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ABSTRACT

Energy storage systems (ESSs) play a critical role in plenty of applications including
renewable energy systems, power systems for electric vehicles (EVs) and hybrid electric
vehicles (HEVs), and electrical power grids for improving reliability and overall use of
the entire system. Currently, there are several types ESSs dominated the energy storage.
Each kind of ESSs has their own operation mechanism, energy efficiency, energy density,
power density, cycle life, charge and discharge capability, cost efficiency, operating
temperature. The common ESS is based on lead acid battery which stores electrical
energy in the form of chemical energy. However, if the batteries are overdischarged or
kept at a discharged state, its capability will be irreversibly undermined because the
sulfate crystals become larger and more difficult to break up during recharge. Since the
first NiCd battery was created by Waldemar Jungner in 1899, even though NiCd battery
technologies have experienced a series of evolutionary developments, its demerits are
obvious including 1) shorter life cycle; 2) memory effect; 3) toxicity of Cd; 4) lower
energy density; and 5) limited negative temperature coefficient. Based on the
development of NiCd battery technology, nickel metal hydride (NiMH) batteries was
proposed by researchers which possess better performance than NiCd batteries in cycle
life, energy density and charge&discharge rates. Lithium ion is the preferred chemistry,
having a superior specific energy and power density to nickel metal hydride. More lithium
per gram stored in the electrodes contributes to higher energy density and power density.
In addition to chemical battery system, researchers recently proposed some new sorts of
ESSs including flywheel, compressed air energy storage (CAES), superconductive
magnetic energy storage (SMES), etc. All of them can provide super energy density and

power density. But they are more or less blocked ether in complex mechanical
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construction or cooling device.

Supercapacitor has emerged to be an exciting energy storage device, which is able to
provide high specific power, charge and discharge up to million times, have long lifetime
and broad range of working temperature. Even though supercapacitor has been widely
seen as a promising energy storage candidate to replace the traditional chemical batteries,
it also suffer its drawback that the low energy density (the energy stored in per unit of
volume and weight), high equivalent series resistance (ESR) and its high cost associated

with its performance.

Therefore, this PHD thesis project aims to address these drawbacks of supercapacitor by
designing different nanotechnologies and fabrication methods to synthesize advance
materials with better performance than that of conventional supercapacitor. A Series of
designed structures and materials were fabricated by designed methods. All the materials
were also investigated by using X-ray diffraction, scanning electron microscopy (SEM),
transmission electron microscopy (TEM) observation techniques, Brunauer—Emmett—

Teller (BET) surface area measurement and electrochemical testing.

A facile and effective hydrothermal treatment that is able to control the condensation
speeds of precursors in the solution along the <010>, <100> and <001> directions was
designed to fabricate vanadium oxide nanoribbon used for the electrode of supercapacitor.
It was achieved by controlling the hydrothermal reaction time and the weight ratio to
synthesize the ultralong vanadium oxide nanoribbon with controlled width. It has high
specific capacitance of 453 F g! at the scam rate of 2 mV s™! in 2 M NaCl electrolyte, and
it still maintained a high capacitance of 201 F g!' at a higher scan rate of 50 mV s,
attributing to the easy ion insertion and electronic transport along the a-b plane rather

through the layers of the c-axis.
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Vanadium oxide nanotubes were synthesized by a revised hydrothermal treatment with
high-speed stirring. The preparation involved dissolution of V205 into H2O2 and high-
speed stirring (10000 r/min) with hexadecylamine. The product was characterized by
scanning electron microscopy, transmission electron microscope, X-ray diffraction and
thermogravimetric analysis. The electrochemical properties of the materials as electrodes
for electrochemical capacitors were evaluated by cyclic voltammetry in a three electrode
system consisting of a saturated calomel electrode as reference electrode, platinum as a
counter electrode and the active materials as the working electrode. A high capacitance
of 148.5 F g'! was obtained at a scan rate of 2 mV s™! in 2M KCI. The electrode maintained

a high capacitance of 105 F g! at a higher scan rate of 50 mV s! in 2M KClI electrolyte.

3D mesoporous hybrid NiCo204@graphene nanoarchitectures were successfully
synthesized by a combination of freeze drying and hydrothermal reaction. Field-emission
scanning electron microscopy (FESEM) and TEM analyses revealed that
NiCo204@graphene nanostructures consist of a hierarchical mesoporous sheet-on-sheet
nanoarchitecture with a high specific surface area of 194 m? g'!. Ultrathin NiC0204
nanosheets, with a thickness of a few nanometers and mesopores ranging from 2 to 5 nm,
were wrapped in graphene nanosheets and formed hybrid nanoarchitectures. When
applied as electrode materials in supercapacitors, hybrid NiCo20s@graphene nanosheets
exhibited a high capacitance of 778 F g'! at the current density of 1 A g}, and an excellent

cycling performance extending to 10000 cycles at the high current density of 10 A g™

We also presented a rational, large-scale and general method, called controllable freeze
casting (CFC), to fabricate a high-densely assembled and aligned free-standing
NiCo204@graphene 3D foam by vacuum filtration and air compress pressure assembly

method. In the designed method, the amount of water is controllable, therefore controlling
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the size and the shape of the ice when the material was introduced into freeze drying
system, finally achieving controllable pore size and aligned structure. This free-standing
foam retains the intrinsic properties of graphene sheet, such as high surface area and high
electrical conductivity. In the foam, the graphene sheets build the high conductive
skeletons. And the skeletons with high surface areas support the uniform distribution of
NiCo0204 nanoparticles on the graphene sheets. By controlling the amount of water in the
precursor, it is possible to fabricate 3D NiCo204@graphene foams with a wide range of
thickness and pore size. This dense NiCo204@graphene material exhibited a high
capacitance of 790 F g! at a current density of 2 A g, and an excellent cycling
performance at a high current density of 10 A g'!. The compression test revealed that the
3D NiCo20s@graphene foam exhibited strong mechanical property which is able to
support 20,000 times its own weight without structure collapsing. The novel synthesis
method of such 3D foam with excellent properties paves the way to explore the
application of lamellar materials like graphene in a self-supporting, metal oxide

deposition and 3D foam.
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Charpter 1. INTRODUCTION

1.1. Research Aims and Objectives

This PHD thesis project aims to design the supercapacitor with long life, robust energy
storage and high power density compared to current supercapacitor. The research focuses
on novel structures and materials of the electrode to expand the surface area, optimizing
the porous size and structure to improve the ion diffusion, specific capacitance, finally
enhance the energy density without degrading the power energy density. The modeling,
fabrication and testing of the electrodes were also done in the project. For the material of
the electrode, different metal oxides with pseudocapacitance, especially V20s and
NiCo204 were investigated. The first one is that design and fabricate the nanostructures
of vanadium oxide as the supercapacitor electrode. The fabrication methods of vanadium
oxide with the nanostructures were studied and proposed to synthesize nanotube and
nanoribbon structures. Furthermore, to prepare 3D macroporous structure, sponge was
used to support the 3D graphene structures. The ways to coat conductive materials
including graphene were investigated. Based on the sponge foam, 3D mesoporous and
macroporous foam with hybrid ultrathin NiCo204 nanosheets onto large-size graphene
skeleton was fabricated by a facile method followed by post annealing treatment. The
freeze drying system by using liquid nitrogen was designed to fabricate aligned 3D
materials. Vacuum filtration with assistant of air compress pressure was designed to
fabricate high-densely assembled and aligned free-standing NiCo204@graphene 3D foam.
Different methods to deposit metal oxides onto the prepared substrate will be proposed
and implied to enhance the specific capacitance. The morphologies, electrochemical
performance of the materials deposited with different metal oxides and mass of the metal

oxides were comparative studied. The as-prepared high performance supercapacitor will
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contribute to the many applications particularly the EVs.

1.2. Background and Significance

With increased climate change like global warming, more research concern has focused
on minimizing the generation and exhaust of carbons dioxide. These concerns have led
to the proliferation of electricity generation using both smart grid and distributed
renewable energy resources such as wind, solar, tidal, etc. However, the intermittent
nature of these renewable resources involves in the issues with system stability, power
efficiency and electricity quality. In addition, power grid always experiences the growth
of electronic loads and the requirement of supplying stable power with high quality. When
a power disturbance like an instant increase of load occurs, the electricity generators are
not able to take the rapid response. The ESSs which can convert electricity to another
form of energy such as kinetic, chemical or magnetic, are being used to solve the issues
of the renewable energy resource. Serving as an energy pool, in power grid, it can also

address the continuous variations of the load and stabilize the power supply and demand.

Except the endeavor of generating more green energy, the consuming of energy also gave
rise to lots of concerns. Currently, transportation consumption is one of the major and
largest fuel consumers. Road vehicles emit significant air-borne pollution, including 18%
of America’s suspended particulates, 27% of the volatile organic compounds, 28% of Pb,
32% of nitrogen oxides, and 62% of CO.! Even though lots of solutions to improve the
combustion rate of internal combustion engine (ICE) have been proposed and utilized in
traditional vehicles, emission reductions and fuel-economy gains have been offset by
more people, more cars, more vehicle miles traveled and larger light-duty vehicles.
Transportation electrification is therefore seen as an effective way to substantially reduce

the overall use of hydrocarbons.? Differing from traditional vehicles powered by ICE, the
2



technology innovations focused on more efficient vehicle configurations which have been
presented in many researches and commercial automotive such as EVs,> HEVs,*13 plug-

in hybrid electric vehicles (PHEVs),!> 1632 and fuel-cell vehicles.> 3% 34

As a critical part of these new vehicle configurations, energy storage system is able to
provide the power demand from electric motor and absorb the energy generated by
regenerative braking, which is far fewer emissions and fuel consumption possibly about
30% less than that of the ICE-powered vehicles. The electrified vehicle with pure electric
energy storage system that is capable of storing energy from power grid can achieve zero

emissions of greenhouse gas such as hydrocarbon, carbon monoxide, and nitrogen oxides.

Currently, the electrochemical batteries have experienced great improvements in the
energy density, environment tolerance and lifetime etc. Among the various types of
electrochemical batteries, Li-ion battery, since the release of the first commercial Li-ion
battery in 1991, shows a continued progression that has improved the performance and
reliability. The cycle life in full discharge reaches to 1500-2000 cycles. The specific
energy density is greater than 100Wh kg™ achieving from 150 to 250 Wh kg!; the
corresponding volumetric energy density is from 250 to 620 Wh 1'!; and specific power
reaches to about 1500 W kg!. Moreover, the operating temperature of Li-ion battery is

also enhanced widely from -20°Cto 60°C."3*

However these batteries with faradaic reaction are limited by their chemical reactions
associated with the limited cycleability, lifetime and the ability of quick charge and
discharge. Electrochemical double layer capacitors (EDLCs), which are able to provide
high specific power, be charged and discharge up to million times, and have long lifetime
and broad range of working temperature, has attracted more and more attentions from

researchers. The mechanism that EDLCs storage energy is similar to that of the
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electrostatic capacitor: the charge forms on the parallel layers separated by an insulator.
With the unlike charges on the electrodes, the electric energy then is stored in the electric
field between the anode and cathode. Even though supercapacitor has been widely seen
as a promising energy storage candidate to replace the traditional chemical batteries, it
also suffer its drawback that the low energy density, high ESR and its high cost associated
with its performance. The ability to fabricate the supercapacitor with high power and
energy density, long life and robust performance has given rise to intense research activity
on the study of carbon materials and transit metal oxides. Various carbon-based materials,
including activated carbons, tangled carbon nanotube and aligned carbon nanotube, have

been widely used as the electrodes of supercapacitor.

Activated carbon has earned its status in EDLC capacitor electrode materials due to its
cost effectiveness and the large specific surface area that has the ability to accumulate a
large number of charges.*® Even though activated carbon has huge surface area®**° which
is more than 2000 m? g™!,3¢41-42 the power density and energy density were limited by its
widely varying pore sizes. The specific power of the electrode consisting of activated
carbon is just 0.5-5 kW kg, which leads to low specific energy densities ranging from
0.5 to 10 Wh kg™ and the mass-specific capacitances is usually less than 200 F g'!.4% 4
This results from that the active carbon always has the irregular pore size distribution
ranging from 20 A micropores and 500 A micropores. Most of the surface area resides in
micropores which are incapable of supporting an electrical double layer. The remaining
surface area can be accessed as the ions migrate into the pores, accompanied by an
increasing electrolyte resistance.** Therefore, the micropores (<2 nm) of activated carbon
are difficult to be completely wet with electrolyte. Hence, an undesired decrease in

capacitance is evident at high current density due to the resistance of the diffusion and

transport of electrolyte ions in inner-pores.*® Elzbieta gave the rough theoretical estimate
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that the ideal attainable capacitance should be 250F g'.>° However, the practical

capacitance is just a few tens of farad per gram. In addition, the addition of a binder**-**

4348 is necessary in the synthesis of the electrode to adhere the activated carbons into
together. The binder material inevitably blocks the ion accessing the pore of the electrode

and degrades the electrical conductivity, additionally leads to high ion diffusion

resistance.*’

Owing to these drawbacks mentioned above of activated carbon, carbon nanotubes (CNTs)
including single-walled and multi-walled carbon nanotubes (SWNTs and MWNTs) are
replacing the roles of activated carbon in the supercapacitor electrodes. Currently, CNTs
are attractive materials for the electrodes of supercapacitor owing to their superb
characteristics of electrical,’®>* mechanical low mass density,>> > low resistivity and
large surface area.** 3% Some electrodes consisting of tangled CNTs®” %62 have
achieved more excellent performance than activated carbon. However, it is difficult to
maintain high permeability and porosity of the tangled CNTs film. The random network
of CNTs also involves in binder to bind the single SWNT or MWNT together to form the
thin film. Moreover, the acid-treated process introduced in the preparation of CNTs
inevitably degrades the intrinsic properties of single CNT. Another drawback of CNTs-
based electrode is that the contact resistance between the CNTs and the metal current

collector.

With better controllable porous size and lower ion diffusion resistivity, aligned carbon
nanotubes make them a most promising candidate for energy storage. There has been a
number of effort and development in the studying and fabricating aligned CNTs for the
energy storage. The power density of aligned CNTs-based electrode has reached to 13

Whkg! or 10.4 WhI'! from 3.9 Wh kg™ or 3.1Wh I'!, and the power density ranges from



3.50 kW kg™!' to 163 kW kg4 3% 63 Especially, Signorelli et al. ¥ employed the low-
pressure chemical vapor deposition (LPCVD) to fabricate the MWNT directly on the
aluminum substrates, and the energy densities increases to 35 Wh kg! and 37 Wh 1!
which is approximately seven times higher than the energy densities available with
commercial activated carbon EDLCs. However, the energy density is not enough to serve
in the application requiring high energy like electrical vehicle. Moreover, single walled
carbon nanotubes are very likely to stack in bundles. As a result, only the outermost
portion of CNTs can function for ion absorption and the inner carbon atoms are all wasted,

leading to lower specific capacitance of CNT-based supercapacitors.®*

Graphene, a one-atom-thick two-dimensional sheet of sp>-hybridized carbon atoms,® 66

is considered as the outstanding electrode material for electrochemical double layer
capacitors.*> % 668 Dye to its intriguing structure single layer of carbon,® graphene
possesses high electric conductivity and mechanical strength, charge carrier mobility,*?
high specific surface area up to 2675 m? g!,** % which is much larger than that of
activated carbon and carbon nanotubes. Moreover the specific capacitance of graphene is
able to reach to 21 uF cm?, and graphene has the largest theoretical electrochemical
double layer capacitance of about 526 F g'.% It can also provide conduction pathways to
a greater area per unit mass than CNTs, which should translate into improved
conductivity.®” In addition, the supercapacitor based on the graphene film can work in
high frequency,’® being different from activated carbon and CNTs. However, graphene
usually agglomerates together to form the graphite and fail to maintain its intrinsic
properties especially the large surface area. Curved graphene and other spacer materials

have been employed to separate the graphene to avoid restacking, which finally improved

the surface area and the specific capacitance.



However the supercapacitor with only EDLC mechanism is limited by its energy
density.”" 7> There is a critical need to develop novel supercapacitor electrodes with
improved high-energy and remained high-power properties. Another type of
supercapacitor with pseudocapacitance is a promising energy storage device to improve
the energy density and still maintain the high power density of supercapacitor. Unlike the
EDLC’s energy storage mechanism that occurs at or near the electrode/electrolyte
interfaces, pseudocapacitor involves in the transfer of charges between electrode and the
ion in the electrolyte which is a Faradic process. Pseudocapacitive transition-metal oxides
are predicted to have a high capacitance for storing electrical charge while also being
inexpensive and not harmful to the environment.’”> ”3 Ruthenium oxide (RuO:) has been
intensively studied for pseudocapacitors’*”® because of its intrinsic reversibility of
surface redox couples,’* theoretical specific capacitance as high as 1358 F g™! and high
electrical conductivity (3x102 Q! cm™).”® But the high cost and rareness of Ru inhibit
the commercialization of the supercapacitor based on RuO2. Among broadly available
transition metal oxides, vanadium pentoxide is one of the most promising ion insertion
materials.®’ Vanadium pentoxide (V20s) is abundant, relatively inexpensive ($12 per kg),
layered structure®® and offers a broad range of oxidation states which will offer the broad
range of redox reactions suitable for supercapacitor operation.”! V>* can be easily reduced
leading to mixed valence vanadium oxides in which both V> and V** and even V** ions
are observed.®! In addition to V205, MnOz is considered another pseudocapactive material
for high-performance supercapacitors because of its high theoretical specific capacitance,
low-cost, environmental benignity, and natural abundance.” 3> RuO2.xH20 and NiOOH
have to be used in strong acidic or alkaline electrolytes which may cause environment
pollution; in contrast, MnO: can be used in neutral aqueous electrolytes.®* In comparison,
NiCo0204 is one of the most promising transition metal oxide for pseudocapacitors due to

7



its intriguing electronic conductivity, low diffusion resistance to protons/cations, easy
electrolyte penetration and electrochemical properties.®*®” In NiCo020s, it is generally
regarded that the nickel occupies the octahedral sites and cobalt is distributed over both
octahedral and tetrahedral sites, in which the solid-state redox couples Co**/Co** and
Ni**/Ni** are present.®* In order to obtain high specific capacitance from NiC0204, many
studies has been focusing on the optimization of its morphology and incorporating
NiCo204 with conductive materials to synthesize hybrid electrode structure. Wei®® et al.
synthesized spinel nickel cobaltite aerogels with a specific capacitance of 1400 F g'! at
the sweep rate of 25 mV s™'. Yuan et al. demonstrated ultrathin mesoporous NiC0204
nanosheets grew on Ni foam by co-electrodeposition of Ni and Co which has a high
specific capacitance of 1450 F g! at the current density of 20 A g!. Furthermore, Zhang
et al. fabricated mesoporous NiC0204 nanosheets on Ni foam, Ti foil, stainless-steel foil

88, 89

and flexible graphite paper, and nanoneedle arrays®® on carbon nanofiber exhibiting

high capacitance and cycle ability.

However, the poor electric conductivity of the transition metal oxide limits the
performance in high power density, cycling, high charge and discharge rate. To improve
the electric conductivity of the transition metal oxides, researchers have developed
composites in which the transition metal oxide are ex-situ or in-situ combined with highly
conductive materials such as graphite,”’ active carbon,’"> > CNT,***° conducting

7997 graphene.” 82 %% %2 The morphology of the fabricated materials is another

polymers,
critical factor that influences the performance of the supercapacitor. Nanorod, nanosheet,
nanoflower, nanofoam are synthesized to optimize the ion diffusion path. The shorter

diffusion path of ion leads to faster charging and discharging of supercapacitor, and less

degradation of specific capacitance with the increased scan rate or current density.



Therefore, it is urge to design novel material synthesis methods and fabricate high-
performance materials with controllable structures, excellent conductivity and relative
mechanical strength. The supercapacitor with long life, robust energy storage and high

power density is then produced, based on the as-prepared high-performance materials.

1.3.  Thesis Outline

The thesis is organized as follows:

In Chapter 1, the objective and background of the PHD project are introduced. The
research focuses on fabrication of materials with controllable structure to expand the
surface area, optimizing the porous size and structure to improve the ion diffusion,
specific capacitance, finally enhance the energy density without degrading the power
energy density. After that, the significance and background about supercapacitor are

presented.

In Chapter 2, the state of art of the energy storage technologies including supercapacitor,
battery, flywheel and superconductive magnetic energy storage are studied. The metrics
and parameters of supercapacitor are also summarized. The physical and mathematic
models of supercapacitor enable the understanding the mechanism of energy storage in
supercapacitor. And the precise description and simulation of the behavior of
supercapacitor is a necessary for the industry applications. Therefore, the physical and
mathematic models of supercapacitor were compared in this chapter. Finally, the chapter
classifies the various electrode materials and the fabrication methods for supercapacitor
such as carbon nanotube, graphene-based composites, unzipped CNTs and the metal
oxides.

In Chapter 3, the methods used to synthesize the active materials are described. The
9



relative characterization equipment and techniques are reported to investigate the physical
and morphological properties of the as-prepared materials. The chapter presents the

procedure, electrode fabrication and the electrochemical testing.

In Chapters 4 to 6, the fabrication of vanadium oxide nanoribbon, nanotube and 3D
mesoporous hybrid NiCo20s@graphene nanoarchitectures are described. The products
are characterized by using scanning electron microscopy, transmission electron
microscope, BET and X-ray. The electrochemical properties of the material as the
electrode of electrochemical capacitor were evaluated by cyclic voltammetry in a three

electrode system.

Chapter 7 focuses on the fabrication of 3D graphene foam with aligned and compressed
structure. It starts with an introduction of the as-designed device used in this project. And
then the mechanism of the fabrication method is discussed. The mechanical testing,

morphology, physical and electrochemical properties are investigated.

In Chapter 8, the contribution of this PHD project to fabrication and understanding of
high-performance supercapacitor is summarized. And the next challenges that we have to

fix in the future work are discussed.
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Charpter 2. Literature Review

2.1. Energy Storage Technologies

2.1.1. Supercapacitors

The storage of electrical charge on two surfaces has been studied since from the discovery
of'the Leyden jar in which two electrodes are separated by a layer of glass. It was of major
significance for the development of supercapacitors. Although plenty of experimental and
theoretical studies about the electrical charging of surfaces were conducted after the
invention of the Leyden jar, the charge storage on the surface of capacitors could not have
been fully confirmed until the electron was characterized. The charging of the conductive
plates will involve generation of excess or deficiency of the density of delocalized
electrons of the electrodes. The energy stored in the supercapacitor can be represented by

G:

1 1
G=—CV’=—qV 11
> >4 (1.1)
where the V' is the potential difference between the two electrodes, established by the

electrodes accommodating charges +¢ and —q.

The earliest practical use of EDLC (Figure 2-1) was proposed by Becker and Ferry from
the General Electric Company, which was patented in 1957.'% The patent claimed the
charges were stored at the double layer between the porous carbon material and the
aqueous electrolyte which exhibited high capacitance. The Standard Oil Company,
Cleveland, Ohio (SOHIO) is the first company to uses activated carbon as the electrodes

for their supercapacitors (Figure 2-2). In the patent claimed by SOHIO in 1970,

11



Figure 2-1 The schematic of the electrolytic capacitor designed by Becker and Ferry.'%

the specific surface of the activated carbon which was used to mix with electrolyte
reached to 1500 m? g'.!1%! In contrast to a much lower specific capacitance achieved by
Becker’s supercapacitor, the high surface area of activated carbon used by SOHIO
contributed to a high specific capacitance of 200 farads per cubic inch of total capacitor
volume. What is more important, the past technology invented in this patent prevents the

carbon electrode from cracking and breaking during charging and discharging.
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Figure 2-2 The schematic of the electrolytic capacitor designed by SOHIO. 1!
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Another type of supercapacitor with different energy storage principle to EDLC was
developed by Conway from 1980s, which was called pseudocapacitor.!%? It involves in a
sequence of reversible redox processes in which the chemical and associated electrode
potentials increase with the degree of charge. There are two kinds of pseudocapacitor:
one of them is based on the faradaic pseudocapacitance of two-dimensional (2D) or quasi
2D materials; another one involves the oxidation/reduction in the microporous transition
metal hydrous oxides like RuO2, IrO2 and other oxide mixtures.!®> Owing to the reversible
charging and discharging with the redox reaction, pseudocapacitor is able to approach

large specific capacitance and multiple cyclability over 100, 000 cycles.

Nowadays, a number of companies around the world design and manufacture commercial
supercapacitors including EDLCs and pseudocapacitors. The use of activated carbon or
metal oxide materials with large surface area has led to the commercial manufacture of
high-capacitance supercapacitor. Maxwell in USA is one of the major manufacturers
which produce supercapacitors. As shown in the Table 2-1, the supercapacitors produced
by Maxwell are able to operate at a high voltage of 2.7 V, with various capacitance from
650 F to 3000 F. Nesscap, established in 1998, designed and produced a range of large-
size supercapacitor to satisfy various requirements from different application. It also
markets supercapacitor modules such as specifically designed for internal combustion
engines in cold temperature. In addition, Nesscap is one of the first companies which
market small and medium-sized pseudocapacitors. These pseudocapacitor cells have
capacitances from 50 F to 300 F with operating voltage of 2.3 V, which are able to store
approximately twice the energy of a typical EDLC of the same size and weight. What’s
more important, the cost per unit of energy of producing a pseudocapacitor is lower than
that of an EDLC. Cap-XX in Australia focuses on making thin and flat supercapacitors

with high power and energy density.
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Table 2-1 Comparison of the supercapacitor from different companies.

kW/kg,
. v Capacit Resistance Wh/K kw/k Impedan Weight
Device System type rate (F) (mOhm) g ce Match (kg)
d Y 8 (95%) Specific &
Power
Activated
Maxwell Carbon/acetonitrile/Activate 2.7 650 0.8 4.1 6.8 14 0.16
d Carbon
Activated
Maxwell Carbon/acetonitrile/Activate 2.7 1200 0.58 4.7 5.8 12 0.26
d Carbon
Activated
Maxwell Carbon/acetonitrile/Activate 2.7 1500 0.47 5.4 6.6 14 0.28
d Carbon
Activated
Maxwell Carbon/acetonitrile/Activate 2.7 2000 0.35 5.6 6.9 14 0.36
d Carbon
Activated
Maxwell Carbon/acetonitrile/Activate 2.7 3000 0.29 6 5.9 12 0.51
d Carbon
Nippon
ChemiCo - 2.5 350 6.5 4.4 - - 0.09
n
Nippon
ChemiCo - 2.5 700 4 4.7 - - 0.15
n
Nippon
ChemiCo - 2.5 1400 2.4 4.6 - - 0.28
n
Nippon
ChemiCo - 2.5 2300 1.2 4.3 - - 0.47
n
Activated
Nesscap Carbon/acetonitrile/Activate 2.7 650 0.6 3.2 7.1 14.8 0.205
d Carbon
Activated
Nesscap Carbon/acetonitrile/Activate 2.7 1200 0.48 43 6.5 13.5 0.28
d Carbon
Activated
Nesscap Carbon/acetonitrile/Activate 2.7 1600 0.41 4.8 6.3 13.2 0.335
d Carbon
Activated
Nesscap Carbon/acetonitrile/Activate 2.7 2000 0.33 5.1 6.7 14.1 0.39
d Carbon
LiCoO2 /LiMn204/Propylene
Nesscap carbonate /Activated Carbon 23 120 <27 >-87 0.015
LiCoO2 /LiMn204/Propylene
Nesscap carbonate /Activated Carbon 23 300 <18 873 0.0252
LiCoO2 /LiMn204/Propylene
Nesscap carbonate /Activated Carbon 23 10000 0.4 8.65 0.85




2.1.2. Battery

Currently, the electrochemical batteries have experienced great improvements in the
energy density, environment tolerance and lifetime. Among the various types of
electrochemical batteries, Li-ion battery, since the release of the first commercial Li-ion
battery in 1991, shows a continued progression that has improved the performance and
reliability. The cycle life in full discharge reaches 1500-2000 cycles. The specific energy
density is greater than 100 Wh kg™! achieving from 150 to 250 Wh kg™!; the corresponding
volumetric energy density is from 250 to 620 Wh 1'!; and specific power reaches about
1500 W kg™'. Moreover, the operating temperature of the Li-ion battery is also enhanced

widely from -20°C to 60°C."3*

Batteries store energy in the form of chemical energy. The one way conversion efficiency
is about 85 to 90%. A typical battery cell has a chemical electrolyte between positive and
negative electrode plates with insulating separators. The two groups of electrode plates
are connected to two external terminals mounted on a casing. The cell stores
electrochemical energy at a low electrical potential which is involved in electrochemical
reactions. The battery rating is stated in terms of the average voltage during discharge and
ampere hour (Ah) capacity it can deliver before the voltage drops below the specified

limit. The product of the voltage and Ah gives the energy rating in

Table 2-2 Comparison of different kind of batteries.

Battery types Cell Voltage (V) Properties

Lead acid 2.0 Least cost

Nickel cadmium 1.2 Memory effect

Nickel metal hydride 1.2 Temperature sensitive

Lithium ion 3.6 Safe, high energy density

Lithium polymer 3.0 Contains metallic lithium

Zine air 12 Requires continues air
management
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watt hours (Wh) that the battery can deliver to a load from the fully charged condition.

The state of charge (SOC) of the battery at any time is defined as:

SOC= A4h capacity remaining in the battery/Rated 44 capacity (1.2)

There are many types of rechargeable batteries. The commonly used ones are:

— Lead-acid (Pb-acid)

— Nickel-cadmium (NiCd)

— Nickel-metal hydride (NiMH)

— Lithium-ion (Li-ion)

— Lithium-polymer (Li-poly)

— Zinc-air

2.1.2.1. Lead-acid battery

Lead-acid battery is the most common type of rechargeable battery used today because
of its maturity and high performance over cost ratio, though it has the least energy density
by weight and volume. The lead acid battery stores electrical energy in the form of
chemical energy. When it discharges energy, the battery releases its stored chemical
energy into an electrical circuit. In addition, the electrochemical reaction in this battery is
reversible. The charging and discharging of the lead-acid cell can be described by the
chemical reaction,'”® where the cell’s positive active material (lead dioxide-PbO2) and its
negative active material (sponge lead-Pb) both react with the sulfuric acid electrolyte to

form lead sulfate (PbSO4) and water.!%*
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Figure 2-3 Section view of the positive plate. '

Pb(s) + PbO,(s)+2H,S0, (aq) ==2PbSO,(s) + 2H,0(]) (1.3)

The author presented the discharge and charge process through the inner mechanism
prospective.!®® During discharge, lead sulfate is produced on both electrodes. If the
batteries are over-discharged or kept at a discharged state, the sulfate crystals become
larger and are more difficult to break up during recharge. In addition, the large lead sulfite
crystals disjoin the active material from the collector plates. Due to the production of
hydrogen at the positive electrode, lead acid batteries suffer from water loss during
overcharge.? Distilled water is sometimes added to flooded lead acid batteries to mitigate
this problem. Maintenance-free versions use a valve to minimize the water loss by
allowing hydrogen and oxygen recombination. Current collectors in lead acid batteries
are made of lead, leading to the low energy density (in watt hours per kilogram).

Furthermore, the lead is prone to corrosion when exposed to the sulfuric acid electrolyte.

2.1.2.2. Nickel-cadmium (NiCd) battery

Since the first NiCd battery was created by Waldemar Jungner in 1899, NiCd battery
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technologies have experienced a series of evolutionary developments in the positive and
negative electrodes, and the separators. Each of these generations has a number of major
cell design factors which show a continued progression toward optimum values that have
enhanced performance and reliability with concomitant improvements in useable energy

density.

Currently, the positive electrode of Nickel-cadmium battery is made of cadmium and the
negative electrode is nickel hydroxide. The two electrodes are separated by nylon
separators and placed in potassium hydroxide electrolyte in a stainless steel casing. With
a sealed cell and half the weight of the conventional Pb-acid, the NiCd battery has been
used to power most rechargeable consumer applications; it has a longer deep-cycle life

and is more temperature tolerant than the Pb-acid battery.

NiCd batteries have a higher energy density and longer cycle life than lead acid batteries
but are inferior to NiMH batteries. Other disadvantages of NiCd batteries compared to
NiMH include the following: 1) shorter life cycle; 2) more memory effect; 3) toxicity of
Cd that requires a complex recycling procedure; 4) lower energy density; and 5) flat
discharge curve and negative temperature coefficient that may cause thermal runaway in

voltage-controlled charging.

2.1.2.3. Nickel-metal hydride battery

Because of the defects of NiCd batteries mentioned above, nickel metal hydride (NiMH)
batteries possess better prominence than NiCd batteries in cycle life, energy density and
charge/discharge rates. NiMH batteries use nickel oxyhydroxide for the positive electrode
and metallic cadmium for the negative electrode. In fact, the nickel-metal hydride battery
is an extension of the NiCd technology and offers an improvement in energy density over

NiCd. The major construction difference is that the anode is made of a metal hydride.
18



This eliminates the environmental concerns of cadmium. Another performance

improvement is that it has a negligible memory effect.

However, NiMH is less capable of delivering high peak power, has a high self-discharge
rate, and is susceptible to damage due to overcharging. Compared to NiCd, NiMH 1is

expensive at present although the price is expected to drop significantly in the future.

2.1.2.4. Lithium-ion battery

Lithium ion is a preferred chemistry which has superior specific energy than nickel metal
hydride. Lithium polymer, a development of lithium technology, promises to further
improve on these values. In the Li-ion battery, lithium moves from one electrode to the
other and back again, depending on whether the battery is being charged or discharged.
Essential points of development involve better materials (storing more lithium per gram,
especially in the cathode) and better engineered products (with less void space and lighter

packaging).

Lithium-ion battery is a new development, which offers three times the energy density
over that of Pb-acid. Such a large improvement in energy density comes from lithium’s
low atomic weight of 6.9 vs. 207 for lead. Moreover, Li-ion has a higher cell voltage,
3.5V vs. 2V for Pb-acid and 1.2V for other electrochemistries. This requires fewer cells

in series for a given battery voltage, thus reducing the manufacturing cost.

2.1.3. Flywheel

Flywheel stores kinetic energy in a rotating inertia. It has been commonly used as a
mechanical device for equalizing the speed of rotation. Flywheel energy storage (FES)
works by accelerating a rotor (flywheel) to a very high speed and maintaining the energy

in the system as rotational energy. When energy is extracted from the system, the
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flywheel's rotational speed is reduced as a consequence of the principle of energy
conservation; adding energy to the system correspondingly results in an increase in the
speed of the flywheel. Most FES systems use electricity to accelerate and decelerate the

flywheel, but devices that directly use mechanical energy are being developed.

Advanced FES systems have rotors made of high strength carbon-composite filaments,
suspended by magnetic bearings, and spinning at speeds from 20,000 to over 50,000 rpm
in a vacuum enclosure. Such flywheels can come up to speed in a matter of minutes-much
quicker than some other forms of energy storage. The round trip conversion efficiency of
a large FES can approach 90%, much higher than that of a battery. The energy stored in
a flywheel is limited by the mechanical stresses due to the centrifugal forces at high
speeds. Modern FES can achieve five times the energy density of the currently available

batteries.

The energy stored in a flywheel having the moment of inertia J and rotating at an angular

speed @ is given by the following:
|
E= 5 Jw (1.4)

The centrifugal force in the rotor material of density p at radius r is given by p(roy’,
which is supported by the hoop stress in the rotor rim. Because of the linear velocity
v =27xro, the maximum centrifugal stress in the rotor is proportional to the square of the
outer tip velocity. The allowable stress in the material places an upper limit on the rotor
tip speed. Therefore, a smaller rotor can run at a higher speed. The thin rim type rotor has
a high inertia to weight ratio and stores more energy per kilogram weight. For such a rotor

with inner radius R1 and outer radius R2, the maximum energy that can be stored for an
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allowable rotor tip velocity is

ng==f§v2{l+(fi}} (1.5)
R2

where K7 is the proportionality constant.

2.1.4. Superconductive Magnetic Energy Storage

Superconducting magnetic energy storage (SMES) is new type of energy storage system
which consists of superconducting magnet and power regulator system.!> SMES is able
to quickly provide the active and reactive power almost instantaneously which improves
the dynamic characteristics of power network. In addition, high power output is always
available in a very short time. The primary function of the SMES is to insulate the network
from high-frequency power fluctuations thereby acting as a shock absorber.!% It stores

the energy in magnetic fields:

1
E=_Li (1.6)

However, in order to maintain the energy storage function of SMES, it has to cool the
temperature below the superconducting critical temperature. High temperature
superconductors SMES is becoming practical owing to the advanced cooling system.
Also, the efficiency is able to reach to 95% and the maximum system now is 5000 MWh
with life time up to 30 years. However, the scale-size of the SMES is usually very large
which is inevitable to increase the total cost of the system. A large-size of cooling system

is also necessary to maintain the function of the system.
2.2. Supercapacitor Metrics and Parameters

The basic measures of supercapacitor performance are the electrode surface area, the

electrode area-specific differential capacitance, the electrode volumetric capacitance, the
21



frequency behavior of the impedance, the shape of the cyclic voltammetry trajectory, and

the ESR which is reflected in the power density of the device.>>*!

2.2.1. Electrode Surface Area

The electrode surface area is usually measured by the BET method, which relates the
weight of a monolayer of gas adsorbed on the accessible surface of the carbon electrode
to the surface area of a uniform monolayer of the gas. The measured result is known as

the BET surface area with the units of square meter per gram.

2.2.2. Electrode Area-specific Capacitance

The electrode area-specific capacitance in units of farad per square centimeter, commonly
known as the differential capacitance or intrinsic capacitance, Cq, is the incremental
capacitance (dQ/dV) of 1 cm? of the BET measured surface area of the carbon. It is a
function of both the measurement frequency and bias voltage. The frequency dependence
arises because of the different transit times of ions penetrating the different pore sizes in
the carbon. The voltage dependence is due to the nonlinear relationship between the
charge in the Helmholtz layer and the potential between the solid electrode and the bulk

of the electrolyte.

2.2.3. Gravimetric Capacitance of Carbon Electrode

Assuming that the entire BET surface area is accessible to the ionic charge, the
gravimetric specific capacitance can be approximately calculated by the product of Ca

and the BET surface area.

2.2.4. Volumetric Specific Capacitance

Volumetric Specific Capacitance is the capacitance of 1 cm® of electrode volume. It is
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able to reflect the density of pores as well as the area specific capacitance. It allows a

relative measure of the physical size of an electrode at specific rating current density.

2.2.5. Impedance

The impedance data of a supercapacitor represent its various behaviors from capacitor to
resistor with the change of frequency. Nyquist diagram is generally used to plot the
impedance against the frequency. The cyclic voltammetry is also used to describe the
reaction on the surface of the electrode when the voltage across the electrodes changes at

a fixed scan rate.

2.2.6. Power Density

Power density is able to scale the power in units kW kg! or kW 1! of electrode material.
It focuses on the amount of power the supercapacitor discharged, based on the weight or
volume of the active material of the electrode. As a practical matter, the power density

provides a comparative measure of the pulsed power capability of a supercapacitor.

2.2.7. Energy Density

Energy Density providing a useful comparative measure of the capability of a
supercpapcitor was a common-cited parameter. It represents the capability of a
supercapacitor which stores energy in per kilogram or per liter in the units Wh kg! or Wh

I

2.3. Supercapacitor Modelling

2.3.1. Physical Model

The precise description and simulation of the behavior of supercapacitor is a necessary
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prerequisite for each application. In this section, the physical model is first analyzed.
Through the understanding of the physical properties, the mathematical equation is

deduced to represent the physical model which can be simulated by an equivalent circuit.

2.3.1.1. Helmholtz Model
In 1853, Helmholtz proposed the first model of double layer capacitors (DLCs) which
described the properties of the interface between the electronic conductor and the

electrolyte. Unlike the traditional parallel capacitor, the electrons are stored at the
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Figure 2-4 Helmholtz model.'%

surface of electrodes as shown in Figure 2-4. The charge formed on the electrode is
balanced in solution by an equal but oppositely charged amount of ions.!%” Two capacitors
are therefore constructed at the anode and cathode respectively. As known, the

capacitance of a capacitor can be obtained through:

C= EEA
4rd (1.6)

Therefore, the total capacitance of an EDLC is
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1

Cun =5 C (1.7)

tato.

In Helmholtz model, due to the new structure that opposite charge accumulated on the
surface of electrode and electrolyte, the distance d is quite short being limited by the ionic
radius. This molecule-scaled distance contributes to large capacitance which can be up to
thousands of Farads. The line drawn through the center of such ions at a minimum
distance from the electrolyte surface marks the boundary known as the ‘Outer Helmholtz
Plane’ (OHP). The region within this plane Helmholtz called the electrical double layer.
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Figure 2-5 Potential distribution of Helmholtz model, Gouy-Chapman model and Stern model.'%

With the generation of a double layer with anions and cations, a potential difference
occurs across the interface, forming an electric field gradient across the charge separation
layer. In the Helmholtz model, it is assumed that all the ions within the electrolyte are
attracted at each OHP. This assumption means two electric field jumps occur at the two

OHP, and the electric field in the electrolyte is static, no change as shown in Figure 2-5.
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2.3.1.2. Gouy-Chapman Model

Gouy and Chapman introduced the random thermal motion in the electrolyte to describe
features of DLCs.!% The thermal motion accounts for the concept that the electrolyte ions
are not completely situated at the OHP. This means there are charges randomly moving
in the electrolyte and the thickness of the OHP is not rigidly stable. They pointed out that
it is not a rigid Helmholtz double layer, but a diffuse double layer in the DLCs. Unlike
the Helmholtz model’s assumption, the charge density decreases with the distance from
the boundary of electrode and electrolyte. Therefore, the potential from the electrode to
the electrolyte is gradually changing with the distance between electrode and the position
in the electrolyte as shown in Figure 2-5. However, in the Gouy-Chapman model, they
saw the ions in the electrolyte as individual points without radius. The capacitance
theoretically calculated from the model provided by Gouy and Chapman is therefore
higher than that experimentally measuring. G. M. Torrie and J. P. Valleau'” compared the
Monte Carlo calculation results of the charge distribution and potential of the diffuse layer
with that of the Gouy-Chapman model, and found that the Gouy-Chapman model greatly
overestimates the surface potential even at quite low surface charges and electrolyte

concentrations.

2.3.1.3. Stern Model

In 1924, Stern pointed out that the DLC construction has the combinational features of
Gouy-Chapman and Helmholtz. As he described, the DLCs have ions of electrolyte
situated at the electrodes and the diffuse distribution as Gouy and Chapman presented. '%
Stern assumed the charge in the electrolyte on the solution side resided partially in a
compact layer (the Helmholtz charge), and the remainder of the charge resides in a diffuse

region (as in the Gouy-Chapman models) in the solution. In the Stern

1
C_H C, Model, the total capacitance of the DLC is determined by the combination
26
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of the Helmholtz Capacitor and Gouy-Chapman capacitor. The total capacitance formed

on one of the electrodes is therefore shown as:

(1.8)

From the formula and analysis, we can see that Helmholtz Capacitor and Gouy-Chapman
capacitor work in a serial model which means the capacitor with smaller capacitance will
dominate the whole performance of DLC. Therefore in his model, he successfully
explained that the overall performance will depend on the Cg in low dilute solutions and

zero charge.

2.3.1.4. Grahame Model

A further improvement of the DLC model is made by Grahame, showing more detail
about the region near the electrode. Grahame suggested that some special molecules may
penetrate into the closest region to electrode, which will cause the change of potential
from the electrode to the solution. These special molecules include the ions without
solvation shell or which lost their shell. When approaching the electrode surface, strongly
solvated cations cannot shed their solvation sheath and, hence, cannot reach the surface
of the metal. Therefore they are not affected by specific adsorption forces, which act
efficiently only at very short distance. On the contrary, weakly solvated anions easily shed
their solvation sheath, so that they can approach the metal surface very closely and can
be adsorbed.!!? After they penetrate the region, in contrast to the two regions described
by Stern, three regions are formed with two planes. The first region is from the surface of
the electrode to the center of the specific adsorbed ions which is the first plane: the inner
Helmholtz plane. The area between inner and outer Helmholtz plane is the second region.

In the third region, it is the diffuse part which all sorts of ions can access.
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Figure 2-7 Bockris, Devanathan and Muller Model: Water dipole model of the double layer at an
electrode/electrolyte interface.'”
2.3.1.5. Bockris, Devanathan and Muller Model
Bockris, Devanathan and Muller took into account solvent impact in the interface between
electrode and solution. In their model, the solvent molecules together with the specifically

adsorbed ions occupy the closest approach to the electrode, as shown in Figure 2-7.!!!
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2.3.2. Mathematic Model

To describe the terminal behavior of the DLC for power electronics applications, the
equivalent mathematic model of DLC is necessary. Modeling the dynamical behavior of
electrochemical power sources is an important issue in simulation of automotive power
systems, photovoltaic systems, electric and hybrid vehicles. Furthermore, battery
monitoring and battery management systems require dynamic battery models, which are
continuously adapted to the battery behavior observed.!'? The model has to demonstrate
the status of DLC in various conditions from charging or discharging profile to the
dependence on ambient temperature. Based on Interface physical model of supercapacitor,

several mathematic models have been constructed.

e

-------------------------------------------------------

Figure 2-8 RC network model

2.3.2.1.1. RC Model

First, based on the electrochemistry principle of the interface between two materials in
different phases, the performance of a supercapacitor can be modeled as an RC circuit
network, as shown in Figure 2-8. The resistivity that forms the double layer can be
represented by the resistive element. The capacitive element represents the capacitance

forming on the Helmholtz layer and the diffuse layer when the voltage is supplied across
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the electrodes.

2.3.2.1.2. Three RC Branches with a Voltage-dependent Capacitor

However, the simple resistive and capacitive model (series RC circuit) is insufficient to
accurately describe the feature of a supercapacitor during its working status. As shown in
the Figure 2-9,'"® the curve of charging of supercapacitor is nonlinear, not a linear rise,
following a burst peak after charging. When the charging source is removed, the potential
between the two electrodes, slightly decrease. It does not have the ability to stay at the
same voltage value. The slight drop means there should be the existence of a second
distribution of the charge. After discharging, the measured voltage is lower than that of
the simulation, with a slight recovery trend through the lowest voltage.
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Figure 2-9 The results of experiment and simulation of RC model.!!!

Obviously, the simulation result of a simple RC network model cannot accurately

demonstrate the real behavior of a supercapacitor.

Luis Zubieta, and Richard Bonert!'"* proposed an equivalent circuit model consists of
three RC branches, one of them with a voltage-dependent capacitance that described the
performance of the supercapacitor in charging and discharging status. As shown in Figure

2-10, in addition to the element Ri, Cio, the immediate branch has a capacitor charged with
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the terminal voltage across the electrodes. It represents the change of the capacitance
caused by interfacial tension change with different voltage added on the electrode. The
delayed branch, with parameters R4 and Ca dominates the terminal behavior in the range
of minutes. The long-term branch consists of parameters Ri and Ci determining the
behavior for times longer than 10 mins. The Riea represents the leakage resistor due to the

existence of self-discharge in the supercapacitor.

D. A. New!" modeled the supercapacitors’ performance from rapid charging or
discharging (short-term storage) to long-term storage (in days), and conducted relevant
experiments to test the profile of supercapacitors in various conditions, represented the

measurement solution for supercapacitors (Figure 2-11). As the representation of D.A.
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Figure 2-10 Three RC branches with a voltage-dependent capacitor.'!!
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Figure 2-11 The parameters D. A. New’s supercapacitor model.!!?

New’s experiments, the model designed by Luis Zubieta is just suitable to the short-time
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charging/discharging as required for EVs. However, the experiment data about the long-
term application needs more validation to determine the parameter of leakage resistance.
The validated data can be used to develop the complex models which could contribute to
accurately describe the behavior for extended period usage such as in an automotive

system.

2.3.3. Pore Impedance Model

The basic supercapacitor model composing ideal capacitors and resistances insufficiently
describes its dynamic behavior. Interleaved RC network should satisfy the requirement

for the model of supercapacitor in many applications.!!* ''* However, the calculation of

etectrolyte electrolyte
rasistance R

resistonce
outside pore /wlthsn pore

= N

eiectrnde impedance Z
{double layer capacitance
and faradaic impedance)

Figure 2-12 Equivalent circuit of a pore.'

the parameters for the model circuit is extremely challenging and usually imprecise. The
reason is that these parameters have a strong influence on each other and, thus, it is nearly
impossible to determine more than five or six independent parameters in an efficient
way.!!> Using the analysis of the potential and current distribution within each pore of the

electrode is a promising means to describe the dynamical behavior of a supercapacitor.

In 1964, the first model of the concept of pore impedance is introduced by Levie,!'® who
modeled a small amplitude voltage applied to the orifice of a pore. The proposed model
is that for a pore; the impedance consists of an electrolyte resistance outside the pore. A

series electrolyte resistance within the pore and the electrode impedance are shown in
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Figure 2-12.

For small amplitudes, the impedance Z is dependent on the angular frequency only. The

equivalent circuit of an infinitesimal section d: of a pore is shown as Figure 2-13. When

e+de e
i— i-di —
— ——va——mgww——'www——wvwv——— —_
dz |ldi
z/dz
o 2z z+dz

Figure 2-13 An infinitesimally small section d- of a pore.'!*

small amplitude is applied across the pore, the distribution of current and potential is as

shown in Figure 2-13.

For the infinitesimal section d-, the electrolyte resistance d;- and interfacial impedance d--

are given by the equations as below:
d,. =Rdz=[p/(7r*)|dz (1.9)

d, =2,dz=2, | 2xrdz) (1.10)

Moreover, the Figure 2-13 also shows the schematic of the transmission-line model of
Levie, in which, Zy is the impedance of the electrolyte-electrode interface per unit pore
length, Ry is the ohmic resistance of the pore per unit pore length and Zir is the interfacial

impedance per surface unit in ohm m™, the resistivity of the electrolyte is p ohm-cm.

Levie gave the impedance of a single pore with length /:

Z,=\R\Z, cotanh(l\|R,/ Z,) (1.11)

Levie also defined the penetration depth as:
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p= Yl (1.12)

" Reos(1p)

Though the forgoing analysis, the pore impedance is able to demonstrate the inner

distribution of current and potential in a pore.

For holistic electrode with n pores, radius » and length /, the total experimental electrode

impedance can be obtained from the impedance of single pore Z. '’

Zoy=—" (1.13)
_ P2 a2 (1.14)
exp \/zﬂ'nrm rZIF

In 2002, E. Karden et al. "> gave more detail about the penetration depth which is

impacted by the signal frequency:

/1= kelﬂ.a2 :l kela - a)_]/2 (1.15)
2wc,2ra 2\ wc,

(1.16)

in which ke is the electrolyte conductivity, Caris the specific double layer capacitance,
a 1is pore radius, / is pore length. 4 is used to represent the depth the ion of electrolyte
penetrates the pore of electrode under different signals. In addition, a constant-phase

behavior when the frequency reached to a high section was observed in the spectrum plot.

An analytic expression of porous impedance was given:''®

R
Z = 4 coth,/joR,C, (1.17)

p .

JjoC,
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When @—o or w— 0, we can get the approximated value of Z, in high or low

frequency respectively:

R
Z (00— )= |—4 (1.18)
! ]a)cdl
R
Zp(w+0)=—91+‘; (1.19)
3 jaC,

The equation in high frequency described the Warburg region of porous electrode with a

LS RS gp
0_- I | O

Figure 2-14 Equivalent circuit of a supercapacitor.'®

constant phase angle 45°. In 2000, R. Kotz et al.''’ proposed an improved model in which

the capacitance expression j is replaced by a constant phase element (CPE) expression

(jw) with 0<r<l:

[ R —
Zpg = + COth (]a)) Re/Cd/ (1 '20)
(jo) C,

In the model, r=1 represents an ideal capacitor with no frequency dependence, r=0.5

describes the branch with 45° phase angle, r=0 corresponds to pure resistance.

2.3.4. Circuit Model with Pore Impedance Model

With the consideration of pore size, pore length and the signal frequency, the impedance
model can accurately demonstrate the dynamic behavior of supercapacitor. Connecting
with a series resistor Rs that represents the resistance of the metal electrode and the
electrolyte, a conductor Ls that represents the stray inductance of the supercapacitor and

the pore impedance model Z,, the equivalent circuit as shown in Figure 2-14 has been a
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predominant model used in the applications.'!® 118 120 121 122

Oliver Bohlen et al.''® demonstrated the experiment results for the standard model of
supercapacitor with the pore impedance model proposed by Leive!'® and improved by

E.Karden.''?

R
ZZDLC,std = Rs +]a)LS + Welcoth ja)Clee[ (121)

dl

and the generalized model with the CPE element in the pore impedance model of EDLC:

. R [
ZZDLC = RS + ]C()LS + Wcoth (]a))yCd,Re, (122)
dl

The simulation and measured results are shown as below (Figure 2-15). The Nyquist plot
shows that both the standard model and generalized model of supercapacitor are
approximately matched with the measured result of the impedance spectrum. The 45°
phase angle to the real axis was also represented in the plot. However, as shown in the
two figures, even though in the high frequency above 1Hz, the standard model is able to
accurately describe the behavior of a supercapacitor. The trend becomes vertical which
deviates from the real behavior of a supercapacitor if the frequency decreases to below 1
Hz of a low frequency range. Fortunately, the generalized model has the capability to
track the measured spectrum of a commercial supercapacitor over the complete frequency

range. The better performance of the generalized model resulted from the CPE which
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Figure 2-15 The experimental impedance spectrum and the simulation of standard impedance and
generalized impedance model
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Figure 2-16 RC network model.

models the interfacial impedance of the electrode.

The pore impedance of the electrode with the CPE is able to describe the behavior of the
supercapacitor. However it is difficult to directly apply this mode to simulation because
it cannot simply be replaced by the common electrical element like the resistor, capacitor
and inductor. As the initial idea of Levie, the standard pore impedance can be represented
by an unlimited ladder network with N resistors and capacitors. This kind of circuit mode
will lead to large networks and inefficiency with respect to computation time. Appropriate
approximations by means of RC circuits or RC ladder network topologies therefore have

to be found first (Figure 2-16).

The basic idea for the representation of a ZARC element, employed to model a depressed,
capacitive semicircle in the complex plane which can be used to describe the character of

the pore impedance model is proposed by S. Buller et al.,'?* as shown in Figure 2-17.
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Nonlinear RCs determined by the parameters of the ZARC element were connected in
series. With an increasing number of RC circuits, the approximation of the ZARC
elements becomes more and more precise. However, the computation time increases with

rise in the RC number.

A transform of the standard model was given by S. Buller et al,'' in which two
independent parameters (C, 7 ) was used to replace the unknown parameters in the

standard model, as shown below.

I

Figure 2-17 RC equivalent circuit of ZARC element.'?!
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N
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Figure 2-18 RC parameter of the equivalent circuit of ZARC.!!3
7-coth(\/ jor
Z,(jo)= (J/jor) (1.23)

=p

C-jor

Based on the circuit model as shown in Figure 2-18, a large number of impedance
measurements were performed in different operation conditions (different voltage and
temperature) to construct a lookup table for the parameters C, 7 , Ri. They showed a way

that transforms the model in the frequency domain to the time domain, so that the
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transformed model can be used in simulation tools like Matab/Simulink.

Due to the transformation, the total RC model which is able to describe the behavior of
pore model was obtained as shown in Figure 2-18. The corresponding parameters of the
model are also given through the mathematical transform. In their experiment report, the
models consisting of ten RC circuits already show very good agreement with the

measured impedance.

A compromise circuit mode is obtained by adding a single parallel RC circuit in series

with the network that represents the standard pore impedance (Figure 2-19). The
parameters of R and C, are calculated from the impedance parameters C, and y by
equating the real part of the RC-circuit at its characteristic angular frequency f, =R C,

with the difference of the real parts of the standard and the general pore model.!** Through

Ry
L R, Z s L]
— o

Figure 2-19 Generalized pore impedance model is represented by a parallel RC circuit with the standard
pore impedance.'??

the calculation, we can get the parameters of the additional circuit:

R = 2cos(yr/2)

g = (1.24)

C =—— (1.28)
A CPE and a ZARC network connected in series were used to represent impedance model

of porous electrode.'?® For one ZARC element, a resistor and a CPE were connected in
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parallel as shown in Figure 2-20. In order to simulate the character of the ZARC element,
three R-C parallel circuits connected in series were used to approximate the ZARC

element, as shown in Figure 2-21.

CPEpore CPEpore
7 CPE <— | (F
pore
— .= ———— o=t 2
Ry R,
ZARC1 ZARC2

Figure 2-20 Equivalent impedance model of porous electrode.''®

CPEgors Ei Cs Ca
R Rzarc Rzarc Rzarc
ZARC

Figure 2-21 Equivalent circuit of ZARC element.'!®

In the circuit, an adjusting parameter f(d) was used to adjust the capacitance of Cs and Cc
which makes the impedance of the three RC circuit form the same depressed semicircle
as the ZARC impedance plot in the complex plane. Finally, the parameters of the model

are represented as below:

o1
wchfZARC 'Rn /3
_C, (1.29)
'fd
C.=C,- f(d)
With
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f(d)= —2+,/4—ﬁ’IB: 3sin(dr/2) +1
B 1+cos(dr/2)

R 2R
R — n — e
Z4RC T 3T T 300

2.4. Electrode materials for supercapacitor

Electrode materials play a crucial role in determining the electrochemical performance of
a supercapacitor. Nowadays, most of the researchers focus on the synthesis of
environmentally friendly materials for supercapacitors with increased energy and power
density. Among these investigations, porous carbon materials, conducting polymers and
transition metal oxides are promising candidates for supercapacitor electrode materials.
Porous carbon materials, such as activated carbons, carbon nanotubes, and mesoporous
carbons, have been widely studied due to their stable physicochemical properties, high

surface area, good conductivity, low cost and long cycle life.

2.4.1. Carbon nanotube

The first idea that uses nanotubes as the electrodes of a supercapacitor is proposed by
Chunming Niu in 2001.* In the proposal, Niu employed the commercial catalytically
grown carbon nanotubes as the original material. In the commercial nanotubes, the
individual nanotubes entangle together and therefore they are formed as bundles with
individual nanotubes arranged semiparallel to each other. Hence, the disassemble process
is necessary to disperse the entangled nanotubes. In the method proposed by Niu et al.,
the entangled nanotubes was firstly treated in nitric acid, then the oxygenate functions are
introduced onto the surface of nanotube to disassemble the nanotube aggregates. The
functionalized hydrophilic nanotubes are dispersed in the water, followed by filtration

and the reassembly of the individualized carbon nanotubes into an interconnected,
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entangled, free standing structure.

Combining a nickel foil as the charge collector with the produced nanotube sheet, Niu
showed that they get a power density of 8 kW kg™! and an energy density of 0.56 Wh kg~
!. For the electrode, the power density is 163 kW kg'! and energy density is 12.6 Wh 1!

or 15.7 Wh kg'!. After the Nitric acid treatment, the BET surface area increased from 250
to 430 m? g’!. In the electrolyte with 38 wt.% H,SO,, the maximum specific capacitance

reached to 113 F g! (90 F cc!). Due to the introduced oxygen functions, the solid
electrode can be self-adhesive without any binder. The binder-free feature contributes to
the device being free of contaminant which would otherwise degrade the performance of

the electrode.

To achieve a high energy density and power density of supercapacitors with the SWNTs

electrodes, An et al.®®

investigated the key factors that determine the performance of the
supercapacitor such as the composition of the binder, annealing temperature and type of
current collector. The SWNTs were fabricated by using DC arc discharge under 100 torr
pressure. To synthesize the electrode, they introduced the ploy (vinylidene chloride)
(PVDC) as a binder. After the comparison of the specific capacitance and ESR of different
weight percentages of SWNTs and binder, the electrode with 70 wt.-% randomly
entangled and cross-linked SWNTs and 30 wt.% was chosen in the further investigation.
With the increasing of temperature, the average pore diameter decreased to a lower pore
sizes of 30-50A, while there is a significant increase in the specific surface area. The
specific surface area increased to 357 m* g! at 1000°C. Moreover, the number of smaller
pores which are suitable to absorb the ion of electrolyte increased and reached the

maximum amount at 1000°C. Through the mixture with PVDC binder and heat treatment,

the electrode differential capacitance was about 50 uF cm™. The cell, fabricated with two
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SWNT electrodes separated by a thin polymer (Celgard) in 7.5 M KOH aqueous solution
as the electrolyte, achieved a maximum specific capacitance of 180 F g! with a larger

power density of 20 kW kg™!' and an energy density of 6.5 Wh kg™

In the paper, An. et al. pointed out the hydrated ions in the electrolyte possess the diameter
in the range of 6-7.6 A, the minimum effective size of the pore therefore should be greater
than 15 A. In general, if the pore size is less than 15 A, the performance is inferior due to
higher ion diffusion barriers. Whereas, in macropores, if the pore size is greater than 50
A, the pore will not contribute to the capacitance because of the loosely bound to the

surface of the layer.

In 2006, Futab et al.® proposed a single-walled carbon nanotube (SWNT) solid that

16an

—>| |<—3.7nm

Figure 2-22 Schematic diagram of the collapse of the aligned low-density as-grown forest (above) to
the highly densely packed SWNT solid (below).>

possessed aligned formation, high mass density and retained the intrinsic properties of



individual SWNT. The SWNT solid was obtained by using the zipping effect of liquid to
draw nanotubes together. Through their approach, a longer vertically aligned SWNT was
obtained directly from the substrate. Without damage to the nanotube, a solid with high
mass density was achieved from the aligned low-density as-grown forest (above) to the

highly densely packed SWNT solid (below), as shown in Figure 2-22.

The EDLC, consisting of the SWNT solid electrodes sandwiched between Pt sheets and
Pt meshes and the tetracthylammonium tetrafluoroborate( Et,NBE, )/propylene carbonate

electrolyte, achieved the specific capacitance of 80 F g”!' and energy density of 69.4 Wh
kg! for a three-electrode cell charged at 2.5 V. The power density of an EDLC with a 100

um thick SWNT solid were calculated as 43.3 kW kg™

In the collapse, the alignment of the original as-grown forest is critical to get the well-
ordered packing of tubes and contracture. If the original forest is not sufficiently aligned,
the van der Waals forces will be different in various areas during the liquid-induced
collapse process. In the research, they also pointed out that the aligned SWNT solid has
less impendence for ion diffusion than the activated carbon electrode. For activated
carbon, thicker electrodes possess higher ion diffusion barriers in the inner region of the
electrode, resulting in higher internal resistance and inferior high-power performance.
However, thick electrodes are advantageous to increase the energy density because in

such cells the active material can occupy high ratios of the volume and weight.

135 employed the low-pressure chemical vapor deposition (LPCVD) to

Signorelli et a
fabricate the multiwalled carbon nanotube(MWNT) directly on a variety of substrates.
The conducting substrate electrode materials can be aluminum, tungsten and platinum.

The substrate was polished on one side by using either a rough sandpaper procedure or a

more fine chemical mechanical procedure. Once the substrate was prepared, the
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generation of underlayer and the catalyst were deposited on the cleaned substrate by
introduction to the electron beam evaporator. Iron is then deposited on the top layer of the
aluminum oxide of the deposition of Al substrate. After being coating with catalyst, the

CNTs were fabricated on the Al substrate during the vapor deposition.

Through the nanotubes fabrication, Signorelli achieved the maximum nanotube density
of 4x10"" CNT cm™. The electrode is composed of nanotubes having an average diameter
6.5nm with an average spacing between nanotube centers of 10 nm (Figure 2-23). As
Signorelli’s assumption, the ion accessible surface area of the triple wall nanotube is 450
m? g'!, and the length of the nanotube active layer is 200 um with three walls. The EDLC

with aligned CNTs possesses specific capacitance of 50 uF cm™. The energy densities

AccV . Spot Magn Det W49.2 ymp - p—————] 100 pm
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Figure 2-23 SEM image of the aligned CNT.*

reaches to 21 Wh kg and 22 Wh 12 when the cell is charged at 2.7 V. The cell can work
up to 3.5 V, providing energy densities up to 35 Wh kg and 37 Wh 1? in the higher
molarity electrolyte. The differential capacitance increases to 50 uF cm™.The
measurement data shows that the energy density of aligned CNT-based EDLC is

potentially up to seven times that of commercial activated carbon-based EDLCs.
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Hiralal et al.>’

demonstrates a hierarchical structure of the electrode of supercapacitor that
achieved high power density by the SWNTs and high energy density by carbon nanohorns
(CNHs). In their work, the CNHs were used to fill the pores in a random network of
SWNTs, which contributes to an enhanced surface area and maintains high permeability

and porosity. The combination results in the enhancement of energy density and the

decrease of the internal resistance, without degrading the lifetime of the supercapacitor.

The SWNT thin film was obtained by using a vacuum filtration method and then they
were removed from the polyethylene terephthalate substrate. After the SWNT film was
ready, it was dispersed in the deionized water with 1 wt% sodium dodecyl sulfate.
Following the dispersal process, the vacuum filtration and a short annealing process were
executed. Finally, due to the intimate van der Waals contact, the individual SWNT bonded
together to form the thin film. In addition, the CHNs were produced by arc discharge in
liquid nitrogen as described by Hiralal. After the discharge, the CNHs were collected,
dried, and subsequently dispersed in de-ionised water and drop cast onto the SWNT film.
For the electrode combined by SWNTs and CNHs , the CNHs drop-casted on the SWNTs
network have about 100 nm diameter agglomerates and pore sizes of 0.427 nm. The
nanocarbon powder with horn opening width 3-5nm and the radius of curvature 1-2 nm,

provides a large surface area of about 1025 m? g\,

The EDLC used the nano films combined with SWNTs and CNHs as the electrode,
separated by a mixed ester cellulose paper soaking in 1 M sulfuric acid. It achieved a
power density of 3.50 kW kg!, and energy density of 6.03 Wh kg'!. The electrodes
consisting of SWNTs and CNHs, possess high surface area, porosity and permeability,
which contribute to the energy conversion and storage. Moreover, it is free of binder

which results in low ESR.
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Without using the supporting metal current collector, a novel metal oxide/carbon
nanotube substrate (CNT-S) was first introduced to be the electrode of the lithium battery.
In the work, Marschilok® provided two methods to prepare the electrodes: the first using
material deposited on the CNT substrate after isolation; the second method using direct
integration during material synthesis. For the first method named particle deposition
method, the conductive additives and the CNTs were prepared respectively before
forming a metal oxide/CNT-S electrode. For the substrate integration method, the second
method, the CNTs were introduced to the process when the conductive additives were
synthesized. The amount of the material loading results in different morphology of the
electrode. As the demonstration of the work, the second method achieved viable discharge
performance without additional binder for the electrode, and enhanced the penetration of
the active materials. Compared with the foil current collector, the specific capacity of
CNT-S electrodes was increased by 20-60%. The CNT-S electrodes also exhibited long

life time due to the elimination of metal foil that currently experiences grid corrosion.

2.4.2. Graphene-based electrode

Using the chemically modified graphene (CMG) as the material of the electrode for a
supercapacitor was firstly proposed by Stoller.'”> The CMGs were synthesized from
reducing the graphene oxide sheets suspended in water. Hydrazine hydrate was used to
reduce the graphene oxide and reduced graphene sheets then agglomerate into particles
with diameter of 15-25um. The N2 absorption BET measurement demonstrated the
surface area of the agglomerated graphene is 705 m? g”'. The specific capacitance reached
to 135 F g! and 99 F ¢! in aqueous and organic electrolyte, respectively. However,
because the graphene sheets agglomerated to graphene particles, it means the inter

graphene sheets can’t be accessed by the ions of the electrolyte and only the sheets at the
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surface can contribute to the forming of DLC.

Compared to the method where graphene sheets are reduced in aqueous solution at high
temperature, a gas-based hydrazine reduction at room temperature was reported by Wang
et al.'? In this method, the reducing agent hydrazine (80wt% water solution) was heated
to vapor and saturated in a vacuum desiccator. The graphene oxide prepared by Hummer’s
method was reduced by the hydrazine in the form of gas in the vacuum desiccator. Via
this method, they prepared the reduced graphene sheets with a low degree of

agglomeration. Wang et al. achieved a maximum specific capacitance of 205 F g! in

Electrons lons

Figure 2-24 Comparison of different carbon materials as electrodes of supercapacitors. (a) Activated
carbon. Activated carbon has a high surface area. However, many of the micropores cannot be accessed
by electrolyte ions. (b) Single-walled carbon nanotube (SWCNT) bundles. SWCNTs usually form
bundles, limiting their surface area. Only the outmost surface can be accessed by electrolyte ions. (c)
Pristine graphene. Graphene nano-sheets are likely to agglomerate through van der Waals interactions
during the drying process. It would be difficult for electrolyte ions to access the ultrasmall pores,
especially for larger ions such as an organic electrolyte or at a high charging rate. (d) Graphene/CNT
composite. SWCNTs can serve as a spacer between the graphene nano-sheets to give rise to rapid
diffusion pathways for the electrolyte ions. Moreover, they can enhance electrical conduction for the
electrons. The CNTs also serve as a binder to hold the graphene nano-sheets together preventing
disintegration of the graphene structure into the electrolyte.**

the aqueous solution. The power density of the electrode was approximately 10 kW kg!

and the energy density was about 28.5 Wh kg™

The agglomeration phenomenon during the preparation of graphene sheets inhibits the
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implication of pure graphene in the electrodes of supercapacitors. There has been an
increasing and urgent demand for fabricating graphene-based electrodes with low-degree

agglomeration.

Qian et al. % proposed a new construction: graphene/CNT composite as the electrode
material for electrochemical double layer supercapacitors. In the construction, the CNTs
were functioned as the spacer materials to separate the graphene sheets and then prevent
the agglomeration of graphene sheets. Due the high conductivity, high surface area and

superb mechanical properties, CNTs can disperse the graphene stacks to individual
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Figure 2-25 Scheme for preparing (a) reducedGO electrode and (b) GS-CNTs-9-1 electrode. Note the
schematic models of GS-CNT composites with various GS/CNTs ratios; where (c) GO are dispersed
in the solution and GS aggregates/stacks are formed after reduction, (d) GO and CNTs coexist in the
solution and CNTs act as nanospacers to increase the interlayer space between GS after reduction,
avoiding the aggregation issue, (¢) excess CNTs attach on the surface of GS resulting in a low exposure
of surface area, and (f) CNTs are dispersed in the solution and CNTs aggregates are formed in the dry
state.!?

graphene sheets and can serve as a connector and binder of the two graphene layers at the
end of the CNTs as show in Figure 2-24. With the new construction, the author reported
that they got specific capacitances of 290.6 F g! in aqueous electrolyte and 201.0 F ¢! in
organic electrolytes for a single electrode, and energy density reached 155.6 Wh kg! in
ionic liquid at room temperature.
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1.'27 used a simple strategy to prevent the irreversible agglomeration of graphene

Yang et a
and subsequently advance the utilization of the large surface area of graphene. In their
work, 1D CNTs and 2D graphene sheets were combined together to improve the
capacitive performance of supercapacitors. As shown in Figure 2-25, the as-prepared
graphene oxide and MWCNTs were added into deionized water followed by
ultrasonication for 2h. After the heating, stirring of the solution, the composite material

was finally obtained by washing and drying the powder filtered from solution. In order to

get the optimized performance, the weight ratio of reduced GO/CNTs was also

y a4

PEl-graphene

Electrode materials
for supercapacitors

Figure 2-26 Illustration of positively charged PEI-GN and negatively charged MWNT film deposition
process on an appropriate substrate.

investigated in their work. They found the composite film with 9:1 weight ratio of
graphene and MWCNTs possesses the highest specific capacitance, reaching 326.5 F g™!.
Via the intercalation of MWCNTs into graphene layers, the BET surface area of the hybrid
film increased from 138.2 m? g'! of graphene oxide to 538.9 m? g! after the MWCNTSs
intercalation. Furthermore, the energy and power densities of this film are achieved at

21.74 Whkg! and 78.29 kW kg'!, respectively.

Electrostatic interaction was used to fabricate large-area hybrid films by sequential self-
assembly of functioned graphene sheets and CNTs.%” The exfoliated graphene oxide was

firstly reduced by hydrazine in the cationic polyethyleneimine (PEI) (Figure 2-26). After
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the introduction of the charged PEI chain, the graphene sheets were assembled with acid-
oxidified MWCNTs to generate the hybrid film. The self-assembed process involved
repeatedly immersing the substrate into aqueous PEI-GN solution and aqueous MWCNT
solution prepared acid oxidation. The electrostatic interaction between the negatively
charged MWCNTs and positively charged graphene oxide was demonstrated to enable
the generation of an internconnected network of both material with aligned nanopores
and the maximum utilization of the large surface area of graphene sheet. The network
structures with well-defined pores contributed to fast electronic and ionic conducting
channels, providing ideal electrodes for energy storage devices. The electrodes based on

the hybrid film exhibited a nearly rectangular CV with specific capacitance of 120 F g

Guo et al.'®® reported a hierarchical nanostructure to enhance the performance of a
supercapacitor. As shown in Figure 2-27, by using the electrostatic interaction between
the positively charged carbon spheres and negatively charged graphene oxide, Guo ef al.
achieved a maximum power density of 15.4 kW kg!. The hierarchical carbon materials
were used as the activated material to fabricate the electrode for the supercapacitor.
Compared with the electrodes only consisting of the graphene under the same condition
(a specific capacitance of 115 F g!), the composited electrode possesses higher specific
capacitance (a maximum specific capacitance of 198 F g'!) which indicates the carbon
spheres have separated the graphene sheets in the electrode. The ERS of the hierarchical

electrode is about 1.98 Q. However,

It did not have the typical rectangular CV as shown in Figure 2-28, which results from
the incomplete reduction of graphene oxide. Also, like the activated carbon electrode, the

ion diffusion channel is out of control.
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Figure 2-27 Scheme representation of the preparation of self-assembled hierarchical nanostructure
comprising graphene and carbon spheres.'?®
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Figure 2-28 Cyclic voltammograms (CVs) of supercapacitors constructed with different materials
based electrodes in 6MKOH (scan rate of 20 mV s’!, electrode mass of 8.2 mg).!?¢

Peng Si et al.'?® presented a hybrid electrode compositing of polypyrrole and graphene
with a high specific capacitance. Electrochemical reduction, rather than chemical
reduction, was employed in their work, as shown in Figure 2-29. The composite of
polypyrrole/graphene oxide was directly synthesized on the surface of a glassy carbon
electrode by using potentiostatic method. After removing the absorbed species, the

composite was introduced to CV scanning within the potential window of -1~0 V for

52



several cycle, followed by the reduction of GO in the composite. The polypyrrole and

Electro- Electrochemical
polymerization reduction
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Figure 2-29 Illustration of the electrochemical synthesis process of the PPy/GR nanoplatelet electrodes.
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Figure 2-30 Fabrication of an RG-O and aminated MWNT (RG-O/MWNT) double layer on a
substrate.'?’

graphene sheets, reduced from polypyrrole and graphene oxide sheets by electrochemical
reduction, achieved a large surface area of 136.5 m? g'! and a high capacitance of 285 F

-1

g .

Highly conductive carbon hybrid films using gaphene oxide as the carrier was fabricated
by Cai et al.'* The functionalized multiwalled carbon nanotubes with 3-5 wt% hydroxyl
groups (MWCNTs-OH) and the graphene oxide nanoplatelets (GONPs) prepared from
expanded graphite by hHummers ultrasonic were dispersed in the N-dimethylformamide.
The hybrid films with various weight ratios of MWCNTs-OH and GONPs were

investigated in their research. They found that a large number of MWCNTs-OH were
53



well-stacked in the horizontal direction because the carriers GONPs have the two-
dimensional structure. The square resistance could be reduced to1.3x10* Q sq! when the

weight ratios of MWCNTs-OH/ GONPs reached 5/1.

Electrostatic interaction-induced self-assembly process for fabricating the large-area thin
films of graphene/carbon nanotube is proposed.'*! The SiO2/Si was firstly treated in the
toluene solution of 3-aminopropyltriethoxysilane for 30 min; consequently the surface of
the substrate has a positive surface charge of 31.32 mV (Figure 2-30). Once the positively
charged substrate was obtained, it was immersed in the graphene-oxide (G-O) aqueous
suspension which has negative charges. Due to the electrostatic adsorption, the G-O was
coated on the surface of the substrate. The G-O coated substrate possessed a highly
negative surface charge so that the aminated MWNTs with a positive charge were
absorbed on the surface of the G-O coated substrate via electrostatic interaction. After
deoxygenation and annealing at 500 °C under an argon atmosphere, the average sheet
resistances of the RG-O/MWNT thin film reduced to 103 kQ sq'. Through this
fabrication method, the thin film possesses excellent mechanical strength, expected sheet
resistance, uniform structure. However, the author didn’t show the influence of weight
ratios of the G-O and the MWNT which may dramatically affect the feature of the hybrid
film. Also insufficient deoxygenated MWNT will increase the resistance of the hybrid

thin film.

First report about dispersing CNTs in anhydrous hydrazine is presented by Vincent et al.
%9 in 2009. This dispersing process enables the enhancement of the electrical properties

of CNTs since it does not introduce the use of surfactants. To stably disperse the CNTs in
hydrazine, N,H: was employed to surround the negatively charges in their method. With

the method, they fabricated carbon nanotubes and chemical converted graphene hybrid
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nanocomposite for a polymer solar cell, which achieved the sheet resistance 240 Q sq’1
with 86% transmittance after chemical doping. Firstly, the graphite oxide was synthesized
and then purified by using Hummer’s method. Graphite powder is dissolved in deionized
water with the assistance of ultrasonication. The CNTs for the hybrid materials were
prepared by introducing the hydroxyl and carboxylic moieties by refluxing the CNTs in a
mixture of nitric acid and sulfuric acid. The CNTs activated with oxygen functionalities
was then filtered and washed repeatedly in the deionized water and ethanol. When the
graphite oxide powder and CNTs were ready, both of them were directly dispersed into
anhydrous hydrazine. The synthesizing process of the hybrid electrode is shown in Figure
2-31. This low-temperature solution synthesizing the graphene and CNTs technology was

easy, inexpensive, massively scalable and compatible with flexible substrates.

CgOx(OH),

Figure 2-31 Fabrication of hybrid suspensions of CCG and CNTs.*

Hong et al.'*? developed a layer by layer assembly method to fabricate the thin film
consisting of reduced graphene oxide (RGO) sheets and multiwalled carbon nanotubes,
as shown in Figure 2-32. The approach required that the original material RGO was
negatively charged and the positive charges were introduced on MWNTs. Once the
original materials were charged, the positively charged MWNT-NH;3" was dropped on the
hydrophilic-surfaced substrate by using the spin coater spun at 2000 rpm for 30s. Then,
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with the same procedure, the RGO solution negatively charged will be spincoated on the
surface of the MWNT-NH3" layer to form the bilayer of MWNT and RGO sheets. Desired
number of MWNT and RGO layers can be achieved by repeating the procedures. This
method enabled excellent control over the synthetizing of multilayers of MWNT and
RGO sheets, which results in excellent optical properties. After high temperature 1000 °C
for 30min thermal treatment, a MWNT/RGO film with a thickness of 11 nm and a sheet

resistance of 8 kQ sq! with a transparency of 81% was achieved.

A solid-phase layer-stacking approach using ethanol wetting was proposed to fabricate

carbon-based thin films in which the carbon nanotube network was assembled with

- - ' Substrate

Figure 2-32 Schematic representation of hybrid LbL multilayer of MWNTSs and RGO.!3?

graphene.'** A pure CNT network thin film was prepared by using floating catalyst CVD
methods. The graphene films were fabricated on a copper foil by the self-catalytic CVD
approach. After the CNT and graphene films were ready, they were assembled in the
procedure as shown in Figure 2-33. The CNT film dispersed from the grown substrate
was gently covered on the surface of the copper foil coated with the as-grown graphene.
The ethanol then was dropped on the thin film which contributes excellent adhesion
between the CNT film and graphene. After drying out the ethanol, the etching process

was used to detach the copper substrate and finally the hybrid film was obtained. The
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Figure 2-33 Schematic for the assembly of the CNTs/G composite film.'3!

previous solution-based processes will inevitably damage the intrinsic properties of CNT
and graphene. It is without doubt that the introduction of the oxidation function group and
reduction of the CNT and graphene in solution-based processes will sacrifice the
performance of CNT and graphene like conductivity, transparency and strength. However,
the solid-phase layer stacking method can maintain the structural integrity of CNT and
graphene while keeping the intrinsic electrical and mechanical properties. They found the
sheet resistance of the directly stacked CNT film into graphene films was reduce to 735

Qsq’.

The bulk production of layered graphene ribbons by using CVD was reported by Jessica
et al.'3* The aerosol pyrolysis process in which the mixture solution containing ferrocene,
thiophene and ethanol were spayed into a quartz tube and then heated at 1223 K was
employed for one-step production of bulk quantities of graphite ribbons. The graphene
nanoribbon, obtained from the method, possesses 20~30 um in length and 20-300nm in

width with small thickness of 2-40 layers. The Nitrogen adsorption measurements
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indicated the flat structure of the graphene ribbon. The electron transport of the ribbon is
a similar to the behavior of metal with straight line for the /-7 curves. The resistance of

the ribbon dropped to 10.5 KQ from 20 KQ after the annealing by 1.6 V for 15 min.

A supercapacitors with in-planar structure electrodes consisting of graphene and reduced
multilayer graphene oxide (RMGO) were fabricated by Yoo et al.,'® firstly reported in
2011. The in-planar structure takes full advantage of the large surface area of each
graphene layer for energy storage, as shown in Figure 2-34. For the conventional
electrodes with stacked graphene layer, when it is charging, the ions have to overcome

the barrier formed by the graphene flakes to cross over the graphene sheets to penetrate
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Figure 2-34 Schematic depiction for the performance comparison of the conventional stacked geometry

(a,b) Vs the ,,in-plane™ geometry (c,d).'??

into the inner part of the electrode. However, the novel structure allows the ions to fill in
the electrode more quickly since there is the same direction of the electric field and the
geometry of the electrode. It therefore increases the specific capacity and offers better

charge mobility and more effective utilization of the surface of the electrode as opposes
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to those of the stacked electrode.

In the work, the authors employed the layer-by-layer assembly method to prepare the
graphene oxide films followed by chemical reduction. The method involves charging the
quartz substrate by dipping it into a cationic polymer, ployethyleneimine (PEI) followed
by rinsing with deionized water. After drying in air, the substrate was immersed in the
graphene oxide solution. The controlled dipping and rinsing process was repeated three
times to form a GO film. Once the reduction of the GO film was finished, RMGO films
with 10 nm thickness were obtained. The specific capacitance of the electrode synthesized

by them reached to 394 uF cm?, energy and power densities were calculated to 8.5 Wh
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Figure 2-35 Schematic illustration of the fabrication process for carbon hybrid films.!34

kg and 5.7 kW kg'!, respectively.

The authors reported that about 21 layers of graphene existed in the RMGO film with 10

nm, yielding an interlayer spacing of 5A. The interlayer space is enough for the situation
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such as H2PO4!", HPO4>" and PO4*- with the diameter of 4.8A. However, according to the

41,63 since the sizes of hydrated ions are in the range of 6+7.6A, the

previous studies,
minimum effective pore size should be greater than 15A. It is known that, in general, pore
sizes in the range of 30+50A are required to maximize the capacitance in the double-layer
capacitor. In addition, this method can be used in manufacturing a supercapacitor with

high capacitance and energy since it is difficult to fabricate the electrode with higher

thickness, just only the thin in-planar electrode.

The first simple method that fabricates the hybrid graphene and vertical CNTs films by
thermal chemical vapour deposition was proposed by Lee et al. 1*¢ in 2010, in which the
graphene oxide was reduced to graphene with the synthetized vertical CNTs. Vertical
CNTs were grown from the nanopatterned catalyst array by the CVD method in a direct
current plasma atmosphere (Figure 2-35). During CNT growth process, the graphene
oxide film coated on the surface of the Si substrate is reduced in the high-temperature
atmosphere and, thus, gains electroconductivity. The hybrid film obtained through the
method they proposed enables high temperature stability, mechanical compliance as well

as excellent field emission performance.

2.4.3. Unzipped CNTs

Most of the CNTs grown by the CVD method are multi-walled CNTs because the single-
walled CNTs are difficult to be obtained and not cost effective. Therefore, most of the
vertically aligned CNTs employed in supercapacitors, especially in the commercial
supercapacitor, are multi-walled CNTs. However, for multi-walled CNTs, only the outer
portion of CNTs can be accessed by ions and the inner carbon surface are all wasted,

leading to lower specific capacitance of the multi-wall CNTs-based supercapacitors.
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Single layer samples of graphene are most often the result of a laborious peeling method,
which is neither scalable nor capable of producing uniform depositions.® CNT can be
seen as rolling few-layer graphene to form the seamless nanotube. Recently, researchers
have proposed different methods to unzip the CNTs to make graphene sheets and
nanoribbons. Even though the -electrical property of graphene nanoribbon,
semiconducting or metallic, are dependent on the width of the nanoribbon and
independent of their edge patterns '*7, the diameter of the CNTs, grown by the CVD

method, can be controlled by the pattern of the catalyst deposited on the substrate.

Directly unzipping the aligned vertical CNTs to graphene sheets is expected to make
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Figure 2-36 (a) Representation of the gradual unzipping of one wall of a carbon nanotube to form a
nanoribbon. Oxygenated sites are not shown. (b) The proposed chemical mechanism of nanotube
unzipping. '3

supercapacitors possessing high energy storage capability. To date, graphene, possessing
large surface, high conductivity and charge carrier mobility, has spawned intensive

researches into fabricating supercapacitor electrodes with graphene. However, most of
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the electrodes compositing graphene and conducting materials like CNTs, have
uncontrollable pore structure and ion diffusion. Currently, all the graphene is fabricated
on the horizon plant, and the employing of the vertical graphene sheet as the electrode
has not been reported. If the vertical graphene sheet is successfully used in the electrode,
the supercapacitor will possess high energy density and power density due to the intrinsic

property of graphene.

Kosynkin et al.'*® reported a simple solution-based technique to make graphene sheets
and nanoribbons, as shown in Figure 2-36. In the technique, MWCNTs werefirstly treated
by concentrated sulphuric acid to obtain suspended MWCNTs, followed by 500 wt%
potassium permanganate treatment. The reaction mixture was then stirred at room
temperature for 1h and finally heated to 55-70 °C for an additional 1h. The diameter of
the original MWCNTs ranges from 40nm to 80nm and the inner diameter of the MWCNTs
1s approximately 15-20 nm. After chemically unzipping the nanotubes, the width of the
nanoribbon reached 100-500 nm. The unzipped nanotubes were poorly conducting
because of the existence of the oxygen-containing functionalities on the edge of the
nanoribbon. The surface oxidations disrupt the flow of the charge carriers, degrading the
conductivity. Aqueous N2H4 in the presence of ammonia was used to reduce the unzipped
nanotubes with oxygen groups. After chemical reduction or annealing process, the wide
nanoribbons restored the electrical conductivity. The sort of nanoribbon possesses

metallic property which is suitable to serve as the electrodes of supercapacitors.

A selective etching of CNTs to graphene nanoribbon by using argon plasma is reported
by Jiao et al.'*° In the method, the MWCNTs were partly embedded in a poly methyl
methacrylate (PMMA) layer as an etching mask (Figure 2-37). The parts that were not

covered by the PMMA were etched during the argon plasma process. Finally the graphene
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nanoribbons with various widths were obtained after the polymer film was removed by
using acetone vapour. The width of the graphene depends on the number of layers of the
original MWCNTs and the diameter of the MWCNTs. Furthermore, the duration that the
MWCNTs with polymer film were exposed to argon plasma controls the width of the
graphene film. The mean diameter of the author’s starting MWCNTs was 8 nm. After 10s
of Ar plasma etching, about 20% of MWCNTs were unwrapped to single- or few-layer
graphene nanoribbon. This method contributes to cleaving CNTs in the longitudinal

direction rather than etching along the circumference.

Figure 2-37 (a) A pristine MWCNT was used as the starting raw material. (b) The MWCNT was
deposited on a Si substrate and then coated with a PMMA film. (c) The PMMA-MWCNT film was
peeled from the Si substrate, turned over and then exposed to an Ar plasma. (d—g) Several possible
products were generated after etching for different times: GNRs with CNT cores were obtained after
etching for a short time t1 (d); tri-, bi- and single-layer GNRs were produced after etching for times to,
t3 and t4, respectively (s, t3, to, t1; e—g). (h) The PMMA was removed to release the GNR.

Abraham et al.'*°

employed intercalation and ammonia to longitudinally unwrap the
MWCNTs. The cointercalant Li and NH3 was used in the work. The simultaneous

intercalation of Li and NH3 is able to increase the interlayer distance to 6.62 A which is
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enough to break the nanotube walls followed by exfoliation and unwrapping of the
nanotube (Figure 2-38). Due to the nanotubes fabricated by CVD being highly crystalline

with closed ends, acid purification and hydrothermal procedures were used to open the
tips of the nanotubes which contributes to the intercalation of Li- NH; complex. This
method produced 0~5% of ex-MWCNTs, most of them are damaged, only the outer layers
were exfoliated, and partially exfoliated. To effectively unwrap the MWCNTs, several of

ratios Li/C were tested. Their results showed that higher amounts of Li results in more

exfoliation of nanotubes. They also found that the refluxing of the solution containing Li,

TH

1) HCI 10%
2) 1000 °C

Figure 2-38 Mmechanism for intercalation and unwrapping of MWNT.

NH3 and MWCNTs in 10% HCI contributes more ex-MWCNTs than room temperature
stirring. The exothermal reaction between HCl and Li-NH3; enhanced the further

exfoliation of MWCNTs.

2.4.4. Vanadium Oxide

Various carbon-based materials, including activated carbons, tangled carbon nanotube

and aligned carbon nanotube, have been widely used as the electrodes of supercapacitors.

36-40

Even though activated carbon has a huge surface area which is more than 1410 m? g
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!'reported®® and 2000-3000 m? g”',*!*#* the power density and energy density were limited
by its widely varying pore sizes. The specific power of the electrode consisting of
activated carbon is just 0.5-5 kW kg'!, which leads to low specific energy densities
ranging from 0.5 to 10 Wh kg'** and the mass-specific capacitance is usually less than
200 F g''.*? CNTs are attractive materials for the electrodes of supercapacitors owing to

1’50—54

their superb characteristics of electrica mechanical,® > low mass density, low

resistivity and large surface area.** "> Some electrodes consisting of tangled CNTs>"- 6-
62 have achieved much better performance than activated carbon. However, it is difficult
to maintain high permeability and porosity of the tangled CNTs film. With better
controllable pore size and lower ion diffusion resistivity, aligned carbon nanotubes make
them a most promising candidate for energy storage. The power density of aligned CNTs-
based electrodes has reached to 13 Wh kg™ or 10.4 Wh 1! from 3.9 Whkg! or 3.1 Wh I
I, and the power density ranges from 3.50 kW kg™ to 163 kW kg!.#+ 3% 6 Dye to the
intriguing structure single layer of carbon,® graphene possesses high electric conductivity
and mechanical strength, charge carrier mobility,** high specific surface area up to 2675

2 41 64, 68
m g,

which is much larger than that of activated carbon and carbon nanotubes.
Moreover the specific capacitance of graphene is able to reach 21 uF cm™, and graphene
has the largest theoretical electrochemical double layer capacitance of about 526 F g 64

It can also provide conduction pathways to a greater area per unit mass than CNTs, which

should translate into improved conductivity.*

However the supercapacitor with only EDLC mechanism is limited by its energy density.
There is a critical need to develop novel supercapacitor electrodes with improved high-
energy and remained high-power properties. The formation of carbon—transition metal
oxide nanocomposites may offer unique benefits for such applications. Among broadly

available transition metal oxides, vanadium oxide is one of the most promising ion
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insertion materials.’’ Vanadium oxide is abundant, relatively inexpensive ($12 per kg),
has a layered structure®® and offers a broad range of oxidation states which will offer the
broad range of redox reactions suitable for supercapacitor operation’' V> can be easily
reduced leading to mixed valence vanadium oxides in which both V>* and V*' and even

V3* ions are observed.®!

However, compared with double-layer capacitors, pseudo-capacitors often suffer from a

lower power delivery rate limited by the redox reaction rate and the conductivity of the

Figure 2-39 Schematic diagram of horizontal alumina tube furnace for growth of vanadium oxides.!*3

redox active species.'*! For example, V20s suffers from low electronic conductivity with
high resistivities, limiting the application of the vanadium oxide electrodes in

supercapacitors.

Sol-gel synthesis is one of the prevalent merthods used to fabricate the V20s
nanotubes.'*>!** Ammonium meta-vanadate (NH4VO3) and acidic ion exchange were
firstly resined in water. After the heating at 60 °C, the orange colored sol was prepared.
Following the mixture, the V205 nanofiber was obtained by washing in ethanol and drying
at 100 °C. The composite film with V20s nanofiber was demonstrated to possess high

surface area, which facilitates electrochemical charge injection and intercalation.

Chemical vapor deposition (CVD) technology is another method employed to fabricate
the V205 nanostructure film.!*> In their CVD method (Figure 2-39), the vanadyl

acetylacetonate (VO(acac)2) powder was used as the vanadium precursor. Vanadyl
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acetylacetonate (VO(acac)2) powder was selected as the vanadium precursor because of
its low boiling point. Various morphologies vanadium oxides including V20s rods, VOx
microspheres and microroblocks were obtained, which depended on the depositing
termperature. V205 rods with a diameter of ~250 nm, VOx microstructure with V°>* and
V# cations and VO2 microblocks were obtained at the depositing temperature of 500,
450-250 and 150 °C, respectively. When the depositing temperature was as high as 500 °C,

most of the V** cations were oxidized to V" cations and V205 rods were obtained.

Hydrothermal synthesis of vanadium oxide nanostructures can also be fabricated by
heating aqueous V solutions and the related chemical parameters.’! Tetramethyl
ammonium N(CH3)4OH (TMAOH) was added into the aqueous solution of decavanadic
acid and then the layered compound TMA[V4Oi10] is obtained, after hydrothermal heating
at 180 °C. In particular, the influence of pH and the temperature of the precursor were
investigated. And Mello ef al. demonstrated that heating V20s solution with tetramethyl
ammonium N(CH3)4OH (TMAOH) for instance leads to different layered compounds
depending on pH. Hydrothermal synthesis was also used to synthesize platinum and
vanadium oxide nanotubes hybrid film.!*¢ Cui ez al. '*7 synthesized polypyrrole/vanadium
oxide nanotubes (PPy/VOx-NTs) by using combination of hydrothermal treatment and
cationic exchange technique. The hybrid composite was used as the cathode material for

rechargeable Li-ion battery.

Anodic deposition of vanadium oxides was proposed to synthesise various
nanostructures.'*% 14 The precursor solution was chosen as 25 mM VOSO4 with 5 mM
H202. Under the potentiostatic mode of 0.7 V vs. Ag/AgCl, the hydrous vanadium oxide
(VOxyH20) was directly deposited on the graphite substrate. After cleaning and drying,
the VOx-yH20/graphite electrode was obtained. They found that the success in growing
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one-dimensional (1D) vanadium oxide nanowires strongly depends on the deposition
variables such as the V>*/V*' ratio (adjusted by H20: addition) in the VOSO4 solution
and the applied current density during anodic deposition. The novel oxide deposit
showing a porous three-dimensional network architecture possessed high power
characteristics and acceptable specific capacitance (CS =167 F g at 25mV s!) for

pseudocapacitor applications.

Ahmad et al.' investigated the effect of ultrasonics on the formation of vanadium oxide
nanotube by using sol-gel reaction method. In the work, crystalline V20s was firstly
dissolved in the water with the ultrasonics. Once the V20s slurry was prepared, it was
mixed with the hexadecylamine solution with acetone. Then vanadium oxide nanotube
was fabricated by the hydrothermal method. Ultrasonication did not reduce the particle
size and, in fact, enhanced the suspension homogeneity of vanadium oxide with
hexadecylamine for better and faster formation of NTs. The ultrasonic treatment for the
duration of 15 min produced well developed nanotubes with only a small amount of
amorphous or lamellar by-products but for the duration of 30 min it also produced VOx-
NTS with longer length and similar diameter. The ultrasonication also has the benefit of
reducing the mixing time from 48h to 24h, and the hydrothermal condition from 7 days

to 5 days.

Multi-walled carbon nanotube (MWCNT)-induced vanadium oxide nanosheet composite
was synthesized via sol-gel method and subsequent hydrothermal treatment process.'>!
The MWCNTs were pretreated by mix-acid (H2SO4:HNOs = 3:1) and then dispersed in
the distilled water. Once the vanadium peroxide solution was ready, the MWCNTs
solution was added to form the composite solution. A rectangular sheet-like nanostructure

was obtained by using this method. The high capacity is attributed to the uniform coating
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of vanadium oxide onto the MWCNTs network and the high conductivity of MWCNTs.
They also demonstrated the presence of MWCNTSs pretreated by mixed acid is conducive
to the reduction and oriented crystallization of vanadium oxide sol, and then leads to the

formation of vanadium oxide nanosheet which is monoclinic crystalline and primarily

composed of VOa.

The sol—gel method and subsequent hydrothermal treatment process were also employed
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Figure 2-40 Schematic representation of VN/CNTs nanocomposite synthesis process.'>

to synthesize nanostructured vanadium nitride/multiwalled carbon nanotubes (VIN/CNTs)
composites.'>> The incorporation of CNTs during VN synthesis allows VN/CNTs
nanocomposites to be obtained with higher porosity, narrower pore size distribution,
better conductivity and improved electrochemical properties compared to VN without

CNTs (Figure 2-40). As a consequence, the hybrid electrode results in an enhancement of

the energy density at high power.

Sofiane et al.”' uniformly deposited the smooth nanostructured vanadium oxide on the

porous multi-walled carbon nanotubes (MWCNTs) electrode. In their work, the
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deposition of vanadium oxide on the MWCNTs substrate was achieved by the atomic
layer deposition (ALD) method. The average coating thickness increases by 0.1 nm per
cycle. After 500 ALD cycles, around 110 nm thickness of vanadium oxide was deposited
on the porous MWCNTs substrate (Figure 2-41). By using the MWCNT-vanadium oxide
electrode without binder, Sofiane achieved specific capacitance of up to 600 F g of the

composite electrode. Due to the high conductivity of the CNT, the ESR of their samples

Uncoated CNT

100 ALD cycles
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Figure 2-41 SEM images of (a) uncoated samples, and samples coated with VOx for (b) 100 ALD
cycles, (¢) 300 ALD cycles, and (d) 500 ALD cycles.”!

with interconnected CNT network is very low, just ranging from 0.025-0.4 Q cm?. The
ALD method depositing metal oxide on CNT network has the benefits of binder-free

electrode, controllable pore size and specific capacitance.

L 80

Yang et al.®” proposed a novel method to fabricate the vertically aligned V20s nanotubes
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for supercapacitors. Due to the insufficient stability of the vanadium oxide in common
anodization electrolytes, the aligned pure V20s nanotube cannot be achieved by
anodization. Therefore, in Yang’s work, the “active” V20s was integrated into the stable
nanotube structure of TiO2 and grow mixed V20s5-TiO2 nanotube arrays by anodization
of Ti—V alloys, as shown in Figure 2-42. Through the anodization growing, highly-
ordered nanotubes with average length of 4-5 um and tube diameter of 150—-160 nm were
successfully fabricated. The produced electrode possesses a highly ordered three-
dimensional TiOz-stablizied V205 vertical nanotube structure. The specific capacitance
of the nanotube can reach up to 220 F g! and the energy density can be up to 19.56 Wh

kgl

Figure 2-42 Cross-section SEM images of ordered nanotube arrays on different substrates: (a) Ti, (b)
Ti0.2V, (c) Ti3V, and (d) Til8V by anodization in an electrolyte composed of ethylene glycol with 0.2
M HF at 120 V for 30 minutes. (e) and (f) High magnification cross-section and top-view SEM images
of the Ti18V Ti-V oxide nanotubes.?

2.4.5. Ruthenium Dioxide

Nanocrystalline hydrous ruthenium dioxide (RuOz2-xH20) is promising electrode material
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Figure 2-43 An ideal design of the electrode material for next generation supercapacitors, RuO,-xH>O
nanotubular arrayed electrode. The mesoporous architecture, hydrous nature, and metallic conductivity
provide the proton and electron “superhighways” for the extremely rapid charge/discharge processes.”

for supercapacitors.”> 13* It has good electronic conductivity,'** ultrahigh
pseudocapacitance,”” intrinsic reversibility of superficial redox couples,'> and
appropriate long cycle life. Electrical conductivity of RuO: is far greater than carbon and
leads to higher inherent power densities or lower resistance-capacitance (RC) time
constants.”> Nanocrystalline RuO2-xH20 also promotes the rate of proton
exchange/diffusion for high-power application due to the proton—electron double

injecting/expelling mechanism for the charge storage process.’

Nanotubular arrayed architecture of hydrous RuO: was fabricated by the use of the
membrane-templated synthesis route, as shown in Figure 2-43.7* The three-dimensional
mesoporous architecture of RuO2-xH20 nanotubular arrayed electrodes not only provide
the pathways for the electron, but also promote the rate of proton exchange. In addition,
the equivalent series resistance (ESR) was reduced by the 3D mesoporous architecture
which simultaneously maintaining the facile electrolyte penetration, fast proton exchange,
and the metallic conductivity. The specific power and specific energy of the prepared
RuO2-xH20 nanotubes reach to 4320 kW kg' and 7.5 Wh kg, respectively,
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Figure 2-44 The scheme represents the enhanced charge storage process of the prepared electrode. !>

demonstrating the good performance as supercapacitor electrode.

A binder-free onestep process was designed by Chi-Chang Hu et al.'>® to fabricate a
ternary ruthenium dioxide/reduced graphene oxide/carbon nanotube (Figure 2-44). In the
composite, the rGO/CNT acts as a conductive backbone to facilitate the electron transport
between current collector and RuO2-xH20 nanoparticles which contributes to
improvement of the electrode material conductivity. The specific capacitance of
RuO2-xH20 reaches to 1200 F g!, the unique microstructure builds up the smooth
pathways of both proton and electron to access the active oxy-ruthenium species. And the
specific energy and power of reaches 135 Wh kg™! and 12 kW kg ™! respectively with a

good capacitance retention.

2.4.6. Manganese Dioxide

Manganese dioxide (MnO2) is another transitional metal oxide which received wide
attention for supercapacitor application because of'its intrinsic characteristics, such as low
cost, availability in abundance, nontoxicity, abundance and more environmentally

friendly and possessing a high theoretical specific capacitance.!”” ¥ However, the
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electrical conductivity of MnO: is too poor to be practical use for supercapacitor. In
addition to the poor electrical conductivity, the low structural stability and flexibility lead
to the degradation of cycle life. Fabrication of the nanostructured MnO2 or composites
with conductive materials like CNT, graphene is wildly used because of the improved

electrical conductivity, short ion diffusion pathway, fully utilization of active materials.

Number of methods have been reported for the synthesis of MnO2 nanostructures, such
as the hydrothermal method,'” sol-gel method,'®® electrostatic self-assembly
technique.'®! Different morphologies of MnO> including hollow spheres and hollow
urchins, particles, platelets, nanosheets and nanowire were prepared by these methods.
Among these fabrication technologies, electrochemical deposition is one of the most
common methods because of simply, no polymer binder and modest reaction condition.

Plenty of MnO> nanostructures have been fabricated using electrochemical deposition.!*®

162,163

MnO: nanowires and mesoporous structures were synthesized by employing the
electrodeposition technique with the association of porous anodic aluminium oxide.'¢*
MnO:z nanowires with a uniform diameter of 60 nm on the Si substrates exhibit a loosely-
arranged assembly after removing the template. The aligned structures provides an
optimized path for the transfusion of electrolytes and reactants into the whole electrode
matrix, even the deep area of the electrode. The enhanced electrochemical properties of
the mesoporous MnO:2 nanowire array electrode achieved a high specific capacitance of
493 F g! at discharging current of 4 A g''. However, the template-assisted methods are
always complex and need much more time to remove the template. Peng-Yi Tang et al.
prepared 3D MnO: onto nickel foam by double-pulse polarization and potentiostatic

deposition technologies.!*® Nickel foam possesses a highly porous structure, providing

74



3D scaffold for the grown of MnOz. The continuous conductive nickel foam therefore is

IGraphene . MnO, Conductive wrapping

Figure 2-45 (a) Schematic illustration showing conductive wrapping of graphene/MnO; to introduce
an additional electron transport path (in a discharge cycle). (b) Schematic of graphene/MnO,/CNT and
graphene/MnO»/conducting polymer systems formed by wrapping of GM nanostructures with CNTs
or conducting polymers (black, graphene; rose, MnO»; yellow, CNTs; blue, conducting polymer).®?

a promising current collector to enhance the electrical conductivity and support the
formation of ordered MnO2 nanostructures. The 3D MnO2 nickel foam shew a significant
improvement in the specific capacitance of 1222 F g at 5 A g and 600 F g even at a

high current density of 100 A g\

Due to the poor electronic and ionic conductivities, MnOz limits in the performance of
power density and cycling. Deposition of MnOz onto 3D conductive substrates have been
widely utilized in recent years to improve the electrical conductivity and charge-storage
capability of MnOa2. As shown in Figure 2-45, a conductive wrapping method was

developed by Guihua Yu et al.®? to improve the electronic and ionic conductivities
of MnOz, then enhancing the supercapacitor performance. The specific capacitance
of the 3D conductive wrapping of graphene/MnO; nanostructures with carbon
nanotubes was increased by 20% with a high value of 380 F g'!. What’s more
important is that the 3D composite exhibited excellent cycling performance

with >95% capacitance retention over 3000 cycles.
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Figure 2-46 Structural characterization of MnO,/Zn,SnO4/ carbon microfibers hybrid composite. (a-d)
SEM images of ZnSnO4 nanowires grown radially on the woven carbon microfibers. !¢

Lihong Bao et al.'®® designed a facile method to coat MnO: film to highly electrical
conductive Zn2SnO4 nanowires. Vapor transport method in a horizontal tube furnace was
used to grow high-density Zn2SnO4 nanowires on commercial woven carbon microfibers.
The crystalline Zn2SnO4 nanowires grown on carbon microfibers supported a highly
conductive cores to fully utilize the surface area of redox active MnOz, as shown in Figure
2-46. The composites achieved high specific capacitance of 621.6 F g-1 at a scan rate of
2mV s, and 642.4 F g'! by chronopotentiometry at a current density of 1 A g”!, a high-
energy density of of 36.8 Wh kg!, high-power density of 32 kW kg™ at current density
of 40 A g'!, and long-term life that only 1.2% its initial specific capacitance was lost after

1000 cycles for supercapacitor electrode applications.

2.5. Summary

In this chapter, different energy storage technologies were firstly discussed, and then the
advantages and disadvantages of each type of technology was comprehensively compared.
After that, the metrics of a supercapacitor were summarized and explained. The
supercapacitor modellings which play a critical role in the understanding of the energy
storage mechanism were presented. In the latter part of this chapter, the electrode

materials for supercapacitor and the fabrication methods were reviewed.
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Charpter 3. Experimental Methods

The researches undertaken in the project involved synthesis of active materials, followed
by characterizations of the as-prepared materials and evaluation of their electrochemical
properties for supercapacitor. In this chapter, the materials, synthesis methods, materials
characterization techniques, electrode fabrication and electrochemical testing were
presented. Various fabrications technologies were used in the project, including
hydrothermal method, revised vacuum filtration method and static electric field. The
morphologies, crystal structures, surface area and mechanical properties were
characterized by scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and energy dispersive spectroscopy (EDS), N2 sorption (BET) and

thermogravimetric and differential thermal analysis (TGA-DTA).
3.1. Materials synthesis

A number of materials synthesis techniques have been designed and utilized to prepare
graphene-related nanocomposites and metal oxides. The methods used in this project

were discussed in the part below in this chapter.

3.1.1. Hydrothermal method

Hydrothermal synthesis is a promising method to prepare large scale, well crystallized
and morphology controllable materials. The growth of crystals occur in an autoclave
consisting of a steel vessel, in which the precursor is crystallized under high temperature
and high vapour pressure. The temperature of the autoclave and the heating time are
controlled by a heating oven. Hydrothermal method allows the fabrication of the materials

which are not stable at the melting point and have a high vapour pressure near their
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melting points.

The morphologies and structures of the as-prepared materials depend on the concentration
of the precursors in the solution, the volume of the solvent which determines the vapour
pressure in the autoclave, temperature and the experimental duration time. Some
surfactants will be used to modify the reaction to fabricate materials with different

structures.

Hydrothermal synthesis was usually utilized to fabricate metal oxide or to deposit metal
oxide on conductive materials like graphene and carbon nanotube. Homogenous
hexangular starfruit-like vanadium oxide was prepared by the revised hydrothermal
method.'® Various hierarchical three-dimensional (3D) vanadium oxide microstructures,
including urchin-like microflowers, nanoborn-structured microspheres, nanosheet-
assembled microflowers, and nanosheets bundles, were synthesized by a versatile
hydrothermal method. It was found that the morphologies of the as-prepared products
significantly depended on the concentration of the precursor.!®’” A continuous
hydrothermal synthesis method was employed to fabricate nanosized NiCo204 spinel
compounds. A series of crystalline homometallic and heterometallic cobalt and nickel
hydroxides and oxides were obtained by using this revised hydrothermal method.!'®®
Hydrothermal process and chemical bath deposition were combined to fabricate
hierarchical NiCo0204@NiCo0204 core/shell nanoflake arrays on nickel foam for high-
performance supercapacitor.'® The core/shell NiCo204 achieved better electrochemical

performance than conventional NiCo0204 nanostructure materials.

The hydrothermal method is able to enable uniform growth of metal oxides on conductive
materials. Even though metal oxides possess higher specific energy density than carbon

materials, they suffer lower conductivity and worse cyclability. The materials consisting
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of metal oxides and conductive materials like carbon nanotube, graphene and conductive
polymer are able to achieve high charging and discharging rate, long cycle life and high
energy and power density. Satyajit Ratha et al. proposed a facile hydrothermal method to
synthesize layer structured WSz on reduced graphene oxide (RGO) for supercapacitor
materials.!’® Because of the unique microstructure with a combination of two layered
materials, WS2/RGO hybrids serving as the supercapacitor electrode material achieved
high specific capacitance, energy density, and excellent cycling stability. Two one-
dimensional hierarchical hybrid nanostructures composed of NiC0204 nanorods and
ultrathin nanosheets were grown on carbon nanofibers (CNFs) through a facile solution
method combined with a simple thermal treatment.®® By controlling different additives in
the synthesis, NiCo0204 nanorodes and nanosheets were obtained. These two structures
have high electroactive surface area, ultrathin and porous features, robust mechanical

strength, shorter ion and electron transport path.

Figure 3-1 Typical FESEM images of (A, B) bare carbon nanofibers after Te nanowire core removal;
(C, D) NiCo-precursor nanorod arrays/ carbon nanofibers hybrid nanostructure; and (E, F) crystalline
NiCo0,04nanorod arrays/carbon nanofibers hybrid structure obtained by annealing the NiCo-precursor

nanorods/carbon nanofibers at 300 °C for 2 h with a slow heating rate of 0.5 °C min™.%
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3.1.2. Freeze drying

Figure 3-2 Benchtop Manifold Freeze-Dryer marketed by Millrock Technology.

Freeze drying technology is a dehydration process which is usually used in medicine
research or industry. The freeze dryer (Figure 3-2) is usually used to freeze-drying
biological materials, pharmaceuticals, biochemical products and foodstuffs which cannot
be heated at moderate or high temperatures. The structures or nutrition of the materials
can be preserved by freeze drying. It involves in freezing the material and sublimating

the ice directly from the solid phase to the gas phase.

Figure 3-3 is the three phase diagram of water representing the phases of water as a
function of temperature and pressure. The material is usually placed in a freeze-drying
flask or container which is cooled by dry ice or liquid nitrogen. When the temperature is
cooled below the triple point of water, the liquid water is totally frozen to solid ice which
avoids the melting of water during sublimation. Slow freezing will lead to the production
of larger ice crystals. Therefore, people have tried to control the freezing speed to control
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Figure 3-3 The three phase diagram of water.

the size of crystals then control the pore size in the materials. In contrast to slow freezing
speed, rapid freezing will be adopted which will generate smaller ice crystals. Small ice
crystals will be better for maintaining the structure of the cell wall, resulting in good
texture and preventing structural collapse of the materials. After freezing, the materials
are introduced into a freeze dryer to sublimate water directly from solid phase to gas phase
rather than liquid phase. During the primary drying phase, the pressure is decreased to a
few millibars. When the pressure reaches the specific value, enough heat is added to the
material for the ice to sublime. The primary drying will be slow and cost several days to
avoid damage to the material’s structure. In addition, the pressure will be controlled to
partial vacuum which is able to speed up the sublimation. 95% of the water in the material

will be sublimated. The rest of the water will be dried in the final drying phase. The
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7
Further reduction
and freeze drying

Figure 3-4 (a-c) Typical top-view (a,b) and side-view (c¢) SEM images of graphene monolith of 5.10
mg cm>. (d) Schematic showing the formation mechanism of the cork-like monolith by freeze
casting. When a well-dispersed pr-GO dispersion (the first scheme) is frozen, pr-GO sheets are
concentrated at the boundary of ice crystals and then aligned along the growth direction of ice due
to the squeezing effect (the second scheme, side-view). As a result, a continuous honeycomb-like
network is formed. The network retains its connectivity when the ice is thawed (the third scheme,
top-view). The pr-GO sheets are illustrated as slightly corrugated lines in the scheme with the brown
representing partially reduced, whereas the black for fully reduced. Photos of the corresponding
samples are presented in the insets. Scale bars, 50 mm (a,c) and 10 mm (b).'*

temperature will be raised higher than in the primary drying phase which breaks the
physico-chemical interactions that have formed between the water molecules and the

frozen material.

Freeze drying is a useful technique to remove the water in the materials by sublimating
frozen water directly from the solid phase to the gas phase while keeping the structure of
the materials. Numerous 3D graphene foams have been prepared by using freeze-drying

technology.

Ultralight and superelastic graphene-based cellular monoliths were prepared by freeze

171

drying partially reduced GO.'"" The resulting materials have 3D graphene networks with

high elasticity, which are able to sustain their structural integrity under a load of >50,000

times their own weight and can rapidly recover from >80% compression. Qiu et al.'”!
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reported that the amount of oxygen-containing groups of GO has a significant effect on
the form of the porous structures. Directly freezing of conventional GO solution will lead
to a randomly oriented porous structure, which has poor mechanical strength and a few
recoverable deformation region. In contrast, a cork-like graphene cellular structure with
high elasticity (Figure 3-4) was obtained by controlling the reduced ratio of GO in the
solution. During the freezing process, the ice crystals squeezed the pr-GO to wrap at the
crystal boundaries, and then a continuous network was formed. The m-m attraction
between the pr-GO sheets resulting from the partial reduction which contributes to the
stable structure. The further reduction of GO allowed the GO to maximally reduce and

stronger intersheet m-w attraction to form the elastic 3D graphene foam.

Based on the freeze drying method, water, the very soft matter, therefore has the
opportunity to serve as an effective space matter to prevent the restacking of graphene
sheets during the reduction process. Xiaowei Yang et al. used water as the spacer material
to separate graphene sheet, basing on freeze drying technology. This method enables the
separation of graphene sheets without restacking to graphite. The graphene sheets

remained significantly separated when combined together in a parallel manner.

The functionalization-lyophilization-microwave treatment combining with freeze-
drying!” was designed by Han Hu et al., who successfully produced ultralight graphene
aerogel with excellent elasticity. This method is able to suppress the restacking of the
graphene sheets during the reduction process. As shown in Figure 3-5, GOs are
controllably functionalized by ethylenediamine (EDA) and then assembled in to
monolithic functionalized graphene hydrogel. Ultralight graphene aerogel (ULGA) with
excellent elasticity was obtained after freeze drying and microwave irradiation. The

results indicated that the density of ULGA can be controlled by varying the EDA/GO
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Figure 3-5 (a) Illustration of the fabrication process of the ultralight graphene aerogel (ULGA). (b)
Digital images of time-dependent formation process of functionalized graphene hydrogel (FGH).'’

ratio as well as the concentration of GO. The density of ULGA ranges from 3 to 5 mg
cm > and the porosity is as high as 99.7-99.8%. The ultralight ULGA exhibits a strong
elastic property, which enable it to recover strain from 90% after being squeezed in to a
pellet. A versatile, ultralight and nitrogen doped, three-dimensional (3D) graphene
framework was also prepared by the freeze-drying method, which is ultralight with the
specific weight of less than 10 mg cm™.!"* The rich open-pore structures interpenetrating

the graphene skeleton contributes to the ultralow weigh density of 2.1 mg cm™.

Xuetong Zhang et al. fabricated a graphene aerogel by combining freeze drying technology
and sol-gel chemistry.!” The resulting graphene aerogels have the density ranging from
12 mg cm™! to 96 mg cm™! with large surface area of 512 m? g'!'. This graphene aerogel
has very strong mechanical properties, which can support more than 14000 times its own
weight, nearly twice the amount afforded by the carbon nanotube aerogels. The
morphology of the aerogels is quite uniform with a 3D network of randomly oriented

sheet-like structures. A flexible solid-state supercapacitor consisting of 3D graphene
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hydrogel film was designed by Yuxi Xu et al.'”> The 3D graphene film has a highly
interconnected 3D network structure with exceptional electrical conductivity and
mechanical robustness and flexibility. The thickness of the electrode is up to 120 um,
which exhibited excellent capacitive properties. The supercapacitor based on the
electrode achieved a high gravimetric specific capacitance of 186 F g™!, an unprecedented

areal specific capacitance of 372 mF cm™, and good cycling stability.

The freeze-drying technology was also developed to fabricate electrode materials
combined with metal oxide and conductive materials. The metal oxides usually have
higher capacitance than that of carbon materials. However, they surfer poor conductivity
leading to worse cyclability and charging/discharging rate. The combination of metal
oxide and conductive materials is able to address these issue by adopting the advantage
of both materials. MnO2 was grown on GO sheets by hydrothermal method, and then

introduced into a freeze drying system.!”¢

A novel method combining freeze-drying and
thermal reduction was designed by Xiaoshi Zhou to synthesize silicon nanoparticles
inserted into graphene sheets.!”” The as-prepared Si/graphene nanocomposite exhibits
remarkably enhanced cycling performance and rate performance compared with bare Si

nanoparticles. An in-situ chemical synthesis approach combined with freeze drying

developed by Kim et al. to prepare ruthenium oxide/RGO nanocomposites.'’

3.1.3. Vacuum filtration

Vacuum filtration is usually used to separate solids materials from liquid materials. As
shown in Figure 3-7, the moistened filter paper is able to retain the oversize solids and
pass the fluid. During the filtration, the solid material is used to block the pores of the
filter paper. The vacuum created by the aspirator therefore enhances the filtration speed.

Vacuum filtration has been widely used to prepare graphene by filtering the graphene or
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Figure 3-6 Diagram of vacuum filtration.

GO solution. Vacuum-assisted self-assembly method is able to fabricate high-density
graphene paper or film, which increases the electrode density. The binder is excluded
during the electrode fabrication, leading to high conductivity of the free-standing

electrode.

A Vacuum-assisted method was used to densify an activated exfoliated graphite oxide
(aMEGO).!” The density of electrode is increased to 1.15 g cm™, which is significantly
higher than that fabricated by conventional compression. Unlike the electrodes fabricated
by conventional methods (Figure 3-7 a and b), the high density of electrode achieved an
aligned nano-porous structure (Figure 3-7 ¢ and d). The aligned aMEGO demonstrated a
very high volumetric capacitance of 158 F cm™ and 177 F cm™. A large areal mass,
flexible and free-standing RGO/MnO2 paper was prepared by using vacuum filtration, in
which a template was not involved.!®® The large areal mass paper electrodes exhibit

remarkable flexibility which can be bent into any desired structure.
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Figure 3-7 Low and high magnification SEM images of (a) and (b) mechanically densified aMEGO
and (c) and (d) aligned aMEGO.'*

Zhiqiang Niu et al.'®! designed a leavening strategy to prepare RGO foam based on the
vacuum filtration method (Figure 3-8). The foam showed an open porous network with

pore sizes in the range of sub-micrometer to several micrometers which can be directly

1(— GO film
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Solution ampy- 0 — 44— AAO
1| (ITNEE |
Peeling off

GO film—p “Leavening" 4— GO Foam
- c J *

Figure 3-8 Schematic drawings illustrating the leavening process to prepare rGO foams. !¢
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Figure 3-9 The proposed self-assembly mechanism for graphene hydrogel formation during the

chemical reduction of GO in an aqueous suspension.'®’

used as the electrode of supercapacitor. The walls of the pores in the foam are
continuously crosslinked, rather than simply separated between different layers. Such
continuously crosslinked structures of RGO not only effectively overcome the restacking

of graphene sheets, but also achieve high conductivity of less than 100 Q sq .

3.1.4. In-situ self-assembly

The in-situ self-assembly method usually uses chemical methods to partially or
completely reduce GO, and the reduced GO will assemble together by itself to form 3D
architectures of graphene.'®> NaHSO3, NazS, Vitamin C, HI, and hydroquinone can serve
as the reducing agents (Figure 3-9). The structures and pore size of the 3D architectures
can be controlled by changing the type of reactor and the reducing time. The 3D
architectures of graphene have a low density of 18 mg cm-3, high electrical conductivity
of 87 S m’!, high mechanical properties, thermal stability and high specific capacitance
of 166 F g'!. However, the pore sizes of the 3D graphene architectures fabricated by the
simple self-assembly methods is too large to be the electrodes for supercapacitors. A

microwave assisted self-assembly method was designed by Han Hu et al. which was used
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Figure 3-10 Schematic illustrations of the ternary self-assembly approach to ordered metal oxide
graphene nanocomposites. '

to increase the density of the graphene foam.!”? The compressed graphene aerogels were
obtained by using a weak reducing agent ethylenediamine (EDA) to functionalize the GO
sheets and initiate their assembly into partially reduced graphene hydrogel. The
compressed graphene aerogels were obtained after the further microwave irradiation of

the graphene hydrogel.

Donghai Wang et al. developed a ternary self-assembly approach to construct aligned
SnO:-graphene nanocomposites by using graphene as fundamental building blocks.'?
The anionic surfactant was introduced onto functionalized graphene sheets (FGSs) which
enabled the graphene materials to be dispersed in the hydrophobic of surfactant micelles.
The surfactant micelles with the FGSs then become the fundamental building blocks for

self-assembly. The surfactants assembled onto the FGSs contribute to absorption and

deposition of metal cations, leading to forming an ordered nanocomposite.
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3.2.  Physical and morphological characterization

The as-prepared materials were introduced to experimental works for characterizing the
physical, morphological and electrochemical properties after fabricating by the designed
methods. The experimental works involved in various characterizing techniques
including X-ray diffractometry, scanning electron microscopy, transmission electron
microscopy, thermogravimetric analysis and Brunauer-Emmett-Teller surface area and

Barrett-Joyner-Halenda pore size and volume analysis as discussed below.

3.2.1.  X-ray Diffractometry (XRD)

X-ray diffractometry is a characterization method to confirm a materials’ crystal phases
and structures by using an X-ray beam. When the X-ray beam hits on the atoms of the
samples, a sensor of the XRD instrument will record the scattered angle, polarization and
the wavelength of the scattered X-ray beam. A particular relative intensity of the X-ray

peak represents a certain crystal lattice of the sample. The obtained diffraction curve with

Figure 3-11 An X-ray diffractometer (Siemens D5000 model) in UTS.
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relative peaks at particular angles is called an XRD pattern. Each material has its own
XRD pattern which has been identified by scientists. In this project, XRD was used to
identify and confirm the actual phase of the as-prepared materials by comparing the
obtained pattern to the standard XRD in the Joint Committee on Powder Diffraction
Standards (JCPDS) database. The XRD instrument used in this doctoral work to identify
the phase and crystallographic structure of as-prepared materials was a Siemens D5000

diffractometer equipped by a Cu Kal radiation (A = 1.54056 A), as shown in Figure 3-11.

3.2.2. Scanning electron microscopy (SEM)

Figure 3-12 An FE-SEM facility (Zeiss Supra 55VP) in UTS.

The morphologies of the materials were observed by high resolution field emission scanning
electron microscopes (FESEM, Zeiss Supra 55VP) as shown in Figure 3-12. The SEM images
were taken by the microscope at an acceleration voltage of 20 kV. The Energy Dispersive
Spectroscopy (EDS) was attached in the Supra 55VP for the elemental mapping and chemical

characterization of as-prepared materials.
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3.2.3. Transmission Electron Microscopy (TEM)

Figure 3-13 A commercial TEM setup (JEOL 2011 model).

SEMs (FE-SEMs) are used for preliminary analysis to check the structure of the sample.
However, TEMs are capable of taking the images of sample at a very high resolution to
observe the crystal structures at nanometer scale like lattice planes and d-spacing. The beam
of electrons generated in TEM which was operated at 200 kV is able to transmit through the
samples deposited on a copper grid, interacting with the sample when the electrons pass
through the sample. And then the images of the sample’s nanostructure were obtained. In this
project, a high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2011) was
used to take the TEM images of the samples which worked at an accelerating voltage of 200
kV (Figure 3-13). The bright field image (BF) and selected area electron diffraction (SAED)
patterns were recorded by a Gatan CCD camera and then the images were generated. Some
atomic resolution TEM images were collected by the transmission electron microscopy
(HRTEM) FEGTEM 3000 (JEOL 300KV Atomic Resolution Transmission Electron

Microscope (0.192 nm resolution)) worked at an accelerating voltage of 300 kV.
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3.2.4. Thermogravimetric Analysis (TGA)

Figure 3-14 A TGA/DTA Analyzer (SDT 2960 model, TA Instruments) in UTS.

Thermogravimetric analysis is used to determine the physical and chemical properties of
materials. The changes of samples weight associated with changes in temperature and time.
The sensor in the machine accurately records the weight as a function of increasing
temperature or as a function of time, drawing a continuous line to identify weight loss
processes in relation to the chemical reactions occurring. In the TGA, air is used to reactivate
with the samples; or noble gases are employed to prevent the reaction between samples and
air. TGA is able to provide the information about the vaporization, sublimation, absorption,
adsorption, chemisorptions, desolvation, decomposition and solid-gas reactions. In this

project, a TGA instrument (Figure 3-14) was utilized to do the thermogravimetric analysis.

3.2.5. Brunauer-Emmett-Teller (BET) Surface Area and Barrett-Joyner-Halenda

(BJH) Pore Size and Volume Analysis

The surface area, pore size and pore volume of the as-prepared materials can be analysed
by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH). BET analysis

measures adsorption of gas molecules on the external area and pore area of the materials
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Figure 3-15 A TriStar II Surface Area Analyzer.

to determine the total specific surface area in m? g”! by nitrogen multilayer adsorption
isotherms. The uniform pore size of the electrode material plays a critical role in the
electrochemical performance of the electrode. Therefore, researchers employ BJH
analysis to characterize pore size distribution of the samples. The nitrogen adsorption and
desorption isotherms obtained from a surface area analyzer as shown in Figure 3-15 are able

to provide the information about the BET surface area and BJH pore size distribution.

3.3. Electrode fabrication and electrochemical characterization

3.3.1. Electrode fabrication

In this PHD project, there are two major types of electrode materials: free-standing foams

and metal oxide/graphene composite powder. If the active materials are graphene-based

94



nanocomposites, they will be mixed with carbon black and PVdF powders. All of them
were pre-weighed before mixing them together. The ratio among active material, carbon
black and PVdf are 80:15:5. The three ingredients were mixed together by grounding in
a mortar, followed by adding a small volume of NMP to form slurry. The slurry was pasted
on platinum foils for a three-electrode test system in an aqueous electrolyte. The three-
electrode test system consisted of the working electrode, a counter electrode which was
usually platinum foil, and a reference electrode (saturated calomel electrode, SCE or
AgCl). After assembling, the three-electrode system was left about one hour before the

electrochemical testing.

3.3.2. Electrochemical testing

The as-prepared electrodes were electrochemically tested in the three-electrode system
for the studies of the electrochemical properties of the active materials. The
electrochemical testing involved cyclic voltammetry, galvanostatic charge/discharge,

electrochemical impedance spectroscopy and cycling testing.

3.3.2.1. Cyclic voltammetry (CV)

CV is one of the techniques used to test the performance of prepared materials based on
potential dynamic electrochemical measurement. In a CV test a potential ramped linearly
versus time is added on the working electrode. When the potential reaches the set value,
it is ramped in the opposite direction to return to the initial potential at the same sweep
rate. In one CV cycle, the active material will be experienced reduction and oxidization.
During the process of reduction and oxidization, a couple of redox peaks will be reveal
by the CV curve. The cycle of potential sweeping may be repeated several times to

thousands of times. The current which flowed through the working electrode is recorded
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Figure 3-16 An electrochemistry workstation (CHI660D model).

and plotted versus the applied voltage. The redox peak potentials shown in CV curves are
able to reveal the reaction occurring on the working electrode when the potential changes,
which contributes to the further investigation of the energy storage mechanism involved
in the reaction. The specific capacitance of the active material can also be calculated based

on the CV curves.

The equation represents the area under the current-potential curve which is divided by the
sweep rate v, the mass of the active material of the electrode m, and the potential window
Va-Vb. In the research project, an electrochemistry workstation (CHI660D) (Figure 3-16)

was used to conduct the CV tests.

3.3.2.2. Galvanostatic Charge/Discharge (DC)

Galvanostatic Charge/Discharge (DC) is another type of electrochemical measurement
for battery and supercapacitor. In the DC testing, a constant current is applied on the
working electrode. DC tests are able to provide the electrochemical information through

the DC profiles. It also can reveal the columbic efficiency, cycleability and conductivity
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of the electrode. All the DC tests of the as-prepared material in this project were

conducted on the same electrochemistry workstation (CHI660D).

3.3.2.3. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) employs different frequencies to characterize
the electrochemical dynamic of an electrode. The use of EIS supercapacitors is able to
provide an estimation of the internal resistance (electrolyte resistance and charge-transfer
resistance) at an open circuit potential. The supercapacitor has both resistor elements which
will consume energy and the capacitor elements which store energy. EIS therefore contributes

to the study of the internal electrochemical process.

3.4. Summary

Following Chapter 2, the synthesis methods of supercapacitor were presented. Next the
physics and morphologies characterization technologies were introduced. Finally,
electrode fabrication and electrochemical characterization which were used in this PhD

project were presented.
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Charpter 4. Synthesis and Characterization of Vanadium
Oxide Nanotubes as Electrode Materials for Electrochemical

Capacitors

4.1. Introduction

The supercapacitor with only electrochemical double layer capacitor (EDLC) mechanism
is limited by its energy density. There is an urgent need to develop novel supercapacitor
electrodes with improved high-energy and remained high-power properties. The
transition metal oxide nanomaterials may offer unique benefits for such applications.
Among broadly available transition metal oxides, vanadium oxide is one of the most
promising ion insertion materials. Vanadium oxide is abundant, relatively inexpensive
($12 per kg), and exhibits a layered structure and offers a broad range of oxidation states
enabling redox reactions suitable for supercapacitor operation.”! V°* can be easily
reduced leading to mixed valence vanadium oxides in which both V3 and V*' and even

V3" ions are observed.®! Currently, a few vanadium oxide nanostructures have been

81, 147, 184-186 t 142
2

investigated; for example, vanadium oxide nanotubes, nanofibre shee

144 188

porous vanadium pentoxide,'** powders,'®” mesoporous vanadium oxide,'®® macroporous

vanadium foam,'%% 1%

porous nanobelt.'”! However, few investigations related to using
vanadium oxide as the electrode for electrochemical capacitors have been undertaken
recently.'* 187192 For example, amorphous V20s5-H20'? was prepared by the reaction of
metallic vanadium with a hydrogen peroxide solution, which achieved a high rate of
discharge. Ravinder et al. synthesized porous structured vanadium oxide by the sol-gel

method.'** The materials showed a good capacitance curve of CV in an aqueous KCl

electrolyte. They reported a high specific capacitance at a scan rate of 5 mV s in2 M
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KCl electrolyte. However, specific capacitance faded rapidly over in 2 M KCl at a 50 mV
s! scan rate. With a different precursor, Lao et al. fabricated vanadium pentoxide powders

with enhanced surface area which is 41 m? g'.1¥

In this project, we report an effective hydrothermal method to prepare vanadium oxide
nanotubes. The preparation involved dissolution of V205 into H202 and high-speed
stirring (10000 r min™') with hexadecylamine. The product was characterized by scanning
electron microscopy, transmission electron microscope, X-ray diffraction and
thermogravimetric analysis. Its physical and electrochemical properties used as the
electrode materials for electrochemical capacitors are systematically investigated. The
electrochemical properties of the materials as electrodes for electrochemical capacitors
were evaluated by cyclic voltammetry in a three electrode system consisting of a saturated
calomel electrode as reference electrode, platinum as a counter electrode and the active
materials as the working electrode. A high capacitance of 148.5 F g™! was obtained at a
scan rate of 2 mV s in 2 M KCI. The electrode maintained a high capacitance of 105 F

g’ at a higher scan rate of 50 mV s in 2 M KCl electrolyte.

The results demonstrate that the as-prepared materials with nanotubes morphology can

utilized the electrolyte effectively which is of benefit to quick charging and discharging.

4.2. Experimental

Commercial vanadium pentoxide (V20s) and hydrogen peroxide (H202) were used as the
starting materials to prepare the vanadium oxide nanotubes. Unlike the previous methods,
200 mg vanadium oxide was firstly added into 10 ml distilled water with vigorous stirring.
After 6 hours vigorous stirring, 10 ml 30% hydrogen peroxide was added into the orange
solution. The hydrogen peroxide should be slowly mixed with the vanadium oxide
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solution due to the highly exothermic reaction. With the decomposition of hydrogen
peroxide, the oxygen gas bubbles can be observed during the process. After
approximately 2 hours, the color of the solution changed to dark red with slow release of
oxygen. It was left to stir for 24 hours and followed by a vigorous stirring at 11000 rpm
for 30 minutes. Next 270 mg hexadecylamine was added into the solution with stirring at
11000 rpm for 30mins. Finally, all the solution was transferred to a Teflon-lined autoclave
and kept at 180°C for 6 days. After the hydrothermal treatment, the color of the materials
changed to black which resulted from a slight reduction of vanadium(V) to vanadium(IV)
during the hydrothermal reaction.!®* The black materials were washed with distilled water

and ethanol several times, and dried under vacuum condition at 80°C for 12 hours.

The as-prepared materials were characterized by X-ray diffraction by using a Siemens
D5000 X-ray diffractionmeter with Cu Ka radiation with 20 ranging from 10° to 80°. The
morphology and crystal structures were characterized by field-emission scanning electron
microscopy (FE-SEM, JSM-6700F), and transmission electron microscopy/selected area
electron diffraction (TEM/SAED, JEOL JEM-200CX) equipped with an energy-
dispersive X-ray spectrometer (EDX). The electrodes were fabricated by mixing the 80
wt% as-prepared materials, 15 wt% acetylene carbon black and 5 wt% polyvinylidene
difluoride (PVDF) in the presence of N-methyl pyrrolidinone (NMP). The resulting slurry
mixture was pasted onto platinum foil substrates, and then heated at 80°C under vacuum
for 12 hours. Electrochemical measurements were carried out using three-electrode cells
with platinum as the counter electrode and a saturated calomel electrode (SCE) as the
reference electrode. Cyclic voltammetry (CV) measurements were carried out on a CHI
660C electrochemistry workstation in 2 M KCI, 2 M LiCl and 2 M NaCl electrolyte with

the scan rates of 2mV s!, 5mV s!, 10 mV s, 20 mV s}, and 50 mV s’!, respectively.
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Figure 4-1 XRD pattern of the as-prepared nanotube with the standard V,Os pattern, (b) Schematic
depiction of the nanoribbon structure.

4.3. Results and discussion

As shown in Figure 4-1 (a), the XRD pattern of the as-prepared materials after heating at
80 °C under vacuum condition exhibited three peaks with 00! series at the low scan angle.
The 00! series of peaks reflect the layered structure with a preferred orientation of the
materials.'®® In the inset figure of Figure 4-1 (a), the first 00/ peak at around 2.8 degree
indicated a basal distance dooi=3.2 nm which implies that the long chain alkylamines have
intercalated into the vanadium oxide layers. In the layered structure of vanadium oxide,
the alkylammonium ions are perpendicular to V20s layers.'** Also, the 4k0 series of peaks
with lower intensity correspond to the two dimensional structure of the layered vanadium

195 we obtained the similar XRD pattern, as

oxide.'® Compared with Worle’s results,
shown in Figure 4-1 (a) and selective area electron diffraction (SAED) Figure 4-1 (b). It
indicates the as-prepared materials have parallel sheets of VOs square pyramids

connecting via VOs tetrahedra. The amine molecules intercalate into the space of the

vanadate layers.

The morphological features are revealed by the SEM images of the as-fabricated materials.
101



Figure 4-2 The uniform vanadium oxide nanotubes was demonstrated by SEM images (a and b); The
detailed information about the nanotubes were shown in the TEM images (c-¢).

Figure 4-2 (a) clearly shows that the materials consist of uniform vanadium oxide
nanotubes. The vanadium oxide nanotubes have a length of from 5 micrometers to several
tens of micrometres. Some of the nanotubes are isolated, and others grow together as is
also revealed by the Figure 4-2 (b). In addition, the TEM image (Figure 4-2 (c)) confirms
that the nanotubes have an open-ended cylindrical shape. As shown by Figure 4-2 (d),
some of the nanotubes stack together, but they still maintain the nanotube morphology
with open-ended structure. The TEM image in Figure 4-2 (e) illustrates the nanotubes
have internal diameters between 6 to 10 nm and the external tube diameters are from 60

to 100 nm, with the tube wall thickness around 10 to 30 nm.

The electrochemical properties of the vanadium oxide nanotubes were evaluated by cyclic
voltammogram (CV) measurements at various scan rates in different electrolytes. Figure

4-3 (a) depicts the CV profiles of the vanadium oxide nanotubes at scan rate of 2 mV s™!,
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Figure 4-3 Cyclic voltametric curves of the vanadium oxide nanotubes (a) in 2 M KCI, (b) in 2 M
LiCl and (c) in 2 M NaCl at the scan rates of 2mV s, 5mV s, 10 mV s, 20 mV s, and 50 mV s~
!, (d) Comparison of CV curves in 2 M KCI, 2 M LiCl and 2 M NaCl at the scan rate of 50 mV s\

5

mV s, 10mV s, 20 mV s and 50 mV s in 2 M KCl electrolyte. The CV curves show
a nearly rectangular shape which means the nanotube materials have good conductivity
and good charge propagation within the electrodes.'?® The as-prepared vanadium oxide
nanotubes, even at scan rate of 50 mV s, still maintained the rectangular shape with a
few variances in the specific capacitance. The intercalation process of the ions (Li", Na*

and K) into vanadium oxide can be expressed as

V,0,+M"+xe” <> M, V, 0, (5-1)

where M stands for the ions of Li", Na" or K¥) , and the x is the mole fraction of
intercalated Ions.!® 7 As shown in Fig.3a, two pair of obvious oxidation/reduction peaks
(P1/P1’ and P2/P2’) and a pair of small oxidation/reduction peaks (P3/P3’) are observed
in the CV curves at the five different scan rates, indicating the ion insertion/deinsertation

kinetics.'?’
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The CV curves of the vanadium oxide nanotubes in 2 M LiCl electrolyte are presented in
Figure 4-3 (b). The curves also exhibits three pairs of oxidation/reduction peaks as shown
in Figure 4-3 (b). However, LiCl electrolyte obviously has degraded the CV rectangle
shape and the electrode exhibits less conductivity than that of electrodes in 2 M KCI. In
2 M NaCl electrolyte, the materials have different CV curves (Figure 4-3 (c)). It has better
rectangle CV shape than the electrolytes of 2 M LiCl, but worse than that of 2 M KCI.
The CV curves of vanadium oxide nanotubes in 2 M KCI, 2 M NaCl and 2 M LiCl at 50
mV s are given in Figure 4-3 (d). In contrast to 2 M KCl electrolyte, the curves shape of
the materials in 2 M NaCl and 2 M LiCl are not an ideal rectangle. It means lithium ion
has lower diffusion speed into the electrode than the potassium ion, although the size of

the potassium ion is larger than that of the lithium ion.

According to the CV testing, the specific capacitances of the electrodes were reported by
integrating over the full CV curves to determine voltammetric charge. The specific

capacitances were calculated on the basis of equation

C=0/2vmAE (5-2)

where Q is the voltammetric charge obtained by integrating the CV curve, v is the scan
rate, m 1s the active mass of the electrode materials and AE 1is the width of the
potential window. The specific capacitances of the vanadium oxide nanotubes in 2 M KCl
and 2 M NaCl at different scan rates are presented in Figure 4-4. As is evident from the
data, vanadium oxide nanotubes yield the highest specific capacitance in 2 M KCl
electrolyte. A high specific capacitance of 148.5 F g! was achieved for the vanadium
oxide nanotubes at a2 mV s™! scan rate in 2 M KCl electrolyte. Even though the vanadium
oxide nanotubes achieved a higher specific capacitance of 152 F g in 2 M LiCl

electrolyte, the specific capacitance and the shape of the CV curves degraded significantly
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Figure 4-4 Measured capacitance of vanadium oxide nanotubes in 2 M KCI, 2 M LiCl and 2 M NaCl
at the scan rates of 2 mV s, 5mV s, 10 mV s, 20 mV s!, and 50 mV s\

with the increase of the scan rates. When the voltage scan rate reaches to 50 mV s! from
2 mV s, the specific capacitance dropped by around 100 F g”'. In contrast to 2 M LiCl,
there was just only a drop of 43 F g'! in 2 M KCl electrolyte. It still remained a specific
capacitance of 105 F g'! and an ideally rectangle shape, even at a scan rate of 50 mV sl

It indicates a better charge propagation in KCl electrolyte than LiCl electrolyte.

4.4. Summary

Vanadium oxide nanotubes were prepared using a hydrothermal method with the
assistance of high-speed stirring. The materials show a nearly rectangular shape of CV
curve, indicating good conductivity and good charge propagation within the electrodes.
It also demonstrated three pairs of redox peaks in the CV curves. A high specific
capacitance of 148.5 F g'! at scan rate of 2 mV s™! and the minor decreases of specific
capacitance with the increase of scan rates were achieved in 2 M KClI electrolyte. The
higher specific capacitances of the as-prepared vanadium oxide nanotubes can be
explained in term of the nanotubes structure and the redox property of the fabricated

materials.
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Charpter 5. High-Specific-Capacitance Supercapacitor Based

on Vanadium Oxide Nanoribbon

5.1. Introduction

With increased climate change like global warming, more research concerns have been
focused on minimizing the exhaust of carbon dioxide. These concerns have led to the
proliferation of electricity generation using both smart grid and distributed renewable
energy resources, such as wind, solar, and tidal. However, the intermittent nature of these
renewable resources raises issues with system stability, power efficiency, and electricity
quality. Energy storage systems with high energy density, fast response and high power

capacity are needed for compensation of fluctuating output from renewable energy.'*% 1%

200, 201 202, 203

Flywheel energy storage systems, superconducting magnetic energy systems

204205 are able to provide high energy capacity for the

and compressed air energy storage
storage of renewable energy resources. However, there are some drawbacks in these
energy storage systems. One of them is the large scale that requires large space to set up
the facilities. The complex structure also means a long construction period and high
capital cost. On the other hand, supercapacitors, also known as electrochemical capacitors,
have a longer life time and higher power density than traditional batteries.?’ It can be
easily assembled to construct a large scale energy storage system with low maintain cost.
There are two types of supercapacitors: electrical double layer capacitors (EDLC) and
pseudocapacitors.*! The supercapacitor with only EDLC mechanism is limited by its
energy density. Pseudocapacitors have transition metal-oxides electrodes possessing

multiple oxidation states/structures that enable rich redox reactions for pseudocapacitance

generation.®® %7 Among broadly available transition metal oxides, RuOz is able to achieve
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a specific capacitance as high as 1580 F g7 However, the application of a
pseudocapacitor based on RuOz is limited by the high cost and rareness of Ru resource.
Vanadium oxide is relatively inexpensive (about $12 per kg) because of the abundant
resource. It exhibits layered structure and possesses a broad range of oxidation states to
enable redox reactions suitable for energy storage.”! Most of the previous studies just
focused on the structures of the vanadium oxide and maximizing the electrolyte contact

area.144’ 187

In this project, we fabricated vanadium oxide nanoribbon that optimized the ion diffusion
path and maintained the electrolyte contact area due to significant length with large
contact area. Vanadium oxide nanoribbon was synthesized by a facile and effective
hydrothermal treatment with control of the condensation speeds of precursors in the
solution along the <010>, <100> and <001> directions. The synthesis involved
dissolution of V20s into H202, and investigation of the precursor weight ratio and the
hydrothermal time. The product was characterized by using scanning electron microscopy,
transmission electron microscope and X-ray. The electrochemical properties of the
material as the electrode of the electrochemical capacitor were evaluated by cyclic
voltammetry in a three electrode system consisting of a saturated calomel electrode as
reference electrode, platinum as a counter electrode and the active material as the working
electrode. As far as we know, it is for the first time that the fabrication of vanadium oxide
nanoribbon by using the hydrothermal method has been reported. The prepared
nanoribbon structure possesses relative short width and significant length. The narrow
nanoribbon with ultra-length optimizes the ion diffusion path thereby enhancing the
specific capacitance. A high capacitance of 453 F g'! was obtained at the scan rate of 2 mV
s'in 2 M NaCl electrolyte; it still maintained a high capacitance of 201 F g'! at a higher

scan rate of 50 mV s, Also the nanoribbon exhibits faster ion propagation and better
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conductivity than the nanotube as revealed by the immediate current response to the
potentials applied on the electrode. The electrochemical performances of the vanadium

oxide were found to strongly depend on the nanostructures and electrolytes.

As is known, the fabrication of vanadium oxide nanostructure involves the condensation
of vanadium species in the aqueous solution. There are two main reactions in the
condensation process: olation and oxolation. Both involve the nucleophilic addition of
negatively charged OH* groups onto positive charged vanadium cations V*',
Consequently, it requires the condensation of V-OH groups. During the condensation, the
olation reaction is kinetically faster than that of oxolation because the labile water
molecules are already formed in the olation process.?! Therefore, the <010> is the fastest
growth direction and <001> the slowest due to the weak c-axis bonding.?*® In this project,
we try to fabricate the ultralong vanadium oxide nanoribbon with a relative narrow width
by this formation mechanism. The hydrothermal reaction time and the weight ratio
relative to which as used in the fabrication of vanadium oxide nanotube were reduced to
synthesize the ultralong vanadium oxide nanoribbon with controlled width. The
nanoribbon structure of vanadium oxide achieved higher specific capacitance attributing
to the easy ion insertion and electronic transport along the a-b plane rather through the
layers of the c-axis.??® 2% As far as we know, it is the first time to report the fabrication
of vanadium oxide nanoribbon by using the hydrothermal method which is facile and

effective.

5.2. Experimental

To prepare the vanadium oxide nanoribbon, commercial vanadium pentoxide (V20s) was
dissolved in the hydrogen peroxide (H20:). First of all, 10 ml distilled water was slowly

added in to 200 mg V20s with stirring. A solution with orange color, in which the
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vanadium pentoxide was slightly dissolved and uniformly dispersed, was obtained after
6 hour vigorous stirring. Then, 10ml 30% hydrogen peroxide was added into the orange
solution. There was a highly exothermic reaction. After approximately 2 hours, the color
of the solution changed to dark red. It was left to stir for 1 day and followed by a vigorous
stirring at 11000 rpm for 30 minutes. Then, 200 mg hexadecylamine was added into the
solution with stirring at 11000 rpm for 30 minutes. Finally, the solution was transferred
to the Teflon-lined autoclave and heated under hydrothermal condition at 180 °C for 4
days. Due to the slight reduction of vanadium (V) to vanadium (IV) during the
hydrothermal reaction,' the color of the two materials after hydrothermal treatment
changed to be black. The as-prepared black materials were washed with distilled water

and ethanol several times, and dried under vacuum condition at 80 °C for 12 hours.

The as-prepared materials were characterized by X-ray diffraction by using a Siemens
D5000 X-ray diffractionmeter with Cu Ka radiation with 20 ranging from 10° to 80°. The
morphology and crystal structures were characterized by field-emission scanning electron
microscopy (FE-SEM, JSM-6700F), and transmission electron microscopy/selected area
electron diffraction (TEM/SAED, JEOL JEM-200CX) equipped with an energy-
dispersive X-ray spectrometer (EDX). Electrodes for electrochemical measurement were
fabricated by mixing the 80 wt% prepared materials, 15 wt% acetylene carbon black and
5 wt% polyvinylidene difluoride (PVDF) in the presence of N-methyl pyrrolidinone
(NMP). The resulting slurry mixture was pasted onto platinum foil substrates for three-
electrode cell measurement, and then heated at 80 °C under vacuum for 12 hours. The
cyclic voltammograms (CV) measurement was performed over the potential voltage from
0.2V to 0.8 V in 2 M KCl and 2 M NaCl electrolyte with the scan rates of 2 mV s, 5

mVs'!, 10mVs!, 20 mV s, and 50 mV s, respectively.
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5.3. Results and discussion
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Figure 5-1 (a) XRD pattern of the as-prepared nanoribbon with the standard V,Os pattern, (b)
Schematic depiction of the nanoribbon structure.

XRD pattern of the vanadium oxide nanoribbon were shown in Figure 5-1 (a). In the inset
figure, an intensive peak located at the low scanning angle around 2 degree is related to
space between the vanadium layers. The 00/ peak indicated a basal distance around
d00/=4.5 nm which is approximately equal to the length of the long chain alkylamines. It
means the alkylamines chain has intercalated into the vanadium oxide layers which is
almost perpendicular to layers.'”* And the hk0 series of peaks with lower intensity
correspond to the two dimensional structure of the layered vanadium oxide.!®* It indicates
the as-prepared material has the nanoribbon structure as shown in Figure 5-1 (b). The
nanoribbon consists of parallel sheets of vanadium oxide. The amine molecules

intercalate into the space of the vanadate layers. The XRD measurements of the as-
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Figure 5-2 (a) SEM images of nanoribbon, (b, ¢) low- and high-magnification TEM images,
respectively. (d) selected area electron diffraction (SAED).

prepared materials shows nano-crystalline feature, but the spectral positions of the
reflections correspond to different phases as shown in the Figure 5-1 (a). Mixed valence
vanadium oxides with V°*, V#" and V*" even V** were usually observed in the vanadium
materials, leading to different phases.”’ The XRD pattern of the as-prepared materials
suggests the presence of the common vanadium phases VO, V203, VO2, V205 and VeO13

as shown in the Figure 5-1 (a).

The surface morphological feature of the as-fabricated materials is revealed by the SEM
and TEM images. Figure 5-2 (a) clearly demonstrates that the material consists of uniform
nanoribbon structure. The low-magnification SEM of the material shows the nanoribbons
entangle with each other with a paper-like feature indicating a flexible character of the
materials. The TEM image in Figure 5-2 (b) illustrates these nanoribbons are 150 nm to
200 nm in width, and with lengths up to 50 um (Figure 5-2 (a)). The layered structure of

the nanoribbon is revealed by the high-magnificent TEM image (Figure 5-2 (¢)). It has
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Figure 5-3 Cyclic voltametric curves of the vanadium oxide nanoribbon (a) in 2M KCIl (b) in 2M NaCl,
nanotube at the scan rates of 2 mV s, 5mV s, 10 mV s, 20 mV s, and 50 mV s’

several layers consisting of the vanadium oxide layer. The edge of some of the
nanoribbons shows one-layer structure. The selected area electron diffraction (SAED)

(Figure 5-2(d)) also confirms that the nanoribbons have nano-crystalline property.

The electrochemical properties of the vanadium oxide nanoribbon were evaluated by CV
measurements at various scan rates in different electrolytes. Figure 5-3 (a) depicts the CV
profiles of the vanadium oxide nanoribbon at scan rate of 2mV s, 5 mV s, 10 mV s/,
20mV s, and 50 mV s in 2M KCl electrolyte. The CV curve shows a nearly rectangular
shape which indicates good conductivity and good charge propagation within the
electrodes.'® The vanadium oxide nanoribbon maintained the rectangular shape with a

few variances in the specific capacitance at a high scan rate of 50 mV s™\. The good
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Figure 5-4 The specific capacitance of vanadium oxide nanoribbon in 2M KCI, 2M NaCl at the scan
rates of 2mV s!, 5mVs!, 10 mVs!,20mVs!, 50 mVse.

electrochemical performance is attributed to the nanoribbon structure and high reactivity
of vanadium oxide for the energy storage of the as-prepared material. As shown in Figure
5-3 (a), two pairs of obvious oxidation/reduction peaks (P1/P1’ and P2/P2’) and a pair of
small oxidation/reduction peaks (P3/P3’) were observed in the CV curve at five different
scan rates. The CV curves of the vanadium oxide nanoribbon in 2M NaCl electrolyte are
presented in Figure 5-3 (b). In 2M NacCl electrolyte, the material shows different CV
curves, indicating faster ion diffusion. The CV curves display nearly rectangular shape
with three pairs of redox peaks even at very high scan rates. It indicates supercapacitor

features of fast charging and discharging.

The specific capacitances of the vanadium oxide nanoribbon in 2M KCl and 2M NaCl at
different scan rates are presented in Figure 5-4. As is evident from the data, vanadium
oxide nanoribbon yields the higher specific capacitance in 2 M NaCl electrolyte. It
achieved a very high specific capacitance of 453 F g'! at the scan rate of 2mV s' in2 M
NaCl electrolyte. In addition, a specific capacitance of 350 F g™ was obtained in 2M KCl

electrolyte at the scan rate of 2mV s”'. The specific capacitances of vanadium oxide
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Table 5-1 Comparison of the specific capacitance value of as-prepared vanadium oxide nanoribbon
with the reported studies in different electrolyte at the scan rate of 5 mV s’

Specific
Nanostructures Electrolyte capacitance(F/g)
Nanoribbon 2M NaCl 339
Nanoribbon 2M KCl1 296
Porous structure [15] 2M KCl 214
Porous structure [15] 2M LiCl 122
Porous structure [15] 2M NaCl 114
Powder [16] 2M KCl 262
Powder [16] 2M NaCl 166
Powder [16] 2M LiCl 160

nanostructures in different electrolytes are compared in Table 5-1 with the value of the
previous studies. Our material achieved the highest specific capacitance of 339 F g! at
scan rate of 5 mV s in 2M NaCl electrolyte. It is confirmed that the nanoribbon structure
of vanadium oxide achieved higher specific capacitance which is attributed to the easy
ion insertion and electronic transport along a-b plane rather through the layers of the c-
axis. The nanoribbon structure shortens the ion diffusion path and exploits efficiently the

electrode for energy storage.

5.4. Summary

The synthesis mechanism, morphologies and electrochemical features of vanadium oxide
nanoribbon were investigated. The weight ratio of the precursor and the hydrothermal
reaction time have a straight correlation between the molecular types in the solution and
the solid structure. Both of them play a crucial role in condensation speed of precursors
along the <010>, <100> and <001> directions. Through investigating the weight ratio of
the precursor and the hydrothermal reaction time, we achieved the controlling of the

growth speed in three dimensions: fastest growth in <010> direction, relative slow growth
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in <100> and <001> directions, resulting in the nanoribbon structure possessing a relative
short width and significant length. The narrow ribbon with ultra-length optimizes the ion
diffusion path thereby enhancing the specific capacitance. The nanoribbon exhibits faster
ion propagation than nanotube revealed by the immediate current response to the
potentials applied on the electrode. It even has faster charging speed than the carbon-
based electrodes. The measured results confirmed that the higher capacitance of 453 F g

!'was achieved by the nanoribbon than that of nanotube.
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Charpter 6. 3D Mesoporous Hybrid NiCo:0s@graphene
Nanoarchitectures as Electrode Materials for Supercapacitors

with Enhanced Performances

6.1. Introduction

Supercapacitor, also known as ultracapacitor, is a prevailing energy storage device, which
has been intensively investigated. It possesses higher energy density than traditional
electrolytic capacitors, and has much higher power density than rechargeable batteries.
There are two types of supercapacitors, with each using different energy storage

) 64, 128, 210-212 and

mechanisms: electrochemical double layer capacitors (EDLC
pseudocapacitors.?’*2!7 The EDLCs store energy in the electrostatic field, which is
between electrode active materials and the electrolyte. Pseudocapacitors mainly rely on
fast and reversible redox reactions. Transition metal oxides are usually employed as

electrode materials for pseudocapacitors. However, pure transition metal oxides always

suffer from low conductivity, resulting in unsatisfactory performances.

It is well recognized that combining conductive materials and transition metal oxides as
composites is an effective method to improve the performance of supercapacitors.
Graphene, a 2D monolayer of sp>-hybridized carbon atoms, possesses high conductivity,
good mechanical strength, and ultra-large specific surface area, making it a suitable
candidate as the conductive material.* 12 213-222 Many transition metal oxides 7>7>77-%%-
223-225 have been investigated as electrode materials for supercapacitors. NiC0204 is one
of the most promising transition metal oxides for pseudocapacitors owing to its intriguing
electronic conductivity, low diffusion resistance to protons/cations, and easy electrolyte

84-87

penetration. In the crystal structure of NiCo204, nickel occupies the octahedral sites
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and cobalt distributes over both octahedral and tetrahedral sites, in which the solid-state

redox couples Co®*/Co*" and Ni**/Ni** are presented.®*

Many studies focused on the optimization of morphology and incorporating NiC0204
with conductive materials to obtain high specific capacitance. Wei et al. synthesized
spinel nickel cobaltite acrogels with a high specific capacitance at the sweep rate of 25
mV s8¢ Yuan et al. demonstrated ultrathin mesoporous NiC0204 nanosheets growing on
Ni foam by co-electro-deposition of Ni and Co.}” Furthermore, Zhang et al. prepared

mesoporous NiCo0204 nanosheets on Ni foam, Ti foil, stainless-steel foil and flexible

88, 89 5

graphite paper, and nanoneedle arrays on carbon nanofiber,®> exhibiting high
capacitance and cycling stability. However, most of these are plagued by poor high-rate

performances.

In this project, 3D mesoporous hybrid NiCo20s@graphene nanoarchitectures were
successfully synthesized by a combination of freeze drying and hydrothermal reaction.
Field-emission scanning electron microscopy (FESEM) and TEM analyses revealed that
NiCo204@graphene nanostructures consist of a hierarchical mesoporous sheet-on-sheet
nanoarchitecture with a high specific surface area of 194 m? g!. Ultrathin NiC0204
nanosheets, with a thickness of a few nanometers and mesopores ranging from 2 to 5 nm,
were wrapped in graphene nanosheets and formed hybrid nanoarchitectures. When
applied as electrode materials in supercapacitors, these novel 3D hierarchical porous
nanoarchitectures exhibited high specific capacitances and excellent cycling stabilities at
high current densities. It exhibited a high capacitance of 778 F g! at the current density
of 1 A g'!, and an excellent cycling performance extending to 10000 cycles at the high

current density of 10 A g
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6.2. Experimental

6.2.1. Fabrication of graphene — polyurethane (PU) sponges

Graphene oxide (GO) was prepared from natural graphite flakes by a modified Hummers
method,??° and the GO nanosheets were dispersed in 20 mL DI water at the concentration
of 2 mg mL™! by stirring for 12 hours and ultrasonicating (Branson 2510) for 2 hours at
room temperature. After dispersion, the homogeneous solution in the vial was transferred
to a beaker for stable dispersion. This involved adding 80 mg sodium cholate hydrate
(SCH) to the mixture and stirring for 2 hours. Hydrazine solution (35 wt% in water,
Aldrich) at the weight ratio of 1:7 was subsequently added to the beaker to obtain the
reduced graphene oxide (RGO) solution.??’ The polyurethane (PU)-sponge was cleaned
several time using distilled water and acetone, completely dried in a vacuum, and then
cut into small pieces, with a thickness of 1 mm and a width by length of 2x2 cm?. In a
glass tube, three PU-sponge pieces were immersed in 20 ml of the mixture solution, under
microwave irradiation at 90 °C for 30 mins (pressure: ~8 Bar) in a single mode microwave
reactor (Nova, EU Microwave Chemistry). After freeze-drying for 48 hours, the solvent

within the material was completely removed, and the RGO-PU-sponges were obtained.

6.2.2. Preparation of NiC0204 @graphene nanoarchitectures

1 mmol of Ni(NO3)2-6H20, 2 mmol of Co(NO3)2-6H20 and 4.5 mmol of

hexamethylenetetramine were dissolved in 40 mL of DI water to form a transparent pink
solution. 10 ml solution was transferred to a Teflon-lined Autoclave, with one piece of
graphene-PU-sponge, and then heated under a hydrothermal condition of 90 °C for 12
hours. The as-prepared black materials were washed several times with distilled water

and ethanol, and dried under vacuum condition of 80 °C for 12 hours. This was followed
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by annealing at 350 °C for 2 hours with a slow heating rate of 1 °C min™', in order to
achieve 3D mesoporous NiCo204 on large-size graphene hybrid nanostructures. Using

the same procedure, the bare NiC0204 without graphene was also prepared.

6.2.3. Materials characterization

The crystal structure and phase of the as-prepared materials were characterized by X-ray
diffraction (XRD) (Siemens D5000 X-ray diffractionmeter) using Cu Ka radiation with
20 ranging from 10° to 80°. The morphology and crystal structures were characterized by
field-emission scanning electron microscopy (FE-SEM, JSM-6700F), and transmission
electron microscopy/selected area electron diffraction (TEM/SAED, JEOL JEM-200CX)
equipped with an energy-dispersive X-ray spectrometer (EDX). N2 adsorption-desorption

measurements were conducted using a 3 Flex surface characterization analyser at 77 K.

6.2.4. Electrochemical testing

To prepare the working electrode, the as-prepared materials (80 wt %), acetylene black
(15 wt %), and poly (vinylidene fluoride) (PVDF, 5 wt %) were mixed in N-methyl-2-
pyrrolidone (NMP) to form a slurry. The resultant slurry was pasted onto Ni foam (washed
by 10 wt% HCI) with a blade, and then dried at 80 °C for 12 hours under vacuum. The
nickel foam was cleaned before using as the current collector. It was immersed into
acetone for 10 minutes followed by ultra-sonication for 5 minutes. The nickel foam was
then cleaned by 0.1 M hydrochloric acid. And then it was washed by plenty of distilled
water with ultra-sonication for Sminutes. Electrochemical measurements were carried out
using three-electrode cells, with platinum as the counter electrode and a saturated calomel

electrode (SCE) as the reference electrode. Cyclic voltammetry (CV) and galvanostatic
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Figure 6-1 Synthesis process of NiCo,Os@graphene nanoarchitectures: (A) a piece of PU-sponge and
the solution with RGO stabilized using sodium cholate hydrate (SCH); (B) The RGO was coated and
anchored onto the PU-sponge assisted by microwave and freeze drying; (C) NiCo,O4 precursor
nanosheets grown on RGO-PU-sponges; (D) 3D mesoporous hybrid NiCo,Os@graphene
nanoarchitectures. (E) Crystallized NiCo,04 nanosheets with mesopores.

charge-discharge (CD) was carried out on a CHI 660C electrochemistry workstation using
2.0 M KOH electrolyte. Electrochemical impedance spectroscopy (EIS) measurements
were conducted by applying an AC voltage with 1 mV amplitude in a frequency range of

0.01 Hz to 100 kHz at the open circuit potential.

6.3. Results and Discussion

Figure 6-1 illustrates the preparation process for the synthesis of hybrid
NiCo204@graphene nanoarchitectures. In the first step, the commercial PU-sponge was
cut into ribbons (Figure 6-1 (A)). The planar amphiphilic surfactant SCH enables the
formation of a stable encapsulation layer on each side of the suspended graphene sheets,
leading to stable dispersion of graphene in deionized water.”> 22230 Owing to the planar
nanosheet structure of graphene and the strong van der Waals force between the PU-

sponge and RGO-SCH, the dispersed graphene can be easily and uniformly coated
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Figure 6-2 The SEM images of the (A, B) PU-sponge, showing macroporous structure; (C, D) RGO-
PU-sponge, indicating RGO was coated onto PU-sponge.

onto the surface of the PU-sponge’s skeleton by using a microwave-assisted method and
a further treatment of freeze drying (Figure 6-1 (B)). The next step was to grow a NiC0204
precursor onto the RGO-PU-sponge skeleton by the hydrothermal method as shown in
Figure 6-1 (C). Hexamethylenetetramine, nickel (II) nitrate hexahydrate crystalline and
cobalt (II) nitrate hexahydrate were used to hydrothermally grow NiCo0204 nanosheet
precursors on RGO-PU-sponges. The NiCo204 nanosheet precursors consist of bimetallic
(N1, Co) hydroxide. Upon the annealing treatment (Figure 6-1 (D)), crystallized NiCo204

nanosheets with mesopores (Figure 6-1 (E)) on large-size graphene sheets were obtained.

The SEM observation identified that the PU-sponge has pore size ranging from 50 um to
500 um (Figure 6-2(A) and (B)). After coating with graphene, the PU-sponges preserved
the hierarchical macroporous structure. It allows for the flow of the precursor solution

into the pores of RGO-PU-sponge, and NiCo0204 nanosheet precursors to grow on the
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Figure 6-3 SEM images of (A, B) NiCo0,0; precursor sheets that grew on the skeleton of RGO-PU-
sponge; (C) high magnification SEM image of NiCo,04 precursor with macropores.

surface of the skeleton. The surface of PU-sponges changed from smooth to corrugated
after being coated with the RGO (Figure 6-2 (C) and (D)). The SEM observation clearly
confirmed that graphene nanosheets have been successfully coated onto the surface of

PU-sponges.

SEM images of NiC0204-RGO-PU-sponge precursors clearly show a 3D hierarchical

porous structure. Figure 6-3 (A) and (B) illustrate that NiC0204 precursor nanosheets
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Figure 6-4 (A) XRD pattern of NiCo,Os@graphene nanoarchitectures. (B) SEM image of foam-like
hybrid NiCo,O4@graphene nanoarchitectures with hierarchical pores. (C) SEM image of NiCo0,04
nanosheets.

grew on the conductive RGO-PU-sponges. In the inner region (Figure 6-3 (C)), the
NiCo0204 precursor nanosheets are interconnected with each other to form the
macroporous structure. It should be noted that NiCo204 precursor nanosheets grew
vertically to the graphene nanosheet substrates.

After having been annealed at 350 °C in air for 2 hours, the final product materials were
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Figure 6-5 The SEM images of (A, B) large-size NiC0,04 @graphene obtained by annealing the
precursor at 350 °C in air for 2 hours; TEM images of (C) NiCo0,04 @graphene nanoarchitectures
with macropores, (D) mesopores ranging from 2-5Snm.

characterized by XRD, SEM and TEM. Figure 6-4 (A) shows the XRD pattern of the 3D

mesoporous NiCo20s4@graphene nanoarchitectures. Seven diffraction peaks were
observed at the 20 of 18.9°, 31.1°, 36.6°, 44.6°, 59.1°, 64.9°and 68.3°. All the peaks can
be indexed to the standard spinel NiCo204 crystalline structure, with the indices of (111),
(220), (311), (400), (422), (511) and (440) (JCPDF-20-0781). After annealing, the
morphologies of the 3D porous structure were well preserved. PU-sponges were
completely burnt out at 350 °C in air. The NiCo204@graphene nanosheets retained the
3D shape of the PU-sponge (Figure 6-5 (A)). A foam-like nanoarchitecture consisting of
hierarchical pores was obtained (as shown in Figure 6-5 (A) and (B)). From the magnified
view (Figure 6-4 (B)), porous NiC0204 nanosheets can be observed. Furthermore, the
highly magnified SEM image of the crystalline NiCo0204 nanosheets (Figure 6-4 (C))

clearly shows the presence of the mesoporous structure of the ultra-thin NiCo0204
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Figure 6-6 (A) TEM image of NiCo204@graphene nanosheets, showing the porous architecture. (B)
HRTEM images of NiCo,Os@graphene nanosheets. The inset SAED pattern can be fully indexed to
polycrystalline NiC0,04. (C) Lattice resolved HRTEM image of NiC0,0O4 nanosheets.

nanosheets.

TEM images also revealed that NiCo20s4@graphene nanosheets contain porous 3D
architectures with mesopores and macropores. The macropores (50 — 200 nm) are formed
by the interconnection of NiCo204 nanosheets, which are clearly visible in Figure 6-5 (C)
Figure 6-6 (A). The mesopores, ranging from 2 to 5 nm, are uniformly distributed on the
NiCo204 nanosheets, which grew on large-size graphene sheets (as shown in Figure 6-5

(D) and Figure 6-6 (B)). As shown in the inset image of Figure 6-6 (B), the corresponding
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Figure 6-7 (A) Nitrogen adsorption/desorption isotherms; (B) pore size distribution of NiCo,04@,
graphene nanoarchitectures.

crystalline diffraction rings of (311), (400), (440) and (620) in the selected area electron
diffraction (SAED) pattern confirmed the polycrystalline NiC0204. Furthermore,
HRTEM image (Figure 6-6 (C)) demonstrates that the NiCo204 nanosheets are well-

crystallized with an interplanar (022) space of 0.23 nm.

The pore-size features of the 3D mesoporous hybrid NiCo20s4 (@graphene
nanoarchitectures were further measured by nitrogen adsorption/desorption isotherms.
The Brunauer—Emmett-Teller (BET) surface area is determined by the nitrogen
adsorption/desorption at 77 K. The isotherm of the material exhibits the characteristics of
type II and VI isotherms, which indicates the combination of macropores and
mesopores>*! (Figure 6-7 (A)). Because of the 3D hierarchical porous structure, a large

surface area of 195.4 m? g'! and the total pore volume ratio of 0.27 cm? g'! were achieved.
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Figure 6-8 Electrochemical performance of the NiCo,Os@graphene nanoarchitectures. (A) CV curves
at the scan rate of 5 mV s! to 200 mV s’'; (B) constant-current charge/discharge profile at the current
densities of 1 A g! to 80 A g'!; (C) specific capacitance vs current density; (D) capacity retention vs
cycle number up to 10,000 cycles at 10 A g'. All the data are taken in 2.0 M KOH electrolyte.

The corresponding pore size distribution (Figure 6-7 (B)) indicates a pore size range of

2-5 nm, which is consistent with the SEM and TEM observations.

The electrochemical performances of the 3D porous hybrid NiCo204@graphene
nanoarchitectures were tested as the electrodes for supercapacitors. As shown in Figure
6-8 (A) and (B), the electrodes are able to function in a wide range of scan rates, ranging
from 5 mV s up to 200 mV s'. The shape of the CV curves clearly reveals the
characteristic of pseudocapacitors with a pair of redox peaks existing in the potential
range of -0.2 to 0.5 V vs. SCE at all scan rates, even at a high scan rate of 200 mV s
The oxidation peak locates at 0.37 V and the reduction peak is at 0.28 V. The
NiCo204@graphene electrodes are tolerant to a high scan rate, which indicates good

conductivity and good charge propagation within the electrodes.'” For the carbon-
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Figure 6-9 Charging/discharging profile of pure Ni foam at the same current rates of the active material,
ranging from 1 to 40 A g

based electrode, the shape of the CV curve degrades significantly with the increase of the
scan rate. On the contrary, the 3D NiCo204@graphene electrodes maintain the shape of
the pseudocapacitance curve, even at high scan rates. The 3D porous nanoarchitectures,
highly conductive graphene and high reactivity of NiC0204 jointly contribute to such a
high rate performance. With the increase of the scan rate, there is a little shift of the redox
peaks, suggesting low polarization.” To further investigate the -electrochemical
characteristics of the as-prepared materials, galvanostatic charge-discharge
measurements were carried out in 2M KOH electrolyte at various current densities. As
shown in Figure 6-8 (B), the supercapacitor operates well within a wide range of current
densities, from 1 A g'! to 80 A g'!. This clearly demonstrates the excellent electrochemical

performances of the 3D porous hybrid NiCo204@graphene nanoarchitectures.

Based on the charging/discharging curves, and the equation:

C=(IXAN)/ (mxAv)

where [ is the discharge current, Az 1is the discharge time, A v is the voltage range and

m is the mass of the active material, the calculated specific capacitance as the function
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of discharging current density was plotted in Figure 6-8 (C). The nickel foam will
contribute to the capacitance in KOH electrolyte when it was used as the current
collector.?*? The specific capacitance of bare nickel foam was measured (Figure 6-9) and
subtracted from the capacitance value of the material. NiCo204@graphene electrodes
show excellent specific capacitance of 778, 696, 653, 606, 582, 552, 482 and 374 F g,
at current densities of 1, 2, 4, 8, 10, 20, 40 and 80 A g!, respectively. The electrode still
maintains a high specific capacitance of 374 F g'! at the high current density of 80 A g™!.
This outstanding pseudocapacitor performance could be ascribed to good conductivity
and the 3D porous structure of the materials. Large-size graphene nanosheets were formed
by using freeze drying, which provided the high electrical conductive medium for the
electron transport. The ultrathin NiCo0204 sheets lead to the high specific area to react
with ions in the electrolyte. The uniform mesoporous and macroporous structure
optimizes the ion diffusion path, and facilitates the adsorption/desorption of K™ and the
transportation of ions. This allows for the complete distribution of electrolyte into the
electrode, and for maximizing the utilization of the NiCo204. It ensures that there are
efficient reactive sites between the NiC0204 electrode and the electrolyte. In order to
investigate the long-time cyclability, charge-discharge cycling up to 10,000 cycles has
been conducted at the current density of 10 A g (as shown in Figure 6-8 (D)).
Approximately 90% of the initial capacitance is retained after 10,000 cycles,

demonstrating good cycling stability at high charge/discharge current density.

In order to further illustrate the advantages of porous NiCo204@graphene
nanoarchitectures as electrode materials for supercapacitors, the electrochemical
performances of the bare NiC0204 were also evaluated. As shown in Figure 6-10, the bare
NiCo0204 electrodes exhibited many poor performances at different current densities,

compared with porous NiCo204@graphene electrodes. Figure 6-11 shows the Nyquist
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Figure 6-10 Electrochemical performance of NiCo,Os@graphene nanoarchitectures and bare
NiCo,04 (A) charging/discharging curves at a current density of 10 A g'!; (B) specific capacitances at
current densities of 1 to 80 A g!; (C) capacities retention up to 10000 cycles at 10 A g™';

plots of the a.c. impedance spectra of both the porous NiCo20s@graphene electrode and
the bare NiC0204 electrode. It can be seen that the charge transfer resistance of the porous
NiCo204@graphene electrode is much lower than that of the bare NiCo204 electrode.
Therefore, the unique porous NiCo20s@graphene nanosheet architectures can
significantly reduce the internal resistance (including solution resistance, charge transfer
resistance and other resistances).?!> As shown in Table 6-1, compared to previous reports,

the as-prepared materials achieved good cycleability at high current densities.
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Figure 6-11 Nyquist plots of the a.c. impedance spectra of the porous NiCo,Os@graphene electrode
and the bare NiC0,04 electrode in the frequency range from of 100 kHz to 0.01 Hz.

6.4. Summary

In summary, we have successfully developed a novel synthetic method to prepare 3D
porous NiCo204@graphene nanoarchitectures. The synthesis process involves coating of
hydrazine-reduced graphene oxide onto the PU-sponge, and growing bimetallic (Ni, Co)

Table 6-1 Comparison of the electrochemical performance of as-prepared NiCo,Os@graphene with the

materials reported in the literatures

2ot3 Specific Maximum Capacity
electrode | Capacitance Current Retention
Mass configurat | (Fgl)at1 A | Densities | Cycle&Current

References loading ion gl Agh Densities Cycles

As-prepared
NiCoy04@graphene 1 mg cm! 3 778 80 90% at 10 A gl | 10000
3 743 40 93 8% at1 A gl 3000

W. Chen et. all o
91% at 25m'V s-

719 (at

Te-Yu Wei et. al? 0.4 mg cm-! 3 25mV s1) 25mV gl 1 2000
H. Wang et. al® 1 mg cm! 3 722 20 80%at 10 A g1 | 3000
835 16 o 4000

H. W. Wang et. al* 2 mg cm-! 3
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ultrathin nanosheets. The final products consist of ultrathin NiCo0204 sheets with
mesopores ranging from 2 to 5 nm. The mesoporous ultrathin NiC0204 nanksheets also
form the 3D macropores with the size in the range of 50 to 100nm. Owing to the 3D
hierarchical porous structure, the NiCo20s@graphene nanoarchitectures exhibit high
specific capacitance, an ultrafast charge/discharge rate, and excellent cycling stability. In
particular, NiCo204@graphene nanoarchitectures delivered a high specific capacitance of

778 F g and 374 F g! at the current densities of 1 A g and 80 A g!, respectively.
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Charpter 7. A High-Rigid Binder-Free 3D Free-Standing
NiCo:04@graphene Foam Fabricated by Controllable Freeze

Casting for High-performance Supercapacitors

7.1. Introduction

With the growing demand for energy storage in renewable energy and electric vehicles,
there has been a desire to design and fabricate energy storage devices that can
simultaneously deliver high energy and high power, and that possess a long life cycle and
a wide operation temperature. Supercapacitors have higher energy density than
conventional dielectric capacitors, and much higher power density than rechargeable
batteries.?** They have attracted much attention in recent years for a variety of energy
storage applications ranging from memory back-up for portable devices to industrial
energy storage. The Electrochemical double layer capacitor (EDLC) is a kind of
supercapacitor. It stores electrical energy in a double layer interface between the electrode
material and aqueous or organic electrolyte. The electrode is usually composed of
conductive materials such as activated carbon, carbon nanotube and graphene with a large
surface area. The higher specific surface area contributes to a larger charge storage in the
double layer for a given weight and volume of the electrode, which leads to an increase
in energy storage, maintaining high power density of supercapacitors. Pseudocapacitor is
another type of supercapacitors which rely on fast and reversible redox reactions, in which

transition metal oxides are usually employed as electrode materials.

Graphene, a one-atom-thick two-dimensional sheet of sp>-hybridized carbon atoms,® 66

is considered to be one of the outstanding electrode materials for electrochemical double

layer capacitors.*> 6% 66-6% Dye to its intriguing single layer structure of carbon,®
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graphene possesses high electric conductivity and mechanical strength, charge carrier
mobility,** and high specific surface area of up to 2675 m? g'!,%* ¢ which is much larger
than that of activated carbon and carbon nanotubes. Moreover, the specific capacitance

of graphene is able to reach to 21 uF cm™

, and graphene has the largest theoretical
electrochemical double layer capacitance at around 526 F g'.% It can also provide
conduction pathways to a greater area per unit mass than CNTs, which should translate
into improved conductivity.*’ However, graphene usually agglomerates to form the
graphite through the van der Waals interactions during the drying process and fails to
maintain its intrinsic properties especially the large surface area.>** Consequently, the ions

of electrolyte, especially organic electrolyte with large-size ions, have difficultly

accessing the electrode, especially the inner parts.

To effectively utilize the high surface area of graphene and optimize the ion diffusion
paths, many researchers have focused on fabricating macroscopic architectures by using
graphene sheets as building blocks. 2D and 3D graphene macro-structure materials have
been fabricated by various methods. One of the methods is vacuum filtration, which filters
the aqueous graphene or GO dispersions in order to prepare graphene paper. !’ 181,227,235,
236 The vacuum-assisted self-assembly method is able to densify the graphene, which
increases the electrode density. The graphene paper has the free-standing feature which
avoids the usage of binder material. This means that the conductivity of the electrode
based on this graphene paper is substantial improvement on conventional graphene
powders. Even though the vacuum filtration assists in preparing the free-standing paper,
the graphene agglomerates together easily, which will inevitably increase the ion
diffusion resistance. Chemical vapour deposition (CVD) based on a metal substrate is

another promising technique for fabricating 3D graphene foams.?*”?*> The 3D foam-like

graphene macrostructures consist of an interconnected flexible network of graphene,
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which have fast transport channels of charge carriers for high electrical conductivity. In
situ self-assembly of graphene prepared by mild chemical reduction was developed by
Chen et al. to fabricate 3D architectures of graphene.!®? The water absorbed in the as-
prepared graphene hydrogel was removed by using freeze drying. The aerogels that were
subsequently obtained were ultralight and highly porous with a density of 18 mg cm™.
Marcus et al.**® reported on the use of organic sol-gel chemistry to synthesize graphene
aerogels. The as-prepared graphene gels with density of a 10 mg cm™ exhibit high
electrical conductivities and large internal surface areas. The aerogels also possess large
surface areas (584 m? g'!) and pore volumes (2.96 cm® g'!). Freeze drying is a useful
technique to remove the water in the materials by sublimating frozen water directly from
the solid phase to the gas phase, thereby keeping the structure of the materials. Numerous
researchers have reported fabrication of 3D graphene foam by using freeze-drying
technology.'”* 24+2% Ling Qiu et al. prepared ultralight and superelastic graphene-based
cellular monoliths by freeze drying.!”! The functionalization-lyophilization-microwave
treatment combined with freeze-drying was designed by Han Hu et al.,, which
successfully produced ultralight graphene aerogel with excellent elasticity.'”? A
versatile, ultralight and nitrogen doped, three-dimensional (3D) graphene framework was
also prepared using freeze-drying method.!” The rich open-pore structures
interpenetrating the graphene skeleton contributes to the ultra-low weight density of 2.1
mg cm™. The freeze-drying technology was used to dry the graphene oxide and carbon
nanotubes aerogel, leading to an ultra-flyweight 3D graphene and carbon nanotubes foam

with a density of less than 1 mg cm™ .24’

Due to the low specific capacitance (SC) of EDLCs, they are unable to meet the ever-
growing need for peak-power assistance in most applications, and thus many transition

metal oxides, including MnQ,,% 97 98 249-252 RyQ,, 7 253 254 Ni0?33-2% and Co304240> 260-
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262 ¢t al., have been investigated as electrode materials for supercapacitors. NiC0204
possesses intriguing electronic conductivity, low diffusion resistance to protons/cations,
and easy electrolyte penetration, and therefore is one of the most promising transition
metal oxides for pseudocapacitors.’*® Yuan et al fabricated ultrathin mesoporous
NiCo0204 nanosheets by co-electrodeposition of Ni and Co on to bimetallic (Ni, Co)
hydroxide precursor on a Ni foam.?” The as-prepared ultrathin NiCo204 nanosheets, with
a thickness of a few nanometers and many interparticle mesopores with sizes ranging
from 2 to 5 nm, contribute to the high supercapacitor performance. Furthermore, Zhang
et al. developed a facile solution method to synthesize NiCo204 nanoneedle arrays
directly onto conductive metallic substrates and carbon nanofibers, which possess an

enhanced electrochemical performance for supercapacitors.®’

The 2D and 3D graphene macro-structure materials contribute to a large specific surface
area of electroactive materials, which are able to accommodate a sizeable amount of
electroactive species for participation in the faradaic redox reactions, and consequently
advance specific capacitance. Because of the van der Waals attractions between two
graphene sheets, aggregation or restacking inevitably occurs in the graphene assembly
process by using a simple vacuum-assisted self-assembly method. Consequently, most of
the unique properties of graphene sheets, such as high specific surface area and high
electrical conductivity, deteriorate significantly or are even unavailable. In fabrication
methods based on freeze-drying technology, water is able to serve as the effective spacer
that prevents the aggregation of the chemically reduced graphene sheets. Another
function of water in the freeze-drying assisted method is that it serves as the template to
fabricate porous graphene foam. After sublimating frozen water directly from the solid
phase to the gas phase, the structure of the materials is maintained and the pores are

formed by the solid ice reside in the materials. However, the pore size of the materials
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fabricated by the conventional freeze-drying is too big to be used as the electrode, and the
resulting graphene foams are generally brittle. Therefore, the materials have to be ground
and mixed with binder to form a slurry, which is then passed onto the current collector,
resulting in the collapse of the structure. In-situ self-assembly of graphene or graphene
oxide is a good method for shrinking the size of pores of the graphene aerogels. The
graphene oxide sheets in the solution, which are partially reduced by the reducing agents,
tend to form cork-like monoliths with a smaller pore-size structure. Even though these
materials are able to sustain their structural integrity under a weight load, the volumetric
density is too small to serve as the electrode because practical applications require the

design and fabrication of small scale energy storage devices.

In the present work, a vacuum-and-pressure-assisted assembly method was designed to
fabricate 3D NiCo204@graphene foam, in which RGO sheets are interconnected, forming
free-standing nanoarchitectures with a high surface area of 252.4 m? g'!. Unlike the
conventional stacked geometry of graphene foam, wherein the pores formed by
interconnected RGO sheets are either too large or too small to serve as the supercapacitor
electrode, in the new method, the pore size of graphene foam is controllable and is
compressed to be directly used as the electrode for the supercapacitor. The pore size and
thickness of the material are easily controlled by regulating the amount of water in the
precursor solution. As is well known, it is difficult to prepare a high concentration of
graphene oxide (GO) aqueous solution with uniform dispersions. The hydrophilous
bimetallic (Ni, Co) hydroxides are introduced onto GO sheets, which contribute to the
uniform dispersion of GO in water, even when the concentration of GO is very high
during filtration. The external air pressure added to the solution in the container allows
the uniform distribution of water in the bulk. Consequently, uniform-size pores are

formed in the foam after removing the water by using freeze drying. Our new method
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should facilitate large-scale fabrication of free-standing graphene foam, and open the way
for building high conductive and high-surface-area skeletons to support the metal oxide
deposition. It also offers opportunities for fabricating thick electrode materials, thereby

improving the electrode density and energy density.

7.2. Experimental

7.2.1. Fabrication of 3D NiCo04@graphene Precursor

GO was prepared from natural graphite flakes by a modified Hummers method,?? and
the GO nanosheets were dispersed in 30 mL of distilled water at a concentration of 5 mg
mL! by stirring for 12 hours and ultrasonicating (Branson 2510) for 2 hours at room
temperature. After dispersion, 1 mmol of Ni(NO3)2:6H20, 2 mmol of Co(NO3)2:6H20
and 4.5 mmol of urea were added to the 30 mL of GO aqueous solution. The solution was
transferred to a Teflon-lined autoclave and then heated under hydrothermal conditions at
95 °C for 6 hours. The precursor prepared by hydrothermal method was washed several
times using distilled water and filtration, followed by redissolving in distilled water to

form NiCo204@graphene precursor aqueous suspension.

7.2.2. Fabrication of 3D NiCo0204@graphene Foam

A filter paper with a diameter of 14 mm was placed at the bottom of a cylindrical tube. 1
mL of volume of the precursor solution was taken in by a 10 mL plastic syringe and
expelled into the cylindrical tube of the designed device. The device was then introduced
to the vacuum filtration system. The plunger was then inserted into the cylindrical tube.
With the pressure added by the plunger, air pressure was generated in the cylindrical tube,
and pushed the water through the bulk filtering it. The amount of water in the bulk

depended on the volume of the material in the cylindrical tube, and was indicated by
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graduated marks. The device with the filtered bulk was then immersed into liquid nitrogen
for 20 mins. After freeze-drying for 48 hours, the water within the material was
completely removed. The as-prepared black materials were further dried under vacuum
at 80 °C for 12 hours. This was followed by annealing at 600 °C for 2 hours in pure argon
with a slow heating rate of 1 °C min™', in order to obtain RGO. Finally, the bulk materials

were annealed at 250 °C for 2 hours in air to obtain 3D NiCo204@graphene foam.

7.2.3. Material Characterization

The crystal structure and phase of the as-prepared materials were characterized by X-ray
diffraction (XRD) (Siemens D5000 X-ray diffractometer) using Cu Ka radiation with 20
ranging from 10° to 80°. The morphology and crystal structures were characterized by
field-emission scanning electron microscopy (FE-SEM, JSM-6700F), and transmission
electron microscopy/selected area electron diffraction (TEM/SAED, JEOL JEM-200CX)
equipped with an energy-dispersive X-ray spectrometer (EDX). N2 adsorption—
desorption measurements were conducted using a 3 Flex surface characterization analyser

at 77 K.

7.2.4. Electrochemical testing

The as-prepared foam was directly used as the electrode without binder. A nickel wire
with a diameter of 0.5 mm was employed to wire the foam with a nickel current collector,
leading to good conductive contact between the active material and current collector. The

nickel foam and wire were initially cleaned before use as the current collector. They were
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Figure 7-1 Schematic illustration showing the experimental steps of fabricating NiCo,O4@graphene
foam.

immersed in acetone for 10 minutes followed by ultrasonication for 5 minutes. The nickel
foam was then cleaned with 0.1 M hydrochloric acid. After that, it was washed with
distilled water using ultrasonication for 5 minutes. Electrochemical measurements were
carried out using three-electrode cells, with platinum as the counter electrode and a
saturated calomel electrode (SCE) as the reference electrode. Cyclic voltammetry (CV)
and galvanostatic charge—discharge (CD) was carried out on a CHI 660C electrochemistry

workstation using 2.0 M KOH electrolyte.

7.3. Results and Discussion

Figure 7-1 illustrates the process for the preparation of the 3D NiCo204@graphene foam
by using CFC. The first step was to fabricate NiCo0204 precursors on the GO sheets by
using a hydrothermal method. NiCo204 precursors were able to be uniformly synthesized
on to GO sheets under hydrothermal conditions. After being washed several times using
distilled water and filtration, the as-prepared precursor was redissolved in distilled water

to form NiCo20s@graphene precursor aqueous suspension. A syringe with the volume of
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Figure 7-2 The schematics of the (a) upper base, (b) bottom base and (c) cylinder tube of the as-
designed device. (d) The images of the device (left image), after inserting the plunger (right image).

10 mL was used to transfer a specific volume of solution into the as-designed device. As
shown in Figure 7-2 (a), the base of the as-manufactured device has a diameter of 54 mm,
which was matched to the diameter of the base of the vacuum filter. Copious holes (Figure
7-2 (b)) in the base of the device provided a path for water to exit. The surface of the
bottom of the device is very smooth, leading to good contact between the device and the
vacuum base, and consequently good vacuum filtration was achieved. A cylindrical
plastic tube (Figure 7-2 (c)) with a height of 40 mm cut from a syringe was sandwiched
between the two bases. After injecting a specific volume of precursor solution, the device
was placed on vacuum base. The plunger was immediately added into the cylindrical tube
with an external push (Figure 7-2 (d)). Because the volume of the solution was much less
than that of the cylindrical tube, air space in the cylindrical tube was present. When the
plunger was pushed, air pressure was generated in the plastic cylinder. The air pressure
generated in the cylindrical tube pushed the water through the bulk filtering it. The air

pressure therefore has two functions. The first is that it contributes to quick vacuum
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filtration. Due the planar nature of GO, it blocks the pores of the filter paper, leading to
lengthy filtration of the GO aqueous solution. With the assistance of the extra air pressure,
the water in the GO aqueous solution is more easily removed by the vacuum filtration
system. As shown in the video in the supported information, it takes less than one minute
to fabricate one such electrode. Another significant function is that the air pressure
contributes to uniform distribution of water in the bulk. As is well known, the planar GO
will block the pores of the filter paper. If no extra air pressure is added to the top of the
solution, with the regularly decreasing amount of water during filtration, there will be less
water in the bottom area of the bulk and more water in the upper region of the bulk.
However, the extra air pressure pushed the water through the bulk, forming a uniform
water distribution. When the bulk was introduced to liquid nitrogen, uniform distribution
of ice crystals was generated. Consequently, aligned and uniform pores were retained
after removing the ice by using freeze drying. The next step was to filter the solution to a
specific volume. With the assistance of air pressure, the solution was gradually filtered
without adhering to inner surface of the cylindrical tube. There were graduated marks
indicating the volume of the solution in the tube. When the solution reached a specific
mark (specific volume), the bulk, together with the device, was immediately immersed in
liquid nitrogen. The device should be immersed into liquid nitrogen gradually. If the
device is totally immersed into the liquid nitrogen too quickly, the boiling liquid nitrogen
will enter through the holes in the base and damage the structure of the material. Therefore,
the base of the device must firstly be cooled down by the liquid nitrogen. Then, the device
can be immersed into liquid nitrogen a little bit deeper. Through this procedure, the whole
device was immersed into liquid nitrogen for 20 minutes, followed by the transferral of
the device into the freeze-drying system (Scheme. 1b). After drying, the material was

annealed in argon at 600 °C for 4 hours, followed by 250 °C for 2 hours in air, leading to
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Figure 7-3 The compression test shows that the as-prepared foam has a high-rigid mechanical property.
The foam has (a) a diameter of 14 mm and (b) a thickness of about 2 mm. (c) The real-time image of
the compressed sample loading with the balance of 100 g. (d) the images of the sample after loading
the weights, shows that the foam retained the original structure without collapsing. (e) There is no
change in the thickness of the foam after loading the related balance weight.

a reduction of graphene oxide (Figure 7-1 (c)). Upon the annealing treatment, reduced
graphene oxide sheets served as the building block for fabricating the 3D foam structure
(Figure 7-1 (d)), and the crystallized NiCo0204 nanoparticles uniformly distributed on
RGO sheets (Figure 7-1 (e)).

The mechanical properties of the 3D NiCo204@graphene foam were characterized by
a compression test. The test, which loads different balancing weights onto the foam,
revealed that the 3D NiCo204@graphene foam exhibited strong mechanical properties.
As with most of the existing porous carbon materials, the conventional RGO foams are
generally brittle and have small recoverable deformation when loads are added onto the
materials.'”" 1”2 Even though elastomeric polymers?®® can be used to achieve elastic 3D
graphene materials, they are not suitable to serve as the supercapacitor electrodes owing
to the large pore size and structure distortion. As shown in Figure 7-3
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Figure 7-4 The real-time images of the compressed sample loading with the balance of (a) 2 g, (d) 10
g, (g) 20 g and (j) 50 g. (b), (e), (h) and (k) the images of the sample after loading these weights,
showing the foam retained the original structure without collapsing. (c), (f), (i) and (1) there is no
change in the thickness of the foam after loading the related balance weight.

(a) and (b), the as-fabricated NiCo204s@graphene foam has a diameter of 14 mm and a

144



a D
Material
‘/Filter paper 5

I N

Figure 7-5 The compression test of the material fabricated without using extra air compress pressure.
(a) The size of the foam is smaller than that of filter paper due to the shrink during the freeze drying
process. (b) Cross-sectional image of the foam, showing cone-like structure. (c) The foam was loaded
with the balance of 20g. (d) and (e) The image of sample after loading the weight, showing the foam
suffered structure collapsing.

thickness of about 2 mm. The balancing weights of 2 g, 10 g, 20 g, 50 g (Figure 7-4) and
100 g (Figure 7-3 (c)) were left on the foam, respectively. The foam did not suffer
structure collapse (as shown in Figure 7-3 (d), Figure 7-4 (b), (e), (h) and (k)) and its
thickness remained the same as the original (Figure 7-3 (e), Figure 7-4 (¢), (), (1) and (1)).
Even though the balance weight increased to 100g (Figure 7-3 (c)), there was no structure
damage (Figure 7-3 (d)) or thickness change of the foam (Figure 7-3 (e)). This means that
the foam is able to support over 20,000 times of its own weight without structure collapse.
This is equal to 0.64 Mpa, which has rarely been reported in other foam-like materials.
In order to illustrate the advantage of our designed fabrication methods, the material
fabricated by the traditional freeze drying method and complete filtration was also

investigated. In contrast to our designed method, the device with the 1 mL precursor was
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Figure 7-6 (a) SEM images of NiC0204 precursor foam after freeze drying. (b) Magnified SEM image
showing NiC0204 precursor gown on GO sheets.

gradually immersed into the liquid nitrogen without adding the extra gas pressure. After
freeze drying, the as-prepared foam suffered shrinkage. As shown in Figure 7-5 (a), the
size of the as-prepared foam is smaller than that of the filter paper. The cross-section
image (Figure 7-5 (b)) indicates that the foam has a cone-like structure. It implies that the
top of the suspended solution precursor has lower density than that of the solution at the
bottom. It also confirms that our method enable the uniform distribution of the suspended
precursor in the solution. After adding the 20 g balancing weight (Figure 7-5 (c)), the
thickness of the foam was reduced as shown in Figure 7-5 (d), and the foam structure was
totally destroyed Figure 7-5 (e). It revealed the fragile nature of the foam fabricated by
conventional freeze drying method.

A 3D hierarchical foam structure was clearly revealed by the SEM images of the
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NiCo204@graphene precursors (Figure 7-6 (a)). As shown in Figure 7-6 (b), NiC0204
sheet precursors had grown on GO sheets. NiCo204@graphene precursors were
interconnected and compressed together to form a foam structure. GO sheets served as
the skeleton which supported the NiCo0204 nanosheets precursors.

After annealing, the final products were characterized by XRD. Figure 7-7 (a) shows
the XRD pattern of the 3D NiCo20s@graphene foam. There was a characteristic peak of
reduced graphene oxide at 24.8°, indicating that the interplanar spacing of doo2 is around
0.358 nm, which is slightly larger than that of standard graphite (0.335 nm). Another
seven diffraction peaks were observed at 20 of 18.9°, 31.1°, 36.6°, 44.6°, 59.1°, 64.9° and
68.3°. All the peaks can be indexed to the standard spinel NiCo204 crystalline structure,
with indices of (111), (220), (311), (400), (422), (511) and (440) (JCPDF-20-0781).

After annealing, the materials retained the structure of 3D foam without any collapse

(Figure 7-8 (a)). It means that the skeleton of the foam consisting of RGO sheets was not

w
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Figure 7-7 (a) XRD pattern of the NiCo204@graphene nanoarchitectures. (b) SEM images of the foam
indicating a compressed structure with small-size pores, ranging from 1-10 um. (c) The magnified SEM
image of ROG sheets. (d) Cross-sectional SEM image of the foam which shows plenty of horizontal
channels built by NiCo204@graphene sheets. (e) SEM image of the fully filtered
NiCo204@graphene, indicating the NiCo204@graphene sheets stacked together without the porous
structure and vertical channels. (f) SEM image of the 1 ml NiCo204(@graphene precursor directly
freeze dried without filtration, showing random structure and fragile property.

147



Figure 7-8 (a) Image of the material after annealing at 600 °C for 2 hours in pure argon and then 250
°C for 2 hours in air. (b) The SEM images of the foam with vertical channels with respect to the current
collector. (¢c) Magnified SEM image of the foam showing the pore size from lum to 10 um. (d)
Magnified cross-sectional SEM images (Figure 3d) of the foam.

damaged during the annealing process. The morphologies of the 3D compressed
structures were well observed by scanning electron microscope (SEM). Figure 7-8 (b)
clearly shows that a foam-like architecture was formed in the as-prepared material with a
density of 16.7 mg cm™. In contrast to other foam materials prepared by conventional
freeze casting method, our materials exhibit a compressed structure with small-size pores,
ranging from 1-10 um (Figure 7-7 (b) and Figure 7-8 (c)). The highly magnified SEM
image of the material (Figure 7-7 (c) and Figure 7-8(c)) clearly shows that crystalline
NiCo0204 nanoparticles were uniformly distributed on RGO sheets. It is noteworthy that
the foam has both vertical channels (Figure 7-7 (b) and Figure 7-8 (b)) and horizontal
channels (Figure 7-7 (d) and Figure 7-8 (d)) with respect to the current collector, which

were built by the RGO sheets. There are few perpendicular channels in the materials
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Figure 7-9 (a) Low-magnified and (b) high-magnified SEM images of the fully filtered
NiCo,04@graphene.

fabricated by the previous vacuum-assisted self-assembly method, leading to longer ion
diffusion path and less power performance. The open perpendicular and horizontal
channels of our materials, we believe, benefit by less impendence of ion diffusion, and
the ability of the electrolyte to percolate into the inner regions of the electrode to allow
for full utilization of the electrochemical surface area. The magnified cross-sectional
SEM image (Figure 7-8 (d)) of the foam indicates uniform pore size distribution from the
top to the bottom of the materials, which confirmed that the air pressure contributes to
uniform distribution of water in the bulk. However, the fully filtered NiCo204@graphene

material suffered agglomeration (Figure 7-9 (a) and (b)), leading to a paper-like structure
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Figure 7-10 (a) TEM image of the NiCo204(@graphene nanosheets of the foam, showing uniform
distribution of NiC0204 on RGO sheet. (b) Magnified TEM image of the NiC0o204 nanoparticles,
ranging from 20 - 50 nm. (¢) HRTEM image of the NiC0204 nanoparticle. The lattice spacing of 0.2
nm corresponds to the (4 0 0) lattice planes, the lattice spacing of 0.245 nm corresponds to the (3 1 1)
lattice planes and the lattice spacing of 0.4 nm corresponds to the (2 0 0) lattice planes. The inset SAED
pattern can be indexed to the diffraction planes of the spinel phase of NiCo204.

without the porous structure and vertical channels (Figure 7-7 (e)). By comparison, the
same volume of NiCo204@graphene precursor solution was directly introduced into the
freeze drying system without filtration. The SEM image (Figure 7-7 (f)) indicated that

there is no aligned structure with large pore size which means the structure of this material
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is fragile.

TEM images further reveal the nanostructure of the 3D NiCo204@graphene foam.
RGO sheets do not stack together and NiCo0204 nanoparticles are uniformly distributed
on these RGO sheets (Figure 7-10 (a)). The size of NiC0204ranges from 20 nm to 50 nm
(Figure 7-10 (b)). The HRTEM image (Figure 7-10 (c)) demonstrates that the NiC0204
nanosheets are well-crystallized with the lattice spacing of 0.2 nm, 0.245nm and 0.4 nm
corresponding to the lattice planes (4 0 0), (3 1 1) and (2 0 0), respectively. As shown in
the inset image of Figure 7-10 (c), the corresponding crystalline diffraction rings of (3 1
1),(222),(400)and (51 1) in the selected area electron diffraction (SAED) pattern
confirm the polycrystalline nature of the NiCo020a4.

The relevant elemental (Ni, Co, O and C) distribution was mapped out by using energy
dispersive X-ray spectroscopy (EDS) in SEM. Figure 7-11 (a) shows an SEM image of
the mapped electrode surface. As shown in Figure 7-12, the characteristic peaks of Ni,

Co, O and C elements are detected. EDS spectra in Figure 5b to 5f further confirm that

Figure 7-11 Energy dispersive X-ray spectroscopy (EDS) characterization of the 3D free-standing
NiCo204@graphene foam. (a) SEM image of part of the foam; (b) elemental mapping image of the
foam; (c-f) EDS Ni, O, Co and C mapping of the region as show in (a).
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Figure 7-12 EDS spectrum captured for the region shown in Figure 6-11 (a).

NiCo0204 nanoparticles are uniformly distributed on RGO sheets.

The pore-size features of the 3D NiCo204@graphene foam are further measured by
nitrogen adsorption/desorption isotherms. The Brunauer—Emmett-Teller (BET) surface
area is determined by the nitrogen adsorption/desorption at 77 K. Because of the 3D

hierarchical porous structure, a large surface area of 252.4 m? g!' is achieved. The
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Figure 7-13 N, adsorption—desorption isotherms of the 3D NiCo,Os@graphene foam. The inset shows
the pore size distribution.
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Figure 7-14 Electrochemical performance of the NiCo204@graphene foam. (a) CV curves at a scan
rate of 5 mV s-1 to 200 mV s-1; (b) constant-current charge/discharge profile at current densities of 2
A g-110 80 A g-1; (c) specific capacitance vs. current density; (d) capacity retention vs. cycle number
up to 5000 cycles at 10 A g-1. All the data are taken in 2.0 M KOH electrolyte.
corresponding pore size distribution (inset of Figure 7-13) indicates a major pore size
range of 2.7 nm and 3.6 nm.

The electrochemical performance of the high-rigid 3D free-standing
NiCo204@graphene foam is studied as electrodes for SCs. These supercapacitors are able
operated over a wide range of scan rates from 5 to 200 mV s'. The shape of the CV
curves (Figure 7-14 (a)) clearly reveals the electrodes have the characteristics of
pseudocapacitors. Every CV curve has a pair of redox peaks existing in the potential range
from -0.2 v to 0.5 V vs. SCE at all scan rates. It still retain the good redox behaviour even
at a high scan rate of 200 mV s™!. The good conductivity and good ion diffusion within

the electrodes was revealed by the good operation of the foam at the high scan rate. The
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electrochemical characteristics of the as-prepared materials were further investigated by
galvanostatic discharge-charge (DC) measurements which were carried out in 2M KOH
electrolyte at various current densities. Figure 7-14 (b) shows the constant current
discharge profiles at different current densities from 2 to 80 A g'!. The DC testing clearly
demonstrates the excellent electrochemical performance of the high-rigid 3D free-
standing NiCo20s@graphene foam. The specific capacitance is calculated by the
formula,C = [At/mAV, where / is the discharge current, At is the discharge time, AV is
the voltage range and m is the mass of the active material. The calculated specific
capacitance as a function of the discharging current density is plotted in Figure 7-14 (c).
The NiCo204@graphene electrodes achieve excellent specific capacitances of 562, 516,
476, 456, 399, 322, 245 F g!, at current densities of 2, 4, 8, 10, 20, 40 and 80 A g’',
respectively. The electrode is still able to maintain a high specific capacitance of 245 F g
I at the high current density of 80 A g!. This outstanding pseudocapacitor performance
could be ascribed to good conductivity of the RGO skeletons and the 3D porous structure
of the materials. The conductive RGO skeleton was formed by using freeze drying, which
provided the high electrical conductivity medium for the electron transport. In contrast to
previous free-standing materials that possess few perpendicular channels, the vertical
channels and horizontal channels of our materials, which were built by the RGO sheets,
optimized the ions diffusion paths. Less impendence for ion diffusion, and increased
electrolyte permeability into the inner regions of the electrode were achieved by the open
perpendicular and horizontal channels. The compressed 3D RGO skeleton not only avoids
the aggregation of RGO sheets to allow for full utilization of the electrochemical surface
area, but also achieves the controllable pore size which is suitable to serve as the electrode
for SCs. The NiCo0204 nanoparticles uniformly distributed on RGO sheets with a large

surface area facilitates the transportation of ions in the electrode and maximizes the
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utilization of NiC0204, consequently enabling the adsorption/desorption of K. In order
to investigate the long-term cyclability, charge—discharge cycling up to 5000 cycles was
conducted at a current density of 10 A g!' (Figure 7-14 (d)). Approximately 95% of the
initial capacitance is retained after 5000 cycles, demonstrating good cycling stability at

high charge/discharge current density.
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Figure 7-15 Electrochemical performance of 3D NiCo204@graphene foam and the fully filtered
NiCo204@graphene (a) Charging/discharging curves at a current density of 10 A g-1; (b) Specific
capacitances at current densities of 2 to 80 A g-1; (c) Capacities retention up to 5000 cycles at 10 A g-
1.
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In order to further illustrate the good electrochemical performance of the 3D porous
NiCo204@graphene foam as electrode materials for supercapacitors, the fully filtered
NiCo204@graphene was also evaluated as the supercapacitor electrode. As shown in
Figure S7, the fully filtered NiCo204@graphene electrodes exhibited poor performances
at different current densities, compared with the 3D porous NiCo20s@graphene foam.
The specific capacity of fully filtered NiCo204@graphene also declines much further, and

much faster than that of the 3D porous NiCo20s@graphene foam (Figure 7-15).

7.4. Summary

In summary, we have successfully developed a novel, simple and lower cost synthetic
method to prepare rigid free-standing 3D porous NiCo20s@graphene foams. The
synthesis process involves utilizing water as the template to form aligned pores in the
foam. The external air pressure is able to control the amount and uniform distribution of
water in the bulk. The hydrophilous bimetallic (Ni, Co) hydroxides introduced onto GO
sheets contribute to the uniform dispersion of GO in the water during filtration. Even
more importantly, that the binder was not used in the process, but a high rigid property
was achieved. It is able to support over 20,000 times its own weight without the structure
collapse, which is rare in previously reported foam-like materials. In contrast to other
foam materials prepared by conventional freeze drying method, our materials exhibit a
compressed structure with small-size pores, ranging from 1-10 um, which effectively
utilize the volume of the electrode. In the materials, the vertical and horizontal channels
with respect to the current collectors, built by high conductive RGO sheets, contribute to
high specific capacitance, an ultrafast charge/discharge rate, and excellent cycling
stability. In particular, the rigid free-standing 3D NiCo0204@graphene nanoarchitectures

delivered high specific capacitances of 562 F g'! and 245 F g! at current densities of 2 A
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gl and 80 A g!, respectively.
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Charpter 8. Conclusion and Future Work

8.1. General Conclusion

In this PhD thesis, the energy storage mechanism of supercapacitor has been intensively
studied. Based on the studies of the energy storage mechanism, various metal oxides and
the graphene-based composites were fabricated and investigated for the supercapacitor
application. The specific surface area, conductivity, ion diffusion path, theoretical
capacitance of the precursor materials and electrolytes play critical roles in the
performance of the fabricated supercapacitors. All the factors were evaluated in this thesis

for the supercapacitor applications.

RuO: is able to achieve a specific capacitance as high as 1580 F g!'. However, RuO is
too expensive and too rare Ru resource to be used in industry with large-scale fabrication.
Vanadium oxide is relatively inexpensive because of abundant resource, and possesses a
broad range of oxidation states to enable redox reactions suitable for energy storage. Most
of the previous studies just focused on the structures of the vanadium oxide and
maximizing the electrolyte contact area. In order to optimize the ion diffusion path and
maintained the electrolyte contact area, vanadium oxide nanoribbon was fabricated by
using revised synthesis method. The as-prepared vanadium oxide nanoribbon has
significant length with large contact area. A high capacitance of 453 F g! was obtained at
the scan rate of 2 mV s in 2 M NaCl electrolyte, and it still maintained a high capacitance
of 201 F g! at a higher scan rate of 50 mV s!. The electrochemical performances of the

vanadium oxide were found to strongly depend on the nanostructures and electrolytes.

A revised hydrothermal method assisted by high-speed stirring was used to fabricate

vanadium oxide nanotube. A high capacitance of 148.5 F/g was obtained at a scan rate of
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2 mV/s in 2M KCI. The electrode maintained a high capacitance of 105 F/g at a higher
scan rate of 50 mV/s in 2M KCl electrolyte. The results demonstrate that the as-prepared
materials with nanotubes morphology can utilize the electrolyte effectively which is of

benefit to quick charging and discharging.

3D mesoporous hybrid NiCo204@graphene nanoarchitectures were successfully
synthesized by a combination of freeze drying and hydrothermal reaction. Field-emission
scanning electron microscopy (FESEM) and TEM analyses revealed that
NiCo204@graphene nanostructures consist of a hierarchical mesoporous sheet-on-sheet
nanoarchitecture with a high specific surface area of 194 m? g’!. Ultrathin NiC0204
nanosheets, with a thickness of a few nanometers and mesopores ranging from 2 to 5 nm,
were wrapped in graphene nanosheets and formed hybrid nanoarchitectures. When
applied as electrode materials in supercapacitors, these novel 3D hierarchical porous
nanoarchitectures exhibited high specific capacitances and excellent cycling stabilities at
high current densities. It exhibited a high capacitance of 778 F g! at the current density
of 1 A g'!, and an excellent cycling performance extending to 10000 cycles at the high

current density of 10 A g

A high-densely assembled and aligned free-standing NiCo204@graphene 3D foam was
prepared by using vacuum filtration and air compress assembly method. The controllable
pore size and aligned structures were obtained by controlling the amount of water in the
bulk. This free-standing foam retains the intrinsic properties of graphene sheet, such as
high surface area and high electrical conductivity. Also, NiC0204 nanoparticles were
uniformly distributed on the graphene sheets which built the skeletons with high surface
areas. By controlling the amount of water in the precursor, it is possible to fabricate 3D

NiCo204@graphene foams with a wide range of thickness and pore size. The pore size of
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graphene foam is controllable and compressed to be directly used as the electrode for
supercapacitor without adding binder. The external air pressure added to the solution in
the container achieved the uniform distribution of water in the bulk; consequently
uniform-size pores formed in the foam after removing the water by using freeze drying.
This dense NiCo204@graphene material exhibited a high capacitance of 790 F g! at a
current density of 2 A g”!, and an excellent cycling performance at a high current density
of 10 A g!'. The compression test revealed that the 3D NiCo204@graphene foam
exhibited strong mechanical property which is able to support 20,000 times its own
weight without the structural collapse. The novel synthesis method of such 3D foam with
excellent properties paves the way to explore the application of lamellar materials like

graphene in a self-supporting, metal oxide deposition and 3D form.

8.2. Future Work

The energy storage mechanism of supercapacitor can be further studied, which will guide
the fabrication of the electrode materials. Due to the time limitation, the factors that
determine the electrochemical performances of the as-prepared materials were not
completely investigated. The electrolytes are need to be further analyzed; these play a
critical role in improving the specific energy density of supercapacitors. The studies about
the relationship between the conductivity and the structure of materials should be studied

based on additional experiments and analysis.

Although a few metal oxide have been prepared to be used as the electrodes of
supercapacitor, it is not enough to confirm which one is the best candidate electrode
material. The conductivity of metal oxide is still one of the most challenging problems,
which needs to be solved in the future. The cost and the process for producing these

materials have not been studied in detail. Therefore, low cost and large scale fabrication
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is critical for the commercialization of these materials.

Graphene is one of the outstanding electrode materials for electrochemical double layer
capacitors, due to its high electric conductivity and mechanical strength, charge carrier
mobility and high specific surface area. The specific capacitance of graphene has the
largest theoretical electrochemical double layer capacitance of about 526 F g'!. It can also
provide conduction pathways to a greater area per unit mass than CNTs, which should
translate into improved conductivity. However, graphene usually agglomerates together
to form graphite and fails to maintain its intrinsic properties especially the large surface
area. The spacer materials and related synthesis strategies will be investigated to allow

the effective utilization of the high surface area of graphene.

In addition, the 2D and 3D graphene macro-structure materials contribute to the large
specific surface area of electroactive materials. They contributes to the accommodation
of a large amount of electroactive species for participation in the faradaic redox reactions.
In this project, a new fabrication method was proposed. A compressed 3D graphene
foam was successfully prepared by the as-designed method. It will be used to fabricate

other 3D materials, and their electrochemical properties will also be investigated.
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