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CHAPTER 1

INTRODUCTION

Advanced energy storage technologies will play an important role in the
widespread deployment of renewable energy sources. Solar and wind energy are very
consistent from year to year but have significant variation over shorter time frames.
Battery technology has been prevalent for some time now, but the high cost and small
capacity is a hindrance in its large-scale deployment. New battery technologies are being
investigated. Another promising solution to the supplement storage of electricity is
offered by electrochemical supercapacitors or ultracapacitors which are able to deliver a

huge amount of energy in a short time [1-3].

1.1 Supercapacitors as Energy Storage Devices

Power density and energy density are the two key parameters for characterizing
the performance of an energy storage device [4]. The ideal energy storage device should
be characterized by both high power density and high energy density. Figure 1.1 shows
the Ragone plot, specific energy (Wh/kg) vs. specific power (W/kg), of various energy
storage technologies [5]. To use the analogy of an electric car, the specific energy
provides information on how far the car can travel, while specific power tells us how fast
it can go. From the Ragone plot we can see that Li-ion batteries are superior, in terms of
specific energy, to other rechargeable energy storage options such as nickel metal hydride

(Ni-MH), nickel-cadmium (NiCad) and electrochemical capacitors.



Figure 1.1 Ragone plot of specific power versus specific energy for various electrical

. . 5
energy storage and conversion devices .

However, the Li-ion technology still lags in terms of power density, as well as key
issues such as safety. However, the latest innovation of supercapacitors, using
pseudocapacitive materials, could deliver high power density and significantly higher
energy density. In comparison with batteries, supercapacitors have the following
advantages: shorter charge/discharge time, longer cycle life, wider working temperature
range, and higher power density. Table 1.1 summarizes the performance comparison
between supercapacitors and lithium-ion batteries [6].

An emerging energy storage solution that bridges the gap between conventional
capacitors and rechargeable batteries, namely supercapacitors, will grow based mainly on
adoption in transportation applications like hybrid electric vehicles and micro-hybrids.
According to Lux research, the overall market for supercapacitors is expected to expand
from $416 million in 2013, to an $836 million market in 2018 [6].
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Table 1.1 Comparison of performance characteristics of supercapacitors and lithium ion
batteries °],

Function Supercapacitor Lithium-ion (general)
Charge time 1-10 seconds 10-60 minutes

Cycle life 1 million or 30,000h 500 and higher

Cell voltage 2.3t0 2.75V 3.6t03.7V

Specific energy (Wh/kg) 5 (typical) 100-200

Specific power (W/kg) Up to 10,000 1,000 to 3,000

Cost per Wh $20(typical) $2 (typical)

Service life (in vehicle) 10 to 15 years 5to 10 years

Charge temperature —40 to 65°C (—40 to 149°F) | 0 to 45°C (32°to 113°F)
Discharge temperature —40 to 65°C (40 to 149°F) —20 to 60°C (—4 to 140°F)

The latest innovations of supercapacitors have led to other applications that may
involve power supply optimization in electric vehicles, which could help to reduce
pollution and improve air quality in future [7]. There are lots of places where
supercapacitors are replacing batteries entirely such as hybrid bus brakes [7], seaport
cranes [8], memory backup systems in computers [9], emergency doors on planes [10],
portable consumer electronics [10], and wind turbines. Portable fuel cells also provide a

new market for supercapacitors to enhance peak-load performance.

1.2 Why 3D Micropatterned Supercapacitors?

The development of miniaturized electronic systems has increased the demand for
miniaturized power sources that can be integrated into electromechanical systems
(MEMS), micro-robots, active radio frequency identification (RFID), implantable
medical devices and wireless sensors. Among all power generation systems such as
energy harvesters and micro-fuel cells for miniaturized devices, micro-batteries are

considered to be the main candidates for these applications. However, micro-batteries



have certain drawbacks such as lower power density, and a limited lifetime compared to
their larger counterparts. Due to low power densities, micro-batteries remain insufficient
for power harvesting devices or some specific applications that require high power in a
very short time. Micro-supercapacitors as energy storage devices with a high power
density can be paired with micro-batteries to improve the cycle lifetime or can be coupled
with energy harvesting devices to provide peak power and store the generated energy.
Despite the need for micro-supercapacitors for specific applications, such as power
harvesting devices, there has been exponential growth in the number of reports about
fabricating such devices. Most of the recent research related to micro-supercapacitors has
focused on increasing power and energy densities by changing the architecture of the
devices and improving the material properties. Various nanostructured materials have
been used as electrode materials to improve the material properties for micro-
supercapacitors. From the device architecture aspect, it has been shown that device
performance can be improved by employing three-dimensional (3D) micropatterned
electrodes with highly effective surface areas. However, more facile fabrication
techniques are needed to expand the application of this type of micro-supercapacitor

[11,12].

1.3 Objective of this research

The prime objective of this research is to develop advanced three-dimensional
supercapacitors with higher energy and power densities to meet the requirements of
future applications. Conventionally, carbonaceous nanomaterials such as activated

carbons, carbide derived carbons, graphene, carbon onions, and carbon nanotubes (CNT)



have been used to fabricate EDLC supercapacitors; while transition metal oxides such as
ruthenium oxide and conductive polymers such as polypyrrole (PPy) have been used as
materials for pseudo-capacitive supercapacitors. Herein I propose to improve the energy
and power density of supercapacitors by exploring nano-composite structures where
transition metal oxides are combined with three dimensional, high specific surface area
and conducting carbon nanotubes to achieve the high performance, advanced devices in
a) planar supercapacitors; b) micropatterned 3D micro-supercapacitors; and c) solid-state
supercapacitors. In order to achieve high specific energy and specific power, the device
structure is very critical. Fabrication of 3D structure for electrochemical micro-
supercapacitors is a promising approach to meet those targets by providing large effective
surface area per unit device footprint. Additionally. this dissertation aims to synthesize,
fabricate and characterize solid polymer electrolytes for solid-state supercapacitors. Solid
polymer electrolytes replace flammable liquid (organic) electrolytes, and act as separators
while supporting ion transport through them and do not require complex encapsulation
materials and technologies. The research includes:

= Fabrication and characterization of supercapacitors on silicon substrate.

= Fabrication and characterization of supercapacitors on highly flexible graphite foil

substrates.
= Fabrication and characterization of double-sided supercapacitors on highly
flexible graphite foil substrates.
= Integration of double-sided MnO,/CNT/Graphite electrodes to fabricate multi-

layer supercapacitor prototype cell.



Design, fabrication and characterization of the micro supercapacitors based on
three-dimensional micro-patterned MnO,/CNT/Si electrodes.
Design, fabrication, and characterization of the solid-state supercapacitors based

on planar and micro-electrode array.

1.4 Organization of the Dissertation

There are six chapters in this dissertation and they have been organized in the following

structure and explanation corresponding to each of them:

Chapter I gives a brief introduction about the energy storage technologies and
provides a comparison between Li-ion batteries and supercapacitors. Also, the
importance of 3D micro-patterned supercapacitors are included followed by the
objective of this research, to develop advance energy storage devices based on
three dimensional supercapacitors consisting of hybrid structure achieved by
combining pseudocapacitive materials with carbon nanotubes.

Chapter II reviews the supercapacitors as energy storage solutions, compares
benefits of 3D structure vs. 2D structure and investigates 3D micro-batteries and
micro-supercapacitors. Additionally, the properties and applications of the solid-
state supercapacitors are described.

Chapter III describes the fabrication, material analysis and characterization of
planar supercapacitor electrodes consisting of MnO,/CNT on silicon and graphite
substrates.  Subsequently, the development of a double-sided MnO,/CNT

supercapacitor electrodes on graphite foil and their integration into a working



prototype symmetric cell is presented and the cell performance is characterized
and discussed. .

Chapter IV provides the development of micropatterned 3D MnO,/CNT
supercapacitor microelectrode arrays on silicon substrate, including the
microelectrode design, fabrication, characterization, results, and discussion.
Chapter V describes the designing, fabrication, material analysis and cell
performance characterics of the advanced flexible solid-state supercapacitors
based on 3D nanostructured MnO,/CNT electrodes on graphite and solid-state
electrolyte.

Chapter VI summarizes the dissertation and provides recommendations for future

work.



CHAPTER 1T

BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

Over the past few decades, there has been significant concern among people due
to environmental changes resulting from the use of non-renewable energy sources. Global
warming, damages to ecosystem and biodiversity have resulted in greater focus on
research and development of alternative energy sources. However, it is not possible to
meet the rising global demands of energy, merely by using renewable energy resources.
Batteries and supercapacitors (ECs) (also known as electrochemical or ultra-capacitors)
are two important devices that have a growing impact in our lives by storing energy in
applications ranging from portable electronics, power tools, hybrid vehicles, electric
vehicles, and large industrial equipment [13]. In the field of energy storage devices,
significant progress and effort has been made in developing the next generation of Li-ion
batteries and other types of secondary batteries to improve their performance to meet the
requirements of more challenging applications. The different types of nanomaterials as
battery electrodes along with advances in packaging, electrolytes, and fabrication
methods, have resulted in improved performance of batteries. However, the current
battery technologies have performance limitations such as short cycle life, slow
charge/discharge rates (limited power capability) and calendar life [14]. Batteries have
relatively slow power delivery and uptake, therefore there is a need for high power
energy systems in a number of applications which has been the motivation behind the

research on supercapacitors. The first electrochemical charge storage devices using



double layer charge storage was patented by Becker [15] from General Electric Company
in 1957. The Nippon Electric Company (NEC) developed the first commercial
electrochemical capacitor and used the term “supercapacitor” for the developed device in
1978. Panasonic developed its own commercial supercapacitor called “Goldcap” in the
Central Research Laboratory of Panasonic in 1978. Electrochemical capacitors were
restricted to replacing batteries for memory back-ups until the late 1970s. Professor B.E
Conway, University of Ottowa, carried out extensive research on new mechanism for
electrochemical capacitors based on a faradic reaction on the surface of the electrode
materials and was termed as pseudo-capacitance. Due to increased amount of possible
applications, supercapacitors attracted a lot of attention in the early 1990s. In the present
days, leading companies such as Maxwell technologies, AVX, Cooper, ELNA, NNC,

Cap-XX, and among others have invested in the development of supercapacitors [16].

2.2 Electrochemical Properties of Supercapacitors

Electrochemical properties of supercapacitors can be emphasized by their
capacitance, voltage, power and energy densities. The capacitance of a supercapacitor is
commonly reported in terms of specific capacitance which is the capacitance normalized
by surface area, weight or volume of the cell or single electrode. In general, the
capacitance of the supercapacitors depends on the amount of charge stored on the
electrodes, which in turn depends on the properties of the each electrode. A voltage will
build up across the two electrodes while a supercapacitor is charging. The maximum

energy stored in a supercapacitor is calculated by:



W = OV i 1.1

where W (Wh) is the energy, C (F) is the capacitance, and V (V) is the operating voltage.
By increasing C and V, the energy stored in the supercapacitor can be increased. The
resistance of the electrolyte affects the equivalent series resistance of the cell thus

reducing the maximum obtainable power, which is determined by the following [17]:

Where P (W) is the power, R is the total equivalent series resistance (ESR). To improve
the power performance, the supercapacitors must have small ESR to be charged or
discharged fast. The ESR depends on the electrolyte, the current collectors, and the
material of electrodes.

To obtain supercapacitors with high energy and power density, the current collectors
must have good conductivity; the electrodes must have large surface area and small
resistance; electrolytes must have high ionic conductivity. Among these, the increase of
the effective surface area of electrodes to support greater mass loading becomes the first

priority for the design of supercapacitors [18].

2.3 Charge Storage Mechanisms of Supercapacitors
Latest innovations in technology have made supercapacitors an integral part of
energy storage systems for high power applications [19]. Based on the charge storage

mechanism, supercapacitors can be divided into three typical classes: (i) electrochemical
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double layer capacitors (EDLCs), (ii) pseudocapacitors, and (iii) hybrid-supercapacitors.
Electrochemical double layer capacitors include two electrodes immersed in an
electrolyte solution with a semi-permeable separator that prevents electrical contact
between the two electrodes, but allows ionic diffusion [20]. When an electrical potential
is applied to the electrodes, the counter ions approach the electrode surface and form a
double layer balancing the electrode charge [21].

As compared to the charge storage mechanism of EDLC, (that is non-faradaic in
origin), pseudocapacitors store energy by faradaic reactions involving electron transfer
that follows reduction-oxidation (redox) reactions and intercalation processes [22,23].

In addition to pseudocapacitors and EDLCs, hybrid capacitors usually combine
one EDLC capacitive electrode (as power source) with one battery-type electrode (as
energy source) (pseudocapacitive or lithium insertion electrode) in the same cell [24]. In
hybrid capacitor systems, the battery type electrode provides high energy density while
the EDLC electrode provides high power capability in such systems. Although hybrid
capacitors show high energy density and high capacitance compared with other charge
storage mechanisms, there is a main drawback for these systems, the limited cyclability

of the faradaic electrodes [25].

2.4 Electrode Materials for Supercapacitors

Supercapacitors (EDLCs) store charge solely on the electrode surface, increasing
the surface area that's accessible to the electrolyte ions can result in higher capacitance
values. Therefore, the main principle for high performance EDLCs is the use of

electrochemically stable electrode materials with high surface area and conductivity.
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Traditional supercapacitors use activated carbon as the active material on a metallic
substrate as the current collector. Carbon is an excellent electrical conductor, and
chemically stable with a wide electrochemical window in a large variety of electrolytes.
There are several carbon-based materials available commercially, such as carbon
nanotubes (CNT), activated carbon (AC), carbon fibers, graphite and its compounds, that
are used for the production of supercapacitors [26].

Due to their low cost, high surface area, and relatively good electrical properties,
activated carbon is the most widely used materials for supercapacitor electrodes [27].
Production of activated carbon (AC) wusually follows physical, chemical, or
electrochemical activation of the carbonaceous materials such as wood, pitch, coal, coke
or fruit shell such as coconut or even synthetic polymer precursors. The most important
step for the production of AC is the electrochemical activation, which usually performed
by oxidation and reduction of carbon electrodes in an electrochemical cell. The specific
surface area is generally from 450 to 2600 m®/g, corresponding to the high specific
capacitance around 100 —150 F/g in organic electrolyte with operating voltage up to 3.2V
[7]. Although AC has a very high surface area, the main challenge for these materials is
the control of their pore size distribution and pore structure. To improve the energy and
power density of AC based supercapacitors, most of the recent work has been focused on
designing ACs with well-controlled interconnected pore structure [7].

Another type of carbon material that is used for supercapacitor applications is
template-derived carbon. Compared to ACs, the template-derived carbons offer a much
higher specific surface area with excellent network of interconnected pores, which allow

easy ionic transportation. As for their recent performance, template-derived carbon based
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supercapacitors with very high surface areas can exhibit a very high specific capacitance
of 220 Fg'. One of the major problems with these carbons is wettability by electrolyte
and restricted access to the surface, which is particularly caused by very small pores
(d~0.8nm and less) and the narrow pore size distribution in carbon [27].

Over the last decade, a new type of carbon material has attracted a lot of attention
for supercapacitor applications, namely carbon nanotubes (CNT). CNTs have many
potential applications due to their electrical conductivity, excellent chemical properties,
mechanical strength, and high surface area. CNTs based electrode offers exceptional
energy and power performance due to the high surface area and the ability to
functionalize the CNTs to optimize electrochemical supercapacitor properties. Large
amounts of resources have been invested for understanding and developing the carbon
nanotube material. Overall, the volume of nanotube research is growing, and commercial
applications will not be far behind. There is a wide range of methods available for the
synthesis of the CNTs. including laser ablation, arc discharge, and chemical vapor
deposition (CVD) [28]. Among these techniques, CVD is a simple and economical
technique for synthesizing CNTs at low temperature and ambient pressure. In the CVD
technique, the catalyst, such as nickel, cobalt, stainless steel, gold, platinum, and many
alloys, is one of the key aspects in carbon nanotube growth allowing for their synthesis
under favorable conditions [28]. The specific surface area is around 100 m?/g,
corresponding to the high specific capacitance is generally between 15 —300 F/g reported
for different configurations of CNTs [28].

Other types of carbon materials such as carbide-derived carbons (CDC), and

carbon black are also under are also under extensive research for application as
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supercapacitor electrode materials. Specific capacitances in the range of 130 to 270 F/g
have been reported for CDC supercapacitor electrodes depending on chlorination
temperature of carbide, the precursor carbide, and the electrolytes that were used to test
the supercapacitors [7]. Table 2.1 presents properties and performance of various carbon-
based supercapacitor electrodes.

The mechanism of charge storage in the pseudo-capacitor is by faradic reactions
involving electron transfer or reduction-oxidation (redox) reactions that take place on the
surface and the bulk of capacitive materials resulting in faradic current passing through
the supercapacitor cell. This faradic reaction results in higher specific capacitance of
pseudo-capacitors compared to EDLCs. However, since these faradic processes in bulk
materials are generally very slow, pseudo-capacitors like batteries suffer from relatively
low power density compared to EDLCs. The cation diffusion is slower and the charge
transfer kinetics are less than optimum which affect the overall performance.

The most commonly used pseudocapacitive materials are: (i) conducting
polymers and (ii) transition-metal oxides. Conducting polymers such as polypyrrole,
polythiophene, polyaniline, and their derivatives have disadvantages over metal oxide
based pseudocapacitors in terms of long-term stability, cost and cycle life, which limits
their commercial potential. Various metal oxides such as RuO, [29], MnO; [30], V205
[31], NiOx [32], C0304 [33], and Mo0Os [34] have also been evaluated as a possible
electrode material for pseudocapacitors because of their high conductivity and
capacitance, long operation time, and high output [35]. Metal oxides that can be used for
supercapacitor applications should be electronically conductive and should have two or

more oxidation states that exist over a continuous potential range without irreversible
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phase and structure changes. Ruthenium oxide has very high specific capacitance,
electronic conductivity and also has three distinct oxidation states in a 0-1.2 V voltage
range [8]. However, high cost of ruthenium oxide (RuO,) makes it economically less
attractive to use for electrode materials and its low (1V) potential window limits the

application of supercapacitors based on RuO, to small electronic devices.

Table 2.1: Properties and performance of various carbon-based supercapacitor electrodes
(7]

Aqueous Organic
electrolyte electrolyte
Materials Sl‘)e"ﬁczs_'ll rface Denilty/ Fg' Fem? Fg' Fem?
area/ m'g gcm
Commercial activated 1000-3500 04-07 <200 <80 <100 <50
carbons (ACs)
Particulate carbon from 1000-2000  05-0.7 170-220 <120  100-120 <70
S1C/TiC
Functionalized porous 300-2200 0.5-09 150-300 <180  100-150 <90
carbons
Carbon nanotube (CNT) 120-500 0.6 50-100 <60 <60 <30
(TTeg‘)p lated porous carbons 500-3000 05-1  120-350 <200  60-140 <100
Activated carbon fibers 1000-3000 03-08 120370 <150 80200 <120
(ACF)
Carbon cloth 2500 04 100200 4080  60-100  24-40
Carbon aerogels 400-1000 0.5-0.7 100-125 <80 <80 <40

Among these electrode materials, manganese oxide (MnQO;) has been regarded as the
most appealing electrode materials for the next generation of electrochemical
supercapacitors (ES) because of its outstanding capacitive performance, abundance,
environment-friendliness and low cost. The charge storage mechanism in metal oxides in
an electrochemical (EC) system, e.g. MnO, can be seen in equation 1. The

pseudocapacitive (Faradaic) reactions occurring on the surface and the bulk of the
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electrode involve the adsorption and desorption of alkali metal cations (X' = Li’, Na’,
K") or protons (X =H") [36].

MnO, +¢ + X < MnOOX (1)

Despite its low price and a large theoretical capacity (1,370 F.g™"), MnO, has
many difficulties due to its low ion diffusion constant, Mn dissolution into the electrolyte
[23], and low electronic conductivity (~10° S.cm™), which limits its application in the
development of high performance supercapacitors [37-38].

To enhance the ionic conductivity, electrical conductivity, and specific
capacitance of MnO;-based electrodes, extensive efforts are placed on exploring hybrid
composite structures where MnO, is combined with extremely conductive and high
surface area materials. A hybrid, 3D, nanostructured material contains a carbon based
material with a pseudo-capacitor material takes advantage of both high surface area
substrate and pseudocapacitance to improve the energy and the power density of
supercapacitor cells and have been extensively studied in recent years.

Forming hybrid structures give several advantages such as high surface area,
absence of additives, shorter cation diffusion distance, lower contact resistance, and faster
electron transfer. Figure 2.1 shows a comparison in terms of specific capacitance (F/g)
among different supercapacitor materials based on carbon materials, conducting

polymers, transition metal oxides, especially RuO, [24].
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Figure 2.1 Properties and performance of various carbon-based supercapacitor electrodes.

[24]

2.5 Electrolyte Materials for Supercapacitors

The electrolyte, which dwells between the two electrodes, is one of the most
important supercapacitor components. The ionic conductivity of the electrolyte affects
the equivalent series resistance (ESR) of the device, and thus its power output
characteristics. The requirements for selection of the ideal electrolyte in supercapacitors
are as follows: a high ionic concentration, a wide potential window, environmentally
friendly, low cost, safety, high compatibility with active electrode materials, a wide
operating temperature range, high purity, and easy packaging. A lot of research has gone
into improving the overall performance of electrolytes to meet most of these requirements

[39-41]. Figure 2.2 shows the effects of different properties of electrolytes on the

supercapacitor performance [42].
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One of the criteria to classify different supercapacitors is the type of electrolyte
used - liquid electrolytes or solid-state electrolytes. The liquid electrolyte for a

supercapacitor can be aqueous or organic solutions as shown Fig.2.3.
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Figure 2.3 Classification of electrolytes for supercapacitors [**],

Aqueous electrolytes such as KCI, Na,SO4, H,SO4, and KOH offer low viscosity,

excellent conductivity and low internal resistance but limit the operating voltage to 1 V
[43,44]. Furthermore, aqueous electrolyte can be prepared and utilized in the laboratory
conditions without needing special conditions while the organic electrolytes need safe
handling protocols, in a glove box to avoid introduction of moisture.

Organic electrolytes allow a higher voltage limit > 2.5 V depending on the

electrodes, but suffer from lower conductivity, higher viscosity and can be flammable and
toxic. However, organic electrolytes have been widely used because the higher voltage
translates into higher specific energy and power values as both of them vary with the

square of the voltage (V?). Moreover, organic electrolytes also allow the use of cheaper
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materials such as aluminum for the packages and current collectors. The most common
organic electrolytes for the commercial supercapacitors consist of the conductive salts
(tetracthylammonium tetrafluoroborate (TEATFB)) dissolved in the acetonitrile, butylene
carbonate (BC), glutaronitrile (GLN), adiponitrile (ADN), and propylene carbonate (PC)
solvents [45-48].

Ionic liquids are commonly known as low temperature molten salts with several
potential advantages including, low vapor pressure, non-flammability, wide
electrochemical and thermal stability [49]. However, there are several main drawbacks
with most ionic liquids, such as high cost, high viscosity, and low ionic conductivity,
which can limit their practical use in supercapacitors. lonic liquids are mostly used at
very high temperatures due to its low ionic conductivity at room temperature. Their
physical and chemical properties can be highly variable due to their large variety of
combinations of anions and cations. In this sense, ionic liquids are very attractive as
supercapacitor electrolytes because the electrolyte compositions can be customized or
optimized to meet certain requirements of supercapacitor performance such as the
working temperature range, operative cell voltage, and equivalent series resistance (ESR)
[50]. The development of ionic liquids for supercapacitor applications is still in the early

stage and further progress is needed to ensure their full management.

Solid-state or quasi-solid-state electrolytes offer several advantages in terms of
safety, higher operating temperature and easy packaging, although the ion diffusion in
solid-state electrolyte cannot be as fast as in liquid electrolyte. Solid electrolytes can
include both low melting point salts and polymer materials that contain free and mobile

ions, however a vast majority of solid electrolytes are polymer electrolytes and only very
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limited work has been focused on inorganic solid-materials such as ceramic electrolyte
[51,52]. The polymer-based solid electrolytes for supercapacitors can be further classified
into three types: the solid polymer electrolyte (SPEs), the gel polymer electrolyte (GPE)
and the polyelectrolyte. Some studies called GPEs as quasi-solid-state due to the presence
of a liquid phase in their fabrication process. GPEs have the highest ionic conductivity
between these three types of solid-state electrolytes and they currently dominate the
solid-state electrolyte based supercapacitor products [53].

The polymer-based solid electrolytes have been used for several kinds of
supercapacitors such as EDLCs, pseudocapacitors and hybrid ESs with different kinds of
electrode materials. When developing the polymer-based solid electrolytes for
supercapacitor applications, the following requirements should be considered;

(1) High ionic conductivity at room temperature

(1) Sufficient mechanical strength and dimensional stability

(ii1) High chemical, electrochemical and thermal stability

In practice, it is difficult for a solid-sate electrolyte to meet all of these
requirements for future applications.

The polymer electrolytes mostly conduct via movement of protons [54],
hydroxide ions [55,56], lithium ions [57], and ionic species in ionic liquids [58-62].
Based on the conduction mechanism, proton and lithium ion conducting polymer
electrolytes are the most popular electrolytes. Lithium ion conducting polymer
electrolytes are extremely moisture sensitive and thus need an oxygen free environment,
which require special laboratory conditions. Proton conducting polymer electrolytes have

the highest ionic conductivity among all polymer electrolytes and can be utilized under
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ambient conditions but suffer from their narrower voltage window. Depending on the
nature of the ionic conductor, proton conducting polymer electrolytes can be further

classified into different types as shown in Fig. 2.4.
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Figure 2.4 Categories of proton-conducting polymer electrolytes depending on the type of
proton conductor *!1,

A limited number of solid state systems have been studied with polymer/gel
electrolytes, such as poly (ethylene oxide) (PEO), Poly(vinyl chloride) (PVC) [63],
Poly(vinylidene fluoride) (PVF), as well as poly(methyl methacrylate) PMMA based
electrolytes [64]. Yoon et al. [65] proved that Lithium phosphorous oxy-nitride (LiPON)
electrolyte is also suitable for solid-state supercapacitors based on RuO; electrodes. Park
et al. [66] fabricated an all solid-state supercapacitor by using a Nafion membrane and an
ionomer, which is commonly used in fuel cells. LiPON is always fabricated by
sputtering, which is not suitable to fill in a 3D interdigitated spacing. Sung et al. [67]
reported a solid state electrolyte for polypyrrole (PPy) based planar micro supercapacitor,

which is Polyvinyl Alcohol (PVA) based gel PVA/ H3PO..
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The most fundamental requirement of the electrolyte is that it contains mobile
ions. This means that (aside from exotic materials such as ionic liquids) the electrolyte
must consist of a solvent with an ionic compound (salt) dissolved in it. The most
commonly used salts are lithium salts including LiClO4, LiBF , LiPF , LiAsF ,
Li(CF3S03) (LiTFS), LiN(CF3S0s) (LiTFSI), and LiC(CF3;SOs) that can readily be
dissolved in high molecular weight polyether hosts such as PEO and PPO [67]. However,

reactions can occur in Li/MnQO;, cells due to the reaction of lithium with MnO,.

2.6 2D design vs. 3D design

In recent years it has been realized that performance of supercapacitors and
batteries can be enhanced by reconfiguring the active materials currently used in 2D
configuration into 3D architecture. The use of 2D design reduces the costs for mass
production of devices by building up active materials on top of one another. However, the
electrochemical cells with 2D structures are limited in the amount of energy that they can
store or the amount of power that they deliver per unit area, volume or mass. There is
always a trade-off between achieving high energy density or high power density. In
contrast, 3D architecture based on complex non-planar configuration of electrode
materials can increase the power and energy density of cells within the geometric
footprint of the device. In particular, small devices cannot spare the square footage
necessary for a thin-film 2D battery or electrochemical capacitor to provide the energy
sufficient for the anticipated demands on the device. The 3D design of electrodes is
necessary to decrease the transport of ions between the electrodes and at the same time

increase the energy density. In recent research, Long et al. [68] gave an approximate
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calculation based on the comparison of a thin film 2D battery that consists of a cathode
and an anode with a surface area of lcm” and thickness of 23.5 u m, separated by a 5-p
m-thick electrolyte and total volume of 0.0055 cm’. The 3D structure with the same
volume and constructed from a 5-um-radius cathode and anode array that are separated
by 10 pum, the 3D battery contains only 39% of the energy capacity of the thin film
battery.

There are several advantages of the 3D design, which are not revealed in these
calculations. For the same areal footprint, the 3-D design with L=500 pm has a capacity
that is 350% larger than the 2-D design. In order to determine advantages of 3D design,
the conventional 2D parallel-plate design and the 3D interdigitated cell can be
considered, as shown in Fig. 2.2. The capacity of the 3D design can be increased by
increasing the height of the posts (L) without sacrificing the small footprint. The 3D
structure of Fig. 2.5 is achievable by several MEMS fabrication methods. For example, If
we assume L to be 200 um, the calculated surface area of the anode and cathode would
be ~7.5 cm” each. If we increase L to 500 pm the surface area of anode and cathode
would be ~19.5 cm” each. This cell consists of a total of 62500 anodes and cathodes and
has a total of ~39 cm” active materials. If L becomes large we can assume that the ohmic
resistance of the electrodes becomes sufficiently large to offset the advantages of
increased areal capacity. However, as Long et al pointed out the optimized value for L
depends on the electronic conductivity of the materials and ionic conductivity of the

electrodes and electrolyte [68].
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Figure 2.5 Schematic views of a 2D (a) and 3D (b) electrode design 71,

2.7 Three Dimensional Microsupercapacitors

Supercapacitors as high power density devices are well suited to replace with
batteries and energy harvesting devices that are used for micro-systems, provided we can
increase their energy densities. Relatively low power density is a big limitation for micro-
batteries, as well as the short shelf life and lifetime also limits their application in
permanent devices where battery replacement is impossible or impractical.
Supercapacitors, with substantially higher power densities, longer cycle lifetimes and
faster charge/discharge capabilities, rise as an alternative in miniaturized power supply
fields. Although several potential applications are available for micro-supercapacitors,
very few references in literature can be found. Sung et al. [69] have fabricated all-solid-
state microsupercapacitors by using different techniques such as electrochemical
polymerization, photolithography, and solution casting. They prepared the
microsupercapacitor by electrochemical deposition of polypyrrole (PPy) on interdigitated
gold microelectrode arrays. They only achieved the specific capacitance of 2mF.cm™
from their work.

Sun et al. [70] reported on-chip 3D electrodes by reactive ion etching of Si

substrate followed by electroless plating of Ni current collector and electrodeposition of
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polypyrrole. Later, Sun developed their design and fabricated a full micro-supercapacitor
cell. They reported a specific capacitance of 30 mF.cm™ at the current density of 1
mA.cm” for a single electrode of their fabricated device. Y Jiang fabricated a double
layer supercapacitor using vertically aligned carbon nanotube forests around 80 pm in
height on silicon wafer [71], which has capacitance of 428 pF.cm™ and power density of
0.28 mW.cm™. Recently, Shen et al. [72] reported an on-chip micro-supercapacitor with
3D electrodes of activated carbon. The device was fabricated by injection of mixture of
polymeric binder and activated carbon in silicon chip, which served as template. Pre-
fabricated channel on a silicon chip were fabricated by etching silicon wafer by ICP
(inductively coupled plasma), then the silicon walls between the electrodes were removed
by a second ICP step. The electrode with a 3D interdigitated design was between 50 to 70
um thick. They reported a specific capacitance of 90.5 mF.cm™ and power density of
5105 mW.cm™.
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Figure 2.6. A diagram of preparation of NiO-TiO,/Ti nanotube composites ',
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Y. Xie reported a NiO electrode for supercapacitor as shown in Fig. 2.6, which
was deposited on the inside walls of anodically oxidized TiO, nanotubes [73]. Although
the CV (cyclic voltammetry) curve for the electrode is not the ideal rectangular shape,
they reported a specific capacitance of about 40-70 mF.cm™ under different testing
conditions.

W. Rubloff and S. B. Lee fabricated a metal-insulator-metal electrostatic
capacitor as shown in Fig 2.7 [74]. Atomic layer deposition (ALD) [75] was used for the
conformal deposition of dielectric layer Al,O; of few nanometers thickness. They
achieved the specific capacitance of 102 pF.cm™. The supercapacitor can operate at high

temperature because it is electrolyte free.

a b AAO pores c After MIM deposition
Al i Al Al
Glass substrate Glass substrate Glass substrate

d Electron-beam aluminium e After TE etch f ( )

Glass substrate Glass substrate Glass substrate

Figure 2.7. Fabrication process flow for electrostatic supercapacitors ),
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Chmiola et al. [76] developed microsupercapacitors based on monolithic carbide-
derived carbon (CDC) interdigitated electrodes in 2010. The electrodes were fabricated
by selective etching of monolithic CDC film using gold electrode both as a mask for
current collector and etching. Heon et al. [77] later improved the process and developed
their design. Their supercapacitors showed high volumetric capacitance of 180 F.cm™ at
low scan rates of 20 mV.s™', however the capacitance dropped to almost half of its initial
value by increasing the scan rate to 500 mV.s", highlighting the poor rate handling
capability of these micro-supercapacitors. Pech et al. [78] fabricated a micro-
supercapacitor based on onion-like carbon (OLCs). The OLC based micro-
supercapacitors are particularly important as they offer very high power handling
capability with a very low resistance. The main drawback of OLC based micro-
supercapacitors is their low specific capacitance (1.7 mF.cm™) and their high temperature
processing requirements (~1900 °C).

Pech et al. [79] also reported on fabrication of on-chip micro-supercapacitors by
ink-jet printing of activated carbon on micro-patterned gold electrodes. The device
showed specific a low capacitance of 0.4 mF.cm™ however, due to the use of polymeric
binders and limited ion transfer in the porous network of the electrode materials, AC
micro-supercapacitors show relatively poor frequency response. Lim et al. [80] reported
on the earliest work on thin film supercapacitors, a microsupercapacitor based on two
thin films of pseudo-capacitive material and solid electrolyte. Ruthenium oxide (RuO)
was used as pseudo-capacitive material in their work. The microsupercapacitor cell
delivered a volumetric capacitance of 40 mF.cm™, however, the capacitance dropped to

almost half of its initial value after only 600 cycles. The relatively short lifetime of thin
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film supercapacitors based on pseudo-capacitive materials is their main drawback that
limits their application.

There are very few reports in the literature about micro-supercapacitors based on
metal oxide pseudo-capacitive materials. Xue et al. [81] fabricated micro-supercapacitors
through micro-fluidic etching of films of manganese oxide nanofiber arrays. They
achieved a specific capacitance of about 345 F.g™' at a very low discharge rate of 0.55
mA.cm”, but the device showed very high resistance at higher discharge rates. Gao et al.
[82] reported a microsupercapacitor fabricated with interdigitated electrode design and
hydrated graphene oxide (GO) as the electrolyte and separator. While the fabrication
method is promising, the electrodes were fabricated in millimeter scales with the
maximum capacitance of only 0.49 mF.cm™ for an in-plane design of electrodes. Table
2.2 shows results from some of the typical microsupercapacitors that have been reported

recent years.
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Table 2.2 The characteristics and properties of some of the reported micro-

. 8
supercapacitors [ ].
Electrode Eeiemiia) Speul.'ic Frequency response
terial Electrolyte range capacitance 3l bili
materia ™ (mFcm?) and rate capability
-Capacitance quickly
drops at frequencies
AC et A 2 21 more than 10 mHz
m PC
-poor frequency
response
180 Fcm™ -Capacitance drops to
1.5 M (volumetric half of its initial value
CDC T.EABF -1-1 capacitance of at scan rates as low as
& single 500 mVs™ -poor rate
electrode) capability
CNT A 0505 0.428 N/A
BF,4
PVA/ -The device was tested
Gr H-PO 0-1 <04 up to the scan rate of
i 0.01 Vs~
-RC time constant of 26
oLc LiGEawEEs: | oo e ms indicating good
mn PC 1Vs
frequency response.
-RC time constant of
700 ms.
1 M Et4NBF,4 11.6 at 500 g
AC in PC 0-3 mvs?! -Capacitance <.irops
with increase in scan
rate
PVA/ Capacitance drops by
Gr H.SO 0-1 7.6 about 75% scan rate of
i 4vs!
PVA/ Poor capacifive y
Ppy H;PO -0.25-0.25 - performance at high
. scan rate
1 The capacitance
MnO, 1 M Na2S04 | -0.2-1 338TE S50 | mickly drops at higher
mvVs
scan rates

Batteries are also promising devices for energy storage in miniaturized systems
such as MEMS, sensors, and mobile devices. To fabricate micro-batteries, thin film
techniques are the main directions that are being pursued both by academia and industry.
A thin film microbattery is a device made up of thin layers of cathode, solid electrolyte
and anode. In recent years, different kinds of cathodes, anodes and electrolyte materials
have been developed for thin film batteries. Table 2.3 shows results from some of the
typical thin film batteries that have been reported in recent years [4]. The main drawback

of thin film micro-batteries is their relatively low energy density. To increase the energy
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Table 2.3: Typical thin film batteries *!,

Anode Cathode Electrolvie  Voltage (V)  Current {|l.%.cm'l} Capacity

Liv,0; V,0; LiPON 35 10 6 pAhem™
V,0; LiMn,0, LiPON 351 2 18 pAhem™

Li LiCo0O, LiPON 422 50-400 35 gL-f'shcnl']
Cu LiCo0, LiPON 4235 1-5 130 lll."-'!.hfﬂl'j
Li LiMn0;  LiPON 453 10 10-30 pAhem™
S1500N  LiCe0y LiIPON 2742 5000 340450 mAg?

density of thin film micro-batteries, most of the researchers are focused on developing
new materials for the cathode, anode and electrolyte. On the other hand, as it was
discussed in the previous section, the most promising approach for increasing the energy
density is designing three dimensional architectures for micro-batteries.

In recent years several techniques and different concepts have been reported for
developing micro-batteries with 3D architecture. Micro-molding is one of the techniques
that have been used to fabricate 3D structures for microbatteries. The mold is prepared by
high-aspect-ratio etching techniques and the electrode fabrication process depends on the
specific battery system. The main idea of this approach is that a variety of different
electrode materials can be fabricated into post-electrode-array structures. Chamran et al
[83] used this technique to fabricate interdigitated electrode array post structures of zinc
and nickel hydroxide. The assembled battery was tested in 6 M KOH and the capacity of

2.5 pAh.cm™ was achieved.
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One other important approach to fabricate the 3D structure is the development of
a micro-channel plate or MCP. Nathan [84], from Tel Aviv University, fabricated a 3D
micro-battery on both silicon and glass substrates. Their 3D micro batteries have a
sandwich-like structure of conformal thin-film electrodes, electrolyte and current
collectors. The films are consecutively deposited using wet chemistry on all available
surfaces of the substrate (silicon or a glass microchannel plate or “MCP”’), which consists
of thousands of holes per unit surface area. Due to high-aspect ratio holes per square cm,
this 3D structure provides one order of magnitude higher surface area per footprint
compared to the original 2D electrode. The full 3-D cell consists of a nickel (Ni) cathode
current collector, a nominally MoOySz (amorphous form of MoS;-molybdenum
oxosulfide) cathode, a hybrid polymer electrolyte (HPE) and a lithiated graphite anode
that also serves as the anode current collector, as seen in Figure 2.8. A 3D cell with a
roughly 1 um thick cathode exhibited the capacity of 2mAh.cm™, about 33 times higher
than similarly built planar 2D cells with the same footprint and cathode thickness.

Golodnitsky [85] used the same fabrication concept and by depositing new
composite cathode materials improved the capacity to 3.5 mAh.cm™, 25 to 35 times that
of a planar 2D thin-film cell with the same footprint and about twice that of semi-3D
cells. Recently, several researches have been focus on fabricating 3D nanoelectrodes for
lithium ion batteries. Cheah et al [86] fabricated a nanostructured 3D battery, which
consists of aluminium nanorods as the current collector and a 17 nm uniform layer of
TiO, as anode material. The electrode has 11.2 uAhcm'2 capacitance, which is 10 times

higher than that of the corresponding 2D electrode.
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Figure 2.8 (a) Schematic structure of a 3-D thin-film battery on a perforated silicon
substrate; (b) Schematic structure of an MCP substrate *4.

Although batteries have several advantages over supercapacitors, batteries have a
limited number of charge/discharge cycles and take time to charge and discharge because
the process involves chemical reactions with non-instantaneous rates. These chemical
reactions have freeloading thermal release that causes the battery to heat up extremely.
Batteries have a limited life cycle with a degrading performance and acidic batteries are
extremely hazardous to the environment. They work well as a continuous source of low
power, however, they cannot efficiently handle peak power demands or recapture energy
in today's applications because they discharge and recharge slowly. Batteries do not like
be held fully charged and they require maintenance or replacement after some time. In
general, batteries have several drawbacks that limit their application where a battery is

really needed [7].
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2.8 Solid-State Supercapacitors

The conventional supercapacitors consist of two advanced electrodes with
insulating separator film between them in organic or aqueous electrolyte. However, they
suffer two main drawbacks for practical applications due to the liquid electrolytes.
Firstly, the electrolyte leakage may lead to the decrease in specific capacitance, reduction
of electrochemical performance, and hazardous to the environment. Secondly, the
supercapacitors are packaged in rigid container which are pressure sensitive and lack
flexibility. Therefore, tremendous effort has been made to replace liquid electrolytes with
solid electrolytes for the next generation solid-state supercapacitors. These
supercapacitors, prepared by the incorporation of solid electrolyte, offer to provide safe
operation for flexible, printable, wearable, lightweight, and high performance devices
applications [87,88]. Over the past few years, efforts have been dedicated to developing
all-solid-state supercapacitors including fabrics, woven cotton, textile, and paper [89-92].
At the same time, thin or free standing electrodes including carbon nanotubes (CNT),
reduced graphene oxide, graphene sheets, metal oxide/carbon composite, and conducting
polymer/carbon nanotubes composites have been investigated for solid-state
supercapacitors.

Proton-conducting polymer electrolytes are gaining interest since they have the
highest ionic conductivity of all polymer electrolytes and most of the pseudo-capacitive
electrodes require protons for their Faradaic redox reactions. Proton-conducting polymer
electrolytes have not been discussed extensively, and they are not widely used for solid-

state supercapacitors to date. Commonly, an effective way to make polymer electrolyte is
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by adding a polymer, such as polyvinyl alcohol (PVA), polyethylene glycol (PEO) or
polyvinylpyrrolidone (PVP), into a proton conducting aqueous solution.

PVA is a polar polymer with high dielectric strength and dopant-dependent
electrical and optical properties. In the development of solid polymer electrolyte system,
the electrolyte part consists of polyvinyl alcohol-containing silica gels doped with HCIOy,
H,SO4, or H3PO4 [93-96]. Phosphoric acid (H3PO4) has been chosen since it shows
higher conductivity than other materials. The PVA/ H3PO, solid-state electrolyte has
been selected for the solid-state supercapacitor research in this work. The PVA/ H3PO4
solid electrolyte has been reported to show good reversibility and electrochemical
stability up to 1.6 V. Figure 2.9 shows schematic of polymer electrolyte based

supercapacitors cell assembled in different configurations.
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Figure 2.9 Schematic of polymer electrolyte based supercapacitors in different
configurations (left) sandwich, (middle) interdigitated finger cell, and coaxial fiber cell
(right) 1",
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CHAPTER III

DEVELOPMENT OF PLANAR MACRO SUPERCAPACITORS

This chapter highlights the development of planar CNT/MnQO, supercapacitors.
Initially, CNT/MnO, electrodes were separately fabricated on silicon and flexible
graphite substrates for fundamental study as supercapacitor electrodes. The findings were
then utilized to develop double-sided CNT/MnO, electrodes on graphite foils for
application in multi-layer supercapacitor prototype cells.

CNT/MnO; electrodes were fabricated on silicon substrates using hot filament
chemical vapor deposition (HF-CVD) to grow carbon nanotubes (CNTs).
Electrochemical deposition technique was then used to deposit manganese dioxide
(MnO,) directly on the CNTs. Material analysis and characterization were performed
using scanning electron microscope (SEM) and Raman spectroscopy. Charge storage
performance was evaluated by electrochemical techniques such as cyclic voltammetry
(CV) and galvanostatic charge/discharge measurement.

In addition, supercapacitors using conductive and flexible graphite substrates
were also fabricated. CNTs were synthesized on single side as well as both sides of the
graphite substrate in order to develop single-sided and double-sided electrodes using
thermal chemical vapor deposition (T-CVD) technique. Material analysis was also
performed using scanning electron microscope (SEM) and Raman spectroscopy.

Finally, double-sided electrodes were used to fabricate multi-layer supercapacitor
prototype cells. The electrochemical characterization of supercapacitor in organic

electrolyte, including cyclic voltammetry (CV), galvanostatic charge—discharge, and
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electrochemical impedance spectrometry (EIS), were investigated. Figure 3.1 presents the

flow chart of the experimental process followed in this work.

n** Silicon Substrate, Flexible Graphite Substrate, Prototype cell

l

DC Sputtering
Buffer Layer (Ti) Catalyst Layer (Co)

!

CNT Synthesis —> Material Analysis
Hot-Filament CVD, Thermal CVD (SEM, Raman)

!

Electrochemical deposition of MNO, ——> Material Analysis
l (SEM, Raman)

Electrochemical Characterization

Cyclic Voltammetry, Charge/Discharge

Figure 3.1 Flow chart of the experimental process followed in this work.

3.1 Fabrication and Characterization of CNT/MnO; Supercapacitor Electrodes on
Silicon Substrate
3.1.1 Synthesis of Vertically Aligned CNTs on Silicon Substrate — Method, Results
and Discussion

This section provides details on the synthesis and characterization of CNTs under
different growth conditions, including SEM analysis. In addition, summary charts for
CNTs grown under different conditions have also been included.

Since the discovered of carbon nanotubes by lijima in 1991, there have been a
variety of techniques developed for the synthesis of CNT. The three most common

techniques for producing high quality CNTs include electric arc discharge, laser ablation,
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and chemical vapor deposition (CVD) [97]. However, both the arc discharge and laser
ablation techniques are limited to volume of samples in comparison to the size of the
carbon source. The equipment requirements and large amount of energy consumed by
these methods make them less popular for laboratory research. Research activities have
been focused on the control of selective deposition and orientation of CNTs by CVD
synthesis using various gas sources, different substrates, and different catalysts [98].

Multiple experiments/trials were performed to examine the role of different
process parameters on the growth of vertically aligned CNTs. For all sets of experiments,
a hot filament (HF) CVD system that was built in-house was used to grow CNTs. Highly
doped n++ silicon substrates with resistivity of 0.0035 Q-cm and 2.5 cm x 1.5 cm in size
were used for growing CNTs. The silicon substrates were first coated with a thin layer
(~15nm thick) of titanium (Ti) followed by a thin layer (~5nm thick) of cobalt (Co),
using DC magnetron sputtering under a vacuum of ~5x10” Torr [99]. The Ti acts as a
diffusion barrier layer for the catalysts to prevent the formation of silicides at high
temperatures [100].

The substrates were loaded into the HFCVD system for growth of CNTs, per the
processing parameters described in Table 3.1. After loading the sample into the HFCVD
system, the reactor chamber is evacuated to a base pressure of ~ 0.2 Torr, and raised to
the final pressure with the predetermined hydrogen gas flow rate. The substrate
temperature was gradually increased to 700 °C at this pressure. The samples from all the
groups were subject to same working temperature (~700 °C). Hydrogen (H,), methane
(CH4), and ammonia (NH3) gases were used to grow vertically aligned CNTs in all the

trials in both the sets of experiments
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The ammonia gas used in this work consists of 100ppm of NHj; diluted in
Nitrogen gas. The role of ammonia has been investigated both in the pretreatment phase
and growth of CNT phase. During the growth phase ammonia is believed to generate
atomic hydrogen species which provide preferential etching of amorphous carbon
generated during the CNT synthesis. Hydrogen was also found to play an important role
in this experiment by increasing the catalytic activity on the surface of CNT and helping
reduce amorphous carbon content on the CNTs. Consequently, ammonia and hydrogen
are believed to be essential to the growth of CNTs, although the reason responsible for

the effect of ammonia in CNT growth has not been clearly known yet [4].

Table 3.1 Specific details of the synthesis parameters used to grow CNTs. The

parameters include buffer/catalyst thickness, temperature (T), pressure (P), flow rates,

pretreatment time, and growth time 1,

Catalyst Pretreatment | Growth
% T+ Ti/Co Flow Rates time time
LD
5‘ 3 T p H, | CH, | NH; (min) CH,
nm 0 (min)
C | Torr | Sccm | Scem | Scem H,/ NH;
Al 15/5 700 15 75 25 75 40/5 2
1 A2 15/5 700 15 75 25 75 40/5 4
A4 15/5 700 15 75 25 75 40/5 6
A5 15/5 700 15 75 25 75 40/5 8
A6 15/5 700 15 75 25 75 40/5 10
B1 15/5 700 15 75 25 100 40/5 2
B2 15/5 700 15 75 25 100 40/5 4
2 B3 15/5 700 15 75 25 100 40/5 6
B4 15/5 700 15 75 25 100 40/5 8
B5 15/5 700 15 75 25 100 40/5 10
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Figure 3.2 shows the SEM cross sectional micrographs of the carbon nanotubes
on the highly conductive silicon substrates. The flow rates were selected for NH3 because
they yielded vertical aligned CNTs. The heights of the carbon nanotubes changed from
~2 um to ~50 um when the growth time (with CH4 flow) was increased. The variation of
the CNT height by adjusting the growth time and the effect of NH3 used in the input gas
mixture were plotted as seen in the graph in figure 3.3. In general, for the same growth
time, the CNT height was observed to be higher with 75 sccm of NH3 as compared to that
recorded for 100sccm. This observation suggests that even though the NHj3 is important

for CNT growth, but there is a limit beyond which the benefit decreases.

40



2min 4min 6min 8min 10min

75sccm

A2

™

5.8 KV X2.S6k i2i@um

Figure 3.2 SEM images of CNTs with different ammonia flow rates and growth time
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Figure 3.3 CNT height (um) versus CNT growth time (min).

% L
i F
M Ag/AgCl Reference

Electrode

Platinum wire
Counter Electrode

Electrolyte

Working Electrode

Copper Tape

Viton O-Ring

Figure 3.4 Test setup for electrochemical deposition of MnO; and electrochemical
characterization.
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3.1.2 Deposition of MnO; on CNTs — Method, Results and Discussion

In the last decade, manganese dioxide has attracted considerable attention in the
supercapacitors due to its low-cost, environment-friendly, and good electrochemical
performance. Manganese (IV) oxide is the inorganic compound having the chemical
formula MnO,, A number of deposition methods have been used for the deposition of
MnQO; include sol-gel method [101], chemical bath deposition [102], anodic oxidation of
Mn*" [103], spray pyrolysis [104], and electrochemical deposition [105]. Since
electrochemical deposition technique is relatively clean, provides excellent thickness
control, is reproducible and does not require expensive infrastructure, it was used for
manganese dioxide (MnO;) deposition in this research.

Deposition of manganese dioxide (MnO;) on CNTs was achieved
electrochemically by direct reduction of potassium permanganate (KMnQOy) solution in
de-ionized water (18MQ-cm). KMnOy is a strong oxidizing agent, however, it can be

electrochemically reduced directly on the conducting substrate by the following reaction.

MnOy + 2H,0 + 3e¢” >MnO; + 40H"

Cyclic voltammetry was used at room temperature to electrochemically deposit
MnQO; thin-films directly on a CNT network grown on a highly doped silicon substrate.
The CV experiments were performed by using a flat cell in a 3 electrode configuration
shown in figure 3.4. The CNT/Si was the working electrode, Ag/AgCl (3M KCI)
reference electrode and a platinum wire as the counter electrode. CVs were recorded in

0.1M KClI as the electrolyte at different scan rates (10mV/s, 50mV/s, 100mV/s, 200mV/s

42



and 500mV/s) before and after any MnO, deposition step. The deposition parameters are
detailed in following tables.

To find the optimum parameters for electrochemical deposition of MnO,, the
effects of various deposition parameters such as scan rate, wider deposition potential, the
time interval during MnO; deposition, and height of CNTs were investigated. The initial
set of parameters used are listed in table 3.2, part 1.

Table 3.2 Part 1- Deposition parameters for MnOs.

Scan Rate Scan # of # of Interval
[KMnO,](mM) (mV/s) Window cycles steps between cycles
15 3 Os
1 10 10 0V to+1V 10 1 Os
2 10 10 0Vto-1V 10 2 0Os

Electrochemical deposition of MnO, from 10mM KMnO4 at 10mV/s and two
different scan limits, OV to +1V and OV to -1V were performed. For sample 1, the MnO;
deposition step was performed between 0 V to +1 V, 4 times for a total of 25 cycles [3
sets of 5 cycles each and 1 set of 10 cycles] and after each round of deposition, CV
measurements in KCl were taken. Based on the CVs recorded at 100mV/s, there is a
gradual increase in the capacitive currents until 10 cycles of MnO, deposition, where a
3.2x improvement in capacitance was observed, after which it saturates and further
deposition only worsens the capacitive behavior. The CVs recorded before MnO;
deposition, i.e., using only CNTs, after 5, 10, 15 and 25 cycles at 100mV/s have been
overlaid and can be seen in figure 3.5. The SEM micrographs of the MnO,/CNT
supercapacitor can also be seen in figure 3.5. There is formation of multiple sections of

CNTs finely coated with MnO, film.
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Figure 3.5 CVs recorded at 100mV/s with MnO, deposition on sample 1 and the corresponding
enhancement in capacitance- after 25 cycles (RED) (2.5x), 15 cycles (BLUE) (3.1x), 10 cycles
(BROWN) (3.2x), 5 cycles (GREEN) (2.7x) and without MnO, (BLUE). SEM pictures after 25
cycles of MnO, deposition on sample 1.

For sample 2, the MnO, deposition step was performed between -1 V to 0 V, 2
times for a total of 10 cycles [2 sets of 5 cycles] and after each round of deposition, CV
measurements in KCI were taken. Sample 2 also showed an increase in capacitive
currents after the first 5 cycles of MnO, deposition, however, after another 5 cycles of
deposition, the capacitance fell drastically, about half of what was observed previously.
The CVs recorded before and after MnO, deposition have been overlaid and can be seen
in figure 3.6. This behavior can only be explained by the presence of a thick MnO; layer,
which blocks free movement or diffusion of the K ions. SEM micrographs seen in figure
3.6 confirm this conclusion. There is a 3-5um thick layer of MnO, on the top which itself
comprises of multiple layers formed during the 10 cycles of deposition. The MnO, film
consists of small clusters 50-100 nm in sizes, seen in the top-view, which have coalesced

to form a complete film. Cyclic voltammetry in the negative potential region (0V to -1V)
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has a much higher deposition rate than that observed in the positive potential region (0V

to +1V).
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Figure 3.6 (a) CVs recorded at 100mV/s before and after MnO, deposition on sample 2 and the
corresponding enhancement in capacitance - after 10 cycles (RED) (1.9x), 5 cycles (BLUE)
(3.7x) and without MnO, (BROWN). (b) and (c) SEM pictures after 10 cycles of MnO,
deposition on sample 2.

As the next step, sample 3, the scan rate was increased to 100mV/s for the scan
window of OV to -1V while keeping the KMnO, concentration constant. Electrochemical
deposition of MnO; from 10mM KMnO, at 100mV/s was done 4 times in steps of 10
cycles each for a total of 40 cycles. The deposition parameters have been summarized in
table 3.2- part 2. The CVs recorded at 100mV/s before and after 10, 20, 30 and 40 cycles
of deposition were overlaid and can be seen in figure 3.7. Based on the CVs recorded at
100mV/s, there is a gradual increase in the capacitive currents until 30 cycles of MnO;
deposition where we observe a 5.6x improvement in capacitance and further deposition

only worsens the capacitive behavior. The microstructure of the MnO, deposited on

sample 3 after 40 cycles can be seen in figure 3.7. We observe a thin yet continuous
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layer of MnO, near the top of the surface. However, underneath this top layer, at the tips
of the CNTs, bulbous/spherical yet porous growth of MnQO; exists. This porous network
is more suited for achieving enhanced capacitance in the device. The formation of the
spherical shape at the tips of the CNTs can be explained by the fact that the CNTs have
very high aspect ratio resulting in enhanced fields that can increase the flux on the
reactants yielding higher reaction kinetics. These results suggest that the MnO;
deposition rate decreases as the scan rate is increased which provides a better control over
the process and the tall, vertically aligned CNTs can limit MnO; deposition to the top

section/portion only.

Table 3.2 Part 2- Deposition parameters for MnO, for sample 3.

Scan Rate Scan # of # of Interval between
[KMnO,J(mM) (mV/s) Window cycles steps cycles
3 10 100 0Vto-1V 40 10 0Os
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Figure 3.7 (a) CVs recorded at 100mV/s before and after MnO, deposition for sample 3 he
corresponding enhancement in capacitance - after 40 cycles (RED) (4.2x), 30 cycles (BLUE)
(5.6x), 20 cycles (BROWN) (4.8x), 10 cycles (GREEN) (2.9x) and without MnO, (PINK). (b)
and (c) SEM pictures after 40 cycles of MnO, deposition on sample 3.

In case of sample 4, the deposition potential window was widened to -1V to +1V
while keeping the scan rate at 100mV/s, same as that for sample 3. The deposition
parameters have been summarized in table 3.2- part 3. The CVs recorded at 100mV/s
before and after 5, 15, 25 and 35 cycles of MnO, deposition have been overlaid and can
be seen in figure 3.8. Based on the CVs recorded at 100mV/s, there is a gradual increase
in the capacitive currents as the MnO, deposition progresses. This suggests that at the
given MnO, thickness, the K" ions are still able to diffuse deeper into the porous
MnO,/CNT network to enhance the capacitance. CVs recorded after 10, 20 and 30 cycles
of MnO, deposition have been omitted to reduce the congestion and make the curves
more readable. As compared to the previous samples, much higher enhancements in

capacitance have been observed for this sample, as much as 9.1x after 30 cycles. The

SEM images, as seen in figure 3.8, show that the MnO, forms ball shaped clusters
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growing preferentially near the top of the CNTs, rising vertically above. The top surface

is still open and easily accessible by the K" ions in the electrolyte.

These results indicate that a wider deposition potential window of -1V to +1V

provides a better control over the growth rate and the microstructure of MnO; due to the

fact that we observed much higher improvements in capacitance.

Table 3.2 Part 3- Deposition parameters for MnO, for sample 4.

Scan Rate Scan # of # of Interval between
[KMnO,](mM) (mV/s) Window cycles steps cycles
4 10 100 -1V to +1V 35 5 0Os
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Figure 3.8 CVs recorded at 100mV/s before and after MnO, deposition for sample 4 and the
corresponding enhancement in capacitance - after 35 cycles (RED) (9.1x), 25 cycles (BLUE)
(7.9x), 15 cycles (BROWN) (6.7x), 5 cycles (GREEN) (3.3x) and without MnO, (BLUE). SEM
pictures after 35 cycles of MnO, deposition on sample 4.




Table 3.2 Part 4- Deposition parameters for MnO, for sample 5.

Scan Rate Scan # of # of Interval between
[KMnO,](mM) (mV/s) Window cycles steps cycles
10 5 60s
5 1 100 -1V to +1V 30 10 605

In the next set of experiments, the deposition parameters were kept the same as
that for sample 4 except for the KMnO,4 concentration which was reduced to 1mM from
10mM used in previous experiments. The deposition was carried out 2 times in sets of 5
cycles for a total of 10 cycles and thereafter 3 times in sets of 10 cycles for a total of 30
cycles. The deposition parameters have been summarized in table 3.2- part 4. The CVs
recorded at 100mV/s recorded before and after 5, 10, 20, 30 and 40 cycles of deposition
have been overlaid and can be seen in figure 3.9. Based on the CVs recorded at 100mV/s
in 0.1M KCI, there is a small yet gradual increase in the capacitive currents as MnO;

deposition progresses, with a maximum increase of 2.4x in capacitance after the 40
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Figure 3.9 (a) CVs recorded at 100mV/s before and after MnO, deposition for sample 5 and the
corresponding enhancement in capacitance - after 40 cycles (RED) (2.4x), 30 cycles (BLUE)
(2.1x), 20 cycles (BROWN) (2.0x), 10 cycles (GREEN) (1.7x), 5 cycles (BLUE) (1.4x) and
without MnO, (PINK). (b) and (c) SEM pictures after 35 cycles of MnO, deposition on sample 5.
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cycles. The SEM images, as seen in figure 3.9, show that the MnO; forms porous ball
shaped clusters growing preferentially near the top of the CNTs, somewhat similar to that
observed in sample 4 but smaller in size. The top surface is still open and easily
accessible by the K ions in the electrolyte. These results clearly indicate that the rate of
MnO, deposition is also dependent on the KMnOs solution concentration. Lower
concentration may provide better control but at the cost of increase in the deposition time.

In the previous experiments, cross sectional analysis by SEM revealed that most
of the MnO, was localized near the top of the CNTs. This meant that the heights of the
tall, vertically aligned CNTs could not be used to our benefit in order to maximize the
MnO; coverage and thereby the capacitance. Therefore, for the last set of experiments
2um tall CNTs on silicon substrate was considered. The deposition parameters have been
summarized in table 3.2- part 5. The concentration of KMnO4 was increase to 10mM and
the deposition was performed in 3 sets of 10 cycles with 60s intervals between each
cycle, to allow for MnO4™ concentration to reach equilibrium near the CNT surface.

The CVs recorded before and after 10, 20 and 30 cycles of MnO, deposition have
been overlaid and can be seen in figure 3.10. Based on the CVs recorded at 100mV/s in
0.IM KCIl, there is a huge increase in the capacitive currents as MnO, deposition
progresses. A 63x improvement in capacitance is observed after 30 cycles of deposition,
which highlights the contribution of MnO; and the effect of short CNT height that allows
for enhanced MnO, deposition.

The SEM micrographs before and after MnO2 deposition can also be seen in
figure 3.10. By using electrochemical reduction of KMnO4 we are able to deposit MnO;

on all the CNTs, from base to the tips. There is a thick deposit of MnO2 in the form of
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clusters with very small grain size. The MnO,/CNT network is still open enough to allow

free movement of the electrolyte and thus we were able to utilize the high surface area of

the CNTs and achieve very high enhancement in capacitance.

Table 3.2 Part 5- Deposition parameters for MnO, for sample 6.

Scan Rate Scan # of # of Interval between
[KMnO,](mM) (mV/s) Window cycles steps cycles
6 10 100 -1V to +1V 30 10 60s
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Figure 3.10 CVs recorded at 100mV/s before and after MnO, deposition for sample 6 and
the corresponding enhancement in capacitance - after 30 cycles (RED) (63x), 20 cycles
(BLUE) (60x), 10 cycles (BROWN) (47x) and without MnO, (GREEN). SEM pictures

after 30 cycles of MnO, deposition on sample 6.

51




Based on the experiments performed on planar supercapacitors using electrochemically
deposited MnO; on CNTs, the following conclusions can be reached at regarding the
deposition process.

e In-situ deposition of MnO, on CNTs can be achieved by using cyclic voltammetry in
a KMnOy solution.

e Cyclic voltammetry in the negative potential region (OV to -1V) has a much higher
deposition rate than that observed in the positive potential region (0V to +1V).

e The deposition rate varies inversely with the scan rate used. Increasing the scan rate
reduces the deposition rate thus providing better control.

e Increasing the potential scan limits at the same scan rate yields a better coverage of
MnO; on the CNTs as inferred from the greater enhancement in the capacitive
currents.

¢ Introducing a wait-period (60s) between successive CV scans during the deposition
process may increase the proportion of CNTs covered. The deposition rate however is
less than that with no wait-period.

e The deposition rate is directly proportional to the concentration of the KMnO,
solution used. A lower concentration can be used to achieve better control at the same
scan rate.

e In a planar electrode configuration, tall CNTs are not advantageous. Shorter CNTs
allow for excellent MnO, coverage and thereby a very high enhancement in the

capacitance. Optimum parameters for MnO, deposition can be tabulated as follows:

Scan Rate Scan # of # of Interval between
[KMnO,J(mM) (mV/s) Window cycles steps cycles
10 100 -1V to +1V <30 10 > 60s
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3.2 Fabrication and Characterization of CNT/MnO; Supercapacitor Electrodes on

Flexible Graphite Substrate

3.2.1 Synthesis of CNTs on Flexible Graphite Substrate — Method, Results and
Discussion

The properties of graphite, such as low cost, flexibility, and good thermal and
electrical conductivity, suggest that graphite foils would be suitable substrates for
synthesis of CNTs [102]. More importantly, there are very few reports concerning the
growth of CNTs directly on graphite substrates. CNTs grown on conducting and
chemically stable graphite substrates can be utilized in high performance supercapacitors,
batteries, or field emitting electron source. In addition to the previous work using n++
silicon substrates, focus of this dissertation was also on the fabrication of vertically
aligned CNTs on graphite foil substrates.

Chemical vapor deposition (CVD) method has been shown to be the simplest and
most reliable method in fabricating vertically aligned CNTs [103]. In comparison to hot
filament CVD, the thermal CVD has the following advantages- low cost, scalable, and
relatively easy to implement. As such, this work focuses on optimizing the parameters in
thermal-CVD process that influence the growth of CNTs in order to improve its
performance.

In thermal CVD, a conventional heat source such as a furnace, infrared lamp, or
inductive or resistive heater is used. Usually a catalyst material is heated to 500~1000°C
in an inert or reducing gas flow through a tube reactor followed by the introduction of a
hydrocarbon gas as the carbon feed source for a period of time. CNTs grown on the

substrate are collected after the system is cooled to room temperature.
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As part of this work, thermal CVD process in a tube furnace at atmospheric
pressure was used for CNT synthesis. In this process, acetylene was used as the carbon
source gas, which is easier to break down than methane. Unlike the hot-filament CVD
machine, a tube furnace does not have an energy source like the tungsten filament
operating at 2000 °C which is sufficient to break down the input gas mixture, especially
methane. Other than acetylene, hydrogen, diluted in argon gas, as well as ammonia
diluted in nitrogen gas form the remaining input gas mixture. The graphite foil substrates
were sputtered with different thicknesses of buffer (titanium) and catalyst (cobalt) layers
for multiple trials to identify and optimize thermal CVD conditions for growing CNTs.
The thickness values of titanium and cobalt layers sputtered on the graphite substrates
and the CNT growth parameters have been tabulated in table 3.3.

Cross sectional SEM images obtained for the samples at different temperatures
and pretreatment times can be seen in figure 3.11 (2 parts). The SEM images for CNT
growth trial #22, with near-optimum conditions for CNT growth on graphite can be seen
in figure 3.12. This too is a partial collection of the SEM images recorded during these

trials.
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Table 3.3 Graphite substrates- Ti/Co thicknesses and thermal CVD parameters for CNT
synthesis.

Graphite Substrate # | #1 | #2 | #3 | #4 | #5 | #6 | #7

Titanium (nm) 10 5 | 5 |15]20]15]20
Cobalt (nm) 315131313515
Trial | g 1 Temp Gases Pretreatment CNT growth
# ampres ‘0 C:H,=1 scem Time (min) time (min)
Ar:H,:NH;
1 1-3 700 5:1:4 3 15’
2 1-3 700 5:1:4 2’ 15’
3 1-3 700 5:1:4 4 15°
4 1-3 700 5:1:4 6’ 15’
5 1-3 650 5:1:4 3 15’
6 1-3 650 5:1:4 5’ 15’
7 1-3 650 5:1:4 7 15’
8 1-3 650 5:1:4 9 15’
9 1-3 650 5:1:2 r 15°
10 1-3 650 5:1:4 12° 15°
11 1-3 650 5:1:4 15’ 15’
12 1-4 650 5:1:6 3 15’
13 1-4 650 5:1:6 6’ 15’
14 1-4 650 5:1:6 9 15’
15 4-6 650 5:1:4 9 15’
16 1,4-6 650 5:1:4 11 15’
17 5,6 650 5:1:6 9 15’
18 1,4-6 650 5:1:6 11 15’
19 5-7 650 5:1:4 6’ 15’
20 7 650 5:1:4 9 15’
21 4-7 650 5:1:4 4 15’
22 4-7 650 5:1:4 7°30” 15’
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As the pretreatment time for the sample 1 (Ti/Co 10/3 nm) was increased at a
fixed substrate heater temperature of 650°C, some CNT growth was observed until 12
min pretreatment time after which almost no CNTs were present. As we increased the
pretreatment time for the sample 1 at fixed substrate heater temperature of 700°C, there is
no improvement in the CNTs’ growth for all pretreatment times. Possibly, amorphous
carbon might have poisoned the catalyst thus limiting the CNT growth.

In case of sample 2 (Ti/Co 5/5 nm), as the pretreatment time was increased at a
fixed temperature of 650°C, poor CNT growth is observed. Same observations were true
for the sample with a substrate temperature of 700°C and different pretreatment times.
Sample 3 (Ti/Co 5/3 nm) did not show any improvement either at both substrate
temperatures, 650 and 700 °C.

After increasing the buffer layer thickness in case of samples 4 (Ti/Co 15/3) nm)
and 5 (Ti/Co 20/3 nm), more CNT growth was observed at 650 °C, although presence of
amorphous carbon could be seen and a lack of any alignment. By further increasing the
catalyst thickness in case of samples 6 (Ti/Co 15/5 nm) and 7 (Ti/Co 20/5 nm), CNT
growth was noticeably improved with heights of 5-10 pm. Some alignment was
observed, but dense CNT growth was also evident.

Cross-sectional SEM images recorded for graphite substrates #4, #5, #6 and #7 at
substrate temperature of 700°C and at fixed pretreatment time of 7> 30” show more
aligned CNTs growth Figure 3.12. The best results were obtained for sample 6 (Ti/Co
15/5 nm) from trial 22, the CNTs are found to be much more aligned and less amorphous

carbon on the top, and it was relatively best CNT growth result.
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Figure 3.11 (Part 1/2) Cross sectional SEM images recorded under different thermal
CVD conditions for Graphite substrates #1, #2 and #3.
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Figure 3.11 (Part 2/2) Cross sectional SEM images recorded under different thermal
CVD conditions for Graphite substrates #4, #5, #6 and #7.
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Figure 3.12: Cross sectional SEM images recorded for Graphite substrates #4, #5, #6 and
#7 under near-optimum CVD conditions for growing CNTs.
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3.2.2 Electrochemical Deposition of MnO; on CNT- Results and Discussion

Sample 6 from trial 22, with relatively best CNT growth results, was used as the
substrate for electrochemical deposition of the MnO,. For this experiment, the deposition
parameters have been summarized in table 3.4. Electrochemical deposition of manganese
dioxide (MnO;) on CNTs was achieved by direct reduction of 10 mM potassium
permanganate (KMnOj) in de-ionized water (18MQ-cm). The deposition was carried out
in a flat cell using cyclic voltammetry in a standard three electrode configuration. Figs.
3.13 shows the SEM images of the MnO, coated carbon nanotubes on a highly

conductive graphite foil. The MnO, is observed to be uniformly and exclusively

deposited on the surface of CNTs.

Table 3.4 MnO, deposition parameters for CNT synthesized on graphite foil.

Interval
[KMnO4](mM) Scan Rate Scan Window # of # of between
(mV/s) cycles steps
cycles
10 100 -1V to +1V <40 10 > 60s

Figure 3.13 (a) and (b) SEM images showing MnO, coating on the CNT synthesized on

flexible graphite foil.
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The CVs were recorded in 0.1M KCl before and after 40 cycles of MnO;
deposition at 100mV/s, 50mV/s, and 10mV/s and have been overlaid, as seen in figures
3.14. The CVs recorded before MnO, depositions have also been included for
comparison. CVs recorded at 50mV/s before and after 30 and 40 cycles of MnO,
deposition have been overlaid, as seen in figure 3.15. Based on the CVs, there is a
gradual increase in the capacitive currents until 40 cycles of MnO; deposition which
suggests that at the given MnO, thickness, the K" ions are still able to diffuse deeper into
the MnO,/CNT network to enhance the capacitive currents at the slower scan rates. The
CVs change shape because of greater IR losses which distort the CVs as the MnO;

deposited has poor electrical conductivity.

Figure 3.14 CVs recorded in KCl before (a) and after (b) 40 cycles of MnO; deposition at
different scan rates (Red— 100mV/s, Blue— 50mV/s, Brown— 10mV/s).
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Figure 3.15 CVs recorded in KCI after 40 cycles of MnO, deposition at 50mV/s (Red—
40 cycles, Blue— 30 cycles, Brown— CNT+Gr).

The presence of the CNTs and MnO; films were further investigated using Raman
spectroscopy. The spectra were collected using Thermo Scientific DXR spectrometer
using 532nm green laser as the excitation sourceThe Raman spectrum recorded from the
as-grown CNTs can be seen in figure 3.16 (a), with signature peaks at 1590 cm’
(graphitic G- band) and 1350 cm™ (defect or disorder D- band). The ratio of the peak
intensities, Ip/lg of 1.4 suggests that the CNTs may possess structural defects and
amorphous carbon. However, since they are being coated with MnO, film, they have a
limited effect on the final energy storage behavior of the supercapacitor cell. The Raman
spectrum for the MnO; film can be seen in figure 3.16 (b). A very strong peak at 635.5
cm™ with a small FWHM of ~40 cm™ is observed which is characteristic of o-MnO,
phase, arising from the breathing or symmetric stretching vibrations of the MnOg
octahedron in the MnO, compounds. Two weak peaks recorded at approximately 292 and
350 cm™, which correspond to the bending modes of O-Mn-O, were also observed in the
spectrum and can be attributed to the formation of Mn,O3; or Mn304 induced by the laser

heating. The two characteristic peaks of G-band and D-band arising from the vibration of
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the sp> hybridized C—C bonds and disorder-induced signal, respectively, were not

observed in spectrum due to the MnO, layer.[106 -108].
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Figure 3.16 Raman spectra, obtained using green laser (532 nm) as the excitation source:
(a) As grown CNTs with the D peak at 1350 cm™ and the G peak at 1590 cm™; (b) MnO,
spectrum showing the characteristic Mn-O vibrational bands.

The electrochemical characterization was performed in a three-electrode
arrangement using platinum as the counter electrode and Ag/AgCl as a reference
electrode in 0.1 M KCI electrolyte. Cyclic voltammograms were recorded at different
scan rates in 0.1 M KClI solution: 2 mV/s, 10 mV/s, 50 mV/s and 100 mV/s. The as-
prepared electrode delivers the highest capacitance at 2 mV/s scan rate: 2.25 F, 240
mF/cm?®, 187.8 mF/cm® and 163.3 F/g. The electrode shows a 12x improvement in
capacitance at 10 mV/s over as synthesized CNTs. Based on the Nyquist plot, the ESR
for this scaled up electrode was calculated to be 1.4 Q.

The results for the MnO,/CNT/Graphite electrode from the cyclic voltammetry
and A. C. impedance experiments have been summarized in table 3.5. The CV in terms of

C (mF/cm?) vs. potential (V) recorded at 2 mV/s with the highest capacitance can be seen
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in figure 3.17(a). The Nyquist plot recorded by A.C. impedance measurements can be

seen in figure3.17 (b).

Table 3.5 Results from electrochemical characterization using cyclic voltammetry on
MnO,/CNT/Graphite supercapacitor electrode.

Scan
Area | Mass C C E ESR P
C(mF Rate °P AV *p P
(mF) (em? | (mg) (mV/s) (mF/em?) | (F/g) (AV) (Wh/kg) | () | (kW/kg)
2253 12 13.8 2 187.8 163.3 1 22.68 1.4 12.94
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Figure 3.17 Ultracapacitor electrode characterized in 0.1 M KCl:
(a) CV recorded at 2 mV/s and expressed as C (mF/cm?) versus potential (V).
(b) Nyquist plot recorded for the ultracapacitor electrode using A.C. Impedance

Spectroscopy.

Constant current charge-discharge experiments were also performed at different
current densities: 0.8 mA/cm?, 2 mA/cm?®, 5 mA/cm® and 10 mA/cm® The highest
capacitance for the MnO,/CNT/Graphite supercapacitor electrode was obtained at
0.8mA/cm® or 10mA: 2.212F, 184.3mF/cm” and 160.3F/g. From the potential drop, the

series resistance of 2.66Q2 was obtained. The charge discharge curves recorded at the

63



different current densities can be seen in figure 3.18. Results from the charge-discharge

experiments have been tabulated in table 3.6.
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Figure 3.18 Constant current charge discharge curves recorded at different current densities (a)
10mA or 0.8mA/cm?; (b) 24mA or 2mA/cm?; (¢) 60mA or 5SmA/cm?; (d) 120mA or 10mA/cm’.

Table 3.6 Results from constant current charge-discharge experiments using
MnO,/CNT/Graphite supercapacitor electrodes.
Area | Mass J C Cy Eg R P,
C(mF) | (cm® | (mg) | (mA/em?) | (mF/em®) | (F/g) | (AV) | (Wh/kg) | () | (kW/kg)
2212 12 13.8 0.83 184.33 160.29 1 22.26 2.66 6.81
1944 12 13.8 2 162.00 140.87 1 19.57 2.65 6.84
1521 12 13.8 5 126.75 110.22 1 15.31 2.64 6.86
1080 12 13.8 10 90.00 78.26 1 10.87 2.66 6.81
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3.3 Fabrication and Characterization of Double-Sided CNT/MnQO; Supercapacitor
Electrodes on Flexible Graphite Substrate
3.3.1 Double-Sided Synthesis of CNTs on Graphite Substrate

The objective of these experiments was to scale up the electrodes by utilizing both
sides of the substrate. In this study, CNTs were synthesized on both sides of the graphite
foil uniformly and consistently. To accomplish this, two different substrate holders were
fabricated using (2 mm thick graphite foil) where the substrates can be mounted
vertically as shown in figure 3.19 (a) or horizontally as shown in figure 3.19 (b).
Mounting the substrates in a vertical configuration raised the possible issue of
gravitational effects and how it may affect the distribution of the catalyst nanoparticles
and thereby the uniformity of the CNTs. To counter this, the second substrate holder was
designed and fabricated that allowed horizontal mounting of the substrates. In this way,
the gravitational force distribution would be uniform across the surface, although it might
vary between the top and bottom surfaces. Additionally, thinner quartz rods were
procured and used to fabricate this substrate holder. As per this design, a pair of quartz
rods would secure the substrate near the tabs, away from the active area, while single

quartz rod on the left would be placed to provide support at the other end.
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Figure 3.19. Schematic representation of the double-sided synthesis of CNTs on Graphite
substrate.

(a) The substrates mounted in vertical configuration.

(b) The substrates mounted in horizontal configuration.

As reported in our previous section, a thin graphite foil (127um) is used as our
substrate. After cleaning in acetone, D. C. sputtering technique was used to deposit buffer
(Ti) and catalyst (Co) layers. Table 3.7 summarizes the different parameters used in the
trials to grow uniform CNT on the large substrates, placed in vertical and horizontal
orientations. Cross sectional images of CNTs grown on both sides were recorded using
SEM and have been included in figure 3.20. The first three attempts did not yield any
CNTs on the graphite substrates and were not used for SEM characterization. The cross-
sectional SEM micrographs of the graphite substrates placed vertically show CNT growth

consistent on both sides of the graphite foil, with CNT height of 2 around pm. However,
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the CNTs are not well aligned in this orientation. The cross-sectional SEM micrographs
of the graphite substrates placed horizontally show dense CNT growth consistent on both
sides of the graphite foil, with CNT height of around 10 um and were used for

subsequent experiments.

Table 3.7 Process parameters used for large area CNT synthesis on both sides of the
graphite substrates placed vertically and horizontally in the thermal CVD tube-furnace.

Gases
Ti /Co
Trial (nm) Temp Pre-Treatment CNT Growth
# (both o) Ar:H;:NH; | C,H; Time (min) Time (min)
sides)
Vertically Mounted Graphite Substrates
1
2 15/3 650 5:1:9 3 8 15
3
4 650
5 700 .
5 15/3 750 5:1:9 3 8 15
7 800
Horizontally Mounted Graphite Substrates
8 650
9 700 .
10 15/3 750 5:1:9 2 8 15
1 800
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Vertically Aligned Substrates

Trial #4 Trial #5 Trial #6 Trial #7
(650°C) (700°C) (750°C) (800°C)

Sidel >
Side2 2>
Horizontally Aligned Substrates
Trial #8 Trial #9 Trial #10 Trial #11
(650°C) (700°C) (750°¢) (800°C)
Top Side 8 |
9
Bottom Side‘.
9

.8 kV X10.0k '3ld0knm e B R AT 5.0 kv X7.00K 4i28%m

Figure 3.20 Cross sectional SEM micrographs recorded for CNT synthesized on both
sides of graphite substrates mounted and placed inside the tube furnace in vertical and
horizontal configurations.
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3.3.2 Electrochemical Deposition of MnO; on CNT — Results and Discussion
Electrochemical deposition of MnO, was achieved using parameters discussed in
table 3.4. In order to preserve the CNTs grown on both sides of the graphite foil, extreme
care had to be taken while handling the samples. In order to perform electrochemical
deposition and characterization, a new substrate holder was fabricated out of Teflon. This
allowed concurrent deposition of MnO; on both sides of the substrate. A blow-up of the
fixture fabricated can be seen in figure 3.21. Figure 3.22, left, shows the SEM image of
the cross section view of the MnO, coated carbon nanotubes on a highly conductive
graphite foil. The MnQO; is observed to be uniformly and exclusively deposited on the
surface of CNTs, and based on the calculation, a mass loading of 0.651 mg/cm2 was

achieved.

Ag/AgCl
Reference
Electrode

PTFE Frames (Teflon )

Copper Tape

Pt Wire Mesh Counter Electrodes

Figure 3.21 Schematic ‘blow-up’ representation of test setup for electrochemical
deposition of MnO, and electrochemical characterization.
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S.8 kV X1.808K VBVB.BHm Tk
Figure 3.22: SEM image on the left showing the cross-section of the electrode showing
MnO; coating on the CNT; the SEM micrograph on the right showing the porous
microstructure of the MnO; coating.

The electrochemical characterization was performed in aqueous electrolyte (0.1 M
KCl) in a 3-electrode configuration with Ag/AgCl reference electrode and Pt wire counter
electrode. The substrate size was 4cm x 1.8cm with a total mass of the active material
(MnO,) mass on the electrode of 4.2 mg. The capacitance value calculated from cyclic
voltammetry at 2 mV/s was more than 1.8 F, which is equal to 144 mF/cm® and 439 F/g.
The equivalent series resistance calculated using A.C. Impedance Spectroscopy was 2.75
Q. The results for the MnO,/CNT double-sided electrode from the cyclic voltammetry
and AC impedance experiments have been summarized in table 3.8. The CV with the
high capacitive currents, expressed in terms of current (mA/cm?2) versus potential (V),
can be seen in Figure 3.23 (a). The CV, in terms of C (mF/cm?) versus potential (V)
recorded at 2 mV/s, with the highest capacitance can be seen in Figure 3.23(b). The
Nyquist plot recorded by AC Impedance Spectroscopy can be seen in Figure 3.23(c). The
specific energy and specific power were calculated according to equations 3.1 and 3.2.

g Whi_1_cv 31
Sp(kg) 23600 mgps '
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P, W = v 3.2
Sp(kg) B 4‘Rmeff '

where Espis the specific energy, Py, is the specific power, C is the total capacitance, R is
the resistance from the charge-discharge curve, m . is the effective mass of MnO, ,and

V is the potential window.

Table 3.8 Double-sided Ultracapacitor FElectrode: Results from electrochemical
characterization in aqueous electrolyte (0.1M KClI) in a three-electrode configuration.

C(mF) Area | Mass %c;lé C Cyp AV E,, ESR Py,
(cm?) | (mg) (mV/s) (mF/em?) | (F/g) | (V) | (Whkg) | (@) | (kW/kg)
1843.5 6.4 4.2 2 144 439 1 61 2.75 22
Chy (b) ** ()]s ]
15
- ~ 0 % -
§ 10 g 400 14
P o E 121
‘é . ,E, 200 'S 0.
- v 0 g
§ * g N g
E 10 8 0
3 ] 4 -
Yos g 40 24
-20 8 50 0 T T r |
0 02 0.4 06 0.8 1 0 0.2 04 0.6 08 1 0 2 4 6 8
Potential (V) vs. Ag/AgCl Potential (V) vs. Ag/AgCl Z' (ohm)

Figure 3.23 Double-sided Ultracapacitor Electrode characterized in 0.1M KCI:

(a) CV recorded at 100 mV/s and expressed as current (mA/cm?) versus potential (V);

(b) CV recorded at 2 mV/s and expressed as C (mF/cm?) versus potential (V).

(¢) Nyquist plot recorded for the double-sided ultracapacitor electrode using A.C.
Impedance Spectroscopy.

71




In order to evaluate the consistency of the double-sided electrode, each side was
tested individually by galvanostatic or constant-current charge/discharge experiments.
High current values were used in these experiments: 16mA (2.5mA/cm”) and 40mA
(6.25mA/cm®) in 0.1M KCL. The electrode was able to handle these high current densities
without any problems. At both the current densities, the capacitance values for each side
varied within 10%. The discharge segments of the two sides recorded at 16mA and 40mA
can be seen in figure 3.24 (a) and (b), respectively. The inset includes the preceding
charging segment in the same experiments. The results for the MnO,/CNT double-sided
electrode from the cyclic voltammetry and AC impedance experiments have been
summarized in Table 3.9. The capacitance from the two sides of the electrode can be
added to arrive at the total value based on the fact that they form two capacitors in
parallel. The specific quantities for capacitance, energy and power, have been calculated
for Side 1 + Side 2 and included in table 3.9.

The capacitance can be calculated from the slope of the discharge segment using
equation 3.3, while the resistance can be calculated using the initial potential drop, as

seen in equation 3.4.

mr 1 ()

= = 3.3
M AV /A (%)
AV (V
R() == (Eq)) 3.4
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Figure 3.24 Discharge plots recorded from galvanostatic charge and discharge
experiments in aqueous electrolyte (0.1M KCI) in a 3-electrode configuration performed
independently for each side (a)Charge/Discharge Current= 16mA (b) Charge/Discharge

Current= 40mA.

Inset: Both the charge and discharge segments of the plots.

Table 3.9 Summary of results from galvanostatic charge and discharge experiments for
each side of the ultracapacitor electrode with an active area of 6.4 cm? and total MnO,
mass of 4.2 mg, in aqueous electrolyte (0.1M KCI) recorded at 16mA (2.5mA/cm?) and
40mA (6.25mA/cm’) in a voltage window of 1 V.

Area J C Cy Eqp |
C (mF) (cm®) | (mA/cm®) | (mF/em?®) | (F/g) | (Whikg) R©) (KW/kg)

Side 1 558.4 2.5 87 12

6.4 - - -
Side 2 598.4 2.5 94 11.1
Side 1 292 6.25 46 10.4

6.4 - - -
Side 2 322.8 6.25 50 9.6

Combined Results from Side 1 and Side 2

Side 1+ | 1156.8 | 12.8 2.5 90 275 38 5.76 10
Side2 | 6148 | 12.8 6.25 48 146 20 4.99 12
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3.4 Development of CNT/MnO; Symmetric Supercapacitor Prototype Cell
3.4.1 Fabrication of the Multi-Layer Supercapacitor Prototype Cell

In the previous section, CNTs and MnO, were combined to form a single
electrode of high power density and energy density. The MnO, needs to have a porous
structure to sustain cation diffusion and facile charge transfer kinetics. The CNTs can
provide a mesoporous structure with large surface area to coat MnO2 and act as current
conductors. Based on these results, a scaled up prototype was designed and fabricated
using a stack of multiple, double-sided electrodes. To the best of my knowledge, no
work has been published on such a device. The electrolyte used was a solution of 1M
TEATFB (tetracthylammonium tetrafluoroborate) in acetonitrile (ACN).

Figure 3.25 shows a schematic representation of the structure, consisting of
vertically aligned CNTs grown on the opposite faces of a graphite substrate. Vertically
aligned carbon nanotubes were directly grown on double-sided graphite foil by the
thermal chemical vapor deposition (T-CVD) technique in a tube furnace with a 2-inch-
diameter horizontal quartz tube at atmospheric pressure as discussed in section 3.3.1. The

graphite substrates were placed in the middle of CVD reactor, where the highest point of

MnO,
Aligned CNT

Aligned CNT

Figure 3.25 Schematic representation of the CNT array fabricated by T-CVD on both
sides of the graphite substrate and coated with MnO,.
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temperature is measured. Then the CVD reactor was heated up to 650°C in Argon (Ar)/
Hydrogen (H;) (1:5) environment and the substrates were annealed for 15 minutes
followed by exposure to ammonia (NH3) (100 ppm in N;), which helps to reduce
formation of amorphous carbon. The ammonia gas was kept flowing with a constant flow
rate (Hy:Ar:NH3= 1: 5: 10) for both the pretreatment duration of 7.5 minutes and the
following growth period. Acetylene (C;H,) gas at flow rate of 5 sccm was introduced, as
the carbon source. After 15 minutes CNT growth time, both NH; and C,H, were switched
off to terminate the CNT growth and then the reactor was cooled down to room
temperature under Ar/ H, gas flow.

Electrochemical deposition of manganese dioxide (MnO,) on the double-sided
CNTs was achieved by direct reduction of 10 mM potassium permanganate (KMnOy) in
de-ionized water (18MQ-cm). The deposition was carried out in a flat cell using cyclic
voltammetry in a standard three electrode configuration.

The objective of this work was to fabricate a supercapacitor prototype cell by
assembling eight double-sided electrodes, stacked on each other with a polyethylene
separator between each electrode resembling the schematic seen on the left in Figure
3.26. The electrodes at the ends were only single sided. The equivalent circuit of the
supercapacitor cell can be seen on the right in figure 3.26, consisting of seven capacitors
connected in parallel. The substrates used had an active area of 4cm x 2 cm and lcm x
2cm tabs for electrical contacts. The prototype supercapacitor cell was assembled by
stacking eight double-sided electrodes (the two electrodes at the ends had MnO; on one
side only), with a polypropylene separator between each electrode resembling the

schematic seen in figure 3.26. The separators and electrodes were pre-soaked in the
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organic electrolyte consisting of 1M TEATFB in acetonitrile for 5 minutes to ensure
complete incorporation of the electrolyte. Electrodes were assembled with the separators
and placed in a flexible pouch cell package, the Al tabs were laid over the graphite tabs
and sealed using an impulse heat sealer. The remaining electrolyte (10 cc) was added to

the cell from the open side of the package before finally sealing it off.

Parallel Connection

v
[ -
C=C#+C,+C+CHCHC, +C, —||||—

i
i
i
L oHHe
i
Separators _I |_ C,

Figure 3.26 Multi-layer electrode structure for a supercapacitor

A prototype supercapacitor cell based on double-sided CNT/MnO, electrodes in
organic electrolyte, as shown in a schematic in Figure 3.27, was successfully fabricated.
The prototype cell supercapacitor measures 8 cm x 10 cm, with a final packaged weight
of 10.756 grams. This prototype cell is not optimized design for the commercial
applications. The electrochemical characterization of supercapacitor in organic

electrolyte, including cyclic voltammetry (CV), galvanostatic charge—discharge, and
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electrochemical impedance spectrometry (EIS), were investigated wusing an

electrochemical working station (CHI660C) at room temperature.

Al Tabs

|

AN

< Graphite Tabs

Heat Sealed
Seam

Symmetric Ultracapacitor
Electrodes with PE Separator

Figure 3.27 A schematic of supercapacitor cell assembled in a pouch cell with Al tab for
electrical contact.

3.4.2 Electrochemical Characterization of CNT/MnO; Symmetric Supercapacitor
Prototype Cell — Results and Discussion

The supercapacitor cell was characterized in IM TEATFB in acetonitrile and the
cyclic voltammograms (CV) recorded at 2 mV/s and expressed as capacitance (mF/cm?)
versus potential (V) can be seen in Figure 3.28. Cyclic voltammetry was performed over
different potential windows ranging from 0 -1 V, 0 -2 V, and 0 -2.5 V. In order to extend
the potential window, organic electrolyte is preferred over aqueous electrolyte for

supercapacitor.
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Figure 3.28 Supercapacitor characterized in 1M TEATFB in Acetonitrile-Cyclic
voltammograms recorded at 2 mV/s and expressed as Current (mA/cm?) versus potential
(V); (a) 0-1V, (b) 0-2V, (c) 0-2.5V.

As shown in Fig. 3.28, the CV curves of the supercapacitor at scan rate of 2 mV/s
exhibit a nearly rectangular shape, which indicate an excellent capacitance behavior, low
contact resistance, and fast charge propagation within the electrodes. The capacitance
was found to be equal to 2325 mF, 3120 mF, and 3662 mF, for 0-1V,0-2 V,and 0 -
2.5V, respectively.

The specific capacitance of the MnO; in organic electrolyte can be calculated by

equation 3.5.

c (F)_CTXM 35
P \g/ 35 mg '

where Cy, is the specific capacitance, Cr is the total capacitance, and mr is the total mass
of MnO; on all eight electrodes (or 14 sides), the electrodes at the two ends are coated
only on one side.

Each electrode’s MnO, mass was measured individually using a microbalance with an
accuracy of 0.1 mg. If we consider all electrodes have equal capacitance of C (for each
side), then, based on the circuit diagram in figure 3.26, the equivalent or total capacitance
of the prototype cell, Cr will be equal to 3.5C (as calculated by 7 x C/2 because of 2

capacitors in series and then 7 in parallel). The total mass of MnO; in the cell, mr,
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considering 14 sides, can be used to calculate the average mass of MnO, on each side by
mt/14. This allows us to use equation 3.5 to calculate the specific capacitance of MnO..
The highest specific capacitance of 514 F.g ' is achieved at scan rate of 2mV/s for the
potential window of 0 - 2.5 V.

Figure 3.29 shows the Nyquist plot of the supercapacitor operated at 0.01 Hz and
100 kHz frequency range. The Nyquist plot was recorded for the supercapacitor using
A.C. Impedance Spectroscopy showing a low equivalent series resistance (ESR) value of
0.8 Q. The low values of ESR in supercapacitor are related to the interconnected network

of highly conductive vertically aligned CNTs within the MnO,.
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Figure 3.29 Nyquist plot recorded for the supercapacitor in IM TEATFB in Acetonitrile
using A.C. Impedance Spectroscopy showing a low ESR value of 0.8Q.

The specific energy and specific power for the prototype cell were calculated

according to equations (3.1) and (3.2). The results from the CV characterization using

organic electrolyte (1M TEATFB in ACN) have been summarized in table 3.10.
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Table 3.10 Electrochemical characterization of supercapacitor prototype cell in organic
electrolyte (1M TEATFB in ACN) using cyclic voltammetry experiments at 2 mV/s scan
rate. The electrodes had an active area of 8 cm?, with MnO, mass of 28.5 mg, and ESR of
0.8 Q.

(I:F) Sf;‘{,ﬁ?};e C (mF.cm?) | AV | E,, (Whkg") ligszl; P,, (kW.kg™)
2323.5 2 290.44 1 11.32 0.8 10.96
3120.8 2 390.09 2 60.83 0.8 43.86
3662.8 2 457.84 | 2.5 111.56 0.8 68.53

Figure 3.30 shows results from galvanostatic charge and discharge experiments
for supercapacitor in organic electrolyte (IM TEATFB in acetonitrile) at different
currents (40mA, 80mA, and 160 mA) for three voltage windows ranging from 0 -1V, 0 -
2 V,and 0 - 2.5 V. As shown in Fig 3.30, all charge—discharge curves are a non-ideal
triangular shape at various current densities, which is a typical characteristic of

pseudocapacitors due to redox process.
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Figure 3.30 Results from galvanostatic charge and discharge experiments for
supercapacitor (1M TEATFB in Acetonitrile) for three voltage windows: (a) 0 — 1V, (b) 0
—2V,and (¢) 0—2.5V.

The highest capacitance for potential ranges of 0 - 1V, 0-2 V,and 0 - 2.5 V was
found to be equal to 1800 mF, 2448 mF, and 2764 mF, respectively, at a constant
discharge current of 40mA or 5mA.cm™. The supercapacitor exhibited the highest
specific capacitance at the low discharge current densities used in this work, for all
voltage windows. When high discharge rates are used (high discharge currents), the
cations do not have enough time to diffuse through the hybrid structure resulting in lower
capacitance values.

The resistance is a very important factor to determine the power density of a
supercapacitor since it limits the rate at which the supercapacitor can be charged and
discharged. The low R value leads to a maximum specific power value Py, of 62.66
kW/kg at 160 mA constant current at 2.5 V. A maximum specific energy of 84.19 Wh/kg
was reached at a current of 40 mA at 2.5 V. The results from electrochemical
characterization in organic electrolyte (1M TEATFB in ACN) using galvanostatic

charge-discharge experiments are listed in Table 3.11.
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Table 3.11 Results from electrochemical characterization of supercapacitor in organic
electrolyte using galvanostatic charge-discharge experiments. The electrodes had an
active area of 8 cm”, with MnO, mass of 28.5 mg.

C Mass J C Egp R |
(mF) (mg) | (mA.cm?) (mF.cm?) av) (Wh.kg™) Q) (kW.kg™)
1800 28.5 5 225.0 1 8.77 0.75 11.70
1515 28.5 10 189.4 1 7.38 0.625 14.04
1333 28.5 20 166.6 1 6.50 0.625 14.04
2448 28.5 5 306.0 2 47.72 1 35.09
2244 28.5 10 280.5 2 43.74 0.75 46.78
2201 28.5 20 275.1 2 42.90 0.687 51.07
2764 28.5 5 3455 2.5 84.19 1 54.82
2633 28.5 10 329.1 2.5 80.20 0.937 58.51
2587 28.5 20 323.4 2.5 78.80 0.875 62.66
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CHAPTER 1V
DEVELOPMENT of 3D MICROPATTERNED MnO,/CNT SUPERCAPACITOR

ELECTRODES ON SILICON SUBSTRATE

In this chapter, work done on supercapacitors based on three dimensional
micropatterned electrodes. These microelectrode arrays were fabricated using
conventional silicon microfabrication techniques and hot-filament CVD process for CNT
synthesis. Electrochemical technique was used to achieve direct deposition of MnO; on
the vertically aligned CNT array. The 3D structures improve MnQO, dispersion on CNT
and allow for enhanced mobility of the electrolyte to access the interior of the porous
CNT/MnO; microelectrodes. Material analysis and characterization were performed
using scanning electron microscope (SEM). Charge storage performance was evaluated
by electrochemical techniques such as cyclic voltammetry (CV) and galvanostatic

charge/discharge measurement.

4.1 Design and Fabrication of the Microelectrode Array

Structuring the electrodes in a 3D platform offers higher effective surface area for
the same footprint of devices compared to thin film and 2D interdigitated electrodes. This
fact has been schematically illustrated on the left in Figure 4.1. By using conventional
silicon microfabrication techniques, such supercapacitors can be easily integrated with
other devices such as sensors to get the energy storage/delivery system on the same chip,
thus improving overall device performance and further shrink the size. The 3D design

improves the accessibility of the cations allowing greater use of the high specific surface
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area which was not possible in the planar, macro electrodes. In addition to that, the thin
film coating of MnO, reduces the solid-state diffusion length for the cations and also
provides for facile electron transfer kinetics between the MnO, and the CNT current
conductors. The poor conductivity of bulk MnO; that limits high power application can
be overcome by using this novel approach. By fabricating the electrodes in an
interdigitated structure, the need for a separator is eliminated which further improves the
performance for high power applications [109]. This 3-D nanostructured design provides
the efficient design for MnQO, electrodeposition as represented by the schematic seen on

the right in figure 4.1.

CNT Microelectrodes

il

Insulator
(Sio,)

Silicon

Rectangular Array: 858 MEs (33 x 26) 3-D Nanostructure
Dimensions: 75um (Z) X 6um (W) X 75Mm (h) Efficient Design for MnoZ E|ectr0dep05iti0n

Figure 4.1 Left; Schematic 3D view of a MnO,/CNT supercapacitor in form of a
microelectrode array isolated by the SiO, layer; Right- The open 3D structure of the
microelectrode array provides better access to the CNTs to allow multidirectional
deposition of MnO,, unlike planar electrodes.

The fabrication process starts with a highly doped n-type silicon substrate (0.005
Q-cm), 550pm thick, that was first thermally oxidized to form a thin-layer of SiO,

(0.5um). The photoresist AZ54214E was used for conventional UV photolithography

process to define the array layout. PR AZ54214E was spin coated on the substrate with
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initial speed of 1000 rpm (5 sec) and then accelerated to 3000 rpm and held for 30 s.
Then, the substrate was baked for 135 sec at 100°C on a hotplate. The baked photoresist
was patterned with a UV photolithography step in a Cobilt mask-aligner to define the
array layout. After developing the pattern, the exposed SiO; regions were etched using a
buffered oxide etch (BOE) solution and rinsed with DI water. Thin-films of the buffer
layer (Ti) and the catalyst (Co) were sputtered using DC sputtering technique. After
photo-resist lift-off, vertically aligned multi-walled CNTs were grown using hot-filament
CVD process with methane as the carbon gas source. The height of the CNTs was
controlled by varying the duration of CHs. The fabrication steps of the CNT array

structure are schematically presented in Figure 4.2.

Thermal Oxidation of n-type
Silicon DC sputtering of Ti and Co

Patterning the array layout l
using UV photolithogra Photoresist lift off
- kraphy v oV D n* Silicon

si0,
D Photoresist

l Hot- filament CVD EZ:O ™ sificon
Wet etch of oxide CNT growth * Si0,
-// ?ff - ff/// T l:l Photoresist
I:l Ti/Co
Ilmmﬂﬂﬂmlﬂﬂmﬂﬂl CNTs

AU N - —

Figure 4.2 Process flow for fabricating 3D microelectrode array.
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The characterization and material analysis were performed by scanning electron
microscope (SEM). The cross-sectional SEM micrographs in figure 4.3(a) and (b) show
SEM images of the array with ~75um tall CNTs on the silicon substrate isolated by the
Si0, layer from a tilt or perspective view and the top view. This process can be adapted
to fabricate arrays with different geometries and dimensions. Deposition of MnO, on the
CNT array was achieved by direct electrochemical reduction of KMnOy4. The SEM image
in figure 4.3 (c) shows the MnO; coated CNTs’ array. A high resolution SEM image in

figure 4.3 (d) shows the porous microstructure of the MnO,.

—
2.8 kV X60.08K SeBnm

Figure 4.3 The microelectrode array consisting of vertically aligned CNTs with SiO2
insulation layer from (a) a tilt or perspective view and (b) the top view; (c) the final array
structure after electrochemical deposition of MnO, onto the CNTs and (d) high resolution
SEM micrograph showing the porous microstructure of MnQO,.
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4.2 Electrochemical Characterization of the Microelectrodes Array — Results and
Discussion

Electrochemical characterization of the CNT/MnO, array electrode was
performed in a flat cell using cyclic voltammetry in a 3 electrode configuration with
0.1M KClI as the supporting electrolyte. Platinum wire was used as the counter electrode
with a Ag/AgCl reference electrode. The main charge storage mechanism of the
MnO,/CNT supercapacitor is attributed to the pseudocapacitive reactions occurring due
to inter/deintercalation of electrolyte cations in MnQO,. Cyclic voltammograms were
recorded in a 0-1V potential window for different MnO; film thicknesses.

The cyclic voltammograms recorded at 50mV/s showed an enhancement in the
pseudo-capacitive currents with increase in MnQO, thickness, as seen in figure 4.4 (a). The
variation of capacitance with MnO, thickness calculated from the CVs can be seen in
figure 4.4 (b). A high value of capacitance, 1.8 F/cm” or in volumetric terms, 240 F/cm’,
was achieved which represented more than 200x enhancement in the electrode
capacitance due to the addition of MnO; can be seen in figure 4.4 (c). These results
highlight the advantages of using the advanced 3-D nanostructured MnO,/CNT

microelectrode arrays.
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Figure 4.4 (a) CVs recorded at 50 mV/s in KCI for the MnO,/CNT MEA before and after
different MnO; thickness; (b) Capacitance variation as a function of the MnO; thickness
showing a high capacitance value of 1.8 F/cm® or 240 F/cm’; (c) Normalized capacitance
as a function of MnO, thickness showing a 200x improvement in capacitance over just a
CNT MEA.
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Figure 4.5 Nyquist plot recorded for the supercapacitor in IM TEATFB in
Acetonitrile using A.C. Impedance Spectroscopy showing a high ESR value of 260€2.

Figure 4.5 shows the Nyquist plot of the supercapacitor recorded between 0.01 Hz
and 100 kHz frequency range with an amplitude of 5 mV. The plot shows a high
equivalent series resistance (ESR) value of 260 Q.

Figure 4.6 shows results from galvanostatic charge and discharge experiments for
microelectrode array in 0.1M KCIl as supporting electrolyte at different current densities:
5mA/cm’, 10mA/ cm?® 50mA/ cm® and 100mA/ cm®. As shown in Fig 4.6, all charge—
discharge curves are a non-ideal triangular shape at various current densities, which is a
typical characteristic of pseudocapacitors due to redox process.

The capacitance of the MnO,/CNT microelectrode arrays was calculated from the
slope of the discharge curve and the resistance was calculated from the potential drop of
the initial part of the discharge curve for galvanostatic measurement. The highest
capacitance for the MnO,/CNT microelectrode arrays was obtained at SmA/cm* 1.85

F/cm?, or 246.7 F/em®.
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The charge-discharge curves recorded at the different current densities can be
seen in figure 4.6. Results from the charge-discharge experiments have been tabulated in
table 4.1.

Table 4.1 Results from constant current charge-discharge experiments using MnO,/CNT
microelectrode arrays in 0.1 M KCI.

Current Density C C ESR
(mA/cm?) (F/cm?) (F/em?) Q)
5 1.85 246.7 668
10 1.78 237.7 598
50 1.42 189.3 554
100 1.15 153.3 502
—_ 1 — 1
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Figure 4.6 Constant current charge discharge curves recorded at different current densities (a) 5
mA/cm’or 1.85 F/cm?; (b) 10 mA/cm®or 1.78 F/em?; (¢) 50 mA /em’or 1.42 F/em?; (d) 100
mA/cm’ or 1.15 F/em®.
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CHAPTER V

DEVELOPMENT OF MnO,/CNT SOLID-STATE SUPERCAPACITORS

This chapter describes the work done to fabricate and characterize high
performance flexible solid-state supercapacitors based on 3D nanostructured MnO,/CNTs
microelectrode arrays and solid state electrolytes using spin coating and conventional
methods. The planar and 3D patterned CNT electrodes were fabricated on graphite
substrates using hot filament chemical vapor deposition (HF-CVD) to grow carbon
nanotubes (CNTs). Electrochemical deposition technique was used for MnO, deposition,
as described in chapters 3 and 4. Initial experiments consist of investigation of the
influence of spin coating deposition parameters such as thickness based on spinning
speed, and duration. The roadmap to achieve the final device is presented in this chapter.

Electrochemical characterization of the CNT electrodes was first performed in 0.1
M KCI aqueous electrolyte in symmetric configuration to evaluate the performance of
each electrode in order to correlate the design to the corresponding capacitance. In the
next stage, solid electrolyte performance was evaluated by using macro-supercapacitors,
in symmetric configuration. This allowed me to understand and develop the use of solid
electrolytes and optimize the parameters including concentrations, thickness and curing
conditions. These electrolytes are applied in liquid phase followed by a drying/curing
period that turns them solid or gel. After optimizing the solid-state electrolyte on macro
electrodes, the final stage involved integrating it with the flexible solid-state

supercapacitors. The use of solid electrolytes will promote ease of packaging, without
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any risk of leakage and eliminate the risk posed from flammable organic liquid
electrolytes.

5.1 Solid-State Supercapacitor Cell Based on CNT Electrodes

5.1.1 Fabrication

Before fabrication of the solid-state supercapacitor cells, preliminary work was
performed to experimentally investigate the spin coating parameters such as spinning
speed and spinning duration to optimize the surface roughness of solid-state electrolyte
on CNT/Graphite substrate.

Spin coating is currently the most popular technique used to produce uniform thin
layer films of photosensitive materials with different thicknesses of the order of
micrometers and nanometers [110]. Spin coating process has been mainly used in the
manufacturing of optical mirrors [111], color television screens [112], integrated circuits
and magnetic disk for data storage [113,114].

The spin coating technique’s numerous advantages include its low cost, fast
operating system, good uniformity, reproducibility and excellent control on film
thickness. Its few disadvantages include lesser material efficiency, size restriction, and
higher material cost [115,116].

The spin coating can be divided into several key stages sketched in Figure 5.1:
fluid deposition, spin-up, spin-off, and finally, evaporation [117]. The spin-off and
evaporation process are the stages with the most impact on final coating thickness. The
last two stages describe the processes that mostly occur at the same time throughout

evaporation and viscous flow [118,119].
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Figure 5.1 Spin coating process ',

During the deposition stage, electrolyte is allowed to fall on rotating substrates
from the syringe (or a dispenser) and the graphite or CNT/graphite substrate is
accelerated to the desired speed. The spin-up stage is when the graphite substrate is
accelerated to its final rotation speed.

The spin-off is when the graphite substrate is spinning at a constant rate and the
degree of centrifugal forces affect fluid thinning behavior. The last stage is when the
substrate drying stage begins [120].

In order to investigate the spin coating parameters, the PVA/ H3PO4 (1:1)
electrolyte solution was directly deposited on the graphite substrate using the spin coating
technique. Table 5.1 shows the spin coating parameters used followed by evaluating the

surface roughness for each of the experiments.
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Table 5.1 Results from the spin coating experiment.

Step 1 Step 2
Trial # Spinning speed/Duration Spinning speed/Duration Results

1 500 rpm/60 sec 2000 rpm/60 sec Not Uniform
2 750 rpm/60 sec 2000 rpm/60 sec “

3 500 rpm/60 sec 1000 rpm/60 sec “

4 200 rpm/60 sec 1000 rpm/60 sec “

5 200 rpm/30 sec 500 rpm/30 sec Uniform-Best
6 200 rpm/60 sec 500 rpm/30 sec “

7 200 rpm/60 sec 500 rpm/45 sec “

8 100 rpm/60 sec 500 rpm/30 sec Not Uniform
9 100 rpm/60 sec 500 rpm/60 sec “
10 300 rpm/60 sec 500 rpm/60 sec “

Spin coater with speed range 100-5000 rpm and spinning duration up to 120
seconds was used in this experiments and the best parameter was obtained at trail 5.

The electrolyte thickness is one of the key factors that need to be considered
before successful fabrication of the solid-state supercapacitor. The electrolyte serves a

dual role of providing ionic conductivity while also serving as the ‘separator’ to prevent
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an electrical short. The PVA/ H3PO4 solid-state electrolyte was tested with planar
structure to optimize the electrolyte thickness followed by application in the solid-state
supercapacitor for the final work.

Optimizing the electrolyte thickness was the biggest challenge in the second part
of the experiment. If the electrolyte is too thin, it usually shorts out the device. If it is too
thick then the high cell impedance will limit the high power performance. To overcome
this problem, two approaches of the electrolyte fabrication were performed including;

e Enough rest time between each spin coating to provide better incorporation between
electrolyte and CNTs
¢ Building up electrolyte layers with successive spin coating steps until the optimum

thickness obtained

In the first approach, vertically aligned multi-walled CNTs (~10 pm - 15 pum tall)
were grown using the hot filament thermal CVD process with methane (CHs) as the
carbon gas source. The PVA/ H3PO4 (1:1) electrolyte is poured over the CNT/Graphite
substrate with a waiting period of 5,10, and 60 minutes to allow the solution to settle into
the CNT network, followed by spin coating at 200rpm for 30 sec and 500rpm for 30 sec.
This process is repeated three times and the sample is then left at room temperature

approximately 16 hours to dry.
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Figure 5.2 SEM images showing the cross-section of the electrodes with deposited solid-
electrolyte on CNTs. Different waiting period during the spin coating process; (Smin-
left), (10 min-middle), and (60min-right).

Figure 5.2 shows the SEM micrographs of the three test electrodes with the
deposited solid electrolyte. The SEM micrographs show there is no significant difference
between waiting period of 10, and 60 minutes. However, the longer waiting period made
the electrode more fragile and soft, which made it hard to handle. The shortest waiting
period with electrolyte gave worse electrolyte coating and it was also visually seen during
the experiments. Each pair of electrodes fabricated under same conditions were then
sandwiched together and tested. Symmetric cells with these electrodes were shorting out.
Based on this, the conclusion was the thicker electrolyte coating was required to avoid an
electrical short.

In the second approach, three-part spin coating steps were performed to overcome
the shorting problem and create effective electrolyte layer in a supercapacitor test cell. On
the first day, the electrolyte is poured over the electrode with a waiting period of 10
minutes, followed by and spin coating at 200rpm for 30 sec and 500rpm for 30 sec. This
is repeated twice more. The sample is then left at room temperature to dry. On the second
day, the spin coated repeated at 200rpm for 30 sec and 500rpm for 30 sec with no waiting

period in between repetitions for a total of five times. The sample is once again left at
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room temperature to dry. When the sample is dry, the final spin coating step is performed
at 1000 rpm for 30 seconds; this last step yields a barrier or separator layer on the
substrates that will prevent any electrical short. The electrodes are then sandwiched
together and tested. Symmetric cells with these electrodes were not shorting out. The
effective electrolyte thickness of 10 um was obtained after the final step as shown in the

SEM micrograph in Figure 5.3.

PVA/H.PO,

CNT

Figure 5.3 SEM image of CNT electrode with solid polymer electrolyte.

Another key factor that need to be considered before successful fabrication of the
supercapacitor is electrolyte concentration. The research on solid-state supercapacitors
with the solid polymer electrolyte is quite minimal. Most of the publications focused on
the fabrication process of pure solid polymer electrolytes on the electrodes [121-125].
This section offers a step by step approach on the experimental preparation and
characterization of solid polymer electrolytes and integrating it with the solid-state

supercapacitors.
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An aqueous solution of PVA was prepared by mixing PVA with distilled water in
the ratio of 1:10 by mass. This solution was heated at 60 °C with magnetic stirring for
four hours to completely dissolve the PVA in the distilled water. This is followed by
mixing H;PO4 with the PVA aqueous solution in the percentage of 90:10, 80:20, 60:40,
50:50, 30:70, 20:80, and 10:90. This has been summarized in Table 5.2. The percentage

of the H3;PO4 was calculated the following equation;

X%100 5.1

n
x% =
0 n+5

where x is the percentage of H3POs, and n is the value of H;PO4 in grams.

The mixture is heated at 70 °C with magnetic stirring for 12 hours to form a
homogeneous solution. The resulting solution is allowed to cool down to room
temperature and then put inside the glass beaker to avoid contamination from the

environment for further experimental tests.

Table 5.2. Solid-State electrolyte preparation parameters.

PV A mass H;PO, mass Percentage of
Electrolyte Solution
(2) (2) H;PO,
S1 5 0.55 10
S2 5 1.25 20
S3 5 3.325 40
S4 5 5 50
S5 5 11.6 70
S6 5 20 80
S7 5 45 90
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Figure 5.4 Schematic of the fabrication process of a solid-state supercapacitor assembled
in sandwich configuration. Vertically aligned CNTs were grown on the graphite substrate
(Left). Solid-State electrolyte was applied to the electrodes by spin coating method
(Middle). The electrodes were sandwiched together using hydraulic pressure (Right).
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The electrolyte was applied to both the electrodes by spin coating and sandwiched
together using hydraulic pressure before the curing step as shown in the schematic in
Figure 5.4. This was followed by electrochemical characterization to evaluate the device
performance.

5.1.2 Electrochemical Characterization — Results and Discussion

The first electrochemical characterization test of supercapacitors was conducted
after a 72 hour waiting period and was performed at CHI 660 C workstation. All cyclic
voltammetry (CV), galvanostatic charge/discharge and electrochemical impedance
spectroscopy (EIS) profiles of solid-state supercapacitors showed very inconsistent
results. These results showed that the short curing period is not enough to solidify the
solid polymer electrolyte in solid-state supercapacitors. Longer curing period is required
for more hydrolyzing of water and better incorporation of electrolyte with electrode.

The second electrochemical characterization test of supercapacitors was
performed after 16 days curing time at room temperature. The cyclic voltammetry was

recorded at 10 mV.s™ and expressed as current (mA.cm™) versus voltage (V). Figure 5.5
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(a) shows the overlaid CV curves of the solid-state supercapacitors containing different

concentration of H;PO4 (%10, 20, 40, 50, 70, 80, and 90) in the solid electrolyte.

%(90:10-PVA:H,;PO )
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Figure 5.5 Electrochemical characterizations of solid-state supercapacitors with different
concentrations of H,PO, PVA electrolytes. (a) CV curves at 10 mV/s ; (b) Calculated

capacitance vs. H3PO4 concentration.
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All CV curves retain nearly rectangular shapes indicating the capacitive behavior
from double layer formation The total capacitance of the supercapacitors was calculated
at 10 mV/s scan rate from the CV curves using the following equation.

1 1 vr
Cr=-x—o—o | IWav 5.2
T= 5w =), @

where Cris the total capacitance (F), f;lf I(v)dV is the area of the CV curve, (V¢-V)) is

the potential voltage window, and v (V/s) is the scan rate.

The highest capacitance of 30.18 mF.cm™ was achieved in the solid-state
supercapacitor with a 90% of H3PO, in solid electrolyte. These values decreased to 1.44
mF.cm™ with 10% of H3POy in solid electrolyte as shown in figure 5.5 (b).

Galvanostatic charge/discharge measurements were also used to characterize the
performance of the solid-state supercapacitors. As shown in Figure 5.6, all the
galvanostatic charge/discharge curves are close to triangular shape at a current density of
0.625 mA.cm™, indicating the typical capacitive behavior and charge balance between the

electrodes.
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Figure 5.6 Overlaid galvanostatic charge/discharge curves at 0.625 mA.cm™.

In addition, the ionic conductivity of the electrolyte is a critical factor in
determining the electrochemical performance of the supercapacitors [126,127]. If the
electrolyte has high ionic conductivity, it supports rapid ion transport between the
electrodes, which results in the high power and energy density. The ionic conductivity (o)
of solid polymer electrolyte can be estimated using impedance spectra and applying the

following equation.

L
g =
R, %A

5.3

where the L (cm) is the distance between the two electrodes, 4 (cm?) is the total contact

area of the electrolyte and electrodes, and R, () is the bulk resistance.
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The thickness of the supercapacitors was measured three times at different parts
of the cell and average thickness was calculated using a digital micrometer. Figure 5.7 (a-
g) shows the Nyquist plot of the supercapacitor cells scanned in the frequency range
between 0.01 Hz and 100 kHz with an A.C. amplitude of 5 mV. The calculated Ry, for all
the seven supercapacitors were determined by extrapolating the curves on the Nyquist
plots to intersect the x-axis.

The highest ionic conductivity was 3.93x10™ S.cm™ for the S7 supercapacitor
which has the highest H3;PO4 concentration of 90 wt. % and while the lowest ionic
conductivity was 3.76x10” S.cm™ for the S1 supercapacitor with 10 wt. % of H;PO,. This
results clearly demonstrates that as the acid concentration increased, the conductivity
increase several orders of magnitude and further supports the enhanced the performance
of the device with 90 wt. % of H3PO,. Details of calculated Ry, and conductivity of the
solid-state electrolytes has been summarized in Table 5.3. This is lower compared to that

obtained 0.1 M KCl solution (at 25°C) NIST data : 1.28 x 102 S.cm™.
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Figure 5.7 Nyquist plots recorded for test cells in the frequency range of 0.01 Hz -100
kHz.
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Table 5.3 Conductivity results for different concentration of solid-state electrolyte.

Electrolyte Percentage Thickness R}, () c (Scm'l)
Solution of H;PO, (mm)
S1 10 0.046 15.26 3.76x10°
S2 20 0.066 10.07 8.19x10”
S3 40 0.110 8.89 1.54x10*
S4 50 0.123 7.65 2.09x10™
S5 70 0.176 6.75 3.26x10™
S6 80 0.256 5.20 6.1x10™
S7 90 0.346 1.1 3.93x107

5.2 Solid-State Supercapacitor Cell Based on CNT/MnO; Electrodes
5.2.1 Fabrication

Solid-state supercapacitors based on vertically aligned CNT arrays and solid-state
electrolytes demonstrated consistent capacitive behavior and a low equivalent series
resistance (ESR) as discussed in the previous section. However, energy storage is only
limited to the double layers formed at electrolyte-electrode interfaces and the maximum
specific capacitance can typically only reach 10-40 F/g or 10-40 uF/cm®. However, in the
work reported in this dissertation, in section 5.1, I have achieved much higher
capacitance values of nearly 30 mF.cm™,

In contrast to the charge storage mechanism of EDLCs, pseudocapacitors store
energy by faradaic reactions involving electron transfer that follow reduction-oxidation
(redox) reactions and intercalation processes [128]. The most commonly used
pseudocapacitive materials are: (i) conducting polymers and (ii) transition-metal oxides.
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Conductive polymer pseudocapacitors have disadvantages over metal oxide based
pseudocapacitors in terms of long-term stability, cost and cycle life, which limits their
commercial potential. Among transition-metal oxides, manganese oxide (MnQO,) has been
regarded as the most appealing electrode materials for the next generation of
electrochemical supercapacitors (ES) because of its outstanding capacitive performance,
abundance, environment-friendliness and low price.

The major motivation of this work is to combine the high pseudocapacitance of
MnO, film with the high electrical conductivity and high surface area-to mass- ratio of
CNT arrays to achieve extraordinary capacitors, and combine these electrodes with
PVA/H3;PO; solid polymer electrolytes for integration into a solid-state supercapacitor
cells, without any additives or binders.

In this work, the graphite foil (127um) substrates were cleaned with acetone and
then dried with compressed air for 15-20 sec. Then, a titanium (Ti ~45nm) buffer layer
was deposited followed by cobalt (Co ~7 nm) as the catalyst, using a Cressington 308R
DC magnetron sputtering system. Vertically aligned CNTs (~5 um - 15um tall) were
grown using hot filament thermal CVD process with methane as the carbon gas source.
The procedure of CNT growth is similar to the one described in previous sections. The
substrates used had an active area of 3.5cm x 2cm and 2cm x 2 cm tabs for electrical
contacts.

Electrochemical deposition of manganese dioxide (MnQO;) on the CNTs was
achieved by direct reduction of 10 mM potassium permanganate (KMnQ,) in de-ionized
water (18MQ-cm) using a CH Instruments CHI660C potentiostat. The deposition was

carried out in a flat cell using cyclic voltammetry in a standard three electrode
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configuration. Platinum (Pt) foil was used as the counter electrode with a Ag/AgCl
reference electrode. The CV parameters used for this step consisted of 30 cycles at 0.1V/s
in a potential window of -1V to +1V and 120s intervals between each cycle.

The highest ionic conductivity solid polymer electrolyte, containing 90 wt. % of
H;PO4, was chosen as the solid-state electrolyte for supercapacitors in this work. The
solid electrolyte was applied to both the electrodes by spin coating at 200rpm for 30 sec
and 500rpm for 30 sec and sandwiched together using hydraulic pressure at 250 psi. The
curing time of the solid polymer electrolyte can be changeable due to environmental
conditions such as relative humidity or addition of other materials.

5.2.2 Electrochemical Characterization — Results and Discussion

The electrochemical characterization of the solid-state supercapacitor, including
cyclic voltammetry (CV), galvanostatic charge-discharge, and electrochemical
impedance spectrometry, were performed after drying for 3, 9, 16, and 21 days at room
temperature and results are summarized in table 5.4. The calculation methods for
capacitance and impedance are similar to the one described in previous sections, based on
equation 5.2. These results clearly demonstrate that 16 days curing time is enough to

solidify the electrolyte.

Table 5.4 Results from characterization test for supercapacitor.

Curing Time > 3 days 9 days 16 days 21 days
Capacitance (mF)

(CV- 100 mV/s) 72.12 82.617 88.14 88.12

Impedance (£2) ) 18 1.7 17

(0.01Hz-100 KHz)
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The efficient coating of MnO; on CNTs is also necessary for the development of
advanced MnO,-CNT supercapacitors. Therefore, in this experiment, the various
electrochemical deposition cycles were used to maximize MnO; coverage on CNTs and
thereby the capacitance. The preparation of the samples and the procedure of CNT
growth are similar to the one described in previous sections. Electrochemical deposition
of manganese dioxide (MnQO;) on the CNTs was achieved by direct reduction of 10 mM
potassium permanganate (KMnQ,) in de-ionized water (18MQ-cm). The CV parameters
used for this step consisted of various cycles at 0.05 V/s in a potential window of -1V to
+1V and 120s interval between each cycle. The mass of MnO, was determined by
weighing the substrate on a microbalance, before and after MnO, deposition. Parameters

for MnO; deposition and the resulting mass have been summarized in table 5.5.

Table 5.5 Parameters for MnO, deposition using 50 mV/s scan rate and resulting MnO,
mass for 12 substrates.

Sample # | CV Cycles Substrate Mass Substrate Mass MnO,
Before MnO, After MnO, Weight (mg)
(mg) (mg)
S1 15 238.3 245.6 7.3
S2 15 231.2 238.0 8.6
S3 30 234.5 243.9 9.4
S4 30 227.9 238.1 10.2
S5 60 2253 233.2 7.9
S6 60 229.2 241.8 12.6
S7 15 240.2 248 7.8
S8 15 244.8 252.6 7.8
S9 30 235.7 247.0 11.3
S10 30 226.5 237.8 11.3
S11 60 231.3 247.9 16.3
S12 60 232.6 249.6 16.3
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Due to some experimental difficulties, the mass loading of MnO; in the electrode
was not consistent for some samples even with the same number of deposition cycles. A
new experimental setup was used to overcome this problem. The substrates were easily
sliding off from the Teflon holder during the deposition steps, so it was replaced with a
glass slide to provide better support for the substrates. The electrodes S7 and S8 (15
cycles), S9 and S10 (30 cycles), and S11 and S12 (60 cycles) were chosen to further
fabricate the three solid-state supercapacitors cells. The electrodes S7 and S8 are labeled
as supercapacitor cell TR1, the electrodes S9 and S10 are labeled as supercapacitor cell
TR2, and the electrodes S11 and S12 are labeled as supercapacitor cell TR3. The solid
polymer electrolyte, containing 90 wt. % of H3PO4, was applied to both the electrodes by
spin coating and sandwiched together using hydraulic pressure before the curing step, as
described previously. After 16 days curing time, electrochemical characterization
including CV, galvanostatic charge-discharge, and electrochemical impedance
spectrometry, were performed for the all solid-state supercapacitors cells at room
temperature. The total capacitance of the supercapacitors was calculated at 10 mV/s scan
rate from the CV curves, based on equation 5.2.

The specific capacitance of the solid-state supercapacitor cell based on total

MnO; mass can be calculated by the following equation.

c (F)—CT 5.4
P g _mT .

where Cy, is the specific capacitance (Fg™), Cr is the total capacitance, and mr is the total

mass of MnQO, on the two electrodes.

109



0.75 4

0.50 -

0.25 -

Current(mAIcmz)

——TR1 (15 cycles- my¢,=15.6 mg)
TR2 (30 cycles- my,¢,=22.6 mg)
—— TR3 ( 60 cycles- my,¢,=32.6 mg)

1.0+

0.5 -

Voltage(v)

T T
0.00 0.25 0.50

Potential (V)

! 0.0

— TR1 (15 cycles- my ., =15.6 mg)
TR2 (30 cycles- my . =22.6 mg)

—TR3 (60 cycles-my;,,=32.6 mg)

(b)

Time(s)

90

Figure 5.8 Electrochemical characterization of solid-state supercapacitor cells. (a) Cyclic
voltammograms recorded at 10 mV/s. (b) Galvanostatic charging/discharging curves for

solid-state supercapacitors at 0.625mA/cm . (c) The Nyquist plot recorded for solid-state
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supercapacitors in the frequency range of 0.001 Hz-100 kHz.

Figure 5.8 (a) CV curves show the ideal pseudocapacitive nature of MnO, and the
fast oxidation-reduction (redox) reaction with PVA/H;PO; solid electrolyte. The highest

specific capacitance of 17.30 F.g"' was achieved at a scan rate of 10 mV/s with

supercapacitor TR2.

Galvanostatic charge/discharge measurements were used to characterize the

performance of the solid-state supercapacitor cells. The capacitance of the solid-state
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supercapacitors was calculated from the slope of the discharge curves and the calculation
method is similar to the one described in previous chapters. The supercapacitor TR2
exhibited the highest capacitance of 190 mF at a constant discharge current of 0.625
mA/cm” and overlaid graphs from all the cells are shown in Figure 5.8 (b).

Figure 5.8 (c) shows the Nyquist plot of the solid-state supercapacitors in the
frequency range of 0.001 Hz-100 kHz. The lowest ESR recorded was for TR2, 1.4 Q,
which is a very low value for the solid-state supercapacitors.

These results suggest that the optimum mass loading of MnO, can be achieved
with 30 cycles at 0.05 V/s in a potential window of -1V to +1V and 120s intervals
between each cycle.

The maximum operating potential window is another important parameter for the
supercapacitors which can yield greater energy and power densities. The supercapacitor
cell TR2 was chosen for the experimental test and the device demonstrates a maximum
working potential window of 1.5V shown in Figure 5.9. This operating potential window
is far wider than previously reported solid-state supercapacitors [129-131] and is
comparable to some of the asymmetric solid-state supercapacitors [132-134].

Figure 5.9 shows the CV curves of the supercapacitor TR2 at the scan rate of 5
mV/s within the potential window of 0-1V and 0-1.5V. The quasi-rectangular shape of
the CVs indicates the capacitive behavior of the solid-state supercapacitor. The maximum

specific capacitance of 21.31 F.g”' was obtained at a scan rate of 5 mV/s within 0-1.5V.
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Figure 5.9 CV curves of supercapacitor TR2 at different operating windows 0 to 1.5V at
scan rate of Smv/s.

The solid-state supercapacitors based on CNT/MnO, electrodes and solid-state
electrolytes were successfully fabricated and characterized using the spin coating method
discussed in the previous section. However, there are some drawbacks including:

1. The CNT height doesn't result in higher specific capacitance due to poor MnO,
coverage in the interior of the CNT network.

2. Excess MnO, might limit specific capacitance due to increased resistance and
hinder cation diffusion.

3. The planar structure limits MnO, dispersion on CNTs and does not allow for
enhanced mobility of the electrolyte to access the interior of the porous

CNT/MnO, macroelectrodes.
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In order to overcome these drawbacks, vertically aligned CNTs were grown shorter
than before and a new 3D nanostructured CNT/MnO, micro electrode array were
fabricated for the supercapacitors.

In the first approach, planar macro electrodes with shorter CNTs were fabricated
and tested in this experiment. Vertically aligned CNTs (~3 um - 6 um tall) were grown
using the hot filament thermal CVD process with CHy4 as the carbon gas source. The
procedure of CNT growth is similar to the one described in previous sections.

Electrochemical deposition of MnO, was achieved using parameters discussed in
table 5.5. In the final step, a solid-state supercapacitor cell was fabricated and the
electrochemical characterization test performed. The electrochemical characterization test
result was compared with the previous results. The highest specific capacitance was 17.1
F.g" at a scan rate of 2 mV/s. This is very similar to the previous supercapacitor cell.
These results suggest that this approach may not improve the specific capacitance of the
solid-state supercapacitors.

In the second approach, the 3D nanostructured CNT/MnO; micro electrodes were
fabricated and tested. The 3D design improves the accessibility of the cations, allowing
greater use of the high surface area, which was not possible with the planar macro
electrodes. In addition to that, the thin film coating of MnO; reduces the solid-state
diffusion length for the cations and also provides for facile electron transfer kinetics
between the MnO, and the CNT current conductors. This 3-D microelectrode array
provides an efficient design for MnO; electrodeposition as represented by the schematic

seen in figure 5.10.
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A perforated brass foil (406pm thick) with opening of 406um diameter and
660um pitch was used as a shadow mask to create array layout on the graphite foil
substrate. Thin layers of titanium (Ti ~45nm) as a buffer layer followed by cobalt (Co
~7nm) as the catalyst were deposited on the graphite foil substrates with the metal
shadow mask on top using a Cressington 308R DC magnetron sputtering system.
Electrochemical deposition of MnO, was used as mentioned in section 5.2.2. More

detailed fabrication will be discussed in the next section.

CNT arrays MnO, deposition

[ 2

Figure 5.10 Left; Schematic 3D view of a CNT electrode; Right-Schematic 3D view of a
CNT/MnO; electrode.

The optimum CV parameters for MnO, deposition were 3 cycles at 0.05 V/s in a
potential window of -1V to +1V and 120s intervals between each cycle. After the
electrochemical deposition of MnQO;, the solid electrolyte was applied to both the
electrodes by spin coating and sandwiched together using hydraulic pressure and then
electrochemical characterization test was performed. The solid-state supercapacitor was

labeled as TR4 for this experiment.
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Figure 5.11 shows the CV curve of the supercapacitor TR4 at a scan rate of 1
mV/s within a potential window of 0-1V. The quasi-rectangular shape of the CV
indicates capacitive behavior of the solid-state supercapacitor. The supercapacitor TR4
has the specific capacitance of 110 F.g"' which is almost 7x times higher than that
observed for the planar structured solid-state supercapacitors. These results highlight the

advantages of using the advanced 3-D nanostructured MnO,/CNT microelectrodes.

0101 ——TR4
NA
§ 0.05
<
E
et
S 0.00
£
=
(&)

-0.05 -

025 05 075 100
Potential (V)

Figure 5.11 CV curve of supercapacitor TR4 at scan rate of 1mv/s at operating voltage
windows 0 to 1V.

Following the above experiments, it was realized that the solid electrolyte, when
in liquid phase, was etching the MnO, and which was responsible for the severely
reduced specific capacitance. More experiments were performed subsequently with an
increased PVA to phosphoric acid ratio, including trials at 90:10, 60:40, 50:50, and
40:60. Since there was still etching of the MnO, in spite of the reduced acid
concentration, the spin coating method was abandoned in favor of a modified solution
casting method.
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5.3 Solid-State Supercapacitor Cell Based on 3D Nanostructured CNT/MnO;

Microelectrodes

5.3.1 Fabrication and Material Characterization

The objective of this section was to fabricate a solid-state supercapacitor cell
using 3D nanostructured CNT/MnO; microelectrode array on highly flexible graphite foil
with polyvinyl alcohol-phosphoric acid (PVA-H3;PO4) gel as the solid electrolyte.
Modified solution casting method was used to first fabricate a free-standing partially
cured electrolyte layer which is then incorporated in between the electrodes using a
hydraulic press.

A perforated brass foil (406um thick) with opening of 406um diameter and
660um pitch was purchased from McMaster-Carr and was used as a shadow mask to
create array layout on the graphite foil substrate. The morphologies and microstructure of
MnO,/CNT electrodes were characterized by Hitachi S4200 and Zeiss Merlin scanning
electron microscopes.

The fabrication process to achieve the solid state supercapacitor cell can be seen
in the schematic flow chart in figure 5.12. First, thin layers of titanium (Ti ~45nm) as a
buffer layer followed by cobalt (Co ~7nm) as the catalyst were deposited on the graphite
foil substrates with the metal shadow mask on top using a Cressington 308R DC
magnetron sputtering system, as seen in figure 5.12(a). The substrates used had an active
area of 3.5cm x 2cm and 2cm x 2 cm tabs for electrical contacts. Prior to the sputtering
step, the substrates were rinsed with methanol and then dried with compressed air for 20-

30 sec.
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Figure 5.12 Schematic of the fabrication process of a solid-state supercapacitor
assembled in sandwich / symmetric configuration.

Gra phite F01

The 3D array of vertically aligned carbon nanotubes, as seen in the figure 5.12(b)
schematic, were grown directly on the graphite foil in a hot filament chemical vapor
deposition (HFCVD) system. The substrate was annealed at 520°C for 7 minutes in
hydrogen and ammonia (100ppm in N;) ambient at 15 torr chamber pressure as part of
the pre-treatment process. Then, the carbon feed gas, CHs; was introduced with the
tungsten filament at 2000°C with the substrate maintained 2.5 cm below the filament; the
CNT growth time was determined by the duration of CH,4 flow for 15 minutes. The gases

ratio used in this recipe was 3:1:3 (H,:CH4:NH3).
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Controlled electrochemical deposition of manganese dioxide (MnO;) on the
CNTs was achieved by direct reduction of 10 mM potassium permanganate (KMnOy)
solution in de-ionized water (18MQ-cm) without any supporting electrolyte. The
deposition was carried out in a beaker using cyclic voltammetry in a standard three
electrode configuration with an Ag/AgCl reference electrode and Platinum (Pt) foil as the
counter electrode. The CV parameters used for this step consisted of 3 cycles at 0.05V/s
in a potential window of -1V to +1V and 120s interval between each cycle. This step
yields a 3D supercapacitor electrode as seen in the perspective view in figure 5.12(c). The
mass of MnO, was calculated by subtracting the electrode mass after the MnO;
deposition from that recorded previous to that step. Two electrodes were fabricated using
this approach with MnO, mass of 0.84 mg and 0.81 mg, respectively. Reaction (1)

corresponding to MnO; deposition can be expressed as follows:

MnOy + 2H,0 + 3¢” > MnO, + 40H (1)

The H3PO4/PVA solid electrolyte works as a separator and allows ionic transport
between the electrodes of the supercapacitor cell [135-139]. An aqueous solution of PVA
was first prepared by dissolving 5 grams of PVA with 50 mL DI water which was heated
at 60 °C with magnetic stirring for four hours to completely dissolve the PVA. This was
followed by mixing 7.5 grams of H3;PO, into the aqueous solution based on specific
gravity of 1.70. This ratio of 3:2 (HsPO4:PVA) was chosen to achieve a balance in terms
of flexibility , ionic conductivity, strength, and curing time. The mixture was heated at 70

°C with magnetic stirring for 12 hours to form a homogeneous solution. The resulting
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Figure 5.13. (a) Top view of SEM image of the array structure consisting of Verti.cally
aligned CNTs on highly flexible graphite substrate. The inset SEM micrograph shows
cross-sectional view of the dense CNT growth (~66um) on the graphite substrate; (b) and
(c) High resolution SEM micrographs showing conformal coating of the CNTs with
MnO; film and porous microstructure of MnOs.

homogeneous solution was allowed to cool down at room temperature. The electrolyte
was cured at room temperature for 15 hours inside a petri dish to avoid contamination. It
was then peeled as a free-standing layer from its petri dish. The dimensions of the
resulting film were larger than the active area of the electrodes. The film was assembled
between the two electrodes and compressed in a hydraulic press at 250 psi. This allowed
the electrolyte to infiltrate the 3D MnO,/CNT network resulting in a solid-state
supercapacitor cell as seen in the schematic diagram in figure 5.12(d).

The CNT array layout can be seen from the top-view SEM micrograph in figure
5.13(a), showing individual microelectrodes with a diameter of 530um and spacing or
pitch of 660um. The diameter is larger than the shadow mask dimensions, probably due
to less than optimum contact with the substrate during the sputtering step of Ti/Co metal
layers. Inset of figure 5.13(a) shows the cross-section of the sample with vertically
aligned CNTs that are ~68um tall. The high resolution SEM micrographs in figure
5.13(b) shows conformal coating of individual CNTs with MnO; film, while the porous

microstructure of MnQO, is distinct from figure 5.13(c), which is beneficial for its

application as a supercapacitor. The 3D MnO,/CNTs nanostructures can maintain their
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mesoporous structure, which enhances the accessibility of electrolyte, resulting in
excellent rate capability and enhanced specific capacitance. Characterization of the MnO,
and CNT were also performed using Raman spectroscopy using a DXR Raman
Instrument, manufactured by Thermo Scientific, which uses a 532-nm green laser for
excitation. The Raman spectra, as seen in figure 3.16, confirms the presence of o-
MnO,.The mass of MnO, was determined by weighing the substrate on a microbalance
(Denver instruments, APX-100), before and after MnO, deposition. Two electrodes
fabricated in this work had MnO; mass of 0.81 and 0.84 mg, respectively. Manganese
dioxide based pseudocapacitors normally have small mass densities (<0.5 mg.cm™) due
to their low electrical conductivity (10'6S.cm'1), low ion diffusion constant (10™"? cm®.s™),
and Mn dissolution into the electrolyte. The unique and highly porous structure of our 3D
CNT array electrode allowed a MnO, mass loading of 0.12 mg.cm™ by the controlled
electrochemical deposition method, but much higher values can be attained with proper
optimization of the structure.
5.3.2 Electrochemical Characterization — Results and Discussion

The electrochemical characterization of the solid-state supercapacitor, including
cyclic voltammetry (CV), galvanostatic charge—discharge, and electrochemical
impedance spectrometry (EIS), were investigated using an electrochemical working
station (CHI660C) at room temperature.

Before assembling the solid-state supercapacitor cell, electrochemical
characterization of the electrodes was performed using cyclic voltammetry (CV)
technique in 0.1M KCI as the supporting electrolyte with platinum foil as the counter

electrode and Ag/AgCl reference electrode. Figure 5.14(a) shows the overlaid CVs
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recorded for the MnO,/CNT array electrode at different scan rates (1 mV.S'l, 2 mV.s‘l, 5
mV.s' and 10 mV.s™") showing nearly rectangular shapes consistent with capacitive
behavior. The capacitance of the MnO,/CNT array electrode was calculated from the CV
curves, based on equation 5.2.

The highest capacitance recorded at ImV.s™ was 721 mF which corresponds to a
specific capacitance value of 858 F.g”', in the potential range of 0-1V. The calculated
specific capacitance of the MnO,/CNT array electrode is higher than previous reported
values such as Au-doped MnO, films (626 F.g-1 at 5 mV.s-1) [140], carbon
nanoparticles/MnO2 nanorods (800 F.g-1 at 5 mV.s-1) [141], Co304/Pt/MnO, (539 F.g-1
at 1 A.g-1) [142], MnO»/s-MWNT (392.1 F.g-1 at 2 mV.s-1) [143], Ag/PANI/ MnO,
(800 F.g-1 at 1 mA.cm-2) [144], and MnO,/SnO, (367.1 F.g-1 at 50 mV.s-1) [145]. The
Nyquist plot from the A.C. impedance spectroscopy scanned between 0.01Hz and 100
kHz and a 5mV amplitude can be seen in figure 5.14(b). The equivalent series resistance
(ESR) is determined by the intersection of the plot with the real axis (x-axis), which in
this case is 6.1Q.

The specific energy and specific power for the single electrode was calculated

according to equations (5.5) and (5.6), respectively:

Wh 1 CpV?

Eqpy(—) == ——— 5.5
Sp(kg) 2 3600 my -5

o WV
Sp(kg)_4RmT

(5.6)
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where Eg, (Wh/kg) is the specific energy, Py, (W/kg) is the specific power, Cr (F) is the
total capacitance, R(Q) is the equivalent series resistance (ESR) from the Nyquist plot or
DC resistance from the charge-discharge curve , mr is the total mass of MnO; in kg, and
V is the potential window. The maximum specific energy of 119.2 Wh.kg" was achieved
at a scan rate of 1 mV.s™ in a potential window of 0-1V while the maximum specific
power was 48.8 kW kg™

Additional characterization of the MnO,/CNT array electrode was performed in
0.1M KCI using galvanostatic charge/discharge measurements using different currents-
5mA (6 A.g”' or 0.7mA.cm™), 10mA (12 A.g” or 1.4 mA.cm™), and 20 mA (24 A.g”" or
2.8 mA.cm™). Figure 5.14(c) show overlaid curves from the charge-discharge
experiments at different currents for the voltage window ranging from 0-1 V. All the
galvanostatic charge/discharge curves are a non-ideal triangular shape at various current
densities, indicating the typical characteristic of pseudocapacitors during the charging

and discharging process.
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Figure 5.14. Electrochemical characterization of the 3D MnO,/CNTs array electrode on
highly flexible graphite; (a) Overlaid cyclic voltammograms recorded at different scan
rates ranging from 1 to 10 mV/s and expressed as Current (mA/cm®) versus potential (V)
vs. Ag/AgCl; (b) Nyquist plot obtained from scanning between 0.01Hz to 100kHz; (c)
Overlaid curves from galvanostatic charge and discharge experiments for MnO,/CNTs
electrode at various current densities.
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The capacitance was calculated from the slope of the discharge curves as seen in
equation (5.7), where Cr (mF) is the total capacitance, I (mA) is the discharge current,
AV (V) is the discharge potential drop and At (s) is the discharge time.

I (mA)

AV (V)
At (s)

Cr(mF) =

(5.7)

The D.C. resistance R () was calculated from the potential drop of the initial
part of the discharge curves as seen in equation (5.8), where, AV (V) is the initial

potential drop in the discharge curve and I (A) is the discharge current:

AV (V)

R(Q) = %)

(5.8)

The highest capacitance obtained was 692mF at SmA current, which corresponds
to specific energy of 114 Wh.kg' and while the highest specific power of 75.1 kW kg™
was obtained at a discharge current of 20 mA in the potential window of 0-1V, which is
higher than a similar system reported previously using carbon based materials/MnO,
[146-149].

This was followed by assembling/fabrication of the flexible solid-state
supercapacitor cell and characterized to determine its electrochemical charge storage
performance, in a symmetric configuration. The cyclic voltammograms (CV) recorded at
different scan rates ranging from 1-10 mV.s" and expressed as current (mA.cm™) versus
potential (V) can be seen in Figure 5.15 (a). As expected, the shape and symmetry of the
CV curves show the ideal pseudocapacitive nature of MnO; and the fast oxidation-
reduction (redox) reaction with PVA/H;PO, solid electrolyte. We however do observe a
set of oxidation (0.65V) and reduction (0.11V) peaks at ImV.s™, which corresponds to
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the anion intercalation <> deintercalation reaction on the surface and the bulk of MnO,
film. These peaks are not seen at higher scan rates due to slower reaction kinetics. A
capacitance of 1369 mF was obtained at ImV.s™ which decreased to 262 mF at 10mV/s™.
The specific capacitance for the supercapacitor cell based on total MnO, mass of 1.65 mg
was nearly 830 F.g"' at the lowest scan rate of ImV.s". These values decreased to 727
mF and 441 F.g"' at 2mV/s, respectively.

A.C. impedance spectroscopy test also was performed to evaluate the
electrochemical behavior of the solid-state supercapacitor cell. Figure 5.15 (b) shows the
Nyquist plot of the solid-state supercapacitor cell scanned between 0.01Hz and 100 kHz.
In this case the equivalent series resistance (ESR) can be determined by the intersection
of the plot with the real axis (x-axis), which is 2.05Q. A low value of ESR in this solid-
state supercapacitor cell can be attributed to the interconnected network of highly
conductive CNTs within the MnO; in combination with a thin layer of the solid state
electrolyte-separator. Summary of the results using the solid-state supercapacitor cell
from the cyclic voltammetry and the AC impedance experiments can be seen in table 5.6.
Table 5.6. Solid-state supercapacitor cell- Summary of results from the cyclic
voltammetry and AC impedance experiments for the cell with active area of 7 cm?®, MnO,

mass of 1.65 mg, potential window of 1 V and an ESR value of 2.05 Q. The specific
power is 73.9 kW kg™

Scan Rate (mV.s') | C(mF) | C(mF.cm?) | E,, (Whkg")

1 1369 195.5 115.2

727 103.8 61.2
5 405 57 34.1
10 262 37.4 221
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Figure 5.15. Electrochemical characterization of the flexible solid-state
supercapacitor cell; (a) Overlaid cyclic voltammograms recorded at different scan
rates ranging from 1 to 10 mV/s. and expressed as current (mA/cm?) versus
potential (V); (b) Nyquist plot recorded for solid-state supercapacitor cell in the
frequency range of 0.001Hz-100KkHz; (c¢) Overlaid galvanostatic
charging/discharging curves for the solid-state supercapacitor cell at different
currents; (d) Cycling stability of supercapacitor device at 20mA over 3000 cycles as
calculated by the % capacitance retention.
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Galvanostatic charge/discharge measurements were also used to characterize the
performance of the solid-state supercapacitor cell. The graph in figure 5.15 (c) shows
results from these experiments at different currents - 1mA (0.14mA.cm™), 2mA (0.28
mA.cm?), and 5 mA (0.7 mA.cm™) for the voltage window of 0-1 V. All charge—
discharge curves are of non-ideal triangular shape, which is a typical characteristic of
pseudocapacitors due to the pseudocapacitive redox process. The discharge capacitances
and the corresponding DC resistance values were calculated using equations 5.9 and 5.10.

The highest capacitance obtained was 520 mF at a constant discharge current of
1mA or 0.14 mA.cm™ which drops to 326mF at 20mA discharge current. The maximum
specific energy of 43.8 Wh.kg"' was obtained at a current of 1 mA in the same potential
window while the highest value of specific power, 38.3 kW.kg"' was obtained at 20mA
discharge current. Results from the galvanostatic charge-discharge experiments,
including at 20mA current, have been summarized in table 5.7.

Table 5.7: Solid-state supercapacitor cell- Summary of results from the galvanostatic

charge discharge experiments for the cell with active area of 7 cm®, MnO, mass of 1.65
mg and potential window of 1 V.

C(mF) | I(mA) | C(mF.cm? | E,(Whkg") | R(Q) | P, (kW.kg")
520 1 74.3 43.8 5.6 27.1
480 2 68.6 40.4 4.8 31.6
410 5 58.6 34.5 4.2 36.1
326 10 46.6 27.4 3.96 38.3

Cycling stability of the supercapacitor cell is a critical factor for practical
applications. This was evaluated by running a constant current charge-discharge test at a
current density of 20 mA or 2.9 mA.cm™. The solid-state supercapacitor maintains 89%

of the initial capacitance after 3000 cycles showing a stable performance, as seen in the
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plot in Figure 5.15 (d). Using a linear data fitting function and extrapolating the
capacitance retention to 80%, we can predict the number of cycles this cell would require,
which is 5760. This number is much higher than conventional lithium batteries and can
be further improved by optimizing the CNT structure, the MnO, deposition and mass
loading and the fabrication process of the solid-state polymer electrolyte/separator
component.

As summary, a solid-state supercapacitor cell consisting of 3D nanostructured
MnO,/CNT array electrodes on highly flexible graphite foil and H;PO4/PVA composite
as a solid-state electrolyte/separator were successfully fabricated and characterized. The
3D MnO,/CNT array electrode structure provides several advantages including
supporting rapid reversible redox kinetics, facile charge transfer, shorter ion diffusion
lengths, absence of additives or binders, high mass loading of MnO, and high specific
surface area resulting from the mesoporous MnO,/CNT network. The H3;PO4PVA
composite solid-state electrolyte supports ionic transport while simultaneously serving as
the separator between the electrodes of the solid-state supercapacitor cell. The
electrochemical characterization results yield a very high capacitance value of 1.4 F at
ImV.s" from the solid-state supercapacitor cell corresponding to a specific energy value
of 115.2 Whkg' and a specific power value of 73.9 W.kg™'. Constant current charge-
discharge experiments yielded 520mF capacitance at ImA current providing specific
energy value of nearly 44 Whkg', while higher specific power of 38 W.kg"' was
obtained at 20mA discharge current. Excellent cycle life was also obtained with more
than 89% capacitance retention after 3000 cycles at 20mA current. This work

demonstrates that feasibility and benefits of 3D nanostructured MnO,/CNT array
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electrodes which can be easily incorporated into solid-state supercapacitors cells. The
technology can be scaled up to fabricate more safety, flexible supercapacitors while
providing high power and energy densities, thus making them promising candidates for
wearable electronics, renewable energy storage technology, and portable electronics such

as roll up displays and photovoltaic cells.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

In this dissertation, the advanced planar macro supercapacitors, 3D micro
supercapacitors, and solid-state supercapacitors have been designed, fabricated, and
characterized. The important findings from the research are summarized in this chapter,
followed by recommendations for future studies on the supercapacitor technology.

6.1 Conclusions

6.1.1 Planar Macro Supercapacitors

e Vertically aligned multi-walled CNTs have been successfully synthesized by hot
filament chemical vapor deposition (HFCVD).

e Ammonia (NHj3) and hydrogen (H,) have been found to be essential to the growth of
CNTs.

e Growing CNT samples with a higher NH3; flow rate provided higher electrode
capacitance compared to those fabricated with lower ammonia rate.

e Multi-walled CNTs can be used as supercapacitors in the form of EDLCs taking
advantage of the very high specific surface area: C= ~10mF/cm”.

e Planar supercapacitor electrodes consisting of MnO,/CNT on silicon substrate were
successfully fabricated by using the electrochemical deposition technique.

¢ In-situ deposition of MnO;, on CNTs can be achieved by using cyclic voltammetry in
a KMnOy solution. Parameters including the potential scan windw, potential scan

rates, potassium permanganate concentration and CNT height were evaluated.

129



Cyclic voltammetry in the negative potential region (OV to -1V) has a much higher
deposition rate than that observed in the positive potential region (0V to +1V).

The deposition rate varies inversely with the scan rate used. Increasing the scan rate
reduces the deposition rate, thus providing better control.

Increasing the potential scan limits at the same scan rate yields a better coverage of
MnO; on the CNTs as inferred from the greater enhancement in the capacitive
currents

Increasing the potential scan limits at the same scan rate yields a better coverage of
MnO; on the CNTs as inferred from the greater enhancement in the capacitive
currents.

Introducing a wait-period (60s) between successive CV scans during the deposition
process may increase the proportion of CNTs covered. The deposition rate however is
less than that with no wait-period.

The deposition rate is directly proportional to the concentration of the KMnO4
solution used. A lower concentration can be used to achieve better control at the same
scan rate.

Taller CNT height does not result in higher supercapacitance due to poor MnO,
coverage in the interior of the CNT network.

Excess MnO; limits the capacitance due to increased resistance and hinders cation
diffusion.

CNT synthesis on flexible graphite foil was achieved using the thermal CVD
technique. MnO, coated CNTs on graphite substrate yield a maximum capacitance

value of 240 mF/cm” and ~12x capacitance improvement over As-synthesized CNTSs.
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Double-sided electrodes were successfully achieved by CNT synthesis on both sides
of the graphite foil substrate in a tube furnace.

A high capacitance of 1.8 F/cm® was achieved from a single double sided
MnO,/CNT/Graphite electrode.

The prototype supercapacitor cell delivers a very high total capacitance of 3.7F. The
highest capacitance and low equivalent series resistance (ESR) value of 0.8 Q yields a
maximum specific power value of 68.5 kW.kg" and a maximum specific energy of

111.6 Wh. kg™ at 2.5V.

6.1.2 3D Micro Patterned Supercapacitor Electrodes

Conventional silicon microfabrication, the CVD technique for CNT synthesis and the
electrochemical technique for MnO, deposition were combined to fabricate a 3D
micropatterned microelectrode array

Optimized combination of the CNT structure and the efficient in-situ electro
deposition of MnO;, can yield a 3-D micropatterned array that can deliver much
higher capacitance values: C= ~1800mF/cm® or 240 F/cm’-> 200x enhancement over

as-synthesized CNTs.

6.1.3 Solid-State Supercapacitors

Solid-state electrolytes (PVA/H3PO4) were successfully fabricated by spin coating
method on the highly flexible graphite substrate.
The effective electrolyte thickness of 10 pm was obtained for the electrodes to

overcome the electrical shorting problem.
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A solid-state supercapacitor cell based on CNT/Graphite electrodes was successfully
fabricated and the highest capacitance of 30.18 mF/cm® was achieved with a 90%
concentration of H;POj, in the solid electrolyte.

As the acid concentration increases, the conductivity of the solid-state electrolyte
increases several orders of magnitude and further confirms the enhanced performance
of the device.

A solid-state supercapacitor cell based on CNT/MnO; electrodes was successfully
fabricated and the highest specific capacitance of 21.31 F.g"' was achieved at scan
rate of 5 mV/s within 0-1.5V.

A solid-state supercapacitor cell based on 3-D nanostructured MnO,/CNT micro
electrode array achieved a specific capacitance of 110 F.g”" which is almost 7x times
higher than that observed for the planar structured solid-state supercapacitors.

The solid-state electrolyte was etching the MnO, during the spin coating and was
therefore responsible for the severely reduced specific capacitance. This result clearly
indicates that the exposure to the electrolyte solution in liquid phase was not useful to
fabricate MnO,/CNT electrodes with solid-state electrolytes.

A solid-state supercapacitor cell consisting of 3-D nanostructured MnO,/CNT
microelectrode array on highly flexible graphite foil and PVA/H3;PO,4 composite as a
solid-state electrolyte/seperator were successfully fabricated and yielded a very high
specific capacitance value of 1.4 F or 839 F.g™' at Imv.s™' scan rate.

A new, efficient, simple, and low-cost process has been developed for the fabrication

of solid-state supercapacitors. The resulted structure demonstrates outstanding
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capacitance behavior with high specific energy and power density and excellent cycle

life.

6.2 Recommendations for future work

This dissertation has introduced several ideas to fabricate planar macro

supercapacitors, 3D micro supercapacitors, and solid-state supercapacitors with improved

electrochemical performance. There are new possibilities for development of

supercapacitors based on the information gathered from this research. Some

recommendations for future work include:

).

(ii).

(iii).

(iv).

(V).

Designing and fabricating a 3D micro-supercapacitor with an inter-digitated
array (IDA) which would provide a pair of co-planar electrodes which
eliminating the need for a separator film and increasing the speed of the
device; by incorporating MnO, on the high specific surface area CNTs, very
high specific energy and power values can be achieved.

Optimize the deployment of solid electrolyte onto the 3D IDA structure which
would promote ease of packaging, without any risk of leakage and would
eliminate the risk posed from flammable electrolytes.

Investigation of novel electrode active materials for higher capacitance
supercapacitors.

Optimize the recipes of solid- state electrolytes for capacitance enhancement
while minimizing their negative impact on the electrodes.

Investigation of different solid-state electrolytes for the solid-state

supercapacitors.
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(vi). A more detailed study could be done of MnO,/CNT electrodes with solid-state
electrolytes to improve the life cycle and the operating voltage window, which
will be beneficial in increasing the energy density and overall performance.

(vii).  Further understand the physical and chemical processes at electrode-electrolyte

interfaces and develop new designs.
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APPENDIX
SUPERCAPACITORS PERFORMANCE EVALUATION

Table A.1 Summary of the Planar Macro Supercapacitors in the literature.

Reference | Electrode active Cell Specific Specific Power
No material capacitance Energy Density

(F or_ Densi_tly (Wh kg_l or W em
mF/cm ) (Whkg or 3)

3
Wh cem )

MnOz/ SiNanowires 27 mF /cm_2 0.17 mWh cm_3 16 mW cm_3
151 RuO,/Si/Au 99 mF/em 12 mWhem 5mWem~
PANI/MnO, 0.48 F 59 Whkg 2.1kWkg
153 Activated 31 mFfem’ 173 Whkg 19 kWkg
Carbon/MnO,

Fe,0,/MnO, 18 mF/em’ 102 Whkg 8.1 kW kg
MnO,/MnO, 25Fcm 3. Whkg 33kWke
AC/MnO, 109 mF/em’ 7 Whkg 10kWkg
CNT/MnO, 225For  2)68Whkg 124kWkg

187.8

- mF/cm2
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Table A.2 Summary of the Micro Supercapacitors in the literature.

Reference Electrode active Cell capacitance Cell capacitance

No material (F/cm2 ) (F/cms)

Activated carbon 80.64
Carbide-drived 0.45 160
Carbon
MnOz/Si 0.67 166
MicroTubes
MnO2/SnO2 0.98 ommn
Ru02/Pt Nanotubes 0.3 196
MnOz/C/Al 1.08 196
nanowall
RuOZ/C/Al nanowall 1.2 212
CNT/MnO2 1.8 240
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Table A.3 Summary of the Solid-State Supercapacitors in the literature.

Reference Electrode active Cell Specific Energy Specific Power
No material capacitance Density Density

-1 -1 -
or (Whkg or | (Whkg orWcm
mF/cm ) Wh cm'3) 3)

Graphene/Carbon 0.84 F 1.64 Whkg 72 kWkg
Cloth
. 2 - -
CNTs/Bacterial 202 mF/em 15.5 Whkg 15 kWkg
nano cellulose
3 -3
Ppy/MnO, 0.48 F 6.16 Wh cm 0.04 W cm
. : _
PANI/CNTs 146 mF/fem 7.1 Whkg 22kWkg'
: _ _
Graphene/SSCs 48 mF/em 136 Whkg 20 kWkg
3 -3 S
MnO,/Carbon 25 Ffem: | 2.22 Whem 04Wem
Core-shell fiber
. _ _
Criita 109 mF/em 71 Whkg 39 kW kg
Nanoparticles
MnO,/SSCs
CNT/MnO, L4For 1152 Whkg  739KkWkg
195.5
2
mF/cm
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