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Abstract

With ever-increasing fossil fuel consumption and the resulting environmental problems,
clean and sustainable energy fuel (such as hydrogen) or energy storage technologies are
highly desirable. Rechargeable lithium ion batteries (LIBs) have been one of the most
promising energy storage devices owing to their high energy density, no memory effect,
and long cycle life. However, their low high-rate capability and limited specific capacity

limit their high-energy application such as in electric vehicles (EVs).

Improving the energy density of LIBs requires anode materials with higher capacity and
faster lithium ion diffusion capability. Carbonaceous materials, especially graphite, have
been widely employed as the anode for LIBs. However, their capacity is reaching the
theoretical capacity (372 mAh/g) based on the formation of LiCe. Thus, high-capacity
anode materials are urgently needed. Tin oxide is a potential anode material owing to its
high theoretical specific capacity (783 mAh/g) and has been widely studied in recent years.
Unfortunately, this material usually suffers from large volume changes upon lithiation and

delithiation, leading to fast capacity decay and poor cycling performance.

To address these challenges, this thesis focuses on the engineering and construction of
three-dimensional (3D) interconnected-nanoarchitecture advanced carbon materials and tin
oxide/carbon nanocomposites. The first part is to design and fabricate 3D interconnected
porous carbons. Two different carbon structures are developed: bulk amorphous carbon,
which is pyrolyzed through a simple and convenient one-step calcination; and carbon
networks, which are developed by using silica as a template. The carbon networks possess
a unique three-dimensional structure and a large surface area with promising rate capability.
Both carbon materials exhibit ultra-long durability, up to 2000 cycles, without significant
capacity fade.



The second part of this work is the design and fabrication of 3D interconnected tin
oxide/carbon nanocomposites. The tin oxide particles were deposited on both carbon
spherules and carbon networks. Tin oxide has a high theoretical capacity, but it also suffers
from severe capacity decay due to the large volume change and pulverization during the
lithium insertion. Combining the tin oxide with porous carbon, buffer the volume
expansion thus enhancing the battery life as well. The SnO»/carbon network possesses an
excellent cycling performance and can deliver a capacity of 673.1 mAh/g at 50 mA/g, and

after 500 cycles, 210.74 mAh/g at 1000 mA/g with a capacity retention of 95.5%.
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1. Introduction

Increasing fossil fuel consumption and the problems related to global warming have pushed
the development of renewable energy to displace conventional fossil fuels and the progress
of energy storage technologies to store generated fluctuant electricity. Among the
rechargeable batteries, lithium ion batteries (LIBs), as a type of advanced rechargeable
energy storage device, have been widely investigated in order to improve their
electrochemical properties (capacity and energy density) for electric automotive

application.

Due to their high specific capacity, outstanding cycling performance, and excellent
columbic efficiency, LIBs dominated the battery market soon after their first
commercialization in 1991. Since lithium’s low atomic number and high electrode
potential (-3.04 V versus the standard hydrogen electrode) that lead to high energy density,
it was expected to meet the increasing demand for high performance batteries. At present,
LIBs are universally employed in everyone’s cellular phones, tablets, laptops, and even
electric vehicles (EVs). Although EVs are expanding their domain in the automobile
market, their energy density is significantly lower than that of conventional gasoline
vehicles. Their long charging time is another practical disadvantage, preventing EV’s
widespread use. However, in contrast to other battery types, such as lead-acid and nickel
cadmium batteries, LIBs do have a host of attractive superior characteristics, including high
energy density and no “memory” effects, but significant amount of effort is still needed to

reduce the cost and expand the short lifespan for the next generation of high capacity LIBs.

As lithium is the lightest metal (6.94 g/mol, 0.534 g/cm?) and possesses a high electric

potential, the lithium-ion battery system theoretically has the highest energy density. Figure



1 clearly shows the gravimetric energy density and volumetric energy density of different
battery types. It is obvious that lithium batteries possess the highest energy density among

the most popular batteries on the market.

The idea of the lithium battery was first proposed in the 1950s, with first prototype created
in the 1970s by Whittingham, using a lithium metal as the anode and TiS; as the cathode.
Due to the dendritic lithium growth, these primary batteries were soon replaced by the new
generation of rechargeable lithium ion batteries. In the 1980s, Goodenough claimed that
cobalt oxide could be used as a positive electrode for secondary batteries, and this material
became the foundation of LIBs. LIBs were first commercialized by the Sony Cooperation
in 1991 !, those C/LiCoO, rocking-chair cell had a potential of 3.6 V and possessed a
gravimetric energy density of 120-150 Weh/kg. This type of battery is found in most of the

portable devices in today’s market 2, even though problems persist in it.

400 L T T T T T T T T T T T
| g

350 | 5 ]
5 1]z
< 300 © ]
; 5 N :\O°
= l NS
= 250 |
c
8 -4
. 200 - ]
o2 -
2
G 150 - |
o |
@ 100 1
e
= i
S 50- Lead Aci Lighter Weight |

0 ~————————

M I d I 4 1 ! 1 B I ' I M I 4 I
0O 20 40 60 80 100 120 140 160 180 200 220 240
Gravimetric Energy Density (Wh/kg)

Figure 1. Diagram of the specific gravimetric energy density and volumetric energy

density of various battery types.



1.1 Components and Working Principle of Lithium Ion Battery

A severe drawback of LIBs is the inhomogeneous lithium plating, that occurs lithium
dendrites grow on the anode surface, eventually penetrating the separator, which should
separate the two electrodes. The resulting connection causing a short circuit and thermal
runaway of the battery °. To address this severe safety issue, the concept of the “rocking-
chair” was proposed in the 1990s. At present, the rocking-chair charge and discharge
mechanism is being used in all LIBs. While the battery is charging, lithium ions are
extracted from the cathode and intercalate into the anode, and current flows from the anode
to cathode *. Conversely, during the discharge, lithium ions deintercalate from the anode,
diffuse through the electrolyte and then intercalate into the cathode. A rough schematic of

a lithium ion battery charging/discharging is shown in Figure 2.

In a typical LIB (e.g., anode = graphite), the reactions on the two electrodes are as follows:

Cathode: LiMO; <> LijxMO> + x Li" + x € (1)

Anode: x Li" +x & + 6 C <> LixCe ()

During charge/discharge, lithium ions transfer between the anode and cathode via an ionic
conducting electrolyte. Usually, the electrolyte is composed of lithium
hexafluorophosphate (LiPF¢) in a mixture of ethylene carbonate (EC), dimethyl carbonate

(DMC), and diethyl carbonate (DEC). This mixture is suitable for LIBs and is widely used.
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Figure 2. Schematic of lithium ion battery.

1.2 Current Status and Challenges of Lithium Ion Batteries

Conventional LIBs are comprised of carbonaceous anodes, and cathodes consist of
intercalation compounds. Usually, the carbonaceous anodes are graphite, hard carbon, and
soft carbon. The cathodes are made from LiMO, (M = Co, Ni, Mn), Li[Co, Ni, Mn]O-,

LiMPO4 (M = Fe, V, Co, Ni, Mn, Cu), LiMn204, or V20s.

Current LIBs have many advantages over other types of batteries and possess a high
gravimetric energy density as they have high electrode potential (3.6 V) with a good
capacity. They can achieve a gravimetric energy density of 140 Weh/kg and volumetric
energy density of around 300 Weh/L, while Cd-Ni batteries and MH-Ni1 batteries have only
half of that (Cd-Ni: 40 Weh/kg and 125 Weh/L; MH-Ni: 60 Weh/kg and 165 Weh/L).
Furthermore, LIBs have a long lifespan, high energy efficiency, and good high-rate

capability without memory effect.



Despite these strengths, LIBs are facing challenges as well. The high internal resistance
and low electrical conductivity can be the results of using organic electrolytes. In addition,
the high cost of electrodes, limited capacity, and capacity decay issues are hindering their

application in EVs, and protection circuitries are required for safety.

To develop high performance LIBs, their active materials should fulfill the requirements of
reversible capacity, good ionic and electrical conductivity, long cycle life, high lithium
diffusion speed, and low cost °. However, the most important index for evaluating an LIB’s

performance is its energy density and lifespan.

Marom et al. ® suggested a road map for the direction of LIB research, shown in Figure 3.
One of the main limits of the state of the art for LIBs is the capacity limitation of the anode
material. At present, graphite is widely used as the anode of commercial LIBs owing to its
low volume expansion during charge and discharge, but the lithium insertion capacity of
this material (372 mAh/g) is relatively low. For the new applications in EVs and large scale
electrical storage systems, new generations of negative electrode materials are essential to
advance the energy density and cycle life 7. Recently, significant work has focused on
improving the anode active materials in terms of capacity, battery lifetime and

energy/power density.
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1.3 Cathode

As one of the essential components in lithi

um ion batteries, the cathode is responsible for

providing lithium ions for lithiation when the anode material is empty (not pre-intercalated

with lithium ions). The discharge capacitie

s of the current widely used cathode materials,

such as LiCoO», LiFePO4, and LiMn,O4 are lower than 200 mAh/g 8. In order to improve

the state of the art of LIBs, the requirements specifically related to cathode materials are as

follows:

i)

Lithium ions should have a high redox potential in the lithium intercalation

6



compounds to obtain a stable output voltage;

i) The active material should have sufficient space for abundant lithium ions to
intercalate and deintercalate;

iii) The structure of the cathode material should be stable during charge and
discharge to achieve a good cycling performance;

iv) The ionic and electric conductivity of the active material should be high to
reduce the polarization and to allow the battery to charge/discharge at high
current;

V) The cathode material should be stable and unlikely to react with electrolyte.

So far, the lithium intercalation compound LiCoO; has been widely employed as the
positive electrode in commercial LIBs. IN addition to its high output, a theoretical capacity
of 273 mAh/g, but only 130-140 mAh/g can in practice be reversibly deintercalated.

Considerable work has been done regarding next generation cathode materials.

Some transition metal cations, including Ni, Co and Mn were reported to have good
performance as cathode materials, which can be attributed to the intercalation and
deintercalation of lithium ions in the host structure of transition metals. Layered LiNiO»,
which has a similar structure to LiCoO,, was first considered by J. R. Dahn et al. °. This
material has a theoretical capacity of 275 mAh/g, and can achieve a reversible capacity of
190-210 mAh/g. Although LiNiO: is cheaper and has higher capacity than LiCoOa, it is
still hard to commercialize owing to its poor structural stability and fast capacity decay
during cycling '°. A ZrO,-coated LiNiO» cathode material was found to be more
structurally stable and electrochemically reversible !'. Kim and Chuang reported that a
layered Li[Co, Ni, Mn]O> with a high capacity of 160 mAh/g and milder thermal behavior

was achieved with relatively low cost 2.



Olivine LiMPO4 (M = Fe, V, Co, Ni, Mn, and Cu) materials were investigated as cathode
active materials for LIBs, where different elements have various specific capacities. Okada
et al. reported that LiCoPO4 exhibited a 4.8 V discharge plateau of 100 mAh/g and that the
capacity of LiFePO4 is 160 mAh/g at 3 V 3. Martha et al. found that LiMnosFeo2PO4
carbon-coated nanoparticles possessed a reversible capacity of 165 mAh/g along with good

cycling performance and rate capabilities '*.

Recently, vanadium oxides have attracted much attention owing to their high-energy
density, convenient fabrication and low cost. As one of the most promising cathodes among
the vanadium oxides, V20s possesses a high theoretical capacity of 294 mAh/g or 442
mAh/g corresponding to different reactions ®. The latest research of Ji Wu et al. has reported
that a V,0Os asymmetric membrane cathode can achieve a capacity of 160 mAh/g at a
current density of 100 mA/g with a good cyclic performance '°. To further improve the
capacity of V20s, various morphologies have been investigated. Vanadium oxide

nanofibers '®, nanotubes 7, nanorods ', and nanobelts !° can achieve 300-400 mAh/g .

1.4 Anode
1.4.1 Carbon-based Anodes

Regarding the anodes, carbon materials are currently dominating the LIB market.
According to the carbon structure, the carbonaceous material can be roughly classified into
two types: graphitic carbons (graphite and graphene) and amorphous carbons (soft carbon

and hard carbon).

Graphitic carbon



Among the carbonaceous anodes, graphite is the most used material ¢, can provide a
capacity of 372 mAh/g, and possesses a high electric conductivity. As shown in Figure 4,
the highly ordered graphitic carbon is composed of graphene layers. In graphite, only one
layer of lithium can be intercalated for each graphene layer. The d-spacing value of graphite
is 0.335 nm. During the lithium insertion, the doo> spacing will extend to 0.372 nm and
shrink back to 0.335 nm after the lithium deintercalation 2!. The structural stability and
battery lifetime are affected by the volume change during cycling. Furthermore, the lithium
ions can only intercalate into the edges of the graphene stacks due to the highly ordered
carbon structure. This issue can reduce the Li" transport rates and the reversible capacity

of graphite anodes. A typical graphite anode has an obvious plateau in its potential profile.

Recent research on anode materials has focused on graphene, a one-atom-thick 2D carbon
sheet, owing to its high surface area, high electric conductivity, and excellent flexibility.
Graphene anodes can achieve a high reversible capacity up to 1264 mAh/g at a low current
density of 100 mA/g 2. However, graphene nanosheets have a severe aggregation issue.
Zhou et al. developed a graphene nanosheet/Fe;O4 composite to improve the cyclic

stability with a high reversible capacity of 1026 mAh/g at a low current density of 35 mA/g

23

Amorphous Carbon

Amorphous carbon is a type of highly disordered carbon with abundant defects in its
structure. Based on the characteristic of being graphitizable or non-graphitizable under
high temperature, amorphous carbon can be further classified into soft carbon or hard

carbon. The lattice structures of amorphous carbons are shown in Figure 4.



Graphite

Non-graphitizable carbon

Figure 4. Schematic illustration of: graphite, graphitizable carbon (soft carbon), and non-

graphitizable (hard carbon) 2!.

435A
a) -
® © & ¢ GRAPHITE
® & & O | Lithium L
ithium Layer
® 00 0 d
® o Per Carbon Layer
LA LiC6

SINGLE-LAYER
TYPE

2 Lithium Layers
Per Carbon Layer

Figure 5. Schematic diagram showing the intercalation of lithium in (a) graphite and (b) a
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single-layer hard carbon .

Soft carbon such as coke generally contains C-H bonding and is also named hydrogen-
containing carbon. It can be graphitized by high temperature heat treatment, and has a doo2
spacing in the range of 0.335-0.372 nm 2!. Although this carbonaceous material has a high
capacity, it suffers from overvoltage and voltage loss 2?7, Soft carbon was used as an
anode in the first LIB in 1991. Due to fast capacity fading, the coke anode was replaced by

other carbon materials. Therefore, soft carbon is not suitable for LIB applications.

Non-graphitizable carbon is also known as hard carbon, which contains much less C-H
bonding than soft carbon, and has been widely investigated. Hard carbon is usually
pyrolyzed from sucrose 2, glucose 2, cellulose **, phenolic resin 3!, etc. In contrast to soft
carbon, hard carbon is non-graphitizable, and its doo2 spacing is broader than 0.372 nm,
which makes lithium insertion and extraction easier. In addition, compared to graphite,
hard carbon possesses a better cyclic performance and higher reversible Li* storage
capacity. In 1995, Zheng et al. *® and J.R. Dahn et al. >*** proposed the “house of cards”
structural model of hard carbon (shown in Figure 4 and Figure 5 (b)). According to their
theory, single carbon sheets are stacked like a “house of cards”, where the graphene layers
randomly oriented. Both amorphous and graphitized structures exist in hard carbon. During
the intercalation process, lithium ions are first inserted into the graphitized part and then
intercalated into the amorphous part *. It is believed that the lithium ions could be adsorbed
on both surfaces of the small graphene sheets, leading to two layers of Li" for each carbon
sheet and providing extra lithium insertion capacity (maximum: Li»Ce, 740 mAh/g) 2432,
Furthermore, the enhanced capacity is also associated with the adsorption on the internal
surfaces of nanopores formed by the carbon “cards” and voids in micro-cavities 2427323433,

The porous structure also provides a large surface area to host extra lithium ions and

provide a shorter Li* diffusion path *¢*°, However, porous hard carbon also has drawbacks:
11



for instance, low initial columbic efficiency (around 50%) due to the formation of solid
electrolyte interface (SEI) films on its surface and low tap density that limits its volumetric

energy density.

Initially, J.R. Dahn et al. investigated the influence of precursor, pyrolysis temperature,
heating rate, gas flow rate, ball milling, acid wash, etc. on the electrochemical performance
of disordered carbon anodes 2*?%*4 Ni et al. investigated a phenolic resin-derived hard
carbon as the negative electrode for an LIB, and the anode delivered a capacity of 526
mAh/g in the first cycle with an initial columbic efficiency of 80% *!. To reduce the
irreversible capacity in the first cycle, hard carbon and microcrystalline graphite (MQG)
core-shell composite materials were investigated, and this material possesses a high initial
columbic efficiency (up to 89.8%) and good cycling stability, but the reversible capacity is

still lower than 300 mAh/g at 0.2 C 4.

Considering the low cost and sustainability of biomass as a carbon source, a number of
studies have been done to investigate the performance of biomass-derived disordered
carbons as anodes for LIB. Jiang et al. reported a bamboo-derived carbon fiber with surface
defects and hydrogen functional groups as anodes for LIBs *°. Memarzadeh et al.
developed disordered carbons from banana peels for both sodium and lithium ion battery
anodes *®. Lv et al. investigated peanut shell derived hard carbon anodes with excellent

cyclic stability *7.

The morphology of carbon has attracted significant attention as well. In the 2000s, Huang
et al. proposed sugar-derived hard carbon spheres (HCS) obtained using a simple
hydrothermal method and achieved a reversible capacity of 400-500 mAh/g with a good
performance >0, The emulsion polymerization process of dewatering sugar spherules
that Huang et al. used in their work ** is shown in Figure 6. Huo ef al. reported mesoporous

12



nitrogen-doped carbon hollow spheres obtained by a mesoporous hollow silica sphere
template with dopamine (shown in Figure 7) °!. These hollow spheres achieved a high
reversible capacity of 485.7 mAh/g after 1,100 cycles at a current density of 500 mA/g.
However, the preparation methods for hollow spherical templates and carbon are sensitive
and time consuming. In the same work, Huo ef al. prepared nitrogen-free glucose-derived

hollow carbon spheres and only got a capacity around 100 mAh/g at a current density of

500mA/g.
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Figure 6. Schematic of the possible formation process of dewatering sugar spherules
through emulsion polymerization. (A) Dewatering of sugar, (B) formation of spherical

micelles, and (C) growth of the nuclei *

S HF
¥ Etching

Coated
Embedded

© sio, m C

Figure 7. Schematic of the fabrication procedure for mesoporous nitrogen-doped carbon

hollow spheres >!

13



1.4.2 Tin Oxide-based Anodes

To meet the urgent demand for improving energy/power density and battery lifetime,
transition metal oxides have been investigated as well. The group IV elements can provide
high energy density at low costs. Among these elements, tin (Sn) and its oxide (SnO2) have
attracted much attention as they can offer high reversible theoretical lithium ion capacities,
and exhibit low reactivity with electrolytes. Unfortunately, their large volume change
during the charge/discharge process leads to electrodes’ cracking and structural
reconfiguration. Compared to tin, SnO: is believed to be more stable during the
lithiation/delithiation process due to the formation of a Sn/Li,O composite matrix before
the formation of Lis4Sn alloy during lithiation ***, The Sn/Li>O can buffer the expansion

stresses and reinforce the structure.

However, the large volume expansion of more than 300% during lithiation still causes
pulverization, capacity fading, and loss of electric conductivity. Furthermore, the formation
of metallic Sn nanoparticles during lithiation can cause severe aggregation, leading to quick

capacity decay >*.

To overcome the capacity decay caused by the volume expansion and constriction, various
morphologies of tin oxide particles have been designed and fabricated. Meduri et al.
reported on using hybrid tin oxide nanowires covered with tin nanoclusters as a high
capacity anode, and this hybrid material achieved a good cycling performance >°. The
stability was attributed to spacing and high surface area that allowed volume expansion,
and the existence of tin that allowed a reversible reaction. Mohamedi ef al. investigated the

electrochemical performance of amorphous tin oxide films and revealed the correlation
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between the stability and the cut-off voltage. They claimed that the tin oxide could reform
at a voltage higher than 1.5 V 3. Hollow tin oxide spheres were pursued to alleviate the
large volume expansion, but the capacity of this anode material faded quickly as well >°.
However, utilizing nanomaterials may not be a perfect solution, as nanoscale particles can

cause severe aggregation problem and aggravate the capacity decay °’.

A tin oxide/carbon composite is proposed to enhance stability. In this composite, carbon
serves as a physical buffer against for the large volume expansion. Lou synthesized double

° and

shelled SnOx/carbon composite hollow spheres *® and SnO,/carbon hollow spheres °
showed that the capacity fade was alleviated. By considering a dense core-shell structured
SnO,/C anode, Liu and others demonstrated that the electrochemical performance of tin
oxide/carbon composites increased in the following order: solid SnO> anode < hollow SnO>
anode < traditional core-shell SnO»/C anode < dense core-shell structured SnO>/C anode

57 Furthermore, carbon-encapsulated porous SnO; cubic anode °, SnO, quantum dots/GO

61 and SnO»-carbon-coated sepiolite nanofibers were reported recently 2.

1.5 Project Objectives

The development of current carbon-based anode materials are facing a bottleneck and
cannot fulfill the increasing demands for lithium-ion batteries. Hard carbon and tin oxide
are both potential anode materials. Hard carbon has an amorphous structure that can
provide more capacity than graphite and a shorter lithium-ion diffusion path. On the other
hand, although tin oxide has a promising reversible theoretical capacity (783 mAh/g), it
suffers from large volume expansion and nanoparticle aggregation, which lead to capacity

fading and poor rate capability.
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To overcome the drawbacks of these two materials, the work of this thesis focuses on

a) the design and fabrication of hollow interconnected carbon shells with improved
capacity;
b) the development of SnO»/carbon composites with different morphologies to

enhance durability and rate capability.

16



2. Characterization Methods

This chapter introduces the physical and electrochemical characterization methods that
were used in this work, including scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA),
Brunauer-Emmett-Teller Analysis (BET), Raman Spectroscopy, and lithium ion battery
evaluation. The main purpose of using these physical characterizations is to reveal the
information on the morphology, crystal structure, chemical composition as well as surface
area. The electrochemical evaluation via coin-cell testing is used to investigate and
understand the electrochemical performance of the obtained amorphous-carbon-based

materials in the lithium ion battery as anodes.

2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is one of the most versatile microscopy techniques
available for analyzing the topological properties, structure and, chemical composition
characteristics in the micro and nanoscale, with a focused high-energy electron beam
scanning across the surface of the sample. Owing to the short wavelength of an electron
beam and focusing by electromagnetic condenser lenses, SEM can obtain a perfect point

source and better resolution to reveal fine surface structures of nanomaterials.

As shown in the Figure 8, SEM employs an electron gun to release electron beam as the
illumination source and utilizes electromagnetic coils as condenser lenses. The high-

energy electron beam is obtained by accelerating electrons with a potential drop voltage,
which provides kinetic energy for the electrons. For conventional SEM, the accelerating

voltage applied on electron guns is usually operated in a range from 1 to 30 kV.
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Generally, electron guns can be classified into two categories: thermionic electron gun,
which produces electrons by heating materials; and field emission gun (FEG), which
applies a large electrical potential between a single crystal tungsten tip and two anodes.
The first and the second anodes are used to extract electrons from the very fine tungsten
tip and accelerating electron beam, respectively. Compared with the thermionic source
electron gun, the FEG provides an enhanced electron brightness and a higher resolution.
Nowadays, the FEG is customarily equipped on modern SEMs as the illumination source.
There are numerous advantages to using electron beam, including small wavelength (A),
high resolution, and a finely focused probe. Furthermore, the energetic electrons can
generate secondary signals (X-rays, photons), which reveal the chemical characteristics

with further analysis.

A series of electromagnetic lenses is used to focus the spread beam. In essence, the
electromagnetic lenses are coils of wires. While applying current on the coils, the path of
the electron beam is simultaneously adjusted. Owing to the divergence of the electron
beam after passing through the anode plates, it needs to be converged and collimated into
a parallel beam by condenser lenses and an aperture. In addition, an objective lens with
appropriate demagnification is utilized to focus the electron beam into a fine probe at the

surface of the specimen.

More than one type of electron is generated when the energetic electrons strike the
specimen surface, including secondary electrons, backscattered electrons, and auger
electrons. Secondary electrons carry the topographic and morphologic information, which
are created by the ionization of the specimen atoms at the surface of the specimen.
Electrons that are elastically scattered during the deflection of the primary electron by the
atomic nucleus of the specimen are called backscattered electrons (BSE). BSEs escape

from a large region under the specimen’s surface, and provide topographic and composition
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information by yielding atomic number contrast. Auger electrons are ejected by absorbing
the released energy in the deexcitation process, which is characteristic of the specimen
atom. Therefore, the auger electrons are available for providing information related to

specimen chemical composition in the top few atomic layers.
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Figure 8. Schematic diagram of a scanning electron microscope (SEM).

2.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) has been widely used in material research for
direct visualization of the morphological and crystallographic information, such as crystal
lattice and atomic defects with high resolution. High-resolution transmission electron

microscopy (HRTEM) is an imaging mode of transmission electron microscopy. Due to
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phase contrast, HRTEM exhibits a higher resolution.

The operating principle of TEM is the interaction between the electrons and the specimen.
An electron beam is generated and accelerated by an electron gun, which is mentioned in
the prior section (2.1 Scanning Electron Microscopy). After being focused by a series of
electromagnetic lenses, the electron beam encounters the specimen and transmits through
it. A magnified image is displayed on a fluorescent screen. In modern TEM instruments,
digital camera are usually installed to record the obtained images, and application software

is also available for analysis.

As Figure 9 indicates, the components of a modern TEM are classified into three parts from
the top down. First, the illumination system (also known as condenser lens system) is
composed of an electron gun and a condenser system. Following is the imaging system,
including an objective aperture, objective lens, diffraction lens, intermediate aperture,
intermediate lens, projective lenses, and the observation system for the image and
diffraction pattern. Moreover, a vacuum system is also necessary in the TEM to obtain a
coherent controlled e” beam and to keep the chamber clean. Typically, the sample is 3 mm
in diameter and less than 80 um thick, prepared on a very thin Cu grid. While the incident
electron beam is interacting with the specimen atoms, both elastic and inelastic scattering

processes are simultaneously taking place.
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Figure 9. Experimental set-up of a transmission electron microscope (TEM).

TEM is available for imaging features and atomic structures of specimen’s surface. In
addition, the information of periodicity and orientation, crystal structures and lattice
parameters, as well as the chemical composition can be obtained from the diffraction
patterns of the convergent beam electron diffraction pattern (CBED), the crystal spot
patterns of selected area electron diffraction (SAED), and the energy-loss spectrum of

electron-energy-loss spectroscopy (EELS), respectively.

2.3 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a widely used as a chemical analysis method in crystallography,
which can reveal the chemical component and crystalline structure information of samples.

The basic operating principle is based on the interaction between the X-ray and the
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sample’s atoms. Typically, the X-ray source used in XRD is copper and molybdenum. The
wavelength is in a range of 0.154 nm-0.08 nm, comparable to the diameter of sample’s
atoms. Therefore, the incident x-ray can penetrate into the bulk material and be diffracted
by the sample at a specific incident angle. As Figure 10 below depicts, when the X-ray is
irradiating with a changing incident angle, the diffraction at certain angles is detected.
Herein, a lattice correlated interference pattern is generated with the information of both

incident angle position and intensity.

Monochromator

——

Figure 10. Schematic diagram of XRD layout.

The intensity of the patterns correspond to specific lattice planes. With the help of Bragg’s
law, the relationship between the X-ray incident angle and the lattice spacing is expressed

with a brief equation:

2d sinf = ni
d = lattice spacing
0 = X-ray incident angle (half value of peak position)
n = integer (diffraction peak’s order)
A = X-ray wavelength
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(3) Bragg’s Law

In addition, the XRD pattern contains the information of the size of crystals in solid
powders. The size of crystal particles can be calculated from the Debye-Scherrer equation

below:

T = mean size of the crystalline

K = shape factor

A = X-ray wavelength

B = line broadening at half the maximum intensity (FWHM)

(4) Debye-Scherrer Equation

2.4 Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopy technique, commonly utilized in
chemistry for lattice structure analysis and molecule identification. The operating principal
of Raman spectroscopy is based on the inelastic scattering of monochromatic light. When
the sample is illuminated by a radiation source, the laser beam is scattered from specimen’s
molecules, and both elastic and a small fraction of inelastically scattering occurs. The
electron is excited to a higher energy state in the scattering process, and when the Raman
effect occurs, the energy decays to a lower level. The final level is even lower than its initial
energy states. This is termed as inelastic scattering. Since some energy is transferred
between specimen’s molecules and photons, the energy and wavelength of the incident and
scattered photons are not the same. The energy difference is denoted with the length of

arrow in Figure 11 (a).
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As depicted in Figure 11 (b), the Raman experimental set-up usually consists of five major
components: a laser excitation source, a sample illumination system and light collection
optics, a filter or spectrophotometer for wavelength selection, a detector that functions with
a charge coupled device (CCD), a photo multiplier tube (PMT) or photodiode array, and a
recording device. A sample is usually illuminated with a laser beam. The inelastic scattering
light is collected by a lens and transferred through an emission filter or spectrophotometer.

A Raman spectrum is subsequently generated after the detector collects signals.
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Figure 11. (a) Energy-level diagram, (b) experimental setup for spectroelectrochemical

Raman experiments.
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In addition, Raman spectroscopy technique has plenty of advantages. Raman can be used
for both organic and inorganic chemicals, without damage to the sample, and with a short

measurement time (only a few minutes).

2.5 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is a technique used to analyze the sample’s weight change as
a function of temperature or time. A TGA measurement is performed by heating the
specimen in a controlled atmosphere (N2, O2, Ar, etc.), while the weight change is measured
and recorded by a precision balance. As depicted in Figure 12, an inert heat resistant
specimen holder supports the sample above a very accurate balance. The heating

temperature, ramp rate, and rest time can be set with furnace’s software.
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Holder

() Gas inlet ) Gas outlet ]
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Figure 12. Schematic diagram of the set up for a TGA experiment.

The main purpose of this analytic method in the second subproject (4. Design and
Fabrication of 3D Interconnected Porous Carbon Spheres Encapsuled Ultra-small SnO»
Nanoparticles as Nanocomposite Anodes for LIBs) is to determine the exact content of tin

oxide in the tin oxide/carbon composite. As all the carbon would turn into carbon oxide or
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carbon monoxide in a gaseous state, if an air atmosphere is chosen, only tin oxide will be

left behind.

2.6 Brunauer-Emmett-Teller Analysis (BET)

The Brunauer-Emmett-Teller (BET) analytical technique is widely used in measuring the
surface area of nano/micro-materials. Typically, the BET analytical method is used to
obtain a porous material’s specific surface area, average pore-size, and pore-size
distribution via adsorption of inert gas molecules on sample’s surface. In this study, the
carbon-based samples’ specific surface area and pore-size distributions were obtained

using the BET analysis technique.

The BET theory is based on the following three assumptions:

First, the material surface is homogeneous and the adsorption is equally distributed. Second,
only monolayer adsorption occurs, without interaction between adsorbed layers. Finally,

the number of adsorbed layers is infinite at the saturation pressure.

The resulting BET equation is as follows:

P = equilibrium pressure

Po = saturation pressure

Vm = adsorbed gas volume (cm?)
C =BET constant

(5) BET equation
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The second step is to calculate the surface area. The total and specific area value can be

calculated from the equations below:

Vo N-A
Stotar = Vv
m

STotal

Sspecific =
Stotal = total surface area
Sspecific = specific surface area
N = Avogadro’s number (6.0221415 x 10%%)
Vm = molar volume
A = adsorption cross-section area of single adsorbate molecule
m = mass of sample

(6) Surface area equation

2.7 Electrochemical Measurements

To evaluate the electrochemical performance of the developed amorphous carbon-based
materials in the application of a lithium ion battery, a series of half-cell tests was performed

in this work.

In the case of electrochemical evaluation of the anode materials, the half-cell consists of a
Li foil and a carbon-based anode as electrodes. Figure 13 illustrates the components of the
half-cell system. During charging and discharging, the intercalation and de-intercalation of

lithium ions are taking place circularly.
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Figure 13. Illustration of a coin half-cell assembly.

In this work, the obtained carbon-based composites were employed as anodes in coin cells.
The anodes were prepared by coating the slurry onto a flat Cu foil by a MTI automatic film
coater or onto nickel foam with a glass rod. The slurry was composed of 80 wt.% of carbon
material, 10 wt.% of Super P carbon black, and 10 wt.% of polyvinylidene fluoride binder
(PVDF) in N-methyl-2-pyrrolidone (NMP) solvent. Finally, all electrodes were dried in a

vacuum oven for 24 hours before coin-cell assembly.

Electrochemical tests of carbon materials were performed in CR 2032 type coin-cells with
the carbon electrode as anodes and the metallic lithium foil as cathodes under room
temperature, using glass-fiber as the separators. The electrolyte was composed of 1M
lithium hexafluorophosphate (LiPFs) in a mixture of ethylene carbonate and diethyl
carbonate (1:1 vol.%). The coin cell assembly was carried out in an argon-filled glovebox

with both moisture and oxygen concentrations below 0.5 ppm.

Electrochemical tests were operated in galvanostatic current charge-discharge circuits,

named galvanostatic charge and discharge (GCD). GCD is used to obtain a host of
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important electrochemical characteristics of the coin cells, including the discharge/charge
profiles, rate capabilities and long-term cyclic performance. Rate capabilities can be

obtained when various constant current densities are applied in the discharge/charge tests.

Typically, GCD is done via a battery station to provide constant current. In this work, all
the electrochemical tests were carried out by a Neware BTS bench top battery test station

at room temperature.
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3. Design and Fabrication of Porous Carbon Nanostructures as

Anodes for LIBs

3.1 Introduction

As one of the amorphous carbon materials, hard carbon anodes can deliver a higher
capacity than a graphite electrode. Zheng et al. *° and J.R. Dahn et al. **? revealed the
lithium-ion insertion mechanism in hard carbon, which is named “house of cards” theory.
Lithium ions can adsorbed on both sides of the single graphene sheet and fill in the
nanopores. Furthermore, its randomly oriented graphene sheets and large surface area
provides a short path for lithium-ion diffusion, and as a result, fast charge/discharge
becomes available. These characteristics make the amorphous hard carbon a potential

candidate for serving as an anode material of LIBs in electric vehicles.

Of the many different precursors for hard carbon, sucrose is one of the cheapest, which has
abundant agricultural sources worldwide. To meet the industrial demand, sucrose is used

as a precursor in this work.

The purpose of this work is to enhance the capacity of the carbon anodes by developing
interconnected high surface-area porous carbon. In this chapter, two different structural
carbons are demonstrated: one is directly pyrolyzed amorphous carbon, which was
carbonized at high temperature, and the other one is interconnected hollow carbon
networks with a novel porous 3D structure. Both carbon materials have good rate capability
and excellent cycling performance. Particularly, the carbon framework can achieve a higher
reversible lithium insertion capacity than the directly pyrolyzed bulk amorphous carbon

sample.
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3.2 Experimental Methods
Amorphous carbon (AC)

Figure 14 schematically shows the synthesis process of the pure amorphous carbon.
Sucrose (> 99.5% (GC), Sigma Aldrich) was used as the precursor of the amorphous carbon.
5 g of sucrose was directly heat treated in a Lindberg tube furnace in an argon atmosphere
at 1100 °C (heating rate: 1 °C/min) for 6 h. Finally, the obtained bulk carbon was further
ball milled into a fine powder in a MTI ball miller for 45 min. The obtained black powder

was named amorphous carbon (AC).

P QU A Ar | —> - Byl mill
Sucrose Bulk Carbon

Furnace 45min
1100 °C, 1 °C/min, 6h

Figure 14. schematic view for synthesis of amorphous carbon (AC).

3D Interconnected Hollow Carbon Networks (CN)

To develop the unique 3D interconnected hollow carbon networks, 400 nm diameter silica

spheres were used as a template.

The first step was the preparation of the SiO> template. 48 ml of tetraethyl orthosilicate

(TEOS) precursor was dissolved in a water-ethanol solution (592 ml of ethanol, and 80 ml
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of deionized water (DI)) with 25.2 ml of ammonia hydroxide (28-30%, Sigma Aldrich).
After stirring (400 rpm) for 2 hours at room temperature. The obtained suspension was
washed until neutral (pH=7) and dried in a MTTI air convection oven at 80 °C overnight.

The bulk silica was then ground into a fine powder for further use.

Secondly, as Figure 15 illustrates, 5 g of prepared silica white powder was sonicated for
two hours in 12 g of ethylene glycol (EG). The suspension was then mixed with a sucrose
solution (0.5 g sucrose in 20 ml of deionized water) and sonicated for another hour to
achieve a thorough dispersion. After that, the suspension was stirred rapidly at 120 °C until
dry. Then, the obtained mixture was ground and heated to 900 °C at 5 °C/min and held for
four hours to pyrolyze the sucrose. The obtained silica-carbon composites were
subsequently immersed in 10% HF (37% hydrochloric acid, Sigma Aldrich) for 24 hours
to etch the silica cores. Finally, the sample was washed until neutral (pH=7) and dried in

an MTI air convection oven at 80 °C.
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Figure 15. Schematic view for synthesis of the 3D Interconnected Hollow Carbon

Networks (CN).

For the chemical and physical characterization of the synthesized amorphous carbon and

3D carbon networks, a host of analyses were utilized. Scanning electron microscopy (SEM)
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and transmission electron microscopy (TEM) were employed to investigate the
morphology and reveal the structure. Brunauer-Emmett-Teller (BET) and Raman

spectroscopy were utilized to determine the pore-size distribution and lattice structure.

To evaluate the electrochemical performance of the prepared samples, coin cells (CR 2032)
were assembled. The electrodes were prepared on Cu foils with slurries that consisted of
80 wt.% of the active material (sample), 10 wt.% Super P carbon black (conductive
material), and 10 wt.% polyvinylidene fluoride (PVDF, binder). Lithium metal foils (Sigma
Aldrich) were used as counter electrodes. 1 M lithium hexafluorophosphate (LiPF¢) with a
mixture of ethylene carbonate (EC) and diethyl carbonate (DMC) (1:1 vol.%) was used as
an electrolyte. Galvanostatic charge and discharge (GCD) was performed on a Neware

battery testing station to investigate charge-discharge profiles and rate capabilities.

3.3 Results and Discussion

The SEM images in Figure 16 demonstrate the morphology of the obtained two carbon
materials with different structures. Figure 16 (a) and (b) are SEM images of the amorphous
carbon (AC). The images demonstrate that the flake-shaped carbon material has poor
dispersion properties (various particle size from 10 nm to 10 pm). In contrast, Figure 16 (c)
at low magnification demonstrates the 3D morphology of the interconnected hollow carbon
networks (CN), indicating that the size of the carbon shell arrays are homogeneously
distributed and possess a fully interconnected porous structure. Meanwhile, at high
magnification, Figure 16 (d) depicts that the diameter and carbon shell thickness of CN are
400 nm and 10-15 nm, respectively. The extensive interconnection between carbon shells

ensures short lithium-ion diffusion path, good electron transport, and efficient avoiding of
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the nanomaterial’s aggregation. Therefore, promising electrochemical properties can be

expected when CN is employed as anodes for lithium ion batteries.

Figure 16. SEM images of (a) amorphous carbon (AC) at low magnification, and (b) high
magnification, (c) interconnected hollow carbon networks (CN) at low magnification, and

(d) high magnification.

To further analyze the morphology and lattice structure of the obtained AC and CN samples,
transmission electron microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM) were used. Figure 17 (a), which has a lower magnification, gives a
broad view of AC particles. Figure 17 (b) shows a close-up HRTEM image of the one-step
pyrolyzed amorphous carbon at high magnification, and illustrates that the sucrose derived
carbon has both non-graphitized and graphitized structures. In the non-graphitized domain,
the carbon lattice possesses an amorphous (highly disordered) structure. This HRTEM

image demonstrates that the obtained sucrose derived carbon possesses a partially non-

34



graphitized lattice structure.

The TEM images of the CN are shown in Figure 17 (c) and (d). The hollow carbon
frameworks possess a finely developed spherical shape and porous structure. The
interconnected carbon shells are tangential to each other, ensuring that the porous
framework retains its firm structure to achieve excellent cyclic life and volume change

buffering during repeated lithium ion insertion/extraction.

Figure 17. TEM images of AC (a), CN at low resolution (c) and high magnification (d),
and HRTEM image of AC (b).
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The structures of the carbon materials were further analyzed via Raman spectroscopy. The
Raman spectra shown in Figure 18 demonstrates two broad bands of the defected-induced
band (D-band) and the crystalline graphite band (G-band). The peaks in the range of 800-
2000 cm™ of the Raman shift are typical features of amorphous carbon. In AC’s spectra,
the Raman shift centered at 1333 cm™ and 1586 cm’! correspond to the D-band and G-band,
respectively. While in the CN’s spectra, the peaks located at 1334 cm™ and 1574 cm™! can
be assigned to the D-band and G-band of carbon. Since the D-band relates to the disordered
carbon, while the G-band corresponds to the sp? graphitic carbon, calculating the intensity
ratio of the two bands can demonstrate the extent of the defective structure. The Ip/Ig values
of AC and CN are 0.96 and 1.03, respectively, which reveals the existence of non-graphitic

carbon in both samples. Therefore, AC has fewer defects than CN.
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Figure 18. Raman spectra of AC and CN.

36



- n
0.00010 -
n
—_— [ ]
£ ;
< /| AC
o
E | a | ]
Q oo m
b | | |
g [ |
5 0.00005 4 ll.
o
S n
L
[=] |
o /
n
0.00000 . . . . .
0 20 40 60 80
Pore Diameter (nm)
b 0.0020
"= CN
0.0015 - -
_ e |
E -
T
o2 Fre
£ . ’
£ 0.0010 i
()]
£ [
3 /
[=] |
> !
o /
G 0.0005 .
o Ir
_Ji
0.0000 . T - " . .
0 50 100 150

Pore Diameter (nm)

Figure 19. BET pore-size distributions of (a) AC and (b) CN, the inset shows an

enlargement of the low pore diameter region of CN.

The Brunauere-Emmette-Teller (BET) surface area was measured by the analysis of N2
adsorption-desorption isotherms. The specific surface area of AC is 61.27 m?/g, in contrast
to the 234.977 m?/g of CN. Figure 19 (a) demonstrates the pore-size distribution calculated
via BJH, indicating that the obtained AC sample has a porous structure with mesopores and
macropores. The existence of mesopores in AC is believed to be a result of the

decomposition gas consisting of water vapor and carbon dioxide, where both can active
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carbon by burning-off at high temperatures. Meanwhile, as Figure 19 (b) shows, CN has a
host of mesopores and macropores in the carbon framework (shown as the inset figure in

Figure 19 b).

To analyze the application of the obtained carbon materials in lithium ion batteries, the
galvanostatic charge and discharge (GCD) measurements were conducted on CR 2032 coin
cells that contained obtained carbon as the anode. Figure 20 illustrates the discharge (Li"
intercalation) and charge (Li" deintercalation) profiles of AC (Figure 20 a) and CN (Figure
20 b) between 0.01 and 2.00 V at a current density of 50 mA/g. In the first cycle, the
electrode of AC possesses a discharge capacity of 509 mAh/g and a reversible discharge
capacity of 287 mAh/g with an initial columbic efficiency of 56.4%. For the obtained CN
anode, although the first discharge capacity and the reversible capacity are 1868 mAh/g
and 432 mAh/g, respectively, the initial columbic efficiency is 23%, much lower than AC’s.
The low efficiency in the initial lithium insertion is believed to be due to the formation of
a solid electrolyte interphase (SEI) layer. The high capacity of CN can be attributed to the
enhanced surface area and homogenously distributed particle size. Moreover, the
amorphous carbon structure provides more defects and accessible sites for lithium ion
intercalation and deintercalation during the charge and discharge. The excellent
electrochemical performance of CN can be attributed to the unique structure, which
provides continuous pores to help electrolyte infuse efficiently and increases electron

transport.
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Figure 20. Charge and discharge profiles of the 1st, 2nd, 5th cycles from: (a) AC and (b)
CN at a current density of 50 mA/g

In addition, the rate capability of AC and CN are demonstrated in Figure 21. It is obvious
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that both samples have good rate capability. Even at a high current density (1 A/g), AC and
CN still possess good reversible capacity of 138 mAh/g and 165 mAh/g, respectively. Once
the current density returns back to 50 mA/g, the capacity of CN is able to resume to its

previous value, which indicates CN has an excellent rate capability.

After the aforementioned rate capability test, AC and CN were further subjected to long-
term cycling tests to reveal their electrochemical stability. The cycling performance of AC
and CN were evaluated in a voltage range between 0.01 and 2.00 V at a current density of
1000 mA/g. As shown in Figure 22, both synthesized carbon material possess stable cycling
performance. Even after 2000 cycles, AC still possesses a capacity retention of 75.78%,
whereas CN even increases to 103.74%. It is obvious that both samples have excellent

stability.
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Figure 21. Rate performance of (a) AC and (b) CN
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3.4 Conclusions

Two different structural amorphous carbon-based materials were synthesized by direct
pyrolysis and silica hard template pyrolysis of sucrose, respectively. AC was obtained by a
one-step method, and resulted in good cycling performance. The sample of CN possesses
a fine designed 3D interconnected structure, which is believed to be more electrically
conductive and provide a large surface area for Li" insertion and adsorption. Compared to
AC, CN has a higher reversible capacity of 432 mAh/g at 50 mA/g and a higher reversible
capacity of 165 mAh/g at a high current density of 1 A/g. Both samples exhibit excellent

cycling performance without obvious capacity decay after 2000 cycles.
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4. Design and Fabrication of SnO>@C 3D Nanostructures as Anodes
for LIBs

4.1 Introduction

Recent years, the tin oxide is considered as one of the most promising anode materials with
high reversible capacity. Theoretically, during the first charge process, SnO2 particles
irreversibly reduce to Sn metal, which provides a capacity of 711 mAh/g. During the
second charge process, Li-Sn alloys are reversibly formed and provides a reversible
capacity of 783 mAh/g °°. During the charge and discharge process, the large volume
expansion (300%) can lead to pulverization and loss of electrical conductivity of electrodes.

As a result, the tin oxide suffers from quick capacity fade and poor rate capability .

To overcome the shortage of tin oxide and enhance the capacity of carbon-based anode
materials, two tin oxide/carbon composites were prepared: one is core-shell tin
oxide/carbon composite, where the tin oxide was coated on the dense carbon spheres; the
other one is tin oxide/carbon 3D porous composite, which is developed based on the CN
carbon framework. The carbon is served as a buffer for the tin oxide’s volume expansion
in the lithium insertion to enhance the cyclic performance and rate capability. Furthermore,
carbon can compensate the loss of electrical conductivity of the composites. Both samples
were activated to generate or enlarge nanopores for tin oxide embedding and further
improve the lithium-ion insertion capacity. In this work, the stability of tin oxide/carbon
composites has been successfully improved. Both samples achieved good rate capability
and cyclic stability. Specifically, the SnO2/CN composite can operate over 500 cycles

without obvious capacity decay.
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4.2 Experimental Methods
SnO2/Carbon Spherules

Sucrose was selected as the precursor for preparing the carbon spherules. The preparation
process consisted of three steps: hydrothermal carbonization, steam activation, and tin

embedding. The schematic overview for this synthesis is shown in Figure 23.

First, 30.81 g of sucrose was dissolved in 60 ml of deionized water (1.5 mol/L) and 2.02 g
of iron nitrate nonahydrate (Fe(NOs); « 9H,0) was added to the solution. The aqueous
sucrose solution was placed into an autoclave and hydrothermally heated at 195 °C for 5

hours to obtain the dewatered carbon with reduced Fe catalyst.

After being dried and ground, the black powder was calcined at 500 °C for 2 hours in a
tube furnace in argon with a heating rate of 1 °C/min, activated in a water steam atmosphere
at 900 °C for 2 hours (5 °C/min) to form a porous structure, and subsequently cooled
naturally to room temperature. Next, the porous powder was washed with 3 mol/L
hydrochloric acid (HCI) solution to remove the catalyst and further washed with deionized

water until a pH of 7 was reached.

Finally, 0.0213 g of SnCl»*2H>O (tin chloride dihydrate (II) 98%, Sigma Aldrich) was
dissolved in 6 ml of ethanol. The SnCl> solution and prepared activated carbon spherules
(ACS) were then mixed and sonicated to achieve a thorough dispersion. This solution was
stirred until dry. The black powder was subsequently pyrolyzed in a tube furnace at 600 °C
for 3 hours (5 °C/min) in argon atmosphere. The obtained sample was named tin

oxide/carbon spherules (SnO»/CS).
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Figure 23. Schematic overview for synthesis of tin oxide/carbon spherules (SnO,/CS).

SnO2/Carbon Networks (SnO2/CN)

The carbon networks were prepared via a method similar to that of which was in chapter 4.
The silica template was prepared with a homogenous diameter of 400 nm. 1 g of sucrose
was dissolved in 20 ml of deionized water as a precursor solution. Then the precursor
solution was mixed and sonicated with a silica @ ethylene glycol (EG) (mass ratio, 5:12)
suspension. After being stirred at 120 °C to dry, the white mixture was ground and heat
treated in a tube furnace at 900 °C for four hours at 5 °C/min in argon. The silica template
was etched by 4 mol/L NaOH and stirred at 350 rpm for five days in a 85 °C water bath.

Next, the black particles were centrifuged and washed with deionized water.
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To enhance the pore-size and surface area, KOH (potassium hydroxide, Sigma Aldrich)
was used for activation. The obtained carbon shells were thoroughly mixed with KOH
(KOH/carbon mass ratio was 3:1) in 50 ml DI water. After being dried in oven, the sample
was heated at 800 °C for one hour in a tube furnace and cooled naturally. The sample was

immersed in 5% HCIl solution to remove by-products and then washed with deionized water.

Finally, the tin oxide was embedded into the porous carbon shells with a similar method
mentioned in the preparation of SnO2/CS. 0.0200 g of carbon was mixed with 0.0043 g of
SnCl222H:0 in ethanol and sonicated before being dried at 80 °C under stirring. After that,
the mixture was heated up to 600 °C for 3 hours. The obtained sample was named tin oxide/

carbon networks (SnO2/CN). The sequence of preparation is presented in Figure 24.

Carbon Carbon
@ Carbon

KOH 5% HCI
Carbon Carbon — I . +— Ar I ——- +
ﬂ DI water ~ sncl
J 2
Carbon Qcﬂm Furnace

800°C, 1h Ethanol

Dry

oy, | - |

5n0,/CN
Furnace
600 °C, 3h

Figure 24. Schematic view for the synthesis of tin oxide/carbon networks (SnO2/CN).

For chemical and physical characterization of the obtained tin oxide/carbon composites, a
series of physical and electrochemical analyses were used to reveal the material’s structure

on a nanoscale and evaluate the electrical performance as anodes for lithium ion batteries.
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The images of scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) mapped the surface morphology and structure. Utilizing the X-ray diffraction (XRD)
technique, the existence of tin oxide was identified from the scattering patterns. The
quantity of tin oxide was further analyzed by thermogravimetric analysis (TGA). Moreover,
the Raman spectroscopy and Brunauer-Emmett-Teller (BET) analytical techniques

provided the information about pore-size distribution and carbon structure.

Coin cells (CR 2032) were assembled for electrical analysis. The electrodes were prepared
by coating slurries on nickel foam. The slurries were mixtures of 80 wt.% of the active
material (sample), 10 wt.% Super P carbon black (conductive material), and 10 wt.%
polyvinylidene fluoride (PVDF, binder). Lithium metal foils (Sigma Aldrich) were used as
counter electrodes. 1 M lithium hexafluorophosphate (LiPF¢) with a mixture of ethylene
carbonate (EC) and diethyl carbonate (DMC) (1:1 vol.%) was used as electrolyte. A
Neware BTS battery testing station was used for galvanostatic charge and discharge (GCD)

testing to investigate charge-discharge profiles and rate capabilities.

4.3 Results and Discussion

Scanning electron microscopy (SEM) was utilized for morphology analysis. As shown in
Figure 25 (a) and (b), the SnO,/CS composite possesses a carbon core and SnO> coated
shell. The diameter of the composite is in a range of 4 um — 12 um, while the majority of
the particles are approximately 10 um in diameter. Figure 25 (¢) and (d) demonstrate the
morphology of the KOH activated carbon networks (ACN). As the concentration of the
precursor solution increases, the thickness of the carbon shells consequently increased as

well. Compared with the previous CN described in the Chapter 4, the activated shells have
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more pores. The porosity of the carbon frame could contribute to tin oxide particle intake.
For the SnO»/CN composite, shown in Figure 25 (e) and (f), tin oxide particles are clearly
visible on the carbon framework. Compared with the morphology of activated carbon
networks, a friction of the SnO2/CN collapsed owing to the long time stirring during the

final procedure.

Figure 25. SEM images of SnO,/CS (a) and (b), activated CN (c) and (d), SnO2/CN (e)

and (f).
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Figure 26. TEM images of SnO»/CS (a) and (b), SnO2/CN (c).

The morphology of SnO>/CS was further analyzed by transmission electron microscopy

(TEM). As shown in Figure 26 (a) and (b), SnO2 nanoparticles were coated on the surface
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of carbon microspherules. The image of Figure 26 (c) clearly demonstrates that the

structure of SnO2/CN components are spherical carbon shells with uniformly dispersed tin

oxide nanoparticles.

The two structurally different SnO,/C composites’ crystallography is analyzed via X-ray
diffraction (XRD) technique. The identified peaks in the XRD patterns of SnO»/CS and
SnO,/CN, demonstrated in the Figure 27, are perfectly in accordance with that of tetragonal
tin oxide. Meanwhile, no peaks corresponding to metallic tin are found in both patterns,

indicating that tin atoms only exist as SnO> in both composites.

] \
- . \’\w./ Sno,/CS
S | 2 :
© A—r——— W/ mew WWM
= | \
? I f
C | "‘1
9 o A TR f SnO,/CN
£ Ao m‘l\\‘m} % f “\ M B - " " 2
WP, ol Wy fed A tmoad, P YL PPV A N ¢ M el AR
| | Sno,
T l T l T . l T l Il I . " L I T
10 20 30 40 50 60 70 80

2 Theta (degree)

Figure 27. X-ray diffraction (XRD) patterns of SnO,/CS and SnO»/CN.

Raman spectroscopy was used to characterize the carbon structure in both composites. The
Raman spectra of the two composites, shown in Figure 28, depict D-band (defected and
amorphous carbon) and G-band (graphitic carbon) broad peaks in a Raman shift range of

800-2000 cm!. In the spectra of SnO,/CS, the D-band is centered at 1338 cm™ and the G-
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band is centered at 1570.5 cm™!, while the SnO2/CN’s spectra possesses the D-band at 1338
cm™! and the G-band at 1586 cm!. The Ip/Ig ratios were 1.4376 and 1.09807 for SnO,/CS
and SnO,/CN, respectively. The higher In/Ic value of SnO,/CS, implies it has more defects

in its carbon structure than SnO,/CN does.
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Figure 28. Raman spectra of SnO2/CS and SnO2/CN composites.

The nitrogen adsorption-desorption was measured to obtained information on surface area
and pore-size distributions of SnO>/CS and SnO,/CN. As a result of the vapor activation
and KOH activation applied on carbon spherules and carbon networks, the surface areas of
both samples were significantly enlarged. The Brunauer-Emmett-Teller (BET) surface area
of SnO,/CS is 225.7 m?/g, and that of SnO»/CN is 823.3 m?/g. Moreover, the carbon
activation creates more mesopores (2-50 nm) in both samples (shown in Figure 29). Since
lithium ions not only intercalate between graphene layers but also absorbed on the internal

surface of nanopores in amorphous carbon, the existence of the mesopores can provide
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extra capacity for the porous carbon.
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Figure 29. BET pore-size distribution of (a) SnO»/CS and (b) SnO»/CN.

To determine the SnO> content in the composites, TGA measurements was applied on
SnO,/CS and SnO,/CN. The TGA curves are shown in Figure 30. The two samples were
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heated up to 800 °C (10 °C/min) in air atmosphere. In both curves, strong weight losses
exist in a temperature range of 300-600 °C are related to carbon oxidation. The final weight
indicating that SnO2/CS contains 40.6 wt.% tin oxide and SnO,/CN contains 16.1 wt.% tin

oxide, respectively.

a

100
90—_
80—-
7'0—~
60—-
50—-

1 40.62%
40

Weight (%)

30
20 4

10 Sno,/CS

— T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900
b Temperature (°C)

100
90—-
80—-
70-
60—-
50—_

40 4

Weight (%)

30—_
20 16.14%

10—-
_ Sno,/CN

— T T 1 T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 30. TGA curves of (a) SnO/CS and (b) SnO,/CN.
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To characterize the electrochemical performance of the obtained SnO»/C composites as
anodes of lithium ion batteries, the galvanostatic charge and discharge (GCD)

measurements were conducted on CR 2032 coin cells.

1) Sn0/CS

Electrochemical properties of the as-prepared SnO»/CS were evaluated by galvanostatic
charge and discharge measurements, as shown in Figure 31. Figure 31 (a) shows the typical
charge/discharge profiles at a cutoff voltage of 0.01-2.00 V and a current density of 50
mA/g. In the first cycle, the initial discharge capacity of SnO»/CS is 1712.17 mAh/g, and
the reversible capacity is 650.33 mAh/g. Considering that 40.6 wt.% of tin oxide is coated
on the carbon spheres and 59.38 wt.% of the composites is carbon, the theoretical capacity
can be calculated to be 827.73 mAh/g, based on 1494 mAh/g of SnO; and 372 mAh/g of
carbon. The initial lithium insertion capacity of SnO2/CS composite is much higher than
the theoretical capacity, which is believed to be due to two aspects: first reason is the large
surface area on which lithium ions can adsorb, and second reason is the disordered and
porous carbon structure that provides abundant active sites in defective carbon planes in

which lithium can fill.

The initial columbic efficiency of SnO2/CS is as low as 38.0%. In the subsequent second
and third cycle, the columbic efficiency is increased, indicating a high charge and discharge
reversibility. Furthermore, the high irreversible capacity in the first cycle is associated with
the formation of SEI on the SnO»/CS surface and the formation of Li,O during the first

step lithiation. The charge-discharge reaction mechanism of tin oxide is as follows:

SnO, + 4Li" + 4e~ - Sn+ 2Li,0 %)

Sn + xLi* + xe™ - Li,Sn(0 < x < 4.4) 6)
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In the first reaction step, which is irreversible at low voltage (0-1.5 V) >3, the in situ
formation of Li>O leads to 711 mAh/g of capacity. After that, Sn can alloy with lithium ion
in the second step, which provides 783 mAh/g of reversible capacity. However, the Sn can

easily to form an SEI film, which results in the irreversible capacity in the following cycles.

To further examine the rate capability of the resulting SnO»/CS, the charge and discharge
test was carried out at different current densities. The capacity of the SnO»/CS composites
are 745.6, 518.0,461.9, 378.1, 259.0, and 146.6 mAh/g at current densities of 50, 100, 200,
500, 1000, and 2000 mA/g, respectively The stepped cyclic rate performance at different
current densities is shown in Figure 31 (b). The SnO2/CS composite exhibits a good rate
performance while increasing the current density. However, in the first ten cycles at 50
mAh/g, due to Sn easily reacting with electrolyte, the capacity shows a downward trend.

After that, the electrode become stable.

Besides rate capability, the cycling stability of anode materials is also very important for
LIBs. A cyclic performance test was conducted after a 120-cycle rate capacity test. The
long-term cycling performance at 1000 mA/g with a cut-off voltage of 0.01-2.00 V can be
seen in Figure 31 (c¢). Due to the carbon spherule core of the composite, which is acts as a
buffer for the large volume change during the lithium insertion and desertion, the collapse
of the tin oxide shell can be prevented and a longer lifespan can be achieved. After 300
cycles at a current density of 1000 mA/g, SnO2/CS anode can retain a capacity of 158.8

mAh/g with a capacity retention of 70.88%, clearly showing excellent cycling stability.
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Figure 31. (a) Charge and discharge profiles of the 1%, 2™, 5% cycles at 50 mA/g, (b) rate

performance, and (c) cycling performance of SnO/CS at 1 A/g.

2) SnO2/CN

The electrochemical performance of SnO2/CN was evaluated by galvanostatic charge and
discharge (GCD) method. The charge and discharge profiles for the first, second, and fifth
cycle of SnO2/CN are depicted in Figure 32 (a). The SnO2/CN anode delivers a high
capacity of 2412.4 mAh/g in the first discharge and 594.98 mAh/g in the first charge.
Considering that 16.14 wt.% of tin oxide is coated on the carbon sphere, and 83.86 wt.%
of the composite is carbon, the theoretic capacity can be calculated to be 438.36 mAh/g,
based on 783 mAh/g reversible capacity of SnO; and 372 mAh/g of carbon. The reversible

capacity of the SnO2/CN composite is higher than the calculated theoretical capacity, which
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is owing to the large surface area and the abundance of defects in the amorphous carbon
structure. The initial columbic efficiency of this composite can be calculated to be 24.7%.
The high initial irreversible capacity of this sample is associated with the irreversible
formation of Sn and Li,O (Reaction (1)) in the first cycle and the SEI film formation on
the anode surface. An obvious voltage plateau at 0.9 V can be seen in the first discharge

curve, which is associated with the structural deterioration and electrolyte decomposition.

To further analyse the electrochemical performance of the obtained SnO2/CN composite,
the rate capability was investigated at different current densities. As shown in Figure 32
(b), the capacity has a downward trend while the current density is increasing. The capacity
of the SnO»/CN composites are 673.1, 392.0, 319.2, 282.1, and 234.0 mAh/g at current
densities of 50, 100, 200, 500, and 1000 mA/g, respectively. To investigate the stability of
the composite, the anode was subjected to a continuous long-term cyclic test after the 50-
cycle rate capability test. Figure 32 (c¢) shows the cycling stability of the SnO./CN
composite at a constant current of 1000 mA/g with a cut-off voltage between 0.01 and 2.00
V. The unique structural composite shows an excellent stability. The electrode can still
deliver a capacity of 210.74 mAh/g with a capacity retention of 95.5% even after 500 cycles.
Compared to the SnO,/CS composite spherules, the porous framework exhibits an
improved stability. Presumably, the carbon shells can act as a buffer to counteract the large
volume expansion (V = 260%, Sn > Lis4Sn) during the lithiation and enhance the
electrical conductivity as well. Embedding SnO; in the pores can prevent the capacity fade

that is caused by tin oxide pulverization.
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Figure 32. (a) Charge and discharge profiles of the 1, 2", and 5% cycles at 50 mA/g, (b)

rate performance, and (c) cycling performance for SnO>/CN at 1A/g.
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4.4 Conclusions

Porous tin oxide/carbon composites were synthesised with two different structures. The
carbon activation process was applied in the preparations of both samples and had two
purposes. First, it served to enlarge the surface area and produce nanopores for lithium ion
insertion or adsorption between the graphene sheets and into the nanopores. Second, it

provided macropores on the surface for tin oxide embedding.

In the dense core-shell SnO,/CS composite (40.6 wt.% tin oxide), the carbon core served
as a buffer to overcome the severe volume expansion problem. The SnO,/CN anode
delivered a high reversible capacity of 594.98 mAh/g in the first cycle at a current density
of 50 mAh/g. Furthermore, its cycling performance is notable. SnO2/CS can have a

capacity of 158.786 mAh/g with a capacity retention of 70.88% at 1 A/g after 300 cycles.

In the novel 3D porous SnO2/CN composite (16.14 wt.% tin oxide), a small amount of tin
oxide nano particles were well distributed on the surface of an organized carbon framework.
As the 3D carbon networks are interconnected and the porous carbon itself can buffer the
tin oxide volume expansion, the composite’s structure is believed to be extremely stable
during charge/discharge. Moreover, the interconnected carbon network provides a
continuous path for electron transit and compensates for the loss of electrical conductivity
of the tin oxide/carbon composites. As a result, the SnO,/CN has better stability than the
SnO,/CS. It can deliver a capacity of 210.74 mAh/g at 1000 mA/g with a capacity retention
of 95.5% even after 500 cycles, which is remarkable for tin oxide/carbon composite anode

materials.
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5. Conclusions of Thesis and Future Works

Lithium ion batteries have a promising future as the next generation of energy storage

devices for portable device and electric vehicle (EV) applications. To meet the increasing

demands for the large-scale batteries, two amorphous carbon materials and two tin

oxide/carbon composites have been investigated in this thesis. The major features of this

thesis are as follows:

(@)

Among the two amorphous carbon anode materials, the carbon networks (CN)
present a better lithium insertion capacity. The increase in performance can be
attributed to an extensive available specific surface area and uniformly distributed
particle size. The interconnection between each carbon shell provides a shorter
lithium-ion diffusion path and improves the material stability. Both AC and CN
possess excellent cycling performance. Nevertheless, the initial columbic

efficiency of CN is very low, so further work is needed to resolve this shortcoming.

(b) The tin oxide/carbon spheres have a core-shell structure. The porous carbon core

(©)

successfully enhanced the structural stability by buffering the tin oxide shells’
volume expansion during lithium insertion.

The tin oxide/carbon networks were obtained by embedding tin oxide nanoparticles
in the porous surface of the carbon framework. The carbon framework provides a
firm structure for the tin oxide to circumvent the electrode degradation and
compensate for the loss of electrical conductivity of the composites. Additionally,
the SnO,/CN has an excellent cycling performance and high lithium insertion

capacity. However, the columbic efficiency needs to be improved in future work.

Although the electrochemical performance of these obtained anode materials is good, more

research needs to be done to improve the columbic efficiency and the volumetric energy
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density. One approach would be to increase the thickness of the carbon networks and
reduce the diameter of the silica template to diminish the specific surface area and the
formation of a SEI film. Another approach would be to develop a dense SnO»/carbon/SnO»

sandwich spherical material to improve the volumetric energy density.
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