTs in NaCl using red (A = 632.8 nm) and green (A = 532 nm) lasers.

Due to the major role of adsorbed ions in the process of electrochemical doping as indicated
from the analysis above, the influence of surface structure was next incorporated, by comparing
the results obtained for open-end tubes with those obtained for closed-end tubes. It is interesting
that all the aforementioned changes in Raman spectra are observed more clearly in open-end
SWCNT samples. With closed-end samples, the enhancement in the BWF feature is separated
by a larger interval of potential (Figure 4.9 and Figures A9 to A16). The cyclic voltammogram
of closed-end SWCNTs (dashed line in Figure 4.2) is also less defined and does not correlate
accurately with the electronic band gap of semiconducting tubes, and the capacitance calculated
from integrating the CV curve (44.9 F/g) is lower than that with the open-end SWCNT sample
(55.9 F/g). It can also be seen that the frequency upshift of the G™ band for closed-end SWCNTs
(Figure 4.10) is much less than that shown in Figure 4.5 for open-end SWCNTs. Despite the fact
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that both samples include the same chiralities of metallic and semiconducting tubes, the upshift
of the G* band for open-end SWCNTs during the anodic potential reaches a maximum of 12.8
cm™. The closed-end SWCNTs sample, on the other hand, shows little upshift (around 4 cm™).
With the G’ band, open-end tubes exhibit a maximum frequency upshift of 10 cm™” while

closed-end tubes show almost no frequency upshift (Figure 4.11).
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Figure 4.9: Raman spectra of the tangential G band for closed-end SWCNTs in NaCl using two laser types.

Values of applied potential in (V) are indicated on the right.
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Figure4.10: Frequency shift of G band of closed-end SWCNTs with applied potential in NaCl probed with (a)

green (A= 532 nm) and (b) red (A= 632.8 nm) laser.
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Figure 4.11: Frequency shift of G’ band for open-end (solid circles) and closed-end (hallow circles) SWCNTs

in NaCl probed using red laser (A= 632.8 nm).

These differences invoke the surface structure as an important factor where electrochemical
doping is concerned, and suggest that electrochemical doping and the resulting magnitude of
shift are bound by the availability of surface area for ion adsorption. Since charge storage in
EDLC is achieved by adsorption of ions on the electrode surface, the availability of the surface
area for adsorption of ions will determine the magnitude of charge transferred. The BET surface
area of open-end SWCNTs samples is much higher than that for closed-end ones (as seen from
Figure 3.2) due to the additional surface area of the cylindrical cavity inside the tubes, and the
usability of this additional space for ion storage can be inferred from the higher electrode
capacitance obtained with open-end SWCTs. This indicates that exact knowledge of the surface
area exposed for ion adsorption is essential to correlate the doping level of SWCNTSs, which also
hinders the comparison of the present results to previous work in which information about the
surface structure of the tubes was not accurately specified.

Furthermore, and to avoid confusion about the origin of the observed changes in
spectroscopic features, the in situ spectroscopic changes were observed for an as-grown
SWCNT sample that did go through any purification or annealing treatment. The frequency shift
of G" band is plotted with applied potential in Figure 4.12. The as grown sample shows slightly
higher frequency upshifts, especially at high applied potentials. This difference might be simply
due to experimental error, or might probably be associated with some additional charge transfer
due to metallic nanoparticles, and/or any chemical groups and defects that might exist on the

surface on the as grown sample.
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Figure 4.12: Frequency shift of G band with applied potential in different electrolytes for open-end (solid

circles) and As-grown (hollow circles) SWCNTs using red laser.

Finally, and within the range of electrolytes tested in the present study, no conspicuous
changes in the magnitude of frequency upshift were observed by changing the type of adsorbed
ion (Figure 4.13). One exception is seen with Nal where the upshift for the anodic doping
(anion adsorption) side starts to surpass the other electrolytes. This occurs for both closed-end
and open-end SWCNT samples at potential value around +0.3 V, which corresponds to the
redox potential of iodine, suggesting an additional mechanism behind the change in the

frequency upshift in the case of Nal.”
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Figure 4.13: Frequency shift of G band with applied potential in different electrolytes for (a) closed-end and

(b) open-end SWCNTSs, probed with red laser (A = 632.8 nm).
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4.4. Conclusion

This chapter revealed that the sharp, step-like increase in SWCNT electrode capacitance is
associated with an enhancement in the charge carrier density in SWCNTSs. The additional charge
occurs as a result of doping of semiconducting tubes, which seems to be transferred to metallic
tubes, leading to an enhancement in the BWF feature in the Raman spectra at certain potential
values. This results in an increase in charge carrier density hence enhances ion adsorption, all of
which correlate with the electronic band gap of semiconducting tubes. Similarly, the intensity of
the RBM band of metallic tubes decreases and the positions of the G™ and G’ bands upshift with
applied potential. In contrast, those of semiconducting tubes do not seem to be significantly
disturbed by the increase in charge carrier density. The surface area of the tubes remains an
important factor, as seen from the higher ion adsorption-related frequency upshift for G" and G’
bands. This shows that optimizing the SWCNTs surface area is essential to fully utilize the
advantages obtained from the enhancement of charge carrier density in this class of SWCNTs

highly-defined in diameter distribution and electronic structure.
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CHAPTER 5



CHAPTER S

Nitrogen Doping and Electrode Capacitance of Doped Single-walled
Carbon Nanotubes

5.1. Overview

As discussed in chapter 1, Van der Waals forces between SWCNTs cause them to aggregate

and form bundles. As a result, the interstitial space between the tubes may not be useable for ion
storage. In addition, it was shown in chapter 3 that while the space inside SWCNTSs can be used
to store ions and increase the usable electrode specific surface area, it is also likely to increase
the electrode resistance, leading to performance deterioration at high rates.
One approach to address the above considerations is to create defects on the surface of the tube,
to offer additional windows for ion adsorption, an approach that was shown to result in specific
surface area to a value comparable to that of theoretical maximum of a graphene sheet.”
However, this method may also result in proportionally higher electrode resistance and lead to
the formation of surface chemical groups that may catalyze electrolyte decomposition and
reduce the stable potential window, and also cause capacitor aging.”®

An alternative approach is to manipulate the electronic structure of SWCNTs by doping with
foreign species. This approach can be realized by several methods. Doping by intercalation was
demonstrated in the form of nanotube bundles intercalated with atoms or ions,”” and doping by
encapsulation is also reported by incorporation of fullerenes inside open-end SWCNTs to
prepare peapods.” * Another form of doping is possible by foreign elements substitution, and
involves the incorporation of foreign elements within the graphitic network of the tube. Doping
SWCNTs using this approach is increasingly being reported to enhance their capacitance and
electronic conductivity hence their charge storage performance as electrodes for diverse energy
devices.

Among the methods investigated, nitrogen doping to several kinds of carbon materials has
been performed in order to improve their physicochemical properties as fuel-cell, lithium-ion
battery electrodes (LIB), and other energy devices. ™" For fuel-cell application, it has been

well known that the nitrogen doped carbon materials can work as efficient metal-free catalyst
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for oxygen reduction reaction (ORR). These unique ORR catalytic properties can be utilized for
air-electrode of metal-air cells which have much higher specific energy densities than LIB
has.'? N-doped carbon materials are also charming materials for LIBs, since it is well
recognized that the presence of N atoms in the carbon materials can enhance the electric
conductivity and hence the Li ion storage capacity.'® '

A variety of carbon materials have been used for the N-doping host and several doping
methods have been tested. The methods can be divided to two groups by the timing of N-doping.
Nitrogen atoms can be incorporated in the carbon framework while the framework is being
constructed; this method is denoted as on-synthesis doping.'® "> '"* On the other hand, nitrogen
atoms can replace the carbon position of some kinds of carbon materials and/or they can be
added to the edge part of carbon materials: post-synthesis doping.'”> '** '°“ > Although
post-synthesis doping has some advantages such as easy control of doping level compared to
on-synthesis doping, it has only been applied to limited kinds of carbon materials, and only to
relatively low crystalline carbon materials which have chemically active sites.

For well crystalized carbon materials such as diamond and SWCNTs, it has been believed
that the post-synthesis doping should not be effective.

Recently, and using graphite oxide as starting material, Parvez et al.'” succeeded in
preparing N-doped graphene by a post synthesis method using cyanamide as nitrogen source. In
this chapter, doping nitrogen into SWCNTs is attempted by this post-synthesis method. With the
obtained SWCNT samples, the N-doping effect on the properties of SWCNT EDLC electrodes

was investigated

5.2. Experimental

5.2.1. Preparation of samples

Three kinds of SWCNTs were used: one CVD produced SWCNT sample (CoMoCAT: Sigma
Aldrich), and two arc-discharge produced SWCNT samples (FHP and SO: Meijo Nano Carbon).
Hereinafter, the three kinds of SWCNT samples will be denoted as CoMoCAT, FHP, and SO.

First, the SWCNT samples were purified to remove the metal nanoparticle catalysts by
appropriate acid treatments. Then, samples were acid treated to introduce defects on their walls

in the following manner:
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The type of treatment varied depending on the level of crystallinity of each sample. While

CoMoCAT sample has small mean diameter and already contained a significant level of defects,

FHP and SO samples, on the other hand were produced by arc discharge method and had high

level of crystallinity, hence more aggressive approaches were necessary as explained below:

1. CoMoCAT: To avoid destruction of the sample, HCI purification treatment was deemed
sufficient and no further treatment was performed.

2. FHP: The purified sample was sonicated for 3hr in a mixture of H,SO, and HNO; with a
volume ratio of 3:1 under ice bath, then vacuum-filtered and washed by deionized water.

3. SO: Electrochemical oxidation was performed. The sample is assembled in a capacitor-like
arrangement, and the Pt mesh is used as counter electrode. 5 M HCI was used as electrolyte.
A voltage of 2.0 V was applied for 30 min in a current range of 1.0A. After that, the sample
is vacuum-filtered and washed with deionized water.

Nitrogen doping treatments were performed according to the method developed by Parvez et
al.'” Sodium dodecyl sulfate was added to SWCNT dispersed water (1 mg/ml), and sonicated
for 30 min to form a homogeneous dispersion. Then, cyanamide solution (50wt % in water) was
added dropwise while stirring. The mixture was then stirred continuously and heated at 100 °C
to remove water. The resulting solid was annealed under argon atmosphere as follows.

The sample was heated to 550 °C at a rate of 2 °C /min. After the temperature has been
maintained at 550 °C for 4h, it was further heated to 800 °C at a rate of 2 °C /min and kept at
this temperature for another 1h. After that, the sample was cooled to room temperature at a rate
of 2.5 °C /min.

The doped nitrogen contents were evaluated by X-ray photoelectron spectroscopy (XPS)
measurements using ULVAC PHI 5000. The structural changes of the SWCNT samples by the
N-doping treatments were investigated by SEM (JSM-7001FF (JEOL)), Raman (JASCO NRS

3300) and N, adsorption/desorption measurements (Shimadzu Gemini 2375).

5.2.2. Electrochemical measurement

Cyclic voltammetry measurements were performed using a three-electrode cell where glass
fiber-sandwiched sample of SWCNTs was used as the working electrode, and activated carbon
fiber was used as the counter electrode. The measurements were conducted under ambient

temperature in aqueous NaCl and organic TEMABF,/PC as electrolytes using Ag/AgCl and
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Ag/Ag’ reference electrodes respectively. Charge/discharge measurements with constant current
(charge-discharge measurements) were also performed in the potential range of -700 — 700 mV

in NaCl, and -1400 — 800mVin TEMABF,, at constant current rate of 100 mA/g.

5.3.Results and discussion

The difference in crystallinity between the three (CoMoCAT, FHP, SO) SWCNT samples can
be seen in their Raman spectra from the relative intensity of the D band (seen around 1330 cm’
(Figure 5.1) compared to that of G band (at around 1590 cm™). Especially, in the case of SO,
apparently D-band peak could not be seen in the spectrum. The peaks observed in low
frequency region are the radial breathing modes (RBMs) whose peak positions are inversely

proportional to the tube diameters.>®
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Figure 5.1: Raman spectra for (A) SO (B) FHP (C) CoMoCAT, and (D) NCoMoCAT SWCNT samples, excited

using Nd:YAG laser (A =532, E;, =2.33 eV).
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Judging from the RBM peak pattern, it can be understood that SO and CoMoCAT have a
small diameter distribution while FHP consists of wide range diameter tubes. The tube
diameters can be evaluated for SO and CoMoCAT using  d, =234/(orpym - 10)°° (nm) and the
calculated values are R;( 1.6 nm), R,( 1.45 nm), r;( 0.9 nm), r,( 0.84 nm), r3( 0.8 nm), ry( 0.78
nm). Figure 5.2 shows the N1s XPS spectra of SO, FHP and CoMoCAT samples after the
N-doping treatments.

As shown in the figure, no peaks could be observed for SO and FHP samples. On the other
hand, in the case of CoMoCAT, N1s XPS peaks could be clearly seen. This N-doping treated
CoMoCAT sample will denoted as NCoMoCAT. The nitrogen content of NCoMoCAT is
evaluated to be 1.8% by the integrated XPS peak intensities. The N1s XPS spectrum of
NCoMOoCAT is constructed from two peaks. By the curve fitting procedure, the peak positions
are determined to be 398.4 and 400.4 eV. The former and latter peaks are assigned as pyridinic

(P-N) and graphitic (G-N) nitrogen atoms, respectively.
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Figure 5.2: XPS N1s spectra for (a) pristine and (b) N-doped samples (A) FHP (B) SO, and (C) CoMoCAT.

Cyclic voltammogram (CV) and charge/discharge (C/D) measurements were performed for
CoMoCAT and NCoMoCAT EDLC electrodes. Both measurement data showed that the EDLC
capacity of NCoMoCAT (evaluated from C/D data with current density of 100 mA/g) is
significantly larger than that of CoMoCAT (83.4 F/g and 48 F/g in NaCl for CoMoCAT and
NCoMOoCAT, respectively). CV diagrams taken at scan rate 100 mV/s in NaCl and TEMABF,
are shown in Figure 5.3 and Figure 5.4 respectively. It can be seen in Figure 5.3 that in NaCl the

capacitance per unit surface area for NCoMoCAT sample is higher than that for CoMoCAT.
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Also, the CV shape of NCoMoCAT is closer to the dumbbell shape than that of CoMoCAT,
which resembles a spindle and shows greater deformation. On the other hand, CV shapes of
both pristine and N-doped samples in TEMABF,PC (Figure 5.4) show deformed

voltammograms.
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Figure 5.3: Cyclic voltammetry results of (A) NCoMoCAT and (B) CoMoCAT samples in 1.0 M aqueous NaCl

at scan rate 100 mV/s.
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Figure 5.4: Cyclic voltammetry results of (A) NCoMoCAT and (B) CoMoCAT samples in TEMABF,/PC
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electrolyte at scan rate 100 mV/s.

As discussed in the chapter 3, such difference in CV shape is due to the difference in

resistance factor for ion adsorption (eq. 3.3).

=i (1- E)on (-2

It means that the resistance factor of CoMoCAT is significantly larger than that of

(3.3)

NCoMoCAT. Therefore, it is plausible that the electric conductivity of NCoMoCAT is increased
by the N-doping treatment. This explanation is also supported by Figure 5.5 in which, in NaCl
the capacitance of CoMoCAT shows a sharper decline with increasing the scan rate than that of
NCoMoCAT (Figure 5.5a). In TEMABF4/PC, on the other hand Figure 5.5b shows that the
decline in capacitance with scan rate of NCoMoCAT does not show improvement from that of

CoMoCAT.
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Figure 5.5: Capacitance change with scan rate for (A) NCoMoCAT and (B) CoMoCAT samples, taken in (a)

NaCl and (b) TEMABF4/PC. (C/Co) is calculated as percentage from the capacitance at scan rate 5 mV/s.

One may suspect that some kinds of structural defects may occur by N-doping treatment
which leads to the increase of specific surface area and EDLC capacity. However, this
possibility can be dismissed by the following two experimental results. As shown in Figure 5.1,
the G/D peak intensity ratio of NCoMoCAT is almost the same as that of CoMoCAT. It indicates
no significant structural defects occurred by the N-doping. Furthermore, the specific surface
area of NCoMoCAT derived from N, adsorption measurement is 489.9 m*/g, which is rather

smaller than that of CoOMoCAT (540.7 m?/g) as seen from Figure 5.6. This indicates that the
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increase in capacitance is not related to the specific surface area, and that a kinematical reason
lies behind the higher resistance of CoMoCAT sample for ion adsorption. This reason originates
from the decrease in resistance upon N-doping, due to the enhancement of the electric

conductivity by the N-doping.''®
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Figure 5.6: Nitrogen adsorption isotherms for (A) CoMoCAT and (B) NCoMoCAT SWCNT samples.

It is therefore reasonable that N atoms should be incorporated somewhere in SWCNTs. On
the other hand, as indicated earlier, doping of N atoms was no possible into SO and FHP
SWCNTs which have higher crystallinity than CoMoCAT does. Furthermore, graphitic N Is
XPS peak was observed for NCoMoCAT sample. Judging from these experimental data and
from the energetical point of view, substitutional N-doping into perfect graphene sheet may not
occur. Instead of that, N atoms are incorporated to CoMoCAT SWCNTs from some defective
sites. CoMoCAT SWCNTs are produced by CVD method at relatively low temperature.
Therefore, some defect sites should exist on the surface of CoMoCAT SWCNTs. From
observing the change in the RBM peak pattern of CoMoCAT by N-doping, it can be seen that
before N-doping, r~r; peaks are clearly observed. However, the peak intensity of higher
wavenumber RBM peaks decrease after N-doping. As explained already, higher wavenumber
corresponds to smaller SWCNT diameters. It indicates that smaller tubes having higher
chemical activity tended to react with N atoms.

Finally the cyclability of the NCoMoCAT EDLC electrode is addressed. Figure 5.7 shows
the EDLC capacitance determined from charge/discharge curves as a function of cycle number.

CoMoCAT sample show constant capacity for 200 cycles. On the other hand, NCoMoCAT
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sample shows increasing trend of capacity with cycle number although somehow the data are
fluctuated. This increase is not observed with pristine CoMoCAT sample, so it is plausible to
assume that this increase is associated with the existence of nitrogen in the graphitic network.
Thorough investigation is necessary to determine the exact mechanism behind the increase in

capacitance with cycling.
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Figure5.7: Capacitance versus cycle number for (A) NCoMoCAT and (B) CoMoCAT samples cycled between

-700 mV and +700 mV in 1.0 M NaCl electrolyte at current density 100mA/g.

By contrast, cyclability test of NCoMoCAT using organic TEMABF,/PC electrolyte (Figure
5.8), does not show the unusual capacity increase for this experiment. It is also found that unlike
the case with NaCl, the EDLC capacity of NCoMoCAT (45 F/g) for this organic electrolyte is
only slightly enhanced compared to that of CoMoCAT (35 F/g), which is expected considering
that the effective ion sizes of this organic electrolyte including the solvated molecules are too

big to enter inside the small diameter SWCNTs.
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Figure5.8: Capacitance versus cycle number for (A) NCoMoCAT and (B) CoMoCAT samples cycled between

-1400 mV and +800 mV in 1.0 M TEMABEF, electrolyte at current density 100mA/g.

5.4.Conclusion

This chapter demonstrated the process of doping SWCNTs with nitrogen, and the resulting
changes in their electrochemical behaviour and electrode capacitance. The incorporation of
nitrogen atom was not possible into SO and FHP SWCNTs which had higher crystallinity. On
the other hand, N atoms were successfully incorporated into CoMoCAT SWCNTs that had
lower crystallinity and higher level of defects, as was shown from XPS spectra of the three
samples. It is concluded that substitutional N-doping into perfect graphene sheet may not occur.
The doped samples had enhanced capacitance at high scan rate. In addition, charge discharge
measurements showed unusual increase with cycling, which is not observed in pristine samples.
This suggests that the increase is associated with the presence of nitrogen atoms in the graphitic
network of doped SWCNTs sites. Thorough investigation is required to elucidate the mechanism

of capacitance enhancement with cycling in NaCl, and its absence in organic electrolyte.
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CHAPTER 6

Conclusions and Perspective

6.1. Conclusions

Single-walled carbon nanotubes SWCNTs are fascinating nano-scale aromatic
macromolecule with superior conductivity, controllable morphology, and characteristic
one-dimensional electronic structure. The successful exploitation in electronic, mechanical, and
energy storage applications is bound by the realizing of these promising characteristics. With the
advancement in science, we are now able to synthesize or isolate high quality and
limited/specific diameter and chirality SWCNTs that will approach hypothetically anticipated
properties, which in turn requires us to revisit their performance in diverse fields, and accurately
characterize this new class of one dimensional allotrope of carbon.

This study investigated the electrochemical performance of SWCNTs as electrode material
for electrochemical capacitors. The samples used in this study had high crystallinity and narrow
diameter distribution. In terms of surface structure, the samples were processed into two types:
closed-end and open-end SWCNTs. Diverse characterization techniques, electrochemical
measurements, and electrolyte media were employed to map the electrochemical behavior of the
samples in relation to their fundamental properties, surface morphology, and performance

environment. The study came to the following conclusions:

1. From Chapter 2, it was concluded that, unlike other carbon material, SWCNTs have a
unique electrochemical behavior, directly influenced by their electronic density of states.
This was demonstrated through the cyclic voltammogram of SWCNT that displayed a
distinct dumbbell shape rather than the conventionally expected butterfly shape. This shape
resulted from the DOS of semiconducting tubes in the SWCNT sample. The dumbbell
voltammogram is composed of a region of minimum capacitance, referred to as the
“dumbbell grip”, and two step-like humps on both sides of the potential of zero charge, and
result from a sudden increase in the electrode capacitance. The dumbbell grip was shown to
represent a characteristic signature of the tubs’ electronic structure, and correlate with
SWCNT chirality and diameter irrespective of the electrolyte used. The increase in
capacitance leading to the two dumbbell steps is the result of the increase in charge carrier
density that occurs once the applied potential reaches the energy value that corresponds to

the first van Hove singularity on the density of states of semiconducting SWCNTs in the
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sample. These changes were shown be intrinsic and dependent on the tubes’ chirality and
mean diameter, and independent of the electrolyte. This distinct behavior can be observed
only in SWCNT with a narrow diameter distribution that represent more accurately the

actual electrochemical behavior of SWCNTs.

From Chapter 3, we showed that, while the dumbbell voltammogram reflects intrinsic
properties of SWCNTSs, the amount of obtained electrode capacitance and the “height of the
dumbbell steps” is bound by the available surface area for ion adsorption. Using closed-end
and open-end SWCNT sample as EDLC electrodes verified that the space inside SWCNTs
can be used to store ions, because open-end SWCNT sample had higher specific area, and
higher electrode capacitance than closed-end sample. In addition, no changes were seen in
the level of defects upon decapping SWCNTs, which rules out the possibility of relating the
higher capacitance to pseudo-type capacitance that normally originates from chemical
groups attached to the tube surface. In addition to the possibility of ion adsorption inside the
tubes, the nature of ion adsorption on the outer and inner surfaces of single-walled carbon
nanotubes (SWCNTs) in different aqueous and organic electrolytes was also addressed, and
the difference between the nature of adsorption on the inner and outer surface of the tube is
investigated, by preforming CV electrochemical measurements at different scan rates, on
closed-end and open-end SWCNTs, and in different aqueous and organic electrolytes. The
outer surface of the tubes demonstrated the behavior of a flat electrode with less dependence
on the potential scan rate when compared to the inner surface that acts as a porous electrode
showing an ohmic drop and a distorted voltammogram at high scan rates. We showed that
the electrochemical behavior of the outer surface of the tubes resembles that of a flat
electrode with less dependence on the potential scan rate when compared to the inner
surface that which acts as a porous electrode showing an ohmic drop and a distorted
voltammogram at high scan rates. Mathematical analysis showed that opening the inner
channel of the tubes increases electrode resistance, and that the magnitude of variation in

the resistance depends on the type of electrolyte.

In Chapter 4, we combined electrochemical measurements with Raman spectroscopy to
investigate the origin of the dumbbell-shaped voltammogram, by in sifu monitoring
spectroscopic changes with applied potential, and correlating them with changes in charge
carrier density leading to the dumbbell-like cyclic voltammogram of SWCNTs used as
EDLC electrodes. We performed these spectro-electorchemical measurements using two
laser excitation sources to probe metallic and semiconducting SWCNTs in the sample, and
using closed-end and open-end SWCNT samples to elucidate the joined influence of both

electronic and surface structure on the changes in charge carrier and capacitance. Our study
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revealed unexpected sharp spectroscopic changes on Breit-Wigner—Fano (BWF) feature of
metallic SWCNTs that coincided with the two step-like jumps in the dumbbell
voltammogram that correlates with the electronic band gap of semiconducting SWCNTs,
and suggested possible charge transfer from semiconducting to metallic tubes upon doping.
In addition, we observed that the spectra of open-end SWCNT samples exhibited more
defined changes that correlated more accurately with the electronic structure of the tubes
compared to those observed with closed-end SWCNTs. These observations support both
findings obtained in Chapter 2 and Chapter 3, in the sense that the capacitance of SWCNTs
depends on a characteristic level of charge carrier that correlates with their fundamental
properties, while the surface area of the tubes remains an important factor that decide the
total amount of adopted charge hence electrode capacitance. It becomes essential to
optimize the SWCNTs surface area to fully utilize the advantages obtained from the

enhancement of charge carrier density of SWCNTs.

4. Finally, in Chapter 5 we demonstrated the possibility of increasing the electrode capacitance
of SWCNTs, by introducing nitrogen atoms into their graphitic network. We showed that,
depending on the electrolyte employed, nitrogen-doped SWCNTs can exhibit an
enhancement in their capacitance, and we also showed unusual increase in the capacitance
with continued cycling, which is not observed in pristine SWCNTs sample. The increase is

thought to be related to the presence of nitrogen atoms in the graphitic network.

6.2. Perspective

There remain other possible factors to further address in the future. The surface area of
SWCNTSs remains far from being completely utilized for ion storage, and the usability for the
interstitial spaces between the tubes is yet to be addressed and optimized.

In terms of utilizing the characteristic electronic properties of SWCNTSs, there is still room

for further development, which can be achieved if mono-chirality SWCNTs can be realized
through separation techniques.
In addition, the ohmic drop and deformation in the cyclic voltammogram with increasing scan
rate must be addressed theoretically and experimentally in relation to SWCNTs mean diameter
and extract a general relation of between relevant parameters, towards a systematic selection
process of SWCNTs as EDLC electrode materials.

Finally, the electrolyte-dependence of the capacitance obtained from nitrogen-doped
SWCNTs must also be investigated, and the exact mechanism of capacitance increase with

charge-discharge cycles must be elucidated.
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APPENDIX

Additional results of in situ Raman measurement
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Figure Al: Raman spectra for open-end SWCNTs in TEMABF, using red laser (A=632.8 nm). Values of

applied potential in (V) are indicated on the right.
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Figure A2: Raman spectra for open-end SWCNTs in NaBr using red laser (A=632.8 nm). Values of applied

potential in (V) are indicated on the right.
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Figure A4: Raman spectra for open-end SWCNTs in KCI using red laser (A=632.8 nm). Values of applied

potential in (V) are indicated on the right.
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Figure AS5: Raman spectra for open-end SWCNTs in TEMABF, using green laser (A=532 nm). Values of

applied potential in (V) are indicated on the right.
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potential in (V) are indicated on the right.
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potential in (V) are indicated on the right.
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Figure A8: Raman spectra for open-end SWCNTs in KCl using green laser (A=532 nm). Values of applied

potential in (V) are indicated on the right.
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potential in (V) are indicated on the right.
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potential in (V) are indicated on the right.
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potential in (V) are indicated on the right.
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potential in (V) are indicated on the right.
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potential in (V) are indicated on the right.
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potential in (V) are indicated on the right.
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