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ABSTRACT

Suffering from poor energy retention, electrochemical capacitors (ECs), with
exceptional power capability and long-term cyclability compared to batteries, have
rarely been considered as an energy storage device that can store energy enduringly.
To develop ECs as a competitive alternative to batteries, it is critical and necessary to
realize control over ECs’ self-discharge for desired energy retention. This dissertation
focuses on the fundamental research of the energy retention of ECs and covers the
pioneering progress made in establishing self-discharge mechanisms, realizing tunable
self-discharge and making further insights into capacitive behaviors of ECs beyond
self-discharge.

Fundamentals on self-discharge mechanisms have been explored and
concluded on ECs built with three typical carbon materials: one-dimensional single-
walled carbon nanotubes (SWNT), two-dimensional graphene oxide (GO), and three-
dimensional activated carbon fibers (ACF), and electrolytes in liquid and solid forms.
Our research indicates that ECs’ structures determine the relative strength between the
two self-discharge driving forces: the potential field AE and the concentration
gradient dc/0x, and eventually affect the self-discharge mechanisms. For the ACF-
LiPFs EC with a high specific capacitance (i.e., high dc/dx) and relatively poor
charge transportation (i.e., low AE), its self-discharge is driven by dc/dx and obeys
the diffusion control model; for the SWNT-TEABF,; EC with good charge
transportation and a relatively low specific capacitance, its self-discharge is driven

by AE and obeys the potential driving model; and for the ACF-TEABF, EC with the

XX



two comparable driving forces, the dual mechanism (DM) model has been proposed.
The proposed self-discharge mechanism is extendable to GO based solid-state ECs as
well. On the other hand, environmental factors such as temperature have no effects on
self-discharge mechanisms though these factors can affect the discharge rate of the
self-discharge process.

Besides the self-discharge mechanisms, the ACF-TEABF,; EC exhibits
excellent energy retention where up to 70% of the initial voltage is retained after 36
hours of self-discharge. This energy retaining time would be desirable for the daily
chargeable electronic devices. Moreover, a divided potential driving process has been
discovered on the SWNT-TEABF, EC and confirmed to be related to the functional
groups of the SWNT surface. Through tailoring the functional groups on the SWNT
surface, tuning of the self-discharge has been realized for the first time. This
breakthrough will offer a facile and feasible solution to the appeal for capacitor
components with specialized energy retention in electric circuit designs.

Anomalous phenomenon has been observed on the GO based solid-state ECs,
which contradicts the conventional understanding of both ECs and dielectric
capacitors (DCs). From systematical characterizations and modeling calculations, the
Charge Close-Packed model has been proposed, featuring periodical layers of charges
as well as nanoscaled ionic diffusion and well explaining the contradiction between
considerable energy density and undetectable ionic diffusion observed on this GO

based EC.
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Chapter 1

INTRODUCTION

1.1 General

Environmental issues and limited sources of fossil fuels lead to growing
demands in exploring other energy sources, such as wind energy, solar energy and
hydropower, as substitutes. However, these energy sources need to be harvested and
converted into the form of electricity prior to use, raising enormous needs for energy
storage devices represented by rechargeable batteries and electrochemical capacitors
(ECs) for storage and consumption of electrical energy. Meanwhile, as a result of a
burgeoning market for portable electronic devices and the development of hybrid
electric vehicles and electric vehicles, there has been increasing demand for the
development of energy storage devices with superior performance[1-3].

Currently, lithium-ion batteries are considered as one of the most qualified
energy supply in electronic devices[4]. Suffering from the intrinsic non-reversible
redox reaction of lithium insertion/extraction, the development of lithium-ion
batteries, however, has been always challenged by unavoidable slow power delivery
and fast degradation in energy density[1, 4, 5]. On the other hand, ECs, based on the
double layer charge storage mechanisms (see Sections 1.2.3 and 1.3), provide a
solution to the stability issue faced by lithium-ion batteries. The double layer
structures grant ECs high power densities and ultra-long lifespan up to millions of
charge/discharge cycles. Hence, in terms of reliability, ECs become much more

favorable than batteries, especially in applications that require fast power delivery|2,



4]. However, the physisorption feature of double layer structures also results in the
poor energy retention of ECs, which poses ECs’ application in energy storage. Unlike
batteries, ECs tend to lose energy fast once disconnected from the external circuit due
to the fast kinetics of ionic diffusion out of the double-layer structures. Therefore, ECs
have rarely been considered as energy storage/supply like batteries, but more like a
“pulse supply” or an electric signal filter because of their poor retainability of energy.
Previous research on ECs has been focused on improving the energy and
power densities[6-9] or manipulating the ECs’ structures[10-12], with little attention
paid on fundamentals of the self-discharge process. Our study on the self-discharge
process of ECs not only fills the blank on the fundamentals of self-discharge process
with the proposed self-discharge mechanisms for various carbon based EC systems
(see Chapters 2, 3, and 5), but also provides guidance in controlling the self-discharge
(Chapter 4) and therefore, explores the potential of ECs as a competing alternative or

even substituent to batteries in specific fields of applications.

1.2 Electrochemical Capacitors

An EC, also called a supercapacitor or ultracapacitor, stores energy in the
“double layer” structures (Section 1.2.3) at the electrode/electrolyte interface,
primarily in porous carbon materials with a high surface area. ECs have two main
types, depending on the occurrence of redox reactions, one is called electrochemical

double-layer capacitors (EDLCs) and the other is pseudocapacitors.

1.2.1 Brief history of electrochemical capacitors
Ever since the first dielectric capacitor (DC) in 1745, the principle that

electrical energy can be stored in a cell has been introduced and utilized for practical



purposes such as power supply filters, particularly applied in the applications such as
pulse power generation[2, 13-15] or signal processing[16, 17]. The first DC on record
is the Leyden jar, where charges were stored on the two metal surfaces separated by a
layer of glass, and the glass served as a dielectric. The dielectric is the electrical
insulating materials that can be polarized under electric field, and the energy in DCs is
stored through the dielectric polarization. Dielectric materials with high dielectric
constants are required to achieve the high energy density in DCs. Higher dielectric
constant means that more energy is required to fully polarize the dipoles in the
dielectrics; therefore, more energy will be stored in the process of dielectric
polarization. Typical dielectric materials are ceramics, composites of ceramics in
polymer matrix, etc. Detailed information on the charge storage differences between
DCs and ECs is discussed in Section 6.2.

The concept of EDLCs was described in 1957 by Becker in his granted patent,
where the capacitance 1is related to the charge accumulation on the
electrode/electrolyte interfaces. Carbon based materials are the primarily used
electrode materials for EC fabrication[1, 3, 14]. Introduction of double layer has
radically enhanced capacitors' energy density, comparing to dielectric capacitors
(DCs). Taking an average capacitance value of 25 pF/cm? and a specific surface
area (SSA) of 1000 mz/g for carbon based electrodes[14, 18, 19], the ideal
attainable energy at 1 V operating potential would reach 250 kJ/kg, comparable to
the energy density of lithium-ion baterries.

The other type of ECs is pseudocapacitors, which was firstly introduced and
developed by Conway during the years from 1975 to 1981 with solid oxide redox

systems, especially the system comprised of RuO, films, in which H,SO4 (aq) as



electrolyte gave the best electrochemical performance[20, 21]. Faradaic redox
reactions are involved in pseudocapacitance. Large capacitance up to hundreds of
farads can be obtained for the EDLCs and pseudocapacitors and they are called “the

ECs” collectively.

1.2.2 Principle of electrochemical capacitors

The fundamental difference between charge storage mechanisms of EDLCs
and pseudocapacitors is the involvement of charge transfer. As shown in Figure 1.1a,
the process of charging and discharging in the EDLC is non-Faradaic, where energy is
stored through electrostatic accumulation of positive and negative charges on
electrode/electrolyte interface with opposite charge (details will be discussed in
Section 1.2.3). While in pseudocapacitors (Figure 1.1b), chemisorption of
ions/molecules on the electrode/electrolyte interface occurs where partial charge
transfer happens between the electroactive species and results in variations in their

chemical states, analogous to the faradaic redox reactions in a battery.

(a) (b)

+ 4+ 4+ + + +
+ 4+ 4+ + + +

Figure 1.1  Charge storage models for (a) the EDLC and (b) the pseudocapacitor.



Though pseudocapacitance is unavoidable for carbon based ECs due to the
existence of functional groups (see Chapter 4), administrative controls such as glove-
box assembling, employing organic electrolytes with high voltage windows, and
running the assembled capacitors within the voltage windows, can be applied to
minimize pseudocapacitance in carbon based ECs. Effects of pseudocapacitance on
self-discharge processes are therefore negligible on our carbon-based ECs, given that
the pseudocapacitance only takes up less than 5% of the total energy stored in
EDLCs[18]. This dissertation will focus on the self-discharge study in EDLCs and
ECs will stand for ECs based on double layers in the rest of the dissertation except

stated otherwise.

1.2.3 Double layer models in ECs

To describe the structure at the electrode/electrolyte interface in ECs, series of
models have been proposed progressively, approaching to an accurate definition. The
development of the double-layer model experienced three major phases, from the
Helmholtz’s model (of quasi-2-dimensional static compact distribution of opposite
charges separated with atomic distance on the interface), to the introduction of thermal
fluctuation by the Gouy-Chapman model, and to the Stern-Grahame model.

As shown in Figure 1.2a, the Helmholtz model depicts for the first time the
concept of the double layer, where compact layers of charges forming on the
electrode/electrolyte interface. There are two layers of charges, one on the electrode
surface side and one on the electrolyte side, separated with a distance of atomic scale.
The charges on the electrolyte side of double layer come from the electrolytic ions and
balance the excess or deficit charges on the electrode side. In the Helmholtz model,

charges in the double layers are assumed to be static. In the Gouy-Chapman model
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Figure 1.2 Models of the double layer on the positively charged electrode surface.
(a) Helmholtz model of compact layers of charges; (b) Gouy-Chapman
model with thermal fluctuation; and (¢) Stern-Grahame model. (s and
Y, are the potential at the electrode side and the solution side of the
double layer)

(Figure 1.2b), thermal fluctuation factor has been introduced into the double layer that
ions will diffusively distribute in the double layer with a concentration gradient.
However, the Gouy-Chapman model fails to define the distance between counterions
to the oppositely charged electrode surface, and leads to an enormous overestimation

of the capacitance achievable by the double layer. The Stern-Grahame model (Figure



1.2¢) on the double-layer structure combines the compact structures of charges of the
Helmholtz model and the diffuse region due to the thermodynamic movements of
electrolytic ions as described in the Gouy-Chapman model. Moreover, the concept of
the closest approach of ions to the electrode surface was introduced in the Stern-
Grahame model, which led to the distinction of inner Helmholtz layer (IHL) and outer
Helmholtz layer (OHL), given the smaller distances of closest approach of anions than
the distance of closest approach of solvated cations. Hence, the double-layer structure
consists of three distinguishable regions: the inner Helmholtz layer, the outer
Helmbholtz layer, and a diffusion layer. The Stern-Grahame model has remained a
good basis for interpretations of the electrode interface phenomena so far.

Due to the large SSA and the atomic range of the charge separation distance,
ECs based on double-layer structures can store energy of several orders higher in
magnitude than that of conventional electric capacitor, even though they are both
electrostatic in origin. However, when comparing the charge densities stored from
electrostatic reactions to that from the Faradaic redox reactions, the double-layer
capacitance is only up to 0.17-0.20 electrons per atom of the accessible surface,
substantially lower than up to 2.5 electrons per atom of the accessible atoms of the
electroactive material of pseudocapacitors or 1 to 3 electrons per atom of the bulk
phase in batteries[18]. The energy densities of ECs based on double layers usually fall

around 5 Wh-kg'1 while it is up to 100 Wh-kg’lfor batteries. On the other hand,

without kinetic restrictions of chemical reactions, the power delivery of the ECs is

much faster with a power density of (5-10) kW-kg™, which is up to 20 times higher

than that of lithium ion batteries[22].
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Figure 1.3 Schematic of the structure of charged EC with two double layer
structures.

An EC must employ two such double-layer structures (Figure 1.3), one on each
electrode/electrolyte interface, working against each other on charging, discharging or
self-discharging. Moreover, the overall double-layer capacitance Cy is the collective
result of the conjugated components Cy of the Helmholtz layer and Cgyy of the
diffusion layer:

11 1
Ca Cn  Cayy

1.2.4 Electrodes and electrolytes for ECs
Energy density and power delivery capability are the two major criteria for
evaluating the electrochemical performances of an EC. In order to achieve an excellent

performance, electrode materials with a high SSA accessible to electrolytic ions and



superior charge transportation within the cell as well as a robust chemical stability for
reliable operation are highly preferred for designing ECs[3, 14, 23]. Electrode
materials with a high SSA (accessible to the electrolyte ions) provide high energy
densities because increasing the electrode/electrolyte interface can provide more areas
for forming double-layer structures. Capability of charge transportation is comprised
of three major parts: the conduction of electrons (holes) in the electrode bulk, the ionic
transportation within the electrolyte, and the charge transfer on the
electrode/electrolyte interface; superior charge transportation is critical for high rate
power delivery. Chemical stability is particularly important for ECs since most
electrolytes are either acidic or basic. Conclusively, high SSA, good electrical
conductivity, and chemical inertness are the three critical requisites to choose
electrode materials for designing an EC.

Carbon-based materials are the most widely used electrode materials in ECs
due to their suitable physical and chemical properties. These properties include low
cost[24], facile processing, controllable porosity[25-27], electrochemical stability and
variety of forms[14] (powders, fibers, fabrics, aerogels, composites, etc). Well
established physical[28, 29] or chemical methods[30, 31] ensure feasible control on
structural properties of carbon materials, such as micro-texture[25, 32] and surface
area, for adapting to an chosen electrolyte for optimum performance in
electrochemistry. Moreover, carbon materials admit stable behaviors in an extended
temperature range, from subzero to 100 °C or even higher[19, 33-35], demonstrating
their reliability. Excellent adaptability and versatility of carbon-based materials
contribute to their outstanding electrochemical performance in terms of both power

density and energy density.
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Figure 1.4  Atomic structures of three main types of carbon materials as electrode
materials of ECs and their common microstructures: activated carbon
(a), (d), with permission from ref. 36 (Appendix C: 1); carbon nanotubes
(b), (e), with permission from ref. 37 (Appendix C: 2); and graphene (c),
(.
Table 1.1.  Properties and characteristics of various carbon materials as electrode
materials for ECs.
Specific surface Electn’pgl Specific capacitance (F-g”)
. area conductivity
Materials :
2. -1 - Aqueous Organic
m-g S m
electrolyte electrolyte
Activated 1000-3000 10-100 74-250[36, 38] 90-160
carbon
Carbon 400-600 500-7200 50-100 <60
nanotubes
Graphene 705-3100 200-1738 100-205 80-276
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From the electrochemical point of view, carbon materials exhibit good
polarizability. The potential voltage window of carbon for almost ideal polarizability
is 1.0 V in an aqueous solution and possibly up to 3.5 V in a non-aqueous media[18],
which is perfect for the self-discharge study of ECs with double-layer capacitance.
There are various forms of carbon-based materials, ranging from fullerenes,
nanotubes, and graphene to graphite; from zero to three-dimensional structures. The
most commonly studied carbon materials for ECs are activated carbon (AC), carbon
nanotubes (CNT), and reduced graphene oxide (rGO). Their atomic structures and
typical morphologies are given in Figure 1.4, together with collected data on their
capacitive performance and physical properties (Table 1.1) based on literature survey.
AC has a three-dimensional porous structure. The SSA of AC is high as a result of
activation; therefore, ECs built with AC commonly admit high specific capacitances.
On the other hand, CNT, known as the representative one-dimensional carbon
material, has a relatively low SSA but an excellent electrical conductivity. ECs built
with CNTs as electrodes exhibit high power densities compared to ECs built with AC.
Graphene has a high SSA and excellent electrical conductivity, combining the
advantages of the AC and CNT and has drawn extensive research interest in
electrochemistry and other fields recently. The three typical carbon materials are
chosen for the self-discharge studies and the results will be discussed in details in the
Chapter 2, 3 and 5, respectively.

In parallel to electrode materials, electrolytes, as an indispensable source of
ions in ECs, hold an important role in ECs’ performance as well. Electrolytes are
prepared from dissolving inorganic or organic salts in liquid or solid-state solvents

such as water, organic solvents or polymers; meanwhile, there is another type of
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solvent-free electrolyte, ionic liquids. Ionic liquids are the room temperature molten
salts and highly favorable for high temperature EC applications[1].

The working voltage of an EC is normally restricted by the decomposition
voltage of the chosen electrolyte. Based on the states of matters, except for the
solvent-free ionic liquids, electrolytes can be divided into liquid solution-based
electrolytes and solid polymer-based electrolytes. Liquid solution-based electrolytes
can be further divided into aqueous electrolytes and organic electrolytes. The most
used aqueous electrolytes are acidic electrolyte such as H;SO4 (aq), basic electrolyte
such as NaOH (aq), and neutral electrolyte such as KCI (aq) and KNOs (aq). The
operational voltage window for all aqueous electrolytes should be lower than 1.2 V as
the water will decompose above that voltage. As for organic electrolytes, tetraethyl
ammonium tetrafluoroborate (TEABF,) is one of the mostly common used salts, and
can be dissolved in organic solutions such as polycarbonate (PC), ethylene carbonate
(eC), diethyl carbonate (DEC), dimethyl carbonate (DMC), and their mixture. The
organic electrolytes can greatly enhance the energy density as the operational voltage
window of organic electrolytes can be up to 4.0 V and correspondingly, the energy
stored increases with the square of the charged voltage. Polymer electrolytes are ion
conducting composites, developed by incorporating ionic liquid or other salts into
polymer matrices. Typical polymer electrolytes are aluminum chloride in 1-
butylpyridinium halides[39], and non-chloroaluminate in PVDF-HEP and NAFION
membranes[40]. Polymer electrolytes can withstand a high voltage window like
organic liquid electrolytes, and therefore, increase the energy density.

Ionic mobility affects the self-discharge significantly because self-discharge is

intrinsically a diffusion process of ions. In this dissertation, organic electrolytes are
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chosen due to their high voltage window which can eliminate possible
pseudocapacitance. On the other hand, in order to investigate the effects of different
ionic mobilities, an all solid-state GO based EC has also chosen due to its restricted

ionic mobility (see Chapters 2 and 5).

1.3 Self-discharge in ECs

Helmholtz layer b) Helmholtzlayer
(a) <5 Diffusion layer (b) S Diffusion layer
AE;0c/0x
After Charge i After Self-discharge

Figure 1.5  Illustration on the self-discharge process. (Note: AE—potential field;
dc/ 0x—concentration gradient of ions)

As shown in the Figure 1.5a, when charging ECs, electrolytic ions with
opposite charges become separated and form double layer structures on the opposing
electrode/electrolyte interface, respectively; the process reverses when discharging.

Similar to discharge, self-discharge also involves ionic diffusion out of the double

13



layers, but under no external electrical field and proceeds spontaneously. After self-
discharge, ions distribute evenly (Figure 1.5b) across the two opposing
electrode/electrolyte interfaces.

From the view of thermodynamics, charged EC systems are at the state of non-
equilibrium and prone to self-discharge to the state of equilibrium through releasing
the charged electric energy. Hence, self-discharge is a spontaneous phenomenon of
thermodynamics. From the view of kinetics, the self-discharge is a physical process as
there is no Faradaic redox reaction, i.e., ideally no electron transfer takes place across
the electrode/electrolyte interface. Conclusively, self-discharge in ECs is a
spontaneous electric energy diminishing process once withdrawing the external
electrical field, where ions diffuse out of the double layers until the system reaches its

thermodynamic equilibrium.

1.3.1 Driving forces of self-discharge

During the charging process, internal potential field AE and concentration
gradient field dc/dx will be built up as the ions accumulate onto the
electrode/electrolyte interfaces and form the double-layer structures. It is worthy of
reiterating that adsorption (charging) and desorption (discharging or self-discharge) of
ions are electrostatic and physical in ECs; no Faradaic leakage or electron transfer
through the electrode/electrolyte interface occurs. Therefore, there are two types of
driving forces for the self-discharge process in ECs: one is the potential field AE and
the other is the ionic concentration gradient dc/dx. These driving forces are built up

during charging, and gradually fade as discharge or self-discharge proceeds.
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1.3.2 Mechanisms of self-discharge
The energy diminishing of self-discharge is usually described by measuring the
voltage decrease with time.
Self-discharge of conventionally DCs obeys the potential driving model

with leakage over an ohmic resistance:
V= Vinitial Xe_t/RC """ 1.2 [4 1]

where V is the voltage of the capacitor, V4 1s the initial voltage from which self-
discharge starts, R is the ohmic equivalent load resistance, and C is the capacitance
of the capacitor. Their self-discharge processes are solely driven by the potential
field and without any involvemnt of ions. Usually, the self-discharge process of
this type of capacitors will complete in the scale of microseconds, indicating a
negligible energy retention in DCs. The time constant r=RC is the intrinsic
characteristic of a DC and determines its self-discharge rate. = 7 corresponds to
the time required for the voltage to decrease to 37% of the initial voltage (as
e 1=0.37).

In ECs, the involvement of ions makes the self-discharge process more
complicated. Not only the potential field AE exists, the field of ionic concentration
gradient dc/0dx also exists. Different mechanisms exist for self-discharge process
driven by different driving forces.

Theoretically, for the self-discharge process driven by the potential field AE,

the voltage decreases exponentially to time, similar to that of DCs:

Vet 1.3
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While, for the self-discharge process driven by the concentration gradient dc/

0x, the voltage decreases to the square root of time:

Previous work have only pointed out that the self-discharge process of ECs
cannot be wholly ascribed to the leakage resistance model as in the DCs[41],
however, few analytical results or mechanism models have been presented so far.
Dominant driving force for a certain self-discharge process can be affected by many
factors. For example, self-discharge of the activated carbon fabric (ACF)-TEABF, EC
is governed with the dual mechanism (DM) model, where its self-discharge process is
firstly dominated by AE and then switched to be driven by dc/dx (see Chapter 2). The
structure of an EC system, i.e., the choice of electrode material and electrolyte,

determines the self-discharge mechanism.

1.3.3 Influencing factors of self-discharge

The electrochemical performance of ECs, such as the energy density or power
density, greatly depends on both internal and external factors. Internal factors include
the electrode morphology, the surface chemistry of electrode and the wettability of
electrode in electrolyte, etc. External factors include the charge current density and the
operational temperature, etc. Similarly, the self-discharge process of ECs can also be
influenced by those factors. Surface chemistry, charge current density and self-
discharge temperature will be covered in the dissertation to discuss their effects on the

self-discharge.
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1.4 Dissertation Scope

This dissertation focuses on the self-discharge study of carbon based ECs,
including research on fundamental self-discharge mechanisms concluded on the ECs
with various electrode/electrolyte structures, tuning on self-discharge, and some new
insights of the capacitive behaviors of the GO-based ECs.

AC is a commercial material for EC construction because of its high
controllable SSA. Extensive work has been done on AC based ECs to improve its
energy density, mostly, through increasing its SSA and surface functionalities;
nevertheless, little knowledge has been gained on its self-discharge behavior. In
Chapter 2, ECs built with ACF (one typical form of AC) and two different organic
electrolytes: 1M LiPF¢(EC:DEC) and 1M TEABF4(PC), have been assembled to study
their self-discharge behaviors. The experimental results and systematical analysis
conclude with two distinct self-discharge models, demonstrating the effects of
electrolytes on determining the self-discharge mechanisms.

Another carbon material of great interests for ECs is SWNT, which has an
excellent electric conductivity and a relatively high SSA. Chapter 3 presents the self-
discharge study on ECs built with SWNT and 1M TEABF4(PC). The SWNT-TEABF4
EC is well described by a different self-discharge model compared to that of the ACF-
TEABF, EC, indicating that the self-discharge mechanisms depend on the electrode
materials as well. The study of the SWNT-TEABF, ECs also reveals an interesting
phenomenon related to the surface functional groups on SWNT and it leads to tuning
of the self-discharge process as discussed in detail in Chapter 4.

Functional groups can alter the chemical states of carbon materials, and can
influence the surface chemistry of SWNT and eventually affect the electrochemical

performance of ECs. However, no research has been done before to study the effects
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of functional groups on self-discharge. Based on the observations in Chapter 3, SWNT
samples with different amounts of functional groups have been prepared to study their
self-discharge behaviors in Chapter 4. This work further demonstrates and well-
explains our proposed self-discharge model for SWNT based ECs in Chapter 3 and is
also the first demonstration on tuning self-discharge.

As a relatively new member of carbon material family, the potential of
graphene for EC applications has already been demonstrated. In order to study the
effects of limited ionic mobility of electrolytes on self-discharge, ECs fabricated on
GO films in an all solid state are chosen as a perfect candidate. In Chapter 5, these all
solid-state GO based ECs are fabricated using near infrared (NIR) laser. With the
special layering structure and restricted ionic mobility, the as-prepared ECs admit
considerable energy densities and a potential driving self-discharge mechanism.
Combining the self-discharge studies in Chapter 2 and 3, Chapter 5 demonstrates the
self-discharge mechanisms are determined by the competition of the driving forces.

Anomalous capacitive behaviors have been noticed during research in solid-
state GO based ECs which challenges the conventional understandings in categorizing
electric capacitors. Considerable capacitance can be obtained but no diffusion is
observed in this type of ECs. Chapter 6 describes the systematically designed work to
tackle the issue and a “Charge Close-Packed model” is proposed, which is different
from the energy storage mechanisms of the conventional ECs and DCs. The model
indicates that the total energy storage in the all solid state sandwiched GO based EC
results from a nanoscaled ionic diffusion and packed layers of charges due to the
nanoscaled diffusion. The observations will contribute to a more comprehensive

understanding in the fundamentals of electric capacitors.
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Chapter 7 concludes the thesis with a summary and a brief outlook towards

future work and potential applications of self-discharge research.
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Chapter 2

SELF-DISCHARGE IN ACTIVATED CARBON BASED
ELECTROCHEMICAL CAPACITORS

2.1 Introduction

The double layer structures grant ECs high power densities and an ultra-long
lifespan, but also contribute to the poor energy retention. Lack of knowledge
concerning the energy retention, i.e., the self-discharge process of ECs, has been the
major barrier posing ECs’ application as the energy storage devices [1-4].
Fundamental research in the area of ECs’ self-discharge will not only provide useful
guidance in improving ECs performance but will also prompt their applications in
energy storage devices, especially in the area requiring charging/discharging on a
daily or other periodically short-term basis[5-7].

AC is a maturely developed material for electrodes of ECs and has been widely
used in commercial ECs due to its high SSA and controllable pore size. Self-discharge
study on AC based ECs provides vital information on the fundamentals of self-
discharge mechanisms and explores the potential of AC based ECs being energy

storage devices.

2.2 Activated Carbon
AC is important in many areas of daily life and modern science, including
water/air purification, gas storage, and energy storage. AC is usually obtained via

carbonization of natural or synthetic carbon-containing precursors followed by
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activation treatment[8]. The mostly used precursors are carbon enriching materials
such as biomass wastes (coconut shells, sugarcane bagasse, etc)[9-11], coals[12] and
polymers (polypyrrole, phenolic resins, etc)[13]. Carbonization is a pyrolysis process
that generates structured carbon from the carbon-containing precursors. AC is usually
with highly porous structures as a result of activation treatment followed by the
carbonization. AC can be classified as microporous (< 2 nm), mesoporous (2-50 nm),
and macroporous (> 50 nm) depending on the activated pore width[14]. Physical
activation is an activated process that usually performed as pyrolysis together with
steam gasification, and alternatively, chemical activation is an activation process using
chemical agents such as zinc chloride[15], potassium hydroxide[16], phosphoric
acid[17], ammonium chloride[18], hydrochloric acid, and sodium hydroxide, etc.
Template synthesis (by Knox) of activated materials has also been maturely developed
to control the pore size distribution[14, 19].

Characterization techniques for AC materials include Brunauer-Emmett-Teller
(BET) surface area measurement, X-ray photoelectron spectroscopy (XPS), and
electron microscopies to investigate details on surface areas, chemical structures, and
surface morphologies, etc.

AC advances in application in ECs due to their high SSA and active surfaces.
High SSA offers dense accommodation of physisorbed ions of electrolytes for double
layer formation, i.e., the high energy density; while the active surface resulted from
the defective sites in the carbon lattices as well as the functional groups can be
manipulated for controlling electrochemical properties.

Figure 2.1 shows two common forms of AC materials, the powder-like AC and

the fiber-like AC. The forms of the AC depend on the synthesis process and they are
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Figure 2.1  Common forms of AC mateirals (a) powders of AC; (b) fibers of AC.

all with high SSAs after activation. Fabrics woven with AC fibers, i.e., the ACF, are
applied in the self-discharge experiments as no binders or current collectors will be

needed for the electrode preparation.
2.3 Experimental Section

2.3.1 Sample preparation and EC assembly

Two types of ECs were assembled in a standard 2032 coin cell configuration
with ACF (Challenge Carbon Technology Co., Taiwan) as electrodes; 1 M LiPF¢/EC:
DEC (Ferro Corporation) and 1 M TEABF, (Alfa-Aesar) dissolved in battery-graded
PC (Alfa-Aesar) solvent as electrolyte, respectively. The schematic structures of the
assembled ECs are shown in Figure 2.2a. The ACF electrode is the same as previously
used in the study of wide-temperature operable ECs[20], with an excellent BET SSA
of 1340 m?/g mainly comprised of micropores and mesopores. The excellent structural
features make the ACF an suitable electrode material for ECs. All of the ECs were

assembled in a glove box with an inert environment (O, content < 0.1 ppm, H,O

26



content < 0.1 ppm), preventing air or moisture from contaminating the ECs in order to

eliminate the possibility of pseudocapacitance.
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Electrolytic ions: (1 kg ACF 1.04 I ] ? (1 i
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Figure 2.2  (a) Schematic of the assembled ECs with ACF-LiPFs and ACF-TEABF,4
structure; (b) Galvanostatic self-discharge testing after two and a half
cycle of charging/discharging of the assembled ECs.

2.3.2 Electrochemical testing

The galvanostatic charge/discharge examinations were carried out using an
Arbin battery testing system. As shown in Figure 2.2b, two and a half cycle of
charge/discharge were applied prior to the self-discharge. The ECs were charged
with various charge current densities /¢ from 10 to 1000 mA/g. The operational
voltage range was controlled from 0 to 2 V, below the decomposition voltage of
the organic electrolytes used, to guarantee that the charge storage/release is the
double-layer based. All of the two and a half cycle of charging/ discharging were
carried out at 25°C while the following self-discharge were conducted at three
different temperatures: -25, 25, and 75°C, in order to examine the temperature

effects on self-discharge. An alcohol based circulation cooling system
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(PolyScience) was used to provide the low temperature (-25°C) environment; and a
hot box (Thermo, Electron Corporation) was used to provide the high temperature
(75°C) for the self-discharge measurements. Detailed experimental parameters are

summarized in Table 2.1.

Table 2.1 Parameters of the self-discharge testing.

Charge Current Density /¢ (mA-g™”)

(all charged to 2.0 V, at 25°C)
Room Temperature (25°C) -25°C | 75°C

Capacitors
(Electrode/Electrolyte)

ACF-1 M LiPFs /EC:DEC | | 000 500 250, 100, 50, 25, 10 | 100 | 100

ACF-1 M TEABF4/PC

500, 250, 100, 50, 25* 100 | 100

*Unstable self-discharge at 1000 mA*g” and 10 mA*g”".

2.4 Results and Discussion

2.4.1 Self-discharge curves with organic electrolyte: 1M LiPF¢in EC:DEC

From the self-discharge curves in Figure 2.3, it can be seen that for the ACF-
LiPF¢ EC, increasing the charge current density /¢ leads to a higher self-discharge rate,
and a larger IR drop. IR drop is the voltage drop from the charged 2.0 V to the actual
initial voltage (V1) Where the self-discharge starts. It is an intrinsic and unavoidable
reflection of the internal resistances of an EC. The ACF-TEABF, EC also exhibits a
large IR drop especially when it is charged with a large /- (Figure 2.5). Compared to
ECs built with SWNT (see Figure 3.4), the large IR drop indicates a mediocre electric

conductivity of ACF as electrode materials.
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Figure 2.3 Self-discharge curves of the ACF-LiPFs EC system under different
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More details are presented in Figure 2.4. In Figure 2.4, the initial voltage
shows a nearly linear relation with the charge current density /c. A smaller I,
corresponds to a higher Viiq.

According to the fitting results in Section 2.4.3.1, self-discharge process in the
ACF-LiPF¢ EC is driven by dc/dx and obey the diffusion control model “V=V,ju1 —

2 (¢ is the self-discharge time). Hence, the self-discharge rate is indicated by

mx
the slope m, named as the diffusion parameter [21, 22]. The decrease of m when I¢
increases is the result of the decrease in the driving force dc/dx, which is scaled by

the specific capacitance (see Table 2.2). Details on the self-discharge model fitting are

given in Section 2.4.3.1.

2.4.2 Self-discharge curves with organic electrolyte: 1M TEABF4in PC

Similar to the self-discharge curves of the ACF-LiPF¢ EC, for the ACF-
TEABF, EC, its self-discharge rate increases when the charge current density /¢
decreases. However, when comparing the self-discharge curves in Figure 2.5 with the
curves in Figure 2.3, the ACF-TEABFs; EC not only displays a much slower
discharge rate, but also exhibits a voltage plateau where the EC, especially the EC
charged with a relatively smaller /¢, can stay at a voltage of 1.2 V for up to 48 hrs.
The voltage plateau describes a slow rate of self-discharge despite of the large
driving force from the high potential, which shows a significant difference in the
self-discharge behaviors compared to that of the ACF-LiPF¢ EC at the high
voltage. As discussed in the Section 2.4.3, the two different choices of electrolytes
in the studied ACF based EC systems lead to varied mechanisms governing their
self-discharge, and thus, varied behaviors in self-discharge.

Excellent energy retention has been achieved by the ACF-TEABF,4 EC. As
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Figure 2.5  Self-discharge curves of the ACF-TEABF, EC under different charge
current densities /¢ at 25 °C, the inset is the initial voltage versus /c.

-~
(=]

]
o
1

%
(=]
1

Voltage Drop (100%)
) N
(=] (=]

]
[=]
L

-
(=]

’ T v T d T
FwJVdrop (t=36hrs)| [ 21
By —&— Vinitial H
e 8 —®—V (t=36 hrs) 18

T T T T v T T T T
0 100 200 300 400

Charge Current Density (mA g")

T
500

Figure 2.6  Decrease in voltage after 36 hours of self-discharge for the ACF-

TEABF, EC.

31



shown in Figure 2.6, after self-discharging for 36 hours, the EC preserves more
than 70% of their initial voltage and remains above 1 V. This remarkable high
energy retention claims the potenital of ECs in the daily chargeable energy storage

devices.

2.4.3 Self-discharge models

ECs in the charged condition are in a state with highly positive free energy
compared to the discharged or partially discharged states. Virtual forces
corresponding to certain mechanisms exist and drive the self-discharge
process.[21] In our experiments, the pseudocapacitance is negligible for all the
studies of ACF based ECs as demonstrated with their straight galvanostatic
charge/discharge curves (see Figure 2.2b). There are two possible driving forces:
ionic concentration variation dc/dx related to the diffusion control model : Vo< —¢
Zand the potential field AE = V related to the potential driving model V'« e .

Specific models obeyed by the ACF-LiPFs EC and the ACF-TEABF4 EC are

discussed in the following two sections.

2.4.3.1 Diffusion control model for ACF-LiPF¢ (EC:DEC)

From redrawing each self-discharge curve from Figure 2.3 by setting # to ¢
1/2, as shown in Figure 2.7a, within the voltage range from Va1 to 37% Vinitiai, an
almost linear relation between ¥ and #” can be observed for all the curves. Curve

2 exhibits a high

fitting using the diffusion control model V=V, — mxt
correlation coefficient R? (all higher than 0.99). As shown in Figure 2.7b, the fitted
curves overlap the original curves. Hence, within the studied voltage range, self-

discharge of the ACF-LiPF¢ EC obeys the diffusion control model.
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Figure 2.7  (a) Self-discharge curves of the ACF-LiPFs EC versus 2 (b) Fitting
the self-discharge curves with Diffusion control model for the ACF-
LiPF¢ EC.

Table 2.2.  Specific capacitances of the ACF-LiPF¢ EC.

Charge Current Density Ic (mA-g™)
10 | 25 | 50 | 100 | 250 | 500 | 1000
Initial Voltage (V) 1.99 [1.97[1.95|1.90|1.77 [1.59 | 1.22
Specific Capacitance (F-g™” | 126.7 | 66.2 | 52.2 | 43.2 | 33.7 | 22.5 | 8.1

As mentioned in Section 2.4.1, the diffusion parameter m is an indicator of
the self-discharge rate for the diffusion controlled self-discharge processes, and for
the ACF-LiPF¢ EC, m decreases when /¢ increases from 10 to 1000 mA-g'l. Since
self-discharge processes of the ACF-LiPF¢ EC are governed by the diffusion
control model, their self-discharge rate is then determined by the corresponding
driving force, i.e., the ionic concentration gradient dc/dx. As given in the Table

2.2, the specifc capacitance C decreases as /¢ increases. A larger C means a more
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Figure 2.8  Energy barrier E} for ionic diffusion at different charge current densities
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densed accumulation of ions and thus a larger dc/dx. Hence, with increasing /¢,
the decreased self-discharge rate as indicated by smaller m results from the
decreased driving force dc/dx due to the decreased C.

As seen in Figure 2.7b, a small deviation of the fitted curves from the
experimental curves has been observed at the beginning of self-discharge,
especially for that charged with a small /¢ (10 mA-g™). The deviation is considered
as a result of the blocking effects of the more densed layers of ions. Theoretically
and experimentally, a longer time will be needed to charge an EC with a smaller /.
The small charge current and the long charging time allow ions to form a more
densed structure of charges at the electrode/electrolyte interface, as demonstrated

by a relatively large specific capacitance (Table 2.2). As schematically visualized
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in Figure 2.8, ions in the double layers need to overcome an energy barrier (£5) in
order to diffuse out. Well-arranged and dense double-layer structures of ions
formed with a smaller /¢ corresponds to a larger Ej,, andd thus a more obvious
deviation is observed. As shown in the Figure 2.7b, Ej; decreases and the deviation

gradually fades out as /¢ increases.

2.4.3.2 Dual mechanism model of ACF-TEABF, (PC)

Different from the ACF-LiPF¢ EC, self-discharge curves of the ACF-
TEABF,4 EC cannot be fitted solely by the diffusion control model or the potential
driving model. As shown in Figure 2.9, the fitted curves fail to overlap with the
original self-discharge curves. Whereas, comparing the fitted curves with the
experimental curves in Figure 2.9a, it shows that the self-discharge process become
diffusion controlled after a period of time that there is overlapping between the

fitted curves and the experimental curves. A transition to the diffusion controlling

2.0+ - 112
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0.6 -
161
S g 03 25mA g’
) 3 .
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S ]
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Figure 2.9  Self-discharge curves of the ACF-TEABF, EC fitted by: (a) diffusion

control model ¥ « e ”; and (b) potential driving model V o ¢ 1”2
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self-discharge is therefore implied and a dual mechanism (DM) control is
proposed which presents good fitting results.

Figure 2.10 shows the fitting results on the self-discharge curves of the ACF-
TEABF,4 EC using the proposed DM model. By dividing the self-discharge curve into
two parts, the DM model fits the upper half with the potential driving model (V «
e~t/7) and the lower half with the diffusion control model (¥ o -¢ /), respectively.
The red portion represents the curve fitting by the potential driving model (V o e~t/7)

and the blue one by the diffusion control model (Vo< -¢ /2

). The nearly perfect curve
fittings demonstrate that the ACF-TEABF, EC experiences a transition of the
dominant self-discharge mechanism from the potential driving model to the diffusion

control model for all charge current densities from 25 to 500 mA-g™.
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Figure 2.10  Self-discharge curves of the ACF-TEABF, EC fitted by the proposed
dual mechanism control model: (a) /¢=25 mA- g'1 and (b) 1¢ =500 mA-g

! Note: Black curve: original; Red: Vo< e ™; Blue: Vo< ¢ 1”2 Fitting has
been preformed for all charge current densities, 25 mA- g'1 and 500 mA-

g are shown here as examples.
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Transition in the self-discharge mechanisms is essentially an manifestation
of the competition between the two driving forces on determing which can drive
the ions to diffuse out of the double layers against the drags (from the viscocity of
solvent and the electric repellent of other charges, etc). The dominant driving force
determines the governing self-dishcarge model. Therefore, in the ACF-LiPF¢ EC,
the dominant driving force is dc/dx, and the self-discharge obeys the diffusion
control model. Compared to the ACF-LiPF¢ EC (Table 2.2), the ACF-TEABF4 EC
admits slightly smaller values of the initial voltage as well as much smaller values
of the specific capacitance for all charge current densities (Table 2.3); hence the
difference of the strength between the two driving forces AE and dc/dx should be
smaller in the ACF-TEABF; EC. This observation is consistent with the
demonstrated co-existence of the diffusion control model and the potential driving
model in the ACF-TEABF, EC. At the beginning, the self-discharge process is
dominated by AE and proceeds with a relatively fast rate; as AE decreases and
cannot drive the ions to diffuse against the drags, the dominant self-discharge
mechanism will switch to the diffusion control model, where ions slowly discharge

until they are evenly distributed in the electrolyte bulk.

Table 2.3 Specific capacitances of the ACF-TEABF,4 EC.

Charge Current Density /¢ (mA-g™)
25 50 100 | 250 | 500
Initial Voltage (V) 1.96 | 1.92 | 1.85 | 1.44 | 1.28

Specific Capacitance (F-g) | 37.7 | 35.7 | 31.5 | 14.3 | 8.3
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2.4.3.3 Self-discharge at extended temperature range

Temperature is one of the mostly common environmental factors that

should to be considered. In this section, two EC systems: the ACF-LiPFs EC and

the ACF-TEABF4 EC, have been tested for their self-discharge performances at

75°C and -25°C.
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Figure 2.11  Self-discharge behaviors at different temperatures with charge current

density of Ic =100 mA-g": (a) the ACF-LiPFg EC at -25°C, 25°C, 75°C;
(b) the ACF-TEABF, EC at -25°C, 25°C, 75°C; (c) Fitting with the
diffusion control model for the ACF-LiPF¢ EC at -25°C and 75°C; (d)
Fitting by the DM model for the ACF-TEABF, EC at -25°C and 75°C.
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From Figure 2.11a and b, the self-discharge process proceeds at a faster rate
at 75°C and at a slower rate at -25°C. Moreover, as shown in Figure 2.11¢ and d,
with the excellent curve fitting results, the diffusion control model applied well to
the ACF-LiPFs EC and the DM control model applied well to the ACF-TEABF,
EC at both 75°C and -25°C. Hence, it is concluded that self-discharge temperature
does not affect the self-discharge mechanisms for the studied ECs.

A wide voltage fluctuation in the self-discharge curve was observed in the
ACF-TEABF4 EC at -25°C (Figure 2.11 b, dark yellow line), which was not
noticed for the ACF-LiPF¢ EC at the same low temperature. As known, reducing
the temperature will impair the ionic mobility due to the increase in electrolyte
viscosity and the de-activation of ionic thermal activity[23]. The phenomenon of
voltage fluctuation is absent in the ACF-LiPFs EC at -25°C, implying the
difference in ionic mobility for the two organic electrolytes and the relatively
poor mobility of TEA" and/or BF, ions in PC solvent at the subzero temperature
of -25°C. As an important and indispensable component in an EC assembly,
electrolyte plays a critical role in determing the governing self-discharge
mechanisms and the self-discharge performances, though the specific principles

are unavailable yet but surely worthy of further study.

2.5 Conclusions

Self-discharge is a spontaneous and self-driving process. In the two studied
ACF-LiPF¢ EC and ACF-TEABF4 EC where no electron transfer is involved, there
are two driving forces existed: the potential field AE and the ionic concentration
variation Oc/Ox; one leads to a self-discharge process dominated by the potential

driving model and the other by the diffusion control model. The dominant self-
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discharge model for a real EC system depends on the relative strength of the two
driving forces.

For the ACF-LiPFs EC, the driving force from Oc/Ox outweighs the
potential driving force AE to a great extent and the diffusion control model governs
the self-discharge until 37% of the initial voltage. While in the ACF-TEABF,4 EC,
due to the different ionic mobility of the electrolyte, the driving forces AE and
Oc/Ox have comparable strength. Self-discharge of the ACF-TEABF, EC is first
dominated by the potential driving model and then switched to the diffusion
control model.

Based on the discussion above, we may expect that a potential driving self-
discharge is likely to happen on ECs with a high voltage and a low capacitance;
while a diffusion control self-discharge is prone to occur on ECs with a low
voltage and a high specific capacitance.

In summary, we have demonstrated that ECs with the same electrode
material (ACF) but different electrolytes obey different self-discharge mechanisms.
The diffusion control model governs the self-discharge processes in the ACF-LiPFg
ECs while the DM control model controls the self-discharge processes in the ACF-
TEABF, ECs. It is also evident that both models are valid under different charge
current densities and can be extended to a wide temperature range. Most
importantly, an excellent energy retainability has been achieved in the ACF-
TEABF4 ECs, with more than 70% retention after 36 hours of self-discharging,
indicating the great potenital of ECs for periodic energy storage/supplies which

require high reliability and a long service life.
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Chapter 3

SELF-DISCHARGE OF SINGLE-WALLED CARBON NANOTUBE BASED
ELECTROCHEMICAL CAPACITORS

3.1 Introduction

Self-discharge mechanisms depend on the structures of ECs, i.e., the choices of
electrode materials and electrolytes. As discussed in Chapter 2, for ECs built with
ACF, the carbon-based material with a high SSA and a mediocre electric conductivity,
the ACF-LiPFs EC is dominated by the diffusion control model while the ACF-
TEABF,4 EC is governed by the DM model. The competition of the two driving forces,
the potential field AE and the ionic concentration gradient Oc/Ox, determines the
dominant self-discharge model; and it is expected that ECs with a high initial voltage
(AE =V) and a low specific capacitance C (small dc/0x by Q = C X V) tend to be
dominated by the potential driving model [1].

CNTs are of particular interests for the development of EC electrodes because
of their unique tubular porous structures and superior electrical properties[2-4], which
are favored for fast charge transportation[5-7]. So far, extensive research has been
conducted on CNT-based ECs, covering from improving the energy density through
increasing the electrochemical active species or the surface areas (methods include
acid treatments[8], particles’ decoration[9-11], mixing with additives[12, 13], etc), to
the effects of temperature[14], pressure[15], and other factors on the electrochemical
performance. However, there is little attention on evaluating their energy retainability

and self-discharge behaviors. To further verify the hypothesis that the competition of
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driving forces determines the self-discharge mechanisms in different carbon materials,
CNTs, of superior electric conductivity and relatively low surface area compared to

ACEF, are the perfect choice of electrode material to study.

3.2 Single-walled Carbon Nanotube

Due to their superior electrical, mechanical, chemical, and thermal properties
stemming from the one dimensional structure, CNTs have captured the attention in
various research fields such as energy storage devices, nanocomposites, transistors,
and sensors.

A CNT is structured of carbon atoms as 12 pentagons forming the closed tip
and millions of hexagons extending along the CNT wall[16]. The CNT wall can be
imagined as the one-atom thick sheets of carbon (called graphene) rolling at specific
angles, and the helicity of the tube determines whether the CNT tube is a metallic or a
semiconductor[3]. Depending on the assembly patterns, CNT can be divided into two
types: the single-walled carbon nanotube (SWNT) and the multiwalled carbon
nanotube (MWNT). As shown in Figure 3.1a and ¢, SWNTs consist of a single
graphene sheet seamlessly wrapped into a cylindrical tube; and MWNTs (see Figure
3.1b and d) consist of concentric tubes of CNTs with a layer-to-layer separation of
0.34 nm. Individual tubes, no matter of MWNTs or of SWNTs, naturally bundle
themselves together into bundles by van der Waals forces.

MWNTs are commonly in the form of powders, while SWNTs can form free-
standing sheets by filtering SWNT dispersions or directly synthesizing from a
chemical vapor deposition (CVD) method[14, 17]. The free-standing films of SWNTs
can be directly used as electrodes without binders or current collectors, which is one of

the advantages of SWNT films as electrode materials for EC assembly.

45



Figure 3.1  Schematic of (a) SWNTs and (b) MWNTs; (¢) TEM image of SWNTs,
with permission from ref. 17 (Appendix C: 3); (d) TEM image of
MWNTs, with permission from ref. 18 (Appendix C: 4).

Compared to porous carbon materials such as AC[19], SWNTs exhibit their
own superiority as electrode materials for ECs in terms of their outstanding electrical
conductivity for fast charge transfer and the availability of free standing macro-films.
ECs built with free-standing SWNT films are investigated for the effects of electrode

properties on the self-discharge mechanism.

3.3 Experimental Section

3.3.1 Sample preparation and EC assembly
As shown in Figure 3.2a, the free-standing SWNT macrofilms were fabricated
using the CVD method. Ferrocene and sulfur were mixed at an atomic ratio of Fe:S =

10:1, serving as precursor. The reaction took (30 — 50) min at 1140 °C under a mixture
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gas flow of argon and hydrogen. In order to get rid of the impurities such as
amorphous carbon and the catalytic iron particles, the synthesized SWNT films were
treated in air at 420 °C for 30 min and then rinsed with hydrochloric acid and copious
deionized water. After air-drying, the free standing SWNT macrofilms were ready to
use for EC assembly.

Organic electrolyte, IM TEABF4/PC, was applied, which is the same organic
electrolyte as used in the self-discharge study for ACF based ECs (Chapter 2). The
SWNT-TEABF, ECs were assembled in a standard 2032 coin cell in a glove box,
where the atmospheric conditions were maintained at an adequate level (O, content <
0.1 ppm, H,O content < 0.1 ppm) to prevent air or moisture from contaminating into

the ECs. The structure of the as-assembled EC is given in Figure 3.2b.

(a) 1140 °C
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Ferrocene + Sulfur
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(b) Structure of ECs o E:;j .
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Separator

Figure 3.2  Schematic of (a) the CVD synthesis of SWNTS and (b) the EC
assembly.
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3.3.2 Self-discharge testing

As shown in Figure 3.3, the galvanostatic charge/discharge/self-discharge tests
were carried out using an Arbin battery testing system. The assembled ECs were
charged/discharged with different charge current densities (I =1000, 500, 250, 100,
50, 25, and 10 mA-g™") for two and a half cycles (0 to 2.0 V) at room temperature
(25°C), then followed with the self-discharge. The self-discharge was also tested at

75°C and -25°C for ECs charged with 100 mA-g' at 25°C, to study the effects of

temperature on the self-discharge.
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Figure 3.3  Illustration of the self-discharge testing: (a) two and a half cycle
charging/discharging, followed by (b) the self-discharge process.

Controls such as the operation voltage of 2.0 V (lower than the decomposition
voltage of the 1M TEABF4/PC organic electrolyte) as well as the glove box operations
were taken to eliminate the possibility of pseudocapacitance, as evidenced with the

straight galvanostatic charge/discharge curves in Figure 3.3a.
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3.4 Results and Discussion

3.4.1 Self-discharge curves

Self-discharge curves charged with different charge current densities from 10
to 1000 mA-g" at 25°C are shown in Figure 3.4. With decreasing I, the self-discharge
rate decreases. Compared with the ACF-TEABF4 EC using ACF as electrodes (see
Figure 2.5), the SWNT-TEABF,4 EC exhibits much smaller IR drop, about 9% voltage
drop than the 35%-40% voltage drop of the ACF-TEABF, EC, due to its excellent

electric conductivity and fast charge transfer on electrode/electrolyte interface.
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Figure 3.4  Self-discharge curves with charge current densities /¢ from 10 to 1000
mA-g'1 at 25 °C; the inset shows the zoom-in at the beginning of the
self-discharge.

49



Moreover, a much higher self-discharge rate is presented for the SWNT-
TEABF4 EC, especially at the beginning of the self-discharge, where the voltage
decreases so fast that the collected data points are disconnected from each other (inset
of Figure 3.4, time interval between two voltage points is 10 sec). Specifically, the
decrement in the first 10 sec from the initial voltage reaches up to 0.1 V when /c=1000
mA-g", which is ten times of that for the ACF-TEABF, EC at the same conditions.

The faster self-discharge rate and the smaller IR drop compared to those of the
ACF-TEABF, EC demonstrate the superior capability of charge transportation of
SWNTs as electrode materials, which then contributes a stronger driving force of AE

for self-discharge.

3.4.2 Self-discharge model

Same as the ACF based EC, no pseudocapacitance has been observed for the
SWNT-TEABF,4 EC. Therefore, there are two possible driving forces: the potential
field AE and the ionic concentration variation Oc/Ox.

From the curve fitting results (Figure 3.5), neither the diffusion control model
(V & —t/2) nor the potential driving model (V o e™t/%) can fit well with the
experimental self-discharge curves. Meanwhile, the curves cannot be fitted with the
DM model proposed for the ACF-TEABF, EC.

Based on the previous study on self-discharge of ACF based EC, ECs with a
high initial voltage and a low specific capacitance are expected to self-discharge under
the potential field driving. As given in Table 3.1, the SWNT-TEABF,4 EC exhibits a
higher initial voltage compared to that of the ACF-TEABF4 EC (Table 2.3), while the
specific capacitance is comparable to that of the ACF-TEABF4 EC (Table 2.3).
Therefore, the SWNT-TEABF4 EC is prone to be driven by the potential
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Figure 3.5  Fitting results of the self-discharge curves with (a) the diffusion control
model: Vo< ¢ 72 and (b) the potential driving model: Vex e e

Table 3.1 Specific capacitances of the SWNT-TEABF, EC.

Charge Current Density /¢ (mA-g™)
10 25 50 | 100 | 250 | 500 | 1000
Initial Voltage (V) 1.99| 1.98 | 1.97]|1.96|1.91|1.89]| 1.81
Specific Capacitance (F-g') | 63.8 | 29.64 | 22.3 1 20.0 | 19.0 | 18.4 | 16.7

field. Further investigation reveals that self-discharge of the SWNT-TEABF4 EC is
under the potential field driving though cannot be fitted with one exponential decay
component. It requires two exponential decay components for perfect fitting. A split
potential driving model is then proposed based on the self-discharge of the SWNT-

TEABF,4 EC, termed as the “Divided Potential Driving” (DPD) model.
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3.4.2.1 Divided potential driving model and single potential driving model
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Figure 3.6  Self-discharge curves (black) fitted with the DPD model: (red) and
single potential driving model (blue). Note: Selected self-discharge
curves with 10, 100, and 1000 mA-g"' are presented).

Table 3.2 Self-discharge parameters under different charge current densities.

Self-discharge Temperature (°C)

25 75 | -25

Ic(mA-g") | 10 | 25 | 50 | 100 | 250 | 500 | 1000 | 100 | 100
Vi /Vinirir | 0.18 | 020 [0.24 [ 022 ]0.21]0.23]0.26 [0.22] 0.43
Ve/V, ]028]037[056]055[059[073]099] 1 |048
T (sec) | 3507|1705 886 | 470 | 179 | 88 | 55 | 454 | 3321
T, /1 4 |18 |14 3]16e]18] 16 1 |11
/15 60 | 58 | 68 | 85 [ 162240392 | 7 | 66
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Figure 3.6 illustrates the self-discharge curve fitting results with the proposed
DPD model. As depicted in the figure, at the beginning, the self-discharge process is

driven by AE and fitted with two exponential decay components:
V=V xe ' +V, xe /% + V15 > 15 v 3.1
After a period of time, it switches to the single potential-driving process:
V=Vxet/T4+V 3.2

This interesting phenomenon has never been noticed and reported before. The
self-discharge process dominated with Eqn. 3.1 is termed as the DPD process, in order
to distinguish from the usual “Single Potential Driving” (SPD) process described with
Eqn. 3.2. The proposed DPD — SPD model fits very well on the self-discharge
processes of the SWNT-TEABF,4 EC.

In the potential driving model, the time constant T is the characteristic
parameter to describe the self-discharge rate, and is determined by the mobility of ions
and the magnitude of the potential field. Smaller T describes a faster self-discharge
process while larger 7 indicates a slower self-discharge process. Hence, in Eqn. 3.1,
V, x e~t/Ts (with a larger time constant 7,) expresses the self-discharge process with a
slower rate, while V; X e t/7f (with a smaller time constant Tr) represents the self-
discharge process with a faster self-discharge rate. In another word, the DPD model
comprises of one slower SPD process and one faster SPD process and the two
processes proceed simultaneously.

According to the DPD model, ions in the double-layer structures could be

divided into two groups. The values of V; and V, reflect the quantities of the charge in
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each groups based on Q = C X V. Therefore, Vg /Vipiri1 gives the ratio of the charges
of the fast self-discharge ions to the total charges contained in the double layers.

Details are given in Table 3.2 and will be discussed in Section 3.4.2.2.

3.4.2.2 Origins of the divided potential driving model

Figure 3.7  Illustration of the functional groups interference on interactions between
the electrolytic ions and the charged electrode.

In the potential driving self-discharge process, self-discharge proceeds as the
driving force AE overcomes the drags (viscosity and the electric repellent of other
charges, etc). In the SWNT-TEABF, EC, since the environment, including the

potential field and the electrolyte bulk, between the two electrode/electrolyte
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interfaces are shared, the possible reason that divides electrolytic ions into two groups
is then predicted to be the heterogeneity of the electrode surface.

Oxygenated functional groups (such as carboxyl, carbonyl, and hydroxyl
groups, etc.) are attached onto the SWNT surface during the purification process[19].
Considering the comparable size of the functional groups such as -COOH (~0.2 nm in
diameter) to the diameter of electrolytic ions (such as BF; 0.33 nm in diameter)[20]
and the atomic thickness of double layers, the electrostatic interactions between ions
and the charged SWNT surfaces can be affected by those polarized functional groups
under the potential field.

As illustrated in Figure 3.7, as a result of the interference of the functional
groups, the distance between the ions and the charged SWNT surface is expanded and
it leads to a relatively weak bonding compared to the direct interaction between the
ions and the intact SWNT surface. Consequently, it generates two groups of ions: the
tight-bonded ions where the intact surface is present[21] and the weak-bonded ions
where the functional groups are present. This is consistent with the self-discharge
process described by the DPD model. Two groups of ions co-exist and contribute to
the capacitance in the EC with varied self-discharge rates. The strong-bonded ions
would correspond to the term of V, X e~t/%s with the larger time constant 7, and the
weak-bonded ions would be represented by the term of Vy X e t/*s with the smaller
time constant 7. As a self-discharge process begins, both strong-bonded ions and the
weak-bonded ions start to move out of the Helmholtz layers. Once the weak-bonded
ions (with a faster diffusion rate) are all out of the Helmholtz layers, the “V; X et/
term will be vanishing and the DPD model will then switch to the SPD model

accordingly.
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The inference that the DPD model is triggered by the heterogeneity of
functional group distribution on SWNTs surfaces is also evidenced by the V¢ /V; ratio
(Table 3.2), which is close to the functional group coverage of SWNT surfaces
(around 1:4 to 1:3). A designed research on the effects of functional groups on the
SWNT-TEABF, EC self-discharge further confirms the conclusions and will be
discussed in Chapter 4, where through tailoring the functional groups, the tuning of the

self-discharge process is realized for the first time.

3.4.2.3 Self-discharge at extended temperature range
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Figure 3.8  Self-discharge curves (black) fitted with the DPD model (red) and the
SPD model (blue), (a) at 75 °C and (b) at -25 °C.

Fitting results for the self-discharge curves at different temperatures are given
in Figure 3.8. The perfect curve fittings indicate that the proposed DPD model to the
SPD model can be extended to a large temperature range: down to -25 °C and up to 75

°C. The self-discharge rate decreases at -25 °C because of the impaired ionic
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mobility at low temperature and increases at 75 °C due to the enhanced ionic
mobility at high temperature. Due to the effects of temperature on the thermal
energy of ions and the viscosity of organic solvent, relative quantities between
weak-bonded ions and strong-bonded ions also change in the DPD self-discharge
process (Table 3.2).

Moreover, at -25 °C, the voltage ratio V¢ /V; is calculated to be 0.48 (Table
3.2), indicating that the weak-bonded ions take up ~1/3 of the total ions while the
strong-bonded ions take up ~2/3 of the total. This is consistent with previous
characterization results obtained on the SWNT films that around 1/3 surfaces of the
SWNT are functionalized[17]. Since the ionic mobility activated by the thermal
energy is greatly impaired at the the subzero temperature of -25 °C and the V;/
V; ratio admitted at this condition approaches to the actual coverage of functional
groups. Hence, the calculated ratio based on the proposed DPD model shows

consistency with the characterization results.

3.5 Conclusions

SWNT has superior electric conductivity compared to ACF. Self-discharge of
the SWNT-TEABF, EC has been demonstrated to be driven by the potential field,
confirming the hypothesis that ECs with a high initial voltage (AE = V) and a low
specific capacitance C (small dc/Oox by Q = C X V) tends to be dominated by the
potential driving model.

The DPD model is proposed based on the SWNT-TEABF, EC and explains
very well the self-discharge behaviors. The self-discharge process experiences a
change from the DPD model to the SPD model. Functional groups on the SWNT

surfaces are responsible for the division in the DPD self-discharge model as the
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polarized functional groups affect the interactions between electrolytic ions and the
charged SWNT surfaces.

In summary, we have demonstrated that SWNT-TEABFs; EC obey the
potential driving mechanism and experience a transition from the DPD model to
the SPD model. It is also evidenced that the models are valid under different
charge current densities and can be extended to a wide temperature range. Most
importantly, the DPD model reveals the underlying relation between the self-
discharge performance and the microstructures of SWNT electrode materials. As
discussed in Chapter 4, the finding provides guidance in designing EC configuration
for realizing self-discharge tuning, indicating the great potenital to design ECs for

applications requiring varied energy retentions.
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Chapter 4

TUNING SELF-DISCHARGE: EFFECTS OF FUNCTIONAL GROUPS ON
SELF-DISCHARGE OF SINGLE-WALLED CARBON NANOTUBE BASED
ELECTROCHEMICAL CAPACITORS

4.1 Introduction

Study on the self-discharge processes of various ECs of different
electrode/electrolyte architectures allows us to gain insights into the underlying
mechanisms. For the SWNT-TEABF, EC’s self-discharge, the DPD model has been
proposed and has demonstrated its reliability in fitting and characterizing the self-
discharge processes[1]. Based on the discussion in Chapter 3, the determining factor
leading to the DPD model instead of the SPD model is predicted to be related to the
functional groups attached on the SWNT surfaces, as the heterogeneity on the surface
chemistry creates two types of interactions between ions and electrode at the
electrode/electrolyte interface.

Oxygenated functional groups are commonly presented on the SWNT surface
and can enhance the wettability of the SWNTs in the electrolytes of the polarized
solvent molecules and ions. Qualitative analysis of the functional group effects on the
self-discharge of the SWNT-TEABF; ECs has been introduced in Chapter 3.
However, quantitative evaluation on how and to what extent the functional groups
affect self-discharge is still lacking. Self-discharge study on the SWNT-TEABF,4 ECs
with elaborated amounts of functional groups not only provides knowledge of the

effects of functional groups on the self-discharge mechanisms, but also, of the greater
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significance, explores the possibility to tune the self-discharge processes with

controlled functional groups.

4.2 Functional Groups

In electrochemistry, carbon materials are one of the most common materials
under exploration, not only for ECs, but also for rechargeable batteries[2, 3]. Many
properties of carbon materials are decisively influenced by various oxygenated
functional groups[4]. By altering the quantities and species of the attached functional
groups, properties of carbon materials such as hydrophilicity[5-7] or electro-
conductivity[8, 9] can be maneuvered, subsequently manipulating the performance of
the carbon materials in various areas such as electrocatalysts[10], gas adsorption[11],
gas sensing[12, 13], thermal sensing[6], composite strengthening[14-16], and

electrochemical performance[3, 17, 18].
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Figure 4.1  Structure of carbon surface with various functional groups.

62



As well-known, surface reactivity and the edge effects of the hexagonal plane
in carbon materials can lead to the presence of functional groups on the carbon lattices,
usually the oxygen-containing functional groups. Figure 4.1 presents the common
types of oxygen-containing functional groups attached on the carbon surfaces. During
the preparation of the SWNTs, the purification process consisting of the heat treatment
and the acid-based bath can introduce a certain amount of functional groups onto the
SWNT samples after CVD synthesis. Before purification, the SWNTs are hydrophobic
and inert. After decoration with those oxygen containing functional groups, the SWNT
surfaces become hydrophilic.

The quantity and type of functional groups are determined by the conditions
and procedures of the carbon material preparation.

Treatments for carbon functionalization have already been well studied and
can be categorized into four general methods:

1. Liquid-phase oxidation[19-21], where oxidizing agents are applied in
acidic conditions;

2. Gas-phase oxidation[22, 23], where O, H,O in gas phase are used at
very high temperatures up to 2300 °C;

3. Plasma treatment with atomic oxygen or ozone[23];

4. Heat treatment with inert gas protection or in vacuum([23].

The first three methods are used for increasing the functional groups and the
last one is usually employed for decreasing the functional groups. Other properties of
carbon such as surface area, porosity, and chemical affinity, etc, can also be modified

during those procedures.
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Common identification techniques of the oxygen functional groups on carbon
materials[20] include the acid-base titration, Raman spectroscopy, XPS, temperature-
programmed desorption, thermal gravimetric analysis (TGA), and Near-edge X-ray
absorption fine structure.

In addition to the common oxygen-containing functional groups, other types of
functional groups can be obtained through a specific treatment, like carbon fluorides
formed when F, come into contact with graphitic carbon at elevated temperatures[23].
These functional groups (CxLi, CxNa, and (CF)n, etc) are different from the surface or
edge-bound functional groups mentioned earlier. They exist in the form of intercalated
compounds and the formation of those compounds comes along with volume changes,
the processes of which are the same as the battery-type and different from the
pseudocapacitance arisen from the reversible electrosorption occurred on the oxygen-
containing functional groups.

In summary, oxygen-containing functional groups are generally unavoidable
for carbon-based materials and can influence their electrochemical performance. Since
self-discharge is a spontaneous process, in which ions diffuse out of the double layers
to reach the equilibrium[24-26], factors such as functional groups that can affect the
interactions between the ions and the charged surface will subsequently have an
influence on the self-discharge behaviors. In the rest of this chapter, the effects of the
functional groups on the self-discharge will be systematically investigated through
elaborately analyzing the self-discharge processes of ECs built with different SWNT

samples with controlled amounts of functional groups.
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4.3 Experimental Section

4.3.1 Sample preparation

Fabrication of SWNT macrofilms was done by the CVD method (Figure 3.2),
followed with the heat treatment in air at 420 °C for 30 min and then rinsed with
hydrochloric acid and copious DI water. After air-drying, the obtained samples were
referred as SWNT. The purification process would introduce a certain amount of
functional groups onto the SWNT films. In order to obtain SWNT samples with varied
amounts of functional groups, post-treatments are applied. Heat treatment (400 °C in
argon) was applied to reduce functional groups because functional groups tend to
decompose at elevated temperatures [3, 4, 27], and the obtained SWNT film samples
are referred as »-SWNT. On the other hand, in order to increase the number of
functional groups, the SWNT films were soaked in the KMnQj, solution [28, 29] (0.1 g
KMnO4 in 20 mL concentrated sulfuric acid) for 10 min, and followed with
hydrochloric acid rinsing and copious DI water washing. The as-treated sample after
air-drying was referred as o-SWNT. Both reduction and oxidation procedures were
carried out in a gentle manner in order to preserve the tangled structures of the SWNT

films.

4.3.2 Sample characterizations

The SEM (scanning electron microscopy) images were taken using a JEOL
JSM-7400F scanning electron microscope. For XPS, monochromatic aluminum Ko X-
ray (1486.6 eV) was applied to excite photoelectrons from the carbon nanotube
surface. All spectra were calibrated by setting the C 1s photoemission peak for sp*-
hybridized carbons to 284.5 eV, and were fitted after a Shirley type background

subtraction. Raman spectra were collected using a laser with an excitation wavelength
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of 532 nm. TGA was conducted from room temperature to 1000 °C at a heating rate of

2 °C min™ under nitrogen protection (60 mL min™).

4.3.3 Self-discharge testing
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Figure 4.2  (a) Schematic of the structures of the built ECs, each with r-SWNT,
SWNT, and o-SWNT as celectrodes, and 1M TEABF,; (PC) as
electrolyte; (b) The self-discharge experiments after two and a half
cycles of charging/discharging.

Time

In order to study the effects of varied functional groups on self-discharge, ECs
were built each with the SWNT, »-SWNT, and o-SWNT films as electrodes, which are
punched into 1 inch in diameter, and 1M TEABF4/PC as electrolyte (see schematic in
Figure 4.2a). The ECs were assembled in the glove box filled with argon and the glove
box was maintained at an adequate level (O, content < 0.1 ppm, H,O content < 0.1
ppm).

With the assembled SWNT-based ECs, the electrochemical impedance
spectroscopy (EIS) was recorded over a frequency range from 100 kHz to 10 mHz;

cyclic voltammetry (CV) was scanned at voltage ramp of 10 mV s from -2 to 2 V;
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the self-discharge tests were performed using the Arbin battery testing system with a

charging current density of 100 mA-g" followed by self-discharge at two different

temperatures: room temperature (20 °C) and -25 °C, to investigate the effects of

functional groups on the self-discharge process.
4.4 Results and Discussion

4.4.1 SWNT microstructure and chemical identification analysis

Figure 4.3  SEM images taken on (a) SWNT; (b) r-SWNT after heat treatment; and
(c) o-SWNT after oxidation treatment.
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SEM were performed over all three prepared samples, which indicated no
obvious changes on the tangled structures of the SWNT films after both reduction and
oxidation treatments (Figure 4.3). BET surface area characterization has been

performed as well. From the results (Table 4.1), the specific area changes after the

Table 4.1 Atomic percentage concentrations of r-SWNT, SWNT and o-SWNT
based on XPS survey.

Atomic % Ratio | BET
surface
Sample Name | Cls Ols | C/O area
(m*g")
r-SWNT 96.3% | 3.7% | 26.3 | 445.7
SWNT 93.5% | 6.5% | 14.3 | 490.2
0-SWNT 80.7% | 19.3% | 4.2 563.4
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Figure 4.4  XPS survey of 400 °C heat-treated SWNT (r-SWNT, cyan), as-prepared
SWNT (SWNT, orange), and KMnOy4-oxidized SWNT (o-SWNT,
maroon).
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post-treatments, i.e., decreases after the reduction of the heat treatment, and increases
after the KMnOy oxidation, but does not change significantly. It again confirms that
the applied post-treatments are controlled to be mild to tailor the functional groups

without sacrificing much on the carbon structures of SWNT.

(a) SWNT

252 250 2&%8 2&%6 284 282
Binding Energy (eV)
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! | |
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Figure 4.5 C 1s binding energy (BE) regions of (a) -SWNT; (b) SWNT; and (c) o-
SWNT. All spectra were calibrated by setting the main peak in the C 1s
BE region to the sp*-hybridized carbons at 284.5 ¢V.
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Table 4.2 Atomic percentage concentrations of various carbon functional groups
of -SWNT, SWNT, and o-SWNT based on XPS curve fittings.

Relative atomic concentrations (%)

Sample Total
2_ 3 - = ¥ ;

Name sp™-C | sp™-C | C-O | C=0 | COOH | p-p* | functional
groups

r-SWNT | 77.6 | 11.7 |59 |18 |12 1.8 189
SWNT 679 |151 |94 |37 |23 1.6 |15.4
o-SWNT | 64.5 | 122 [122 |52 |47 1.2 221

In addition to structural characterizations of the three types of SWNT samples
using SEM, chemical identification of the film samples was addressed by XPS.

Figure 4.4 shows the survey scans on the three SWNT samples. As given in
Table 4.1, the »~-SWNT sample possesses the highest C/O ratio and the o-SWNT
sample possesses the lowest C/O ratio, confirming the reducing effect of the heat
treatment for the »~-SWNT sample and the oxidizing effect of KMnO, for the o-SWNT
sample. Furthermore, high-resolution Cls scans (Figure 4.5) reveal the existence of
several functional groups including C-O (~286.2¢V), C=0 (~287.5 e¢V), and COOH
(~288.7 eV)[18,34,35]. Quantitative results on the functional groups are calculated by
deconvoluting the Cls region and summarized in Table 4.2. For all three SWNT
samples, sp2 carbon takes up the major portion, from 77.6% of the »-SWNT sample to
64.5% of the o-SWNT sample. Sp> carbon is the carbon atom with sp” hybridization
and associated with an aromatic structure. A higher percentage of sp2 carbon indicates
a better graphitization and fewer defects in the lattice structures of carbon
nanotubes[30, 31]. The »-SWNT sample possesses fewer functional groups (~8.9%)

due to the heat treatment while KMnO, acidic solution produces more oxygen-
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containing functional groups (~22.1%) on the o-SWNT sample, and the SWNT
sample without any post-treatment contains 15.4% of functional groups.

The reduction of »-SWNT and the oxidation of o-SWNT have also been
confirmed with Raman and TGA measurements. As shown in Figure 4.6a, Raman
spectra present the varied Ip /Ig. The D band (~1343 cm'l) is induced by the structural
disorder, and the G band (~1583 cm™) is related to the aromaticity of the carbon
lattice[32]. The increasing ratio of Ip /I from r-SWNT, SWNT to o-SWNT indicates
that o-SWNT possesses the highest percentage of defects. Defects in CNT structures
usually serve as the chemically active sites for functional groups[31]. More defects

would allow more functional groups to be accommodated onto the SWNT surfaces.

(a)

| 141, ~0.0713

-

@
—
o

-
?

o
®

r-SWNT -

o
id

o
»

1. ~0.0761

. SWNT g?vv::! T
I/~ 0.2659 . A 0-SWNT 0.21 0-SWNT

Normalized by Initial Weight (100%)

200 400 600 _ 800 1000

1000 1200 1400 1600 1800 2000 Temperature (°C)

Wavenumber (cm™)

Figure 4.6  (a) Raman spectra over r-SWNT, SWNT, and o-SWNT; varied intensity
ratio:Ip /I indicates structural changes. (b) TGA curves of the three
SWNT samples: --SWNT, SWNT, and o-SWNT. Results are shown
within the temperature range from 100 to 1000 °C.
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TGA results are given in Figure 4.6b, and also confirm the varied chemical
composition among the three SWNT samples. At 400 °C, -SWNT lost 1.9 wt%,
SWNT lost 6.9 wt%, and o-SWNT lost 12.7 wt%, which is the most.

Based on the characterization results of XPS, Raman and TGA, the o-SWNT
sample contains the highest content of functional groups while the »~-SWNT sample
contains the least. Therefore, three SWNT samples with different contents of
functional groups have been successfully prepared.

In order to investigate the effects of functional groups on the electrochemical
behaviors, self-discharge tests, EIS, and CV were performed upon ECs built with
SWNT, r-SWNT, and o-SWNT films as electrodes, and 1M TEABF4PC) as

electrolyte.

4.4.2 Tuning self-discharge

The self-discharge results at room temperature (25 °C) and -25 °C are given in
Figure 4.7.

As indicated by the fitting results, the voltage J decreases exponentially with
time ¢ (V o e~t/T). Thus, the potential field AE is the dominant self-discharge driving
force in all three capacitor systems built with the same organic electrolyte 1M
TEABF4(PC) and different SWNT electrodes (»-SWNT, SWNT and o-SWNT).
Moreover, same as the previous study on the SWNT-TEABF4 ECs in Chapter 3, the
self-discharge processes are first dominated by the DPD model, and then switch to the
SPD model. Tailoring on the functional groups does not alter the self-discharge

mechanism for the SWNT based ECs with 1M TEABF./PC as electrolyte.
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Figure 4.7  Self-discharge curves (black) of the r-SWNT EC, the SWNT EC, and
the o-SWNT EC and fitting results: red by the DPD model and blue by
the SPD model at room temperature (a, c, €) and -25 °C (b, d, f).
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Fitting results are given in Figure 4.7, where the red line represents the DPD
model and the relation between voltage V" and self-discharge time ¢ is described by

Eqn. 3.1:

V=V X e, X et Yy e 31
The subscript “f” indicates the self-discharge portion with a smaller time constant 7,
while the subscript “s” corresponds to the portion with a larger time constant 7 (i.e.,

for the time constant, a larger value means a slower self-discharge rate). The blue line

of the SPD model is simply described by Eqn. 3.2:
V=Vxe "4V v 3.2

All three ECs obey the transition of the “DPD to SPD” model. Hence, it can be
deduced that mildly tailoring on the surface chemical states only changes the
quantities of the functional groups, without altering the nature of the self-discharge
mechanisms of the SWNT based ECs. However, certain characteristics describing the
self-discharge processes such as the self-discharge rate and the energy retention ability
have been affected.

The ability of energy retention, i.e. the self-discharge rate, changes as the
amounts of functional groups changes. Comparing the self-discharge curves of the
three ECs at room temperature (Figure 4.7a, c, e), it takes 1.04 hrs for the SWNT EC
to drop from its initial voltage to 1 V, and another 5.82 hrs to drop to 0.5 V. For the
EC built with ~-SWNT, which has fewer functional groups, the self-discharge process
is slower that it takes 2.65 hrs to reach 1 V and 12.27 hrs to 0.5 V. For the o-SWNT

EC with more functional groups anchoring onto the nanotubes, the self-discharge
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process proceeds in the fastest manner compared to the above two: it takes only 0.5

hrs to decrease to 1 V and another 4.15 hrs to self-discharge to 0.5 V.

Table 4.3 Three types of ECs: r-SWNT, SWNT, and o-SWNT ECs and their self-
discharge fitting parameters.

CNT SDC Specific Vi 1000, | R0 Of
electrodes | Temperature Capacitance | 7 itial 0 | Non-sp

P C (F/g) e carbon
20°C 58.7 17.9% .

r-SWNT STe S0 e 53 4%
20°C 52.2 34.0% .

WA 25°C 52.9 32.2% 32.1%
20°C 234 38.9% .

0-SWNT SLe 3 sho 35.5%

Meanwhile, from the “DPD to SPD” fitting calculations (Table 4.3), it is
shown that the percentage taken by the faster self-discharge (Vr/ Vinitiqi ) increases
from 17.9% for the -SWNT EC to 38.9% for the o-SWNT EC at room temperature. A
higher percentage of Vi/ Vi corresponds to a faster self-discharge rate.
Furthermore, by comparing the values of V¢ /V;y;.;q With the percentages of functional
groups (Table 4.3), it can be found that more functional groups correspond to a higher
value of V¢ /Vipitiqr - Therefore, a higher content of functional groups leads to a higher
ratio of the faster self-discharge “Vy /Vipn;1iq) ” and a faster self-discharge rate

The discussion above on the functional groups and the DPD model fitting is
consistent with our proposed scenario of co-existence of two types of ions within the
ECs. As demonstrated in Chapter 3, at the SWNT surface areas where functional

groups present, a relatively weak bonding will be created due to the enlarged distance
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which weakens the static electrical force between the ions and the electrode surface.
Two types of bondings are generated: the bonding between the ions and the intact
electrode surface, which is stronger; and the bonding between the ions and the
defective area of the electrode surface, which is relatively weaker because of the
interference of the existing functional groups. Tight-bonded ions will diffuse more
difficultly than the relatively loose-bonded ions and will slow down the corresponding
self-discharge process. Therefore, with increasing the quantities of functional groups,
the SWNT based ECs will self-discharge with a faster rate, as can be seen from the
experimental results. Tuning self-discharge is simply realized through the surface
chemistry modification.

Self-discharge tests have been conducted at -25 °C as well (Figure 4.7b, d, f),
which demonstrate that the “DPD to SPD” model can be extended to a lower

temperature range.

4.4.3 Electrochemical impedance spectroscopy

The effects of the functional groups on ionic movements are also reflected on
the Nyquist plot (Figure 4.8a) and Bode phase plot (Figure 4.8b) based on the EIS
tests. Radii of the semi-circle in the Nyquist plot is related to the charge transfer
resistance on the electrode/electrolyte interface. A smaller semi-circle indicates a
better ionic conductivity at the electrode-electrolyte interface.[33] In Figure 4.8a, o-
SWNT with the most functional groups gives the largest radii of the semi-circle,
indicating a relatively poor ionic conductivity because functional groups can weaken
the electrostatic interaction between ions and charged carbon surface.

From the Bode phase plot (Figure 4.8b), there are two peaks: one main peak at

~1 kHz and a shoulder on its lower frequency side at room temperature. The existence
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of two peaks instead of one suggests that there are two distinguishable groups of ions,
one with a higher frequency and the other with a lower frequency [33, 34]. It can be
seen that, the peak on the lower frequency side gradually fades from o-SWNT, to
SWNT, to -SWNT, corresponding to the decreasing amount of the loose-bonded ions
from 0-SWNT, to SWNT, to »~SWNT. Moreover, from the Bode phase plots at -25 °C,
especially for the o-SWNT EC with the most functional groups, the two distinct peaks
gradually merge into one peak. This can be explained as a result of the cryogenic
depression of ionic mobility at the subzero temperature. The mobility of the loose-
bonded ions and the tight-bonded ions have both been impaired and the loose-bonded
ions has been impaired more and exhibit analogous behavior to the tight-bonded ions

at -25 °C. Moreover, the equivalent circuit (Figure 4.8¢) used for EIS spectra fitting
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Figure 4.8  (a) EIS spectra at room temperature and (b) Bode phase plot at room
temperature (solid lines) and at -25 °C (lines starred with‘0”, “A”, “0”)
of -SWNT (cyan), SWNT (orange) and o-SWNT (maroon). (c)
Corresponding equivalent circuits.
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comprises of two parallel components in series, also suggesting the existence of two
types of ionic movements and consistent with the previous scenario of co-existence of

two types of ions within the ECs.

4.4.4 Cyclic voltammetry
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Figure 4.9  CV curves of r-SWNT (cyan), SWNT (orange) and o-SWNT (maroon)
at the scan rate of 10 mV-s™.

As calculated from the CV curves (Figure 4.9), the -SWNT EC gives the
highest value in specific capacitance of 58.7 F-g"' while the o-SWNT EC gives the

lowest value of 23.4 F-g”'. This phenomenon is different from the reported work,

which claimed that through rigorous oxidation treatments (usually with highly
oxidizing nitric acid treatment), the specific capacitance increased[18, 35]. It is
reasonable that in those highly oxidized SWNT samples, much more
electrode/electrolyte interfaces were formed for the double-layer capacitive structures,

and also more pseudocapacitance was involved, therefore, a higher specific
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capacitance was obtained. What is worth noting and may be the key factor which
differentiates our samples to theirs is that our samples are mildly reduced or oxidized
purposely to preserve the integrity of nanotube structures. The tangled feature of the
SWNT films is preserved and the chemical composition only changes within a small
range (13.2% for the functional groups). Moreover, the SSA among the three samples
changes after reduction or oxidation, but does not change significantly (Table 4.1) and
the CV curves (Figure 4.9) give no obvious pseudocapacitive peaks from -2 to 2 V.

On the other hand, as evidenced in the DPD model, functional groups can
baffle the ionic interactions at the electrode/electrolyte interface. The double-layer
structures formed on the areas where functional groups present will lead to a weak
interaction between the electrode and electrolytic ions, and reduce the stored energy.
Therefore, the increased amount of the functional groups would be the key for the
decrease in specific capacitance due to the weakened electrode/electrolytic ion

interaction within the double-layer structures.

4.5 Conclusions

Through a systematic experimental design and analysis, we have further
validated the proposed “DPD to SPD” model for the self-discharge of SWNT based
ECs using SWNT film electrodes with controlled functional groups ranging from
8.9% to 22.1%, even when the self-discharge was carried out at a low temperature of -
25 °C. The DPD process is the result of the functional groups that create a relatively
weak bonding between ions and the charged electrode surface. More functional groups
lead to a faster self-discharge. Tuning on self-discharge has been demonstrated for the
first time. With functional groups decreasing by 13 %, the self-discharge time from

2.0 to 1.0 V is extended by 5 times.
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In summary, we have demonstrated that SWNT ECs built with different
SWNT samples all obey the potential driving model and expereince a transition
from the DPD model to the SPD model. Varied functional groups do not alter the
self-discharge mechanism, however, affect the self-discharge rate based on the
DPD model. Most importantly, the underlying relation between the DPD model and
the functional groups of SWNT electrode materials is quantitatively investigated and
provides guidance on designing SWNT based ECs with various energy retentions. The
tuning capability of the self-discharge process will benefit potential applications of

ECs in energy storage.
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Chapter 5

SELF-DISCHARGE OF GRAPHENE BASED ELECTROCHEMICAL
CAPACITORS

5.1 Introduction

Electrode materials with high SSA accessible to electrolytic ions and superior
capability for charge transport are favored for designing ECs with high energy
densities and power densities. As repeatedly confirmed in the previous chapters,
dominant self-discharge model is determined by the competition of the two driving
forces: the ECs with a high specific capacitance yet poor charge transportation are
prone to be dominated by the diffusion control model; while the ECs with a low
specific capacitance yet good charge transportation are prone to be dominated by the
potential driving model. Therefore, the SSA and the electrical conductivity are also
closely associated with the self-discharge behaviors of the ECs in addition to energy
density and power density.

Research in previous chapters indicates that ACF prevails over SWNT with a
higher SSA and a higher specific capacitance, while SWNT prevails over ACF with a
higher electrical conductivity and in turn, a higher power density[1, 2]. In addition to
ACF and SWNT, graphene and graphene-based materials have already shown their
exceptional advantages as electrode materials for ECs due to an extensive surface area
and a superior electronic conductivity stemming from their two-dimensional
structures. It has also been demonstrated that the hydrated GO can serve as a solid

electrolyte for ECs[3, 4], based on the trapped water and ions within GO layers.
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However, no report is available up to date on the self-discharge behaviors of
graphene based ECs. Investigation of the self-discharge of the GO based solid-state
ECs is of most significance, not only because it contributes to knowledge of the self-
discharge behaviors of the ECs of the restricted ionic mobility, but also because it

benefits the comprehension of the ionic diffusion in the solid-state ECs.

5.2 Graphene

Pristine graphene is structured of two-dimensional honeycomb carbon lattices,
in which the sp” hybridized carbon atoms are arranged in hexagonal rings. Graphene
layers can be bonded to each other by van der Waals interaction to form multilayer
structures.

Graphene can be obtained through physical methods as well as chemical
methods. Physical methods include mechanically exfoliating graphene from bulk
graphite by utilizing external forces such as tape-peeling or ultrasonication in proper
solvents [5, 6]. The graphene obtained by the mechanical exfoliation is usually with
high quality but a low yield. Graphene can also be synthesized from the CVD
method[7, 8]. In the CVD process, alkanes or alkenes serve as the carbon source. The
decomposition of those hydrocarbon gases usually occurs at a very high temperature
(higher than 1000 °C)[9]. CVD-synthesized graphene is formed through the re-
decomposition of carbon atoms generated from the decomposition of the hydrocarbons
on pretreated metal foils (nickel or copper thin foils with a high purity[10]). The CVD
method is used to obtain graphene with a high quality and with a single layer or multi-
layers.

Another chemical method to produce graphene is the modified Hummer’s

method. The graphene produced by this method is with a large yield and highly-
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defective. For the modified Hummer’s method, natural graphite flakes are first
oxidized and intercalated with acids or other chemical species to enlarge the interlayer
spacing (from 0.34 nm in graphite to > 0.6 nm in the expandable graphite oxide[11])
for facile exfoliation, followed by exfoliation in liquid phase to make GO. Sometimes,
thermal treatments are performed prior to the exfoliation to expand the graphite more.
Yang et al.[12] reported a low temperature exfoliation of GO assisted with vacuum,
which skips the step of exfoliation in liquid phase and generates few-layer graphene
oxide directly.

GO synthesized with the modified Hummer’s method needs to be reduced to
rGO before being used as electrode materials in ECs. There are several methods to
reduce GO, such as the photocatalytical reduction using mercury lamp irradiation[13]
and the controllable laser reduction[3, 14]. Compared to the physical reduction
methods, chemically reducing rGO with reducing agents (sodium borohydride,
hydrazine, etc) is of low cost and high yield.

The graphene based films can be feasibly synthesized through filtering the
colloidal dispersions. Graphene-based films have drawn extensive attentions for
applications in ECs. Shi et al.[15] prepared composite films of rGO and polyaniline

nanofibers, which showed large electrochemical capacitance of 210 F-g" with 1M

H,SO,4 (aq) as electrolyte. Dai et al.[16] reported a hybrid film of polymer (PEI)-
modified graphene sheets and CNTs, which exhibits a specific capacitance of 120 F-g’

! based on pure double layers with 1M H,SO, (aq) as electrolyte. Similar specific

capacitance was reported by Ruoff et al.[17], the chemically activated rGO films
exhibited 120 F-g" with the organic electrolyte 1M TEABF4 (AN). Moreover, the

flexibility of the graphene based films grants the flexibility to the microcapacitors
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fabricated on them, which are favored for applications in flexible electronic devices.
There have already been reports on using the lightscribing reduced GO as electrodes
with a gelled electrolyte by El-Kady et al. [14], and on the one-body GO based
microcapacitor by Ajayan et al.[3], which directly utilized the hydrated GO as the
solid electrolyte.

In this chapter, laser reduced GO films with no foreign electrolytes are

investigated for the self-discharge behaviors with a restricted ionic mobility.

5.3 Experimental Section

5.3.1 Sample preparation

GO was prepared by the modified Hummer’s method: natural graphite flakes
(10 mesh, Alfa Aesar) served as the carbon sources, and were treated by 5 days of
oxidization and exfoliation with KMnQO,; in a concentrated sulfuric acid, until
brownish-colored colloidal dispersion of GO was obtained. Extensive washing with
centrifuge and dialysis tubing were followed to remove the excess acids and salts.

As shown in Figure 5.1, the GO films were fabricated by vacuum filtration of a
measured amount of the obtained GO solutions through a PVDF membrane filter (25
mm in diameter, 0.2 pm pore size, Sterlitech), followed by air drying and peeling from
the filter. The thickness of the GO films is around 5 pm for all measurements reported

here unless otherwise stated.
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Figure 5.1 = Schematic of the fabrication of graphene oxide films.

5.3.2 Near infrared laser workstation set-up

The reduction of the GO films was complemented with a laser source of 780
nm wavelength (near infrared, NIR). Its power output is tunable and up to 100 mW.
Motorized translation stages were combined to realize programmed-control reduction.
A schematic of the laser workstation is given in Figure 5.2a. During the reduction,
nitrogen gas was used as the protection gas.

As shown in Figure 5.2b, after reduction, the original black surface of the GO

film became grey.
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Figure 5.2  (a) Schematic representation of the laser workstation for GO film
reduction. (b) Digital camera image of LR-GO film after laser reduction
and punched into 13 mm in diameter.
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Figure 5.3  Digital camera images taken of (a) the parts of the test cell and (b) the
assembled test cell.
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5.3.3 Characterizations and electrochemical testing

The surface morphology and microstructures of the GO films and the laser
reduced (LR)-GO films were characterized by SEM (AURIGA 60 Crossbeam FIB-
SEM). XRD (Philips X’Pert X-ray diffractometer) was applied to characterize the
layering structure of the films. Raman (Bruker Senterra AFM/Raman Microscope) was
conducted using an excitation wavelength of 532 nm on the GO and LR-GO samples.
XPS was applied to analyze the reduction effects and study the functional groups of
the GO and LR-GO films.

As shown in Figure 5.3, the LR-GO films were assembled in the test cell for
electrochemical measurements, including CV, EIS and galvanostatic
charge/discharge/selfdischarge. Increasing the water content in the GO films can
greatly enhance the ionic conductivity[3]. Therefore, the LR-GO films were kept in a
desiccator with 80% relative humidity, where saturated aqueous solution of KNO;3; was

applied, for the water adsorption before the electrochemical tests.

5.4 Results and Discussion

5.4.1 Microstructure and composition analysis

The color of the GO film changes from black to grey after laser reduction (see
Figure 5.2b). As shown in Figure 5.4a, the surface morphology of the GO film has
changed from the wrinkled surface to a relatively flat surface after laser reduction. As
shown in Figure 5.4b, on the rGO surface, a few rGO layers become partially
detaching from the originally intact surface of the GO film.

From the cross section views (Figure 5.5), the GO films comprised of densely
packed layers of GO sheets. After the reduction, the packed layers expand greatly by

~4.6 times from 5.4 pm to 24.85 um and present a more porous structure. During the
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laser reduction, the volume of the GO film expands due to the heat and gas generated
from the decomposition of oxygenated functional groups, leading to a flat surface and
an expanded thickness. Energy-dispersive X-ray spectroscopy (XEDS) collected on
the cross-sectional areas on the GO film and the LR-GO film exhibits a decrease in the
atomic percentage of oxygen from ~37 at.% to ~28 at.% (Figure 5.5d). The reduction

is through-the-thickness.

(a)

Figure 5.4  (a) SEM image of GO surface before (yellow box) and after (cyan box)
laser reduction. (b) Zoom-in SEM view on the unreduced area; (c)
Zoom-in SEM view on the reduced area.
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(a) SEM image of the cross sectional view of the GO film before
(yellow box) and after (cyan box) laser reduction; (b) Zoom-in SEM
view on the unreduced part; (c) Zoom-in SEM view on the reduced part,
which shows a much expanded structure; (d) XEDS results collected on
randomly picked areas on the surface and cross-section of the GO and

the LR-GO films; (e¢) Raman spectra collected on the GO and LR-GO
films.
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The reduction of the GO film has also been confirmed by the Raman
measurements. Raman spectra were collected using a laser with an excitation
wavelength of 532 nm, showing that I, /I; decreased after the laser treatment (Figure
5.5¢ and Table 5.1). The D band is induced by the structural disorder while the G band
is related to the aromaticity of the graphene lattice[18, 19]. The increasing of the
intensity of G band indicates the formation of more graphitic lattice structures after
laser reduction and is consistent with the enhanced electronic conductivity as
measured on the LR-GO film.

Chemical identification of the GO and LR-GO film samples were addressed by
XPS, and results are given in Table 5.1 and Figure 5.6. Comparing the Cls and Ols
peaks in the survey scan (Figure 5.6a), the O/C ratio decreases from 0.41 to 0.32

(Table 5.1), confirming the reducing effect of the laser treatment.

Table 5.1 Characterization results of the GO films and LR-GO films.

XPS XEDS

Raman
Ratio Atomic % Atomic %

0/C | sp>-C | C-N | C-0 | C=0 | COOH | Oxygen | In/Ig

GO 041 | 539 | 0 [257]16.1 4.2 37.42% 1.63

LR-GO | 032 | 673 | 7.2 | 84 | 10.1 6.9 27.75% 1.40
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Figure 5.6  (a) XPS survey of the GO film and the LR-GO film; C 1s binding
energy (BE) regions of (b) the GO film and (c) the LR-GO film.

Furthermore, deconvoluting the C 1s region in high-resolution scans (Figure
5.6b and c) reveals the existence of various functional groups including C-O
(~286.5 ¢V), C=0 (~287.9 eV), and COOH (~289.3 eV) [20-22]. Quantitative
results on the percentage of each functional group are given in Table 5.1. For both the
GO and LR-GO samples, sp” carbon takes up the major portion, from 53.9% of the
GO film to 67.3% of the LR-GO film, while the percentage of oxygenated functional
groups decreases significantly from a total of 46.1% of the GO film to 25.5% of the

LR-GO film. The functional groups of C-N (~285.9 ¢V) are also present in the LR-
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GO due to the usage of nitrogen as protection gas. Enhancement in the percentage of
sp’ carbon as well as the decrease in the functional groups indicates a better
graphitization and restoration in the carbon lattice structures[23].

Based on the characterization results of XEDS, Raman, and XPS, the reduction
effects of the laser treatment have been demonstrated by the reduced amount of
functional groups and enhanced graphitization in the lattice structure. The obtained
LR-GO film is with expanded, porous layering structures and contains ~25% of the
functional groups. Prior to electrochemical characterizations, the LR-GO films are
stored in a desiccator with a ~80% relative humidity for water adsorption through the

hydrogen bonding with the functional groups[24].

5.4.2 Electrochemical Capacitive behaviors of the LR-GO EC

The as-prepared LR-GO film is directly used as an EC without using any other
electrolytes. Galvanostatic charge/discharge curves (Figure 5.7a) and the CV cycles
(Figure 5.7¢) demonstrate the electrochemical capacitive behaviors of the LR-GO EC.

Because of the large resistance from the highly restricted ionic mobility, the LR-GO
EC can only be charged /discharged using a current density of 200 mA-g”'. The

obtained energy density for the LR-GO EC is around 130 uAh-g™ for the charging and
60 uAh-g" for the discharging (considering the total weight of the LR-GO film). The

difference between the charge and discharge energy density should be the result of
non-elastic interactions among ions during discharging, which consume the charged

energy and dissipate as heat. The specific capacitance as converted from the energy

density is 9.7 uF-cm™ for the charging and 4.5 uF-cm™ for the discharging

(considering the area of the reduced surface). The energy density stored in the LR-GO
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EC is substantially lower than other reported 0.4-2 mF-cm™ [3, 25, 26] or the obtained

~0.86 mF-cm™ of the sandwiched GO film discussed in Chapter 6.

The LR-GO film consists of packed layers of partially reduced GO, where

some functional groups still remain on the reduced GO layers. Because of the

hydrophilicity of the heteroatoms and the polarized functional groups, water from the

external environment can be adsorbed onto to the rGO layers, which generate

moveable ions (such as H') through the hydrolysis of the functional groups[3].
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(a) Galvanostatic charge/discharge curves and (b) the corresponding
charge/discharge energy densities of the LR-GO EC with an charge
current density of 0.2 mA-g'. (c) CV curves of the LR-GO EC with
different scan rate from 10 to 100 mV s™".
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Together with residual metal ions (such as Na', Fe*" from the Hummer’s synthesis and
detected by the XEDS), ions including H' should exist in the LR-GO film.
Meanwhile, the water molecules can also incorporate into the ionic conducting
skeleton or wrap around those ions, assisting the ionic diffusion[27-29]. Hence, in the
LR-GO film based ECs, it is expected that energy is stored through the movement of
the ions under the assistance of water molecules. The ions/molecules with charge form
double layers on the rGO layers, and the double layers on the numerous rGO layers
contribute to the total energy storage. Laser reduction greatly decreases the amount of
the originally inserted water molecules and functional groups between the GO layers,
leading to a limited ionic mobility and, therefore the low energy density.

As the voltage window is limited within 0.5 V, no obvious redox reactions
present in the galvanostatic charge/discharge curves as well as in the CV curves,
therefore the pseudocapacitance can be ruled out of the dominating capacitive
mechanisms for the LR-GO film based ECs, and this leaves us with two possible
driving forces: the ionic concentration gradient dc/dx and the potential field AE. As a
result of the ultra-low specific capacitance, a small driving force of the ionic

concentration gradient dc/dx is expected.

5.4.3 Self-discharge behaviors of the LR-GO EC

The self-discharge curves of the LR-GO EC are given in Figure 5.8. As shown
in Figure 5.8a, a large IR drop of ~0.22 V from the set 0.5 V is observed, suggesting a
poor charge transportation within the LR-GO EC. On the other hand, with holding the
voltage at 0.5 V for 12 hours prior to self-discharge, the IR drop is only 0.03 V, and
self-discharge proceeds in a much slower rate. The phenomenon indicates that the

stabilization effects of constant charging with small charge current during the voltage
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holding, and it should be related to a more dense distribution of ions in the double

layers, similar to the “blocking effects” of the ACF-LiPFs EC when the EC is charged

with a small /¢ (Section 2.4.3.1).

Fitting of the self-discharge curves demonstrates that the LR-GO EC is

dominated by the “DPD to SPD” model (proposed for the SWNT-TEABF4 EC in

Chapter 3), where potential field AE acts as the dominant driving force due to the
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Figure 5.8  Self-discharge curves of the LR-GO films, with charge current density

Table 5.2

of 0.2 mA-g', (a) self-discharge after two and a half cycle of

charge/discharge; (b) self-discharge after holding the voltage at 0.5 V
for 12 hours following the two and a half cycle of charge/discharge.

Fitting parameters calculated based on the DPD to SPD model.

Self-discharge curve | Viwriat (V) | ViViniiar | Tr (8€€) | 74 (s€C)

A 0.28 0.59 18 122

B 0.47 0.34 270 5314

*Curve A and curve B are the self-discharge curves displayed in Figure 5.8a and b.
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small ionic concentration gradient dc/dx. The parameters calculated based on the
fitting are given in Table 5.2. The fitting again demonstrates that the ECs with a poor
specific capacitance and a relatively high voltage are expected to self-discharge under
the potential field driving.

As demonstrated in Chapter 4, in the SWNT-TEABF, ECs, division in the
potential driving process is ascribed to the functional groups attached on the SWNT
surfaces, which create varied interactions between electrolytic ions and the charged
electrode surfaces. While in the LR-GO ECs, the coverage of the functional groups on
the rGO layer is ~35% (C-N included). The ratio of V¢ /Viyq represents the
percentage of the weak-bonded ions (Section 3.4.2.2 and Section 4.4.2). As given in
Table 5.2, V¢ /Vipitiaw = 0.34 for the self-discharge process after holding the voltage.
The ratio is very close to the coverage of the functional groups and further indicates
the stabilization effects of voltage holding, where the ions achieve full interaction with
the intact graphene surfaces and the surfaces where functional groups present.
Conclusively, the DPD model of the LR-GO EC is ascribed to the existence of the

functional groups.

5.4.4 Electrochemical impedance spectroscopy

EIS was performed over the frequency range from 100 kHz to 10 mHz. Unlike
the usual Nyquist plots obtained on ECs, there is no obvious semi-circle on the high
frequency side from the Nyquist plot (Figure 5.9a), suggesting the poor capacity of the
LR-GO EC. Moreover, instead of the Warburg line expected at the low frequency
side, it exhibits a line with curvature in Figure 5.9a. Straight Warburg line indicates a
good ionic diffusion of EC systems. Therefore, the absence of the straight Warburg

line indicates the poor ionic diffusion in the LR-GO EC. More details on the ionic
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Figure 5.9  (a) EIS spectra and (b) the Bode Phase plot of the LR-GO film.

movement in the GO based solid electrolyte are discussed in the Chapter 6.

Two peaks are observed in the Bode phase plot (Figure 5.9b) based on the EIS
test, with one at ~1172 Hz and the other at ~ 0.28 Hz. The existence of two peaks
instead of one suggests the existence of two groups of ions with different mobility [30,
31] and is consistent with the DPD model. Same as the SWNT-TEABF, ECs in
Chapter 4, the peak at the higher frequency side is assigned to the tight-bonded ions;

and the other peak is assigned to the loose-bonded ions [30, 31].

5.5 Conclusions

Flexible capacitors with a thickness of tens of micrometers can be feasibly
fabricated on the GO films using controllable laser reduction techniques. The prepared
LR-GO films without introducing any electrolytes exhibit a small specific capacitance
of ~9.7 uF-cm™ due to the poor ionic conductivity. The small specific capacitance and
the subsequent small driving force of the ionic concentration gradient lead the self-

discharge of LR-GO EC to proceed under the potential field driving. It is further
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confirmed that the dominant self-discharge model is determined by the competition of
the two driving forces, the potential field AE and the ionic concentration gradient
Oc/Ox; and the ECs with a high initial voltage (AE = V') and a low specific capacitance
C (small 0c/0x by Q = C X V) tends to be dominated by the potential driving model.
Moreover, the DPD model dominates the self-discharge of the LR-GO EC because of
the existence of a large amount of functional groups.

The successful repeatability of the scenario with LR-GO ECs not only extends
its applicability to a wider range of capacitor types; but also offers valuable
information on the ionic diffusion in the GO based solid-state electrolyte, which

would be vital for future study on the GO based ECs.
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Chapter 6

ANOMALOUS CAPACITVE BEHAVIORS OF ALL SOLID-STATE
GRAPHENE BASED ELECTROCHEMICAL CAPACITORS

6.1 Introduction

ECs are considered as a major component in electrochemical energy storage
nowadays besides the rechargeable batteries, and they are widely used in areas
requiring a high power capability and reliability[ 1, 2]. There is another type of electric
capacitors, DCs, where no ionic diffusion exists and the energy is stored through the
dielectric polarization under an external potential field.

An interesting contradiction between appreciable energy density and
unrecognizable ionic diffusion is observed in the solid-state capacitors of sandwiched
structures made from the GO films, which challenges the fundamental charge storage
mechanisms proposed for both ECs and DCs. A new capacitive model is proposed,
which combines the two distinct charge storage mechanisms of DCs and ECs, to
explain the contradiction of high energy capacity yet undetectable ionic diffusion, seen

in the GO based electric capacitors.

6.2 ECs and DCs

Schematics of the typical structures of EC and DC are given in Figure 6.1. A
shown in Figure 6.la, the energy storage in ECs is accomplished through the
transportation and accumulation of electrolytic ions to the oppositely charged

electrode surfaces, constructing the double-layer structures.
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Schematics of charge storage mechanisms. (a) The EC, which stores
energy through ionic diffusion under electrostatic attraction to form one
or two atomic layers of compact electrolytic ions followed by a
relatively uncondensed diffusion layer. (b) The DC, where dipoles in
dielectric polarize under external potential field. (c) The GO-capacitor
with the sandwiched structure of rGO/GO/rGO that behaves
abnormally, where ions exist in the system yet without detectable ionic
diffusion.

DCs are usually built with two opposing metal plates as current collectors,

separated by a dielectric medium (such as a ceramic with a high dielectric constant)[3].

In DCs (Figure 6.1b), energy is stored through potential field-induced polarization of

the dielectric medium, where the dipoles cannot be physically moveable.

There are no chemical reactions during the cycles of charging/discharging for

both ECs and DCs, and the fundamental difference between ECs and DCs lies in two

aspects: one is the existence of the diffusible electrolytic ions and the other is the
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specific surface area of the electrode materials. As a result of the diffusible ions and
the tremendous electrode/electrolyte interfaces in ECs, ECs normally hold an energy
density of tens or even hundreds of farads per gram or per cm” [4-6], while DCs can
only contain an energy density of tens of microfarads per cm? [3, 7].

According to the Stern-Grahame model, the double layers of ECs consist of the
compact Helmholtz layers and a diffusion layer. The diffusion layer results from the
thermal fluctuation of the electrolytic ions. Cases have never been observed before on
any EC where the energy is stored with ionic diffusion yet without diffusion layers
presenting. However, an interesting phenomenon has been observed on the GO based
solid-state capacitors (Figure 6.1c). An appreciable energy density was obtained while
ionic diffusion was undetectable, despite of the ultra-wide frequency range applied for
testing. Fundamental understanding on the possible new charge mechanisms on
electrical capacitors is needed to explain the contradiction of high storage capacity yet

dismissible ionic diffusion, seen in the GO based capacitors.
6.3 Experimental Section

6.3.1 Sample preparation

GO was prepared by the modified Hummer’s method: natural graphite flakes
(10 mesh, Alfa Aesar) served as the carbon sources. After 5 days of oxidization and
exfoliation with KMnQO, in a concentrated sulfuric acid, brownish-colored colloidal
dispersion of GO was obtained. Extensive washing with centrifuge and dialysis were
followed to remove the excess acids and salts.

The preparation of the GO film is given in detail in Figure 6.2. Lightscribing

digital video disc (DVD) was first layered with an aluminum foil. The deposition of
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the purified GO aqueous solution (~10 mg-mL™", pH~2.83) was carried out by a simple

drop-casting on the aluminum foil. After air drying, a free-standing, flexible GO thin
film can be easily peeled off the foil. The thickness of the GO films ranges within tens

of micrometers by adjusting the dosage of the GO solution.

Drop-casting of GO (ag)

Figure 6.2  Schematic flow of sandwiched GO film fabrication: (a) the lightscribing
DVD disk with aluminum foil attached on and the GO (aq). (b) Drop-
casting GO (aq) onto the aluminum foil; (c) Air drying of the GO films.

6.3.2 Lightscribing reduction

Lightscribing CD/DVD optical drive was applied here as an inexpensive and
feasible laser source (output power P=38 mW, wavelength 4 =780 nm). The
lightscribing technique of DVD labeling can provide a mild and controllable method
for GO reduction. The process for the reduction is schematically illustrated in Figure
6.3, similar to the lightscribing reduction method reported by El-Kady, et a/[8]. After
finishing reduction on one side, the GO film was detached from the aluminum foil and
flipped over for reduction on the other side. The reduced films with rGO/GO/rGO

sandwiched structure are called GO capacitor films or capacitor films.
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Figure 6.3  Schematic of the lightscribing process.

6.3.3 Characterizations of the GO films and the sandwiched GO films

Structural characterizations have been conducted on the GO films and the
sandwiched GO films, including atomic force microscopy (AFM, SPM-
Dimension3100), transmission electron microscopy (TEM, JEM 2010F), SEM (JSM-
7400F field emission SEM) and X-ray diffraction (XRD, Philips X’Pert X-ray
diffractometer).

XRD diffraction was measured from 0 to 80°(20) in 0.01° (260) steps at 0.5 sec
per step, using Cu Ka radiation (1.542 A).

Electrical conductivity test (four-point probe I-V electrical measurements) has
been applied to measure the electrical conductivity of the film before and after
reduction.

Chemical identifications have been applied on the GO films and the
sandwiched GO films, including TGA (METTLER TGA/DSC), Raman spectroscopy

(Bruker Senterra AFM/Raman Microscope), and nuclear magnetic resonance (NMR).
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TGA experiments were designed from room temperature to 1000 °C at a
heating rate of 2 °C-min', under nitrogen protection (60 mL-min™). In order to
exclude the weight change from moisture desorption below 100 °C[9], the TGA results
were analyzed from 100 °C to 1000 °C.

Raman spectra were collected with a laser excitation wavelength of 532 nm.

NMR was utilized to provide more detailed information on the chemical
composition of the GO film and the sandwiched GO film. C single-pulse (SP)
magic-angle-spinning (MAS), C cross-polarization (CP) MAS and 'H MAS solid
state. NMR spectra were recorded using a Bruker AVIII 500 solid state NMR
spectrometer operating at 10 kHz, and a 4mm HX double resonance MAS probe with
zirconia rotors, 4mm in diameter driven by compressed air. The GO film and the

sandwiched GO film were pulverized into homogeneous powders for packing.

6.3.4 Electrochemical characterizations of the sandwiched GO films

CV, galvanostatic charge/discharge/self-discharge, and EIS were used to
characterize the electrochemical performance of the sandwiched GO capacitor films.

EIS was done using a sinusoidal signal with a mean voltage of 0 V and a bias
of 10 mV over a frequency range from 3 MHz to 10 mHz. CV curves were scanned at
voltage ramp rates from 2 to 200 mV-s”, from 0 to 0.5 V. Both EIS and CV
measurements were performed in open air at room temperature. The Nyquist plot of
EIS was fitted with Z-View. The galvanostatic charging/discharging was done for

5000 cycles together with self-discharging to demonstrate the electrochemical

capacitive behaviors, with a charge current density of 200 mA-g™.
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6.3.5 Measurement of dielectric constant for the GO films

GO film, without reduction, is electrically insulting and unlike the sandwiched
GO film which can work as an electrochemical capacitive device. Therefore, in order
to measure its dielectric constant, cyclic voltammetry (CV) for capacitor
characterization cannot be applied; instead, the standard method for semi-conductor
dielectric characterization is used here. The dielectric constant is measured from the
ratio of the capacitance of the GO film as dielectric relative to that of the vacuum as
dielectric. Two kinds of samples were prepared: GO film and gold sputtered GO film
(gold sputtering is used to enhance the electric conduction from the GO film to the
current collector). For the measurement, the film was sandwiched between two current
collectors and the capacitance was recorded for voltage from -1.5 V to 1.5 V with a
step of 0.1 V. In the capacitance-voltage curves (C-V curves), the capacitance is stable
within the voltage range as capacitance is intrinsic and unrelated to the voltage
applied. The dielectric constant ¢, is calculated by

__ Cxd
- AXeg

r

where C is the measured capacitance, d is the thickness of the GO film, 4 is the area of

the GO film, and &; is the vacuum permittivity.

6.3.6 Measurement on the humidity effects

CV scanning was run on the sandwiched GO capacitor film before it was put
into a sealed glass desiccator, in which the relative humidity was adjusted up to ~80%
by saturated KNOj (aq). After a month, no appreciable weight increase was observed

and CV scanning was carried out immediately after taking the film out of the humid
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environment. Then the film was put in the open air for another ten days and tested by

the CV scanning again. All CV scans were run with the same scan rate of 100 mV-s™".

6.3.7 Simulation on the water structures and charge distribution in the gap of
two graphene sheets

Figure 6.4 shows a schematic of the molecular dynamic (MD) simulation
system, which consists of water, H and OH™ ions bounded between two graphene
sheets. The lateral size of the graphene sheets is 38.34x 39.35 A?, corresponding to
576 C atoms. The distance between the graphene sheets (d) was 8 A, as determined in
the experiment. Two types of graphene were used in the simulation. One is GO
containing ~30% oxygen species and the other is rGO with 5% oxygen species (both
contain 50% O and 50% OH in the calculation). About 7wt% water (38 H,O
molecules) and 9 H™ and 3 OH’ions were placed in a three-dimensional (3D) domain
with dimensions of 38.34 x 39.35 x8 A*; periodic boundary conditions were imposed
in the x, y and z directions.

Water-water inter- and intra-molecular interactions was modeled with a
flexible simple-point-charged (SPC) potential, which was specifically re-
parameterized to reproduce the main trends of the infrared spectrum of water at
ambient conditions [10]. Water-carbon forces have been assumed to be of the
Lennard-Jones type with the same parameterization in studies of water near graphite
[11]. O-H bonds were constrained using the Shake algorithm. Graphene sheets were
described by using the second-generation reactive empirical bond-order potential

(REBO) [12]. The C-O bonds on GO were described by a force field potential, and the
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Figure 6.4  Molecular structure of water, H, and O confined along z-direction
perpendicular to the graphene or GO sheets, in two rGO sheets (a), in
one rGO and one GO sheets (b) and in two GO sheets (c).

charge distribution on graphene due to C-O or C-OH bonds were determined using the
Vienna Ab initio Simulation Package (VASP) [13]. We used spherical cutoff radii of
10 A for the vdW and Coulomb interactions, respectively. Electrostatic interactions
beyond the cutoff radius of 10 A were calculated using a particle-particle particle-
mesh (PPPM) scheme in reciprocal space; the inter-slab interactions in the z direction
were removed by inserting a large vacuum space between the graphene sheets. MD
simulations were performed with the Large-scale Atomic/Molecular Massively

Parallel Simulator (LAMMPS) program [14], and the velocity Verlet algorithm was
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employed to integrate Newton’s equation of motion with a time step of 0.5 fs. We ran

MD at 300 K for 1 ns to equilibrate the system, and then applied an external field of

V=50 V-mm™ (the same as in the experiment) to the system in the z-direction for 0.5

ns. All runs were in the NVT ensemble with the temperature controlled by a Nose-

Hoover thermostat with a 100 fs damping parameter. The charge distribution and

density were the average of 50 continuous samples obtained from the simulation.

6.4 Results and Discussion

6.4.1 Microstructure and chemical identification analysis

6.4.1.1 Microstructure: AFM, TEM and SEM

E
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Figure 6.5
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(a) AFM image of the GO samples on silicon wafers; (b) TEM images
of the reduced GO with slightly wrinkles.
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From AFM observations (Figure 6.5a), the measured thickness of the GO
samples ranges within (1-5) nm, mostly 2 nm or 3 nm in thickness, indicating that the
synthesized GO dispersion mostly contains few-layer GO [9]. The TEM image (Figure
6.5b) shows that the rGO sample also presents a layering structure.

Significant changes on the surface morphology are observed from SEM before
and after the laser reduction. Comparing the top-view of the film before and after
reduction (Figure 6.6a and b), the reduced surface exhibits a cracked morphology
instead of the plainness of the unreduced sample surface as a result of heat initiated
volatilization and volume-expansion reduction. From the cross-sectional views, the

pristine GO film features well-stacked layering structure (Figure 6.6¢). After

After reduction

= Before Reduction >

10 um
I

Figure 6.6  SEM images of the top-views of (a) GO film and (b) the sandwiched
GO capacitor film. Cross-sectional view of (c) the GO film and (d) the
sandwiched GO capacitor film. The thickness of the GO intralayer
(indicated by the red arrow) is ~9 pum.
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reduction (Figure 6.6d), the GO expands and becomes much more porous on the
surfaces. The rGO surface evolves into a fluffy morphology comprised of reduced GO
layers. The two-sided reduction grants the film a sandwiched structure of
rGO/GO/rGO. Translucent rGO layers are commonly observed, further indicating the

volume expansion during the laser reduction as well as the fine exfoliation of the rGO

layers.

6.4.1.2 Dielectric constant of the GO film
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Figure 6.7  C-V curve measured on the GO film and the gold-sputtering GO film.

As shown in the C-V curves given in Figure 6.7, the capacitance is stable
within the voltage range from -1.5 to 1.5 V. The capacitance is intrinsic and unrelated
to the voltage applied. The average capacitance of GO film ( ~17.5 pum thick) is

8.72x10'" F, and the average capacitance for gold sputtered GO film (~11.5 pm thick
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before sputtering) is 9.84x10™"" F. The electode area A is the same for both samples,

~1.5 cm?®. According to Eqn. 6.1, the dielectric constants can be calculated as

following:
Cxd 8.72x10711Fx17.5%x10"%m
for the GO film, . = = = 1.15;
> T Axgy  1.5%x107%m?2x8.854x10~12F-m~! ’
Cxd 9.84x10711Fx11.5%10"%m

for the gold sputtered GO film, ¢, = = 0.85.

Axgy  1.5x10~%m2x8.854x10~12F-m~1

The measured dielectric constants here are within the same order as reported

values on graphene and GO[15, 16].

6.4.1.3 XRD, TGA and Raman

XRD results are given in Figure 6.8a. Both the GO film and the sandwiched
GO film exhibit a sharp peak at ~11.0°(26), corresponding to a d-spacing of ~8.04 A.
The enlarged interlayer distance results from the intercalation of molecules (water or
functional groups) between graphitic layers during the Hummer’s graphite oxidation.
The sharp peak still exists for the sandwiched GO films after reduction as there is a
significant portion of unreduced GO intralayer. The GO intralayer gives rise to the
peak at ~11.0°(20), when X-rays penetrate through the thin layer of rGO on the film
surface. Moreover, a weak and broad peak near ~25°(26), appears and is ascribed to
the rGO because GO intend to restack after reduction when the intercalated ions and
molecules are removed [5, 17].

Figure 6.8b presents the XEDS results as collected on multiple areas on the
reduced GO external layers and the GO intralayers. After reduction, the oxygen
content decreases from ~38% to ~12% in atomic ratio (the oxygen content in the GO

intralayers is approximate to that in the GO film).
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Figure 6.8  (a) XRD characterization of the GO film and GO-capacitor film. (b)
XEDS analysis of the sandwiched GO film; (c) Raman spectra for the
GO film and the sandwiched GO film, featuring five peaks. (d) TGA
analysis from100 °C to 1000 °C on the GO film and the sandwiched GO
film. The TGA results prove a decrease in functional groups and water
molecules in the sandwiched GO film.

Results from the Raman spectroscopy and TGA further demonstrate the
reduction at the GO surface.

As shown in the Raman spectra in Figure 6.8c, there are two major bands: the
D (defects) band at ~1340 cm™ as induced by the structural disorder and the G
(graphitization) band at ~1580 cm™ as induced by the aromaticity of the graphene

lattice [17, 18]. After reduction, the intensity ratio of D and G bands: D/G increases
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from 0.91 to 0.97. According to Moon, et al.[17], the increase in the defect sites is
because of the restoration of a highly defected lattice after removal of oxygen-
contained functional groups.

TGA with nitrogen as the protective gas was performed to further confirm the
decrease in oxygen-containing functional groups. As shown in Figure 6.8d, major
weight loss is observed at around 220 °C due to decomposition of functional groups
[9, 17, 19]. The GO film has a weight loss of 36.7 wt%, while the capacitor film has a
weight loss of 30.7 wt%. Only 6 wt% change is observed because the reduction has
only occurred on the film surfaces.

Overall, it has been confirmed that the GO film has been reduced into a
sandwiched rGO/GO/rGO capacitor film, where the reduction is localized on the film
surfaces, not through the entire film thickness as in the LR-GO film discussed in

Chapter 5.

6.4.2 Electrochemical performances

6.4.2.1 Galvanostatic charge/discharge

The galvanostatic charge/discharge on the sandwiched GO capacitor film is
given in Figure 6.9a, and demonstrates the electrochemical capacitive behavior, where
energy can be stored and released through cycles of charging/discharging. Self-
discharge with a large IR drop is also observed (Figure 6.9b) when the capacitor film
is disconnected from external circuit, and the large IR drop indicates the poor
electrical conductivity of the GO capacitor film, mainly due to the non-electrically

conducting GO intralayer.
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Figure 6.9  (a) The galvanostatic charge/discharge cycles (200 mA g') of the GO-

capacitor; (b) The corresponding specific capacitance for
charging/discharging. (c) Self-discharge curve measured after two and a
half charge/dishcarge cycles (from 0 V to 0.5 V) with an charge current
density of 200 mA-g™; (d) CV cycles from 0 to 0.5 V with different scan
rates.

A fairly high specific capacitance up to ~0.9 mF-cm™ has been obtained

(Figure 6.9b), consistent with the values calculated from the CV curves in Figure 6.9d.

The specific

capacitances corresponding to different scan rates are summarized in

Table 6.1. The capacitance value falls between the reported values from 0.4 to 2 mF-

cm™? of the microcapacitors fabricated on carbon-based films[20-22]. It is impossible

that the capacitance of such high value originates from the dielectric polarization of

the GO sandwiched film, because the dielectric constant &, needs to be ~107to

achieve the as-measured capacitance of ~0.9 mF-cm™, while the &, measured from the
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film is within the order of unity (Section 6.4.1.2). Therefore, the all solid-state GO

capacitors cannot be categorized as DCs.

Table 6.1 Specific capacitance for the sandwiched GO Film, calculated from CV
curves.

scanrate (mV -s71)| 2 10 | 40 | 100 | 200
Cy (mF - cm™2) 0.86 [0.45(0.39(0.330.26
Cy (mF -mg™2) ]0.67]0.35]0.31]0.25| 0.2

6.4.2.2 FElectrochemical impedance spectroscopy

The EIS spectrum of the sandwiched GO capacitor film collected on extended
range from 3 MHz to 10 mHz is shown in Figure 6.10. An equivalent circuit for the
EIS fitting is also given and is composed of three parts in series due to the asymmetric
shape of the second semicircle on the lower frequency side. The blue semicircle
corresponds to the blue circled part in the circuit, the green semicircle corresponds to
the green circled part and the orange semicircle corresponds to the orange circled part.
Each semicircle comes from the response of the corresponding circuit part to the tested
frequencies.

The double-layered charge mechanism of ECs has been applied to explain the
origin of the charge storage in those either graphene based microcapacitors with a
specific capacitance of ~0.51 mF-cm™ [20] or other carbon-based microcapacitors[21-
24], where their EIS spectra consist of a semicircle at the high frequency region
followed with a quasi-straight line at the low frequency region (frequency range from

500 kHz to 1 mHz)[5, 6, 24].

121



Unlike the previous reports on the carbon-based microcapacitors, the EIS
spectrum as collected on extended frequency range gives two consecutive semicircles;
no Warburg line has been detected despite the extended frequency range. The absence

of the diffusion line has never been observed in ECs before, suggesting the abnormal

_2[][]1] T T T T g T T r T T T
=— Qriginal data of EIS
m— Fitting Curve 1

-150071 Equivalent Circuit -— J

As e “m LB
c
< 10007 '
M
-5007 1
0 ]

4

0 500 1000 1500 2000 2500 3000
Z'(0)

Figure 6.10 Nyquist plot of the GO capacitor film from 3 MHz to 10 mHz, giving
two semicircles (fitted with the equivalent circuit above) without
diffusion. The diffusion is typical for ECs and is represented by the
Warburg line at a low frequency.

Table 6.2.  Fitting Parameters of the Equivalent Circuit for EIS data.

Rs | R1 R2 R3
a l/a CPE-1 /Q CPE-2 /Q CPE-3
CPE-1-T /F | 7.3E-8 CPE-2-T /F | 5.3E-4 CPE-3-T /F | 1.16E-3
11.19 | 377 1138 1459
CPE-1-P | 0.7574 CPE-2-P | 0.5025 CPE-3-P 0.8302
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capacitive behaviors of the sandwiched GO film. Therefore, these all solid-state GO
capacitors cannot be categorized as ECs.

In order to further investigate the energy storage mechanism of the GO
capacitor films, NMR and MD simulations with the first-principle input have been

conducted.

6.4.3 Solid state NMR spectroscopy
NMR results confirm the existence of functional groups and waters in the GO

capacitor films.
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Figure 6.11  Solid-state "*C single pulse (SP) MAS NMR spectra of GO film sample
and the capacitor film sample at 10 kHz, confirms the existence of
various functional groups.

123



(a)

GO film

Ho0~F

Sandwiched
GO film

r T T T T
20 15, 10
H Chemical Shift (ppm)

(b) | (c)

—H,0 —Ho

T T T

—
-5 -10

| !I
Ho | ||
i \ \ Sandwiched GO Film I
_ )% Ny
T T N T

PSS Tt

T T T T T T 1

=10 =20 40 30 10 0 -10 -30 -40
TMS (ppm)

20_ 10 0
TMS (ppm)

Figure 6.12 Solid-state 1H NMR spectra of GO film sample and the sandwiched
film sample at 10 kHz, confirms the existence of waters and various
functional groups.

In the °C SPMAS NMR spectra (Figure 6.11), both the GO film and the
sandwiched GO capacitor film show distinguishable peaks[25], indicating the
existence of various functional groups as denoted in the Figure 6.11.

Two sharp peaks are observed for the sandwiched GO film: one is around 125
ppm and the other is around 183 ppm. Due to the deoxygenation and the restoration of
defective lattice structure, rGO is expected to possess a more ordered structure in the
perpendicular-to-plane direction due to the restacking of those oxygen-removed

aromatic planes, and in turn forms graphite-like micro-crystallites. Functional groups
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sited at the well-defined structures of crystallites can give strong signals such as the
two sharp peaks around 125 ppm and 183 ppm [26, 27].

As shown in Figure 6.12a, the solid state '"H MAS NMR spectra exhibit similar
resonance patterns for the GO film and the sandwiched GO film. Peak fitting results
on the "H MAS NMR spectra are given in Figure 6.12b and c. The peak at ~4.6 ppm
and the peak at ~6.6 ppm are assigned to water molecules [28, 29]. The latter is
assigned to relatively confined water based on the assumption that the less-confined
water or mobile water is easier to lose and the fitting results that the intensity
ratio Iy 6 ppm /l6.6 ppm decreases from 33.2 to 23.9 after reduction.

The functional groups and the water molecules come from the preparation of
the GO samples[25] and are crucial for the considerable capacitance of the
sandwiched GO capacitors[20, 30, 31]: functional groups provide ions (such as
protons from hydrolysis of the functional groups) and water molecules serve as
pipelines/carriers for ions migration either via their hydrogen-bonding networks or in
the free H;O  form; the above two are the prerequisites for forming a charge
separation when an external potential field is applied.

The restriction of the capacitance due to the limited water content is also
indicated by the moisture effects on the CV curves as shown in Figure 6.13. The area
enclosed within the CV curve corresponds to the capacitance of the tested sandwiched
GO capacitor film. By comparing the black curve and the orange curve, a substantial
increase in the capacitance is observed after the 30 days’ humidity treatment; and then
the CV curve shrinks a little after 10 days in the open air. Therefore, water content is
of significance to the electrochemical performance of the sandwiched GO capacitor

film. Limited amount of mobile water in the solid-state GO film restricts the ionic
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Figure 6.13 CV scanning of the sandwiched GO film before the humidity treatment,
right after the 30 days’ humidity treatment and ten days in the open air
after the humidity treatment.

mobility and the capacitance, while increasing the water content can greatly enhance
the capacitance.

To summarize, the sandwiched GO capacitor is an all solid-state film with
layering structure; the layer-to-layer distance is within one nanometer, and functional
groups together with water molecules are accommodated within these interlayer
spacing. Without introducing any foreign electrolytes, the film capacitors exhibit
considerable capacitances but no discernible ionic diffusion, which are different from

the known ECs and DCs.

6.4.4 Modeling on the charge structure
In order to understand the abnormal capacitive behavior, the closely-packed

structure within the GO film was simulated by employing the classical MD method
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with the first-principle input. The charge distribution on GO or rGO was calculated

using the density function theory (DFT) method and input into the MD models.
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Molecular structures and charge distributions. a-c, Molecular structures
of water confined within (a) two rGO sheets, (b) one GO and one rGO
sheets, and (c) two GO sheets. d-f, Charge distributions (excluding the
charge on graphene) along z-direction perpendicular to graphene plane
under an external electrical field (E, unit ¥nm '1), showing in (d), (e)
and (f) correspond to the rGO, rGO/GO, and GO systems, respectively.
g, Three parts of the EIS equivalent circuit assigned to the rGO surface,
the GO/rGO interface, and the GO intralayer according to the calculated
parameters (Table. 6.4.2.2.1), the electrochemical performance is the
collective result of all three parts.
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Figure 6.14 shows molecular structures and charge density distribution
between two rGO sheets, a GO and an rGO sheet, and two GO sheets with the same
spacing of 0.8 nm (experimental results, Figure 6.8a), containing 7 wt% water and
protons (in acidic state). For the rGO sheets, as shown in Figure 6.14a, the water
molecules randomly distribute, but when an external electrical field (E) is applied to
the system, the water molecules become aligned along z-direction with hydrogen
atoms facing the rGO sheets. As a result, alternative positive and negative charge
distribution occurs along z-direction (Figure 6.14d). Similar molecular structures and
charge distribution were also found within the GO sheets (Figure 6.14c and f), in
which the water molecules are much more ordered than those in the rGO and the
rGO/GO systems (Figure 6.14b). Overall, the water molecules are much more ordered
and accumulated near the left layer than near the right layer.

The above phenomena are closely related to the charge distribution on GO
(rGO) due to the adsorbed functional groups (e.g., C-O, C-OH) and the polarization of
water molecules which are considered as dipoles. The DFT and MD calculations show
that the adsorption of —O and —OH groups leads to polarization of GOs with positive
charge on graphene and separated negative charges on O atoms. Thus, GO surfaces are
negatively charged. When an external electrical field is applied, water molecules will
rotate and align with hydrogen atoms facing negative electrode (left graphene layer)
and oxygen facing positive electrode (right GO or rGO layer). Since graphene surfaces
have negative charges, the GO layer (left layer in Figure 6.14a, b and c) will attracts
hydrogen atoms (with positive charges) while the GO layer (right layer in Figure
6.14a, b, and c) will repel the oxygen (with negative charges) in the water molecules.

As a result, water molecules tend to accumulate and align near one (left) electrode.
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The change in total positive charges stored within a GO gap was calculated
after an external electrical field was applied. The calculation was done by integrating
all the positive charges within GO/rGO gaps using the charge distributions shown in
Figure 6.14d-f. Under the electrical field (E=50 Vmm™, the same as the experimental
value), the stored charge increases within the rGO, the rGO/GO, and the GO sheets are
281, 355, and 388 pC-cm™, respectively. Compared with the rGO system, the charge
separation is significantly enhanced within the GO sheets because of the existence of
more O and OH species adsorbed on the graphene sheets. In the interfacial region of
the rGO/GO, the charge distributions are the mixture of above two cases. The increase
in stored charge stems from the synergetic effect of the electric field and the charged
GOs, which makes the water much more ordered near a GO. For a GO with more
functional groups, a stronger surface charge leads to the ordering of water near it even
before the electrical field is applied, as shown in Figure 6.14¢ and f. When an external
electrical field is applied, the water becomes much more ordered near the GO,
significantly increasing electrical charge storage.

In all cases, the water molecules confined within the nano-gaps become more
ordered, depending on the amount of O and OH species attached to the graphene
sheets and the magnitude of the external electrical field. The formation of the ordered
water structure within these nano-gaps does not need a long-range diffusion. Based on
the above discussion, a new model, namely “Charge Close-Packed model” (CCP
model), as shown in Figure 6.14, is proposed and explains the abnormal capacitive

behavior of the sandwiched GO film.
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6.4.5 Charge Close-Packed model

In the CCP model, extensive numbers of layers of alternatively packed positive
and negative charges are periodically ordered, without the presence of the diffusion
regions. Due to the confinement of the GO (rGO) layers together with the poor ionic
mobility, the diffusion length of the ions has been restricted within the nanoscaled
interlayer spacing, which are within the same scale as the double layered structures in
ECs. This restriction leads to a less-than-0.8 nm diffusion length for the ions and
eliminates the possibility of building up a diffusion layer. The absence of Warburg
line in the EIS (Figure 6.10) also confirms this undetectable ionic diffusion. Moreover,
the ordered, polarized/separated water molecules between the GO or rGO layers form
a proton-conducting skeleton. Under charging, ions migrate with a very limited
distance along the external potential field direction and accumulate onto the water
skeleton, and the charge density peaks at those locations (Figure 6.14). This unique
structure of alternatively packed positive and negative charge within the graphene
nano-gaps strongly enhances the total energy storage.

It should be noted that the low Coulombic efficiency observed from the
galvanostatic charge/discharge of the sandwiched GO film (Figure 6.9b) is different
from the nearly symmetric behavior of ECs between charging/discharging. We
speculate that this phenomenon may be attributed to the new energy storage model
though a thorough understanding of the phenomenon is not available and worthy of
further investigation.

Based on the CCP model depicted in Figure 6.14, the physical meanings of the
three circuit parts in series (Figure 6.10) can be interpreted as corresponding to three
different regions possessed by the sandwiched GO film: the rGO external layers,

rGO/GO interfaces and GO intralayers, as shown in Figure 6.14g. Because of the
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reduction, the three parts exhibit varied electrical conductivity and hold different
amount of functional groups and water molecules (i.e., different charge densities,
Figure 6.14d-f); Comparing the fitting parameters (Table 6.2) with the electrical
conductivity/ionic mobility in each structural part, the GO intralayers with the poorest
electrical conductivity and the highest charge density are assigned to the third circuit

with the largest resistance and the highest capacitance.

6.5 Conclusions

The one-body, all solid-state capacitors are successfully fabricated on the GO
films using lightscribing techniques, which grant the reduced film a delicate
sandwiched structure rGO/GO/rGO within micro-scales.

The sandwiched GO film can be directly used as capacitors. Interesting
contradiction has been found on the sandwiched GO film with a considerable energy
density but without detectable ionic diffusion, which challenges the convention
definitions of electric capacitors. In order to explain the contradiction, the CCP model
is proposed based on the experimental results and theoretical modeling.

CCP model describes the nanoscaled ionic diffusion as localized by the layered
structures and the poor ionic mobility within the sandwiched GO film, which
eliminates the possibility of building up a diffusion layer. On the other hand, the
periodically packed charge due to the layering structure of GO (rGO) layers
contributes to a promising energy capacity.

The CCP model combines and challenges the conventional definitions on DCs
and ECs, and is a step of significance for approaching to a more accurate definition on

the electric capacitors. Moreover, the meticulous investigation provides useful
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information of the structures and molecular dynamics of the sandwiched GO films,

which would benefit further research in the related area.
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Chapter 7

CONCLUSION AND FUTURE WORK

7.1 Summary of the Research Contributions

This dissertation covers the original work in the area of the self-discharge of
ECs. Understanding the underlying self-discharge mechanisms is necessary and
critical towards the potential applications of the self-discharge process. Concluded
from the self-discharge research from Chapter 2 to Chapter 5 on various ECs built
with ACF, SWNT and GO as electrodes, and different electrolytes from organic
electrolytes to the GO based solid electrolyte, self-discharge mechanisms are
determined by the structures of the ECs in terms of the accessible SSA and the charge
transportation. High accessible SSA leads to high specific capacitance, i.e., the large
driving force of ionic concentration gradient dc/dx ; while excellent charge
transportation corresponds to a high initial voltage, i.e., the large driving force of the
potential field AE. The dominant mechanism of a self-discharge process is determined
on the competition of the two driving forces. Therefore, ECs with a high initial voltage
and a low specific capacitance tend to be dominated by the potential driving model;
while ECs with a high specific capacitance and a low initial voltage tend to be
dominated by the diffusion control model. Other factors such as the charge current
density and the self-discharge temperature are irrelevant to the self-discharge
mechanisms; however, they do affect certain characteristics of a self-discharge

process, especially the self-discharging rate.
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In Chapter 2, investigations of the self-discharge process of the ACF based
ECs with different organic electrolytes demonstrate that the ACF-LiPFqs EC is
under the diffusion control; an interesting phenomenon has been observed for the
ACF-TEABF,4 EC that the driving force changes during its self-discharge from AE
to dc/0dx. This observation leads to the proposal of a DM self-discharge model. The
DM model indicates that self-discharge is an evolving process along with the
competetion between two driving forces. The ionic mobility difference between the
two electrolytes leads to the variation in the self-discharge mechanisms between the
ACF-LiPF¢ EC and the ACF-TEABF,4 EC. Moreover, up to 70% voltage retention
has been obtained by the ACF-TEABF,4 EC for 36 hours, even at a high charge current
density of 1000 mA- g'l, indicating that this type of ECs are promising in serving as
a highly reliable, fast-charging energy storage devices.

SWNT exhibits excellent electrical conductivity and charge transferring on the
electrode/electrolyte interface compared to ACF. Therefore, as discussed in Chapter 3,
ECs built with SWNT and the same electrolyte 1M TEABF4/PC admit potential field
dominating self-discharge processes. A division in the potential driving model, i.e., the
DPD model, has been discovered based on the self-discharge curve fitting, and
confirmed to be resulted from the surface functional groups on the SWNT. The
relation between the DPD model and the functional groups has been further
demonstrated in Chapter 4. In Chapter 4, through tailoring the quantities of the
functional groups (ranging from 22.1% to 8.9%), the self-discharge time required from
2.0V to 1.0 V is extended by 5 times. This is the first demonstration on the tunability
of the self-discharge. Through realizing control over the self-discharge process,

designing ECs for specific energy retention requirements could be addressed.
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Chapter 5 demonstrates that partially reduced LR-GO films can be used as
solid-state ECs with self-contained water and functional groups as electrolyte. By
successfully applying the DPD model to the LR-GO ECs with highly restricted ionic
mobility, i.e., the small dc/0dx compared to the mediocre AE, the proposed relation
between the EC structures and the self-discharge models is extended to solid-state
ECs, as well as the relation between the functional groups and the DPD model. Self-
discharge study in Chapter 5 on the LR-GO ECs indicates the applicability of the
proposed mechanisms to broader types of ECs.

Chapter 6 presents another GO based solid-state capacitor with a sandwiched
structure  (rGO/GO/rGO), which exhibits anomalous capacitive behaviors of
considerable specific capacitance yet dismissible ionic diffusion that cannot be defined
as either a DC or an EC. Systematical characterizations have been applied on the
sandwiched GO film. DFT and MD simulations have been used to investigate the
sandwiched GO film. Based on the results, the Charge Close-Packed model has been
proposed to explain the charge storage mechanism in the sandwiched GO films. The
primary characteristic of this model include the nanoscaled ionic diffusion as localized
by the layered structures and the poor ionic mobility. The Charge Close-Packed model
breaks the conventional definitions on ECs and DCs, and has fundamental meanings
for future research on establishing, even re-defining the boundary conditions between

different types of electric capacitors.

7.2 Future Work
The self-discharge of ECs is a relatively new topic in the area of energy
storage but is highly important. This dissertation covers from understanding the

underlying mechanisms to several attempts for the practical applications of carbon
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materials based ECs. The critical point and purpose of self-discharge study is to
control the self-discharge for desired energy retentions for various applications. We
have demonstrated that the ACF-TEABF4 EC can hold 70% of the charge voltage for
36 hours; though for many potential applications, higher energy retention for a longer
time may be required. Therefore, it is important to search for an EC structure which
can possess a longer self-discharge time. With the incomparable advantages in the
high power density and the ultra-long service life, ECs with superior energy retention
will be a promising competitor in the market of energy storage devices.

On the other hand, as demonstrated in Chapter 4, self-discharge process can be
tuned; therefore, another promising direction on the self-discharge research is to
realize precise control on the self-discharge rate, i.e., the accurate prediction of the
voltage value after a certain self-discharge time (even down to micro seconds). This
research should benefit widely in electric circuit design, where precise control on the
signal response is preferred other than high voltage or energy.

It has been confirmed that different electrolytes will lead to different self-
discharge models. Therefore, fundamental research on how electrolytes affect the self-
discharge mechanisms is another important topic. Factors such as the size of
electrolytic ions, the viscosity of the solvents, and the ionic mobility of the electrolytes
should be investigated in terms of their effects on the self-discharge mechanisms of
the ECs. This fundamental research could provide vital information for designing ECs
with desired energy retention.

As a transitional state between conventional ECs and DCs, CCP model
proposed based on the sandwiched GO capacitor film fills the seemingly

insurmountable gap between ECs and DCs. However, on which critical point can the
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CCP model based on the sandwiched GO film change to a conventional double layer
structures as in ECs is still unclear. Fundamental research on investigating the
boundary conditions between the ECs and the CCP model, as well as between the CCP

model and the DCs, would be an exciting challenge to conquer.
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