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ABSTRACT OF THE DISSERTATION

Development of High-Quality Graphene and Composite Materials for Energy Storage

by

Ran Tao
Doctor of Philosophy Candidate in Chemical Engineering
University of California, Los Angeles, 2020

Professor Yunfeng Lu, Chair

The critical energy crisis and environmental pollution associated with the fast fossil fuels
consumption has greatly motivated the research and development of clean energy. Up to date,
increasing attention has been put into renewable energy sources such as wind, solar, tidal, biomass,
and geothermal. However, these energy sources are intermittent and not stable in nature, which
bring an advanced energy storage system on request. The electrochemical energy storage (EES)
system is considered very promising for effective and efficient usage of clean energy and therefore

has been intensively investigated during past decades.

Lithium ion batteries (LIBs) are the most ubiquitous energy storage system among EES, which
is commonly used in portable electronic devices and electric vehicles, due to their long cycle life,

high energy density, and high stability. However, most cathodes (e.g. lithium-insertion compounds)



and anodes (e.g. graphite and silicon) suffer from either low intrinsic electrical conductivity or
poor lithium diffusivity, limiting the power density of LIBs. To date, constructing a matrix with
high electrical conductivity and Li* diffusion rate to form composite electrodes is one of the most

effective ways to address the current challenges.

Carbon materials with excellent intrinsic conductivity and good designability are a good
candidate to be applied in the composite electrode. Particularly, graphene is proposed as a
conductive agent or act as a carbon matrix to form a composite electrode with other active electrode
materials due to its excellent electron conductivity (2000 S cm™)!, high surface area (2630 m? gt)
2 and high ambipolar charge-carrier mobility (10° cm? V1 s1)3 Such graphene composite
electrodes are generally synthesized through a direct assembly or bottom-up growth, of which the
former approach disperses graphene (or perhaps graphene oxide) with a precursor or an active
material itself followed by a hydrothermal or spray-dry methods respectively to assemble the
composites, while the later approach converts carbon precursor to graphene on the surface of active

materials through chemical vapour deposition (CVD).

The direct assembly approach needs graphene with high dispersity which is associated with
the degree of functionalization. However, such functionalized groups lead to defects and low
conductivity. Despite the extensive efforts made, making graphene with both high conductivity
and dispersibility remains challenging. The bottom-up growth approach usually applied the
“substrate-graphene” after CVD to produce composite material or directly use it as an active
material for LIBs. However, such precursors or active materials mostly have inappropriate
catalytic property or cannot catalyze the formation of high-quality graphene at all, which gives a

strict restriction on choosing substrates.



In this dissertation, we design and synthesize an edge-functionalized graphene with large
lateral size (10 jam) to address the paradox of the direct assembly approach, such that the functional
groups in the edge can provide the graphene with high dispersibility (10 mg mL™ in water), while
the well-retained graphene structure in the basal plane can provide the graphene with high
conductivity (924 S cm™). The edge-functionalized graphene can be readily synthesized using an
edge-to-interior exfoliation strategy based on controllable catalytic reaction between H>O, and
FeCls-graphite intercalation compound, which improves processing capability in composite

fabrication and enables excellent conductivity as a conductive network in batteries.

Such edge-oxidized graphene (eoG) was then complexed with commercial LiFePO4 as an
example of its broad applications through a spray drying method. During the synthetical process,
the large-size eoG anchored with commercial LFP nanoparticles folds, twists and encapsulates into
spherical LFP-eoG composite, which minimize the lithium ion diffusion length, as well as the
contact resistance between stacked graphene network and LFP, enabling effective transport of Li*
and electrons. Such LFP-eoG composite cathode exhibits high reversible capacity (159.9 mA h g-
1 at 0.5 C) and excellent rate performance (76.6 mA h g* at 20 C), which is 12 folds higher than
LFP-GO with the same carbon content and 16 folds higher than commercial LFP (our primary
particles of LFP-e0G). Moreover, the dense spherical morphology contributes to a higher tap
density (1.2 g cm™®), enabling high volumetric capacity of LFP-eoG composite electrodes (e.g.

193.8 mAhmL'at0.5C and 91 mA h mL" at 20 C).

Inspired by the graphite intercalation compounds (GICs) route to obtain eoG, we fabricate
carbon nanotubes (CNTs) embedded graphite anode for high-power LIBs. Such CNT-graphite
anode was synthesized through an intercalation of catalyst into graphite interlayers and the

following CVD growth of CNTs. These embedded CNTs expand the interlayer spacing of graphite



and act as a transit reservoir for Li*, which improve the lithium ion diffusion rate as well as
electrical conductivity, enabling high reversible capacity (291.9 mA h g at 1 C) and good rate

performance (61.1 mAh gt at 5 C) for lithium ion batteries.
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Chapter 1 Introduction and background

1.1 Energy storage

Energy is an essential commodity which keeps the human society moving. Although energy
has numerous forms in nature, it can be sorted into two kinds: primary energy and secondary
energy (Figure 1.1). Primary energy includes energy forms that can be found in nature without any
conversion or transformation process (e.g. crude oil, coal, biomass, wind, solar, tidal, falling and
flowing water, natural gas and etc.), while secondary energy are energy forms that are the results
of the transformation of primary energy through energy conversion processes (e.g. electricity,
gasoline, diesel, hydrogen, heat and etc.)*. However, most of the primary energy are non-
renewable which cause the energy crisis with the fast fossil fuels consumption and increase the
greenhouse gas emission associated with environmental pollution. Such problems have greatly
motivated the research and development of clean energy. Up to date, increasing attention has been
put into the renewable energy sources such as wind, solar, tidal, biomass and geothermal®.
Nevertheless, these primary energy sources are intermittent and not stable in nature, which bring

advanced energy storage system on request.
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Figure 1.1 Primary and secondary energy®

Energy storage is an essential bridge between secondary energy and human consumers. On the
one hand, energy storage serves as a “bank” of energy for some unsteady energy forms such as
solar, wind and tidal energy to give a continuous stable supply. On the other hand, energy storage
systems can gather and store the waste energy (e.g. the heat generated by thermal power generation)
to increase the over-all energy efficiency. Various energy storage systems (ESS) possess different
characteristics of power and energy density, lifetime, cycle efficiency, self-discharge rates, capital
cost and scale, storage duration and technical maturity. These specific characteristics of ESS

enable them to be applied in different applications.

1.1.1 Mechanical energy storage
Mechanical energy storage generally stores Kinetic energy or potential energy, of which the
former pattern is achieved by flywheels, while the latter pattern can be realized by compressed air

energy storage and pumped hydro energy storage.

1.1.1.1 Flywheel energy storage (FES)

Flywheel energy storage system stores electrical energy in the form of rotational kinetic energy.
As shown in Figure 1.2, FES is composed of composite flywheel linked with motor generator and
magnetic bearing. The principle of this technology has been applied in experimental bus which
was called “gyro-buses™’. As an energy storage device, FES have a discharge process to generate
electrical energy and a charge process to regain the energy. During the charging phase, the
electrical energy accelerated the motor which transferred the angular momentum to the rotor
through a shaft. This rotor is the component that can store the kinetic energy. During the

2



discharging phase, the rotor transferred the angular momentum back to the generator through the

same shaft and converted this kinetic energy to electrical energy.

FES model has many advantages such as low maintenance cost, long life cycle, high efficiency,
free from depth of discharge effects, environmentally friendly, wide operating temperature and
condition but the idling loses are the critical disadvantages which are caused by the external forces
such as magnetic force or friction®. These good characteristics enable FES to be used in countless
charge/discharge cycles and medium-term storage applications such as small-scale energy storage®
10 peak power buffer'®, wind diesel generator!!, photovoltaic system'?, harmonics®?, distribution
network*, UPS™® 16 and high voltage stator’.

Touchdown
Bearing

Motor Generator

Cope Radial Magnetic

Bearing

Combination
Magnetic
Bearing

Bearing

Figure 1.2 Flywheel device components®

1.1.1.2 Pumped hydro energy storage (PHES)
Pumped hydro energy storage stores electrical energy by pumping water uphill as gravity
potential energy. As shown in Figure 1.3, the water is stored in upper reservoir and can be released

to lower reservoir driving the generator located in powerplant chamber in order to produce



electricity power when needed. PHES is a quite mature and widely applied energy storage system
around the world (Table 1). The first PHES system was constructed in Italy and Switzerland in
1890 and furtherly developed in the U.S. at the beginning of 1929. To date, PHES provide over 3%

of global generation which is around 90 GW with the efficiency in the region of 70-85%.
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- e
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Figure 1.3 Pumped hydroelectric energy storage*

The advantage of PHES is clear to us: it has the largest storage capacity as compared to other
energy storage systems. However, the disadvantages lie in several aspects: large capital cost,
highly dependent on the local topography and direct environmental damage. Therefore, PHES only
applied in the places where there is enough supply of water, adequate close land areas divided by

adequate elevation.



Table 1.1 PHPS around the world®

Location Plant name Online Hydraulic Max  Hoursof Flant cost
date head (m) total discharge
rating
(MwW)
Australia Tumut 3 1973 - 1690 - -
China Tianhuangping 2001 590 1800 - $ 1080 M
Guangzhu 000 554 2400 - -
French Grand maison 1987 955 1800 - -
Germaiy  Markersbach 1981 - 1050 - -
Goldisthal 2002 - L £ 700 M
Iran Siah Bisheh 1996 - 1140 - -
Italy Plastra edolo 1982 1260 o020 - -
Chiotas 1981 1070 1184 - -
Presenzano 1942 - 00 - -
Lago delio 1971 - 030 - -
Japan Imaichi 1991 524 1050 7.2 -
0 kuyos hino 1978 505 1240 - -
Kazunogowa 2001 714 1600 B2 $ 3200 M
Matanogawa 1999 489 1200 - -
Ohkawachi 1995 411 1280 -
Okukiyotsu 1982 470 a0 - -
O kuming 19895 485 1036 - -
Okutataragi 1998 387 1240 - -
Shimogo 19491 387 40 - -
Shin 1981 229 1280 7 -
takesagawa
Shin toyne 1973 203 150 - -
Tamahara 1986 518 1200 13 -
Luxemborg Vianden 1964 287 1096 - -
Russia  Zagorsk 1994 539 1200 - -
Kaishador 1993 - 1600 - -
[ twzister 1996 - 2268 - -
South Drakensbergs 1983 473 1200 - -
Africa
Taiwan Mirhu 1985 310 00E - £ B66 M
Mingtan 1994 380 1620 - $ 1338 M
Uk/Wales Dinorwig 1984 545 1890 5 £310 M
USACA Castaic 1978 350 1566 10 -
LsA fCA Helms 1984 520 1212 - £ 416 M
USAMA Nothrfield Mt 1973 240 1080 10 S GES M
USA ML Ludington 1973 110 1980 9 $§3TM
USANY Blenheim- 1973 340 1200 12 £212 M
gilboa
USANY Lewiston- 1961 - 2BBOD 20 -
Miagara
USASC Bad creek 1991 370 65 24 652 M
Usa TN Racoon Mt 1979 310 1900 21 £288 M
USAVA Bath county 1985 380 oo 1 £ 1650 M




1.1.1.3 Compressed air energy storage (CAES)

Compressed air energy storage system compresses the air using off peak electricity to store the
potential energy in a reservoir either an underground cavern or aboveground pipes or vessels?®,
Then the air is released and heated followed to drive a turbine-generator to produce electricity
power. It is noted that the off-peak base load electricity is cheaper than gas which is used to
compress the air for CAES. The reservoir can be Hard rock cavern, salt cavern, depleted gas fields
or an aquifer®, among which hard rock cavern is 60% more expensive than salt cavern while aquifer
cannot stand with high pressure air leading to a lower capacity. Hence, based on the application,
people need to select adequate reservoir to meet specific parameters. The diagram of CAES is

shown in Figure 1.4.

The electricity
produced is delivered
back onto the gnid

Exhaust |

Motor Compressor Recuperator High Low Generator
Pressure Pressure
Turbine Turbine

Fuel (Natural Gas)

When electricity is needed,
the stored air 1s used to run
a gas-fired turbine-generator

Salt Dome

. Cavern

Figure 1.4 CAES plant schematic diagram?®.



The CAES principle was introduced in 1970s to provide load following and to meet the peak
demand. After that the first plant of CAES came into being in Huntorf, Germany with a capacity
of 290 mW to support a nuclear plant. Later in 1991, the second plant of CAES was built in
Mcintosh, Alabama with a 110 mW capacity for 26h% 2%, Although CAES do have the advantages
that it is able to produce electricity 3 times larger than a conventional gas turbine for a given
amount of fuel??, there is still a lot of risk in the development of CAES due to the complicate
underground geology. Therefore, this technology is ideal for large bulk energy supply and demand

but not suitable for small-scale energy storage such as vehicle and portable devices.

1.1.2 electrochemical energy storage
Electrochemical energy storage (EES) system is considered very promising for effective and

efficient usage of clean energy and therefore has been intensively investigated during past decades.

1.1.2.1 Battery energy storage

The most common battery energy storage systems are shown in Figure 1.5%, Lead-acid battery
with low cost and a relatively stable charge and discharge state is one of the oldest type of
rechargeable battery, which was invented in 1859 by French physicist Gaston Plante. However, its
large volume and high weight make it hard for the application in light and portable electric
devices?®. Nickel-Cadmium battery may be an option for portable electronic devices, but its severe
memory effects lead to short life cycle and the toxicity of cadmium is not environment friendly?*.
In the late 1990s, early nickel-metal hydride (Ni/MH) batteries was invented by Singh et al.?® and

Rantik?. Comparing with lead-acid and nickel-cadmium system, Ni/MH has relatively high



energy density, high-rate capability, less prone to memory and lack of poisonous heavy metals;

however the leakage problem inevitably limits specific capacity and life cycle?’.
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Figure 1.5 Gravimetric power and energy densities for different rechargeable batteries. Most of
these systems are currently being investigated for grid storage applications.

Lithium ion batteries have readily become the most ubiquitous energy storage system. They
are commonly used in portable electronic devices, because they have long cycle life, high energy
and power density, do not suffer from memory effects?®, and have relatively lower energy required
for production® (Figure 1.6). Such overwhelming advantage of lithium based system lies in
lithium’s low molecular weight, which provides high gravimetric energy density; small ionic
radius, which is beneficial for diffusion; and low redox potential [E {Li+/Li) =-3.04 V vs standard

hydrogen electrode (SHE)] 2°, which enables high-output voltages and thus high energy density??.
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Energy required (kWh per kWh produced)

Figure 1.6 Energy required for the production of a 1 kWh electrochemical storage system. Data
are from refs 6-9 and compare the energy cost for Li-ion, Ni-MH (nickel-metal hydride) and Pb—
acid technologies. Materials production is clearly the main contributor to the energy cost of
producing an electrochemical storage system.

In addition to the excellent electrochemical properties, production cost is another important
factor. As shown in Figure 1.7, the energy cost for the lithium ion battery is lower than previous
generation of batteries for portable electronic devices, Ni-MH batteries and its energy cost is only
two times of commonly used lead acid batteries that can only be applied in large scale equipment.
Moreover, lithium abundance on earth’s crust (fraction of earth’s crust is 1.8E-5) is much higher
than other active materials such as mercury (fraction of earth’s crust is 8E-8), Cadmium (fraction

of earth’s crust is 1.60E-7) and Pb (fraction of earth’s crust is 1.3E-5) (Figure 3). In terms of



absolute quantities, the amount of Li available on the Earth’s crust is sufficient to power a global

fleet of automobiles®.

Values Element Colors

B Type B Conversion Anodes 8 C v o E H
Fraction of Earth's Crust
.00E- | RSCEEIC USRSl Wl 9 00E-6 | 1.80E-4 | 1.90E-5 | 4.55E-1 | 5.44E-4
0.2-1.5
§ Year Price Range Commonly used Transition

Mg (USDIb) I metals for Intercatation Al P S Cl
2.27E-2|2.76E-2 Electrodes 8.00E-2 |2.72E-1 |1.12E-3 | 3.40E-4 | 1.26E-4

1-1.5 0.5-1.5 | 0.5-2 .001-0.3

Sc Ti Cr Fe | Co Ni | Cu| Zn | Ga | Ge | As Br
184E2 4SGE2"50E5 632531365-41225-4 6.2E-2 | 2.90E-5 | 5.80E-5 | 6.80E-5 | 7.60E-5 | 1.90E-5 | 1.50E-6 | 1.80E-6 2.5E-6
5-1 0-20 3-7 0.1-0.25| 10-25 5-15 1-5 0.5-1.5 |100-500| 1k-2k 0.51
Rb | Sr Zr | Nb | Mo [Nie Pd |[Ag | Cd | In
1885508454v10E5 1.62E-4 | 2.00E-5 - 105-10 41.5E-8 |8.00E-8|1.60E-7 | 2.40E-7 210E6 200E7 46057
15-25 1.2k-8k 1K=3.5Kk| 0.5-2.5 |200-400| 5-15 1-10
Cs | Ba [BU| Hf | Ta [ W [FRe | Os [ ir Au | Hg | TI | Pb | Bi
6.60E-5|3.90E-4 2.80E-6 | 1.70E-6 | 1.20E-6 |FL0E-10 | 5.00E-8 | 1.00E-9 1.ooE-a 4.00E-9 8.00E-8 | 7.00E-7 | 1.50€-5 |8.00E-8
10-25 10k-30k 0.5-1.5 |56

Figure 1.7 Availability of elements that may host Li as electrodes. Elements with abundance (as
fraction of Earth’s crust) below 10-5 are slightly faded, and elements below 10-7 are faded further.
Prices are approximate 5-year ranges of metal prices (except Ge, which is a 3 year range)!, 80—
100 mesh natural graphite for carbon®, and the Vancouver/USGS prices for sulfurs3,

1.1.2.2 Super capacitor energy storage

A supercapacitor generally is composed of two metal-foil electrodes, separator which is made
of ceramic, glass or plastic film, and electrolyte (Figure 1.8). Supercapacitors store energy through
the electric field of the electrochemical double layer produced by opposite charges when a voltage

is applied.

Compared with batteries, supercapacitors can be charged substantially faster, provide higher
power density and have longer cycle number up to 100,000 times. Moreover, supercapacitor

exhibits high efficiency over 95% due to low resistance, resulting in reduced loss of energy and
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rapider transport rate of ions4. Nevertheless, they have low energy density and high self-discharge

rate due to the limited surface area of elecctrodes®.
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) electron (-) negativeion ~—— electron flow during discharging

Figure 1.8 Schematic diagram of electrochemical double-layer capacitors®

Considering the advantages and disadvantage of supercapacitors, they are applied in starting
engines, actuators, and electric vehicles (EV) or hybrid-electric vehicles (HEV) for transient load
leveling. It is noted that supercapacitor provide great improvement in vehicle fuel efficiency under

stop-and-go driving conditions when they are used for regenerative breaking.
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1.1.2.3 Superconducting magnetic energy storage (SMES)

The principle of superconducting magnetic energy storage was first introduced in 1970s to
improve the load of French electricity network®’. It stores the energy through the magnetic field
which has been cooled to a temperature below its superconducting critical temperature. The
schematic of SMES is shown in Figure 1.9. The stored energy is proportional to the wire
inductance and the square of direct current. This energy can be regained through a discharging

process when the network demands the excess power3®.
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Figure 1.9 Schematic of superconducting magnetic energy storage systems®

There are two major advantages of SMES: the first one is the high efficiency up to 98%, due
to the nearly zero resistance of superconducting coils under critical temperature3®; the other one is
that SMES can be cycled almost infinitely and are capable if discharging the near totality of the
stored energy“®. However, the drawbacks of SMES, such as extremely expensive cost ($1000-

10,000/kW) and self-discharge issues, inevitably prevent it to fill a unique niche in the market.
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Hence, SMES only applied in short term energy such as uninterruptible power supply (UPS), pulse

power source for dedicated applications and flexible AC transmission®!.

1.1.3 Chemical energy storage (CES)

Chemical energy storage converts or stores electric energy in a form of chemical energy.
During the charge phase, the electric energy is used to produce chemical compound which can be
stored; while during the discharge phase, the chemical energy converts to electricity power through
an electrochemical reaction. The chemical compounds which serve as energy storage mediums
generally have high energy density, e.g. hydrogen, methane, hydrocarbons, methanol, butanol and
ethanol. Among these chemical compounds, hydrogen is the most promising chemical for CES
system. Hydrogen is the only carbon-free fuel and has the highest energy density compared to any

known fuels which only have water as the product when applied in CES.

The hydrogen storage system is composed of three parts: electrolyzer unit, the storage
component and an energy conversion*?. To date, the commonly used electrolyzer technologies are
alkaline (A), proton exchange membrane (PEM) and solid oxide (SO) electrolysis cells, while the
fuel cell parts mainly used alkaline (AFC), proton exchange membrane (PEMFC), solid oxide

(SOFC), phosphoric acid (PAFC) and molten carbonate (MCFC)*,

The advantages of hydrogen storage system are the abilities to convert chemical energy to
electricity without involving any intermediate energy-intensive steps and noisy moving parts, and
it is also environmentally friendly. However, there is still lack of a effective and safe storage of
hydron gas on large scale. Moreover, the low volumetric capacity and extremely high operating

temperatures make this technology hard to be used in transport applications.
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1.1.4 Thermal energy storage (TES)

Thermal energy storage is one of the most widely used energy storage systems. TES devices
generally transfer and store electricity or other waste heat resources in the form of thermal energy.
There are three main thermal energy storage systems: sensible heat storage, latent heat storage and

thermochemical heat storage.

Sensible heat storage uses materials that do not undergo any phase change within the working
temperature range. Concrete, cast ceramics and molten salts are often used as energy storage
medium in this technology. The major drawback of sensible heat storage is the energy loss caused

by the high freezing point (around 100 °C). Latent heat storage systems store latent heat which

generates as a result of phase change. The phase change temperature of certain materials for latent
heat storage should match the thermal input source®. These materials often have a higher capacity
of thermal energy compared with that of sensible heat storage due to the high latent heat associated
with the phase change. Thermochemical heat storage involves a reversible reaction where the
thermal energy is stored under the endothermic reaction step and released under exothermic
reaction step (Figure 1.10). Several TES materials have studied for this technology, such as
metallic hydrides (MgH2 and CaHy), carbonates (PbCO3 and CaCOs), hydroxides (Mg(OH)2 and
Ca(OH)2), oxide (BaO- and Co304), ammonia system (NH4sHSO4 and NHs), and organic systems

(CH4/H20, CH4/CO,, CeHio)".
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Figure 1.10 Process of thermochemical heat storage®®

TES systems usually are classified into high-temperature systems and low-temperature
systems based on the working temperature of the materials. High-temperature TES systems which

operates over 200°C are usually used in renewable energy technologies, waste heat recovery and

thermal power systems. On the other hand, Low-temperature TES systems often used in building

heating and cooling applications, solar water boiler and air heating system.
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1.2 Carbon materials applied in energy storage
Carbon materials have been used and developed by human for over thousand years. From the
beginning of such long history, carbon materials have been closely bound with energy pushing the

human civilization to today’s prosperity.

Humans started to use carbon to directly provide energy since we leant drilling wood to make
fire, which only converts 15% of wood’s energy to heat. In the 1880s, coal was used to generate
electricity which exhibit around 37% energy efficiency. After 1950s, with the development of
nanotechnologies, the advent of new forms of nanocarbon, particularly, graphite intercalation
compounds, carbon nanotubes and graphene push the electrochemical energy storage to a new
level. Supercapacitors using carbon-based materials as electrodes generally exhibit an efficiency
of ~95%*, while lithium-ion batteries using graphite as anode materials possess even higher energy
efficiency around 97.5%*. As we can see, with the development of carbon materials, the energy

efficiency of carbon-based energy storage systems significantly increased.

The extensive applications of carbon materials in energy storage contribute to the carbon atom
structure and crystalline structure. The carbon atom with a ground state electronic configuration
(1s?)(2s?px2py) can form sp?, sp? and sp* hybrid bond as a result of promotion and hybridization®.
Most commonly used carbon materials such as graphite, graphite intercalation compounds, carbon
nanotubes (CNTSs) and graphene share the same basic unit structure of an extended hexagonal array
of carbon atoms with sp? ¢ bonding and delocalized = bonding. The electrons shared in the
delocalized & bonding contribute to the extremely high electrical conductivity (graphite~10° S/m,
graphene~2*10° S/m). High surface area also improves the electrochemical activity of the overall

energy storage systems. Good designability is another important characteristic that enables various
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structure of carbon materials from O-dimissional graphene quantum dots to 4-dimissional self-
healing graphene, providing numerous possibilities of the application in different energy storage
systems. In this section, we mainly introduced the development of four typical carbon materials
for energy storage. They include: graphite, graphite intercalation compound, carbon nanotube, and

graphene (Figure 1.11).

graphite

basal plane

multilayer =

CcvD

defects

Figure 1.11 Schematic of typical carbon materials used for energy storage*®

1.2.1 development of carbon materials

Carbon materials have a long developing history of human beings, but it is after the
breakthrough of nanotechnology that nanocarbon materials experienced a rapid development in
the last 50 years (Figure 1.12). This 50 years’ history of research started with graphite, a material
found in nature. Graphite is a layered quasi-2D material which is stacked by graphene layers in
the AB Bernal configuration. In 1960, the electronic structure of graphite was revealed by McClure
for the first time*’. Then in 1982, Rajeeva R. Agarwal and J. Robert Selman found that lithium ion

can have a reversible electrochemical intercalation with graphite*. After that, lithium ion battery
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started to use graphite as anode materials instead of lithium metal, and thus significantly improve

the safety of lithium-ion batteries.
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Figure 1.12 The number of annual publications on sp2 carbon materials in the last 50 years*®

Although graphene was first isolated in 2004 by Novoselov et al®, scientist attempted to study

the single layer of graphene in the early 1970s. However, at that time, it is hard to isolate single

layer graphene and conduct an effective characterization of single layer graphene. Instead, they

embedded singe layers of graphene into a host material called graphite intercalation compound

(GIC). This graphite intercalation compound allowed independent study of the graphene layer and

intercalant layer®. For example, the intercalation process of Li metal is shown in Figure 1.13
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Figure 1.13 Li intercalation process to graphite®

In 1993, lijima and Bethune first synthesized the single-wall carbon nanotube (SWNT)%,
SWNT is considered a rolled graphene sheet as shown in Figure 1.14. Depending on the geometry
of CNTs, they can exhibit metallic or semiconducting properties. CNTs and CNT-based

composites are widely used in energy storage systems, such as supercapacitor®®°, batteries®->8

and fuel cells®-62,

Figure 1.14 A monolayer graphene sheet rolled up to form an SWNT*.
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In the first decade of 21% century, single-layer graphene was first isolated in 2004°°, pushing
the passion of studying carbon materials to a new level. Graphene is a defect-free carbon
monolayer packed into a 2D honeycomb lattice. It is the first 2-D atomic crystal which has high
electron conductivity (2000 S cm™) ! and thermal conductivity (5000 W/mK)®2, ultrahigh surface
area (2630 m? g'1)2, high carrier mobility at room temperature (~10000 cm? V1 s1)*° and excellent
mechanical stiffness, strength and elasticity (Young’s modulus of 1 TPa and intrinsic strength of
130 GPa)®® (Figure 1.15). These excellent properties of graphene lead to wide applications in

different fields such as energy storage®*®, polymer composites®” % and photoelectric devices®®:

Excellent electric conductivity(~108 S/m)

The largest surface

area (2630 m?/g) Excellent thermal conductivity

(5000 W.m-1.K"")

The fastest carrier
mobility(2x105cm?2.V-1.s1)

Good mechanical strength(130 Gpa)

Figure 1.15 The physical properties of graphene

1.2.2 Graphite
Graphite has a layered structure which is stacked by an extended hexagonal array of carbon

atoms with sp? ¢ bonding and delocalized n bonding in the sequence of ABABA. As shown in
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Figure 1.16, this structure results in a hexagonal unit cell with dimension ¢=6.71 A and a=2.46
A", The interlayer spacing of graphite is 3.35 A, which is a large difference compared with in-
plane C-C distance 1.42 A. This fact suggests that the contribution to the interlayer bonding from
n bond overlap is negligible®. Therefore, most researchers consider the interlayer potentials
belong to the Van del Waals type. However, some evidence from scanning probe microscopical
images of the graphite surface indicates that there may be some & orbital interaction between

planes’.

Figure 1.16 The crystal structure of graphite. The primitive unit cell is hexagonal, with dimensions
a=2.46 A and c=6.71 A. The in-plane bond length is 1.42 A< There are four atoms per unit cell,
namely A, A’, B and B’. The atoms A and A’, shown with full circles, have neighbors directly
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above and below in adjacent layer planes; the atoms B and B’, shown with open circles, have
neighbors directly above and below in layer planes 6.71 A away.™

Graphite has a good electrical and thermal conductivity within the layers and a poor electrical
and thermal conductivity perpendicular to the layers due to the anisotropy. The electrical
conductivity (oa, oc), mobilities (&, |&), relation times (ta, Tc), mean free paths (I, Ic) and electron
density (n) at various temperature for pyrolytic graphite are shown in table 1.2.”* The subscript a
and c are the direction that paralleled to the in-plane of graphite and perpendicular to the in-plane

of graphite, respectively.

Table 1.2 Electrical properties of graphite™

Unit 300K 77.5K 4.2K
Parameters
Ga 10* S cm? 2.26 3.87 33.2
G Scm’ 5.9 3.3 3.8
G4/ Gc 10* 0.38 1.2 8.8

Ik 10* cm?/V s 1.24 5.75 7.0
Lk cm?/V's 3.3 5.0 8.0
Ta 1013 s 35 16.2 196
Tc 10 s 0.95 1.6 2.7
la 10° A 0.7 3.2 39
Ic A 0.95 1.6 2.7
n 108 cm® 11.3 4.2 3.0
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This high electrical conductivity and typical layered structure of graphite contribute to a wide
application in energy storage. Since Rajeeva R. Agarwal and J. Robert Selman first applied
graphite as anode materials in lithium-ion batteries in 1986, graphite anode have been deeply
studied and finally was commercialized. R. Yazami and Ph. Touzain used an electrochemical
method to synthesize lithium intercalation compounds for lithium-ion batteries’. They proved that
the polyethylene oxide with lithium perchlorate was an effective polymer electrolyte to achieve
the electrochemical intercalation of lithium into graphite. The capacity for the first time achieved
340 Ah/kg. Later, researchers started to use graphite with functional groups as anode materials for
LIBs. Thierry Cassagneau and Janos H. Fendler prepared nanometer-thick polyelectrolytes and
graphite/graphite oxide nanoplatelets on a conducting substrate through a self-assembly method.
The electrode exhibited high density of 1232 mA h g*"®. Although graphite has good electrical
conductivity, the specific capacity and energy density of graphite anode is limited. Researchers
started to combine other active materials with high specific capacity with graphite, trying to
develop electrode materials with high energy and power density. Graphite intercalation
compounds are one of the most popular graphite composites materials that we would like to talk

in the next section.
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1.2.3 Graphite intercalation compounds

Raman shift (em-!)

Figure 1.17 a The structure of a stage 1 graphite intercalation compound, showing an intercalate
layer sandwiched between single graphene layers.®® b The Raman spectra of stage 1, 2 and 3
rubidium intercalated graphite, in which a single layer of rubidium is intercalated between one,
two and three graphene layers, respectively.”’

As shown in Figure 1.17a, we can see the intercalant was intercalated into every single layer
of graphene to form a stage 1 graphite intercalation compound. On the one hand, some guest
intercalant species such as alkali metal donates electrons to graphene layers forming a donor
graphite intercalation compound. On the other hand, intercalants such as ferric chloride accepts
electrons from graphene layer forming an acceptor graphite intercalation compound in which
graphene layers turn to be positive charged. These graphite intercalation compound exhibit
different optical, transport, thermal, vibrational and spectroscopic properties with pristine
graphene*. As shown in Figure 1.17b, stage 1 CsRb possessed a broader d peak at 1400 and more
cm?® extensive Rb peak at ~580 cm™, indicating a larger graphite interlayer spacing and larger
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amount of Rb which was intercalated into graphene interlayers. Because for the stage 1 compound,
every single layer of graphene was sandwiched by intercalant, while every two layers of graphene
was sandwiched by intercalant for the stage 2 compound. Later, electrodes of different GICs have
been applied in primary and secondary batteries. The high electrical conductivity and ion diffusion
rate of GIC contributed to a better performance than pristine graphite. Moreover, alkali metal-
GICs can store large amount of hydrogen due to the functional space in alkali metal, thus making
it a competitive candidate of hydrogen storage materials. After 2010s, GICs were used to prepare

graphene sheets through liquid phase exfoliation methods.
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Figure 1.18 Raman spectra of pristine (dashed lines) and doped/intercalated (solid lines) 1-4L
flakes, measured for 532nm excitation. (a) Low frequency region. (b) D- and G-region. (c) 2D-
region. In (a) we also report the Raman spectrum of bulk FeClI3 (dotted gray line) for comparison.
Vertical dotted lines are guides to the eye.’®
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Ferric chloride is reported to successfully insert into graphite flakes which proved by Raman
scattering’®. Figure 1.18 shows the Raman spectra of FeCls intercalated 1 to 4 layers (L) graphene
flakes compared to bulk FeCls. Clearly, typical 3 Raman modes from FeCls are observed in 2-4L
FeCls intercalated graphene flakes, indicating that each graphene layer behaves as a decoupled
heavily intercalated monolayer. These 3 FeCls modes upshift ~3 cm™ because Cl atoms
simultaneously occupy preferred sites associated with the graphene lattice, which results in the
loss of the ClI atoms long-range two dimensional order, since their in-plane structure is
incommensurate with the graphene host lattice™. The 2D line shape for 2-4 L FeCls intercalated
graphene changed from multiple peaks to a single Lorentzian, which indicated the single layer
graphene between two intercalant layers. Moreover, the G peak of FeCls intercalated single layer
(1L) graphene in Raman spectrum is ~1627 cm™ which is higher than intercalated 2 and 3 L ~1623
cm*and 1625 cm™, indicating the doping on both top and bottom surfaces of single layer graphene
(Figure 19 a). Based on this evidence, the author provides schematic diagrams of FeCls intercalated

1-3L flakes.
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Figure 1.19 (a) G and (b) 2D band of Stage-1 flakes with 2/3L, and doped SLG, measured at
532nm for samples kept in the sealed quartz tube used for intercalation/doping. (c) Schematic
diagrams of FeCI3 doped/intercalated 1-3L flakes’®.

Nickel chloride also has the potential to be a good intercalant for graphene due to the similar
chemical properties between nickel and iron elements. Several researchers has demonstrated the
possibility to insert nickel chloride into graphene interlayers®® & 82 The point is that graphene
with nickel-based intercalants composite can serve as a precursor to synthesis nickel-rich NMC
graphene composite. Copper chloride and palladium chloride can also intercalate into graphene
interlayers, but the high cost of these raw materials is unsuitable for mass production and they
cannot catalyze the bubbling exfoliation reaction between H>O> and TM chloride intercalated

graphite composite.

1.2.4 Carbon nanotube (CNT)

Carbon nanotube was first successfully synthesized by lijima et al. in 19918, It possesses high
elastic modulus up to 1 TPa with high strength 10-100 times higher than the strongest steel under
a same fraction of the weight. In additional to the excellent mechanical properties, CNT also shows
good electrical (4*10* S m™) 8 and thermal conductivity (3500 W m™K18%). It can be also stable

over 2800°C in vacuum. These outstanding physical and chemical property make CNTs (or

perhaps CNT based composites) one of the most competitive materials for the applications of
mechanical energy storage systems®-# supercapacitor®® 8- lithium-ion batteries®®>® 9 and

thermal energy systems®3-9°,

There are two kinds of carbon nanotube: single-walled carbon nanotubes (SWCNTSs) and

multi-walled carbon nanotubes (MWCNTS) which are composed of concentric SWCNTs*. CNTs
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generally can be visualized as a sheet of graphene that has been rolled into a tube. To better
understand the atomic structure of CNTs, we used vectors to describe the tube chirality or helicity.
As shown in Figure 1.20, the chiral vector 5h which indicate the roll-up behavior is described by

the equation:
gh = nC_il + mC_iz

and the integer (n, m) are the number of steps along the zig-zag carbon bonds of the hexagonal
lattice and d, and d, are unit of vectors®. There are two limiting cases referring to as zig-zag (09
and armchair (30) based on the geometry of the carbon bonds around the circumference of the

CNTs (Figure 21).
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Figure 1.20 Schematic diagram showing how a hexagonal sheet of graphite is ‘rolled’ to form a
carbon nanotube®®.
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If we fold and roll the graphene sheet into a carbon nanotube, the assembled CNTs are shown
in Figure 1.21. According to the different chiral vector, the zigzag nanotube has a chiral vector of

(n, 0), while the armchair nanotube has a chiral vector of (n, n).

(b)

Figure 1.21 Illustrations of the atomic structure of (a) an armchair and (b) a zigzag nanotube.

The reason why people want to study the atomic structure of CNTs and classify them is that
the chirality of CNTs has significant impact on physical and chemical properties. It is reported that
although the CNTs can be either metallic or semiconducting which is decided by the tube

chirality®’.

There are mainly three production methods of CNTSs: arc-discharge, laser ablation, and
chemical vapor deposition (CVD). Based on the applications of CNTSs, a large amount of CNTSs is
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needed to be directly used as active materials or to make CNTs based composite materials. Among
these three production methods of CNTs, CVD can produce the CNTs with the least amount of
impurities and more amenable to large-scale production. Actually, many companies around the
world have already achieved the commercialization of CNTs. ENN which is one of the biggest
energy company in China have developed large scale CVD production line and sells the CNTs

product as an effective conductive additives for Lithium-ion batteries.
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Figure 1.22 Schematic illustration of the arc-discharge technique®

The arc discharge technique is shown in Figure 1.22, lijima first used this technique to
synthesize carbon nanotubes®. The arc discharge technique used two high-purity graphite rods as
anode and cathode. These two rods are put under a helium atmosphere and are applied by a voltage
to generate a stable arc. The material then deposits on the cathode to form a build-up consisting of
an outside shell of fused material and a softer fibrous core containing nanotubes and other carbon

impurities®.
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Figure 1.23 Schematic of the laser ablation process®

Figure 1.23 shows the laser ablation technique to synthesize carbon nanotube. The laser is used

to vaporize a graphite target held in a controlled atmosphere oven at 1200°C. Nickel and cobalt

are used as catalyst to produce the CNTs. The final product of CNTs are collected on a water-

cooled target.
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Figure 1.24 Schematics of the experimental setup used for CVD of multiwalled carbon nanotubes
onto substrates using the floating catalyst method. The gas flow provides oxygen-free atmosphere
for the pre-growth interval, and the carbon source-catalyst solution is evaporated from a separate
bubbler. Temperature and pressure measurement and control is provided®.

Although arc discharge and laser ablation techniques do have the ability to synthesize single-

walled carbon nanotubes or multi-walled carbon nanotubes, they remain some problems such as

limited volume of products and considerate amounts of undesirable by-products. Later, CVD are

developed to solve these problems. The CVD technique is shown in Figure 1.24, the carbon source

such as methane, acetonitrile, carbon monoxide decomposed into carbon radicles in the high

temperature zone of tube furnace. These carbon radicles then deposited and assembled on the

surface of catalyst such as nickel and iron. After the continuous reaction on the surface of catalysts,

the length of CNTs was increased and finally formed a tubular structure with one end open.
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1.2.5 Graphene

Graphene is a defect-free carbon monolayer packed into a 2D honeycomb lattice. It is the first
2-D atomic crystal which has excellent electronic and thermal conductivity, mechanical stiffness,
strength and elasticity (table 1.3) 1 92, Since it was first isolated in 2004°°, people have witnessed
the boom of graphene in the field of electronic devices!® 1% 105 optical devices!®® 107 108 gngd
electrochemical energy storage'®* 1°° 110 (Figure 1.25). Currently, graphene is the hottest material
for electrochemical energy storage, for several reasons: 1) The electron conductivity of graphene
achieve around 2000 S cm®, which reduced overpotential and decreased charge-transfer resistance
and thus increase the energy density and rate performance; 2) it has high surface area up to 2630
m? g%, which provide big chances for supercapacitor; 3) graphene has a Young’s modulus of 1
TPa and intrinsic strength of 130 GPa®®, which can be used as carbon host for flexible batteries.
Graphene can not only act as active materials by directly taking part in energy-storage mechanism,
but also as a carbon matrix to form graphene-based composite materials. Although graphene has
S0 many attractive properties for energy storage, the biggest challenge lies in the mass production.
Due to its peculiar nature, the electrochemical properties of graphene are extremely depend on its

method of production %,

Table 1.3 Graphene properties compared with other carbonaceous materials®®.

Graphene Carbon nanotube  Fullerene Graphite
Dimensions 2 1 0 3
Hybridization sp? Mostly sp? Mostly sp? sp?
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Figure 1.25 Relationship between graphene properties and their applications in energy solutions!**.

1.2.5.1 graphene production methods

Since graphene was first isolated in 2004, researchers have studied different production

methods varied from physical exfoliation to chemical synthesis.

Mechanically exfoliation is the earliest method to obtain single layer graphene. Novoselov et
al. prepared graphene film by repeated peeling small mesas of highly oriented pyrolytic graphite.
For the first time, they proved the structure of single layered graphene which exhibit a strong

ambipolar electric field effect®.

Synthesis on Silicon carbide is another effective way. Since silicon atoms in SiC will sublimate

under high temperature over 1000°C, A thin graphitic carbon layer can be formed on the carbon

or silicon surface of SiC. This method can obtain high quality graphene, but the high cost of SiC

and high reaction temperature make it hard for mass production®2,
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Chemical vapor deposition is an efficient method to synthesis various amorphous and quality
graphene. Since the catalyst activity used in CVD varies, people are able to control graphene layers
by selecting related catalyst. For example, Xuesong Li et al. successfully synthesized high quality
and uniform graphene films on copper foils by CVD process*'®. Because copper has lower catalyst
activity than other metals such as nickel and magnesium, graphene catalyzed by copper tend to
have fewer layer and exhibit better electrochemical properties, but the yield is very limited. Miller
et al. produced vertically oriented graphene nanosheet by using nickel as catalyst, which have
larger yield than graphene catalyzed by copper'*. Also, it is the first time that graphene structure
designed by controlling the amorphous of catalyst. Zongping Chen el al. reported a three-
dimensional form-like graphene macrostructure by nickel foam template-directed CVD!*®. This
interconnected flexible network of graphene showed conductivity up to 10 S cm™ when combined
with 99.5 wt% poly(dimethyl siloxane), which is ~6 orders of magnitude higher than chemically

derived graphene-based composites.

Graphene can be also obtained by liquid phase exfoliation. Graphite intercalation compounds
such as KMnO4 in hummer’s method was intercalated into graphene interlayer or the edge of
graphene and then it disperses into a liquid environment to reduce the strength of the van der Waals
attraction between graphene layers. By trigger the reaction between graphite intercalation
compounds and other chemicals, it will release large amount of heat or bubbles which induce the
exfoliation of graphite into graphene sheets. Suyun Tian et al. developed a controllable edge
oxidation and bubbling exfoliation method to produce water dispersible graphene!!®. The reaction
between intercalated KMnO4 and hydrogen peroxide produce large amount of oxygen bubbles,

which exfoliated the graphite into graphene sheets (Figure 1.26).
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Figure 1.26 Bubbling exfoliation of edge oxidized graphite for water soluble graphene. (a)
Schematic diagram of preparation process. Left: oxidation at graphite edges; middle: bubbling and
exfoliation; right: dispersion.*!’

Reduction of graphene oxide (GO) is another effective way to synthesize graphene. Graphite
pellets are first oxidized and then ultrasonically exfoliated in an aqueous solution to form GO.
After exfoliation of graphite oxide the suspension may be further processed by centrifugation, and
can then be deposited as a thin film on almost any surface and reduced (albeit partially) in situ
back to the parent graphene state*'®. Voiry et al. adopted microwave method to reduce GO into
pristine graphene, which has much higher 2o/l in the Raman spectra than other rGO indicating

the reorganization of the carbon bonding during microwave reduction**®.
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Figure 1.27 a There are several methods of mass-production of graphene, which allow a wide
choice in terms of size, quality and price for any particular application'®. b Schematic of the most
common graphene production methods. Each method has been evaluated in terms of graphene
quality (G), cost aspect (C); a low value corresponds to high cost of production), scalability (S),
purity (P) and yield () of the overall production process*:.

So far, people developed plenty of methods to synthesis graphene, but only a few of them can
be applied in industrial mass production. Figure 1.27 shows the relation between price for mass
production methods and the quality of graphene. Liquid-phase exfoliation has the lowest cost and
impressive yield, however, the electrochemical performance and mechanical properties are low.
The reduction of GO has the same problem with liquid-phase exfoliation, because it is hard to
remove majority of defects on graphene oxide through normal reduction methods. Graphene
synthesized by CVD exhibit high electron and thermal conductivity, moreover it can assemble into
different framework to accommodate active materials with different character. But low yield and

high cost render it only applied in computer chips and other precision instrument. Other synthesis
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method such as synthesis on SiC, mechanical exfoliation of high oriented graphite and molecular
assembly also suffered from these problems. In a word, to meet the requirement of industrial mass
production, we need to develop a rapid, high efficiency and low-cost production approach to

produce high yield graphene with good quality.
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1.3 Graphene and graphene-based composites for Lithium-ion battery

1.3.1 Lithium-ion battery

Basically, Lithium ion batteries are composed of several parts: anode, electrolyte and cathode
as shown on Figure 1.28. The anode side of lithium ion battery commonly use carbon-based
materials; at the cathode side, lithium metal oxide is often used as active materials due to their
stable crystal structure, high voltage window and thus high-energy densities. Both electrodes are
able to reversibly insert and remove Li* from their respective structures. On charging, Li ions are
removed or deintercalated from the layered oxide compound and intercalated into the graphite
layers. The process is reversed on discharge. The electrodes are separated by a nonaqueous

electrolyte that transports Li* between the electrodes'?°.
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Figure 1.28 Schematic of a lithium ion battery with graphitic carbon anode and lithium metal
oxide cathode. **°

During the discharge process, the anode releases lithium ions into the electrolyte which is
typically a lithium salt such as LiPFs dissolved in organic solvent, and then Li* ions transport to

the cathode through this electrolyte where Li* ions was absorbed by cathode active materials:
Anode: Li,Cy & xLit +xe™ + 6C
Cathode: Li;_, MO, + xLi* + xe~ & LiMO,

Similarly, during charge process, cathode releases lithium ions which then transfer to anode

through electrolyte!?!,
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Nowadays, although lithium ion batteries have become the primary choice as power source
for portable devices, researchers still need to develop new type of cathode, anode materials and
new energy storage structure systems such as solid electrolyte batteries to improve the

gravimetric energy density, power density, lifespan and safety for lithium ion batteries.

1.3.2 Cathode materials for lithium ion batteries
Since commercial cathode materials’ available capacity is still lower than graphite or other
carbon host lithium anode, it is very urgent to develop new type of cathode materials to improve

the energy densities of whole battery system.

Commercial Li-ion batteries (LIBs) utilize intercalation-type cathode materials, mostly olivine
LiFePO4 (LFP), spinel LiMn204 (LMO), layered LiCoO2 (LCO), LiNixMnyCo,0, (NMC) and
LiNio.sC00.15Alo0s02 (NCA). These materials show specific capacities of up to ~200 mAh g* 122,
Tithium insertion compounds into 3 groups based on their crystal structure as shown in Table

1.4'3, Li[M]O2 (M=Ni, Co) has the same crystal structure with typical layered o-NaFeO; (space

group R3m, No. 166): the transition metal and lithium ions occupy the octahedral sites of
alternating layers with an “O3-type” stacking sequence like “ABCABC”. LiMn204 (LMO) is the
A[B2]O4 cubic spinel-type structure in the Fd3m space group (On’ factor group): Mn ions occupy
half of the octahedral interstices to form a 3D framework of edge-sharing MnQOs octahedra, while
lithium ions occupy tetrahedral sites, which share common faces with four neighboring empty
octahedral sites at thel6c position as shown in Figure 1.29. Olivine LiFePOs belongs to
orthorhombic system (Pnma space group, No. 62): in this structure, lithium and iron located in

half the octahedral sites and phosphorus ions occupy 1/8 of the tetrahedral sites, thus to form a
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distorted hexagonal close-packed oxygen framework which enables the transportation of lithium

ions.

Table 1.4 Electrochemical characteristics of the three classes of insertion compounds.**

Specific capacity? Average Potential
Framework Compound
(mAh g?) (V vs. Li%Li")

LiCoO; 272 (140) 4.2
Layered LiNi1sMn13C01302 272 (200) 4.0
LiNiogC0o.15Al0.0s02 279 (200) 3.7
Spinel LiMn204 148 (120) 4.1
LiFePO4 170 (160) 3.45

Olivine

LiFe12Mn12PO4 170 (160) 3.4/4.1

a Value in parenthesis indicates the practical specific capacity of electrode.

layered LiCoO2
2D

|

spinel LiIVIn204
3D

——
Dimensionality of the Li*-ions transport

olivine LiFeF’O4



Figure 1.29 Crystal structure of the three lithium-insertion compounds in which the Li* ions are
mobile through the 2-D (layered), 3-D (spinel) and 1-D (olivine) frameworks.

However, their limitations in energy density, cycle life, rate performance, cost and safety
issues still impede mass application in long-range electric vehicles and large-scale grid
application'?*. To improve the energy density of traditional cathode materials for LIBs,
researchers developed other appealing active materials on the top of LMO and NMC. One is the
high voltage spinel LiNiosMn1 504, which has 658 Wh kg™ energy density; the other one is Ni-

rich layered-structure NMC with nickel content = 0.5 (typically LiNigsMng3C00.202,

LiNio.sMno.2C00.202 and LiNi0sMno1C00.102), which has around 800 Wh kg energy density;
and Li-rich Mn-rich (LMR) layered-structure materials with 900 Wh kg* energy density*?®
(Figure 1.30). We can find that these three new types of cathode have much higher energy
density than traditional commercial cathode materials which provide the possibility to make
electric vehicles with higher driving mileage for EVs to compete with traditional gasoline

vehicles in the future.
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Figure 1.30 a Typical discharge voltage profiles of different cathode materials. b Energy density
profiles of different cathode materials.

1.3.2.2 High Voltage Spinel cathode LiNiosMn1504

Spinel cathode LiNiosMn1504 is an attracting cathode material for LIBs due to its high
energy density (658 Wh kg™), which is 1.5 times than previous generation spinel cathode LMO,
high operating voltage up to 4.7V and good rate performance. There are two types of phase
structures among LiNiosMn1504, one is ordered P4332 and the other one is disordered Fd—3 m.
Figure 1.31 (c-d) shows these two structures: Ordered LiNiosMn1504 with space group P4332
has Li at tetrahedral 8a sites, Ni at octahedral 4b sites and Mn at octahedral 12d sites and O ions
occupied at 8c and 24e sites, which allows all Ni?* ions coordinated with six nearest neighboring
Mn** atoms in the crystal lattice; Disordered LiNiosMn1s04 with space group Fd-3 m phase, Ni
and Mn distribute randomly in the octahedral 16d sites in a ratio of 1:3, while Li and O are

located in 8a and 32e sites.

(c) P4s32[110] - (d) Fd-3m [110] "y (e) R3m [100] () c2/m[100]
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Figure 1.31 (c-f) Atomic models showing the (c) ordered spinel structure with space group P4332,
(d) disordered spinel structure with space group Fd-3m, (e) layered structure with space group R-
3m, and (f) monoclinic structure with space group C2/m. The fire represents the high temperature
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calcination process that leads to the formation of non-stoichiometry in the as-prepared materials.
TM = transition metal.

Due to the structural difference caused by oxygen non-stoichiometry which relate to the
calcination temperature, the ordered and disordered LiNiosMn1504 behave quite differently
during the electrochemical charge/discharge processes. As shown in Figure 1.32 (a), the
electronic conductivity of disordered Fd-3 m LiNiosMn1504 is 2.5 orders of magnitude higher
than that of ordered P4332 spinel structure!?®. In the typical discharge curves of LiNiosMn150a,
the first two plateau around 4.7V is related to the redox reaction: Ni**«<>Ni**<>Ni%". However, at
4.0 V, disordered spinel phase showed a voltage plateau related to the redox of Mn3* which
contributes to the overall capacity of LiNiosMn1504. Moreover, as shown on Figure 1.32 (c),

disordered spinel (800°C calcination) exhibits superior capacity retention as compared to the

ordered spinel (700°C calcination), because disordered spinel LiNiosMn1504 tends to have better

electron conductivity and lithium ion diffusivity?’.
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Figure 1.32 (a) Room-temperature conductivities of LiNi0.5Mn1.504pellets with respect to their
lattice constants'?®. (b) Galvanostatic discharge curves of LiNi0.5Mn1.504. The percentage of

capacity in the regionof ~4.0 V is also provided!?®. (c) Cycling performance of LiNiosMn1504
prepared at different temperatures?”.
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1.3.2.3 Ni-rich layered NMC cathodes

Figure 1.33 Structure of R-NaFeO2 (R3m).

Ni-rich LiNixMnyCo,0. (NMC, x = 0.5) has the typical layered crystal structure with space

group R-NaFeO: (R-3 m) as shown on Figure 6 (). In the composition of NMC, nickel mainly
contributes to the capacity of NMC cathode due to the transition of multivalent state during
reduction reaction; Mn plays an important role in preventing the collapse of NMC crystal
structure due to the insertion and extraction of lithium ion during discharge/charge process;
Cobalt provides the good ability for high-rate performance. Therefore, Ni-rich NMC cathodes

can provide higher capacity of 200-220 mAh g than LiNisMn13C01502 (NMC 111) around
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160 mAh g%, which make it become a promising cathode candidate. However, nickel-rich NMC

still has some problems hindering its mass application for LIBs cathode materials. One of the

biggest problem is the cation mixing between nickel and lithium ions, because the ionic radius of

Ni%* (0.069 nm) and Li* (0.076nm) is very close, it is easy for Ni?* to transfer into Li ions

crystallographic 3a sites, at the same time, Li ions will transfer into 3b sites (Figure 1.33)'?%. In

this way, Ni®" is oxidized to Ni** during charge process and cause partially collapse of NMC

lattice, which seriously lower the diffusivity of lithium ion in the NMC channel and finally

deteriorate the electrochemical performance.
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Figure 1.34 (a) TG curves for Ni-rich LiNi0.8Mn0.1C00.102-5 samples heated and cooled
sequentially in O2, air, and N2 atmospheres. (b) Oxygen content/non-stoichiometry as a function
of temperature in different atmospheres. 2°

There are several modify methods that can impede cation mixing phenomena in Ni-rich NMC.

The choice of appropriate calcination temperature and calcination atmosphere is one of the key

roles in Li/Ni cation mixing. As we know, calcination temperature and atmosphere are key factors

to decide the extent of non-stoichiometry in Ni-rich NMC cathode. Unlike the Co- and Mn- based



cathode, Ni-based cathode are more susceptible to oxygen loss which lead to the reduction of Ni
from Ni* to Ni?* whose ionic radius is closed to Li*, thus make it easier to have a cation disorder
process. It is studied by Idris et al. that increasing oxygen loss is observed to occur at temperature

higher than 700°C in N2, 800°C in air and 900°C in pure O2'?(Figure 1.34). Lee et al. studied the

effect of calcination temperature and atmosphere on the structure and electrochemical performance
of LiNiosMno2C00202 (NMC 622)°. Typically, the oxygen in the calcination atmosphere
increase the ratio of Ni**/Ni%*, leading to a decrease of cation disorder between Li* and Ni?*
according to the XPS data (Figure 1.35 (a-c)). Moreover, the presence of oxygen in the calcination
also brings the uniformity of oxidation state of Ni ions from NMC surface to the bulk. For the
electrochemical performance, as shown on Figure 1.35 (d-e), NMC 622 obtained in Oz atmosphere
shows higher specific capacity, better rate and long-term cycling performance (with capacity of
170 mAh g* at 0.1C and 89% capacity retention after 100 cycles). Therefore, Synthesize the Ni-
rich NMC at an oxidative atmosphere and relatively low temperature is an effective way to reduce
the oxygen non-stoichiometry of NMC and thus prevent the cation mixing and improve the

electrochemical performance.
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Figure 1.35 (a, b) Ni 2p3/2 X-ray photoelectron spectroscopy (XPS) spectral fitting for Ni-rich
LiNi0.6Mn0.2C00.202 prepared under different conditions: (a) 850 A (calcined in air at 850 <C)
and (b) 850 O (calcined in O2 at 850 =C). (c) Ni**/(Ni?* + Ni®*") ratio as a function of sputtering
depth for 850 A and 850 O. (d) Rate performance and (e) cycling performance of 850 A and 850
O tested at 1C rate. %

Doping modification is another effective method to reduce the Ni?*/Li* cation mixing
phenomena. Jeffrey W. Fergus et al. believed that doping some metal ions can stabilize the
structure of Ni-based cathode and increase lithium ions diffusivity!3!. Generally, these metal ions
have similar ion radius with Li*, stronger ionic force with oxygen and do not have Janh-Teller
effect like nickel. Pouillerie et al. substituted a small amount of magnesium for nickel in LiNO;
and they found that the Mg?" migrate from the slab to the interslab to form a new cationic
distribution in the lattice during first cycle!®2. These Mg?* ions in the interslab space screen the

0%~0% repulsion, thus act as pillars at the end of the deintercalation process to prevent the interslab
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collapse. Yuan et al. studied the doping effect of Al, Mg, Li on LiNiggMno.1C00102 (NMC 811)
cathode®®3. The doping of Mg?* and AI** decrease the lattice parameter and increase loos/loos ON
XRD patterns (Figure 1.36 (a)) which indicate that the total amount of Ni?* occupied in the Li
layer, since the Mg?* was preferentially located in the Li layer . The Mg-substituted sample
performed high discharge capacity and the lowest capacity loss after 20 cycles with 92.5% capacity

retention (Figure 10 (b)).
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Figure 1.36 (a) XRD patterns of 811 with different ions doping (b) cycling performance of 811
with different ions doping at 0.2C%,

Coating modification can also stabilize Ni-rich NMC crystal structure by preventing the crystal
transformation, the dissolution of transition metals and side reaction between electrolyte and
cathode. Chen et al. proved that TiO> coated on the surface of NMC 622 can significantly improve
its discharge capacity, cycling stability and rate capability. This is because TiO layer can suppress
the interface reaction between the cathode and electrolyte, thus stabilizing the interface and
reducing the impedance growth during cycling®**. Graphene is a promising coating material

candidate for two reasons: 1) good hydrophobic property, which keeps Ni free of moisture and
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thus improve the cycling stability; 2) excellent electron conductivity, which can improve the

capacity and rate performance of Ni-rich NMC cathode.

1.3.2.4 LMR layered-structure cathode

Lithium-rich  Mn-rich LMR layered cathode materials with a composition of
XLi2MnO3z:(1-x)LiMO2 (M=Mn, Ni, Co, or combinations), have been demonstrated to deliver
even higher energy density of 900 Wh kg than the high voltage spinel LiNiosMn1504 and Ni-
rich NMC cathodes!?> 1313 Basijcally, LMR has two phase structure: one is trigonal R-3 m phase
(Figure 6 (e)) integrated with C2/m LiMnOs-like phase (Figure 6 (f)); the other one is sole
homogeneous solid solution with C2/m monoclinic symmetry, as shown on Figure 6 (f). The

electrochemical results show that LMR can deliver a capacity of 250 mAh g™t at0.1C, 60°C (Figure

1.37)7. However, the rate performance of LMR is still limited due to its poor electron
conductivity and lithium ion diffusivity and slow charge transfer reactions that occur at the

electrode/electrolyte interface®3,

Specific capacity (mAh g”)

sol —°— RT (25°C)
—v— HT (60°C)
. 0 ' 100 ' 200 : 300
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Figure 1.37 Cycling performance at RT(~25 <C) and HT(60 <C).

In all, up-to-date emerging technologies on lithium-insertion compounds cathode for LIBs
give us insights to develop high capacity, long life-time and low-cost cathode materials.
However, due to the inherent properties of poor electron conductivity and lithium diffusivity, it is
hard for lithium-insertion compounds to achieve high rate performance to fulfill the high-power
demand of EVs. At this point, as one of the hottest carbon host, graphene with both excellent
electronic conductivity and good lithium ions diffusivity provide attractive chances for this

situation.

1.3.3 Anode materials for lithium ion batteries

Anode materials is of the same importance with cathode materials in lithium ion batteries. They
together decide the energy capacity, rate performance and cycle life of the whole battery system.
The performance of lithium-ion batteries not only depends on the intrinsic properties of anode
materials such as theoretical specific capacity, lithium ion diffusion rate and electronic

conductivity, but also hinges on the architecture design, particle size and component state.

Although some anode materials exhibit outstanding inherent properties which make it a
competitive candidate electrode of lithium-ion batteries, the issues accompanied with
discharge/charge process such as volume expansion, side reactions, irreversible structure
transitions make it impossible to directly applied in LIBs and commercialize. Table 1.5 shows
several anode materials and their advantages as well as disadvantages. For example, Silicon has
ultra-high gravimetric capacity (3579 mA h g*) compared to carbon materials (e.g. graphite, 372
mA h g1) and transition metal oxide (600-1000 mA h g*) which brings it an inborn advantage as
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anode materials. But silicon experiences a volume expansion during the lithiation process, which
cracks active materials, lower the reversible capacity and cause safe issues. Graphite is very stable
during the insertion and extraction process of lithium, but the low lithium ion diffusion rate lead

to a limited rate performance.

Table 1.5 The advantage and disadvantage of different anode materials3®-144,

ADVANTAGES DISADVANTAGES
CARBON (1) High electronic conductivity (1) Low specific capacity

(2) Nice hierarchical structure (2) Low rate capacity

(3) Abundant and low-cost resources
ALLOYS (1) High specific capacity (400-2300 | (1) Low electronic

mA h g?) conductivity

(2) Good stability (2) Large volume change

(100%)

TRANSITION (1) High specific capacity (600-1000 | (1) Low coulombic efficiency
METAL OXIDE mA hg?)

(2) Nice stability (2) Large potential hysteresis
SILICON (1) High specific capacity (3579 mA | (1) Large volume expansion

hg?) (300%)

(2) Rich, low-cost, clean resources (2) Safety issues
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Therefore, nanotechnology is needed to design and fabricate specific architectures of active
anode materials to solve their problems. Firstly, By using nanotechnologies, the nanoscale
materials have much shorter lithium diffusion length than traditional materials, which contribute

to accelerate lithium ion diffusion rate according to the equation:

2
Lion

Dy;

Where Lion is the lithium ion diffusion length, which is relevant to the size of particles and
architecture of lithium ion transport path; Dy; is the diffusion coefficient, which is a inherent
property of the materials. Secondly, the nanosizing of active materials will significantly increase
the surface area. This enlarged surface area helps to improve the adsorption of Li* in the electrolyte
and thus contributes to a higher battery capacity as a result of the modification of the phase
transition boundary and the augmentation of the surface and interfacial area'**4’. Thirdly, some
nanotechnologies can help to build a functional architecture to solve the intrinsic drawbacks of
active materials. For example, an edge-activated graphite-silicon electrode exhibited better rate
performance than graphite anode caused by the improvement of lithium ion diffusion rate on the
graphite surface!*® (Figure 1.38 a); And a yolk shell carbon-silicon composite which has a vacancy
between the silicon core and carbon shell can accommodate the volume expansion of silicon during

the lithiation process**® (Figure 1.38Db).
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Figure 1.38 a A magnified schematic of an individual Si@void@C particle showing that the SINP
expands without breaking the carbon coating or disrupting the SEI layer on the outer surface!*. b
Cross-sectional illustration showing the detailed structural characteristics of Si/Edge-activated
graphite!*8,

1.3.3.1 Carbonaceous anode

Carbonaceous anode materials are one of the earliest active materials that have applied in
lithium ion batteries. The structure of carbon materials is quite stable during the charge/discharge
process. Thus, they have better cyclability and less side reaction than silicon, alloy or metal oxide.
Moreover, carbonaceous anodes exhibit lower discharge plateau of potential than metal oxides,
chalcogenides, and polymers'®, leading to a higher energy density when matched with a cathode.
Apart from some no-graphitized soft carbon and hard carbon which have large irreversible capacity

and low density, most carbonaceous anode materials are involved with graphene layer structures.
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Graphite is the most successful commercialized anode material in LIBs. It has a layered
structure which is stacked by graphene layers in the sequence of ABABA. This layered structure
creates an ideal container for lithium ions that Li* can easily insert or extract in the graphite
interlayers. The intercalation process occurs with the formation of Li-carbon alloys (LixCy) in a

reversible reaction®®®:

. Charge/discharge
Li, C, « >

xLit+xe” +C, (n=6)

It is noted that highly crystalline graphite can form a stage-1 lithium-graphite intercalation
compound where every six carbon atoms take one lithium atom. Ideally, this reversible process

can possess a theoretical capacity of 372 mA h g

Rajeeva R. Agarwal and J. Robert Selman first discovered the reversible intercalation behavior
of Li ions into graphite interlayers in 1986, and used Li intercalated graphite to substitute lithium
metal as anode in LIBs, which significantly improve the safety of LIBs. Graphite anodes can keep
stable structure after long charge/discharge cycles and exhibit high initial coulombic efficiency,
but improvement of their gravimetric capacity and rate performance is still required. Expanded
graphite and graphite intercalation compounds were then used as anodes of LIBs. Fei Wang et al.
develop a new type anode material using FeCls-graphite intercalation compounds (Figure 1.39)*%2,
The FeCls existed in the graphite interlayers can provide more capacity by reacting with Lithium

ions:
FeCl; + 3Li* + 3e~ & Fe + 3LiCl

Thereby, FeCls-GICs exhibits a reversible capacity as 500 mA h g with 100% capacity retention
after 400 cycles. This FeCls-GICs anode gives a promising carbon matrix model for LIBs.

Compared with other carbon coating methods, GICs provide a more stable buffer matrix to
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accommodate volume change and increase the overall electronic conductivity of composites

electrode.
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Figure 1.39 Schematic illustration of the structure and the mechanism of Li reactivity of FeCls-
GIC'™2,
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In addition to graphite and graphite-based composite anodes, graphene derived anode materials
also show good electrochemical performance. They include: 1-D carbon nanotubes, 2-D graphene

sheets and 3-D graphene.

1-Dimmensional CNTs generally can be visualized as a sheet of graphene that has been rolled
into a tube. Compared with traditional graphite anodes, CNTs have been proven to have higher
capacity up to 1116 mA h g, because the lithium ions can be adsorbed to both the internal and
external walls of CNTs!®® 1> and delocalization of electrons of CNTs increase the degree of
lithium intercalation®>®. However, the coulombic efficiency decreases a lot after long cycles, due
to the barrier for the extraction of lithium ions during the discharge process®®® 157, To solve this
problem, researchers tried to combine CNTs with other active materials such as metal oxide8-160,

chalcogenides®®® 162 or other forms of carbonaceous materials'®® 1%* (Figure 1.40).
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Figure 1.40 Schematic illustration of the one-pot hydrothermal routine to prepare CNT@TiO2-C
nanocable with the assistance of glucose!®®

2-Dimmensional graphene sheets are also used as anode materials for LIBs, solely or in hybrid
form®® (Figure 1.41). The advantages of 2-D graphene sheets as anode materials are the ultra-high
electronic conductivity, excellent mechanical strength and elasticity, high lithium storage capacity
and high surface area. Since the lithium ions can be adsorbed in both sides of the graphene sheets,
the graphene sheets anode exhibits high specific capacity up to 672 mA h g1. However, it suffers
from unavoidable irreversible capacity and low initial coulombic efficiency due to the side reaction

of lithium ions with oxygen containing defects and formation of SEI on the defect spots*??.

60 Catalyst Carbon, nanofiber
< I
) L J

Figure 1.41 Illustrations of the fabrication of GNS/CNF composite via a CVD approach using a
fluidized bed reactor!®®

3-D graphene is reported to be another competitive anode material for LIBs. Runwei Mo et al.
synthesized a nitrogen-doped mesoporous graphene through CVD with MgO as the catalyst and
template®* (Figure 1.42). It shows high reversible capacity and outstanding rate performance (e.g.,

1,138 mA hgtat0.2 Cor440 mAhg™at60 C). However, this 3-D graphene have to proceed a
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microwave treatment to decrease the content of defects on graphene which complicate the
fabrication process, otherwise the defects of MgO catalyzed graphene will lead to a low initial

coulombic efficiency.

! Pore chennel I
Mesoporous MgO Nitrogen-doped Graphene Nitrogen-doped Mesoporous High-quality Nitrogen-doped
Coated Mesoporous MgO Graphene (NMG) Mesoporous Graphene (HNMG)

Figure 1.42 A schematic illustrating the synthesis of high-quality, nitrogen-doped, mesoporous
graphene (HNMG) particles®*

1.3.3.2 Spinel structured LisTisO12 (LTO) anode

Spinel structured LisTisO1, was first reported by Thackeray’s group in 1994, LisTisO12
shows a capacity of ~170 mA h g which is lower than graphite (372 mA h g?), but it has much
better cyclic stability due to zero strain or volume change during the charge and discharge
processes!*> 1%/, However, poor electrical conductivity (10 S cm™?) and moderate Li* diffusion

coefficient (10° to 1012 cm? s1) contribute to a limited rate performance.

Conductive coating and minimize the particle size are good solutions to overcome the
challenges. For example, Zhujun Yao et al. combine N-doped LisTisO12 with highly conductive

TiC/C skeleton to improve the rate performance of LTO® (Figure 1.43). The conductive skeleton
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TiC/C was prepared through a CVD process, then LTO was grown on the surface of TiC/C using
a hydrothermal approach. N-LTO@TIC/C composites were finally synthesized after a NHs doping
process. It shows an enhanced rate capability of 143 mA h g at 10C and 122 mA h g* at 50C.
Jaiswal et al. studied the size impact on electrochemical performance. They fabricated LisTisO12
with different size distribution of 50 nm and 200 nm through pyrolysis, which possessed specific

capacity of 148 and 138 mA h g at 0.04C and 5C, respectively'®.

—

TiC/C i LTO@TiC/C ' N-LTO@« TiC/C

Figure 1.43 Fabrication schematics of N-LTO@TiC/C core—branch arrays'®®

1.3.3.3 Silicon based anode

Silicon is one of the most promising anode material of lithium ion batteries due to its ultra-
high theoretical capacity up to 4212 mA h g%, because every silicon atom can accommodate 4.4
lithium atoms, forming the alloy Lis4Si. However, the major drawback of silicon anode is the
volume expansion (400%) during the lithiation process and formation of SEI layer at low
potential'?, This huge volume expansion rate will crack the active materials leading to a capacity
fading and poor cyclability. To solve the major problem of silicon, two directions of research are
involved, of which the former solution is to minimize the particle size while the latter is to design

a architecture to accommodate the volume change and make the composites more stable.
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Li et al. synthesized Si nanoparticles with a diameter of 78 nm, which exhibits a high reversible
capacity of 1700 mA h g? at a voltage window of 0-0.8 V!°. Kim et al. synthesized N-Si
nanoparticles with a diameter of 5-20 nm with a carbon coating, which possessed ~3500 mA h g

! charge capacity with a retention of 96% up to 40 cycles!’®,

n Initial substrate After cycling

Film

CCC )T ) L g

Particles

Nanowires
N Facile strain
Efficient 1D relaxation
electron transport

Good contact with current collector

Figure 1.44 Schematic of morphological changes that occur in Si during electrochemical cycling.
a, The volume of silicon anodes changes by about 400% during cycling. As a result, Si films and
particles tend to pulverize during cycling. Much of the material loses contact with the current
collector, resulting in poor transport of electrons, as indicated by the arrow. b, NWs grown directly
on the current collector do not pulverize or break into smaller particles after cycling. Rather, facile
strain relaxation in the NWs allows them to increase in diameter and length without breaking. This
NW anode design has each NW connecting with the current collector, allowing for efficient 1D
electron transport down the length of every NW4,

The architecture of Si anodes developed from 1-D nanowire to 3-D yolk-shell sphere. Candace
K. Chan et al. synthesized 1-D Si nanowire anode material of LIBs through a vapor-liquid-solid
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process'®?. It can accommodate large strain without pulverization and exhibits a high capacity of
~2100 mA h gt even at 1 C rate (Figure 1.44). 2-D silicon nanosheets were successfully fabricated

through the magnesiothermic reduction of mesoporous silica by Song Chen et al'’2 (Figure 1.45).

The reversible capacity of carbon coated Si nanosheets can achieve 1072.2 mA hgtat4 A g*

‘/ p g @Cc OH

Formaldehyde .,& E _ Resorcinol

; @o Qs
‘ e

after 500 cycles.

v Carbon-coated Si
nanosheets

Mesoporous SiO, Si nanosheets

Figure 1.45 Schematic illustration for the synthesis of nanosheets'’2

3-D yolk-shell Si nanoparticles was first reported by Nian Liu et al. in 2012'*° (Figure 1.46).
In this work, commercially available Si nanoparticles were sealed inside carbon shells with
rationally designed void space. This void space in between the particles and the shell helps to
accommaodate the volume expansion of Si during the lithiation process. Thereby the yolk-shell Si
nanoparticles exhibited high capacity of ~2800 mA h g at 0.1C and long cycle life (1000 cycles

with 74% retention rate).
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Figure 1.46 Schematic of the materials design. (A) A conventional slurry coated SiNP electrode.
SEI on the surface of the SiNPs ruptures and reforms upon each SiNP during cycling, which causes
the excessive growth of SEI and failure of the battery. The expansion of each SiNP also disrupts
the microstructure of the electrode. (B) A novel Si@ void@C electrode. The void space between
each SiNP and the carbon coating layer allows the Si to expand without rupturing the coating layer,
which ensures that a stable and thin SEI layer forms on the outer surface of the carbon. Also, the
volume change of the SiNPs is accommodated in the void space and does not change the
microstructure of the electrode. (C) A magnified schematic of an individual Si@void@C particle
showing that the SiNP expands without breaking the carbon coating or disrupting the SEI layer on
the outer surface'®°.

1.3.4 Graphene-based composite materials for lithium ion batteries
In addition to be directly used as an active material as we discussed in section 1.3.2, graphene
can be proposed as a conductive agent in lithium ion batteries or act as a highly conducting carbon

matrix to form composite electrode with other active materials.
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Figure 1.47 Schematic of making graphene-based composite cathode materials and the
improvement of electrochemical performance after adding graphene!’

Compared with conventional carbon additives or carbon coating such as soft or hard carbon as
well as polymer derived carbon, graphene has highly crystalline structure that sp? bonded carbon
atoms are packed into hexagonal 2-D honeycomb lattice. Within this more crystalline structure,
the electrons shared in the delocalized = bonding contribute to the extremely high electrical
conductivity (2000 S/cm). Moreover, the high surface area (theoretically 2630 m? g*) contributes
to more contact area or loading space for active materials. That means we can use less amount of
graphene to achieve the same level of electrical conductivity compared to traditional carbon
matrixes. The schematic of assembling graphene with other active materials is shown in Figure
1.47, the graphene network provides effective electron-conducting and ion-conducting transport
for active materials. It can improve the overall electrical conductivity and Li* diffusion rate of
composites, and thus improve the electrochemical performance. However, the technologies of
making graphene composites materials varies, depending on what the exact graphene we used in

composites.
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Figure 1.48 Schematic of synthesizing C-QODs/ o-Fe2Oz nanocomposites through an
electrodeposition approach’’.

0-Dimenssional graphene quantum dots were used by Yating Zhang et al. to make graphene
guantum dots/a-Fe,O3 through an electrodeposition approach*’*. This 0-D graphene-based
composite anode material exhibit good electrochemical performance. The specific capacity can
achieve 1582.5 mA h g* at 1 A/g and can maintain 1320 mA h g* after 110 cycles. Even at high
current density (5 A/g), graphene quantum dots/a-Fe>O3 can still possess specific a high capacity
of 1091 mA h g. This enhanced rate performance owes to the highly conducting graphene

quantum dots which provide an effective conductive network of Fe.Os (Figure 1.48).
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Figure 1.49 Scheme for the synthesis of the GNRs/SnO2 composite!”.

1-D graphene nanoribbons (GNR) and nanorods are also assembled with active materials as
either anode or cathode of lithium ion batteries. Jian Lin et al. unzipped multiwall carbon
nanotubes to get the graphene nanoribbons and intercalate Sn into graphene nanoribbons stacks to
form SnO2/GNR composites'’® (Figure 1.49). The reversible capacity retains ~825 mAh/g at a
current density of 100 mA/g with a Coulombic efficiency of 98% after 50 cycles. Lei Li et al. also
used graphene nanoribbons as conductive network to form MnO2-GNR composite anode, which
exhibits specific capacity of 612 mAh/g at 0.4 A/g even after 250 cycles'’®. GNR/V20s was
synthesized by Yang Yang et al. through a intercalation of VVCl; with concomitant reduction by
Na/K!"" (Figure 1.50). This composite was used as a cathode material of LIBs and delivers a high

capacity of 278 mAh gt at 0.1 C.
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Figure 1.50 Schematic diagram of the fabrication process of GNR-V20s nanoparticles
composites.t’’

2-D graphene is one of the most common materials to make composite electrodes for LIBs.
Many active electrode materials such as LiFePO4 have low electrical conductivity which limits
their rate performance. Generally, LFP/graphene composites were synthesized through co-
precipitation or hydrothermal methods'’®82, In these works, the LFP precursor was firstly mixed
with graphene suspension and then the LFP-graphene composites were obtained by post-heat
treatment. For example, Li Wang et al. reported a LiFePOa/graphene composites with a discharge
capacity of 160.3 mAh gt at 0.1 C and 81.5 mAh g* at 10 C, and illustrate the electron and Li*

transport mechanism inside the composites (Figure 1.51),
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Figure 1.51 Schematic illustration of the structure of the LFPG mixed conducting networke.

However, graphene suffers from stacking effect: the single-layer or few-layer graphene will
spontaneously restack to form aggregates when dispersed in water'®?, which severely impact the
dispersity of graphene. These restacked graphene sheets and unattached LFP particles were not
sufficiently utilized, the stacked graphene sheets only combined in a limited way with LFP*83
(Figure 1.52). Therefore, it is critical to have well-dispersed graphene in nano-composite
technology. To solve this problem, researches started to use graphene with functional groups,
which has sp3 defects, to improve the dispersity of graphene and apply spray-drying method to
tightly anchored the LFP particles to modified-graphene network!®4-186  Nevertheless, such
graphene sheets with considerable defects or perhaps graphene oxide have moderate electrical

conductivity and cannot effectively improve the rate performance of LFP.
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Figure 1.52 Electron-transfer pathway for the LiFePO4—stacked graphene and LiFePO4—unfolded
graphene composites',

3-D graphene is the third-order structure of the basic single-layer graphene. It can be visualized
as the result of folding, twisting or assembling of single-layer or perhaps few-layer graphene. The
high-quality 3D graphene was first reported by Huiming Cheng’s group. They successfully
synthesize three-dimensional foam-like graphene macrostructures by template-directed chemical
vapor deposition'!®, Then 3D graphene was brought into the fabrication of composites electrode,
which providing more possibilities to produce free-standing electrodes. For example, Dong Ji et
al. synthesize MOF-derived CuO wrapped 3D graphene composites as a anode for LIBs*®’. In this
design, Cu-based MOF crystals were first uniformly grown on the surface of 3DGN substrate
through a solution immersion method and then a subsequent thermal treatment isolated the

formation of well-dispersed nanostructured CuO octahedral wrapped 3DGN.

MOF growth

3DGN 3DGN/Cu-MOF 3DGN/CuO

Figure 1.53 Schematic of making 3DGN/Cu0Q®’,
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Chapter 2 objective of this dissertation

The objective of this dissertation is to develop novel carbon-based composite materials to solve
the current challenges for lithium ion batteries and optimize the composite nanotechnology of both
direct assembly approach and bottom-up growth approach by fabricating structural engineered

graphene and seeking new type of catalyst for CVD, respectively.

To first tackle the paradox between the dispersibility and conductivity of graphene to produce
composite electrodes for LIBs, we aim to synthesize edge-functionalized graphene that can possess
both high conductivity and dispersibility. Such edge-functionalized graphene can be further
composite with LiFePO4 as an example of its applications in LIBs. The electrochemical

performance of this graphene/LiFePO4 composite cathode is worth to be investigated.

On the top of that, to improve the power density of graphite anode, we aim to design a graphite-
CNT-graphite sandwich architecture to expand the lithium ion diffusion path and create additional

Li* reservoirs to push the limits of high-rate performance of graphite anodes.

Last but not least, copper vapour are used as the catalyst to synthesize graphene on non-
catalytic substrate through CVD process. With the ability to grow graphene on such substrates, it
will broad the bottom-up approaches to fabricate graphene-based composite materials using

chemical vapour deposition.
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Chapter 3 High-Conductivity-Dispersibility Graphene Made by
Catalytic Exfoliation of Graphite for Lithium-lon Battery

3.1 Introduction

Owning to excellent electron conductivity (2000 S cm™)!, high surface area (2630 m? g1) 2
and high ambipolar charge-carrier mobility (10° cm? V' s1)3 graphene has been extensively
explored for a broad range of applications such as energy storage®*%¢, polymer composites®’ %8 and
photoelectric devices®® 7°. Graphene is generally synthesized through a bottom-up or top-down
strategy, of which the former approach converts carbon precursors to graphene through a specific

188,189 and epitaxial growth!®’, while the latter approach

process such as chemical vapor deposition
exfoliates graphite to graphene through a chemical or mechanical route. The former approaches
enable the synthesis graphene with high quality but with low yield and high cost; while the latter

approaches enable the scale synthesis of graphene at low cost but with low quality''®.

In the context of using graphene as conductive agent for lithium-ion batteries, it is essential
to synthesize graphene with high conductivity and dispersibility. The electrical conductivity of
graphene is generally associated with the structural integrity; large-lateral-size graphene with less
defects offers better conductivity. Dispersibility of graphene, in contrast, is associated with the
degree of functionalization; small-lateral-size graphene with a high degree of functionalization
(e.g., oxidation) leads to better dispersibility but with reduced electrical conductivity. Despite the
extensive efforts made, making graphene with both high conductivity and dispersibility remains

challenging.

We envision that both high conductivity and dispersibility could be achieved in edge-

functionalized graphene with large lateral size, such that the functional groups in the edge and
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well-retained graphene structure in the basal plane can provide dispersibility and conductivity,
respectively. Such edge-functionalized graphene can be readily synthesized using an edge-to-
interior exfoliation strategy. The edge of graphite flake is first oxidized using a mixture of sulfuric
acid and potassium permanganate (KMnO4/H2SO4); as resulted edge-oxidized graphite flakes
(denoted as eo-GF) is then intercalated with iron chloride (FeCls), a highly effective catalyst for
the decomposition reaction of hydrogen peroxide (H202) to water and oxygen (O2). Immersing
the FeCls-intercalating graphite to H>O» generates O and exfoliates the graphite from the edge
region, gradually exposing the intercalated catalyst to H2O> and enabling further exfoliation from
the edge towards the interior. This catalytic exfoliation method enables scale synthesis of edge-
oxidized graphene with large lateral size, denoted hereinafter as eoG with both high conductivity

and dispersibility.

Previously, large-lateral-size graphene was synthesized through chemical reduction of
graphene oxide followed by a chemical reduction process. Large-lateral-size graphene oxide was
first synthesized by physical exfoliation of graphite oxide using ultrasonication or by a chemical
exfoliation technique. The chemical exfoliation involved intercalating graphite with a
concentrated oxidant (e.g., concentrated K,FeOs/H2SO4), which reacted and generated O, within
the graphite layers, exfoliating the graphite that was oxidized to graphene oxide. Using these
approaches, large-lateral-size graphene oxides were synthesized; however, it is generally difficult
to preserve the conductivity despite the subsequent chemical reduction process. To preserve the
conductivity of graphene, non-oxidant compounds were also intercalated to graphite, such as

FeCl5'""" 192 and ammonium bicarbonate!®?

, which facilitated the exfoliation that was assisted by
sonication and microwave radiation, respectively. However, both the approaches resulted in small-

lateral-size graphene (~ 0.6 pm) with poor dispersibility due to the lack of functionalization of the
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graphene. Highly concentrated H>SO4 was also intercalated to graphite to facilitate the exfoliation
in an anodic oxidation process'**; the use of strong oxidant, however, resulted in graphene oxide
with small lateral size (1-2 pm) and low conductivity (~300 Ohms sq!). We also note that H>O
was used previously to exfoliate graphene oxide in the presence of Mn>" ions, which resulted in
partially oxidized few-layer graphene with small lateral size (~5 pm) and low sheet resistance
(119.6 Ohms sq™)!'"”. Compared with the current state of arts, our strategy is based on controlled
catalytic exfoliation of edge-oxidized graphite avoiding the use of strong oxidant, which enables
a scalable synthesis of large-lateral-size graphene with high conductivity and dispersibility in a

spontaneous exfoliation process without using external energy field (e.g., sonication and

microwave radiation).
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3.2 Experimental

Synthesis of edge oxidized graphite. Graphite flake (2 g, Sigma-Aldrich) was added to
concentrated H2SO4 (40 mL) under 20°C in the ice-bath and the mixture was kept stirring for 30
min. KMnO4 (2 g, Sigma-Aldrich) was then slowly added within 30 min, the mixture was kept in
the ice-bath for 2 h. After that, deionized water was added and furtherly kept stirring for 2 hours.
H>0: (2mL) was then added to stop the reaction. The mixture was filtered and washed by deionized

water for 3 times. Edge oxidized graphite was obtained by freeze-drying for 24h.

Synthesis of FeCls;-eoGIC. FeCls (0.32g, Alfa Aesar) was fully mixed with the obtained edge
oxidized graphite (0.08g). Then the mixture was sealed in a stainless-steel autoclave and was

heated to 600°C for 6h. After cooling down, FeCl3-eoGIC was obtained.

Synthesis of edge oxidized graphene (eoG). 0.8g FeClz-eoGIC was poured into hydrogen
peroxide solution (H202/H>O=1:1) for 3 min to finish the bubbling exfoliation. After the ultrasonic
treatment for 5 min, the obtained eoG was washed by DI water for 3 times. Then the eoG was

filtered and freeze dried.

Material characterization. Powder X-ray diffraction (XRD) was determined by using a Rigaku
Miniflex II diffractometer with Cu Ko radiation. The morphology, crystalline phase, and
composition of the as-synthesized products were obtained on field-emission scanning electron
microscopy (FESEM,FEI Nova 430), transmission electron microscopy, high-resolution
transmission electron microscopy (HRTEM, FEI Titan STEM), and atomic force microscopy

(Bruker Dimension Icon Scanning Probe Microscope). XPS analysis was performed using an
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ESCALAB 250Xi spectrometer by a mono Al Ka radiation. Raman spectroscopy was measured
with Renishaw 2000 System. AFM images of eoG were taken using Bruker Dimension Icon
Scanning Probe Microscope. Thermogravimetric analysis was characterized using Netzsch STA
449 F3 Jupiter. Electrical conductivity and sheet resistance were measured using Signatone Pro4

combined with a source meter (Keithley 2400).

3.3 Results and discussion

A
Edge oxidation
T, M Intercalation of FeCl,
Graphite flake Edge-oxidized graphite flake

~ H,0, solution ;‘i ; ”E

/ Exfoliation FeCl, intercalated edge-
oxidized graphite flake
/ — Centrifuge e

e
Edge-oxidized graphene sheet H,0, bubbling exfoliation
@ carbon @ Oxygen-containing groups ° Iron(ll1) chloride Oxygen bubbles

Figure 3.1 A schematic illustrating the synthesis of edge-oxidized graphene with high
dispersibility and conductivity using a catalytic exfoliation strategy.

The preparation process of the edge oxidized graphene (eoG) is shown on Figure 3.1. The
graphite flakes were firstly partially oxidized by mixing with potassium permanganate and
concentrated sulfuric acid for 2 hours. Hydrogen peroxide was used to stop the oxidation process.

Since the edge of graphite flake are more active during oxidation process, these edge parts are
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prior to be oxidized!!’. The edge oxidized graphite flake (e0o-GF) was adequately mixed with ferric

chloride and sealed in a stainless-steel autoclave. Then it was heated to 600°C for 6h. At 600°Cin

closed system, FeClz vapor intercalated into eo-GF interlayers under 1.35 Mpa. Since edge
oxidation process were able to open the edge of graphite flakes, it was easier to have a fully
intercalation for eo-GF. FeCls-edge oxidized Graphite Intercalation Compound (FeClz-eoGIC)
was then immersed in 1:1 H>O, aqueous solution. The violent reaction between Fe?*, Fe3*, Mn®*
and H20- generated considerable amount of oxygen bubbles which contribute to peel off graphene
sheets from edge to center. Finally, the obtained eoG was collected by proceeding ultrasonic

treatment and centrifugation.

FeCl;-eoGIC Surfic:a FeCIZand H,0, transport H,0, violently Termination of
Contacted with Mn** located on into graphite react with bubbling exfoliation
H,0, graphite edge interlayers intercalated FeCl, process

began to react
Y |

Os 10s 120 s 145 s 160 s

Figure 3.2 Bubbling exfoliation process of edge-oxidized graphite in 200 mL solution of 15wt%
H202.

In this process, the instantaneous exfoliation process only takes 160s and does not generate
environmentally hazardous waste, which is promising to scale up this process to mass production.

It is noted that the design of edge oxidized structure has several advanced meanings: the edge of
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the graphite interlayers was partly oxidized and opened by KMnO4 and H2SOa, which make it
easier for the intercalation of FeCls ; Mn ions located in the edge worked like beer opener to trigger
the exfoliation while reacting with H20; The edge-distributed oxygen containing group increase
the water solubilities of eoG as well as keeping completeness of sp? domain on the basal plane of

e0G nanosheets.

The scanning electron microscope (SEM) images of graphite, eo-Graphite and eoG in Figure
3.3 further reveal the structural changes of graphite flake after intercalation and exfoliation. As
shown on Figure 3.3a, pristine graphite flake exhibits compact and ordered interlayers
architectures. After edge oxidization and FeCls intercalation, the interlayer spacing of graphite
flake was enlarged according to Figure 3.3b, which is well-corresponding to XRD results. It is
clear that the VVan der Waals force between graphene sheets was weakened by intercalated FeCls,
this FeClz-graphene-FeCls sandwich structure ensure a layer-by-layer exfoliation while FeCls
reacting with H20.. After the H>O2 bubbling exfoliation process, few-layer eoG sheets were

obtained (Figure 3.3c).

Figure 3.3 Scanning electron microscope (SEM) images of a cross-section structure of graphite
flake, b interlayer structure of FeCI3-Graphite intercalation compounds (FeClz-GICs) and ¢ edge-
oxidized graphene (eoG) sheets.

79



Figure 3.4a shows x-ray diffraction (XRD) pattern of pristine graphite flake, edge-oxidized
graphite before and after intercalation of FeCls, and eoG. The pristine graphite shows a typical
pattern with (002) and (004) reflections at two-theta 26.5° and 54.7°, respectively, corresponding
an interlayer spacing of 3.35 A. The eo-GF shows a pattern with the (001) and (002) reflection at
two-theta 12.8° and 26.5°, respectively, corresponding to a slightly increased interlayer spacing of
6.77 A of the edge plane and a retained interlayer spacing of 3.35 A of the basal plane. Compared
with graphene oxide, which generally shows a (001) peak at two theta 10.3° or interlayer spacing
of 8.60 A the eo-GF shows a smaller interlayer spacing, indicating an partially oxidized
structure. The FeCls-intercalated graphite shows the characteristic diffractions of FeCls at 9.4°,
18.8°, 28.3°, 35.3° and 50.5°, which are corresponding to 1(001), 1(002), 1(003), 1(005), and
1(006) reflections (the c-axis of (O0L) of standard pattern stage-1 FeCl;-GICs), respectively!?!: 1%
197 After exfoliation, eoG shows a broadened (002) peak and the intensity of (002) peak
significantly decrease compared with graphite flake (Figure 3.4b), indicating that the edge-

oxidized graphite was successfully exfoliated into thin-layer graphene.
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Figure 3.4 a XRD patterns of eoG, FeCl3-eoGIC, edge-oxidized graphite and pristine graphite
flake with normalized intensity. b XRD patterns of eoG compared with graphite flake.

Interestingly, the (001) peak of eo-GF disappeared in the XRD pattern of eoG after exfoliation.
FeClI3 intercalation and H202 bubbling exfoliation process does not have a reduction effect on eo-
GF, thus it is not the reason for the disappearance of (001) peak of eoG. It is illustrated in Figure
3.5 to explain the phenomena where 0: is the Bragg angle of the (002) peak of basal plane of
graphene, while 0, is the Bragg angle of the (001) peak of edge plane of graphene. Since X-ray
has a limited penetration depth, the incident wave can only achieve part of the basal plane exposed
on the surface due to a stacked structure of eo-GF. However, after exfoliation more basal planes
were exposed to the incident wave and the intensity ratio of | o2)/l (001) increased significantly,

leading to the disappearance of (001) peak at 26,=12.8<0f e0GC.

Edge-oxidized graphite

Edge-oxidized graphene

(002) e (001)
Iy

%Incident wave ‘ reflected wav” % Incident wave s reflected wav
f . -~ n )
X-ray tube i‘ ,“" . g X-ray tube -
I ' |
Basal plahe of eoG Edge plane of eoG

detector

Figure 3.5 Schematic of XRD testing of eo-GF and eoG.
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Figure 3.6 shows Raman spectra of eoG exhibiting a typical D band at 1333 cm™, G band at
1582 cm™ and 2D band at 2666-2685 cm™. The ratio of D-band intensity over G-band intensity
(In/lg) is a key indicator for the degree of oxidization and defects. For such large-lateral-size eoG,
spectra were collected from the edge and central locations with Ip/Ig at 0.90 and 0.21, respectively,
confirming an edge-oxidized structure. The Ip/lg value of eoG at the basal plane is similar to that
of pristine graphite (In/Ig~0.13), confirming the preservation of the graphene structure at the basal

plane.

Basal plane of eoG
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Figure 3.6 Raman spectra of eoG and pristine graphite flake.

Figure 3.7a shows x-ray photoelectron spectroscopy (XPS) spectrum of eo-GF and eoG,
exhibiting a typical Cls peak at 284.5 eV and Ols peak at 531.5 eV. The eoG exhibits a larger

carbon-to-oxygen ratio (C/O~11) than edge oxidized graphite (C/O~3). This can be explained by
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the same reason of XRD results and furtherly confirmed that the oxygen-containing defects are
mainly located on the edge plane of eoG. The Cls peak can be deconvoluted into three components,
sp2-C (C=C at 284.5 eV), sp3-C (C-C at 284.8 eV) and carbon with epoxy or hydroxyl form (C-
O at 285.9 eV) (Figure 3.7b). The domination of sp?>-C structure confirms the formation of eoG

with well-preserved graphene structure.
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Figure 3.7 a XPS survey spectra of edge-oxidized graphene (eoG) and edge-oxidized graphite
flake (eo-GF). b C 1s spectra of XPS and deconvoluted peaks of the eoG.

The structure of eoG was further characterized using transmission electron microscopy
(TEM), As shown in Figure 3.8a, eoG sheets show a wrinkle structure implying ultrathin nature
and good flexibility. High resolution TEM and selected area electron diffraction pattern (SAED)
were conducted on both the basal plane and edge plane of eoG. To study the crystallinity of eoG,
we first select a basal plane region (the top red mark in Figure 3.8a) to zoom in. Figure 3.8b shows

the High-resolution TEM image of the eoG basal plane. The basal plane possesses distinct
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crystallinity with a lattice spacing of 0.34 nm, which is similar to that of the (002) plane of
graphene. Surprisingly, the SAED pattern shown in Figure 3.8c reveals a single-crystalline
structure with (100) and (002) plane, which confirms the completeness of sp? domain in eoG basal
plane. Then, when we move to the edge plane of eoG (Figure 3.8d), the lattice spacing in edge
plane is expanded to 0.44 nm, which is consistent with the edge-oxidized structure that contains
oxygen-containing functional groups on the edge plane. Consistently, SAED shows a

polycrystalline structure at the edge plane, indicating a disrupted structure.

Figure 3.8 a TEM images of eoG sheets. b High-resolution TEM images of the basal plane of eoG

Figure 3.9 a-b shows the SEM images of eoG with a considerable lateral size. The abundance
of wrinkles was also convinced by SEM images. After we counted and calculated the size

distribution of the eoG sheets from Figure 3.9 a and b, it is found that the number-average width
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of eoG sheets is 9~10 um (Figure 3.9 ¢) which is consistent with the observation from atomic force

microscope (AFM) image.

P(w)

70 3 6 9 12 15 18 21 24
Width (um)

Figure 3.9 a, b SEM images of the eoG sheets. ¢ The size distribution of the eoG sheets, counted

and calculated from a and b.

Figure 3.10 presents the AFM images of eoG. As we can see from the height profile, the eoG
have a thickness less than 3 nm. Moreover, the eoG sheets shown in Figure 3.10 a and b have a

width of 13.5 pm and 11.3 um, respectively. Together, it confirms large-lateral-size and few-layer

(3-7 layers) structure of the eoG.
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Figure 3.10 a, b AFM image and height profile of the eoG.

Such large-lateral-size eoG with well-preserved graphene structure exhibits high electrical
conductivity of 924 S cm™ and excellent water solubility, which remains stable for one month at
concentration of 10 mg ml™!. To measure the electrical conductivity of eoG, we press the dry eoG
sheets on the insulated paper substrate to form a graphene film with 9 um thickness. Figure 3.11 a
shows the equipment (Signatone Pro4) that was used to measure the sheet resistance and electrical
conductivity. The eoG film exhibits a average sheet resistance of 1.2 Q cm™ and an average
electrical conductivity of 924 S cm™. The eoG sheets were then dispersed in 350 mL water in a
concentration of 10 mg mL™'. As shown in Figure 3.12, the eoG aqueous dispersion (10 mg mL™!)
can be stable up to 1 month, while the graphite flake aqueous dispersion (10 mg mL") started to

precipitate within 24 hours and the top dispersion become completely clear after one month.
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Pro4 Test Results
Date: 2019-12.09 02:46

Water ID: prod

Wafer Lot Test

Wafer Shape: Square

Wafer Size (mm): 120

Edge Exciusion (mm). 20
Number of Points: §

Current used (mA): 11.25

Avg Std Dev 1-Sigma Min Max

Rs (Ohm/sq) 1.202157 0.151999 12.64386 09127179 1313442

Res (Ohm-cm) 0.001081841 0.0001367991 1264386 0.0008214461  0.001163705

Thk (um) 9 o 0 9 9

va 0.4657072 0.05869351 12.60309 0.3534539 0.5078106

Point X (mm) Y (mm) Rs (Ohmisq) Res (Ohm-cm) Vi Thk (um)

1 00 00 1.293006 0.001163705 05024161 9
slcnnTDnE 2 400 -400 1.306203 0.001175582 05041584 9

3 -400 400 1.313442 0.001182097 0.5078106 9

4 -40.0 400 1185416 0.001066875  0.4606972 9

5 400 400 09127179 0.0008214461 03534539 9

Figure 3.11 a The image of 4-probe test equipment (Signatone) that used to measure the electronic
conductivity of eoG. b The 4-prob test results of eoG for selecting 5 different points.

24 hours later 1 month later

Graphite flake
(10 mg ml?)

eoG sheets
(10 mg ml?)

Figure 3.12 Dispersibility of graphite flake and eoG in water. (a-c) Digital photograph of graphite
flake dispersed in 350 mL water with concentration of 10 mg mL™, for 0 hours, 24 hours and 1
month. (d-f) Digital photograph of eoG dispersed in 350 mLwater with concentration of 10 mg
mL%, for 0 hours, 24 hours and 1 month. This good water solubility of eoG is caused by the strong
interaction between oxygen containing groups located in the edge plane of eoG and H.O molecule.
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Figure 3.13 compares the lateral size, water solubility and electronic conductivity of reported
graphene made by liquid phase exfoliation (also see the Supplementary Table 3.1). Such graphene
based materials, including graphene oxide(GO), reduced graphene oxide (rGO) and pristine
graphene, were made through a reduction of large-scale GO (e.g. Ag-reduced rGO'®) or an

exfoliation of graphite intercalation compound (e.g. imidazole!®”, chlorosulphonic acid*”’, or

FeO4” intercalated graphite’’!) followed by sonication. However, eoG have larger lateral size,

higher electronic conductivity and better water dispersibility than other modified graphene

materials and even pristine graphene which is previously reported!?® 19%-201-207,
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Figure 3.13 A comparison of the lateral size, electronic conductivity and water solubility of eoG
with other graphene materials reported.
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Table 3.1 A comparison of graphene attributes of our approach and current state of art of liquid
phase exfoliation methods!98: 199, 201-207,

Reference Product Mehod Io/lg Lateral Electronic Water
Size (um)  conductivity  solubility
(Scm™ (mg ml™Y)
Ref. 1 graphene shear exfoliation  0.17 0.7 400 0.1
Ref. 2 GO Fe-based oxidant = 0.93 9 372 10
exfoliation
Ref. 3 graphene imidazole assisted = 0.25 2 131.7 1
exfoliation
Ref. 4 graphene SDBS assisted 0.34 1 35 0.05
exfoliation
Ref. 5 graphene sonification- 0.37 1 180 1.2
assisted
exfoliation in
NMP
Ref. 6 Graphene spontaneous N/A 0.25 920 2
exfoliation in
chlorosulphonic
acid
Ref. 7 GO- GO assisted 0.12 15 620 0.5
graphene exfoliation
Ref. 8 rGO Ag-reduced rGO | 0.8 0.45 5.19 0.05
Ref. 9 graphene Perylene 0.36 5 60 0.8

trtracarboxylate
surfactant assisted
exfoliation
This work eoG FeCls 0.23 10 924 10
intercalating and
H-0, bubbling
exfoliation

Except for the excellent water dispersibility, such edge-oxidized structure also enables good

solubility in organic solvent. Therefore, we can adapt an extraction separation method to isolate
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the eoG directly after exfoliation process by using organic solvent such as toluene?® and ethyl

acetate®®°.

After adding organic solvent and vibration, eoG sheets transferred from water phase into
organic solvent phase in less than 10 second, while with iron chloride left in the water phase
(Figure 3.14). The water phase is then removed from bottom and organic solvent was evaporated

leaving high-quality eoG in the funnel. This separation method is suitable for large scale separation.

. r Repeated

‘\ Three times

Graphene nanosheets
in aqueous solutions

Figure 3.14 photograph of extraction process to separate graphene nanosheets by using ethyl
acetate as solvent
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3.4 conclusion

In conclusion, we designed large-lateral-size and high-quality graphene with excellent water
solubility through FeCls intercalation and H>O» bubbling exfoliation paths. This rapid (3 minutes)
and potentially scalable method obtained eoG which has excellent structural integrity (basal plane
In/16~0.23, bulk C/O~11), edge-oxidized functional structure (edge plane Ip/1G~0.97), few-layer
thickness (~3-7 layers) and large lateral size (~10 um). The excellent water dispersity (10 mg mL"
! for one month) make eoG a competitive 2D graphene materials to make composite materials.
Furthermore, the excellent organic solvent dispersity enables a simple extraction method to

separate the eoG without a loss and restacking problems.
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Chapter 4 Large-scale and edge-oxidized graphene modified
LiFePO4 cathode for high power lithium ion batteries

4.1 Introduction

Lithium-ion batteries (L1Bs) have been one of the best roles among energy storage devices due
to their long lifespan, high energy density, and relatively light weights?'%-212, In the past decades,
LIBs have been revolutionary in the development of Hybrid-electric vehicles (HEV), Plug-in
hybrid-electric vehicles and Electric Vehicles (EV)?*-215, bringing automobiles into a new era.
Nowadays, it is urgently demanded to improve the energy density, power density and battery safety
of LIBs in this field®*%2%%, Since the seminal work of Goodenough and co-workers??!, the phospho-
olivine LiFePO4 (LFP) have been considered as one of the most promising cathode materials for
EVs due to its high open-circuit voltage (3.45 V vs. Li*/Li), high theoretical capacity (~170 mAh
g ), low cost, environmentally benign and safety??> 22, However, LiFePO4 suffers from low
electronic conductivity (10 to 107 S cm™)?24, poor lithium-ion diffusion coefficient (10" to 10"
16 cm? s1)?% and low tap density???, thus limited charge-discharge rates and volumetric energy

density.

To tackle above challenges, graphene which possesses high electron conductivity (2000 S cm”
11 ultrahigh surface area (2630 m? g %) 2, high carrier mobility at room temperature (~10000 cm?
V1 s1)%0 and excellent mechanical strength provides a matrix or substrate for active materials to
increase the electronic and ionic conductivity, stable the structure during discharge-charge cycles
and thereby improve electrochemical performance. Nevertheless, graphene suffers from stacking
effect: the single-layer or few-layer graphene will spontaneously restack to form aggregates when

dispersed in water® 182 which severely impacts the dispersity of graphene.
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In the early researches toward graphene-modified LFP, people fabricated LFP-graphene
composite by using co-precipitation and hydrothermal methods'’88L, In these works, the LFP
precursor was firstly mixed with graphene suspension and then the LFP-graphene composites were
obtained by post-heat treatment. However, the restacked graphene sheets and unattached LFP
particles were not sufficiently utilized, the stacked graphene sheets only combined in a limited
way with LFP®, Therefore, it is critical to have well-dispersed graphene in nano-composite
technology. To solve this problem, researches started to use graphene with functional groups,
which has sp® defects, to improve the dispersity of graphene and apply the spray-drying method to
tightly anchored the LFP particles to modified-graphene network®*18¢ 1t must be pointed out that
these induced sp® defects on graphene lower the electronic and ionic conductivity which impact
the electrochemical performance of composite electrode materials. Researchers also use the ratio
of sp?/sp® to evaluate the quality of graphene?®?227, As a result, we need to strike a balance between
the sp? content (higher electronic and ionic conductivity) and the sp* content (better dispersity).
Engineered graphene which sets sp® defects in the edge plane while retains the completeness of

the sp? domain in the basal plane is needed to solve this contradictory.

The lateral size of graphene is another important issue that can impact graphene-based
composite materials. On the one hand, large-lateral-size graphene has more ordered stack behavior
in the composite fabrication process. It improves the long-range conductivity of graphene-based
composite materials. However, small-lateral-size graphene tends to compose a disordered pack
with active materials, which impedes the transportation of electron and lithium ions. On the other
hand, the large-lateral-size graphene with the edge-oxidized structure that we mentioned above

will have a higher sp? ratio (better conductivity) compared to small-lateral size graphene under the
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same weight. Therefore, large-lateral-size and high-quality graphene with edge-oxidized structure

can effectively improve the performance of LFP/graphene composite cathode.

Herein, we applied a novel strategy that we discussed in Chapter 4 to produce the high-quality,
large-lateral-size and edge-oxidized graphene (eoG) sheets and prepared LiFePO4/eoG (LFP-e0G)
composite by spray-drying and annealing process. This engineered graphene improved water
solubility and affinity towards LiFePO4 during spray drying, while it retained excellent properties
of pristine graphene in electric and ionic conductivity. Once anchored tightly with commercial
LFP nanoparticles by using spray-drying method, eoG provides an efficient electron transport
pathway for LFP primary nanoparticles. The LFP-eoG composite electrode exhibits low
polarization (82 mV at 0.2 C), high electrical conductivity (924 S cm™), excellent rate capability
(76.6 mA h g’ at 20 C) and stable cycle performance (200 cycle with retention rate of 93%). We
hope that this work will open the pathway to develop well-designed graphene architecture with
high electrical conductivity and good processing capability for composite electrodes materials to

tackle the challenges of lithium-ion batteries.
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4.2 Experimental

Preparation of LFP-eoG composite cathode materials. The eoG (0.05g) was mixed with
commercial LiFePO4 (0.95g) in DI water. After ultrasonication, it formed a homogeneous
precursor dispersion. The solution was sprayed in a heated reactor at 220°C by using air as carrier

gas. The obtained LFP-eoG powder was then annealed at 600°C in argon for 6h.

Material characterization. Powder X-ray diffraction (XRD) was determined by using a Rigaku
Miniflex Il diffractometer with Cu Ka radiation. The morphology, crystalline phase, and
composition of the as-synthesized products were obtained on field-emission scanning electron
microscopy (FESEM,FEI Nova 430), transmission electron microscopy, high-resolution
transmission electron microscopy (HRTEM, FEI Titan STEM), and atomic force microscopy
(Bruker Dimension Icon Scanning Probe Microscope). XPS analysis was performed using an
ESCALAB 250Xi spectrometer by a mono Al Ka radiation. Raman spectroscopy was measured
with Renishaw 2000 System. AFM images of eoG were taken using Bruker Dimension lcon
Scanning Probe Microscope. Thermogravimetric analysis was characterized using Netzsch STA

449 F3 Jupiter.

Electrochemical measurements. The electrodes of LFP-eoG, LFP-GO, and commercial LFP
were prepared by slurry-coating method. Active materials (LFP-eoG, LFP-GO, and commercial
LFP), super P carbon black, and binder (PVDF) were adequately mixed with a mass ratio of
80:10:10. The mixture were dispersed in N-methyl-2-pyrrolidone forming a slurry, which were
afterward coated onto a Al foil. All of the obtained well-dried electrodes were measured to have
an areal loading of 1.5 mg cm™. These electrodes were integrated into CR2032-type coin cells
using Lithium metal as counter electrode, Celgard 2250 as the separator, and commercial 1 M

LiPFe in ethylene carbonate/diethyl carbonate (volume ratio 1:1) as the electrolyte.
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The charge-discharge profiles were measured using a Land battery test system (LAND
CT2001A) at room temperature. CV curves were obtained using Bio-Logic VMP3 electrochemical
workstation. Electrochemical impedance measurements were conducted in a frequency range of

0.1-106 Hz with alternating-current voltage amplitude of 10 mV.

Material characterization. Powder X-ray diffraction (XRD) was determined by using a Rigaku
Miniflex II diffractometer with Cu Ko radiation. The morphology, crystalline phase, and
composition of the as-synthesized products were obtained on field-emission scanning electron
microscopy (FESEM,FEI Nova 430), transmission electron microscopy, high-resolution
transmission electron microscopy (HRTEM, FEI Titan STEM), and atomic force microscopy
(Bruker Dimension Icon Scanning Probe Microscope). XPS analysis was performed using an
ESCALAB 250Xi spectrometer by a mono Al Ka radiation. Raman spectroscopy was measured
with Renishaw 2000 System. AFM images of eoG were taken using Bruker Dimension Icon
Scanning Probe Microscope. Thermogravimetric analysis was characterized using Netzsch STA

449 F3 Jupiter.
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4.3 Results and discussion
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Figure 4.1 a A schematic of spray-drying process. b A schematic of LFP-eoG composite sphere
and the transportation of electrons inside the LFP-eoG electrode.

Commercial LFP was mixed with eoG, stirring and sonicating for 1 hours to form a
homogeneous precursor dispersion. This well-dispersed LFP and eoG precursors were then
conducted a spray drying as reported in previous work®* to obtain a LFP-eoG composite cathode

materials (Figure 4.1a). In the heating zone at 220°C, the eoG sheets wrapped up LFP primary

particles to form a composite sphere which was then harvested in the collection vessel. The
architecture of LFP-eoG composite is shown in Figure 4.1b, where the eoG sheets loaded by LFP
nanoparticles folded, twisted and encapsulated into a spherical morphology. The LFP primary
nanoparticles uniformly anchored on the surface of eoG sheets, which contributes to a lower
contact resistance between active materials and conducting network compared with pristine
graphene derived composite materials that are assembled in aqueous system. Because the excellent
water dispersity of eoG avoids the restacking of graphene, which helps eoG combine in a uniform
way with LFP primary particles. Moreover, the large lateral size of eoG is another advantage as

an excellent building block of the conductive network. Large-lateral-size graphene has more
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ordered stack behavior during the spray-drying process. It improves the long-range conductivity
of LFP-eoG composites. On the contrary, small-lateral-size graphene is supposed to compose a
disordered pack with active materials, which increase the contact resistance between the different

graphene sheets (Figure 4.1b).

4.3.1 Characterization

Figure 4.2 a-d SEM images of LiFePO4/e0G (LFP-e0G) particles under different magnification.

The morphologies of LFP-eoG were investigated by using SEM, the corresponding results are
shown in Figure 4.2 a-d. From Figure 4.2 a-b, it is seen that LFP-eoG composites show a spherical
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morphology with a sphere diameter of 5-10 pm. When we zoomed in to focus on the single LFP-
eoG composite sphere (Figure 4.2c), it is found that the LFP-eoG sphere consists of LFP primary
nanoparticles with the size of around ~30 nm. It is also observed that wavelet-like wrinkles are
wrapping up on the surface of LFP-eoG, which confirms to be the eoG by SEM-EDS and will be
verified by TEM results as following (Figure 4.2d). The SEM images of lotus-bud-like LFP-e0G
composite reveals that during the spray drying process, the commercial LFP nanoparticles
aggregated into a large-size cluster and assembled with eoG sheets to form these spherical

composite particles.
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Figure 4.3 a SEM image of LFP-eoG particles under EDS mode b EDS spectrum of LFP-eoG c-
f Element mapping of P, C, O, Fe of LFP-eoG particles.

SEM-EDS was conducted to further study the distribution of the elements on LFP-eoG
composite. As shown in Figure 4.3 c-f, the individual elemental mapping of phosphorus, carbon,
oxygen and iron reveals the uniform dispersion of LiFePO4 nanoparticles and eoG sheets, which

is consistent with the schematic shown in Figure 4.1.

Figure 4.4 a, b, c TEM images of LFP-eoG composites. h High-resolution TEM image of LFP-
eoG composites.
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To study the microscopic structure of LFP-eoG composites, TEM was conducted as shown in
Figure 3 g-i. It is revealed that LFP primary particles in the range of 30-50 nm were assembled
with eoG sheets into LFP-eoG composite spheres of 5-10 um size (Figure 4.4 a-c). The eoG sheets
folded and bended in the LFP-eoG composites to provide a good electronic transport network. The
HRTEM image of LFP-eoG composites in Figure 3 d demonstrates the lattice fringes of the LFP
primary particles with d-spacing of 0.25 nm and 0.17 nm, corresponding to the (311) and (222)
crystal planes of olivine LiFePOa. The lattice fringes of graphene with d-spacing of 0.34nm are

also observed, which are consistent with the (002) plane of graphene.
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Figure 4.5 a XRD pattern of LFP-eoG composites. b Raman spectra of LFP-eoG composites and
LFP-GO composites.

The X-ray diffraction patterns of LFP-eoG are shown in Figure 4.5a, which shows peaks that
can be attributed to the phospho-olivine LiFePO4 without any impurity phase. The peak at 26=26.5°
was the graphene (002) peak which furtherly confirms the existence of eoG in the composite
particles. The Raman spectra of LFP-eoG composites and LFP-GO composites is shown on Figure
4.5b. The intensity ratio of the D/G bands for the LFP-eoG composites (0.20) is lower than that of
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LFP-GO (1.37), confirming that after the spray-drying and annealing process, eoG still has much

less disorder defects than GO.
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Figure 4.6 Thermogravimetric curves of LFP-eoG in the air atmosphere.

In the thermogravimetric curves shown in Figure 4.6, the weight changed over 2 steps. LFP-
e¢oG composite started to gain weight at around 360°C because LiFePOjs reacted with oxygen in
the air to form Fe,Os and LisFez(PO4)3.222 At around 600 °C, graphene reacted with oxygen to
produce CO. and the weight was decreased. Thus, the weight loss of graphene from carbon
decomposition can represent the graphene content in the composite materials. The results show

that the graphene contents of LFP-eoG were 8.73 wit%.
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4.3.2 Electrochemical performance
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Figure 4.7 Electrochemical performance and kinetic analyses of the LFP-eoG, LFP-GO, and
commercial LFP. a Charge -discharge profiles of LFP-e0oG, LFP-GO and commercial LFP at 0.5
C. b CV curves of the LFP-e0G, LFP-GO, and commercial LFP at the sweep rate of 0.05 mV s™.

The electrochemical performance of the LFP-eoG and commercial LFP electrode were
investigated in coin cells with Li metal as both the counter and reference electrode. Figure 4.7a
shows the charge-discharge profiles of LFP-eoG and commercial LFP at 0.5C in the potential
window of 2.5-4.0V (vs Li*/Li). The LFP-eoG exhibits a much higher discharge capacity (144.5
mAh g?) than that of the LFP-GO (132.5 mAh g1) and commercial LFP (111.3 mAh g*) under
the same conditions. As shown in the embedded Figure 4.7a, LFP-eoG delivers a flatter and longer
voltage plateau and shows a lower potential interval (82 mV) than LFP-GO with a potential
interval of 123 mV and commercial LFP with a potential interval of 135 mV, suggesting that LFP-
eoG suffers from a lower polarization loss. These results demonstrated that the eoG network can

significantly improve the Kinetics of electron transport in LFP composite electrode.

Cyclic voltammograms (CV) of LFP-eoG, LFP-GO and commercial LFP are shown in Figure

4.7b. Under a scan rate of 0.05 mV s, LFP-eoG exhibits the anodic peak at 3.54 V which is
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consistent to the oxidation of Fe?* to Fe3*, while the cathodic peak at 3.35 V is corresponded
reduction of Fe** to Fe?*. The potential interval between these two redox peaks of LFP-eoG is
182.5 mV. By comparison, the potential interval of LFP-GO is 308.9 mV and that of commercial
LFP is 467.8 mV which is higher than LFP-e0G. The gap between those three potential intervals
are due to the different carbon matrixes. Small lateral size GO can provide conductive network of
electrons and lithium ions to increase the electronic and lithium ion conductivity, but the defects
and contact resistance among GO sheets limited the decrement of overpotential. However, eoG
sheets have larger lateral size and fewer defects which leading to lower contact resistance (further
proved in EIS results) and high electronic conductivity, thus LFP-eoG electrode decrease the

potential interval by 61% compared to the commercial LFP electrode.
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Figure 4.8 a Rate capabilities of the LFP-eoG, LFP-GO, and commercial LFP at various current
densities ranging from 0.5 C to 20 C. b EIS profile of the LFP-eoG, LFP-GO, and commercial
LFP before cycling.

Figure 4.8a presents the rate performance of LFP-eoG, LFP-GO and commercial LFP
electrodes at various charge-discharge rates. With the increasing discharge-charge rates from 0.5

C,1C,2C,5C, 10 Cto 20 C, the LFP-eoG electrode exhibits reversible specific capacities of
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159.9, 150.7, 130, 114.1, 101 and 76.6 mA h g%, while the LFP-GO electrode presents a significant
lower capacity of 133.8, 128.4,120.2, 86.9, 50.5 and 6.6 mA h g, respectively. It is noted that
when charge-discharge rate was increased to 20C, LFP-eoG electrode still provides a reversible
capacity of 76.6 mA h g, which is around 12 folds higher than LFP-GO and 16 folds higher than
commercial LFP. Beyond that, when returning the current rate to 0.5C, the discharge capacity of
LFP-eoG can recovered to 159.5 mA h g, indicating an excellent reversibility. The excellent
electronic and ionic conductivity can be furtherly confirmed by the electrochemical impedance
spectroscopic (EIS) results. As shown in Figure 4.8b, the LFP-eoG electrode exhibits the shortest
Warburg region with the smallest semicircle diameter compared to LFP-GO and commercial LFP,
indicating higher electronic conductivity and faster lithium-ion diffusion rate than LFP-GO and

commercial LFP electrode.
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Figure 4.9 a Volumetric capacity of the LFP-eoG, LFP-GO and commercial LFP electrodes at
different C rates. B Cyclabilities of the LFP-eoG, LFP-GO, and commercial LFP at 2 C.
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The volumetric capacity of LFP-eoG, LFP-GO and commercial LFP electrodes were evaluated
by various charge-discharge rates, as shown in Figure 4.9a. The volumetric capacities of the
anodes reported were estimated based on the tap density and gravimetric specific capacity. This
micron-sized spherical morphology significantly increased the tap density of LFP-eoG and LFP-
GO to~1.2 gcm3and ~1.2 g cm™®, respectively, which is 26% higher than commercial LFP (0.95
g cm). The LFP-e0G electrode shows a reversible volumetric capacity of 155 mA h mL* at 2C,
which is significantly higher than that of LFP-GO (139 mA h mL™*) and commercial LFP (97 mA
h mL™?). At a higher rate of 20 C, LFP-eoG electrode still provides a volumetric capacity of 91 mA
h mL%, which is 10 folds and 16 folds higher than that of LFP-GO electrode (7.9 mA h mLt) and
commercial LFP electrode (mA h mL™). This high volumetric capacity of LFP-eoG electrode is

contributed to the spray-drying assemble approach.

We also examined the cycling stability of LFP-eoG, LFP-GO and commercial LFP electrodes
(Figure 3f). LFP-eoG electrode exhibits an initial discharging capacity of 128 mA h g-1 at 2 C,
which is higher than that of LFP-GO (116 mA h g-1) and commercial LFP (86 mA h g-1). After
200 cycles, the LFP-eoG electrode still provides a capacity of 116 mA h g-1 at 2 C, which is much
higher than that of commercial LFP electrode (76 mA h g-1) and LFP-GO (105 mA h g-1). Such
significant improvement may be attributed to the robust composite structure constructed from

large-lateral-size eoG, which maintain the charge transport networks during long cycling process.
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4.4 Conclusion

The unique architecture of eoG nanosheets provides excellent affinity towards active materials
in aqueous solution to fabricate LFP-eoG composite electrode materials, which exhibit low
polarization (82 mV at 0.2 C), high electrical and ionic conductivity (926 S cm™), excellent rate
capability (76.6 mA h g at 20 C) and stable cycle performance (200 cycle with retention rate of
93%). We hope that this work will open the pathway to develop the large-lateral-size graphene

with excellent water solubility that can tackle the challenges of lithium-ion batteries.
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Chapter 5 Carbon nanotube embedded graphite anode for high-
power lithium ion batteries

5.1 Introduction

Lithium ion batteries (LIBs) are the most ubiquitous energy storage system, which is
commonly used in portable electronic devices, due to their long cycle life, high energy and power
density, and high stability. Since it was first found by Rajeeva R. Agarwal and J. Robert Selman
that lithium ions can have a reversible electrochemical intercalation with graphite*®, graphite
becomes one of the most commonly used anode materials and holds its position as the current
commercial anode for LIBs, due to its high theoretical capacity of 372 mA h g%, good stability and

long cycle life. Although graphite has high intrinsic conductivity of 2.26x10* S cm™, it suffers

from lithium plating issues caused by limited lithium ion diffusion rate in graphite??® 2°, which
however limits the rate performance. At high current rate, the transport rate of Li* from electrolyte
exceed the Li-intercalation rate?®!. This accumulated Li* deposits on the surface of graphite,
leading to anode polarization and lithium plating phenomenon. As a result, the deposited lithium
metal undergoes electrical isolation and has a side reaction with electrolyte, which cause capacity

fading and safety issues.

Extensive efforts have been made to improve the lithium ion diffusion rate in graphite, such as
making porous structure or void space!® 232234 puilding up aligned architecture®®, and
conducting surface modification with amorphous carbon or high-rate anode materials to form
composite anodes (e.g. coal tar pitch, carbon nanotubes, LisTisO12, TiO2.x)'% 23624 \which either
increase the lithium intercalation site or shorten the ion-diffusion length. Such porous structure,

however, has a moderate improvement for graphite anode due to the limited additional
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intercalation site that it can offer to lithium ions. Meanwhile, the aligned architecture of graphite
changes the lithium ion pathway in a macroscopic aspect, but it still remained a sluggish
intercalation Kinetics problem on the surface of graphite. Moreover, such amorphous carbon or
carbon nanotubes (CNTSs) coating dramatically lowers the initial coulombic efficiency due to the
irreversible capacity loss, while LTO or TiO..x modified graphite anodes exhibit high working

voltage, which decrease the overall energy density.

We envision that this limitation can be addressed by designing a novel CNTs embedded
graphite (denoted as CNT-Graphite) anode through the graphite intercalation compound route and
chemical vapor deposition (CVD), which expands the interlayer spacing of graphite, enabling
effective transport of ions and electrons. Meanwhile, the CNTs network which are intercalated into
graphite interlayers act as a transit reservoir for lithium ions, accommodating the gap between Li

intercalation rate and L.i plating rate.

Such CNTs embedded graphite was synthesized by firstly intercalating FeCls into graphite at

600°C and 1.35Mpa. This FeCls-graphite intercalation compounds (FeCls-GICs) was then heated
in the air at 80°C to form Fe20s-GICs. Since Fe2Os has catalytic activity towards the formation of

CNTs. We grew nitrogen-doped CNTs inside graphite interlayers through a CVD process using

acetonitrile as carbon source at 900°C.

Compared with current state of arts, this CNTs-graphite composite anode is designed from a
microscopic level to directly change the interlayer structure by expanding interlayer spacing and
building up CNTs network that acts as transit reservoirs for lithium ions, which improve the
lithium ion diffusion rate as well as electrical conductivity, enabling high reversible capacity and

good rate performance for lithium ion batteries.
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5.2 experimental
Synthesis of FeCl3-GIC. FeCls (0.08g, Alfa Aesar) was fully mixed with the graphite flake (0.08g,
Sigma-Aldrich). Then the mixture was sealed in a stainless-steel autoclave and was heated to 600°C

for 6h. After cooling down, FeCl3-GIC was obtained.

Synthesis of Fe/Fe:03-GIC. FeCl3-GIC was washed by ethanol for 3 times to remove the FeCl3
remains on the surface. Such FeCl3-GIC was filtrated and transfer into a quartz boat. Then It was

heated at 80°C for 12h to form a Fe;Os-GIC.

Synthesis of CNT-Graphite. Fe/Fe;O03-GIC in a quartz boat was first placed in the center of a
tube furnace with a gas flow containing Argon (500 mL min™)/ H> (50 mL min') and heated to

900°C. Then, another Argon stream (100 mL min™) flowing through a flask of acetonitrile at 80°C

was introduced to the reactor to grow N-doped CNT on the Fe particles inside graphite interlayers.
After deposition for 1 hour, as-formed CNT-Fe-GIC was collected and treated with 1 M

hydrochloride acid to remove Fe catalyst and form CNT-Graphite composite.

Electrochemical measurements. The electrodes of CNT-Graphite and commercial graphite were
prepared by slurry-coating method. Active materials (CNT-Graphite and commercial graphite),
super P carbon black, and binder (PVDF) were adequately mixed with a mass ratio of 80:10:10.
The mixture were dispersed in N-methyl-2-pyrrolidone forming a slurry, which were afterward
coated onto a copper foil. All of the obtained well-dried electrodes were measured to have an areal
loading of 1.5 mg cm™. These electrodes were integrated into CR2032-type coin cells using
Lithium metal as counter electrode, Celgard 2250 as the separator, and commercial 1 M LiPFs in

ethylene carbonate/diethyl carbonate (volume ratio 1:1) as the electrolyte.
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The charge-discharge profiles were measured using a Land battery test system (LAND
CT2001A) at room temperature. CV curves were obtained using Bio-Logic VMP3 electrochemical

workstation.
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5.3 Results and discussion

e e RN NN A
s ——— LeCl, 600 e - 8 . S
Intercalation S -
=~ I Oxidation
Graphite flake FeCl;-Graphite intercalation

Acid wash

CNT-Graphite CNT-Fe-GICs

Figure 5.1 Schematic of synthesizing CNT-Graphite through a graphite intercalation compound
route and chemical vapor deposition (CVD).

The synthetical process of CNT-graphite is shown in Figure 5.1. The first intercalation step is
the same as the method we presented in chapter 3. This gaseous FeClz with high temperature (FeCls)
and pressure (1.35 Mpa) is successfully intercalated into graphite interlayer to form FeClz-Graphite
intercalation compounds (denoted as FeClz-GICs), which is furtherly proved by SEM and XRD

results. As-formed FeCls-GICs is then heated at 80°C in the air to form Fe,O3-GICs. Such Fe;O3

was reduced to Fe by hydrogen during the CVD process. It is noted that Fe has the catalytic activity
towards the deposition of carbon radicals to grow carbon nanotubes. Therefore, we use acetonitrile
as carbon source to grow the nitrogen-doped CNTSs onto the Fe particles inside graphite interlayers.
After washed by hydrochloride acid, the CNT-Graphite composite was collected by filtration and

drying for 8 hours.
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Figure 5.2 SEM images, showing the interlayer structure of a graphite flake b FeClz-graphite
intercalation compounds (FeClz-GICs) ¢ FeOs-GICs d CNT-Graphite.

To study the interlayer structure of graphite, SEM was conducted as shown in Figure 5.2.
Pristine graphite flake exhibits compact and ordered interlayers architectures (Figure 5.2 a). The
SEM images of FeCl3-GICs shows the interlayer spacing was expanded (Figure 5.2b), indicating
the effective intercalation of FeCls. After the oxidization, FeClz was reacted to form Fe>Os in the

air. We control the temperature at 80°C to avoid the formation of Fe>Os particles with large size,

because large Fe nanoparticles (after H. reduction) lead to thick CNTs which, however, cannot
insert into graphite interlayers. As show in Figure 5.2c, it turns out that the Fe.O3z was formed

inside interlayers after oxidization process, and the interlayer spacing of graphite was furtherly
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expanded. The morphology of CNT-Graphite was finally obtained after CVD process and acid
wash. As we can see from Figure 5.2d, the CNTSs stick out from the interlayer with a considerate

length (several micron meters).
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Figure 5.3 a XRD pattern of graphite, FeClz-GICs and CNT-Graphite. b Raman spectrum of CNT-
Fe-GICs and Graphite flake.

The XRD pattern was conducted to characterize the crystal structure of CNT-Graphite, which
is shown in Figure 5.3a. Compared with graphite and FeCls-GICs, CNT-Graphite exhibits a
significantly lower (002) peak, indicating that the formation of CNTs partly disrupts the layer
structure of graphite and the thickness of each graphite particles decreases. It is also noted that
both of the CNT-Graphite and FeClz-GIC shows a slightly shifted (002) peak (26.40“and 26.44<
respectively), compared with graphite (26.569. It indicates that FeCls-GIC has an expanded
interlayer spacing of 3.357 A compared with that of graphite (3.343 A), while CNT-Graphite has
even larger interlayer spacing of 3.362 A which is consistent with SEM results. Such results

demonstrate that CNTs are formed between the layers of graphite and help to furtherly expanded

114



the layer structure, allowing an additional Li* reservoir as well as a wide lithium ion transport path

of CNT-Graphite composite.

The Figure 5.3b shows the Raman spectrum of CNT-Fe-GICs and graphite. CNT-Fe-GICs
show typical D, G, 2D peaks at 1333 cm™, 1569 cm™ and 2667 cm™, respectively, while pristine
graphite flake exhibit typical D, G, 2D peaks at 1325 cm™, 1565 cm™ and 2659 cmL, respectively.
The slightly blue shifted D, G and 2D peaks of CNT-Fe-GICs is due to doping effect induced by
the charge transfer from graphite to Fe and CNTs, indicating that the graphene sheet is flanked on
both sides by Fe and CNTs in CNT-Fe-GICs composite.!>* 1! The intensity ratio of D band to G
band (D/G) is generally accepted to reflect the degree of graphitization in carbonaceous materials,
where a lower D/G ratio indicates a higher degree of graphitization and better electrical
conductivity.?*! The CNT-Fe-GICs and graphite exhibit similar Ip/Ig ratio, indicating that the
intercalation of FeCls and following CVD process retain the structure integrity of graphene layers.
CNT-Fe-GICs also shows a Fe peaks at a range of 200 cm™ to 400 cm™, proving the existence of

Fe after the reduction of FeCl3-GICs by H».
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Figure 5.4 SEM images of CNT-Graphite composite from a-d vertical view, and e-h cross-section
view.

To study the morphology of CNT-Graphite composite, SEM was conducted from vertical view
or cross-section view as shown in Figure 5.4. It shows very few amount of CNTs on the surface
of CNT-Graphite, because the residual FeCls that fails to insert into graphite interlayers is washed
away by ethanol after FeCls intercalation step to produce FeClz-GICs, there is limited amount of
catalyst remain on the surface of graphite. However, since the Fe nanoparticles amass inside the
graphite interlayers, the CNTs grow from inside to out and form a graphite-CNT-graphite
sandwich structure. Meanwhile, SEM-EDS images from vertical view of CNT-Fe-Graphite
confirm the uniform distribution of C Fe and O (Figure 5.5 a-d). The elements contents of C, O

and Fe are 86.82%, 6.44% and 6.74%, respectively.

116



e Mnr det shift test(12)

14000

12000

10000
8000
6000

4000

2000 © ]‘

keV

Figure 5.5 a-d Elements mapping of C, O and Fe. e elements content of C, O and Fe.

Such CNT-Graphite composite can effectively improve the rate performance and solve the
lithium plating issue for graphite anode. On the one hand, CNTSs furtherly expanded the interlayer
spacing of graphite, allowing a higher lithium ion diffusion rate inside interlayers. On the other
hand, CNTs can serve as a Li* reservoir that accommodates the gap between Li intercalation rate
and Li plating rate and provide more lithium intercalation sites. Figure 5.6 shows the mechanism

of lithium ion diffusion and intercalation during the discharge process under different current rates.
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At low current rate, the lithium ion diffusion rate in electrolyte is low, thus it can achieve a balance
between lithium diffusion rate and lithium intercalation rate. At low current rate, the lithium ions
orderly insert to form LixCs, accepting one electron per lithium ion. The situation is similar for
CNT-Graphite, but lithium ions can either intercalate into the site in graphite interlayers or in
CNTs. Therefore, the rate capacity of CNT-Graphite and graphite do not have big difference at

low rates.
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Figure 5.6 Schematic of the mechanism of lithium ion intercalation and diffusion for Graphite and
CNT-Graphite composite under different current rates.

Although graphite has high electrical conductivity, the lithium intercalation rate is limited. At
high current rates, the electron transport rate as well as lithium ion diffusion rate in electrolyte
increase. Once the lithium intercalation rate is not able to match up the lithium diffusion rate in
electrolyte, lithium ions will block and gather in the surface of graphite. If we take a cross section

to study the diffusion phenomenon, it is clear that the lithium diffusion rate inside limits the
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transport of Li* in the outer graphite interlayers and furtherly blocks the diffusion from surface to
outer intercalation sites. Nevertheless, CNT-Graphite composite has a higher interlayer spacing
which is proved by SEM and XRD results, creating a faster Li* diffusion path than graphite. In
this way, Li" transport inside interlayers with a higher speed, enables Li* diffuse smoothly from
electrolyte to inner sites of CNT-Graphite. Moreover, the CNTSs can also adsorb Li*, creating more

Li intercalation site for composite, and thus act as a reservoir to store and transit lithium ions.
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Figure 5.7 The first three CV curves of a the CNT-Graphite and b the graphite with a scan rate of
0.1 mV s between 0.01V and 3.0 V.

The electrochemical performance of CNT-Graphite was investigated in coin cells using Li
metal as the anodes, which were compared with that of graphite. The Cyclic voltammograms (CV)
curves of the first three cycles of the CNT-Graphite anode and graphite anode at a scan rate of 0.1
mV st in the range between 0.01V and 3V are shown in Figure 5.7, respectively. The peak at 0.66
V for the first cycle is caused by the partial reduction of electrolyte components at
electrode/electrolyte interface®*?, resulting in the formation of SEI layer. The sharp reduction peaks

at around OV represent the intercalation of Li*, and the sharp oxidation peaks at around 0.25V
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correspond to the deintercalation of Li*. As we can see, after the intercalation of CNTs, CNTs-

Graphite composite anode shares the same reduction and oxidation reaction with pristine graphite

with the same potential, indicating that the CNTs do not destroy the basic framework of graphite

layered structure.
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Figure 5.8 Electrochemical performance and kinetic analyses of the CNT-Graphite and graphite
anodes. a Charge -discharge profiles of CNT-Graphite and graphite anodes at 1 C rate. b Rate
capabilities of the CNT-Graphite and graphite at various current densities ranging from 0.2 Cto 5

C.

Figure 5.8a shows the charge-discharge profiles of CNT-Graphite and graphite anodes at 1 C

in the potential window of 0.01V-3.0V (vs Li*/Li). The CNT-Graphite exhibits a much higher

discharge capacity (284.8 mA h g) than that of Graphite (129.3 mA h g1). Both the CNT-Graphite

and graphite anodes show a flat and stable plateau at 0.092 V and 0.068 V, respectively, indicating

that CNT-Graphite still keeps a layered structure with good capability to insert and extract lithium

ions.
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The rate performance of CNT-Graphite and graphite electrodes are presented in Figure 5.8b at
various charge-discharge rate. With the increasing discharge-charge rates from 0.2 C,0.5C, 1 C,
2 C, 5 C, the CNT-Graphite electrode exhibits reversible specific capacities of 361.1 mA h g7,
264.7 mA hg?, 207.1 mA hg?, 112.9 mA h g and 61.1 mA h g%, while the graphite electrode
exhibits a significant lower capacity of 351.5 mA hg?, 183.7mAhg? 92.7mAhg?, 59.1 mA h
g and 26.3 mA h g, respectively. It is noted that when discharge-charge is increased to 5 C,
CNT-Graphite electrode can still provide a reversible capacity of 61.1 mA h g, which is ~1.3
folds higher than graphite. Moreover, upon returning the rate to 0.2C, the discharge capacity of
CNT-Graphite is increased to 402.6 mA h g, which is even higher than graphite theoretical

capacity due to the small amount of CNT in CNT-Graphite electrode, indicating an excellent

reversibility.
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Figure 5.9 Cyclabilities of the CNT-Graphite and graphite electrodes at 1 C.
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We also studied the cycling stability of CNT-Graphite and graphite. The CNT-Graphite
electrode exhibits an initial charge capacity of 180.5 mA h g and reduces to 142.5 mA h g after
14 cycles. Then the capacity of CNT-Graphite gradually increases to 291.9 mA h g and keeps
stable after 105 cycles, which is much higher than that of graphite at the same cycle (121.8 mA h
g1). After 200 cycles, the CNT-Graphite still provides a capacity of 279.7 mA h g at 1 C, which
is much higher than that of graphite (95 mA h g?). Such significant improvement is due to the
CNT network inside graphite interlayers, which expands Li* transport path and improve the ability

to intercalate Li* for composite electrode.
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5.4 Conclusion

In conclusion, we have successfully synthesized a carbon nanotube embedded graphite anode
through graphite intercalation compound route and chemical vaper deposition. The CNTs are
proved to be grown inside the interlayers of graphite and retain a graphite layered structure without
disrupting. It helps to expand interlayer spacing and act as transit reservoirs for lithium ions, which
improve the lithium ion diffusion rate as well as electrical conductivity. Such well-designed CNT-
graphite anode exhibits high reversible capacity and good rate performance (e.g. 291.9 mA h g*
at 1 C) and excellent cycling stability (e.g. >100% retention rate for 200 cycles at 2 C). It is
believed that this work opens a pathway to develop high-power composite electrodes with

excellent stability for lithium ion batteries.
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Chapter 6 Conclusion of dissertation

In this dissertation, we have developed a catalytic exfoliation method, which enabling scale
synthesis of edge oxidized graphene with large-lateral-size (10 pm), high conductivity (924 S cm’
1, and dispersibility (10 mg mL™ in water). This method addresses the paradox of conductivity
and dispersibility of graphene, opening a new avenue for application that requires graphene with
both conductivity and dispersibility. Using the edge-oxidized graphene/LiFePO4 composite as an
example, adaption of such edge oxidized graphene leads to electrodes with dramatically improved
rate preperformance (e.g. 76.6 mA h g at 20 C), cycling stability (200 cycle with retention rate

of 93% at 2 C), and volumetric capacity (e.g. 193.8 mAh mL* at 0.5 C and 91 mAh mL* at 20 C).

Based on the principle to synthesize edge-oxidized graphene, we have successfully fabricated
a carbon nanotube embedded graphite anode through graphite intercalation compound route and
chemical vaper deposition. The CNTSs are proved to be grown inside the interlayers of graphite
and retain a graphite layered structure without disrupting. It helps to expand interlayer spacing and
act as transit reservoirs for lithium ions, which improve the lithium ion diffusion rate as well as
electrical conductivity. Such well-designed CNT-graphite anode exhibits high reversible capacity
and good rate performance (e.g. 291.9 mA h g* at 1 C) and excellent cycling stability (e.g. >100%

retention rate for 200 cycles at 2 C)

We hope the work of this dissertation could broaden the composite nanotechnology by
fabricating structural engineered graphene and seeking new type of catalyst for CVD. Meanwhile,
it is believed that such novel carbon-based composite materials above could address the current

challenges of lithium ion batteries.
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