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ABSTRACT

CARBON AND BORON NITRIDE NANOTUBE FABRICATED SUPERCAPACITORS

Derek Christian Demuth
Old Dominion University, 2016
Director: Dr. Gon Namkoong

The fabrication of supercapacitor devices consisting of boron nitride nanotubes (BNNTS)
and carbon nanotubes (CNTS) has great theoretical capabilities of high specific capacitance, energy
density, and power density. Various methods of dispersionand deposition are utilized to optimize
such supercapacitors with BNNTs and CNTSs, and also to produce devices with only CNTSs to use
as a benchmark. In addition to capacitance measurements, BNNTSs that were exposed to nitric acid
were compared to fabricated devices without acid exposure.

Dispersion has been accomplished through the trial of many solvents and surfactants for
both CNTs and BNNTSs. Deposition techniques that are utilized rely heavily on vacuum filtration
and spray deposition techniques. The resultants of fabrication have been tested with capacitance
voltage measurements and transmission electron microscopic images are used to analyze solutions.

The highest specific capacitance was found in a fabricated device without including
BNNTSs, as a device fabricated from CNTs as the electrode, a polymer electrolyte, a dielectric
separator of nafion, and foil contacts, had a specific capacitance of 0.51 mF/g. This device also
had 0.13 Wh/kg for energy density, and 3.02 kW/kg for power density. However, despite this
measurement of highest specific capacitance achieved without using BNNTSs, a device made of
only CNTs, BNNTSs, foil contacts, and electrolyte, had the highest energy density of 0.15 Wh/kg

and power density of 4.29 kW/kg. This device also had one of the highest measured specific



capacitances of 0.27 mF/g.

The CNTs and BNNTSs were chosen to be used together because of costs and availability
and their ideal structures for use as an electrode and a separator, respectively. Both materials have
lattice structures that can be rolled into tubes to create bonds and also strengthen the material
between walls. The porous structures also allow an electrolyte to seep into the pores to promote
charge separation. Carbon is an ideal electrode and boron nitride has high dielectric properties
suited for a capacitor separator.

The devices showed consistent capacitance characteristics with higher power density than
energy density. The techniques used for fabrication, measurement, and further optimization are
mentioned throughout this paper. Cleaning BNNTSs innitric acid proved to promote better physical

and electrical properties for the resultant solutions and devices.
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CHAPTER |
INTRODUCTION
Supercapacitors, also called ultracapacitors, are a necessity moving forward in powerful energy
storage systems where rechargeable batteries are used. This is true whether energy is collected by
wind, water, or the sun. As large grids, or energy farms, are becoming more prevalent and taxing
on current batteries, rechargeable batteries are limited in such systems due to their acceptance,
delivery of energy, as well as their charge and discharge cycles [1], [2]. Also, in hybrid electric
cars, supercapacitors are used for battery systems load leveling, providing peak power under
acceleration or traveling up gradients, cold-start assistance, and catalytic converter preheating
[3]. The idea of capacitors has been around for hundreds of years and the first documented
capacitor dates back to 1746 in the Netherlands [4]. Supercapacitors are used to help carry the
load for many new powerful systems due to their achievable higher power than batteries, rapid
charging and discharging, pulse power supply, long cycle life, high dynamic of charge
propagation, ability to work in extended temperature ranges, low level of heating, long term

operation stability, and no disposable parts [1], [5], [6].

The next section defines a brief background given of common terms, or topics, that appear
throughout this paper. This background will give all readers the same level of understanding of

what key concepts are when they appear in various sections.

SOLUTES, SOLVENTS, SURFACANTS
As a variety of solid materials are used in the fabrication of devices, and some of these solids need

to be changed into a liquid form. When solids need to be changed into liquid form, they acquire



the definition of solutes, which mix with liquids, known as the solvent, and will mix into a liquid
the same way powder drinks do. Quite often solids and liquids do not mix so easily, such as sand
and water. Although saltand water mix well, such as with ocean water, sand will sink to the ocean
floor, despite constant mixing through waves and ocean currents. It has been found however, by
adding various acids to a sand and water mixture, that the sand will become a liquid solution
[7]. For this reason, specific solvents may be needed to help dissolve a solid into a liquid
solution. Solvents can also be in a solid or gas form [8], [9]. Not all solutes have a solvent that
will allow for a quality mixture to completely change a solute into a solution, and an extra material

known as surfactants may be necessary [10].

Surfactants lower surface tension allowing for a more dispersed resultant liquid between two
materials through an amphipathic molecular structure in which a hydrophile is connected to a
hydrophobe, or a lipophile [11]. Because of this structure, the surfactant can adsorb onto a surface
and alter, typically lower, the interfacial free energies of the surface [12]. The interfacial free
energy is the minimum amount of work required to create the interface of the surfaces [12]. The
surfactant exists as an amphipathic structure because the hydrophile is attracted to water and the
hydrophobe is attracted to the non aqueous part of the solution [11]. The hydrophile distorts the
structure of the solvent through expelling some of the surfactants molecules into the interfaces of
the system [12]. The surface of the solvent then becomes covered with a layer of the surfactant,
with the hydrophilic groups pointed towards the air, resulting in a decrease of surface tension at
the surface [12]. This is due to molecules at the surface tend to have a higher potential energy than
the interior molecules because of the strong interaction between the molecules, so work is required

to move a molecule from the interior to the surface [12]. The hydrophobe group prevents the



surfactant from being expelled from the solvent as a separate phase [5]. The surfactant used is
heavily dependent on the type of solvent used and can be anionic, cationic, zwitterionic, or
nonionic, based on charge [12]. The hydrophobic group is usually a long chain hydrocarbon
group, and an increase in length results in increases of solubility in organic solvents, of tighter
packed surfactant molecules at the interface, of the surfactant to adsorb at an interface, and a
decrease in solubility in water [12]. So, surfactants are based on the solvent used in the solution

and help the solubility of materials, also known as dispersion.

DISPERSION AND DEPOSITION
Dispersion, inregards to chemistry, refersto a system in which particles of one kind are intermixed
ina continuous phase of another composition or state [10]. Variations exist for dispersionin such
that a dispersed solution can be considered a true solution or a colloidal solution [10]. A true
solution exists in that the particles are dissolved in the continuous phase in a homogenous mixture
with particle size around tens of nanometers [10]. These dispersed true solutions mix well with
only a solvent being necessary [10]. In the case of colloidal solutions, the particles being dissolved
are usually larger, in the range of nanometers to micrometers, and do not mix as well as true
solutions, so surfactants are added to help thermodynamically and kinetically stabilize the solution
[10]. The colloidal solutions tend to change degree of dispersion over time, typically having the
solutes settle at the bottom of the container as time passes [10]. For certain materials, further
distinctions can be made to differentiate the dispersed solutions, as in the case of carbon nanotubes
(CNTs) being designated as macrodispersions, with dispersion of the bundles, and

nanodispersions, being dispersions of the non bundles of carbon nanotubes [10]. A well dispersed



solution will allow the solute to reach the desired mixture phase, and for the solution to be

deposited easier.

Deposition is the process of placing particles on a desired surface typically achieved through
chemical vapor deposition [13], atomic layer deposition [14], vacuum filtration [15] — [22], spray
deposition [23], physically pressing materials such as ‘domino pushing” of CNTs [24], ion-assisted
physical vapor deposition (PVD) methods such as magnetron sputtering, biased plasma deposition,
or ion-beam deposition [25]. All of these methods have their own benefits and disadvantages, so
selection of the desired deposition method must be considered based on the substrate and desired
result. Chemical vapor deposition and physical vapor deposition are ideal for fabricating
nanotubes in their pure form, but have more fabrication costs in regards to time and equipment
needed than other methods when attempting to make nanotube mats [13], [15] — [19]. Vacuum
filtration and spray deposition require a basic setup and are easy methods to replicate in a basic
laboratory setting [15], [23]. Deposition allows particles to move from one substrate to another
[13]. Various methods are applicable for specific purposes of fabrication. The main uses of
deposition used in this experiment are of vacuum filtration and spray deposition techniques,

because of the ease of setup to produce nanotube films.

MOLECULAR BONDING
Described in further detail later in the literature review section is molecular bonding. To introduce
molecular bonding, a simple equation to determine a nanotube diameter (d’) of asingle wall carbon
nanotube (SWCNT) uses C-C bond length between atoms and is shown on the next page in

equation 1 [26].



d’=0.955nac. (1)

The term d is used because the carbon graphene sheets are rolled and do not always produce an
exact cylindrical shape so the prime nomenclature represents an ideal cylindrical shape, which
equals the lattice indices representing the type of cut (n), discussed in greater detail in further in
this section, multiplied by 0.955 and the bond length (acc) [26]. Equation 1 shows that the type of
bond is important to basic calculations to characterize the carbon nanotube structure [26]. Also,
mentioned throughout the paper is the bonding of molecular orbitals, specifically the sp? and sp®
bonds experienced by CNTs and boron nitride nanotubes (BNNTS), so a brief explanation is given

to build a fundamental understanding of the importance of such bonds.

Carbon is the sixth element inthe periodic table, with corresponding atomic number 6 [27]. This
means that there are 6 electrons which occupy its orbital structure [27]. The first orbital houses 2
electrons and the second orbital can hold up to 8, but only needs 4 for the remaining electrons in
regards to carbon [27]. The carbon simple electron configuration can be written as 1s? 2s? 2p?
[27]. So pure carbon uses sp? bonding in its basic form, but CNTs are rolled graphene sheets so
additional bonds are made during methods of fabrication [28], [29]. This is due to an increase in
density from an ion having enough energy to penetrate the surface layer, causing it to take on a
metastable interlayer sp*® configuration typically achieved through neutron irradiation [28],
[29]. Irradiation is done to improve mechanical strength of the nanotubes and exists as the
transformation path between graphite and diamond under electronic excitation as diamond has sp?

bonds which results in the material being much stronger than graphene [29], [30]. If the ionenergy



is too high, the sp® bond can relax back to the sp? bond, and only a fraction of sp® bonds exists [29],
[31]. Boron nitride shares similar bonds dependent on structure as the atomic number of boron is
5 and nitrogen is 7 and is discussed in further detail further in this paper [27], [32]. Now that

certain details have been discussed, a background will be given on the main topic, supercapacitors.

BATTERIES
There are many similarities in comparison of batteries and supercapacitors, but a brief examination
of current rechargeable batteries will show the need for supercapacitors in conjunction with
batteries. Currently, lithium ion batteries are preferred for use in powerful systems due to their
smaller physical size while having more desirable electrical characteristics of batteries when
compared to batteries made of nickel or cadmium [2]. In lithium ion batteries, the fabrication
materials have low costs and the batteries have a low operational voltage, around 4 volts, because
they are made by using inexpensive carbon as the anode in conjunction with a cathode capable of
stability at high voltages [2]. An electrolyte, explained in greater detail further in this chapter, in
these batteries allows lithium ions to move through the device because of its structure
housing conductive ions during charging and discharging cycles [2], [33]. A separator layer is
placed between these electrodes to isolate the anode and cathode, creating a sandwich geometry
similar to that of supercapacitors, which is discussed in further detail below [2], [33], [34]. A
common issue with early lithium ion batteries was when the metal electrodes had contact with a
liquid electrolyte, as sometimes this reaction would cause fires and explosions [33]. Typically, in
electric vehicles, battery life is expected to be near 10 years, as this is the typical life of a car
[35]. New materials and advancements are making lithium ion batteries lifetimes longer and able

to handle harsher conditions during charge and discharge cycles [2], [33], [35], [36]. However,



the main issues that these batteries suffer from are low power density and poor cycle life, usually
around 1000 cycles, despite being able to store large amounts of energy [2], [33], [35], [36].
Supercapacitors, on the contrary, suffer from low energy density, but have excellent power density
and can undergo many more charge and discharge cycles while maintaining adequate performance
[36]. Combining supercapacitors with lithium-ion batteries, commonly referred to as hybrid
supercapacitors, allow for a system that has both high energy and high power densities [36]. The
hybrid supercapacitors follow the same structure as lithium ion batteries and supercapacitors, but
combine both types of battery and capacitor in the electrodes to fabricate the device utilizing both
faradic and non faradic reactions allowing for both high power and high energy densities [36],
[37]. As improvements are continuously being made to these structures, supercapacitors are not
being phased out as supercapacitors are still needed for operations where fast cycle life is needed,
such as emergency doors on airplanes [1]. For these reasons, supercapacitors with low
manufacturing costs are a necessity for constantly changing technology, and are described in

further detail below.

SUPERCAPACITORS
A supercapacitors structure involves two nonreactive porous plates known as electrodes,
containing an electrolyte, contained within two current collectors in which voltage is applied
divided by a separator [38]. The supercapacitor has a much higher capacitance than a regular
capacitor because of a larger surface area of the active material in the electrode region, commonly
accomplished by using activated carbon [39]. A typical supercapacitor structure consists of
current collectors of opposite charges, due to the difference in applied voltage potential, on the

edges of the supercapacitor pressed against an electrode with the corresponding charge type,



positive or negative, as each current collector [34]. An electrolyte is applied on, or in, the
electrodes, and the opposite charges of the supercapacitor are segregated by a separator layer
[34]. Each layer isdescribed in further detail below and a basic diagram of a typical supercapacitor
can also be seen below in Figure 1 [34]. Figure 1 is reprinted with permission from (V. Musolino,
L. Piegari, and E. Tironi. "New Full-Frequency-Range Supercapacitor Model with Easy
Identification Procedure.” IEEE Transactions on Industrial Electronics 60.1 (2013): 112-20.).

Copyright (2013). (IEEE).

Separator

Electrode Electrolyte

Electric conductivity lonic conductivity Electric conductivity

Figure 1: Basic supercapacitor structure layers [34] © 2013 IEEE



The current collectors are located on the edge of the supercapacitor to transport charges produced
by the active materials in the electrode and electrolyte along the length of the supercapacitor with
high efficiency to minimize energy loss [34], [40]. These edges of the supercapacitor device carry
the same charge, positive or negative, as the electrode that they are pressed against [34]. Typically,
aluminum is used as the current collector, but other materials such as carbon coated aluminum
through chemical vapor deposition, carbon film, gold, nickel, platinum, silver, copper, along with
various combinations of such materials, have been tested for improved supercapacitor performance
[3], [40] — [42]. Although aluminum and nickel are commonly used as current collectors, copper
has been provento extend the potential window from 1 voltto 1.4 volts, allowing for a larger range
of operation [3], [37], [40], [41], [43]. The potential window increase is attributed mainly to an
increase in the electrochemical performance of the device through an oxidation of the coppers
surface by the electrolyte used, which could vary by type of electrolyte, which results in an increase
in energy density and power density [40]. Although the current collectors are made from
conductive material, one of the factors that limit a supercapacitors potential is the contact
resistivity between the current collector and the electrode, so materials that interact well at the
bonding site of the current collector and electrode are imperative to keep internal resistance down,

which increases power density [43].

The electrode layer, often considered the most important layer in the supercapacitor in regards to
performance because it contains the active material and it has an interface with both the current
collector and the electrolyte [34]. The electrode layer is typically fabricated from nanoscale
materials that have high surface areas and high porosity to allow the electrolyte to seep through

[34], [44]. To overcome the supercapacitors naturally low energy density, new materials are being
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examined and developed as improvements are constantly being made to the electrode layer to

increase a supercapacitors performance [44], [45].

Many different materials such as metal oxides, conducting polymers, and various carbon materials,
such as activated carbon or carbon nanotubes (CNTSs), have been tried as the electrode layer in
supercapacitors [46]. For the following reasons described below, CNTs were chosen as the
electrode material. Research on various types of carbon have become prominent in recent years
due to carbon's high specific capacitance and high power density [46]. However, the low
conductivity of porous carbon materials limits the supercapacitors power density, so CNTSs,
detailed in further sections, have gained interest in the supercapacitors electrode layer due to their
improved conductivity and surface area over conventional carbons [46]. Carbon nanotubes have
not yet reached their full expectations of capacitance, mainly believed to be due to the contact
resistance between the electrode and the current collector [46]. Some research has proven there is
improvements when growing CNT film on graphene to reduce the contact resistivity between the
electrode and current collector [42], [46]. The interface between the current collector and electrode
is just as important as the interface between the electrode and the electrolyte, as the electrolyte will
seep into the electrodes pores, causing charge separation [34]. The electrodes pores allow for not
only the storage of charged ions through the electrolyte, but also the separation of charges between
the electrolyte and the electrode material, which causes an electric field and helps promote higher

efficiency of the device [44].

The electrolyte layer is just as important as the electrode layer to create the charge separation as

the electrolyte will exist through the electrodes pores [34]. The electrolyte layer contributes to the
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stability and conductivity of the supercapacitor through constant time, nominal voltage, and cycle
life [47]. Typical characteristic requirements for use of an electrolyte in a supercapacitor include
awide voltage window, high electrochemical stability, low resistivity, low viscosity, low volatility,
high ionic concentration with low solvated ionic radius, and maintaining a high purity at low cost
[44]. Electrolytes can be classified into three categories: aqueous, organic, and ionic liquids
[44]. Aqueous electrolytes, such as H»SO., are liquid based and demonstrate a high ionic
concentration with a low resistance [44]. These electrolytes are easy to create, but have a small
voltage window, which leads to limitations in both energy and power densities [44]. Organic
electrolytes provide a voltage window almost three times that of aqueous electrolytes, but issues
arise from organic electrolytes are that of low flash points of materials, such as acetonitrile, causing
major safety concerns, or such issues as the electrolyte having poor conductivity at low
temperatures due to poor viscosity, such as polypropylene carbonate [47]. Other materials used
for organic electrolytes include ethyl acetate, organic salts such as triethylmethylammonium
tetrafluoroborate, and ester solvents with methoxy or fluorine groups being added to ethylene
carbonate [44], [47]. The third classification type, ionic liquids, are created by melting salts
[44]. Most of the work being done on organic electrolytes is focused on making the materials safer
by raising their flashpoint to allow for safe operation and fabrication under higher temperatures,
while maintaining ideal characteristics of the materials, such as acetonitrile, or the focus
concentrates on increasing the conductivity of materials like polypropylene carbonate by adding
ionic liquids to allow better physical characteristics at lower temperatures [47]. An issue from
aqueous electrolytes and electrolytes in liquid form is that liquid electrolytes can leak out of the
device and lead to corrosion or harmful acid around the device [48]. Gel electrolytes, based off

aqueous electrolytes, are widely used in supercapacitors because they minimize low conductivity,
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poor contact, high internal resistance, and low mechanical strength [48]. Gel electrolytes have
shown comparable performance to ionic liquids and are easy to make and apply [48]. However,
gel electrolytes are difficult to regulate interms of deposition and can lead to shorts as the paste is
often pressed between materials causing the gel to leak out and vacate certain areas that were under
high pressure [23]. The most commonly used electrolyte in commercial supercapacitors is
tetraethylammonium tetrafluoroborate (ET4NBF.) in non-aqueous solvents, while in aqueous

systems, sulfuric acid or potassium hydroxide is used [39].

The supercapacitor uses not only a sandwich geometry as seen previously in Figure 1, but typically
layers will be the same on opposite sides of the device mirroring each other [34]. The middle
section of the supercapacitor is known as the separator layer [34]. This layer is a porous dielectric
separator, so that it will act as both an electric insulator and also as a proton conducting separator
so that the two sides of the device can interact [23], [38]. This phenomenon occurs from the
electrolyte material seeping into the separator membrane, as the membrane is typically hydrophilic
in that it absorbs solution [6], [49]. This layer keeps the positive and negative electrodes apart to
prevent short circuits and also allows ionic charge carriers to rapidly pass through, to complete the
capacitance circuit [50]. Thus, the separator material should not only be a good insulator, but also
have the ability to conduct ions well [50]. The separator is mesoporous in nature and influences
the relaxation frequencies during charge and discharge cycles, and influences the energy density
and power density. In addition, the separator layer has an effect on the ionic charge transfer rate
between the positively and negatively charged electrodes [51]. To increase the performance of the
separator layer, optimization must be taken in consideration of the thickness, the wettability, and

limitation of the molar conductivity of ions in the separator. Also, to increase performance,
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optimization must keep the molar conductivity in the electrode and electrolyte layer, as the
separator needs to have minimal conductivity in the capacitor [52]. As with all the layers, lower
fabrication costs with optimal performance are considered when selecting the material for each

layer in such performed experiments [50].

The physical characteristics of the layers in the device can be used to calculate the capacitance
using the equation below, equation 2, when a small separator layer is used, such as that found in

supercapacitors [44].

Ag

= (2)
In this equation above, the capacitance of the electrode and electrolyte interface (C) is found by
multiplying the areaengulfed by the current collectors (A) by the dielectric constant of the material
between the electrodes (€) and dividing this by 4= times the thickness between the electrodes (d)
[44]. However, the capacitance for this research will be calculated by measuring a capacitive
device to minimize error. Equation 1is mentioned to show the possibility of defining capacitance

by such physical characteristics.

Although there are many different materials and methods used for the fabrication of each layer of
a supercapacitor, the device can be classified based on how it creates the capacitance
[1]. Supercapacitors are classified into two categories, electrical double layer capacitors (EDLCS),
and pseudocapacitors, which are defined based strictly on their energy storage mechanism [1],

[38].
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EDLC SUPERCAPACITOR
With EDLCs, the capacitance is non faradic, as no electron transfer takes place, but rather the
capacitance comes from the pure electrostatic charge accumulation at the electrode and electrolyte
interface [1], [38]. A separation of ionic charges occurs at the interfaces of layers between the
ionic solutions and solids [4]. In EDLCs the supercapacitors are based on a double electric charge
layer effect, existing only in electrolytic capacitors [6]. The mechanism behind the EDLC relies
purely on the electrostatic accumulation of surface charge through surface dissociation and ion
adsorption [44]. An excess or deficit of charges accumulate on the electrode side of the electrolyte
interface, so counterbalancing charges are then formed on the electrolyte side to counter the
imbalance of charges [44]. This phenomenon is called electroneutrality, and is seen during
charging when energy is stored in the double-layer surface as cations move toward the negative
electrode, and anions move towards the positive electrode [44]. This process is reversed during
the discharge cycle [44]. Through these processes, no charge transfers or net ion exchanges occur
between the electrode and the electrolyte, implying that the electrolyte ion concentration remains
constant during charging and discharging [44]. These supercapacitors store much more energy
than conventional capacitors because of a large interface area and the atomic distance of charge
separations [1]. The EDLC supercapacitors always use a porous material as the separator so that

a liquid electrolyte can penetrate into its pores [6].

The concept of EDLCs dates back to the 1800’s when Hermann von Helmholtz investigated the
distribution of opposite charges at the interface of colloidal particles [1]. In his work, he found
that two layers of opposite charges form at the electrode interface and are separated by an atomic

distance [1]. He also found that charged electrodes immersed in an electrolyte solution will repel
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the coions, while attracting counterions to their surfaces [53]. The two compact layers of charges
formed at the electrode and electrolyte interfaces is called the “electric double layer” (EDL)
[53]. His created structure resembles typical dielectric capacitors that utilize the separation of
multiple charged plates [1], [53]. Von Helmholtz created equations to solve the specific
capacitance for a planar electrode, a cylindrical electrode, and a spherical electrode [53]. Years
later, this work was later scientifically added to by Gouy and Chapman first, and again later by
Stern [1], [53]. Stern combined research from his predecessors to create a capacitance model with
two regions of ion distribution [1]. One region is called the compact layer, also known as the Stern
layer, which is the inner layer closest to the positively charged surface and resembles the work
from von Helmholtz, as seen on the following page in Figure 2 [1]. In this region, ions are strongly
absorbed by the electrode and there are no free charges [1], [53]. The other region is known as the
diffuse layer, which is derived from the works of Gouy and Chapman, and in the outer region a
continuous distribution of electrolyte ions in the electrolyte solution are being driven by thermal
motion [1]. Figure 2 is a representation of the three models from von Helmhotlz, Gouy, Chapman,
and Stern [53]. Figure 2 is reprinted with permission from (H. Wang, and L. Pilon. "Accurate
Simulations of Electric Double Layer Capacitance of Ultramicroelectrodes.” Journal of Physical

Chemistry C 115.33 (2011): 16711-6719.). Copyright (2011). (American Chemical Society).
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Figure 2: The advancement in EDLC models [53] ©2011 ACS

The total calculated capacitance of the Stern model uses the two regions in series to calculate the

total capacitance [1], [53]. This is shown below in equation 3 [1].

11 1 3)
CEDL  CSTERN = CDIFF

The factors that determine the EDL behavior at the electrode surface, mathematically a planar flat
surface for the electrode, include the electric field across the electrode, the types of electrolyte
ions, the solvent in which the electrolyte ions are dissolved, and the chemical relation between the
adsorbed ions and the electrode surface [1]. However, the typical electrode is a porous material
with a high specific surface area so the EDL behavior at the surface of the electrode is more
complex than a planar model [1]. The ion size and ion concentration also play a major role in

capacitance, as the Poisson-Boltzmann equations used to create these EDL models only account
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for low ion concentration and low electric potential [53]. Modified Poisson-Boltzmann equations
have been created based on local density and mean-field approximations to create a more

convenient mathematical approach [53].

PSUEDOCAPACITOR SUPERCAPACITOR
The other type of supercapacitor, pseudocapacitors, create capacitance due to a fast and reversible
faradic charge transfer process, in which electron transfer produces changes in the chemical or
oxidation state [1],[38]. This isdue to the thermodynamics of charge acceptance, or charge stored,
and a change in potential voltage to formulate the capacitance charge [1], [54]. Taking the
derivative of the charge acceptance (q) over that of the potential voltage, or voltage window (Vy)
allows for the capacitance (C) to be found as seen below in equation 4 [1]. The voltage window

is the difference in voltage between the anode and the cathode [23].

=4 4)
Pseudocapacitance is accomplished by using electrode materials that have the electrochemical
signature of a capacitive electrode, such as ruthenium oxide or manganese oxide [54]. Other
common active species used are vanadium nitride, electrically conducting polymers, and surface
functional groups containing oxygen or nitrogen [1]. Such materials excel as pseudocapacitors
due to their nanotubular arrayed porous structures that have properties consistent with a hydrous
nature and metallic conductivity [1]. Although pseudocapacitance can be higher than EDL

capacitance, pseudocapacitors suffer from a low power density and lack of stability during cycling

[1].
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Some supercapacitors are not limited to one category as both capacitance mechanisms can operate
simultaneously depending on the nature of the electrode material [1]. For example, an EDLC with
various high-area carbon electrodes can also exhibit a small, but significant pseudocapacitance due

to electrochemically active redox functionalities [38].

SUPERCAPACITOR CHARACTERISTIC EQUATIONS
The performance of supercapacitors is mainly evaluated on their energy density, power density,
specific capacitance, cyclability in regards to lifetime, charge and discharge times, minimal self-
discharging energy loss, safe operation, and low cost [1]. The capacitance of a supercapacitor can
be used to calculate the electrical energy (E), also referred to as stored energy, as it is directly
related to capacitance (C), stored charge (Q), and voltage (V) and is seen below in equation 5
[38]. The stored energy is found by multiplying one half of the voltage squared by capacitance

[38].

F=C- (5)

In this equation, the capacitance and stored charge depend on the electrode material used, and the
operating voltage is determined by the stability window of the electrolyte [38]. The large amount
of charges that can be stored allow the supercapacitor to provide higher amounts of power than
batteries [38]. However, when storing energy in layers, an equivalent series resistance is created
[1]. This is shown in the power density (P) equation below, equation 6, where voltage (V) is

squared and divided by four times the device's series resistance, or equivalent series resistance
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(ESR) [1],[38]. Examining equations 5and 6, itis clear that energy and power are improved when

using materials of high capacitance and low resistance [38].

P = 4ESR (6)

Other calculations important for capacitors which draw from equations 5 and 6 are that of energy
and power density, as seen on the following page in equations 7 and 8. Equation 7, energy density,
is taken from equation 5 of stored energy, in which capacitance (C) is multiplied by voltage (V)
squared and divided by 2 times the mass (M) of both electrodes, with typical units of Wh/kg
[55]. Equation 8 is power density, which is taken from the max power, equation 6, and is
calculated by squaring the voltage (V), and dividing by 4 times the resistance (ESR) and the mass
(M) of the two electrodes [55]. The units are typically kW/kg [6], [56].

_cv:_qv
E_W_ZM ()

VZ

P = (8)

" 4ESRM

Supercapacitors, operate in the farad range, where regular capacitors are in the picofarad to
microfarad range. The development of capacitors with both a high power density and a high
energy density are needed for practical applications as stronger batteries are being developed
[3]. Optimizing the energy density without deteriorating the high power capability is key for the
development of supercapacitors [1]. Of current technologies, lithium-ion batteries have the

highest energy density at around 150 Wh/kg, but have a very limited life cycle [6],
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[37]. Supercapacitors highest known power density and energy density capabilities exist in the

hundreds of kW/kg and hundreds of Wh/kg [57].

The key factors in determining the power of supercapacitors through resistance are the resistivity
of the electrode, the resistivity of the electrolyte in the electrodes pores, and the contact resistance
between the electrode and the current collector [3], [43]. So, the internal characteristics will
determine the capabilities of the capacitor. Carbon material has been widely used in
supercapacitors because of its ideal properties as an electrode [6]. Also, recent advancements in
energy storage techniques have shifted from conventional structured electrodes to nanostructured
electrodes to relieve surface tension between the interfaces, as well as supply smaller pores for the
electrolyte to exist [37]. Early studies of carbon in capacitors used activated carbon fiber cloth
separated by glass fiber filter paper [6]. As time passed, carbon nanotubes have since become

widely studied for such applications [1], [3], [5], [6], [37], [38], [58].

CARBON NANOTUBES
The research of CNTs began in the 1970’s through a synthesis of vapor grown carbon fibers
achieved from the decomposition of hydrocarbons at high temperatures in the presence of
transition metal catalyst particles lessthan 10 nm in diameter [58]. Although a few labs in varying
countries were experimenting with this approach, there was a general consensus that carbon was
thought to only exist in the allotropes of diamonds and graphite. Not until 1985, by means of using
an intense pulsed laser, a stream of helium gas carried vaporized carbon into a mass spectrometer
inwhich Cg had been defined [59]. Ceo had formed very easily as a new allotrope in the shape of

a sphere, known as a fullerene, and was called ‘buckminsterfullerene’, or ‘buckyball’ for short,
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which later led to the terms ‘buckytube’ and ‘buckypaper’ [59]. In 1991, through the use of a High
Resolution Transmission Electron Microscope, multiwall carbon nanotubes (MWCNTS) were first
reported [60]. MWCNTSs, as opposed to single wall carbon nanotubes (SWCNTSs), have slightly
different characteristics detailed in the next sections [61]. In addition to these discoveries, other
carbon atoms were being found soon after [62] — [65]. By the turn of the century, a Nobel prize
was awarded to the group in 1985 for discovering fullerenes, which led to the advancement in
finding more carbon types including Css [62], C7o [63], C72 [64], and Cgs [65]. Examining these
structures common geometry shows a fullerene structure comprised of 12 pentagonal faces and
varying hexagonal faces that are two-dimensionally isotropic, allowing for easy manipulation of
the physical structure [66]. This led to the discovery that the carbon atoms can form long
cylindrical tubes [59]. Utilizing the carbon structure, a variety of cuts and rolls of layers of the
graphite tubes allow for further manipulation of the CNTs [38]. The CNTs unique tubular porous
structures allowed for finding the CNTs superior electrical properties that favor fast ion and
electron transportation [1]. Because of the CNTs hexagonal structure, there are a variety of cuts
that can be made to produce various qualities in the nanotubes, such as electronic properties and

growth dynamics [67].

CARBON NANOTUBES - BONDING
MWCNTSs are preferred typically in commercial applications due to their lower cost and
availability, as they are to easier to manufacture than SWCNTSs [61]. However, SWCNTSs have a
theoretical tensile strength near 100 GPa, but because of their brittle nature, they suffer from
fabrication defects that lower their actual, measured strength [61]. Other limitations of the brittle

SWCNTSs include resistance to compressive loading due to buckling, limited by the pore space in
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the nanotube, and the process of functionalizing in acid to enhance coupling to a matrix can
introduce strength-limiting flaws [28]. MWCNTSs suffer from these same characteristics when van
der Waals coupling is used [28]. Van der Waals force is the electrodynamic coupling between the
polarized states, and there is an increase in the relative density of photonic states during excitation
by drawing atoms close to the CNT sheet creating a bond [68]. Experiments have been performed
on Cg tubes to verify the molecular accommodation when van der Waal potential energy forces
are present [69]. Certain arrangements of the nanotubes can be made to utilize the van der Wall
forces, such as nestling of CNT layers similar to a Russian doll [28]. However, van der Waal
forces are not always enough for MWCNTSs to overcome buckling from loads, leaving energy
dissipation between layers and a broken telescopic effect [28]. Utilizing sp® molecular orbitals of
CNTs has proven to strengthen the bond between MWCNT layers [28], [61]. The sp®bonds allow
bridges to form between CNT walls by applying chemistry and allowing bonds to occur through
manipulation of the molecules natural state [28], [61]. Sp? bonds exist in carbon, but more so in
perfect lattice structure such as graphene sheets, but defects on CNTSs, quite often intentional
through irradiation or acid treatment, leave the structure with comparatively stronger sp® bonds
[28],[70]. Often times a hybridization of sp?and sp® bonds are used to classify the molecular bond
CNTs experience [71]. Sp® molecular bonds in MWCNTSs increases intrawall bonding, buckling
resistance, and load transfer, thus decreasing the chance of a sword and sheath fracture, but instead
leads to planar fracture, which can handle more load, up to 45 GPa [28], [61]. From simple
modifications, MWCNTs will have the same actual strength as SWCNTSs, which was one of the
main points to use SWCNTs, due to its theoretically preferred mechanical properties
[61]. MWCNTSs are favored in supercapacitor research as the cost to manufacture these are much

lower than SWCNTs [61].
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CARBON NANOTUBES - LATTICE CUTS
The three main lattice cuts that can be made on CNTs are zigzag, armchair and chiral [67]. These
different cuts of the CNTs honeycomb tubular structure can be seen below in Figure 3 [1]. These
cuts can be further detailed as zigzag has a cut of (n,0) meaning that x-axis can go ‘n’ steps along
the graphene sheet [1], [72]. This means that each step in the lattice, or hexagonal honeycomb
structure, is one, and many steps can be made for different outcomes [1]. Figure 3 is reprinted
with permission from (L. L. Zhang, and X. S. Zhao. "Carbon-based Materials as Supercapacitor
Electrodes.” Chemical Society Reviews. 38.9 (2009): 2520-2531.). Copyright (2009). (Chemical

Society Reviews).

n,0) zigzag
= -

= na, + ma,

(n,11) armchair

Figure 3: Zigzag (n,0), armchair (n,n), and chiral, Cy (na1+maz) cuts of CNTs [1] © 2009 Chemical Society

Reviews
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The specific cut used can determine if the CNTs will be metallic or semiconducting [72]. The
chiral cut can be simplified to (n,m) as a; and a, FROM Figure 3 are unit vectors [72]. The chiral
cut leaves a semiconducting CNT, except when n - m is a multiple of 3, then a crossing of bands
at the Fermi energy will make the CNTs have metallic properties [72]. In the same sense, the
armchair cut (n,n) is always expected of being metallic, and zigzag being metallic only when n is
a multiple of 3 [72]. However, studies have shown that zigzag cuts of (6,0) and (24,0) results in
CNTs being metallic and other cuts of (9,0) (12,0), and (15,0) results in a semiconducting CNT
[72]. The diameter of the CNT plays an important role in the energy bandgap in all cuts, with the
highest reported bandgap being 0.66 eV for chiral cut (15,5) and 0.8 eV for a zigzag cut of (11,0)
[72], [73]. The zigzag cut is favored over the chiral cut as the chiral cut has a large repeat period
and the zigzag cut has been theoretically calculated to have a quasiparticle energy band gap of 1.89
eV with a (10,0) cut [73], [74]. The (10,0) zigzag cut has been also experimentally determined to
exhibit a .8 eV band gap [75]. This is true because the diameters are very similar of the (11,0) and
(10,0) cuts and neither is a multiple of 3, which would make the CNT metallic and have a much
lower energy band gap [72]. The band gap relies not only on the diameter of the cut and the length
of (n,m) points, but also the bonding of the molecular orbitals created from the cut [76], [77]. The
band gap of CNTs is addressed further in the paper but it should be known that these properties

make CNTSs viable in many implementations, not just capacitors.

CARBON NANOTUBES — APPLICATIONS
Since their fundamental discovery, CNTs have been used in many applications including, but not

limited to, biomedics, electronic circuits, batteries, solar cells, thermal detectors for lasers, and
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supercapacitors [15] — [19], [42], [78] — [80]. CNTs are used in such applications due to their
unique pore structure, narrow distribution size, highly accessible surface area, low electrical
resistivity, electrocatalytic active sites for a variety of redox reactions, and high chemical stability
[5], [37], [38]. Other reasons that CNTs garner supercapacitor research, and were used in this
experiment, are their low cost, variety of medium forms, controllable porosity, and ease of
processability [1]. In 1997 it was first suggested to use the CNTSs in supercapacitors because of
their properties of such adequate bandgaps with high conductivity, large charge sensitivity, and

their flexibility [81].

CARBON NANOTUBES — CHARACTERISTCS
In the original study in 1997, certain characteristics demonstrated by the supercapacitor were a
specific surface area of 430 m?/g, a gravimetric specific capacitance of 102 F/g, and an energy

density of 0.5 Wh/kg obtained at 1 Hz [81]. These values are discussed below.

Specific surface area is calculated by either determining gas absorption, or by using the Brunauer —
Emmett— Teller (BET) isotherm [82]. Surface areaisan important characteristic because the larger
the surface area of the active material, the greater charge it can hold as such is the case with an
ideal theoretical capacitor with 1000 m?/g could result in a capacitance of 500 F/g [83]. This can
allow for a larger capacitance without increasing the size of the electrode, as the energy and power
densities will decrease due to the increase inthe mass of the electrodes [55]. Although high surface
area in carbon materials is typically a characteristic of a highly developed mesoporous structure,
it can also be unfavorable for ion transfer through poor electrolyte wetting, typically demonstrated

at high current loads [38]. In addition, capacitance also depends on pore size, size distribution,
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and conductivity of the electrode [38]. However, combining a high surface area material with a
polymer or oxide results in a high power density with stability by utilizing both double layer
capacitance and faradic capacitance [38]. So, when combining carbon with a suitable material, an

increase in power density is found.

Once specific area is known, the gravimetric specific capacitance can be found through the
differential capacitance [84]. The differential capacitance is the incremental capacitance of the
BET measured surface area by 1 cm? [84]. Following the assumption that the entire surface area
measured from BET is accessible to ionic charge, then multiplying the BET surface area by the
differential capacitance results in the gravimetric specific capacitance [84]. However, specific
capacitance is typically measured by using cyclic voltammogram and through integration [23]. In
this case, the specific capacitance is estimated by integrating the area under the current and voltage
potential curve, and then dividing by the sweep rate, the mass of film electrode, and the voltage

potential window as seen below in equation 9 [23], [85].

I

s mvg(Va—-Vc)

e1wyd) 9)

a

In this equation, the specific capacitance (Cs) is equal to the charge or discharge current (I) divided
by the potential window (Va-V:) multiplied by the mass of one electrode (m) and the scan rate (vs)
[23]. This amount is then multiplied by the integral of the charge/discharge current with respect
to voltage (1(V)d(V)) through the voltage potential window, or voltage at anode (Va) to voltage at
the cathode (V) [23]. Both charge and discharge calculations net the same results as no major

distinct reactions occur on the anode or cathode [23]. Specific capacitance is a typical
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measurement of a supercapacitors capabilities as farads are calculated while accounting for the
size of the electrode, in grams [23], [86]. Once capacitance through cyclic voltammogram
measurements is calculated, both energy density and power density, equations 6 and 7, can be
calculated [6]. The ESR from equation 7 is found by combining all the resistance of the materials
used in the supercapacitor and can also be easily measured with electrochemical impedance
spectroscopy, (EIS) [87]. Although this method is typically used in capacitor measurements and
calculated through machines, there is always a larger chance of error when more complex
calculations are performed. The cyclic voltammogram tests usually output hysteresis graphs,
which may lead to miscalculations as the graphs have an odd shape. If capacitance is known, as
well as the mass of the active material, a much simpler approach can be taken to calculate the

specific capacitance of a capacitor, and this method is shown below in equation 10 [86], [88], [89].

Cs = m (10)

In this equation, the specific capacitance (Cs) equals twice the measured capacitance (C) divided
by the mass of the active material in one electrode (m) [86], [88], [89]. Although a multi-meter
could be used for this equation, the results are much more reliable when capacitance is found
through capacitance voltage, CV, measurements. Certain criteriaare needed for this method to be
applicable for calculations however. The supercapacitor must be symmetrical in structure and the
weight of the active material must be known [86], [88], [89]. Also, the electrolyte used in the
device is not part of the material when calculating the mass of the active material in the electrode,
and the mass of the active layer is used for only the weight of one electrode [56], [86], [88],

[89]. Energy and power density can both be calculated using this method also as capacitance
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voltage measurements typically output such relevant data, in the same manner as from taking the
integral of cyclic voltammogram measurement and resistance measurements from EIS [56], [86]

~[90].

CARBON NANOTUBES — FABRICATION
Since the first attempt at building a supercapacitor with CNTs, many procedures have remained
the same, but with the materials being adjusting to manipulate certain properties [1],[6]. One such
example is the pretreatment of CNTSs in nitric acid, and using sulfuric acid as the electrolyte to
functionalize the nanotubes through catalyst removal while maintaining reversible electron
properties during high scan rates [6], [38]. This nitric acid pretreatment process was performed in
1997 and is still used in today's research [6], [38], [81]. Nitric acid treatment produces carboxylic
groups, which contribute to the solubility of CNTs [91]. More than 24 hours of exposure to nitric
acid was recommended to increase solubility and have the nanotubes align, although many of the
smaller particles are lost during this extended acid bath [91]. The greatest benefit achieved with
nitric acid treatment before fabricating the supercapacitor device comes from the nanotubes
maintaining some catalyst residue while interacting with the functional groups, thus allowing
faradic and non faradic processesto be involved in the supercapacitor [38]. It has also been found
that nitric acid treatment allows for a greater quantity of quality current paths through mild doping
of the CNTSs, as well as reducing junction binds and resistance [92]. The use of sulfuric acid as an
electrolyte is still used in research of CNT supercapacitors due to the H* ions being retained and
mobile within the ionomer coating while allowing only electrons to move through the CNTSs to the

current collectors [23].
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Since 1997, higher capacitance values have been reached by adjusting the methods of fabricating
CNT supercapacitors beyond pretreatment [1], [6]. Some recent advancements have come from
using an oxide composite in conjunction with CNTSs, as this creates a stronger pseudocapacitance
without losing any double layer capacitance [38]. One of the most commonly used oxides to
produce a strong capacitance is ruthenium dioxide, RuO; [93] — [96]. Using RuO, with CNTSs in
a supercapacitor has yielded such specific capacitances as 174 F/g [93], 503 F/g [94], and 1652
F/g [96], with variations mainly attributed to the variety of materials and structures composing the
supercapacitors. RuO- is popular for supercapacitors because of the ease of synthesizing, high
capacitance, fast charge and discharge times, low ESR, and long cycle life [94], [96]. An increase
in hydrophilicity occurs with combining RuO; and the ions have easier access to the electrode and
electrolyte interface, which increases the faradic capacitance [38]. However, commercial
applications are currently limited due to the low abundance and subsequent high cost of RuO;
[96]. Other oxides typically used inconjunction with CNTs are manganese dioxide (MnQO2), nickel
oxide (NiOy), cobalt (11I) oxide (Co304), and titanium dioxide (TiO2) [95] — [97]. All of these
materials will typically produce a higher capacitance as opposed to MWCNTS, but the fabrication
process does require extra steps and extra fabrication costs [38]. Another type of material that can

be mixed with CNTSs to raise pseudocapacitance is that of conducting polymers [4], [38].

Conducting polymers combined with CNTs are popular not only because of the increase in
capacitance as opposed to MWCNTSs, but also because of their improved electrical conductivity
and relative low costs [4]. The polymers have an open mesoporous network of nanotubes, which
allow ions easy access into the electrode and electrolyte interface [38]. The most commonly used

conducting polymers with CNTs are polyaniline (PANI), polypyrrole (PPy), and poly(3,4-
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ethylenedioxythiophene) (PEDOT) [4], [38]. These materials have reached high capacitances
similar to RuO,, with experimental measurements netting specific capacitances of 775 F/g for
PANI, 480 F/g for PPy, and 210 F/g for PEDOT [4]. When combined with MWCNTS, PANI has
showed capacitance of 670 F/g when using 1 M sulfuric acid as an electrolyte [4]. However, these
polymers typically have issues with depleting ions during charge and discharge cycles, as well as
poor stability due to repeated intercalation [4]. There are many variations of CNT supercapacitor
fabrication processes, however, some have high manufacturing costs. For this reason, basic and
inexpensive CNT supercapacitor structures are studied experimentally for ease of commercial

fabrication.

CARBON NANOTUBES — DISPERSION AND DEPOSITION
Dispersion of CNTs vary with experiments in regards to both the solvent used and the
concentration of solid to liquid. Such solvents used are deionized water [18], [98],
dimethylformamide (DMF) [17], N-methyl-2-pyrrolidone (NMP) [16], sulfuric acid and nitric acid
mixture [15], acetone [99], ethanol [99], methanol [10], acetonitrile [10], dimethyl sulfoxide
(DMSO) [10], tetrahydrofuran [10], toluene [10], dimethylacetamide (DMAc) [10], and
chloroform [10]. Concentrations vary from .0001 to 50 mg of CNTs per milliliter of solvent
[10]. The large difference in concentration values is attributed to the final fabrication of the
dispersed solution inregards to the deposition method, along with the type of surfactant or polymer
used [10]. Surfactants and polymers are both used for CNT dispersions by getting absorbed onto
the CNTs surface, making the nanotubes soluble, but using polymers is not ideal as the polymer
can participate in hindering electrical events [99]. When polymers cause electrical events, it can

be harmful to not only maintaining standards of production, but can cause issues with the device
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during fabrication steps, whereas surfactants can easily be washed away leaving a purer CNT
surface [99]. Some surfactants used in CNT dispersion are sodium dodecyl benzenesulfonate
(SDBS), dodecyltrimethylammonium bromide (DTAB), hexadecyltrimethylammonium bromide
(CTAB), octyl phenol ethoxylate (Triton X-100), and sodium dodecyl sulfate (SDS) [99]. Surface
modifiers are also used to functionalize mechanical, physicochemical, and irradiation properties

of CNTSs [10].

For deposition of CNTs, many methods are experimentally used including vacuum filtration [15]
— [22], spray deposition [23], and domino pushing [24]. Domino pushing is a dry deposition
method in which CNTSs are aligned standing vertical on a silicon substrate before being pressed
with a membrane [24]. The membrane is then peeled from the silicon and ethanol is passed
through the membrane to remove the CNT buckypaper. Spray deposition involves using high
pressure around 3 atm, or 44 psi, to deposit a well dispersed CNT solution [23]. The high pressure
helps atomize the particles and compact them to form a CNT film, so this type of deposition is
done on a specific surface that will collect the CNT deposits [23]. The typical vacuum filtration
technique requires using pressure of about 1 atm, or 15 psi, to pull a well dispersed CNT solution
through a Buchner funnel with a polyvinylidene fluoride (PVDF) membrane on top of the funnel,
passing the solution into an Erlenmeyer flask and collecting a solid CNT film on top of the filter
paper [21], [100], [101]. The solid CNT film can be dried and removed, resulting in a CNT
buckypaper [18] — [98]. Further details of the spray deposition and vacuum filtration of CNTs

procedure can be found in the experimental chapter of this paper.
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BORON NITRIDE NANOTUBES
The final goal of the project is to make a supercapacitor, and if CNTs are the electrode layer, a
suitable separator layer must be decided. Although some techniques use a nafion membrane, or
another material for the separator layer, ideally boron nitride nanotubes (BNNTs) would be
selected as the separator layer due to their availabilityand dielectric properties [23], [102]. Some
of the results in the experimental section include nafion membranes as a control for research, as
they are known to provide capacitance when paired with CNTs. Thus, for the separator layer,
BNNTs will be introduced into the CNTs supercapacitor structure. BNNTSs were only first put
into theory in 1994 when researchers noted the similarities between the CNT tubular structure and
those of boron nitride nanotubes [103]. One year later in 1995, BNNTs were experimentally
discovered and could be physically characterized [104]. The molecular bonding and hexagonal

geometry of BNNTSs are very similar to that of CNTs [105], [106].

BORON NITRIDE NANOTUBES — LATTICE CUTS
In terms of structure, BNNTs and CNTs share similar bond lengths in a hexagonal lattice, such
that they can be represented as a one dimensional allotrope through a two dimensional sheet, and
are also both isoelectronic [105], [106]. Typically, when combining two separate layers of
nanoparticles, these can be done in rod or disk like shapes [106]. When depositing one layer of
nanoparticles in a mat form on top of another type of nanoparticle, the term Janus paper is used,
named after the two faced Roman god Janus [102], [106]. Some methods for fabrication include
electrochemical and photochemical reduction, templating of porous membranes and nanotubes,
and surfactant-aided growth [106]. All BNNT sheets are semiconducting independent of the

atomic tubular cut, whereas CNTs can be metallic or semiconducting depending of cut [72],
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[106]. Because of the variety of properties that CNTs demonstrate based on the specific lattice
cut, the functionality of these heterojunction structures can be adjusted by changing the tube length
and the tube radius [106]. The highest occupied molecular orbital, and the lowest unoccupied
molecular orbital, and thus the energy band gap, of these structures can be manipulated by
adjusting the CNTSs properties in such that the band gap is decreased when the CNT is of a zigzag
structure but increased when an armchair structure is used [106]. Also, if zigzag is used, one end
of the lattice will become more conductive due to anisotropy of orbital distribution [106]. BNNTSs
use the sp? bond from its molecular orbit, where MWCNTS use sp® to overcome weak van der
Waal forces [28], [61], [105]. BNNTSs share the same tubular structure and molecular hexagonal
geometries as CNTSs, so using both together in a structure such as boron carbonitride nanotubes,
BCNNTs, is beneficial to the bond of the two materials as both utilize the sp? and sp®bonds [107],

[108].

Similar to how CNTs demonstrate very close lattice characteristics to that of diamond and graphite,
BNNTSs share the relation to cubic phase-BN and hexagonal phase-BN respectively [109]. The
cubic phase-BN is a sp® bonded phase where the hexagonal phase-BN is a sp? bonded phase
[32]. Comparing CNTs and BNNTs specifically, the valence charges of CNTs are equally
distributed around C atoms, indicating a strong covalent C-C bond network, but in BNNTs the
bonding electrons are more concentrated around N atoms, with an asymmetric charge distribution
[110]. Consequently, the electron delocalizationon BNNTSs is weaker than that on CNTs, but still
sufficient to maintain planar sp? hybridization [110]. When combining BNNTs and CNTs
atomically, the lattice arrangement shifts from C-C and B-N bonds, to C-B and C-N bonds [106],

[111]. When combined together, the material is characterized as boron carbonitride nanotubes
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(BCNNTSs), and these share similar lattice parameters as CNTs and hexagonal BNNTSs, so the
electronic properties can be easily controlled by manipulating the B-C-N atomic bonds [112]. This
lattice change leads to the rehybridization from sp? to sp® bonds at the newly formed B-C bond
sites [110]. Despite this method producing a higher specific capacitance than most CNT
supercapacitor measurements, contributed to the well aligned lattice structure and doping of boron
and nitride in CNTs, this process typically requires chemical vapor deposition to create the
BCNNTSs so it will be difficult to replicate in most labs [112]. For this reason, CNTs and BNNTSs
will be studied as independent layers in the fabricated devices, and not through combining lattice
structures. Although, many similarities exist between BNNTSs and CNTs, it is the differences that

make BNNTSs ideal as the separator layer for supercapacitor structures.

BORON NITRIDE NANOTUBES - CHARACTERISTICS
Certain characteristics that differ in BNNTs as opposed to CNTs is that BNNTs exhibit a much
wider bandgap of around 5.5 eV, partially ionic structure, greater thermal stability, high thermal
conductivity, high mechanical strength, polarizability, high hydrophobicity, resistance to oxidation
and heat, high hydrogen storage capacity, high radiation absorption, and high electrical insulation
[102], [107], [108], [113]. These characteristics of BNNTs make them useable in many
applications where CNTs would not perform as well [108]. The wide band gap is due to the
electron density of boron, as the electrons are drawn to the nitrogen atoms because of the higher
electronegativity in these areas, causing a partially ionic structure and a large gap between the
conduction and valence bands [108]. As the CNTs cut and tube diameter played an impact on the
band gap, BNNTSs bandgap is practically independent of these characteristics and remains around

5.5 eV no matter how the nanotubes were cut and fabricated [114]. Thermal stability is seen in
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BNNTs up to temperatures of 1000° C, where CNTs burn near 500° C, allowing for BNNTSs to be

used in more applications involving harsh conditions [108], [114].

BORON NITRIDE NANOTUBES - FABRICATION
Fabrication optimization of BNNTSs is still being developed and is a major reason that BNNTs do
not garner as much attention as CNTs, however, both can be made through arc-discharge, laser
ablation, ball milling annealing, pyrolysis, arc-jet plasma, or chemical vapor deposition [107],
[114]. These methods produce about 1 gram per hour of BNNTs and tend to produce nanotubes
with large diameters, segmented or broken structures, and can introduce catalysts to the BNNTs
[107], [115]. Some research has produced greater quality BNNTs using these methods, but by

changing fabrication variablesand consequently limiting production quantities [107].

However, recent advancements in fabrication techniques have produced BNNTs at a rate of 30
grams per hour using a hydrogen assisted BNNT synthesis (HABS) process, which fabricates
BNNTSs similar to the high temperature pressure (HTP) method [102], [107], [115]. The HTP
method uses a laser to heat a Boron target and introduces nitrogen gas to cool the vapors and forms
BNNTs at a rate of 20 milligrams per hour [115]. HABS is performed by using an induction
thermal plasma reactor and introduces hydrogen and nitrogen gas into the reactor to allow for a
unique thermal flow forming small boron droplets, which are the precursor to BNNTs [107]. After
the droplets are formed, a nitrogen reaction stream allows for the droplets to form BNNTSs using
the root growth mechanism [107]. Both methods do not need a metal catalyst to produce the
BNNTSs, keeping the nanotubes as pure as possible [102]. The use of hydrogen gas is a necessity

to produce the BNNTS, otherwise only a few nanotubes will form with the majority of the resultant
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remaining as a boron powder [107]. Using such methods produce BNNTS ranging from a grey to
white color in appearance, but also with impurities such as boron nanoparticles encapsulated in a
BN shell, amorphous and crystalline BN bundled together, as well as BN nanoparticles which can
degrade the characteristics of the BNNTs [102], [115]. So, after this process of fabrication, a raw
BNNT material is left and requires purification to further enhance the BNNTs performance in

applications [102], [115].

Purification, or cleaning, of raw BNNTs clumps is performed as the boron nitride currently
produced for buying may not be an exact 1:1 ratio of Boron to Nitride and could contain many
impurities [102], [115], [116]. Currently, three major types of purification are known to help
remove unwanted impurities from raw BNNTs [115]. These methods are nitric acid treatment,
thermal purification, and surfactant separation [115]. Cleaning with nitric acid will help remove
unwanted excess boron nanoparticles and create a more stable 1:1 ratio of dispersed BNNTSs, as
boron is well known to oxidize in the presence of nitric acid to boric acid, which is water-soluble
[115]. Nitric acid has been used previously with nanotubes, such as in CNTs to remove unwanted
catalyst and to help functionalize the nanotubes for a higher pseudocapacitance [6], [38],
[81]. Heat treatment is designed to remove B,Os, which forms during the heating process of
fabricating the raw BNNTs [115]. Surfactant separation is implemented to influence interfacial
tension allowing for the removal of impurities [115]. Out of these methods, nitric acid treatment
is the preferred method for purifying BNNTS as this can be easily performed in a fume hood and

is known to increase the surface area of the BNNTs [115].
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The nitric acid purification treatment hollows out unstable cubic BNNT crystal structures
[117]. The BNNT crystal structures have sharp edges as naturally produced, and pretreatment in
nitric acid will allow for a hollow tubular shape of BNNT crystals [117]. Although acid treatment
can penetrate and hollow BN shells, the BNNTSs can be significantly damaged and alter the BNNTS
sp? nature of the surface, which is true for performing ultrasonication as well [115]. Sonication of
BNNTs has been shown to drastically shorten tube length, while chemical washing methods
directly modify the surface structure [115]. Thus, other methods of purifying and dispersing of
BNNTs are being sought through introducing solvents that require no ultrasonication time,
however, currently all BNNTSs dispersion techniques require some sonication [102], [115], [116],
[118]. Fabricating and dispersing BNNTs without needed purification and sonication methods
will further optimize the BNNTS properties as research suggests that BNNT mats produced after
extended ultrasonication times or chemical purification have little or no structural integrity [115].
These ideas will be examined in the experimental section as BNNTSs cleaned with nitric acid will

be compared to BNNTSs that have not undergone any acid treatment.

BORON NITRIDE NANOTUBES — DISPERSION AND DEPOSITION
Due to the raw BNNTSs produced being a cotton like solid, dispersion methods are needed for
deposition of the BNNTSs [116], [118]. Early methods of dispersion recommended using deionized
water with methoxy-poly (ethylene glycol) - 1,2-distearoyl-sn-glycero - 3-phosphoethanolamine-
N conjugates (mPEG -DSPE) [118]. However, this solution requires an additional surfactant in
mPEG that must be rinsed out after deposition to keep the BNNT resultant pure [118]. More recent
studies of solutions have recommended dimethylacetamide (DMAC) as a solvent due to the

uniform stable solution produced [116]. Other solvents recommended are N,N-
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dimethylformamide (DMF) and acetone, and the use of cosolvents to be used are toluene and
ethanol [116]. The recommended solvents generally result in a milky stable solution [116],
[118]. However, as mentioned later in the experimental section, a milky dispersion free of solid

particles is not necessary for deposition.

Deposition techniques for BNNTSs are typically that of vacuum filtration to create BNNT mats
[102], [107]. Vacuum filtration involves passing a dispersed solution through a polycarbonate
track etch (PCTE) membrane placed on top of a Buchner funnel so that only a solid material is
left, and thus creating a BNNT buckypaper [102], [107]. Previous research conducted has also
suggested that successive filtering of CNTs and BNNTs has resulted in Janus buckypaper
[102]. Specific procedures of BNNT deposition are discussed in further detail in the experimental

chapter of this paper.

BNNTs with CNTs as supercapacitors have been very seldom mentioned in previous
research. One paper draws its idea from a NASA project that was proposed in 2012, however the
group seemingly has no updates since June of 2012, and the paper builds a capacitor, but does not
mention any capacitance measured [102]. The researchersused vacuum filtration to build a CNT,
BNNT, CNT heterojunction device with aluminum contacts using sandwich geometry, took
pictures of the device with contacts, but recorded no measurements of any capacitance [102]. The
group noted that there is dielectric constant of 3 with no leakage [102]. In the supplementary
information the group did demonstrate that if the device is made through successive vacuum
filtrations of CNTs, BNNTSs, and then CNTs that the device would be conducting and could light

an LED with a 9-volt battery [102]. When the structure was made by passing BNNTs through
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CNTs layers and assembling the structure by pressing the two resultant filtrations together, that
the structure would be insulating [102]. However, no mention, besides the dielectric constant, in
regards to capacitance, was recorded during their study [102]. The dielectric constant can help

find the capacitance, but only adds an additional constant to the numerator in equation 1 [119].
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CHAPTER 1l
EXPERIMENTAL
The experimental portion of this paper addresses the process developed to create capacitors using
carbon and boron nitride nanotubes. The solid nanotubes were dispersed into a liquid solution
before being deposited into a device. After deposition, the layers of the final device are combined

to fabricate the final capacitor product.

BNNT DISPERSION
The initial focus began on making boron nitride nanotube (BNNT) sheets, also known as mats, or
buckypaper. First, dispersion of BNNT was developed to create a solution that is viable to create
a BNNT film. Two solutions were prepared of BNNT in methanol, and deionized (DI) water using
5 milliliters of liquid for every 1 milligram of BNNT [118]. It was found that using 200 uM
methoxy-poly (ethylene glycol)-1,2-distearoyl-sn- glycero-3-phosphoethanolamine-N, (mPEG-
DSPE) as a surfactant is necessary in breaking up the BNNT material in a DI water solution
because otherwise the BNNTs will not disperse [118]. MPEG was not used in the solution
containing methanol to maintain the purity of the resultant mats. Mixing BNNTs with methanol
leaves a cloudy, wispy material in the solution. When mixing BNNTs with DI water and mPEG,
the solution became milky with very few solids remaining. After combining the mixture, 2 hours
of ultrasonication time is recommended to disperse the BNNTSs into the solution [102], [107],
[118], [120]. However, the solutions took over 8 hours ultrasonication time to break down the
chunks in the solution. This extended ultrasonication time is address later for optimizing the

materials.
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When not using mPEG in DI water, the solution will have BNNT clumps, flakes, and large
particles that cannot be used for film as they cause defects through a non-uniform deposition,
leaving holes and gaps through the film. To lower the production costs, mMPEG-DSPE costs $160
per gram, and to maintain the BNNT mats purity, tests were performed with just DI water as the
solvent, but found that methanol is preferred as the BNNTs are not completely dissolved in DI

water. After dispersiontechniques were realized, optimizing the dispersion process could ensue.

To begin optimizing dispersion, the methanol and BNNT solution was used to take transmission
electron microscopic (TEM) images. To do this, a small liquid sample of the solution was dropped
onto a copper grid and dried in an oven for a couple days. The images taken from the TEM can
be seen on the following page in Figure 4. The scale bar in the lower left of each image is used to

identify the zoom of the image of 0.5 um for the above image and 50 nm for the lower image.
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Figure 4: TEM of BNNTs with methanol after 8 hour ultrasonication at 0.5 umscale bar (above) and 50 nmscale

bar (below)
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The image on the left shows a congregation of the nanotubes, but there is also a film present from
where the BNNTs did not disassociate entirely. The image on the right, with 100 times more zoom
than the left image, shows a cluster of BNNTSs that did not break up well, are densely packed, and
very damaged. Further image enhancement of the methanol and BNNT sample can be seen below
in Figure 5 as the scale is zoomed in 100 times again to see the damaged wall structure of the

BNNTSs.

Figure 5: TEM image of BNNTs dispersed in methanol at a 5 nmscale bar
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The BNNTSs in Figure 5 are very damaged on the sides as parallel lines are expected for the walls.
For comparison, TEM images from another research group shows boron nitride multi-walled
nanotubes (MWNTSs) with minimal defects, and can be seen on the next page in Figure 6 [107].
Comparing the images with previous research, itis clear that bundles are expected, but the bundles
that were produced in this stage of the experiment showed many defects formed on the BNNT
walls [107]. Figure 6 is reprinted with permission from (K. S. Kim, C. T. Kingston, A. Hrdina,
M. B. Jakubinek, J. Guan, M. Plunkett, and B. Simard. "Hydrogen-Catalyzed, Pilot-Scale
Production of Small-Diameter Boron Nitride Nanotubes and Their Macroscopic Assemblies.” ACS

Nano 8.6 (2014): 6211-220.) Copyright (2014). (ACS Nano).
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(4.5 nm) (4.2 nm)

Figure 6: TEM images of various wall structures, diameters, and a bundle of BNNTs [107] ©2014. ACS Nano

The amount of wall numbers varies with how the BNNTSs are processed. Similarto CNTs, BNNTs
can form long cylindrical tubes when cut due to their pentagonal hexagonal atomic structure [8],
[106]. Utilizing the ability to manipulate the structure, a variety of cuts and rolls of layers of the
hollow tubes allow for further manipulation of the nanotubes [38], [106]. Each time the tubes are
rolled, another wall is formed, hence the manipulation of single wall nanotubes (SWNTSs) and
MWNTs. The TEM image in Figure 5 shows 8 walls with an expected diameter of less than 10

nm [107]. However, it is clear that the produced walls had major defects. This is attributed to the
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ultrasonication time of 8 hours, as opposed to the 2 hours done by other researchers [102], [107],
[120]. It is believed that decreasing the sonication time will limit the amount of destruction
imposed on the walls because the nanotubes exposure to heat and vibrations will be greatly
reduced. After basic dispersion techniques were developed and optimized in further sections, a

deposition process was created.

BNNT DEPOSITION
A vacuum filtration technique was implemented for BNNT deposition as vacuum filtration has
been used in similar approaches for creating Carbon Nanotube (CNT) buckypaper [15] — [19],
[22], as well as BNNT buckypaper [102] —[107]. Most conventional CNT vacuum filtrations are
performed at 1 atm, or about 15 psi, but can produce depositions with 30-40 psi [21]. A vacuum
filtration device was setup consisting of two Erlenmeyer flasks and a Buchner funnel in the lab, as

shown on the following page in Figure 7.
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Figure 7: Vacuumfiltration apparatus made for experiments

The original setup created the vacuum by means of a high density polyethylene vacuum aspirator
pump that was connected to a sink faucet and the flask on the left of Figure 7. There is a port on
the aspirator that is perpendicular to the water flow that creates a pressure of around 11 psi through
the Venturi effect. This flask connected to the pump is taped externally to help eliminate the
chance of the glass imploding while under pressure. The taped flask connected to the pump also
connects to a second Erlenmeyer flask, which holds the funnel for the solution to pass. The second
flask uses a rubber stopper and a porcelain Buchner funnel in which a filter membrane is placed
inside the funnel. The dispersed solution is then passed through the funnel under pressure to

collect solid material from the solution onto the filter to produce a mat.
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The filter paper used for the deposition of CNTSs is a polyvinylidene fluoride, (PVDF) membrane,
but for BNNT deposition, polycarbonate track etch (PCTE) membranes with 20 micron pores is
used [100] — [102], [107], [120]. The PCTE filter is plastic like and allows more liquid to pass
through than PVDF allowing for suitable BNNT deposits. An issue that immediately arose was
that the PCTE filter has to be manually trimmed to match the funnel diameter as PCTE membranes
with diameter of 42 mm, the size of the funnel, could not be found for purchase. Great care is
taken in handling and trimming the edges to lower the membrane to the diameter of the
filter. Trimming the filter is necessary, especially with PCTE, because solution will pass

underneath any raised edge, causing BNNTSs to pass through the funnel into the flask, undeposited.

Maintaining the 5:1 liquid solvent to BNNT ratio, 200 ml of methanol solution was ultrasonicated
with 40 mg of BNNTSs for 2 hours and then centrifuged for 1 hour at 3000 rpm [118]. Centrifuging
isrecommended to help dissipate the nanotubes and also to remove unwanted material. However,
after only 2 hours of ultrasonication, many BNNT clumps still remained in the solution. Using a
5 ml : 1 mg, solutions typically took 4-6 hours of ultrasonication to become dispersed, mostly
depending on the sizes of BNNT clumps initially started with, as the raw BNNT clumps varied

greatly in sizes.

After depositing on the filter, previous researchers placed the BNNT mat, still adhering to the
PCTE membrane, under 1.5 atm pressure sandwiched in between folded parchment paper before

placing on a hotplate for 2 hours at 100° C to fully dry [102], [107], [120]. However, if not enough
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pressure or BNNT material is used, the BNNT mat will stick to the parchment paper or flake off

of the PCTE membrane, as seen below in Figure 8 [102], [107], [120].

Figure 8: Initial BNNT deposition on parchment paper (left)and PCTE membrane (right)

To remedy the poor depositions due to limited pressure, the vacuum pressure line from the faucet
aspirator pump was disconnected and reconnected to a small vacuum pump with a pressure control
knob and pressure gauge. This was done to not only speed up the vacuum filtration process time,
but to help compact the nanotubes better. Having a more compact nanotube structure will allow

for a more durable mat.

Attempting vacuum filtration with the vacuum pump attached yielded greater results and a
buckypaper of BNNTs was formed. The time needed for drying the BNNT mat on the funnel was

also reduced as the dry time dropped from 30 minutes to only a couple minutes. While under



50

pressure, the methanol passed through the membrane much faster. This allows for much less time
for drying in the parchment paper, less excess methanol being evacuated in the parchment paper,
and also a much easier final peel of the BNNT mat from the PCTE membrane. Figure 9 is shown
below and includes images of the BNNT mat before and after drying in the parchment paper and

on the hotplate.

Figure 9: BNNT mat before drying on parchment paper (left) and after drying on hotplate (right)

In a typical vacuum filtration process, wetting the membrane before applying pressure is essential
in keeping the membrane in place on the funnel and minimizing the amount of solution that passes
underneath. However, with PCTE membranes, because they are plastic like, adding any solution
before starting the vacuum only displaces the membrane against the bottom of the funnel because
the membrane will float on top of the solution. A remedy for this is to place the membrane on the
funnel, then turn on the vacuum. Adding solution slowly at first will minimize the amount of

solution passing through the funnel without depositing a solid material on the filter.
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Applying pressure first will only minimize this problem because the vacuum will create small
cones on the membrane over the funnels pores, thus raising the outer edges of the membrane. By
using typical process pressure, around 30 psi, before adding solution, it was found that minimal
solution will pass through, and also minimal time is wasted trying to adjust the pressure as solution
is continuously added. An example of the edges slightly curling up is seen below in Figure 10 in
which there is a visible small gap between the membrane edge and the deposited
BNNTs. However, it was found that BNNTs will fill these gaps, stopping future solution to pass
underneath, minimizing loss, and also gives room to remove the BNNT mat and membrane from

the funnel with tweezers without damaging the deposited mat.

Figure 10: BNNT deposition in which edges of PCTE membrane curl under pressure
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BNNT Optimization
A crude, but functional method found in previous research recommended shear mixing to the
BNNT clumps prior to ultrasonication [102]. As seen in Figure 11 below, the raw BNNT material

is large cotton like clumps.

Figure 11: BNNTs initial raw state

Prior attempts at dispersion required having to manually pull apart these chunks with tweezers to
get the desired amount of material necessary to maintain a 5 ml to 1 mg ratio. However, it was
soon found out that the areas that were pressed with tweezers took the longest time to disperse,
usually greater than 10 hours, so much care is taken in not compacting the BNNTs when

transporting the clumps. It isrecommended to take a large clump and match the amount of liquid
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used to maintain a concentration of 5:1. However, these large clumps continued to take much time
in the ultrasonic to disperse, about 4 hours, where the desired goal was 2 hours. By using shear
mixing, it was possible limit the amount of handling of the BNNTs while having to break up a
large clump into much smaller parts, which also allowed for a shorter time in the ultrasonicator,

and kept ultrasonication time to around 2 hours.

The first step with BNNTs was to disperse the nanotubes in various solvents. From a
recommendation of a research company where the BNNT clumps are produced and purchased,
toluene was recommended. Toluene does disperse BNNTs much faster than methanol, and does
so with no need for any surfactant or stabilizer. The sample was left to sit for a couple hours after
ultrasonication, and only needed a gentle mixing to move the nanotubes throughout the solution
as the BNNTs will float near the bottom of a container after an extended time. This could be
solved using mPEG to stabilize, but ideally production of pure BNNT mats is sought. Although
rinsing the BNNT mat after filtration of the mPEG is possible, mMPEG may not be completely

removed, so for simplicity and accuracy, no stabilizer is used.

However, the purpose for the dispersion of the BNNTS is to create a BNNT mat. This is done by
passing the dispersed solution through a filter membrane and peeling the membrane from the
mat. The toluene solution suffers in this filtration method. The toluene reacts with the PCTE
filter paper in a negative manner. When the solution is passed through under vacuum, the
membrane curls around the edges. This was not experienced with a methanol solution. When the

filter curls, the solution passes through the funnels newly exposed pores and the solid in the
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solution will pass through to the Erlenmeyer Flask. With the edges curling, the filter membrane

could not be reset as the membrane wants to collapse around the pores.

With this issue in mind, an alternative deposition method of spraying the BNNTSs was tried. As
toluene is commonly used as a paint thinner, the toluene BNNT solution may be ideal for spray
deposition of BNNTs using a small paint spray gun. Some samples were made with spraying
toluene in addition to CNTs and showed results, but very few samples were prepared because it
was soon decided that toluene is not a viable option for deposition as it is a hazardous
chemical. Some toluene was saved for TEM images to see how well the nanotube structures fared
during the dispersion process, and the images can be found in the data and results chapter, but no

toluene was used as a solvent for final device fabrication.

Another approach to optimize the dispersion was done by cleaning the BNNTS through a nitric
acid treatment as the boron nitride currently being purchased is not a 1:1 ratio of boron to nitride
and contains many impurities. As mentioned in the literature review section, nitric acid has been
used previously with nanotubes, as with CNTs to remove unwanted catalyst and to help achieve a

higher pseudocapacitance [6], [38], [81].

Similar reactions occur when cleaning the BNNT, as the nitric acid hollows out unstable cubic
BNNT crystal structures [117]. The BNNT crystal structures have sharp edges from raw
production, and pretreatment in nitric acid will clean the nanotubes to create hollow tubular shapes
of BNNT crystals [117]. This will allow for the easier movement of molecules through the

dielectric and can allow for an easier bond to CNTs on an atomic level as the BNNTs will have
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less rigid defects repelling the CNT crystal lattice. Thus, the shared hexagonal lattices can

combine much easier after the nitric acid treatment of BNNTs [105].

To complete the cleaning process, a BNNT clump is mixed with nitric acidina 1 mg to 1 ml
ratio. Typically, more than 50 mg of BNNTSs is used so that the clump can be fully submerged in
the nitric acid. The solution is heated to 120° C and is occasionally manually stirred with a glass
rod to help the clump break up over time. As the solution is heated, the nitric acid goes from a
clear liquid, to having a yellowish tint similar to vegetable oil, and then back to clear. This reaction

can be seen below in Figure 12.

Figure 12: BNNTs and nitric acid solution changes from clear to yellow(left) and then back to clear (right)
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This change in color occurs because the impurities are being removed from the BNNTSs due to the
heating of the nitric acid. These impurities then cook off from the acid. During this time, the
BNNT clumps also begin changing from a beige color to a white color as seen in Figure 12. Once
the solution reaches the desired temperature, the solution remains heated for 30 minutes to further
clean the BNNTs and remove more nitric acid from the solution [117]. The resultant solution
containing the broken down BNNTSs along with a small amount of remaining nitric acid is rinsed
with DI water [118]. This is done by adding DI water to the beaker to not only dilute to nitric acid,
but alsoto allow the BNNT clumps to transfer containers easier for centrifuging. The liquid inside

the beaker must be eventually changed from diluted nitric acid to ethanol before deposition.

To accomplish this, the newly cleaned BNNT clumps, nitric acid, and DI water solution is
centrifuged. This isdone by transferring the solution to smaller vials, capped with rubber stoppers,
and centrifuging. Previous BNNT dispersiontechniques recommend centrifuging at 3000 rpm for
an hour to allow for the BNNT clumps to become untangled [118]. An hour centrifuge is not
needed as a syphon of the liquid in the solution will be performed to replace nitric acid with
ethanol. 3000 rpms is an ideal spin speed because it pushes the BNNT clumps to the bottom of
the vials allowing for most of the liquid to be removed through a pipet. Not all of the liquid can
removed as the BNNTs will begin to suction into the pipet, so six centrifuge cycles are needed to
dilute the solution further, while limiting the amount of BNNTS that are wasted. Three centrifuge
spins for 5 minutes are done exchanging DI water followed by three centrifuge spins for 5 minutes
to change from DI water to ethanol. After this is performed, the BNNT and ethanol solution is
closeto a1l ml to 1 mg ratio and can be further diluted with ethanol if the 5 ml to 1 mg ratio is

needed.
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After the final centrifuge, the solution then needs to be ultrasonicated. Following the typical 2
hour recommended sonication time to not damage the BNNT walls, the solution is ready for

deposition [118]. Below in Figure 13 is an image of BNNTSs that had nitric acid treatment next to

BNNTSs that did not have acid treatment.

Figure 13: BNNTSs that had nitricacid treatment, white, (left) and untreated BNNTS, beige. (right)

A new spray gun was used for depositing the BNNT and resulted in a clean BNNT film as seen on
the next page in Figure 14. The smooth surface that was produced showed that the BNNTSs that

underwent the nitric acid wash could be deposited by spray uniformly with ease.
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Figure 14: Nitricacid treated BNNT spray deposition

The BNNT solution was sprayed at 30 psi and used about 30 mg of cleaned and ultrasonicated
BNNTs. The spray was performed in 3 to 5 second increments to allow time for the BNNTSs to
dry and adhere to the surface. The defect seen on the bottom of Figure 14 is where the tweezers
were holding the sample, so the spray did leave a complete BNNT coated surface. This spray
deposition method was used for creating a dielectric on certain fabricated devices, where further

details can be found later in this chapter.

Attempts were made to produce a nitric acid cleaned BNNT mat, but had very little productive
results. The same processwas used to pass 40 mg of BNNTSs through a Buchner funnel housing a
PCTE membrane with 20 um pores at 30 psi vacuum pressure. The issue with vacuum filtration
involving the acid treated BNNTs was that typically many clumps existed after a 2 hour

ultrasonication time that were too small to physically remove from the solution, but too big to
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allow for a smooth surface after deposition. As experienced previously, any chunks that deposit

on the mat during vacuum filtration will cause holes and cracks in the mat upon drying.

When the acid treated BNNTs were ultrasonicated for close to 8 hours, many of the chunks
disappeared, but the solution was so well dispersed, in regards to small BNNT particles, that the
majority of the solution would pass under the PCTE membrane when exposed to pressure because
the membrane lifts up around the outer pores of the Buchner funnel. Larger amounts of cleaned
BNNTSs, around 55 mg, suffered from the same results of a thin untreated mat, with cracks and
holes. So asolution containing a larger amount of BNNTSs that are dispersed with minimal chunks
is necessary to produce acid treated BNNT mats. Much more attention and refinement is needed

to produce acid treated BNNT mats when compared to untreated BNNT mats.

At this point, methanol, toluene, and ethanol have been used to disperse BNNTs. Cleaned and
uncleaned BNNTSs have been used in ethanol. All of these solutions required at least 2 hours of
ultrasonication and shear mixing was used in all BNNT solutions. As mentioned in the literature
review section, ultrasonication and acid treatment have been documented to shorten the tube length
and modify the surface structure of the nanotubes, so minimizing ultrasonication and acid
treatment is needed for optimization [115]. To counter this, a solution was prepared by mixing
BNNTSs in DMF, in which dispersion should require less than 15 minutes of ultrasonication time
but needed to be stirred for four days through a magnetic stirrer [116]. This mixing process was
done at room temperature at 950 rpms for 96 hours. However, after the stir time, large clumps of
BNNTSs still existed in the solution with not much of the solute dispersed, so shear mixing was

implemented. A glass rod was used to further break up the BNNT clump by stirring the solution
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for 30 seconds, and the solution was soon well dispersed. From all the BNNT solutions made,

some were implemented in capacitor fabrication and but more were examined with TEM images.

CNT DISPERSION
For the solvent of CNTSs, DI water was chosen over acidic solutions, as not only were the DI water
dispersion methods mentioned from previous research more specific with greater detail, but also
for the ease and safety of manufacturing the device without using harmful chemicals [18], [98]. An
additional material, 1% wt. Triton-X 100, is needed as a surfactant [98]. Also, washing the CNT
buckypaper with DI water and methanol after vacuum filtration is needed to rinse of the surfactant,
so the BNNT solution containing methanol should not have any adverse effects to the CNT
buckypaper when attempting to deposit BNNTs on top of CNTs using vacuum filtration. In
regards to the concentration of CNTs in the solution, there is a variety of ratios used, typically
ranging from 1:10to 5:1 mg of CNTs to ml of solvent [15] - [18], [98]. The concentrations varied
with the solvents used to disperse the CNTs, so a 1 mg of CNTs to 2 ml ratio of DI water was
used. After an ultrasonication of the solution for 2 hours, the solution was ready for deposition
[18], [98]. Other concentrations were tried of DMF and sulfuric acid as part of optimizing the

dispersionand are discussed in greater detail further in this section.

CNT DEPOSITION
Initially, vacuum filtration was tried with CNTs and the filter paper used was PVDF with 0.4 um
pores [98]. The recommended pore size of the membrane is typically from 0.2 um to 0.4 um for
CNT deposition [15] — [18], [98]. Similar to the PCTE membranes, some trimming was required

of the PVDF membrane so that it would fit in the funnel. Using a lower pressure than BNNT,
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around 15 psi, the deposition seemed to settle the CNTs mostly around the pores [21]. After
completing a deposition of a 100 ml DI water and 50 mg CNT solution, a CNT mat was left with
obvious bubbling and cracking around the locations of the pores in the funnel, as seen below in

Figure 15. In this image, the CNTs are still stuck to the PVDF filter.

Figure 15: CNT mat after vacuum filtration

Upon overnight drying under vacuum pressure at room temperature [18], [98], the pores were
completely removed when transferring the membrane from a glass petri dish to a plastic sample
holder. It was believed a thicker deposition and lower pressure was needed, but using more
solution and maintaining a low pressure during vacuum filtration, between 5 and 10 psi, only
produced similar results of the CNTs to pop off in small circles where it was once covering the
pores, as seen on the next page in Figure 16. If the funnel did not have large pores, then more

success from this method is expected.
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Figure 16: CNT mat after drying

Because of the lack of results from vacuum filtration of CNTs due to the specific funnel used, the
methodology of deposition was changed to that of a spray coating. For spray deposition, a ratio
of 10 mg of CNTs to 1 ml DMF was used. This solution was then sprayed using an airbrush at
around 30 psi through a syphon fed brush. However, the DMF deteriorated the plastic and rubber
compound house that drew the solution from a bottle to pass through the gun. Later, a gravity fed
airbrush with all metal parts was tried, but suffered similar from lack of a crack free deposition, as

this type of spray gun could use no more than 15 psi.

When depositing CNTs, more reliable results came from the higher pressure spray as more solution
is being continuously passed through the airbrush gun and a greater force is introduced to compact
the CNTSs onto the spray surface. Another type of spray gun was used that had all metal parts and
was syphon fed, allowing a higher constant pressure that can be maintained when depositing
CNTs. This allowed CNTs to be directly deposited on the produced BNNT mats as seen on the

following page in Figure 17.
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Figure 17: BNNT mat sprayed with CNTs and DMF

This CNT deposition seen in Figure 17 was done on a hotplate covered in foil at 70° C, spraying
in 5 second intervals, letting the mat dry over the course of three coats. Once one side was dry,
the BNNT and CNT mat would be flipped over so that CNTs could be deposited on both sides. The
measured capacitance was much lower than expected and it is believed that a thicker CNT
deposition, applying an electrolyte, along with better structured BNNTs achieved through cleaning

with nitric acid and centrifuge, will increase the capacitance.

It was also tried to spray the CNTs directly on foil. This would allow for BNNT to be spray
deposited on top of the CNT deposition which could then be folded in half to double the BNNT
thickness and to allow for two separate CNT layers. However, the CNT deposition left many holes
and gaps when depositing on foil. If the first CNT layer was not completely covering the foil,
BNNT would contact the foil and lead to the device shortage. This leads to instability during

measurements because the CNTs do not adhere well to the aluminum foil, and the only research
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involving CNT deposition on aluminum foil involved rolling the foil after deposition
[121]. Although rolling the foil is simple in the approach, concerns over possible cracks of CNTs
as well as introducing BNNTSs into this method was questionable. A final deposition method of

CNTs was then implemented.

This method involved using a nafion membrane 70 um thick and depositing CNTs mixed with
H2SO4 on the membrane [23]. The sulfuric acid in the solution acts as the electrolyte to alleviate
the need for a gel electrolyte to keep the device from leaking, as well as maintain a standard for
fabrication as an electrolyte gel is difficult to control the exact amount being deposited [23]. The
nafion sheets available were either 50 um thick, or more than 100 um, so the 50 um film was used,
which opened the opportunity to deposit a small amount of BNNTs on the nafion, around 20 um,

to achieve similar physical characteristics of the ideal separator layer thickness [23].

The nafion sheet was cut using a razor blade to produce small squares around 5 mm? The
membranes were then put ina 1 M sulfuric acid bath for 30 minutes at 60° C [23]. The membranes
were soaked in acid to promote ion transportation in the separator layer [23]. The CNT solution
ismixed witha 2 mg of CNT per 1 ml of .5 M H,SO4 with 1% wt. sodium dodecylbenzenesulfonate
(SDBS) added as a surfactant [23]. This solution was then ultrasonicated for 15 minutes before
the solution was sprayed at 40 psi onto the cut nafion membranes resting on a hotplate at 100° C
[23]. The solution was passed through an all metal syphon fed container. Quality metal is needed
for the spray gun as corrosion will become apparent after only a couple uses. Foil contacts are
then pressed against the electrodes to complete the device [23]. The CNTs did not adhere well to

the membrane as seen on the next page in Figure 18.
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Figure 18: CNT H2S04 solution on nafion membrane after one spray coat (left) and 3 spray coats (right)

Even after a longer ultrasonication time and more surfactant added, the nafion membrane took
many coats to get a decent CNT deposition accomplished. It is clear the even after three coats,
with each coat being 5-10 ml of solution and 10-20 mg of CNT, sprayed on each side of the nafion
membrane per coat, the membrane still has gaps of CNT deposition, in which shorts will exist due

to the resistive nature of nafion.

The acid solution is required for depositing of CNTs on nafion because using CNTs in a DMF
solution caused the nafion membrane to deform when depositing. The DMF caused the nafion to
constantly curl up and wrinkle, similar to the PCTE membrane when exposed to toluene. Although
the applied heat of 100° C through a hotplate allowed the nafion to slightly reform to its original
position, the DMF solution made deposits very difficult due to the sides of the nafion collapsing

and leaving a non-smooth surface.
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Another issue from the nafion capacitor was pressing the foil contacts onto the electrodes. Even
through heating the device with contacts in place for 30 minutes at 100° C under pressure, the foil
current collectors would not stick. An electrolyte made of phosphoric acid was made to hold the

device together.

ELECTROLYTE FABRICATION
An electrolyte consisting of 50 ml DI water mixed with 5 grams of PVDA and 4.5 ml of phosphoric
acid was applied to both sides of the membrane to utilize ion movement and to hold the foil
contacts to the membrane [122]. The electrolyte was prepared by following a common technique
to prepare the polymer electrolyte by mixing the water and PVDA under 90° C for 2 hours while
stirring at 300 rpms [122]. The phosphoric acid was then added to the solution and mixed
overnight to create a gel electrolyte [122]. The electrolyte was used in the fabrication of many

devices.

DEVICE FABRICATION
The procedures for the individual devices used for final capacitance measurements follow
previously mentioned experimental methods and each device’s fabrication procedure is further

explained below.

The most recent device fabricated, which demonstrated the greatest ideal characteristics for a CNT
and BNNT capacitor, was made from aluminum foil, BNNTs, and CNTs. The CNTs were initially
cleaned with acid themselves and were acquired after the nanotubes were pretreated with acid.

The cleaning of the CNTSs allowed for the nanotubes to adhere much better to foil. The CNT and



67

foil device was weighed before and after the CNT deposition. After this, the electrolyte from
PVDA and phosphoric acid was applied to the device before spraying with acid treated BNNTS.
This was performed on two separate small pieces which were then manually pressed together to
result ina sandwich geometry of aluminum foil, CNTSs, electrolyte, and BNNTs on each side. This

device is referred to as acid cleaned CNTs with BNNTS.

A PVDF membrane with a 47 mm diameter and 0.45 um pore size was sprayed with a solution
of CNTs mixed with .5 M H,SO. using a 2:1 mg per ml concentration and 1% wt. SDBS. H,SO4
was used because DMF is not a good solute spray for PVDF as the membrane will begin to
deteriorate during sprays. Both sides were sprayed and the membrane was left to air dry as heat
also negatively affected the membrane. The fully dried membrane was then weighed on a scale to
find the mass of the electrode by comparing it to the membrane before spray. An electrolyte was

applied to both sides of the PVDF membrane to allow aluminum contacts to stick.

Similar to the PVDF approach, Whatman student grade filter paper was sprayed with CNTSs in
DMF with aratio of 10 mg of CNTs per 1 ml of DMF. The filter paper was cut into a small square
for measurements and was then sprayed with CNTs on both sides, allowing the paper dry to over
a hotplate set to 60° C. The filter paper in this case acts as the dielectric. It is possible, although
difficult, to deposit BNNTSs also, as both the filter paper and nanotubes are of a white color. Only

CNTs were applied in this instance. The electrolyte and foil contacts were then applied.

A nafion capacitor was made following a research paper strictly, but the nafion took about 3 coats

to produce a viable product to measure. The H,SO4 solution mentioned earlier was used and
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sprayed on a nafion membrane at 100° C at 44 psi after soaking the membrane in 1 M H,SO, for
30 minutes at 60° C to rinse the membrane [23]. After the third coat of spray, typically, some parts
would be well coated with CNT, but not as uniform as the research paper produced [23]. This
caused instability. After drying, the membrane was weighed in comparison to the membrane
before the spray to get the weight of the electrodes. The aluminum contacts would not adhere after
gentle pressing, or after heating at 100° C for 30 minutes under pressure, so a polymer electrolyte

was applied to both sides to allow for the aluminum contacts to stay in place on the final structure.

Due to the lack of success dripping CNTs on office paper, it was decided to try to spray CNTs on
office paper. This resulted in a good CNT deposition in regards to uniformity as seen below in
Figure 19. The paper was sprayed with the DMF solution using the same previously mentioned
concentration on a hotplate at 60° C. The paper was trimmed and weighed after spraying to

determine the weight of the electrode before applying the electrolyte and aluminum contacts.

Figure 19: CNT sprayed on office paper with one side coated with BNNTs
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A comparison was desired to compare the characteristics of BNNTSs in nitric acid and BNNTSs
without acid treatment, both samples were fabricated under similar conditions. Both devices used
a concentration of 5 ml of ethanol to 1 mg of BNNTSs and were ultrasonicated for 4 hours. 10 ml
of solution was sprayed at 25 psi onto each side of the office paper at 60° C on a
hotplate. Although a variance in over spray could attribute to small differences, the final weight
of both papers was nearly identical when cut to 5 x5 mm samples. The papers, which were printed
black to show the BNNT deposition, can be seen below in Figure 20. CNTs with DMF were then
sprayed over a hotplate at 60° C with a similar technique of maintaining constant spray amounts.
The untreated BNNTSs did adhere better to the paper visibly, perhaps due to its beige color. The
treated BNNTSs did have a layer present, but it appears much lighter on the dried result. Both
papers were weighed and then coated with the polymer electrolyte and aluminum contacts were

used.

Figure 20: Untreated BNNT paper (left) and nitric acid treated BNNT paper (right)
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Similar to the BNNT spray on office paper, BNNTs that underwent nitric acid treatment and
BNNTSs that did not, were sprayed on nafion in the same ethanol solution mentioned earlier with
5 ml being sprayed on both sides but at 100° C and 35 psi. Similarly, the untreated BNNTs adhered
more so to the separator layer on the nafion membrane. Although neither left a complete covering
of the nafion, a layer of BNNTs was produced and because nafion and BNNTs would act as the
separator, this was left at 5 ml sprayed per each side. Both membranes were weighed after the
BNNT spray and showed similar deposited mass and can be seen below in Figure 21. These
measurement steps were also done for the CNT and H,SO, solution spray to see how much CNTs
were deposited. Both devices followed the same fabrication procedures of the nafion device
previously mentioned, and were coated with electrolyte and pressed against aluminum contacts to

complete the device.

Figure 21: Untreated BNNTs on nafion (left) and acid treated BNNTs on nafion (right)

Lastly, produced BNNT mats were coated with the polymer electrolyte on both sides and allowed

to dry for 1 week, weighed, sprayed with the CNT and DMF solution, and weighed again. Both



71

the clean and the untreated mats were used for this, although the cleaned BNNT mats have a
tendency to produce very thin mats. Because mats are not smooth, but have bumps and waves
from vacuum filtration, the aluminum contacts were gently placed and later pressed by pins while
taking CV measurements. These two devices are the only devices in which CNTs were sprayed on
the electrolyte, although the electrolyte was solid after drying at room temperature for aweek. The
CNTs could not be sprayed onto a wet electrolyte as the CNTs would run off and not adhere.
Below in Figure 22 is an image of a BNNT mat coated with the electrolyte gel as it was hanging

to dry during a week’s time.

Figure 22: BNNT mat coated with electrolyte gel

Each device, besides the BNNT mats, were trimmed to roughly 5 mm? size capacitors. This was
done to not only minimize the size of each sample but to give more consistency in the

measurements to be taken.
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CAPACITANCE CHARACTERISTIC MEASUREMENTS
All the devices were made with a top and bottom of foil pressed against an electrolyte except for
the BNNT mats. The design of the machine to be used for capacitance measurements, the Agilent
B1500A, uses push pins on a horizontal surface for contacts. Due to this, a small strip of foil was
used for a bottom contact for the samples during measurements. A pin was pressed against this
strip of foil, and the other pin of the Agilent B1500A was pressed against the top foil contact to
hold the device in place and to be sure proper pressure was being applied for the
measurement. When BNNT mats were used, two foil strips were used under the same

measurement process.

The devices used to measure the fabricated capacitors are an Agilent B1500A to measure
capacitance characteristics, and a TEM for enhanced images of solutions. The results section will
begin with the measurements found by the Agilent B1500A in which capacitance voltage
measurements were taken. This is followed by the TEM microscopic images of BNNT dispersed

solutions.
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CHAPTER Il
DATA AND RESULTS — CALCULATIONS
To begin this section, the procedure and accuracy of measurements is addressed first, and the
second part of this chapter will define the measured data and its relation to capacitor
efficiency. The data acquired is from an Agilent B1500A, which measures parallel capacitance,
conductance, dissipation factor, parallel resistance, series capacitance, reactance, series resistance,
impedance, and phase during CV measurements. From this measured data, ESR, stored energy,
energy density, max power, power density, and specific capacitance can all be found. Using a
machine that can do capacitance voltage measurements differ from taking cyclic voltammogram
measurements in that the data is directly found and no math or estimation is required [23], [86],

[88], [89].

The first point of measurement discussed is typically taken from cyclic voltammogram
measurements, which produce hysteresis plots, is that of specific capacitance. Specific
capacitance is the measured capacitance with respect to the mass of one electrode [86], [88],
[89]. To refresh the reader on specific equations being implemented in this section, equation 9 is

reintroduced.

Co=———— [ 1V)d(V) )

mvg(Va-Vc)“Va

In this equation the specific capacitance (Cs) is equal to the charge or discharge current (1) divided
by the potential window (Va-V¢) multiplied by the mass of one electrode (m) and the scan rate (vs)

[23]. This amount is then multiplied by the integral of the charge/discharge current with respect
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to voltage (1(V)d(V)) through the voltage potential window, or voltage at anode (V,) to voltage at
the cathode (V) [23]. Both charge and discharge calculations net the same results as no major
distinct reactions occur on the anode or cathode [23]. The method for calculating equation 9 is
used for cyclic voltammogram measurements in which a hysteresis graph is produced as a relation
of current to voltage. The area is calculated inside this graph through integration and used to
calculate specific capacitance. Although data is typically measured by machines, which gives an
output in spreadsheets, minimizing the chance for mathematical error, simplified calculations limit
the risk of error. Such a method is found in equation 10, if the capacitance is known, such as the
output from capacitance voltage tests, although specific criteria must be met for this equation to

become applicable [86], [88], [89].

In this equation, the specific capacitance (Cs) equals twice the measured capacitance (C) divided
by the mass of the active material in one electrode (m) [86], [88],[89]. The certain criteria needed
for this method to be used for calculations are that the supercapacitor must be symmetrical in
structure and the weight of the active material must be known [86], [88], [89]. Also, the electrolyte
isnot part of the calculation of the mass of the active material inthe electrode, so mass calculations
must be performed without the electrolyte [56]. The mass of the active layer is used for only the

weight of one electrode [86], [88], [89].

Other calculations found in this data section are that of energy and power density from equations

7 and 8 found in the literature review section, and are pictured below for convenience. Equation
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7 is energy density, in which capacitance (C) is multiplied by voltage (V) squared and divided by
2 times the mass (M) of both electrodes, with typical units of Wh/kg [55]. Equation 8 is power
density, which is calculated by squaring the voltage (V), and dividing by 4 times the ESR times
the mass (M) of the two electrodes as seen below [55]. The units are typically kW/kg [6],
[56]. Both energy and power density equations are taken from the stored energy and max power

equations, but have the additional term of M to account for the mass of both electrodes.

_cv: Qv

E= 2M  2M (7)
VZ
P = 4ESRM (8)
ACCURACY

The accuracy of the experimental data measured by comparing it to capacitance voltage
measurements from previous research will be discussed. All found data match the same shape of
the results of the capacitance voltage measurements [123] —[129]. Although most measurements
produced smooth graphs, some graphs had sharp peaks found from instability of the device, which

fabrication techniques were then improved upon.

Noise was measured with no device present, but only using contacts and was found to be less than
2 nanofarads in capacitance. If adding a device, the noise may be slightly higher, but is expected
to be minimal, as the measured capacitances are inthe micro or millifarad range. Otherwise, any
output peaks are from instability of the device. The instability arises from CNT depositions
leaving a non uniform homogeneous surface. Once CNT deposited methods were improved for

all techniques, the measured output graphs will begin to smooth out.
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On the next page, in Figure 23, is the most concise image available comparing carbon material and
measured capacitors through capacitance voltage measurements. The top image is from other
research taken with permission, while the bottom image is taken from the Agilent B1500A
measuring device. Both sets of data start at a lower point of capacitance measured on the y-axis
and slowly increase before a plateau only to later lose capacitance just after O applied volts
[128]. The data continues to lose capacitance, it is only more visible with the graph below, as the
image above was taken from a range of -2 V to 2 V, whereas the B1500A has a max range of -5V
to 5V [128]. The variance of lines in the top image is due to the measurements being taken at
different frequencies. The top image in Figure 23 is reprinted with permission from (M. Atif, W.
Farooq, A. Fatehmulla, M. Aslam, and S. Ali. "Photovoltaic and Impedance Spectroscopy Study
of Screen-Printed TiO2 Based CdS Quantum Dot Sensitized Solar Cells." Materials 8.1 (2015):

355-67.). Copyright (2015). (Materials).
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Figure 23: CV measurements from a research journal [128] ©2015. Materials (above), CV measurements from

Agilent B1500A (below)
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The only major difference in the two images is the measured data appears to drop more after 2
volts, so more images that had a further range in voltage were used in comparison, and it was found
that all capacitance voltage data has a sharp drop on the positive voltage side, usually between 3
and 5 volts [123] —[129]. The sharper drop seen on the bottom image isdue to a smaller sampling
range, and also due to a faster scan rate, explained further below. All of the data found from
capacitance voltage measurements in research articles correlates to the measured capacitance
voltage data on the Agilent B1500A [123] — [129]. However, operating frequency plays a major
role in measured capacitance, as seen in the top image of Figure 23, in which the lesser frequency
had the greatest measured capacitance, is explained further in this section. An explanation of the

output graph is given below.

The initial increase in capacitance, as seen previously in Figure 23, is due to the charge of the
carriers. Capacitance equals charge divided by voltage, so as operating voltage is cycled, the
charge plays a major role in capacitance. As the applied voltage decreases from -5V to 0V, a
constant charge would see an increase in capacitance. This is why the capacitance voltage graphs
have a constant increase in the left half of the graph. The initial increase is due to the capacitor
becoming charged through the applied voltage. When there is no voltage passing through the
capacitor, it is in the discharged state with little ion movement and interaction. Once the
capacitance voltage measurement begins, voltage is applied and the charges move to their
corresponding electrodes, such as the negative electrode attracting positive ions. This is a fast
process of charging the capacitor, but not instantaneous. In addition, because of the ions moving
to the oppositely charged conductor, an electric field will form internally due to charge

separation. The dielectric separator allows ions to pass through so that they can move to the
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cathode and anode of the device. Once the charges are collected to their respective sides, the
system will stay relatively neutral in regards to charge as the majority of the ions have been pushed

to specific sides.

The decrease seen in the capacitance voltage graphs after 0 V is due to the saturation of the
electrode surface. An explanation of the decay is that the electrode active surface is completely
covered by ions at a voltage lower than the electrolyte decomposition point. If this is the case,
further increasing voltage beyond the voltage value associated with full surface coverage should
not make the remaining ions move to the electrode surface, as itis covered by ions, resulting in no
capacitive current. This indicates that almost all the cations that can be held on the electrode
surface are electrosorbed between 0 and typically around 2 V. Thus, the decay of capacitive current
at a voltage lower than the average 2 V can really be associated with the complete coverage of the

electrode surface accessible to the desolvated cations.

This phenomenon also explains why the slower scan rate resulted in less decay and why there is
no abrupt decay at saturation. This is due to the ion distortion, which permits the cations to enter
pores smaller than their “rigid” size, or by an increase in the size of pores due to their
deformation. At a slower regime, the distortion/intercalation effect permits the use of pores close
in size to desolvated cations. There are also compressional effects such as electrostriction that
increase molecular density which decrease the capacitance. Consequently, this saturation
phenomenon makes it impossible to profit from higher voltage, which limits the energy and power

density [130]. Frequency also plays a major role in measured capacitance.
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When the frequency is increased, the capacitance shows a decreasing behavior towards zero and
can even go to negative capacitance at frequencies higher than 1 MHz [128]. This trend from
positive to negative capacitance, also called inductive behavior, is very common in several
materials, which means the current lags behind the voltage [128]. Using 1 kHz instead of 1 MHz
results in a greater capacitance measured per device as seen below in Figure 24, in which Figure

24 is a capacitance frequency measurement of a 100 uF capacitor that was purchased [131].
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Figure 24: CF measurement of 100 uF capacitor
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From Figure 24, itis clear that the capacitor did not measure 100 uF at 1 kHz, but instead there is
asmall error present. The machine has been recalibrated for phase compensation, load correction,
short correction, and open correction SMU numerous times, and is consistently close to the optimal
capacitance. If lesser frequency could be used in measurements, it is believed that the capacitor
would measure closer to 100 uF. A capacitance voltage test was run with the same 100 uF

capacitor, after calibrating, and the errorwas found to be about 5%.

The capacitance in the accumulation region increases consistently with decreasing
frequency. Normally, the measured capacitance in the accumulation region should be independent
of the signal frequency. Possible explanations for this occurrence may be due to the effect of direct
carriers tunneling through the gate, the inability of the CV to accurately measure the capacitance

in the presence of high leakage current, or due to the dielectric layer [131].

In the first case, if the tunneling currents become large, the effect of the series resistance is
amplified, leading to a decrease in capacitance in the accumulation region. But this is seen in gate
layers less than 4 nm [131]. The second possibility is the inability of the CV to accurately measure
the capacitance. A dissipation factor (D), given in the CV data output, can be used to check the
accuracy of the measurement and this can also be determined using measured capacitance and
conductance [131]. Using the dissipation factor, the results remain at a very small error percentage,
<0.25% error. Frequency dispersionisnot an instrumental error. Thus, the capacitance frequency

variations in Figure 24 can be attributed to the presence of a dielectric layer. The dielectric layer
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is filled with traps causing the dielectric layer to become highly frequency dependent [131]. The

dielectric layer is the reason the devices vary capacitance with frequency.

CV RESULTS
All data recorded is at a frequency of 1 kHz. Measurements by other researchers go much lower
in frequency, but the device is limited by a minimum of 1 kHz frequency for measurements [86],
[89]. Nafion is one of the hardest materials to get CNTs to adhere to out of all the devices
fabricated, but coating with BNNTSs allows for an easier deposition of the CNTs. Some methods
of fabrication allow the CNTs to adhere well as an electrode, but for other methods the CNTSs
struggle to leave a uniform coating. One the following page, in Figure 25, are the top performing
devices measured capacitance graphed against each other. The two top performing devices had
no BNNTSs present, consisting of CNTs on nafion and CNTSs on filter paper. Acid treated BNNTs
did demonstrate relatively strong capacitance when applied to nafion and to CNTs that underwent

acid treatment.
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Figure 25: Measured capacitance of top performing fabricated devices

Using the measured capacitance, energy stored and energy density can be further calculated. More
often, the data derived for supercapacitors is that of specific energy, sometimes referred to as
energy density, although energy density is often used interms of volumetric measurement, and is
in the units of Watts-hour per kilogram [124]. The energy stored is calculated in Joules and
calculations were taken using equation 5, shown below, in which capacitance (C) is multiplied by
voltage (V) squared and divided by 2 [124]. Stored energy and energy density are very similar

except that energy density, from equation 7, accounts for the mass of both electrodes in kilograms
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[124]. Joules converts easily to Watts-hour as 1 Joule equals 278 mWh, and the mass (M) is found
from the total weight of both electrodes as seen previously in equation 7 [123]. The electrolyte
mass, separator mass, and current collector mass are not included in this calculation, as only the

mass of the active material in the two electrodes is used [125].

F=C- (5)

The stored energy can be seen graphically in Figure 26, on the following page. Because voltage
is squared, an increase is expected as the applied voltage increases. The data that increases at a
greater rate is expected to have a higher capacitance. Stored energy leads into energy density by
accounting for the mass of the electrodes. Energy density is the major difference between

capacitors and supercapacitors. Supercapacitors have a much greater energy density.
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Figure 26: Stored energy for top performing fabricated devices

Because energy density uses stored energy divided by the mass of the two electrodes, a simple
calculation was used to find the energy density of each device. Energy density can be seen
graphically on the next page in Figure 27. Calculated energy density is close in many devices as
the mass of the electrodes are accounted for in this calculation, while the stored energy calculations

exhibit a greater difference in devices.
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Energy Density of Top Performing Devices
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Figure 27: Energy density of top performing fabricated devices

Now that a few key capacitor characteristics have been introduced, Table 1 is shown below and
contains these previously discussed values of all fabricated devices, and also includes more values
discussed further in this section. Measured capacitance peaks were used in the top line of each
row for all devices, and 5 volts was used on the second line of each row. Using a standard voltage
in the table allows for a greater comparison between devices. Included in Table 1 by columns is
the material being measured, as fabrication of such devices can be found in the experimental
section, voltage measured at capacitance, mass of a single electrode, specific capacitance, energy

density, and power density.
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Material Voltage | Capac- Active Specific Energy Density Power Density
V) itance (UF) | Material | Capacitance (Wh/kg) (kW/kg)
Mass per | (mF/g)
electrode
(mg)
PVDF -1.7Vv | 0.46 uF 4.7mg | 0.20 mF/g 0.02 Wh/kg 0.46 kW/kg
oV 0.22 uF 0.10 mF/g 0.08 Wh/kg 2.77 kW/kg
Nafion AV 1.38 uF 54mg |0.51mF/g 0.09 Wh/kg 0.002 kW/kg
5V 0.92 uF 0.34 mF/g 0.13 Wh/kg 3.02 kWikg
Untreated -0.8Vv | 0.32 uF 48mg |0.13mF/g 0.003 Wh/kg 0.07 kW/kg
BNNT SV 0.18 uF 0.08 mF/g 0.07 Whikg 1.74 KW/kg
Paper
Acid Clean | 1.8V 0.63 uF 5.3mg | 0.24 mF/g 0.03 Wh/kg 0.70 kW/kg
BNNT 5V 0.46 uF 0.17 mF/g .015 Wh/kg 3.47 kWikg
Paper
BNNT 1 0.2v | 047 uF 54mg |0.18 mF/g 0.0002 Wh/kg 0.008 kW/kg
Side Spray |5 V 0.28 uF 0.11 mF/g 0.09 Whikg 2.4 KW/kg
on Paper
Untreated | 4.4V | 0.12 uF 35.2mg | 0.01 mF/g 0.002 Wh/kg 0.33 kW/kg
BNNT Mat | 5 V 0.05 uF 0.003 mF/g 0.003 Wh/kg 0.39 kW/kg
Whatman 2V 0.986uF |57mg |0.35mF/g 0.0001 Wh/kg 0.02 kW/kg
Filter Paper | 5 V 0.573 UF 0.20 mF/g 0.05 Wh/kg 4.01 KW/kg
Acid -4V 0.274uF | 2.0mg |0.27 mF/g 0.002 Wh/kg 0.04 kW/kg
Cleaned 5V 0.17 uF 0.17 mF/g 0.15 Wh/kg 4.29 kW/kg
CNT with
BNNT
Acid Clean | 0.7V | 0.68 uF 6.2mg | 0.22 mF/g 0.004 Wh/kg 0.006 kW/kg
BNNT Mat | 5 V 0.50 uF 0.05 mF/g 0.14 Wh/kg 0.42 kW/kg
Untreated | 0.2V 0.65 uF 55mg |0.24 mF/g 0.0003 Wh/kg 0.01 kW/kg
BNNT SV 0.49 uF 0.18 mF/g 0.15 Wh/kg 3.57 kW/kg
Nafion
Acid 0.4V 0.64 uF 54mg |0.24 mF/g 0.002 Wh/kg 0.04 kW/kg
Cleaned 5V 0.44 uF 0.16 mF/g 0.14 Wh/kg 3.31 kWikg
BNNT
Nafion

Table 1: Voltage, capacitance peak, mass per electrode, specific capacitance, energy density and power density
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Another key characteristic of capacitors is specific capacitance, which can be measured using
equations 9 or 10. As mentioned earlier, equation 10 will be used for specific capacitance
equations due to the machine used for measurement, in which the measured capacitance is
multiplied by 2 and divided by the mass of a single electrode [86], [88], [89]. The mass of a single
electrode for each device can be found above in Table 1, along with the calculated specific
capacitance. Specific capacitance of the top performing devices is also graphically represented

below in Figure 28.

Specific Capacitance of Top Performing Devices
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Figure 28: Specific capacitance of top performing fabricated devices
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Because some devices have BNNTSs, a comparison was made of the specific capacitances of only
devices having a BNNT component to compare the samples cleaned with acid against untreated
BNNTSs. Below in Figure 29 is a graph that compares all the devices having BNNT as part of the

fabrication process.
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Figure 29: Specific capacitance of fabricated devices with BNNT with and without acid treatment

In Figure 29, it is obvious that the acid treatment increased the specific capacitance of the device

in all the materials except for the devices also having a nafion membrane separator, in which the
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values are very close. All the max specific capacitances can be seenin Table 1. The acid cleaned
BNNTs sprayed on office paper with CNT deposition, was very similar to all nafion sprays. In
addition, the deposition on paper results in lower fabrication costs when compared to the costs of
fabrication when nafion is involved. The measured capacitances are similar with the nafion as the
BNNT had little impact on the dielectric layer. The other two devices saw much greater
differences. The non-acid treated BNNT mat is believed to have performed poorly due to a thicker
separator layer that the vacuum filtration method produced. The acid treated BNNTs were more
fine and compact to produce a slimmer mat. An increase in separator layer thickness is desired to
a point for more optimal charge separation, however, too thick of a layer creates more resistance
which will lower measured capacitance. The main point to take away from Figure 29 is that in
most cases, acid treating the BNNTs did demonstrate higher capacitance measurements. Because
there are such similarities in the specific capacitances of the BNNT nafion membranes, on the next

page, in Figure 30 is all the devices with nafion as the separator layer.
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Specific Capacitance of Nafion Devices
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Figure 30: Specific capacitance of fabricated devices with nafion

All the results of nafion devices are very similar, as this is believed to be due to only a small
amount of BNNTSs adhering to the nafion. Around 1 mg of BNNTSs were sprayed on each side of
the nafion, but more BNNTSs could be sprayed to see more variety in results. The CNTs adhered
much better to the nafion that was sprayed with BNNTs as opposed to the nafion not coated with
BNNTSs. More coats of CNTs on the nafion and BNNT devices could lead to more stability, as the
stand-alone nafion device had three coats of CNT spray, where the BNNT devices only needed

one to achieve the same thickness of deposition. So, although there was not much difference in
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measured capacitance, the deposition process improved tremendously and lowered fabrication

costs with BNNTSs being sprayed on the nafion separator layer.

Another typical key characteristic of supercapacitors is power density, which is found from max
power. Max power, like stored energy, does not account for mass of the electrodes [124]. Max
power is found by squaring the voltage (V), and dividing by 4 times the equivalent series

resistance, ESR, as seen below in equation 6.

P = 4ESR (6)

The ESR is given from the B1500A measurements as the series resistance, but can also be
calculated as it is the real resistance in impedance, which is also data given by the Agilent device.
The power density is found by dividing the max power from the mass of the two electrodes
[123]. The units are typically kW/kg [123], [124]. The results of max power for the top
performing devices can be seen on the next page in Figure 31. Power density is shown graphically

on page 94, in Figure 32, and numerically in Table 1.
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Figure 31: Max Power of top performing devices

The devices with the lower resistance will have higher max power. The higher performers in max
power have a slightly larger amount of the active material, CNTs, deposited so when calculating
the mass, the power densities will become closer than the max power results, which can be seen

on the next page in Figure 32.
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Power density of Top Performing Devices
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Figure 32: Power Density of top performing devices

Final conclusions can be found in a later section, but using less active material and cleaning the

CNTs and BNNTSs with acid helped improve ideal characteristics of capacitors.

TEM IMAGE DATA
Also performed were TEM images of BNNTs dispersed in various solutions under controlled
ultrasonication times. All of the measured solutions were prepared using a 5:1 ml to mg ratio. The

solutions were all sonicated for four hours except the solution with DMF. The DMF solution was
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stirred for 4 days, but clumps still existed, so shear mixing was used which left the solution capable
of dispersion with only 15 minutes of ultrasonication time [116]. Similar to the results from the
CV measurements, acid cleaned BNNTs underwent nitric acid treatment prior to dispersing the
BNNTs in ethanol, and the untreated BNNTSs did not receive acid treatment but are also dispersed
in ethanol. All of the other solutions are named after the solvent used to disperse the BNNTs. The
following figures are separated by zoom level and are expressed by the size of the scale bar in the

bottom left of each image.

The first set of images in Figure 33 are at a 500 um scale bar, pictured on the next page, as 5

different solutions were examined under the TEM microscope are pictured below and on the next

page.

In Figure 33, a far zoom allows a perspective of a larger sample region to view clumps and how
the solution spreads when put on a flat surface. The large eclipse like pores are from the copper
mesh in which the solutions were placed and dried prior to imaging. Although the cluster depends
on position of image sampled, the acid cleaned BNNTSs are more separated and evenly dispersed
compared to the other images. The non ultrasonicated sample of DMF appears to be of the same
consistency as ethanol, but with more clumps near the edges of dispersion where the sample should
smooth out. The toluene sample has many broken nanotubes visible at such a large

scale. Methanol suffers from the same issue as the toluene, but the chunks are more separated.
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Figure 33: 500 umscale bar TEM of BNNTSs acid cleaned in ethanol (top left), untreated in ethanol (top right), with

solutions of DMF (middle left), methanol (middle right), and toluene (bottom)

The next set of images are included in Figure 34, and zooms in using a 50 nm scale bar and are

seen on the next page.
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Figure 34: 50 nmscale bar TEM of BNNTSs acid cleaned in ethanol (top left), untreated in ethanol (top right), with

solutions of DMF (middle left), methanol (middle right), and toluene (bottom)
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Zooming in, into regions where strands exists, the individual nanotube structures become
visible. Although the individual walls are still not visible, it is possible to see the structure of the
tubes, specifically any bends or breaks. The toluene and DMF samples are the only two images
with any visible breaks at this zoom. The acid treated BNNTs do not have as much thick film
present as both the untreated sample in ethanol and the sample dispersed in methanol. Although
the DMF does have the least film present in this image, other images showed large
conglomerations of nanotubes so the BNNTs did not disperse well with the minimal
ultrasonication time, and because of the breaks that are present, the acid cleaned BNNTSs are the
best sampled image at the 50 nm scale bar. Figure 35 zooms in once again using a scale bar of 10

nm and is seen on the next page.
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Figure 35: 10 nmscale bar TEM of BNNTs acid cleaned in ethanol (top left), untreated in ethanol (top right),

methanol (bottom left), and toluene (bottom right)

In the 10 nm scale bar, the walls of the nanotubes become visible. It is clear that the methanol
solution did not disperse well as clumps of broken BNNTSs exist together. The nanotube walls
look the most damaged in the methanol image. The toluene BNNTS separated, but there are many
broken nanotubes. The untreated BNNTSs clumped slightly but appear to have good structure. The
acid cleaned BNNTSs has a bundle on top of a strand and has very good structural characteristics
with many undamaged walls. Having a minimal amount of damage to many walls increases the
strength of the BNNT material as discussed in the literature section, as the nanotubes are capable

of handling more stress. The next level of zoom is shown on the next page in Figure 36.
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Figure 36: 5 nm scale bar TEM of BNNTSs acid cleaned in ethanol (above) and untreated in ethanol (below)

In this final zoom image in Figure 36, itis obvious that these samples have much better structure
than the nanotubes that were pictured in Figure 5 from the beginning of the experiment. The acid
cleaned BNNTSs have more ideal structural properties as compared to the untreated BNNTs. The
untreated BNNTSs have little wall damage, but very few walls are present, which will lead to faster
fracture under the same load stress. Even ina clump, the acid cleaned BNNTs have clear walls

present that are undamaged. Also, in the untreated BNNTS, the nanotubes seem to cluster around
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a thin film layer of BNNTS, where the acid treated BNNTS cluster formed with only a small amount
of film in the corners. Both structures look adequate, but the acid cleaned BNNTs have more
desirable properties for use in thermal or electrochemical applications, in which BNNTs are

commonly being studied.
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CHAPTER IV

CONCLUSION
Using the CV data and TEM data, the BNNTSs that were cleaned with acid had better electrical and
physical properties. It isrecommended that all BNNT tests and measurements be taken of BNNTs
that have undergone acid treatment. Ethanol appeared to cause very little damage to the wall
structures as seen in the TEM images, so this can be used as the solvent of BNNTs moving forward.
The few hours of ultrasonication time needed for dispersion had little effect on the walls when
comparing the samples that had hours of ultrasonication time to the DMF solution, which only had
15 minutes. All the samples underwent some form of stirring or shear mixing, so eliminating this
step could cause less defects in the wall structure, although some solutions showed very minimal

damage to the nanotubes.

The capacitor devices that were fabricated showed higher ideal characterization levels than
capacitors, but weak levels for supercapacitors. Despite reaching an ideal power density, energy
density must be improved. Although some devices reached the mF/g specific capacitance range
of supercapacitance, much improvement in the devices is still necessary to increase this level into
the F/g range. The acid treated CNTs combined with acid treated BNNTSs, which performed the
best overall, shows the most promise moving forward, and a better layer of both nanotubes could
be made through more regulated coats of spray. The power density of this device was on par with
supercapacitors, but energy density was slightly lower than supercapacitor levels. Currently, the
device is in between conventional capacitors and supercapacitors due to the energy density. The
greater regulation of deposition sprays can be done through lowering the amount of CNTs

deposited while strictly monitoring the thickness of the BNNTSs deposited. All of the devices
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performed well comparatively, and consistent data was found. More alterations in fabrication

technique can be used to improve the fabricated devices characteristics.

IMPROVEMENTS
Improvements for CNTs, BNNTSs, and electrolyte deposition could be made through stronger
regulated thickness of depositions. Although milligrams of BNNTs were matched during
depositions, overspray and BNNTs not settling on the membrane during vacuum filtrations could
account for differences in amounts of BNNTs actually being deposited. Deposition will need to
be adjusted as it is the only weak point of acid treated BNNTS, in that they appear to not adhere as
well as untreated BNNTS to certain materials, such as nafion during spray depositions, and creating
a BNNT mat without defects through vacuum filtration will need to be carefully
performed. Untreated BNNTSs can be used to easily and consistently produce BNNT mats, but
acid treated BNNTSs did not deposit so easily using the same procedure. Minor tweaks in methods
can be performed to allow the acid treated BNNTS to deposit as easy as the untreated BNNTS, such
as using an apparatus to hold the PCTE membrane down on the edges to keep the more dispersed
acid treated BNNTs from seeping underneath the filter, or by adjusting ultrasonication time to

manipulate the size of the particles used for deposition.

CNT deposition techniques will also need to be improved to not only increase stability, but also
the capacitance characteristics. When CNTSs have a good deposition, the capacitance, energy, and
power increases. Stable data is also found when this occurs. Although various methods were tried,
nafion and paper being dripped with CNTs did not have good results for deposition. The nafion

depositions could be improved in terms of a solid thick layer of CNTs being deposited. The CNTs
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did adhere better once the nafion was coated with BNNTS, so this may be a viable first step. The
data in the nafion with and without BNNTS is similar, so more experiments could be run to see if
the BNNTS, perhaps in thicker depositions, have any impact on the capacitance. Also, treating the
CNTs with acid prior to deposition allowed for a deposition directly on aluminum foil to occur.
Minimizing the deposited weight of the CNTs will improve specific capacitance, energy density,
and power density. Cleaning CNTs with acid is vital to continue to improve device capacitance

characteristics.

The electrolyte gel will be harder to regulate because even though a similar amount was applied
to each device, the gel will leak out when the aluminum contacts are pressed against the device.
However, using a liquid electrolyte did not allow the contacts to stick to the device, so there is
much room for improvement in regards to a consistent, well-regulated electrolyte used in the

devices.

FUTURE PLANS
Future plans could be to use purer materials in fabrication, in regards to minimizing potential
contaminations. Although the black ink was used on the paper capacitor devices to be able to view
the BNNT deposition, this ink could cause unwanted effects to the capacitor device. Using all
white paper may yield different results. Stronger, or purer, metal used in the spray guns will be
necessary in future sprays of the CNT and H,SO4 solutions as the sulfuric acid has begun stripping
the metal coating on both the gun and the solution holder, resulting in corroded metal being
exposed and likely deposited. The spray device lasted about a month, or roughly 20 sprays, so if

this technique is continued, it would be cost effective to purchase better quality equipment.
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Other improvements in capacitance measurements can be to add other chemicals such as
Ruthenium Oxide to the CNTs to increase performance. Higher capacitance levels may also be
achieved through using a higher grade of CNTSs, as not all nanotubes are created under the same
standards. The CNTSs used in this experiment had 95% of purity, where better grades of CNT’s
exist for purchase. All of the above mentioned suggestions could be implemented to create better

performing capacitive devices.
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The image used in Figure 23 of the text, which shows the CV measurements of devices:
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