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Abstract

ABSTRACT

The commercially available lithium-ion cells, which are the most advanced among the
rechargeable battery systems available so far, employ polycrystalline microsized
powder as the electrode materials, which functions as the Li-ion insertion hosts. With
the advancement of nanotechnology, there is an interest in the replacement of
conventional materials by nanostructured materials. The use of nanoparticles in
composite electrodes for Li-ion batteries may have considerable kinetic advantages due
to the reduction of the diffusion length for lithium-ion insertion into the active mass,
and also because of the reduction of the overall charge transfer resistance of the
electrodes. In this doctoral work, several nanostructured materials were examined and
characterized for possible application as electrode materials in Li-ion rechargeable
batteries. Among the anode candidates studied were free-standing single-walled carbon
nanotube (SWCNT) paper, lead oxide (PbO) and lead oxide-carbon (PbO-C)
nanocomposite, and carbon-coated silicon (Si-C) nanocomposite materials. Meanwhile,
several cathode candidates were also studied: nanostructured vanadium oxide (V20Os),
lithium trivanadate (LiV30g) nanoparticles, and lithium manganese oxide (LiMn,O,)

thin film electrode.

Free-standing SWCNT paper electrodes have been synthesized by a simple filtration
method via positive pressure. The free-standing electrode was produced without any
binder or metal substrate, which reduced the weight significantly. The free-standing
SWCNT paper electrodes were also flexible and had good electrical conductivity. With
the addition of both carbon black and nanosized Si particles, the electrical conductivity
and specific capacity of the free-standing SWCNT paper electrode were greatly
enhanced, so that they retained a capacity of 400 mAh g™ beyond 100 cycles. A new
approach has been used to prepare nanostructured PbO and PbO-C composites via the
spray pyrolysis technique. The prepared powders consist of fine nanocrystalline PbO
homogeneously distributed within an amorphous carbon matrix with highly developed
surface area. The combination of spray technology and carbon addition increased the

specific surface area (above 6 m® g*) and the conductivity of PbO, and also improved

Xiii



Abstract

the specific capacity, with a reversible capacity above 100 mAh g™ retained beyond 50
cycles. An effective, inexpensive, and industrially oriented approach was applied to
produce carbon-coated Si nanocomposites. Carbon-coated Si nanocomposites spray-
pyrolyzed in air at 400 °C showed the best cycling performance, retaining a specific
capacity of 1120 mAh g™ beyond 100 cycles, with a capacity fading of less than 0.4 %
per cycle. The beneficial effect of the carbon-coating in enhancing the dimensional
stability of the Si nanoparticles appears to be the main reason for this markedly

improved electrochemical performance.

One-dimensional (1D) nanostructures of V,0s have been successfully synthesized via a
precipitation process followed by heating in vacuum at 300 °C. The increase in
crystallinity and higher yield of one-dimensional nanostructured oxides contributed
significantly to the improved capacity and enhanced cycle life. V,0s nanoparticles were
also synthesized via the flame spray pyrolysis (FSP) process in air. They showed an
improved cycle life when the cut-off potential for discharging was increased from 1.5 V
to 2.5 V. The significant capacity loss when discharging to 1.5 V is possibly related to
the dissolution of vanadium active mass and the structural changes upon cycling in the
larger potential span. The flame spray pyrolyzed V,Os nanoparticles show excellent
cyclability when cycled between 2.5 V and 4.0 V vs. Li/Li*, retaining a discharge
capacity of 120 mAh g™ beyond 100 cycles at a cycling rate of 100 mA g™*. LiV3Og
nanoparticles (~24 nm in size) have been synthesized by FSP for the first time. The as-
synthesized LiV30g nanoparticles proved to be a promising cathode material for lithium
rechargeable batteries, retaining a specific discharge capacity of 180 mAh g™ beyond 50
cycles. A series of LiMn,O, thin films on either Si (100) or stainless steel substrate were
successfully prepared via pulsed laser deposition (PLD). The as-deposited LiMn,O, thin
films on stainless steel substrate are highly lithium- and oxygen-deficient, as confirmed
by ERDA/RBS and Raman analysis. Lithium and oxygen content increased when the
pulse rate was increased, leading to thicker films. However, the LiMn,0, thin film with
the lowest deposition pulse rate (or thinnest film) exhibited the best electrochemical

performance, retaining a charge capacity of 48 uAh cm™ pm™ beyond 100 cycles.
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Nomenclature

NOMENCLATURE
e List of Symbols
Symbol Name Unit
aj Activity of species i mol dm™
C Concentration M
C-rate Rate of charge or current density mA g or pA cm™
Cc Charge capacity Ah kg™ or mAh g™
Co Discharge capacity Ah kg™ or mAh g*
Cul Double-layer capacitance Fm?
Dp Average crystal size nm
d Distance between atomic layers in a Aornm
crystal
dt Tube diameter nm
dis Target-substrate distance cm
E Potential of half-reactions V or mV
Eqc DC potential V or mV
Es Final potential V or mV
E; Initial potential V or mV
Es Switching potential V or mV
E° Standard electrode potential V or mV
E>O) Negative electrode potential V or mV
E>™) Positive electrode potential V or mV
AEC, U° Cell potential V or mV
f Frequency Hz
AG° Standard Gibbs free energy Jmol™
I Current A or mA
K Shape factor of the average crystallite (dimensionless)
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Nomenclature

e List of Symbols (con’t)

Symbol Name Unit

L Crystal size nm

Mp Mass of the target atom kgorg

M Mass of the incident ion kgorg

m, m; Mass of species i kg org

N° Number of pulses (dimensionless)

n Number of electrons exchanged or integer  (dimensionless)

P4 Downstream pressure bar

Po2 Oxygen background pressure mbar

Py Upstream pressure bar

Py Power density W dm™

p Specific power W kg™

Q Solution flow rate mL min*

Q Capacity Ah or mAh

Qirrev Irreversible capacity loss %

Oth Theoretical specific charge capacity Ah kg™ or mAh g
Rn Reversible capacity at cycle n Ah kg™ or mAh g*
Ret Charge-transfer resistance Q

Q Capacity Ah or mAh

Qirrev Irreversible capacity loss %

Oth Theoretical specific charge capacity Ah kg* or mAh g
Rn Reversible capacity at cycle n Ah kg™ or mAh g™
Ret Charge-transfer resistance Q

SgeT Specific surface area m?g*

T Temperature Kor°C

Ts Substrate temperature Kor°C

t Time h

v Scan rate mV st

Vi Stoichiometric coefficients of species i (dimensionless)
Wy th Theoretical energy density Wh dm

Wi Theoretical specific energy Wh kg™

AX Amount of guest species mol
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Nomenclature

e List of Symbols (con’t)

Symbol Name Unit

Yij Full width at half maximum in radians radians

OREM RBM frequency cm™

A Wavelength of the incident X-ray beam nm

0 Laser fluence Jem?

2] Angle of incidence ° or degrees

o Electrical conductivity Scm™

T Pulse width ns

e List of Fundamental Constants

Quantity Symbol Value Power of Ten Unit
Avogadro constant Na 6.022 10?; mol™
Boltzmann constant ~ k 1.381 102 JK?
Elementary charge e 1.602 10°° C
Faraday constant F=Naxe 9.6487 10* C mol*
Gas constant R=Naxk 8.319 10° JK* mol™

e List of Conversion Factors

Value Equivalence

1eV 1.602 x 10™J
86.5 kJ mol™
8066 cm™

1cm? 1.986 x 102 J

1 um 10°m

1nm 10°m

1A 10 m
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Nomenclature

e List of Abbreviations

Abbreviation Meaning

AFM Atomic force microscopy

a.u. Acrbitrary unit

BET Brunauer Emmett Teller

CB Carbon black

CCCC Computer controlled cell capture

CNT Carbon nanotube

CVv Cyclic voltammetry

CvD Chemical vapor deposition

DC Disordered carbon

dc Dynamic current

DEG Diethylene glycol

DMC Dimethyl carbonate

DWCNT Double-walled carbon nanotube

EC Ethylene carbonate

EDS Energy dispersive spectroscopy

EIS Electrochemical impedance spectroscopy
ERDA Elastic recoil detection analysis

ETH Swiss Federal Institute of Technology

EV Electric vehicle

FE-SEM Field-emission scanning electron microscopy
FSP Flame spray pyrolysis

FWHM Full width at half maximum

hcp Hexagonal-close-packed

HEV Hybrid electric vehicle

HR-TEM High-resolution transmission electron microscopy
IPRI Intelligent Polymer Research Institute

ISEM Institute for Superconducting and Electronic Materials
JCPDS Joint committee on powder diffraction standards
LTB Lithium tert-butoxide

MWCNT Multi-walled carbon nanotube

Ni-Cd Nickel-cadmium
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Nomenclature

e List of Abbreviations (con’t)

Abbreviation

Meaning

Ni-MH
NMP
NMR
NNI
NRA
OCP
OEM
PC
PLD
PSI
PSPD
PVDF
PZT
RBM
RBS
R&D
rms
SAEDP
SEI
SEM
SEM
SHE
SS
SWCNT
TEM
TGA
THF
T™MO
uv
XRD

Nickel-metal hydride
1-methyl-2-pyrrolidinone

Nuclear magnetic resonance
National nanotechnology initiative
Nuclear reaction analysis

Open circuit potential

Original equipment manufacturer
Propylene carbonate

Pulsed laser deposition

Paul Scherrer Institute

Position sensitive photo-detector
Polyvinylidene fluoride
Piezo-electric

Radial breathing mode

Rutherford backscattering spectrometry
Research and development

Root mean square

Selected area electron diffraction pattern
Solid-electrolyte interphase
Scanning electron microscopy
Scanning electron microscopy
Standard hydrogen electrode
Stainless steel

Single-walled carbon nanotube
Transmission electron microscopy
Thermogravimetric analysis
Tetrahydrofuran

Transition metal oxide
Ultra-violet

X-ray diffraction
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Chapter 1: Introduction

CHAPTER 1

INTRODUCTION

1.1  General Background

Electrochemical energy conversion and storage devices undoubtedly have a major role
to play in the new clean energy economy. There are several driving influences that are
working to promote change in our current fossil fuel dominated energy economy.
Firstly, we are rapidly approaching the position where cheap oil and gas are no longer
readily available. It is predicted that by 2015 our cheap crude oil supply will cease to
exist, as demand will outstrip the supply [IEA, 1998]. Secondly, there is the issue of
security of energy supply. This is partly a consequence of the demise of certain fossil
fuel resources, but to a greater extent due to the perceived political problems, with many
of the developed nations keen on ensuring a secure energy supply by implementing
major changes in the energy economy. Thirdly, and also most importantly, concerns
regarding green-house gas emissions, especially from carbon dioxide (CO,), strongly
advocate against utilization of fossil fuel sources, unless there are significant

improvements in conversion efficiency.

There are probably two dominant types of energy storage systems required for the new

energy economy, one related to static load leveling of renewables and the other related

1
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to transport. For both, cost and reliability are extremely important; energy and power
density are also important, although to differing degrees. For energy storage related to
transport, high-power batteries are being developed for hybrid electric vehicles.
Amongst the available energy storage systems, the lithium-based rechargeable battery
system is of particular interest for hybrid electric vehicle applications. Of all the
rechargeable battery systems, the lithium-ion (Li-ion) battery possesses the greatest
energy density and has a power density close to that of the nickel-cadmium (Ni-Cd)
battery [Tarascon and Armand, 2001]. In less than 5 years after its inception in the
portable power sources market in the early 1990s, the Li-ion battery system has taken
the largest market share of small portable power sources, to the detriment of traditional
Ni-Cd, or even the newly developed nickel-metal hydride (Ni-MH) battery, which
represents an evolutionary development in alkaline aqueous batteries [Broussely and

Archdale, 2004].

Although the Li-ion battery concept appeared rather suddenly, one must consider that
this is in fact the result of many years of research activity, from the early beginning of
“lithium battery history”, which started about 40 years ago [Scrosati, 1995]. The
concept of the “rocking chair battery”, which is applied in this doctoral work, was
proposed a long time ago [Tarascon and Guyomard, 1993] to circumvent the poor
reversibility of lithium metal. Graphite, which is the current negative electrode in
commercial lithium-ion batteries, was also investigated very early [Armand, 1978].
Unfortunately, graphite was not seriously considered at that time, probably for two main
reasons. Firstly, solvent co-insertion with lithium induced graphite exfoliation and
subsequent material destruction. Secondly, when comparing the specific capacity of Li

metal (3860 Ah kg™) and lithiated carbon (372 Ah kg™), it was not very attractive. After
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years of intensive but rather unsuccessful research activity on the reversibility of lithium
plating, a major avenue was opened with the discovery of the insertion of Li-ions into
the amorphous carbon structure, without exfoliation. From a combination with LiCoO»,
an already well known positive material that had been studied with lithium metal, the
battery system was born [Yoshino, 1985], which was practically developed and named
“Li-ion” a few years later [Nagaura and Tozawa, 1990]. In spite of the lower specific
capacity of the amorphous carbon compared to Li metal, reasonable energy density was
obtained with the first prototypes, in comparison with rechargeable lithium, in which
lithium metal was introduced in very large excess as a trade-off for the poor

reversibility.

This short history is recounted to point to the possible evolution from now on. The
chances of finding a practical new battery system with a significantly higher energy
density in the next 10 years are extremely small [Broussely and Archdale, 2004]. Li-ion
has, however, been in constant evolution since its inception and will continue to evolve.
The purpose of this doctoral work is to discuss possible ways of improvement via
nanotechnology and extrapolate to the possible opportunities for future research

directions.

1.2 Statement of Problem

Today lithium-ion batteries are the power sources of choice for popular portable
electronics, such as cellular phones and notebooks [Scrosati, 1995]. However, despite
their outstanding commercial success, these batteries are still open to improvements.

Active research is continuing on all aspects of Li-ion batteries, i.e., anodes, cathodes,
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electrolytes, and cell construction. The major factors limiting wider application of
lithium-ion batteries remain cost and safety. New developments are taking place to

address these limitations.

Graphite is the most common anode material used in commercially established lithium
batteries. Graphite has a good cycling stability, but a relatively low specific capacity,
not exceeding 372 mAh g™. Thus, if an improvement in energy content is desired, new,
high-capacity alternative electrode materials have to be developed. In this respect,
lithium storage metals appear to be very appealing candidates. A number of metals, e.g.
Al, Si, Sn, and Sh, are capable of reacting with lithium to reversibly form intermetallic
lithium alloy compounds. These alloys are in principle almost ideal anodes for lithium
batteries: they can store and release a large amount of lithium-ions, assure high voltages
when combined with lithium metal oxide cathodes, and provide specific capacities

exceeding that of graphite by an order of magnitude [Huggins, 1989].

Unfortunately, the accommodation of the large amount of lithium is accompanied by
severe volume changes in the host metal. These in turn induce mechanical strains,
which lead the electrode to crack and eventually disintegrate, resulting in failure after a
few cycles [Winter, 1998]. An effective way to improve the cycling stability of the
metal alloy electrodes is modifying their morphology by reducing their particle size to a

few nanometers or by designing special nanostructures [Patrissi and Martin, 2001].

Improvements on the cathode side are also critical for the progress of lithium batteries.
Indeed, considerable efforts are presently being directed towards the replacement of the

high cost, partially toxic LiCoO, with more affordable and sustainable materials.
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Promising candidates are iron phosphates, such as the phospho-olivine, LiFePO,4, which
in a lithium cell may be reversibly delithiated to FePO, [Padhi, 1997]. This material is
an appealing cathode material for lithium batteries: it is cheap, environmentally benign,
and it has a reasonably high capacity (170 mAh g %), i.e., approaching that of LiCoOs.
Meanwhile, LiV30g as a cathode material also has the advantages of higher capacity,

lower cost, and better safety features [Kannan and Manthiram, 2006].

1.3 Importance of Study

Nanotechnology is the best tool for achieving breakthroughs in lithium-ion battery
electrode materials. In this doctoral work, investigations were carried out with the aim
of developing advanced lithium-ion batteries based on nanostructured materials. Indeed,
this strategy is expected to have a two-fold effect on the performance of the electrodes:
(1) improvement in cycling stability, since small particles will more easily accommodate
the mechanical strains (since the absolute volume changes are smaller than for larger
particles, although the relative changes are the same), and (ii) enhancement of power

due to the reduction of the lithium-ion diffusion length.

Nanostructures are also highly beneficial for other classes of alternative electrode
materials, e.g. for metal oxide electrodes [Li et al., 2000]. It is believed that the
nanosized powders act as nucleation sites for the growth of the metal oxide particles, as
well as forming conducting bridges between them, resulting in an improvement of the

intra- and inter-conductivity of the nanoparticles.
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It is necessary to understand how nanostructured materials influence the electrochemical
performance of lithium-ion batteries when applied as electrodes and also to investigate
the mechanism involved during electrochemical cycling when nanostructured materials
are used instead of microstructured materials, which form the basis of current electrode
materials. Therefore, it is of the utmost importance to carry out these investigations, as
shown in this doctoral work, for the realization of nanotechnology in lithium-ion battery

applications, especially for use in hybrid electric vehicle.

1.4 Objectives and Scopes of Research

The driving question behind the work of this doctoral thesis is how the lithium-ion
battery performance is affected when nanostructured materials are used as electrode
materials instead of the conventional microsized counterparts. Once the nanostructured
materials are identified as potential candidates for use as electrode materials for both
anode and cathode, the next question would be on how to further improve the rate
capabilities and specific capacities of these nanostructured materials, by means of

electrode engineering or even in-situ analysis for kinetics and thermodynamics studies.

Thus, the overall objective of this doctoral work is to synthesize nanostructured
materials and apply them as electrode materials for use in lithium-ion batteries, with the
emphasis on understanding the structural, morphological, physical, and also most
importantly, electrochemical changes that occur when nanomaterials are used to replace
conventional microsized materials as electrode materials in the lithium-ion battery

system.
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Meanwhile, some of the scope of the research that was carried out in this doctoral work

is briefly outlined as follows:

(@) A thorough literature review of current state-of-the-art lithium-ion battery
technologies, especially on the role of nanotechnology and possible techniques for
the synthesis of such nanomaterials (Chapter 2).

(b) Carrying out the synthesis of nanostructured materials via different techniques, with
an emphasis on the scalability of these processes, which include filtration (Chapter
4), spray pyrolysis (Chapter 5 and Chapter 6), co-precipitation (Chapter 7), and also
flame spray pyrolysis (Chapter 7 and Chapter 8) methods.

(c) Combining pulsed laser deposition (PLD) of thin layer oxides with the
electrochemical characterization of the created interfaces, in order to gain better
understanding and control of the solid-electrolyte interphase (Chapter 9).

(d) Investigation of the structural and physical properties of the as-synthesized
nanostructured materials by means of X-ray diffraction (XRD), thermogravimetric
analysis (TGA), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Brunauer-Emmett-Teller (BET) specific surface area
measurements, Raman spectroscopy, four-point probe conductivity measurements,
atomic force microscopy (AFM), Rutherford backscattering spectrometry (RBS),
elastic recoil detection analysis (ERDA), and surface profilometry measurements.

(e) Application and characterization of these electrochemically active nanostructured
materials as electrodes for use in lithium-ion rechargeable batteries, via cyclic
voltammetry (CV), galvanostatic charge-discharge cycling, and also the
electrochemical impedance spectroscopy (EIS) technique.

(f) Finally, summarizing the overall doctoral work and providing some suggestions for

further research work related to these nanostructured materials (Chapter 10).
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CHAPTER 2

LITERATURE REVIEW

2.1  Lithium-ion Rechargeable Batteries

Over the past few years, the battery industry has seen a major shift in the technology for
portable power applications. Li-ion batteries, which did not come into existence until
the early 1990s [Dresselhaus and Thomas, 2001], have become a standard for high-
energy rechargeable battery technology and have captured the bulk of the portable
device market. They have four times the energy and twice the power capacity of nickel
cadmium (Ni-Cd) batteries, do not experience a memory effect (where partial discharge
before recharge reduces the length of the next cycle), and have a 50 percent longer life
cycle. Compared with nickel-metal hydride (Ni-MH) batteries, they have twice the
energy, and they can be produced at a much lower cost. They are environmentally
friendly, and their high average voltage of 3.6V make them ideal for powering a new
generation of low-power 3-G electronics. These factors all have contributed to this
relatively new battery technology’s complete domination of the notebook computer and
cellular telephone markets. An outline of the different reaction potentials of common

electrode materials for the lithium-ion battery is illustrated in Figure 2.1.
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See print copy for figure 2.1

Fig. 2.1. Overview of the different reaction potentials of electrode materials for the
lithium-ion battery. White rectangles represent the positive electrode materials, and
shaded rectangles the negative electrode material. On the left y-axis the materials are
plotted against potential vs. Li/Li*, and on the right y-axis against potential vs. the

standard hydrogen electrode (SHE) [Tarascon and Armand, 2001; Whittingham, 2004].

Demand and competition is driving the quest for higher storage capacity, longer
operating times, faster recharging times, and other optimization of performance. Steady
progress has been made by using improved materials for the anode, cathode and
electrolyte, and the interfaces between them. Tarascon and Armand [2001] present an
optimistic review of the technology, covering its historical background, its present
status, and the challenges and opportunities now on the horizon. Three areas of
opportunity, also common to most of the other alternative energy technologies are:
advances in nanostructured materials provide a chance to improve both anode and

cathode performance; new in-situ characterization techniques are helping to identify
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materials problems in a format that permits rapid assessment of possible solutions; and
advanced computer simulation modeling promises rapid progress in surveying new

combinations of materials and geometries.

2.1.1 Basic Concepts and Principles of Operation

Electrochemistry covers all reactions in which a chemical change is the result of electric
forces and in the reverse case, where an electric force is generated by a chemical

process [Linden and Reddy, 2002].

A galvanic cell is an electrochemical cell that generates electricity as result of the
spontaneous reaction occurring inside it. The cell consists of two dissimilar electrodes
(the anode and the cathode) immersed in an electrolyte solution. The electrodes are
electronic conductors and the electrolyte solution is an ionic conductor. At the interface
between electronic and ionic conductors the passage of electrical charge is coupled with
a chemical reaction. This type of reaction is known as a redox reaction, where there is a
transfer of electrons from one species to another. These are two half reactions and
involve at the anode the oxidation (Ox) of one species (the removal of electrons) and at

the cathode the reduction (Red) of another (the addition of electrons).

At the anode: Red; — Ox, +e” (2.1)
At the cathode: Ox, +e~ — Red, (2.2)
Overall reaction: Red, + Ox, — Ox, + Red, (2.3)

10
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Each of these reactions is related to a standard electrode potential, E°, which can be

calculated from the thermodynamic data of the reaction. Under equilibrium conditions:

—AG°
nF

E° = (2.4)

where, -41G° = standard Gibbs free energy
n = number of electrons

F = Faraday constant (96487 C)

As it is impossible to measure individual electrode potentials in an absolute sense, so
they are each measured with reference to another electrode, which is used as standard
electrode. The electrode normally used for this purpose is the standard hydrogen
electrode (SHE), where the temperature is equal to 25 °C, the pressure is equal to 1 bar,
and all species are at unity activity. For non-standard conditions, the Nernst equation

can be used to calculate the potential of the half-reactions (E) at equilibrium:

E=E° —EZIn a’ (2.5)

where, a; = activity of relevant species
v; = stoichiometric coefficients of relevant species
R = gas constant

T = absolute temperature

11
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The cell voltage of an electrochemical cell is calculated from the electrode potentials
(reduction potentials) of the half-reactions. The overall theoretical cell voltage, 4E° or
U°, is obtained by subtracting the negative electrode potential, E>, from the positive

electrode potential, E*¢:

U®=AE° =E*® —E°O) (2.6)

Batteries, which are made up of two or more cells connected either in parallel or in
series, can be separated into two classes: primary and secondary. Primary batteries are
non-rechargeable, because the electrochemical reactions are irreversible under practical
conditions (alkaline-manganese dioxide, zinc-air), and therefore are single use. In
secondary batteries, the electrochemical reactions are reversible; therefore, these types
of batteries are reusable (lead-acid, lithium-ion). In this type of battery during discharge,
the chemical energy is transformed into electrical energy. The battery can be reused
again once electrical energy has been converted into chemical energy during the

charging process.

The terms cathode and anode cannot be properly defined in a rechargeable cell since the
anode is identified as the electrode, which gives electrons to the external circuit, and the
cathode is the electrode that receives electrons from the external circuit. Therefore
depending on whether the cell is being charged or discharged the two terms are mixed.
To avoid confusion, the electrodes can be simply categorized as either positive or
negative because the term refers to their respective electrode potentials. Values of
potentials for various half-cell reactions have been tabulated [Brett and Brett, 1993], and

these enable theoretical cell voltages to be calculated if the two half-cell reactions are

12
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known. Some important standard potential values in the battery technology are shown in
Figure 2.2. A high cell voltage is obtained by combining two electrode systems with

potentials far from each other.

See print copy for figure 2.2

For several of the performance criteria of electrochemical power sources, a distinction
must be made between the theoretical values and the practical values. Theoretical values
are calculated from the thermodynamics of the electrochemical cell reaction. Practical
values are related to the total mass of the complete battery, including the mass of the
electrolyte, the separators, the current collectors, the terminals, and the cell housing
[Linden and Reddy, 2002]. In this work, the specific capacity always refers to the

weight of the active component only.
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The maximum accessible energy is simply the free energy of reaction, AG.
Consequently, high energy results from the choice of electrode materials. This can be
achieved by the selection of electrodes with the greatest difference of electrochemical
potential, p [Pletcher, 1991]. The cell voltage can be derived from the standard Gibbs

free energy of the equivalent chemical reaction:

~AGP
nF

U% = A0 = (2.7)

To evaluate the properties of electrodes in a secondary cell some general concepts are

introduced, such as the follows:

e Charge capacity
The charge capacity, Q (Ah), is the total amount of charge obtainable from a cell and

can be derived from Faraday’s equation:

t,

Q= [I(t)dt =mnF (2.8)

ty

e Theoretical specific charge capacity
The theoretical specific charge capacity, g (Ah kg™), is the amount of charge per kg of

reactants, m;, and it can be calculated from the stoichiometry of the overall cell reaction:

(2.9)
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It is usually desirable that the amount of energy stored in a given mass or volume is as
high as possible. To compare the energy content or energy density content of cells, the
terms specific energy (Wh kg™) or energy density (Wh dm™) are employed, whereas the

rate capability is expressed either as specific power (W kg™) or power density (W dm™):

e Theoretical specific energy
The theoretical specific energy, wi (Wh kg™), is the amount of electrical energy per unit
of mass that a battery is able to deliver, and is a function of the cell potential (V) and

charge capacity (Ah kg™):

_ nFAEC

Wih = z.m_ (2.10)
1

e Theoretical energy density
The theoretical energy density, Wy (Wh dm™) is the amount of electrical energy per

unit of volume:

nFAE?

v (2.11)

Wy th =

e Specific power

The specific power, p (W kg™), is the ability of the cell to deliver power per unit mass:

_1aEC

s (2.12)

p
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e Power density

The power density, P, (W dm™), is the power divided by the volume of the cell:

0
R - IAE
Vi

(2.13)

e The charge/discharge rate
When electrochemically cycling a cell, the term charge/discharge rate or C-rate (C/At) is
often employed to describe the time frame for either one full charge or discharge. C
denotes either the theoretical charge capacity of a cell or battery (Ah) or the nominal
capacity of a cell or battery, as indicated by the manufacturer. For example C/37,

therefore means a current theoretically allowing a full discharge in 37 hours.

e Irreversible capacity loss
It is also important to define how much capacity is lost after each cycle. Irreversible

capacity loss is therefore explained by the following equation:

Irreversible Capacity Loss = (ny, Charge — ny, Discharge)/ny, Charge x 100 % (2.14)

The main feature of Li-ion cells is that current is carried by lithium ions from the
positive electrode (cathode) to the negative electrode (anode) during charging, and from
negative to positive during discharging, as shown in Figure 2.3. No lithium metal is
present in the cell, thereby alleviating some serious safety concerns. The ions are small

and reside within the crystal structure of the electrode materials. The overall cell
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chemical reactions (Eg. 2.15) for cell charging and discharging are shown below for a

typical LiCoO, cathode and graphite anode:

6C + LiC0O, <> Li C, + Li, ,C00, (2.15)

The charge reaction proceeds to the right and the discharge to the left [Winter and
Brodd, 2004]. As the cell is charged, lithium ions move to the carbon (x = 1) from the

cobalt (x = 0). In actual practice, not all ions are transported back and forth, i.e. 0 <x< 1.

See print copy for figure 2.3

2.1.2 Components

A battery consists of one or more electrochemical cells, connected in series or parallel,
or both, depending on the desired output voltage and capacity. The electrochemical cell

generally consists of only a few major components, as shown in Figure 2.4:
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1. The anode, or negative electrode, or the reducing electrode, which gives up
electrons to the external circuit and is oxidized during the electrochemical reaction.

2. The cathode, or positive electrode, or the oxidizing electrode, which accepts
electrons from the external circuit and is reduced during electrochemical reaction.

3. The electrolyte or the ionic conductor, which provides the medium for transfer of
electrons, as ions, inside the cell between the anode and cathode. The electrolyte is
typically a liquid (an organic solvent, such as EC-DMC), with dissolved salts (such
as LiPFg) to impart ionic conductivity. Some batteries use solid electrolytes, which
are ionic conductors at the operating temperature of the cell.

4. The separators, which serve two functions. Not only do they keep the positive and
negative electrodes apart, but they serve as a safety device as well. In the event that
a cell becomes too hot, the low-melting polymers melt, closing off the pores through
which the ions travel and thereby shutting off the cell current. It is expected that
control circuits will shut the cell down before this happens, since the cell cannot be

reused once the shutdown separator melts.

The basic cell chemistry and design are the same for all types of Li-ion cells. Numerous
types of cell configurations for Li-ion batteries, with details showing the shapes and
components of these cells, are shown in Figure 2.4 [Tarascon and Armand, 2001]. For
example, in Figure 2.4(a), thin layers of cathode, separator, and anode are rolled up on a
central mandrel and inserted into a cylindrical can. The gaps are filled with liquid
electrolyte. The basic design remains unchanged on substitution of one electrode
material for another, although the layer thickness might change. This is the same design
used for most small commercial cells, such as the 18650, which used in such devices as

camcorders.
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See print copy for figure 2.4

2.1.3 Advantages

Considering the use of conventional batteries as power sources for consumer electronics
or electric vehicles, the principal problem is their low specific energy compared with
other batteries. This low specific energy is mainly due to their low voltage. This
relationship is demonstrated in Figure 2.5. The most important property a battery should
have is a high energy density, and this parameter is much more important than voltage
or specific charge alone. The second important property to consider is how this energy
is supplied: the potentials should be as constant as possible. In operative terms, it is
better not having any flex in the curve “Potential vs. Capacity” (Fig. 2.6). The presence
of flexes indicates that the energy is furnished at different potentials. Of course, this
potential can be stabilized easily by an appropriate electronic component, but with

additional costs. That is why it is preferable to have a no-flexes discharge shape.
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See print copy for figures 2.5 and 2.6
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From the user’s point of view, Li-ion batteries have the following advantages [Scrosati,
1995; Owen, 1997; Winter et al., 1998; Tarascon and Armand, 2001]:

e High energy density: approximately double that of Ni-Cd batteries.

e High output voltage: 3 time greater output power than Ni-Cd batteries.

e Low self-discharge rate: around 2 % per month at 20 °C.

e Long life cycle: 500 recharging cycles with consistent performance.

e Cost saving: money is saved on disposal of waste batteries.

e Environmentally friendly: Li-ion batteries do not contain cadmium, mercury, or

other toxic heavy metals.
e Wide operating temperature range due to non-aqueous electrolytes.
e Lithium has a very negative redox potential, -3.04 V vs. SHE, and also a low

weight of approximately 7 g mol™.

For large batteries, for example in electric vehicles, this higher voltage is an additional
advantage, because it reduces the number of cells required to achieve the necessary
voltage. This makes the battery management system less complex [Scrosati, 1995]. The
present specific power and energy density for commercial lithium-ion batteries at the
cell level stands at approximately 100 W kg™ and 160 Wh kg™, respectively. High
power lithium-ion cells can reach power densities of 3000 W kg™, but there is a trade-
off with a lower energy density of 80 Wh kg™ [Whittingham, 2004]. A Ragone plot
(Fig. 2.7) furthermore shows the superior performance of the lithium ion battery
compared to alternative battery systems, such as lead acid and nickel-metal hydride,
where the maximum respective energy densities are only 30 and 70 Wh kg*,

respectively.
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See print copy for figure 2.7

2.1.4 Commercial Applications

Lithium-ion (Li-ion) batteries are currently in large-scale commercial production for use
in such consumer electronic products as laptop computers and portable telephones.
Figure 2.8 shows the distribution of the rechargeable battery market for different
applications. Among the major producers are Sony, Sanyo, Varta, and SAFT. Most Li-
ion production is in Japan, but Polystor is now producing small cells in California
[Ritchie, 2004]. In the case of small batteries for consumer electronics, Japanese market
dominance is already established. The experience, infrastructure, and established supply
lines would provide a definite advantage for Japanese producers; however, large volume

production of batteries for electric and hybrid batteries has not yet been established.
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See print copy for figure 2.8

Sony, Matsushita, and Sanyo all have had significant R&D programs in this area, and
each invested about $150 million in production facilities in quick succession. Starting in
1991, they invested heavily in production capability; this investment continued
throughout the decade and, in some cases, amounted to as much as $1 to $2 billion or
more. Motorola had a significant R&D effort to develop its own Li-ion polymer
technology. After completing the development, rather than pilot and produce the cells

themselves, Motorola decided to license the technology, as did Telcordia (now SAIC).
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Today the principal manufacturers of Li-ion batteries are, with the exception of BYD in
China, large, vertically integrated Japanese and Korean producers of consumer
electronics. These accounts for all of the Li-ion batteries produced in Japan, where
about 80 percent of the world’s production of Li-ion batteries is located (the rest is in
China, Taiwan, and South Korea). Japanese Li-ion battery production goes first to
captive in-house uses for a company’s own portable electronic devices. The remaining
production (a sizable percentage of the total production) is sold to other original
equipment manufacturers (OEMSs) of portable devices. These manufacturers have
established very high standards for quality, performance, and safety for their products.
Device designers will share future product development and designs within their own
company, but are reluctant to share the same data with outside suppliers. Figure 2.9
summarizes current market shares for Li-ion batteries, as assessed by the Institute of
Information Technology, Ltd. Its data show that volume exceeded 800 million cells by

2002, when the value reached nearly $3 billion.

See print copy for figure 2.9
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In 2003, BYD of China became a significant supplier, as did South Korean companies
Samsung and LG Chemical. The manufacture of Li-ion batteries has begun to shift from
Japan to China as some major producers take advantage of the Chinese government’s
willingness to provide low-cost loans and production facilities or support for companies
that bring strategic new technologies to China. South Korea also provides government
incentives and has essentially the same cost structure as China. In the past three years,
Samsung and LG Chemicals entered the market. Samsung penetrated the market and

captured the fifth spot in production capability, with LG not far behind.

Major Japanese and Korean manufacturers of portable electronic devices have their own
integrated Li-ion battery production facilities. They have pursued aggressive research
and development efforts, leading the way in making engineering improvements as well
as developing new materials to enhance Li-ion performance. The governments of South
Korea and China have made Li-ion systems a strategic technology. Both governments
have encouraged investment in the development of new technology, and support new

production facilities with loans or grants.

In preparation for the 2008 Olympics, the Chinese government has designated both Li-
ion and fuel cell systems as strategic technologies. This has attracted new production
from Japan to China, given the potential size of Chinese markets for portable electronics
devices. New production facilities are being constructed in China, some as joint
ventures between Chinese companies and major Japanese companies. As a
complimentary partnership, Chinese participants get government funding to assist in

building facilities, and the Japanese partner supplies the technology.
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2.1.5 On-going Scientific Challenges

The technology used to produce small consumer cells is essentially transferable to
production of the larger cell sizes that would be put together into battery packs for
electric vehicles (EVs) and hybrid electric vehicles (HEVs). However, the cost of the
small cells is far too high for such batteries to be used economically in mass-market
vehicles. Therefore, to improve their competitive position and also with a view to
potential long-term development of the vehicle market, considerable research and
development (R&D) work has been devoted to lowering the costs of Li-ion batteries.
Much of the effort has focused on reducing the extremely high cathode costs. However,
as cathode costs are brought down, efforts to reduce other cost components are also
appropriate. These price reductions will be achieved by substitution of less expensive
materials, as well as by utilization of improved production processes and more efficient
production in larger plants. If electric vehicles were ever to be produced for the U.S.
mass market, production or imports of several materials would need to be stepped up
considerably, with the impact on price depending on the material. For some, such as
cobalt, supplies could eventually be constrained, driving up the price. Material supply
constraints would be a factor for pure electric vehicles (EVs) long before they would
affect the hybrids, simply because of the larger quantities of materials required per
vehicle. Similarly, hybrids would be less adversely affected in the event that battery
costs remain above the goals set by the US government, because batteries represent a
much smaller percentage of the total cost of hybrid vehicles. Therefore, the research on
material cost reduction is more crucial for EV development than for HEV development.
This can be seen from the several hybrid models expected to be introduced into the

automobile market in 2-3 years time.
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2.2 Negative Electrode Materials For Lithium-ion Batteries

Graphitic carbons are at currently the most often employed material for the negative
electrode due to their low cost, excellent cyclability and reliability, and non-toxicity
[Owen, 1997; Winter et al., 1998; Tarascon and Armand, 2001;]. Table 2.1 lists possible
alternative materials for the negative electrode in Li-ion batteries. The compounds for
negative electrodes are generally divided into two major categories: the carbonaceous
and non-carbonaceous based materials. Most of the present research is moving towards
replacing carbonaceous anode with non-carbonaceous anode, as with metal-alloys,
transition metal oxides, and also most recently, hybrid compounds. The driving force
behind this current research trend is to obtain a new generation of anode materials with
higher specific capacities (> 372 mAh g%), while retaining the good properties of

carbonaceous materials such as cyclability, cost, and safety features.

See print copy for table 2.1
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2.2.1 Carbonaceous Materials

Carbonaceous-based materials are the most attractive and widely investigated materials
for use as anode in Li-ion batteries [Winter et al., 1998; Tarascon and Armand, 2001].
This has been mainly due to the following reasons:
e low cost,
¢ high safety for people and the environment,
e low Li-ion insertion potential (~ 0.1 V vs. Li/Li"), which is very close to that for
metallic lithium,
e good cycling stability due to the high mechanical integrity (compared to metal
alloys) of the electrode even after 500 charge-discharge cycles, and
o higher specific charge compared to transition metal oxides or transition metal

sulphides (see Table 2.1).

The insertion of lithium into carbon is referred to as intercalation, with intercalation
being formally described as the insertion of a guest species into a layered host structure,
without any major resulting structural changes [Winter et al., 1998]. In half-cell
reactions against metallic lithium, lithium-ion intercalation into carbon is referred to as

the discharge step, while the de-intercalation process is the charge step.

C, +xLi* +xe” © LiyC, (2.16)

At ambient temperature, graphitic carbon intercalates one lithium atom per six carbon
atoms to form the compound, LiCs [Winter et al., 1998]. The maximum attainable

specific charge capacity of the LiCg electrode is 372 Ah kg™ (based on the carbon
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weight only). Particularly during the first charge step of graphite electrodes, some
amount of charge is consumed in an irreversible way. This is typical for all types of
carbon electrodes. It is caused by side reactions involving the decomposition of the
electrolyte, which induces the formation of a solid-electrolyte interphase (SEI) on the
electrode surface [Peled, 1979]. The SEI prevents further electrolyte decomposition and
allows the transfer of ions from the electrolyte into the electrode [Besenhard et al.,

1995; Aurbach et al., 1999; Xu, 2004].

The type of electrolyte used strongly affects the formation of the SEI film. A common
electrolyte solvent, propylene carbonate (PC), undergoes reduction at around 0.8 V vs.
Li/Li* [Buga et al., 2005; Spahr et al., 2006]. At a slightly more positive potential, the
intercalation of PC solvated lithium ions into graphite takes place. This leads to an
expansion of the graphene layers. Therefore, exfoliation of the graphite will take place
before a stable SEI film can be formed. On the other hand, ethylene carbonate (EC) is
reduced much faster than PC. Thus, the SEI is formed rapidly and prevents further

solvated intercalation of lithium [Fong et al., 1990].

Amongst the non-graphitic carbons, there are hard carbons. Here, the lithium can be
inserted not only between the graphene layers but also into the voids of this material and
onto the sides of isolated graphene layers. Such carbons show specific charge capacities
of around 400 to 2000 Ah kg*, and are mainly obtained by pyrolysis of sugars or
polymers [Larcher et al., 1999]. The main problem associated with these hard carbons is
the high irreversibility, leading to poor cycling stability. This suggests that lithium
becomes trapped in the carbon matrix and indicates the possible formation of stable

LiCx compounds [Winter et al., 1998].
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Recently, with the discovery of new crystalline forms of carbon, i.e. the single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTS), with
dimensions of less than 100 nm in tube diameter, it appears that there may be a new
paradigm in carbonaceous-based battery electrode materials [Baughman et al., 2002].
These one-dimensional carbon materials have attracted considerable attention, because
they exhibit an increased capacity as an active material and induce highly improved
cyclic characteristics as additive to the anode material [Che et al., 1998; Gao et al.,
1999; Leroux et al., 1999; Claye et al., 2000; Endo et al., 2000; Lu and Chung, 2001;
Frackowiak and Béguin, 2002; Shimoda et al., 2002; Wu et al., 2003a; Yoon et al.,

2003; Ng et al., 2005].

Nanotubes confer a high mobility to ion exchange processes, a fundamental for the
dynamic response of batteries based on lithium intercalation. For instance, recent
experimental results have shown that it is possible to charge SWCNTSs up to one lithium
for every three carbon atoms and higher [Meunier et al., 2002]. Lithium capacities of
crude material have been determined experimentally to exceed 600 mAh g*
[Frackowiak and Béguin, 2002; Yang et al., 2002]. The maximum reported reversible
capacity is 1000 mAh g™ for SWCNTSs that are mechanically milled in order to enable
filling of the nanotube cores [Gao et al., 1999], as compared to 372 mAh g™ for graphite
and 708 mAh g for ball-milled graphite [Disma et al., 1997]. However, the large
irreversible component of the capacity (coexisting with the large reversible storage
capacity), the absence of a voltage plateau during discharge, and the large hysteresis in
voltage between charge and discharge [Gao et al., 1999; Frackowiak and Béguin, 2002]
currently limit energy storage density and energy efficiency, as compared with those of

other competing carbonaceous materials.
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2.2.2 Lithium-Metal Alloys

Due to their much higher theoretical specific charge capacities compared to graphite,
binary or ternary lithium-metal alloys with metals such as tin [Winter and Besenhard,
1999; Tirado, 2003], aluminium [Lindsay et al., 2003], lead [Martos et al., 2001 and
2003], antimony [Tirado, 2003], silicon [Wilson and Dahn, 1995], and copper-tin
[Kepler et al., 1999] are among the most well investigated classes of materials. However
the main problem encountered with these alloys is due to the huge volume changes
when lithium is either incorporated or removed [Besenhard et al., 1997]. As a result,
mechanical stress and cracks occur during cycling, which leads to electrochemically
inactive particles and thus quite poor cycle stabilities. In this doctoral work, only lead
(Pb) and silicon (Si)-based compounds are reviewed in detail, as only these materials

are investigated in this dissertation.

Today, the use of lithium alloys as anodic materials in Li-ion batteries is an interesting
field of research on account of the promising results provided by tin-based compounds.
Martos et al. focused on the ability of lead to form lithium alloys [2001 and 2003]. They
have reported on the potential of lead oxide as an anodic material. The toxic effects of
this element can be avoided by strictly adhering to lead-acid battery collection and
recycling regulations currently in force in most countries. This system was selected for
two reasons [Martos et al., 2001], namely: (i) the low cost of lead; and (ii) the
commercial significance of the lead-acid battery. A lead-based material usable in both
lead-acid and Li-ion batteries would be attractive for manufacturers wishing to
complement or replace the role of lead-acid batteries in its traditional market (the

automotive industry).
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Martos et al. [2003] also examined the electrochemical performance of various lead-
based systems as anodic materials for Li-ion cells. Three different procedures were used
to obtain three different samples the main components of which were PbO,, PbO, and
Pb, respectively. The first sample consisted of micron-sized particles and the other two
of sub-micron particles. The most interesting electrochemical reaction indicated their
usefulness as anodic materials in the formation of reversible LixPb alloys, together with
the irreversible formation of Li,O in the reduction of lead oxides during the first
discharge. The presence of this species enhances the cycling properties of the electrode
by acting as a dispersion agent, preventing the formation of large Pb aggregates and

increasing the reversibility of alloying/de-alloying processes.

Thus, the best electrochemical response was that of samples composed of lead oxides;
by contrast, the cell made from the sample with a high lead content delivered a lower
capacity. However, the specific capacity of these lead-based compounds fades on
cycling. This shortcoming was circumvented by depositing the active material on lead
sheets. The efficient adherence of particles to the substrate, via a mechanism that
resembles curing of the positive plate of the lead-acid battery, may account for the good

capacity retention observed.

Since it has the highest known theoretical capacity (4200 mAh g™), silicon would seem
to be a superior anode material for high energy-density Li-ion batteries [Tarascon and
Armand, 2001]. However, severe capacity fade during initial cycling has been found to
be a limiting issue for Si anodes. During the last decade, intensive research has been
conducted to understand the reasons for this poor capacity retention, and several

methodologies have been proposed to overcome the problem.

32



Chapter 2: Literature Review

In powder-based Si anodes, the decrease in capacity during cycling results from the
increasingly large volume changes in Si as Li insertion proceeds. Since Si undergoes
400 % volume expansion at maximum Li insertion, it may not be possible to achieve a
reversible volume change. Because of this expansion, stresses created in the anode may
exceed the breaking stress of Si, resulting in particle cracking and the unavailability of
progressive amounts of Si for further Li insertion and extraction due to loss of inter-
particle electronic contact. In addition, when Si is charged to potentials less than 0.03 V
versus Li/Li*, formation of a two-phase system occurs, leading to higher internal

stresses in the anode material [Winter et al., 1998].

Several methods have been examined to attempt to improve the capacity retention of Si
anodes. Among these, reduction of the silicon particle size to nanometers has been
somewhat helpful, but it has failed to completely prevent capacity fade [Li et al., 1999a;
Guo et al.,, 2005a]. Since the stresses are very high, it may not be possible to
accommodate them by dispersing Si in a brittle matrix, which usually has a very low
plastic deformation region. When such brittle matrices are used, stress relief takes place
via the new surfaces arising from particle cracking. However, this is not a desirable
process, since it results in capacity fade. To prevent this and obtain improved cycle life,
it is essential to disperse Si in a highly ductile matrix with a large plastic deformation
region and a large fracture stress value. The matrix should also have high electronic

conductivity for effective charge transfer reactions to take place.
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Dispersed Si in an inactive host matrix results in lower reversible capacity. Among the
various materials tested, a Ni-Si alloy dispersed in a carbon matrix [Park et al., 2005]
showed higher capacity retention. During the initial cycle, a Ni-Si/graphite anode
showed a reversible capacity of 830 mAh g, which decreased to 730 mAh g™ after 40
cycles. The improved capacity retention of this anode compared with that of pure Si was
due to better accommodation of volume change by the NiSi and NiSi, phases and the

disordered graphite matrix.

When Si is dispersed in an active metal matrix such as Mg [Kim et al., 1999; Moriga et
al., 2000; Roberts et al., 2002], Ag [Hwang et al., 2001; Wu et al., 2003b], Sn [Beaulieu
et al., 2003], or other metals [Kasamatsu et al., 2003; Asao et al., 2004], a further
decrease in capacity retention is observed. This is due to increased pulverization of the

anode, which results from Li insertion into the active metal matrix.

When the inactive metal matrix is replaced by soft carbon, a significant improvement in
capacity retention has been observed. This is due to the compliant nature of carbon,
which maintains contact during the volume changes, at least to a certain extent. Carbon
permits formation of a conductive network inside the anode, which results in improved
electronic connection between the anode active particles [Winter et al., 1998]. Among
the Si/C composite anodes prepared by different methods, one prepared by Si deposition
on graphite [Holzapfel et al., 2005a] was found to have a reversible capacity of 900
mAh g™ after 100 cycles. However, the thermal vapor deposition process makes anode

fabrication expensive, making it unsuitable for practical Li-ion cells.
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A nano-Si cluster/SiOy-C composite anode prepared by milling, polymerization, and
heat treatment showed a reversible capacity of 620 mAh g™ after 200 cycles [Morita and
Takami, 2006]. Although the reported cycle life was the highest of all the powder-based
Si anodes, its larger irreversible capacity observed during initial cycling is
disadvantageous. A Si/C composite anode prepared from dispersion of Si in a carbon
aerogel [Wang et al., 2004] showed a stable reversible capacity of 1450 mAh g™ for 50

cycles. Its reported cycle life was still insufficient to meet commercial requirements.

Among the various powder based Si anodes reported in the published US patent
application literature, systems prepared from Si dispersed in a matrix containing
multiple metallic species or intermetallic compounds gave high reversible capacity and
excellent cycling stability. One such anode was fusion fabricated Si-Mg-graphite
[Kasamatsu et al., 2003], which retained over 80 % of its initial capacity after 300
cycles because of its excellent electronic conductivity. Several other similar Si alloy

anodes prepared by a melting process have shown high capacity retention.

The recently commercialized Sony Nexelion cell uses a tin-based amorphous alloy
anode [Miyaki, 2005]. Although tin experiences a large volume change on Li insertion,
the tin-based amorphous alloy prepared by Sony was shown to exhibit 92 % capacity
retention after 100 cycles. This was attributed to the inclusion of multiple metallic
elements into the anode, which minimized dimensional change. These results appear to
indicate that alloy-based Si anodes may show potential for commercial Li-ion secondary
cells. Future work might focus on identifying alloys, which might suppress the large

volume change on Li insertion in Si.
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2.2.3 Transition Metal Oxides

One of the main challenges in the design of Li-ion batteries is to ensure that the
electrodes maintain their integrity over many discharge-charge cycles. Although
promising electrode systems have been proposed [Shodai et al., 1996; Idota et al., 1997;
Kepler et al., 1999], their lifespans are limited by Li-alloying agglomeration [Courtney,
1999] or the growth of passivation layers [Denis, 1997], which prevent the fully

reversible insertion of Li-ions into the negative electrodes.

Transition metal oxides with a layered structure favorably permit lithium intercalation
or de-intercalation. Nevertheless the potentials at which this process takes place often
occurs in a region far above the Li/Li* couple and much lower than the 4 V positive
electrode material. Therefore a greatly reduced voltage is obtained when these materials
are combined in the cell, resulting in low energy and power densities for these systems

[Winter et al., 1998].

Poizot et al. [2000] were the first to report that electrodes made of nanoparticles of
transition-metal oxides (MO, where M is Co, Ni, Cu or Fe) demonstrate electrochemical
capacities of 700 mAh g, with 100 % capacity retention for up to 100 cycles and high
charging rates. The mechanism of Li reactivity differs from the classical Li insertion/de-
insertion or Li-alloying processes and involves the formation and decomposition of
Li,O, which accompany the reduction and oxidation of metal nanoparticles (in the range
from 1-5 nm), respectively. They also expect that the use of transition-metal
nanoparticles to enhance surface electrochemical reactivity will lead to further

improvements in the performance of lithium-ion batteries.

36



Chapter 2: Literature Review

Co304 nanotubes were reported as anode materials by Li et al. [2005]. The results show
that the Co3zO4 nanotubes prepared by a porous alumina template method display high
discharge capacity and superior cycling reversibility. The nanosized Cos0, synthesized
through pyrolysis of the oxalate precursor also exhibited large lithium storage capacities
and reversible capacities greater than 900 mAh g™ [Yuan et al., 2003]. To improve the
initial couloumbic efficiency of Co3z04, Ni was added by a ball-milling method. The

irreversible capacity was decreased from 30 to 20 % [Kang et al., 2003].

The electrochemical reactions with lithium are complex and involve the initial
formation of an insertion product, LixC030s. When nanosized Co3zO4 was used as a
starting material, the first plateau was described as due to the formation of CoO.
Subsequently, reversible formation of Li,O occurred on cycling, in which oxygen
recombination takes place in a poorly crystalline state. The ultra-fine cobalt spinel oxide
was obtained by two different routes: the reaction of octacarbonyl cobalt with oxygen
[Wang et al., 2002] and the reaction with Co (1) alkoxide propanediol [Larcher et al.,

2002].

Good electrochemical performance was also found with NiO and FeO, in which
reversible capacities close to 700 mAh g™ were reported with high cycling efficiency,
and later in Cu,O prepared by the polyol process, with a capacity of approximately 400
mAh g™ [Grugeon et al., 2001]. Although the potential applicability of these materials
has been the subject of some debate, the important role of nanomaterials has been

clearly demonstrated [Wilkinson et al., 2000].
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2.2.4 Titanium Compounds

Titanium containing compounds such as the anatase form of titanium dioxide (TiO,)
[Sudant et al., 2005] and titanium spinel (LisTisO12) insert lithium at potentials around
1.78 and 1.56 V vs. Li/Li" respectively [Strobel et al, 1996]. This potential would lead
to a low overall cell voltage and poor energy densities. Nevertheless these materials are
of interest because of their rapid discharge and charge properties, due to a high diffusion
rate of lithium within these materials. LisTisO;, is under serious consideration as the
negative electrode in high-power cells since a lithium insertion potential of 1.56 V
avoids the danger of lithium metal deposition at high charge rates, which may occur if

graphitic carbon is used [Whittingham, 2004].

Further interest in anatase was developed in the study of lithium diffusion properties
inside nanocrystalline samples. Chemical diffusion coefficients of approximately 1 x
10" cm? st during lithium insertion and approximately 4 x 10" cm? s during
extraction have been reported [Lindstrom et al., 1997]. Recently, Wagemaker et al.
[2002] reported the direct observation by solid state NMR of continuous lithium-ion
exchange between the intermixed crystallographic lithium-rich and lithium-deficient
phases, with a continuous flux of lithium-ions across the phase boundaries of 1.2 x 10%°
stm?,

Concerning the spinel LisTisO1, with a (Li)sa(Li1/3Tiss)16404 cation distribution in the
Fd3m space group, Ohzuku et al. [1995] reported its possible use as a lithium insertion
material. After lithium insertion up to one lithium per formula, they proposed that the

cations are redistributed using the 16c sites, which are empty in the normal spinel,
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leading to (Liz)16c(Li13Tis3)16404. This process was found to induce little change in the
unit cell parameters. Such a zero-strain property allowed enhanced stability and little
damage to the electrode on cycling. The electrochemical curves showed a plateau at

approximately 1.56 \V and capacity values close to 150 mAh g™* beyond 100 cycles.

2.3 Positive Electrode Materials For Lithium-ion Batteries

There is a wide range of materials that can be used as positive electrodes for Li-ion
batteries. The best ones are those with no or little structural modification during cycling.
Typical insertion or intercalation compounds are therefore preferred candidates. In these
materials, removal and subsequent insertion of lithium-ions in the host lattice precedes
topotactically (without change in the structure). The reaction at the positive electrode

can be described as follows:

AXLi* + Axe™ + Liy (HOST) <> Liy, ax (HOST) (2.17)

where (HOST) is an insertion cathode material.

Several key requirements that must be considered carefully when choosing a cathodic
compound [Whittingham, 2004]:

e high free energy of reaction with lithium,

¢ wide range of x (amount of Li-ion insertion),

e areasonably low mass and volume per Faraday charge stored,

e small structural changes on reactions,

e good reversibility of reaction,
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o rapid diffusion of lithium within the host lattice,
e good electronic conductivity,
e non-solubility in electrolyte, and

e ease and low cost of synthesis.

Table 2.2 displays the possible alternative cathode materials and their corresponding
characteristics. The compounds for positive electrodes are generally divided into four
major categories: the layered transition metal oxides, the spinel oxides, the olivines, and

non-lithiated compounds such as the vanadates.

See print copy for table 2.2
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2.3.1 Layered Oxides

The good cyclability and stability of lithium cobalt oxide (LiCoO,) has allowed it to
become the most widely used positive electrode material in commercial lithium-ion
batteries [Winter et al., 1998; Tarascon and Armand, 2001; Linden and Reddy, 2002;
Whittingham, 2004]. Alternatives to the use of LiCoO; are being investigated due to its

high toxicity and low natural abundance.

The a-NaFeO; structure of LiCoO- is built up from a cubic close-packed oxygen array
[Mizushima et al., 1980; Reimers and Dahn, 1992; Ohzuku and Ueda, 1994; Winter et
al., 1998]. The lithium and transition metal atoms are distributed in the octahedral
interstitial sites in such a way that CoO, layers are formed, consisting of edge sharing
(CoOgs) octahedra. Between these layers lithium resides in octahedral holes, which give

LiOg coordination (Fig. 2.10) [Johnston et al., 1958].

See print copy for figure 2.10
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Although the theoretical capacity of LiCoO; is 248 mAh g™, the material delivers only
around 137 mAh g™ due to structural restrictions. LiCoO; crystallizes in the space group
R3m. The lithium-ion reversibly intercalates into or out of the van der Waals gap
between the CoO; layers. In general, the a-axis changes little, but the c-axis changes
from 14.1 to 14.6 A with lithium de-intercalation [Hoshino et al., 1994]. Since a new
phase appears near x = 0.5 in LixCoO, cycling is usually performed for x-values, 0 < x

<0.5.

Many synthesis routes have been used to prepare electrochemically active LiCoO,
compounds, including the conventional sintering of carbonate mixtures [Ohzuku et al.,
1990; Fey et al., 1993], nitrate mixtures [Antaya et al., 1993], and LiOH and either a
carbonate [Antaya et al., 1993], an oxide [Lecerf et al., 1989; Broussely et al., 1993], or
a nitrate of cobalt [Yoshio et al., 1992]. The general trend suggests that the high
temperature routes have little or no influence on the electrochemical properties of the
LiCoO, materials. However, most reports on materials prepared by a low-temperature
method [Gummow et al., 1993; Garcia et al., 1995; Yazami et al., 1995] show a high
initial capacity, which unfortunately fades very quickly with cycling. Recently,
Kawamura et al. [2005] reported that the rate capability of Li cells was very much
improved by using cathodes made of nanosized LiCoO, (~ 5 nm), compared with that of
cathodes made with the usual 5 um LiCoO,. Although the energy density of LiCoO,
containing commercial cells has doubled since their introduction to 400 Wh dm®, the
high price of this material limits its use to the small cells found in mobile phones and
laptops. LiNiO; is isostructural with LiCoO,, but its use as a viable electrode material is
limited due to safety issues arising from its instability at low lithium content [Reimers et

al., 1993; Rougier et al., 1996].
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2.3.2 Spinel Oxides

Although the reversible specific capacities for manganese oxides are lower than those of
cobalt and nickel based LiMO, compounds, they potentially represent the least
expensive options available as cathode materials. Much of the earlier work has been
concentrated on the spinel phase of lithium manganese oxide (LiMn,O,) [Thackeray et

al., 1997].

Spinel LiMn,0,4 has the following four advantages over Co- or Ni- containing systems:
e lower cost with the substitution of Mn for Co or Ni,
e larger thermal stability domain, especially during overcharge,
e higher discharge voltage, which is useful for telecommunication appliances, and

e more environmentally friendly.

However, LiMn,O, suffers from some major difficulties, such as the following:
e low specific capacity, with a theoretical capacity of only 148 mAh g™,
e potentially lower power density compared to layered materials (LiCoO, and
LiNiO,), and

¢ high capacity fading with cycling, especially at elevated temperature.

Lithium manganese oxide (LiMn;O,) has a cubic spinel structure (Fig. 2.11). The
structure can be expressed as a cubic close-packed oxygen array with the oxygen anions
on the crystallographic 32e sites of the Fd3m space group. The manganese cations
reside in half of the octahedral interstitial sites, 16d, and the lithium cations in one

eighth of the tetrahedral sites, 8a. The interstitial space in the Mn,O, framework
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corresponds to a diamond-type network of tetrahedral 8a and surrounding octahedral
16¢ sites. These vacant tetrahedral and octahedral sites are interconnected with one
another by common faces and edges to form 3D diffusion pathways for the lithium ions
[Ohzuku et al., 1990; Mukerjee et al., 1998; Winter et al., 1998; Whittingham, 2004].
The anionic lattice of LiMn,O, is closely related to the a-NaFeO; layered structure,
differing only in the distribution of the cations amongst the available tetrahedral and

octahedral holes.

See print copy for figure 2.11

The LixMn,04 electrode can be cycled between 4.5 and 3.0 V vs. Li/Li*. Lithium-ions
can be further inserted into the LiMn,O4 to form Lip+xMn,0O,4 at 3 V against lithium.
This reaction is accompanied by a phase transition from cubic spinel to an ordered,

tetragonal, NaCl-type structure [Ohzuku et al., 1990]. Therefore, there are two phases
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co-existing in the LiMn,O, electrode, a cubic phase and a tetragonal phase. In the
voltage domain between 3.0 and 4.5 V, the discharge curve corresponds to the lithium
occupation of tetrahedral sites. Good cycling performance cannot be obtained in the 3 V
region (1 < x < 2), because a volume expansion of about 6.4 % is associated with the
phase transition. The reason for the phase transition is an increase in the concentration
of Mn** (3d*) ions that form during intercalation of lithium [Tarascon and Guyomard,

1991], causing a Jahn-Teller distortion.

LiMn,O, compound is traditionally made by sintering the corresponding carbonates in
the approximate temperature range between 700 and 900 °C, although in general, it can
be prepared by heating lithium carbonate, or lithium nitride, or lithium hydroxide with
manganese carbonate or manganese oxide. Synthesis of LiMn,O, by the conventional
solid-state method has several disadvantages, such as the following:

o difficulty in controlling particle sizes, due to high temperatures,

e high operating cost, due to long and repeated heat treatments followed by

grinding,
e inhomogeneous product with irregular morphology, and

e poor control of stoichiometry.

A solution-based method has been recently proposed for the preparation of high
performance LiMn,O, materials. The sol-gel method has also been used in preparing
nanoparticles of LiMn,O, spinel, using lithium acetate, manganese acetate, and citric
acid as the chelating agent [Bach et al., 1990; Tsumura et al., 1993; Pereira-Ramos,
1995]. The obtained LiMn,O, powder has good cycling performance and rate

capability.
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Nanoparticles of LiMn,O, synthesized by a one-step intermediate-temperature solid-
state reaction [Guo et al., 2004] demonstrated much higher initial capacity (130 mAh g’
1) than that of the commercial material (110 mAh g™) produced by the conventional
solid-state reaction. Nanostructured LiMn,O, electrodes consisting of LiMn,O4
nanotubules that protrude from the current collector surface like the bristles of a brush
were prepared using the template method [Li et al., 2000b]. This material is of particular
interest as the positive electrode of a high-power lithium-ion battery for hybrid electric
vehicles, even though at high charge rates this material only has a specific charge

capacity of 80 Ah kg™.

2.3.3 Olivines

One promising cathode material which has attracted a considerable amount of interest
recently is lithium iron phosphate (LiFePO,). Though pure LiFePO, has a very low
conductivity (10° S cm™), it can be used at 90 % of its theoretical charge capacity (165
Ah kg™?) at a steady voltage of around 3.4 V [Goodenough et al., 1997], by reducing the
particle size (< 1 um) and ensuring that electrodes possess a well dispersed conductive
carbon matrix. The main advantage of this olivine compound is that it does not use
expensive and toxic metals (such as Ni or Co), but instead uses a cheap, abundant, and

non-toxic metal, iron (Fe) [Ritchie, 2004].

LiFePO, has the olivine structure, which consists of corner sharing FeOg octahedral and
PO,* tetrahedral anions (see Fig. 2.12), with lithium occupying the octahedral holes.
LiFePQO,4, which has the same generalized AB,0, formula as the spinel structure, has a

hexagonal-close-packed (hcp) oxygen array, in which the octahedra share both edges
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and faces. The cation arrangement in LiFePQ, differs significantly from that in the
layered (e.g. LiCoO,) and spinel (e.g. LiMnyO,4) structures. There is no continuous
network of FeOs edge-sharing octahedra that might contribute to electronic
conductivity; instead, the divalent Fe** ions occupy corner-sharing octahedra. The
phosphorus ions are located in tetrahedral sites, and the lithium-ions reside in chains of

edge-sharing octahedra [Chung et al., 2002].

See print copy for figure 2.12
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Results on undoped and doped Li;.xMxFePO4 (M = Mg, Al, Ti, Nb, or W) synthesized
by solid-state reaction demonstrated that controlled cation stoichiometry combined with
solid solution doping by metals increases the electronic conductivity of LiFePO, by a
factor of approximately 10® [Chung et al., 2002]. Nanosized LiFePO, powder
synthesized by heating amorphous LiFePO, achieved nearly the full theoretical capacity
(170 mAh g™) at the C/10 rate [Prosini et al., 2002]. Carbon-coated LiFePO, cathode
prepared by a carbon aerogel synthesis [Wang et al., 2005] or by a spray solution
[Bewlay et al., 2004; Konstantinov et al., 2004a] technique, where LiFePO, particles are
embedded in an amorphous carbon matrix, demonstrated a high capacity and stable
cyclability. The carbon-coating significantly enhanced the electronic conductivity of the

LiFePO, particles.

A nanocomposite consisting of monodispersed nanofibers of LiFePO, electrode
material mixed with an electronically conductive carbon matrix delivered almost 100 %
of its theoretical discharge capacity at the high 3C discharge rate, and 36 % of its
theoretical discharge capacity at the enormous discharge rate of 65C [Sides et al., 2005].
This new nanocomposite electrode shows such excellent rate capabilities due to the
nanofiber morphology, which mitigates the problem of slow Li-ion transport in the solid
state, while the conductive carbon matrix overcomes the inherently poor electronic
conductivity of LiFePO,. Thus the performance of nanocrystalline LiFePO, makes it
feasible as a cathode active material for high-energy-density, and high-power lithium-
ion batteries, suitable for use in EVs, HEVs, and stationary storage batteries [Prosini et

al., 2002].

48



Chapter 2: Literature Review

2.3.4 Vanadates

Vanadium oxides have been considered for use as the cathode in lithium batteries for 30
years. Initially vanadium pentoxide, V,0s, was the subject of much investigation and
was shown to react by an intercalation mechanism [Walk and Gore, 1975; Whittingham,

1976]. The structure of this compound is shown in Figure 2.13.

See print copy for figure 2.13
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V,0s is comprised of VOs square pyramids, which share the corners of their bases to
form a sheet, which, in the absence of any vacancies, has the composition V,0,4, whose
structure is also shown in Figure 2.13. When V;0, is formed in the presence of lithium-
ions by a hydrothermal mechanism, water molecules are found between the layers, and
on dehydration the compound LixV2.504-5 is formed. Some of the lithium-ions reside on
the vanadium sites. Oxidation of this VO, to V,0s occurs by the formation of ordered
vacancies, giving rows of square pyramids with their apices ordered as follows: up-
down-down-vacant row-etc. Another way of organizing these square pyramids is in
double sheets, V4014, with all the apices up in one sheet, down in the other, and joined
back-to-back, so that all the vanadium atoms have the octahedral coordination, but still
with one shorter V=0 bond, and opposing it, a longer bond to the opposite oxygen
V0-V, but shorter than in V,0s itself. This is known as the delta-structure

[Whittingham et al., 2005].

V6013, V205, and LiV30g have been the most studied, with some emphasis on xerogel
type vanadium oxides. V,0s itself has a tendency on over-discharge to forming the
disordered rock-salt compound Li3V20s. Both VO13 and the xerogel have a vanadium
oxide double sheet as an element of their structure. Zhang et al. [1997 and 2000] have
investigated the &-structure class of vanadium oxide materials. The compound
[(CH3)4N]yMn,V404o had a reversible capacity exceeding 220 Ah kg; the organic ions
do not impede reaction as in the single sheet V,05s materials, such as N(CH3)4V305. If
the large tetramethyl-ammonium ion could be replaced by a smaller ion such as
ammonium, then the lattice size should be reduced, thereby increasing the volumetric
energy density. Their results show that this compound has an initial capacity close to

300 Ah kg™*. However, the median discharge voltage is about 2.6 V, significantly lower
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than the manganese oxides discussed above and the lithium iron phosphate discussed
earlier. These high capacity compounds are most likely to find application where the
electrolyte has low stability, such as has been found for several polymers, or where

capacity is critically important in a 2.5 V application.

V6013 was first reported as a positive electrode material by Murphy et al. [1979 and
1981]. Up to eight Li* ions per formula unit can be chemically inserted into
stoichiometric V013 using butyl lithium, and even more can be inserted into non-
stoichiometric VOia:, [West et al., 1983]. However, only up to six Li* ions can be
reversibly inserted into V013 electrochemically [Abraham et al., 1981]. In-situ X-ray
diffraction during electrochemical Li* insertion revealed four phases, identified as
LiosVeOi13, LiisVeO013, LisVeO13, and LigVO13, which were also observed during
chemical insertion studies [Lampe-Onnerud et al., 1995]. The lithium diffusion

coefficient ranges from 3 x 102 to 8 x 10 m? s™ [West et al., 1983 and 1985].

Practical problems with the rechargeable V¢Oi; electrode are capacity loss during
cycling, the high electronic resistivity of lithiated VO3 [West et al., 1983;
Chaklanabish and Maiti, 1986], and a relatively high lattice expansion of ~15 %, which
IS observed when x tends to six in LixVeO13 [Hopper and North, 1983; Steele et al.,
1983; West et al., 1983 and 1987; Chaklanabish and Maiti, 1986; Macklin et al., 1992;
Wang et al., 1992]. Possible solutions to these problems that lead to fairly promising
results are the use of: i) thin film electrodes [West et al., 1983 and 1987; Lampe-
Onnerud et al., 1995], and ii) a suitable electronically conductive matrix in which the

V013 particles are embedded [Uchiyama et al., 1987].
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The vanadates, Li;+xV30g [Nassau and Murphy, 1981; Panero et al., 1983; Pistoia et al.,
1984, 1985a, 1985b, 1986, 1987, 1990, 1995; Pasquali et al., 1986; Bonino et al., 1987
and 1988; Hammou and Hammouche, 1988; Scrosati et al., 1988; Pasquali and Pistoia,
1991; Maingot et al., 1993; Manev et al., 1995] are examples of insertion compounds in
which the alkaline metal atoms function as pillars between the vanadium oxide units.
They stabilize the oxide structure during the insertion/de-insertion process and optimize
the space between the vanadium oxide units. This enhances not only the amount of
insertable guest species but also the lithium diffusion rate, both leading to a superior
electrode performance. The monoclinic structure of Li;«xV30s, illustrated in Figure
2.13, shows distorted [VOg] octahedra that are connected via shared edges and vertices
to form [V30g] units. These units are stacked one on top of the other to form quasi-
layers. The alkali metal ions are situated between these layers, electrostatically holding
the [V30g] units together [Wadsley, 1957]. The spacing between the strands is
sufficiently flexible to accommodate other guest species on octahedral and tetrahedral

interstitial sites [Pistoia et al., 1984].

X-ray diffraction showed only a slight lattice expansion upon lithiation and no major
structural changes even on long-term cycling for Liy.xV30s [Pistoia et al., 1984, 19853,
and 1987; West et al., 1987], thus providing evidence of the strongly topotactic nature
of the insertion process. A specific capacity for lithium insertion of more than 300 Ah
kg™ has been reported for these compounds [Pistoia et al., 1984]. The lithium diffusion
coefficient ranges from 10™ to 10 m? s [Pistoia et al., 1984, 1985a, and 1987;
Hammou and Hammouche, 1988]. Chemical lithiation leading to the composition
LizgV30g [Pistoia et al., 1984 and 1985b] allows the use of these positive electrode

materials as the lithium source in cells containing a carbon negative electrode.
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24 Nanotechnology — The Great Leap Forward

Nanotechnology is a word mentioned in the press virtually every day. With
nanotechnology it is possible to create materials from building blocks the size of atom
clusters, which exhibit enhanced electronic, magnetic, optical, and chemical properties.
The enhanced properties extend far beyond and offer far greater potential than just the
inherent ‘economy of geometry’ of miniaturization. Nanomaterials are powders and
materials optimized at the nanoscale (1-100 nm). On the nanoscale the theories of
classical and quantum mechanics overlap, and a rich variety of unexpected properties is

possible.

New applications for materials can be created with novel or significantly enhanced
properties. Such properties include transparency, hydrophobicity, photoluminescence,
toughness and hardness, chemical sensing, and bioavailability. Products produced from
these materials exhibit unique properties and have a wide range of high value
commercial applications in rapidly expanding markets. The key characteristics
demanded of nanoparticles to capture high value markets include: small particle size,

narrow size distribution, low levels of agglomeration, and high dispersibility.

The strong interest in nanotechnology stems from the concept that structures may be
designed and built that exhibit superior electrical, mechanical, chemical, or optical
properties compared to the materials we know today. Traditionally, products are
constructed by etching away materials to make them smaller, while nanotechnology
takes something at the molecular scale and builds by adding one atom or molecule at a

time. Nanoparticles are produced in two main ways. The traditional way of producing
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tiny particles has been “top-down” referring to reduction through attrition and various
methods of comminution in the traditional sense. During the past few years and
increasingly, methods of production using “bottom-up” techniques [Zhang, 2003] are
being increasingly utilized. Research into self-assembling, smart materials with many
and varied applications are producing potential performance greater than we have seen

previously.

The unique properties of nanomaterials and structures on the nanometer scale have
sparked the attention of materials developers. Incremental shifts in product performance
using these materials, for example, as fillers in plastics, as coatings on surfaces, and as
UV-protectants in cosmetics, are already occurring. Nanotechnology is entering many
industry sectors, including medicine, plastics, energy, electronics, and aerospace.
Carbon nanotubes have been demonstrated to be 100 times stronger than steel, yet have
only one-sixth the weight [Baughman et al., 1999]. They can be made in structures that

are as electrically conductive as copper or in structures that act as semiconductors.

The array of nanomaterials is very wide, so a selection follows, but is by no means
exhaustive. New applications for nanomaterials are being worked on in hundreds of
laboratories around the globe. Some will find useful applications that will revolutionize
much of how we will live in the years ahead. In this doctoral work, the role and
importance of nanostructured materials have been investigated thoroughly with a view
towards their use as electrode in Li-ion batteries, with the results presented in the

subsequent chapters.
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2.4.1 Definition and Terminology

The term *‘nanotechnology’” was first introduced by a Japanese engineer, Norio
Taniguchi. The term originally implied [Taniguchi, 1974] a new technology that went
beyond controlling materials and engineering on the micrometer scale, which had
dominated the twentieth century. However, today’s meaning of the word relates more
closely to the visionary formulation of Eric Drexler [1986] and corresponds to the atom-
by-atom manipulative, “hard tech” processing methodology. Nanoscience is here
defined as the study of phenomena and the manipulation of physical systems that
produce significant information on a spatial scale known as ““nano’” (10° m = 1 nm),
with critical boundaries that do not exceed 100 nm in length, at least in one direction
[Drexler, 1986]. Therefore, nanotechnologies focus on the design, characterization,

production, and application of nanoscale systems and components.

According to Wikipedia, nanotechnology is a field of applied science and technology
covering a broad range of topics. The main unifying theme is the control of matter on a
scale smaller than 1 micrometre, normally between 1-100 nanometers, as well as the
fabrication of devices on this same length scale. It is a highly multidisciplinary field,
drawing from fields such as colloidal science, device physics, and supramolecular
chemistry. Despite the apparent simplicity of this definition, nanotechnology actually
encompasses diverse lines of inquiry. Nanotechnology cuts across many disciplines,
including colloidal science, chemistry, applied physics, materials science, and even
mechanical and electrical engineering. It could variously be seen as an extension of
existing sciences into the nanoscale, or as a recasting of existing sciences using a newer,

more modern term.
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2.4.2 Nanostructures vs. Microstructures

The boundaries between the physical regions of the macroscopic, the microscopic, and
the nanoscopic are not sharp, and they depend on the effects being considered
[Wautelet, 2001]. However, reducing the grain size of a material below certain limits
results in the appearance of either new or changed properties of the material due to:
e inherent crystalline grains approaching the size of the characteristic physical
lengths of the relevant properties,
e an increase in the proportion of interface defects and their impact on dependent
properties, and
e the appearance of new structural properties that characterize the grain

boundaries of the material [Andrievski and Glezer, 2001].

For example, a material comprised of spherical crystalline grains 3 nm in diameter
might find approximately half of its atoms positioned at grain surfaces, which implies
more pronounced reactivity of the system. However, a decrease in grain size, equivalent
to an increase in the specific surface area of the system, indicates not only increased
reactivity but also that those physical properties are no longer dominated by the physics
of the bulk matter. Since specific disciplines within materials science are normally
divided, based on the properties of bulk materials, an understanding of the transition
from the macro to the nano scale offers the opportunity to bridge imposed gaps and
creates a new multi-disciplinary field of nanoscience [Wautelet, 2001; Komiyama et al.,

2004].
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Arico et al. [2005] reported that working at the nanoscale may radically change
chemical-electrochemical reaction paths of inorganic materials from recent studies
carried out on the reactivity of macroscopic versus nanoscale haematite (a-Fe,Os)
particles with Li. With nanometer-scale haematite particles (20 nm), reversible insertion
of 0.6 Li per Fe,O3 is possible through a single-phase process, whereas large haematite
particles (1 to 2 um) undergo an irreversible phase transformation as soon as ~ 0.05 Li
per Fe,O3 are reacted (see Fig. 2.14). In this respect, many active electromaterials,
previously rejected because they did not fulfill the criteria as classical intercalation hosts

for lithium, are now worth reconsideration.

See print copy for figure 2.14
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Physical properties such as electrical conductivity, micro-hardness, coercivity, and
permittivity decrease in proportion to the average particle size of a material. Mechanical
failure of a material frequently takes place through crack migration processes along
grain interfaces, so the fact that materials with nanosized grains (down to ~ 10 nm) are
stronger compared with their bulk counterparts implies significant modifications of
strength and toughness mechanisms as a result of the transition from bulk to the
nanoscale [Edelstein et al., 1997]. Metals that become malleable when micro-
structurally arranged may prove to have unacceptable levels of creep when their grains
are reduced to the nanolevel. In contrast, the formability of ceramics is known to
improve with the reduction of grain size towards the nanoscale. As a result, simple
linear extrapolations down to the nanolevel, using rules that are valid within micro

domains, do not work well in all circumstances.

2.4.3 Advantages and Disadvantages

Generally, the potential advantages of nanostructured electrode materials can be
summarized as follows [Arico et al., 2005; Jiang et al., 2006; Liu et al., 2006]:
e new useful reactions that are not possible with bulk materials, leading to higher
specific capacities (see Fig. 2.14),
e a larger electrode-electrolyte contact area, leading to higher charge-discharge
rates (see Fig. 2.15),
e short path lengths for both electronic and Li ion transport (permitting operation
even with low electronic or low Li ion conductivity, or at higher power), and

e stable cycling performance with nanostructured electrodes.
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See print copy for figure 2.15

Meanwhile, some of the potential disadvantages of nanostructured electrode materials

can be summarized as follows [Arico et al., 2005; Jiang et al., 2006; Liu et al., 2006]:

complicated synthesis process for the nanostructured materials, leading to
increase of operational cost,

difficult in handling the nanosized powder for logistic purposes,

potential unknown health and safety hazards from contact with the
nanostructured materials,

unsuitability for existing electrode making processes, such as the classical
casting method, due to an inhomogeneous slurry and problems with attachments
to the current collector, and

low production rate with almost all existing technologies, especially for the

production of one-dimensional nanostructures (i.e. nanowires or nanotubes).
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2.4.4 On-going Challenges

The difficulty of communication between macroscopic and nanoscopic entities is the
central issue in the development of nanotechnologies. Increased sensitivity to
environmental effects, as dimensions are diminished towards the nanoscale, represents a
major challenge. For instance, gaseous particles that are constantly being adsorbed and
desorbed from a device’s surface create weight fluctuations that might prove to be a
significant constraint in the development of everyday nano-appliances [Roukes, 2001].
According to the laws of quantum mechanics, every form of measurement and
communication necessarily perturbs the measured and communicated system.
Therefore, designing and performing feedback permeated macro-to-nano
communications with quantum effects that become significant in the nano-domain

present additional challenges.

Another key challenge is the commercialization of nanotechnology. The ability to
commercialize nano-enabled products will depend on governments and companies
meeting regulatory requirements and satisfying societal needs and concerns. The
inherent value of nanotechnology will need to be protected by proper intellectual
property laws, as well as having the requisite ‘freedom of operation’. Ownership of
patents alone does not necessarily allow the commercialization of a product, because if
one company has a patent that dominates a technology, it can prevent other companies
from developing new products. Successful commercialization will require scaling up to
commercial quantities, along with evidence that employee and environmental safety is
maintained during manufacture. It goes without saying that maintaining the safety of the

consumer and the environment during use and disposal must be inherent to the product.
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Commercialization will require new infrastructure for manufacturing with a significant
capital investment, and government support for this will be required in the near term. It
Is therefore encouraging that the National Nanotechnology Initiative (NNI) in the US is
addressing the commercialization of nano-enabled products in all its complexity. In
Figure 2.16, the supply value chain for commercializing nanotechnology is represented
by the colored boxes: the factors that impede commercialization are shown in the inner

circle and the NNI initiatives are highlighted in the outer circle.

See print copy for figure 2.16
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3.1 Materials

CHAPTER 3

EXPERIMENTAL DETAILS

The list of materials and chemicals used during my PhD studies for the synthesis,

characterization, and electrochemical testing is summarized in Table 3.1. The details of

the suppliers are also provided for better reference.

Table 3.1: Description of materials and chemicals used during my PhD studies.

Materials/Chemicals Formula Purity (%) Name of Supplier
Single-walled carbon C 95 Carbon Nanotechnologies
nanotubes powder (5% Fe) Incorporated (CNI), USA
Triton X-100 (C2H40)n.C14H220 100 Sigma Aldrich, Australia
Milli-Q Water H.0 5 ppb (TOC) Millipore, USA
Polyvinylidene fluoride (CH.CF2)n 0.22 um Millipore, USA
(PVDF) membrane thick
Ethanol C,HsOH Reagent Sigma Aldrich, Australia
Methanol CH3;0OH Reagent Sigma Aldrich, Australia
Carbon black C Super P Timcal, Belgium
Ensaco 350
Polyvinylidene fluoride (CH.CF)n N/A Sigma Aldrich, Australia
(PVDF) powder
1-methyl-2-pyrrolidinone CsHgNO 99.5 Sigma Aldrich, Australia

(NMP)
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Table 3.1 (cont.): Description of materials and chemicals used during my PhD studies.

Materials/Chemicals Formula Purity (%) Name of Supplier
LP30 electrolyte LiPFs in EC/DMC N/A Merck KgaA, Germany
(1/1 by weight)
Copper foil Cu N/A China
Aluminium foil Al N/A China
Nickel mesh/foam Ni N/A China
Lead nitrate Pb(NO3), 99 Sigma Aldrich, Australia
Sucrose C12H2,014 99 Sigma Aldrich, Australia
Silicon powder Si 325 mesh Sigma Aldrich, Australia
40 nm, and Nanostructured and
100 nm Amorphous Materials
Inc., USA
Citric acid anhydrous CeHsgOy 100 Sigma Aldrich, Australia
Polypropylene separator (CsHe)n Celgard Hoechst Celanese
2500 Corporation, USA
CR2032 coin-type cells N/A N/A Hohsen, Japan
Ammonium hydroxide NH,OH 98 Sigma Aldrich, Australia
Vanadium oxytrichloride VOCl; 99 Sigma Aldrich, Australia
Vanadium (V) OV(0OC3Hy)3 98 Aldrich, Switzerland
oxytripropoxide
Diethylene glycol (DEG) (HOCH,CH,),0 99 Fluka, Switzerland
Toluene Cs/Hs 99.9 Riedel-de Haén,
Switzerland
Whatman glass fiber filter N/A 257 mm Aldrich, Switzerland
(diameter)
Glass fiber separator N/A N/A Paul Scherrer Institute
(PSI), Switzerland
Lithium tert-butoxide in (CH3)3COLi 1.0M Aldrich, Switzerland
tetrahydrofuran
Lithium metal Li 99.9 Aldrich, Switzerland
Lithium manganese oxide LiMn,04 N/A Honeywell, USA
powder
Silicon wafer Si N/A Paul Scherrer Institute
(PSI), Switzerland
Stainless steel substrate N/A N/A Paul Scherrer Institute
(PSI), Switzerland
Magnesium oxide MgO N/A Paul Scherrer Institute

substrate

(PSI), Switzerland
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3.2 Experimental Procedures

This research work consists of two main parts: the first part covers the fabrication and
characterization of the electrochemically active nanostructured materials; while the
second part involves the application of these electrochemically active nanostructured
materials as electrodes for use in lithium-ion rechargeable batteries. Figure 3.1

illustrates the overall framework of my experimental studies.

Preparation of
Nanostructured
Materials

1. Co-
1. FiItrati_on precipitation
Technique Cathode 2. Flame Spray
Co i “I Materials Materials 3% Pyrolysis
Pyrolysis 3. Pulsed Laser
Deposition

Structural and
Physical
Characterization

TEM/HRTEM RBSI
ISAED [ XRD | [ TGA | [ BET | [ AFM ERDA

SEM/ Raman Conductivity ‘ ‘ Surface ‘
EDS Spectroscopy measurement Profilometry
M

Electrode
Preparation

W
Test Cell
Assembly

=8z

Electrochemical
Characterization

[ cv ] [ Galvanostatic Cycling H EIS ]

Fig. 3.1. The overall framework of my experimental studies.
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3.3 Preparation of Nanostructured Materials

The electrochemically active nanostructured materials used in this study were prepared
via either physical or chemical methods. In this section, these methods and the
procedures used in preparing the electrochemically active nanostructured materials are

elaborated in detail.

3.3.1 Filtration Technique (Positive Pressure)

Firstly, a dispersion of single-walled carbon nanotubes (SWCNTSs)/Triton X-100 in
Milli-Q water is prepared. In this case, Triton X-100 acts as a surfactant for preventing
the SWCNTs from agglomerating in the Milli-Q water. Moreover, the usage of a high
purity solvent such as Milli-Q water will prevent contamination of the final product.
The mixture is then ultrasonicated for 2 hours. Subsequently, a polyvinylidene fluoride
(PVDF) membrane with a pore size of 0.22 um is cut into a 4-cm disk to fit the filtration
cell (see Fig. 3.2). The membrane acts as a filter paper and is wetted in 50:50 v/v Milli-

Q water to ethanol solution for 30 minutes.

Passing the prepared SWCNT suspension through the wetted PVDF filter in the
filtration cell under a positive nitrogen gas pressure of 400 kPa produces a “free-
standing” mat of entangled SWCNT ropes, which is known as “bucky paper”.
Subsequently, the resultant SWCNT mat is washed with 200 mL of Milli-Q water
followed by 100 mL of methanol, with the methanol used to remove any residual
surfactant. Finally, the SWCNTSs mat is peeled off from the PVDF filter after letting it

dry overnight in a vacuum oven.
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Nitrogen Gas Inlet > Feed Inlet

(P = 400 kPa)
Pressure Release Valve
Cell Holder IJ—'I |::E:2|

Ll | L1
Nitrogen Gas Feed Tank (Glass)
Feed O-Ring
{CNT/Triton X-100 dispersion)
PYVDF Membrane x . .
(Pore Size = 0.22 micron) |r\ I Filtrate (Trl.tu.n X100/
| L1 L1 Milli-©) Water /
Methanol)

Fig. 3.2. Schematic diagram of the filtration cell used for the fabrication of composite

bucky papers.

3.3.2 Spray Pyrolysis

The spray pyrolysis experimental set-up is depicted in Figure 3.3. The set-up is
composed of a peristaltic pump that feeds the liquid at the desired flow rate, an
atomizing nozzle in combination with compressed air, a tubular furnace, and an
extractor pump. The liquid is sprayed with the aid of an air compressor into the quartz
tube, which has an inner diameter of 20 cm and a length of 2 m. The furnace consists of
3 heating zones, which can be controlled accurately for a wide temperature range (150 —
1400 °C). The precursor solution is first prepared in an aqueous solution. The solution is
then atomized into small droplets in the pyrolysis chamber in order to produce a fine
powder, which is subsequently sucked into the particle collector via the extractor pump.
At the end of the spray process, the power of the extractor pump is slowly reduced, and

the fine powder is carefully collected while using safety gloves and a respiratory mask.
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See print copy for figure 3.3

3.3.3 Co-precipitation Method

Co-precipitation reactions involve the simultaneous occurrence of nucleation, growth,
coarsening, and/or agglomeration processes. Due to the difficulties in isolating each
process for independent study, the fundamental mechanisms of co-precipitation are still
not thoroughly understood. The advantage of this method is its simplicity for the
synthesis of several crystalline and amorphous oxides [Cushing et al., 2004]. The
process consists of the solubilization of metal salts in an aqueous or nonaqueous solvent
followed by their hydrolysis in a strong hydrolyzing agent such as NH;OH. The

precipitated hydroxides are then filtered, washed, and heat-treated to yield the oxides. In
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some cases, the precipitation allows us to obtain materials with high surface area, since
it is relatively easy to make porous materials with this method. However the powder
may often be shapeless or aggregated, resulting in pieces of oxide, and therefore the
particle size distribution will not be homogeneous. In cases where calcination or
annealing of the samples is necessary, some agglomeration will be unavoidable.
Nanoparticles can nonetheless be so obtained, but there is little chance of the particles

being monodispersed.

3.3.4 Flame Spray Pyrolysis (FSP)

Flame spray pyrolysis (FSP) is a heterogeneous process, where the liquid precursor
droplets are sprayed and combusted in the flame [Stark and Pratsinis, 2002]. FSP is
capable of producing mixed metal oxide powders with particle sizes ranging from 1 to
200 nm, using low-cost precursors and production rates up to 250 g h™ [Madler et al.,
2002]. The advantages of FSP include the ability to dissolve the precursor directly into
the fuel, the simplicity of introduction of the precursor into the hot reaction zone (or the
flame), and the flexibility of using the high-velocity spray jet for rapid quenching during
the aerosol formation. All the FSP experiments in this study were conducted in the
laboratory of Prof. Pratsinis, also known as the Particle Technology Laboratory,
Institute of Process Engineering, Swiss Federal Institute of Technology (ETH), Zurich,

Switzerland. The flame spray pyrolysis set-up used in this study is shown in Figure 3.4.

The spray apparatus consists of an external-mixing gas-assisted nozzle that is made
from a capillary tube with an outer diameter of 0.91 mm (inner diameter 0.6 mm) that

lies in an opening 1.2 mm in diameter, creating an annular gap with a maximum area of
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0.48 mm?. Precursor and fuel flow through the capillary tube, while the dispersion gas
passes through the annular gap. The capillary ends 0.5 mm above the opening to give a

constant spray angle at all liquid flow rates.

See print copy for figure 3.4

Furthermore, good atomization can be achieved even at very low liquid flow rates, and
the penetration of liquid into the gas line can be prevented, as well as plugging of the
nozzle. The apparatus is designed in such a way that external adjustment of the
dispersion gas nozzle provides continuous variation of the gas exit gap area from zero to
the maximum of 0.48 mm?. The mass flow rate is determined by the gap, according to
the applied atomization pressure, which is the difference between the nozzle upstream

pressure (P,) and the downstream pressure (Pg) (~ 1 bar).
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3.3.5 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is one the few techniques applied for the deposition of
thin films. Other popular methods include electron beam evaporation [Shokoohi et al.,
1992], chemical vapor deposition (CVD) [Liu et al., 1999b], and also sputtering
methods [Hwang et al., 1994]. In the 1990s, the development of new laser technology,
such as lasers with high repetition rates and short pulse durations, has made PLD a very
competitive tool for the growth of thin and well-defined films with complex

stoichiometry [Willmott, 2004].

The principle of PLD is very complicated, including the ablation of the target material
by the laser irradiation, the development of a plasma plume with highly energetic ions,
electrons, and also neutrons, and finally, the crystalline growth of the film itself on the
heated substrate. The process of PLD can generally be divided into four stages [Dumont
et al., 2006]:

1. Laser ablation of the target material and creation of a plasma,

2. Dynamics of the plasma,

3. Deposition of the ablation material on the substrate, and

4. Nucleation and growth of the film on the heated substrate surface.

Figure 3.5 shows a schematic diagram of the experimental set-up for the PLD process.
Prof. Dr. Thomas Lippert (Materials Group Head, General Energy Department, Paul
Scherrer Institute, Switzerland) provided this set-up for the thin film work during my

PhD studies, and the thin films were prepared by Mrs. Franziska Simmen (PhD student,
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Materials Group, Battery Group, Paul Scherrer Institute, Switzerland) for application in

the lithium-ion battery system.

Fig. 3.5. Schematic diagram of the experimental set-up for the PLD process at the Paul
Scherrer Institute, Switzerland [courtesy of Mrs. Franziska Simmen]: (1) cylindrical
target rod, (2) plasma plume generated by the laser beam, (3) heated and rotating

substrate, (4) focusing lens, (5) laser beam, (6) vacuum pump, and (7) inlet for oxygen.

3.4  Physical and Structural Characterization of Nanostructured Materials

Physical and structural characterizations of the as-synthesized nanostructured materials

were based on techniques described in detail in the following section. Most of the

equipment for these characterization techniques was available in our Institute, with the

exception of a few used at the Paul Scherrer Institute (PSI), Switzerland.
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3.4.1 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is generally used to study bulk structures of materials. XRD is
a non-destructive technique, which can be used to identify crystalline phases. The X-
rays are scattered by each set of lattice planes at a characteristic angle, and the scattered
intensity is a function of the arrangement of atoms in the crystal. The scattering from all
the different sets of planes results in a pattern, which is unique to the crystal structure of
a given compound. X-rays are formed in X-ray tubes when the anode material (usually
copper) is irradiated with a beam of high-energy electrons. When the electrons collide
with the anode, a continuous spectrum of X-rays is emitted. In addition, photons with
energies characteristic of the target material are emitted. A monochromator is used that
preferentially suppresses photons with other energies than the desired characteristic one.
The X-rays produced are directed to the sample being studied, and X-rays with a
wavelength on the order of the lattice spacing are elastically diffracted from the atomic
planes in a crystalline material. Re-emitted X-rays interfere, giving constructive or
destructive interferences. Bragg’s law (Eq. 3.1) describes the diffraction condition from

planes with spacing, d:

ni=2dsind (3.1)

The variable d is the distance between atomic layers in a crystal; the variable A is the
wavelength of the incident X-ray beam; n is an integer; and @ is the angle of incidence
experienced by the X-ray beam reflection from the faces of the crystal [Bragg and
Bragg, 1913]. Figure 3.6 illustrates the interference between waves scattered from two

adjacent planes of atoms in a crystal.
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See print copy for figure 3.6

In addition to identifying crystalline phases, X-ray diffraction can also be used to
determine the crystal size. This can be obtained from the broadening of the peaks

according to the Scherrer formulae (Eqg. 3.2):

L KA
pcosé

(3.2)

where L is the crystal size, A is the X-ray wavelength used, K is the shape factor of the
average crystallite (with a typical shape factor in the neighborhood of 0.9), gis the full
width at half maximum (FWHM) in radians, and & is the peak position. XRD patterns
were collected in a 268 configuration using a Philips PW 1730 diffractometer (Cu K,

radiation, A = 1.5418 A).
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3.4.2 Thermogravimetric Analysis (TGA)

Precise disordered carbon contents in the spray-pyrolyzed nanocomposites were
determined by thermogravimetric analysis (TGA) via Setaram 92 (France) equipment in
ISEM. Micro-sized alumina crucibles (9.7 mm high x 4.87 mm outer diameter) were
loaded with powdered nanostructured material for determination of the composition.
The sample could be heated up to 1000 °C in air, high purity nitrogen, or high purity
argon. The Setaram’s microbalance kept track of the sample weight moment-by-
moment, and digital data files were available at the end of each heating measurement.
Normally, a sample mass of approximately 10-20 mg is required, depending on the

sample density.

3.4.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is used primarily to observe the electrode’s
surface topography or the morphology of powder samples. During the SEM
measurements, the sample is bombarded with a scanning beam of electrons. The slow
moving electrons that are generated by the specimen are collected. These are then
amplified and displayed on a cathode ray tube. The electron beam and the cathode ray
tube scan synchronously so that an image of the surface of the specimen is formed.
Electrodes obtained after electrochemical cycling that were analyzed by SEM study
were first washed with a solvent (DMC) to remove the electrolyte and subsequently

dried in an argon atmosphere.
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Powder morphologies were investigated using a JEOL JSM 6460A scanning electron
microscope (SEM) in ISEM. Some of the higher resolution SEM images in this research
work were obtained by using a field emission scanning electron microscope (FE-SEM),
model Supra 55VP (Carl Zeiss), functioning at an accelerating voltage of 4 kV and
using an in-lens detector to obtain the secondary electron images. All FE-SEM
measurements were carried out with the kind collaboration of Mr. Patrick Ruch, a PhD

student from the Paul Scherrer Institute (PSI), Switzerland.

3.4.4 Transmission Electron Microscopy (TEM)

In Transmission Electron Microscopy (TEM), the sample is again bombarded with a
beam of electrons, and the intensity of diffraction of these electrons depends on the
orientation of the planes of atoms in the crystal relative to the electron beam. At certain
angles the electron beam is diffracted strongly, sending electrons away from the axis of
the incoming beam, while at other angles the beam is largely transmitted. The sample
can be tilted with respect to the electron beam in order to obtain specific diffraction
conditions. A high contrast image can be created by blocking electrons deflected away
form the optical axis of the microscope by placing the aperture so as to allow only non-
scattered electrons through. This allows a resolution on the order of Angstroms, which

allows the imaging of individual atoms in a crystal.

TEM investigations were performed using a JEOL 2011 200 keV analytical electron
microscope (Faculty of Engineering) and also a Zeiss microscope, a 912 Omega with
ProScan, and a slow scan charge-coupled device camera at 100 keVV (ETH Zurich).

TEM samples were prepared by deposition of ground particles onto lacey carbon
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support films. Most of the TEM measurements in this research work were performed
with the kind collaboration of Dr. David Wexler from the Faculty of Engineering,
University of Wollongong. In addition, part of the TEM measurements for powder
samples made in the Paul Scherrer Institute, Switzerland were performed with the kind
collaboration of Dr. Frank Krumeich from the Laboratory of Inorganic Chemistry,

Swiss Federal Institute of Technology (ETH), Zurich, Switzerland.

3.4.5 Brunauer Emmett Teller (BET) Specific Surface Area Measurement

Specific surface areas of the nanostructured particles were measured with a
Quantachrome Nova 1000 nitrogen gas analyzer using the Brunauer-Emmett-Teller
(BET) method. The BET specific surface area was determined through a 15-points
nitrogen adsorption isotherm at 77 K after degassing the powder samples with nitrogen
at 150 °C. Typically, a sample mass of approximately 200-500 mg is required,

depending on the sample density.

3.4.6 Raman Spectroscopy

Laser Raman spectroscopy gives information about the vibration of atoms in crystals
and molecules and can be used as a complementary tool to XRD. Raman spectroscopy
was used in this study to monitor the variations in the disordered carbon content using a
JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on
a 300 lines/mm grating at room temperature. This Raman system was provided by the
Intelligent Polymer Research Institute (IPRI), and spectroscopy was performed with the

kind collaboration of Dr. Jun Chen from IPRI.
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3.4.7 Four-Point Probe Conductivity Measurement

Resistivity measurements of the composite bucky papers were performed on strips (0.3
cm x 2.5 cm) via Jandel multi-height four-point probes, connected to a Jandel resistivity
test unit, model RM2 (see Fig. 3.7), provided by IPRI. A constant current of 1 mA was
passed through the outer two electrodes and the voltage difference between the two
inner electrodes was measured after 10 s. This measurement was repeated 4 times for
each sample. The electrical conductivity of the bucky paper was calculated based on

Equation 3.3 as follows:

Conductivity, o = 10000/[(Voltage/Current) x 4.532 x Thickness] (3.3)

where ¢ is the bucky paper’s electrical conductivity in S cm™, the voltage is measured
in mV, the applied current is in mA, the film thickness is measured by a digital
micrometer in um, and finally, 4.532 is the correction factor recommended by Jandel

for film measurements.

Fig. 3.7. Experimental set-up for resistivity measurement via the four-point probe

technique (Jandel multi-height four-point probe and resistivity test unit, model RM2).
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3.4.8 Atomic Force Microscopy (AFM)

The atomic force microscopy (AFM) technique has turned out to be a useful tool for
direct measurements of intermolecular forces with atomic resolution. AFM provides
additional information compared to traditional microscope techniques (e.g. SEM and
TEM) in the study of surfaces and microstructures. A conventional AFM system works

in the following manner (see Fig. 3.8).

See print copy for figure 3.8

A micro-machined cantilever attached on a silicon chip, with an integrated sharp tip, is
mounted on a piezo-electric (PZT) actuator. A laser diode beam is focused on the
reflective end of the cantilever, and the reflected laser beam hits a position sensitive
photo-detector (PSPD) with two to four detector units. After the laser alignment
procedure, the tip is brought into contact until the required cantilever deflection is
attained. A PZT positioning element is used to position the tip and apply the required

force on the sample. Now, the tip is scanned laterally over the sample and the cantilever
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deflection is recorded by the PSPD system. While the tip scans the surface topography,
the laser beam deflection from the cantilever provides measurements of the difference in
light intensity between the upper and lower PSPD detectors. The adjusted force acting
between the tip and the sample is kept constant by a feedback loop. The PZT transducer
monitors real-time height deviation by measurement in the constant force mode. The
measured value of deflection is compared to a set value in a DC feedback amplifier. The
resulting error signal from the amplifier is used to actuate the PZT positioning element
by applying the required voltage. This, in turn, raises or lowers the cantilever, to restore
the desired deflection and thus maintains a constant force between the tip and sample.
The voltage applied by the feedback amplifier to the PZT element is a measure of the
surface topography. This voltage is expressed as a function of the lateral position of the

sample, resulting in a relief of the surface topography of the sample.

In contact mode AFM, also known as repulsive mode AFM, the tip is in close contact
with the sample, while scanning the surface. In this case, the interaction forces between
the tip and the sample are repulsive. An examination of the force curve plotted vs. the
inter-atomic distance (see Fig. 3.9) reveals that the slope of the curve in the contact
region is very steep. The reason for this behavior is electrostatic repulsion between the
electron clouds in the atoms of the tip and the sample. The main drawback of the
contact mode is that the shear forces resulting from the lateral movement of the tip tend
to damage soft samples. Therefore, this mode is not suited for examining soft biological
and polymer surfaces, as it may cause a distorted AFM image and may also irreversibly
affect the sample surface. However, in our case, the thin film samples prepared by
pulsed laser deposition (PLD) were rather hard materials. Therefore, contact mode AFM

was still suitable to be used.
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See print copy for figure 3.9

AFM measurements carried out for the thin films in this study were collected in the
contact mode with an Atomic Force Microscope (AFM) from Park Scientific

Instruments, which was made available by the Paul Scherrer Institute, Switzerland.

3.4.9 Rutherford Backscattering Spectrometry (RBS)

Rutherford Backscattering Spectrometry (RBS) is a method for composition analysis of
thin films down to a sampling depth of 1-2 um. RBS can also be utilized as a technique
for elemental analysis of thin films. It can determine the concentration of atomic
species, as well as the film depth at which these atoms are located. The technique is
based on the loss of energy that results from the collision of an energetic ion directed on
the sample with an atom from the target, i.e. the sample. The incident ion can lose

Kinetic energy in two ways:
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1. By colliding with an atom of the target. The difference in energy is a function of
the mass of the target atom. This allows us to determine the molecular mass of
the target atom and finally to identify it.

2. By passing through the sample film. The further the incident atom penetrates
through the film, the more energy is lost because of interactions with the

neighboring atoms.

As a consequence, the loss of kinetic energy by collision of the incident ion with the
same atomic species at the surface of the sample or below the surface is different. This
allows distinguishing between atomic species at the surface and the ones further below.
This information yields the film thickness. The principle is illustrated in Figure 3.9. In
more detail, the atomic mass and elemental concentrations as well as the depth profile
of concentrations can be determined by measuring the number and energy of the ions,

e.g., He ions, in the beam, which has been backscattered by the atoms of the sample.

Mp
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'8
target atom 0
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Fig. 3.10. Principle of Rutherford Backscattering Spectrometry [Dumont et al., 2006]. E
is the ion energy, M, is the mass of the incident ion, M, is the mass of the target atom,

and @is the scattering angle.
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The thin film stoichiometry (O/Mn ratio) was determined by Rutherford Backscattering
Spectrometry (RBS) measurements using a 2 MeV “He beam and a surface barrier
silicon detector. The collected data were analyzed using the standard RUMP program.
Dr. Max Ddbeli from the Institute of Particle Physics at the Swiss Federal Institute of

Technology (ETH), Zurich, Switzerland kindly performed these measurements.

3.4.10 Elastic Recoil Detection Analysis (ERDA)

Elastic Recoil Detection Analysis (ERDA) was used to quantify the amount of lithium

(Li/Mn ratio) in the thin film because lithium is too light for analysis by RBS. The

principle of ERDA is illustrated in Figure 3.11.
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Fig. 3.11. Principle of Elastic Recoil Detection Analysis [Dumont et al., 2006]. E is the
ion energy, My is the mass of the incident ion, M, is the mass of the target atom, and &is

the scattering angle.

The sample is bombarded with highly energetic heavy ions, such as Xe. The energy and

the number of the backscattered atoms, i.e., recoils, are measured at a fixed angle
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relative to the beam. The precision of the result is much improved if one utilizes a
standard such as LiF in the ERDA measurements. The obtained data are fitted with a
program to determine the exact amount of the atoms. Possible deviations of the data
from the fitting can be caused by impurities in the sample. The concentration of lithium
was calculated by comparing the Mn/O ratio obtained by RBS with the Li/O ratio
obtained by ERDA. Both methods have a relative error no greater than 5 %. Dr. Max
Dobeli, from the Institute of Particle Physics at the Swiss Federal Institute of

Technology (ETH), Zurich, Switzerland, also conducted ERDA measurements.

3.4.11 Surface Profilometry

The thin film thickness (in nm) and surface roughness (rms, in nm) were determined
with a Dektak 8000 profilometer (see Fig. 3.12). The Paul Scherrer Institute (PSI),
Switzerland, provided this set-up, and Mrs. Franziska Simmen (PhD student, Materials

Group, Battery Group, PSI, Switzerland) performed the measurements.

See print copy for figure 3.12
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3.5  Electrode Preparation and Test Cell Assembly

3.5.1 Electrode Preparation

The working electrodes were prepared by mixing nanostructured electrochemically
active materials with 10-20 wt.% carbon black, which acts as the electrical conductor,
and 10 wt.% polyvinylidene fluoride (PVDF), which acts as the binder, in N-methyl-2-
pyrrolidinone (NMP), which act as the solvent, to form a homogeneous slurry. The
slurry was then spread onto a copper (anode)/aluminium (cathode) foil, which serves as

the current collector, by means of pasting (in ISEM) or doctor-blading (in PSI).

The typical active mass loading of the electrodes was 2-5 mg cm™, depending on the
density of the electrochemically active samples. Subsequently, the coated electrodes
(average thickness of ~ 50 um) were dried in a vacuum oven at 110 °C for 24 hrs and
then pressed to enhance the contact between the nanostructured electrochemically active

materials and the conductive carbon black.

If not otherwise specified, all measurements were performed using metallic lithium as
the counter electrode. Because the potential of metallic lithium is nearly constant at
moderate or low current densities, the counter electrode also acts as the reference
electrode. These working electrodes were used for electrochemical cell assemblies for

further electrochemical testing.
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3.5.2 Test Cell Assembly

In order to perform electrochemical measurements and investigations, electrochemical
cells had to be assembled. The electrochemical cells were assembled in an argon-filled
(O and H,0 levels less than 1 ppm) glove box (Mbraun, Unilab, Germany) by stacking
a porous separator containing liquid electrolyte between the working electrode and a
lithium metal counter electrode. The electrolyte used was 1 M LiPFg in a 50:50 (w/w)
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC), provided by
MERCK KgaA, Germany. During my PhD studies, two types of electrochemical cells
were used. The one used in ISEM was the coin-type cell (CR2032), while the other used

in PSI was a homemade titanium-based electrochemical cell.

A schematic diagram of the coin-type cell is shown in Figure 3.13. The separator used
in the coin-type cell is made of porous polypropylene membrane (Celgard 2500) with a
lower thickness (25 um) compared to the glass fiber separator used in the homemade

cell.

See print copy for figure 3.13
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During my visiting fellowship appointment at the PSI, a homemade cell was used (Fig.
3.14). This homemade cell was mainly made of titanium. The counter electrode was
placed on a titanium cylinder (8) and pressed with a spring (5) against the working
electrode, which formed a coating on a copper (anode)/aluminium (cathode) current
collector (10). A glass fiber separator soaked with the electrolyte was put between the

two electrodes.

See print copy for figure 3.14

3.6 Electrochemical Characterization

If an electrochemical system is subjected to the passage of current between the two
electrodes, it is out of equilibrium. Usually we are interested in investigating the
electrode process of one electrode, which is the working electrode. The other electrode,
the counter electrode, is used to complete the external circuit. Occasionally a third
electrode is employed, the reference electrode. When this is the case, the electrode

potential is monitored with respect to the reference electrode.
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3.6.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is a widely used method for studying electrode processes,
especially for the determination of the thermodynamics and kinetics of electron transfer
at the electrode-electrolyte interface. It is often employed as the first method to
characterize new systems. The cell is cycled in a potential window, where the potential
applied on the working electrode is continuously changed at a constant rate. Essentially,
the potential is swept through the potential range where an electrode reaction occurs
before the direction of scan is reversed, in order to define whether (a) the product of
electron transfer is stable or (b) reaction intermediates or the final products are
electroactive. The change of potential as a function of time is called the scan rate. The
potential sweep can be described by its initial (E;), switching (Es), and final (Es)

potentials, and also by the scan rate, v. The potential as a function of time (t) is:

E = E; + vt (forward sweep) (3.4)
E = Es - vt (reverse sweep) (3.5)
with the scan rate (in mV s™) defined as:

AE
V=—
At

(3.6)
Other important parameters are the maximum and minimum potential ranges, which
define the potential window. The choice of this potential window must take into account
the stability range of the chosen electrolyte, to therefore avoid its decomposition. A
positive sweep rate causes the oxidation of the working electrode, and the resulting
current has a positive sign. With a negative sweep rate, the reduction of the working

electrode causes a negative current.
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Cyclic voltammetry (CV) measurements were conducted via a Computer Controlled
Cell Capture device (CCCC, Astrol Electronics AG, Oberrohrdorf, Switzerland) in PSI

or via a CHI 660 electrochemical workstation (CH Instrument, Cordova, TN) in ISEM.

3.6.2 Galvanostatic Measurements

In a galvanostatic measurement a constant current is applied between the working and
counter electrodes. The current is applied until the set upper or lower potential limits are
reached. For the working electrode a negative current would cause reduction and a
positive current oxidation. The examination of the variation of potential with time is
also called chronopotentiometry. This method has an important advantage over cyclic
voltammetry, because the current or current density is kept constant, so the electrode

process is investigated under real battery working conditions.

For an insertion/de-insertion process into a compound M:

Li,M +AxLi" + Axe” < Li,, M (3.7)

X+AX
The amount of the guest species (4x) can be calculated as follows:

B IAtM |
nFm

AX

(3.8)

where, 1 is the applied current in A, 4t is the time interval in s, M, is the molecular mass
of the compound in g mol™, m is the active mass loading in g, F is the Faraday constant

(9.649 x 10* C mol™), and n is the number of electrons exchanged.

The cells were galvanostatically discharged and charged at constant current density via
a Neware battery tester (China) in ISEM or a Computer Controlled Cell Capture device

(CCCC, Astrol Electronics AG, Oberrohrdorf, Switzerland) in PSI.
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3.6.3 Electrochemical Impedance Spectroscopy (EIS)

The ac impedance spectroscopy technique involves the application of a small potential
perturbation (E) at various frequencies (f) at a given dc potential (Eq;). The current
response is monitored and as a result, the variation of resistance with frequency for the
material can be examined. A common impedance spectrum consists of a low-frequency
semi-circle and a high-frequency tail. The semi-circle is the result of the kinetic
processes involved in the interaction between the resistor (R.) and the capacitor (Cgj)
elements. The tail, on the other hand, results from diffusion processes and is represented

in the model by a Warburg element.

See print copy for figure 3.15

The ac impedance spectroscopy measurements were carried out using a CHI 660A
electrochemical workstation system (CH Instrument, Cordova, TN) by applying a sine
wave of 5 mV amplitude over a frequency range of 100.00 kHz to 0.01 Hz. All

impedance measurements were carried out in the de-lithiated state (state of charge).
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CHAPTER 4

SINGLE-WALLED CARBON NANOTUBE PAPER AS FREE-

STANDING ANODE FOR LI-ION BATTERIES

4.1 Introduction

Nanotechnology is the creation of functional materials, devices, and systems through
control of matter on the nanometer scale and the exploitation of novel phenomena and
properties of matter (physical, chemical, biological, electrical, etc.) at that length scale
[Kroto et al., 1985]. Carbon nanotubes (CNTSs) are supposed to be a key component of
nanotechnology. Almost every week, a new potential application of CNTs is identified,
stimulating scientists to peep into this tiny tube with ever increasing curiosity. CNTSs,
born in the Ando lab [lijima, 1991; Ando and lijima, 1993] and introduced to the world
by lijima, are now 16 years old, and much has been said, written, and discussed about
this fascinating subject. But will they give rise to commercially viable applications?
CNTs are rolled up sheets of sp>bonded graphite with no surface broken bonds. Their
possible applications arise from the remarkable properties of single-walled carbon
nanotubes (SWCNTSs), such as the highest Young’s modulus, highest thermal
conductivity, ballistic electron transport, and high aspect ratio structure [Baughman et
al., 2002; de Heer, 2004].
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Recent developments in the field of portable equipment have been the main driving
force behind the search for batteries with high energy density and form flexibility
[Hikmet, 2001; Morris et al., 2004]. It is well known that lithium batteries have the
highest energy density of all the commercialized rechargeable batteries [Scrosati, 1995;
Ceder et al., 1998; Morris et al., 2004]. They typically consist of a positive electrode
and a negative electrode spaced by a separator, an electrolyte, a case, and feed-through
pins respectively connected to the electrodes and extending externally from the case.
Each electrode is formed from a metal substrate that is coated with a mixture of an
active material, an electrical conductor, a binder, and a solvent. The negative electrode
is formed from a copper substrate with graphite as the active material. The positive
electrode is typically formed from an aluminium substrate with lithium cobalt dioxide as

the active material.

Porous mats of carbon nanotubes, also referred to as bucky paper, fabricated by a
filtering procedure from highly stable suspensions of single-walled carbon nanotubes
(SWCNTSs), have exhibited possible uses as hydrogen storage material [Liu et al., 1999],
anode materials in lithium ion batteries [Claye et al., 2000a], actuators [Baughman et
al., 1999] or artificial muscles [Vohrer et al., 2004], and sensors [Sumanasekera et al.,
2000]. This is due to an intrinsic highly accessible surface area (derived from their
nanosized diameter), and high manipulability. However, limited research work [Morris
et al., 2004] has been done on the fabrication and evaluation of a “free-standing” carbon
nanotube paper electrode without any electrode substrate that is produced with a simple

filtration method via positive pressure.
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Note that the manufacturing process for the “free-standing” electrode is considerably
simplified compared with that of the conventional electrode, in which a metal substrate
is coated with a mixture of an active material, an electrical conductor, a binder, and a
solvent. Moreover, in order for this free-standing electrode to be viable for
commercialization, or even practical usage, there is a need to increase its specific
capacity by replacing a small portion of the SWCNTSs with elements (e.g. Si, Sn, Sb or
Ge) that could alloy with lithium and have much larger specific capacities than
carbonaceous materials (Si: 4200 mAh g* [Boukamp et al., 1981], Sn: 990 mAh g*
[Lee et al., 2003], SnO,: 780 mAh g™ [Idota et al., 1997], Sh: 660 mAh g™ [Li et al.,

2001], and Ge: 1600 mAh g [Pereira et al., 2003]).

In this work, we aim to develop a unique and simple electrode-making technique with a
view to improving specific energy density, simplifying the manufacturing procedures
for lithium-ion batteries, and consequently reducing the manufacturing cost. We will
also report on the effects of carbon black (CB) powders and/or nanosized Si particle
addition into the composite SWCNT bucky papers on their electrochemical

performances as “free-standing” anode in lithium-ion rechargeable batteries.

4.2 Preparation of Single-Walled Carbon Nanotube Paper

A standard single-walled carbon nanotube (SWCNT)/Triton X-100 dispersion was
prepared via addition of 50 mg of high purity (95 %, with remainder, ionic Iron (Fe)

impurities from catalyst source) SWCNTs (Lot No. PO257) and 0.5 g of a surfactant,
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Triton X-100, into 50 mL of Milli-Q water, followed by ultrasonication for 2 hours. A
polyvinylidene fluoride (PVDF) membrane with pore size of 0.22 um was cut into a 4-

cm disk to fit the filtration cell (see Fig. 3.2 in Section 3.3.1).

The membrane is intended to act as a filter paper and was wetted in 50:50 v/v Milli-Q
water to ethanol solution for 30 minutes. Passing the prepared SWCNT suspension
through the wetted PVDF filter in a filtration cell under a positive nitrogen gas pressure
of 400 kPa produced a “free-standing” mat of entangled SWCNT ropes, which is known
as “bucky paper”. Subsequently, the resultant SWCNT mat was washed with 200 mL of
Milli-Q water followed by 100 mL of methanol, where methanol was used to remove
any residual surfactant. Finally, the SWCNT mat was peeled off from the PVDF filter
after letting it dry overnight in a vacuum oven. Figure 4.1 shows a typical 4-cm

SWCNT-derived bucky paper, ready for further measurements.

Fig. 4.1. Photograph of a typical 4-cm diameter SWCNT-derived bucky paper.
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Meanwhile, for the SWCNT paper containing carbon black and/or nanosized Si
particles, the dispersion was prepared by substituting 10-20 wt.% of the SWCNTSs with
carbon black or nanosized Si particles (< 100 nm). Then, the same procedures as were
applied in the fabrication of SWCNT paper were repeated to produce a composite paper
of SWCNTs with carbon black and/or nanosized Si particles. The thickness of the
SWCNT-derived composite paper was controlled by the concentration of the SWCNT

suspension.

4.3 Physical and Structural Characterizations

Figure 4.2 shows the transmission electron microscopy (TEM) images of the SWCNT
precursor powder. We could observe a highly entangled web of hollow tube bundles,
with diameters in the range of 10 to 30 nm (Fig. 4.2(a)). Meanwhile, the high-resolution
transmission electron microscopy (HRTEM) image in Figure 4.2(b) clearly shows that
our SWCNT is approximately 2.7 nm in outer diameter. Moreover, the X-ray diffraction
(XRD) pattern of the SWCNT precursor powder, shown in Figure 4.3(a), reveals a
broad (002) diffraction peak, indicating the amorphous structure of the SWCNTSs. Based
on the Bragg equation (see Eqg. 3.1 in Section 3.4.1), as calculated from the (002)
diffraction peak, the average SWCNT diameter is approximately 0.38 nm. In addition,
Figure 4.3(b) shows the Raman spectrum of the SWCNT precursor powder, which
presents a typical example of the SWCNT Raman spectrum with four peaks in the radial
breathing mode (RBM) region and two sharp peaks corresponding to the tangential

modes (G band) [Rao et al., 1997; Kataura et al., 1999; Strano et al., 2004].
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Fig. 4.2. TEM images of SWCNT precursor powder: (a) low resolution image shows
inter-mingled bundles of nanotubes, and (b) high resolution image revealing the outer

diameter of the SWCNT as approximately 2.7 nm.
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Fig. 4.3. (@) XRD pattern of SWCNT precursor powder. (b) Raman spectrum of the
SWCNT precursor powder, using a 532 nm laser line. The inset shows the RBM region

of the SWCNTSs, with the numbers indicating the diameters of the SWCNTSs.
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The peak position at 1591.3 cm™ is referred to as the G* band, with a triplet of Aug, E1g,
and Ezq modes [Jorio et al., 2003]. In this SWCNT precursor powder, the G* band has a
narrow and strong spectrum peak, indicating a good arrangement of the hexagonal
lattice of graphite, whereas, the other peak at 1553.4 cm™, also known as the G™ band, is
considered to be characteristic of the Raman spectrum for SWCNTSs [Ha et al., 2006].
The weak D band at the peak of 1306.8 cm™ in the spectrum reveals the high purity of
the SWCNT precursor powder. The diameter of an individual SWCNT can be
determined by the radial breathing mode (RBM) from 100 to 300 cm™. It is well known
that the RBM frequency is inversely related to the tube diameter [Alvarez et al., 2000;
Jorio et al., 2003]. The values in Figure 4.3(b) indicate the calculated diameters of the

SWCNTs using the following correlation [Jorio et al., 2003]:

Oy = 218.3/d, +15.9 (4.1)

where d; is the tube diameter (nm) and wrawm is the RBM frequency (cm™). Therefore,
the RBM spectral peaks at 196.2, 218.9, 257.5, and 282.8 cm™ correspond to the
SWCNTs with diameters of 1.21, 1.08, 0.90, and 0.82 nm, respectively. From the
Raman analysis, the average diameter of a SWCNT is approximately 1.1 nm, and this

result is in fairly good agreement with the HRTEM observation (see Fig. 4.2(b)).

It is well known that nanosized CNTs have a high tendency toward self-aggregation due
to strong Van der Waals forces [Thess et al., 1996]. By utilizing this intrinsic nature of
CNTs, we are able to fabricate bucky paper from CNTs dispersed in solution via a
filtration process. As expected, bucky paper results from physical entanglement of
SWCNT bundles (Fig. 4.4). From the cross-sectional field emission scanning electron
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microscopy (FE-SEM) image of the SWCNT-derived bucky paper (Fig. 4.4(a) and (b)),
we could observed the densely packed and highly entangled nature of the nanotubes in
the bucky paper. Meanwhile, the SWCNT composite paper with carbon black
nanoparticles, which is shown in Figure 4.4(c) and (d), revealed homogeneously
distributed carbon black nanoparticles in the form of nano-agglomerates (100-150 nm)

all over the SWCNT bundles.
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ig. 4.4. Field emission scanning electron microscopy (FE-SM) images- of SIWCNT-
derived bucky paper: (a) low resolution cross-sectional image of SWCNT paper,
exhibiting densely packed layers of nanotubes; (b) corresponding high resolution image
of (a), clearly showing highly entangled SWCNTs between the layers; (c) low
resolution image of SWCNT composite paper with carbon black, where the wide
distribution of tiny white spots indicates carbon black nanoparticles; and (d) the

corresponding high resolution image of (c), where the carbon black agglomerates are

highlighted as white circles.
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In Figure 4.5, we present the Raman spectra of carbon black powder, SWCNT powder,
SWCNT paper and composite paper of SWCNTs with carbon black. It displays the
great differences between carbon black powder and SWCNT powder, which shows four
peaks in the radial breathing mode (RBM) region and two sharp peaks corresponding to
the tangential modes (G-band). Note that no peak shifts were observed between the

SWCNT powder and the SWCNT paper.
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Fig. 4.5. Raman spectra for the SWCNT electrodes with 532 nm laser line: (a) carbon
black powder, (b) SWCNT powder, (c) SWCNT paper, and (d) SWCNT composite

paper with carbon black.
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In a conventional cell, each electrode consists of a metal substrate that is coated with a
mixture of an active material, a binder, and a solvent. The purpose of the electrode
substrate in the battery is to hold the active material in a mechanically robust form and
conduct electricity between the active material and the cell terminals [Torralba,
1976/1977; Prengaman, 1997]. Since a major function of the substrate is to be a
collector for current during charge and discharge reactions in the battery, the
conductivity of the substrate is one of the most important parameters in selecting

electrode substrates.

In this work, the electrodes were prepared without using any metal substrate. These
electrodes are self-supported “free-standing” electrodes. The conductivity of the “free-
standing” electrodes is shown in Figure 4.6. It can be seen that the conductivity was
improved when 10 wt.% carbon black was added as an electrode conductor (Fig. 4.6).
The conductivity decreased as the thickness of the bucky paper increased for samples
both with and without carbon black (Fig. 4.6). The conductivity of the SWCNT paper
electrode is lower than that of the conventional electrode using metal as the substrate,
but the conductivity could be potentially improved by adding a different type and
different amount of carbon black powder as an electrical conductor during the

fabrication of the electrode.
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Fig. 4.6. Electrical conductivity as a function of thickness for SWCNT papers.

4.4 Electrochemical Performance

Electrochemical impedance spectroscopy (EIS) was performed on SWCNT paper
electrodes of different thickness and with or without carbon black as an additive. Figure
4.7(a) shows the impedance results obtained for the cells using SWCNT paper and
composite paper with 10 wt.% carbon black. The results indicate that the electrical
impedance of the cell using SWCNT paper with carbon black as electrode is lower than
that of the SWCNT paper without carbon black. It is obvious that the cell conductivity
was improved by carbon black addition. The impedance of the cells increased as the
thickness of the SWCNT papers increased (Fig. 4.7(b)). This is probably due to the
lacked of compactness between the layers of SWCNT as the thickness of the bucky
paper increases, which will then results in the presence of dead volume in the SWCNT
paper.
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Fig. 4.7. Impedance plots for the SWCNT electrodes: (a) bucky paper and bucky paper

with 10 wt.% carbon black, and (b) bucky paper with different thicknesses.
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In order to determine the evolution of the kinetic parameters, especially the transport of
lithium ions within the SWCNT paper electrodes, ac impedance measurements were
performed on the fresh SWCNT paper electrodes in different equilibrium states. The
impedance of the conventional slurry coated SWCNT electrode using Ni foam as the
substrate was also measured to compare with the SWCNT paper electrodes. The cell
was potentiostatically conditioned to a certain potential (2.5V, 1.5V, 0.8V, 05V, 0.3
V, 0.1 V, and 0.05 V, respectively) and equilibrated for 2 hrs. After that, the ac
impedance spectroscopy was conducted by applying a sine wave of 5 mV amplitude

over a frequency range of 100.00 kHz to 0.01Hz.

EIS graphs of all the electrodes presented in Figure 4.8 show only one depressed
semicircle instead of two semicircles in the high and intermediate frequency region,
which generally correspond to migration within the surface layer and the charge transfer
process, respectively. The reason for this phenomenon is that the electrodes under
measurement were fresh electrodes, so that the resistance of the solid-electrolyte
interphase (SEI) passivation layer was very small. The two semicircles in the high and
intermediate frequency regions overlap and appear to be one. The 45° line in the low-
frequency region shows the typical characteristics of the Warburg impedance, which
generally reflects the diffusion process of lithium within the bulk electrode. A
comparison of the EIS Nyquist complex plots shows that the size of the semicircle
drastically decreases with decreasing voltage for the thin SWCNT paper and SWCNT

electrodes that were fabricated by coating SWCNT powder on Ni foam.
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Fig. 4.8. Nyquist plots for SWCNT electrodes: (a) SWCNT powder on Ni foam, (b) thin

SWCNT paper, (c) thick SWCNT paper, and (d) SWCNT paper with 10 wt.% carbon

black.

For the thick SWCNT paper and the SWCNT paper with carbon black, the impedance

does not monotonically decrease with decreasing voltage. Instead, the impedance

decreases in the high voltage regime (above 0.5 V) and then increases afterwards. This

phenomenon might be related to the build up and dissolution of the solid-electrolyte

interphase (SEI) on the thick SWCNT paper and the SWCNT paper electrode with

carbon black. The low frequency portion of the EIS spectra can be further divided into

two regimes: the 45° line and an almost vertical line.
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Claye et al. [2000b] also observed such a phenomenon during EIS measurement of
SWCNTSs, and they assigned the 45° line in the low frequency region to diffusion
through the pores of the bucky paper and the near-vertical line to diffusion inside the
bundles of SWCNTSs. By comparing the EIS spectra in Figure 4.8, it can be concluded
that the rate-determining step for SWCNT paper electrode in a high electrode potential
state should be different from that in a low potential state. Since the Li* concentration
increases with decreasing electrode potential, therefore, Li* mainly diffuses inside the
bundles of SWCNTSs at low Li* concentration, while Li* diffuses through the pores of

SWCNT bucky paper at high Li* concentration.

Figure 4.9 shows the galvanostatic charge and discharge curves for the conventional
SWCNT electrode and a “free-standing” bucky paper electrode. The first cycle of both
electrodes exhibits enormous irreversible capacity, which could be attributed to various
causes such as the reduction of dioxygen molecules or oxygenated functional groups on
the surface of the SWCNT paper electrodes [Frackowiak et al., 1999] and the formation
of the SEI passivation layer on the surface of the electrodes. The irreversible capacity of
the “free-standing” SWCNT electrode was slightly larger than that of the conventional
slurry-coated electrode. The galvanostatic charge-discharge curves of both electrodes
show that the curves are quite typical for all this family of materials, including
SWCNTs and multi-walled carbon nanotubes (MWCNTS) [Frackowiak and Béguin,

2002].
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Fig. 4.9. Charge-discharge profiles of SWCNT electrodes: (a) conventional slurry-

coated electrode, and (b) “free-standing” bucky paper electrode.
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Figure 4.10 shows the discharge capacity versus the cycle number for cells made from
the conventional electrode, “free-standing” SWCNT paper electrode, and SWCNT
composite bucky paper with carbon black. The thickness of both SWCNT papers was
about 80 um. It can be seen that the capacity was improved by using carbon black as an
additive for the “free-standing” SWCNT paper electrode, due to the fact that the
electrode conductivity was improved (See Fig. 4.5). Although the capacity of “free-
standing” SWCNT paper electrodes was slightly lower than that of conventional
electrode, based on the active materials calculation, the “free-standing” electrodes have
the potential to have considerably higher specific energy than those conventional
electrodes currently in use, due to the fact that the electrode does not require any
substrate or binder to provide mechanical integrity. On the other hand, the fabrication
procedures for the electrode were greatly simplified, so the manufacturing cost will be

reduced significantly.
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Fig. 4.10. Discharge capacities vs. cycle number. Current density was 0.08 mA cm™.
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In order to improve the specific capacity of the SWCNT paper, nanosized silicon (Si)
particles were added into the SWCNT/CB composite paper by substituting 10 wt.% of
the SWCNTs with the Si nanoparticles. This concept proved to be in the right direction,
as the kinetics and the reversibility of the bucky paper were greatly enhanced by the
presence of the Si nanoparticles, as shown in the cyclic voltammograms in Figure 4.11.
An additional pair of reduction (0.2 V)/oxidation (0.5 V) reactions was observed in the
Si-based bucky paper, indicating the alloying reaction of Si with lithium metal [Ng et
al., 2006b]. Meanwhile, as the cycle number increased, the Li* insertion (discharge)
kinetics decreased for both SWCNT composite bucky papers, suggesting the possibility

of Li* entrapment in the SWCNTs matrix, which lead to the irreversible capacity.
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Fig. 4.11. Cyclic voltammograms of the SWCNT composite paper electrodes: (a)
SWCNT paper with 10 wt.% carbon black, and (b) SWCNT paper with 10 wt.% carbon
black and 10 wt.% nanosized Si particles addition. The scan rate applied is 0.5 mV s*

and the numbers indicate the cycle number.
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Figure 4.12 shows the electrochemical cycling behaviour of the SWCNT composite
bucky paper. The addition of nanosized Si particles greatly enhanced the discharge
capacity of the bucky paper electrodes, so that they retained a capacity of 400 mAh g™
beyond 100 cycles (Fig. 4.12(a)). Meanwhile, at high current density, all the SWCNT
composite bucky paper electrodes show high capacity fading behaviour, which might

hamper its usage in high-power density applications.
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Fig. 4.12. (a) Cycle life of the composite bucky paper electrodes. The current density
was 0.08 mA cm™. (b) Discharge capacities of the composite bucky paper electrodes at
different cycling rates. The electrodes were cycled between 0.02 and 1.20 V vs. Li/Li".
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SEM images of “free-standing” SWCNT paper electrodes before and after cycling are
shown in Figure 4.13. After 100 cycles, only some very tiny cracks were observed on

the bucky paper electrodes.

Fig. 4.13. SEM images of “free-standing” SWCNT paper electrodes: (a) before cycling,

and (b) after 100 cycles.
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4.5 Conclusions

“Free-standing” SWOCNT paper electrodes are lightweight, flexible, have good
conductivity, and can be fabricated easily without using any metal substrate or binder.
The weight of the electrode was reduced significantly compared with a conventional
electrode that was made by pasting a mixture containing an active material on the metal
substrate. The results show that the capacity of the “free-standing” electrode was
improved by using 10 wt.% carbon black as an additive. Moreover, the addition of
nanosized silicon particles greatly enhanced the specific capacity of the SWCNT
composite paper, so that it retained a capacity of 400 mAh g™ beyond 100 cycles. The

use of the new design electrode will provide lightweight, low cost lithium-ion batteries.
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CHAPTER 5

SPRAY-PYROLYZED LEAD OXIDE AND LEAD OXIDE-

CARBON NANOCOMPOSITES AS ANODES FOR LI-ION

BATTERIES

5.1 Introduction

A new generation of lithium-ion rechargeable batteries was developed in the early
1990s with the introduction of Stalion® lithium-ion cells by Fuji Photo Film Celltec
[Idota et al., 1994; Idota and Mishima, 1995], whose anodes consisted of amorphous
tin-based oxides instead of carbonaceous-based materials. It was reported that these
electrodes have twice the theoretical gravimetric capacity and four times more
theoretical volumetric capacity than carbon. This marvelous discovery has sparked off
an intensive research on new materials that are capable of alloying with lithium, such as
Al, Sn, Pb, In, Bi, Cd, Ag, Mg, Zn, Si, and Sb [Wang et al., 1986; Huggins, 1989 and
1998; Li et al., 1999a], which have all been investigated in the past decade. These
materials show satisfactory Li-ion transport properties as well as a good lithium packing
density and electrochemical potential. However, a substantial change in specific volume

of the electrode upon continuous charging/discharging leads to loss of electrical contact,
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and thus capacity loss, as well as macroscopic dimensional problems within the cell
structure. Several methods have been proposed to solve this volume expansion problem,
mainly by reducing the metal particle size [Yang et al., 1996; Poizot et al., 2000],
limitation of cycling depth with a very thin reaction layer [Martos et al., 2001; Cruz et
al., 2002], or by construction of bonded electrodes using Li*-conducting intermetallic
phases [Besenhard et al., 1990; Huggins, 1999] as binder materials for small particle

size active Li-alloys.

Despite the various methods available for the production of the ultra-fine nanoparticles
used in Li-ion batteries, it is highly desirable to apply simple and highly productive
techniques to produce both the anode and cathode materials. Moreover, if possible, we
should fabricate them in-situ to avoid the complicated and expensive technological
procedures that might be featured in some methods [Konstantinov et al., 2003]. The
spray pyrolysis method fully satisfies these requirements, because it is versatile,
inexpensive, industrially-oriented, and can be operated over a large temperature range
(100 °C - 1000 °C) [Martos et al., 2001 and 2003; Cruz et al., 2002; Konstantinov et al.,

2003; Yuan et al., 2005].

Studies by Martos et al. [2003] using sprayed lead oxide powders as anode material in
Li-ion batteries show that the specific capacity fades on cycling when bulk powders are
used. Therefore, we suggest the addition of a carbon source (sucrose solution) to
enhance the electric conductivity of PbO and also increase its specific capacity and
cycle life. This concept has proven to be successful in other studies [Yoshio et al., 2002;

Bewlay et al., 2004; Yuan et al., 2005].
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Although there have been reports on the usage of sprayed PbO [Martos et al., 2001 and
2003] as an anode material in Li-ion batteries, there have been scarcely any studies
reported on PbO-carbon anodes in Li-ion batteries. In this chapter, | report the synthesis
of both nanostructured PbO and nanocomposite PbO-carbon using an in-situ spray
pyrolysis approach and investigate their electrochemical performance as anode
materials for Li-ion batteries. A systematic investigation of the effect of temperature,
solution concentration, and solution flow rate on the morphological, physical, and
electrochemical characteristics of in-situ prepared PbO nanostructured materials will

also be presented here in detail.

5.2 Synthesis Method

All powders were obtained in-situ by spraying various concentrations of Pb(NO3),
aqueous solutions under different conditions, which are summarized in Table 5.1. The
composite materials were prepared by mixing the initial solutions with aqueous sucrose
(C12H22013) solutions in weight ratios (Pb(NOs); : sugar) of 100 : 0, 70 : 30, 40 : 60, 15
: 85, and 0 : 100, respectively (see Table 5.2). A vertical-type spray pyrolysis reactor

was used for the experiments. The reactions are as follows:

Pb(NO3), (aq)—CC) 5 PbO + NO, T +0, T +H,0 T +energy 1 (5.1)
C1oH 2,011 (ag)—1CS)
12H2,011(aq)——=2>C + H,0 T +energy T (5.2)
T(°C)
CoH,041(aq)+ 0y ——25C0O, + H,0 T +energy T (5.3)

[Pb(NO3 ), +C1oH zzollkaq)ﬂ) PbO +C + NO, T+0, T +CO, T +H,0 T +energy T (5.4)
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Table 5.1: Summary of experimental conditions and some physical characteristics of

the sprayed PbO nanoparticles.

Sample No. 1 2 3 4 5 6 7
Furnace Temperature, T (°C) 600 700 800 700 700 700 700
Solution Concentration, C (M) 050 050 050 015 030 050 0.50

Solution Flow Rate, Q (mL min™) 314 314 314 157 157 157 471
Average Crystal Size, Dp (nm) 31 53 102 127 75 25 62

Specific Surface Area, Sger (m?g™Y) 45 24 22 66 26 18 20

Table 5.2: Summary of experimental conditions and some physical characteristics of

the sprayed PbO-C nanocomposites.

Sample No. 3 8 9 10 PbO

(Sigma-Aldrich)

Furnace Temperature, T (°C) 800 800 800 800
Solution Concentration, C (M) 050 050 050 0.50
Not Applicable
Solution Flow Rate, Q (mL min®)  3.14 3.14 314 3.14
Pb(NO3)s/ C1oH2011 (Wt.%/wt.%)  100/0 70/30 40/60 15/85
Average Crystal Size, Dp (nm) 102 74 53 26 > 500

Specific Surface Area, Sger (m?gY) 22 25 44 65 0.4
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5.3  Physical and Structural Characterizations

The XRD analysis shows that all powders exhibit either single tetragonal a-PbO phase
with the lattice parameters: a = 0.3973 nm and ¢ = 0.5022 nm (JCPDS Card No. 05-
0561) or a-PbO phase together with additional traces of orthorhombic B-PbO phase
with the lattice parameters: a = 0.5489 nm, b = 0.4755 nm, and ¢ = 0.5891 nm (JCPDS
Card No. 05-0570), when the furnace temperature is increased from 600 to 800 °C.
There were no traces of Pb3O4 in any of the materials. Some typical X-ray patterns are
shown in Figure 5.1. The well-known Debye-Scherrer formula was used to calculate the

average crystal size using crystalline silicon as the reference material.
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Fig. 5.1. Typical XRD patterns of a-PbO powders sprayed at different temperatures.
The solution concentration was 0.5 M, and the flow rate was 3.14 mL min™. The traces

of B-PbO are marked by *.
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Additional confirmation of crystallite size was obtained by TEM centered dark-field
imaging (Fig. 5.2), where individual lead oxide crystallite sizes were obtained by
imaging particle clusters using lead oxide diffraction spots. Figure 5.2 shows dark-field
images of crushed particles and the approximate lead oxide crystallite sizes in samples

sprayed at 600 °C (Fig. 5.2(a)) and at 800 °C (Fig. 5.2(b)).

First of all, the effect of furnace temperature on the average crystal size was evaluated
(Table 5.1). As seen from Table 5.1, a temperature increase from 600 to 800 °C leads
logically to a crystal size increase from 31 to 102 nm (samples 1, 2, and 3). To
determine the temperature effect, both the concentration and flow rate were kept

constant (0.5 M and 3.14 mL min™).

In contrast to the temperature effect, an increase in the solution concentration has a
pronounced negative effect on the crystal growth (samples 4, 5, and 6). The average
crystal size decreases almost linearly from 127 to 25 nm when the concentration
increases from 0.15 to 0.5 M. All materials were sprayed at 700 °C using a flow rate of
1.57 mL min™. This result can be explained by the increased number of crystallization
centers in solutions with higher Pb concentration and the consequent blocking effect on
crystal growth due to the simultaneous crystallization of more crystallites within the
particles. Finally, I studied the effect of the flow rate on the crystallization process and
average crystal size. The result for samples 2, 5, and 7 show that there is no clear
dependence between these parameters. These materials were sprayed at 700 °C using

0.5 M solutions.
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Fig. 5.2. TEM dark-field images obtained from samples sprayed at (a) 600 °C and (b)

800 °C. Individual crystallites are marked as C.
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It was expected that variation of the flow rate could affect the particle size of the in-situ
PbO powders. However, SEM results did not confirm this assumption either.
Agglomerates with spherical shape, which is typical for the spray process, are in the
range of 0.5-5 microns for all powders, and the size is not dependent on the flow rate.
The temperature has a small effect for this temperature range (Fig. 5.3), and the
materials obtained at 800 °C reveal more crystalline and inter-grown particles, while
powders obtained at 600 °C have particles with fine nano-porous structure. The particle
size appears to increase at higher temperature due to the intergrowth process. This

would be expected to result in a lower specific surface area of the materials (Sger).

The BET results clearly confirm the SEM observations. An increase in the temperature
causes a pronounced decrease of the Sger (see the results for samples 1, 2, and 3 in
Table 5.1). The powders obtained at 600 °C exhibit a remarkably high Sget value of 4.5
m? g (for comparison, the conventional Sigma-Aldrich PbO has only 0.4 m? g%). The
materials obtained at 800 °C have only 2.2 m? g™. Note that all other factors were kept

constant: solution concentration 0.5 M and flow rate 3.14 mL min™.

The effect of solution concentration on Sger was found to be similar (Table 5.1, samples
4, 5, and 6). A higher concentration promotes a lower specific surface area. Increasing
the concentration from 0.15 to 0.5 M causes a decrease of Sger from 6.6 to 1.8 m* g™,

These results were obtained for 700 °C and a flow rate of 3.14 mL min™.
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Fig. 5.3. Typical SEM images of powders sprayed at (a) 600 °C, (b) 700 °C, and (c) 800

°C. The solution concentration was 0.5 M, and the flow rate was 3.14 mL min™.
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The results regarding the Sger are very important because they demonstrate that large
specific surface area should not be always associated with small crystal size. Our group
has previously reported [Konstantinov et al., 2004] similar results for nano-structured
oxides, e.g. Co304, CoO, NiO, and SnO, obtained in-situ by spray technology. Quite
often the very small nano-crystallites stack together due to their high surface energy and
create very dense packing, which reduces the specific surface area. The strong
agglomeration effect observed for nano-structured oxides is an important problem that
should be taken into account for practical utilization of such materials in energy saving

applications where a large specific surface area is an important factor.

For quantifying the amount of carbon in the PbO-C composite materials,
thermogravimetric analysis (TGA) was carried out in air. The samples were heated from
60 °C to 600 °C at a rate of 5 °C min™’. Figure 5.4 shows the TGA analysis of the PbO-C
composite samples along with those of bare PbO and carbon powders. As can be seen
from Figure 5.4, bare carbon powder burns off at 460 °C, while the bare PbO powder
remains stable in the temperature range used for this experiment. It can also be seen that
the composites show weight loss at a temperature of 460 °C, which corresponds to the
oxidation of carbon. There is no further weight change in the composites after the initial
oxidation of carbon. Therefore, the change in weight before and after the oxidation of
carbon directly translates into the amount of carbon in the PbO-C composites. Using
this method, it was found that the amounts of carbon in the composites were 3.3 wt.%,
8.7 wt.%, and 9.5 wt.% for the precursor solutions with weight ratios (Pb(NO3),/sugar)

of 70/30, 40/60, and 15/85, respectively.
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Fig. 5.4. TGA curves of PbO-C nanocomposites with different PbO/C ratios.

Table 5.3 summarizes the actual carbon content in the spray pyrolyzed PbO-C

nanocomposites. The carbon concentrations obtained after spray pyrolysis were

significantly below the targeted levels. All samples undergo more than 80 wt.% carbon

losses during the spray process. This can be explained by the reactions during the spray

pyrolysis process mentioned earlier in Section 5.2.

There are mainly 3 reactions during the spray pyrolysis process: (Eq.5.1) oxidation of

lead nitrate to produce lead oxide and release gases such as nitrogen dioxide and

oxygen; (Eq. 5.2) decomposition of sugar to carbon and water vapour (in the absence of

oxygen/air); and (Eq. 5.3) combustion of sugar in air to produce gases such as carbon
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dioxide and water vapour. All the reactions are exothermic and thus release excess
energy produced during the reactions. As the spray pyrolysis process was carried out in
air, reaction (5.3) is more favourable compared to reaction (5.2). Therefore, most of the
sugar will be burnt out during the spray pyrolysis process, which accounts for the high
percentage of carbon mass loss (> 80 wt.%). However, due to the instantaneous nature
of the spray pyrolysis process, decomposition of sugar will still occur [Bewlay et al.,
2004; Yuan et al., 2005]. Equation 5.4 summarizes the whole reaction during the spray

pyrolysis process.

Table 5.3: Theoretical and actual carbon content in PbO-C nanocomposites sprayed

from starting solutions with different concentrations of Pb(NO3),/sugar*.

Starting Solution Theoretical Actual weight Mass loss % of
wt.% Pb(NOs),/wt.% sugar*  weight % of % of carbon carbon during spray
carbon (via TGA) pyrolysis
70/30 21.12 3.27 84.52
40/60 48.38 8.73 81.96
15/85 77.98 9.53 87.78
* C12H2,011

X-ray diffraction investigations (Fig. 5.5) revealed products comprising nanocrystalline
PbO (Fig. 5.5(a)) and PbO-carbon nanocomposites (Fig. 5.5(b-d)) with confirmation of
both the a-PbO phase (JCPDS Card No. 05-0561) and the 3-PbO (JCPDS Card No. 05-
0570) phase. Figure 5.5 also reveals that as the carbon content increases (from Fig.

5.5(a) to (d)), the intensity of the orthorhombic B-PbO phase increases significantly,
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while the intensity of the tetragonal a-PbO phase is reduced. The well-known Debye-
Scherrer formula was used to estimate the approximate average crystal size using
crystalline silicon as the reference material. The estimated average crystal size was
reduced from 102 nm to 26 nm when the carbon content was increased. The reduction
of the average crystal size led to an increase in specific surface area (Sger) from 2.2 m?
g™ to 6.5 m? g*. For comparison, the commercial Sigma-Aldrich PbO powders have a

specific surface area of only 0.4 m*g™.
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Fig. 5.5. XRD patterns of PbO-C nanocomposites from (a) pure PbO; (b) 97PbO/3C; (c)

91PbO/9C; and (d) 90PbO/10C.
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From SEM observations (Fig. 5.6), it was revealed that the particles are mainly
spherical agglomerates, which is typical for the spray process, with sizes in the range of
0.2-2 microns for all powders. All the samples sprayed with sugar addition were
morphologically alike, presenting a structure resembling broken hollow spheres with
porosity on both the inside and the outside particle surfaces (Fig. 5.6(b-d)). This may be
due to the decomposition of sugar, resulting in the release of gases such as carbon
dioxide and water vapour, leaving holes in the hollow spherical structure [Yuan et al.,

2005].

Fig. 5.6. SEM images of PbO and PbO-C nanocomposites from (a) pure PbO; (b)

97PbO/3C; (c) 91PbO/9C; and (d) 90PhO/10C.
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Transmission electron microscopy (Fig. 5.7) confirmed the trend in average crystallite
sizes as a function of carbon content, giving additional information about lead oxide
morphology. The morphology of individual lead oxide crystallites in samples containing
no carbon is shown in the TEM centered dark-field image (Fig. 5.7(a)), obtained using
lead oxide diffraction spots. In the PbO-carbon samples, TEM combined with selected
area electron diffraction (SAED) confirmed that the particle sizes ranged from 50-100
nm for the sample with 3 wt.% carbon (Fig. 5.7(b)), and approximately 5-50 nm for the
sample with 10 wt.% carbon (Fig. 5.7(c)). Particles, such as those marked P in Figure
5.7(b), were found to be spheroidal or disk-like in shape, while others were found to be
slightly more faceted. Low magnification bright-field imaging combined with SAED
also confirmed that carbon rich clusters formed during atomization, at least for the
sample with 10 wt.% carbon, and that these contained varying amounts of PbO. Some
were solidified droplets containing no PbO nanoparticles at all (Fig. 5.7(d)), while many

contained a uniform dense distribution of PbO such as that observed in Figure 5.7(c).

As a general trend, the increase in process temperature from the excess energy
generated by the exothermic reactions in Section 5.2 should have led to an increase in
average crystal size due to the higher kinetics and intergrowth process. However, the
results in Table 5.2 show otherwise. This can be explained by the phase transformation
of a-PbO phase to B-PbO phase as the temperature increases. The excess energy
generated by the spray pyrolysis process was used for the phase transformation process
instead of crystal growth as the carbon content in the starting solution increased. This
led to the reduction of crystal size and subsequently resulted in a higher specific surface

area of the PbO-carbon nanocomposites.
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Fig. 5.7. TEM images of nanocrystalline PbO and PbO-C nanocomposites: (a) centered

dark-field image of pure PbO, where individual crystallites are marked as C; (b) bright-
field image of 97PbO/3C, with large PbO particles marked as P; (c) and (d) bright field
images and selected area electron diffraction patterns (inset) of 90PbO/10C at different
magnifications. The lead oxide particles in the carbon rich cluster in (c) are significantly
smaller than those in (b). Some carbon rich clusters, such as that shown in (d), contained
no lead oxide particles, as indicated by the diffuse contrast in the associated SAED

pattern.
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Laser Raman Spectroscopy gives information about the vibration of atoms in crystals
and molecules and can be used as a complementary tool to XRD. Figure 5.8 presents
Raman spectra of PbO-carbon nanocomposites obtained with 632.8 nm diode laser
excitation on a 300 lines/mm grating at room temperature. The Raman spectrum of
97PbO/3C nanocomposite (Fig. 5.8(a)) displays two main peaks over 1000 cm™ at
around 1355 cm™ and 1597 cm™, which are designated as the D band and the G band
[Yoshikawa et al., 1988] of disordered carbon, and another three peaks under 500 cm™
which are due to a/B-PbO (143 cm™) and B-PbO (285 cm™ and 387 cm™) [Wiechert et
al., 2005]. This confirms that this kind of nanocomposite contains both PbO and
disordered carbon (produced from spray pyrolysis of sugar). It also shows that the
Raman intensity of disordered carbon increased with an increased percentage of sugar in
the Pb(NOg),/sugar raw material (see Raman spectra of PbO-C nanocomposites from (a)
97PbO/3C; (b) 91PbO/9C; and (c) 90PbO/10C; as well as (d) disordered carbon
produced from sugar, respectively, in Fig. 5.8). This indicates the increase of disordered
carbon in the PbO-C nanocomposites. This result is in good agreement with results
obtained by both the XRD and TGA methods. Energy Dispersive X-ray (EDX) mapping
of different elements (C and Pb) was conducted to investigate the distribution of the
species within the agglomerated particles (Fig. 5.9). The bright spots correspond to the
presence of each element. Based on the EDX elemental maps of PbO-C nanocomposites
from 90PbO/10C (left) and 97PbO/3C (right), respectively, in Figure 5.9, distribution of
carbon in the PbO-carbon nanocomposites is, within the limits of SEM-EDS resolution,
apparently homogeneous, regardless of the carbon content in the samples. This indicates
that a uniform distribution of carbon on all PbO particles can be achieved by spray

pyrolyzing a sugar solution.

127



Chapter 5: Spray-Pyrolyzed Lead Oxide And Lead Oxide-Carbon Nanocomposites As

Anodes For Li-lon Batteries

o
.
(]
[
7]
et =]
[ ] |
h
th
[
% (@

()

100 300 500 700 900 1100 1300 1500 100 190

Wavenumbers (cm-1)

Fig. 5.8. Raman spectra of PbO-C nanocomposites from (a) 97PbO/3C, (b) 91PbO/9C,

and (c) 90PbO/10C; and (d) pure disordered carbon produced from sugar.
5.4  Electrochemical Performance
The anode was prepared by mixing PbO, PbO-carbon composites or spray pyrolyzed

carbon as active materials with 10 wt.% carbon black and 10 wt.% polyvinylidene

fluoride (PVDF) binder.
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Fig. 5.9. EDX mapping of PbO-C nanocomposites made from 90PbO/10C (left) and

97PbO/3C (right).
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Cyclic voltammograms (CVs) of nanocrystalline PbO (Fig. 5.10(a)) and 90PbO/10C
(Fig. 5.10(b)) nanocomposite electrodes in lithium-ion coin cells, in which a lithium foil
was used as the counter electrode and reference electrode, are shown in Figure 5.10.
The coin cells were cycled at a scan rate of 0.1 mV s™. The CV curves for both the
nanocrystalline PbO and for the electrodes with 10 wt.% carbon clearly indicate the
irreversible reactions during the first discharge with two reduction peaks; one between
1.45 V and 0.9 V, and another at 0.7 V. The peak between 1.45 V and 0.9 V can be

assigned to the replacement reaction converting PbO to Pb with the formation of Li,O.

According to Martos et al. [2001 and 2003], this transformation of Pb (II) — Pb (0)
takes place through some intermediates, i.e. Pb (I). Meanwhile, the reduction peak at 0.7
V can be ascribed to the formation of the solid electrolyte interface (SEI) layers, which
only happens in the first discharge cycle [Pan et al., 2002; Wang et al., 2003; Naoi et al.,
2005]. The low potential region (< 0.7 V) exhibits several peaks corresponding to the
formation of LixPb alloys. Huggins [1989 and 1998] identified four potential plateaus at
0.601, 0.449, 0.374, and 0.292 V over the composition range 0 < x < 4.5 (i.e. LiPb,
LisoPb, Lis2Pb, and LissPb). In the first discharge for both the nanocrystalline PbO and
90PbO/10C nanocomposite electrodes, three cathodic peaks were found at 0.50, 0.38
(weak), and 0.28 V, which are slightly different from the values reported by Huggins
[1989 and 1998]. Subsequent charging and discharging of both the nanocrystalline PbO
and 90PbO/10C nanocomposite electrodes show that the potential peaks of the anodic
and cathodic waves correspond better to the lithium-lead alloys formed according to

Huggins [1989 and 1998].
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Fig. 5.10. CVs of (a) pure nanocrystalline PbO and (b) 90PbO/10C nanocomposite. The

scan rate was 0.1 mV s™.
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A large volume change occurs in the Pb region during lithium insertion and extraction
reactions. Consequently, the mechanical stress and aggregation of particles leads to the
cracking and crumbling of the electrodes. As a result, electrical contacts between
particles are lost, which causes a sharp decrease in the specific capacity and cycle life of
the electrodes. The specific capacity and cycling stability of the nanocrystalline PbO
and PbO-carbon nanocomposite electrodes were measured by constant current

charging/discharging at 0.1 mA cm™ between 0.01 V and 1.50 V.

Figure 5.11 shows the 1% 2" 5™ and 10" charge/discharge curves of the
nanocrystalline PbO (Fig. 5.11(a)) and 90PbO/10C (Fig. 5.11(b)) nanocomposite
electrodes. The discharge curves of nanocrystalline PbO and 90PbO/10C
nanocomposite are fairly similar in appearance. In addition, irreversible capacity losses
during the first cycle were 611 and 405 mAh g™ for pure PbO and 90PbO/10C
nanocomposite, respectively. The irreversible capacity loss decreased with increased
carbon content, due to the presence of the carbon matrix, which is a good electronic
conductor and provides an effective cushion for volume expansion [Yoshio et al., 2002;
Bewlay et al., 2004; Yuan et al., 2005]. Furthermore, the reversibility of the 90PbO/10C
nanocomposite electrodes was better than that of the nanocrystalline PbO electrodes, as

indicated by the retention of the potential plateaus after 10 cycles.
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Fig. 5.11. The 1%, 2" 5" and 10" charge/discharge profiles of (a) pure nanocrystalline

PbO and (b) 90PbO/10C nanocomposite. The current density was 0.1 mA cm™.
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In Figure 5.12, some typical discharge capacity dependencies for materials obtained
under different conditions are given. We could not find a simple dependence between
the irreversible capacity or cycle life and the specific surface area or average crystal
size. As a general trend, materials with crystal sizes around 100-120 nm exhibit better
cycle life, when compared to the powders with small crystal size. However, it is worth
remembering that the cycle life and capacity depend on many other factors, including
preparation conditions, and complementary detailed experiments are needed before
making any definitive conclusions regarding the role and dependency of all these
parameters. The best performing powder was the PbO sprayed at 800 °C from a 0.5 M
solution at a flow rate of 3.14 mL min™’. It had a discharge capacity of 61 mAh g™ after
50 cycles. This result is much better than those produced by Martos et al. [2001], where

the PbO powders gave a discharge capacity of less than 20 mAh g™ beyond 30 cycles.

The reversible capacities as a function of cycle number for the PbO-carbon
nanocomposites are compared in Figure 5.13. Initial reversible capacity is as high as
265 mAh g™ for the 90PbO/10C nanocomposite electrodes. Subsequently, the reversible
capacity was maintained above 100 mAh g™ beyond 50 cycles for the 90PbO/10C
nanocomposite electrodes, which is higher than the values reported by Martos et al.
[2001] for lead oxide powder anodes in lithium-ion rechargeable batteries. This shows
that PbO-carbon nanocomposites are promising as anode materials for Li-ion batteries.
Meanwhile, the spray pyrolyzed carbon powder (from sucrose solution) was found to

have a capacity of 170 mAh g™ after 50 cycles, as shown in the inset of Figure 5.13.
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Fig. 5.12. Discharge capacity dependencies of PbO materials sprayed at (a) different
temperatures at 0.5 M and 3.14 mL min™, and at (b) different solution concentrations at

700 °C and 1.57 mL min™. The current density applied was 0.1 mA cm™.
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Fig. 5.13. Cycle life of PbO-C nanocomposites. The current density was 0.1 mA cm™.

The inset figure presents the specific capacity vs. cycle number data for the bare carbon

powder, and the current density applied was also 0.1 mA cm™.

This means that the spray-pyrolyzed carbon in the composite materials, which is

considered as an active material in this study, contributed only 17 mAh g for the

90PbO/10C nanocomposite, accounting for 17 % of its total reversible capacity (100

mAh g™). In addition, we also found that the cycle life increased with increasing carbon

content in the nanocomposites. For example, the reversible capacity efficiency (Reycle

number/R1st cycte) for 90PbO/10C nanocomposite electrodes after 50 cycles is 36.3 %

compared to 21.1 % for nanocrystalline PbO electrodes.
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We believe that the nanostructure of the spray pyrolyzed powder, and the conductivity
and ductility of the carbon matrix are responsible for the good cyclability of the PbO-
carbon nanocomposites. To verify the effect of carbon content on the electronic
conductivity of the nanocomposites, ac impedance measurements were conducted. The
Nyquist plots obtained for the nanocrystalline PbO (Fig. 5.14(a)) and 90PbO/10C (Fig.
5.14(b)) nanocomposite electrodes after 1 and 101 cycles are compared in Figure 5.14.
The thickness of the electrodes was controlled at 50 um, and the coated area of the
electrodes at 1 cm® To maintain uniformity, electrochemical impedance spectroscopy

(EIS) experiments were performed on working electrodes in the fully charged state.

In general, one semicircle in the high frequency range was observed for all samples. The
diameter of the semicircle represents the inter-particle contact resistance [Fan and
Fedkiw, 1998]. Meanwhile, in the low frequency region, an angled straight line was
obtained, which represents a diffusion-controlled process in the solid electrolyte
interface [Li et al., 1999b]. In addition, we also found that the diameters of the
semicircles were enlarged after 101 cycles for all the samples. However, when Figure
5.14(a) is compared to Figure 5.14(b), considerable differences are observed. The
diameter of the semicircle after 101 cycles increased by more than 40000 ohms cm™ in
the case of nanocrystalline PbO electrodes, compared to 6000 ohms cm™ for
90PbO/10C nanocomposite electrodes. Therefore, it can be assumed that the inter-
particle resistance was suppressed with the addition of carbon, resulting in better

cycling of the cells during the charge/discharge process [Fan and Fedkiw, 1998].
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Fig. 5.14. Impedance plots for (a) pure PbO and (b) 90PbO/10C electrodes in the de-

lithiated state.
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55 Conclusions

A series of nanocrystalline PbO and PbO-carbon nanocomposites have been
successfully synthesized via in-situ spray pyrolysis of Pb(NO3),/sugar solution at 800
°C and a flow rate of 3.14 mL min®. The spray-pyrolyzed powders are fine
nanocrystalline PbO, homogeneously distributed within an amorphous carbon matrix
with highly developed surface area. An increase of the furnace temperature from 600 to
800 °C leads to a three fold increase of the average crystal size from 31 to 102 nm. An
increase in the concentration from 0.15 to 0.5 M dramatically suppresses the crystal size
from 127 to 25 nm. The BET surface area of the sprayed PbO powders was increased up
to 6.6 m? g™*. Both the XRD patterns and TEM images revealed that the PbO-carbon
nanocomposite crystal sizes were approximately 26-102 nm. The carbon content
estimated by TGA shows that a huge amount of carbon mass (> 80 wt.%) was lost
during the spray pyrolysis process. Raman spectroscopy also revealed increases in the
amount of disordered carbon (from the pyrolyzed sugar solution) with increasing sugar
content in the starting solution. The distribution of carbon in the sprayed samples was
homogeneous, as revealed by the elemental EDX mapping. The alloying and de-
alloying of lithium with lead over the 1.50 V to 0.01 V range yields various LixPb (X <
4.5) alloys. When applied as anode materials in Li-ion batteries, the PbO sprayed
materials retain a reversible capacity above 60 mAh g™ beyond 50 cycles. The PbO-
carbon nanocomposites showed an improved cycle life as the carbon content increased.
We strongly believed that the presence of the carbon matrix, which is a good electric
conductor, provides an effective cushion to absorb volume change during the alloying

and de-alloying processes within the lead region.
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CHAPTER 6

CARBON-COATED SILICON NANOCOMPOSITES AS HIGH-

CAPACITY LI-ION BATTERY ANODES

6.1 Introduction

Lithium-ion batteries are now the most widely used secondary battery systems for
portable electronic devices. Compared to conventional aqueous rechargeable batteries,
such as nickel-cadmium and nickel metal hydride, lithium-ion batteries have higher
energy density, higher operating voltages, lower self-discharge, and lower maintenance
requirements [Tarascon and Armand, 2001]. These properties have made Li-ion
batteries the highest performing secondary battery chemistry available. However, due to
the rapid advances and highly competitive nature of the portable devices industry, a
further increase in the mass capacities (Wh kg™) and energy densities (Wh L™) of the

Li-ion rechargeable batteries is being vigorously pursued.

Graphite materials are currently used as anode materials for rechargeable lithium-ion
batteries, in which lithium ions intercalate in and out reversibly. Graphite materials
provide high electronic conductivity, and low electrochemical potential with respect to

lithium metal. Yet these superb properties can hardly meet the demand for high energy
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density from current electronic devices; research on alternative anodes is therefore
focused on materials with higher lithium storage capacities. Among the candidates,
metals that alloy with lithium are promising alternative anode materials due to their high
specific capacities, e.g. Si (4200 mAh g™*) [Weydanz et al., 1999] and Sn (994 mAh g)
[Idota et al., 1997], as compared to graphite, which gives a theoretical capacity of 372

mAh g [Winter et al., 1998].

However, a general disadvantage is the large volume expansion/contraction [Lee et al.,
2001] during the alloying/de-alloying of lithium, resulting in the formation of cracks,
followed by pulverization of the active mass particles and permanent capacity loss.
Studies of the Li-Si binary system [Sharma and Seefurth, 1976; Boukamp et al., 1981]
have indicated that each silicon atom can accommodate up to 4.4 lithium atoms, leading
to the formation of Li,,Sis alloy, which is accompanied by a volume expansion of 400
%. This huge volume change would give rise to the disintegration of the electrode and

loss of electronic contact between the Si particles.

To overcome the large volume change and thus obtain better capacity retention and
cycle life for Si anodes, various approaches have been used. Among them, the most
promising approach is to create a nanocomposite structure in which nanosized Si
particles are homogeneously dispersed in a ductile and active matrix [Kim et al., 1999;
Roberts et al., 2002; Beaulieu et al., 2003; Wu et al., 2003; Asao et al., 2004]. A
relatively low mass, good electronic conductivity, reasonable Li-insertion capability,
and small volume expansion coupled with softness and compliance makes carbon the

best active matrix [Kurita and Endo, 2002; Ng et al., 2006a].
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Various methods have been employed for preparing Si-carbon (Si-C) composite anodes.
Based on their preparation methods, they can be mainly classified into five categories:
i.e. pyrolysis [Wilson et al., 1994] or chemical/thermal vapor deposition [Holzapfel et
al., 2005a], ball milling [Wang et al., 1998] or mechanical milling [Liu et al., 2004],
combination of pyrolysis and mechanical milling [Guo et al., 2005], chemical reaction
of gels [Hasegawa et al., 2004], and other methods, such as dehydration of a carbon
precursor [Yang et al.,, 2005a]. Although all these methods provide better cycling
performance for the Si-C composite anodes compared to that of pure Si anodes, capacity
fading has still been unavoidable. The most probable reason for this phenomenon is the
lack of a homogeneous carbon-coating layer on the surface of the Si nanoparticles and,
if possible, on each individual Si nanoparticle [Kasavajjula et al., 2007]. This will
increase the chances of having electrical contact to the Si nanoparticles, even if they
have been subjected to crystal degradation (upon prolonged cycling). For simple
admixture of carbon with Si nanoparticles, this would be less probable, but if one
always has some carbon on the surface of the Si nanoparticles, the electrical contact

could be maintained, even if the Si crystal lattice breaks up.

Herein, | report in detail on the effects of the spray pyrolysis processing temperature
and the precursor solution (nano Si/citric acid in ethanol) concentration on the
amorphous carbon content, the thickness of the carbon-coating layer, and the
homogeneity of the carbon-coating. The influence of these parameters on the
electrochemical performance of carbon-coated Si nanocomposites as high capacity

anode materials for Li-ion batteries will also be studied and compared accordingly.
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6.2  Effect of Spray Pyrolysis Processing Temperature

6.2.1 Synthesis Method

Citric acid (CgHgO7) was dissolved in 200 mL of absolute ethanol under continuous
stirring. Subsequently, nanocrystalline Si powder (< 100 nm) was mixed into the initial
citric acid/ethanol solution in the weight ratio (Si : citric acid) of 1:10, via
ultrasonication for 90 mins. Three types of nanocomposite materials were prepared in-
situ via spraying of the Si/citric acid/ethanol suspensions at 300 °C, 400 °C, and 500 °C,

in air, using a flow rate of 4 mL min™ in a vertical type spray pyrolysis reactor.

In this instance, citric acid was chosen as the carbon source, due to its low
decomposition temperature (175 °C) and low oxygen content. Meanwhile, ethanol acts
not only as an efficient solvent, but also as a reducing agent to protect the
nanocrystalline Si particles from oxidation during the spray pyrolysis process. The
spray-pyrolysis reaction of Si in citric acid/ethanol solution can be expressed as (Eq.

6.1):

0
Si+ CgHgO7 /CoHgO—1C5Si—C +CO, T +H,0 T +energy’ (6.1)

The term “energy” in (Eq. 6.1) refers to the energy released during the decomposition of
the citric acid/ethanol solution into carbon and water vapor. This energy is released to

the atmosphere, as the decomposition process is an exothermic reaction.
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6.2.2 Physical and Structural Characterizations

For quantifying the amount of amorphous carbon in the carbon-coated Si
nanocomposite materials, thermogravimetric analysis (TGA) was carried out in air. The
samples were heated from 50 °C to 700 °C at a rate of 5 °C min™. Figure 6.1 shows the
TGA curves of the carbon-coated Si nanocomposite samples along with those of

nanocrystalline Si powders and amorphous carbon spray-pyrolyzed in air at 400 °C.
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Fig. 6.1. Thermogravimetric analysis (TGA) curves of nanocrystalline Si precursor
powder; carbon-coated Si nanocomposites spray-pyrolyzed in air at 500 °C, 400 °C, and
300 °C; and amorphous carbon spray-pyrolyzed from citric acid at 400 °C in air. The
ratio Si/DC refers to the ratio of the amount of silicon by weight to the amount of
disordered carbon in the spray-pyrolyzed nanocomposites, as estimated from the TGA
curves.
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As can be seen from Figure 6.1, nanocrystalline Si powder starts to oxidize slowly in air
at temperatures above 500 °C, with rapid oxidation above 600 °C. Meanwhile, the
carbon-coated Si nanocomposite materials show rapid mass loss between 150 and 480
°C. As the nanocrystalline Si powder remains stable in this temperature range, any
weight change corresponds to the oxidation of amorphous carbon. Therefore, the change
in weight before and after the oxidation of carbon directly translates into the amount of
amorphous carbon in the carbon-coated Si nanocomposites. Using this method, it was
estimated that the amount of pyrolyzed carbon in the composites was 84.6 wt.%, 56.0
wt.%, and 27.4 wt.% for the precursor solutions with weight ratios (Si : citric acid) of

1:10, spray-pyrolyzed in air at 300 °C, 400 °C, and 500 °C, respectively.

Table 6.1 summarizes the estimated carbon content in the spray-pyrolyzed carbon-
coated Si nanocomposites. The carbon concentrations obtained after spray pyrolysis
were below the targeted levels, except for the carbon-coated Si nanocomposite sample
spray-pyrolyzed at 300 °C, which shows a higher value than the theoretical value. This
might be due to the presence of impurities in the form of undecomposed citric acid in
the sample. Therefore, temperatures above 300 °C are needed in order to fully

decompose the citric acid during the spray pyrolysis process.

Figure 6.2 shows XRD patterns of (a) nanocrystalline Si precursor powders purchased
from Nanostructured and Amorphous Materials Inc., (b)-(d) carbon-coated Si
nanocomposites spray-pyrolyzed in air at different processing temperatures, and (e)
spray-pyrolyzed amorphous carbon powder made from the citric acid/ethanol solution.

The diffraction peak positions for all the Si-based samples (XRD patterns (a)-(d)) are
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consistent with pure silicon phase (JCPDS 01-0787). No obvious peaks corresponding
to bulk SiO, or SiC crystalline phase are observed in the diffraction patterns (b)-(d).
This confirms that none of the Si-based samples spray-pyrolyzed in air were oxidized
during the spray pyrolysis process. Moreover, no diffraction lines corresponding to
crystalline carbon (graphite) were observed, indicating the amorphous nature of the
carbon in the nanocomposites. Finally, XRD pattern (e) in Figure 6.2 shows a broad
peak at ~23 ° indicating the formation of amorphous carbon phase in the spray-

pyrolyzed citric acid sample.

Table 6.1: Theoretical and estimated carbon content in carbon-coated Si
nanocomposites spray-pyrolyzed from a nano-Si/citric acid®/ethanol starting solution at

different processing temperatures.

Temperature Theoretical weight Estimated weight %  Mass loss % of carbon

(°C) % of carbon”  of carbon (via TGA) during spray pyrolysis
300 78.95 84.60 -7.16
400 78.95 55.98 29.09
500 78.95 27.44 65.24
8 CgHgO7

“ The calculation of “Theoretical weight % of carbon” is based on the weight ratio 1:10
for the nano-Si/citric acid solution and also on the assumption that all carbon content in
the ethanol solvent is decomposed to carbon dioxide during spray pyrolysis.

™ Mass loss % of carbon is calculated based on the following equation.

TheoreticalWeight(%) — EstimatedWeight (%)

MassLoss(%) =
(%) TheoreticalWeight (%)

x100 (6.2)
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Fig. 6.2. X-ray diffraction patterns of (a) nanocrystalline Si precursor powder; carbon-
coated Si nanocomposites spray-pyrolyzed in air at (b) 500 °C; (c) 400 °C; and (d) 300

°C; and (e) amorphous carbon spray-pyrolyzed from citric acid at 400 °C in air.

Scanning electron microscopy (SEM) images of the carbon-coated Si nanocomposites
are shown in Figure 6.3. From SEM observations of the carbon-coated Si
nanocomposites spray-pyrolyzed in air at 400 °C (Fig. 6.3(a)), it was revealed that the
particles are mainly spherical agglomerates, which is typical for the spray process, with
sizes in the range of 5-10 microns. In addition, it can also be observed (Fig. 6.3(b)-(d))
that the carbon-coated Si nanocomposites are well connected and homogeneously
distributed. However, the presence of the carbon-coating layer increases the size of the
individual particles. This is apparent in the case of carbon-coated Si nanocomposites
spray-pyrolyzed in air at 300 °C (Fig. 6.3(d)), where the individual particles are heavily
coated, resulting in large agglomerates. This might be due to the fact that the sample

may contain partially undecomposed citric acid.
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Fig. 6.3. SEM images of carbon-coated Si nanocomposites spray-pyrolyzed in air at (a)

400 °C (low-magnification image); (b) 500 °C; (c) 400 °C; and (d) 300 °C.

Figure 6.4 shows TEM images of the nanocrystalline Si particles (a) and carbon-coated
Si nanocomposites (b)-(f). The size of the individual Si particles ranged from 10 nm to
~100 nm (Fig. 6.4(a)). The fine spotty rings of the associated selected area electron
diffraction pattern (inset of Fig. 6.4(a)) correspond to nanocrystalline Si, although
additional diffuse contrast within the diffraction rings may also indicate the presence of
minor amounts of amorphous Si. The nanocrystalline Si particles were generally
spheroidal in shape, although some of the larger ones were faceted. Figure 6.4(b) shows
a typical image of the carbon-coated Si nanocomposites, where almost every individual

Si nanoparticle is surrounded by a layer of carbon-coating.

148



Chapter 6: Carbon-Coated Silicon Nanocomposites As High-Capacity Li-lon Battery

Anodes

Silicon

Carbon
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Fig. 6.4. TEM images of nanocrystalline Si and carbon-coated Si nanocomposites: (a)
low-magnification image of nanocrystalline Si, with the indexed selected area
diffraction pattern (inset) confirming the presence of Si particles; and (b) carbon-coated
Si nanocomposite spray-pyrolyzed at 400 °C. (c), (d), and (e) are TEM images of
carbon-coated Si nanocomposites spray-pyrolyzed at 300 °C, 400 °C, and 500 °C,
respectively, revealing the thickness of the carbon-coating layer for each
nanocomposite. (f) High-resolution image of carbon-coated Si spray-pyrolyzed at 400
°C, clearly showing the presence of an interface between the nanocrystalline Si particle

and the amorphous carbon layer.
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The thickness of the carbon-coating layer increases with decreasing processing
temperature, i.e., the carbon-coating is thickest (~40 nm) when spray-pyrolyzed at 300
°C (Fig. 6.4(c)) and thinnest (~1 nm) when spray-pyrolyzed at 500 °C (Fig. 6.4(e)). The
carbon-coating layer thickness (~10 nm) for samples spray-pyrolyzed at 400 °C (Fig.
6.4(d)) can be considered optimum, as an amorphous carbon layer homogeneously
surrounds the spheroidal Si nanoparticles. The high-resolution TEM image in Figure
6.4(f) clearly demonstrates the coexistence of two phases, i.e., the crystalline Si phase

and the amorphous carbon phase.

6.2.3 Electrochemical Performance

The electrochemical performance of the nanocrystalline Si and carbon-coated Si
nanocomposite electrodes was systematically investigated. The anode was prepared by
mixing nanocrystalline Si, carbon-coated Si nanocomposites, or spray-pyrolyzed
amorphous carbon as active materials with 10 wt.% carbon black (Super P) and 10 wt.%
polyvinylidene fluoride (PVDF) binder in N-methyl-2-pyrrolidinone (NMP) solvent to
form a homogeneous slurry, which was then spread onto a copper foil, which serves as a
current collector. The typical active mass loading of the electrodes was 2-3 mg cm™.
The cells were galvanostatically discharged and charged in the range of 0.02-1.20 V at a
constant current density of 100 mA g™. The ac impedance spectroscopy measurements
were carried out by applying a sine wave of 5 mV amplitude over a frequency range of
100.00 kHz to 0.01 Hz. All impedance measurements were carried out in the fully de-

lithiated state (state of charge).
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Figure 6.5 shows the first electrochemical lithiation/de-lithiation of the nanocrystalline
Si and carbon-coated Si nanocomposite electrodes. Different phenomena can be easily
distinguished in these curves. At potentials from approximately 1.5 V to 0.5 V vs.
Li/Li*, the passivation film, also known as the solid electrolyte interphase (SEI), is
formed by the irreversible reduction of electrolyte on the surface of the active material,
involving the formation of a lithium-ion conductive, but electrolyte-blocking, adhering

layer [Holzapfel et al., 2005b].

As can be observed from Figure 6.5, the irreversible capacity contribution in this SEI
formation region increased with increasing amorphous carbon content in the
nanocomposite electrodes. A distinct plateau at potentials negative to 200 mV vs. Li/Li*
can be observed, which represents the lithium alloying with the silicon active materials.
Upon the following de-lithiation of the active materials, a plateau at around 300 mV vs.
Li/Li* can be observed, which can be attributed to the lithium beginning to de-alloy

from the silicon particles.

The first cycle discharge capacities were 3474 mAh g, 3050 mAh g™, 2600 mAh g™,
and 1090 mAh g™ for the electrodes of nanocrystalline Si, and carbon-coated Si spray-
pyrolyzed in air at 500 °C, 400 °C, and 300 °C, respectively, with the corresponding first
cycle charge capacities 2058 mAh g, 1830 mAh g*, 1857 mAh g*, and 427 mAh g™.
Therefore, the first cycle coulombic efficiencies were 59 %, 60 %, 71 %, and 39 % for
the nanocrystalline Si electrode, and the carbon-coated Si electrodes spray-pyrolyzed in

air at 500 °C, 400 °C, and 300 °C, respectively.
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Fig. 6.5. The first discharge/charge plots of nanocrystalline Si and carbon-coated Si

nanocomposite electrodes. Cycling took place between 0.02 V and 1.20 V versus Li/Li*

at a cycling rate of 100 mA g™.

Figure 6.6 summarizes the differential capacity data for the nanocrystalline Si and
carbon-coated Si nanocomposite electrodes. The alloying/de-alloying of lithium with Si
over the potential range of 1.20 V to 0.02 V vs. Li/Li" yields various LixSi (x < 4.4)
alloys. The first cycle differential capacity plots in Figure 6.6(a) exhibited essentially
the same peak features for all the electrodes below 0.3 V vs. Li/Li*. However, the first
cathodic peak was shifted from 0.12 V (Si) to below 0.09 V (carbon-coated Si). This is
because the solid/electrolyte interphase (SEI) is different in the two cases (i.e.,
Si/electrolyte and carbon/electrolyte, respectively). Therefore, the surface kinetics will
be different, resulting in the shifted peaks that are seen in the differential capacity
curves [Liu et al., 2005a]. This has been confirmed by the peak shift in the SEI
formation region, as shown in the inset of Figure 6.6(a). The above-mentioned results

clearly demonstrate the presence of an amorphous carbon-coating layer.
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Fig. 6.6. (a) First cycle differential capacity plots of nanocrystalline Si and carbon-

coated Si nanocomposite electrodes (inset: enlarged plot of (a)). (b), (c), and (d) are

differential capacity plots for carbon-coated Si hanocomposites spray-pyrolyzed at 500

°C, 400 °C, and 300 °C, respectively, with the numbers indicating the cycle number.

Cycling took place between 0.02 V and 1.20 V versus Li/Li" at a cycling rate of 100

mA g™.
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The 2" 5" 10" and 20™ cycle differential capacity plots for the carbon-coated Si
nanocomposite electrodes are shown in Figure 6.6(b)-(d). It can be seen that the
electrode composed of carbon-coated Si nanocomposite spray-pyrolyzed in air at 400 °C
(Fig. 6.6(c)) maintained high activity and reversibility, even after 20 cycles, whereas the
electrodes composed of carbon-coated Si nanocomposites spray-pyrolyzed in air at 500
°C (Fig. 6.6(b)) and 300 °C (Fig. 6.6(d)) show severe capacity fading and loss of

kinetics with cycling.

Figure 6.7 shows the cycling behaviour of the nanocrystalline Si and carbon-coated Si
nanocomposite electrodes. The calculated capacities were solely based on the active
electromaterial, i.e., Si or carbon-coated Si nanocomposite particles in the electrodes.
Using a non-restricted cycling procedure, the initial reversible capacities (2" discharge
capacity) were 2247 mAh g™, 2276 mAh g, 2045 mAh g™, and 497 mAh g™ for the
electrodes composed of nanocrystalline Si and of carbon-coated Si spray-pyrolyzed in
air at 500 °C, 400 °C, and 300 °C, respectively. Subsequently, the corresponding
discharge capacities beyond 100 cycles were maintained at 10 mAh g*, 288 mAh g™,
1120 mAh g™, and 116 mAh g, as did the ratios of the specific capacities retained after
100 cycles to the first discharge capacities, which are 0.3 %, 9 %, 43 %, and 11 %,
respectively. These results show that the optimum carbon-coating content is slightly
above 50 % by weight, as demonstrated by the nanocomposite spray-pyrolyzed in air at

400 °C.
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Fig. 6.7. (a) Cycle life of nanocrystalline Si and carbon-coated Si nanocomposite
electrodes cycled between 0.02 V and 1.20 V versus Li/Li" at a cycling rate of 100 mA
g™. (b) The corresponding capacity retained with respect to the first discharge capacity

in (a).
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Figure 6.8 shows the cycling behaviour of the carbon-coated Si nanocomposite
electrode with 44 wt% Si content and the corresponding cycling behaviour of the
amorphous carbon prepared by spray pyrolysis of the citric acid/ethanol solution at 400
°C in air. The carbon-coated Si nanocomposite electrode shows a moderate capacity
fading behaviour in the first 20 cycles, followed by a relatively flat and low capacity
fading behaviour for the next 80 cycles. The carbon-coated Si hanocomposite electrode
shows an irreversible capacity loss (Qirrev) OF less than 0.4 % per cycle. However, the
capacity fading behaviour shown in the first 20 cycles can be attributed to the high
irreversible capacity contributed by the large amorphous carbon content in the

nanocomposite electrode.

This is clearly demonstrated in Figure 6.8(b), where the electrochemical lithiation/de-
lithiation into/from amorphous carbon is illustrated. In the first cycle, the insertion
capacity of the amorphous spray-pyrolyzed carbon is approximately 700 mAh g*. Since
the carbon content in the carbon-coated Si electrode is 56 wt%, the insertion capacity
can account to a large extent for the low coulombic efficiency of the carbon-coated Si
electrode in the first cycle (see Fig. 6.8(a)). The low discharge capacity (~ 40 mAh g™)
of the amorphous carbon after 100 cycles suggests that the degree of carbonization is
very low. This may be due to the instantaneous nature of the spray pyrolysis process,
which normally takes only a few minutes to produce the spray-pyrolyzed powder [Ng et

al., 20064a].
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Fig. 6.8. Cycling behaviour for electrodes of (a) carbon-coated Si nanocomposite spray-
pyrolyzed at 400 °C, with 44 wt.% Si content; and (b) amorphous carbon spray-
pyrolyzed at 400 °C. Cycling took place between 0.02 V and 1.20 V versus Li/Li* at a

cycling rate of 100 mA g™,
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Meanwhile, by subtracting the capacity contributed by the amorphous carbon (~40 mAh
g™ after 100 cycles), the discharge capacity delivered by the Si active mass (44 wt.%)
was estimated to be approximately 1098 mAh. Therefore, the specific capacity of Si in
the nanocomposite electrode was calculated to be 2495 mAh g™ after 100 cycles, which

amounts to an impressive 60 % of the theoretical value (4200 mAh g™).

This shows the beneficial effect of the carbon-coating on the enhanced dimensional
stability of the Si particles during the Li alloying/de-alloying process, which not only
buffered the great volume changes during the cycling process, but also avoided possible
agglomeration of the uniformly distributed silicon particles [Larcher et al., 1999; Dimov

etal., 2003; Liu et al., 2005b].

In order to verify the effect of carbon-coating on the electronic conductivity of the
nanocomposites, ac impedance measurements were conducted. The Nyquist plots
obtained are compared in Figure 6.9 for the electrodes containing nanocrystalline Si
(Fig. 6.9(a)) and carbon-coated Si nanocomposite spray-pyrolyzed at 400 °C (Fig.
6.9(b)) after 1 and 100 cycles. The thickness of the electrodes was maintained at 50 um
and the coated area of the electrodes at 1 cm?. To maintain uniformity, electrochemical
impedance spectroscopy (EIS) experiments were performed on working electrodes in

the fully charged (de-lithiated) state.
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Fig. 6.9. Impedance plots for electrodes of (a) nanocrystalline Si; and (b) carbon-coated
Si nanocomposite spray-pyrolyzed at 400 °C. All measurements were conducted in the

de-lithiated state.
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In general, one semicircle in the high frequency range was observed for all the samples.
The diameter of the semicircle represents the interparticle contact resistance [Fan and
Fedkiw, 1998]. Meanwhile, in the low frequency region, an angled straight line was
obtained, which represents a diffusion-controlled process in the solid electrolyte

interphase [Li et al., 1999b].

In addition, it is found that the diameter of the semicircles was enlarged after 100 cycles
for all the samples. However, when Figure 6.9(a) is compared to Figure 6.9(b),
considerable differences are observed. The diameter of the semicircle after 100 cycles
increased by more than 200 % (from 250 to 750 kQ cm™) in the case of nanocrystalline
Si electrodes, compared to only an increase of approximately 17 % (from 60 to 70 kQ

cm™) for the electrodes of carbon-coated Si nanocomposite spray-pyrolyzed at 400 °C.
Therefore, it can be assumed that the interparticle contact resistance was suppressed by

the carbon-coating, resulting in better cycling of the cells during the charge/discharge

process [Fan and Fedkiw, 1998].
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6.3  Effect of Precursor Solution (Nano-Si/Citric Acid/Ethanol) Concentration

6.3.1 Synthesis Method

Citric acid (CgHgO7) was dissolved in 200 mL of absolute ethanol with continuous
stirring. Subsequently, nanocrystalline Si powder (< 100 nm) was mixed into the initial
citric acid/ethanol solution by ultrasonication for 90 mins. Four types of composite
materials were prepared by mixing the initial solutions with nanocrystalline Si powder
in weight ratios (nano-Si/citric acid) of 1/1, 1/3, 1/6 and 1/10, respectively. Finally, the
composites were obtained in-situ via spraying of the Si/citric acid/ethanol suspensions

in air at 400 °C using a flow rate of 4 mL min™ in a vertical type spray pyrolysis reactor.

6.3.2 Physical and Structural Characterizations

Figure 6.10 shows a typical TGA analysis of the Si/DC nanocomposite samples along
with those of nanocrystalline Si powders. Using the same method as in Section 6.2.1, it
was found that the amounts of disordered carbon in the composite were 16.78 wt.%,
31.68 wt.%, 49.37 wt.%, and 55.98 wt.% for the precursor solutions with weight ratios
(nano-Si/citric acid) of 1/1, 1/3, 1/6, and 1/10, respectively. Table 6.2 summarizes the
estimated amorphous carbon content in the spray-pyrolyzed Si/DC nanocomposites. The
carbon concentrations obtained after spray pyrolysis were below the targeted levels. All

samples undergo between 28-40 wt.% carbon losses during the spray process.
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Fig. 6.10. Thermogravimetric analysis (TGA) curves of nanocrystalline Si precursor
powder; carbon-coated Si nanocomposites spray-pyrolyzed in air at 400 °C with
different initial precursor solution concentration; and amorphous carbon spray-
pyrolyzed from citric acid at 400 °C in air, with initial precursor solution weight ratios

(nano-Si/citric acid) of 1/10.

Figure 6.11 shows XRD patterns of the nanocrystalline Si precursor powder (a), Si/DC
nanocomposites (b-e) prepared by spray pyrolysis at 400 °C in air at different precursor
solution concentrations, and amorphous carbon spray-pyrolyzed from citric acid at 400
°C in air (f). All Si/DC nanocomposites in Figure 6.11 show only the Si peaks,
indicating that there was no bulk SiO, crystalline phase formed during the spray
pyrolysis process at 400 °C in air. Moreover, no diffraction lines from crystalline carbon
(graphite) were observed, indicating the amorphous nature of the carbon in the
nanocomposites.
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Table 6.2: Theoretical and estimated carbon content in carbon-coated Si
nanocomposites spray-pyrolyzed at 400 °C in air from nano-Si/citric acid/ethanol

starting solutions with different concentrations of nano-Si/citric acid.

Nano-Si/Citric  Theoretical weight Estimated weight %  Mass loss % of carbon

Acid ® (w/w) % of carbon ™ of carbon (via TGA) during spray pyrolysis

1/1 27.27 16.78 38.47

1/3 52.94 31.68 40.16

1/6 69.23 49.37 28.69

1/10 78.95 55.98 29.09
% CsHgO7

“ The calculation of “Theoretical weight % of carbon” is based on the assumption that
all carbon content in ethanol is decomposed to carbon dioxide during spray pyrolysis.

™ Mass loss % of carbon is calculated based on the (Eq. 6.2) in Section 6.2.2.
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Fig. 6.11. X-ray diffraction patterns of (a) nanocrystalline Si precursor powder, (b)

83Si/17DC, (c) 68Si/32DC, (d) 51Si/49DC, (e) 44Si/56DC, and (f) amorphous carbon

spray-pyrolyzed from citric acid at 400 °C in air.
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6.3.3 Electrochemical Perfor

mance

Figure 6.12 shows the effect of the initial precursor solution concentration on the

cycling behaviour of the Si/DC nanocomposite electrodes.
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Fig. 6.12. (a) Cycling behaviour of the nanocrystalline Si and Si/DC nanocomposite

electrodes cycled between 0.02 V and 1.20 V vs. Li/Li* at a cycling rate of 100 mA g™.

(b) The corresponding discharge capacity retained, compared to the first discharge

capacity in (a).
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Using a non-restricted cycling procedure, the initial reversible capacity (Fig. 6.12(a))
was as high as 2045 mAh g' for the 44Si/56DC nanocomposite electrodes.
Subsequently, the reversible capacity was maintained above 1120 mAh g* beyond 100
cycles for the 44Si/56DC nanocomposite electrodes. Moreover, as demonstrated in Fig.
6.12(b), Si/DC nanocomposite electrodes with carbon content above 50 wt. % exhibited
good cyclability beyond 100 cycles. For example, the specific capacity retained for the
44Si/56DC nanocomposite electrode after 100 cycles is 43.1 %, compared to 0.3 % for
the nanocrystalline Si electrode. This shows that carbon coated Si nanocomposites are

promising as anode materials for Li-ion batteries.

6.4 Conclusions

A series of carbon-coated Si nanocomposites have been successfully synthesized via in-
situ spray pyrolysis of nano-Si/citric acid/ethanol solution in air with a flow rate of 4
mL min™ at three different processing temperatures; i.e., at 300 °C, 400 °C, and 500 °C,
and also four different precursor solution (nano-Si/citric acid/ethanol) concentrations,

i.e., at weight ratios (nano-Si/citric acid) of 1/1, 1/3, 1/6, and 1/10.

The spray-pyrolyzed powders are fine nanocrystalline Si homogeneously coated with an
amorphous carbon layer. The thickness of the carbon-coating layer increased with
decreasing processing temperature and increasing amount of citric acid in the (nano-

Si/citric acid/ethanol) precursor solution.
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The amorphous carbon content estimated by TGA shows that a small amount of
impurities were present in the form of undecomposed citric acid for the carbon-coated
Si nanocomposite spray-pyrolyzed in air at 300 °C. The disordered carbon content
estimated by TGA shows that a moderate amount of carbon mass (28-40 wt.%) was lost
during the spray pyrolysis process at 400 °C in air. Both the XRD and TEM results
indicate that there was no bulk SiO;, or SiC crystalline phase detected in the spray-

pyrolyzed nanocomposites.

The alloying and de-alloying of lithium with Si over the 1.20 V to 0.02 V range yields
various LixSi (X < 4.4) alloys. The discharge capacity of carbon-coated Si
nanocomposite spray-pyrolyzed in air at 400 °C was 1120 mAh g™ after 100 cycles,
corresponding to the Si active mass, which contributes a specific capacity of 2495 mAh
g'. The carbon-coated Si nanocomposite electrodes show an improved cycle life
compared to that of the pure Si electrode. The Si/DC nanocomposites also show an
improved cycle life as the carbon content increases. It is strongly believe that the
presence of the carbon-coating layer was responsible for the enhanced dimensional
stability of the Si nanoparticles during the Li alloying/de-alloying processes, which then

significantly improved the electrical conductivity of the composites.

In summary, spheroidal carbon-coated Si nanocomposite, prepared via a spray pyrolysis
method in air, is a promising candidate for use as an anode material in the lithium-ion
battery, as it has excellent specific capacity retention, high coulombic efficiency, and

low cost due to the abundance of both Si and carbon sources.
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CHAPTER 7

VANADIUM PENTOXIDE NANOSTRUCTURES FOR

LITHIUM-ION BATTERY CATHODES

7.1 Introduction

As a result of the multiple valence state of vanadium, vanadium pentoxide (V»0s) has
versatile redox-dependent properties and finds wide applications in catalysis
[Karunakaran and Senthilvelan, 2005], electrochromism [Sanchez et al., 1983; Raju and
Rao, 1991; Imawan et al., 2001], and electrochemistry [Goward et al., 1998; Lira-Cantu
and Gomez-Romero, 1999; Shoji and Buttry, 2000]. The nanostructured form of this
material has been employed in field-effect transistors (FETs) [Muster et al., 2000],
sensors [Livage, 1991; Liu et al., 2005c], spintronic devices [Krusin-Elbaum et al.,
2004], and nanolithography templates [S6ordan et al., 2001; Ancona et al., 2003]. V,0s
is an attractive cathode material in lithium-ion batteries because of its unique features,
such as high electrochemical activity, high energy density, and high stability towards
lithium insertion [Koike et al., 1999]. The electro-reduction of V,0s can occur in a large
potential window between 4.0 to 1.5 V vs. Li/Li*, where approximately three moles of
lithium per mole of V,0s could be theoretically inserted, leading to a theoretical

capacity of approximately 442 mAh g™* [Tranchant et al., 1980].
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The reversible electrochemical lithium intercalation into V,0s at room temperature was
first reported by Whittingham [1975]. Afterward, several phases were observed,
depending on the amount of inserted lithium: o and & phases exist for x < 0.01 and 0.35
< X < 0.7 in LixV,0s, respectively, showing a V,0s-type structure with increasing
puckering of the layers [Cocciantelli et al., 1991]. The composition LiV,0s5 corresponds
to the & phase formed by the gliding of one layer out of two [Galy, 1992]. For x <1, the
original V,0s structure can be recovered upon lithium de-intercalation, and the phase
transitions are fully reversible [Cava et al., 1986]. However, for further lithium
intercalation (x > 1), a reconstruction mechanism leads to the irreversible
transformation from the & phase to the y-phase [Cocciantelli et al., 1991]. This y-phase
can be reversibly cycled in the stoichiometric range 0 < x < 2 without changing the vy-
type structure [Labat and Cocciantelli, 1989; Cocciantelli et al., 1991]. Upon further
intercalation of the third lithium, the y-phase will be irreversibly transformed to the w-

phase with a rock-salt type structure.

Since the performance of V,0s cathode heavily depends on its crystallinity and
morphology, many studies have been done on modifying the form and structure of V,05
to achieve higher specific capacities and better cyclability [Swider-Lyons et al., 2002].
These studies show that crystalline V,0s has a high specific capacity, but exhibits a
weak cyclability due to a crystal structure that is damaged during discharge/charge
cycles, while amorphous and low crystallinity V,0s allows faster lithium-ion diffusion
and displays remarkable cyclability. Deformation associated with lithium intercalation
may be easily relaxed in small crystallites with a high surface area, which also leads to
higher ionic conductivity. Therefore, nanocrystalline V,0s might be a good and

promising cathode material for lithium-ion batteries [Patrissi and Martin, 2001].
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Vanadium pentoxide nanostructures can be obtained by various physical and chemical
techniques. Vanadium pentoxide powders have been prepared mostly by dry processes,
such as vacuum evaporation [Fujita et al., 1985; Kobayashi et al., 1987] and sputtering
[Wruck et al., 1989], although wet processes such as electrodeposition [Lakshmi et al.,
1997] and the sol-gel method [Alonso and Livage, 1999] seem to be more advantageous
in producing large scale films. There have been intensive worldwide research activities
to obtain vanadium oxide compounds in the forms of nanotubes [Spahr et al., 1998;
Satishkumar et al., 2000] and gels [Liu et al., 1997; Wong et al., 1998], which may
enhance electronic and ionic properties. For example, Chen et al. [2004], prepared
vanadium oxide nanotubes (VOx-NTs) by making use of V,0s sols as precursors on
which hexadecylamine (HDA) acts as a structure-directing template via a modified sol-
gel method followed by hydrothermal treatment. To enhance charge storage capability
in batteries by making use of V,0s nanofibers, Schlecht et al. [2004] investigated the

electrical conduction properties of V,0s nanofibers coated with silver nanoparticles.

However, synthesis of V,0s one-dimensional nanostructures via a precipitation process
followed by heating in vacuum or synthesis of V,0Os nanoparticles via flame spray
pyrolysis (FSP) have never been explored to produce lithium-ion battery cathode
materials. Therefore, in this study, well-crystallized V,0s one-dimensional
nanostructures with high surface area (above 40 m? g™) have been synthesized via a
precipitation process followed by heat treatment in vacuum, and also by the flame spray
pyrolysis process. The electrochemical properties of these V,0s nanostructures will be
examined and evaluated for use in lithium-ion battery cathodes. The effect of the cut-off

potential on the electrochemical properties will also be investigated.

169



Chapter 7: Vanadium Pentoxide Nanostructures For Lithium-lon Battery Cathodes

7.2 V05 Nanostructures Prepared via a Precipitation Process

7.2.1 Synthesis Method

A peristaltic pump delivered ammonium hydroxide (NH,OH) droplet by droplet into a
0.5 M vanadium oxytrichloride (VOCIs) solution. The solution was continuously stirred
with a magnetic stirrer throughout the precipitation process. An excess of NH;OH was
used to avoid contamination with chloride. The precipitate was then filtered and washed
several times with de-ionized water. Finally, the precipitate was heated for a varying
duration at 300 °C in a vacuum oven to produce well-crystallized V,Os. Two types of
V,0s5 samples were synthesized via this new approach, differing only in the annealing
time in the vacuum oven at 300 °C. One sample was annealed for 45 mins (sample A),

while another was annealed under the same conditions for 1 hr (sample B).

7.2.2 Physical and Structural Characterizations

Both samples (A and B) were highly crystallized and the peak positions agree well with
those of commercial V,0s (JCPDS 41-1426), as shown in Figure 7.1. From the XRD
patterns in Figure 7.1, it was estimated that sample A (b) has an average crystal size of
36 nm, while sample B (c) has an average crystal size of 83 nm. Meanwhile, as seen
from Table 7.1, it was found that sample A had a higher BET specific surface area of 41
m? g*, compared to 17 m? g™ for sample B. Therefore, the average crystal size is

reduced with a shorter annealing time, which leads to a higher specific surface area.
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Fig. 7.1. XRD patterns for (a) commercial V20s, (b) V205 annealed for 45 mins at 300

°C (sample A), and (c) V,Os annealed for 1 hr at 300 °C (sample B).

Table 7.1: Summary of experimental conditions and physical characteristics for the

V,0s nanostructures prepared via a precipitation method.

Sample ID A B
Annealing Temperature, T (°C) 300 300
Annealing Duration Under Vacuum, t (min) 45 60
Nanoparticles Nanoparticles +
Morphology (from SEM)
Only Nanofibers

Average Crystal Size, Dp (nm) 36 83
41 17

Specific Surface Area, Sger (M*g™)
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Figure 7.2 shows scanning electron microscope (SEM) images of the as-synthesized
V05 one-dimensional nanostructures (sample A and sample B). Figure 7.2(a) and (b)
contains SEM images of sample A, while Figure 7.2(c) and (d) shows SEM images of
sample B. From the SEM images, it is very obvious that the oxides have become well
crystallized and that there is a higher yield of nanofibers in sample B compared to the
smaller, but also denser, nanoparticles in sample A. The estimated average particle size
for sample A is approximately 150 nm, while the estimated diameter for the nanofibers
in sample B is approximately 80 nm. The slightly bigger particle size of sample A might

be due to agglomeration of the nanoparticles due to its high surface area.

X1, BEE Thm BEEE 168 38 SEI

4, Sum BEEE 18 368 SEI

Fig. 7.2. SEM images of nanostructured V,Os electrodes: (a) and (b) are for V,0s
annealed for 45 mins at 300 °C (sample A), while (c) and (d) are for V,0s annealed for

1 hr at 300 °C (sample B).
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7.2.3 Electrochemical Performance

The cathode was prepared by mixing V,0s powders with 20 wt.% carbon black and 10
wt.% polyvinylidene fluoride (PVDF) binder in N-methyl-2-pyrrolidinone (NMP)
solvent to form a homogeneous slurry, which was then spread onto aluminium foil. The

coated electrodes were dried in a vacuum oven at 110 °C for 24 hrs and then pressed.

Cyclic voltammetry (CV) was used to analyze the active voltage range for the
nanostructured V,0Os electrodes (Fig. 7.3). Well-defined, and almost identical reduction
and oxidation peaks occur at 2.3 and 2.8 V, respectively, for both the sample A and
sample B electrodes. However, sample B shows higher kinetics and reactivity towards
Li* insertion and extraction compared to sample A. This may be due to the higher
degree of crystallization and the well-grown nanostructure shown by the sample B

electrode.

1 —— Sample A
600 - Sample B

Current (pA cm'z)

Potential (V vs. Li/Li™)

Fig. 7.3. Cyclic voltammograms of nanostructured V,0Os electrodes. The applied scan

rate was 0.5 mV s>,
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Electrochemical properties for both V,0s samples were examined by galvanostatically
discharging/charging in the range of 1.5-4.0 V at a constant current density of 50 mA g
! Figure 7.4 shows that both samples demonstrated an initial charge capacity above 300
mAh g, followed by capacity fading after 20 cycles. However, the capacity fading in
sample A is more significant, decreasing from 328 to 146 mAh g after 20 cycles at a
rate of 50 mA g™. This may be because some vanadium dissolution occurs when the
oxide is discharged to 1.5 V [Sudant et al., 2004]. The vanadium dissolution in sample
A may be enhanced because the higher specific surface area amplifies this phenomenon.
This behaviour is also consistent with a report that amorphous materials dissolve more

easily than crystallized ones [Arnoldussen, 1981].

Figure 7.5 shows the charge capacities for the different potential spans for sample B.
From Figure 7.4, we already know that the charge capacity for both the samples
decreases rapidly with increasing cycle number between 1.5 V and 4.0 V. Increasing the
cut-off voltage to 2.0 V gave less capacity fading, and there was even better cycling
stability when the cut-off voltage was increased to 2.5 V. Although the 136 mAh g™
charge capacity obtained in the latter case is small, it is important to keep in mind that

this capacity was obtained with a reduced voltage window (2.5 to 4.0 V).

Besides the possibility of vanadium dissolution when discharging to 1.5 V, the
structural changes or damage inflicted upon the one-dimensional nanostructure of the
oxides upon cycling in the larger potential span might be another reason for loss in the
electroactivity of the material [Lao et al., 2006; Li et al., 2006]. Sample B shows good
cyclability and high capacity (200 mAh g™* after 20 cycles) in the voltage range of 2.0-

4.0 V at a cycling rate of 50 mA g,
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Fig. 7.4. The 1% 10" and 20" charge-discharge profiles of nanostructured V,Os
electrodes: (a) V205 annealed for 45 mins at 300 °C (sample A), and (b) V,Os annealed
for 1 hr at 300 °C (sample B). (c) Charge capacity vs. cycle number for nanostructured

V05 electrodes cycled between 1.5 V and 4.0 V at a cycling rate of 50 mA g™.
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Fig. 7.5. Cycling behaviour for sample B V,0s electrode at different cut-off voltages:

(2) 1.5V, (b) 2.0 V, and (c) 2.5 V. The current density applied was 50 mA g™.
7.3 V05 Nanoparticles Prepared via a Flame Spray Pyrolysis Process
7.3.1 Synthesis Method

The experimental procedures for the flame spray pyrolysis (FSP) process are described
earlier in Section 3.3.4. The precursor used for the flame synthesis was prepared by first
dissolving 9.17 g of vanadium (V) oxytripropoxide into 18.5 mL of diethylene glycol
(DEG). This solution was then stirred into 18.5 mL of toluene and 12.5 mL of
tetrahydrofuran (THF). Subsequently, this precursor was injected at a rate of 5 mL min™

through the reactor nozzle and dispersed with 5 L min™ of oxygen into a fine spray
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while maintaining a constant pressure drop of 1.5 bars across the nozzle tip. A premixed
flame fueled by 1 L min™ of methane and 2 L min™ of oxygen was maintained to ignite
and support the combustion of the spray. The powder was collected by placing a glass
fiber filter above the flame and drawing the gas streams with a vacuum pump. The filter
as well as the FSP unit was cooled by water to prevent overheating of the nozzle and

precursor evaporation within the liquid feed lines.

7.3.2 Physical and Structural Characterizations

The peak positions for the flame spray pyrolyzed V,0s nanoparticles agree well with
those of commercial V,0s (JCPDS 41-1426), as shown in Figure 7.6. From the XRD
patterns in Figure 7.6, it was estimated that the flame spray pyrolyzed V,O0s
nanoparticles (b) had an average crystal size of 40 nm. It was also determined that the
flame spray pyrolyzed V,Os nanoparticles had a BET specific surface area of 40 m? g™,
which is comparable to the V,0s nanoparticles produced by the precipitation method, as

shown earlier in Section 7.3.1.

Figure 7.7 shows scanning electron microscope (SEM) images of the flame spray
pyrolyzed V,0s nanoparticles. From the low-magnification image (Fig. 7.7(a)), it is
very obvious that the V,0s nanoparticles are spherical in shape, with a fairly
homogeneous particle size distribution. At higher magnification, field emission
scanning electron microscope (FE-SEM) images confirmed the nanosize nature of the

flame spray pyrolyzed V,0s particles, with particles sizes ranging from 20-40 nm.
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Fig. 7.6. XRD patterns for (a) commercial V,0s (micron-sized), and (b) V205 (nano-

sized) produced by a one-step flame spray pyrolysis process.

In addition, transmission electron microscope (TEM) images of the V,0s nanoparticles
synthesized via FSP are shown in Figure 7.8. As can be seen from Figure 7.8(a) and (b),
the V,0s nanoparticles are not exactly spherical in shape. Furthermore, from the high-
resolution TEM image in Figure 7.8(c), the strongly crystalline structure of the flame
spray pyrolyzed V,0s nanoparticles is well-defined by the highlighted (200) lattice
diffraction. The corresponding selected area electron diffraction (SAED) pattern for the
flame spray pyrolyzed V,0s nanoparticles in Figure 7.8(c) is shown in Figure 7.8(d),
revealing the crystal lattice parameter of the V,0s nanoparticles, which is in accordance

with the orthorhombic phase of V,05 (JCPDS 41-1426).
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Fig. 7.7. SEM images of V,0s5 nanoparticles synthesized via FSP: (a) low magnification
image, revealing the homogeneity of the spherical-shaped particles, and (b) high-
magnification, field emission SEM images, confirming the nanosized nature of the

particles, with sizes ranging from 20-40 nm.
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(200)

Fig. 7.8. TEM images of V,0s nanoparticles synthesized via FSP: (a) and (b) are low
resolution images, showing that the nanoparticles are not exactly spherical in shape; (c)
is a high-resolution TEM image, with the (200) crystalline lattice parameter highlighted,
and (d) is the corresponding selected area electron diffraction (SAED) pattern for the

V05 nanoparticles in image (c).
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7.3.3 Electrochemical Performance

A mixture of the nanosized V,0s FSP-made powder, and two types of carbon black
(Super P and Ensaco 350) in the weight ratio of 7:1:1, were dispersed within an organic
solution of N-methylpyrrolidinone (NMP). This suspension was then added to a
solution composed of 10 wt.% polyvinylidene fluoride (PVDF) dissolved in NMP,
forming a viscous slurry. Subsequently, the slurry was doctor bladed at a thickness of
200 pm onto an aluminum foil and dried under vacuum at 110 °C overnight, in order to
remove the NMP, thus forming the composite electrode that was used for the
electrochemical testing. The active electromaterial, V,0s, accounted for 70 wt.% of the

composite electrodes.

Figures 7.9(a)-(c) show the cyclic voltammograms (CVs) of the electrode made from
the flame spray pyrolyzed V,0s nanoparticles. The CVs were taken at a scan rate of 0.1
mV s with cycling at different discharge cut-off potentials. From Figure 7.9(a), it can
be seen that during the cathodic scanning in the first cycle, four distinctive peaks are
observed at 3.35, 3.15, 2.26, and 1.87 V vs. Li/Li", which corresponds to a complicated
multi-step lithium intercalation process [Cocciantelli et al., 1991]. As lithium ions were
inserted into the layers of V,0s, the phase transformation occurred consecutively from
0-V20s t0 &-Lig5V20s (3.35 V), 8-LiV,0s (3.15 V), y-LizV20s (2.26 V), and w-LizV,0s
(1.87 V) [Cava et al., 1986; Labat and Cocciantelli, 1989; Broussely et al., 1991].
Among the various phases of LixV,0s, 6-LiV,0s can be restored to pristine V205
through lithium deintercalation, while y-Li,V,0s and -Li3V,0s (rock-salt type

structure) are formed irreversibly.
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In the following anodic scanning, two broad peaks were observed at around 2.67 and

3.26 V vs. Li/Li*, corresponding to the lithium extraction processes. The Li*

intercalation and deintercalation process can be expressed by the following equation:

V,0c + XLiT + xe~ < LiV,05(0 < x < 3)
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Fig. 7.9. Cyclic voltammograms (CVs) of the FSP-made nanostructured V,Os

electrodes for the first 20 cycles at different cut-off voltages: (a) 1.5 V, (b) 2.0 V, and

(c) 2.5 V. The applied scan rate was 0.1 mV s™. (d) Plot of discharge capacity vs. cycle

number for the corresponding CVs in plots (a), (b), and (c).
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From Figure 7.9(b) and (c), it can be seen that the reversibility of the redox kinetics
with cycling improves when the discharge cut-off potential is reduced to 2.5 V. This can
be explained by the fact that the &-LiV,Os phase can be reversibly cycled without
destroying the crystal structure of the V,0s nanoparticles [Cocciantelli et al., 1991]. In
addition, Figure 7.9(d) shows the corresponding discharge capacity of the CV curves in
Figure 7.9(a) to (c) for the first 20 cycles. It was revealed that capacity fading increases
with a larger charge-discharge potential window. Therefore, it is necessary for us to
investigate further the effect of the discharge cut-off potentials. After prolonged cycling
at 100 cycles, it was found that the V,0s electrodes with a discharge cut-off potential at
2.5 V retain the highest discharge capacity of approximately 120 mAh g™, at a cycling

rate of 100 mA g™ (Figure 7.10).
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Fig. 7.10. Prolonged cycling behaviour for the FSP-made nanostructured V,0s
electrodes at different discharge cut-off voltages: 1.5 V, 2.0 V, and 2.5 V. The current

density applied was 100 mA g™.
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In order to fully understand the beneficial effect of the discharge cut-off potential at 2.5
V vs. Li/Li*, the cycling behaviour of the V,Os nanoparticle electrodes was
investigated. As can be seen from Figure 7.11(a), the initial discharge capacity and
charge capacity of the V,Os electrode were 132 mAh g™ and 137 mAh g™, respectively,
which corresponds to an irreversible capacity loss of minus 4.3 %. This means that there
is less reduction reaction in the first cycle, which might be due to the lower open circuit
potential (3.4 V) when compared to the upper potential limit (4.0 V) of the cycling.
However, as the cycling was prolonged, the V,0s electrode retained a discharge
capacity of 120 mAh g™ beyond 100 cycles, with an irreversible capacity loss of less

than 1.2 % per cycle.

The power performance of Li-ion battery electrodes depends on the size of the particles
making up the electrodes and on the electrode surface area [Patrissi and Martin, 2001].
To better understand these effects, it is important to investigate the rate capabilities of

Li" insertion electrodes composed of monodispersed nanoscopic particles.

As can be seen from Figure 7.11(b), the V,0s nanostructured electrodes have good rate
capabilities, even up to the 15C rate (corresponding to 2000 mA g™), retaining a
discharge capacity above 110 mAh g™*. This may because the distance Li* must diffuse
in the nanoparticle is smaller and also due to the large surface area of the nanostructured
electrode. Both effects delay concentration polarization to higher discharge currents,
resulting in better rate capabilities and higher electrode capacity at high discharge rates

[Patrissi and Martin, 2001].
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Fig. 7.11. (a) Electrochemical performance for the FSP-made nanostructured V,Os
electrode, cycled between 2.5 V and 4.0 V versus Li/Li" at a cycling rate of 100 mAh g-
! (b) Cycling behaviour for the FSP-made nanostructured V,0s electrode at different

current densities, when cycled between 2.5 V and 4.0 V versus Li/Li".
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7.4 Conclusions

In this study, | have successfully prepared one-dimensional V,Os nanostructures via a
precipitation process followed by heating in vacuum at 300 °C, and also spherical V,Os
nanoparticles via the flame spray pyrolysis process in air. Both the XRD patterns and
SEM images reveal that the V,0s crystal sizes were approximately 36-83 nm for the
precipitation-made oxides, while the FSP-made V,0s powder gives an average crystal
size of approximately 20-40 nm. The as-prepared V;Os nanostructures from the
precipitation process are well crystallized and give a higher yield of nanofibers with
longer annealing time. However, the longer annealing time leads to a larger crystal size
and consequently a lower BET specific surface area. Meanwhile, the FSP-made V,0s

powder gives a comparable BET specific surface area of 40 m? g*.

In addition, it was found that the V,0Os nanostructures are electrochemically active
towards Li* insertion and extraction in the potential window of 1.5 V to 4.0 V. The
V,0s nanostructure shows an improved cycle life when the cut-off voltage for
discharging is increased from 1.5 V to 2.5 V. It is strongly believe that the significant
capacity loss when discharging to 1.5 V is related to the dissolution of vanadium and
the structural changes upon cycling in the larger potential span. Good cyclability and
capacity as high as 200 mAh g™ after 20 cycles are achieved in the voltage range of 2.0-
4.0 V at a cycling rate of 50 mA g* when the oxides are annealed in vacuum at 300 °C
for 1 hour. Meanwhile, the flame spray pyrolyzed V,0s nanoparticles show excellent
cyclability when cycled between 2.5 V to 4.0 V vs. Li/Li*, retaining a discharge
capacity of 120 mAh g™ beyond 100 cycles at a cycling rate of 100 mA g, and also an

incredibly high capacity at 110 mAh g™ at cycling rates up to 15C (or 2000 mA g™).
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CHAPTER 8

LITHIUM TRIVANADATE NANOPARTICLES SYNTHESIZED

BY FLAME SPRAY PYROLYSIS AS CATHODE MATERIAL

FOR LITHIUM-ION BATTERIES

8.1 Introduction

Lithium-ion rechargeable batteries are currently used extensively in portable digital
devices due to their relatively high cell voltage and energy density compared to other
rechargeable batteries. LiCoO, is the current cathode material of choice, however, there
is a demand for alternative cathode materials due to the cost, relative toxicity, and safety
concerns associated with LiCoO, [Broussely et al., 1999; Whittingham, 2004]. LiV30s
as a cathode material has the advantages of higher capacity, lower cost, and better safety
features [Kannan and Manthiram, 2006]. An extensive amount of study has been
conducted on related topics, which include the material’s degree of crystallinity [Nassau
and Murphy, 1981; Pasquali et al., 1986; Kawakita et al., 1999], aging mechanism
[Jouanneau et al., 2005], numerous synthesis methods [Pistoia et al., 1990; Yang et al.,
2005b; Kannan and Manthiram, 2006], and the polymer content in the composite

electrode [Guy et al., 2004; Chew et al., 2007].
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The power density of Li-ion batteries can be improved by increasing the interfacial area
between the electrolyte and the active materials. Use of oxide nanoparticles as cathode
materials in lithium-ion batteries presents numerous opportunities and challenges [Arico
et al., 2005]. The opportunity exists to increase power density, and at the same time,
there is a challenge in dealing with increased electrode/electrolyte side reactions. Both
these phenomena are due to the high specific surface area of the nanoparticles compared

to their micron-sized counterparts.

One process that can produce oxide nanoparticles on an industrial scale is flame spray
pyrolysis (FSP). FSP is a flexible and scalable process [Méadler et al., 2002; Mueller et
al., 2003], which is already used to produce fine powders for use as catalysts, coatings,
dental fillers, etc. FSP was used by Ernst et al. [2007] to produce electrochemically
active oxide nanoparticles with a spinel unit cell structure (LiMn,O,4, LiFesOg, and
LisTisO12) [Ernst et al., 2007]. It has been demonstrated that FSP is a potentially cost-
effective process for producing electrochemically active nano-sized spinel materials
with controlled composition, crystallinity, and morphology. Furthermore, it can also be
used to produce LiCoO, [Jang et al., 2004]. All these advantages make FSP an attractive

process for producing nano-sized cathode materials.

In this work, LiV30g nanoparticles with crystallite sizes of about 24 nm were

synthesized by FSP and electrochemically characterized. Aging mechanisms and

engineering of the electrode are the main factors that contribute to capacity fading.
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8.2  Synthesis Method

The experimental procedures for the flame spray pyrolysis (FSP) process are described
earlier in Section 3.3.4. The precursor used for the flame synthesis was prepared by first
dissolving 9.17 g of vanadium (V) oxytripropoxide into 18.7 mL of diethylene glycol
(DEG). This solution was then stirred into 19.0 mL of toluene and 12.5 mL of 1.0 M
lithium tert-butoxide (LTB) solution in tetrahydrofuran (THF). Subsequently, this
precursor was injected at a rate of 3 mL min™ through the reactor nozzle and dispersed
with 5 L min™ of oxygen into a fine spray. A pressure drop of 1.5 bars was maintained
across the nozzle tip. A premixed flame fueled by 1 L min™ of methane and 2 L min™ of
oxygen was maintained to ignite and support the combustion of the spray. A sheath gas
of 5 L min™ of oxygen surrounding the flame was used to ensure complete combustion.
The powder was collected by placing a glass fiber filter above the flame and drawing
the gas streams with a vacuum pump. The reactor was cooled with water to prevent

overheating of the nozzle and precursor evaporation within the liquid feed lines.

8.3 Physical and Structural Characterizations

The X-ray diffraction (XRD) pattern of the as-synthesized LiV3Og nanoparticles is
shown in Figure 8.1. The XRD measurement was performed between 26 angles of 10’
and 70 at a scan rate of 0.03° min™. The diffraction peak positions for the as-
synthesized LiV30g nanoparticles matched well with the known layered-type LiV30g
lattice constants given in the literature [Wadsley, 1957] (JCPDS 72-1193) as a = 6.68 A,

b =3.60 A, and ¢ = 12.03 A. Analysis of the XRD data indicated that the powder was
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crystalline. When the Debye-Scherrer equation was applied to the (100) peak, it was
calculated that the crystallite size of the as-synthesized LiV3;0g nanoparticles was 24

nm.

The overall morphology of the as-synthesized LiV30g nanoparticles was investigated by
scanning electron microscopy (SEM). The average particle size observed in the SEM
image (Fig. 8.2) is approximately 50 nm. Moreover, the particles are agglomerated in
chain-like aggregates, which in principle could be broken with sufficient shear.
Furthermore, the BET specific surface area was measured to be 30.5 m? g™. This is
significantly higher than those values (< 6 m? g™%) reported in the literature [Yang et al.,

2005b] for the sub-micron particles that could be produced with existing technologies.
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Fig. 8.1. XRD pattern of the LiV30g nanoparticles synthesized by FSP.
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Fig. 8.2. SEM image of the LiV3Og nanoparticles synthesized by FSP.

Transmission electron microscope (TEM) images of the LiV3Og nanoparticles
synthesized via FSP are shown in Figure 8.3. As can be seen from Figure 8.3(a), the
LiV30g particles are nanosized in nature, but not exactly spherical in shape. The single
particles are less than 100 nm in size, as can be seen in the TEM image (Fig. 8.3(a)),
which is in good agreement with the estimation from the XRD pattern. Furthermore,
from the high-resolution TEM image in Figure 8.3(b), the strongly crystalline structure
of the flame spray pyrolyzed LiV3Og nanoparticles is well-defined by the highlighted
(100) lattice diffraction. Moreover, the corresponding selected area electron diffraction
(SAED) pattern for the flame spray pyrolyzed LiV3Og nanoparticles is shown in the
inset of Figure 8.3(b), revealing the crystal lattice parameters of the LiV30g
nanoparticles, which is in accordance with the monoclinic phase of LiV3;0g (JCPDS 72-

1193).
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Fig. 8.3. TEM images of LiV30g nanoparticles synthesized via FSP: (a) low resolution
image, showing the nanosized nature of the particles; and (b) high-resolution image,
with the (100) crystalline lattice parameter highlighted (inset: the corresponding

selected area electron diffraction (SAED) pattern for the LiV3Og nanoparticles).
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8.4 Electrochemical Performance

A mixture of the nanosized LiV3;0g FSP-made powder, and two types of carbon black
(Super P and Ensaco 350) in the weight ratio of 7:1:1, were dispersed within an organic
solution of N-methylpyrrolidinone (NMP). This suspension was then added to a solution
composed of 10 wt.% polyvinylidene fluoride (PVDF) dissolved in NMP, forming a
viscous slurry. Subsequently, the slurry was doctor bladed at a thickness of 200 um onto
an aluminum foil and dried under vacuum at 110 °C overnight, in order to remove the
NMP, thus forming the composite electrode that was used for the electrochemical
testing. The active electromaterial, LiV3Og, accounted for 70 wt.% of the composite

electrodes.

Cyclic voltammograms of the LiV3Og powder are shown in Figure 8.4 for the first 20
charge-discharge cycles. The oxidative and reductive reactions are seen to diminish
rapidly from the 1% to the 20" cycle due to capacity fading. Because the basic shape of
these voltammograms remains roughly the same after 20 cycles, no significant change
in the crystallography is expected between these cycles. This indicates that the decrease
in specific capacity is likely due to the loss of electrochemically active mass
contributing to the capacity. Possible losses could be due to the dissolution of LiV30g
into the electrolyte [Jouanneau et al., 2005] or the reduction in contact between the

active mass and electrolyte and/or electrically conductive network.
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Fig. 8.4. Cyclic voltammograms (CVs) of flame spray pyrolyzed LiV3Og nanoparticles,

recorded at 0.1 mV s™ from 1.5 to 4.0 V for the first 20 cycles.

Figure 8.5 shows the cycling behaviour of the as-synthesized LiV30s electrode. A non-
restricted cycling procedure was used between 2 V and 4 V vs. Li/Li" at a cycling rate
of 100 mA g*. The first discharge (Li* insertion) was done from the open circuit
potential of about 3.3 V, amounting to a capacity of 271 mAh g™ . This was then
followed by charging (Li* extraction) to a potential of 4 V, amounting to a capacity of

315 mAh g*. The general trend thereafter is a gradual decrease in specific capacity.
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Engineering of the electrode and active material dissolution would likely decrease the
decline in specific capacity. It has been seen in other work that preparation of the
electrode can play an important role in the cycling capacity of an active material [Guy et
al., 2005]. Dissolution of lithium trivanadate has been seen to be a major aging
mechanism for this substance [Jouanneau et al., 2005], and the high BET specific
surface area of the material presented in this work (> 30 m? g™*) would only increase the

kinetics of the material’s dissolution.

In this work, the irreversible capacity 10ss (Qireyv) is defined as follows:

Qure %6) = 222100 (5.1)

D
where Cp and Cc are the discharge and charge capacities, respectively.

What is noteworthy is that after the first 30 cycles, more lithium is extracted than
inserted into the material, i.e., more lithium was coming out of the electrode than was
put in during Li* insertion. One reason could be that the dissolution of LiV3Og during
Li* extraction (charging) causes additional Li" to be released. Another possibility could
be that Li* ions are being trapped in the passivation layer during cycling. Nevertheless,

further investigation is required to confirm one of these reasons with certainty.
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Fig. 8.5. Cycle life behaviour for a compound electrode with the FSP-made LiV3Og
nanoparticles as the active electromaterial. The current density applied was 100 mA g™,

with cut-off potentials of 2 and 4 V.

Figure 8.6 summarizes the 2", 10", and 50" electrochemical lithiation (discharge)/de-
lithiation (charge) capacity data for the as-synthesized LiV30s electrode. The calculated
capacities were solely based on the active material, LiV30g nanoparticles. It can be seen
that the LiV3Og electrode shows capacity fading behaviour upon prolonged cycling.
However, the as-synthesized LiV3Og electrode still maintained fairly high Li-ion
insertion/de-insertion capacity even after 50 cycles, retaining a discharge capacity of
180 mAh g'. As the shape of the discharge-charge plots were similar even after 50
cycles, the likely reason for loss of capacity is the loss of active mass through

dissolution into the electrolyte.
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Fig. 8.6. The 2", 10", and 50" cycle discharge/charge plots of LiVsOs electrode, with
the numbers indicating the cycle number. Cycling took place between 2 V and 4 V

versus Li/Li* at a cycling rate of 100 mA g™.

The dependence of the specific capacity on the current density is shown in Figure 8.7,
where the first discharge and charge were cycled between 2 and 4 V. The discharge
capacity decreased as the current density increased, with the initial discharge capacity
for the LiV30s nanostructured electrode 259 mAh g™ (at 0.67C). Subsequently, the
LiV30g nanostructured electrode demonstrated good rate capabilities, even up to the
16.7C rate (corresponding to 2500 mA g), retaining a discharge capacity above 100
mAh g*. This may be because the distance Li* must diffuse in the nanoparticle is
smaller (24 nm) and also due to the large surface area (30.5 m? g*) of the

nanostructured electrode [Kannan and Manthiram, 2006].
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Fig. 8.7. Cycling behaviour for the FSP-made nanostructured LiV3Og electrode at
different current densities, when cycled between 2 V and 4 V versus Li/Li*. The 1C rate

is assumed to be equivalent to 150 mA g™ in this case.

Jouanneau et al. [2005] have shown a relationship between the grain morphology and
texture and the electrochemical performance of Li; 1V30s, where they reported that the
size and the aggregation of the grains play a major role in the initial capacity, while the
crystal shape seems to be the main factor influencing the cyclability of the electrode.
They also showed that the capacity fading was due to a two-phase phenomenon at 2.6
V, which could be related to an increasingly drastic change in the cell lattice constants,
leading to local damage of the crystal structure. The dissolution of a small quantity of
V'""in the electrolyte may occur during the last electrochemical phenomenon at 2.35 V.
However, Jouanneau et al. [2005] also reported that the electrochemical process at 2.3 V
in discharge and 2.4 V in charge (2.35 V average) only appeared in sample with smaller

average particle sizes.
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Therefore, as can be seen from Figure 8.7, the initial discharge capacities (Li* insertion)
are higher than the charge capacities (Li* extraction) at lower current density (0.67C).
However, at higher current density (up to 16.67C), the charge capacities are comparable
to the discharge capacities. This means that cycling at higher current density might play
a very important role in maximizing coulombic effiency for electrodes with high surface
area and small particle size. This might also minimize the vanadium dissolution and the
impact of the phase transformation at 2.6 V. However, more studies in the future should

address this problem.

8.5 Conclusions

LiV30g nanoparticles with sizes of approximately 24 nm have been synthesized by
flame spray pyrolysis for the first time. This is an attractive process as it can be scaled
to industrial production levels. Material and electrochemical characterizations were
conducted for the as-synthesized powder. XRD analysis indicated that the powder is
crystalline in nature, and the BET specific surface area was measured to be 30.5 m* g.
The as-synthesized LiV30g electrode exhibited fairly high Li-ion insertion/de-insertion
capacity even after 50 cycles, retaining a discharge capacity of 180 mAh g*. Capacity
fading of the electrodes containing the FSP-made nanoparticles is attributed to the loss
of active material through dissolution into the electrolyte and also to a phase
transformation at 2.6 V. Nevertheless, this powder shows promise as a cathode material

for use in high-powered applications in Li-ion batteries.
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CHAPTER 9

LITHIUM MANGANESE OXIDE THIN FILM SYNTHESIZED

BY PULSED LASER DEPOSITION AS MODEL CATHODE

FOR LITHIUM-ION BATTERIES

9.1 Introduction

Technological improvements in rechargeable solid-state lithium ion batteries are being
driven by an ever-increasing demand for portable electronic devices and the enormous
interest in the hybrid electric vehicle market [Tarascon and Armand, 2001]. The search
for materials that provide higher storage capacity, longer operating times, and faster
recharging times, as well as safety, environmental compatibility, and low production
costs for a large variety of applications, is a challenging task today [Winter et al., 1998].
However, in order to achieve the above-mentioned technical requirements, an in-depth
understanding of the Li-ion transfer kinetics is necessary. Amongst the processes that
take place in lithium-ion batteries are the diffusion of Li-ions through the active
electromaterials and their subsequent migration through the electrolyte, the intercalation
and deintercalation of the Li-ions, and also the influence of lattice defects on the

charge/discharge cycles [Whittingham, 1976].
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A good knowledge and understanding of these processes is essential for the
optimization and also the enhancement of the battery’s performance. The migration and
diffusion of Li-ions are relatively slow and can be shortened by using small particle size
active materials [Ammundsen and Paulsen, 2001]. This will increase the effective
surface area of the electrodes, resulting in the interfacial reaction becoming the rate-
controlling step of the overall electrochemical reactions, which also defines the

performance of the battery [Kang et al., 2006].

LiMn,0y is of great interest for use in rechargeable lithium-ion batteries because of its
high voltage, low cost, and low toxicity [Thackeray et al., 1983; Shokoohi et al., 1991;
Tarascon and Guyomard, 1993; Lanz et al., 2003]. Nevertheless, capacity fading at
elevated temperatures and during overcharge has slowed the application of LiMn,O, in
commercial cells. Many studies have been dedicated to the understanding and resolution
of the performance degradation. However, precise measurements of the kinetics of Li
intercalation under conditions leading to degradation are difficult with porous
electrodes, since degradation often leads to disconnection. Studies of rate processes
within porous electrodes suffer from the additional complication of solid-phase and
solution-phase resistances [Chen et al., 1997]. A thin film oxide electrode is a useful
model system for the study of electrochemical properties without the above limitations.
The influence of binders and conductive diluents is also avoided, and the effects of
morphology may be quantifiable [Striebel et al., 1999]. Oxides such as LiMn,0O, form a
spinel structure (with space group Fd3m), whose reaction sites can be very well defined
[Striebel et al., 1999], and are therefore very suitable as model electrode materials for

the investigation of the electrochemical properties of Li-ion batteries.
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Different thin film growth techniques for making LiMn,O,4 thin films have been
employed in the literature, such as chemical vapour deposition [Liu et al., 1999b],
electron beam evaporation [Shokoohi et al., 1992; Thackeray et al., 1997; Bates et al.,
2000], electrostatic spray deposition [Chen et al., 1997; Uchida et al., 2001; Anzue et
al., 2003; Shui et al., 2004], laser spark atomization [Singh et al., 2001], pulsed laser
deposition [Striebel et al., 1996; Morcrette et al., 1998; Rougier et al., 1998a,b; Inaba et
al., 1999; Julien et al., 2000; Singh et al., 2001 and 2002; Yamada et al., 2003; Dumont
et al., 2006; Otsuji et al., 2006; Ouyang et al., 2006; Tang et al., 2006a,b and 2007],
pyrolitic preparation [Miura and Kishi, 1995], RF magnetron sputtering [Hwang et al.,
1994; Moon et al., 2003; Chen et al., 2004b; Lee et al., 2004; Chiu et al., 2005], sol-gel
[Kostecki et al., 1999; Massarotti et al., 1999; Lee and Smith, 2005; Chiu et al., 2006;
Rho et al., 2006], and most recently, the solution growth technique [Das et al., 2005;

Wu et al., 2006 and 2007].

Among them, pulsed laser deposition (PLD) is a powerful and easy method for
producing high quality and dense films without post-deposition annealing. PLD is also
one of the most suitable methods for preparing thin films of complex oxides [Striebel et
al., 1996], especially in the growth of materials containing evaporable components with
complex stoichiometry. For this reason it is often used to fabricate the lithium transition
metal oxides, especially for cathode materials, where lithium loss to volatilization could
occur in conventional evaporation methods [Julien et al., 2000]. Previous studies of
LiMn,O,4 films, produced by PLD have shown them to be very stable during
electrochemical cycling, even with over-discharge and over-charge to voltages up to 5

V vs. Li/Li*, as shown by cyclic voltammetry [Rougier et al., 1998].
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In the present work, LiMn,O, thin films were fabricated by PLD and were analyzed
mainly by Mrs. Franziska Simmen (PhD Student, Material Group, Battery Group, Paul
Scherrer Institute). These LiMn,Oy thin films were characterized physically by X-ray
diffraction (XRD), Rutherford Backscattering Spectrometry (RBS), elastic recoil
detection analysis (ERDA), Dektak profilometry, scanning electron microscopy (SEM),
atomic force microscopy (AFM), and Raman spectroscopy, and also electrochemically
by cyclic voltammetry (CV) and charge/discharge tests. The effect of the type of
substrate used for deposition and that of the film thickness on the electrochemical
performance of the LiMn,0Oy thin films, especially on their interfacial properties, were

also thoroughly investigated.

9.2  Synthesis Method

Figure 9.1(a) shows a schematic diagram of the experimental set-up for the PLD
process. Thin films of LiMn,O,4 were deposited by ablation of a rotating rod target of
stoichiometric LiMn,O,4, which was fabricated by sintering a stoichiometric oxide of
LiMn,0O,4 at 800 °C for 30 mins. The PLD experiments were carried out in a standard
vacuum chamber (see Fig. 9.1(b)), which allows a background pressure of O, of
approximately 0.2 mbar. The distance between the substrate and the target was kept at 4
cm. All deposition experiments were performed with a KrF excimer laser (A = 248 nm),
with a pulse width of 20 ns and a repetition rate of 10 Hz. The fluence (see Figure
9.1(c)) of the laser beam was kept constant in the range between 4.3 and 4.6 J cm™ for
all PLD experiments. The substrate temperature was kept at 773 K (or 500 °C) during

the deposition process.
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Among the experimental parameters that were varied for this research work were the
type of substrate used (silicon or stainless steel with MgQO) and the number of pulses
from the laser beam (8400 to 27000 pulses) applied during the pulsed laser deposition of

the LiMn,Oy thin films.

Fig. 9.1. (a) Schematic diagram of the experimental set-up for the pulsed laser
deposition (PLD) of LiMn,04 thin films: (1) cylindrical target rod, (2) plasma plume
generated by the laser beam, (3) heated and rotating substrate, (4) focusing lens, (5)
laser beam, (6) vacuum pump, and (7) inlet for oxygen; (b) a photograph depicting a
real PLD chamber used in this research work at the Materials Group, Paul Scherrer
Institute, Switzerland; and (c) a photograph showing a PLD experiment in action, where
a plasma plume (purple cloud) that was generated from the laser beam heating the target

is deposited onto the heated substrate [image obtained from Mrs. Franziska Simmen].
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9.3  LiMnyO,4 Thin Films Deposited on Silicon Substrate

Detailed deposition conditions for the fabrication of LiMn,O, thin films on Si (100)
substrates via PLD are summarized below in Table 9.1. The deposition conditions used
here, such as a background oxygen pressure of 0.2 mbar, a substrate temperature of 773
K, and a target-substrate distance of 4 cm, were the optimum conditions recommended
by Dumont et al. [2006], a former colleague of Mrs. Franziska Simmen, who prepared

and analyzed these LiMn,QOy, thin films in the Paul Scherrer Institute, Switzerland.

Table 9.1: Deposition conditions of LiMn,O, thin films on Si (100) substrate.

Laser KrF excimer laser
Wavelength, A : 248 nm
Pulse width, t: 20 ns
Repetition rate: 10 Hz

Laser Fluence, ¢ : 4.3-4.6 J cm™

No. of Pulses, N°

Target

Substrate

Target-Substrate Distance, di.

Substrate Temperature, Ts

Oxygen Gas Background Pressure, Po,

18000 Pulses

LiMn,0O4 rod (stoichiometric)
Si (100) wafer

4 cm

773 K (500 °C)

0.2 mbar
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9.3.1 Physical and Structural Characterizations

The crystallinity of LiMn,O,4 thin film deposited on the Si (100) substrate was
characterized by X-ray diffraction (XRD). The XRD pattern in Figure 9.2 shows that
LiMn,04 thin film deposited on silicon is polycrystalline, with a spinel structure, and is
indexed using the Fd3m symmetry. The peaks matched well with the standard cubic
phase LiMn,O,4 (JCPDS 35-0782). As can be seen from the XRD pattern, the (111) and
(222) peaks are quite sharp, suggesting the presence of large crystalline grains in the

film [Singh et al., 2001].
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Fig. 9.2. X-ray diffraction (XRD) pattern of LiMn,O, thin film on Si (100) substrate

[analyzed by Mrs. Franziska Simmen]. Numbers on peaks denote the hkl index (JCPDS

35-0782).

206



Chapter 9: Lithium Manganese Oxide Thin Film Synthesized By Pulsed Laser

Deposition As Model Cathode For Lithium-lon Batteries

In general, an XRD spectrum only provides qualitative information, such as the
presence of spinel structure in the LiMn,O,4 thin film. However, since amorphous
species could not be detected by XRD, the ratio of crystalline to noncrystalline species
in the thin film could not be obtained. Therefore, in this case, Rutherford Backscattering
Spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA) analyzed the
composition of the LiMn,QO, thin film deposited on silicon, for the determination of the
O/Mn and Li/Mn ratios, respectively. ERDA was used to quantify the amount of lithium
in the thin film because lithium is too light for analysis by RBS. Both the RBS and
ERDA measurements were conducted by Dr. Max Dobeli and Dr. Marc Mallepell, from
the Institute of Particle Physics at the Swiss Federal Institute of Technology (ETH),

Zurich, Switzerland.

The Li/Mn and O/Mn ratios in the LiMn,O, thin film deposited on silicon, calculated
from the ERDA and RBS analysis, were 0.47 (x 0.02) and 1.95 (+ 0.05), respectively.
The LiMn,0O4 thin film deposited on silicon is slightly lithium-deficient and oxygen-

deficient, similar to the one analyzed by Dumont et al. [2006].

9.3.2 Electrochemical Performance

The LiMn,O4 thin film deposited on silicon was not able to be characterized
electrochemically due to the poor electrical conductivity of the Si substrate. In order to
electrochemically characterize the LiMn,O,4 thin film fabricated under deposition
conditions similar to those stated in Table 9.1, it is necessary to produce LiMn,0O, thin

film on another type of substrate, preferably more conductive, such as stainless steel.
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9.4  LiMnyO,4 Thin Films Deposited on Stainless Steel Substrate

Detailed deposition conditions for the fabrication of LiMn,O,4 thin films on stainless
steel (SS) substrate via PLD are summarized below in Table 9.2. The deposition
conditions used here, such as a background oxygen pressure of 0.2 mbar, a substrate
temperature of 773 K, and a target-substrate distance of 4 cm, were the optimum
conditions, similar to those applied earlier for the Si (100) substrate. All the LiMn,04
thin films for this project were prepared and analyzed mainly by Mrs. Franziska

Simmen (PhD Student, Material Group, Battery Group, Paul Scherrer Institute).

Table 9.2: Deposition conditions of LiMn,QO, thin films on stainless steel substrate.

Laser KrF excimer laser
Wavelength, A : 248 nm
Pulse width, t: 20 ns
Repetition rate: 10 Hz

Laser Fluence, ¢ : 4.3-4.6 J cm™

No. of Pulses, N° 8400-27000 Pulses

Target LiMn,O, rod (stoichiometric)
Substrate Stainless steel grids
Target-Substrate Distance, di. 4cm

Substrate Temperature, T 773 K (500 °C)

Oxygen Gas Background Pressure, Po, 0.2 mbar

Post-Deposition Annealing Cooling in air
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9.4.1 Physical and Structural Characterizations

As can be seen from the stoichiometric data (ERDA/RBS) in Table 9.3, all LiMn,04
thin films deposited on stainless steel substrate using different numbers of pulses and
with cooling in air were highly lithium- and oxygen-deficient. Although the same
deposition conditions were used as of those with the Si (100) substrate, the LiMn,O4
thin film compositions were totally different. However, as the number of pulses used
was increased, both the lithium and oxygen contents were increased to values nearer to
the optimum compositions. As the number of pulses used is increased, the chances of
the light-weight lithium and oxygen atoms to be deposited onto the stainless steel
surface would increase significantly [Striebel et al., 1996], resulting in higher lithium

and oxygen content in the films.

Table 9.3: Stoichiometric (ERDA/RBS) and Raman data [measured and analyzed by
Mrs. Franziska Simmen] for LiMn,O, thin films deposited on stainless steel substrate

with different numbers of pulses and cooling in air.

No. of Li/Mn O/Mn Raman Spectroscopy
Pulses, N° Ratio Ratio Band Position (cm™)
A-LiMn,0O4 0.50 2.00 382 426 483 580 625 N/A N/A
Powder (Fag)  (Eg) (Fag) (F2g) (Aug)
8400 Pulses  0.29+0.01 1.50+0.08 570 613 655 723
18000 Pulses 0.40+0.02 1.75+0.09 571 609 640 724
27000 Pulses 0.39+0.02 1.65+0.08 597 635 658

* The Raman spectroscopy band position values for the A-LiMn,O4 powder are based

on those reported by Julien and Massot [2003].
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Moreover, from Table 9.3, the Raman spectroscopy data shows that there were peaks
located above 625 cm™, which could be due to delithiated spinel such as LigsMn,O4, or
in other words, the presence of lithium-deficient compounds in the films [Julien and
Massot, 2003]. However, the Raman peaks located above 700 cm™ that were observed
in some of the LiMn,O, thin films deposited on stainless steel substrate have not been
previously reported. This could be interesting for further studies in future work related

to LiMn,O4 thin film.

The XRD pattern in Figure 9.3 shows that LiMn,0O, thin films deposited on stainless
steel substrate are polycrystalline, with a spinel structure, and can be indexed using the
Fd3m symmetry. The peaks matched well with the standard cubic phase LiMn,0O4
(JCPDS 35-0782). However, for the LiMn,0Oy thin films deposited at 8400 pulses (Fig.
9.3(a)), there are some unknown impurities present, which disappeared as the number of
pulses used was increased to 27000 pulses (Fig. 9.3(b)). In addition, both films show

fairly weak peaks, which corresponds to lower crystallinity.

The correlation between number of pulses used for deposition and the corresponding
LiMn,0y thin film thickness is shown in Figure 9.4. As the number of pulses increased
from 8400 to 27000 pulses, the LiMn,O4 thin film thickness increased from 80 to 260
nm. However, the growth rate was non-linear. One of the possible reasons is the loss of
lightweight lithium and oxygen atoms at lower pulse rates, resulting in lower film

thickness at a lower pulse rate [Rougier et al., 1998a].
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Fig. 9.3. XRD patterns of LiMn,O, thin films deposited on stainless steel (SS) substrate:

(a) 8400 pulses, and (b) 27000 pulses [analyzed by Mrs. Franziska Simmen].
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Fig. 9.4. Film thickness vs. number of pulses used in the deposition conditions when
LiMn,O4 thin films were deposited onto stainless steel substrate heated to 500 °C and

then cooled in an oxygen atmosphere [analyzed by Mrs. Franziska Simmen].

Figure 9.5 shows the surface topography measured by atomic force microscopy (AFM)
of the as-deposited LiMn,Oy4 thin films on stainless steel substrate grown at 500 °C and
cooled in an oxygen atmosphere with no further annealing. As the number of pulses
increased from 8400 to 27000 pulses, the films’ crystal sizes increased (to above 200
nm) and the surface of the films also became rougher and denser, with the root mean
square (rms), roughness of the LiMn,O, thin film deposited at 18000 pulses at

approximately 39 nm.
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Fig. 9.5. Surface topography (flat images) as measured by atomic force microscopy
(AFM) of the as-deposited LiMn,O4 thin films grown on stainless steel substrate at
different numbers of pulses: (a) 8400 pulses, (b) 13200 pulses, (c) 18000 pulses, and (d)

27000 pulses. The films were cooled in air without post-deposition annealing.
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9.4.2 Electrochemical Performance

For comparison purpose, LiMn,0O, electrodes were also prepared by the classical casting
method. A mixture of micron-sized LiMn,O,4 powder and carbon black (Super P), in the
weight ratio of 7:2, was dispersed within an organic solution of N-methylpyrrolidinone
(NMP). This suspension was then added to a solution composed of 10 wt.%
polyvinylidene fluoride (PVDF) dissolved in NMP, forming a viscous slurry.
Subsequently, the slurry was doctor bladed at a thickness of 200 wum onto aluminum foil
and dried under vacuum at 110 °C overnight, in order to remove the NMP, thus forming
the composite electrode that was used for the electrochemical testing. The active

electromaterial, LiMn,O,, accounted for 70 wt.% of the composite electrodes.

Cyclic voltammograms of the LiMn,O4 electrodes are shown in Figure 9.6 for the first
20 charge-discharge cycles. The oxidative and reductive reactions are seen to diminish
rapidly from the 1% to the 20" cycle for the as-deposited LiMn,O4 thin film electrode
(Fig. 9.6(b)). Because the basic shape of these voltammograms remains roughly the
same after 20 cycles, no significant change in the crystallography is expected between
these cycles. This indicates that the decrease in specific capacity is likely due to the loss
of electrochemically active mass contributing to the capacity [Tarascon and Guyomard,
1993]. Comparing the maximum charge current for both LiMn,0O, electrodes, it can be
estimated that the active mass of the as-deposited LiMn,O,4 thin film electrode is
approximately 0.17 mg compared to 5.33 mg for the classical LiMn,O, electrode.
Furthermore, the amount of polarization was significantly reduced when thin film
electrode was used, compared to classical electrode, which may be due to lower

resistance.
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Fig. 9.6. Cyclic voltammograms (CVs) of different types of LiMn,O, electrode
recorded at 0.1 mV s™ from 3.5 to 4.4 V for the first 20 cycles: (a) classical method,
where a (70 wt.% LiMn,0,4 + 20 wt.% CB + 10 wt.% PVDF) slurry mixture was coated
onto aluminium foil, and (b) as-deposited LiMn,O, thin film grown on stainless steel
substrate via PLD [analyzed by Mrs. Franziska Simmen]. The LiMn,O, thin film was
deposited at N° = 27000 pulses, Ts = 500 °C, di.s = 4 cm, ¢ = 4.3 J cm™, and cooled in

air with no post-deposition annealing.
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Figure 9.7 shows the cycling behaviour of the as-deposited LiMn,QO4 thin film electrode
on stainless steel substrate. A non-restricted cycling procedure was used between 3.5 V
and 4.4 V vs. Li/Li* at a cycling rate of 50 pA cm™. The film deposited at the lowest
pulse rate (or the thinnest), i.e., 8400 pulses, had the best cycling performance, retaining
48 pAh cm? pum™ beyond 40 cycles. This translates into more than 85 % capacity
retained compared to the first charge capacity. Film with lower thickness would have a
shorter path for Li* diffusion and also lower electrolyte resistance [Tarascon and

Guyomard, 1993].

Furthermore, after prolonged cycling beyond 100 cycles, the as-deposited LiMn,O, thin
film electrode on stainless steel substrate that was deposited at 8400 pulses still
maintained fairly high Li-ion insertion/de-insertion capacity, retaining a charge and
discharge capacity of 48 and 45 uAh cm™ um™, respectively (see Fig. 9.8). However, as
the rate of Li* extraction is higher than that of Li* insertion, this indicates that the
original thin film is lithium-rich or oxygen-deficient. Clearly, as demonstrated by other

stoichiometric measurements, an oxygen-deficient case is more likely.

The dependence of the specific capacity on the cycling rate (or current density) is shown
in Figure 9.9, where the first charge and discharge were cycled between 3.5 and 4.4 V.
The specific capacity decreased as the current density increased, and the initial charge
capacity for the as-deposited LiMn,O, thin film electrode was 55 uAh cm? um™ (at
2C). Subsequently, the as-deposited LiMn,0O, thin film electrode demonstrated good
rate capabilities, even up to the 32C rate (corresponding to 160 uA cm™), retaining a

charge capacity above 40 pAh cm™? um™.
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Fig. 9.7. (a) Cycle life of the as-deposited LiMn,O4 thin film electrodes on stainless
steel substrate cycled between 3.5 V and 4.4 V versus Li/Li* at a cycling rate of 50 pA
cm. (b) The corresponding capacity retained compared to the first discharge capacity
in (a) [analyzed by Mrs. Franziska Simmen].
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Fig. 9.8. Cycle life behaviour of the as-deposited LiMn,O, thin film electrode on
stainless steel substrate cycled between 3.5 V and 4.4 V versus Li/Li" at a cycling rate
of 50 pA cm™. The LiMn,O, thin film was deposited at N° = 8400 pulses, Ts = 500 °C,
di.s =4 cm, ¢ = 4.3 J cm, and cooled in air with no post-deposition annealing [analyzed

by Mrs. Franziska Simmen].
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Fig. 9.9. Cycle life behaviour of the as-deposited LiMn,;O4 thin film electrode on
stainless steel substrate cycled between 3.5 V and 4.4 V versus Li/Li* at different
cycling rates. The LiMn,0, thin film was deposited at N° = 13200 pulses, Ts = 500 °C,
di.s =4 cm, ¢ = 4.3 J cm, and cooled in air with no post-deposition annealing [analyzed
by Mrs. Franziska Simmen]. The 1C rate is assumed to be equivalent to 5 pA cm™ in

this case.
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Figure 9.10 compares the changes in film morphology observed from SEM in the as-
deposited state, before and after 100 charge-discharge cycles. The film mainly consists
of crystalline agglomerates (> 200 nm), in agreement with what was observed from
AFM (Fig. 9.5(c)). Significant changes were observed in the morphology of the
LiMn,0O, thin film electrode after 100 charge-discharge cycles, revealing huge cracks
and detachment of the electro-active LiMn;O4 thin film from the stainless steel
substrate, with an obvious increment in film thickness (> 600 nm) as well. The presence
of the cracks might be due to changes in crystal structure during the prolonged cycling
or the dissolution of the manganese from the LiMn,O, thin film electrode [Striebel et

al., 1996], resulting in detachment from the substrate surface.

500 nm

Fig. 9.10. SEM images of the as-deposited LiMn,O, thin film electrode on stainless
steel substrate: (a) before cycling, and (b) after 100 charge-discharge cycles. Cycling
took place between 3.5 V and 4.4 V versus Li/Li* at a cycling rate of 50 pA cm™. The
LiMn,0y4 thin film was deposited at N° = 18000 pulses, Ts = 500 °C, dis = 4 cm, ¢ = 4.3
J cm™, and cooled in air with no post-deposition annealing [measured by Dr. Anja
Weber and obtained from Mrs. Franziska Simmen].
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95 Conclusions

A series of LiMn,O,4 thin films on either Si (100) or stainless steel substrate were
successfully prepared via pulsed laser deposition (PLD). It was found that the
compositions of the as-deposited LiMn,QO, thin films were not the same when deposited
on stainless steel as compared to Si (100) substrate, even when the same deposition
parameters were used in both cases. The as-deposited LiMn,QO, thin films on stainless
steel substrate are highly lithium- and oxygen-deficient, as confirmed by ERDA/RBS
and Raman analysis. Lithium and oxygen contents increased when the pulse rate was
increased, leading to thicker films. However, LiMn,O, thin film with the lowest
deposition pulse rate (or the thinnest film) exhibited the best electrochemical
performance, retaining a charge capacity of 48 pAh cm™ um™ beyond 100 cycles. The
rate capability of the as-deposited LiMn,QO, thin film was also impressive, retaining a

charge capacity above 40 pAh cm™ um™ even at 32C (equivalent to 160 uA cm).
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CHAPTER 10

GENERAL CONCLUSIONS AND OUTLOOK

10.1 General Conclusions

The aim of this doctoral work was to broaden our knowledge on the electrochemical
properties of nanostructured materials for use as electrodes in lithium-ion rechargeable
batteries, by means of physical, structural, and electrochemical characterization

techniques. In the following sections, a summary of the outcomes will be given.

10.1.1 Nanostructured Anode Materials for Li-ion Storage

In this study, three major anode materials have been reviewed and analyzed in detail:
SWCNT-based free-standing electrode, lead oxide (PbO) and lead oxide-carbon (PbO-
C) nanocomposite electrodes, and also carbon-coated Si (Si-C) nanocomposite
electrode. Two main techniques have been employed for the fabrication of the above-
mentioned anode materials, i.e., the filtration method for the fabrication of free-standing
SWCNT-based electrodes and the spray pyrolysis technique for the synthesis of
nanocrystalline PbO, PbO-C nanocomposites, and carbon-coated Si nanocomposite

materials.
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Free-standing SWCNT paper electrodes have several advantages over the conventional
slurry-pasted Cu-based electrodes, since they are lightweight, flexible, have good
conductivity, and can be fabricated easily without using any metal substrate (Cu foil) or
binder (PVDF). With the addition of both the carbon black and nanosized Si particles,
the electrical conductivity and specific capacity of the free-standing SWCNT paper
electrode were greatly enhanced, retaining a capacity of 400 mAh g* beyond 100
cycles. However, the large irreversible capacity during the first cycle coupled with the
high cost of SWCNTSs at present might hamper the practical usage of the SWCNT paper
electrodes for industrial or large-scale applications. Nevertheless, the use of this new
design will provide a lightweight, self-supporting and free-standing electrode, with the
possibility that it can be used in lithium-ion batteries for powering medical and

miniature devices.

Nanocrystalline PbO and PbO-carbon nanocomposites have been successfully
synthesized via in-situ spray pyrolysis of Pb(NOs),/sugar solution at 800 °C. The spray-
pyrolyzed powders consist of fine nanocrystalline PbO, which is homogeneously
distributed within an amorphous carbon matrix and has a highly developed surface area
(up to 6.6 m* g). An increase in the average crystal size with increased furnace
temperature or with decreased precursor solution concentration was observed and
confirmed via XRD, SEM, and TEM analysis. A huge amount of carbon mass (> 80
wt.%) was lost during the spray pyrolysis process, when sugar (or sucrose) was used as
the high-temperature carbon source. When applied as anode materials in Li-ion
batteries, the PbO sprayed materials retain a reversible capacity above 60 mAh g*
beyond 50 cycles. The PbO-carbon nanocomposites showed an improved cycle life as

the disordered carbon content increased. The presence of the carbon matrix, which is a
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good electric conductor, provides an effective cushion to absorb volume change during
the alloying and de-alloying processes within the lead region. However, the low
reversible capacity achieved would not make the PbO-based system an attractive anode
material for replacing the current graphite-based anode materials. Nevertheless, the
experience obtained from the spray pyrolysis technique and also the prediction of
carbon mass loss from this study will be greatly beneficial for other studies using the

spray pyrolysis technique.

A similar spray pyrolysis technique used for the synthesis of PbO-C nanocomposites
was applied for the preparation of carbon-coated Si nanocomposites. The only
differences were the replacement of sugar with citric acid as the low-temperature carbon
source and also the direct usage of nano-Si particles to form a suspension in ethanol,
rather than a liquid precursor for the spray pyrolysis process. An amorphous carbon
layer was successfully and homogeneously coated onto the nano-Si surface, with the
average thickness between 1 and 10 nm. Thermogravimetric analysis (TGA) showed
that a small amount of impurity was present in the form of undecomposed citric acid for
the carbon-coated Si nanocomposite spray-pyrolyzed in air at 300 °C. A moderate
amount of carbon mass (28-40 wt.%) was lost during the spray pyrolysis process at 400
°C in air, which was much better compared to sugar as the carbon source. No bulk SiO,
or SiC crystalline phase was detected in the spray-pyrolyzed nanocomposites, as
confirmed by XRD and TEM analysis. Carbon-coated Si nanocomposite showed a high
discharge capacity of 1120 mAh g™ after 100 cycles, corresponding to the Si active
mass contributing a specific capacity of 2495 mAh g™. The presence of the carbon-
coating layer is responsible for the enhanced dimensional stability of the Si

nanoparticles during the Li alloying/de-alloying processes, which then significantly
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improves the electrical conductivity of the composites. In general, spheroidal carbon-
coated Si nanocomposite is a promising candidate for use as a high-capacity anode
material in the lithium-ion battery, as it has excellent specific capacity retention, high
coulombic efficiency, and low cost, due to the abundance of both Si and carbon sources.
However, the large first cycle irreversible capacity (> 20 %) would have to be reduced
significantly in order for it to have any practical usage as a high-capacity anode material

when combined with other cathode materials in a full cell.

10.1.2 Nanostructured Cathode Materials as Li-ion Providers

In this study, three major cathode materials have been reviewed and analyzed in detail,
i.e., nanostructured vanadium oxide (V20s) electrode, nanocrystalline lithium
trivanadate (LiV3Og) electrode, and also lithium manganese oxide (LiMn,O,) thin film
electrode. Three main techniques have been employed for the fabrication of the above-
mentioned cathode materials: the co-precipitation method for the fabrication of
nanostructured V,0s electrode, the flame spray pyrolysis (FSP) technique for the
synthesis of nanocrystalline V,0s and LiV3Og electrode, and the pulsed laser deposition

(PLD) technique for the fabrication of LiMn,QO, thin film electrode.

V05 nanostructures were successfully prepared via a co-precipitation process followed
by heating in vacuum at 300 °C and also via the flame spray pyrolysis process in air.
Both the precipitation-made and the FSP-made V,0s powders were nanosized in nature
(20-90 nm) and give a comparable BET specific surface area of 40 m? g™ . One-
dimensional V,0s nanofibers were also obtained with longer annealing time during the

precipitation process. The V,0s nanostructures are electrochemically active towards Li*
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insertion and extraction in the potential window of 1.5 V to 4.0 V. The V,0s
nanostructure shows an improved cycle life when the cut-off voltage for discharging is
increased from 1.5 V to 2.5 V. The significant capacity loss when discharging to 1.5 V
might be related to the dissolution of vanadium and the structural changes upon cycling
in the larger potential span. However, when cycled between 2.5 V to 4.0 V vs. Li/Li",
the V/,Os nanostructured electrode retained a discharge capacity of 120 mAh g* beyond
100 cycles at a cycling rate of 100 mA g™ and also an incredibly high capacity of 110

mAh g at cycling rates up to 15C (or 2000 mA g).

LiV30g nanoparticles with sizes of approximately 24 nm have been synthesized by
flame spray pyrolysis for the first time. This is an attractive process as it can be scaled
up to industrial production levels. The LiV3Og powder is crystalline in nature with a
specific surface area of 30.5 m® g™ . The flame-sprayed LiV3Og nanocrystalline
electrode exhibited fairly high specific capacity, retaining a discharge capacity of 180
mAh g™ beyond 50 cycles. Capacity fading of the electrodes containing the FSP-made
nanoparticles is attributed to the loss of active material through dissolution into the

electrolyte and is also due to the phase transformation at 2.6 V.

However, both the V,0s and LiV3;0g nanoparticles have to be prepared in a Li-rich
phase, such as LixV20s or Li1+xV30s, in order to first be charged in a full cell. This is
because cathode materials are Li-ion providers in a full cell, which means that they need
to release the Li-ions in the first step of electrochemical cycling. This is necessary for
the vanadium-based oxide materials to be incorporated as cathode materials in lithium-
ion batteries. Nevertheless, both vanadium-based oxide powders show promise as

cathode materials for use in high-powered applications in Li-ion batteries.
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LiMn,O,4 thin films deposited on either Si (100) or stainless steel substrate were
successfully prepared via the pulsed laser deposition (PLD) method. The compositions
of the as-deposited LiMn,O4 thin films were quite different when different substrates
were used, even though the same deposition parameters were applied. The as-deposited
LiMn,O4 thin films on stainless steel substrate were highly lithium- and oxygen-
deficient, as confirmed by ERDA/RBS and Raman analysis. However, the precision of
both the ERDA/RBS methods is still not error-proof, with a relative error of 5 %, which
is still good compared to other methods, such as Nuclear Reaction Analysis (NRA). The
lithium and oxygen contents increased when the pulse rate was increased, leading to
thicker films. The LiMn,0O, thin film with the lowest deposition pulse rate (or thinnest
film) exhibited the best electrochemical performance, retaining a charge capacity of 48

nAh cm™ pm™ beyond 100 cycles, and even a charge capacity above 40 uAh cm? um™

at 32C (equivalent to 160 nA cm).

In order to fully understand the electrochemical kinetics and Li-ion insertion
mechanisms, preferentially oriented and stoichiometric LiMn,O4 thin films need to be
deposited on conductive substrates (such as stainless steel). Without the correct
stoichiometric thin film, any conclusions drawn (as in most of the literature) are almost
certain to be inaccurate to some extent. It is also not true to simply accept the practice of
assuming that the thin films will have the same compositions as films deposited on
different substrates, even if the same deposition parameters are applied. In addition, a
standard unit of measurement for the specific capacity is needed for easier cross-
reference and comparison for researchers working in the thin film area. The author
would recommend the usage of pAh cm™ um™ as the standard unit for specific capacity,

as all the dimensions of the thin film are taken into account.
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10.2 Outlook

In this doctoral work, the experimental work had been mainly focused on the synthesis
of nanostructured materials and on applying them as electrode materials for use in
lithium-ion batteries. However, based on the results obtained from the earlier chapters in
this thesis work, some areas of particular interest should be further studied in future
research directions. Some of the opportunities to understand the electrochemical

behaviour of nanostructured electrodes will be suggested here for future reference.

For the SWCNT paper electrode, a reduction in cost could be implemented by partially
substituting or fully replacing the SWCNT content with double-walled carbon
nanotubes (DWCNTSs) or multi-walled carbon nanotubes (MWCNTS). In order to
reduce the large first cycle irreversible capacity, the specific surface area of the bucky
paper has to be reduced significantly to less than 100 m? g, if possible, in order to
reduce the huge surface decomposition reaction of the electrolyte. One of the main
properties of a free-standing material is the ability to support itself, which means having
excellent mechanical properties. Therefore, it is essential to gauge the mechanical
properties of the bucky paper during the dry state and after immersion into the
electrolyte system. Another possible route to improve the specific capacity of the bucky
paper would be to incorporate other active electromaterials such as tin-based oxides into
the walls or the inner tube surface of the carbon nanotube in order to obtain a
homogenous and uniform dispersion of active mass in the nanotubes for higher
efficiency and better electrochemical properties. Finally, it is also important to calculate
the actual capacity of the free-standing material for the total mass of the system and

compare it to a classical electrode, including the Cu foil mass.
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For the carbon-coated Si nanocomposites, the attention needs to be focused on fully
understanding the reasons behind the greatly improved electrochemical performance of
the composite compared to pure nanocrystalline Si particles. This could be done by
investigating the role of the amorphous carbon layer, or even the possible presence of an
intermediate layer matrix between the nanocrystalline Si particle and amorphous carbon
layer, with assistance from in-situ measurement techniques, such as Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), dilatometry analysis, high-
resolution electron energy loss spectroscopy (HR-EELS), differential electrochemical
mass spectroscopy (DEMS), and electrochemical impedance spectroscopy (EIS).
Furthermore, the influence of other spray parameters, such as the type of solvent used,
the Si particle size, and also the different types of low-temperature carbon sources used,
should be investigated and reviewed in detail in order to fully optimize the amount of

carbon content in the Si nanocomposite materials.

For the vanadium-based oxide cathode materials, the most important aspect for future
studies would be to determine the optimum amount of lithium-ion insertion needed for a
stable specific capacity. This means that we need to find the optimum cut-off potentials
in order to maximize the specific capacity for prolonged cycling, with a capacity of at
least 200 mAh g™ required for any possible replacement of the current LiCoO, cathode
materials. It is equally important to understand the reasons behind the stable capacity
retention at that particular potential window, via in-situ analysis such as XRD,
dilatometry, vanadium dissolution by ICP, and other structural characterization
methods. When the optimum Li-ion content is obtained, this optimal lithium-rich

vanadium oxide should be synthesized synthetically and applied directly as a cathode

228



Chapter 10: General Conclusions And Outlook

material. This would make it more industrially oriented and suitable for application in

lithium-ion battery cathodes.

As for the LiMn,O, thin film area, subsequent research work should focus on preparing
a stoichiometric film on other conductive substrates, such as glassy carbon or highly
doped Si substrate. If the stainless steel were still applied as the substrate, it would be
highly beneficial if thin films with a preferentially oriented lattice phase were obtained,
such as in the (111) direction, in order to study the influence of surface direction on the
formation of the solid-electrolyte interphase (SEI) during the electrochemical cycling. A
quick and reliable method should be derived to estimate the stoichiometric amount of
lithium in the thin films, in order to reduce the difficulties of using the RBS/ERDA
method, which is time consuming and rather complicated. Finally, applying the lithium
spinel thin film as a cathode material would need a targeted absolute capacity value for

easy comparison and reference to other relevant research work in the thin films area.

The need to understand the surface kinetics and the corresponding structural and
compositional changes during the electrochemical cycling are greater than ever, due to
the almost saturated electrochemical performance of the current electrode materials for
use in lithium-ion batteries, especially for high-power applications such as electric
vehicles. In-situ characterization tools are one of the possible ways to move forward in
order to drive further breakthroughs in lithium-ion battery performance. Nevertheless,
the author believes the scientific challenges are being slowly overcome and that

research is moving in the right direction, as has been shown in this thesis work.
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