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Abstract

Porous electrode is a key component in electrochemical double layer capacitors (EDLCSs),
also called supercapacitors, which provides effective charge storage sites and ion transport
channels along the electric double-layer interface between a solid electrode surface and liquid
electrolyte. In particular, the micro-structure of an electrode is extremely important to
optimize the ion’s transport channel and subsequently increasing the ion storage capacity on
porous electrodes. This research focuses on three types of porous carbon materials, activated
carbon (AC), graphene and single-walled carbon nanotube (SWCNT), with varying surface
area and internal porosity as electrode materials. Depending on the type of carbon materials,
three different fabrication methods, cast-coating, electrophotretic deposition (EPD) and
vacuum filtration deposition, were developed to exploit the unique properties of electrodes.
Their structural, electrochemical, thermodynamic properties were characterized, and the
temperature/frequency-dependent capacitive and resistive behaviors were correlated to the
microstructures, BET surface area, pore size and pore size distribution (PSD) of the
electrodes. Under various operating temperatures between -30 °C and 60 °C and frequency
operations, these electrochemical parameters were quantified using cyclic voltammetry (CV),
constant current charging/discharging (CCD) measurements and electrochemical impedance
spectroscopy (EIS). The differences in their temperature/frequency-dependent characteristics,
including their current response to high scan rates, capacitance retention, resistance variation,
and degradation of energy and power densities, were addressed by investigating ion kinetics

and transport into the micro-, or meso-pores of the electrodes.



An equivalent circuit model for an EDLC device was proposed through analyzing the EIS
measurements. This model was developed based on the Grahame theory, while the effects of
charge diffusion and the ion adsorption at the double-layer interface and bulk media were
investigated. This circuit model, upon its validation against the EIS data, was successfully
applied to characterize practical EDLC devices. Experimental results were obtained from
different EDLC cells consisting of activated carbon-based electrodes and two distinct
electrolytes, aqueous (H,SO,4) and organic (Et;NBF4/PC). The model predicted the useful
parameters (such as charge transfer, diffusion, adsorption and bulk media impedance) which
help interpret electrochemical processes at the electrode/electrolyte interface. The
quantitative dependence of impedance on the applied electrode potential was analyzed for the
two electrolytes during charging/discharging, and its correlation with the internal resistance
(referred ESR) was derived. Their temperature-dependent electrochemical properties were
also investigated using a specified characterization procedure, and the capacitance, internal
resistance and energy/power densities of the two capacitors were quantified. The temperature
dependency of their impedances was analyzed through simulations of the EIS data by the
proposed equivalent circuit model. The simulated impedances were then utilized to address

the performance discrepancies between the two electrolytes.
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Chapter 1 Introduction

1.1 Energy Storage Systems

Today, electric energy use grows dramatically due to rapidly increasing demand in
emerging economies and in human life. However, the finite amounts of natural resources, the
high cost of fossil fuel and environmental awareness are driving efforts to find alternative
solutions to the world’s energy needs. Eventually, all sustainable energy systems will have to
be based on limited use of fossil fuels and greater use of renewable energy. On the other hand,
the production of electricity is highly centralized, and often occurs a long distance away from
end consumers. This delocalized electricity production and the difficulty of stabilizing the
power network have caused a supply-demand imbalance [1]. Accordingly, it is extremely
important to generate, transmit, convert and store energy in manageable and smart way. For
instance, electrical energy storage (EES) is a systematic approach currently under
development, and it enables electricity to be produced from intermittent energy sources and
be stored for utilization when it is needed. In fact, the storage of electric energy has recently
become a necessity owing to the emergence of applications such as hybrid electric vehicles
and many other types of portable electrical devices. The tremendous growth of electric or
hybrid electric vehicles has also promoted the urgent and increasing demand for advanced
energy storage technologies [2-7]. Therefore, significant advancement in enabling efficient
and sustainable energy use requires an urgent development of storage methods to meet
growing energy demands and to balance supply and consumption while avoiding resource

depletion and long-term damage to the environment.



Large-scale research efforts have been made in various locations around the world to
develop a variety of electrical energy storage devices. As a result, many possible techniques
have been introduced for energy storage systems and devices, such as flywheels[8], fuel cells
[9], batteries [10, 11], electrochemical capacitors and conventional capacitors [12, 13].
Among these devices, batteries, electrochemical capacitors (ECs, called electrochemical
double-layer capacitors, or ultra-capacitors) and conventional capacitors are the three main
electrochemical energy storage technologies thanks to their practical power/energy
capabilities, portability with light weight, high efficiency and low cost. Each however offers
different characteristics and applications with inherent advantages, including in performance,
cost and reliability. To better understand their differences, a Ragone plot can be drawn to
illustrate their respective performances. The Ragone plot is often used to graph a device’s
characteristic power density (W/kg) in relation to its energy density (Wh/kg) as shown in

Figure 1.1. The diagonal lines demonstrate the energy charge/discharge times.
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Figure 1.1 Ragone plot for electrochemical energy storage devices: fuel cells, batteries,
conventional capacitors and electrochemical capacitors [14]
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From a general point of view, batteries, for example, Li-batteries and lead-acid batteries,
can have high energy densities ranging from 10 to 100 Wh/kg, but their power densities are
relatively low, under 0.01 kW/kg. Because of the low power density, batteries are not
suitable for high power demand applications, such as regenerative braking or load leveling
systems. Additionally, most batteries need a long charging time (0.3~3 hrs) and have a
limited lifetime of up to a thousand cycles. On the other hand, ECs can deliver a higher
power density (15 kW/kg) than batteries and possess a larger stored energy than conventional
capacitors. They exhibit fast charging and discharging with extremely high cycle stability
(100,000 cycles). Table 1.1 shows a detailed comparison of the properties and performance
of batteries, conventional capacitors and electrochemical capacitors [15], which confirms that
ECs are particularly suitable for applications where high power is needed for a few seconds.
Otherwise, they can act as a complement to batteries in applications in which high energy
and high power delivery have to be achieved. However, ECs are clearly limited by the energy
density (below 10 Wh/kg), which prevents them from becoming a primary energy source in a

variety of applications.

Table 1.1 Comparison of conventional capacitor, electrochemical capacitor and battery

Factors Batteries Conventional  Electrochemical

Capacitors Capacitors
Specific Power (W/kg) 50 ~ 200 10,000 1000 ~ 2000
Specific Energy (Wh/kg) 20 ~ 100 <0.1 1~10
Charge Time 0.3~3h 10°~10%s 1~30s
Discharge Time 1~5h 10°~10%s 1~30s
Cycle Life (cycle) 500 ~ 2000 > 500,000 > 100,000
Charge/Discharge Efficiency (%) 70 ~85% ~100 % 90 ~95%




To resolve this issue related to EC’s limitations, many researchers have committed to
improving the performance of ECs including increasing energy and power densities. The
advancements made in nano-material research and nano-scaled structures, including carbon-
based materials, nanowires, metal oxides and polymer composites, are utilized to pursue the
device-development trend, leading to improved performances. Nano carbon materials or
nano-structured materials are novel energy materials since their reduced dimensions and the
uniqueness of surface properties are able to provide a high volume fraction of interfaces
which favour increased reaction rates. For those developments, it is necessary to gain better
understanding about nano carbon electrodes/electrolytes interfaces through characterizing all
EC’s component properties and verifying their performance in advanced energy storage
applications. Also of interest is to reduce the manufacturing costs and to develop the
optimized component that will satisfy the full range requirements for various applications. In
this regard, exploring carbon materials to develop novel solutions for advanced ECs is
accompanied by a systematic approach involving fabrication methods, characterization and
reliable evaluation for their performance. Furthermore, it is important to note that the
characteristic power performance and acceptable reliability of existing EC devices should be
preserved to maintain their function, rather than just simply developing alternatives to the

average battery.

1.2 Electrochemical Capacitors (ECs) and their Applications, Challenges
Electrochemical capacitors are energy devices that store and release electric energy

through nanoscopic ion separation at the electrochemical interface between an electrode and



a liquid electrolyte [16, 17]. In recent years, ECs have attracted increasing attention, mainly
due to their high power density, long life-cycle and ability to bridge the power/energy gap
between batteries/fuel cells (which have high energy density) and conventional capacitors
(which have high power density) as described in Figure 1.1. In comparison to fundamental
operating mechanisms, batteries and fuel cells produce their stored energy through chemical
reactions, whereas ECs generate by utilizing electrostatic separation between electrolyte ions
and high-surface area electrodes [17, 18]. Unlike batteries or fuel cells, negligible chemical
charge transfer reactions and phase changes are involved in charging and discharging, so that
the charge-discharge process will not necessarily be limited by chemical kinetics in the
electrode. For that reason, the charging and discharging rates are much faster than the
electrochemical redox reactions inside batteries, eventually leading to higher power density
in ECs. They have been already shown with a nearly unlimited cycle-ability, and with a high
cycle efficiency. Moreover, ECs can not only function effectively at extremely high and low
temperatures (typical operating temperature ranges from -40 to 70 °C), but also contain no
hazardous or toxic materials, and their waste materials are easily disposed of, compared to
batteries.

Thanks to these merits in EC devices, the US Department of Energy (DoE) recognized the
promising aspects of ECs in the early nineties for use in hybrid electric vehicles (HEV), and
recommended the importance of EC research and the development of energy storage devices
in future technologies [19]. It was also suggested that EC can play an important role in
complementing batteries or fuel cells in their energy storage functions, by providing back-up

power supplies and allowing the recovery of brake energy to improve energy efficiency. In



addition, small devices are widely used for power buffer applications or for memory back-up
in toys, cameras, video recorders, mobile phones and so forth [20-22].

However, several major problems have restricted the development of ECs to be the
primary power source in various applications. In particular, their energy density is not high
enough, and more effective design of ECs is required to optimize their structures and
component materials for the improvement of a device’s reliabilities. Moreover, the practical
issues in engineering an EC include manufacturing cost-effective energy storage systems at
large scales.

Three main challenges for developing ECs are summarized as:

e Low energy density
As discussed before, ECs suffer from limited energy density (up to about 5 Wh/kg)
compared to batteries (normally 50 Wh/kg). For instance, commercially available
ECs can provide energy densities of only 3 - 4 Wh/kg, which limits the use of ECs
to a few seconds, typically within the range of 1 - 30 s.

e High self-discharge (Internal resistance)
Another challenge that needs to be met for ECs to fulfill their promise is in
improving their tendency to self-discharge. In practical use of EC devices, there is
a decline in voltage on an open circuit due to an internal resistance. Self-discharge
is intrinsic to all electrochemical energy storage systems, including batteries and
capacitors. However, it occurs at higher rate for ECs because ECs have no
mechanism to thermodynamically and kinetically stabilize voltage unlike batteries.

As a result, the voltage of ECs can be easily disturbed by some depolarizing



process from the internal resistance. This self-discharge characteristic tends to
more detrimental in ECs than batteries, and leads to lower power and energy
density. Therefore, the self-discharge behavior of ECs is an unreliability factor in
energy storage and need to be solved.
e High cost

The costs of raw materials continue to be major challenges for EC
commercialization. The main cost of an EC arises from its electrode materials, and
when EC use organic electrolytes, their cost is far from negligible. Furthermore,
the manufacturing cost is also determined by fabrication methods for real products.
Therefore, the development of manufacturing is required to design not only
optimized EC’s structure but also scalable, cost-effective fabrication methods.

In order to overcome these challenges, one of most common approaches is the
development of new nano-structured carbon materials for EC electrodes. Carbon-based
electrodes, such as activated carbon, carbon nanotube and graphene, are desirable because of
their low cost under scalable mass production, high surface area, good corrosion resistance
and high thermal stability. Currently, the most popular material is activated carbon, which
has high surface area for energy charge storage as well as low cost when used in the
fabrication of ECs. However, in spite of their large specific surface areas, the charges
physically stored on the carbon particles in porous electrode layers are limited by their poor
wettability to electrolytic ions (i.e. electrolytic ion’s accessibility). The study described in the
literature [23] suggests the importance of the relationship between electrolytic ion’s size and

the pore size of carbon materials. Higher performance of nano-structured electrodes may be



obtainable if carbon electrodes can be assembled in a manner that enables optimization of
their surface area so that it is properly accessible to the electrolytic ions. The first progress in
this area was to formulate porous carbon electrodes with an optimal pore structure through
various carbon manipulations [24-28]. Alternatively, the fabrication method of electrodes
may also affect their porosity, which influences how easily the electrolyte ions can move into
and out of the electrode during the charge/discharge process [29, 30]. More research is still
needed to develop optimized electrode architectures, in order to facilitate ECs as a desirable
energy storage technology for many applications. Meanwhile, the selection of appropriate
electrolytes is fundamentally important in achieving the desired power/energy densities
because these are strongly relevant to a cell’s operating voltage, its internal resistance and
thermal reliabilities. These properties principally depend on an electrolyte’s properties, such
as its breakdown voltage and conductivity. Therefore, it is essential to find strategies for
selecting ideal electrolytes with respect to their stability in operation voltages, temperatures

and electrical conductivity.

1.3 Research Objectives

The research goals are to establish qualitative understanding of charge mechanisms in
nano-structured ECs by characterizing each component’s electrochemical and thermal
behavior, and to develop a technique for fabricating advanced EC devices with the desirable
performance in a variety of applications. This work has been designed to analyze both
carbon-based electrodes and electrolytes’ properties. Both can be engineered to realize the

optimized EC structures for reliable and cost-effective energy storage systems, which require



an optimized combination by taking full advantage of each component’s characteristics.
Furthermore, electric-circuit modeling of carbon-based EC devices should be developed and
simulated with experimental impedance data. This empirical modeling is useful in providing
sufficient information on physical processes at nano-structured -electrode/electrolyte
interfaces. Eventually, this modeling will be useful for the optimum utilization of a nano-
structured carbon electrode with different electrolytes, and help in the simulation of
fabricated devices without experimental data for the design stage.

This research is a part of a joint project with General Motors Co., investigating
fundamental properties of ECs and their component optimization for high-energy density
applications in hybrid electric vehicles (HEVS) or electric vehicles (EVs), and characterizing
the existing EC devices for cost-effective hybrid energy storage system (HESS).

The first objective of this research is to identify critical properties of nano-structured
electrodes and characterize their performance. More specifically, this approach is focused on
characterizing fundamental properties of three representative carbon-based electrodes,
activated carbon, carbon nanotubes and graphene, with simultaneous tailored parameters of
their pore structure and specific surface area. This work provides not only fundamental
characteristics of nano-structured carbon electrodes but also the crucial parameters to design
the suitable electrode’s structures for enhanced electrochemical/thermal behavior in practical
EC’s applications. In particular, this research is intended to evaluate each element’s
performances over a range of practical parameters for the usage of EC devices. The
quantitative difference in a cell’s performance, such as its capacitance retention, the

degradation of energy/power densities, the variation of internal resistance (or self-discharge)



and the temperature dependency, are taken into account for practical use in EC devices. At
the same time, it is expected to fabricate advanced nano-structured electrodes, and
eventually, to lead to the development of new fabrication techniques with cost-efficient
production.

As the second objective, different electrolytes, such as aqueous and organic ones, are to be
characterized to investigate the effect of their electrochemical and thermal properties on an
EC device’s performances. The potential window of electrolytes, their conductivity, ion size,
thermal reliability and potential dependency are considered as critical characteristic
parameters and compared.

The third objective is to develop an equivalent electrical circuit model based on the
theoretical description of double-layer interfaces, which can be valuable in determining the
critical electrochemical reactions at the interface between electrodes and electrolytes. The
effect of each engineered component, including electrodes and electrolytes, on EC’s
performance can be simulated from equivalent circuit models by means of electrochemical
impedance spectroscopy (EIS) analysis. This simulation with the proposed circuit model is
particularly aimed to provide meaningful information for the electrode’s kinetics (ion
adsorption, charge transfer) and electrolytic ion’s transportation (diffusion) under a variety of

real operating conditions.
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Chapter 2 Background and Literature Review

2.1 Principles of Electrochemical Capacitors

A wide variety of capacitors types are currently available, which can be classified
according to their usage of specific dielectric materials constituents or according to their
physical state, as shown in Figure 2.1. Each type has specific characteristics and applications,
ranging from small-sized capacitors for electronics, to large-powered capacitors for high-
voltage systems, to high-energy electrochemical capacitors (ECs). ECs are a special kind of
capacitor that can store and release electrical energy based on the electrostatic interactions
between the ions in the electrolyte and the high-surface area electrodes. This interaction
occurs near the surfaces of the electrodes in what are called electrochemical double-layer
capacitors (EDLCs), or supercapacitors. Although these capacitors are governed by the same
basic principles as the conventional capacitors, they incorporate electrodes that have a greater
effective surface area along with the microscopic properties of dielectrics at the molecular
level (thinner thickness of the layers at the nano-scale), leading to a significant increase in
capacitance. However, for many applications, EC capacitances are still not large enough to
operate as independent energy storage devices, resulting in a low energy density. To resolve
this issue of insufficient capacitance, another class of capacitors, called pseudo-capacitors,
has been developed. The principles governing electrochemical capacitors are based primarily
on two types of capacitive behavior: (1) one associated with EDLCs and (2) another

associated with pseudo-capacitance.
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Figure 2.1 Classification of common types of capacitors

2.1.1 Electrochemical Double-Layer Capacitor (EDLC)

The concept of the EDLC was first described and modeled by von Helmholtz in the 19th
century. He stated that two layers of opposite charges form at the electrode/electrolyte
interface and are separated by an atomic distance [31]. In principle, the positively or
negatively charged surface is balanced by an accumulation of counter-ions from the solution,
which form a double-layer of positive-negative charges that ideally remains electrostatic,
with no electron transfer between the layers throughout the process. As illustrated in Figure
2.2, according to his model, the capacitance is dependent on the specific surface area (SSA)
of the electrodes, the type of electrolyte (dielectric constants), and the effective thickness of
the double layer, which is referred to as the Helmholtz layer. The estimated capacitance of an
EDLC, or Helmholtz layer capacitance, is determined according to the following:

_ €r€pA
7 d

(1)
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where C is the capacitance of the EDLC in the Helmholtz model, €, is the relative dielectric
constant of the electrolyte, g, is the dielectric constant of the vacuum, d is the effective

thickness of the double layer, and A is the SSA of the electrode.
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Figure 2.2 Schematic diagram of a charged EDLC

At the same time, the accumulation of the electrolyte ions also forms a diffusion layer in
which the ions (anions or cations) are distributed according to the interfacial potential on the
electrolyte side, and tend to diffuse into the liquid phase until the counter potential set up by
their departure restricts this tendency. The Helmholtz model fails to provide an adequate
explanation of this feature of the diffuse layer, and this concept was expanded upon by Gouy
and Chapman[32], Stern [33] then combined it with the Helmholtz model. According to this
theory, the ions on the solution side of the EDLC are subjected to the effects of thermal
fluctuation [34] rather than remaining static in a compact layer, as in the Helmholtz model.

The capacitance contribution from the net charges in the diffusion layer can be considered an
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additional capacitor in series and that is governed by the combined application of
Boltzmann’s energy distribution equation [35] and Poisson’s equation [36]. The capacitance
of the diffuse layer can therefore be defined as
1
Caifr = (@)2 COShM (2)
2mRT 2RT

where Cyifs is the capacitance of the diffusion layer, z is the charge of the electrolyte ion, F is
the Faraday constant, c is the concentration of the electrolyte, E is the potential, E° is the
electrode potential at a zero charge, R is the molar gas constant, and T is the temperature.
After Gouy and Chapman proposed their theory, Stern combined the Helmholtz model with
the refined Gouy-Chapman model and recognized that two regions of ion distribution exist at
the electrode/electrolyte interface: the inner region called the compact, or Helmholtz layer,
which is related to an adsorption process, and the region beyond this inner layer, which is
related to a diffusion process. Therefore, the overall EDLC capacitance, Cq is actually a
series of two capacitances: Cy, the Helmholtz layer capacitance, and Cgifr, the diffusion layer

capacitance. The total capacitance can be expressed as follows:

1 _ 1 4 1 3)
Ca Cy  Caifr

As can be seen from Eq. (1) to (3), the Cgy is determined mainly based on the two
components, the electrode and the electrolyte, whose properties are important for
determining the electrochemical behavior of an EDLC and its capacitance. To achieve a large
capacitance, EDLCs have been developed based on the adaptation of high SSA carbon
powder or porous carbon materials according to Eqg. (1). However, when porous carbon

electrodes are employed, EDLC behavior can become more complex because ion
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transportation can be drastically affected by a number of parameters; the mass transfer path
onto an electrode, the space constraint inside the pore, the electric field across the electrode,
the nature of the electrolyte ions, the ohmic resistance of the electrolyte, and the wetting
behavior of the electrolyte with respect to pore surface. The utilization of suitable electrode
materials adapted for an appropriate type of electrolyte solution is therefore considered to be
a critical factor governing the direction of EDLC technological development. [17]. Effective
control of pore structure (i.e., ion accessibility) corresponds directly to good EDLC
performance in terms of both the rate of power delivery and energy storage capacity. At the
same time, EDLC development can also be achieved through an enhanced understanding of
the electrochemical behavior at the interface between the porous surface of the electrode and

the electrolytic ions.

2.1.2 Pseudo-Capacitors

The energy storage system of a pseudo-capacitor is much more complex than that of an
EDLC. The distinction begins at the electrode surface, where a completely different charge-
storage mechanism applies, a simple illustration of which is provided in Figure 2.3.

The primary difference between an EDLC and a pseudo-capacitor is that the EDLC
utilizes a non-Faradaic process (electrostatically) to store energy, while the pseudo-capacitor
adheres to the conventional Faradaic process that involves fast and reversible redox reactions
between the electrolyte and electro-active species such as conducting polymers (e.g.
polypyrrole, polyailine) [37, 38] and metal oxides (e.g. MnO,, RuO;) [39, 40]. The redox

reactions correspond in a formal general way to an electron transfer process between an
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oxidized species, Ox (e.g. H+, Li+ or metal ion redox regent) and a reduced species, Red (e.g.
adsorbed H, a metal ion in a reduced state):

Ox +ne © Red (4)
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Figure 2.3 Schematic of different types of capacitive charge storage mechanisms

In principle, pseudo-capacitance is governed by thermodynamics according to which the
extent of a reaction (q) that stems from Faradaic charge-transfer processes is a continuous
function of the applied potential (V), so that a derivative, dg/dV, arises, which is equivalent

to a capacitance. The capacitance can thus be described as follows:

_9(4Aq)

€= a(AV)

(5)

Pseudo-capacitance is similar to an EDLC process, in that the stored charge is proportional to

the applied potential. However, it should be noted that such a process is a Faradaic reaction
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involving chemical changes of the state of the reactant species that results from the electron
transfer between Ox and Red. These Faradaic processes can produce a remarkable
enhancement of the capacitance values and energy density. However, pseudo-capacitors
exhibit somewhat lower power density than EDCLs because Faradaic processes are normally
slower than non-Faradaic ones. It has also been observed that, like batteries, capacitors often

lack stability during cycling [41].

2.1.3 Electrochemistry in ECs

This section explains from a thermodynamic perspective and kinetic treatment in the
double-layer interface, which enables a detailed illustration of the structure of the double
layer along with their related implications for electrode kinetics. This background is
important for interpreting the thermal behavior of ECs as well as the interfacial processes

(e.g., charge transfer, adsorption, and diffusion reactions) across the double-layer.

2.1.3.1 Thermodynamic Considerations

Double-layer charging is an interfacial phenomenon, and information about double-layer
structure can be obtained by following the approach employed by Gibbs. The change in free
energy in a region between a pure electrode and a pure electrolyte phase can be usefully
represented by Gibbs free energy, G, and a reference system (indicated with a superscript R)
where the free energy is dependent on the usual values: temperature, pressure and the molar
quantities of all the components, as follows:

GR = G(T,P,1y) (6)
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However, an actual double-layer system (defined with a superscript, S) has a tendency to
maximize the interfacial area so that the real system depends on the interfacial area A. The
free energy is thus defined as the electrode, electrolyte and the interfacial region in which

GS = G(T,P,A 1)) (7
With consideration of their derivatives, and only experiments performed at a constant
temperature and pressure, the overall change in energy can be expressed in the following

form:

dG = dGS — dGR = (%) da+ 3 (‘;—;f) dnd — ¥ (Znii) dnR ®)
Here, dGS/ A is the surface tension, y, and the partial derivatives dGR/ dnR are the
electrochemical potentials, p; of various species, i. When equilibrium applies, the
electrochemical potential is constant throughout the system for any given species. The
equation can then be re-expressed as

dG = ydA + ¥ pdnsurface excess )
After Euler’s theorem and the Gibbs-Duhem equation are applied, the equation can be stated
as what is called the electrocapillary equation [42]:

—dy = oMdE + Y I;dy; (10)

This equation expresses a relation that involves several measureable properties, such as the
surface charge density, o™ and the excess surface concentrations, I} = nfurfaceexcess /o
which account for the accumulation of ions at the double-layer interface.

Here, when Eq. 10 is differentiated at a constant electrochemical potential, the differential

capacitance is defined as the following:
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Cq=2= (11)

dcM (azy
OE

From this equation, it is realized that the differential capacitance can be obtained from the
electrocapillary curves (surface tension plotted versus potential), which are measurable
quantities. The measurement of surface tension is generally carried out based on estimations
the surface tension of mercury-electrolyte interfaces. However, because of the difficulty of
measuring the surface tension of a solid electrode, the differential capacitance is
characterized by other techniques such as electrochemical impedance spectroscopy (EIS)

measurements.

2.1.3.2 Kinetic Considerations

Kinetic theory describes the evolution of mass flow throughout a system, including both
the equilibrium state and the dynamic state, whereas thermodynamics addresses only
equilibrium. A Kinetic picture of a system can therefore provide an accurate description of
the interfacial reactions in the double-layer region. In this section, the mechanisms of
electrode reactions are explained with respect to the simplest case of an electron transfer
without chemical transformation. In the general case, an electrode reaction can be described

as similar to that provided in Eq. (4):

kf

Ox + ne 1(:_1; Red (12)

This mechanism is usually composed of the charge transfer, adsorption/desorption, and

mass transport parts shown in Figure 2.4.
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Figure 2.4 Schematic of electrode reactions

A polarized electrode can cause a current to flow via electrochemical reactions that occur
at the surface of electrode, or it can change the interface status through kinetic restrictions
such as adsorption or diffusion of the species to the surface of the electrode. These effects
are explained below.

e Rate of electrode reactions and current flow

For any type of electrode reaction, the Arrhenius equation relates the activation energy to
a rate constant, k:

k = A e7AG/RT (13)
where G is Gibbs free energy of activation (known as the activation energy), R = 8.314
J/mol/K (gas constant), T is the absolute temperature in Kelvins, and A is the coefficient of

reactions or frequency factor when the interpretation of G is based on the energy barrier. In a
20



fashion similar the way the kinetics of electrode reactions are described, the free energy can
be related to the electrode potential. A typical free energy profile along a reaction coordinate
has been shown in Figure 2.5. The heavier dashed line in the figure indicates the effect of a
positive potential, E = V. A shift in the potential to value E changes the relative energy of the
electron on the electrode by —nFV, where n is the number of electrons exchanged, and F is
the Faradic constant (equal to 96,500 C), which enables the anodic (Ox) and cathodic (Red)
activation energies to be expressed as follows:

AG. = AGo + anFV (14)

AG, = AGy, — (1 — a)nFV (15)

a is called the transfer coefficient and ranges from zero to unity.

(1-0)nFE

Free Energy

Reaction coordinate

Figure 2.5 The effects of a potential change on the free energies of activation for electrode
reactions

Based on the Arrhenius form, the rate constants, ks and k, can also be defined:

kf = Af e_AGC/RT (16)
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kp = Ay, e"4Ga/RT (17)
Inserting the activation energies (14) and (15) gives

ke = Af e~AGoc/RT g—anFV/RT (18)

kp = Ay, e~AGoa/RT g (1—c)nFV/RT (19)
The equilibrium condition at the interface can then be considered, where the first two factors
are designated by k¢ , kP and are equal to the rate constant, at E=Vgq:

ke = kO~ nF(V=VEQ)/RT (20)

kb — kOe(l—(x)nF(V—VEQ)/RT (21)
Insertion of these relations into the net current yields the complete current-potential
characteristic, which is called the Bulter-Volmer equation [41]:

i = if— i, = nFAK® [Coxe—(an(V—VEQ)/RT _ CRede(l—a)nF(V—VEQ)/RT] (22)
For a particular case, Cox = Creq = C, S0 that

i = io[e—anF(V—VEQ)/RT _ e(l—a)nF(V—VEQ)/RT] (23)

where i, = nFAK®C, which is defined as the exchange current. This equation can be used for
consideration of electrode reactions that require description of the charge transfer, and

adsorption processes but involve no mass transport effects.

e Charge-transfer and adsorption impedance
The charge transfer process involves tunneling over the double-layer region that separates
the electroactive species from the interface (Figure 2.4), and is controlled by the Faradaic

current, which refers to the rate of electron transfer near the surface of electrode in the double
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layer. This charge transfer behavior is thus reflected by the relation between the potential and
the current, as defined in Eq. (23).
When the overpotential, V — Vgq, is very small and the electrochemical system is at

equilibrium, the net current can be written as

. . [-nF(V-V
i=1ip [—(RT EQ)] (24)
This expression establishes that the net current is linearly related to the overpotential.
Consequently, the ratio —(V — Vgq)/i has dimensions of resistance and is often called the

charge transfer resistance:

RT
nFio

Ree = (25)

This parameter can be evaluated directly in some way, and it serves as a convenient index of
the kinetics on the surface of electrode. For example, if no electron transfer exists, the charge
transfer resistance becomes very large, and the electrode is polarizable, with poorly defined
potential.

The adsorption process usually originates from the kinetics of specifically adsorbed or
desorbed species in the double layer. The adsorbed species typically do not exchange
electrons directly with the electrode and do not produce a Faradaic current, but they change
the density and capacity of the surface charge, creating a purely AC current path and
resulting in adsorption impedance. This process is also generated from the formation of a
charge associated with the specific adsorption or desorption of charged species so that the

adsorption process causes an additional pseudocapacitive effect.
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A derivative of adsorption impedance is connected with the amount of adsorbed species I
(in units of mol/cm?), and the adsorption capacitance (Cags) and adsorption resistance (Rags)

are then expressed [43] as follows:

FZAT

Cads = E (26)
2RT

Rads = F2ATK; (27)

where A is the surface area of the electrode, and k¢ is the rate constant for the adsorption-
driven kinetics. With respect to their relationship, it is recognized that the adsorption
capacitance often increases and the resistance decreases due to the acceleration of the
adsorption Kkinetics rate constant and the associated increase in the amount of the adsorbed
species with elevated temperatures. However, it is known that these effects exceed the direct
decrease in C,gs and the increase in Rqgs With the temperatures indicated in Eq. (26) and Eqg.

Q7).

2.1.4 Critical Parameters in EC Design and Performance

With the goal of designing an EC for a specific application that requires a high level of
energy density or high power density or both, many researchers have made significant
progress with respect to both the theoretical and practical development of ECs and have
published a large number of research articles and technical reports. The reported results
reveal that EC performance is predominantly characterized by the following factors:

e Specific capacitance and equivalent series resistance
As discussed in the previous section, the capacitance (C) is dependent on the mechanism

through which electrochemical capacitors store energy. For a typical parallel plate capacitor,
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the capacitance, which is measured in farads (F), is directly proportional to the SSA of the
electrode and the relative permittivity of the electrolyte, and inversely proportional to the
effective thickness of the double layer as indentified in Eqg. (1). The density of the electrode
material will also significantly affect capacitor performance; such parameters are usually
expressed as gravimetric energy (Wh/kg) and power (W/kg) densities. The most important
metric of an electrode material is therefore its specific capacitance parameter, such as the
gravimetric (F/g) or volumetric capacitance (F/cc) of the device.

The main indicator of EC power capability is based on the direct current resistance or
equivalent series resistance (ESR). A lower ESR can obviously supply peak powers more
efficiently, leading to increased overall system efficiency and cycle stability. In practical EC
devices, a number of factors contribute to resistance: the electronic resistance of the electrode
material, the interfacial resistance between the electrode and the current-collector, the
resistance of the ions moving through the separator, and the intrinsic resistance of the
electrolyte.

e Energy and power density

Two primary attributes of an EC are its energy and power density. The electrical energy

stored in a charged capacitor is established between the plates that accommodate charges +Q

and —Q at a voltage difference, V; the stored energy (E) is therefore calculated from
E=2QXV (orAV) = CV? (28)
Maximum energy density is achieved when V and C are at maximum levels, but this value is

applicable only in the case of ideal EDLCs that have no equivalent series resistance or

parallel leakage resistance. This value thus reflects the theoretical maximum energy density
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[17]. In practice, the cell voltage usually falls appreciably with the extent of the charge
consumed, and an integral Q-dV is required because V drops during the discharge.

Power (P) generally refers to the rate of energy delivery per unit of time, or it can
correspond to a specific rate of discharge into a given load resistance at a particular current.
Power density can be defined as the current (I) multiplied by the differential potential (V),
but the internal resistance of a capacitor limits its maximum power. The potential normally
decreases with increasing | owing to an ohmic IR drop caused by the internal series
resistance of the cell (Rs) or by the effects of kinetic polarization. However, Miller has
shown how maximum power delivery can be calculated with use of a simple series RC
circuit [44]. When maximum power delivery as described in Eqg. (29) is considered, the
maximum discharging current Iy is V; (initial potential)/2Rs so that the maximum potential

can then be defined as Vi/2. The maximum power densities can therefore be expressed as

1 2 Energy E
=] X . — = X = — _— = -
Pmax I (Vl IRS) Imax Vmax 4R V< or Discharging time t (29)

From these equations, it can be seen that V, C and Rs are three important variables that
determine EC energy and power densities. Maximum energy density is proportional to its
capacitance and operating voltage window, meaning that increasing the capacitance and the
EC voltage within the stability of the electrolyte is an effective method of improving energy
density. Such an enhancement can be achieved by increasing the specific capacitance of the
electrode materials as well as by selecting appropriate electrolytes. Eq. (29) also indicates
that the larger the ESR, the lower power density will be. If the goal is to improve EC
performance by increasing the power density, the major focus should be reducing the ESR.

e Self-discharge
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In contrast to their discharged state, charged batteries are in a state characterized by a high
level of free energy, which means that a specific thermodynamic force provides a stable
voltage in a charged state. Unlike batteries, electrostatically charged ECs have no mechanism
that thermodynamically or kinetically stabilize their voltages. As a result, the charge status
can be easily disturbed, causing to their self-discharge. To date, very little work has been
conducted with the objective of uncovering the self-discharge mechanism in ECs, but it is
known that an electrostatically determined potential difference can be easily disturbed by a
depolarizing process set up, e.g., from an impurity or from internal redox reactions [45-48].
The self-discharge creates a decline in voltage so that the charge is lost, causing the capacitor
to approach malfunctioning condition. EC self-discharge behavior therefore constitutes an
unreliability factor in energy storage and makes the self-discharge characteristics of an EC
important in evaluating its performance. A study revealed that ECs are characterized by a
low duration and by a high self-discharging rate of 10 to 40% per day [49].

e Temperature dependence

The dependence of EC performance on temperature can be of practical significance in the
operation of a variety of applications. For example, if their cycle life performance for a wide
range of temperature is considered, ECs could function effectively in specific environments
such as in vehicles or for cold-starting in northern climates. Typical operating temperatures
range from -40 °C to 70 °C. However, under high power operating conditions, internal heat
generation raises the temperature of the device, which strongly influences cycle life
performance. Capacitance degradations are also influenced by temperature. A practical

evaluation of the effects of temperature on power availability, capacitance and degradation of
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materials with respect to cycle life is therefore necessary. These factors will play an
important role in technology development and device testing for a variety of applications, in
which reliable energy storage is required for the operation of proprietary electronic devices

under all temperature conditions.

2.2 Materials and Components of ECs

As discussed previously, a key challenge with respect to ECs is their limited energy
density, which has hindered their wider application in the field of energy storage. To
overcome this challenge, a major focus of EC research and development should be to
discover new electrode materials whose properties offer high capacitance and reliability. For
the design of EC electrode materials, preferred material properties include: (1) a larger SSA,
which translates into a greater number of active sites; (2) suitable pore-size distribution, an
appropriate pore network, and an effective pore length for facilitating a high rate of ion
diffusion of ions at a high rate; (3) a low internal electrical resistance for efficient charge
transport in electrodes, and (4) better electrochemical and mechanical stability for good
cycling performance. EC electrode materials can be categorized into four general types: (1)
carbon-based materials; (2) conducting polymers; (3) metal oxides, such as RuO2, MnQO2;
and (4) composite materials. A second key component is related to the properties of the
electrolytes which determine the performance of EC devices in three ways: (1) the
conductance of the electrolytes is responsible for the ESR of the device; (2) the effective ioin
size determines the accessibility of the electrolyte on the surface of the electrodes, which

influences specific capacitance; (3) the limitation of operating voltage due to their
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decomposition, which results in reduced energy and power density. The reminder of this
section discusses the types of carbon materials used in EC electrodes, especially in EDCLs,

the fabrication method of electrodes, and the kinds of electrolytes.

2.2.1 Carbon Materials as Electrodes in EDLCs

A number of forms of carbon materials have recently been used for storing the charge in
EDLC electrodes: activated carbon, carbon nanotubes and graphene. The advantages of these
carbon materials include low cost, ease of processing, large surface area, good electronic
conductivity, strong chemical stability, and a wide range of operating temperatures. Carbon
materials normally store charges primarily in an electrochemical double-layer formed at the
interface between the surface of the electrode and the electrolyte, rather than in the bulk of
the material as with conducting polymers or metal oxides. According to Eq. (1), the
capacitance of an EC is observably dependent on the SSA of the electrode materials.
However, the experimentally measured capacitance of a variety of materials fails to increase
linearly with an increasing SSA because not all of the surface area is electrochemically
accessible to the electrolytic ions [26, 50]. In other words, specific capacitance is sometimes
not directly proportional to the SSA because electrode pores that are too small (usually
micro-pores under 2nm) offer poorly accessible porosity for the electrolytic ions, resulting in
lower capacitance. One researcher [51] has suggested an empirical relationship between the
distribution of pore size, the energy density, and the power density of a device. A larger pore
size correlates with higher power densities, and a smaller pore size correlates with higher

energy densities. Important factors in EC performance include therefore the SSA, pore-size
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distribution, pore shape and structure, electrical conductivity, and surface functionality at the

interface between the electrodes and the electrolytes [24, 52-56].

2.2.1.1 Activated Carbon

The term activated carbon (AC), also referred to as engineered carbon, encompasses a
variety of materials, from amorphous carbon to ordered graphite. The properties of these
materials are determined based on their processing through high temperature carbonization in
an inert gas (generally, N, or Ar) in conjunction with the choice of precursor material [57,
58]. Following the carbonization of the precursor materials, further enhancement by way of
activation may be required in order to open existing pores blocked by residual amorphous
carbons and in the process, to create new ones, thus increasing the overall porosity.
Commercially available ACs generally have a large surface area resulting from the activation
process, and are commonly used in existing EC products. The re-activation of commercial
ACs has also been carried out as a means of improving EDLC performance, and has been
reported to have a beneficial effect [59]. Another method is based on wettability as a factor
for increasing the accessible surface of ACs, which can be improved through surface
functionalization, thus enhancing the affinity between the electrolyte and the carbon surface
[60]. These functionalization processes can also provide a means of incorporating pseudo-
capacitive mechanisms during cycling; however their concentration must be optimized in
order to avoid degradation of mechanical stability (aging) and loss of intrinsic conductivity in

the electrode [61, 62]
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On the other hand, research [26] has revealed that available AC materials have a large
SSA (1100 m?/g to 2570 m?/g) but unfortunately also exhibit poorly accessible porosity for
electrolyte ions, resulting in limited capacitance: around 100 F/g for AC with 2130 m%/g but
only 63 F/g for AC with 2570 m?/g. Another study [27] has reported capacitance values of
150 F/g and 300 F/g with the use of aqueous and organic electrolytes, respectively. The
difference in capacitance observed through the use of varied electrolytes is due to the
relationship between pore and ion size: organic electrolytes are larger than their aqueous
counterparts and thus cannot penetrate the pore volume to an equivalent extent (in the range
of micro-pores). These research results lead to the conclusion that an empirical relationship
exists between the distribution of pore size and performances, and suggest that the control of
pore size is critical for optimizing ion transport channels and for increasing the charge stored

on electrodes [63, 64].

2.2.1.2 Carbon Nanotube

Carbon nanotubes (CNTSs) possess unique properties that promote their use as an EDLC
electrode material. Their high degree of electrical conductivity, effective mechanical and
thermal stability, and highly accessible network of pores have motivated considerable
research with respect to the development of high-power ECs [54]. As shown in Figure 2.6 (a),
based on differences in geometric structure and in electrical and mechanical properties,
CNTs can be classified into two types, single-walled nanotubes (SWCNTSs) and multi-walled
nanotubes (MWCNTS) [65, 66]. CNTs ideally provide 4 types of spaces that are accessible to

electrolyte ions, as shown in Figure 2.6 (b).
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1:Outside surface
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Figure 2.6 Illustration of CNTSs: (a) representation of a SWCNT (left) and a MWCNT (right)
[65]; and (b) schematic diagram of CNT spaces available for electrolyte ions storage [66]

However, most CNTs are known to be bundled together due to the van Waals force and
the so-called bundle spaces among the tubes (indicated by #3 in Figure 2.6 (b)) are really the
only exposure to the electrolyte, which hinders the formation of the EDLC. De-bundling of
the CNTs is therefore required so that all of the tube surfaces are available for electrolyte
ions. In one study [67], the SSA of individual carbon nanotubes and bundles of carbon
nanotubes were calculated as a function of the tube diameter, the number of walls and the
number of carbon nanotubes in a bundle. The SSA of an individual tube with a 1 nm
diameter can be as high as 1315 m?/g, but is only 400 m%g for bundles with a 7 nm diameter
(comprised of 1 nm SWCNT). These results indicate that significant potential for
improvement with respect to CNT surface area through optimization of the morphology of
the CNT film used as an electrode.

The reported specific capacitance values of the CNTs range from 20 F/g to 300 F/g, and
are reliant on their production, treatment methods and the type of electrolyte [68-71]. EC
electrodes prepared from MWCNT were first reported by Niu et al.[69]. Their specific

capacitance, power and energy density values were 113 F/g, 8 kW/kg and 0.56 Wh/kg,
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respectively, when a 38 wt% H,SO, aqueous solution was used as the electrolyte. A study by
An et al. [71] demonstrated that the specific capacitance achievable using an electrode based
on heat treated SWCNTSs as the active layer is around 180 F/g in 7 M KOH and that the BET
surface area was 357 m?/g. They also found that increasing treatment temperatures resulted in
a corresponding increase in SSA, a decrease in average pore diameter, and an increase in
specific capacitance. Organic electrolytes have also been employed for the development of
CNT supercapacitors [72-74]. Emmenegger et al. [73] showed that the average specific
capacitance can reach 66 F/g with 1M Et;NBF, mixed in acetonitrile. Liu et al.[74] reported
that the specific capacitance of SWCNTSs in an organic electrolyte (TBAPFg) is around 80
F/g.

Due to their relative ease of fabrication, randomly networked CNTs were the first type of
CNT electrodes to produce elevated power capabilities with a moderate SSA, however, the
small surface area still leads to lower energy density. As with all other nanostructures, CNTs
have a tendency to agglomerate, resulting in an entangled arrangement with an irregular pore
structure. This effect can alter the SSA of the CNT network and the ion mobility in the
electrolytes, with a consequent negative effect on performance. As a result, essential goals
now include either the development of an appropriate processing technology that enable
CNTs to be coated with effective structural geometries (e.g., a large surface area and uniform
pores with optimized ion accessible paths) or the creation of enhanced processing treatments,
such as functionalization or aligned CNT growth.

Several research groups are currently developing a variety of deposition techniques that

will increase the adsorption sites available to the ions in CNT networks. A typical procedure
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for preparing carbon-based electrodes usually involves cast-coating using a slurry mixture of
carbons, conductive agents (such as carbon black) and a polymer binder. However, this
method is inefficient for CNT materials because of their agglomeration. As listed in Table
2.1, several fabrication techniques have been recently developed for CNT materials and have
demonstrated higher specific capacitances: electrophoretic deposition (EPD) [75], vacuum

filtration [76], ink jet printing [77, 78], and electrostatic spray deposition [79, 80].

Table 2.1 Examples of CNT electrodes using different deposition method

Fabrication method CNT type Capacitance (F/g) | Reference
Vacuum filtration DWCNT 67 [76]

Ink jet SWCNT 74 [78]

Spay deposition SWCNT/MWCNT | 90-150 [79, 80]
Layer by Layer MVWVSH$(I\:IIC—)|2H 150 [81]
Electrophoretic deposition | MWCNT 85 [75]

Drawing meaningful conclusions about electrode fabrication methods based on a comparison
of these studies is difficult because the researchers employed different CNT sources as well
as disparate solution processing and characterization protocols. However, the deposition
method obviously affects the porosity of the electrode, which is dependent on how easily the
electrolyte ions can move into and out of the electrode during the charge/discharge process.
Recent research has also demonstrated that aligning CNTSs through pyrolysis methods enable

bulk CNT materials to retain their intrinsic properties to produce a more mesoporous and
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more accessible surface [82]. Several studies have demonstrated that the improved rate
capability of aligned CNTs compared to randomly entangled CNTs [83-85]. The effective
arrangement obtained by Chen et al. [84] can provide a greater capacitance of 365 F/g for an
aligned CNT array electrode in a 1M H,SO, electrolyte as well as reduced resistances
compared to that in entangled networks. An additional important property that affects the
capacitance behavior of CNT electrodes is the wetting capability of the electrode materials.
For instance, chemically treated CNTs exhibit improved electron transfer kinetics and create
greater surface area. In this regard, CNT electrodes functionalized with nitric acid [86],
fluorine [87], or ammonia plasma [88] have been tested with respect to their effect on
capacitance performance. However, the pseudo-Faradaic reaction induced by the surface

functional groups leads to unstable capacitance and increased current leakage [86].

2.2.1.3 Graphene

Graphene, a two-dimensional single layer of carbon atoms, is distinctly different from
ACs and CNTs. The comparison in Figure 2.7 shows that graphene is characterized by a
unique morphology that is described by a single layered 2-D lattice structure of carbon atoms
so that its accessible surface area of graphene is distinct from that of any other carbon
materials used in EDLCs. While other materials rely on a fixed porous structure for
transporting and adsorbing electrolyte ions, a graphene layer well-dispersed within a solution
provides a theoretically available surface area of 2630 m?/g. Such an SSA would ideally
remain completely accessible to the electrolyte ions and is much larger than that associated

with AC or CNTSs. Other outstanding characteristics of graphene are its high level of intrinsic
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carrier mobility (200,000 cm?/V-S), high degree of thermal conductivity (~5000 W/m-K),
high Young’s modulus (~1.0 TPa) and high optical transmittance value (~97.7 %) [89].

These exceptional features make graphene a promising carbon candidate for EC electrodes.

©
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Figure 2.7 Comparison of carbon materials for use as EC electrodes: (a) activated carbon, (b)
carbon nanotube, (c) graphene [90]

In several studies, graphene has produced a high specific capacitance ranging from 100 to
250 F/g, and recent work has achieved notably high energy density values with a variety of
electrolytes [91-96]. Vivekchand et al. [92] prepared graphene in three different ways: (1) by
thermal exfoliation of graphite oxide (GO); (2) from a nano-diamond heated at 1650 °C in a
helium atmosphere; and (3) through decomposition of camphor over nickel nanoparticles.
Graphene samples prepared through the first two processes have been observed to exhibit a
high specific capacitance in aqueous H,SO,: up to 117 F/g, with an appreciably high energy
density value. Chemically modified graphene (CMG) has also been utilized as an electrode
material for energy storage devices. Stoller and his co-workers [93] achieved a substantially
high BET surface area (750 m?/g) for CMG aggregates and demonstrated specific
capacitance values of 135 F/g and 99 F/g in aqueous (KOH) and organic (TEABF, in AN)

electrolytes, respectively. Using another approach, functionalized graphene sheets (FGS)
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were prepared through a low-temperature thermal exfoliation procedure [95]. A first type of
FGS was obtained by thermal exfoliation of GO at a low temperature in air. A second type
was prepared by carbonizing the first type of FGS at a higher temperature in N The specific
capacitance value of the first type of FGS was 230 F/g, compared to 100 F/g obtained in an
aqueous electrolyte (KOH). However, the second type of FGS demonstrated higher
capacitance retention, with a high current density, as result of it favorable conductive
behavior.

Owing to unique structure and desired electrical and mechanical properties, graphene has
a strong potential for effective use in advanced ECs. However, a few remaining obstacles still
stand in the way of industry development. First, like other materials, graphene is also likely
to form irreversible agglomerates or to restack to form graphite, which causes a reduction in
electrolyte ion accessibility. Second, fabricating a graphene electrode without a binder is
challenging and usually results in a lower specific capacitance. A final consideration is that
the development of a production process requires the creation of more cost-effective methods

that would also retain the intrinsic properties of the graphene.

2.2.2 Electrode Fabrication Methods

For the design of EC structures, the most important EC component is the electrode. The
development of EC electrodes has generally originated from efforts to optimize the structure
of the interface reaction between the electrodes and the electrolyte and to advise relatively
low cost in fabrication methods. Significant progress with respect to techniques for

fabricating nano-structured electrodes has been achieved, which has greatly improved their
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performance. To date, a variety of methods have been introduced for fabricating EC
electrodes, including cast-coating, electro-deposition [97, 98] and vacuum filtration [99, 100].
In the cast-coating technique, electrodes are fabricated from conducting particles of carbon
powder (e.g., AC) along with a fluorine-containing polymer (PTFE) binding agent, which are
mixed together by means of a solvent to produce a paste or slurry material. This technique is
already well known and is used in the production of commercial ECs. For CNT materials as
mentioned in section 2.2.1.2, different deposition methods have been developed in order to
address the agglomeration of carbon materials. A promising fabrication technique for carbon-
based electrodes is electrophoretic deposition (EPD). Another method is vacuum filtration,
which forms a thin film as an electrode. These three common electrode fabrication methods

are described in detail in the following subsections.

2.2.2.1 Cast-Coating

A thin film can be obtained by cast-coating or drop-coating colloidal materials (slurry)
directly onto substrates. Active materials (carbon powders) can be mixed with conductive
additives (carbon black, etc.) and a binder to produce slurries, which can then be pasted on or
penetrated into flat or porous substrates as depicted in Figure 2.8. In this process, the
attainable storage capacity and the internal resistance of an electrode are significantly
dependent on its microstructure, and the electrical contact between the active materials is of
great importance. According to the literature, integrating conductive nanoparticle powders

such as carbon black or carbon nanotubes, has been shown to increase gravimetric capacity.
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Figure 2.8 Description of cast-coating using slurry

Conductive powder shows negligible self-capacitance, but electrically isolated regions are
avoided in the microstructure of the electrode [101]. Other research has shown that the
solvent content is an important variable that controls pore size and ultimately the capacitance

of an electrode [102].

2.2.2.2 Electrophoretic Deposition (EPD)

Electrodeposition, specifically electrophoretic deposition (EPD), is the preferred method
of fabricating thin film electrodes due to the low capital investment costs involved, the rigid
control of film thickness, the uniformity of the final product, the fast processing rate and the
suitability of this method for large-scale production [103, 104]. An additional attraction lies
in its simplicity and feasibility for manufacturing homogeneous composite coatings on
complex substrate shapes. EPD is fundamentally a combination of electrophoresis and
deposition processes. In the first step, an electrical charge is developed in the surface via

charged species when dispersed in a polar solvent. The individual charged nano-particles
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suspended in the solution are forced to move toward an oppositely charged electrode under
an external electric field. This motion, which is referred to as electrophoresis, is illustrated in
Figure 2.9. In this process, the plane that separates the tightly bound liquid layer from the
remainder of the liquid is called the slip plane. The electric potential at the slip plane is
known as the zeta potential, which is an important parameter for determining the stability and
transport of a nano-particle suspension. The zeta potential, { (V), around a particle can be
described as follows [105]:

Q
4dmie.a(l + ka)

(V) = (30)

where Q is the charge on the particle, a is the radius of the particle, €, is the relative dielectric
constant of the solvent and k is a system constant calculated based on the concentration and
temperature of the solution. In the second step, the nano-particles are deposited and collected

on the surface of the electrode, where they form a thin film.

1 |
l g Slip plane

Figure 2.9 Schematic diagram of electrophoresis [106]

The literatures contains reports [107-111] of the use of the EPD for the fabrication of

nanostructures, and it is now well known that this technique is very convenient for
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manipulating nano-structured materials, including nano-sized metal particles, carbon
nanotubes (CNT), nanowires and nanorods. For CNT, the first report, by Gao et al. [108]
published the first reported investigation of the use of EPD for single-walled CNTs that had
been sonicated in either methanol or dimethiylformamide as means of preparing stable
suspensions. After a 10min deposition time, thin CNT films (~1 um thickness) were obtained
using a DC field of 20 V/cm. In related research, Du et al. have fabricated CNT films using
EPD and have described the properties of such thin film electrodes for supercapacitors [110].
Thomas et al. produced uniform deposits of multi-walled CNTs on stainless-steel substrates.
They controlled the thickness of the coating by varying the voltage and deposition time
during the EPD [109]. Detailed investigations have also been carried out in order to examine
the correlations between the electrochemical properties of the deposited CNT films and EPD
processing parameters, such as particle mobility, deposition temperature, and processing
time. Previous studies [75, 98] revealed that the EPD deposition rate is dependent on
electrophoretic mobility, u (m%Vs); field strength, E (Vm): processing temperature and
processing time. More importantly, as discussed previously, electrophoretic mobility is
determined by the properties of the suspended particles, such as their surface charges
(indicated by the zeta potential) as well as the properties of the suspensions themselves,
including the viscosity of the liquid and the concentration of the solution. The successful
production of CNT films by EPD processing requires a well dispersed colloidal suspension.
For instance, an acid-treatment has often been applied, which has been obtained by mixing a
specific oxidizing agent (e.g., HNO3/H,SO4, O3, KMNnO4 or H,0,) into CNT suspensions.

The presence of hydrophilic oxygen-containing functional groups on the surface of acid
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oxidized CNTs generates either negative or positive surface charges and helps disperse
individual CNTs within the suspension. The surface charges of the CNTSs also vary with the
oxidation levels (indicated by the concentration of surface oxygen on the CNTSs in the form
of COOH, C-OH or C=0) and the pH values of the suspension. Studies [112, 113] have
shown that the nanotubes are negatively charged if the pH value is greater than 3 and that
more negative charges are homogeneously accumulated on the surface of CNTs if the pH
value increases. It can be concluded that varying the pH value of the suspension changes the
surface charge state of acid-treated CNTs and consequently affects the transport properties of

the CNTSs as well as the EPD deposition rate.

2.2.2.3 Vacuum Filtration Method

Compared with other methods, the vacuum filtration method is regarded as the simplest
process for the fabrication of thin, transparent, optically homogeneous conducting film,
usually composed of CNTs or graphene. As shown in Figure 2.10, this method involves
drawing a surfactant-based suspension through cellulose, ceramic or another filter that has a
pore size in the micrometer range. A vacuum or other pressure differential is created in order
to force the suspension through the filter, and the surfactant is then washed away with
purified water so that a film of pure CNTs or graphene can be formed. Vacuum filtration is
usually faster than simple gravity filtration which is used for removing an insoluble solid
material from a solution. However, the limitations of this method are the lack of control of
variations in the thickness, the difficulty of separating the thin film from the filters, size

restrictions, and the challenges associated with the handing of the processed films [114].
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In several studies, the vacuum filtration technique has been employed for producing nano-
structured electrode films that provide a high degree of conductivity and transparency. Wang
et al. [99] fabricated graphene films based on a cellulous ester filter membrane for the
vacuum filtration of a graphene aqueous colloid. The resulting graphene films offered
excellent electrical conductivity with superior transparency of well over 80 % as well as
sheet resistance lower than that of spin-coated films. A filtration method was also used for
preparing thin CNT networks, whose characteristics were then studied. Cooper et al. [76]
reported that freestanding, thin and bendable electrodes for supercapacitors can be fabricated
by filtering dispersed multi-walled CNTSs in the form of a film, and that such a film exhibited
non-Faradic double layer behavior. Another study [115] demonstrated that single-walled
CNTs post-treated with nitric acid or fabricated with an acid pre-treatment provide superior

performance compared to those made with high-purity CNTs without any acid treatment.

4 Suspension with carbon
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Figure 2.10 Schematic of the preparation of electrodes using vacuum filtration
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2.2.3 Electrolytes in ECs

Because EC performance is dependent not only on the electrode materials but also on the
properties of the electrolyte, an understanding of electrolyte properties is essential for
improving EC performance with respect to such factors as energy density, power density,
efficiency, and reliability for high-temperature operation. The previous section discussed the
development of two types of ECs, EDLCs and pseudocapacitors, and explained the
requirements of both types with respect to a wider potential window (operating voltage, V)
and lower ESR (internal resistance, Q) in order to achieve high energy and power densities.
An additional factor is that capacitance is also affected by the effective size of the ions,
which determines the accessibility of the electrolyte on the surface of the electrodes. For
commercialized EC devices, electrolyte choices include organic and inorganic (aqueous).
Based on their inherent properties, each type offers specific benefits and disadvantages with
respect to electrolyte conductivity, ion size, and electrochemical stability (voltage
limitations), all of which must ultimately be taken into account when a capacitor cell is

designed for a desired application.

2.2.3.1 Inorganic (Aqueous) Electrolytes

The advantages of aqueous electrolytes are their higher conductance (e.g., 800 mS-cm for
H,SO,4 compared with 5 mS-cm to 60 mS-cm for non-aqueous electrolytes) [116] and the fact
that the purification and drying processes during production are less stringent. Aqueous

electrolytes also have smaller solvated ions and higher dielectric constants, both of which
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promote capacitance, as expressed in Eq. (1). The cost of aqueous electrolytes is usually
much lower than that of suitable organic electrolytes. Despite these advantages, aqueous
electrolytes have the drawback of being limited to applications for industrial capacitors
because of their thermodynamic electrochemical decomposition, which results in a
restrictive, relatively narrow potential range [117]. With aqueous electrolytes, in general, the
unit cell voltage of the EC is typically constrained to 0.8 V to 1.0 V in order to avoid the loss
of the electrolyte, thus significantly reducing the energy density available compared to
organic electrolytes. However, one of the benefits of aqueous electrolytes is that, especially
on carbon materials, they enable the existence of a pseudocapacitance based on the redox
reaction of the hydrated functional groups at the surface of the carbon materials. This effect
can, for example, double the value of the capacitance on a carbon material in an aqueous
electrolyte relative to the results with the same material in an organic electrolyte.

When electrolytes that contain strong acids or alkaline ions are used, additional
consideration must be given to the current collector/electrolyte choice. These ions are
preferred because of their increased ion conductivity, but corrosion can be a problem with
stainless steel current collectors. From this perspective, ECs that employ aqueous
electrolytes would be attractive, but strategies must be found not only for increasing the
operating voltage but also for acquiring inexpensive and light current collectors that are

resistant to acidic corrosion.

2.2.3.2 Organic (Non-aqueous) Electrolytes
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The advantage of an organic electrolyte is the higher achievable voltage it creates.
According to the equation of energy density (Eq. (28)), the square of the cell voltage
determines the maximum stored energy. Organic electrolytes produce a cell voltage above 2
V with the possibility of short-term increases to 2.7 V, which gives rise to energy densities
six to nine times those provided with an aqueous solution. However, the solvated ion size of
organic electrolytes is supposedly larger than that of the protons in inorganic electrolytes, and
generally leads to a smaller capacitance. Organic electrolytes also have a significantly higher
internal resistance than aqueous electrolytes, which lowers their power density. Nevertheless,
organic electrolytes are preferred over the aqueous version for commercialized EC devices
since the reduction in power is compensated for by the higher energy level and wider cell
voltage. Table 2.2 indicates the differences in resistivity and voltage limitations among a
variety of types of electrolytes used in ECs. Due to their greater operating potential (up to 2.7
V), either organic acetonitrile (AN) or propylene carbonate (PC) are currently used as the

electrolyte in the majority of commercial ECs.

Table 2.2 Properties of aqueous, organic and ion liquid electrolytes

Density Conductivity Resistivity Cell voltage

Electrolyte (g/cm) (mS/cm) (Q cm) V)
H,SO4 1.2 750 (30 wt.%) 1.35 1
KOH 1.29 540 (30 wt.%) 1.9 1
Propylene 14.5 ]

carbonate 12 (1M Et;NBF,) 52 253

. 59.9

125 (25°C 4

lonic liquid 1.3-15 1.5~15 8 (1(00 OC; 3.5
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Further considerations related to the use of organic electrolytes include the requirement
for additional procedures to ensure quality with respect to conductivity and resistivity.
Solvents are needed for a purification process that removes any residual water content, which
can lead to the corrosion of the current collectors at high operating potentials. With respect to
commercialization, organic electrolytes are generally associated with a number of safety
issues related to transporting toxic, flammable materials. Although propylene carbonate gives
rise to fewer safety concerns than acetonitrile, it is considered an environmentally unfriendly
solution, and its resistivity is greater than that of acetonitrile. Unfortunately, efforts to find a
nontoxic replacement organic electrolyte that yields good ion conductivity have thus far been

unsuccessful.

2.3 Characterization Techniques for EC devices
2.3.1 Nano-structures Characterization

2.3.1.1 Specific Surface Area

Initial consideration of surface area with respect to EC characterization is that, based on
Eq. (1), a large SSA directly results in a greater capacitance. In general, the surface area of
the electrode, i.e., the total non-planar surface area of the carbon, is measured using a
technique known as the BET method, named for Brunauer, Emmett, and Teller, who in 1983
described analytically the adsorption of a gas on a solid surface [118]. The resulting
measurement is known as the BET surface area, specified in units of m%/g.

The underlying concept is an extension of the Langmuir theory, which postulates the

mechanisms for monolayer molecular adsorption and multilayer adsorption based on the
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following hypotheses: (a) gas molecules physically adsorb on a solid in infinite layers; (b) no
interaction takes place between the adsorption layers; and (c) the Langmuir theory can be
applied to each layer individually. In this model, the gas molecules physically adsorb on a
solid in infinite layers, and forces active in the condensation of the gases are also responsible
for the binding energy that occurs in multi-molecular adsorption. The phenomenon of

adsorption based on the BET equation can thus be expressed as

1 _c—1(P

1
n[(%) —1]  Npc P_o) * NpC (31)

where P and P, are the equilibrium and the saturation pressure of the adsorbates at the
temperature of adsorption, respectively; n is the adsorbed gas quantity: and N, is quantity of
the monolayer adsorbed gas. Eq. (31) is an adsorption isotherm and can be plotted as a linear
relationship between 1/n [(Po / P) — 1] on the y-axis and P/Py on the x-axis, based on
experimental results. This type of plot is called a BET plot. The linear relationship of the
equation is maintained only in the range of 0.05 < P / P4 < 0.35. The value of the slope b and
the y-intercept a of the line are determined in order to calculate the quantity of the monolayer

adsorbed gas in nm and the BET constant ¢ according to

N = 1
™ a+b’

—1+b 32
c=1+- (32)

The specific BET surface area Sget can therefore be evaluated by the following equation:

(Nm "Na - S)

BET m -V, (33)

where Np, is the monolayer quantity of adsorbate gas; Na is Avogadro's number; S is the

adsorption cross section of the adsorbing species; m is the mass of the adsorbent; and Vy is
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the molar volume of the adsorbent, which is 22,414 cm*molar for a gas at atmospheric
pressure. If the pores are viewed as cylinders, then the pore volume V is m(D/2)2L , and the
pore surface area, S, is equal to mDL. The average pore width is thus equal to 4 V/S based on

the BET model, where D is the diameter of the pore, L is the length of the pore, and V is Np,.

2.3.1.2 Pore Size and Distribution

Nano-structured carbon electrodes are usually designed to incorporate both micro-pores (<
2 nm) and meso-pores (2 nm to 50 nm) and are considered critical for the development of
energy storage and for the resultant power performance of the electrode. For example, the
capacitive and resistive behaviour of EDLCs is strongly correlated with the pore distribution
and pore size of the carbon material. In the literature [119, 120], researchers suggest that the
storage capacity of an electrode is strongly related to its interfacial double-layer processes,
e.g., ion adsorption and transport on the surface of an electrode, and to its structural features,
including surface area, porosity, and pore size distribution (PSD).

The efficiency of electrical energy storage, in particular, is governed by the rate at which
ions from an electrolyte solution can be delivered to and adsorbed on the available electrode
surface area (i.e., accessible pore size). One study also revealed that large cation and anion
sizes limit the effectiveness of a conventional AC surface area containing micro-pores (<
2nm) since the ions either virtually fail to fit into the pores or become diffusion-limited at the
required scan rates. Nevertheless, AC micro-pores are essential for providing a larger surface
area and greater energy storage capacity. In contrast, the presence of meso-pores can
accelerate ion transport to the electrode, thus improving power performance at large current
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densities. When high levels of meso-porosity are created within the electrode materials, both
ion accessibility and the average coefficient of the ion diffusion within pores can be
enhanced [121, 122] , but this condition also results in a low volumetric capacitance and a
reduction in energy density due to excessive pore volumes. The characterization of the
structure of an electrode is therefore crucial for achieving high specific power/energy
densities with fast charging/discharging rates in carbon materials, which creates reduced ion
diffusion barriers and increased accessible surface area with an appropriate degree of
porosity.

A number of methods that employ a variety of models have been proposed for the
calculation of the PSD of microporous materials, e.g., in order of increasing complexity, the
Barrett-Joyner-Halenda (BJH) method [123], the Horvath-Kawazoe (HK) method [124, 125],
the density functional theory [126], and molecular simulation methods. The HK method is
based on slit-shaped pore geometry and uses the relationship calculated from a modified
Young-Laplace equation, especially for micro-pores. With respect to mesoporous materials,
the BJH method based on the Kelvin equation provides a convenient way to calculate the
PSD. The Kelvin equation used in the BJH method predicts the pressure at which an
adsorptive substance will spontaneously condense in a cylindrical pore of a given size. The
pore size is then calculated from the Kelvin equation and the statistical thickness equation
selected. However, the BJH method severely underestimates the size of small-to-medium
meso-pores. For the work presented in this thesis, a combination of the HK method for the >

2 nm region and the BJH method for the 2 nm to 50 nm region has therefore been selected
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for calculating the PSD because these choices are in good agreement with the known

characteristics of the relevant carbon samples [127, 128].

2.3.2 Electrochemical Characterization

2.3.2.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical analysis technique whereby the current of
an electrochemical cell is plotted against its voltage at a fixed magnitude of rate of change in
the voltage (scanning rate). This technique is not only the usual way of measuring material
capacitance but is also the method most often employed in the investigation of faradaic
reactions. In theory, an EDLC does not involve a faradaic reaction. In practice, however,
EDLC behaviour includes faradaic components due to the redox reaction or the ion Kinetics
at the electrode/electrolyte interfaces, and CV can provide insight into these processes. A
pure capacitor of constant capacitance has a rectangular CV plot; for example, at voltages
high enough to initiate a redox reaction, the current increases in an exponential fashion. In
the same way, the shape of the voltammetry plot manifests the complexity of the
electrochemical processes at play in the EDLC.

In a cyclic voltammogram, the electrode potential rises linearly versus time as shown in
Figure 2.11 (a). This ramping usually refers to the potential scanning rate, vs (\V/s). The
potential is applied between the working electrode and the reference electrode, and the
current is measured between the working electrode and the counter electrode. These data are
then plotted as current versus potential. An ideal EDLC based on CV analysis is represented

by a rectangle within a voltammogram plot that has a constant current, as illustrated in Figure
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2.11 (b). The following equation is a simple description of the relation between the current
and the voltage:

dv
[=Cer=Crvs (34)

where I is the capacitive charging current, and vs is the scan rate of the charging voltage.
Under conditions in which the resulting voltammogram has a mirror image of potential
sweeps, this CV graph can be a useful criterion for establishing reversibility in double-layer
capacitive or pseudocapacitive charge and discharge processes. It also constitutes a
fundamental characteristic of pure EDLC behaviour in the absence of redox processes. Other
materials, however, might not exhibit constant current because of their material resistances,
or they might display potential specific faradaic reactions that appear as peaks in the response
current due to reversible redox processes typically observable in metal oxides and conductive
polymers. Characteristic profiles of these capacitive mechanisms are similar to the CV graph
shown in Figure 2.11 (c). As the waveform indicates, the forward scan produces a current
peak at the point at which the materials can be oxidized (or reduced depending on the
direction of the initial scan) within the potential window scanned. The current increases as
the potential reaches the oxidation potential of the electrolyte, but then falls off as the
concentration of the electrolyte close to the surface of the electrode is depleted. If the redox
couple is reversible, when the applied potential is reversed, it will then reach the potential
that produces a current of polarity that is reversed from that of the forward scan. This
reduction peak will usually have a shape similar to that of the oxidation peak. In this way,
information can be obtained about the redox potential and electrochemical reaction rates of
the compounds.
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Figure 2.11 Schematic explanation of a cyclic voltammogram (b) in the absence of a redox
process and (c) with an active redox reaction
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Determining the capacitance, C, from CV measurements requires the integration of the

current response into the CV graphs so that C can then be calculated as follows:

_Jirav
AV - v

(35)

2.3.2.2 Constant Current Charge/Discharge

The measurement of the CCD, also called galvanostatic charge/discharge, differs from CV
because the controlled parameter is the current flowing through the working electrode rather
than the potential. When a constant current density, i (A), is applied, a potential difference
over time across the cell is linearly created. The capacitance can then be described by the
following:

_Aq

C=
AV

(36)

where Aq = [i-dtand can be used to determine the value of the capacitance according to

the following:
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_Aq_ [i-dt At
AV AV YAy

C (37)

where At/AV is the inverse slope of the response curve obtained from the charge or discharge
measurements; AV has a value within the limiting potential difference for electrolyte
decomposition; and the current, i, is removed from the integral because it is constant. Figure
2.12 shows typical CCD data for an ideal EDLC cell. An ideally polarized electrode that
exhibits a reversible capacitance is described by a constant linear potential increase and
decrease during charging and discharging. Otherwise, a dynamic change in the slope of the
potential occurs because an equivalent series resistance (ESR), or self-discharge, causes an
exponentially shaped charge and discharge voltage curve. Eventually, this distorted curve
represents the voltage drop (IR drop) over a cycle, as illustrated in Figure 2.13, and the ESR
can be calculated as

__ IR drop (V)

i(A) (38)

The overall internal resistance in a cell is generally represented by this calculated ESR values.

ESR

V

 max

AV

" min At

S
-

e
~

Charging Discharging
tume Time

Figure 2.12 Typical CCD test results for ideal EDLCs
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Figure 2.13 IR drop in CCD measurement due to an equivalent series resistance (ESR)

2.3.2.3 Electrochemical Impedance Spectroscopy (EIS) and Circuit Modeling

Previous sections explained how capacitance can be characterized by the response
functions of the current to a variety of time-dependent changes in potential, or
complementarily, changes in potential across a capacitance in response to a charging current.
Another response function that characterizes electrochemical EC behavior is the alternating
current generated in response to an alternating voltage as it changes with the frequency. The
frequency-response characteristics of EC capacitance and resistance are generally dependent
on (1) the intrinsic nature of the electrode material; (2) the pore-size distribution of the high-
surface-area material used in the fabrication of the electrodes; and (3) the engineering
parameters applied in the preparation of the electrodes, e.g., the configuration of the active

electrode material and the nature of the particle-particle contact. The method called

electrochemical impedance spectroscopy (EIS) not only enables capacitance (Z =jmic)

values to be determined as a function of frequency but also provides quantitative information
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about the real ohmic component (Z' = R). The EIS method is especially valuable because it
usually enables a separate evaluation of the frequency-independent ohmic resistance of a cell
and the frequency-dependent resistance.

Impedance data for a typical EC is usually presented as a traditional Nyquist diagram of
the small-signal impedance around a bias. Such EIS data is also used in electrical circuit
analysis, and equivalent circuit models can be used for the interpretation of simple EIS data.
Figure 2.14 shows a typical Nyquist diagram of an EDLC as well as examples of its

equivalent circuit modeling.
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Figure 2.14 EIS data samples: (a) Nyquist plot of a typical EDLC. (b) example of equivalent
circuit model for a pure EDLC. (c) example of equivalent circuit model for an EDLC that
includes a pseudo-capacitance (Cp)

Table 2.3 Circuit elements used in the electric circuit models

Equivalent Element | Resistor Capacitor | Warburg ® | Constant Phase Element (CPE)"

RIS !
joC Woy/ () Yo(Gw)®

Impedance R

%W, = 1/(cV2), and o is the Warburg coefficient
°. Y, = C = Capacitance, and a is generally less than 1
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The elements used in the following equivalent circuits are presented in Table 2.3, and
mathematical equations for impedance are given for each element.

As previously mentioned, EC systems cannot be characterized by expressing simple
impedance behaviour as a function of frequency due to the porosity and/or complex
electrochemical reactions of the electrode materials. As a result, as shown in Figure 2.14 (a),
at high frequencies, the Nyquist curve consists of a semicircle, followed by a 45° inclination
at modest frequencies and a vertical line at low frequencies. The first intersection point on
the real axis of the Nyquist spectrum in the high-frequency region is represented as a series
resistance (Rs), which is introduced in order to facilitate consideration of the resistance of the
electrolyte and the contact resistance at the interface between porous electrodes and the
current collector. Especially in the case of a porous or rough electrode surface, an arc can
replace the semicircle, a possibility attributable to the rise of the constant phase element
(CPE) in the high/middle frequency region [129]. In addition, the electrical double layer in
the pores of the electrode is constructed because of the movement of the charge (electrolytic
ions) as it diffuses toward the Helmholtz plane inside the pores. The semicircle is developed
by the moving charges close to the Helmholtz plane and is represented by an interfacial
resistance or charge-transfer resistance, called the faradaic resistance (Rg). Consequently, in
the low-frequency region, the semi-infinite diffusion of ions can become significant for the
determination of the diffusion impedance of a porous electrode. This impedance, created by
the ion diffusion that occurs in a porous structure, is known as Warburg impedance (W) and
usually appears as a straight line with a slope of 45° At high frequencies, the Warburg

impedance is small since the diffusing reactants do not have far to move. However, in a
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sufficiently low frequency range, the constantly decreasing frequency provides sufficient
time for the charge-transfer complexes present in the diffusion layer to overcome the
activation energy and move closer to the Helmholtz plane. This movement leads to an
increase in the Warburg impedance [130]. The charges ultimately occupy all of the available
surfaces inside the micropores of the electrodes and contribute to the electrical double-layer
capacitance (Cgq). Therefore, the nearly vertical behaviour at low frequencies represents

behaviour dominated by the capacitance in which the impedance can be reduced to a familiar

term: Z' = Jmic The phase angle of the impedance approaches 90°, with a near-vertical slope.

The above EC impedance characteristics can be represented by a relatively small number of
electrical components when an equivalent circuit model is needed to describe the impedance
behaviour of an electrode. Such a circuit model is shown in Figure 2.14 (b) as an example of
the case of a pure EDLC in which a capacitor is in parallel with a Warburg impedance (W)
associated with a Faradaic resistance (Rg) in order to account for the accessibility of the ions
within porous structures and for surface functionalities or polarization resistance. If the
contributions of the reduction and oxidation (redox) reactions of the surface functional
groups that occur at the surface of the electrode cannot be neglected, the role of
pseudocapacitance (Cp) should be considered [131, 132], as described in Figure 2.14 (c). This
model structure is useful to provide the quantitative information on parameter variations with
ease interpretation and simple simulation. However, limitations exist when these simplified
circuit models, developed mainly to describe the electrochemical processes occurring at the
interfacial layer, were used to explain the observed resistive and capacitive behaviors of

practical EDLCs during experiments. As a result, the simulation results of these simplified

58



circuit models deviated from experimental measurements in a practical device across its
frequency range, especially at low frequencies. Worthwhile to mention, a recent model
applied the multiple RC branches to account for the distribution of pores with a particular
geometric structures for porous electrodes [133]. These examples, however, fail to clarify
many of the details related to the definition of the transport of electrolyte ions; their
electrochemical Kinetics; and, in particular, the physical interpretation of equivalent EDLC
circuits. Moreover, in a real EC system, multiple physical processes occur simultaneously:
e.g., specific ion adsorption into pore sites and bulk electrolyte processes. An advanced
equivalent circuit should therefore be correctly established based on a better understanding of
each physical process and should include RC circuit branches to reflect the key

electrochemical reactions in EC devices.

2.3.3 Thermal Characterization

The effects of temperature can be of major importance with respect to the practical
evaluation of degradation, energy efficiency, lifetime, and the optimization of EC design for
a variety of operating environments. Because the aging of ECs can also be accelerated by
elevated temperatures, conventional accelerated aging tests are performed under a variety of
temperatures. Many researchers have devoted considerable effort to the investigation of the
temperature-dependent characteristics of ECs in which organic and solid electrolytes are used
[134-138]. Liu et al. [135] and lwama et al. [138] characterized commercial supercapacitors
equipped with organic electrolytes for low-temperature operations. Hastak et al. [139]

investigated the performance of AC-based EDLCs with solid electrolytes over a wider
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temperature range: 30 °C to 120 °C. Although these reports provide valuable data and
analyses that demonstrate the effects of temperature on supercapacitor performance, some
limitations still exist. For example, little consideration has been given to the thermal effect on
electrolytic ion characteristics, such as ionic diffusion and interfacial reaction rates.
Publications include few studies [139, 140] whose goal was to develop an understanding of
the temperature-dependent kinetic and diffusional behaviors of carbon-based supercapacitors
involving organic electrolytes. However, to simplify the analysis, the reaction rate is usually
assumed to be dependent only on the local difference in electrostatic potential between the
electrode and the electrolyte, without consideration of the temperature-dependent movement
of the ions into the pores, nor have many studies [137, 141] addressed the effect of porosity
on the capacitive/resistive behaviour of carbon electrodes, especially with respect to their
temperature-dependent characteristics. Such studies have been limited to the systematic
verification of temperature-dependent electrochemical behaviour at double-layer interfaces
and have neglected the effects of porosity on ion kinetics and diffusion reactions. Individual
studies have also been focused on a specific individual electrolyte and have involved the
implementation of different characterization methods, making a systematic comparison
nearly impossible.

The thermal characterization of ECs is sensitive to the measurement method employed.
Constant current discharging (CCD) is the most common test method for the evaluation of
capacitance degradation, resistance variation, and cycleability, which is the same test used to
evaluate batteries. The resulting capacitance degradation ratio is therefore shown as the ratio

of the measured capacitance at each temperature to the capacitance at room temperature. A
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further consideration is that constant power (CP) discharging is preferable for EC cycle life
tests rather than CCD measurement because, in practical use, the discharging current of ECs
varies with a decrease in their voltage for constant power loads. In one study [142]
researchers investigated EDLC temperature-dependent capacitance degradation and
impedance trends under calendar life and power cycling tests. Another test method, EIS
measurements, can be used to characterize capacitive and resistive behavior with respect to
both frequency and temperature changes. Raik et al. [143] examined the measured and
simulated capacitance and ESR of a commercialized supercapacitor (Maxwell BCAP0010),
using separate frequencies for different temperatures, as shown in Figure 2.15. From these
EIS measurements, it was found that capacitance is influenced by temperature primarily in
the intermediate frequency range between 0.1 Hz and 10 Hz, while the ESR increases with a

lower temperature in the low-frequency range.
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Figure 2.15 Capacitance and resistance frequency dependence of BCAP0010 for different
temperatures [143]
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2.3.4 Test Cell Configuration

Measurement methods for determining the performance of a material used in an EC are
not well standardized, with numerous techniques currently being employed, which results in
wide variations in the reported results. For this reason, when EC performance is evaluated,
the measurement method should be identified, and the test methodologies selected should be
capable of representing practical cells. A typical EC test cell is comprised of two electrodes
that are isolated from electrical contact by a porous separator, as illustrated in Figure 2.16 (a).
Because the performance of such a test cell configuration closely matches that of a real EC
device, two-electrode cells are recommended for evaluating EC performance so that the
results are comparable to those with actual devices. In a symmetrical two-electrode cell, the
potential differences applied to each electrode are equal and are one-half of the values shown
on the measurements. Therefore, for each electrode in a two-electrode system, the specific

capacitance is as follows:

Csp(F/g) = 4 X % (39)
where m is the total mass of the active materials in both electrodes.

In electrochemical research, however, the common practice is to use three-electrode cells,
which consist of a working electrode, a reference electrode, and a counter electrode, as
shown in Figure 2.16 (b). This type of test cell configuration is valuable for analyzing the
Faradaic reactions and maximum potential applied to a single electrode. With the three-
electrode configuration, only one electrode, called the working electrode, contains the active
materials being analyzed, and the voltage potential applied to the working electrode remains

intact with respect to the reference electrode. The applied voltage and charge transfer across
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one electrode are therefore different from those in a two-electrode cell configuration. The
working electrode of a three-electrode cell has twice the potential range of a two-electrode

one, which results in a doubling of the calculated capacitance.

(a) (b)
Working Electrode Counter Electrode
(SWCNT) (Platinum)
Electrode v
Separator
Electrolyte |
Electrolyte
Reference Electrode (IM H,S0,)
- (Ag/AgCl) .

Figure 2.16 Schematic diagram of EC test cells: (a) two-electrode cell and (b) three-electrode
cell

The charging rate, voltage ranges, and methods used for calculating metrics also affect
reported results [144]. The measurement procedure selected should closely match currently
established and accepted procedures used for packaged cells. The cell capacitance (C) is best
determined from constant current charge-discharge (CCD) curves using equation (37). As
described in section 2.3.2.2, CCD capacitance measurement is performed with the constant
current charging and discharging at a constant current rate that corresponds to the ratio of the
charge capacity being consumed within an hour. The CCD measurement is also the accepted
method for determining the capacitance of packaged ECs used in industry. The same voltage
range should be used for testing so that it matches the range used for commercial cells. It
should also reflect the electrochemical window of the electrolyte, which ranges from 0 V to

approximately 1 V for aqueous electrolytes and from 0 V to 2.4 V to 2.7 V for organic
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electrolytes. Another important factor is the necessity for the capacitance to be calculated
using the typical operating voltage range for the application for which the device will be used.

Most currently commercialized EC devices are operated in the range of Vpma tO

approximately %Vmax.
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Chapter 3 Fabrication of Nano-Carbon Electrodes

3.1 Fabrication and Characterization of SWCNT Electrodes

Owing to its advantage of excellent electrical conductivity, remarkable chemical stability,
large surface area and unique structures, a variety of carbon nanostructures including single
walled (SWCNTs) and multi-walled carbon nanotubes (MWCNTSs) have drawn much
attention [145, 146]. Meanwhile, in order to fabricate high-performance CNT electrodes with
more accessible pores, much research effort has been committed to produce CNT based
electrodes with uniformly distributed and better accessible pore structures[147-149]. It has
become really essential to develop an appropriate processing technology which is able to coat
CNTs with right structural geometries (e.g., large surface area, uniform pores) and suitable
for mass production. With these considerations, one of promising fabrication techniques for
producing CNT coated electrode is the electrophoretic deposition (EPD) method, which is
effective to control porosity, surface area and density of porous films [103].

The objective of the work presented in this thesis was to characterize the electrochemical
properties of EPD-processed CNT coatings from suspension with different pH values. It was
expected that the ions accessibility in CNT electrodes changes with the surface morphology
and porous structures. The as-produced electrodes from various pH values would therefore
exhibit distinguishable electrochemical properties. The second goal was to develop an
equivalent circuit model for such SWCNT coated electrodes through measuring the cyclic
voltammetry and electrochemical impedances of different coatings. This model is useful for
later studies on characterizing of electrochemical properties of supercapacitors and

recognizing complex electrochemical reactions in SWCNT electrodes.
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3.1.1 Experimental
3.1.1.1. Preparation for Functionalized SWCNT Suspension

The SWCNT powder used in this work was supplied by Nano-C Inc. with a purity of 97%.
The as-received samples were first acid functionalized using a mixture of nitric (HNO3) and
sulphuric (H,SO,) acids with a ratio of 3:1 (Sigma-Aldrich). 10 mL of this mixture was then
added to 250 mg of the SWCNT powder and kept for 30 minutes to complete the carboxyl
functionalization process [150]. During this process the —COOH functional groups were
added to the defects and end sites of SWCNTSs. This negatively polarizes the SWCNTs and
allows them to disperse well in pure water without the use of additional surfactants [151].
The use of surfactants has been shown negatively affect the performance of CNT electrodes
due to the remains of surfactants on the CNT’s surface. After the functionalization the
mixture was diluted with de-ionized water and washed through a filter to remove the residual
acidic solution from SWCNTSs. This process was repeated until the filtered SWCNT reached
a pH of 7, then more de-ionized water was added and an aqueous suspension was produced
with a concentration of approximately 0.5 mg SWCNTs/ml H,O. In order to vary pH values
of the derived SWCNT suspension, the pH value was adjusted by adding 1M sodium
hydroxide (NaOH) or nitric acid solution (HCI) at room temperature (22 °C). These
suspensions were then placed in a Branson 5210 Ultrasonic cleaner for 6 hours. Finally the
suspensions were centrifuged at 4000 rpm for 15 minutes to remove undesirable particles and
agglomerated SWCNT bundles. In each step of the filtration, centrifugation and decantation,

the pH value was closely monitored using a PHH-830 meter and re-adjusted if necessary.
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Finally, three suspensions with the pH values of 4, 7 and 10, respectively, were prepared and

used in the EPD processing.
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Figure 3.1 Images of functionalization processing for SWCNTSs

3.1.1.2. Fabrication of SWCNT Electrodes using EPD and Measurements

The details on EPD processing of SWCNT suspensions can be found in the literature [107,
109] and here a brief description is provided. The SWCNT coated electrodes were fabricated
with a working distance of 1 cm between two current collectors made in the stainless steel
(SST, 70%Fe, 19%Cr, and 11% Ni: wt %, Alfa Aesar). EPD was carried out under a range of
processing conditions including the deposition time between 3 and 30 minutes, room
temperatures and three pH values. A DC power supply of 40 V was used. Through the
previous research [97], it was determined that an EPD working voltage of 40 V was optimal
for the fabrication of SWCNT electrodes. Voltages less than 30 V produced non-uniform
coating and were slow to process, while above 50 V started to produce hydrogen bubbles on
the electrodes from the hydrolysis of H,O and disrupted the SWCNT coating. During EPD

processing, the negatively charged SWCNTs move towards the positive electrode and
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uniformly coated the surface. Figure 3.2 shows a schematic diagram of EPD SWCNT coating
process. In this work two types of SWCNT electrode was created. All electrodes were made
with a rectangular area of 10 mmx10 mmx0.1 mm. The electrodes were finally dried on the

hot plate for 30 minutes at 90 °C to remove moisture and solidify the SWCNT network.
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Figure 3.2 Schematic diagram of EPD SWCNT coating process

The surface morphology of the EPD processed SWCNT film was characterized by a field
emission scanning electron microscope (LEO 1530 FE-SEM) for visualizing the micro-
porosity. The electrochemical properties of these electrodes were evaluated using the cyclic
voltammetry (CV) measured by a Gamry Reference 3000 Potentiostat within a potential
range of -0.2 to 0.8 V at the scan rate of 20 mV/s. Electrochemical impedance spectroscopy
(EIS) was performed on the same Potentiostat using the EIS 300 software. The frequency
range was set from 0.1Hz to 100 kHz. All CV curves and EIS data were measured in three-
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electrode cell to verify the faradaic reactions and resistance elements inside a single electrode.
The cell includes the working (SWCNT coated), counter (platinum) and reference (Ag/AgCl)
electrodes. An aqueous 1 M H,SO, solution was used as the electrolyte in the cell at room
temperature. In order to determine the surface area and pore-size distributions Nitrogen
adsorption measurements at 77K were performed using a Micrometitic Flowsorb surface area
analyzer. This analyzer quantifies the Brunauer-Emmett-Teller (BET-N;) surface area and
Barrett-Joyner-Halenda (BJH) pore sizes distribution. More specifically, the specific surface
(Seet) was derived from the BET theory when the relative pressure (P/Po) of nitrogen was set
up to 0.3. The pore size distribution was determined by the same adsorption procedure from
the gas adsorption isotherms. It has been well received that from the literature, for samples
possessing a pore size range of 2 nme50 nm, the BJH method is quite accurate. The total
volume of pores (Vi) Was obtained by summing up the adsorption pore volume up to the
saturation pressure P/Py = 0.99. The pore surface area was then calculated by the measured

BJH pore size.

3.1.2 Results and Discussion
3.1.2.1 Influence of pH Values of the Suspension to EPD

The effect of different pH values on the SWCNT suspension is visible and shown in
Figure 3.3. As mentioned earlier, all three suspensions were prepared from the same sample
with the concentration of 0.5 mg SWCNTs per 1 ml of water. Then an extra amount of
NaOH or HCI was added in order to reach different pH values in the suspension. It was

expected that the higher pH value produced more negatively charged SWCNTSs in the
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suspension, and consequently SWCNTSs are dispersed homogenously in higher pH conditions.
Finally these samples were processed using the ultrasonic cleaner and larger agglomerates
were filtered out. This sample preparation procedure resulted in different appearances and

concentrations of SWCNTS in three suspensions.
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Figure 3.3 Photographs of SWCNT suspensions at pH4, 6 and 10, respectively

In general, the suspension with a lower pH value (such as pH = 4) contains less charged
individual tubes and more nanotube agglomerates, and the total quantity of CNTSs in this
suspension is small. In contrast, the suspension with a higher pH value (e.g., pH = 10)
contains less agglomerates and more individual nanotubes owing to higher surface charges
(Zeta potential). The observation in Figure 3.3, in agreement with the previous studies [152,
153], reveals the higher pH values facilitate the better dispersion of SWCNTSs, which can be
attributed to an easier ionization of the carboxylic (COOH) group in these suspensions with
large pH values. When the pH value is increased by adding hydroxide (OH-) (refer to Figure
3.4), the more carboxylate (-COO-) groups were obtained on the surface, the heavier

charging of individual tubes was achieved, which led to the more effective dispersion of
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SWCNTs. Consequently after filtering, the higher pH suspension has the greater

concentration of dispersed SWCNTs in it.
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Figure 3.4 Schematic explanations for highly charged SWCNT by increasing pH values

In addition, the previous studies [112, 150] suggested that, the electrophoretic mobility
and surface charges of acid-treated CNTs increase with the increasing pH value. These
parameters, together with the quantity of available SWCNTSs in the suspension, undoubtedly
affect the deposition rate of the EPD process.

Using the suspensions with different pH values, SWCNT coated electrodes were
fabricated by the EPD process at room temperature and with controlled processing times. The
optical images of these as-produced electrodes showed that for the same processing time, the
electrodes processed at higher pH values are much darker than other electrodes at lower pH
values, and they also have a greater coverage and better uniformity. The microstructures of
these electrodes were further examined using FE-SEM. Figure 3.5 shows the FE-SEM
images of SWCNT networks obtained from suspensions with different pH values and for two
processing times, 3min and 30min, respectively. The inserted figure shows a high-resolution
SEM image of individual tubes obtained from a shorter processing time (30 seconds). In

general, increasing the processing time produces thicker SWCNT films on the substrate and
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deposit more material as the electrode [97, 154]. For the processing time of 3 minutes as

described in Figure 3.5 (a), the pH 4 suspension produced less material on the substrate while

more individual SWCNTSs were deposited in the pH 10 suspension.

(© pH 4 pH 7 pH 10
[Irregular thin deposition layer] [Irregular thick deposition layer] [Well ordered deposition layer]
l o T 77

Figure 3.5 FE-SEM images of SWCNT electrodes processed from suspensions with different
pH values and with the EPD period of (a) 3min, (b) 30min, respectively. (c) The qualitative
illustration of the deposition mechanisms with varying pH values

In addition, for this short processing time of 3 min, the difference in surface morphology
from various pH suspensions was insignificant due to a limit amount of nanotubes deposited
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on the substrate. The SEM images, from Figure 3.5 (a) for pH 4 and pH 10, however, still
show the distinguishable appearance of these microstructures formed from EPD. On the pH 4
image, there are obviously many flakelet structures which were formed from the deposition
of nanotube bundles, due to in-sufficient dispersion of individual nanotubes under low pH
conditions. On the pH 10 image, however, the nanotubes and bundles are clearly observed
directly on the electrode, which confirms a better deposition resulted from a satisfying
dispersion of individual tubes with a higher pH value.For the processing time of 30 minutes
(Figure 3.5 (b)), micro-structures of CNT bundles appeared on all three samples but the pH
10 suspension produced more individual tubes and a smoother surface morphology. Figure
3.5 (c) explains the deposition mechanism of SWCNTSs in these suspensions with different
pH values. For the pH4 suspension, more agglomerates exist and the deposition happens by
carrying with larger bundles, which causes the formation of irregular microstructures on the
substrate. Moreover, the less material available in the suspension results in a slower
deposition rate and brings about less deposited material. For the pH 10 suspension, more
individual tubes exist in the suspension and their surface charging levels are higher. This
situation results in a larger deposition rate and a well ordered deposition film is produced.
For the pH 7 suspension, the situation becomes a bit complicated due to the availability of
bigger agglomerates in the suspension and the faster deposition rate of such structures. More
micro-structures were observed on the coating and the morphology became less organized.
The similar finding was reported in EPD processing of SiO, films [155]. Well dispersed
particles were found in the higher pH value suspensions and more uniform films with the low

surface roughness were produced. In contrast, unstable suspensions with low pH values could
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not produce thick films due to sedimentation. With a moderate pH values particle
agglomerates in EPD processing yielded a high surface roughness.
It is important to quantify the effects of the pH value on the EPD deposition rate. In

literature [98], the Kkinetics of EPD processing was described by Hamaker’s law given by

1
W= LZ f LEAC dt (40)

where the deposition rate (w) is expressed as a function of the concentration of charged
particles in the suspension (C), the electrical field strength (E), the electrophoretic mobility
(1), the area for deposition (A) and a constant f. The electrophoretic mobility, which depends

on both the properties of particles and the liquid, can be calculated by

_ 866
n

(41)

where ¢ is the dielectric constant of the liquid, &g is the vacuum permittivity, C is the surface
charge of the particles, and # is the viscosity of the liquid. Equation (41) shows the strong
dependence of the electrophoretic mobility on the surface charge of suspending SWCNTSs.
The suspension with a higher pH value contains CNTs with more surface charges and hence
exhibits a better electrophoretic mobility. In addition, the concentration of charged nanotubes
is higher in this suspension. Both factors, according to equation (40), will accelerate the EPD

deposition rate in suspensions with high pH values.

3.1.2.2 Electrochemical Characterization of SWCNT Electrodes
Cyclic voltammetry (CV) graphs of these SWCNT coated electrodes derived from

different pH suspensions are shown in Figure 3.6. Note that the scale of the y axis in figure 6
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(@) is close to half of that of (b). These figures show that the bumped regions are less
significant for electrodes produced from lower pH values, due to less surface charging (and
less carboxylate groups) of the SWCNTs. Up to 30 minutes, the pH 10 suspension produced
the largest area enclosed by the CV curves. For the pH 7 and pH 10 cases, the bumped
regions, which are attributed to the pseudo-faradaic reactions caused by the carboxylate

groups [132, 156], have been larger corresponding to the following reactions:.
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Figure 3.6 Cyclic voltammograms of SWCNT electrodes, in 1M H,SO,4 with various pH
values (a) pH4, (b) pH7 and (c) pH 10
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From the CV graphs reported in Figure 3.6 the specific capacitances were calculated in
regard to the geometric area (1 cm?) of the electrode. The results are shown in Figure 3.7.
The SWCNT coated electrodes derived from the pH 10 suspension exhibit the highest
capacitance (mF/cm?) for all processing times ranging from 0 to 30 minutes. The value of
specific capacitance increases much faster for the pH 10 suspension, compared to two other
suspensions. The pH 4 curves show the lowest specific capacitances with less pseudo-
Faradaic effects in Figure 3.5 (a). The behaviors of different electrodes were expected from
the distinct EPD rates and the different amounts of deposited material on the electrodes from

various suspensions.
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Figure 3.7 The dependence of the capacitance (evaluated by CV) on the EPD processing
times for varying pH values

As mentioned earlier, there is a strong correlation between the specific surface areas of
carbon nanostructures and their specific capacitances. The BET measurements were carried
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out in order to assess this relationship. For SWCNT electrode with various pH values, all
measurements were done for different pH samples with the same EPD processing time of 30
minutes. Table 3.1 summaries the BET specific surface areas, pore volumes and average pore
diameters obtained for three pH values. With increasing the pH value, the specific surface
area of SWCNT network increases; whereas, the average pore diameter decreases. The
electrode derived from the pH 10 suspension shows the highest BET surface area (820 m?/g)

and the smallest pore size (2.7 nm).

Table 3.1 BET surface areas, pore volumes and average pore diameters of SWCNT
electrodes processed with different pH conditions

Sample  BET Surface area Pore volume Average pore diameter

(PH) (m°/g) (cm?/g) (nm)
pH 4 601 0.32 4.2
pH 7 642 0.425 3.9
pH 10 820 0.629 2.7

Figure 3.8 plots the increasing trends of the specific capacitance and the surface areas for
three pH cases, and these two parameters do not show a linear interdependence. This implies

the essential role of pore accessibilities in ion transportation and storage [26].
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Figure 3.8 Specific capacitance (F/g) and BET surface area of SWCNT electrodes fabricated
with different pH values

In order to investigate the contribution of the pore accessibility to specific capacitance, the
pore volumes (also shown in Table 3.1) and pore areas of SWCNT networks on three
electrodes were measured from nitrogen adsorption using the BJH method. The data are plot
in Figure 3.9 against the average pore diameter. As shown, the pore surface area is greater for
the electrodes fabricated from the larger pH values. For the pore volume, there are distinctly
two regions which can be observed in Figure 3.9 (b). For smaller pores with their diameters
less than 4 nm, the pH10 electrode has the largest number of such pores, while for larger
pores with their diameters greater than 4 nm, the pH 4 electrode has the largest pore number.
In comparison with Figure 3.8 which shows the pH 10 electrode has the largest specific
capacitance, it can be concluded that the availability of larger pores in the wide size range (5-

50 nm) do not significantly affect the specific capacitance, while the accessibility to smaller
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pores, corresponding to the average pore diameter below 4 nm, is dominant in determining

the specific capacitance.
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Figure 3.9 Pore size distributions of SWCNT electrodes fabricated with different pH values:
(a) Pore area and (b) Pore volume

This complicate dependence of the accessibility to small pores on the pH value of the EPD
suspensions result in a non-linear relationship between the specific capacitance and the
specific surface area. Note that the pore accessibility depends not only on the pore
distribution on the electrode but also on the type of electrolytes. In this study, the optimum
pore sizes for these EPD processed SWCNT electrodes are between 2 - 4nm and lead to the
highest ion accessibility. More investigations are expected for characterizing the optimum

pore size for other types of electrolytes such as organic or non-agueous ones.

3.1.2.3 Electrochemical Impedance and Equivalent Circuit Modeling

79



Using the EIS 300 software (Gamry Ins.), the Nyquist plots were made for the SWCNT
coated electrodes fabricated from these suspensions with three pH values. 1M H,SO, was
used as the electrolyte and the measurements were performed for two EPD processing times
of 3 minutes and 30 minutes, respectively. Figure 3.10 (a) and (b) show the Nyquist plots of

3 min electrodes in the entire range of tested frequencies ranging from 0.1 Hz t0100 kHz.
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Figure 3.10 (a) Nyquist plots for the SWCNT electrodes with different pH values at EPD
processing times, 3 min., and (b) enlarged sections of the Nyquist plots at high frequency. (c)
Nyquist plots for the SWCNT electrodes with different pH values at EPD processing time of
30 min. (d) enlarged sections of the Nyquist plots at high frequency for (c)
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The zoomed figure emphasizes the high frequency zone. On these plots, the diameter of
semicircle is referred as Rg while the high frequency intercept on the Z., axis represents the
sum of Rs. The pH4 electrode shows an almost complete semicircle which reveals a less
porous electrode after the short EPD processing time of 3 minutes. On the other hand, both
pH 7 and pH 10 electrodes show a part of arc followed by a straight line showing a sharp
increase in the imaginary part of the impedance at lower frequencies, which are
representative of ion diffusion dominant processes. Especially the pH 10 electrode shows its
linear EIS performance over a wider range of frequencies. It is also noticed that the relatively
large values of Rg exist for the lower pH value electrodes. This is attributed to the poorer
accessibility of ions to the pores on the electrodes fabricated from lower pH suspensions.
Figure 3.10 (c) and (d) show the Nyquist plots of 30 min electrodes. In comparison with the
similar observations in Figure 3.10 (a) and (b), both the pH 7 and pH 10 electrodes show

very large capacitances at high frequencies.

Table 3.2 Proposed equivalent circuit models for SWCNT electrodes fabricated from
different pH values

Equivalent circuit for SWCNT electrodes
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Using the measured EIS data and adapting the equivalent circuit model shown in Table
3.2, the values of Cp, Rs and Rg were fitted into the Nyquist curves. Also, the impedance of a

CPE can be represented as defined below:
Z=@)/(0)%  0<a<l (44)

For a double layer capacitor, the constant Y indicates the capacitance and the exponent a is
less than 1. Figure 3.11 (a) and (b) show the comparisons between the Nyquist plots and the
plots of the derived equivalent circuit models. Table 3.3 summaries the values of three
parameters determined from different electrodes. Note that the Cp values of the pH 4
electrodes are extremely small due to very limited amount of surface charges on the electrode
(and less pseudo-Faradaic effect). The pH 10 electrodes with 30 min processing time show
the largest Cp, which shows the existence of the pseudo-capacitance. It can be seen that Rr
decreases as increasing the pH value of the suspensions, while Rs slightly increases. This can
be explained using the pore distributions shown in Figure 3.9. The SWCNT coated electrode
from the high pH value exhibits a lower Rg because it possesses a better electrolyte’s

accessibility to pores in the range of 2 - 4 nm.
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Figure 3.11 Correlation between Nyquist plots with different pH values: (a) pH 4, (b) pH 7,
(c) pH 10
82



Table 3.3 Equivalent circuit parameters (Cp, Rs & Rg) obtained from the modeling results

3 min 30 min
Ce Rs Re o Cr Rs Re
pH 4 - 2.1 1351.3  0.861 1.6e” 2.2 177.3
pH 7 9.6e™ 2.4 74.6 0.81 3.4e3 2.4 55
pH10  2.9¢3 2.4 11.8 0.794 4.6e* 2.5 15

The contact resistance Rs at the interface may increase due to more micro-structures formed
on the electrode. These observations suggest that, as the pH value increases, the sharp
increase of the imaginary part of the impedance resistance appears at lower frequencies and
extends to the entire frequency range. In addition, the SWCNT networks fabricated from
higher pH suspensions show their larger specific capacitances which are attributed to more
effective pore volumes. Moreover, pseudo-capacitances (Cp) were found important on these
electrodes fabricated from higher pH suspensions. As increased pH value, the surface

functionalization group contributes more pseudo-capacitance.

3.1.3 Summary

SWCNT coated electrodes were fabricated from functionalized CNT suspensions with
various pH values using the electrophoretic deposition method (EPD). EPD processing at
higher pH values yields SWCNT electrodes with increased surface area and more effective
pore volumes, while both contributed to the increase in the specific capacitances of these
electrodes. The measurements of electrochemical impedance resistance revealed the rapid
increase of the imaginary part of the impedance resistance when the electrode was fabricated

with higher pH. The finding from the equivalent circuit model further confirmed that the
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higher pH treatment is desired not only to reduce the SWCNT electrode resistance (Rg) but
also to introduce a complementary effect of pseudo-capacitance. In addition, the optimized
pore size distribution through modifying pH values could enhance the performance of
SWCNT electrodes. Moreover, the decrease of the internal resistance was achieved when
desirable nano-structured electrodes were fabricated from the EPD process. This
investigation of impedances of SWCNT electrodes fabricated from functionalized
suspensions with different pH values will help optimize their electrochemical properties for

designing high energy density devices.
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3.2 Fabrication of Activated Carbon Electrodes

For the fabrication of EDLC-typed cells using porous electrodes, activated carbon (AB-
520, from MTI corp. in USA) with high specific surface area (2000 m?/g as a powder) was
used to produce active electrode films on a current collector. The activated carbon-based
paste was prepared by mixing activated carbon (AC), polytetrafluoroethylene (PTFE from
Aldrich) as a binding agent, and carbon black (from Alfa Aesar, with a surface area of 80
m?/g) as a conductive agent in a mass ratio of 90:5:5 using the solvent, N-Methyl-2-
pyrrolidone (NMP from MTI corp.), and then this paste was cold-rolled on a stainless steel
(SST plate of 1mm thickness from Alfa Aesar) current collector. After coating activated

carbon-based pastes, the electrode was placed into a vacuum oven at 90 °C for 12 h to

remove moisture and solidify the film. The specifications for a single electrode are
summarized in Table 3.4. A coin-typed cell (2032 coin cell from MTI Corporation) with
identical two-electrodes was then built by assembling each AC electrode, separated by a 25
um thick Celgard 2400 membrane. To compare different electrolytes, 1 mole organic
(EtsNBF, from Alfa Aesar) salts in propylene carbonates (PC from Sigma-Aldrich) and 1 or

3 mole aqueous (H,SOy) electrolytes were prepared.

Table 3.4 Typical specifications for a single electrode made of activated carbon

Diameter of an electrode 9/16 " (14.28 mm)
Active a of area 1.6 cm?

Total mass of an electrode

(including a current collector) 0.1713¢g

AC film (Only) 0.012 g

AC film thickness 0.15 ~0.20 mm

2000 (+100) m?/g

BET specific surface area (Activated carbon powder)
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3.3 Fabrication of Graphene and SWCNT Electrodes using Vacuum Filtration

The practical evaluation of material performance in EC devices is only valid for electrodes
with thickness and weight similar to those of commercial electrodes (recommended a
thickness of 100 to 200 pm or a weight of about 10 mg/cm?) [157]. However, SWCNT
electrodes produced from EPD method, as described in section 3.1, possess the thickness of
about 20 um and the limited weight up to 3 mg/cm?. To overcome these limitations, SWCNT
and graphene-based electrodes were prepared using the vacuum filtration deposition (VFD)
method. Commercial SWCNT (as received from Nano-C Inc.: 1.2 nm in diameter, 1.4 to 1.5
um in length) and graphene nanoplatelets (as received from XG science: 1 to 50 um in width,
1 to 20 nm in thickness, Grade C) were used for fabricating nano-structured electrode film on
a current collector. Carbon powders in as-received condition were mixed with the condensed
PTFE in water, as a binder, with a weight ratio of 4:1 wt. % in absolute ethanol, as a solvent.
This suspension was subjected to intensive ultrasonification for 1 h in order to create a

homogeneous mixture.

_—  Glass funnel

— Graphene suspension

[ _—  SST foam

Paper membrane

Screen support (Stainless steel)

Vacuum Pump

Figure 3.12 Schematic of vacuum filtration deposition process
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As illustrated in Figure 3.12 , the resulting suspension, with a concentration of 1 m/ml,
was then decanted and vacuum filtrated through stainless steel (SUS) foam from Nagamine
Manufacturing Co. Ltd., with a thickness of 1.0 £ 0.2 mm, porosity of 84 %, and an average
pore diameter of 160 um. The carbon film deposited on the SUS foam as a current collector
was dried at 60 °C for 24 h in order to remove the ethanol solvent and to solidify the
electrode film. The final step was to assemble two pairs of each electrode in a 2032 coin cell,
separated by a 25 um thick Celgard 2400 membrane and immersed in 1 mole Et;NBF,/PC
electrolytes. Table 3.5 summarizes the specifications for each unit cell. All these cells were
assembled in a glove box filled with pure Ar gas. Since the chemical-electrical properties of
the organic electrolyte can be changed by water vapor, a special care was taken during

assembling to ensure the humidity in the glove box is less than 9 % RH.

Table 3.5 Typical specifications of a single electrodes made of graphene and SWCNT

Diameter / Thickness 15mm/ 1.2 mm
Current collector Avera diamet 160
(SST foam) _ge pore diameter um
Porosity 85 %
Active area 1.6 cm?
Carbon electrode Mass - 12~ 125 Tg
BET specific surface area 750 m°g~ (Graphene)
(measured with powders) 400 ~ 1,000 m°g™ (SWCNT)

87



Chapter 4 Development of an Equivalent Circuit Model

4.1 Introduction

For energy storage systems, e.g. batteries, fuel cells, electrochemical capacitors (EDLCs)
or hybrid systems in electric vehicles, wind and solar power generation [158-161] , it is very
important to obtain an accurate circuit model which describes the operation characteristics of
EDLCs, and subsequently to optimize the component sizes and design in different
applications. Meanwhile, equivalent circuits for EDLC modeling are valuable to predict their
dynamic behaviors within a power electronic circuit. Moreover, it provides meaningful
information to understand critical reactions at the double-layer interfaces.

In this work, a new equivalent circuit model with multiple-RC elements (for accounting
for diffusion, adsorption and bulk media impedance, respectively) is proposed from the
observed physical and electrochemical phenomena. This is aimed to develop a more adequate
equivalent circuit model by considering the effect of the electrolyte on ions’ transportation
(ionic diffusion and migration), adsorption layer formation on electrode surface, and bulk
processes in practical EDLC systems. It is expected that this circuit model can be used to
interpret resistive and capacitive behaviors of an EDLC device, and quantitatively to verify

the contribution of individual processes to device’s performance.

4.2 Circuit Model Development
As discussed in Chapter 2, a few theoretical treatments of EDLC structures have
schematically proposed to describe the properties of the double-layer at electrode/electrolyte

interfaces. The first concept of EDLC structures was introduced as the compact of Helmholtz
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layer [31], where all counter-ions were assumed to be attracted to the charged electrode
surface. This model is analogous to that of conventional dielectric capacitors with two metal
planar electrodes. Therefore, the capacitance in Helmholtz model is simply expressed as
follows:

£0&r

CH = d ‘A (45)

where €, €,- are the free space permittivity and the relative permittivity of the electrolyte,
respectively. The distance of Helmholtz layer, d, can be obtained from the radius of solvated
ions (refer to Figure 4.1), while A is the surface area of the electrode.

Another theoretical description of the EDLC has been developed by Guoy and Chapman
[32, 34], which is considering into the diffuse part of the double-layer. This model treats the
ions as point charges so that the ions’ movements in the electrolytes are driven by the
influences of diffusion. This ions transportation in EDLC determines the overall capacitance.
It is subjected to applied potential, thermal fields and types of ions in the electrolyte. In the
Guoy-Chapman theory, the diffuse charge is determined by the Poisson-Boltzmann equation.

This equation is given for a symmetrical electrode as follows:

2kTnge\ /2 . v
qq =( nnoe) smh% (46)

Therefore, the specific capacitance according to the diffuse layer, Cgis, can be evaluated as

C _9qq _ (no€ep? 1/2 heOV 47
arr =50 = (om)  cosh i (47)

where n, is the number of ions in the bulk electrolyte, V is the potential drop between the
electrode and the bulk electrolyte, e, is the charge of the ion, k is the Boltzmann constant, ¢ is

the dielectric constant in the electrolyte, and T is the temperature.
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Figure 4.1 Schematics of an electrochemical double layer and the electrode/electrolyte
interfaces model

And later, the diffusion layer model was combined with the Helmholtz model by Stern [33].
In that model, the overall capacitance in EDLC, Cgy, was considered as a series of

capacitance, Cy and Cyifr,

1 1 1
— = 48
Cal Cn  Caiff ( )

In further developments, Graham [42] emphasised the presence of specific adsorption of
ions on the electrode surface, by modeling three distinguished layers: the inner Helmholtz
plane (IHP), the outer Helmholtz plane (OHP) and the diffusion layer (see Figure 4.1). The
IHP region is made of solvent molecules and/or adsorbed ions (cations or anions in
electrolytes) while the OHP region corresponds to the formation of hydrated ions (solvated

ions) layer. Subsequently, the diffusion layer develops outside the OHP. Graham’s theory led
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to a better understanding of how EDLCs are affected by the nature of their electrolytes; such
as ions size, polarizability and overall capacitance-dependency on the electrode potential.
Moreover, it is essential to clarify integral electrochemical processes at the double-layer
interface in order to present more realistic characteristics of EDLC. Therefore, the theoretical
treatment of all elements in this research will be discussed based on Graham model. The
proposed circuit was followed by including initial development of the relationships between
electrical components, such as double-layer capacitances combined with ions diffusion and
specific adsorption in both IHP and OHP, the presence of resistances at interfacial double-

layer and bulk process in electrolyte.

4.2.1 Electrochemical Double Layer Capacitance at the Double-layer Interface

An ideal EDLC is independent on the working frequency or applied voltage when its
capacitance and internal resistance are evaluated. In practice, however, dependence of the
capacitance and resistance on frequency and voltage is commonly observed [143]. These
deviations from the ideal capacitive behavior of EDLC are attributed mainly to ionic
chemical/physical adsorption and diffusional impedance, incomplete polarization of the
porous electrode, and Faradaic charge transfer resistance caused by the voltage differential
across the electrode/electrolyte interface [162, 163]. In particular, the measured double-layer
parameter is not an ideal capacitor because of the porosity of electrode materials,
inhomogeneous pores distribution, roughness and non-linear current density. Due to non-
ideal behavior, the double-layer capacitor is replaced by a constant phase element (CPE)

representation and not a pure capacitor [129]. In many cases, the CPE is placed in parallel
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with an interfacial resistor in a circuit. Table 4.1 lists the common circuit elements, their
impedances, the comparison between a pure capacitor and CPE, resistor and Warburg
element (W). Each element is discussed with their concept of impedance representation in

EDLC circuit modeling.

Table 4.1 Circuit elements used in the model and mathmatical equation for each impedance

Equivalent Impedance Note
element
Resistor (R) Z.- =R Independent on frequency
R
1 A pure capacitor
[l =—— Inversely liner dependency on frequency
c or (C JoC C: capacitance, ¢ : frequency (1/sec)
apacitor
P ©) 1 Constant phase element (CPE)
A — Non-liner dependency on frequency
CPE - \a =
Q(jw) Q: CPE coefficient, o: exponent (0 < a < 1)
Bounded diffusion layer
1 Qw: Warburg coefficient
Warburg (W) Z, = __coth [B J a)J B |§/t[i)11e/g>retlcally defined as follows;
w1 where, o: Nernst diffusion layer thickness
D: diffusion coefficient

* Helmholtz (Cy) and diffusion (Cgifr) capacitance
Graham’s model presents the overall double layer capacitance which is composed of three
contributions: adsorption capacitance (Cags), Helmholtz capacitance (Cy) and diffusion
capacitance (Cgif). The latter two capacitances can be connected in series and expressed by
equation (48). Cy represents the compact Helmholtz layer formation form solvated ions
attracted electrostatically in the OHP layer while Cgi results from the ions transportation,

caused by a gradient between the bulk and interfacial concentration of electrolyte’s ion. In
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fact, charge-transfer processes with the measureable resistance consume the electrolyte’s ions
at the interface and develop a concentration gradient. In unsupported systems, there is a
limited supply of ions from the electrolyte and the diffusion process occurs in a bulk solution
overlapping with the diffusion layer. These phenomena can be interpreted using the Warburg
element (W) for the bounded diffusion layer in series with the resistance of bulk solution
(Rpuik) [164]. In EDLC, this diffusion capacitance is very important factor to influence the
final performance of EDLCs in various applications [130, 165]. According to equation (3),
the diffusion capacitance is depending on the number of ions and their charge (conductance)
in electrolytes. When the frequency increases or low conductive ions are used, the number of
ions involved in diffusion process can be reduced, therefore resulting in a decrease of
capacitance. Otherwise, various parallel diffusion mechanisms can be determined by
changing the potential difference, the electrode surface area and the bulk solution
concentration.
* Adsorption capacitance (Cags)

In Grahame’s theory, it was recognized that dehydrated ions in IHP region could reside on
the electrode surface with specific adsorption processes. This phenomenon results in
adsorption capacitance, Cags. In a certain system, this C,ys can be regarded as another
capacitive element with some part of the electrochemical charge-transfer process. This
phenomenon is called pseudocapacitance. Therefore, the overall capacitance in EDLC can be
represented by Cas and a series combination with Cy and Cgig in parallel, resulting in an

equivalent circuit depicted in Figure 4.2 (a). Generally speaking, for an adsorbed species
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formed by charge transfer in IHP, the capacitance is associated with a Faradaic charge (gF),

and the charge is dependent on the potential difference (V). This allows Cqs to be defined as:

Cass = (3X) (49)
Therefore, it can be seen that C,ys corresponds to the variation between the differential
charge and voltage [166]. However, it is necessary to differentiate with another pseudo-
capacitance which originates from Faradaic (oxidation/reduction reactions) processes due to

other sources such as metal oxide, conductive polymers or the functional group.

(a) VA \N
Rs w

(Rct+Rads)
(0) —

CPE buik

w ML Smn .

R, Rbuik

z anode / cathode at interfacial region

© o« /N (CPEuu) .

| —" -
Rs

Rint
Figure 4.2 Equivalent circuits modeling of (a) interfacial processes at doulbe-layer, (b)
consideration of bulk processes and (c) the completed circuit
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This pseudo-capacitance is different from the employed here whose extent of faradaically
delivered charges is a function of voltage, but a reversible process with the negligible leakage
current [167]. In terms of circuit configurations, when a pseudo-capacitance is involved,
generally, there are a Faradaic leakage resistance in parallel with pseudo-capacitor. However,
in an ideal EDLC system where there are no Faradaic processes from metal oxide types of
electrodes or conductive polymer, the leakage resistance in parallel with Cads may not be

present or the magnitude of leakage current may be negligible.

4.2.2 Resistance at the Double-layer Interface Region
At the double layer interface, the electrochemical reaction is usually composed of charge
transfer, adsorption and mass trans-port. Therefore, the interfacial resistance is associated
with (1) a charge-transfer resistance (R¢) where the electrode/electrolyte interface is not
polarised in an ideal manner. This leads to current leakage, and (2) an adsorption resistance
(Rags) representing the impedance to the formation of Cggs resulting from Kkinetics of
specifically adsorbed ions at interfacial layer.
* Charge transfer resistor (R)
The charge-transfer resistance, R, is mainly related to the gradients of potentials between

the electroactive species (in this study, hydrogen (H*) and sulfate (SO4%") in the agueous
electrolyte and Tetraethylammonium (Et4N") and Tetrafluoroborate (BF4 ") in the organic

electrolyte) in electrolytes and the electrode surface, leading to the charge transfer
phenomena. This charge transfer reaction is controlled by the kinetics of the electrochemical

reactions and the diffusion of ions near the electrode surface. Hence, it is a common principle
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to connect R in parallel with double layer capacitance to describe the interfacial leakage
resistance at double layer. If there is an electron-transfer reaction, R becomes smaller, other-
wise, charge-transfer resistance becomes very large and electrode is polarised with poorly
defined potential. Obviously this process is dependent on concentration of electrolytes,
applied potential, temperature and surface structures of the electrode [168].

e Adsorption resistor (Rads)

The adsorption impedance depends on charges, associated with specific adsorption of
charged species (dehydrated ions or solvent molecules) in the inner Helmholtz as a portion of
the adsorption layer (Figure 4.1). The adsorbed species typically do not exchange electrons
directly with the electrode and do not produce a pure Faradaic current, but they change the
surface charge density resulting in the interfacial current path [43]. The equivalent circuit in
this system can be represented by the combination of a resistor (Rags) with a capacitor (Cags)
in series. Here, the resistance, Rags, 1S an integral part of the physical phenomenon that gives
rise to the formation of C,gs With no charge transfer. Otherwise, as discussed before, the
adsorption processes can be treated like most charge transfer reaction, such as pseudo-
capacitance. In such systems with metal oxide or conductive polymer electrodes, Rags IS
intimately associated with the charge-transfer resistance (R;) since C,gs iS corresponding to a
Faradaic process, resulting in a parallel combination of R,gs with Cyys to present pseudo-
capacitive effects. However, in this study, an electrical double layer with no pure Faradaic
process is presented; therefore, the total interfacial resistance (Rin;) can be expressed as:

Rint = Ret + Raas (50)
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4.2.3 Bulk Solution Impedance

In many practical cases, the high-frequency impedance response must be carefully
analyzed and separated from the measured total impedance to identify the interfacial low
frequency impedance components. In a typical experimental situation, the bulk electrolyte
processes dominantly at high frequencies and electrochemical kinetics at the electrode-
electrolyte interface is observed at lower frequencies. This is because there is not enough
time to form the double layer at the very high frequency, so that there are no effects from
interfacial electrochemical reactions. Therefore, the impedance analysis can treat bulk and
interfacial processes separately, on the basis of selective responses to sampling AC
frequencies. The bulk process is valid only at high AC frequencies, where the electric current
must overcome the bulk impedance. This may lead to the formation of a capacitance in
parallel with the bulk resistance. Hence, the expression for the high frequency impedance
from bulk solution can be modeled by the parallel combination of bulk resistance (Rpux) and
capacitance (Cpuik). These bulk impedance elements are placed in parallel with the interfacial
impedance as shown in Figure 4.2 (b).

To develop an accurate equivalent circuit, three major aspects of the physics of the EDLC
have been taken into account. First, based on the theory of the interfacial layer in EDLC, the
total capacitance was approximated as a combination of three separate capacitances;
adsorption layer (inner Helmholtz layer), the com-pact double layer (outer Helmholtz layer)
and diffusion layer in the electrolyte. More specifically, it was represented by the
combination of Helmholtz-layer capacitance (Cy) in series with diffusion layer (W), and

adsorption capacitance (Caqgs) placed in parallel. Therefore, the equivalent circuit of an EDLC
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was modeled by three capacitive elements. The second aspect is that the interfacial resistance
was defined by the combination of charge transfer resistance (R.;) and adsorption resistance
(Rags) in Helmholtz layer (refer to Figure 4.2 (a)). Thirdly, the circuit was modified by
considering the bulk media processes to present the impedance of the practical device in
whole frequency range. As a result, the complete equivalent circuit for EDLCs is given as in

Figure 4.2 (c) and the resulting expression for the total impedance of the cell becomes:

-1

1 1
Z=R;+|- + - (51)
CPEpy1k 1 1
Rpuik+Zw+ +
bulk™ew ZcPEy  RinttZcPEg 4

where each impedance (Z) for elements are defined in Table 4.1. This equation was

employed to simulate the overall impedance value for a cell at sufficiently low frequencies.

4.3 Experimental

Activated carbon electrodes were prepared using cast-coating with slurry, as described
previously in Chapter 3. To compare the electrochemical properties of two distinct
electrolytes, 1 M organic (Et4NBF; /PC) and 1 M aqueous (H,SO,) electrolytes were
prepared. The electrochemical properties of a coin-typed cell with identical activated carbon
electrodes and two different electrolytes were evaluated using cyclic voltammetery (CV) and
constant current charging/discharging (CCD) measurements by a Gamry Reference 3000
Potentiostat. Electrochemical impedance spectroscopy (EIS) was performed on the same
Potentiostat using EIS 300 software (Gamry Inc.). All EIS measurements were achieved by
applying a low sinusoidal amplitude AC voltage of 4 mV on a cell at a frequency range from

10 mHz to 100 kHz. To evaluate potential dependency, measurements were performed at
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various fixed DC voltages depending on the type of electrolytes. Differential capacitance and
resistance versus frequency curves in Bode plots were obtained by taking the real
components of the impedance at different operating frequencies. Through fitting
experimental EIS data with the proposed equivalent circuit, the calculated values for real and
imaginary components of the impedance were corrected for each element (capacitors and
resistors at frequency 10 mHz) and converted into total impedance of a cell using equation.

(51).

4.4 Results and Discussion
4.2.1 Electrochemical Characteristics

Figure 4.3 shows the cyclic voltammetry curves of coin-typed cells measured in aqueous
(1 M H,SO,4) and organic (1 M Et;NBF4/ PC) electrolyte, respectively. Since the two
electrodes were identical and the ideal activated carbon is non-Faradaic material, its current

response was symmetrical and similar to an ideal EDLC.

20

-@- Organic (Et4NBF4/PC)
-4 Aqueous (H2S04)
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.

Current / mA
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-20
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Figure 4.3 Cyclic voltammetry for organic and aqueous electrolytes at the scan rate 20 mV/s
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Although the aqueous electrolyte shows some distortion from the ideal CV shape at near 1
V due to the decomposition of the electrolyte, it clearly shows that the organic electrolyte did
not have any distortion up to 2.7 V. The specific capacitance for a single electrode was
measured from CV measurements, which was about 108 F/g in the organic electrolyte and
134 F/g in the aqueous electrolyte, respectively. In order to clarify the absence of Faradaic
processes of redox reactions, further CV measurements with different scan rates were carried

out as described in Figure 4.4.
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Figure 4.4 Cyclic voltammery at various scan rates, 5, 10 and 40 mV/s: (a) organic (1 M

EtyNBF,4/PC) electrolyte up to 2.4 V, (b) aqueous (1 M H,SQO,) electrolyte up to 0.8 V,
respectively
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The parallelogram-like CV curves were maintained in various scan rates, which is a major
characteristic of non—Faradaic process in an EDLC. This result indicates that, in both tested
cells, there was less pesudocapacitance caused by surface reduction/oxidation or functional
groups on the surface of the electrodes. The cells were then subjected to the constant current
charge-discharge test to evaluate their capacitive behaviors and equivalent series resistances
(ESR or self-discharge) by measuring the IR drop at various charging voltages, as suggested
in the literature [162, 169]. For this purpose, the data from charging/discharging
measurements at constant current loads were analyzed. The cells were charged from 0 V to
different rated voltages to investigate the potential influence on ESR. As a result, the
measured series resistance is calculated as
ESR =2 (52)

where V is the initial voltage (ohmic) drop at the beginning of discharging process, and | is
constant charging/discharging current. The overall internal resistance in a cell was
represented by the calculated ESR values. As shown in Figure 4.5, the organic electrolyte
(Figure 4.5 (a)) shows a higher voltage drop than aqueous electrolyte (Figure 4.5 (b)). Also,
for the same electrolyte, the ohmic drop decreased as the charging voltage increased. This
difference is much larger for the organic electrolyte than the aqueous electrolyte. This is
because the aqueous electrolyte has a much higher conductance than organic electrolyte
[170]. The corresponding ohmic drop and ESR values calculated according to equation (52)

were collected in Table 4.2.
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Figure 4.5 Discharging processes at the constant current (30 C-rate) and the determination of
ohmic drops with different charging voltages for (a) Organic electrolyte,up to 1.2 vs. 2.4 V
and (b) Aqueous electrolyte, up to 0.2 vs. 0.6 V, respectively

Clearly, the current response of the organic electrolyte is largely affected by the applied
potential differential and shows an increase in capacitance and a decrease in ohmic drop with
voltages. Less significant changes were observed in the aqueous electrolyte. This implies that
both capacitance and internal resistance are dependent on the properties of the electrolyte,
such as its conductance and ionic mobility.
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Table 4.2 Measured values of ohmic drop and ESR from the charging/discharging cycle at

the constant current (30 C-rate) for two electrolytes

Electrolytes Constant current” v | v Capacitance Ohmic ESR

(mA) mhof T at discharging (mF) | Drop (4V) | (Q)

" Organic 0 | 1.2 281 0315 | 26.2
(1M 6.8

Et;NBF,/PC ) 0 | 24 325 0206 | 17.1

Aquous 23 0 0.2 514 0.022 4.82

(1M HzS0,) ' 0 | 06 545 0.02 4.34

* This current value is corresponding to 30 C-rate (1/30 hour) at discharging from the maximum rated
voltages, 2.7 V of organic or 1.0 V of aqueous electrolyte.

Figure 4.6 presents the Nyquist plot for two cells with identical activated carbon
electrodes immersed in two different electrolytes: 1 M H,SO, and Et4NBF, in propylene
carbonate (PC). The first intersection point on the real axis at the highest frequency shows a
series resistance of cells (Rs) that generally originates from solution resistance in the
electrolyte, separator and external circuit resistances. Since two tested systems have the same
components except for the electrolyte, Rg is mainly attributed to the resistance of electrolytes.
Therefore, the higher conductivity of the aqueous electrolyte leads to the lower resistance.
The semi-circle present at high frequencies is associated with the interfacial resistance
between electrode and electrolyte. The organic electrolyte data, as compared to the aqueous,
displayed a larger semi-circle, indicating a higher resistance at its interfacial layer. At
medium frequencies, a straight line with a slope of 45 © appears and this impedance reflects
the ion diffusion phenomena in the porous structure. Subsequently, both cells behave like a

pure EDLC capacitor which is characterized by the vertical line at low frequencies.
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Figure 4.6 Nyquist plots for cells in 1 M H,SO,4 and 1 M EtyNBF./PC electrolytes,
respectively. Measurement was performed at the applied voltage of 5 mV, with the frequency
range from 10 mHz to 100 kHz

The Bode plots shown in Figure 4.7 describe the resistance and capacitance as function of
the frequency. In Figure 4.7 (a), three distinguishable resistances, which are independent of
frequency, exist on both curves and can be correlated to individual resistive components (R)
defined in Section 4.2. Specifically, the resistance at the high frequency range shows mainly
the value of Rs while the Faradaic leakage or charge transfer resistance from bulk
electrolytes (Rpuk) appears at the medium frequency range between 10 Hz and 1kHz. The
low frequency range between 10 mHz and 1 Hz includes R caused by interfacial processes,

and represents the summation of Rs, Rpuik and Rip.
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Figure 4.7 Bode polt of (a) real impedance and (b) real capacitance vs. frequency for two

electrolytes

On the other hand, Figure 4.7 (b) demonstrates the frequency dependence of the capacitance.
The capacitance reaches its maximum at the low frequency because the ions have sufficient
time to reach to the pores and then form the double layer on the electrode surface. The value
of capacitance at the lowest frequency hence represents the overall capacitance at the double

layer interface (Cqj). The rated capacitance is around 670 mF for aqueous H,SO, electrolyte
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and 470 mF for organic Et;NBF4/PC electrolyte at 10 mHz, respectively. As the frequency
increases, the contribution of Cgy decreases due to insufficient ion transport, and the major
contribution changes to partial capacitance from bulk electrolyte’s process (Cpyx) measured
as above 14 to 5 F at 5 kHz for both electrolytes, respectively. Compared to the aqueous
electrolyte, the organic electrolyte exhibits a larger resistance and a lower capacitance
throughout the entire frequency range, due to the greater energy barrier against its ion
transport. This transport occurs in both the bulk solution and diffusion layer as ionic dif-
fusion (driven by the concentration gradient) and ionic migration (driven by the electric field).
In this study the relevant impedance was observed at the low frequency range from 1 Hz to
100 Hz (see in Figure 4.7 (a)), which confirms the diffusion dominant impedance for the
organic electrolyte. Meanwhile, the ion transport impedance is closely associated with the

double-layer formation process, which results in a less value of Cy (see Figure 4.7 (b)).

4.2.2 Simulations with an Equivalent Circuit and Potential Dependency

The measured EIS data from Nyquist and Bode plots were compared with simulated
parameters obtained from the equivalent circuit model which is given in Figure 4.2 (c).
Figure 4.8 describes the measured (symbols) and simulated (lines) impedance spectra for
aqueous and organic electrolytes in Nyquist plots. The experimental data closely matches the
model predicted data in both low and high frequency regions, which were unsuccessfully

achieved using the models shown in Figure 4.2 (a).
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Figure 4.8 Simulated impedances, Zreal and Zimag, with measured Nyquist plots for aqueous
and organic electrolytes

Using the equivalent circuit, the extracted parameters for different electrolytes are
summarized in Table 4.3. In comparison with measured data from Bode plots (Figure 4.7),
the simulated values for resistance and capacitance show a reasonable consistency with the
measured ones. In addition, this simulation indicates that Rj,; can be considered as the most
dominant parameter in determining the operating ohmic resistance of tested cells. This means
Rint can be used to study the characteristics of ohmic leakage current or internal resistance of
EDLC cells. For capacitance values, the model predicted, Cpuk Of tens of micro farad, in
agreement with experimental values. The summation of Cy and C,gs is around 640 mF in
aqueous and 540 mF in organic electrolytes, respectively. These values are close to the
measured double layer capacitance, Cq, shown in Figure 4.7. Meanwhile, the organic

electrolyte exhibits lower Cy and C,gs compared to the aqueous one.
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Table 4.3 Equivalent circuit parameters (Capacitance and Resistance) obtained from the
simulation results with two electrolytes

Aqueous Organic
Impedance values (IM H,S0Oy,) (1M Et4NBF,/PC) Unit
Simulated Measured | Simulated | Measured
Rs 0.184 0.2 1.306 1.2 ohm
Rbulk 1.512 1.6 7.508 6.9 ohm
Rint 5.899 6.7 10.2 7.1 ohm
Zy 2.131 - 4.272 - ohm
Chulk 15 14 6 4.6 uF
Cx 340 - 248 - mF
Cads 302 - 262 - mF
Cal 642 610 510 470 mF

These values of capacitance can be considered in terms of types of electrolyte and ion radius.
According to equation (45), larger sized ions of the organic electrolyte possess lower C,qs and
Cn because its Helmholtz layer thickness, d, of closest ion’s approach are larger than the
aqueous electrolyte’s one, leading to less capacitance. This result agrees with the theory and
experiments reported by Grahame [42]. Also, the lower conductivity of organic electrolytes
exhibits higher diffusion impedance (Zw), which corresponds to the fact that organic
electrolytes have the less ion movement and larger energy barrier to diffusional processes,
resulting in the larger diffusion impedance (around 4.3 Q) than one (2.1 Q) of the aqueous
electrolyte with a higher conductivity. In order to further characterize the resistance and
capacitance dependency on the applied voltage level, additional EIS measurements was
performed for voltage levels at 0.2 and 0.6 V on aqueous electrolytes, and at 1.2 and 2.4 V on

organic electrolytes, respectively.

108



@) 60

¢ EIS Et4NBF4 1.2V
4 EIS_Et4dNBF4 2.4V
— Simulation with equivalent circuit

=
—
=]
S
=11}
]
E
N
60
Zreal / ohm
(b) 60
+ EIS H2504 0.2V
4 EIS H2804 0.6V
— Simulation with equivalent circuit
40 ¢
=
S A
g 4
=14 3 £
g £
= ¥
5
N 20 s 2
0
0 2 4 6
Zreal / ohm
0
0 20 40 60

Zreal / ohm

Figure 4.9 Measured and simulated impedances for the different applied voltage on (a)
organic electrolyte, (b) aqueous electrolyte, respectively. The insert is an enlarged view at

high frequencies

The applied voltages were respected to reflect the relative potential differential at electrode-

electrolyte interface. Figure 4.9 shows the Nyquist plot for two electrolytes obtained at
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different voltage levels. At the low voltage with the decreased DC potential across the
interfacial double layer, the more right-shifted vertical line in the low frequency region was
shown and the larger semicircle was presented, which means the overall resistance increases

at double layer interface.
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the applied voltages for (a) organic electrolyte, (b) aqueous electrolyte, respectively
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That is, the higher resistance at low potential causes to larger leakage current. This result was
in agreement with characteristics of the current response from various applied voltages in
CCD measurements, introducing the differences of ohmic drop or ESR. The differences in
capacitance and resistance as function of frequency were described in Figure 4.10, which
again shows excellent agreements between measured and simulated data. It is worth-while to
note that larger potential led to the lower resistance and the higher capacitance over the
whole frequency range. In addition, this effect is more significant in the organic electrolyte,
indicating the organic electrolyte showed a larger dependency on the applied potential
change when compared to the aqueous electrolyte. For simulation, the measured impedance
spectra were fitted by an equivalent circuit and the simulated parameters are summarized in
Table 4.4 and Table 4.5. Similar to experimental EIS results, the notice-able resistance
changes were observed. More details, compared to other resistances (Rs and Rpyik), it can be
clearly seen that the interfacial resistance (Riy) is significantly reduced when the potential
increased. As discussed before, Ri, is associated with charge transfer and kinetics of
adsorbed ions in the formation of outer/inner Helmholtz layers. Therefore, the higher
potential leads to more electron transfer and ions adsorption at the interfacial layer, results in
a smaller Rj,.. Also, the Helmholtz capacitance (Cy) decreases while the adsorption (Cags)
increases, and the diffusion impedance is reduced. This is mainly caused by the acceleration
of adsorption reactions and diffusion rate caused by a larger differential potential. According
to the Gouy-Chapman model of diffusion double layers, the capacitance is proportional to the
differential potential as described in equation (47). Consequently, at high potential conditions,

adsorption and diffusion capacitances contribute more to the overall capacitance.
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Table 4.4 Calculated parameters (Capacitance and Resistance) obtained from the simulation
results with different applied voltages on aqueous electrolyte (1M H,SO,)

Simulated i
impedance values 0.2V 0.6V Unit
Rs 3.08E-01 2.85E-01 ohm
e Qo | _991E05 . 873E0S SY
O __ | ___89E0L | 869E-01 _ _ | ___________
Chuik 16 17 uF
Rbuik 2.67 2.45 ohm
. Qo ____ | ___316801 _ | __ __ 351E01 | __ S S
_._.B ___. . 485 _ . o 3 L s
Zy 3.16 2.85 ohm
e Q. | . 68301 _ | .. A7eE0L | S
______ o ____|____969E01 _ | ____897EO0L | _ _________
ofF 346 281 mF
Rint 1.93 0.279 ohm
S Qass _____. | 161E02 | __o_._YeeEO01 S
______ Cags ___ | ___479E01 _ | ____5385E01 _ | ___________
Cads 224 315 mF

Table 4.5 Calculated parameters (Capacitance and Resistance) obtained from the
simulation results with different applied voltages on organic electrolyte (1M Et;NBF4/PC)

Simulated i
impedance values L2v 24V Unit
Rs 2.05 1.63 ohm
. Qour _____ ] R A 1= R I ST9E05 . o S .
C Ok ) _794E01 _.___807E01 _ | o ___. _
Chulk 3.9 3.6 uF
Rbulk 13.2 9.79 ohm
e Qw | _967E02 | _._._833E01 _ | __ S
el B _ .l . 614 _ ____| I 11 L. s
Zw 10.34 1.2 ohm
.l Qu _ _._] __._.909E02 I 945E-02 _ _ . o S .
U on__ ___| .___456E01 _ | o _9Q09E01 | . _
Cu 121 25 mF
Rint 38 24.2 ohm
c Qaes __._.DAE02 I 305E-02 _ _ _. o S .
e Oass | ___858E01 | _._._b2re0l _ | _._. _
Cads 109 262 mF
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This tendency is similar for both electrolytes, but it is seen in Table 4.5 that larger difference
in Zy are seen in the organic electrolyte when compared to the aqueous one(see Table 4.4),
which means the diffusion of organic electrolyte is more affected by the potential differences
resulting in the larger deviation of Zy.

In order to validate the equivalent circuit model, these impedance characteristics were
correlated with distributed current leakage or ESR in practical cells. In Figure 4.11, the total

impedance obtained from the simulation is compared with the ESR from CCD measurements.
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Figure 4.11 Correlation between EIS modeling and CCD measurement; ESR difference from
the applied voltages for (a) organic electrolyte, (b) ageuous electrolyte, respectively

From equation (51), the total impedance was calculated by simulating each resistor and
capacitor at 10 mHz. Although the equivalent resistance from EIS measurements is usually
lower than other measurement techniques [162], this value gives an informative indication of
internal resistance for EDLC devices. Note, the value from modeling is not exactly same as
the experimental ESR, but the similar potential dependency has been shown between EIS

modeling and CCD measurement.
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As for the discussion based on model prediction, two major considerations were made in
the development of the equivalent circuit model for an EDLC. First, the circuit modeling was
developed based on theoretical descriptions of ELDC structures and effects of
electrochemical reactions coupled with diffusion and adsorption phenomena in the
electrochemical double layer. Secondly, this circuit was designed to provide the meaningful
information on each physical process in practical EDLC devices. The dominant resistive
elements in both interfacial and bulk processes have been found by improving the fitness to
the EIS data. Importantly, the interfacial resistance (Riy) describes the extents of electron
transfer reactions and kinetic of adsorbed ions in forming the double layer. For capacitive
elements, the double layer capacitance (Cq) is represented by a combination of Warburg
impedance, W, and the compact Helmholtz capacitor, Cy, in parallel with adsorption
capacitor, C,gs. The values of Zyw and Cyys have been analyzed to understand the diffusion
behavior and adsorption process which depends on the ions sizes and conductivity of
electrolytes. Also, the bulk capacitance, Cpyk, takes into account the bulk processes for a
practical EDLC cell. It was found that the defined parameters in the proposed circuit are
critical to demonstrate their characteristics, such as internal resistance or the potential-
dependency. Therefore, the proposed circuit can be useful to characterize the EDLC-typed
capacitors which are typically composed of porous carbon-based electrodes with ionic
electrolytes. Furthermore, the simulated impedances of resistive elements provides
informative values to predict the energy/power density and thermal behavior of EDLCs,

because these factors are mainly dominated by internal resistances [171].
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45 Summary

This work presents an improved equivalent circuit model to investigate the
electrochemical and dynamic behaviors of EDLCs with porous carbon-based electrodes using
different electrolytes. The characteristics of EDLC cells with two types of electrolytes,
namely, aqueous 1 M H,SOjand organic 1 M Et;NBF./PC, were studied by analyzing CV
and CCD measurements. At the same time, the impedance behaviors of these EDLCs were
utilized to evaluate the validity of circuit modeling. The simulation results showed that this
new circuit model was able to characterize EDLCs with both aqueous and organic
electrolytes. Moreover, the proposed circuit model provided a reasonable interpretation on
physical processes occurring within the EDLC cell, through introducing a more clarified
view of their electrochemical and transport phenomena. In addition, the EIS analysis on the
potential dependency supported the proposed elements in the model and the ESR correlation
between EIS and CCD measurements was derived. It was suggested that this circuit model is

able to simulate sufficiently the potential-dependent characteristics of double layer capacitors.
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Chapter 5 Characterization of Electrochemical and Thermal
Behaviors with Porous Carbon Electrodes

5.1 Introduction

As a promising energy storage device, EDLCs based on porous carbon materials have
been widely investigated and developed for electric vehicle, space, and military vehicle
applications due to their high power/energy densities, high efficiency, long lifetime, and fast
current responses during charging/discharging [157, 172, 173]. For such applications, it is
believed that the ability to quickly store and deliver a steady amount of electrical energy in
harsh environments can be determined from the properties of carbon electrodes and their
electrochemical interactions with the electrolyte ions at double-layer interfaces [174]. In fact,
a key to designing effective nano-structured carbon electrodes for EDLCs is to uncover the
relationship between electrolyte ion sizes and electrode pore sizes. Matching the type of
electrolytic ion with the pore structure of the electrodes can thus be considered an
optimization approach to the design of high power and energy density products. It is
therefore essential not only to characterize the electrochemical properties of porous
electrodes and their effects on EDLC performance, but also to correlate the pore size
distributions (PDS) in porous carbon to these properties and especially to the dynamic
characteristics of the electrodes. Such a correlation could be achieved through an
investigation of the way in which ion accessibility corresponds to a variety of charging-
discharging frequencies. The thermal characteristics of a porous carbon electrode represent
an additional factor that is important for estimating the practical lifetime of a device as well

as the efficiency of its energy storage, because temperature affects ion kinetics and diffusion
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processes at the double-layer interfaces, causing variations in the internal resistance of the
cells and degradation of power/energy density [136, 138].

The main goal of the work presented in this thesis was to conduct systematic studies of
electrochemical and thermal characteristics between an organic electrolyte and three distinct
types of carbon electrodes, activated carbon (AC), graphene, and single-walled carbon
nanotubes (SWCNTSs). A particular focus was the investigation of the effects of the pore size
of the electrodes on the dynamic performance of EDLCs for different charging and
discharging frequencies as a means of revealing correlations between pore distribution and
electrochemical characteristics at specific applied frequencies. An additional factor
considered was the direct correlation between variations in the structure of the electrodes and
their thermal behavior in EDLCs. Based on an examination of the structural properties of
electrodes such as their microstructure, surface area, and PSD, this study has addressed the
question of how porous electrodes with different pore structures influence the capacitive and
resistive characteristics at a variety of operating temperatures. To achieve these goals, the
recently developed equivalent circuit model [175] has been used in order to simulate the
effects of porosity on the temperature-dependent kinetic reactions (charge transfer,

adsorption) and diffusion processes that occur at double-layer interfaces.

5.2 Experimental
In this study, SWCNT and graphene-based electrodes were fabricated by using the
vacuum filtration deposition (VFD) method, as described in Chapter 3. Meanwhile, for

comparison, cast-coating method was also used to prepare activated carbon electrodes.
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Briefly, powdered activated carbon was mixed with the same PTFE and carbon black in the
mass ratio of 90:5:5, then cold-rolled on the SUS foam. The cells were assembled with 1 M
Et4NBF4/PC electrolytes using a 2013 coin cell. The unit cells were then placed in a climate
chamber that simulates temperature changes. The operating temperature varied from -30 °C
to 60 °C within the operating range to an accuracy of + 1 °C.

The structural properties of each type of electrode were determined by means of scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). Atomic force
microscopy (AFM-tip mode) observation was conducted for the fully sonicated samples on
freshly cleaved mica surfaces. The specific surface area and pore size distributions were
measured using a nitrogen (N2) adsorption analyzer (Flowsorb from Micrometitics
Instrument Corporation). The specific surface was estimated based on the Brunauer-Emmett-
Teller (BET) analysis technique of the N2 isotherms. Pore size distributions (PSD) were
determined from the Barrett-Joyner-Halenda (BJH) method for the meso-/macroporous range
(between 2 nm and 100 nm) and the Horvath-Kawazoe (HK) method for the microporous
range (less than 2 nm). Electrochemical characterizations were carried out using cyclic
voltammetry (CV) and constant charge/discharge (CCD) measurements on a Gamry
Instruments Reference 3000 potentiostat. CV tests were conducted at a variety of scan rates,
ranging from 5 to 40 mV/s within the 2.7 V maximum voltage window of the electrolyte.
Electrochemical impedance spectroscopy measurement was performed wiht the same
potentiostat and with EIS 300 software in the frequency range of 0.1 Hz to 100 kHz at a 0.4
V cell potential. It should be noted that the preparation of electrodes using the above

processes may lead to micro-structures that differ from components fabricated using other
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laboratory approaches. The focus of this study, however, was on the investigation of the
effects of the size of pore on their electrochemical, dynamic, and thermal behaviors, and

distinguishable pores are formed in AC, graphene and SWCNT electrodes.

5.3 Results and Discussion
5.3.1 Structural Properties of Electrodes

Representative SEM images of the AC, graphene and SWCNT electrodes are shown in
Figure 5.1, and their microscopic structures are illustrated schematically to enable the
visualization of their structural properties. The SEM observation shown in Figure 5.1 (a)
indicates that the AC is composed of randomly agglomerated coagulations of fine particles
into a three-dimensional porous network. In Figure 5.1 (c), it can be seen that the SWCNT
presents typical bundle structures with randomly dispersed one-dimensional carbon
nanotubes. SWCNT bundles can also be observed to be spanning holes and completing the
SWCNT network. In contrast, graphene layers tend to form large, two-dimensional
aggregated sheets, as shown in Figure 5.1 (b). The highlighted TEM image indentified in
Figure 5.1 (b) appears as a number of over layered graphene sheets. The thin-layered
graphene was also characterized using AFM analysis. Considering the thickness of a typical
graphene nanoplatelet (1 to 20 nm as received), which is shown in Figure 5.2 (a), most of
these sheets tend to interact with one another to form aggregated structures (as can be seen in

the schematic illustration of Figure 5.1 (b)).
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Over-layered graphene sheets

Figure 5.1 FE-SEM images of the electrodes: (a) AC, showing schematics of 3D randomly

dispersed AC structures; (b) graphene, showing 2D agglomerated graphene sheets, including
a TEM image of graphene layers; and (c) SWCNT, showing a 1D ramdomly dispersed

SWCNT network

Section Analysis

86 nm 69 nm

i Substrate

|32 nm S

D C A

Figure 5.2 Graphene results: (a) SEM image of a typical graphene nanoplatelet; (b) AFM
ichnography image; and (c) cross-section analysis of overlayered graphene nanoplatelets with
A-D indicating the positions on the dotted line where the tip scanned
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Figure 5.2 (b) presents the AFM ichnography, in which overlapping graphene sheets are
identified. The corresponding cross-section profile in Figure 5.2 (c) clearly shows that the
thickness of this overlapping structure ranges from 1 to 90 nm.

With respect to the analysis of the pore structures of the electrodes, Figure 5.3 shows a
comparison of the N2 adsorption isotherms and the pore size distribution analysis of those

graphs obtained for the AC, graphene and SWCNT electrodes.
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Figure 5.3 Nitrogen adsoprtion isotherms for the carbon electrodes: (a) AC; (b) graphene;
and (c) SWCNT

As shown in Figure 5.3 (a), according to IUPAC classification [176], the isotherm of the
AC electrode is a type | isotherm, which indicates that the AC is predominantly microporous.
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The large amount of adsorption on the AC at very low pressures is due to the micro-pores
filling up because of the enhanced adsorbent-adsorbate interactions in the micro-pores, and is
distinct from the adsorption that occurs in the meso-pores [177]. In contrast, as shown in
Figure 5.3 (b), the graphene electrode exhibits a type Il isotherm with type H3 hysteresis
loops, which is a characteristic of mesoporous adsorbents. As with the graphene electrode,
the isotherm of the SWCNT electrode (Figure 5.3 (c)) is characterized by hysteresis loops,
but closes as a type IV with a clearer hysteresis that represents a structural combination of a

mesoporous and a macroporous material.
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Figure 5.4 Pore volume distributions: (a) within meso-/macropore ranges of 2nm and above,
based on the BJH method; and (b) within micropore range under 2nm, based on the HK
method
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The differences in the nitrogen adsorption isotherms of each electrode are well reflected by
the PSD analysis. The pore volumes were calculated using the BJH method for meso- and
macro-pores ranging from 2 nm to 100 nm, and the HK method was applied for micro-pores
of less than 2 nm, as depicted in Figure 5.4. The results reveal that the AC contains narrowly
distributed micro-pores from 1 nm to 3 nm, and that the most pore volumes were obtained
from the micro-pore region. In comparison, the pore volumes of the graphene are widely
distributed in the meso-pore region, and the volume of meso-pores between 3 nm and 10 nm
is greater than in the other electrodes. The SWCNT electrode, which has two peaks, one
located below 2 nm and the other between 10 nm and 20 nm, displays the greatest volume of
pores larger than 10 nm. The calculations of the BET surface areas, micro-pore areas,
external areas, and average pore volumes are summarized in Table 5.1. The t-plot was
adopted by the reference to carbon black in order to determine the external surface area

which can be defined as the surface area caused by pores larger than a micro-pore.

Table 5.1 Specific BET surface areas, external areas, pore diameters and pore volumes of the
AC, graphene and SWCNT electrodes

Micropore External Average pore Pore Pore
BET surface area . a b
Electrode (m2/g) area area diameter volume volume
(m?/g) (m?/g) (nm) (cm/g) (cm*/g)
Graphene 546 40 506 6.2 0.824 0.169
Activated 1558 1053 505 2.1 0.249 0.536
carbon
SWCNT 640 59 581 7.0 0.961 0.161

% Pore volumes for meso-pores determined by the BJH method for meso-/macro-pores ranging from
2 nm to 100 nm; °: pore volumes for micro-pores as determined by the HK method for micro-pores
less than 2 nm.
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The micropore area was calculated based on a balance between the BET surface area and the
external surface area. The BET surface area of the AC electrode was approximately 1560
m?/g, which is attributable primarily to its micro-pore area of 1053 m?g. The SWCNT
exhibited a larger volume for pores between 2 nm and 100 nm, with an external area of 581
m?/g, and a total surface area of 640 m?/g. With the value of around 550 m%/g, the graphene
electrode had a lower surface area than either the AC or SWCNT electrode, and the external
area of the meso-pores provided the greatest contribution to its surface area. The graphene
electrode also has an average pore diameter of 6.2 nm, which is notably larger than that of
the AC electrode, at 2.1 nm, while the pore size of the SWCNT is 7 nm: larger than that of
either the AC or graphene electrode. Two main structural differences are evident from a
comparison of the AC, graphene, and SWCNT electrodes. First, both the SWCNT and
graphene electrodes possess a larger pore volume of meso-pores, with a wider PSD that
ranges from 3 nm to 50 nm, but with the SWCNT exhibiting a larger pore diameter and
volume for pores above 10 nm. Second, the AC electrode has a narrow PSD and a surface
area composed mainly of micro-pores (1 nm to 3 nm), resulting in the largest surface area of

the three carbon electrodes.

5.3.2 Electrochemical Characterization

Cyclic voltammetry (CV) graphs were produced for the AC, graphene and SWCNT
electrodes in 1M Et4NBF4/PC electrolytes and are shown in Figure 5.5, which gives rise to
several observations. First, all of the electrodes display nearly rectangular shapes without any

major Faradaic peaks in the 1-V curves, although a tailed line for the current response appears
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near 2.5 V due to the decomposition of the electrolyte. This result implies that their
capacitive behaviors can be attributed primarily to the electric double-layer formation at the
electrode/electrolyte interface, which means that no pseudo-capacitance effects are present.
Second, it can be clearly observed that the curves corresponding to the graphene and
SWCNT electrode are closer to rectangles than the one for the AC electrode. This distinction
indicates that the equivalent series resistance is smaller in the graphene and SWCNT
electrodes than in the AC electrode, which relates directly to their electrical conductivity and

structural properties, such as PSD.
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Figure 5.5 Cyclic voltammetry curves for the AC, graphene and SWCNT electrodes in an
organic 1M Et4;NBF,/PC electrolyte, produced with a scan rate of 20 mV/s

To address the effects of PSD, further voltammetry tests were conducted using a variety of
electrodes at four different scan rates: 5 mV/s, 10 mV/s, 20 mV/s, and 40 mV/s. As shown in

Figure 5.6 (a), the voltammogram for the AC electrodes begin to distort when the scan rate is
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increased, which indicates that the response of the AC electrode to high operating
frequencies is slow and that their performance declines for operations involving faster ion
chargeing/discharging. In contrast, Figure 5.6 (b) and (c) reveal that the shapes of both the
graphene and SWCNT electrode curves are much less distorted with increased scan rates,
which indicates better ion accessibility at high-voltage scan rates. The specific capacitances

the calculated based on these CV measurements are listed in Table 5.2.
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Figure 5.6 Cylic voltammetry curves: (a) for AC, (b) graphene, and (c) SWCNT electrodes in
1M EtyNBF4/PC electrolyte at different scan rates

Although the graphene and SWCNT electrodes exhibit a smaller capacitance at the scan
rate of 5 mV/s, around 90 F/g and 96 F/g, respectively, they maintain their capacitance with a

90 % retention rate when the scan rate is increased to 40 mV/s. In comparison, the value for
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the AC electrodes changes significantly with the scan rate, with the highest capacitance of
132 F/g at 5 mV/s and the lowest capacitance of 89 F/g at 40 mV/s. Nevertheless, the
graphene and SWCNT electrodes display a smaller voltammograms area, i.e., a lower
capacitance, than the AC electrodes. This result arises directly from the smaller specific
surface area of both of these electrodes compared to that of the AC electrodes, as mentioned

earlier.

Table 5.2 Variation of the specific capacitance (F/g) calculated from cyclic voltammetry
measurents with 1M Et;NBF4/PC was the electrolyte and with different scan rates

Scan rate Activated carbon Graphene SWCNT
(mVis) (F/9) (Flg) (Flg)
5 132.2 90.9 96.5
10 109.8 89.5 92.9
20 96.5 87.2 89.2
40 88.8 82.3 86.7

With regard to the effects of pore volume effects, the highly microporous AC electrodes
would be expected to restrict ion transport when the scan rate is too fast, due to the shorter
ion migration period at higher frequencies. This effect can have the direct result of creating a
greater resistance to ionic charging. The meso-pores of both the graphene and the SWCNT
electrodes, on the other hand, favor ionic penetration through their porous networks, resulting
in lower resistances than with the AC electrodes at high scanning rates. EIS was performed in
order to shed light on the effects of meso-pores and micro-pores on the frequency-dependent

resistive and capacitive behaviors of AC, graphene, and SWCNT electrodes.
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Figure 5.7 (a) Nyquist plots of AC, graphene and SWCNT electrodes in 1M EtyNBF,/PC
with (b) the enlarged image

For this purpose, the series resistance (Rs) was first determined based on the intercept at the
real impedance axis of the Nyquist plots shown in Figure 5.7. The figure shows that both the
graphene and SWCNT electrodes exhibit a lower Rs value than the AC electrodes, which is
directly attributed to the different intrinsic electrical conductivities of the electrodes.
Subsequently, the semi-circle of the SWCNT electrode occurs at a higher frequency and with
a smaller diameter, which indicates a lower interfacial resistance (Riq). This value of Rjy is
closely associated with the kinetics of ion transport at the electrode/electrolyte interface [175].
A lower Rjn usually leads to smaller impedance against ion migration at the double-layer
interface, which suggests better dynamic performance from the graphene and SWCNT
electrodes. In the low frequency region, all of the electrodes exhibit an ideal capacitive
behavior with a nearly linear line. However, the slope of the graphene and SWCNT
electrodes is larger than that of the AC electrodes, especially in the case of the SWCNT
electrodes which contain larger pores. These results suggest that the dynamic impedance

behavior of two electrodes strongly correlates to their surface and micro-structural properties.
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If an electrode is characterized by substantial porosity in the micro-pore range, the access
time for the electrolyte ions to be adsorbed on its surface area must be longer. Narrow and
deep pores are therefore relatively inaccessible for ions during short electrical impulses and
for high-frequency currents, resulting in greater resistance levels for microporous electrodes.
Such deep micro-pores also contribute to the capacitive behavior of an electrode with a high
RC delay time and, as a result, its capacitance drops with increased charging frequencies.
This effect is illustrated by the Bode plots included in Figure 5.8, which demonstrate the
changes in real capacitance (C') and imaginary capacitance (C”) with frequency. Frequency-
dependent capacitance C'(w) generally relates directly to the kinetic processes and ion
migration in the porous network of an electrode. EIS measurements are widely used for

demonstrating how many solvated ions can reach the pore surface at a given frequency.
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Figure 5.8 Bode plots for AC, graphene and SWCNT electrodes in 1M Et;NBF4/PC

As shown in Figure 5.8 (a), at lower frequencies such as 0.01 Hz, nearly the entire pore
surface of the electrodes is accessible to electrolytic ions, and their specific capacitances are

the highest. With increased frequencies, the Bode curves show a decrease in capacitance,
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which is more significant between 0.01 Hz and 1 Hz. The capacitance levels of electrodes
become quite small when the frequency is greater than 100 Hz. It can also be observed that
the capacitance of the SWCNT electrodes decreases at a slower rate than does that of the
other electrodes. This discrepancy indicates that, for the given frequency, the ion migration to
the active surface of the SWCNT electrodes is more efficient than that of the other electrodes
due to the larger pores in the SWCNT network. An additional factor is that the effect of pore
size on ion transport is of even greater significance in the case of the AC electrodes because
of their smaller pores. Figure 5.8 (b) demonstrates the evolution of the imaginary capacitance
(C") relative to frequency. The maximum of C” is a characteristic of the capacitive system,
which roughly describes the moment when the system changes from purely resistive to
purely capacitive [178]. The frequency f, that corresponds to the maximum C” represents a
time constant, t = 1/ fo, which indicates quantitatively how quickly an EDLC device can
respond to the charging/discharging cycles at the specified frequencies. As shown in Figure
5.8 (b), the SWCNT electrodes are characterized by a shorter time constant than the other
electrodes. This finding confirms the distinctive behaviors of the three types of electrode over
different charging/discharging cycles, which are the result of their differing porous structures.
Since larger meso-pores can more easily be penetrated by electrolytic ions, they contribute
significantly to faster responses during high-frequency charging/discharging, and hence, the
SWCNT electrodes are associated with a shorter time constant. As well, the existence of a
large proportion of meso-pores enables the graphene and SWCNT electrode to produce more
constant capacitances at high scan rates than the AC electrodes, as discussed in relation to the

CV measurements.
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5.3.3 Thermal Characterization

Figure 5.9 shows cyclic voltammograms (CV) for a unit cell recorded at 20 mV/s for the
AC, graphene, and SWCNT electrodes at the range of operating temperatures. With respect
to the effects of temperature, all of the electrodes exhibit a larger CV area as the operating
temperature increases, including a greater capacitance at a higher temperature. This finding
can be attributed to a greater kinetic activities and diffusion of ions at elevated temperatures,
resulting in a greater charge accumulation. Conversely, at lower temperatures, the current
profile of CV curves becomes distorted from the ideal rectangular shape, and shows a slower

rise, with the rectangle having rounded corners at the beginning of the charging/discharging

processes.
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Figure 5.9 Cyclic voltammetry at a scan rate of 20 mV/s for (a) activated carbon, (b)
graphene and (c) SWCNT electrodes at operating temperatures from -30 to 60 °C
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This behavior is due to an increase in internal resistance as the temperature goes down [179].
However, the AC electrodes exhibit only a slight decrease in these rounded corners at
temperatures from -20 °C to 25 °C, while both the graphene and SWCNT electrodes show a
steady decrease over the entire temperature range. These results indicate that decreases in the
rates are dependent on temperature, which cause an apparent reduction in capacitance and an

increase in internal resistance at lower temperatures, especially for the AC electrodes.
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Constant charge/discharge (CCD) measurements further confirm the increase in capacitance
at elevated temperatures and the increase in internal resistance with decreasing temperatures.
Figure 5.10 shows the discharge curves for activated carbon, graphene and SWCNT
electrodes at each operating temperature from -30 °C to 60 °C. From these curves, the

specific capacitances were determined as follows:

AI-At

(Vmax—Vmin)'m

Specific capacitance (F/g) = (53)

where Al is the applied constant current of the discharge, At is the discharging period, Vmax is
equal t0 Viaeq (2.4 V in 1M Et4NBF4/PC), Vimin = % Vmax, and m is the weight of the active
materials in the cell. The internal resistance was also calculated by measuring the ohmic drop

caused by the discharging curves, as follows:

Internal resistance (Q) = % (54)

where AV is the initial voltage (ohmic) drop at the beginning of the discharging process.

Figure 5.11 presents the resulting plots of the specific capacitance (F/g) and internal
resistance (Q) values calculated for each type of electrode based on the CCD curves shown in
Figure 5.10. In comparison to the specific capacitance shown in Figure 5.11 (a), over tested
temperature range tested, AC provides the greatest specific capacitance compared to the
other types of electrodes, which is direct result of its larger surface area as indicated in Table
5.1. Regarding the effect of temperature on capacitance, as with the CV measurements, the
AC shows a relatively small decline in capacitance, from 82 F/g to 65 F/g for temperatures of
60 °C to -20 °C, whereas the capacitance of graphene decreases steadily from 70 F/g to 46
F/g when the temperature is lowered. As with the graphene, the capacitance of the SWCNT

electrodes ranges from 72 F/g to 50 F/g. Figure 5.11 (b), on the other hand, shows an
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increase in resistance for all electrodes as the operating temperature decreases, with the AC

exhibiting much larger internal resistance than either graphene or SWCNT over all

temperatures.
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Figure 5.11 Plots for the activated carbon, graphene, and SWCNT electrodes based on the
CCD cureves: (a) comparison of specific capacitance levels; (b) the differences in internal
resistance with temperatures

This effect is mainly due to the lower electrical conductivity of AC compared with either
graphene or SWCNT [27]. However, with respect to the effect of temperature on internal
resistance, a relatively larger variation is evident for the graphene and SWCNT electrodes: in
the order of 55 % for the graphene and 68 % for the SWCNT. The AC, however, displays a
deviation of 33 % over the entire operating temperature range. These findings indicate that
the influence of temperature on the AC electrodes is less than for the others types of
electrodes, and that the SWCNT is relatively more sensitive to temperature than the graphene.
Variations in the resistance and capacitance can also result in a reduction in the energy/power

density, as depicted in Figure 5.12. As the temperature decreases, all of the electrodes show a
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decrease in power/energy densities. The maximum power density is achieved between 400
W/kg and 600 W/kg over all temperatures, while the maximum energy density obtained from
the discharge curve run at 60 °C ranges from 6 Wh/kg to 10 Wh/kg. In the case of power
density, the AC electrodes exhibit a significantly greater deviation in power density than
other electrodes. This observation can be attributed to the fact that the AC electrodes have a
much lower magnitude of dV due to the larger ohmic drop, which creates a significant

decrease in power density.
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On the other hand, as the temperature goes down, both the graphene and SWCNT
electrodes show a gradual decrease in the energy density while a linear decrease can be
observed for the AC electrodes. For operations involving a low power density (running from
a low voltage, e.g., 1.2 V), the energy density is consumed quickly as the temperature
decreases, especially for SWCNT electrodes.

EIS measurements were used for acquiring a more detailed understanding of on the
capacitive/resistive behavior of the electrodes as a function of temperature and frequency.
From the Bode plots of the real capacitance (Crea) Shown in Figure 5.13, it was found that the
Crea Values decrease with increasing frequency and decreasing temperatures over the
frequency ranges. At ultralow frequencies, the capacitance tends to remain constant relative
to temperature, and this phenomenon can be clearly observed for the SWCNT electrodes.
The capacitance is more influenced by temperature in the intermediate frequency range:
between 0.01 Hz and 1 Hz. This variation is considerably greater in the results for the
graphene and SWCNT electrodes than in those for the AC electrodes. In the case of the
SWCNT electrodes, their capacitance decreases significantly as the temperature drops. This
result is similar to the deviation in capacitance demonstrated by the CCD measurements, and
becomes increasingly obvious under the frequency operation. To enable a comparison of the
practical capacitance values that were measured mainly at 0.1 Hz, the capacitance retention

of the electrodes was calculated as follows:
Capacitance retention (%) = CC—T x 100 (55)
25

where Cy represents the capacitance at each temperature, and C,s indicates the value at 25 °C.

The results are listed in Table 5.3.
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Figure 5.13 Bode plots of real capacitance for (a) activated carbon, (b) graphene and (c)

SWCNT electrodes

Table 5.3 Values measured for Crq (F/g) from Bode plots at 0.1 Hz for activated carbon,
graphene, and SWCNT electrodes

Temperature Activated carbon Graphene SWCNT

(*C) (Flg) (Flg) (F/9)

-30 335 17.8 21.1

-20 40.0 24.9 30.2

-10 49.2 32.0 39.2

0 55.2 39.7 48.6

10 63.0 45.3 52.6

25 72.8 49.3 53.9

60 79.0 52.6 56.9

137



The result shows that, relative to the other types of electrodes, the AC exhibits the superior
capacitance retention with changes in temperature. The Cye, 0f AC varies by roughly 46 %
within a temperature range of -30 °C to 60 °C while the graphene and SWCNT results reveal
capacitance retention values of about 35 % and of 39 %, respectively (see Figure 5.15 (a)).
On the other hand, as can be seen in the Bode plots for real impedance (Zea) in Figure 5.14,
decreasing temperature causes an increase in the Z., values over all frequency ranges and
for all electrodes. A comparison of the plots shown in Figure 5.14 reveals that the AC
exhibits linearly increasing Z.a Vvalues with reduced temperatures while the graphene and
SWCNT display an exponential increase in the Zey values. This phenomenon is more

significant at low frequencies ranging from 0.01 Hz to 1 Hz.
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More detailed plots of the impedances measured at 0.1 Hz are provided in Figure 5.15 (b).
The Zq values of the AC increase from 22 Q to 65 Q when the temperature decreases from
60 °C to -30 °C. The graphene exhibits a greater Z. Vvariation, increasing from 14 Q (at 60
°C) to 81 Q (at -30 °C) while the SWCNT shows the largest change in Z., values ranging
from 15 Q (at 60 °C) to 94 Q (at -30 °C). A similar trend is evident for the internal resistance
values observed in the CCD measurements, leading to the conclusion that with the graphene

and SWCNT, the resistance is more sensitive to temperature change than with the AC.
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These differences in temperature dependency among the three types of electrode can be

correlated with their structural characteristics, including the discrepancy in pore width and
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distribution. According to simulation studies [180, 181], for narrow pores that are close to the
ion diameter, the capacitance tends to exhibit smaller deviations with the applied voltage due
to the maximum saturation of ion adsorption in narrow pores and enhanced ion’s separation.
In contrast, the dependence of the capacitance on pore size becomes relatively greater as pore
size increases due to the interference of the overlapping electric double layers. Another study
revealed [182] that a wider pore distribution leads to observations of more pronounced
porous characteristics with frequency-dependent impedances due to differing degrees of ionic
penetrability into the pores. The impedance of an electrode with a wide PSD increases more
rapidly with frequency, with the result that the energy loss at frequency-operation becomes
greater. This phenomenon would be more critical and has greater significance at low

temperature, as illustrated through the schematic representation in Figure 5.16.
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Figure 5.16 Schematic diagrams of ion adsorption and the interactions associated with micro-
pores and meso-/macro-pores at varied temperatures

The possibility of an excess charge near the meso-pores of electrodes that have a broader
PSD creates an increase in the stabilization time and in the energy barrier that acts against the
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distribution of ion movement in wider pore ranges. As the temperature drops, the decreased
kinetic energy caused by lower temperatures leads to a reduction in the number of reactive
ions in a pore, but the effect of interference between ions in large pores remains negative
with respect to the formation of a double layer and the consequent significant deviation in
impedance, which is largely dependent on temperature and frequency. In contrast, for the AC
electrodes that have a narrow PSD with respect to micro-pores, the micro-pores contains
fewer ions than the meso-pores, but the ion movement into the pores is mostly unchanged
with temperature due to the smaller space in the deeper parts of the pores (i.e. shorter
distance for ionic movement). The ions are solidly trapped into the smaller pores, which
leads to less change in kinetics with temperature. The AC therefore exhibits less Zeq
temperature dependence, and this effect becomes more dominant at lower temperatures.

To interpret the thermal characteristics of the kinetic and diffusion reactions in the three
different types of electrodes, an EIS spectrum was simulated using the previously proposed
equivalent circuit model presented in Figure 4.2 (c). This model provides impedance values
for kinetic (Rin) and diffusion processes, and these rate processes are associated with specific
activation energies. Accordingly, each impedance simulated at 10 mHz was processed, then
it relates to the activated energy (G) according to the Arrhenius equation [41, 179]. The
logarithms of Rj,; and W were plotted against the reciprocal of the temperature in K for the
AC, graphene and SWCNT electrodes, as shown in Figure 5.17. Over the entire temperature
range, all of the electrodes display comparable resistances values (W) for diffusion. On the
other hand, in the case of the Riy, the AC electrode values range from 1.7 Q to 2.4 Q and

from 2.7 Q to 3.6 Q for high (60 °C to 0 °C) and low (0 °C to -30 °C) temperature regions,
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respectively. The graphene results vary from 1.0 Q to 1.8 Q and from 2.3 Q to 3.4 Q for the
same respective temperature regions while the SWCNT findings range from 0.1 Q to 1.2 Q
and from 2.4 Q to 3.9 Q, respectively. Regardless of temperature, the AC electrodes show a
larger Riy: than the other electrodes, but they display a small deviation associated with
temperature, as revealed by a comparison of the (a), (b) and (c) sections of Figure 5.17. From
this type of Arrhenius plot, the activation energy of the kinetic (Gk) and diffusion processes
(Gp) can be calculated. For temperatures ranging from 0 °C to 60 °C, the SWCNT electrodes
possess 3.11 kJ/mol of Gk, which constitute the largest values compared to the other
electrodes (1.95 kJ/mol for AC, 2.17 kJ/mol for graphene). With respect to Gp, the SWCNT
electrodes show a slightly lower value of around 1.17 kJ/mol while the values of the other
electrodes (1.69 kJ/mol, 1.75 kJ/mol) are similar. However, in a temperature range of 0 °C to
- 30 °C, the Gk for SWCNT shows a significantly large value of 7.55 kJ/mol, followed by
graphene at 4.49 kJ/mol, which is greater than for the AC (3.02 kJ/mol). In this temperature
region, the Gp values range from 3.0 kJ/mol to 3.5 kJ/mol for all types of electrodes. The
characteristics of the Gp values indicate that the diffusion process (Gp) is determined
primarily by the properties of the electrolyte, so that the values can be similar for all types of
electrodes when the same electrolyte is used. However, the Gk value is related to the ion
kinetics at the interfaces between the electrode and the electrolyte. As a result, the SWCNT
displays greater activation energy than the others with respect to ionic kinetics (Gk) as the
temperature decreases, especially below 0 °C. This finding means that the SWCNT needs a

higher level of kinetic energy in order to overcome the resistance in the interfacial double-
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layer regions, which is associated mainly with a wider PSD at the meso-pores range, as

discussed in previous sections.
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Figure 5.17 Arrhenius plots of the temperature dependency of kinetic and diffusion
resistances in (a) activated carbon, (b) graphene and (c) SWCNT electrodes
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5.4 Summary

The work presented in this thesis has involved the investigation of the dependence of
electrochemical characteristics, especially dynamic and thermal responses, of the AC,
graphene, and SWCNT electrodes on their micro-structures, as represented by their
distinguishable surface area, pore size and pore size distribution. To verify the role of porous
carbon electrodes in supercapacitor performance, their frequency- and temperature-
dependent capacitive and resistive behavior has been characterized and correlated with the
microstructures of the electrodes. Both the graphene and SWCNT electrodes exhibit lower
interfacial resistance, better high-frequency performance and faster response periods in a
high-frequency domain, due to the relatively high pore volumes in their meso-pore ranges,
between 3 nm and 50 nm, with a wide PSD. However, they exhibit larger variations in
resistance (maximum 55 % or 70 % variation for temperatures ranging from -30 °C to 60 °C)
and lower retention of capacitance correlated with temperatures. It is evident that the
presence of dominating meso-pores in an electrode makes its surface area more accessible to
electrolytic ions even at high-frequency operation, but relatively larger pores increase
interference between ions, which has a negative effect on the double-layer formation at low
temperatures.

In comparison, the activated carbon electrodes display a higher resistance and a longer
current response period, which are attributable to the dominance of micro-pores (less than 2
nm), with a narrow PSD. Microporous AC however shows a weak dependence of
capacitance and resistance (maximum 33 % variation) on temperature, and minimal

temperature influence on ion Kkinetics at the double-layer interface, resulting in stable
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performance, i.e., less degradation of energy density. Differences in resistive characteristics
become more significant in the frequency domain with decreasing operating temperature.
This finding corresponds to the fact that the AC exhibits lower kinetic activation energy of
Gk, especially below 0 °C, which can be attributed to the probability of the existence of
stabilized ions in a narrow micro-pore range. Enhancements in porous electrode performance
can be achieved through the optimization of pore structure. The effects of frequency and
temperature on ion movement into pores should also be considered as an important factor
when an EDLC device is designed for operation in harsh environments. Therefore, a
thorough understanding of the dependence of capacitance and resistance on electrodes that
involve the micro-pore to meso-pore ranges can be expected to facilitate the development of

high-performance porous carbon-based electrodes for EDLC devices.
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Chapter 6 Characterization of Thermal Behaviors with

Electrolytes

6.1 Introduction

The electrolyte, e.g. aqueous, organic and ionic liquid, plays an important role in
governing the rate capability, and energy density of a device since the stored energy is
directly dependent on the properties of an electrolyte including solution stability,
conductivity, ionic mobility and diffusivity [17]. Currently, organic (non-aqueous) and
aqueous solutions are commonly used as electrolytes in commercial products to achieve a
wide voltage range at low resistances. In general, the non-aqueous electrolyte has a higher
internal resistance than aqueous electrolytes, which causes a decrease in their power density.
Nevertheless, non-aqueous electrolytes are preferred rather to aqueous ones in
commercialized EDLC devices because of their wider potential window in operation; a wider
potential window leads to increased energy density. On the other hand, aqueous electrolyte is
less likely to explode at high temperature and they exhibit lower internal resistances, larger
capacitances and higher efficiencies. Accordingly, in order to develop EDLC devices for
specific applications and meet their requirements, not only is a suitable electrolyte needed,
but a better understanding of the electrolytes’ thermal properties is also necessary. Of
particular interest are the effect of temperature on the kinetics (charge transfer), diffusion of
ions and bulk electrolyte processes, which are crucial to determine the specific capacitance

and the internal resistance of an EDLC [144, 170].
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The goal of this work is to systematically study the performances of two representative
electrolytes, namely aqueous (H,SO,4) and organic (Et4NBF,/PC) ones, using a specified
characterization procedure. The effects of temperature on capacitance retention, energy and
power densities, and resistance variations are first quantified over an operating temperature
range between -30 °C to 60 °C and then directly compared for the two electrolytes. In order
to study the interfacial reactions and different diffusion behaviors of electrolytic ions of the
two electrolytes at various operating temperatures, electrochemical impedance spectroscopy
(EIS) data are simulated with an equivalent circuit model. Through analyzing these simulated
impedance data, the energy barriers against kinetic reactions (charge transfer, adsorption) and

diffusion processes are estimated for different temperature regions.

6.2 Experimental

For the fabrication of EDLC cells, activated carbon was used to produce the electrode film,
as following the same procedure in Chapter 3. To compare the thermal characteristics of two
different electrolytes, 1 M organic (Et;NBF4/PC) and 3 M aqueous (H,SO,) electrolytes were
prepared, respectively. To simulate operating temperatures from -30 to 60 °C, the coin cell
was placed in a climate chamber.

The electrochemical characteristics were evaluated at different temperatures by means of
cyclic voltammetery (CV) and constant current charging/discharging (CCD) measurements.
During the CCD tests, the cells were assessed for their resistive behaviors and equivalent

series resistances (ESR) by measuring the IR drop at discharge processing. As discussed in
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Chapter 4, the overall internal resistance in a cell is represented by the calculated ESR values,

while the equivalent capacitance (C) values were determined by using following equation

C= Al-At (56)

Vmax—Vmin
where Al is the current of discharge, At is the discharging period, Vmax IS equal t0 Vyaeq (2.4
Vin 1M Et;NBF4/PC, 0.8 V in 3M H,SQOy, respectively) and Vimin =% Vmax-

Each electrochemical impedance spectroscopy (EIS) analysis was performed. From Bode
plots, the capacitance and resistance at frequency 10 mHz were obtained by taking the real
components of the impedance at different temperatures. These values were correlated with
the specific capacitance and internal resistances (ESR) obtained from the constant current
charging/discharging measurements. In order to investigate how temperature affects the
properties of the electrolytes and hence the performance of the EDLC, the EIS spectrum was
simulated with a previously proposed equivalent circuit as shown in Figure 4.2 (c). Still, each
impedance simulated at 10 mHz was processed to obtain the correlation between the

calculated total impedances and the measured ESR values.

6.3 Results and Discussion
6.3.1 Characterization of Thermal Behaviors

Figure 6.1 shows cyclic voltammograms measured on cells at each operating temperature
from -30 °C to 60 °C for the two electrolytes. The CV curves in Figure 6.1 (a), obtained from
the aqueous electrolyte (3 M H,SO,) demonstrate a saturated area of the current responses in
the temperature range from -20 °C to 25 °C, which represents the steady charge/discharge

capacity. However, the current response was de-saturated at -30 °C. This behavior is
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attributed to the water-based electrolytes characteristics which experience phase-change at
close to their freezing points. For example, the freezing point of sulfuric acid solution (96 %)
is about -20 °C [183], which leads to a low current response. At low temperatures in
comparison to the aqueous electrolyte, the organic electrolyte (1 M Et;NBF4/PC) current

responses are more distorted from the ideal rectangular shape, as shown in Figure 6.1 (b).
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Figure 6.1 Cyclic voltammetry of (a) 3M H,SO, and (b) 1M Et;NBF./PC electrolyte at
operating temperature from -30 to 60 °C at a scan rate of 20 mV/s , respectively
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In general, there is a slow rise in current at the beginning of each charge/discharge process,
which is caused by the internal resistance (ESR) of a cell. When it comes to the effect of
temperature, a slower current rise in current and two rounded corners of the rectangle were
observed at the beginning of the charge and discharge processes at lower temperatures. This
indicates a significant increase in internal resistance, especially for the non-aqueous
electrolyte, as the operating temperature goes down. The decreasing rates were found to be
dependent on temperature. This observation agrees with previous studies [184]. On the other
hand, both electrolytes displayed the slightly sharp tails of CV curves near to 1 V in H,SO4
and 2.7 V in EtNBF4/PC when the temperature is at 60 °C. This is caused by the
decomposition of electrolytes [185].

One important issue of temperature change on an EDLC is the ability to retain specified
performance levels, including capacitance, internal resistance and power/energy density.
These characteristics for each electrolyte were evaluated by the constant current

charge/discharge measurements.
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Figure 6.2 Discharging process at constant current (30 C rate) and ohmic drop (AV) for (a)
3M H,S0,4 and (b) 1M EtyNBF,/PC electrolyte at various temperatures, respectively
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Figure 6.2 shows discharge curves of a cell at different temperatures operating at a
constant current density of 0.13 A/g in H,SO,4 and 0.28 A/g in Et;NBF./PC electrolyte,
respectively. In this figure, the IR drop was observed at the beginning of discharging process.
The voltage drop (Ohmic drop) was used to estimate the internal resistance (ESR) deviation
with temperature change. As a result, Figure 6.3 shows the plots of the specific capacitance
retention of EDLCs and ESR variation calculated from the discharging curves in Figure 6.2.
The aqueous electrolyte was studied over the temperature range of -20 — 60 °C, and its
specific capacitance was found to change from110 F/g to 130 F/g, which indicates a
maximum loss of 15 % of its capacitance. The capacitance decreases to around 100 F/g at the
temperature of -30 °C. On the other hand, the organic electrolyte showed a loss of 32 % of its
capacitance, from 80 F/gat 25 °C to 52 F/g at -30 °C. For the temperature effect on the
internal resistance, the aqueous electrolyte showed an increase of 10 % in ESR, while the
organic electrolyte displayed a more significant increase of 60 % over the tested temperature
range. Both electrolytes measured their highest resistance at -30 °C. This is attributed to the
instability of electrolytes near their freezing temperatures. Moreover, it should be noticed that

the variations of ESR and the capacitance can result in lowering of energy/power density as

shown below:
Energy density (Wh/kg) = ﬁ CVv? (57)
2
Power density (W/kg) = ﬁEVS—R (58)

where m is the mass of an electrode and V is the operating voltage. In general, the organic
electrolyte can provide larger energy/power densities than the agueous ones due to the

greater operating voltage.
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and (b) 1M Et;NBF4/PC electrolyte depending on temperatures, respectively

In contrast, in Figure 6.4 it is can be seen that as the temperatures decreases, the organic
electrolyte showed a decrease in both energy and power densities while no significant change
is observed in the aqueous electrolyte. The organic electrolyte achieved a power density of
470 W k/g at -30 °C, 580 W/kg at 60 °C and an energy density of 1.8 Wh/kg (-30 °C), 6.3
Wh/kg (60 °C), respectively. Whereas, a power density of around 100 W/kg and an energy

density of 1.7 Wh/kg over the entire temperature range were observed in the case of the
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aqueous electrolyte. This characteristic is associated with the variation of their capacitance

and ESR with change in temperature as shown in Figure 6.3.
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Figure 6.4 Ragone chart with specific power (W/kg)/energy density (Wh/kg) for 3M H,SO,
and 1M Et;NBF4/PC electrolytes operating from Vpmin t0 Vnax at different temperatures

Figure 6.5 depicts the Nyquist plots, where x-axis is the real impedance and y-axis is the
imaginary impedance, measured from 10 mHz to 100 kHz at different temperatures for each
electrolyte. For both electrolytes, the curves were right-shifted with decreasing temperature,
which means increasing resistances. In comparing the two electrolytes the organic electrolyte
shows more right-shifted in its curves, shown in Figure 6.5 (a) and (b), indicating a larger
deviation in resistance over the given temperature change. In the Nyquist plot, the first
intersection of the x-axis in the high-frequency region relates to the ohmic resistance of the

electrolyte while the diameter of following semicircle in the mid-frequency region provides
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information on the interfacial resistance of the EDLC device. Compared to the aqueous
electrolyte resistances shown in Figure 6.5 (a), the organic electrolyte resistances, shown in

Figure 6.5 (b), both display greater dependency on temperature.
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Figure 6.5 Nyquist plots for cells in (a) 3M H,SO4 and (b) 1M Et;NBF4/PC electrolytes,
including enlarged images at right side

This phenomenon is in agreement with the result from the constant current charge/discharge
study. The capacitive behavior of the electrolytes is investigated by studying the slopes of

corresponding vertical curves (seen in the enlarged images in Figure 6.5). At low frequencies,
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an ideal capacitor would provide a straight line with frequency decreasing. It can be
obviously observed that the aqueous electrolyte shows the nearly linear slopes while the
slopes from the organic electrolyte decline as decreasing temperature. This indicates that the
aqueous electrolyte produces stable capacitances while the values of the organic electrolyte
significantly decrease with a lower temperature. The same tendency was found in the Bode

plots, see Figure 6.6 and Figure 6.7.
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Figure 6.7 Bode plots of real impedance for (a) 3M H,SO,4 and (b) 1M Et;NBF4/PC
electrolytes

Figure 6.6 demonstrates that the capacitance in 10 mHz was reduced by decreasing the
operating temperature. This variation is more considerable than in that of the organic
electrolyte. Similarly, for the real resistance shown in Figure 6.7, the aqueous electrolyte’s
resistances increase slightly with decreasing temperature, while the organic electrolyte shows

a larger temperature dependency.
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6.3.2 EIS Simulations and Temperature-dependent Reactions

Through the EIS circuit model simulation the electrolytes’ resistive and capacitive

behaviors with respect to temperature were further investigated. The goal was to identify

which electrochemical reaction is the dominant one in determining the overall performance

of an EDLC device. As shown in Figure 4.2 (c), the proposed equivalent circuit model

provides individual components corresponding to electrochemical processes that include the

following: bulk processes (Cpuk, Rouik), diffusion (W), interfacial reactions (Rin) and double-

layer capacitance (Cy, Cags). TO determine the capacitance, the simulated values from the

circuit model and the measured ones from Bode plots at 10 mHz were compared in Table 6.1.

Table 6.1 Simulated specific capacitances (F/g) from the circuit model vs. measured ones
from Bode plots at 10 mHz for (a) 3M H,SO, and (b)1M EtsNBF,/PC with different

temperatures

@ H,SO, Simulated Measured

Temperature Chuk Ch Cass (Coue fé’:' +Cu) Cootal

-30 °C 3.1E-03 50.6 20.5 71.1 61.3

-20 °C 4.1E-03 84.6 29.2 113.8 102.0

-10 °C 4.1E-03 86.8 35.1 121.9 104.9

0°C 3.9E-03 86.6 38.1 124.7 108.6

10 °C 4.4E-03 84.1 36.9 120.9 1115

25 °C 4.4E-03 87.5 40.3 127.8 115.8

60 °C 4.6E-03 94.8 43.8 135.6 124.1
(b)  E4NBF,/PC Simulated Measured

Temperature Chulk Ch Cads (Couc +C8t:| + Cage) Crotar

-30 °C 6.7E-04 16.9 24.7 41.6 335

-20 °C 7.9E-04 25.3 29.0 54.3 40.2

-10 °C 7.8E-04 24.9 31.3 56.2 49.2

0°C 8.7E-04 28.1 35.0 63.1 55.2

10 °C 8.3E-04 28.6 42.4 71.1 63.3

25 °C 1.1E-03 28.5 51.3 79.8 72.8

60 °C 8.8E-04 29.5 64.3 93.8 79.1
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As a result, the bulk capacitance is very low compared to the values of other two
capacitances. The bulk capacitance value (around 4 pF) is of the order of micro-farad, which
implies the practical capacitance in an EDLC is mainly attributed to the values of Cy and Cygs.
Consequently, for the organic electrolyte total simulated specific capacitance (Ciotar) is from
54 to 80 F/g, while the aqueous one is around 125 F/g within the temperature range from -20
to 25 °C. Although these values are slightly higher than the measured ones (with maximum
error of 10 %), the simulated capacitances follow the same trend as indicated by
measurements for thermal capacitive behaviors in both electrolytes. According to literature
[186], the adsorption reaction is accelerated/decelerated by temperature changes, resulting in
deviation of C,g. This phenomenon is more significant in the organic electrolyte as
illustrated in Table 6.1 (b). This increase significant is attributed to the organic electrolyte’s
lower conductance and slow reactivity of absorbable species compared to the aqueous
electrolyte.

The EIS simulation was used to determine individual resistances of the bulk electrolyte
process, the diffusion and interfacial reactions in the EDLC device, and to explain the
variation in ESR with temperature from the constant current charge/discharge measurements.
The simulated values of each resistive element defined in the equivalent circuit are
summarized in Table 6.2. The external series resistance (Rs) and bulk electrolyte’s resistance
(Rpuik) correspond to the electrolyte ohmic resistance and the current leakage from bulk
electrolyte’s processes, respectively. For both resistances, the aqueous electrolyte showed a
significantly less variation with temperature than the organic electrolyte. The Rs of the

aqueous electrolyte varied from 1.3 to 0.2 Q, and the Rpuk changes from 3.2 to 2.5 Q with the
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temperature ranging from -20 to 60 °C, whereas the organic ones range from 9.5 to 2.8 Q (Rs)
and from 12.5 to 4.4 Q (Rpuik). These deviations are closely related to the electrolyte’s change
in conductivity with temperature. In literature, it was found that organic electrolytes have
much lower conductivity (30~40 mS/cm at 25 °C) than aqueous ones (550~700 mS/cm at
25 °C) and shows a parabolic change with temperature [187]. Therefore, the organic
electrolyte displays a larger variation in Rs and Ry, and its temperature dependencies are

more significant.

Table 6.2 Simulated resistances from the circuit model for (a) 3M H,SO, and (b) 1M
EtyNBF,/PC with different temperatures

@) H,SO, Simulated
Temperature Rs (ohm) Roui (ohm) W (ohm/s*?) Rint (0hm)
-30 °C 4.42 4.42 1.45 6.50
-20 °C 1.35 3.21 1.32 5.58
-10 °C 0.86 2.95 1.35 5.23
0°C 0.45 2.97 1.33 4.53
10 °C 0.49 2.74 1.23 0.62
25 °C 0.31 2.58 1.28 0.24
60 °C 0.17 2.14 1.06 0.13
(b) Et,;NBF,/ PC Simulated
Temperature Rs (ohm) Rouik (0hm) W (ohm/s*?) Rint (0hm)
-30 °C 9.68 16.89 15.44 33.80
-20 °C 9.48 12.55 9.93 21.62
-10 °C 8.97 9.72 6.36 15.48
0°C 7.92 7.42 416 11.24
10 °C 6.09 6.60 3.58 8.38
25 °C 3.44 5.84 3.08 7.69
60 °C 2.85 4.39 2.23 5.29

The diffusion resistance (W) and interfacial resistance (Rin), are other crucial factors that

influence the ESR in the equivalent circuit. In the case of the aqueous electrolyte, W is
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around 1.3 Q regardless of the temperature, while R;y ranges from 0.1 to 0.6 Q and 4.5 to 6.5
Q, in high (60 to 0 °C) and low (0 to -30 °C) temperature regions respectively. In contrast,
the organic electrolyte shows a gradual decrease in both W (from 15 Q at -30 °C to 2 Q at
60 °C) and Ry (from 33 Q at -30 °C to 5 Q at 60 °C). These different characteristics of the
two resistances indicate the diffusion and interfacial processes are strongly associated with

the electrolyte’s properties.
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Figure 6.8 Correlation between the simulated total impedance at 10 mHz and the measured
ESR from CCD measurement in log scale

In addition, the total real impedance simulated at 10 mHz is correlated with the measured
ESR from CCD measurement in Figure 6.8. For both electrolytes, the simulated values are
similar to the ESR estimation and present appropriately the temperature dependence of the
resistance. This implies the resistive behavior of two electrolytes can be fairly accurately

simulated by this equivalent circuit.
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The thermal behaviors of kinetic reactions and diffusion can be rationalized quantitatively
by the measured values of resistances from the EIS simulation. The temperature dependence
of the double-layer interfacial resistance (referred to Riy) and the diffusion resistance
(referred to W) of the electrolyte can be interpreted in terms of the activation energy (E)

according to the Arrhenius equation [188, 189]:

KT = Kg €Xp (— %) or Rt = Rgexp (— g) (59)
where k7 is the reaction rate, K, is a constant, k is the Boltzmann’s constant, T is the absolute
temperature. By replacing k by the values of Riy; or W in Table 6.2 and then plotting In(R)
versus 1/T, the activation energy G of the corresponding process can be obtained from the
slope of the lines as shown in Figure 6.9. The variation of the two resistances indicates the
energy barrier against the charge-transferring through the double-layer interfaces (Rin;) and
ion’s migration towards the double layer (W). Both resistances decrease when temperature
increases. This phenomenon implies that a higher temperature enlarges the free spaces,
enabling it to transfer charges and reduce migration frictions, which decreases the activation
energies of kinetic reactions (Gg) and diffusion (Gp). Additionally, it is realized that both
activation energies can be distinguished into two temperature regions, for below and above
0°C, respectively, which have different slopes. The Gk and Gp, of the organic electrolyte have
comparable values in the low-temperature region (3.02 kJ/mol and 3.64 kJ/mol) and in the
high-temperature region (1.95 kJ/mol and 1.69 kJ/mol), respectively, showing that their

resistances are affected by the temperature change similarly in both regions.
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In contrast, the diffusion process in the aqueous electrolyte exhibits the same activation
energy (Gp) of 0.32 kJ/mol for these two temperature regions. This energy is much less than
the corresponding values of the organic electrolyte. The value of Gk (0.95 kJ/mol) is
however less than the value for the organic one (3.02 kJ/mol) in the low temperature region,
but its value (9.63 kJ/mol) is much larger than the value for the organic one (1.95 kJ/mol) in
the high temperature region. This indicates that, the Kinetic reactions of the aqueous

electrolyte are greatly affected by the operating temperature, especially close to 0 °C. This
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may be explained by that, the aqueous-typed ions become tightly packed with water-
molecules at near the freezing point of water, and hence require some enormous Kinetic
energy to transfer the charge (or ions) at the interfacial double-layer. Below 0 °C and in the
low-temperature region, the activation energy for the kinetic reactions becomes smaller and

the kinetic processes at interface are less dependent on temperature changes.

6.4 Summary

The electrochemical performance of EDLCs assembled with two electrolytes, aqueous
(H2S0,) and organic (Et;NBF4/PC), was systematically evaluated in a temperature range of -
30 °C to 60 °C. The temperature dependency of EDLCs for aqueous and organic electrolytes
was explained based on CV, constant current charge/discharge, and EIS analysis. The
capacitance, internal resistance and energy/power densities of the two capacitors were
deduced from electrochemical measurements. The aqueous electrolyte performance was
found to be less dependent on operating temperature, exhibiting less variation of capacitance,
resistance and energy/power densities as compared to the organic electrolyte.
Electrochemical impedance spectroscopy and simulation results with the equivalent circuit
were extensively investigated. The simulated resistive/capacitive characteristics were
correlated with the measured capacitance and internal resistance from the CCD
measurements. Meanwhile, simulated resistances were interpreted to understand the kinetic
and diffusion behaviors within the interested temperature range. For the aqueous electrolyte
both the kinetic and diffusion behaviors are relatively insensitive to temperature changes

from 0 to -30 °C, however, higher energy barriers exist for the kinetic reactions and diffusion
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within the range between 0°C to 60 °C. For the organic electrolyte, the comparable energy
barriers exist for kinetic reactions and diffusion, both for the low temperature and high

temperature regions.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The work presented in this thesis is expected to contribute significantly to the
development of nano-structured carbon electrodes and improving our understanding of their
electrochemical, thermal and dynamic properties for electrochemical double-layer capacitors
(EDLCs) through both experimental and numerical study. The following conclusions are
drawn from this research.

First, using the electrophoretic deposition method (EPD), SWCNT coated electrodes were
fabricated from functionalized CNT suspensions with various pH values. The SWCNT
electrodes fabricated with a higher pH yielded an increased surface area and more-effective
pore size distribution, leading to a higher specific capacitance. In addition, the measurements
of electrochemical impedance revealed that the pore size distribution optimized through
modifying the pH values reduced the internal resistance of SWCNT electrodes. This
investigation, detailed in Chapter 3, will help optimize the structural properties of nano-
structured electrodes, which can be used in the design of advanced EDLCs with high energy
density.

Second, based on the theoretical description of double-layer interfaces, a new equivalent
circuit model, composed of three main capacitors (Cpuk, Cn and Caqgs) and resistances (Rpuik,
Ret and Rags), was developed and verified through experiments and simulations. This model,
described in Chapter 4, is useful in investigating the electrochemical and dynamic behaviors
of EDLCs with carbon-based electrodes. In particular, the proposed circuit model provides a

more straightforward way to address ions’ Kinetics and diffusion reactions at double-layer
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regions. These reactions are critical to determine the capacitive and resistive characteristics
of EDLCs. The impedance behavior of EDLCs with two distinct electrolytes was studied to
evaluate the validity of the circuit modeling, and the results suggested that this model is able
to sufficiently simulate the characteristics of EDLCs, including their potential dependency.

Third, the dependence of electrochemical characteristics on the structural properties of
porous carbon electrodes was experimentally investigated, especially these dynamic
responses of porous activated carbon, graphene and SWCNT electrodes, which are
represented by their morphology, surface area and distinguishable pore volume distributions
to pore sizes (PDS). Both graphene and SWCNT electrodes, having a wider PSD in the
meso-/macro-pore range, exhibit a greater capacitance retention and lower interfacial
resistance in high-frequency operations than those of activated carbon electrodes with a
narrow PSD in micro-pores. The temperature-dependent capacitive and resistive behaviors
were also compared to investigate the role of porous carbon electrodes in EDLC’s
performance for operation in the temperature range between -30 °C and 60°C. Mesoporous
graphene and SWCNT electrodes were found to be more sensitive to temperature change due
to their larger portion of meso-pores, resulting in a larger variation in capacitance and
resistance than microporous activated carbon electrodes. This work is covered in Chapter 5,
and the detailed characteristics of the electrodes are summarized in Table 7.1.

Finally, the characterization of the thermal behavior of two distinct electrolytes, namely
aqueous and organic, was carried out to improve the performance of EDCLs in a way
compatible with electrolytes capable of stable and wider temperature operation. The aqueous

electrolyte performance was found to be less dependent on operating temperatures from -

167



20 °C to 60°C, exhibiting less variation of capacitance, resistance and energy/power densities
than the organic electrolyte. This finding corresponds to the fact that the aqueous electrolyte
shows relatively weaker energy barriers against the kinetic and diffusion reactions at double

layer interfaces.
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Table 7.1 Structural and electrical properties of porous carbon electrodes, and their
electrochemical and thermal behaviors

Electrode Activated Carbon Graphene SWCNT
3-D porous network 2-D sheet typed 1-D porous randomly
randomly agglomerated | accumulation dispersed network
Surface area : 1560 m?g” | Surface area: 550 m?g” | Surface area: 640 m’g’
Structural 1 1 1
properties
Pore size distributed Pore size from 3 to Pore size from 8 to
from 1 to 3nm (Ave. 10nm (Ave. 6.2nm) 20nm (Ave. 7.0nm)
2.1nm)
Low conductivity Highest conductivity High conductivity
Electrical (0.1~1 S/cm) (~106 S/cm) (~105 S/cm)
properties Highest ohmic drop Lowest ohmic drop Low ohmic drop
Large Rs Smallest Rs Small Rs

Electrochemical

Specific capacitance of
96 F/g (with 1M
Et,NBF,/PC)

Slow current response

Specific capacitance of
88F/g

Fast current response

Specific capacitance
of 89 F/g

Fast current response

energy/power densities
at low temperatures

: Short 1 Shortest 1y
behavior for fast
charging/discharging
Long relaxation time
(t0)
Capacitance retention Capacitance retention Capacitance retention
of 46% of 36% of 39%
Internal resistance Internal resistance Internal resistance
variation up to 33% variation up to 55% variation up to 68%
Relatively small change | Large change in Larger change in
in Cap.&Res. under Cap.&Res. under freq. | Cap.&Res. under freq.
Thermal freq. (especially below 0°C) | (especially below 0°C)
behavior Require low activation Large G of 4.5 Largest G of 7.5
energies for ion kinetic kJ/mol kJ/mol
reaction (Gg of 3.0 :
el b((9|OP\<N 0°0) Gradually drop in More gradually drop in
energy/power densities | Energy/Power
Linearly drop in densities
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7.2  Future Work

Although a number of important conclusions have been made in this study, several
phenomena reported here need further investigations. Some recommendations for the future
work are listed below:

First, with the approach presented in Chapter 3, EPD processing at higher pH values
yields SWCNT electrodes with increased surface area and more-effective pore size
distribution, resulting in the capacitance of around 100 F/g. However, capacitance values still
remain lower than those for ACs. This result is mainly attributed to a lower mass of active
material and the thickness of the electrodes. The maximum weight of SWCNT films
achieved by EPD processing is about 3 mg with a thickness of about 20 um, neither of which
is sufficient to evaluate a material’s performance in practice, including its energy or power
density. Sample electrodes used in demonstration should be of comparable thickness and
mass of an actual electrode, similar to those of commercial electrodes (100 to 200 um or
about 10 mg/cm? of carbon film). To increase the electrode under test’s mass and thickness,
it is better to develop multi-layered SWCNT films by employing printing techniques with
functionalized SWCNT suspension at high pH values.

Second, the equivalent circuit model developed in this study can be used to characterize
the operation parameters of EDLCs that store energy through non-Faradaic processes. It
cannot be used to model the pseudo-capacitors which utilize pure Faradaic reactions, such as
reversible redox reactions created by using conducting polymers and metal oxides. To apply
it for all typed-EC systems, the model needs to be improved by modifying Cags and Rags,

which corresponds to the redox reactions at double-layer regions.
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Thirdly, in this thesis work two types of electrolytes: aqueous and organic, were studied.
Another type of electrolyte, ionic liquids (ILs), is suggested and being developed as a
superior alternative in terms of potential window for operation (up to 4V) and simplified
purification. A number of ILs have recently been introduced to increase power and energy
densities. However, it is known that ILs still fail to satisfy the requirements for applications
in the temperature range -30 °C to 60 °C where ECs are mainly used. Therefore, further
development and characterization of ILs is required to completely understand the properties

of EDLCs based on different types of electrolytes with the same carbon electrodes.
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