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Abstract

With the worlds increasing energy demand there is growing concerns for the development of clean
portable energy storage devices. This fuels the large amount of research being pursued by the
development of fuel cells and batteries which offer high energy storage. However, one of the major
advantages of oil as an energy source is it can be used to conjure large quantities of power in short
time periods. This is where electrochemical capacitors can continue to carve out a niche market
supplying moderate energy storage, but with high specific power output. The market, since its
inception in the 1970°s has been dominated by electrochemical double layer type capacitors made
with high surface area activated carbon materials. Variation in pore size, shape and network structure
between carbon precursors necessitates further development. Further, production requires high

temperature, energy intensive carbonization to create the active pore sites and develop the pores.

Double-layer capacitive materials researched to replace active carbons generally require properties
that include: very high surface area, high pore accessibility and wettability, strong electrical
conductivity, structural stability, and optionally reversible functional groups that lend to energy
storage through pseudocapacitive mechanisms. Heteroatom rich carbon precursors, template and
fibrous carbons offer an alternative to traditional activated carbons from coke and pitch; however
these materials can suffer from difficult preparation procedures or deficient physical properties with
respect to the criteria listed above. In recent years, nanostructured carbon materials which could in
future be tailored through bottom up processing have the potential to exhibit favourable properties

have also contributed to the growth in this field.

This thesis presents research on graphene, an emerging 2-dimensional carbon material derived from
an abundant, cheap graphite precursor. So far, production of graphene in bulk exhibits issues



including restacking, structural damage and poor exfoliation. However, the high chemical stability,
moderate conductivity and high electroactive behaviour even with moderate exposed surface area
makes them an excellent standalone EDLC material or a potential support material. Two projects
presented focus on enhancing the capacitance through functionality, finding new production

methodology and controlling graphene formation to enhance performance and utility.

The first study addresses graphene enhancement possible with heteroatom functionality, produced by
a single step low temperature hydrothermal reduction process. In contrast to other work utilizing high
temperature and vaporized nitrogen precursors such as ammonia. The dopant methodology was
successful in adding nitrogen functionality to the reduced graphene oxide basal and the effect of

nitrogen type was considered.

The second study addresses the need for greater control of the rGO structure on the macro-scale and
lessening processing complexity. By harnessing the change in interactions between the GO
intermediate and final rGO sheets we were able to induce and control the assembly of graphene,
creating micro and macro-pore order and high performance. Several production methodologies have
been investigated and once their processes were optimized, tested for capacitive performance. Self
assembly directly onto the current collector eliminates process steps involved in the production of

EDLC electrodes and further investigation into performance optimization was considered.
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Section 1: Introduction of Thesis Project

The world’s energy needs are increasing dramatically and along with it the development of a sense of
awareness and environmental responsibility. The need for sustainable and recyclable energy
technologies is becoming a key societal issue, made more pressing by the depletion of fossil fuels
which are expected to run out in the next few decades if energy policy does not change. According to
the United States Environmental protection agencies (EPA) global emission data, through 2004;
electricity supply and transportation accounted for 26% and 13% of global greenhouse gas emissions,
respectively [1]. Batteries and fuel cell technologies are posed to capitalize on the electrification of

the supply chain as opposed to emission sensitive fuels with high energy density.

However, both batteries and fuel cells lack the high power density required to compete with the
immediate and variable power supplied by fuel. At high loads, battery efficiency begins to drop due
to side reactions. Limitations stem from an insufficient ability for ions to diffuse from bulk and for
reaction rates to meet the power requirements put on the electrode materials. Thermal side reactions
waste energy as heat, increasing the changes of by-product phase shift reactions. Stress caused from
operating a battery beyond its rated power level can significantly decrease cycle lifetime through
reduced storage ability and material corrosion. Grid storage from clean energy, will be incredibly
important to displacing the energy supply because of the non-constant energy generation of wind and
solar technologies. The ability to quickly and efficiently store peak energy requires high charging
rates or else the systems must off-load excess energy as heat. In electric vehicles high power
advantages can be realized with recapturing energy through regenerative breaking and in the efficient
use of energy during acceleration events. This creates a potential market for high power energy

storage devices known as supercapacitors used as stand-alone or in hybrid systems with high energy



storage systems such as batteries. Electrical double-layer capacitors (EDLCs) incorporate an
electrolyte that allows charged ions to assemble on porous electrode surfaces with much higher areas
than traditional parallel plate and electrolytic capacitors. The charge is separated by only 5 to 10
angstroms, which in combination with high surface area the small charge separation enables the

generation of farad scale charges [2],[3].

In addition, the rapid growth of mobile electronics and alternative energy vehicles have created a
need for advanced electrochemical energy storage devices with high power capabilities. Although the
power density of supercapacitors still far exceeds that of batteries and the cycle life of carbon based
EDLC’s is in excess of 100000 cycles, there is still much work to be done to boost energy density.
This is being achieved by continued development of electrode materials, composites, hybridizations,

and suitable electrolytes to improve performance and reduce costs.

1.1 Summary of Objectives and Motivation

This project is focused on the development of next-generation, high-energy density supercapacitor
materials. These materials are based on the modification of graphene, a few layer derivative of
graphite. In theory, few layer graphene materials are an ultra-high surface area material with high
conductivity and exceptional double-layer capacitance. These properties make it a very competitive
material for next-generation supercapacitors. However, in practice the surface area and conductivity
achieved for supercapacitor applications are still much lower than that offered by theory. Because of
this, there is constant motivation to produce graphene materials that better harness the theoretical
capacity promised by graphene. This project is focused on accomplishing improved capacitance

through the control of surface structure and interaction between graphene sheets.



In the first part of this project the objective is to develop nitrogen doped graphene which has been
previously shown to enhance conductivity and provide an improvement to graphene’s capacitance,
although upon initiation of this project the mechanism of enhancement is still largely unknown. The
objective of this part of the project is to investigate and design a hydrothermal process that enables
nitrogen doping at relatively low temperatures, while still achieving high performance seen by

producing doped graphene by high temperature annealing.

In the second part of this project, the objective is to synthesize a three dimensional graphene network
capable of providing porous ion channels, while maintaining high network conductivity on a
macroscale. There is significant motivation for this approach. Firstly, combination of the active
material synthesis and electrode preparation can simplify production. Ideally, a free-standing network
would drastically reduce the inactive cells mass by removing components including current
collectors, binder materials and conductive additives. The objective is to remove some, if not all, of
these components based on the success of this work. This technique will also be important for
harnessing graphene in composite with pseudocapacitance and high voltage electrolytes that have the
ability to significantly boost the overall energy density of current carbon based supercapacitors. The
main goal is to design a three dimensional graphene electrode which can be utilized for future
projects involving either novel electrolytes or the growth of pseudocapacitive materials with high

energy density and the retention of high ion and electron transport pathways.

1.2 Organization of Thesis

This thesis, which explores two separate methodologies for improving graphene performance, is
divided into seven sections. Section 1 is intended to provide the reader with a general knowledge of

the research goals and objectives. In addition, this section highlights the importance of this work.
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Section 2 provides a background on supercapacitors and the important factors which govern
performance. In addition, Section 2 provides a literature review on the development of both the
commercial activated carbon materials and other more advanced carbon derivatives being considered
for next generation batteries. This background is important for the reader to follow and understand
the content discussed in later sections. Section 3 provides an additional ongoing literature review on
the structure and techniques used to prepare three dimensional graphene materials, as well as, their
focus for use in supercapacitors. Due to rapid developments in this field it is important that part of
this project include, remaining aware of advances occurring simultaneous to this project. Part of this
review has been altered and presented in Section 3, while the review in its entirety is subject to future
publication. Section 4 discusses the theory behind the characterization/analysis techniques discussed
throughout the literature and important to this project. Sections 5 and 6 describe the experimental
work completed during this project, which attempt to produce high capacitance graphene. These
sections introduce and describe the motivation for the work, explain the experimental procedures and
discuss/summarize the results. Section 5 is based on previously published work, while section 6
focuses on the development of a platform for work to be published in the future. Section 7 provides a

summary of the projects results and a brief discussion on the direction of future work.



Section 2: Electrode Materials for Electrochemical Supercapacitors

2.1 Introduction

In order to better understand and design materials for supercapacitors, a review of the current market
for supercapacitor materials is required. A fundamental understanding of supercapacitor design,
operation, performance, and component optimization will lead to future improvements of
supercapacitor performance. However, equipped with knowledge of the current technology this
project can focus in future chapters on trying to enhance the important characteristics of these

materials.

Presently, activated carbon (AC) materials made from coal pitch precursors are the industrial
standards for ESs, although newer materials and process variation can alter the characteristics of AC
materials. Improvements to AC are under investigation in attempts to improve pore structures and
increase surface areas through templating AC carbon, functionalization, and generating AC using
different precursor materials. This project is focused on the application of more advanced carbons,
such as: carbon nanotubes (CNTSs), carbon nano-onions, and graphene. These electrode materials
have been shown to offer a variety of improved properties because of their small size scales in at least
one dimension, enabling the possibility of large area and improved performance. Therefore, literature
review of these materials is presented in addition to the electrode parameters which govern their
future potential for energy storage. Also considered, are the effects and design impacts of utilizing
pseudocapacitive materials and selecting an electrolyte. This chapter is important in order to select an
advanced carbon platform with promising performance, as well as, to determine what electrode

properties are required to utilize pseudocapacitance or high voltage electrolyte in future work.



2.2 Electrode Requirements

Static storage mechanisms in EDLCs efficiently store charges upon the electrodes at high rates.
Unlike rechargeable batteries, ESs involves no chemical breakdown or redeposition of electrode
materials during operation. This lowers the risk of electrode phase changes during operation and
enables long electrode cycle lives. The static charge storage in EDLCs enables the anode and cathode
to be interchangeable and unlike specific electrode requirements seen in many batteries, the anode
and cathode of an EDLC are composed of the same material. If the positive and negative current
collector terminals and cell casing are also made of similar materials, theoretically the EDLC has no

true polarity [4]. The important requirements for the optimization of electrode materials include:

-Minimal irreversible redox processes

-High specific surface area

-Thermodynamic stability for a large potential window of operation

-Ability to control morphology, pore size, particle size, and material distribution
-Surface wettability

-High electrical conductivity

2.2.1 Electrode Conductivity

Strong electrical conductivity is important in enabling ES devices to operate at high power. During
discharge, charges stored within the material must effectively maneuver through the thick electrode
layers and out to the circuit. Electron transport is dependent upon the quality of conductive pathways
within the material and the conductivity of the material used in the electrode. If the conduction
through the electrode is not strong enough or the path is too tortuous, performance will suffer. If there

is too much resistance high power will not be achievable, as charges will not be able to respond
6



quickly enough to match the rated load of the circuit. This is because the high capacitance provided
by a poorly conductive material at very low power will be much lower at a desirable power output.
Charges cannot organize efficiently to match the load and some charges will dissipate as heat to meet
the current demanded by the circuit load. Eventually the device will no longer be able to meet the
power demands and the ES will no longer store any charge. For poorly conducting electrodes, this

will happen at much lower current density.

Metals used in traditional capacitors utilize highly conductive metals as electrode materials that can
achieve very high power; however, ESs commonly use carbons as the active electrode components.
Not all carbon is sufficiently conductive to support high power operation. Graphitic planes are highly
conductive but temperatures used in the activation processes are limited to prevent complete

restructuring into nonporous graphite.

A balance is achieved between conductivity of the active carbon and porosity, which in effect
translates to better capacitive performance. The result is that many active carbon materials lack
sufficient conductivity to support long range or short range conduction of current within the electrode
layer. To restrict the range over which carbon conduction must occur, metal collectors are used as
supports for the carbon layer. Further, when the active carbon is unable to effectively conduct over
short distances, specifically designed small carbon additives (e.g., carbon black, Super P) are used to

increase the conduction of the electrode, although they carry little capacitive storage themselves.

In electrochemical supercapacitors, the equivalent series resistance (ESR) involves: the contact
resistance between the current collector and the electrode layer, the inter-particle resistance of the
electrode layer due to the porous electrode matrix, the resistance of the external lead contacts, the

resistance of the electrolyte, and the resistance caused by the dielectric loss of the solvent and ions
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when the AC frequency is higher than hundreds of megahertz (MHz). At very high frequencies, a
phase delay occurs because the molecular relaxation of the dielectric is kinetically limited and
polarization cannot occur quickly enough [5]. The reported effective ESR is taken from a Nyquist
plot of real versus imaginary impedance. At high frequency approaching infinity, the imaginary
impedance tends to zero as the capacitor becomes an AC short circuit. The ESR can be taken from
the phase delay or intercept of the real impedance at high frequency. Alternatively, the ESR can be

determined from the voltage drop seen during constant current discharge.

ESR is an important parameter in evaluating a supercapacitor’s performance, in particular its power
density, because the ESR restricts the rates at which the capacitance can be charged or discharged
upon application of a given current or voltage. The voltage drop created by cell resistance affects both
the charge and discharge capacities of a cell. The non-ideal loss limits the effective region for usable
charge storage and thereby limits the charge capacity of the cell. The lost charge is primarily
dissipated as heat (P=I°R). The non-ideal resistive power losses can generate an unacceptable amount
of heat very quickly. As devices age, degradation sets in, causing an increase in series resistance.
Continued device operation at extreme temperatures or high power, lack of proper cooling, or
contamination through gas leakage or permeation will increase degradation rates and the ESR will

increase, leading to reduced performance and shorter cycle life.

Instabilities in ECs drive resistive losses when energy is stored for longer periods. Diffusion of
charge and restructuring of ions in pores (charge imbalances) can both lead to loss of charge while a
device has no external connections to its terminals [6]. The magnitude of self discharge or internal
leakage current is an important indicator of the quality of a commercial EC. Leakage behavior can be
determined by measuring the self-discharge voltage by: (1) charging the device by applying a slow

voltage ramp (1 to 50 mV.s), (2) optionally holding voltage to establish steady state, or (3) switching
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the device to open circuit and monitor voltage over time. Variations in discharge based on hold time
and charge time allow the determination of any steady state effects and charge rate effects, providing

additional insight into the leakage current mechanisms affecting the device.

2.2.2 Surface Area

Increased electrode surface area plays an important role in performance. In supercapacitors, the
electrolyte concentration is normally high (>1.0 M), causing the diffuse part of the double layer to
disappear and the Helmholtz layer to remain. This increases the capacitance of the electrode layer and
allows for more charge storage. Furthermore, if the material particle size is larger than the thickness
of the Helmholtz layer (<1 nm), conclusions derived from the planar electrode may still be applicable
to the situation of particles. To express the capacitance of such a high surface electrode material, a
specific capacitance (Cs, expressed in F.g") is defined as C,/m. Where Cm is the measured
capacitance (F) using the electrode layer constructed from this material and m is the mass of the
electrode material (g). Theoretically, we should be able to calculate the specific capacitance of an
electrode material according to its mass in the matrix layer, its differential capacitance density,
multiplied by the total specific surface area of the carbon particles and divided by mass. In normal
conditions, this surface area can be measured by the Brunauer-Emmett-Teller (BET) technique and

expressed as SSA in square meters per gram (m>.g™).

Enhanced area allows more electrolyte ions to organize at the electrode surface. Larger pores and
channels in the electrode layer increase the accessibility and speed at which ions can organize onto
the electrode pores from bulk electrolyte. Area plays a significant role for deciding on the materials
for the electrode layers and the electrolyte. The pore structures of materials vary (macroporous >50
nm, mesoporous <50 nm, microporous <2 nm) and the ability to control the type of porous area
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available will lead to increased optimization between accessible power and maximum charge storage.
Maximizing the amount of surface area provides the greatest number of active sites in the material
and improves the performance of the ES. It would seem that the larger the material surface area, the
higher the specific capacitance. However, when the specific surface area (SSA) is larger than ~1200
m®.g™, the specific capacitance of AC will be saturated by further increasing the SSA [7]. Surface
area analysis is conducted with gas that can penetrate pores that are too small for ions so large
inactive electrode areas may exist. Blocked pores or tightly bound planes prevent ions from
organizing at the surface and can be ion resistive due to poor long range order or collapsed channels
within the electrode. To prevent blockages, materials are often designed with periodic structures or
large macroporous channels. Chemical activation with KOH is another way to increase surface area

by unblocking pores and creating new ones in the carbon materials. However, if the macropores are

too big, they become macroscopic voids that detract from otherwise usable surface area.

It is not accurate to estimate the specific capacitance of an electrode material based on surface area
due to the large scattering of differential capacitance values for carbon porous materials. The reason
is the wide variety of carbon types, such as active carbon powders and fabrics, nanotubes, and
aerogels. There is even a great distribution of properties within each group. This allows even some
low surface area advanced carbon materials to outperform that of high surface area carbon black
materials. As an example, it is expected that the calculated specific capacitance value based on BET
surface area should be larger than that of the measured value. Another reason for this is that a small
portion of the carbon particle area is ineffective in the matrix layer. Thus the utilization of the particle
area does not reach 100%. Therefore, although high surface area is beneficial to increasing the
theoretical maximum capacitance, in practice efficient storage use of the area also plays a key role in

determining the overall capacitance observed.
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2.2.3 Pore Structure

In the past, desirable surface area encompassed macroporous structures for the increased flow of ions
and mesoporous structures to maximize surface area. The comparably large solvent cage around the
ions blocked entrance into the smaller micropores [8], [9]. Recent discoveries by Chmiola et al. and
Huang et al. [10], [11], [12], [13], [14] have shown that this is not entirely true. Figure 1 shows that
as pore size decreases into the sub-5 nm range, capacitance also decreases. The standard parallel plate
model (applicable to region IV in Figure 1) of capacitance begins to fail below pore sizes of 5 to 10
nm (region II1). However, below 1 nm, a large increase in capacitance is observed. Further research
reveals that around 1 nm the capacitance exhibits a sharp increase reaching a maximum at the ion
size. The increase in capacitance below 1 nm is characterized as the ions shedding their solvent cage,

entering the micropore, and contributing to the storage mechanism of the double-layer.

Another important property to consider in EDLCs is pore regularity and distance. In classical
electrochemistry, ion transport time has a quadratic link to transport length [15]. Regular pore
structures provide reliable short diffusion pathways between storage sites, but pore defects disrupt
pore regularity, which increases the pore interspacing and causes ion scattering. Irregular pore
spacing and ion scattering detract from ion transport speed and throughput, resulting in fewer
accessible ions and lower power. Scattering can also be caused by poor interfacial wetting of the
electrode. Depending on the character of the electrolyte solvent, hydrophobic or hydrophilic dopants

or functional groups can be applied to the material.
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Figure 1: Capacitance tested with various ionics in acetonitrile (TEAMS: 1.7M, TEABF,: 1,1.4,1.5M) for
various carbon structures. Templated mesoporous carbon (a, b), activated carbon (c), microporous carbide
derived carbon (d, f), and microporous activated carbon (e). The bottom images from right to left illustrate
model of planar EDLC with negligible curvature, EDLC with pores of non-negligible curvature, and model
single ion wire within cylindrical pore. The models can accurately estimate capacitance in their pore regions.
Reproduced with permission from [16]. Copyright: Nature Publishing Group 2008.

2.2.4 Functionalization Effects on EDLCs

Small functional groups on the electrode layer materials, such as carbon particles, improve wetting
with the electrolyte and allow increased solvent penetration within small pores of the electrode
materials. For example, nitrogen dopants and oxygen functional groups can improve wettability in
aqueous systems by altering surface effects [17]. Stable oxygen functional groups on the surface can
also introduce reversible pseudocapacitive character in addition to double layer charge storage [17],

[18], [19], [20]. Nitrogen can form strong covalent bonds with carbon that can regulate electrical and
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chemical properties of carbon because of its comparable size and five valence electrons. These
nitrogen dopants can manifest in the form of pyridinic, pyrrolic, and quaternary bonds that contribute
a large number of electrons to the delocalized graphitic © network within the carbon structure, and

can alter the surface and catalytic properties of the carbon structures.

Pseudocapacitive metal oxide and metal nitride coatings deposited and adsorbed on carbon supports
are also effective in increasing the maximum energy density possible for an ES and are discussed in
detail later in this chapter. Oxygen dopants such as carboxyl, carbonyl, and hydroxyl groups can
improve wetting and open surface area for increased capacitance and higher power. However, an
overabundance of oxygen functionalities disrupts the graphitic n-bonding network of the material and
reduces conductivity of the material too much. In active carbons, this can occur when activation
temperatures and activation reagent concentrations are too high. Graphene oxide (GO), the precursor
material of graphene, contains a very large number of oxygen groups introduced by a harsh oxidation
reaction from bulk graphite. The precursor material is insulating until it is reduced with a strong
reduction technique (sodium borohydride, high temperature, and hydrazine) that aims to remove most
of the oxygen functionalities and restore the graphitic plane to create conductive few-layer graphene

for use in ESs.

2.3 Carbon Materials for EDLC Supercapacitor

2.3.1 Activated Carbon

Carbons act as excellent conductors, are chemically stable, and have a high surface area, making
them the preferred material for double layer electrodes in today’s ES’s. Carbon however comes in

many varieties and not all are applicable to electrode materials. The industrial standard and most
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basic high surface area carbon material is known as activated carbon. Activated carbons are widely

used because of their moderate cost and easy preparation.

The activated carbon material can be generated from a number of different precursor’s materials
through carbonization and high temperature annealing in an inert atmosphere. Materials are pitch or
resin derived from coal and petroleum which exhibit a liquid phase shift, allowing alignment during
graphitization, creating heavily microporous area which requires activation for successful use in ES’s.
In general, high surface area alone is not easily correlated to capacitance, pore structure seems to be
critical. Mesopores are important to allow sufficient ion diffusion kinetics to support high power and
area (suggested to be in 20-50 % range) [21]. Meanwhile, surface level micropores allow large area
for storage and macropores are important to provide high throughput ion channels on a macroscopic

scale.

Alternative carbon precursors are derived from more structured compounds such as wood, polymers
and hard shells which do not exhibit a liquid phase during carbonization, maintaining alignment and
rigidity. Carbons derived from natural biomass exhibit large voids inherent to the natural structure of
the material which can boost transport but can also greatly reduce volumetric performance. Activated
carbons in literature can often achieve capacitances as high as 100-200 F.g™ in aqueous electrolyte
systems and 50-150 F.g™ in organic mediums [21], [22], [23], [24] [25]. The commercial carbon
Maxsorb (produced in Kansai, Japan) is made by KOH activation of petroleum coke at 700 °C and
illustrates over 3100 m”.g™ [26]. In lab scale three electrode tests, maxsorb carbon was able to
produce capacitance in aqueous electrolyte of 225 F.g™* at 1 A.g” current density, higher than other
commercial carbons with much lower area and capacitance. This suggests that BET measurements of
surface area are not an effective indicator of capacitance in many cases. In the same test they showed

that polymeric activated carbon derived from KOH activation of resorcinol-formaldehyde exhibited
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only 1673 m?.g™ surface area but was able to obtain 325 F.g™ in aqueous electrolyte [27]. Still these
powders suffer in cost compared to the more scalable production processing cost of high surface area

cloths that exhibit lower performance.

2.3.2 Templated active carbons

As carbon electrode technology moves forward, there is a large array of advanced carbon structures
which have higher pore order and increased conductivity. Closed pores produced by the activated
carbon process reduce charge rate capabilities and overall storage capacities. Template systems offer
to improve this deficiency by creating long range order within carbon structures. The process
commonly involves mesoporous silica or zeolite templates [28], [29], [30]. However, the cost of
templating currently limits their use towards building a theoretical understanding of the effects of
pore size on capacitance and ion kinetics. With improved production methods and lower costs, these
methods may become accessible to commercial energy storage applications over time. Zeolite
templated carbons exhibit high performance without extensive activation due to the high surface area
and long range order of their porous structure. Studies into zeolite X and Y showed performance
between 140 F.g-1 to 300 F.g™, with significant performance retention at discharge rates of 2 A.g™
[28], [31], [32], [33]. Mesoporous carbon structures produced by templating with MCM-48 and SBA-
15 could produce larger ion conducting channels at lower costs than using rare zeolite minerals
(Figure 2). The ion channels allow electrolyte to access the microporous area of the precursor carbon
and provide enhanced performance versus activated carbons of equal surface area. Templated carbon
derived from MCM-48 and SBA-15 created particles with ordered pore size between 2-10nm,

realizing performance of 100-180 F.g™ [30], [34], [35], [36].
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Figure 2: TEM images of MCM-41 (a-d) with pore sizes ranging from 2 nm (a) to 10 nm (d). (e) isa TEM
image of carbon prepared from MCM-48 using pitch as the carbon source. lllustrating the highly ordered
structure compared. Reproduced with permission from [37] (a-d) and [38] (€). Copyright: American Chemical
Society 1992 (a-d) and Elsevier 2005 (e).

Silica nanospheres can also be used to template carbon with interesting results. Lei et al. produced
nanospheres of 2.7 nm, resulting in tight, mesoporous carbon area of 2400 m>.g™ [39]. The carbon
sphere material showed capacitances of 225 F.g" and 180 F.g™ in aqueous and organic electrolyte,
respectively. The capacitance in organic electrolyte showed only a small drop compared to aqueous,
leading to a high energy density of 62.8 Wh.kg™ at low power density under 1 kW.kg™. However, the
high energy density faded quickly, leading to moderate energy of 9 Wh.kg™ at high power density of
30 kW.kg™ [39]. From this and the results of various micro and mesoporous templates, it is clear that
templated carbons are capable of improving upon most AC materials; yet the materials still lack the
macropores needed to support higher energy density at high power output. Improving upon this,
Wang et al. [40] developed the templated highly porous graphitized carbon (HPGC) which showed
better capacitance retention (seen in Figure 3a) and improved electrode performance at high power.
The HPGC material is a composite composed of ordered micro, meso and macropores as illustrated in
Figure 3b. The composite structure can create short diffusion pathways for the electrolyte to enter the
microporous walls and generate high energy density of 22.9 Wh.kg" in organic electrolyte.

Furthermore, the accessibility of the pores allowed the energy density to remain above 20 Wh.kg™,
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even for high power rates of 23 kW.kg™. This example demonstrates the promise of EDLC electrodes

with refined pore structure for obtaining both high energy and power density.
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Figure 3: (left) Retention of capacitive performance with increasing sweep rate and power for various carbon
materials. a) SEM image of the macroporous cores of HPGC, b) TEM image of the mesoporous walls, ¢) TEM
image showing the micropores, d) TEM image of the localized graphitic mesopore walls and €) schematic
representation of the 3D hierarchical structure. Reproduced with permission from [41]. Copyright Wiley-VCH
2008.

2.3.3 Carbon Nanotubes

More advanced carbons are being heavily studied for their potential in controlling structure as well as
enhanced properties compared to activated carbon. Carbon nanotubes (CNT) are cylindrical
nanostructures which exhibit a near 1-dimensional structure. The cylinders are composed of graphitic
carbon walls and exist in the form of single wall (SWCNT) and multiwall nanotubes (MWCNT). The
radius of the CNT’s is on the order of nanometres, while length can reach millimetre size scales and

the graphitic planes in the CNT result in electrically conductive carbon tubes with conductivity as
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high as 1000 S.cm™ depending on CNT type [22]. An ordered array or a loosely entangled layer of
CNTs has high surface accessibility, leading to high ionic conductivity. The combination of rapid ion
diffusion and high electrical conductivity allows for the creation of high power devices compared to
AC electrodes. However, the low surface area due to heavily trapped graphitic surface layers (in

multi-wall) and CNT bundling often decrease the achieved capacitance and energy density [42], [43].

MWCNT array electrodes produced by Honda et al. illustrate the potential of CNTs for high power
capacitors [44]. At low current density the MWCNTS exhibited a low capacitance of only 15 F.g™ due
to poor surface area. However, the combination of very low electrode equivalent series resistance
(ESR) (1.9 ©cm?) and high ionic conductivity could enable the MWCNT electrode to retain 12 F.g™
or 2.2 Wh.kg™ for high current density of 200 A.g™, corresponding to power density of 125 kW.kg™.
In comparison, when an AC cloth was charged at rates above 10 A.g™, there was a large resistance
present, preventing the development of any energy or capacitance on the electrode. Maximum power

of the device is calculated to be 3.2 MW.kg™.

CNT’s are fabricated by a number of different Alternatively, CVD methodology allows lower
operating temperatures and an increased potential for moving to the higher scales required to bring
down the high cost of CNTs. All CNT production strategies are expensive due to the high energy
processes, extensive purification, scalability issues and CNT size control required for
commercialization. Methods include Arc discharge, CVD, High Pressure Carbon Monoxide (HiPco)
and Laser Ablation. The high cost and safety issues of CNTSs, especially SWNT, is a limiting factor in
their adoption into ESs. Further to achieve acceptable surface area, steps must be taken to separate
bundles by sonication and through the addition of stabilizers or dispersants [45]. Similar to AC’s,
electrochemical oxidation with KOH can be performed to increase the surface area and the

capacitance of the CNT’s [46]. The oxidation increases area by uncapping the nanotubes and
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exposing more internal surface area. Too much oxidation or the presence of a large concentration of
dispersants can negatively alter CNT performance, so care needs to be taken to optimize the
properties. When SWNT are well dispersed capacitance has been shown to reach 100-180 F/g, much
higher than that of MWNT [42], [44], [47], [48], [49], [50], [51]. This shows that even SWNTs that
exhibit moderate surface area between 200-800 m?.g™ perform similar to AC materials when
gravimetric capacitance is considered. However, the low gravimetric capacitance of CNTs is
compensated for by their higher packing density creating volumetric capacitance exceeding that of
many AC materials [22]. AC’s also suffer degradation of capacitance more rapidly than CNTSs at high
rates of operation because they exhibit less ionic and electrical conductivity. As a result, CNT’s offer

superior performance in high power electrodes.

2.3.4 Graphene

Graphene is a new advanced carbon material with unique morphology that distinguishes it from other
materials in the EDLC market. Graphite is a highly ordered carbon structure consisting of many
tightly stacked graphene sheets which exhibit angstrom level interspacing due to strong pi-pi bonding
between the basal lattice planes of the graphene (Figure 4a). The graphene sheet consists of many
carbon atoms arranged into a large 2-dimensional crystal lattice and when separated into fewer layers
through the application of some physical or chemical energy (single layer or few layer graphene), the
material takes on very different properties from its bulk graphite state [52]. Unlike the one-
dimensional nature of carbon nanotubes, graphene is considered much safer due to it microscale
dimensions in two dimensions. Pristine single layer graphene is mechanically robust, exhibiting a
guantum hall effect at room temperature and undergoing ballistic conduction of charge carriers along
the basal planes and resulting in excellent conductivity in the material. The most important properties

for the ES market include graphene’s ability to reach the high theoretical surface area of 2630 m?.g™
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of its parent graphite and the highly regular pore spacing across the crystal lattice [53]. Due to the
atomic thickness, there are also negligible diffusion transport distances resulting in low ionic
resistance. The high theoretical surface area of the fully exposed graphene sheets could provide a

maximum theoretical capacitance of 550 F.g™ [54].

In practice graphene’s surface area is significantly lower than pristine monolayer graphene due to
sheets partially restacking and because higher yield production methods can only achieve few/multi
layer graphene derivatives. The most common preparation involves oxidizing graphite, to increase
lattice spacing and weaken the van der waal forces. Then the insulating few layer graphene sheets can
be reduced to regain moderate conductivity around 0.05 S.cm™ -5 S.cm™ and remove the lattice
defects [55]. One advantage is that the basal plane acts as a stable site for the reversible oxygen and
nitrogen functionalities to store additional charge even with low overall surface area. The high in
plane conductivity helps to reduce resistance within the materials and provides power gains similar to
those exhibited by CNTs in some cases. Stoller et al. were one of the first to utilize chemically
reduced graphene (CMG) for ES applications [53], [56], [57]. They produced a CMG graphene which
exhibited area of 705 m’.g* and capacitances reaching to 107 F.g" in KOH and 100 F.g™ in
acetonitrile using cyclic voltamettry with a 20 mV.s™ scan rate. Many graphene based materials report
between 100-200 F.g™, outperforming CNT devices in aqueous electrolyte [58], [59]. Similar to in
AC devices, KOH was shown to boost the surface area of TEGO and MEGO graphenes up to 3100
m?.g™ by restructuring the carbon, exposing hidden graphene sheets and producing extra pores.
MEGO powder was weighed and mixed with KOH to undergo a secondary activation reaction (800
°C, 400 torr, 1 hour) that increased the surface area significantly and generated a well defined pore
distribution dominated by micropores (~0.8 nm) and mesopores (~4 nm). However, in use the device
was still only able to achieve 165 F.g™ in organic electrolyte [57]. Doping graphene planes with

nitrogen can enhance local electronic interactions and improve binding with ions in solution. Plasma
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treatment was used to impregnate nitrogen functionalities into defects along the basal plane of the
graphene sheets. The performance increase was related to a change in energy band-gap behaviour
which increases the quantum capacitance and boosts the available capacitance per unit mass [60].
Further, the presence of nitrogen functionalities could generate cross linking along the graphene plane
and create wrinkled graphene sheets with high levels of curvature and performance of 250 F.g™ (at 1

A.g) in aqueous electrolyte [61].
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Figure 4: a) Schematic representation of the ideal carbon lattice in graphene. b) Capacitive performance of
chemically reduced graphene over a large range of current density for different handling methodology.
Reproduced with permission from [62] (a) and [63] (b). Copyright: Nature Publishing Group 2013 (a) and
Wiley-VCH 2011 (b).
Yang et al. reinvestigated the source of restacking phenomena in graphene materials which limited
device performance [63]. Instead of improving performance by altering the graphene, they drew
inspiration from the irreversible damage that could occur when moisture levels dropped to critical
levels. They synthesized a solvated graphene film by keeping the active material wet after the
reactions as well as in storage. Performance testing, illustrates that the film capacitance can be able to
retain 175 F.g™" at a very high current discharge rates above 100 A.g™ in aqueous H,SO, electrolyte

(Figure 4b). The freeze dried graphene was able to fare better than thermally dried by restricting the

forces that caused the tightly bound pores to collapse during thermal drying. But, neither sample
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exhibits the same high power high energy performance seen by the wet graphene electrode presented,
which is a clear representation of the film design and configuration playing an integral role in the
overall performance even with exactly the same material, and in this case film formation technique.
As discussed later, formation techniques can also play an integral role in promoting capacitance and

high-rate performance.

2.4 Effect of Pseudocapacitance

To further increase energy density and bridge the gap with batteries, more advanced supercapacitors
called pseudocapacitors, in which the electroactive materials are combined with carbon particles to
form composite electrode materials, are being developed. The electrochemical reaction of the
electroactive material in a pseudocapacitor takes place at the interface between the electrode and
electrolyte via adsorption, intercalation, or reduction—oxidation mechanisms (metal oxides and
conductive polymers)[64], [65], [66], [67], [68], [69]. [70], [71]. In this way, the capacitance of the
electrode can be increased significantly. Pseudocapacitive materials increase energy density by
storing more than one charge per reactive surface site and also allow storage deeper than the surface,
which restricts the storage (F.cm™) of carbon [72], [73], [74]. However, the cost is generally the
lower operating voltages of aqueous solution, which counteracts the gains in energy density. The
quadratic (E=0.5CV?) energy gains realized by the technologies moving toward higher voltages
suggests that improvements to carbon electrode materials could still be competitive with higher
capacity pseudocapacitive materials. Further, the cycle durability and rate capabilities of most

psuedocapacitor materials still lag behind that of carbon materials.

2.5 Effect of Electrolyte
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Commercialized electrolyte materials in carbon devices are dominated by organic electrolytes
containing quaternary salts (tetraethylammonium tetrafluoroborate, TEA" BF,") because of their
moderate ionic conductivities and voltage windows (2-2.7 V) [75]. The most common solvents
include acetonitrile and polypropylene carbonate. In comparison aqueous electrolytes have very high
ion conductivity rates and are easier to handle than organic electrolytes making them a great
candidate for research purposes, but they are unstable at high potential (potential window limited to
approximately 1 V). Common aqueous electrolyte solvents used in the development of electrode
materials include sulfuric acid (H,SQ,), potassium hydroxide (KOH), potassium chloride (KCI), and
sulfates (K,SO,, Na,SO,). Attempts to design new and improved electrolyte performance have led to
ionic liquids that are capable of high voltage windows, but suffer from low ionic conductivity (3 to 5
V) [76], [77], [78], [79], [80], [81]. Also, attempts to reduce packaging complexity and minimize
corrosion and safety problems have led to investigations of gel and solid-state polymers that combine

both the separator and the electrolyte into a single component within an ES.

2.6 Summary

In order to reach mass market, supercapacitors need to overcome several large obstacles in order to
compete with modern battery technologies. Firstly, the energy density must be increased without
compromising existing advantages. Second, the price of the materials used must be decreased through
further development. This suggests a new generation of carbon materials is necessary to boost the

energy density and maintain or increase existing power density.

From the information presented in this chapter, it is clear that graphene has shown some examples of
exceptional high rate performance and has the potential for very high double layer capacitance.

Control of carbon surface structure is also shown to have a great effect on capacitive storage which
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suggests doping is an important area of development. Further, this information supports the project
objectives to develop three dimensional structures that harness a greater percentage of graphenes’
potential. After considering the increased capacity for ion conduction and conductive networks, there

is also promise to enhance utilization of pseudocapacitance or improve the rate performance of high

voltage electrolytes.
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Section 3: Three dimensional Graphene

3.1 Introduction

One of the methods being considered to enhance graphene application is the utilization of three
dimensional assembly of graphene, which can help improve the surface area and reliability of
graphene powders or even be made free-standing. The benefits for the supercapacitor and energy
storage field include: higher conductivity due to strong networking, controlled arrangement prevents
restacking of basal planes, elimination of inactive conductive carbon mass and binders and in some
cases high performance EDLC or composite support materials. This field can be broken down into
two main techniques: 1) CVD growth on template materials which are coated with a catalytic metal
that can induce the controlled growth of graphene [82], [83], [84], [85], [86], [87] and 2) the self
assembly of carbon structures either through the interaction between GO sheets in solution followed
by pyrolysis to create ultralight foams or by the shift to hydrophobicity during reduction causing the
formation of rigid aerogels [88], [89], [90], [91], [92], [93], [94], [95], [96], [97], [98], [99], [100],
[101]. The template methodologies can create highly conductive graphene networks and have shown
significant application as conductive pseudocapacitive composite supports, but the multi-layer
graphene produced limits the direct EDLC capacitance to only 50-60 F.g™. Further, the high furnace
temperatures and sacrificial templates increase costs, similar to the issues observed with template

activated carbons.

3.2 Characteristics of Graphene Foam

3.2.1 Drying Techniques
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Hydrogels, such as the ones made from graphene oxide dispersions, provide an alternate route for the
formation of three dimensional graphene structures with extraordinary surface area and
properties[102]. These gels commonly consist of a solid network which interact through physical or
chemical bonds that are also capable of trapping many times their weight in water, where hydrophilic
groups create strong surface tension. The surface tension within the gel prevents the liquid from
flowing and disrupting the bonds. During drying, capillary action caused by the evaporation of water
would normally collapse the pore structure. To avoid this, either critical point drying or freeze drying
can be used to limit stress on the pore structure, replacing the liquid with gas, forming foam. By this
method self-assembled structures composed of hydrogel or strong interactions in frozen solution
between the 2D sheets can be preserved resulting in high surface area macroscale foam. The drying

process is an integral step for the formation of free standing foams.

Freeze drying, a process used within this study, limits the capillary stress by going around water’s
triple point boundary, lowering the temperature of water and then going directly from solid to the gas
phase via low pressure (Figure 5). However, the stress caused by crossing the solid-gas boundary can
still disrupt more fragile monolayer/bi-layer structures[103], [104]. Further, water crystallization on
freezing must be controlled to prevent sample damage[105], [106]. Critical point drying has the
distinct advantage of avoiding any phase boundary by forming a supercritical fluid at elevated
temperature and pressure. The critical point of water is at 374 °C, high enough to damage many foam
structures[102]. Instead acetone is often exchanged for water and then acetone is washed away with
liquid CO, in a high pressure chamber[95], [106], [107]. CO; is an excellent supercritical fluid which
exhibits its critical point at only 1000 psi and 31 °C[102]. The pressure in the chamber is slowly
released as gas after the temperature is raised above the critical point, leaving the dry sample with
minimal distortion of the gelled structure. Freeze drying is used due to its availability, proven

scalability within the food industry and because of the lower operating costs and safety factors.
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Figure 5: Phase diagrams revealing the triple point boundary as well as the supercritical stage for a) water and
b) CO,. Adapted from [108], [109].

3.2.2 Direct Drying from Graphene Oxide Precursors

Graphene oxide (GO) is currently the most common precursor for the preparation of graphene
materials in bulk application. GO is prepared by the intercalation and oxidation of graphite powder,
using sulfuric acid and potassium permanganate[53], [110], [111]. The reaction forms a strongly
oxidizing species known as dimanganeseheptoxide (Mn,0;) [112]. When heated to around 55 °C and
or placed in contact with graphite, a series of microdetonations occur which functionalize the carbon
surface.[112] Functionalities consist of primarily epoxide and hydroxyl groups which are highly
hydrophilic and form strong hydrogen bonds with water.[113] Intercalation with water causes lattice
expansion, increasing the distance between the graphite planes from 0.335 nm to 0.6-1.2 nm[114].
Then, after strong mixing or weak sonication the van der waal binding forces are easily overcome to

form thin mono or few layer graphene oxide materials[115].

The high solubility and hydrophilic edges of graphene oxide compared to pristine graphene allow it

to be well dispersed at high concentrations. However, the basal plane retains some of its
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hydrophobicity, rendering GO amphiphilic[116], [117]. Even un-gelated solutions between 1-15
mg.mL™ exhibit strong enough bonding interactions that they can be directly freeze dried to form GO
foams[118], [119], [120]. However, the grains created from ice crystal formation during rapid
solution freezing can cause internal expansion and macroscale cracking of the freeze dried
solution[121], [122]. Improving the quality and strength of GO networks will be important to the
production of repeatable, scalable foam production. To increase the applicability and harness the
desired properties of GO foams they must be reduced to reduced graphene oxide (rGO) foam.
However, reintroducing GO to moisture, it disperses and swells, preventing chemical reduction in
solution with a reducing agent such as sodium borohydride, hydrazine, ascorbic acid and HI[53],
[55], [56], [113], [123], [124], [125]. To increase the range of applications GO foam can be reduced
with high temperature (~600-1000 °C) in a dry argon environment [98], [126]. For best results the
ramp rate for temperature needs to be kept low or the foam rapidly releases gas, disrupting the

integrity of the foam structure[118], [120], [127], [128].

Higher aspect ratio materials are capable of inhibiting rotational motion within a gel and increasing
the number of contact points between sheets. Therefore, larger lateral dimensions of the GO sheets
should exhibit increased solution viscosity and increased hydrophobic character. Bai et al’s
investigation into the effect sheet size and solution acidification revealed that GO hydrogels can also
be rapidly formed at room temperature, with a low critical gelation concentration of only 3 mg.mL"
'[129]. Small GO flakes did not form a solid gel, but instead favored the rapid precipitation of
flocculated powders even at high concentrations. When flake size was greater than 1 um, instead of
precipitating the restricted rotational motion of the larger sheets and the increased bond strength
triggered a nearly 40x increase in viscosity and hydrogels formed within a few seconds. Initial

graphite size is not the only factor, sonication has also be shown to induce scission of the GO basal
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plane, observed in Figure 6.[130] Cross linking polymers and divalent ions applied to GO solutions

have also helped to strengthen the intersheet binding [129], [131].
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Figure 6: a) SEM image of graphene oxide sheets that underwent 6 h of mechanical shaking. b) Histogram of
sheet sizes observed in panel a. ¢) SEM image of graphene oxide sheets that underwent 6 h of mechanical
shaking and 0.5 h of sonication. d) histogram of sheet sizes observed in panel c. All the scale bars are 50 pm.
Reproduced with permission from [130]. Copyright 2011 American Chemical Society.

With continuing improvements to graphene foam networks a goal it is possible to produce solid
materials that are comparable to or even less dense than air, <1 mg.cm™. Sun et al showed that
integrating the beneficial effects of giant GO sheets (GGO) with carbon nanotube (CNT), 4-50 um
size range, which allow for the formation of ultraporous graphene foams down to 0.16 mg.cm[132],
[133]. However, realizing the process for achieving these large sheets is still difficult and not widely

used in other literature. The foams could be achieved with a simple direct solution freeze drying
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process, followed by a 90 °C hydrazine vapor reduction[98], [126]. With the addition of up to 50
wt% CNTs to the GGO solution a highly synergistic effect was observed where the strong
van der waal forces between the rGGO and CNTs caused the CNTs to lay flat on the
graphene sheets (Figure 7a,b) [98], [132]. As a result the flexible reduced GGO (rGGO) network

favors load transfer to the strong CNT ribs, creating a compressible foams (0.75-1.5 mg.cm™) which

can recover from 50% strain after more than 1000 cycles (88% stress retention).

Figure 7: a) SEM image of the CNT/reduced GGO foams (p= 1 mg.cm™®, foxr= 0.5) after 1000 cycles of
compression-release and b) CNT distribution on individual graphene sheets at higher magnification.
Reproduced with permission from [132]. Copyright: 2013 Wiley.

3.2.3 Self Assembly by GO Reduction

Three dimensional graphene foams have also be generated by utilizing the unique properties of
graphene oxide to produce high concentration solutions and gels. During the initial stages of low
temperature thermal reduction the basal plane of graphene oxide shifts from a hydrophilic state to a
more hydrophobic regime. Hydrogen bonding with water is weakened and the van der waal attraction
between the planes increases, creating sticky graphene sheets, which if undisturbed self assemble, as
illustrated by Qui et al in Figure 8a[105], [119]. Conversely, Figure 8c reveals when concentration
is insufficient, porous precipitates form and settle out of solution[94]. However, if the concentration
is high enough the attractive forces between sheets and the mutual restriction of mobility cause the

slightly reduced graphene materials to assemble into a porous hydrogel, taking on the shape of the
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containment vessel[134]. Reduced further, the C/O ratio of the network increases, the van der waal
forces become stronger and the self assembled rGO hydrogel becomes more dense (Figure 8d). After
assembly, the structure can be dried to prepare foam or applied in the wet hydrogel form. The main
benefit of this approach is higher strength and in some applications the higher density of the foams,
while still achieving very high surface area and thin pore walls (Figure 8b). Various methods for
graphene foams formed by reduction self assembly can be found in the literature using high pressure
and high temperature in autoclaves or low temperature variations[94], [97], [105], [106], [107], [135].
The reduction can also be performed with the addition of crosslinking agents or more
environmentally friendly reducing agents and the reduction process can be further supplemented with

high temperature annealing.
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Figure 8: a) Photos of GO dispersions after being subjected to ascorbic acid reduction at 100 °C for different
periods of time. b) SEM image of a typical self assembled 2 mg.mL™ rGO foam formed with 180°C in
autoclave. ¢) Image depicts that the GO concentration must be above a critical point before self assembly will
occur and that d) after a network is formed it will continue to tighten and become denser with reduction.
Reproduced with permission from [105] (a) and [94](b-d). Copyright: 2012 Nature Publishing Group (a) and
2010 American Chemical Society (b-d).
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Crosslinkers have also been employed to improve the sheet interactions and or to functionalize the
graphene surfaces prepared with high temperature and pressure in an autoclave. In one example,
pyrrole was able to interact with the GO sheets through hydrogen and pi-pi bonding to reduce self
stacking of the GO during reduction, while still promoting binding between rGO [96], [97]. Thiourea
has also been shown as a crosslinker additive which when heated decomposes to form ammonia and
hydrogen sulfide gases which in small quantities leaven the hydrogel, creating larger pores and doped
the basal plane with crosslinking -NH, and —SO3H groups as it was reduced[134]. It should be noted
that the carbon to oxygen (C/O) ratio of the self assembled rGO foams reduced through temperature
and pressure alone is significantly less than that of graphene powders reduced through hydrazine
(C/0~10.3)[55] and NaBH, (C/O~8.6) [123]. But, the rapid gas release during aggressive reduction
in these agueous mediums limits the self assembly behaviour during the reduction of GO solutions
prepared by these methods. Instead the reduction can be accomplished by low rate heating to
pyrolyze the assembled aerogels and achieve greatly improved conductivity[106], [107]. Differences
in the GO precursor are likely to create variation in the results achieved between one report and
another. However, the low processing temperatures resulted in less aggressive restacking/assembly,

which after critical point drying produced rGO foams with 1200 m®.g™* surface area.

In addition to controlled high temperature reduction, covalent cross linkers have also been used to
demonstrate improved rGO foam strength and conductivity by increasing binding strength, flexibility
and controlling intersheet spacing more efficiently than physical interactions alone. Gogotsi et al
presented a low density, compression tolerant foam using ethylenediamine (EDA), a short carbon
chain capped with amine groups, to covalently crosslink GO’s structure[135]. During 95 °C reduction
the FTIR band corresponding to epoxy groups on the GO surface weakens, replaced by —CH, and -
NH groups, suggesting a ring opening reaction is occurring on the epoxide groups, leaving EDA

covalently bound to the GO surface (Figure 9a) [135], [136]. In addition to the mild thermal
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reduction at 95 °C, EDA is capable of acting as a mild reducing agent, removing hydroxyl
functionalities from the GO surface. The EDA promotes covalent linkages between multiple GO
sheets, while hydrogen bonds between amine functionalities further promote intersheet binding and
yet the functionalities minimized restacking, thereby eliminating the XRD diffraction peaks normally
seen for GO and rGO materials (Figure 9c). The achieved foam was only mildly reduced (C/O~2.3).
before the functionalized graphene foams (FGA) were fully reduced by microwave irradiation,
removing the remaining oxygen and creating ultralight foams (ULGA, 3 mg.cm™) with excellent
compressibility at up to 90% strain (Figure 9d). In a separate report rGO hydrogels which used EDA
as a covalent cross-linker still prevented restacking at high concentrations up to 15 mg.mL™ when
formed at 90°C [101]. This was confirmed by XPS results indicating that nearly all the nitrogen exists

in the C-NH-C form, indicating that EDA is covalently bound to graphene.
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Figure 9: a) Schematic illustration of mechanism of EDA-mediated functionalization and reduction of GO, the
restored sp® regions are marked with red line. b) lllustration of different steps in the fabrication process of the
ultralight graphene foam (ULGA). ¢) XRD patterns and of GO, FGA and ULGA. d) the digital images showing
compressibility of ULGA. Reproduced with permission from [135]. Copyright 2013 Wiley.

If graphene foams are desired without high temperature annealing, such as the desire in this thesis,
effective reducing agents are necessary to achieve high conductivity rGO foams. However, the strong
reducing properties of the most common agent’s, hydrazine and NaBH,, generate large quantities of
gas capable of breaking apart the forming hydrogels during their critical state of reduction. Further,
hydrazine has high toxicity and NaBH, has strong reactivity with water. Ascorbic acid (AA), also
known as “Vitamin C” is an edible, non-toxic mild reducing agent that Fernanadez-Merino et al have
shown to be an effective substitute for reducing graphene oxide, reducing GO as efficiently as
hydrazine (AA, C/O~12.5) [95], [105], [124]. The proposed reaction mechanism involves gradual
hydride transfer from the AA molecule to the epoxide or hydroxyl groups on GO, releasing primarily
water upon heating, as opposed to gases produced by other reduction methods. In addition, the
gradual reduction allows for the tuning of the C/O ratio. These steps towards more environmentally
friendly, low temperature processing with controlled porosity suggest a wide range of application and

utility.

3.3 Graphene Foams in Supercapacitor literature

The chemical stability, large surface area and high conductivity make graphene a natural competitor
for the future of electrochemical double layer capacitors. Restacking prevents utilization of 2D
graphene powders full 2600 m2.g™ surface area and there is still room for improvement [54], [137].
Assembly of graphene into porous three dimensional systems has the potential to enhance surface
area, boost network conductivity, and create large macropore channels to better facilitate ionic

transport in electrolyte. More importantly free standing networks can also reduce inactive electrode
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mass originating from polymer binders, conductive additives and current collectors. This simplified
electrode production is important to the reasoning for direct growth onto current collectors or self-
supported 3D graphene, discussed in this thesis. With optimized processing the rate performance and
capacitance of graphene aergoels can also compete with their two dimensional graphene counterparts
[94][100][97][87]. Nitrogen doped graphene foam has also been used by Zhao et al to report one of
the highest capacitive performances of any carbon materials to date[96], [98]. Pyrrole monomer, a
carbon ring which contains a secondary amine group, was added to an autoclaved GO reduction to
form pi-pi and hydrogen bonding with graphene oxide during reduction and freeze drying. The
pyrrole effectively prevents restacking during reduction and introduces a nitrogen source into the
initial foam structure. The foams were then annealed at 1050 °C, burning away the pyrrole, leaving a
highly conductive (1.2 S.cm™), nitrogen doped graphene foam (Figure 10ab). Nitrogen has been
shown to modify the electronic structure of pristine graphene leading to increased quantum
capacitance[60]. It follows then that the performance of the high surface area foam pressed onto a
collector plate could reach 484 F.g* at 1 A.g™", close to the theoretical maximum for graphene. More
importantly, the conductive heteratom doped structure retained 400 F.g™ at a high discharge rate of
100 A.g™ for over 1000 cycles with negligible loss in performance (Figure 10c).[98][96] The high
temperature is process limiting and the size scale used was small, however the high performance

highlights potential for continued work into 3D foams.

Agueous electrolytes hold several advantages such as high ion mobility and lower toxicity compared
to organic electrolytes used in commercial electrochemical double layer capacitors (EDLC).
However, the low voltage breakdown of aqueous cells limits the energy density. This has been
mitigated by implementing nanostructured metal oxides with fast redox reactions and specific
capacitance much higher than double layer charge storage on carbon [64], [66], [68], [69], [74],

[138], [139], [140]. Further, metal oxides are more dense, leading to higher volumetric performance.
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But, the conductivity of these materials is low, which limits the utilization at the discharge rates
required for practical supercapacitive applications. By using 3D graphene as a high surface area
conductive support it may be possible to achieve yet higher performance. However, the high
conductivity of CVD-G foams appears necessary to realize the high capacitance of the metal oxides
(up to 1100 F.g™) [85], [86], [140], [141], [142]. The high conductivity of the graphene network
allows for effective utilization of the pseudocapacitive material even at high rates, increasing high
power retention and making the cycle life more competitive with EDLC devices. Table 1 reviews the
composite performance of several nanostructured metal oxides grown on CVD-G foam materials.
Various morphologies of the deposited metal oxides can be seen in Figure 10d-f. Similar rate
enhancement could also be expected for other metal oxides such as RuO,/2D-G composite powders

which have displayed high 570 F.g™ capacitance at low 0.1 A.g™ rates.[143]
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Figure 10: High resolution XPS spectrum for the N1s peak of the a) freeze-dried N-containing foam by
hydrothermal treatment of a GO dispersion mixed with 5 vol% Py and b) the shift to pyrridinic N in the 1050 °C
annealed foam. c) 1000 cycle stability of the N-doped foam at a high rate of 100 A.g™. High resolution SEM of
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well anchored pseudocapacitive CVD-G foam electrodes coated with d) MnO,, €) NiO and f) C030,.
Reproduced with permission from [98](a-c), [85](d), [86](e)and [142](f). Copyright: 2012 Wiley (a-c), 2012
Elsevier (d), 2011 Wiley (e), and 2012 American Chemical Society (f).

Table 1: Pseudocapacitive performance of CVD-Graphene foams coated with various metal oxide surface
coatings.

Metal Demonstrated  Voltage Discharge Rate  Capacitance Stability References
Oxide Morphology Range (V) (Flg) (1000 cycles)
Zn0 Nanorods 0.4v 5-50 mV/s 210-400 6.7A/g [141]
6.7-33 Alg Negligible losses
MnO, Nanoflower, v 0.2-1.2 Alg 250-550 0.2 Alg [85]
21% loss
Nanoparticle v 0-100 mV/s 100-475 ~2 Alg [140]
8% loss
Cos04 Nanowire 0.5V 10-100 mV/s 456-1100 10 A/g [142]
10-30 A/g Negligible losses
NiO Nanoparticle 0.5V 5-40 mV/s 573-816 80 mV/s [86]
1-20 Alg Negligible losses

3.4 Summary

This review of graphene foam establishes several important concepts which affect the approach used
within this project. Firstly, CVD grown graphene foam has high conductivity making it an excellent
support material for pseudocapacitance, but it exhibits poor performance for double layer storage.
The methodology also involves high temperature CVD treatments which do not follow the low

temperature scheme, and the pore sizes are unnecessarily large for double layer application.

Other methodologies involving self assembly and direct freeze drying of graphene are able to produce
more uniform growth over a large area with tighter pore structure, where the sheet size of GO plays a
major role and self-assembly lends itself more closely to low temperature processing. Further,
structure is more variable by this methodology, leaving room for improvement and continued
development compared to the CVD template approach. The shift in character between hydrophilic to
hydrophobic states during reduction enables a tightly packed network which can be tuned to control

performance. In addition, ascorbic acid newly realized as an efficient reducing agent for graphene
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oxide, can operate at very low temperatures. Lastly, controlling sheet interaction during the
hydrophobic shift by utilizing cross linking or pH control to reduce sheet restacking, has been shown
to provide further control of pore structure. Increased understanding of GO self assembly plays an

important role in developing the process used within section 6 of this project.
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Section 4: Characterization

4.1 Introduction

This chapter is dedicated toward providing background on the important characterization tools and
testing protocols used to analyze the synthesized materials in this project and in the background
information provided. Without a thorough understanding of the technical background related to the

research area, it is more difficult to determine the success of this project.

In order to develop an understanding of materials composition and structural properties a suite of
tests can help develop important knowledge required to direct future studies. The characterization
techniques used for the work in this thesis and understanding its background are detailed in this
section. They relevant techniques include: scanning electron microscopy (SEM) in addition to
optional energy dispersive X-ray (EDX) imaging, transmission electron microscopy (TEM), X-ray

powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

The most common electrochemical tests used for supercapacitor testing are identified as cyclic
voltammetry, charge discharge potentiometry and electrochemical impedance spectroscopy. These
tests are also used to determine capacitance, identify cycle life and determine resistive characteristics.
Configuration of the electrochemical test cell can also be an important factor in determining, as well
as, it can become a variable in performance estimation. This section describes the individual tests and
the fundamental equations that govern the trends observed, allowing for better understanding of the

tests enable stronger comprehension of the results in sections 5 and 6.
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4.2 Physical and Electrochemical Characterization Techniques

4.2.1 Scanning Electron Microscopy (SEM)/ Energy Dispersive X-ray (EDX)

SEM is one of the most common and reliable techniques used for analyzing the composition and
topography of solid materials. SEM is capable of achieving magnification many times that of optical
microscopes which rely of the relatively large wavelength of photons by using a focused beam of
electrons under high vacuum. This enables scientists and engineers around the globe to unveil the
morphology and structure of a large variety of materials at a micro and nanoscale great detail. A high
voltage electron gun fires a beam of electrons, which is then focused by a series of magnetic fields
(condenser lenses), apertures which filter out high angle electrons and the adjustable objective lenses
magnetic field refocuses and directs the beam to the sample position [144], [145], [146]. During
imaging, the beam is rastered across the sample surface and the electrons interact with the surface,
these interactions are collected by specifically designed electron detectors and then the information is
fed back to a computer to digitize the image. To prevent electrons absorbing and charging the sample
must be conductive and well grounded, the electrostatic signals can significant affect the detectors
signal output. If these conditions are met when the emitted high energy electrons bombard the sample
a number of different interactions can occur displayed in Figure 11. The topographical information
down to only a few nanometers is determined from the secondary electrons ejected from atomic
orbitals only a few nanometers from the sample surface which are picked up by the off angle
secondary electron detector for optimal topographical information or by an in-lens detector for greater
contrast. Back-scattered electrons are elastically scattered back to the surface and are collected
directly above the sample and gives information relating to the distribution of atomic weight

throughout a sample.
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Further atomic information can be gathered by analyzing the characteristic x-rays that are emitted
when the electron beam removes an inner shell electron causing a higher energy electron in the atom
to fill the shell and release an x-ray with a specific energy level. The penetrating x-rays then return to
a detector and the energy levels correspond to specific atomic energy of various elements. This
process is known as energy dispersive x-ray analysis and by matching the atomic transition peaks to
the intensity vs. energy spectrum we can gather information about the atomic distribution for a single

spot on the sample or map the distribution over a greater area.

Incident Electron Beam
Sample Specimen

Secondary Electrons

Backscattered Electrons

Characteristic X-rays

Continuum X-rays

Figure 11: Signals generated by interaction of electron beam and specimen and regions from which each signal
type can be detected.

4.2.2 Transmission Electron Microscopy (TEM)

TEM is similar to SEM in many ways, utilizing a focused electron beams interaction with a sample.
However, TEM concerns ultrathin samples which allows the transmission of electrons through the
sample [147]. The transmitted image is then passed through another series of magnetic objective and
projector lens which magnify and project the image onto a fluorescent screen which is imaged by a

high resolution camera. The high resolution is due to the extremely short de Broglie wavelength of an
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electron which allows imaging down to only a few nanometers. This allows us to study the
crystallographic structure and pore structure, determining the number of layers present in graphene or

other materials.

4.2.3 X-ray Powder Diffraction (XRD)

In XRD a beam of high energy electrons strikes a metal plate, often copper, generating X-rays. The
X-rays are filtered through a slit which causes the X-ray beam to hit the powder samples at a specific
angle, which changes as the x-ray arm changes position throughout the test. The X-rays then interact
with the sample, elastically scattering toward the photographic film used to count the X-rays [148],
[149], [150], [151]. Some of the rays will interact with the surface atom, while some will miss the
surface atoms, and pass through to impact the atoms behind it in the crystal lattice. The X-rays are
used to then determine information about the lattice spacing of the material because based on bragg’s
law, the rays will destructively interfere in all cases except where the angles of the generated x-rays

are the same as the incident angle.

nd = 2dsiné Equation 1

Where n is an integer, A is the incident wave, d is the crystal spacing between planes in the atomic
lattice and 8 angle between the incident ray and the scattering plane. Therefore a set angle with
interact strongly with a crystal with a specific d-spacing and the constructive interference will create
an intensity peak at a specific angle (bragg angle). Depending on the materials crystal structure the
peak will correspond to interaction with a specific lattice plane. Further, scherrer equation can also be

used to determine information about the crystallite size [152].
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L. = A1/ (Bcos8) Equation 2

where A is the shape factor (~ 0.9 ); 4 is the X-ray wavelength; 6 the Bragg angle; B is the full width
at half maximum (FWHM) of the peak in radians. In practice the spectrum of angles versus intensity
can be compared against reference card database based on the crystallographic information of many
materials in order to find a match. Here we use XRD to study the crystallinity of carbon and identify

the presence of graphene.

4.2.4 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a quantitative elemental analysis technique that measures elemental composition and the bond
states of interacting atoms. In operation a high energy X-ray beam knocks off electrons from the
sample which are collected and measured [153], [154]. The XPS spectra is a intensity peak count of
the binding energy, which is the incident X-ray hitting the sample minus the variable energy of the
captured electrons [155]. Each element has a different energy and within that at high resolution a set
of characteristic binding energies corresponds to the specific electron states within the atom and help
determine the specific bond energy with a neighboring element. This technique is a very effective
way to determine the elemental composition of a material, as long as the atomic number is greater
than 3, and to determine the type of functionalities present on a material surface. In the case of this
thesis, XPS can be used to determine the binding type and functionality on graphene and other carbon

structures.

4.2.5 Raman Spectroscopy (RS)

RS is based on the inelastic scattering of a monochromatic light source hitting a sample. In a typical

system a compound microscope is used to position the sample and align the position of the light
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source, and then the sample chamber is closed and placed under darkness so the only light source is
the monochromatic beam [156], [157]. The photons are absorbed by the sample materials and can
often re-emit at different wavelengths due to the different vibrational, bending or rotational states of
the molecules. A filter removes the elastically scattered light which remains at the incident energy
level. The information can be used to determine characteristic information about the sample with
reference to its atoms binding types and can be used to identify materials based on a fingerprint
spectrum. Specific to carbons raman is helpful for determining the graphitic character compared to

the defect level of the graphitic compounds and also for determining thickness [158].

4.3 Electrochemical Characterization Techniques

In developing electrochemical capacitors the most necessary characterization is that of performance
evaluation. This can be done in a number of ways including the most common cyclic voltammetry
(CV) and charge discharge (CD). Another important performance indicator is electrochemical
impedance spectroscopy (EIS) which can also gather capacitive information in addition to resistive
information of the materials being tested. These tests can be performed either in either a three
electrode system which derives information about the cycling behavior of the material, from a single
active electrode, in addition to a counter current and reference voltage electrodes. Alternatively, a
two electrode design can be used to describe the overall performance of a full cell with active

electrodes on both sides of a separator (see Figure 12).
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Figure 12: a) CV of PANI/MWNT electrodes using two-electrode cell (2mV/s, 10.4mg per electrode) and b)
using three-electrode cell (5.4mg active mass, 2mV/s). The images highlight that electrode behaviour can be
imaged by a three electrode system, but two electrodes provides a smoothed curve. Reproduced with permission
from [159]. Copyright Elsevier 2006.

4.2.1 Half Cell Design

On the lab scale, for ease of testing most performance characteristics are investigated using aqueous
solvents in a three electrode system. This electrode design is composed of three main components in
addition to electrolyte: 1) the working potential and current are measured at a stable metal or glassy
carbon coated with the active materials being analyzed, which develops a double layer capacitance.
Opposed to the active electrode are 2) the current measured at a Pt counter electrode which is a
catalyst to oxygen and hydrogen evolution as well as a strong conductor and 3) the potential

measured at the reference electrode. The reference electrodes potential, commonly a calomel
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electrode (SCE)(0.244V vs standard hydrogen potential), is fixed to a specified level based on a
controlled reaction within the electrode. The stable reference voltage and free flowing counter current
enable the detailed analysis of reactions occurring on the active electrode material. Before testing N,
gas is used to purge the dissolved oxygen in the cell which can help avoid potential oxygen evolution

issues in the cell during cycling.

To prepare small working electrode layers, a quantifiable amount of electrode material is mixed with
a conductive carbon additive and a binder material (10-20%) and mixed to form an ink with
concentration between 0.5-2 mg/mL. The ink is well dispersed before pipetting a small quantity
between 10-80 ug on the electrode. Best practices for testing suggest a larger amount of mass be used
which provides a greater degree of accuracy and better states the performance of the materials when
considering resistive losses that would exist in industrial electrode slurry coatings [160]. However,
for screening and determining active material characteristics this technique still remains popular. For
larger scale testing, milligram or greater quantity of material is deposited onto a metal surface via
slurry before drying and pressing the electrode. In this case electrode preparation can be as important
as material characteristic and can greatly affect the performance outcome of a practical capacitive

electrode design.

4.2.2 Full Cell Design

In a symmetric cell both porous electrodes are identical and are charged by an external power supply
to hold opposite charges, one negative and the other positive (Figure 13). The electrode’s active
layers are made from active particles that are compacted together through a binder and two pressed
current collectors. A separator between the two electrodes is made of a porous electrically insulated

material used to prevent contact and short circuiting and also provide pathways for electrolyte ions.
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The electrode layers and the porous separator are filled with or soaked in an electrolyte solution, with
the electrolyte normally being composed of 2M potassium hydroxide, sodium/potassium sulfate or

sulfuric acid.

An important aspect to consider is that a double-layer is established at each electrode and contains the
Helmholtz and diffusion layers along the carbon particle-electrolyte solution interface. The electrodes
are connected in series across the circuit and therefore the overall capacitance of a supercapacitor can
be treated as two capacitances connected in series. Therefore the capacitance (F) for the active
material in a symmetric full cell can be expressed as half that of the single electrode. In an
asymmetric supercapacitor, the electrode with the smaller capacitance will dominate the total
capacitance. Further to determine the specific capacitance the value for each must be divided by the
active mass in the electrode cell which is two times greater in the full cell. Therefore the calculated
specific capacitance of a symmetric full cell will be theoretically equivalent to four times that of the

half cell value.

Current collectors

End plate (metal)

Separator
Cell plate (Teflon)

Prassure coin

Cell plate (Teflon) Electrodes

End plate (metal)
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Figure 13: Schematic illustration of the two-electrode supercapacitor test cell. Reproduced with permission
[161]. Copyright: Elsevier 2012.

4.2.3 Cyclic Voltammetry

Cyclic Voltammetry (CV) is a common screening technique for capacitor materials that swiftly
cycles from a neutral open circuit potential, charges up to a predetermined high voltage (ex . 1 V) and
then discharges down to a low voltage (ex. 0 V). Measured is the output current due to the charging
and the area beneath the curve can be used to calculate the capacitance. Capacitance stored on a

charge is based on the derivation [72]:

Cs = mA*ZV = (m=*AV)7! [idt = (m = AV)™! [idV = % Equation 3

Here m is the mass of the active material on the electrode, V is the voltage, % is the predetermined

voltage scan rate inverted, and the integral is the charge area. However to account for non-ideality
between the charge and discharge the enclosed area of the CV curve is divided by two. Using
commercial activated carbon as an example the non-ideal shape of the charge becomes worse as the
resistive components become more prominent at high scan rates (Figure 14). This material has been
mixed with sufficient highly conductive carbon (15%) to ensure retained performance at up to 100
mV.s™, a discharge time of only 10s in an aqueous capacitor. However, at high rates the curve begins
to develop a resistive slope which results in lowered capacitance a normal resistive issue for any

capacitive material.
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Figure 14:(a) Cyclic voltammograms, recorded at various voltage scan rates using a carbon BP2000-based
supercapacitor with an electrode composition of BP2000:Super C45:PTFE = 80:15:5 (wt%), electrode thickness
of 100 1 m, and active carbon loading of 3.0 mg/cm. (b) Specific capacitance as a function of voltage scan
rate. Reproduced with permission [161]. Copyright: Elsevier 2012.

4.2.4 Charge/Discharge Chronopotentiometry

The other common method for determining capacitance is charge-discharge (CD) which more
accurately reflects battery test protocol. Constant current is drawn from the cell which decreases the
voltage, simplifying the current integral. As such the stored capacitance can be determined from the
discharge time and the voltage range. However, an additional series resistance contribution, known as

the iR drop, will occur. When charging starts, the contribution of resistance from both electrodes is
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easily seen as a voltage jump (IR). When the voltage limit is reached discharge begins at which time
the voltage component due to series resistance becomes negative, creating a drop equivalent to two
times the series resistance. If the leakage current negligible to discharge current (R, very large) then

the simplified equation can be applied as seen in equation 4 [72]:

t .
Veen = IcenResr + Icen c Equation 4

Where t is discharge/charge time, | is the current and C is the capacitance. In the case of
pseudocapacitance the simplified capacitance is still easily calculated if we assume a simplified form,
neglecting the plateau voltage created by the redox charge storage. However, if there is a significant
leakage current then the linear slope of the derivation becomes more complicated and will gain some
exponential character, due to the voltage dependence of the resistance which affects the simplification

[72].

t

Veeuw = IceuRgsr + [cellRp(l - e_m) Equation 5

From the curves we can determine the overall stored capacitance between two voltages, an example

of this phenomenon can be seen in Figure 15.
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and b) non-negligible parallel leakage resistance (R,). Adapted from [72].

4.2.5 Electrochemical Impedance Spectroscopy (EIS)

EIS, also known as AC impedance, is a technique used to determine the resistance and sometimes the
resistive features of a capacitive system. Specifically EIS is a powerful tool for determining the
resistive contributions of series resistance and the parallel leakage resistance which is a combination
of leakage in EDLC and the faradic resistance in pseudocapacitive contributions. Also, the shape of
the curve can be modeled and fit in order to find an equivalent circuit model for the cell. The

technique is conducted by applying an alternating voltage to an electrode interface which could be
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either half or full cell. The response function is then mapped from very high frequencies above
100kHz (low impedance, Z) down to 0.1 mHz (high impedance, Z). The nyquist plot formed displays
the recorded real (Z’) vs imaginary (Z”) components of the response. In practice, the x-intercept of
real impedance represents the series resistance (ESR), which is then followed by a semicircular hump
region which is extrapolated back to the x-intercept. The extrapolated intercept is known as the
charge transfer resistance, parallel leakage and/or the equivalent distributed resistance. At lower
frequencies a 45° region, known as Warburg diffusion regime, is often observed due to the transition
diffusion control. To extract further information from the often complex curve shapes seen in practice
circuit modeling software is often used to fit and solve for the resistive and capacitive parameters. At
low frequencies if EDLC dominates and there is very little leakage resistance a close approximation
of capacitance can also be made from Equation 6. Where Z’’ is the imaginary impedance and f is the

frequency [5].

C=—j Equation 6

1
@rf)z"
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Section 5: Pyrrolic-structure enriched nitrogen doped graphene

5.1 Introduction and Motivation

Recapping the background covered in previous in this thesis, supercapacitors are devices that can
store greater amounts of energy than conventional capacitors, and they are able to deliver more power
than batteries. Furthermore, they have relatively long cycle life and are capable of rapidly charging or
discharging at high power density [16], [162]. There is significant interest to increase the use of
supercapacitors in a wide and growing range of applications including electric vehicles, electric
utilities, backup power and more [56], [163].Various materials have been used as electrode materials
for supercapacitors including carbon materials [47], [164], [165], [166], [167], metal oxides [168],
[169], [170] or conducting polymers [171]. However, carbon in its various forms is the most common
electrode material for supercapacitor applications that require high capacitance and high power
density. Graphene, the 2D carbon nanostructure, has attracted great interest for its excellent and
unique properties e.g. high chemical stability, high electrical conductivity and large surface area.

[55], [172], [173], [174], [175]

Many attempts have been made to modify graphene properties by controlling its surface structure.
This method for controlling graphene structure acts as the basis for the first part of this thesis projects
experimental investigation. The background for apply this strategy to graphene is derived from the
success of doping carbon nanotubes with nitrogen heteroatoms [176], [177], [178]. Further, nitrogen
has comparable atomic size and high electronegativity compared to carbon [17], [127]. This was
postulated to also be an effective method to intrinsically modify graphene, where nitrogen chemically
binds to the carbon lattice of graphene. Nitrogen doped graphene (NG) can be synthesized by a CVD

approach where the nitrogen containing precursors are introduced to graphene at high temperature
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with controlled atmosphere [17], [179]. Other methods include nitrogen plasma treatment or DC arc-
discharge [61], [180]. The NG produced from these methods exhibit four different types of nitrogen
bonding configurations: pyridine-like (N-6, 398.1-398.3 eV), pyrrole-like (N-5, 399.8-401.2eV),
guaternary (N-Q, 401.1-402.7 eV), and oxidized nitrogen (N-O, 403-405eV). There are limited
experimental or modelling studies available that investigate the difference of these four different

nitrogen configurations and their contribution to supercapacitor performance [127], [181].

It is reported that NG prepared from the identified methods contain predominantly N-6 configured
nitrogen [17], [61]. In this project we introduce an approach to produce NG using a hydrothermal
method and systematically study the temperature impact on nitrogen configuration and performance.
In addition, the graphene synthesized by this approach is more enriched with nitrogen in the N-5
configuration. The morphology and the introduction of nitrogen to the graphene were confirmed by
SEM, XRD, Raman and XPS spectroscopy. The maximum supercapacitor performance was found

using the NG sample prepared at 130°C.

5.2 Experimental Procedures

5.2.1 Synthesis of graphitic oxide

The graphitic oxide (GO) was prepared following the modified Hummers’ method in which graphite
flakes are oxidized using a mixture of potassium permanganate, sulfuric acid and sodium nitrate *. In
a typical synthesis 2 g of graphite powder and 1 g of sodium nitrate were stirred into 46 mL conc.
H,SO, in a round bottom flask while keeping the temperature at 0°C using an ice bath. 6 g of KMnO,
were added slowly to initiate the oxidization reaction. After 16 hours the mixture was diluted by
deionized water, followed by the addition of 40 mL of 30% H,O,. After, the mixture was filtered,

washed and dried.
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5.2.2 Synthesis of NG

Figure 16 shows the hydrothermal synthesis of NG. In brief, a 2 mg/mL solution of graphitic oxide
in deionized water was made and sonicated for an hour to ensure that the graphitic oxide was
uniformly dispersed into few layer graphene sheets. Then, the pH was adjusted to 11 using an
ammonia solution before adding 1.75 mL of aqueous hydrazine. The mixture was magnetically
stirred for 10 minutes, transferred to a Teflon-lined autoclave and subjected to hydrothermal
treatment for 3 hours, at various temperatures. After cooling, the mixture was filtered, washed with
deionized water and dried in a vacuum oven. For the preparation of pristine graphene, NaBH, was
used following our teams previous procedure instead of using ammonia and hydrazine [59]. The rest
of the reaction conditions were kept the same as that of NG. Three different temperatures including
80°C, 130°C and 180°C were investigated to determine the temperature effect. Correspondingly, the

products were denoted as NG80, NG130, and NG180, respectively [182], [183].
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Figure 16: Hydrothermal reduction/doping of GO to NG. Reproduced with permission from [182]. Copyright
Royal Society of Chemistry 2013.

5.2.3. Physical characterizations

Morphology of the NG materials was characterized by scanning electron microscopy (SEM) (LEO
FESEM 1530) and transmission electron microscopy (TEM) (Philips CM300). XRD patterns were
recorded by a Bruker-AXS D8 Discover diffractometer (Co-Ka source). X-ray photoelectron
spectroscopy (XPS) was conducted to determine the atomic composition using a Thermal Scientific
K-Alpha XPS spectrometer. Raman scattering spectra were recorded on a HORIBA Scientific

LabRAM HR system (532.4 nm laser).

5.2.4 Electrochemical measurements

Electrochemical measurements were carried out using a CHI 760D electrochemical workstation (CH
Instruments, USA). Cyclic voltammetry (CV), charge discharge (CD), and electrochemical
impedance spectroscopy (EIS) techniques were all carried out following a 25-cycle CV activation
between —0.1 and 0.9 V versus SCE at a scan rate of 0.1 V.s in 1 M KCl electrolyte. CV was carried
out between —0.1 and 0.9 V versus SCE at scan rates between 0.01 and 0.2 V.s™. Working electrodes
were prepared by pipetting an aqueous 2 mg.mL™? dispersion of NG onto glassy carbon.
Charge/discharge (CD) was carried out between —0.1 and 0.9 V versus SCE at current densities
between 0.5 and 1 A.g™". The capacitance of the three electrode supercapacitor cells was calculated

based on the mass of the graphene or NG within the electrodes.
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5.3 Result and Discussion
5.3.1 Structure and morphology characterization

Figure 17 shows the XRD results of NG prepared at different temperatures with comparison to the
pristine graphene, G80. The figure shows a major peak (002) at about 24 + 0.2° which is
corresponding to average interlayer spacing of 3.79, 3.73, 3.67, and 3.62 A for G80, NG80, NG130,
and NG180 respectively. These spacing values are a little greater than that of graphite (~ 3.36 Z\) due
to doping with nitrogen and oxygen and much larger from that of GO which exhibits its 002 plane
diffraction at 10-12° corresponding to 8 A lattice spacing, due to the oxygen functionalities on the
surface. It is expected that by increasing the temperature more functionality is removed. This is
expected to cause a slight decrease in the d-spacing as is observed here. In addition, the broadening of
the peaks is evidence for the exfoliation and conversion of graphitic oxide into graphene and NG. In
addition to the 002 plane there are weak diffraction peaks that are corresponding to 100 planes at 43°.
The crystal size (L) was estimated using the Scherrer equation where B is the full width at half
maximum (FWHM) of the 002 peak in radians. The results listed in Table 2 reveal the crystallite size
increased slightly on introduction of nitrogen at 80°C from G80 to NG80. However, the increase in L,
becomes more significant by increasing the temperature. L. is based on the 002 peak therefore reflects
the Z dimension of the graphene plates. Dividing the L, with the corresponding d-spacing of the
material gives an estimation of the number of layers; this is also listed in Table 2, which verifies the

presence of few-layer graphene common with reduced graphene oxide materials.
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Table 2. List of parameters deduced from XRD data for different materials. Reproduced with permission from
[182]. Copyright Royal Society of Chemistry 2013.

Sample Description 2 0, degree d-spacing, A FWHM, radian L, A No of layers
G80 23.48 3.79 0.0836 13.13 3.46
NG80 23.86 3.73 0.0925 13.23 3.55
NG130 24.24 3.67 0.1071 15.33 4.18
NG180 24.63 3.62 0.1079 16.98 4.69
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Figure 17. XRD for a) NG samples prepared at different temperatures with comparison with pristine graphene
and b) GO. Reproduced with permission from [182](a). Copyright Royal Society of Chemistry 2013(a).

Figure 18a shows an SEM image of NG180. The figure shows exfoliated and wrinkled nanoplatelet

texture characteristic for graphene. Figure 18b displays high resolution TEM image for NG180. The

image shows that the NG prepared by this hydrothermal method is reasonably exfoliated and is only a

few layers thick, in agreement with XRD. In order to estimate layer thickness the TEM was brought

into focus on several sheet edges, enabling the count and averaging of the clearly seen termination of

each layer at the particle edge.
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Figure 18. SEM micrograph of NG180 (a) and the corresponding high resolution TEM image (b). Reproduced
with permission from [182]. Copyright Royal Society of Chemistry 2013.

Figure 19 displays the results of the Raman spectra of NG samples in comparison with pristine
graphene. The presence of the D band peak as well as the very weak 2D band is a typical
characteristic of chemically synthesized graphene [184], [185], [186]. The G band (peaks at 1500-
1600 cm™) is attributed to the first order scattering of the stretching vibration mode observed for the
sp, carbon domain, while the D band (1300-1400 cm™) is strongly associated to the degree of
disorder within the graphitic structure [127]. A quantitative measure to estimate the degree of
disorder in graphene is the ratio of intensities of the D and G bands [185], [186]. The values for Ip/lg
are 1.27, 1.36, 1.24 and 1.34 for G80, NG80, NG130, and NG180, respectively. This implies that the
doped graphene in general has higher defect ratio (Ip/lg) than the pristine graphene with the exception
of this is NG130 which shows the lowest value for Ip/lg. This might be attributed to structural
differences in the nitrogen content for NG130. The I,p/lg ratios of 4.22, 4.23, 0.21, and 0.25 for G80,
NG80, NG130, and NG180, respectively, are inversely related to the charge carrier concentration.
These results indicate that I,p/lg is smallest for NG130, indicating that this sample has higher charge

carrier concentration, which means it is more conductive.
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Figure 19. Raman spectroscopy of the NG samples prepared at different temperatures in comparison with
pristine graphene.
Figure 20 compares the XPS results of the nitrogen doped graphene (NG). The figure clearly shows
the appearance of a peak at about 400 eV which is corresponding to nitrogen. In addition, there is
some residual oxygen in both samples (5-10%), which is common for the solution prepared graphene
which are not as highly reduced as thermal reduction at high temperatures. The percentage of doped
nitrogen was estimated by XPS analysis to be 3.20, 2.77, 2.77 atom% for NG80, NG130 and NG180.
Figure 20 b-d show high resolutions of the nitrogen for the samples NG80, NG130 and NG180. The
results of fitting of these spectra show that nitrogen bonds to the graphene matrix in four different
forms including Pyridinic, Pyrrolic, Quaternary (graphitic) and oxidized nitrogen, which are centered
at 398.9, 400.3, 401.8 and 405 eV [187], [188], [189], respectively in Figure 20f. In all samples, the
pyrrolic nitrogen predominates, but the ratio of the pyrrolic nitrogen to the overall nitrogen is the

highest for NG130.
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Figure 20: (a) XPS spectra for NG prepared at 130°C and pristine graphene; (b), (c) and (d) high resolution

XPS for different NG samples prepared at 80, 130, and
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Reproduced with permission from [182]. Copyright Royal Society of Chemistry 2013.
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5.3.2 Electrochemical measurements

Figure 21a shows the cyclic voltammetry curves for NG prepared at different temperatures with a
scan rate of 100 mV/s in 1 M KCI. The CV curves are virtually rectangular, showing that an approach
to ideal and reversible capacitive behavior was almost achieved. The loop area for NG130 is greatest,
depicting an optimal configuration. It is noteworthy that NG130 has the smallest band gap, the
smallest Ip/lg ratio, the highest predicted charge carrier concentration (based on smallest I,5/lg), and
the highest proportion of Pyrrolic nitrogen to the overall nitrogen. At lower temperatures the
hydrazine reduction may be insufficient to provide the necessary conductivity, while at higher
temperature the graphene may be more hydrophobic resulting in less wettability. An additional
explanation suggests that the reason why NG130 performs better than NG180C is the more dominant
pyrrolic nitrogen content, while the large quantity of pyrridinic nitrogen in NG180 may be binding to
strongly to the K* ions, affecting rate capability. Figure 21b depicts the effect of scan rate on the CV
for the NG130 electrodes and performance calculated by Equation 3. The results of these
calculations are plotted in Figure 21bc, showing that NG130 retains 80% of its maximum 194 F.g™
capacitance at 200 mV.s™. This is significantly better than G-80, which reached 100-130 F.g™* at 10-
200 mV.s™ scan rates in previous work by our group [190]. Figure 21ef reveals similar a capacitive
trend as measured by charge-discharge testing at rates between 0.5-1 A.g” of active material. As
described by Equation 4 the nearly ideal EDLC behaviour of the CD curves are calculated from the

slope of the discharge curve Cg = I;/(AV /At), with no visible iR drop.
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Figure 21: (a) CV curves for NG samples prepared at different temperatures measured at 100 mV/sin1 M
KCI, (b) CV curves for NG130 at different scan rate, (c) The capacitance of the different material as a function
of the scan rate, and (d) the EIS of the different NG electrodes. €) Testing results from CD for discharge rates
between 0.5-1 A/g and f) the capacitive performance calculated from CD. Reproduced with permission from
[182]. Copyright Royal Society of Chemistry 2013.
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The results show that optimal processing with nitrogen doped graphene clearly increases its
capacitive behavior. The reason may be attributed to the high electronegativity of nitrogen which
helps create dipoles on the surface of graphene, resulting in higher tendency to attract charged species
to the surface. This interesting result is further confirmed by EIS measurements of the different NG
electrodes Figure 21d. The figure shows the Nyquist plots for the three different electrode materials;
NG80, NG130, and NG180. The linearity in the EIS plots at low frequency suggests that the
electrode process is under diffusion control, related to the formation rate of the electric double layer
(EDL). The larger the slope the lower the diffusion resistance and the faster the EDL will be formed
[191], [192]. The slope for the NG130 electrode is obviously greater than it is for the G80, NG180
and NG80 electrodes, which further emphasizes that NG130 forms more ideal supercapacitor
behavior. The three electrodes have semicircles at the high frequency with very small diameters, this
suggest a small charge transfer resistance. Meanwhile, the intersections with x-axis at high frequency

represent the ESR of the NG and G materials at close to 6€2 for each.

For supercapacitors, energy and power densities are two important parameters to consider. However,
it should be noted that performance calculations based on a three-electrode system can overstate
material performance in real devices due to the low weight loading on the electrode. With that in
mind, the energy density estimate for an equivalent two electrode cell composed of NG130 is

calculated using the following equation [30], [160], [193].

E= (&) (%) Equation 7
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Where C,/4 is the specific capacitance estimate of a two electrode cell in farads per gram as
discussed in section 3.2.2 of the thesis, AV is the potential window for CV measurements in volts,
and E is the energy density in Wh.kg™. Utilizing the three electrode test data from the CV
measurements, the maximum energy densities (measured at a scan rate of 0.01 V/s) of a two electrode
cell are estimated to be 6.7 Wh.kg™ for the NG130. The maximum average power density of the
electrode was calculated using the energy densities and the discharge time t, from CV at 0.2 V/s, to

be 3.7 kW/kg.

5.4 Summary

Graphene and nitrogen doped graphene have been synthesized by hydrothermal technique from
graphitic oxide. XPS confirmed the percentage of doping was 2.77-3.2 %. In addition, among the
different nitrogen species, pyrrolic nitrogen was found to predominate. The doping was found to
significantly enhance the specific capacitance in the temperature optimized condition, partially due to
the improved electrical conductivity of the materials. This is in agreement with the lower band gap
and lower impedance results among the NG series. High performance reaching: capacitance of 194
F/g, equivalent cell energy density as high as 6.7 Wh.kg" and average power density for the
equivalent cell as high as 3.7 kW.kg™. This material is an excellent candidate for electrical double
layer supercapacitor and suggests future study is required to keep improving functionality, quality,

and performance of our graphene.
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Section 6: Free Standing Graphene foam for supercapacitor

6.1 Introduction and Motivation

Two dimensional graphene electrodes have proven to have the potential to outperform activated
carbon materials in supercapacitor applications for reasons discussed in sections 2 and 3 of this thesis.
Three dimensional graphene foams have the potential to push these advantages further by doing
several things including: increasing accessible surface area, providing large channels for rapid ion
transport, creation of conductive networks on a macro-scale and allowing for free-standing electrodes
free of inactive binder and conductive electrode materials. Cell fabrication can also be simplified by
combining material synthesis and electrode fabrication into a single process. Templated graphene
foams produced by CVD growth of graphene have been demonstrated with high success when
deposited with pseudocapacitive materials [85], [140], [141], [142]. However, its double layer
capacitance (40-50 F/g) is lacking and the foams formed are not robust enough or dense enough to be
useful on a production scale. In his chapter, we investigate several approaches with the intention to
find a method for the production of free-standing graphene foam networks. The foams formed from
GO need to have high capacitance, with sufficient conductivity to support full cell operation at
practical weight loading of more than ~1 mg/cm? of electrode area. The chosen platform to satisfy

these projects goals will also provide the support for future work on graphene supercapacitors.

6.2 Experimental

6.2.1 Characterization

Morphology of the foam materials was characterized by scanning electron microscopy (SEM) (LEO

FESEM 1530). Electrochemical measurements were carried out using a Versastat electrochemical
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workstation (Princeton Applied Research, USA). Cyclic voltammetry (CV), charge discharge (CD),
and electrochemical impedance spectroscopy (EIS) techniques were all carried out following a 25-
cycle and performed on a 2-electrode cell with a minimum active mass of 0.5 mg. The cells were
prepared by pressing the freestanding electrodes and assembling the cell using a similar configuration
to Figure 13. The cell was soaked 10 hours in 2 M KOH electrolyte and bubbled with N, for 30
minutes before CV activation between 0 and 1 V at a scan rate of 0.05 V.s™. CV was carried out with
a 1V range at scan rates between 0.05 and 1 V.s™. Charge/discharge (CD) was carried out between
current densities of 0.5 and 1 A.g™. EIS was performed using a frequency range between 0.1Hz and
1MHz. The capacitance of the three electrode supercapacitor cells was calculated based on the mass
of the graphene within the electrodes or the area/volume of the electrode layer. Freeze drying of the
materials was performed using a labconco freezone drying system which operates at -50°C and

pressure below 0.1 mbar.

6.2.2 Synthesis of GO

Recent work on GO has discovered a less toxic procedure by eliminating NaNO; and the toxic gases
NO, and N,O, that are formed during oxidation. Further, the phosphoric acid used instead improves
the exfoliation efficiency [111]. With this in mind we have adapted our GO procedure to improve the

safety of the process.

The graphitic oxide (GO) was prepared following the modified improved hummers’ method in which
graphite flakes are oxidized using a mixture of potassium permanganate, sulfuric acid and phosphoric
acid [110], [111]. In a typical synthesis 2.5 g of graphite powder were stirred into 360 mL conc.
H,SO, and 40mL conc. HsPO, in a round bottom flask while keeping the temperature at 0°C using an

ice bath. 18 g of KMnO, was added slowly to initiate the oxidization reaction. The ice bath was
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removed; the solution heated to 50°C and after stirring for 16 hours the mixture was diluted by
deionized water, followed by the addition of 10 mL of 30% H,O,. After, the mixture was filtered,
washed and small portion of the product dried using a freeze dryer to preserve the surface area of the

sheets.

6.2.3 Synthesis of exfoliated rGO film

Robust, flexible GO films were prepared from a viscous GO solution by capitalizing on the highly
dispersed hydrophilic flakes. 200 mg of a stock 4 mg.mL™ solution were concentrated to 20mg.mL™
using centrifugation. The solution was then cast into a polished glass mold and leveled to ensure even
thickness distribution in the final film. The films were allowed to dry undisturbed under laminar air
flow overnight and peeled off the mold to yield 25um+3um thick compact GO films (Figure 22).
However, the insulating nature of these films made them undesirable for supercapacitor and had to be

reduced before use.
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Figure 22: Visual images of the a) flexible property and b) well formed GO films. SEM images of the films
cross-section reveal the tightly layered structure at both 10000x and 50000x magnification.

Two methodologies were used to reduce the films. The first method involved a slow temperature
ramp (10°C/min) under argon to preserve the flexibility of the GO sheets while attempting to achieve
high conductivity and expose the layered pore structure. This method produced a 13um thick sheet
similar in appearance to aluminum foil, using an annealing temperature of 800°C for 3hr. However,
the tightly restacked pore structure resulted in very low capacitive performance, not discussed further
in this thesis. In a second method, the GO film was placed between two quartz plates and exposed to
rapid thermal shock at 800°C and held for 10 min (ex-rGO film, Figure 23)). The film is porous but

very brittle due to deflagration of the rapid gas escape through the compact GO layers.
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Figure 23: a) Image of the ex-rGO film after annealing at high temperature and SEM of the exfoliated layers
cross-section at b) 10000x and c). 100x

6.2.4 Synthesis of freestanding directly freeze dried foam

Freeze cracking of the GO foams is an issue, through experience we have discovered that cryogenic
type freezing with liquid nitrogen or nitrogen cooled alcohol causes an ice shell to form, which cracks
once the internal fluid freezes. However, using only a standard freezer the ice crystal size is
significantly increased which results in non-uniform freezing and agglomeration of GO. To get
uniform ice crystallization we drew on inspiration from the freezing mechanism of rivers. The cold
front is only exposed to one surface of the liquid which is under constant motion. The motion
prevents irregular growth of the ice phase and more uniform cooling. The result is crystal clear ice

formation. In our experiment the solution was placed on an insulated pedestal with the bottom face
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exposed to liquid nitrogen for cooling. 20 mL of 4 mg.mL™ GO poured into the chamber and kept in
motion by constant air flow on the solution surface. The result was the rapid, but uniform growth of
the ice front toward the surface (Figure 24). After freeze drying, the graphene oxide foam was
pyrolyzed for 1.5hr at 900°C under Ar at 150 sccm. To prevent deflagration of the foam structure a
slow temperature ramp of 5°C.min™ was used which enabled the gas to gradual escape through the

highly porous network (FD-rGO foam).
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Figure 24: Cross-section images of the unidirectional and uniform ice growth resulting in a) GO foam and after
annealing b) FD-rGO foam. ¢) Images of the rapid recovery to original shape after subjecting the foam to ~50%
strain, repeated with similar results for 10 cycles.
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6.2.5 Synthesis of freestanding and nickel supported self-assembled rGO foam

Freestanding, self-assembled foams (SA-rGO) were prepared using ascorbic acid which has been
previously been discussed to be an effective reducing agent even at low temperature. Ascorbic Acid
(AA) was added in a 2:1 mass ratio with 4mg/mL GO. Self assembly was done at 70°C for 4 hours,
before dialysing the impurities and excess AA by soaking in water. After assembly the foams were

freeze dried and tested for performance (Figure 25).
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Figure 25: Images of the a) wet and b) post freeze drying SA-rGO foams.

Nickel foam supported rGO foam formed by self assembly (Ni/rGO foam) was also prepared after it
was discovered that the foam grows preferentially on the nickel foam surface enabling the growth of
an integrated foam electrode and current collector during material synthesis. To produce the foams Ni
foam was punched into electrodes with a 14mm punch and pressed to a uniform thickness of 0.8mm.
The background information presented in this thesis showed that Ethylenediamine (EDA) can prevent
restacking at high concentrations during GO reduction by functionalizing the surface. Therefore, the
Ni electrodes were processed for the purpose of higher loading and foam density necessary for
scalable supercapacitor application that considers volume density. This was done by impregnating
GO solution between 10-20 mg.mL™ into the Ni foam before reduction.
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Using the in-situ reduction technique similar to SA-rGO the foam could be grown on the nickel and
removed, however the pore network was significantly less dense due to the lower concentration of
GO present in the pores when self assembly begins to occur (in-situ Ni/rGO foam). As a result the
volumetric capacitance suffered significantly and the connectivity/conductivity of the graphene
network within the Ni foam collector was also insufficient to produce equivalent gravimetric

performance to the impregnated Ni/rGO foams (Figure 26).

Figure 26: SEM images describing the pore structure of in-situ grown Ni/rGO foam depicting the well
distributed but low density at a) 185x, b) 600x and c) 1000x. d) At 5000x magnification the thin pore walls are
clearly evident in addition to the narrow connection points of the sheet edges.
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The GO impregnated Ni electrode was placed at the bottom of an aqueous reaction vessel with EDA
between 0.05-1 M and the viscous GO solution remained trapped in the 400-600 um pores of the Ni
foam. The electrodes were then reduced for 8hr using a range of 60-90°C for 4hr. After which time
the foams were formed but only slightly reduced. To effectively reduce, the wet foams were placed in
0.05M AA solution for 4 hours at the designated batch temperature. The internal pore structure of the
Ni/rGO foams was analyzed by SEM in Figure 27. Clearly, there is a dense assembly of the foam
within the nickel structure and based on the high resolution imaging it is also clear that there has been
minimal sheet restacking. As a control, foams made using AA only at 75°C, 4 hr was also prepared to

verify the performance improvement due to EDA.
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Figure 27: SEM images of the 20mg.mL™ impregnated Ni/rGO foams depicting the dense layering at a) 40x, b)
200x, ¢)1200x. Higher 5000x magnification reveals the separated structure that results in thin few layer
graphene pore walls.

6.3 Electrochemical Results and Discussion

In order to determine which method to utilize, CV performance testing was performed on each
electrode system. Further, in evaluation of applicability to scalable production the mechanical
integrity of the materials were considered. For comparison r-GO powder prepared by standard NaBH,
reduction [59], [194] and following common practice were mixed into a slurry [34][195][160]. The
best performance of this method was able to yield glassy carbon three electrode test performance of
140 F/g in KCI electrolyte for the rGO. However, the increased ion mobility of the OH" ions in KOH

electrolyte boosts the performance significantly over neutral electrolyte such as KCI, to nearly 190
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F.g™ when only a few micrograms are deposited on the electrode surface by this method. However, at
larger mass scales close to 1 mg this number is expected to decrease significantly, and requires the
use of additional conductive and binder components to support the current. To do this, the slurry of
electrode materials were made of 20wt% PVDF, 20wt% Carbon Black and 60wt% prepared graphene
powder and drop cast a thin coating, onto stainless steel current collector plates. When considering
both the active and inactive electrode mass of the electrode materials CV full cell performance was
16.7 and 27.7 F.g", for the 100mV.s* and 10mV.s™ scan rates respectively (Figure 28a). This
suggests that considering the active graphene material only, the half cell equivalent performance was

close to 173 F.g™ and lost ~66% of the capacitance at the higher 1000mV.s™ discharge rate.

The initial ex-rGO method to exfoliate robust and flexible GO films by thermal shock resulted in the
retention of film shape. However, the brittle nature made the foam film unworkable and further
exhibited insufficient material performance of only 72 F.g™" at 10 mV.s® (Figure 28b). In a similar
high temperature method, FD-rGO was much lower in density (~ 4 mg.cm™®) and the flow channels in
the resulting foam allowed for gas to escape rapidly and prevented sheet restacking similar to that of
annealing the GO film. This proved sufficient to avoid deflagration of the surface when furnace ramp
rates were kept slow. As a result, the FD-rGO provided a more robust, scalable process but
performance was only slightly improved from that of the slurry, although a more ideal capacitive
shape can be seen (Figure 28c). As a result when considering just the graphene mass within the
slurry, it still outperformed the FD-rGO foam. However, the well distributed pores and restacking
prevention was able to achieve a strong long range network with comparable performance and over 1
mg/cm2 loading on the electrode, even without a conductive additive. With further work, this process
could provide even higher specific capacitance. However, the low density/low volumetric
performance suggests the most promising method for supercapacitor development may be higher

density self-assembled rGO foams (SA-rGO). From the CV performance test we reached similar
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performance to the FD-rGO but the SA-rGO materials were significantly more dense, ~15-20 mg.cm’
* depending on the reduction time. The CV curve in Figure 28d depicts capacitance of 28.7 F.g™* and

19 F.g*, at 10 mV.s™ and 100 mV.s™ respectively.
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Figure 28: Full cell CV performance at both low and high scan rates for graphene materials including: a) 2D
rGO powder in a liquid slurry, b) ex-rGO film, ¢) FD-rGO foam and SA-rGO foam. Mass is that of the
active/inactive mass on both electrodes, not including current collector plates.

The outstanding problem with all of these techniques however is the variability in cell preparation
and difficulty in prepping and cutting the foam materials for testing, in order to get a sufficiently
strong electrical contact. Despite the acceptable performance of FD-rGO and SA-rGO, neither is truly

capable of being tested freestanding. Without pressing the foams onto the current collector
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performance was poor and was highly resistive as indicated by a significant linear slope in the CV
curve. Further, neither material was able to outperform the graphene only capacitance of the slurry
method. However, the use of nickel foam as a current collector enables the self assembly to occur
with a much shorter conduction pathway than in the unsupported foam and further integrates added
strength required to make the as synthesized foam applicable directly as a supercapacitor electrode.
Initial testing of the impregnated Ni/rGO foams was conducted to find an optimal impregnation
concentration. After synthesis of foams with impregnation concentrations of 5,10,15,20 mg.mL™ the
mass loading of five electrodes was averaged to reveal 0.85 mg.cm? 1.1 mg.cm? 1.3 mg.cm?and
2.5 mg.cm?, respectively. At 20mg.mL™ impregnation the viscosity was high enough that it trapped a
significantly increased amount of GO within the Ni foam matrix. Further, as seen by Figure 29ab the
increased concentration lead to stronger gravimetric and much higher volumetric performance at
higher concentration (Figure 29c). This suggests the presence of improved network connectivity and
is in agreement with the SEM in Figure 27. Even at high concentrations the graphene restacking is
prevented by the low temperature reduction and the presence of EDA as a cross-linking agent along
the basal plane of the graphene sheets. This is also supported by the lower performance of the
impregnated Ni/rGO foam prepared without the use of EDA (Figure 29c). EIS testing shown in
Figure 29d for the 20 mg.mL ™" impregnated rGO/Ni foam electrode depicts that the ESR is only 720
mQ, the charge transfer resistance is 300 mQ and the large slope indicates very little diffusion
resistance. More importantly, the equivalent half cell capacitance of the material approaches 144 F.g°
! which is much greater than the electrode mass in the slurry method performance and comparable to

the performance if only the graphene mass is considered for the slurry method.
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Figure 29: Performance characteristics of Ni/rGO foams prepared by a GO impregnation method. CV data

from various impregnation concentrations between 5-20 mg.mL™ considering both capacitances per unit: (a)
mass of foam within both electrodes and (b) area of the cell. ¢) Comparison of the gravimetric performance

results. (d) EIS spectrum of 20mg/mL impregnated Ni/rGO foam.

To see if the performance could be optimized further the 20 mg.mL™ impregnated Ni/rGO foam
electrodes were also made with increased EDA concentration and with varied reduction temperature.
Within the batch test, electrodes were impregnated and electrochemical characterization was
performed in a random order. To keep the aqueous batch processing simple and safe, temperatures
were kept below the boiling point of water. By refining the dip impregnation technique the GO mass
became more consistent, with less excess coating. This creates less electrode-electrode variation and

the mass loading on the final electrodes decreased to 1.95 mg.cm™, compared to the 2.5 mg.cm™
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reported for the concentration study. The evidence in Table 3 reveals that the electrode to electrode
variation is likely confounding any factor effects that may exist. However, it can be observed that the
90°C electrodes overall performed slightly better, with greater high rate capacitance retention
probably due to improved conductivity. At the higher temperature it is also seen that lower EDA

concentration led to the highest performance.

Table 3: Investigation of cell capacitance per unit area with respect to change in the reduction temperature and
cross-linker concentration.

Scan Rate Cell Capacitance (mF/cm?)

(VIs) 0.05 M EDA 0.1M EDA 0.5M EDA 1M EDA
75°C reduction temperature (original method)

0.01 139.4 N/A N/A N/A
0.1 118.5 N/A N/A N/A
60°C reduction temperature

0.01 111.4 136.5 122.2 139.0
0.1 89.9 110.5 103.3 120.0
90°C reduction temperature

0.01 145.2 137.8 124.4 122.5
0.1 124.0 118.4 106.2 106.2

Further, performance verification of the electrode production utilizing 20 mg.mL™ impregnation,
90°C and 0.05M EDA can be seen in Figure 30. Utilizing Equation 4 to determine the capacitive
performance charge discharge that capacitance measured at 27-35 F.g™, for 1-10 A.g™ respectively.
This is in close agreement with that observed for CV results. Based on the CD data the maximum
measured energy stored within the cells is determined to be 4.9 Wh.kg™ and the highest average
power output tested was 5.5 kW.kg™, where mass represents the graphene within the Ni/rGO foam
electrode. Based on the equation (Ppaxinun=V/4Resr)[5], the IR drop from CD testing suggests the
maximum power of the cells are 28.1 kW.kg™. Considering the thickness of the electrodes after
pressing for cell preparation (100 um each), shrink wrap (~50um thick) and the thickness of
commercial separator membranes (~25um), the three component cells could be packaged into credit
card type cells approximately 325 um in thickness. Based on these assumptions the volumetric

capacitance of the packaged cells would be 4.3 F.cm™ and considering both the graphene and nickel
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foam masses (1.539cm? Ni foam weighs 66mg) the specific capacitance of the cells would be 1.56
F.g™. As a standalone electrode, this is comparable to other small package double layer devices which
range from 0.4-7 F.cm™®and 0.3-4 F.g™ [196]. Future improvements to the foams conductive network,
and capacitance by higher temperature treatments could make the integrated electrodes more
competitive with large EDLC devices which exhibit 2.5-15 F.cm™® and 3-8.5 F.g™. Significant
engineering improvements could also be found by selecting lower density Ni foam or reducing the
thickness of the Ni foams walls by etching. This is because, in its current design nickel accounts for
95% of the cells mass. More importantly, the integrated electrodes could make an excellent support
for anchoring dense pseudocapacitive materials that could significantly improve both the gravimetric
and volumetric capacitance of the active material. Results of a short term cycle test can be seen in
Figure 30b, which depicts irreversible loss quickly approaching a stable reversible capacitance equal
to 87% of the initial measured capacitance. Longer term testing would be necessary to better

determine the cycle life of the devices.
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Figure 30: a) CD data for cells built using an integrated 20 mg.mL™ impregnated Ni/rGO foam
electrode/current collector from 1A.g™ up to high rate performance at 10 A.g™%. b) Short cycle stability test
conducted at 1 A.g™.
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6.4 Summary

We have successfully tested and synthesized graphene foam by several methods. The foams were
able to successfully prevent the restacking of graphene, as shown by SEM. The higher density self-
assembled graphene foams were of the best CV performance and were able to self assemble onto
nickel foam. The result of this investigation was an integrated current collector/electrode as prepared
by the synthesis of graphene foam on a nickel foam substrate (impregnated Ni/rGO foam). The
optimized electrodes exhibited a high carbon mass loading of ~2 mg.cm™. This was much higher than
that reported by CVD based graphene growth which only covers the surface of the nickel foam.
Further, this integration eliminated the need for separate dispersion, addition of inactive binder and
conductive materials and electrode preparation steps in the manufacturing process. The process also
utilized low temperatures below the boiling point of water and an environmentally friendly reducing
agent ascorbic acid. The self assembled networks created tight, well ordered morphology that enabled
the high loading of graphene material to store capacitance of 144 F/g, retaining ~85% capacitance at a
rate of 10 A/g. Currently, the full cell design is estimated to have comparable performance to that of
other commercial small capacitance devices (<10 F). With further optimization to reduce the mass of
the nickel foam and improve graphene performance, capacitance of the cells could also be
comparable to higher performance large capacity cells. Thus, the porous graphene electrodes could be
ideal for future investigations to focus on the integration of pseudocapacitive materials into the pore
structure to significantly boost performance. Alternatively, the conductive pore network would allow
the infusion of solid/gel electrolytes deep into the electrode matrix, potentially reducing issues that

occur with thick electrodes.
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Section 7: Perspectives of Future work

In summary, two different sets of experiments were carried out to explore graphene materials as a
carbon material for next generation supercapacitor devices. The primary objective was to investigate
the contribution of controlling the unique properties of graphene to enhance performance. The first
study focused on the effect of nitrogen functionality on the performance of hydrothermally prepared
graphene materials. In depth characterization of the material structure were also carried out. The
second study was based upon a review of methods for the preparation of graphene foams, to reduce
the loss of surface area achieved by the original exfoliation of graphite to graphene oxide (GO). The
main objective was to establish a scalable, foam support for use in future studies involving

pseudocapacitive materials.

In the first study, nitrogen doped graphene (NG) was prepared by the introduction of ammonium
hydroxide as a precursor during hydrothermal reduction with sodium borohydride. The heteroatom
doping is intended to alter the band gap structure of the graphene and increase both conduction and
capacitance. The results obtained from the optimized NG130 material, using conductive carbon
(KJ600) and polymer binder (Nafion), showed improved capacitance over un-doped graphene
prepared by a similar method. The X-ray photoelectron spectroscopy (XPS) study indicated that
pyrrolic type nitrogen was dominant in the NG130 sample and responsible for the improved

capacitance and charge carrier density.

In the second study, we have synthesized and tested graphene foam prepared by several methods. It
was found that in all conditions the stand-alone foams exhibited insufficient conductivity to produce
the necessary capacitance. Further, handling and preparing the foams created others challenges that
made reproducible and scalable production challenging. Using self-assembly the foam was instead
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grown on nickel foam, integrating the electrode and the current collector materials. The integrated
Ni/rGO foams were then optimized for performance. The advantages of this method include: low
temperature, combination of synthesis and electrode manufacturing process, scalable batch
production, high loading, elimination of binder and conductive carbon additives and extensive pore
structure for ion transport. SEM analysis revealed the well ordered; dense pore structure of the

electrodes, which enabled high capacitance and rate capability.

Based on the findings of these studies, some future directions for supercapacitors concerning

graphene foaming and heteroatom functionality can be suggested:

1. Synthesis of heteroatom doped graphene with different nitrogen precursors to further study
the effect of different doping configurations. Further investigation could also include the
investigation of other heteroatom dopants such as sulfur and phosphorous.

2. Investigation of the effect of varying oxygen reduction of GO to investigate different residual
oxygen functionalities and their pseudocapacitive impact on performance of graphene
prepared by hydrothermal methods.

3. Synthesis of Ni/rGO electrodes which utilize pre-etched nickel foam to thin the pore walls
and decrease inactive mass in the cell

4. Verification of Ni/rGO cells in organic electrolyte and investigation of their performance for
solid state or gel electrolytes which exhibit poor performance with thick-film electrodes and
could benefit from the extensive pore network of the integrated foam.

5. Synthesize composite rGO foams containing high density and capacitance pseudocapacitive

material, integrated within the nickel foam current collector.
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