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Abstract

Abstract

As well as being one of the most promising candidates for power sources in electric vehicles
(EVs) and hybrid electric vehicles (HEVs), lithium-ion batteries (LIBs) have been widely
used as power sources for portable electronic devices due to their high voltage, long cycle
life, and operation at ambient temperature. Compared to portable electronic devices, large-
scale energy storage systems, used for EVs or HEVs, require high power and high energy
density, and need to be further improved by solving problems related to safety issues, high
costs, and low rate capability. The electrode materials play a decisive role in the performance
of LIBs. For enhancing the lithium diffusion coefficient and conductivity, preparing
nanosized materials and surface modification are the most popular and highly effective
methods to achieve improved electrochemical performance. In this doctoral work, several
nanosized materials and conductive (electronic and ionic conductivity) composites have been
synthesized, including LiNbO; coated LijosMn; 9,04 composite, LiNbO;3/LiNigsMn; sO4
composite, polypyrrole-coated a-LiFeO, nanocomposite, V,03;/C composite, and three-
dimensional (3D) TiO, nanotube/Ti mesh (TiO,/Ti mesh). The high ionic conductivity
LiNbOs;, and electronically conductive polypyrrole and amorphous carbon were also
introduced into these electrode materials to form composites. Furthermore, the effects of the
structure, morphology, and physical and chemical properties of these composites towards

improvement of electrochemical performance have also been systematically investigated.

Cathode materials for LIBs

To study the influence of solid state electrolyte coating layers on the performance of cathode
materials for lithium-ion batteries in combination with organic liquid electrolyte, LiNbOs3-
coated Li; 0sMn; 9004 cathode materials were synthesized by using a facile solid-state reaction

method. The 0.06LiNbO3-0.97Li; osMn; 9,04 cathode exhibited an initial discharge capacity
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Abstract

of 125 mAh g”', retaining a capacity of 119 mAh g™, at 25 °C, while at 55 °C, it exhibited an
initial discharge capacity of 130 mAh g, retaining a capacity of 111 mAh g, both at a
current density of 0.5 C (where 1 C is 148 mAh g"). Very good rate capability has been
demonstrated, with the 0.06LiNbO3-0.97Li; ¢sMn; 9,04 cathode showing more than 85%
capacity at the rate of 50 C compared with the capacity at 0.5 C. The 0.06LiNbO;-
0.97L1i; 0sMn; 9,04 cathode showed a high lithium diffusion coefficient (1.6 x 10 ecm? s7! at
55 °C), and low apparent activation energy (36.9 kJ mol'l). The solid state electrolyte coating
layer is effective for preventing Mn dissolution and maintaining the high ionic conductivity

between the electrode and the organic liquid electrolyte.

Due to its high ionic conductivity, LiNbO; has been used as a novel additive for
LiNigsMn; sO4 cathode material. The in-situ synchrotron X-ray diffraction (SXRD) results
confirmed that LiNiysMn; sO4 crystal structure is highly reversible, and the LiNbO; additive
phase structure remains stable throughout the charge-discharge process. The
0.04LiNbO3/LiNiy sMn, 5O, cathode delivers an initial discharge capacity of 125 mAh g and
retain a capacity of 117.9 mAh g™ after 200 cycles, with capacity retention of 94 %, at 25 °C
and a rate of 0.5 C (where 1 C = 147 mAh g'). Even at the high rate of 20C, the
0.04LiNbOs/LiNip sMn; 504 cathode exhibits more than 80 % of the capacity at 0.5 C. The
0.04LiNbO3/LiNig sMn; 504 cathode showed a high lithium diffusion coefficient (3.6 X 10"
cm®s™ at 25 °C). LiNbOs acts as bifunctional additive in LIBs with organic liquid electrolyte,
which not only improves the lithium diffusion coefficient, but also protects the electrolyte

from oxidative side reactions at high voltage.

A conducting a-LiFeO,-polypyrrole (a-LiFeO,-PPy) nanocomposite material was prepared
by the chemical polymerization method as a cathode material for lithium-ion batteries. The
porous o-LiFeO, was prepared via the microwave hydrothermal method and a post-
annealing. The X-ray diffraction, Fourier transform infrared spectroscopy, and field emission

Xii
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scanning electron microscopy measurements showed that the a-LiFeO, nanoparticles were
coated with PPy. The polypyrrole coating improves the reversible capacity and cycling
stability (104 mAh g'1 at 0.1 C after 100 cycles) for lithium-ion batteries. Even at the high
rate of 10 C, the electrode showed more than 40% of the capacity at low rate (0.1 C). The
PPy can prevent the formation of cracks in electrodes during the charge/discharge process.

The conductive PPy serves as both a conducting matrix and a protective coating.
Anode materials for LIBs

V,0;/C composites were synthesized by the one-pot hydrothermal method in conjunction
with an oxygen corrosive and carbon coating process. The resultant composite reveals a
unique morphology in which porous V,0s3 is coated by carbon. The porous structure
could mitigate the stress/strain of Li" insertion/de-insertion, increase the surface area
of the material, and reduce the effective diffusion distance for lithium ions, all of
which would lead to improved capacity, rate capability, and cycling performance. It
delivers more than two times the capacity of V,03 and an impressive capacity of 283 mAh g’
at the current density of 25 A g'. Furthermore, this carbon-coated nano-architecture
ensures not only high electronic conductivity for both facile mass transfer and facile
charge transfer, but also protection from the agglomeration of nanoparticles. As one of
the first reported composites of V,0s/C, it has highly desirable properties: a high

specific capacity, reduced resistance, and exceptionally good rate capability.

3D TiO; nanotube arrays grown on Ti mesh were prepared via the anodization process. The
diameters of the Ti and TiO,/Ti wires and the length of the TiO, nanotubes have linear
relationships with the anodization processing time. When the anodization processing time
was 600 min, the TiO,/Ti mesh anode materials showed good capacity retention and high

specific area capacity, without the need for a current collector or binder, due to their high
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surface area, high substrate utilization, and large active material loading rate per unit area. At
the current density of 50 pA cm™, TiO,/Ti mesh with 600 min anodization processing time
has a stable discharge platform at 1.78 V, and the specific area capacity is 1745.5 uAh cm™
over 100 cycles. By tuning the geometric parameters of the TiO,/Ti mesh and the anodization
processing time, we can pave the way to finding TiO,/Ti mesh electrodes for lithium-ion

batteries with high capacity per unit area and outstanding mechanical behavior.
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Figure 4.9 (a) Charge-discharge curves of xLiNbO;-(1-x/2)Li; 0sMn; 9,04 electrodes for the

XX1



List of Figures

first cycle at 25 °C at current density of 0.5 C (1 C = 148 mAh g™); (b) rate performance and
(c) capacity retention rate of xLiNbOs-(1-x/2)Li; osMn; 9,04 electrodes at different current
densities from 0.5 C to 50 C at 25 °C. The rate capability in (c) is expressed as a relative

specific discharge rate compared to that obtained at the low rate of 0.5 C.

Figure 4.10 /n situ SXRD patterns of 0.06LiNbO3-0.97L1i; 0sMn; 9,04 during the first cycle at
0.5C. (a) Selected individual diffraction patterns during the first cycle stacked against the
charge/discharge curve. The main peaks of Lij osMn; 9,04 correspond to the (b) (111), (d)
(400), and (e) (511) reflections. These regions are highlighted in the bottom columns, and
peaks corresponding to the Li; gsMnj 9204 and A-MnO; (Lig04Mng 9602) phases are marked by
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Figure 4.11 In situ SXRD patterns of 0.06LiNbO3-0.97Li; 9sMn; 9,04 during the first cycle at
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Figure 4.12 Phase transformation from Li; gsMn; 9,04 (blue) to Lig0aMng 9602 (A-MnO,, red)
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delithiation/lithiation proceeds at 0.5 C via the formation of a non-equilibrium solid solution
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phase, Liyi90sMn; 9,04 (intermediate pink color). When the charge/discharge process is
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The right sides of the FESEM images are the corresponding optical digital photographs for
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composites.
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0.04LNO/LNMO; and (d) 0.06LNO/LNMO. I(obs) is observed data, I(cal) is calculated data,
I(obs)-I(cal) is the difference curve between the observed and calculated intensities. Ry, is the

weighted profile factor.
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Figure 5.7 FESEM image of 0.02LNO/LNMO particle (a), and corresponding EDX mapping
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Figure 5.9 Charge-discharge curves of xLNO/LNMO (x = 0.02, 0.04, and 0.06) electrodes for
the first cycle at 25 °C at a current density of 0.5 C (1 C = 148 mAh g'l) (a); rate performance
(b), and the corresponding capacity retention rate at different current densities from 0.5 C to
50 C at 25 °C (c). The rate capability in (c) is expressed as a relative specific discharge rate

compared to that obtained at 0.5 C.

Figure 5.10 Cycling performance (a) and capacity retention rate (b) for xLNO/LNMO (x =0,
0.02, 0.04, and 0.06) electrodes at current density of 0.5 C with a potential window of 4.95-
3.5 V at 25 °C. The cycling retention rate represents a relative specific discharge capacity

compared to the discharge capacity at the first cycle.

Figure 5.11 In situ SXRD patterns of 0.04LNO/LNMO electrode during the first cycle at
0.5C and 25 °C. (a) Selected individual diffraction patterns during the first cycle stacked
against the charge/discharge curve. The main peaks of LNMO correspond to (b) (111), (d)
(220), and (e) (331) reflections. These regions are highlighted in the bottom columns and
peaks corresponding to the LiNipsMn;sO4 and NipsMn;sO4 phases are marked by black
dotted lines and purple dotted lines, respectively. For the LNO phase, the main peak that
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C.

Figure 5.13 (a) Impedance plots of pristine LNMO and 0.04LNO/LNMO electrodes at
discharge voltage of 4.7 V vs. Li/Li" after 5 cycles and frequencies from 100 kHz to 10 mHz.
The equivalent circuit is shown in the lower right inset and the upper left inset is an
enlargement of the higher frequency region. (b) Real part of the impedance for the electrodes

versus o 2 at discharge potential of 4.7 V vs. Li/Li".
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Figure 5.14 Images of electrodes collected after 200 cycles at 0.5 C and 25 °C: FESEM
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FESEM images are the corresponding optical digital photographs for the lithium anode (left),
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scan rate of 0.1 mV s™'; (b) CV curves for the first five cycles of V,053/C at a scan rate
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Figure 7.8 Typical discharge and charge profiles of the V,03; and V,03/C composite at
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Figure 7.9 (a) Cyclic Voltammogram of V,03 and at a number of scan rates from 200 mV s™
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EC/DEC.
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containing 0.25 wt% NH4F with different anodization processing times: a) 0 min; b) 60 min;
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Figure 8.3 (a) Geometric parameters of Ti mesh and TiO,/Ti mesh obtained with anodization
in EG electrolyte containing 0.25 wt% NH4F. (b) Length and diameter parameters of TiO,/Ti
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Figure 8.5 Electrochemical behaviour of the TiO,/Ti-60min mesh and TiO,/Ti-600min mesh
electrodes: (a, b) cyclic voltammograms for the first 5 cycles at a scan rate of 0.1 mV s™; (c,
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densities.
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from 100 kHz to 10 mHz. The equivalent circuit is shown in the inset. (b) Real part of the
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 General Background

With rapid development around the world, fossil fuel consumption has been increasing
exponentially in the past few decades, so that the human living environment has been greatly
threatened by emissions of greenhouse gases and pollutants such as carbon dioxide, nitrogen
oxides, sulfur dioxide, and particulate materials [1]. The development of clean and renewable
energy resources has become a more important task than ever. Although the technology for
harvesting sustainable energy has made impressive progress in recent years, such as with
better wind turbines, photothermal receivers, and photovoltaic cells, the development of
large-scale energy storage devices is still unsatisfactory, especially for electric and hybrid
electric vehicles (EVs and HEVs) [2-4]. Currently, huge numbers of combustion engines,
used for driving automobiles, ships, and airplanes, are burning fossil fuels and emitting
greenhouse gases and pollutants. It is highly desirable to develop large-scale energy storage
devices for EVs and HEVs instead of using fossil fuel vehicles, as these have low emissions

of greenhouse gases and pollutants.

The lithium ion battery (LIB) is one of the most promising candidate power sources for EVs
and HEVs compared with other types of batteries, due to its high voltage, long cycle life, and
operation at ambient temperature. Furthermore, LIBs have been widely used as power
sources for portable electronic devices, such as mobile phones, cameras, and laptop
computers [5-7]. Compared to portable electronic devices, EVs and HEVs require significant
improvements in various aspects of LIBs’ electrochemical performance, including power and
energy density, safety issues, high costs, and low rate capability [8, 9]. The key to success in
the development of LIBs for large-scale applications is the electrode materials. In this

doctoral work, the general purpose is to improve electrode electrochemical performance
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though surface modifications and nanotechnology.
1.2 Statement of the Problem

As with other types of batteries, a LIB includes an anode, a cathode, and a porous separator
that is soaked in electrolyte between these two electrodes, in which lithium ions move from
the negative electrode to the positive electrode during discharge, and back when charging.
Apart from the active material, the electrodes consist of an electrical conductor and a binder
due to its poor electronic conductivity and viscosity. Usually, the electrolyte is an organic
liquid solution with dissolved lithium salt. Although LIBs have had outstanding commercial
success in portable devices, those are still need to significant improvements for meeting the
large-scale applications. Effective research is ongoing on LIBs, including on anode materials,

cathode materials, electrolytes, and battery construction.
1.2.1 Cathode Materials

Cathode materials play a key role in the working voltage, capacity, and rate capability of
LIBs. Actually, considerable efforts are presently being devoted to the cathode to increase
energy density and power density, and decrease costs. Currently, the cathode materials with
layered structures (LiMO, with M = Co, Fe) and spinel structures (LM,04 with M = Mn, Ni)
are being widely studied due to their excellent delithiation/lithiation properties. Layered
LiCoO, has been widely used in commercial LIBs, however, it shows a limited specific
capacity (140 mAh g"), is partially toxic, and has a high cost [10]. Layered LiFeO, shows
extremely low ionic conductivity because the lithium diffusion pathways blocked by the iron
ions on lithium sites [11, 12]. In the case spinel LiMn,Oy, it is challenging to control the
capacity decay during cycling, which is associated with Mn dissolution and Jahn-Teller
distortion of Mn’" ions with high spin [13, 14]. The electrochemical performance of

LiNiysMn; sO4 (LNMO) is restricted by many factors related to the material itself, including
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the crystalline structure (cation mixing and stoichiometry), particle morphology and size, and
type of electrolyte [15, 16]. Meanwhile, rate capability and safety issues need to be

considered for the next generation of cathode materials.
1.2.2 Anode Materials

Most commercial LIBs use graphitic carbon as the anode material. Graphite electrode shows
good cycling stability, a low operational voltage, and low cost, but with a low theoretical
specific capacity (372 mAh g™') [17]. In additional, there are safety concerns for this material,
because the lithium dendrites that grow after repeated charge-discharge cause irreversible
damage to the LIB. A series of new anode materials have been developed with high
theoretical specific capacity, i.e. Si, Sn, and transition metal oxides [18-21]. Unfortunately,
there are volume changes that accompany with the delithiation/lithiation reactions, which
severely reduce the capacity retention and cycle life for the electrode. Surface modification
and designing special nanostructures are the most viable options to solve the problem of
capacity loss and low cycling stability. It is worth noting that the alloy and transition metal
oxide anode materials should be coupled with high-voltage cathode materials, which maintain

LIB voltages exceeding 3.5 V.
1.2.3 Electrolyte

Currently, flammable organic electrolytes are those mostly used in traditional LIBs. Organic
electrolytes lead to the formation of cathode electrolyte interphase and lithium dendrites, so
that the safety issues are already restricting the development of large-scale batteries [22-24].
Solid-state electrolyte is a possible replacement for the flammable organic electrolytes, which
simplify the battery design and increase the cycle life and safety of the batteries. Low ionic
conductivity is the crucial problem for the solid-state electrolyte. Although the ionic

conductivity of solid-state electrolyte can approach the level of commercial organic liquid
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electrolytes (10'2 S cm'l), and even more than 102 S c¢m’! (1.2 x 102 S cm™ for Li10GeP32S12)
[25], the low mechanical strength and poor electrode/electrolyte interface contact restrict the

development of this type of electrolyte [26].
1.3 Importance of Study

Nanotechnology and surface modification are the most viable options to achieve significant
development of LIBs for EVs and HEVs. In this doctoral work, systematic investigations
were carried out to develop advanced materials for LIBs based on the surface modification of
composites and nanostructured materials. The foreseeable advantages for the use of surface

modified composites and nanostructured materials as electrode are summarized as follows:

Firstly, improvement in rate capability: The special nanostructures provide a larger specific
surface area and shorten the lithium ion diffusion and electron transport distances. On the
other hand, the conductive surface of the active materials is also beneficial for lithium ion

diffusion and electron transportation.

Secondly, improvement in capacity retention: Nanostructured materials are able to
accommodate the volume changes during charge/discharge processes. Meanwhile, the
modified surface of the electrode materials can prevent contact between the active material
and the electrolyte, so that it effectively reduces the active material oxidation and solid state

interphase formation.

Thirdly, enhancement of the high temperature performance: The surface of electrode
materials modified with a protective layer can tolerate temperature changes and keep the

active materials stable.

It is also necessary to understand how the surface modification and nanostructure influence

the electrochemical performance of LIBs when the composites and nanostructured materials
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are applied as electrode. In addition, the electrolyte is also crucial for improving LIB safety.
Therefore, it is of the most importance to carry out these investigations for the development

of LIBs which are suitable for next-generation large-scale applications.

1.4 Objectives and Scope of Research

In this doctoral work, the initial objective was to improve the electrochemical performance of
LIBs through nanotechnology and surface modification. Once the composite/nanostructured
materials were identified as electrode materials for LIBs, the next objective was to further
improve the performance by means of electrode engineering, such as by using a different
electrolyte or different current collector, or even in-situ analysis for kinetics and
thermodynamics studies. Therefore, the overall objective of this doctoral work is to
synthesize composite/nanostructured materials and apply them in LIBs, with the emphasis on

the morphological, structural, physical, and key electrochemical changes.

Meanwhile, the scope of the research that is carried out in this doctoral thesis is briefly

outlined below as follows:

In Chapter 1, the general background, major problems, and some approaches for improving
the electrochemical performance of LIBs are simply introduced. The importance and

objectives of the study are also discussed.

Chapter 2 presents a thorough literature review on LIBs, especially with respect to the role of
composite/nanostructured materials, surface modification, and possible techniques for the

synthesis of these materials.

Chapter 3 presents the chemicals and methods used to synthesize composite/nanostructured
materials. This chapter also presents the instrumental analysis techniques used to characterize

the electrode materials, including X-ray diffraction (XRD), synchrotron X-ray diffraction
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(SXRD), thermogravimetric analysis (TGA), Raman spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy (SEM), field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), selected area electron
diffraction (SAED), energy dispersive X-ray spectroscopy (EDS), Brunauer-Emmet-Teller
(BET) surface area measurements, cyclic voltammetry (CV), galvanostatic charge-discharge

testing, and electrochemical impedance spectroscopy (EIS).

Chapter 4 and 5, investigate the influence of solid state electrolyte on the performance of
spinel structured cathode materials for LIBs in combination with organic liquid electrolyte,

which are LiNbOs-Li; gsMnj 9204, and LiNbO3-LiNig sMn; 504, respectively.

Chapter 6 and 7 investigate the influence of nanostructured coated layers on the performance

of electrode materials for LIBs, for a-LiFeO,-PPy, and V,05/C, respectively.

Chapter 8 describes the synthesis techniques and electrochemical properties that were

investigated for a three-dimensional nanotube arrays anode material (TiO,/Ti mesh).

Chapter 9 summarizes the overall doctoral work and provides some suggestions for further

research work related to these composite/nanostructured materials
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Chapter 2 Literature Review
2.1 Lithium-Ion Batteries

Over the past several decades, energy storage and conversion have drawn a great deal of
attention from the scientific community and industry. Lithium ion batteries (LIBs) have been
demonstrated to be one of the most successful examples in commercial applications, ever
since they were commercialized by SONY in 1991 [27, 28]. Currently, LIBs remain the major
power sources for portable electronic devices, such as power tools, mobile phones, laptop
computers, and telecommunication devices. LIBs possess many advantages over other
competing battery systems, including lead-acid batteries, nickel-cadmium batteries, nickel
metal-hydride batteries, sodium-sulphur, and sodium metal-chloride batteries (Figure 2.1) [1].
LIBs have around four times the energy and twice the power density of the nickel-cadmium
batteries. Meanwhile, LIBs show a 50% longer cycle life, and there is no memory effect for
recharging. Compared with lead-acid batteries, LIBs have triple the energy density, and they
are environmentally friendly. Furthermore, lithium has a low density (p = 0.53 g cm™), small
ionic radius (76 pm), and low redox potential compared to other elements (-3.04 V vs.
standard hydrogen electrode (SHE) potential), so that LIBs have a high energy density and
average voltage of 3.6 V, which makes them ideal for powering portable electronic devices.

LIBs also show a low self-discharge capability.

Currently, however, the technologies for producing LIBs cannot meet the rapidly developing
requirements of industry. In particular, the large-scale batteries needed for electric vehicles
(EVs), hybrid EVs (HEVs), and power grid storage systems are still in the research and
development stages. In recent decades, great efforts have been devoted to improvements in
LIB electrochemical performance, such as in power and energy density, safety issues, and

low rate capability. Vinodkumar Etacheri et al. present an optimistic review of the challenges
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to the development of LIBs [2]. There are mainly three areas of challenges: developing
advanced nanostructured materials for improving both anode and cathode performance;
applying new in-situ characterization techniques for identifying electrode material problems
and giving a rapid assessment of possible solutions; and developing advanced computer
simulation modeling for optimizing the new combinations of electrode materials and

geometries. In this doctoral work, LIBs will be investigated and discussed in detail.
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Figure 2.1 Gravimetric power and energy densities for different types of rechargeable

batteries [1].

2.1.1 Brief History

Benjamin Franklin first used the word “battery” to describe a group of electrical devices,
multiple Leyden jars, in 1748, by analogy to a battery of cannons. After the discovery of
“animal electricity” by Luigi Galvani in 1780, the first modern electrochemical cell was
developed by Alessandro Volta in 1800. The “galvanic cell” or “voltaic cell” is a stack of
copper and zinc plates, separated by brine soaked paper disks, which could produce a steady

current for a considerable length of time. Subsequently, many types of primary or
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rechargeable batteries were developed, such as the lead-acid battery, zinc-carbon battery,
nickel-cadmium battery, zinc-air battery, alkaline battery, and lithium battery [29, 30]. Figure

2.2 shows the historical timeline for batteries over the centuries.

HISTORY OF THE BATTERY
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Figure 2.2 Schematic representation of battery development over the centuries [31].

The first lithium battery was proposed by Harris in his doctoral thesis in 1958 [32]. After the
efforts of many scientists and engineers on the lithium battery during the early days, primary
lithium cells (non-rechargeable) were commercialized in the 1970s and are still in use today,
as they have high capacity and variable discharge rates. The most prominent early lithium
battery systems mainly include lithium/sulphur dioxide (Li/SO;), lithium/thionyl chloride
(Li/SOCly,), lithium/polycarbon monofluoride (Li/(CF,),), and lithium/manganese dixiode
(Li/MnO,) [33]. The invention of the LIB was not an accidental event, because numerous
inorganic compounds were shown to reversibly react with alkali metals. Whittingham, who
worked for Exxon in the 1970s, proposed and investigated the use of titanium sulfide (TiS;)
as a cathode in lithium batteries, because lithium ions could be intercalated into the layered
dichalcogenides and could be form a single phase over the entire composition range of
Li,TiS; (0 =< x < 1) [34]. The commercialization eventually failed, however, due to the
safety problem, as well as the low potential and high production costs. Those features have

led to the study of layered oxide materials. Vanadium pentoxide (V,Os) and molybdenum

trioxide (MoO3) were two of the earliest studied oxides [35, 36]. MoO; showed a low rate



Chapter 2 Literature Review

capability so researchers are not very interested in this material. V,Os has been investigated
for 40 years. It has a layered structure with weak vanadium-oxygen bonds between the layers
and is now known to react by an intercalation mechanism. Unfortunately, this material also is
unsuitable for commercial application, due to the multiphase transitions and rapid capacity
loss on cycling. In the 1980s, Goodenough and his co-workers discovered that LiCoO; had a
similar structure to the layered structured dichalcogenides and showed that the lithium could
be inserted and de-inserted electrochemically, thus making it a very promising cathode
material [37]. Furthermore, Goodenough’s group proposed the open framework Li,MO, (M =
Co, Ni, and Mn) family of compounds, which is still used in LIBs today [38]. On the other
hand, the electrochemical properties of lithium intercalation in graphite were first proposed in
a Sanyo patent in 1981 [39]. The graphite anode is much safer than if pure lithium is used for
the battery, and it forms the compound LiCe on reaction with lithium ions. The safety issue
for the pure lithium anode arises from the easy formation of lithium dendrites, leading to a
short circuit. The graphitic carbon anode can only result in the loss of 100-300 mV in cell
potential, which is negligible when it is coupled with higher potential LiCoO; cathode [40].
Eventually, the first commercial LIB was proposed by the SONY Corporation in 1991, which
combined LiCoO; cathode with a graphite anode and had an open circuit potential of 4.2 V
and an operational voltage of 3.6 V. This led to the so called lithium-ion or rocking-chair
batteries [41]. Since then, many electrode materials have been investigated, such as spinel
LiMn,0q,, olivine LiFePOy4 for cathode, and Si, Sn, and transition metal oxides for anode.
Currently, LIBs have an irreplaceable influence on the battery community all over the world,
and they have rapidly come into use in portable electronic devices, especially mobile phones

and laptop computers, over the past two decades.

2.1.2 Working Mechanism

A battery is commonly a stack of one or more electrochemical cells, where individual cells

10
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are electrically connected in series or parallel. As shown in Figure 2.3, a electrochemical cell
can be packed in many types of shapes, such as cylindrical, coin, prismatic, and plastic cells.
Although the shapes are different, the basic components are similar to each other, including
the anode (negative electrode), cathode (positive electrode), electrolyte with lithium salt, and
separator [42]. The anode releases electrons to the external circuit during the discharge
process, corresponding to oxidative chemical reactions. The cathode gains electrons from the
external circuit during the discharge process, corresponding to reductive chemical reactions.
The electrolyte shows high ionic conductivity and low electrical conductivity between the
anode and cathode in the cell. The separator is a physical barrier between the anode and
cathode to prevent an electrical short circuit. In addition, aluminium and copper are usually
used as the current collectors at the cathode and anode, respectively. In some special cases,
nickel also can be chosen for the current collector. The collector materials require good
electrical conductivity and inertness to any electrochemical lithium reaction at the respective

electrodes.
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Figure 2.3 Schematic diagrams of the shapes and components of various LIB configuration:
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a) cylindrical; b) coin; ¢) prismatic; d) thin and flat plastic cell [41].

The LIB works by means of lithium ions rocking between the anode and cathode through the
electrolyte, while energy is release or replenished inside the cell. Taking the conventional
lithium-ion cell (graphite/LiCoO,) as an example (Figure 2.4), during the discharge process,
lithium ions move from the anode (graphite) to the cathode (LiCo0O,) via the electrolyte,
while the electrons go through the external circuit in the same direction, converting the
electrochemical energy into electrical energy. During the charge process, an external
electrical power source forces lithium ions to move back from the cathode (LiCoQO;) to the
anode (graphite) via the electrolyte, while the electrical energy is stored as electrochemical

energy. The reaction mechanisms are shown as follows:
LiCoO; <> Liy..CoO, + xLi" + xe’ (2.1)

C+xLi" + xe < Li,C 2.2)

Li* Solvent C Transition 02
molecule Metal

Figure 2.4 Schematic illustration of the working mechanism in a rechargeable LIB [43].
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2.1.3 Basic Concepts

In order to evaluate the properties of electrodes in LIBs, definitions, basic concepts, and

theories are discussed below:
Voltage

The open circuit voltage (V) is the voltage measured across the terminals of a cell without
external current flow. It is determined by the difference in electrochemical potential between

the anode and the cathode.
Voe = (Ua - Uc)/(-nF) (2.3)

where 4 - fc is the difference in the electrochemical potential between the anode and

cathode, » is the numbers of the electrons involved in the chemical reaction of the cell, and F

is the Faraday constant (96485 C/mol).

The operating voltage of the cell can be described as:

V="V,-IR 24
where [ is the working current in the circuit and R is the internal resistance of the cell.
Capacity

Capacity (Q) is the total amount of charge on the electrode for the redox reaction during the

charge/discharge process of the cell.
0=[71(t)dt = nzF (2.5)

where () is the current; ¢ is the time; # is the number of the ions (mol), z is the valence of the

ions, F is the Faraday constant.

13
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Specific capacity (Qs) can be divided into charge specific capacity (Qs) and discharge
specific capacity (Qsq), which can be described in terms of gravimetric specific capacity
(ampere hour per kilogram; Ah g™), volumetric specific capacity (ampere hour per litre; Ah
L"), and superficial specific capacity (ampere hour per litre; Ah m™). The specific capacity
can be calculated based on the capacity per unit weight of the active material, capacity per

unit density of the active material, and capacity per unit area of the active material.
Irreversible capacity

The irreversible capacity is the capacity lost after one cycle, which resultsfrom irreversible

lithium reactions.

For anode materials:

Irreversible capacity = n’th - n”’Qc (2.6)
For cathode materials:

Irreversible capacity = n”’Qc -n"0y 2.7)
where 7 is the cycle number, O is the discharge capacity, Q. is the charge capacity.

Coulombic efficiency

Coulombic efficiency (7].) is the ratio of the charge capacity to the discharge capacity at the

n® cycle, which represents the cycling stability.

th
n""Qd
Ne= (2.8)
nthQ.
Energy

The specific energy can be expressed in watt-hours per kilogram (Wh Kg') and watt-hours

14
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per litre (Wh L™). This value expresses the energy content of a cell.
Power

The specific power can be expressed in watts per kilogram (W Kg™') and watts per litre (W L°

1. This value expresses the rate capability of a cell.
Rate capability

Rate capability (C-rate) is used to evaluate how fast lithium-ions can be transferred. C
represents either the theoretical charge capacity of a cell or the nominal capacity of a cell. For

example, C/2 means a current allowing a full charge/discharge in 2 hours.
Charge-transfer resistance

Charge-transfer resistance (R.;) quantitatively characterizes the speed of an electrode reaction.
Generally, a large charge-transfer resistance corresponds to a slow electrochemical reaction.

The R can be calculated from electrochemical impedance spectroscopy (EIS).
Apparent activation energy

The apparent activation energy (£,) is a very important kinetic parameter. Normally, a low
activation energy corresponds to a short lithium-ion diffusion path. The apparent activation

energy (£,) can be calculated from the following equations.
ip=RT/nFRy 2.9)
ig=Aexp(-E,/RT) (2.10)

where R is the gas constant (8.314 J mol! K™Y, T (K) is the absolute temperature, 7 is the
number of transferred electrons, F is the Faraday constant, 4 is a temperature-independent

coefficient.
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E,=-Rkln10 (2.11)

where £ is the slope of the fitting line in the Arrhenius plot of log iy as a function of 1/7.

2.2 Cathode Materials

Cathode materials for lithium-ion batteries and lithium batteries have been considered one of
the biggest obstacle to the aim of improving electrochemical performance since the advent of
the commercial LIBs in 1991. A wide range of materials can be chosen as cathode for LIBs,
while the ideal cathode material is one that exhibits no structural change during cycling.
Several reviews have been published recently, which have mainly focused on the cathode
materials for LIBs, such as reviews by Yair Ein-Eli’s group [3, 44], Doron Aurbach’s group
[45], and Goodenough’s group [46]. Typical delithiation/lithiation compounds are
unanimously considered as the preferred candidates. For these cathode materials, the
topotactic delithiation/lithiation process is without structural change. The key requirements

for choosing cathode materials must be considered carefully, however [47]:

a) high free energy of reaction with lithium,

b) wide range of x (amount of lithium-ion insertion),

¢) reasonable power density and energy density,

d) small structural changes from reactions,

e) rapid diffusion of lithium within the host lattice.

f) good electronic conductivity,

g) non-solubility in electrolyte,

h) low cost and ease of synthesis.

16
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As shown in Figure 2.5, the potential alternative cathode materials for LIBs can be divided
into three major categories, including layered, spinel, and olivine structured oxides. Here, a
review is presented on selected developments in the area of cathode materials for LIBs and

lithium batteries in the past decade.
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Figure 2.5 Electrode materials and corresponding electrochemical performances in the

current LIB technologies [41].

2.2.1 Layered Oxides

LiCoO,, with the a-NaFeO, structure, has been extensively studied and widely used as
cathode electrode materials in commercial LIBs, due to its good cycling performance and the
simplicity of preparation [48]. LiCoO; can be described as having a distorted rock salt
superstructure (Figure 2.6). In a cubic close-packed oxygen array, the Li and Co atoms
occupy the octahedral interstitial sites, so that CoO, layers are formed and consist of edge-
sharing octahedra (CoQg). Lithium atoms are located between the CoO, layers and reside in
the octahedral coordination (LiOg), which results in alternating (111) planes of the cubic rock

salt structure. The layered structure provides a two dimensional path, allowing for lithium ion
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extraction and insertion. Alternatives to LiCoO,, however, are being constantly studied. This
is because LiCoO, shows limited specific capacity (~ 140 mAh g, theoretical capacity of
273 mAh g™), high costs, toxicity, and poor safety, which prevent application in large-scale

energy-storage systems such as for EVs and HEVs [49].
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Figure 2.6 Layered crystal structure of LiCoO; (R-3m) [50].

As early as 1991, Dahn et al. proposed the isostructural LiNiO, as an alternative to LiCoO,.
Compared with LiCoO,, LiNiO; is low cost, and has lower toxicity and higher reversible
capacity (~ 200 mAh g") [51]. The safety issues hinder the further development of LiNiO,,
however, which are associated with structural change and the generation of O, during the
charge process. Layered LiMnO, is regarded as a very promising cathode material, just in
terms of its low cost and environmental friendliness [52]. Unfortunately, layered LiMnO, is a

metastable phase, which is not only unstable at high temperature, but also impossible to
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synthesize using the solid-state method. Although some researchers have reported that
layered LiMnO, can be prepared by ion exchange of thermodynamically stable layered
NaMnO, with lithium-ions, layered LiypsMnO,, produced during charge/discharge processes,
is prone to convert into thermodynamically more stable spinel phase (LiMn,O4) [53]. The
phase conversion makes the electrochemical properties unstable and causes a spinel-like drop
in the voltage profile. Lithium ferrite, LiFeO,, has also been widely studied as a potential
alternative to LiCoO, cathode material, due to its non-toxicity, environmental friendliness,
low cost, low cycling efficiency, and low operating voltage. The low electronic conductivity,
however, and the poor cycling performance have restricted the development of LiFeO,
cathode materials [54, 55]. The unstable layered structure of LiNiO,, LiMnO, and LiFeO,
during charge/discharge process have diverted researchers’ attention to the investigation of
“mixed oxide” layered structures, such as LiNi,Mn,O,, LiNi,Co,0,, LiMn,CoyO,, and
LiNiMn,Co.0, [56-62]. LiCoy;3Ni;sMn;30, in  particular  exhibited promising
electrochemistry and intriguing structural behaviour, as it had an a-NaFeO,-type structure,
and Ni, Co, and Mn ions adopting valence states of 2", 3", and 4, respectively [63-65]. This
type of material can be further modified to improve its safety, which has made it a very

promising candidate for large-scale energy storage.
2.2.2 Spinel Oxides

Spinel LiMn,O4 is another popular cathode material for LIBs, on which the earlier
investigations have been concentrated. Spinel LiMn,O4 cathode material has mainly the
following four advantages over layered LiCoO, or LiNiO, cathode materials: 1) low cost and
abundant raw materials, 2) higher thermal stability, especially during overcharge, 3) higher
discharge voltage (4.1 V vs. Li'/Li), 4) environmental friendliness [66-69]. It remains
challenging, however, to improve its electrochemical performance, due to the following
problems: 1) low specific capacity (theoretical capacity of 148 mAh g), 2) low power
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density compared with layered cathode materials, 3) poor cycling stability, especially at

elevated temperatures (> 50 °C) [14, 70-72].

Figure 2.7 Spinel crystal structure of LiMn,O4 (Fd3m).

As can be seen from Figure 2.7, LiMn,O4 has a cubic spinel structure, which can be
described as a cubic close-packed oxygen array with oxygen anions on the crystallographic
32e sites of the Fd3m space group [14]. The manganese cations reside in half of the
octahedral interstitial sites (/6d), and the lithium cations are located at one eighth of the
tetrahedral sites (8a). The interstitial spaces in the Mn,Os framework are relative to a
diamond-type network of tetrahedral 8a and surrounding octahedral /6c¢ sites, so that these
vacant tetrahedral and octahedral sites are interconnected with each other by common faces
and edges to form the lithium-ions’ three-dimensional (3D) diffusion pathways. The 3D
framework structure of LiMn,O4 possesses several advantages compared with the two-
dimensional (2D) layered structures of other cathode materials, such as avoiding the co-
insertion of bulky species (solvent molecules), the smaller degree of volume change of the

framework structure during lithiation/delithiaton processes, and suitability for large-scale
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batteries due to the large size of the lithium-ion channels to sufficiently accommodate the

ions [73-75].

The capacity decay during cycling, however, is still plaguing the application of LiMn204
cathodes. Researchers have proposed several mechanisms for explaining this phenomenon,
such as Jahn-Teller distortion of Mn®" ions, Mn dissolution into electrolyte, loss of
crystallinity, the microstrain due to lattice mismatch between two distinct cubic phases during
cycling, and increasing oxygen deficiency or oxygen loss during cycling [76-78]. Mn
dissolution via the disproportionation reaction (2Mn’"(oiigy — Mn* (sonigy + M0 sorution)) 1S
unanimously considered to be the predominant reason. A recent study has confirmed the Mn
dissolution mechanism according to the dissolution reaction by free energy calculations

through first principles [79-81].

To improve the capacity retention, on the one hand, there are some reports on the use of
nanostructured spinel and the surface modification of the LiMn,0,4 cathode materials, such as
ordered mesoporous LiMn,04[82, 83], LiMn,O4 nanorods [84, 85], and M-coated LiMn,04
(M= different forms of carbon, oxides, and polymers) [86-90]. On the other hand, spinel
LiMn,0y, replaced by different elements (Fe, Co, Ni, Mg, Cr, and Cu), has been investigated
to improve the electrochemical performance [72, 91-95]. Spinel LiFe,Mn,_,O4 is a kind of 5
V cathode material and shows poor capacity and cycling performance, whereas LiCo,Mn,.
xOa4, also a 5 V cathode material, has much better conductivity and cycling stability than
LiCoMn;04 [96, 97]. Another high voltage cathode material, LiNigsMn;sO4, is a very
promising candidate in the spinel oxide family. LiNipsMn;sO4 is characterized by a two-
phase electrochemical process that is reflected in a high-voltage plateau (~ 4.7 V vs. Li/Li)
[15, 98-100]. Also, the theoretical capacity of LiNipsMn; sO4is similar to that of LiMn,Os,
147 and 148 mAh g, respectively. Apart from the same advantages as LiMn,Ou,
LiNig sMn; sO4 shows high working potential, which provides more than 30 % higher energy
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density than that of LiMn,O4. A promising new generation of 12 V batteries was reported by
Ohzuku et al.[101], which use LiNigsMn; s04and LiMn;0O4 spinel as cathode in combination
with an elevated potential anode, such as spinel LisTisO;,. The high voltage cathodes are

expected to be suitable for high-energy and large-scale batteries.

2.2.3 Olivines

a
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Figure 2.8 Olivine crystal structure of LiFePO4 (Pnma) [110].

Padhi’s group’s [102] discovery of the LiIMPO4 (M = Fe, Ni, Mn etc.) compounds in 1997
have had a definite impact on cathode material research. Among the LiIMPO4 (M = Fe, Ni,
Mn etc.) cathode materials, LiFePO4 has attracted a considerable amount of researchers’
attention [103-107]. This is because the olivine LiFePO4 can be discharged to 90 % of its
theoretical capacity (170 mAh g') at a stable voltage of ~ 3.4 V [108, 109]. Pure LiFePO,
shows a very low conductivity (10'9 S cm'l), so that this cathode material requires a small

particle size (< 1 pm) and is well dispersed in a conductive carbon matrix when it is used in

22



Chapter 2 Literature Review

LIBs. LiFePO4 cathode materials also possess the advantages of low cost, non-toxicity,

natural abundance, and environmental friendliness.

Figure 2.8 shows the olivine structure of LiFePO,. Olivine LiFePOy4 consists of corner-
sharing FeO6 octahedra and PO4~ tetrahedral anions, with lithium cations located at the
octahedral holes. The cation arrangement of LiFePO, is totally different from the
arrangements of the layered and spinel structures. The olivine structure has no continuous
network of FeOg edge-sharing octahedral, rather, the Fe’* ions occupy corner-sharing
octahedra. These structures are considered to have a negative impact on electronic
conductivity [111]. In addition, the phosphorus ions occupy the tetrahedral sites, and the

lithium-ions reside in chains of edge-sharing octahedra [112].

For improving electronic conductivity, on the one hand, doped Li;..M,FePO4 (M = Mg, Al,
Ti, Nb, or W) was synthesized via solid-state reaction method [113-119]. The solid solution
doping by metals increases the electronic conductivity of LiFePO4 (approximately 10° S cm™
1. Nanosizing and carbon coating can effectively increase the electrochemical performance,
especially improving the electronic conductivity. Carbon-coated LiFePO,4 cathode materials
synthesized with a carbon aerogel or graphene wrapped LiFePO, cathode materials
demonstrated high rate capability and cycling stability [120, 121]. Monodisperse nanofibers of
LiFePO, cathode materials mixed with conductive carbon could delivered nearly the full
theoretical capacity at 3 C, and 36 % of theoretical capacity at the enormous discharge rate of
65 C [122]. Thus, the performance of nanosized LiFePO, and conductive LiFePO,
composites make LiFePO, cathode materials suitable for use in EVs and HEVs, due to their

high energy density and high power.

On the other hand, olivine LiMnPQOy,, which is isostructural with LiFePQOy, also has a similar

theoretical capacity (171 mAh g'), but show a higher voltage plateau (~ 4.1 V vs. Li'/Li),
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offering high energy density [123, 124]. Up to now, olivine LiMnPO,4 has been handicapped
by several critical disadvantage for LIB applications. The olivine LiMnPOj4 system shows
very poor electronic conductivity and structural distortions with oxidation to MnPQO,4, which
prevent lithium-ion transport, so that numerous reports of this material show very poor
capacity and cycling stability. Researchers have attempted many methods to enhance the
electrochemical properties of LiMnPOy, including preparing nanosized powder, doping with

metal cations, and coating with various types of carbon [125-129].
2.2.4 Vanadates

Vanadium oxides have gained attention for use as the cathode material in LIBs for many
years, due to their lithium storage properties [130-133]. Figure 2.9 shows the structure of this
cathode material. There are actually many kinds of vanadium oxides. Because the V-O bonds
and VOyg octahedra of their layered structures can be distorted, they provide large bond length
variations. Vanadium pentoxide (V,0Os) has attracted the most interest among the vanadium
oxides species, owing to its low cost and high theoretical capacity (437 mAh g") [134]. The
crystal structure of V,0s consists of VOs square pyramids, which share the corners of their
bases to form a sheet. In the absence of any vacancies, the V,0s crystal has the composition
V,04 (Figure 2.9). Nanostructured V,0s anodes have been extensively studied to improve
their electrochemical properties, due to their short lithium-ion diffusion lengths, high surface
area and large tolerance for volume change caused by lithiation/delithiation, in various forms,
including nanofibers [135], nanotubes [136, 137], nanobelts [138], nanorods [139], and
nanowires [140]. The weak point of this material, however, is its widely reported limited
cycling stability. The reason for the capacity fading is owing to the decomposition of
electrolyte (especially the solvent) or the dissolution of V,0s, which generates irreversible

phases [e-Li, V205 (0.35 < x < 0.7) and 0-LiV,0s] during cycling [141]. While dopant
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cations could improve the cycling stability of the vanadium oxides, the doped materials suffer

from lower capacity [142, 143].

Other kinds of vanadium oxides have also attracted considerable attention as electrode
materials for LIBs, such as V,03, V¢O13, LiVO,, LiV30s, and Li3;VO,4. More details on these

vanadium oxides can be found in references [144-148].

LivVO, LV,

ore® o A ® %ML“O

LiV,0,, Li,ViOy;

Fig. 2.9 Structures of layered LiVO2, LiV20s, double sheet LiV4O10, V6O13, and LiV30s. VO5

square pyramids are pink, VOs octahedra are blue, and lithium atoms are green [149].

2.3 Anode Materials

25



Chapter 2 Literature Review

Graphitic carbon anodes have been and still are being used as the main anode materials in the
commercial LIBs due to their extremely low cost, excellent cycling stability and reliability,
and environmental friendliness since their advent at the end of the 1980s [150]. With the
increasing requirement for larger capacity and higher lithium diffusion rates in LIBs,
researchers have changed their focus to finding alternative anode materials in recent years.
The alternative materials for anode in LIBs can be divided into three major groups:
carbonaceous materials, metal alloy materials, and metal oxides [151, 152]. The target for
developing new anode materials is to obtain higher specific capacity than that of the current
372 mAh g, while keeping the excellent properties of carbonaceous materials including low

cost, cycling stability, and good safety features.
2.3.1 Carbonaceous Materials

Carbonaceous materials, which have been widely studied, are the most promising candidate
anode materials for LIBs. Carbon is one of the few elements known since antiquity, which
has various forms, such as graphite, diamond, and carbon nanotube (CNT) (Figure 2.10)
[153-155]. The discovery of graphene has propelled the research on carbon into a new era,
especially on its use in LIBs [156, 157]. In addition, disordered carbon and amorphous
carbon have also been the objects of great efforts for developing high capacity anode

materials.

Graphite is regarded as the first successful example of LIB anode among the carbonaceous
anode materials [158]. Lithium-ions are inserted into the graphitic layers, forming the
compound LiCs without any major resulting structural changes. In the half-cell reaction
coupled with lithium, the discharge process involves lithium-ion intercalation into carbon,

while in contrast, the lithium-ion de-intercalation process corresponds to the charge step:

C,+xLi'+xe < Li,C, (0<n<6) (2.12)
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The theoretical capacity is 372 mAh g, and the discharge plateau voltage is ~ 0.1 V vs.
Li'/Li, which is close to the metallic lithium voltage (0 V vs. Li'/Li). It worth noted that
irreversible capacity loss occurs during the first charge step of all types of carbonaceous
materials. The reason is that the electrolyte decomposition results in the formation of solid
electrolyte interphase (SEI) on the electrode surface [159, 160]. The SEI mainly forms at the
first cycle and prevents further electrolyte decomposition, which maintains the continuous
operation of the carbon anode. The main drawback of the graphite anodes is the poor thermal
stability of the lithiated graphite, which prevents its using for large-scale batteries such as for

EVs and HEVs.
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Figure 2.10 Chemical structures of fullerenes (0D), single wall carbon nanotubes (1D), and

graphene (2D) [161].

The CNTs, with high length-to-diameter ratio (diameter less than 100 nm), represent a
potential new paradigm in carbonaceous-based battery electrode materials due to their high
capacity (exceeding 600 mAh g') [162]. The CNTs can be either single-walled carbon
nanotubes (SWCNTSs), double-walled carbon nanotubes (DWCNTSs), or multi-walled carbon

nanotubes (MWCNTs) [163]. These one-dimensional (1D) anode materials have high
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surface-to-volume ratios and a nanosized lithium-ion diffusion length, which will efficiently
increase the kinetic properties of LIBs. These properties would radically improve the cycling
stability, capacity retention, and rate capability of LIBs. It is reported that it is possible to
charge SWCNTs up to one lithium for every three carbon atoms and higher [164, 165]. The
CNTs show high capacity of up to 1400 mAh g in the first cycle. Although a large amount
of this capacity is irreversible, lithium capacities of CNT anode material have been
determined experimentally to reach higher than 600 mAh g'1 [166]. The large hysteresis in
voltage during charge and discharge processes, however, currently restricts the application of

CNTs.

Graphene was first isolated and characterized by Nobel Prize winners Andre Geim and
Konstantin Novoselov in 2004 through an adhesive tape method [167]. Graphene is pure
carbon in the form of a very thin, nearly transparent sheet, one atom thick. Graphene is
widely used in the semiconductor, electronics, battery, energy, and composites industries, and
sales reached $9 million by 2014. As a single sheet of graphitic carbon, graphene shows great
advantages due to its high surface area, good conductivity, and good mechanical properties
[168]. In 1958, Hummers used a simple oxidation method to obtain graphitic oxide [169],
which paved the way to achieving large-scale production of graphene. Yoo’s group first tested
the LIB performance of graphene nanosheets in 2008 [7]. Although graphene shows the
capacity of 540 mAh g™ which is much shorter than that of the theoretical capacity of 744
mAh g, the capacity of graphene with 2-3 layers reached 650 mAh g, as reported by
Wang’s group in 2009 [170, 171]. From then on, research based on graphene and graphene
composite materials has increased exponentially, especially for LIBs and other types of

electrochemical energy storage systems.

2.3.2 Lithium-Metal Alloy Materials
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Lithium can electrochemically react with a number of metallic and semi-metallic elements to
form lithium-metal alloys. The reaction is usually described by the following reversible

Process:

LiM <> M+ xLi* + xe (2.13)

where M represents the elements from the groups IV and V, such as Si, Sn, Ge, Pb, P, As, Sb,
and Bi, as well as other metal elements, such as Al, Au, In, Ga, Zn, Cd, Ag, and Mg [5, 172].
Among them, Si, Sn, and Ge are the three most popular anode materials (Figure 2.11) [173-
175]. The main problem with these lithium-metal-alloy materials, however, is the huge
volume change during in the lithiation/delithiation processes. The significant volume changes
result in an unstable SEI layer, which makes it prone to cracks caused by the mechanical

stress and further degrades the cycling stability of LIBs.
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Figure 2.11 Specific volumetric and gravimetric capacities for selected alloying reactions.

Values for graphite are given as a reference [176].

Si is regarded as the most studied anode material for high energy density LIBs, due to its low
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discharge potential (0.06 V vs. Li’/Li) and high theoretical specific capacity (4200 mAh g™,
Liy,Sis phase) [177]. The large volume changes (up to 420 % for the Liy;Sis phase), however,
and low Coulombic efficiency at the initial cycle prevent the large-scale commercial
application of Si anode materials in LIBs. The reason for the low Coulombic efficiency is that
new SEI layers are prone to form on the fresh surfaces arising from the cracks and
pulverization. After great research efforts, three main strategies have been proposed to
overcome the huge volume changes and maintain the structural integrity: 1) preparing unique
nanostructures, 2) introducing a second component to form nanocomposites, 3) preparing an
alloy with a second phase, which is there to absorb the massive volume changes during
charge/discharge processes [178-180]. In 2008, Chan and co-workers successfully
synthesized Si nanowires, and the recorded capacity of the Si nanowire anode was more than
3000 mAh g'1 and remained stable for 10 cycles with negligible capacity fading [173].
Unfortunately, its cycle life still needs to improve. Ni-Si alloy, dispersed in a conductive
carbon matrix, shows higher cycling stability. Ni-Si/graphite anode exhibited a reversible
capacity of 830 mAh g and still retained 730 mAh g™ after 40 cycles [181, 182]. Moreover,
Cui and his co-workers introduced an additional mechanical clamping layer to tolerate the
volume changes and form a stable SEI layer [183]. The double-wall Si nanotube anode
demonstrated high electrochemical performance with long cycle life (6000 cycles with 88 %
capacity retention), as well as high specific charge capacity (2970 mAh g at 0.2 C) and high
rate capability (up to 20 C). Additionally, high performance binder is also a new choice for

improving the cycling performance of the Si and Si composite anode materials.

Germanium is regarded as the least studied element for application in LIBs, due to its
expensive price. Germanium shows superior electrochemical properties, however, as an
anode material for LIBs in comparison with Si anode materials [184]. The theoretical

capacity of germanium (1620 mAh g™, corresponding to Liy»Ges phase) is much higher than
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that of graphite. Germanium is also exhibits high electronic conductivity (104 times greater)
and lithium diffusion efficiency (400 times greater) compared to silicon. Additionally, the
surface of germanium is stable in air as compared to Si. These features give germanium
anode high power and high energy density. Nevertheless, germanium anode also encounters
the problem of the volume changes during discharge/charge processes, which results in
capacity decay. The approaches for resolving the volume changes are similar to those used for
other lithium-metal-alloy materials, including preparing nanosized materials [185],
intermetallic alloys [186], and carbon-coated germanium composites [187]. Seng and his
group prepared hollow germanium/carbon nanostructured anode by a facile method, which
shows high electrochemical performance with high specific charge capacity (1200 mAh g at
0.2 C), long cycle life (120 cycles with 900 mAh g™ capacity remaining), and high rate

capability (up to 40 C) [188].
2.3.3 Metal Oxides

Various metal oxides have been intensively studies for development as potential anode
materials for LIBs, because these materials show different chemical and physical properties.
Usually, metal oxide anodes can deliver high reversible capacities (500 - 1000 mAh g™).
Metal oxide anode materials can be divided into three categories according to their reaction
mechanisms: 1) lithium alloy reaction mechanism, 2) lithium-ion insertion/extraction reaction
mechanism, and 3) conversion reaction mechanism, which involves the formation and

decomposition of Li oxide (Li,0) [21]. The three reaction mechanisms are listed as follows:
Lithium alloy reaction mechanism:
MO, + 2yLi" + 2ye” — xM + yLi,O (2.14)

M+zLi" + ze" — Li.M (2.15)
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Insertion reaction mechanism:

MO+ yLi" + ye < Li,MO, (2.16)
Conversion reaction mechanism:

M,O,+ 2yLi" + 2ye” <> xM + yLi,O (2.17)
Lithium alloy reaction mechanism

SnO, is the representative metal oxide in this group. On the first discharge process, SnO;
reacts with lithium-ions to form Li,O and metallic Sn, a reaction which is irreversible and
consumes lithium-ions [189, 190]. Then, the metallic Sn reacts with lithium-ions to form an
alloy with an upper-limit of Lis 4Sn, corresponding to the theoretical capacity of 783 mAh g™
During the continuous cycling, however, the Sn phase particles generated from the
delithiation of the lithium-tin alloy are prone to aggregate with each other and form clusters.
This phenomenon causes irreversible capacity fading. This is because the volume changes of
Sn destroy the Li;O matrix that sustains the reduced Sn particles. Considerable efforts has
been made to improve the cycling stability of the SnO, anode materials, including preparing
porous SnO, nanostructured materials [191], SnO,-based nanocomposites [192, 193], and

hollow core-shell mesospheres [194-196].

Porous SnO, with nanostructures can tolerance volume changes, because the pores act as a
structural buffer for the huge volume changes during charge/discharge processes [197].
Hyeon and co-workers prepared SnO, microspheres using SnCly-5H,O and resorcinol-
formaldehyde gel [198]. The SnO;, microsphere anode achieved a discharge capacity of 952
mAh g”'. The large surface area results in a large irreversible capacity, however. Recently,
Zhang and co-workers synthesized carbon-SnO, core-sheath composite nanofibers through

electrospinning and an electrodeposition method [199]. The resultant anode delivered a
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discharge capacity of 800 mAh g at the first cycle at 50 mA g, retaining 69 % of the

capacity after 100 cycles.
Insertion reaction mechanism

Metal oxide anodes with the insertion reaction mechanism are used for LIBs due to their low
cost and non-toxicity [20]. The weak point of these anodes is that the number of lithium-ions
involved in the insertion reaction is generally less than one per formula unit because lithium
can only occupy the vacant sites in the frameworks of these crystals. So, this kind of metal
oxide shows low specific capacity. TiO; is a typical metal oxide which can store lithium

through the insertion reaction mechanism. The reaction can be described as follows:
TiOs+ xLi" + xe” < Li TiO; (0<x<1) (2.18)

TiO, has the theoretical capacity of 336 mAhg" and a high lithium intercalation potential
(1.75 V vs. Li"/Li), enabling it to avoid the deposition of metallic lithium. TiO; has different
phases including anatase, rutile, and TiO,-B [200-202]. Anatase is the most promising anode
material because it is the most electroactive lithium-ion host and has fast lithium-ion
insertion/extraction kinetics. Anatase TiO, nanotube anode is generally considered the most
attractive anode material. Wang and co-workers synthesized TiO, nanotubes with mesoporous
walls, which delivered a discharge capacity of 340 mAh cm™ [203]. The TiO, nanotube
structure provided the fast lithium-ion and electron transfer pathways which have a strong

influence on the rate capability of LIBs.
Conversion reaction mechanism

Poizot and co-workers proposed another series of anode candidates based on transition metal
oxides (M,O,, where M = Fe, Co, Ni, Cu, Mn, Mo, Ru, etc.) with high reversibility and

cycling stability [20]. According to Equation (2.17), transition metal oxides react with
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lithium-ions to form Li,O and metallic nanoparticles during the lithiation process, and then

the reaction product are reversibly returned to their initial states after delithiation.
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conversion reaction. The “error” bars are provided as an indication of the dispersion of values

observed in the literature [204].

Generally, the oxidation state utilizes more than one electron in the conversion reaction, so
that the transition metal oxide anodes show high energy density and high discharge capacity
(Figure 2.12) [152]. Transition metal oxide anodes still faces several challenges, however, so
that their cannot achieve commercial application in LIBs. The disadvantages include: 1) low

Coulombic efficiency at the first cycle (> 20%), consuming large amounts of lithium; 2)

unstable SEI film formation, resulting from the large volume expansion accompanying the
conversion reaction; 3) large voltage hysteresis during discharge/charge processes [31, 204].
Preparing nanostructured transition metal oxides and transition metal oxide nanocomposites
are effective solutions to improve the electrochemical performance of transition metal oxide

anodes.

Fe,Os has a total theoretical capacity of 1007 mAh g™ by the formation of Fe’ from Fe’".
Lou’s group synthesized polycrystalline a-Fe,Os nanotubes by a one-step template-engaged
precipitation method [205]. These nanotube anodes exhibited the large discharge capacity of
1377 mAh g™ at the first cycle at 0.5 C and over 1000 mAh g after 50 cycles. Cobalt oxide
(Co30,) also has relatively high theoretical capacity of 890 mAh g'. Self-supported Co30,
nanowire arrays were reported as anode materials by Wu and co-workers [206], which
exhibited large discharge capacities of approximately 1124 mAh g'1 at the first cycle at 1 C,
maintaining a stable capacity of 700 mAh g after 20 cycles. V03 is another transition metal
oxide with a Li insertion storage mechanism, which shows a a high theoretical capacity of
1070 mAh g™ as an anode material in LIBs [144, 207, 208]. The first discharge process
vause amorphization of the host structures, however, which shows the poor Kkinetics

associated with the energy barrier and breakage of the metal-oxygen (M-O) bonds. This poor
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kinetic performance causes large electrode polarization. Although the potential applicability
of the transition metal oxides need to be confirmed, the important role of nanomaterials and

nacomposites has been clearly elaborated.
2.4 Electrolyte

The role of the electrolyte is to ensure effective lithium-ions transport while possessing the
feature of electronic insulation. In terms of LIBs, the electrochemical stability of the
electrolyte during charge/discharge processes is highly related to kinetic rather than
thermodynamic factors. Also, the electrolyte need to endure the strong oxidizing and reducing
characteristics of the electrodes. As a main component of the LIB, the choice of electrolyte is
critically important for the cell operation. For LIB application, electrolytes can be divided
into numerous categories, such as organic liquid electrolyte, inorganic liquid electrolyte, ionic
liquid electrolyte, organic solid electrolyte, and inorganic solid electrolyte [45, 176, 209-215].
Table 2.1 shows the typical electrolytes and their key properties. The key requirements must
be considered carefully for choosing electrolytes, and the requirements below should be

fulfilled as far as possible:
1) stability of the electrolyte/electrode interface during cycling,

2) high ionic conductivity (o; > 10* S cm™) and low electronic conductivity (o, < 10" S em

H,

3) transference number o7;+/01 == 1, Where oo 1S the sum of the conductivities of all the

other ions in the electrolyte (o.;+ o.),
4) suitability for large ambient temperature ranges,

5) the ability to rapidly form a passivating SEI layer,

36



Chapter 2 Literature Review

6) safety (non-toxic, non-flammable, and environmentally friendly),

7) low cost.
Table 2.1 Non-aqueous electrolyte systems for LIBs [31].
Electrochemical
. Ionic conductivity Windows vs. Li*/Li
Electrolytes Classical electrolytes (10° s em”, 25 °C) Remark
Reduction Oxidation

IM LiPF¢ in EC : DEC (1:1) 7 1.3 4.5 Flammable
Liquid organic - -

IM LiPF; in EC:DMC (1:1) 10 1.3 >5.0

IM LiTFSI in EMI-TFSI 2.0 1.0 53 Non-flammable
Liquid ionic

IM LiBF, in EMI-BF, 8.0 0.9 53

LiTFSI-(PEO/MEEGE) 0.1 <0.0 4.7 Flammable
Polymer

LiClO4-PEOg + 10 wt. % TiO, 0.02 <0.0 5.0

LisGe;,P,S4 (x =0.75) 70 <0.0 >5.0 Non-flammable
Inorganic solid

0.05 Li4SiO4 + 0.57Li,S + 0.38 SiS, <0.0 >8.0
Inorganic liquid LiAICl, + SO, 4.2 -- 4.4 Non-flammable

0.04 LiPF¢ + 0.2 EC + 0.62 DMC +
Inorganic liquid + 0.14 PAN 3.0 - 4.4 Flammable
Polymer

LiClO4 + EC + PC + PVdF - 5.0
Tonic liquid + 1M LiTFSI + P13TFSI + PVdF-HFP  0.18 <0.0 5.8 Less Flammable
Polymer
Tonic liquid 56 wt. % LiTFSI-Py24TFSI +
+ Polymer 30 wt. % PVAF-HFP + 0.81 1.5 4.2 Less Flammable
+ Liquid organic 14 wt. % EC/PC

0, : ! _ 0,

Polymer 2 vol % LiClO4-TEC-19 + 98 vol% 0.03 <0.0 =45 Non-flammable

+Inorganic solid

95 (0.6Li,S + 0.4Li1,S) + 5Li4SiO4

Tonic liquid +
Liquid organic

-- Non-flammable

2.4.1 Lithium Salts

The typical lithium salts which used as the solutes in the electrolytes along with their basic

physical properties are listed in Table 2.2. Most of the lithium salts are suitable for use in

carbonate solvent, and each of them exhibits some specific properties. LiBF,is a kind of salt

with an inorganic super acid anion, which shows stable ionic conductivity in non-aqueous

solvents [216]. LiAsFgis similar to LiBF,4, whereas the toxicity of As restricts its commercial
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application [217]. LiClO4 shows satisfactory solubility and high chemical stability (toward
ambient moisture), as well as high ionic conductivity (~ 9.0 mS cm™ in ethylene carbonate/
dimethyl carbonate (EC/DMC) at 20 °C) [218]. Li-triflate also exhibits excellent chemical
stability, however, the property of serious aluminum corrosion is a real obstacle to LIB
application [219]. Li-imide also possesses good electrochemical performance, including a
high dissociation constant, high safety, thermal stability, and high ionic conductivity [220].
Regrettably, Li-imide results in severe Al corrosion in electrolytes. Among these numerous
salts used for LIBs, LiFPg (lithium hexafluorophosphate) is the obvious winner and the most
commonly used salt in commercial LIBs, which exhibits the best combination of the above-

mentioned properties [221].

Table 2.2 Lithium salts as electrolyte solutes [209].

Tw TDecomp. o/mS m’!
Salt Structure M. th °C °C Al . (1.0M, 25°C)
g mol . corrosion
In solution In EC DMC
F ] - '
4 Li
LiBF, P 93.9 293 >100 N 34 4.9
E <
F
£ T
Fe | _F| LI
LiPF, /'II"_F 151.9 200 ~ 80 N 5.8 10.7
F
F
F
.l ,,FW Li
LiAsF, _,A!\F 195.9 340 >100 N 5.7 11.1
i
? -I Li
LiClO, _CI_ 106.4 236 >100 N 5.6 8.4
o’/ "o
0
Li Triflate Li"CF;SO5 155.9 >300 >100 Y 1.7
Li Imide Li'[N(SO,CF;),] 286.9 234 >100 Y 5.1 9.0
Li Beti Li"[N(SO,CF,CF;),]

2.4.2 Organic Liquid Electrolytes

Carbonates are the most popular solvents for commercial LIBs, which have an oxidation
potential [highest occupied molecular orbital (HOMO)] at 4.7 V vs. Li'/Li and a reduction

potential [lowest unoccupied molecular orbital (LUMO)] at ~ 1.0 V vs. Li'/Li [222-224].
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Also, the carbonate solvents show a relatively low viscosity, resulting in low activation
energy for lithium-ion diffusion. The most commonly used electrolyte solvents are alkyl
carbonates or alkyl carbonate blends containing one or more of the following: ethylene
carbonate (EC) and either dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl
carbonate (EMC) or propylene carbonate (PC) [225, 226]. Figure 2.13 shows the structural
formulae for these electrolyte solvents. These alkyl carbonates, combined with the lithium

salt (LiPFg), are regarded as the basic standard electrolyte solutions for LIBs.

Alkyl carbonates /O\H/O\
0O O
)\3 Dimethyl carbonate (DMC)
o) O
O

Ethylene carbonate (EC)
e

O
04 Diethyl carbonate (DEC)
O
p% 0

Propylene carbonate (PCy~ 0~ ~0~
Ethyl methyl carbonate (EMC)

Figure 2.13 Typical alkyl carbonate solvents used in electrolyte in Li-ion batteries [2].
The alkyl carbonate electrolytes exhibit the following advantages: 1) high ionic conductivity,
2) high anodic stability, and 3) high chemical stability. Aluminum foil is the most common
current collector for cathodes in LIBs. In LiPF¢ solutions, the PFq anions can react with
aluminum and generate a passivated layer (AlF; and Al(PFs);) on the surface of the active
aluminum metal. The passivated layer shows a high polarization voltage (up to 5 V vs.
Li'/Li), even at 60 °C. Another important advantage is: 4) highly conductive SEI formation.

Taking the LiFP¢ in EC/DMC electrolyte as an example, ROCO,Li and ROLi will generate
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and form a stable precipitate network on the anode, which is highly passivating (Table 2.3)

[227-229].

Table 2.3 Major reduction products of non-aqueous Li salt solutions [21].

Main reduction

. .
products (not all) Potential range vs. Li'/Li

Solution species

0O, LiO,, Li,O, 1.5-2V
H,O LiOH 1.5-12V
HF, PFs LiF, LiPF, 1.8 V and below
Ethers ROLi Below 0.5V
Esters ROCO,Li Below 1.2V
?alﬁ)};lnates ROCO,Li, ROLi Below 1.5V
EC (CH,0CO,Li),, C;Hy4 Below 1.5V
PC ggjgg(z%%?zm CH,0COL Below 0.5V
DMC CH;0CO,Li,CH;0Li Below 1.2V
LiClO,4 LiCl, LiCIO, Below 1 V
LiPF¢ LiF, Li,PF, Below 1 V
LiN (SO,CF;), LiF, LiCF3, LiSO,CF; Li;NSO,CF3 Below 1 V

Alkyl carbonate electrolytes are also handicapped by several disadvantages, however,
including: 1) The ionic conductivity is temperature sensitive. For example, the ionic
conductivity of EC drops significantly below -20 °C. 2) The carbonate-based solvents are
flammable. 3) LiPFs is vulnerable to decomposition in these electrolytes. Some of the LiPFs
is prone to decompose into LiF and PFs (strong Lewis acid). PFs is sensitive to trace amounts
of H,O, resulting the formation of HF and PF;0 (strong Lewis acid), which will reduce the

cell life.
2.4.3 Inorganic Liquid Electrolytes

Stassen and Hambitzer proposed the inorganic liquid electrolytes, which have good ionic
conductivity (7 X 102 S cm™ at room temperature) and are non-flammable [230]. The
inorganic liquid electrolytes suffer from a very low electrochemical window (~ 1.2 V, SHE),

since they are subject to water decomposition. This feature restricts the application of the
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inorganic liquid electrolytes.
2.4.4 Tonic Liquid Electrolytes

Room-temperature ionic liquids (RTILs) have been regarded as promising alternative
electrolytes for LIBs due to their high oxidation potential (~5.3 V vs Li"/Li), non-
flammability, low vapor pressure, good chemical and thermal stability, and high Li-salt
solubility [231, 232]. Several typical families of relevant RTILs are listed, including the
structural formulae and physical properties. RTILs usually exhibit high viscosity, however,
which reduces their lithium-ion conductivity and the wettability of the electrodes and
separator. RTILs based on imidazolium-based cations are the predominant candidates for
LIBs because of their lower viscosity and high Li-salt solubility. Nevertheless, RTILs show
unsatisfactory stability at voltages below 1.1 V vs. Li'/Li [233, 234]. One approach to
overcome this is the use of additives [fluorinated EC or vinylene carbonate (VC)] to form a
stable SEI layer on a carbon anode. Another alternative approach is to increase the
concentration of lithium-ions, such as by adding a liquid carbonate to RTILs. Additionally,

the high price of RTILs also limits their large-scale application in LIBs.

Table 2.4 Important families of ionic liquids and their physical properties [2].

. . Melting point Density/g cm™ Viscosity/mPa s Conductivity o,
Cation Anion ©C) (20°C) (25 °C) 10*S em™ (25 °C)
N(SO ;CFy), 0 O
£ ) T CFe ? Y AR
N\ ’/KN/SK“ -18 1.41 85 22
/ CH, -
O NSOCFY,  cre A X R 15.1
. i 8.7 143 117 '
VS C.H, ¢ - 0
c;n_;\;_l/tll; CFo L O\\_/CF.x
N g -14 1.41 83 12
cHy CaHs o = o
/T CFe A % _ACF,
NN ~ ? 1 1.52 4
CH3/ 7 UNC,Hs C;,S\_ rE/S\\O 5 5 3 87
! - \
N BF, 13 1.28 37 140

2.4.5 Solid Electrolytes
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Solid electrolytes have attracted much attention because they simplify the battery design and
increase the lifetime and safety of the batteries [235]. Solid electrolyte is a kind of fast
lithium ion conductor. Solid electrolytes possess a regular structure with immobile ions, while
liquid electrolytes have no regular structure and fully mobile ions. Solid electrolytes for LIBs
include many materials such as oxide, sulfide, and polymer materials [236]. The ionic
conductivity of typical oxide, sulfide, and polymer solid electrolytes are listed in Table 2.8.
Solid electrolytes can be divided into two categories: inorganic solid electrolytes and solid

polymer electrolytes.

Table 2.5 Conductivity of oxide, sulfide, and polymer-based solid electrolytes for all-solid-

state LIBs [45, 211-215].

Composition (oxide) Conductivity at 25°C (S cm™) Classification Reference
LiNbO; 1x107° Amorphous (thin film)

LiTaO; 8 x 10 Crystalline (thin film) »
Li; 3Alo3Ti; 7(POy4)s 7% 10* Crystal (NASICON)

Lags1Lig34TiOx.04 1.4 x 1073 Crystal (perovskite)

Li;La;Zr,015 3x10* Crystal (garnet)

50Li4Si0O4-50Li;BO; 4.0 x10° Glass .
Liz9PO33Np.46 33x10° Amorphous (thin film)

Liz 6Sio6P0404 5.0x10° Amorphous (thin film)

Lii 07Alo.69Ti1.46(PO4)s 1.3x 107 Glass—ceramic

Liy sAlosGe 5(PO4)3 4.0 x10* Glass—ceramic

Composition (sulfide) Conductivity at 25°C (S cm™) Classification

Li;(GeP,S1» 1.2 x 1072 Crystal

Li; 25Geo.25Po.75S4 22x10° Crystal

LiPS;Cl 1.3x10° Crystal (argyrodite)

30Li,S-26B,S;-44Lil 1.7 x 107 Glass

50Li,S-17P,Ss-33LiBH, 1.6 x 107 Glass 212
63Li,S-36SiS, 1Li;PO, 1.5x10° Glass

70Li,S-30P,Ss 1.6 x 10 Glass

Li;P5Sy; 1.1 x 1072 Glass—ceramic

Li3 25P0.95S4 1.3x 107 Glass—ceramic

Composition (polymer based) Conductivity at 25°C (S cm™) Classification

21PAN-33PC-38BL-8LiClO, 3.71 x 107 Polymer

éil:élj);%PC—lOEC—l8BL—10NMP 257 % 107 Polymer .
21PAN-33PC-20EC-18BL-8LiAsF¢ 3.87 x 103 Polymer

MEEP-(LiClOx4)o.2s 1.7 x 107 Polymer

MEEP-(LiBF )25 1.5x10° Polymer

MEEP-Li(CF3S03)0.5 1.5%10° Polymer 2
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MEEP-[LiN(CF3S0,),]0.13 6.5 %107 Polymer
SSMEEP/45PEO-(LiClO4)0 13 1.3x10° Polymer
55MEEP/45PEO-(LiBF4)g.13 24107 Polymer
55MEEP/45PEO-(LiCF3S03)0.13 1.0 x 107 Polymer
SSMEEP/45PEO-(LiNCF;3S02)0.13 6.7 %107 Polymer
55aMEEP/45PEO-(LiAsF6)0.13 1.9 - 107 Polymer
87aMEEP/13PEGDA-(LiC104)0.13 1.2- 106 Polymer
87aMEEP/13PVP-(LiC104)0.13 4.0 - 106 Polymer
ALPE 1 0.09% 10-3 Polymer
ALPE 2A-1 DEC. 0.11x 10-3 Polymer
ALPE 2A-6 DEC. 0.12x 10-3 Polymer
ALPE 3A-1 DMC. 0.20x 10-3 Polymer b
ALPE 4A-1 EC. 1.90x 10-3 Polymer
ALPE 5A-1 PC. 1.00x 10-3 Polymer

Inorganic solid electrolytes

In contrast to the more robust technology for liquid electrolytes, the inorganic solid
electrolytes for LIBs are still in their infancy. The inorganic solid electrolytes cannot compare
with the commercial liquid electrolytes. Although the ionic conductivity of selected inorganic
solid electrolytes (1.2 x 102 S ecm™ for Lij0GeP,S12) has theoretically approached the level
of commercial organic liquid electrolytes (107 S cm™), in practice, grain boundary resistance
and electrode/electrolyte interface resistance decrease it to less than 10° S cm™ [210].

! at room

Perovskite LisLas).TiOs exhibits ionic conductivity as high as 10° S cm’
temperature, which is also restricted by the grain boundary resistance that is essentially
associated with the high temperature synthesis method [237]. Li;+M2,A(PO4); (M = Ti, Ge,
Hf and Zr; A = Sc, Al) species are also fascinating candidates due to their high conductivities
(up to 7 x 10* S em™) [238]. Regretfully, these inorganic solid electrolytes suffer from
titanium reduction at low potential. Li;La3;Zr,O, is another potential electrolyte for use in
all-solid-state LIBs, and it is a garnet type fast lithium ion conductor with conductivity of 5 X

10* S em™. LijLasZr,01, exhibits stable electrochemical properties at potentials as high as

5.5 V vs Li"/Li [222]. In addition, glass ceramic sulfides (Li>S-P,Ss) have also attracted great
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interest, due to their high ionic conductivity (10~ S cm™) [239]. It is worth noting that glass

ceramic sulfides are sensitive to air and moisture.

Recently, LINbO3 and LiTaO; have recently gained attention because these materials can be
applied as buffer layers in all-solid-state LIBs. Glass et al. reported that LiNbO3 and LiTaO3
could be considered as a solid state electrolyte (SSE) in 1978, because they exhibit high
room-temperature ionic conductivity (10° S cm™ and 10® S cm™, respectively) and low
electronic conductivity (10" S cm™) [240]. Meanwhile, these materials show excellent
optical and electrical properties, so that numerous methods have been reported for the
synthesis of these materials, including the so-gel method, pulsed laser deposition, chemical
vapor deposition, sputter deposition, and the solid-state reaction method. The LiNbO; and
LiTaOs electrolytes are handicapped by several crucial problems for battery application,
relating to such factors as their Li-ion transference number, mechanical strength, and
electrode/electrolyte interface contact. Ohta and co-workers reported that a LiNbO; buffer
layer interposed between LiCoO, and the sulfide electrolyte significantly decreases the
interfacial resistance [241]. Furthermore, Haruyama and co-workers theoretically elucidated
the characteristics of this buffer layer in all-solid-state LIBs [242]. The results show that the
LiNbO;3 buffer layer provides smooth lithium-ion transport paths free from the possible

bottlenecks that exist at the electrode/electrolyte interface.
Solid polymer electrolytes

Solid polymer electrolytes can be generally divided into gel polymer electrolytes, dry
polymer electrolytes, and solid ceramic-polymer electrolytes. The gel electrolyte is a polymer
membrane impregnated with a lithium salt solution [212]. The gel electrolytes have already
been used in large-scale and rechargeable macrobatteries, owing to their high ionic

conductivity, which is comparable to the performance of liquid electrolyte. The liquid
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electrolytes (solvents) incorporated in them restrict the application of gel polymer
electrolytes, because they are highly flammable and prone to form a SEI layer resulting in
volume change. Therefore, the dry polymer electrolytes were developed, which do not use
liquid electrolyte solution [243]. The dry polymer electrolytes often consist of a polymer with
high dielectric constant (poly(ethylene oxide), poly(methyl methacrylate), polyacrylonitrile,
polyphosphazenes, siloxanes) and a salt with low lattice energy (LiPF¢ or LiAsF¢), which
shows good chemical stability, but low lithium ion conductivity, with o+ < 10° S cm™ at
room temperature. To further improve the mechanical strength and conductivity of dry
polymer electrolytes, solid ceramic-polymer electrolytes were proposed, which consist of a
ceramic phase (e.g., ApOs, TiO,, SiO,, or ZrO,) and a dry polymer matrix [244]. There are

two major classes of such electrolytes: polymer-in-ceramic, and ceramic-in-polymer.
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Chapter 3 Experiments

3.1 Chemicals and Materials

The chemicals and materials used in this doctoral work are listed in Table 3.1. The details of

the suppliers are provided for reference.

Table 3.1 Chemicals and materials used in this thesis.

Materials/Chemicals Formula Purity (%)  Supplier
1-methyl-2-pyrrolidinone (NMP)  CsHgNO 99.5 Sigma Aldrich
Acetone CH;COCH; 99 Ajax Finechem
Ammonia NH;-H,O ~30 Sigma Aldrich
Aluminium foil Al N/A China
Ammonium fluoride NH4F 98+ Sigma Aldrich
Carbon black (Acetylene carbon) C N/A Carbot
Carbon black (Super P) C N/A Timcal Belgium
Carboxymethyl cellulose sodium

CgH;6NaOg N/A Sigma Aldrich
(CMC)
Citric Acid CsHs0O4 99.5 Sigma Aldrich
Copper foil Cu N/A China
CR2032 type coin cells N/A N/A China
Cyclohexane CeHiz 99.5 Sigma Aldrich
Diethyl carbonate (DEC) CsH ;005 99+ Sigma Aldrich
Dimethyl carbonate (DMC) CsHeOs 99+ Sigma Aldrich
Ethanol C,HsOH 99 Ajax Finechem
Ethylene carbonate (EC) C3H405 99+ Sigma Aldrich

46



Chapter 3 Experiments

Materials/Chemicals Formula Purity (%)  Supplier
Ethylene glycol (CH,OH), 99.8 Sigma Aldrich
Glucose CeH 1206 99 Sigma Aldrich
Iron(III) chloride FeCls 97 Sigma Aldrich
Lithium acetate CH;COOLi1 99.99 Sigma Aldrich
Lithium carbonate LiCO; 99+ Sigma Aldrich
Lithium hexafluorophosphate LiPFs 99.99 Sigma Aldrich
Lithium metal Li 99.9 Sigma Aldrich
Manganese acetate tetrahydrate Mn(CH3;COO),4H,0 99+ Sigma Aldrich
Monomer pyrrole Q 98 Sigma Aldrich
Milli-Q water H2HO 5 ppb (TOC) Millipore USA
Nickel acetate tetrahydrate Ni(CH3COO),-4H,O0 99+ Sigma Aldrich
Niobium pentoxide Nb,Os 99.8+ CBMM-Brazil

Hoechst
Polypropylene separator (C3Hg)n Celgard2500

Celanese
Polyvinylidene difluoride (PVDF) (CH,CF>), N/A Sigma Aldrich
Pure ethanol C,HsOH 99.95 Sigma Aldrich
Sodium p-toluenesulfonate o . .
(TSN . /©,§0~a 95 Sigma Aldrich
Ti mesh Ti 99.5 China

3.2 Experimental Procedures

Figure 3.1 presents the experimental procedures used in this doctoral work. This PhD

research work mainly consists of two parts: the first part describes the fabrication and
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characterization of the as-synthesized nanostructured/composite materials; and in the second
part, the as-prepared electrode materials were assembled into coin-type cells, and their

electrochemical properties were tested in LIBs.

Sol-Gel
Solid state reaction

Synthesis of

nanostructured/composite
materials

Anodic oxidation

Hydrothermal (Microwave)

Chemical polymerization

Physical and morphology
characterization

SEM TEM TGA
SXRD FI-IR SAED HRTEM STEM BET

Electrode preparation
and cell assembly

Electrochemical
characterization

Figure 3.1 Outline of the experimental procedures.

3.3 Synthesis Method

The electrode materials used in this doctoral work were prepared via different methods,
including the hydrothermal method, solid state reaction, chemical polymerization, the sol-gel

method, and anodic oxidation. The details of these experimental methods and procedures are
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explained in this subsection.

3.3.1 Hydrothermal Method

The hydrothermal method is one of the most popular experimental methods for synthesizing
crystal and nanostructured materials at comparatively low temperature and high pressure
[245-247]. Generally, the hydrothermal method can be defined as a method for the synthesis
of materials in hot water under high pressure. In this experimental work, the hydrothermal
autoclaves are 4748 Acid Digestion Bombs with 125 ml capacity from the Parr Instrument
Company (Figure 3.2). These hydrothermal autoclaves including two parts: the outside parts
are made of stainless steel; and the inside parts are the polytetrafluoroethylene (PTFE) cups.
The maximum working temperature is 250 °C. In terms of composition, morphology, and
crystal structure, the products of the hydrothermal reaction are influenced by many factors,
including the amount of solution relative to the pressure, the concentration of the reaction
solution, the temperature, and the surfactant. To control the morphology and crystal structure

of the products, all the parameters need to be further investigated.

S048AC
PRESSURE PLATE

J3HDFZAD
CAP SCREW REF

311

RUFTURE DISC

1O TOF OF
CORROSION DISC|

30TAC
COMPRESIION
RHG

310AC : 1 1
CORROSION ABOSAC
DEC _

BOTION FLATE
Figure 3.2 Hydrothermal autoclave (4748 Acid Digestion Bombs) from Parr Instruments

(left) with a cross-sectional view (right).
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3.3.2 Microwave Hydrothermal Method

The working principles of the microwave hydrothermal method are similar to those of the
conventional hydrothermal method. The difference between these two methods is in the
source of the heat. The microwave hydrothermal method uses microwave irradiation as the
heat-source. Microwaves act as high frequency electric fields and will heat the material
containing mobile electric charges, such as metals, solutions containing polar molecules, and
solids containing conducting ions, in an ultra-fast way [248]. Microwave heating only heats
the target conductive materials without heating the experimental container/device, which

saves time and energy [249].

Figure 3.3 MicroSYNTH microwave system (Milestone) with a Labthermal 800 controller.

The working frequency is 2.45 GHz.

The MicroSYNTH microwave system (Milestone) is applied in this doctoral work, which is
controlled by a Labthermal 800 controller (Figure 3.2). The MicroSYNTH microwave system
has a frequency of (2.45 GHz), and the maximum working power is 1 kW. The reaction

container is a 100 ml PTFE vessel, which is sealed in a safety shield during the hydrothermal

50



Chapter 3 Experiments

reaction. The safety shield features built-in-pressure control via a preloaded spring with a
vent and resealing mechanism. The hydrothermal autoclaves contain thermal sensors which
can control the reaction temperature up to 250 °C. The PTFE vessel can work at high pressure
(40 bar). The typical experimental procedure consists of two steps: 1) the precursor solution
is transferred into the PTFE vessel, and the temperature and pressure sensors are assembled;
2) the sealed vessels are mounted inside the microwave oven, followed by setting up the

reaction time, temperature, and pressure.
3.3.3 Solid State Reaction

Solid state reaction is considered to be the most widely used method for the synthesis of
polycrystalline solids from a mixture of solid starting materials. Solid state reaction is mainly

affected by the solid diffusion, controlled by Fick’s Law:

e 1
J=-D( dx) G.1)

where J is the flux of diffusing species, D is the diffusion coefficient, increasing with
temperature, and dc/dx is the concentration gradient. Solid state reactions usually require high
treatment temperatures and long heating time, due to the low diffusion in solids. In order to
accelerate diffusion, the starting materials are usually pressed into pellets before sintering.
For some reactions, the steps of grinding, pressing, and sintering must be repeated several

times to obtain pure phase products.
3.3.4 Chemical Polymerization

In polymer chemistry, polymerization is the gathering together of the starting monomer
molecules via a chemical reaction to form polymer chains or three-dimensional networks

[250]. In chemical compounds, polymerization reactions include a variety of mechanisms due
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to functional groups present in the reacting compounds and their inherent steric effects.
Alkene, a straightforward polymerization product, is relatively stable due to the ¢ bonding
between carbon atoms. The relevant reaction is a simple radical reaction. In contrast,
polyurethane, involving substitution at carbonyl groups, a relatively complex polymerization
product, requires more complex synthesis due to the way in which reacting molecules
polymerize [251, 252]. There are two basic ways to form polymers: 1) linking small
molecules together, such as polyethylene and polyvinyl chloride (PVC); 2) combining two
molecules (the same or different types) with the elimination of a stable small molecule such
as water. The latter is defined as a condensation reaction. Generally, synthesizing a polymer
consists of two steps: 1) dispersing monomer precursors and catalyst into the solvent at the

required temperature; 2) adding the oxidant at a constant speed.

3.3.5 Sol-Gel Method

The sol-gel method is a low-cost and effective wet-chemical technique to synthesize glassy
and ceramic materials [253-255]. The sol-gel process generally consists of four steps,
including solution, gelation, drying, and densification. In this process, the sol (or solution)
evolves gradually towards the formation of a uniform gel-like network including both a liquid
phase and a solid phase. The possible morphologies of the gel range from discrete particles to
continuous polymer networks. The purpose of the drying process is to remove the liquid, so
that the gel contracts into a three-dimensional network. The dried gel is defined as a xerogel,
which is influenced by the removal rate of the liquid. Generally, the xerogel needs to be heat-
treated (sintering process) to obtain fine products. The thermal treatment of the xerogel is
also conducive to further poly-condensation, and the structural stability is also increase via
post treatments such as sintering, densification, and grain growth. Therefore, the sol-gel
method shows several advanced features: 1) low reaction temperature and facile synthesis

process; 2) controllable morphology of the product; 3) homogeneous product ingredients; 4)
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potential to synthesize compounds which are difficult to acquire by conventional methods.

For example, the starting materials are volatile or exhibit mutual incompatibility.

3.3.6 Anodic oxidation

Anodic oxidation is an electrolytic passivation process used to increase the thickness of the
oxide layer on the surface of metal parts. In this PhD thesis work, anodic oxidation was used

to prepare three- dimensional (3D) TiO; nanotube arrays on Ti mesh.

e p
-|1‘1 vt

- —

— | ([

(NH,),S0,+NH,F+H,0

Figure 3.4 Schematic illustration of TiO,/Ti mesh synthesis using the anodic oxidation

method.

Figure 3.4 shows a schematic illustration of the experimental set-up for titanium (Ti)
oxidation. A piece of Ti mesh acts as the positive electrode connected to a laboratory DC
power supply, while the copper plate serves as the counter electrode. When the voltage was
applied, Ti mesh was oxidized to TiO,, which grew on the surface of the Ti mesh. Meanwhile
TiO, would dissolve into the solution because of the presence of HF. In a typical anodic

oxidation process, the reactions can be expressed as follows:

Ti+2H,0 — TiO, + 4H' (3.2)
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H +F — HF (3.3)
TiO, + 6HF — [TiF]* + 2H,0 + 2H" (3.4)

Many factors can control the rate of TiO, formation to that of TiO, dissolution, including

temperature, acidity, ion flux, and reaction time [256-258].
3.4 Physical and Morphology Characterization

The physical and morphology characterizations of the as-prepared nanostructured/composite
materials are described in detail in the following section. These characterizations are used for
understanding the physical nature and features of the morphology of the as-prepared
electrode materials and their relationship to the improvement of the electrochemical
properties. Most of the characterizations were achieved in our institute and the Intelligent
Polymer Research Institute (IPRI) under the Australian Institute of Innovative Materials

(AIIM), with the exception of those at the Australian Synchrotron (AS).
3.4.1 X-Ray Diffraction
Laboratory X-Ray Diffraction

X-ray diffraction (XRD) is widely used to study the bulk structure of materials. XRD is a
non-destructive technique, which can reveal information on the crystallographic structure,
chemical composition, and physical properties of a sample. X-rays are generated from an X-
ray tube when the anode material (usually copper) is irradiated with a beam of high-energy
electrons. The high-energy electrons are accelerated by a high voltage electric field. X-ray
radiation is a type of electromagnetic wave with wavelengths ranging from 10 to 0.01
nanometers, which is on the same order as the lattice spacing in crystals. Therefore, the X-

rays can be scattered by each set of lattice planes at a characteristic angle, and the scattering
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patterns are related to the crystal structure of the given material. This is because each material
has a set of unique d-spacings, which correspond to the XRD pattern. Bragg’s law presents

the diffraction condition from planes with a given d-spacing;:

ni=2dsin 0 (3.9)

where 7 is an integer, A is the wavelength of the incident X-ray beam, d is the distance
between atomic planes in a crystal, and 4 is the angle of the incidence. In this doctoral work,
X-ray powder diffraction was commonly used to characterize crystalline materials. The
powder sample is placed on a small disk-shaped sample holder with a flattened surface. The
sample holder is mounted on the axis of the diffractometer at an angle 6. A detector rotates
around the diffractometer on an arm at the corresponding angle 26. Figure 3.6 shows the

interference between waves scattered from two adjacent planes of atoms in a crystal.

(hkI)

(hkl)

(hkl)

Figure 3.5 Bragg’s law can be derived from the geometrical relation between the interplanar

spacing d and the diffraction angle 8 [259].

The crystal size of crystallographic materials can be calculated from the broadening of the
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peaks using the Scherrer formula:

B(20) = (3.5

Lcos@

where B is the full width at half maximum (FWHM) in radians, 26 is the peak position, K is
the shape factor of the average crystallite (K =~ 0.9), and 4 is the X-ray wavelength, and L is
the crystal size (nm). In this PhD research work, a Philips PW 1730 diffractometer (Cu K,

radiation, 2 = 1.5418 A) was used for collecting XRD patterns.

Synchrotron X-Ray Diffraction

Australian
I. Synchrotron

Figure 3.6 Australian Synchrotron Powder Diffraction Beamline and the in sifu battery tester.

Synchrotron X-rays are the electromagnetic radiation emitted when charged particles are

accelerated radially. Synchrotron radiation may be generated naturally by fast electrons
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moving through magnetic fields, or artificially in accelerators (synchrotron or storage rings)
as a deliberately produced radiation source for laboratory applications. Synchrotron X-rays
show high resolution, which can determine and refine accurate structures of even moderately
complex materials from powder samples. Synchrotron X-ray diffraction (SXRD) allows more
accurate information to be acquired from crystalline materials, because it has numerous
advantages over conventional powder XRD, including high signal-to-noise ratio, good time
resolution, high angular and energy resolution due to the large and accessible d-space range,
narrower peak width, and simple shape. SXRD also has tunable and monochromatic X-rays
with the ability to penetrate bulky sample cells while avoiding or exploiting absorption edges.
Additionally, in situ SXRD can collect dynamic information which accurately elucidates any
phase transformations that are not resolved in the ex-situ experiments (Figure 3.6). SXRD
measurements were conducted at the Australian Synchrotron Powder Diffraction Beamline

(Figure 3.6).

3.4.2 Raman Spectroscopy

Raman spectroscopy is considered an important characterization method to study vibrational,
rotational, and other low frequency modes in a structure. Raman measurements usually use a
laser (monochromatic light source) to interact with the molecular vibrations, phonons, or
other excitations of the sample to provide characteristic shifts in laser energy. The energy
shift is detected and recorded in the form of frequency or wavelength, and the spectrum
contains chemical and structural information on the sample materials. In this study, Raman
spectroscopy was used as a complementary tool to XRD for identification of the as-prepared
electrode materials. Raman spectroscopy measurements were conducted at IPRI using a
JOBIN Yvon Horiba Raman Spectrometer model HR800 with a laser at 632.8 nm and a

charge-coupled detector (CCD)
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3.4.3 Fourier Ttransform Infrared Spectroscopy

Infrared spectroscopy (IR spectroscopy) is the type of spectroscopy that deals with the
infrared region of the electromagnetic spectrum. Infrared radiation is light with a longer
wavelength and lower frequency than visible light. Fourier transform infrared spectroscopy
(FTIR) is a common laboratory method, which is based on absorption spectroscopy. FTIR is
similar to Raman spectroscopy, but provides complementary information. In this
experimental work, FTIR spectra were collected using a Nicolet Avatar 360 FTIR Fourier
transform infrared spectrometer. The samples were mixed with KBr powder. KBr acts as the
background file. The mixed samples were then placed in a sample cup and measured using
the Nicolet Avatar 360 FTIR Fourier transform infrared spectrometer. All spectra were

measured from 4000 to 500 cm™'with a resolution of 2 cm™.

3.4.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is thermal analysis method for investigating the changes
in physical and chemical properties of materials. TGA curves are measured as a function of
increasing temperature (with constant heating rate), or as a function of time (with constant
temperature and/or constant mass loss). TGA can collect information on various physical
phenomena, such as second-order phase transitions, including vaporization, sublimation,
absorption, adsorption, and desorption. Also, TGA can provide information on chemical
phenomena, including chemisorption, desolvation (especially dehydration), decomposition,
and solid-gas reactions. TGA was used to determine the polypyrrole (PPy) and carbon
contents in composite samples in this doctoral work. TGA was performed on a SETARAM
Thermogravimetric Analyzer (France). The sample was placed in an alumina crucible with
loading mass of 5-20 mg, depending on the density of the composite materials. The samples

were then heated to 800 °C in air or argon with a rate of 10 °C per min.
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3.4.5 Brunauer-Emmett-Teller Surface Area Analysis

Brunauer-Emmett-Teller (BET) is an important analysis technique for the measurement of the
specific surface area of a material. The BET surface area analysis is based on the theory of
physical adsorption of gas molecules on a solid surface, which was first proposed by Stephen
Brunauer, Paul Hugh Emmett, and Edward Teller in 1938 [260]. The BET theory is an
extension of the Langumuir theory, which is a theory for monolayer molecular adsorption.
For explaining multilayer adsorption, the BET theory proposed the following hypotheses: 1)
gas molecules are physically adsorbed on the surface of a solid in potentially infinite layers;
2) there is no interaction between various adsorption layers; and (iii) the Langmuir theory can
be applied to each layer. In this study, a Quanta Chrome Nova 1000 instrument was used to
measure the specific surface area of the as-prepared electrode materials. The analysis is
carried out in a liquid nitrogen environment (77 K), and the adsorption in 15-point mode. The
as-prepared electrode materials were first dried in an evacuated oven for 12 h for degassing

purposes and the loading weight of the sample was in a range of 100 mg to 500 mg.

3.4.6 Scanning Electron Microscopy

The scanning electron microscope (SEM) is primarily a tool for investigating the morphology
of various materials. The SEM is a type of electron microscope that produces images of a
sample by scanning it with a focused beam of electrons. The high energy electrons interact
with the atoms in the sample, which generate various signals such as secondary electrons,
back-scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence), and
transmitted electrons. These signals can be detected and contain the information on the
sample’s surface topography and composition. The secondary electron detector is commonly
used in all SEM. The secondary electrons come from interactions of the electron beam with

atoms at or near the surface of the sample, so the secondary electron image displays the

59



Chapter 3 Experiments

topography of the materials’ surface. The morphologies of the materials or electrodes were
collected on a JEOL JSM 6460A SEM and a field-emission SEM (FESEM, JEOL 7500). For
SEM observations, the powder sample was either dispersed in ethanol or directly loaded onto

carbon conductive tape which was mounted with adhesive on an aluminium holder.

3.4.7 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique where a beam of
electrons is transmitted through an ultra-thin specimen, interacting with the specimen as it
passes through. TEM can be used to observe the morphology, crystal structure, and electronic
structure through the signals which are generated from the interaction of the electrons
transmitted through the specimen. TEMs are capable of imaging at a significantly higher
resolution than light microscopes, because the beam electrons have a small de Broglie
wavelength. Selected area electron diffraction (SAED) is a crystallographic experimental
technique that can be performed inside a transmission electron microscope (TEM). When the
high energy electrons are transmitted through the ultra-thin crystalline sample, part of the
electrons will be scattered at different angles depending on the crystal structure. The
scattering signal will generate a characteristic pattern of diffraction spots. SAED is a very
useful tool to investigate crystallographic information, which was used as a complementary
technique to XRD for identification of crystalline samples. In this doctoral work, the TEM
results were collected by using a JEOL 2011, 200 kV TEM and JEOL ARM200F, 200 kV

scanning TEM (STEM).

3.4.8 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is an analytical technique used for the elemental
analysis or chemical characterization of a sample, which is one of the variants of X-ray

fluorescence spectroscopy. EDS can be used for analysing the characteristic X-rays generated
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from the sample after it is bombarded by electrons. The EDS patterns exhibit qualitative and
quantitative information on the chemical composition and elements. EDS systems included in
SEM and TEM. In this work, EDS patterns were collected from both SEM and TEM

microscopes.

3.5 Electrode Preparation and Coin-Cell Assembly

. Negative cap
<> Spring
. Spacer
a Lithium

& ,, __ Separator
&> 'V orking electrode

O Positive cap

Figure 3.7 Stacking sequence of components of a CR2032 coin cell [261].

The  working electrodes were prepared by mixing the  as-synthesised
nanostructured/composite materials with 10-30 wt.% carbon black [acetylene black (AB) or
Super P] and 5 wt.% sodium carboxymethyl cellulose (CMC) or polyvinylidene fluoride
(PVDF) in a solvent of distilled water or N-methyl-2-pyrrolidone (NMP), respectively. The
slurry was spread onto aluminium (cathode) or copper (anode) foil substrates. The coated

electrodes were dried at 60-150 °C in a vacuum oven for 24 h. The electrode was then pressed
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using a disc with a diameter of 14 mm to enhance the contact between the substrate, active
materials, and conductive carbon. Subsequently, the electrodes were cut to a 1x1 cm?” size.
The average active material loading rate was 2-5 mg cm?. After weighing, the electrodes

were then transferred into an argon-filled glove box for coin-cell assembly.

The cells were assembled in an argon-filled glove box (Mbraun, Unilab, Germany) with O,
and H»O levels less than 1 ppm. CR2032 coin type cells were used in this doctoral work with
lithium foil serving as counter electrode and a porous Celgard polypropylene membrane as
separator. The electrolytes chosen for these cells were 1 M LiPF¢ in a 1:1 (v/v) mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC), and 1 M LiPFs in a 1:1 (v/v)
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC). Figure 3.7 presents the

coin-cell components in their stacking sequence.
3.6 Electrochemical Measurements

Electrochemical measurements, including cyclic voltammetry, galvanostatic charge-discharge
testing, and electrochemical impedance microscopy, were used to investigate the

electrochemical properties of the as-prepared electrode materials in LIBs.
3.6.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is as widely used technique for investigating the thermodynamics
and kinetics of electron transfer at the electrode-electrolyte interface. In a CV experiment, the
working electrode potential is ramped linearly versus time, and the corresponding current is
recorded. The CV curve is a function of current value versus potential. When an
electrochemical redox reaction occurs, a distinct peak will be generated at both the forward
and reverse scans due to the current changes. The scan rate is a function of time versus the

change of potential, which is the main parameter for CV measurements. The Randles-Sevcik
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equation describes the relationship between the peak current (7,) and the scan rate:
I,=(2.69 x 10°)n*°4CD"*'? (3.6)

Where 7 is the number of moles of electrons transferred in the electrochemical reaction, 4 is
the area of the electrode, C is the bulk concentration of the redox species, D is the diffusion
coefficient, and v is the scan rate. In this work, the CV measurements were carried out on a

Biologic VMP-3 electrochemical work station in ISEM.
3.6.2 Galvanostatic Charge-Discharge

The capacity and cycling stability of the as-prepared electrode materials were studied using
galvanostatic charge-discharge tests in a constant current mode. The discharge/charge
capacity (Q) can be calculated based on the discharge/charge time according to the formula O
= [ x t, where [ is the current and # is the time. The rate capability of these electrodes can also
be tested by setting up varying current densities applied over a number of cycles. All the cells

were tested on a Land battery tester at room temperature or 55 °C in ISEM.
3.6.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an experimental method for characterizing
the energy storage and dissipation properties of electrochemical systems [262]. EIS measures
the impedance of a system over a range of frequencies, which can be carried out in
potentiostaic (PEIS) or galvanostatic (GEIS) mode. A common type EIS spectrum consists of
a low-frequency semicircle and a high-frequency tail. The PEIS are conducted by using a sine
wave around a potential (E). E can be set to a fixed value or a value relative to the working
electrode equilibrium potential over a range of frequencies. A typical PEIS consists of a low-
frequency semicircle related to the kinetic process and a high-frequency tail resulting from

the diffusion process. Usually, the high-frequency tail for the LIB system has a 45° angle
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(Figure 3.8). The GEIS is similar to the PEIS. The only difference is that the current is
controlled instead of the potential. In this thesis work, EIS spectra were collected on a

Biologic VMP-3 electrochemical work station in potentiostatic mode in ISEM.
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Figure 3.8 Typical EIS curve and the corresponding equivalent circuit for LIBs [263]. R, is
the uncompensated resistance, R is the charge transfer resistance, Cy is constant phase angle

element, W is the Warburg impedance.
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Chapter 4 Enhancing the High Rate Capability and Cycling Stability of LiMn,Q4 by

Coating of Solid-State Electrolyte LiNbO;
4.1 Introduction

As one of the most promising candidates for power sources in electric vehicles (EVs) and
hybrid electric vehicles (HEVs), LIBs need to be further improved by solving problems
related to safety issues, high costs, low rate capability, and low energy density [2, 264, 265].
Cathode materials play a decisive role in LIBs because they can contribute to low cost, as
well as high energy and high power densities. Lithium manganese oxide with a spinel
structure has been widely studied as a promising candidate cathode for safe and high power
LIBs, and Li;.,Mn,.,O4 with the proper degree of cation mixing [excess lithium atom (x <0.1)
occupying the manganese sites (16 sites) and Mn ions in the tetrahedral sites (8 sites) in the
spinel structure] has shown high cycling performance [266-269]. It remains challenging,
however, to control capacity decay during cycling, which is well-known to be associated with
Mn dissolution via the disproportionation reaction (2Mn”" soia) — Mn* (oiia) + M0 sotution))
and the crystallographic structural transformation from cubic to tetragonal phase by Jahn-
Teller distortion of Mn®" ions with high spin [270-272]. Meanwhile, organic liquid electrolyte
(OLE) is another reason for the restricted development of large-scale batteries, because it is
flammable and prone to the growth of lithium dendrites [45, 209, 213]. Solid state electrolyte
(SSE) has been proposed to replace the OLE, because it simplifies the battery design and
increases the lifetime and safety of the batteries [210, 212, 215, 273]. SSE is handicapped by
several crucial problems for battery applications, however, relating to the Li-ion transference
number, mechanical strength, and electrode/electrolyte interface contact [214, 242, 274].
Therefore, combining the advantages of the SSE and OLE is a possible solution for designing

next-generation large-scale LIBs with lithium manganese oxide cathode.
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For combining the advantages of the cathode, SSE, and OLE, one viable option is
modification of the electrode by surface coating, which is a popular and highly effective
method to achieve improved electrochemical performance. Usually, oxides (MgO [275],
Al O3 [276], Si0O, [277], ZrO, [278]), polymers (polypyrrole (PPy) [279], polyacrylonitrile
(Pan) [280]), and different forms of carbon (amorphous carbon [281], graphene [282],
graphite [283]) are used as coating layers. The coating layers can: (1) prevent direct contact
with the electrolyte solution, (2) suppress phase transitions and/or prevent dendrite growth,
(3) improve the structural stability, and (4) decrease the disorder of cations in crystal sites,

but at the expense of compromising the theoretical capacity and/or the energy density [284].

Furthermore, as a coating layer on the electrode surface, SSE is required to have easy
synthesis and a simple structure. LiNbO3, a kind of SSE, can be synthesized by solid state
reaction and has the R3c crystal structure. Glass et al. reported that LiNbOs; could be
considered as a SSE in 1978, because it exhibits high room-temperature ionic conductivity
and low electronic conductivity (10°S ecm™ and 10" S cm™, respectively) [240]. Recently,
Ohta et al. [241] reported that LiNbO; could be applied in all-solid-state lithium secondary
batteries as the buffer layer between the LiCoO, cathode and the sulphide electrolyte
(Li3.25Geg25P0.75S4, denoted as thio-LISICON), due to its high ionic conductivity and ease of
synthesis and coating on the LiCoO; cathode surface. The resultant battery exhibited low
interfacial resistance and high-rate capability, as well as revealing a feasible method to

increase the ionic conductivity at the interface between the electrode and the bulk SSE.

As an attempt to introduce an SSE coating layer into LIBs in combination with OLE, herein, I
have developed a novel LIB system which consists of a manganese spinel cathode, an SSE
LiNbOs-coating layer, OLE, and a lithium foil anode (Figure 4.1). In this report, LiNbOs-

coated-Li; osMn; 9204 was synthesized by a simple solid-state reaction method. The influence
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of the LiNbO; coating layer on the Li;0sMn; 9204 spinel cathode has been investigated,
including the influence on the crystal structure and electrochemical performance. The SSE
LiNbOs-coating layer effectively prevents Mn dissolution and maintains the high ionic

conductivity between the OLE and the cathode.

LiNbOj;-coated
Lijg0sMny 9,0y

M g — M o+ M0 raionf] 4

Figure 4.1 Schematic illustration of cathode-electrolyte interface in a lithium-ion battery
containing both an SSE-LiNbOj; coating layer and organic liquid electrolyte. OLE: organic
liquid electrolyte; SSE: solid-state electrolyte; EC: ethylene carbonate; DMC: dimethyl

carbonate.

4.2 Experimental Section

4.2.1 Material Synthesis

The LiNbOs-coated Lij¢sMn; 9,04 composite materials were synthesized by solid-state
reaction. The starting materials, niobium pentoxide (Nb2Os, 99.8% purity, CBMM-Brazil),
lithium carbonate (LiCOs;, > 99% purity, Sigma-Aldrich), and manganese acetate

(Mn(CH3CO00), 4H,0, > 99% purity, Sigma-Aldrich) were ground in an agate mortar with

a pestle in the predetermined ratio Nb : Li: Mn=x: 1.15: 1.92-x (x =0, 0.03, 0.06, and 0.1)
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until the mixture became homogeneous. After that, the mixture was pressed into pellets and
preheated at 650 °C in air for 5 h in a tube furnace. Then, the mixture was again ground,
pressed into pellets, and heated at 750 °C in air for 24 h in the same tube furnace. All the
samples were cooled to room temperature at the cooling rate of 1 °C/min after the second
heat-treatment. The details of the compositions and synthesis conditions for the LiNbO:-

coated Li; 0sMn; 904 composite materials are summarized in Table 4.1.

Table 4.1 Summary of preparation conditions for x LiNbO3-(1-x/2)Li; ¢sMn) 9,04 composite

materials.
Sample Nb/Li/Mn ratio Target composite Preparation conditions
x:1.1:1.92-x xLiNbO;-(1-x/2)Li; 0sMn;.9,04 Preheating 2nd heating
x=0 . .
0:1.1:1.92 Li;0sMn; 0,04 650 °C for 5 h 750 °C for 24 h
x=0.03 0.03:1.1:1.89
e 0.03LiNbO;-0.985Li; osMn; 9,04 650°C for 5 h 750 °C for 24 h
x=0.06 0.06:1.1:1.86
SR 0.06LiNbO;-0.97Li; jsMn; 9,04 650 °C for 5 h 750 °C for 24 h
x=0.1 0.1:1.1:1.82
""" 0.1LiNbO3-0.95Li1vggMn1_9204 650 °C for5h 750 °C for 24 h

4.2.2 Material Characterization

The structures and morphologies of the as-prepared materials were characterized by X-ray
diffraction (XRD; GBC MMA) with Cu Ka radiation, synchrotron X-ray diffraction (SXRD)
with in situ SXRD conducted at the Powder Diffraction Beamline (wavelengths: 0.7747 A,
and 0.6888 A; Australian Synchrotron, Clayton, Australia) with a Mythen detector, field
emission scanning electron microscopy (FESEM; JEOL 7500, 30 kV), transmission electron
microscopy (TEM; JEOL JEM-2011, 200 kV) with high-resolution TEM (HRTEM), and
Brunauer-Emmett-Teller (BET) analysis (Quanta Chrome Nova 1000). To test the electrodes
after cycling, the cells were opened, and the electrodes were taken out and washed with
dimethyl carbonate (DMC) three times. For the in sifu synchrotron X-ray diffraction, Kapton

film was used as a window to allow the penetration of the synchrotron beam into the in situ
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cell, which was assembled under the same conditions as the other cells in this work.
4.2.3 Electrochemical measurements

To test the electrochemical performance, the electrodes were prepared by mixing xLiNbOs-
(1-x/2)Li; osMn; 9,04 (x = 0, 0.03, 0.06, and 0.1, with x : 1-x/2 is the molar ratio of LiNbOs :
Li; 0sMn;.9,04) composite materials with acetylene black (AB) and polyvinylidene fluoride
(PVDF) in N-methyl-2-pyrrolidone (NMP), with a weight ratio of 80:10:10. The slurry was
spread onto aluminum foil substrates with an area of 1 x 1 cm® and dried at 100 °'C in a
vacuum oven for 24 h to remove water molecules. The electrode was then pressed using a
disc with a diameter of 14 mm to enhance the contact between the aluminum foil, active
materials, and conductive carbon. The average active material loading rate was ~ 5 mg cm™.
CR 2032 coin-type cells were assembled in an Ar-filled glove box (Mbraun, Unilab,
Germany), using lithium metal foil as the counter electrode. The electrolyte was 1 M LiPFg in
a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by volume,
provided by MERCK KGaA, Germany). The cells were galvanostatically charged and
discharged in the voltage range of 4.5-3.2 V at different current densities using a computer-
controlled charger system manufactured by Land Battery Testers. A Biologic VMP-3
electrochemical work station was used to perform cyclic voltammetry (CV; scanning rate 0.1
mV s™7) and electrochemical impedance spectroscopy (EIS; ac amplitude 5 mV, frequency

range 100 kHz - 0.01 Hz).

Table 4.2 Rietveld refinement results based on SXRD data for xLiNbOs-(1-x/2)Li; 9sMn;.9,04

(x=0,0.03, 0.06, and 0.1) composite materials.

Sample Composite formula Nb/Li/Mn ratio
x=0 Lij 070Mn 92004 0:1.079:1.920
x=0.03 0.029LiNbO;-0.986Li; 972Mn 92504 0.029 : 1.057 : 1.901
x=0.06 0.060LiNbO;-0.970Li; 937Mn 91204 0.060 : 1.054 : 1.855
x=0.1 0.089LiNbO;-0.956Li; g9eMn; 99104 0.089:1.051: 1.817
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Table 4.3 Lattice parameters for the xLiNbO3-(1-x/2)Li; 9sMn; 9,04 (x = 0, 0.03, 0.06, and

0.1) composite materials.

Samples a(A) b(A) c(A) Volume (A%) Rwp® (%)

x=0 Phasel® 8.21895 8.21895 8.21895 555.200 9.84
Phase2® / / / /

x=0.03 Phasel 8.22392 8.22392 8.22392 556.207 11.21
Phase2 5.14837 5.14837 13.8477 317.851

x=0.06 Phasel 8.22869 8.22869 8.22869 557.175 8.08
Phase2 5.1503 5.1503 13.8462 318.075

x=0.10 Phasel 8.23028 8.23028 8.23028 557.499 11.26
Phase2 5.14993 5.14993 13.8460 318.024

* R, is the agreement factor for the xLiNbO;-(1-x/2)Li; 0sMn; 9,04 (x = 0, 0.03, 0.06, 0.1) refinement.
b is Li1<08Mn1.9204 phase. ¢ is LleO3 phase.

Table 4.4 Atomic sites and coordinates x, y, z, with N (number of atoms) for Li; opsMn;.9204

compound.
Atom X M z N Occupancy
Lil 0.12500 0.12500 0.12500 8 1.0
Mnl 0.50000 0.50000 0.50000 16 0.9602
o1 0.26030 0.26030(2) 0.26030 32 1.0
Lil2 0.50000 0.50000 0.50000 16 0.0397

Table 4.5 Atomic sites and coordinates x, y, z, with N (number of atoms) for 0.03LiNbO;-

0.985L1; 0sMn; 9,04 composite material.

Atom X y z N Occupancy
Lil 0.12500 0.12500 0.12500 8 1.0

Mnl 0.50000 0.50000 0.50000 16 0.9639(2)
Ol 0.26249(2) 0.26249(2) 0.26249(2) 32 1.0

Lil2 0.50000 0.50000 0.50000 16 0.0361(2)
Li2 0.0 0.0 0.282(21) 6 1.0

Nb2 0.0 0.0 0.002(10) 6 1.0

02 0.044(11) 0.310(16) 0.074(13) 18 1.0

Table 4.6 Atomic sites and coordinates x, y, z, with N (number of atoms) for 0.06LiNbOs-

0.97Li; osMn; 9,04 composite material.

Atom X y z N Occupancy
Lil 0.12500 0.12500 0.12500 8 1.0

Mnl 0.50000 0.50000 0.50000 16 0.9561(2)
O1 0.26321(2) 0.26321(2) 0.26321(2) 32 1.0

Li12 0.50000 0.50000 0.50000 16 0.0438(2)
Li2 0.0 0.0 0.311(4) 6 1.0

Nb2 0.0 0.0 0.006(5) 6 1.0

02 0.037(6) 0.314(9) 0.079(5) 18 1.0
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Table 4.7 Atomic sites and coordinates x, y, z, with N (number of atoms) for 0.1LiNbO3-

0.95Li; osMn; 9204 composite material.

Atom X y z N Occupancy
Lil 0.12500 0.12500 0.12500 8 1.0

Mnl 0.50000 0.50000 0.50000 16 0.9503(2)
Ol 0.26317(2) 0.26317(2) 0.26317(2) 32 1.0

Lil2 0.50000 0.50000 0.50000 16 0.0496(7)
Li2 0.0 0.0 0.2809(1) 6 1.0

Nb2 0.0 0.0 0.0017(1) 6 1.0

02 0.037(4) 0.331(7) 0.0587(1) 18 1.0

4.3 Results and Discussion

The structures and phases of the as-prepared xLiNbO3-(1-x/2)Li; osMn;.9,04 (x = 0, 0.03, 0.06,
and 0.1) samples were analyzed by XRD (Figure 4.2 in the Supporting Information) and
SXRD (Figure 4.3 and Figure 4.4). The diffraction patterns can be indexed as mixed phases
with a slight amount of peak shifting compared with the standards in the database [LiMn,O4
Fd3m spinel structure (JPCDS card no. 35-0782) and LiNbOj; R3¢ structure (JPCDS card no.
20-0631)]. As can be seen from SXRD Rietveld refinement results in Figure 4.3a, the spinel
Lij 0sMn; 9,04 sample can be written as Lij g70Mn; 92004, matching well with the target value
(Table 4.2-4.7). After the Nb element is added, the LiNbOj; phase materials maintains a stable
structure and the lattice constant of Lij0sMn; 9,04 compared with LiMn,Oy is slightly
increased, corresponding to the partial replacement by lithium ions of manganese ions in
octahedral sites (lattice parameter details shown in Table 4.3) [285, 286]. It needs to be
pointed out, however, that the refined formula for 0.1LiNbO3-0.95Li; ¢sMn; 9,04 composite
material cannot match the target value, indicating that the amount of LiNbOj; should be less
than 0.1 mol for maintaining effective cation mixing in Li;.;Mn;,,O4 (Table 4.1) [287-289].
As shown in Table 4.2, the amount of lithium ions is less than 1.15 mol. The small amount of

lithium ion loss in the composite is owing to the natural presence of lithium vapor at around

71



Chapter 4 Enhancing the High Rate Capability and Cycling Stability of LiMn,0, by Coating of
Solid-State Electrolyte LINbO;

650 °C [290]. The vapor component of the lithium ions can react with niobium ions when the

amount of niobium is high enough, according to the results of Table 4.2.
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Figure 4.2 XRD patterns of as-prepared xLiNbO;-(1-x/2)Li; osMn; 9,04 (x =0, 0.03, 0.06,

and 0.1) composite materials.

Typical FESEM and TEM observations of the xLiNbO3-(1-x/2)Li; osMn; 9,04 (x = 0, 0.03,
0.06, and 0.1) composite materials are shown in Figure 4.5 and 4.6. The particles of the
pristine Li; gsMn; 9,04 sample showed very smooth edges, and there is no other layer on the
surface. After introducing the Nb element, the particle sizes of the xLiNbO;-(1-
x/2)Li1 0sMn; 9,04 (x = 0.03, 0.06, and 0.1) composite materials are slightly increased,
however, the particle sizes gradually decrease as the amount of Nb element increases, and the
0.06LiNbO3-0.97L1i; 9sMn; 9,04 composite material features an almost uniform coating layer
on the surface of the Lij osMn; 9,04 particles. The specific surface areas of the as-prepared
samples were measured by the 15-point Brunauer-Emmett-Teller (BET) N, adsorption
method. The specific surface areas of the xLiNbOs-(1-x/2)Li; 0sMn; 9,04 (x = 0, 0.03, 0.06,

and 0.1) composite materials were 2.9, 1.8, 2.3, and 2.5 m” g, respectively. The specific
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surface areas of the LiNbO; coated samples are lower than for the sample without LiNbOs3,
because the LiNbO; coating layer acts as a connecting layer between some tiny Lij gsMn; 9,04

particles.
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Figure 4.3 Rietveld refined SXRD patterns of (a) Lij 9gsMn; 9204, with the spinel structure of
Li; 0sMn; 9204 shown in the inset (space group Fd§m); (b) 0.06LiNbO3-0.97Li; osMn; 9704.
I(obs) is observed data, I(cal) is calculated data, I(obs)-I(cal) is the difference curve between

the observed and calculated intensities. Ry, is the weighted profile factor.

To confirm the thickness and crystal structure of the coating layer and matrix, HRTEM
images and the corresponding electron diffraction patterns are shown in Figure 4.7. The
pristine Li; 0sMn; 9,04 sample shows lattice fringes with a lattice spacing of 4.76 A along the

[111] direction, and the selected area electron diffraction (SAED) pattern presents well-
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defined spots which can be well indexed to the cubic spinel structure [Figure 4.7(a-c)].
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Figure 4.4 Rietveld refined SXRD patterns of (a) 0.03LiNbO3-0.985Li; gsMn; 9,04, (b)

0.1LiNbO3-0.95L1i; gsMn; 9,04. I(obs) is observed data, I(cal) is calculated data, I(obs)-I(cal)

is the difference curve between the observed and calculated intensities.

As observed in Figure 4.7(d), the thickness of the LiNbO; coating layer is 5-8 nm, and the
LiNbOs; coating layer consists of nanocrystalline structures with different crystallographic
directions (such as the [104] direction with a lattice spacing of 2.75 A and the [110] direction
with a lattice spacing of 2.58 A). Furthermore, the SAED pattern for the 0.06LiNbOs-
0.97Li; osMn; 904 composite material clearly shows two sets of diffraction spots: 1) well-
defined bright spots indexed to the cubic spinel structure; 2) polycrystalline diffraction rings
corresponding to the LiNbOj coating layer and indexed as (104), (110), and (006) from the

inside out, respectively [Figure 4.7(e) and (f)]. Therefore, it is found that the 0.06LiNbO;-
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0.97Li; 0sMn; 9204 composite material has the proper concentration of Nb element, with a thin
and uniform LiNbO; coating layer acquired during the solid-state reaction. The solid-state
reaction should consist of a two-phase synergistic nucleation and growth process and the
small amount of LiNbO; has a preference for nucleation and growth at Li; psMn; 9,04 lattice

defects which are located at the crystal surface.

Figure 4.5 FESEM images of as-prepared xLiNbO3-(1-x/2)Li; osMn; 9204 composite
materials: (a) Li1,08Mn1.9204; (b) 0.03LiNbO3-O.985Li1.08MIl1,9204; (C) 006L1Nb03-
0.97L1; 0sMn; 9204; (d) 0.1LiNbO3-0.95L1; 9sMn; 9,04. The corresponding high magnification

images are shown in the insets.

The influence of the SSE-coating layer on LIBs was investigated as follows. The
electrochemical performance of the xLiNbO;-(1-x/2)Li; gsMn; 9204 (x = 0, 0.03, 0.06, and
0.1) composite materials was initially investigated by cyclic voltammetry (CV) (Figure 4.8).
In all of the four samples, the typical two redox peaks can be observed, corresponding to a
two-step reversible intercalation reaction, leading to A-MnO,/LipsMn,O4 and
LipsMn,O4/LiMn,04 [291-293]. Meanwhile, apart from the first cycle (electrode activation),

no significant alteration in the CV curves is observed from the second cycle onwards. An
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additional peak at 3.8 V - 3.9 V appears in Figure 4.8(a-c). Chen’s group reported that the
peak at 3.8 V - 3.9 V is caused by the disordered structure of the lithium-rich spinel
manganese oxide and that this peak is present in the first discharge curve [294]. Tarascon’s
group also reported that the cation mixing in spinel LiMn,0O4 between lithium octahedral sites
(8 sites) and manganese tetrahedral sites (16 sites), gives rise to high discharge capacity
[287]. As can be seen from the xLiNbO;3-(1-x/2)Li; gsMn; 9,04 (x = 0.03 and 0.06) electrodes
[Figure 4.8(b) and (c)], the peak at 3.8 V - 3.9 V shows no significant alteration from the
second cycle onwards. The reason might be that the SSE-LiNbOs coating layer prevents

change in the disordered structure.

50 nm
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'LiNbO; coating |ayerﬁ_ b

Figure 4.6 TEM images of as-prepared xLiNbO3-(1-x/2)Li; 9sMn; 9204 composite materials:
(a) Li],ogMn149204; (b) O.O3LiNbO3—0.985Li1_ogMI‘l149204; (C) 0.06LiNb03—0.97Li1_ogMn1_9204;

(d) 0. 1LiNbO3—0.95Li1 ,ogMn1.9204.

Charge/discharge curves for the first cycle are shown in Figure 4.9(a). In good agreement
with the CV results, all of the xLiNbO;-(1-x/2)Li;0sMn; ;04 electrodes show two
distinguishable pseudoplateaus (at ~4.15 V and ~4.0 V) and the 0.06LiNbOs-

0.97L1i; 0sMn; 9,04 electrode shows an extra plateau at 3.8 V-3.9 V, resulting in a higher
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discharge capacity than for the other SSE-coated electrodes (126.1 mAh g, 124.9 mAh g,
and 119.1 mAh g, corresponding to x = 0.03, 0.06, and 0.1, respectively). The pristine
Li; 0sMn, 0,04 electrode shows the highest discharge capacity with 131.5 mAh g, agreeing
well with those of other reported lithium-rich manganese oxides [289, 295, 296]. To further
evaluate the rate capability, the xLiNbOs-(1-x/2)Li; 0sMn; 9,04 electrodes were cycled at
various current densities ranging from 0.5 C to 50 C within a potential window of 4.5-3.2 V
at 25 °C, followed by a return to 0.5 C. A rate of n C corresponds to a full charge/discharge
rate of the theoretical capacity in 1/n hours, and 1 C is 148 mAh g'1 for LiMn,O4. As shown
in Figure 4.9(b) and (c), the 0.03LiNbO;3-0.985Li;9sMn; 9,04 electrode and 0.06LiNbO;-
0.97L1i; 0sMn; 9,04 electrode exhibit excellent rate capability, such that when the C-rate
increases, even up to 50 C, the cell still retains 83.3% and 87.9% of the original capacity of

124.9 mAh g and 126.1 mAh g™, respectively. Whereas, the pristine

.
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Figure 4.7 HRTEM images of a) Li; gsMn; 9,04 and d) 0.06LiNbO3-0.97Li; gsMn; 9,04 b) and
f) are the corresponding low magnification TEM images; ¢) and f) are the corresponding

SAED patterns.

Li; 0sMn; 9204 electrode and the 0.1LiNbO3-0.95L1; osMn; 9,04 electrode show inferior rate
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capability of only 41.4% and 70.7% of the original capacity of 131.5 mAh g and 119.1 mAh
g, respectively, under the same conditions of increasing C-rate. The rate plots [Figure 4.9(c)]
show that the high rate capability of the electrode containing the 0.06LiNbO;-
0.97L1; osMn; 9,04 composite materials is better than those of the electrodes containing the
other xLiNbOs-(1-x/2)Li; gsMn; 9204 composite materials (x = 0, 0.03, and 0.1), suggesting
that the solid state electrolyte LiNbO;3 coating layer plays an important role in the rate
capability. Electrodes with partially LiNbO; coated lithium-rich manganese oxide also show
good rate capability, however, the rate capability is inferior when the LiNbOs is in the form of
clusters, not layers, due to excess Nb element (x = 0.1 for xLiNbO;3-(1-x/2)Li; 9sMn; 9204). It
should be noted that the rate capability of the xLiNbO;-(1-x/2)Li; 0sMn; 9,04 composite

materials (x = 0.03, 0.06, and 0.1) is better than that of the pristine Li; psMn;.904.
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Figure 4.8 Cyclic voltammograms of the xLiNbO3-(1-x/2)Li; gsMn; 9,04 electrodes for the

first 5 cycles at a scan rate of 0.1 mV st (a) Lij 0sMn;j 9204; (b) 0.03LiNbO;-
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O.985Li1,08M1’11_9204; (C) 0.06LiNbO3-0.97Li1_ogMH1.9204; (d) 0.1LiNbO3-O.95Li1_03Ml’l1,9204.
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Figure 4.9 (a) Charge-discharge curves of xLiNbO;-(1-x/2)L1i; 9sMn; 9,04 electrodes for the
first cycle at 25 °C at current density of 0.5 C (1 C = 148 mAh g'); (b) rate performance and
(c) capacity retention rate of xLiNbO3-(1-x/2)Li; 0sMn; 9,04 electrodes at different current
densities from 0.5 C to 50 C at 25 °C. The rate capability in (c) is expressed as a relative

specific discharge rate compared to that obtained at the low rate of 0.5 C.

The electrochemical delithiation/lithiation processes were also investigated via in situ SXRD.
As can be seen from Figure 4.10 and Figure 4.11, the 0.06LiNbO3-0.97Li; ¢sMn; 9,04
composite material has undergone highly reversible changes in crystal structure at 0.5C and
room temperature. During the charge process, the lattice constant of Li; gsMn; 9204 gradually
decreases from a = 8.228 A (voltage = 3.22 V, open circuit potential) to a = 8.066 A (Voltage

= 4.5 V), with the SXRD peaks corresponding to shifts in the peaks of Li; 0sMn; 9204 to
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higher angles [Figure 4.10(b), (d), and (e)]. A similar phenomenon appears during the

discharge process, in which the SXRD peaks are shifted backward from their initial position
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Figure 4.10 /n situ SXRD patterns of 0.06LiNbO3-0.97L1; 0sMn; 9,04 during the first cycle at
0.5C. (a) Selected individual diffraction patterns during the first cycle stacked against the
charge/discharge curve. The main peaks of Li; osMn; 9oO4 correspond to the (b) (111), (d)
(400), and (e) (511) reflections. These regions are highlighted in the bottom columns, and

peaks corresponding to the Li; gsMn; 9,04 and A-MnO, (Lig 04Mng.960;) phases are marked by

black dotted lines and purple dotted lines, respectively. For the LiNbOj; phase, the main peak
that corresponds to the (012) reflection is also highlighted in the bottom columns (c¢). LMO:
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Lil_ogMn1,9204; MO: Li0_04Mn0_9602 (}L-MHOZ); LNO: LleO3
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Figure 4.11 In situ SXRD patterns of 0.06LiNbO3-0.97Li; osMn; 904 during the first cycle at
0.5 C. (a) Image plot of diffraction pattern reflections during the first cycle. The horizontal
axis represents the selected 26 region, and time is on the vertical axis. The diffraction
intensity is color coded, with the scale bar shown on top. The corresponding charge/discharge
curve is plotted to the right. (b) Selected individual diffraction patterns during the first cycle
stacked against the charge/discharge curve. The main peaks correspond to the (111), (311),

(222), (400), (331), and (440) reflections.

(@ = 8225 A, voltage = 3.2 V). No new crystal structure is generated during the
delithiation/lithiation processes. That is to say, there is no nucleation and growth of a second
phase, so that the spinel structure avoids rearrangement and large volume changes [297-300].
It should be pointed out that lithium shows preferred nucleation and growth orientation
during the charge/discharge process [lithium (220) reflection, Fig 4.10(a)]. As can be seen
from Figure 4.12, a non-equilibrium solid solution phase, Li,90sMn; 904 (0 < x < 1), spans
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the entire composition between the two thermodynamic phases, LijosMn; 9,04 and
Lig.0aMng 9602 (A-MnQO;). An analogous phenomenon has also been reported in Li; osMnyOy4
and LiFePO, cathode materials for LIBs [285, 297]. From Figure 4.10(c), we can see that the
SSE coating layer of LiNbO; shows a weak (012) reflection. No peak shifts of LiNbO; appear
throughout the charge/discharge process. The dual structure of the cathode material, a stable
LiNbOs structure (Figure 4.13) and a non-equilibrium solid solution phase [Liy+90sMnj 9704
(0 <x < 1)], effectively prevents the soluble Mn*" from being generated and diffusing to the
OLE, and avoids the splitting up of Lij0sMn; 9,04 particles caused by the slight crystal
volume change. Although SSE presents a low Li-ion transfer rate in all solid state batteries,
there is no obvious evidence that the thin LiNbO3 SSE coating layer affects the Li-ion transfer
rate from the in situ SXRD results. Therefore, the low-energy non-equilibrium solid solution
phase [Liy0.0sMn;.9204 (0 < x < 1)] and the stable SSE coating layer of LiNbOj3 can increase

the high-rate capability and cycling stability.
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Figure 4.12 Phase transformation from Li; gsMn; 9,04 (blue) to Lig 04Mng 9602 (A-MnO, red)
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and the structural relations between Li; gsMn; 9,04 and Lig0aMng.960; (A-MnQO;) with the
corresponding lattice parameter changes. The lattice parameter changes with charge/discharge
time correspond to the selected individual diffraction patterns [Figure 5(b)]. The
delithiation/lithiation proceeds at 0.5 C via the formation of a non-equilibrium solid solution
phase, Li,+.0sMn; 9,04 (intermediate pink color). When the charge/discharge process is
finished, the particles have reached their equilibrium configuration corresponding to the

Lio.04Mn0.9602 (X—MHOZ) and LillogMn1_9204 structures.

Figure 4.13 Structure of LiNbO; (space group R3c¢).

To investigate the cycling stability, the variation in the discharge capacity of the electrodes
over 100 cycles is shown in Figure 4.14, where there is a comparison between Li; osMn; 9204
samples containing different amounts of SSE-LiNbOs;. The initial discharge specific
capacities, at a rate of 0.5 C, are 131.9 mAh g, 123.8 mAh g, 124.7 mAh g, and 119.7
mAh g'1 for xLiNbOs-(1-x/2)Li; gsMn; 9204 electrodes with x = 0, 0.03, 0.06, and 0.1,
respectively [Figure 4.14(a)]. The retained discharge capacity was 91.4%, 94.1%, 95.7%, and
93.1%, respectively, after 100 cycles, in comparison with the initial capacity (corresponding

discharge capacity: 120.6 mAh g, 116.5 mAh g', 119.4 mAh g', and 111.5 mAh g")
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[Figure 4.14(c)]. The behavior of xLiNbO;3-(1-x/2)Li; osMn; 9,04 (x = 0, 0.03, 0.06, and 0.1) at
high temperature (55 °C) has also been investigated and is shown in Figure 4.14(b) and (d).
The pristine Lij osMn; 904 shows a higher initial capacity than that of the same electrode at
25 °C and there was a 23.7% capacity loss after 100 cycles from 135 mAh g to 103 mAh g™
In contrast, 0.06LiNbO3-0.97L1i; osMn; 9,04 exhibits much greater cycling stability than the
pristine compound, with only 14.3% capacity loss after 100 cycles from 139.1 mAh g™ to
111.0 mAh g'. All of the samples with the LiNbO; coating layer show stable cycling
performance at 55 °C, although the capacity exhibits more fading compared with the pristine
Lij 0sMn; 9oO4 when the mol ratio of LiNbOs is 0.1 in the xLiNbOs3-(1-x/2)Li; osMnj 9204
composite materials. In accordance with those cycling stability results, a thin and uniform
LiNbOs-coating layer on the surface of Lij0sMn; 9,04 increases the high rate capability,
prevents capacity fading and decrease the capacity loss caused by the weight percentage of
LiNbO;, especially at high temperature. The cycling performance of 0.06LiNbOs;-
0.97Li; 0sMn; 9,04 at 25 °C and 55 °C is not only in sharp contrast to that of the pristine
Lij 0sMn; 904, but also compares favorably with the widely reported results for cycling

stability of Li;+,Mn,.,O4 with or without a coating layer (Table 4.8).

140 140

P (@) ~ ko)

(=] (=}

= 130 f 2 130

£ £

= 120 [y — 120

= =

G G

8 110 = *0 @ 110 = x=0

[=% [=%

3 « x=0.03 o * x=0.03

L 100k A x=0.06 & 100t & x=0.06

5 v x=0.1 g v x=0.1

o g0 I I I I [=% ag 1 1 1 1

o 0 20 40 60 80 100 @ 20 40 60 80 100
Cycle number (n) Cycle number (n)

102

100

98

96

x=0
x=0.03
x=0.06
x=0.1

94

92

4 F & =

20

70 L L L 1
0 20 40 60 80 100

Cycle number (n)

Figure 4.14 Cycling performance (a, b) and capacity retention rate (c, d) for xLiNbO3-(1-

20 40 60 80
Cycle number (n)

100

Specific capacity retention rate (%)
Specific capacity retention rate (%)

84



Chapter 4 Enhancing the High Rate Capability and Cycling Stability of LiMn,0, by Coating of
Solid-State Electrolyte LINbO;

x/2)Li; osMn; 9,04 electrodes (x = 0, 0.03, 0.06, and 0.1) at current density of 0.5 C with a
potential window of 4.5-3.2 V: (a) and (c) at 25 °C, (b) and (d) at 55 °C. The cycling retention
rate is expressed as a relative specific discharge capacity compared to that obtained from the

first cycle.

Table 4.8 Cycling and rate performance of Li;+,Mn,.,O4 spinel cathodes in the literature “.

Initial capacity Capacity retention ” Rate capability
Composition Reference
(mAh g") and (C) (%) and (cycles) (C) and (%)
0.06LiNbO3-0.97Li; ¢sMn; 9,04 125 0.5 96 100 50 88 Current work
LiMn,O4 ~135 0.33 ~92 50 / / 41
LiMn,04 ~115 10 ~91 400 100 81 49
LiMn,O4 105 10 / / 30 52 50
Li; 03Mn, 97,04 127 1 91 100 10 84 42
Li; 0sMn;04 ~ 120 10 ~75 200 / / 39
Li; 0sMn) 9504 116 0.2 ~91 150 / / 51
Li; 0sMny04 123 0.2 84 25 / / 52
Li; 0sMny04, 119 0.33 92 50 / / 34
LiMn,04-6.3wt%Ag 123 1 94 50 10 94 53
Li; 0sMny04-0.1wt%LBO 122 0.2 87 25 / / 52
LiMn,04-7mol%LiCoO, ~122 0.2 92 100 / / 54

“ Comparisons may only be approximate due to the diversity of cell assembly techniques in different laboratories. * Capacity after 100 cycles
compared with the initial capacity at room temperature and the corresponding discharge current density. ¢ High rate current density and

capacity retention compared with the capacity at around 0.5 C and room temperature.

Table 4.9 R, R.;, and R; values for the xLiNbO3-(1-x/2)Li; 0gMn;.9004 (x = 0, 0.03, 0.06, and

0.1) electrodes calculated by Zview.

Temperature (K) R (Q) Rt () R ()
Lij 0sMn; 0204

297.15 3279 563.6 0.5
303.15 195.4 288.2 0.6
311.15 139.3 133.8 0.7
316.15 118 89.9 0.7
328.15 84.6 37.1 0.9
0.03LiNbO3-1.985L1i, 0sMn; 9,04

297.15 146.2 144.3 2.6
303.15 116.1 121 3.6
310.15 90.7 77.6 1.9
316.15 84.6 53 1.8
324.15 80.6 26.9 1.6
0.06LiNbO3-1.97Li,; osMn; 9,04

297.15 75.2 164.3 2.8
303.15 56.9 126.3 1.9
310.15 45.6 99.1 2.2

85



Chapter 4 Enhancing the High Rate Capability and Cycling Stability of LiMn,0, by Coating of
Solid-State Electrolyte LiNbO;

Temperature (K) Rt (Q) Ret (€2) RI(Q)
316.15 38.1 67.4 1.8
323.19 36.9 56.2 1.9
0.1LiNbOs-1.95Li; osMn 9,04
297.15 121.2 214.5 4.6
303.15 89.7 164.6 3.6
309.15 77.5 128.7 2.2
316.15 66.6 95.9 2
325.19 54.1 529 23
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Figure 4.15 Nyquist plots of xLiNbOs3-(1-x/2)Li; osMn; 9204 (x = 0, 0.03, 0.06, and 0.1)
electrodes after cycling over 5 cycles at a discharge potential of 4.0 V vs. Li/Li" at different
temperatures and frequencies from 100 kHz to 10 mHz. The equivalent circuit is shown in the

insets.

To further investigate the influence of the SSE coating layer on the LIBs when combined
with OLE, the electrochemical kinetics for the xLiNbO3-(1-x/2)Li; 0sMn; 9,04 (x = 0, 0.03,
0.06, and 0.1) electrodes was examined by electrochemical impedance spectroscopy (EIS).
Figure 4.15 shows the Nyquist plots at discharge potential of 4.0 V vs. Li/Li" at different
temperatures after 5 cycles. All the impedance curves show two partially overlapping
semicircles in the high to medium frequency region, which could be assigned to the film
resistance (Ry), associated with the solid electrolyte interphase (SEI), and the charge transfer
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resistance (R.), respectively. A line inclined at approximately 45 reflects the Warburg
impedance (W), which is associated with the lithium-ion diffusion in the LijsMn; 9,04
compound. The high-frequency intercept of the semicircle reflects the uncompensated
resistance (R;), which includes the particle-particle contact resistance, the electrolyte
resistance, and the resistance between the cathode materials and the current collector [105].
The R, R, and R; values for the xLiNbO3-(1-x/2)Li; 0gMn;.9:04 (x = 0, 0.03, 0.06, and 0.1)
electrodes were obtained using the equivalent circuit shown in the inset of Figure 4.15(a)
(calculated by Zview and shown in Table 4.9). The R; of the LiNbOs-coated Lij ¢sMnj.9,04
electrodes is slightly higher than that of the pristine Li; ogMn; 9,04 electrode, whereas the Ry is
apparently decreased after coating with LiNbOs. This indicates that the LiNbO; coating layer
effectively hinders SEI formation. The lithium diffusion coefficients and apparent activation
energies of the xLiNbOs-(1-x/2)Li; gsMn; 9204 (x = 0, 0.03, 0.06, and 0.1) electrodes were

calculated from EIS results using a previously reported method [134, 301].
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Figure 4.16 Real part of the complex impedance for the electrodes versus o™ at a series of
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Figure 4.17 Electrochemical kinetics for xLiNbO3-(1-x/2)L1i; 0sMn; 9,04 (x = 0, 0.03, 0.06,

and 0.1) electrodes at a discharge potential of 4.0 V vs. Li/Li": (a) Arrhenius plots of 1g io

versus 1/7. The lines are the linear fitting results; (b) lithium diffusion coefficients at different

temperatures; (¢) Lg D versus 1/7T plots during lithium insertion, with the solid lines

indicating the linear fitting results; (d) comparison of £, and E,p (activation energy based on

the Arrhenius equation and on the lithium diffusion coefficient, respectively).

The lithium diffusion coefficient can be used to calculate using the following Equation (4.1)

[302, 303]:

D = R’ 24 F' C*6*

(4.1)

where D is the diffusion coefficient (cm® s™), R is the gas constant, T is the absolute

temperature, 4 is the surface area of the cathode (1 cmz), n is the number of electrons
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transferred in the half-reaction for the redox couple, which is equal to 1, F' is the Faraday
constant, C is the concentration of Li ions in the solid Li; 0sMn; 0,04 (2.99 x 10™ mol cm™),
and o is the Warburg factor, which is relative to Z. [304]. o can be obtained from the slope of

the lines in Figure 4.16.

Zee=R/+R,;+ o™ 4.2)

The lithium diffusion coefficients are calculated to be (1.1, 9.1, 11.3, and 6.3) x 10"% cm?® s™!

for the xLiNbOs-(1-x/2)Li; 0sMn;.9,04 (x = 0, 0.03, 0.06, and 0.1) electrodes, respectively, at
24 °C. The 0.06LiNbO;3-0.97Li; 0sMn; 9,04 composite material with a thin and uniform
coating layer exhibits the highest lithium diffusion coefficient. The high lithium diffusion
coefficient is also owing to the high ionic conductivity of the SSE-LiNbO; coating layer.
During the sintering process at high temperature, the primary particles (around 500 nm in
size) were merged into secondary particles (about 1 um), as shown in Figure 4.5 and Figure
4.6. The portion of LiNbQOj that is located in the interior of the secondary particles (due to the
coating on the primary particles) effectively improves the lithium diffusion coefficient. The
lithium diffusion coefficient increases with increasing of LiNbOs uniformity on the surface of
the Li; gsMny 9,04 crystal. When the primary Li; 0gMn; 9,04 particles have a thin and uniform
coating layer, there will be a three-dimensional (3D) LiNbOs net structure. This 3D LiNbO;
net structure effectively decreases the lithium diffusion distance and increases the lithium
diffusion coefficient. The lithium diffusion coefficient was also calculated at different
temperatures [Figure 4.17(b)]. The lithium diffusion coefficient increases as the temperature

increases.

The exchange current (ip) and the apparent activation energy (£,) for lithium intercalated into
the Lij 0gMn; 9204 spinel structure can be calculated from Equation (4.1) and the Arrhenius

equation, Equation (4.2), respectively.
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io=RT/nF R,, (4.3)

iv=A exp(- E/ RT) 4.4)

where 4 is a temperature-independent coefficient, R is the gas constant, 7 (K) is the absolute
temperature, » is the number of transferred electrons, and F is the Faraday constant. Figure
4.17(a) shows the Arrhenius plots of Ig iy as a function of 1/7. The apparent activation
energies [E, = - Rk In 10, where £ is the slope of the fitting line in Figure 4.17(a)] of the
xLiNbO;3-(1-x/2)Li; 0sMn; 9004 (x = 0, 0.03, 0.06, and 0.1) electrodes are shown in Figure
4.17(d). The 0.06LiNbO3-0.97Li; osMn; 9204 composite material with a thin and uniform

coating layer exhibits the lowest £, (36.9 kJ, error within 1.5%).

The diffusion apparent activation energy (£,p) can also be calculated from the plots of log D
vs. 1/T using the equation: E,p = - Rk In (10), where £ is the slope of the fitting line in Figure
4.17(c). The diffusion apparent activation energy is shown in Figure 4.17(d), and the trend in
the values as the amount of Nb element increases is similar to that for £, (based on the
Arrhenius equation). The lowest Eap (75.8 kJ, error within 1%) appears for the 0.06LiNbO3-
0.97Li; 0sMn; 9204 composite material with a thin and uniform coating layer, corresponding to

the lithium diffusion coefficient results.

The excellent electrochemical stability of the 0.06LiNbO3-0.97Li;0sMn; 904 composite
material is also confirmed by the images of electrodes, which were collected after 100 cycles
at 0.5 C and 25 °C (Figure 4.18). As can be seen from the optical digital photographs (Figure
4.18: the right sides of the FESEM images), the morphology of the 0.06LiNbOs-
0.97Li; osMn; 9»04 cathode electrode after 100 charge-discharge cycles is still smooth and
flat, and the counter anode (lithium foil) and separator do not show manganese deposition
from cathode dissolution, whereas the pristine LijosMn; 9,04 cathode electrode after 100

charge-discharge cycles shows a rough surface, and the surfaces of the counter anode (lithium
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foil) and separator exhibit an obvious black slurry from cathode manganese dissolution.

Figure 4.18 Images of electrodes collected after 100 cycles at 0.5 C and 25 °C: FESEM
images of (a) 0.06LiNbO;3-0.97L1i; 9sMn; 9,04 sample and (b) pristine Li; gsMn; 9,04 sample.
The right sides of the FESEM images are the corresponding optical digital photographs for

the cathode (top), separator (middle), and lithium anode (bottom).

Figure 4.18 (a) and (b) presents the respective FESEM images of the 0.06LiNbOs;-
0.97Li; 0sMn; 9,04 and pristine Lij psMn; 9,04 cathodes after100 cycles at 0.5 C and 25 °C. It
can be found by comparing the two cathodes that the pristine Li; 0sMn; 9,04 particles are
separated from each other and shrunken within the secondary particles, but this did not occur
in the LiNbOs-coated cathode. Due to the sintering at high temperature, the primary particles
(around 500 nm in size) were merged into secondary particles (about 1 um), as shown in
Figure S3. Similar to what was previously reported, the formation of Mn®" leads to Mn
dissolution, and Jahn-Teller crystallographic distortion causes the primary particles of
Lij 0sMn; 9,04 to separate and shrink [305, 306]. Therefore, the SSE-LiNbO; coating layer
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prevents the soluble Mn®" from passing into the electrolyte and allows the Li" ions free
transportation among the cathode, OLE, and anode, while there are no reports that
conventional coating layers can decrease the lithium ionic conduction and/or charge transfer

reaction between the electrode and electrolyte [242, 275-283].
4.4 Conclusion

SSE-LiNbOj coating layers on manganese spinel cathode were successfully introduced into
LIBs with an organic liquid electrolyte system using a facile solid-state reaction method. The
Li; osMn; 9204 sample with a thin and uniform coating layer exhibited higher cycling stability,
higher rate capability, and better high temperature cycling performance than the pristine
Li; osMn; 9;04. The SSE-LiNbO; coating layer effectively prevented Mn dissolution, and the
Lij osMn; 9,04 samples with LiNbO; coating layers showed much lower charge transfer
resistance, lower apparent activation energy, and lower apparent diffusion activation energy
than the pristine Li; gsMn; 9,04 sample, due to their high ionic conductivity. The successful
combination of a SSE coating layer with OLE in LIBs provides a clear direction for

designing next-generation large-scale LIBs.
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Chapter 5 Solid-state electrolyte LiNbO; Additive for Improving Cycling and Rate

Abilities of High-Voltage LiNiypsMn; 504 Cathode Material
5.1 Introduction

Spinel LiNigsMn;sOs (LNMO) has received particularly attention as a potential cathode
material for large-scale energy storage and electric vehicles (EVs), due to its high-voltage
plateau (~ 4.7 V vs. Li"/Li) offering high energy density [2, 3, 307]. In addition, LNMO
shows several advantages, such as low cost, environmental friendliness, good rate capability
due to its fast Li" diffusion within the three-dimensional spinel structure [15, 308]. The
electrochemical performance of LNMO, however, depends on many factors related to the
material itself, such as its crystalline structure (cation mixing and stoichiometry), particle
morphology and size, and electrolyte type. It worth noting that the LNMO shows
unsatisfactory electrochemical performance at high rate and does not have a long cycle life.
This poor battery performance is partly owing to variations in lithium ion conductivity
between different LMNO secondary particles and the high reactivity of the transition metal
cations at the surface. The latter leads to the formation of cathode electrolyte interphase
(CEI), which is a thick, resistive passivation layer and also limits the lithium ion

intercalation/deintercalation [309-311].

One viable option is modification of the material by coating with an oxide, such as MgO
[312], ZnO [313], or SiO, [314]. The coating layers can protect the electrolyte from the
oxidative side reactions at high voltage, but it does not improve the lithium ion conductivity.
Recently, Ohta et al. reported that oxide buffer layers (LisTisO, [274], LiNbO3; (LNO) [241],
LiTaO;[315], and Li,SiO3 [316]) are interposed in all-solid-state lithium-ion batteries (LIBs)
between the LiCoO; cathode and electrolyte by spray-coating or the sol-gel method, and

reduce the lithium charge transfer resistance (related to lithium ion conductivity). In
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particular, LiCoO; particles coated with solid-state electrolyte LNO exhibited the smallest
lithium charge transfer resistance among them. Meanwhile, Haruyama et al. theoretically
elucidated that the LNO interposition provides smooth lithium ion transport paths between

the cathode and electrolyte [242].

Herein, I uniformly mixed solid-state electrolyte LNO and LNMO material using a simple
solid-state reaction method. The solid-state reaction should consist of a two-phase synergistic
nucleation and growth process, and the small amount of LNO has a preference for nucleation
and growth at LNMO lattice defects, which are located at the crystal surface. During the
sintering process at high temperature, the LNMO primary particles were merged into
secondary particles. Solid-state electrolyte LNO additive acts as a bifunctional additive in
LIBs with organic liquid electrolyte. The portion of LNO that is located in the interior of the
secondary particles (due to nucleation and growth on the primary particles) effectively
improves the lithium diffusion coefficient; and the portion of LNO that is located on the
secondary particle surface protects the electrolyte from the oxidative side reactions at high
voltage (Figure 5.1).

High ionic conductivity

® LNO
Prevent electrolyte )
’ LNMO decomposition q
;

Liquid Electrolyte

Figure 5.1 Schematic illustration of LNO-LNMO interface between secondary particles and
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liquid electrolyte in a LIB.

In this report, LNMO was synthesized by a citric-acid-assisted sol-gel method, and
LNO/LNMO composite was synthesized by the solid-state reaction method. The influence of
the LNO additive has been investigated, including the influence on the crystal structure and
electrochemical performance. The LNO additive effectively increases the lithium ion

conductivity of LNMO cathode and inhibits the formation of CEL

5.2 Experimental Section

5.2.1 Material Synthesis

LNMO was synthesized by a citric acid-assisted sol-gel method according to our previous
report [317]. The starting materials, lithium acetate (LiCH3;COO-2H,0, > 99% purity, Sigma-
Aldrich), nickel acetate (Ni(CH3COO),-4H,0, > 99% purity, Sigma-Aldrich), manganese
acetate (Mn(CH3COQO);-4H,0, > 99% purity, Sigma-Aldrich), and citric acid (C¢HsO7, 99%
purity, Sigma-Aldrich) were dissolved in an appropriate amount of distilled water under
stirring. The mol ratio of Li/Ni/Mn is 1.1/0.5/1.5. The resulting solution was stirred for 12 h
at room temperature, before heating at 80 °C to form a viscous gel. The viscous gel was then
heated at 850 °C in a tube furnace for 10 h in air and subsequently annealed at 600 °C for

another 5 h.

xLNO/LNMO (x =0, 0.02, 0.04, 0.06) composites were synthesized by the solid-state reaction
method according to our previous report [318]. The stoichiometric amounts of starting
materials, niobium pentoxide (NbxOs, 99.8% purity, CBMM-Brazil), lithium carbonate
(LiCOs, > 99% purity, Sigma-Aldrich), and LNMO, were ground in an agate mortar with a
pestle until the mixture became homogeneous. After that, the mixture was pressed into pellets

and preheated at 650 °C in air for 5 h in a tube furnace. Then, the mixture was again ground,
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pressed into pellets, and heated at 750 °C in air for 24 h in the same tube furnace. All the
samples were cooled to room temperature at the cooling rate of 1 °C/min after the second

heat-treatment.
5.2.2 Material Characterization

The structures of the as-prepared materials were characterized by X-ray diffraction (XRD;
GBC MMA) with Cu Ka radiation, and synchrotron X-ray diffraction (SXRD) with in situ
SXRD conducted at the Powder Diffraction Beamline (wavelengths: 0.8257 A, and 0.6887 A;
Australian Synchrotron, Clayton, Australia) with a Mythen detector. The morphologies of the
as-prepared materials were examined by field emission scanning electron microscopy
(FESEM; JEOL 7500, 30 kV), and transmission electron microscopy (TEM; JEOL JEM-
2011, 200 kV) with high-resolution TEM (HRTEM). The specific areas of the as-prepared
materials were calculated by Brunauer-Emmett-Teller (BET) analysis (Quanta Chrome Nova
1000). To test the electrodes after cycling, the cells were opened, and the electrodes were
taken out and washed with dimethyl carbonate (DMC) three times. For the in situ synchrotron
X-ray diffraction, Kapton film was used as a window to allow the penetration of the
synchrotron beam into the in situ cell, which was assembled under the same conditions as the

other cells in this work.
5.2.3 Electrochemical measurements

To test the electrochemical performance, the electrodes were prepared by mixing
xLNO/LNMO (x = 0, 0.02, 0.04, and 0.06) composite materials with super P, and
polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP), in a weight ratio of
80:10:10. The slurry was spread onto aluminum foil with a doctor blade with a thickness of
200 pm, followed by drying in a vacuum oven at 100 °C for 24 h. The working electrode was

prepared by punching the electrode film into discs 1.2 ¢m in diameter (area = 1 cmz). The
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electrode was then pressed using a disc with a diameter of 14 mm to enhance the contact
between the aluminum foil, active materials, and conductive carbon. The average active
material loading rate was ~ 3 mg cm™. CR 2032 coin-type cells were assembled in an Ar-
filled glove box (Mbraun, Unilab, Germany), using lithium foil as the counter electrode. The
electrolyte was 1 M LiPF¢ in a mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (1:1 by volume). The cells were galvanostatically charged and discharged in the
voltage range of 5-3.5 V at different current densities using a computer-controlled charger
system manufactured by Land Battery Testers. A Biologic VMP-3 electrochemical work
station was used to perform cyclic voltammetry (CV; scanning rate 0.1 mV s') and
electrochemical impedance spectroscopy (EIS; ac amplitude 5 mV, frequency range 100 kHz-

0.01 Hz).

5.3 Results and Discussion
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Figure 5.2 XRD patterns for as-prepared xLNO/LNMO (x = 0, 0.02, 0.04, and 0.06)
composites.
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The structures and phases of the as-prepared xXLNO/LNMO (x = 0, 0.02, 0.04, and 0.06)
composites were analyzed by X-ray diffraction (XRD; Figure 5.2) and synchrotron powder
X-ray diffraction (SXRD, Figure 5.3). All peaks of xLNO/LNMO (x = 0, 0.02, 0.04, and 0.06)
are sharp and well defined, indicating that the composites are well crystallized. The
diffraction patterns can be indexed as mixed phases [LNMO Fd3m spinel structure (JPCDS
card no. 80-2162) and LNO R3c structure (JPCDS card no. 20-0631)]. A common impurity
phase, Li,Ni;,O, can be observed from the XRD patterns at 260 angles of 37.5°, 43.7°, and
63.7°. In order to further identify the phases and phase composition, Rietveld refinements of
the SXRD data on xXLNO/LNMO (x = 0, 0.02, 0.04, and 0.06) were conducted, as shown in
Figure 5.3. The refined lattice parameters are summarized in Table 5.1. The lattice parameters
of LNMO remain stable with increasing amounts of the LNO phase, and peak shifts cannot
be observed. That is to say, the Nb element only forms LNO phase on the surface of LNMO

crystals and the LNMO phase structure is not affected by the LNO formation process.

b
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Figure 5.3 Rietveld refinement results for SXRD patterns: (a) LNMO, with the spinel

structure of LNMO shown in the inset (space group Fd3m); (b) 0.02LNO/LNMO; (c)
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0.04LNO/LNMO; and (d) 0.06LNO/LNMO. I(obs) is observed data, I(cal) is calculated data,
I(obs)-I(cal) is the difference curve between the observed and calculated intensities. Ry, is the

weighted profile factor.

Table 5.1 Lattice parameters for the xXLNO/LNMO (x = 0, 0.02, 0.04, and 0.06) composites.

Samples a(A) b(A) c(A) Volume (A*) Rwp® (%)

x=0 Phase1® 8.16486 8.16486 8.16486 54431 7.11
Phase2° / / / /

x=0.03 Phasel 8.16034 8.16034 8.16034 543.406 10.39
Phase2 5.14369 5.14369 13.8340 316.979

x=0.06 Phasel 8.16139 8.16139 8.16139 543.616 8.06
Phase2 5.14061 5.14061 13.8445 318.075

x=0.10 Phasel 8.16290 8.16290 8.16290 543918 8.17
Phase2 5.15857 5.15857 13.8164 318.407

* R, is the agreement factor for the xLNO/LNMO (x = 0, 0.02, 0.04, and 0.06) refinement.
®is LNMO phase. ¢ is LNO phase.
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Figure 5.4 Raman spectra of xLNO/LNMO (x = 0, 0.02, 0.04, and 0.06) composites and pure

LNO.

Raman spectroscopy was conducted to further confirm that the LNMO phase is Fd3m spinel

structure. The Raman patterns of xLNO/LNMO (x = 0, 0.02, 0.04, and 0.06) are shown in
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Figure 5.4. The spectra of the pristine LNMO sample exhibit a typical band at ~ 636 cm™
corresponding to the Mn-O bond (belonging to the MnOg group) [319]. The bands at 404 and
496 cm™ are assigned to the Ni**-O stretching band [320]. The bands at 580 and 605 cm™ are
related to nickel substitution [321]. In comparison, the spectra of LNMO phase in
xLNO/LNMO (x = 0.02, 0.04, and 0.06) composites shows the same band positions as the
pristine LNMO. The LNO peaks can be observed at 240, 253, 265, 334, 370, 433, 580 and

632 cm™

100 nm
—

Figure 5.5 FESEM images of (a) LNMO; (b) 0.02LNO/LNMO; (c) 0.04LNO/LNMO; and

(d) 0.06LNO/LNMO. The insets show corresponding high magnification images.

Typical morphologies of the xLNO/LNMO (x = 0.02, 0.04, and 0.06) composites are shown
in Figure 5.5. The particle sizes of all four samples are approximately 500 nm. The pristine
LNMO particles show a clear surface. After introducing the LNO, the particle sizes of the
xLNO/LNMO (x = 0.02, 0.04, and 0.06) composites do not significantly increase, however,
the small LNO particles can be observed on the surface of LNMO particles and in the gaps

between the LNMO particles. The specific surface areas of the as-prepared samples were
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measured by the 15-point Brunauer-Emmett-Teller (BET) N, adsorption method. The specific

surface areas of the xLNO/LNMO (x = 0.02, 0.04, and 0.06) composites are slightly increased
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Figure 5.6 TEM images, HRTEM images, and SAED patterns, respectively: (a, ¢, i) LNMO;

(b, £,j) 0.02LNO/LNMO; (¢, g, k) 0.04LNO/LNMO; and (d, h, 1) 0.06LNO/LNMO.

compared with the pristine LNMO particles (1.6, 2.1, 2.8, 2.3 m*> g”', respectively). TEM
investigations further revealed that the samples consisted of LNO and LNMO (Figure 5.6).
The particles of the pristine LNMO sample showed very smooth edges, and there is no other
phase on the surface in Figure 5.6(a). As can be seen from Figure 5.6(b) and (c), the
0.04LNO/LNMO composite features a uniform LNO net (consisting of small LNO
nanoparticles) on the surface of the LNMO particles, while the 0.02LNO/LNMO composite
features fewer LNO particles on the surface of the LNMO particles. Big particles are
observed on the surface of LNMO particles when the x value for LNO is 0.06 [Figure 5.6(d)].
To gain structural information, HRTEM images and the corresponding selected area electron
diffraction (SAED) patterns are shown in Figure 5.6(e-1). The pristine LNMO sample shows

lattice fringes with a lattice spacing of 0.47 nm along the [111] direction, and the selected
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area electron diffraction pattern presents well-defined spots which can be well indexed to the

Figure 5.7 FESEM image of 0.02LNO/LNMO particle (a), and corresponding EDX mapping

results: overall elements distribution (b), Ni (¢), Mn (d), O (e), and Nb (f).

cubic spinel structure [Figure 5.6(e) and (i)]. The xXLNO/LNMO (x = 0.02, 0.04, and 0.06)
samples also show high crystallinity with clearly distinguished lattice fringes. Taking
0.04LNO/LNMO composite as an example [Figure 5.6(g) and (k)], the thickness of the LNO

nanoplate is 3-6 nm, and the LNO nanoplates have different crystallographic directions (such
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as the [104] direction with a lattice spacing of 0.28 nm and the [110] direction with a lattice
spacing of 0.26 nm). Furthermore, the SAED pattern for the 0.04LNO/LNMO composite
shows two sets of diffraction spots: 1) well-defined bright spots indexed to the cubic spinel
structure; 2) weak spots corresponding to the LNO additive and indexed as (104), (110), and
(006) from the inside out, respectively [Figure 5.6(k)]. In order to further investigate the
distribution of LNO in 0.04LNO/LNMO composite, detailed information on the elements
distribution was further acquired by energy dispersive X-ray (EDX) mapping (Figure 5.7).
The results show that the LNO is distributed uniformly throughout the whole area, and some
small particles are located at the edges of the LNMO particle. Therefore, it is found that the
0.04LNO/LNMO composite has the proper concentration of LNO compared with other

samples, as it shows thin and uniformly dispersed LNO nanoplates on the surfaces of the

LNMO particles.
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Figure 5.8 Cyclic voltammograms of xLNO/LNMO (x = 0.02, 0.04, and 0.06) electrodes for
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the first 5 cycles with a scan rate of 0.1 mV s™: (a) LNMO; (b) 0.02LNO/LNMO; (c)

0.04LNO/LNMO; and (d) 0.06LNO/LNMO.
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Figure 5.9 Charge-discharge curves of xLNO/LNMO (x = 0.02, 0.04, and 0.06) electrodes for
the first cycle at 25 °C at a current density of 0.5 C (1 C = 148 mAh g™") (a); rate performance
(b), and the corresponding capacity retention rate at different current densities from 0.5 C to
50 C at 25 °C (c). The rate capability in (c) is expressed as a relative specific discharge rate

compared to that obtained at 0.5 C.

The influence of the LNO additive on LIBs was investigated as follows. Cyclic voltammetry
(CV) was initially conducted for the cells with xXLNO/LNMO (x = 0, 0.02, 0.04, and 0.06)
composite electrodes in the first 5 cycles (Figure 5.8). In all of the four samples, the typical

two redox peaks can be observed at ~ 4.7 V, corresponding to the two-step reaction of
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NiZ*/Ni*" and Ni**/Ni*" [324, 325], but the xXLNO/LNMO (x = 0.02, 0.04, and 0.06) composite
electrodes show merged Ni**/Ni*" and Ni*"/Ni*" peaks (at ~ 4.7 V), which is related to the
second sintering (LNO synthesis process). The two-phase reaction represent the lithium ion
insertion/extraction into/from 8a tetrahedral sites of the cubic structure. After the second
sintering, the LNMO phase is a disordered Fd3m spinel structure. A pair of peaks at ~ 4.0 V,
corresponding to the redox peaks of Mn’*/Mn*" along with lithium ion insertion/extraction
into/from 8a tetrahedral sites are observable at quite low intensity. This is related to the
presence of a small amount of Mn’" in LNMO [326]. As can be seen from Figure 5.8(c), the
peak at ~ 4.0 V of the 0.04LNO/LNMO sample is much weaker than that of the pristine
LNMO sample, which is ascribed to the LNO additive, which has inhibited the Mn
dissolution or restrained the Jahn-Teller distortion [327-329]. Charge/discharge curves for
the first cycle are also shown in Figure 5.9(a). In good agreement with the CV results, all of
the xXLNO/LNMO (x = 0, 0.02, 0.04, and 0.06) composite electrodes show a distinguishable
two-step plateau (at ~ 4.7 V). A small plateau in the 4.0 V region is clearly observed for all of
the four samples, while the 0.04LNO/LNMO sample shows the weakest plateau.
Furthermore, the 0.04LNO/LNMO sample shows a higher discharge capacity than the other
two electrodes (127.5 mAh g, 125.7 mAh g, and 117.3 mAh g, corresponding to x = 0.02,
0.04, and 0.6, respectively). The pristine LNMO electrode shows the highest discharge
capacity with 131.3 mAh g, because the LNO additive counts as an active material in the
electrodes. To further evaluate the rate capability, the xLNO/LNMO (x = 0, 0.02, 0.04, and
0.06) electrodes were cycled at various current densities ranging from 0.5 C to 20 C within a
potential window of 4.95-3.5 V at room temperature, followed by a return to 0.5 C. A rate of
n C corresponds to a full charge/discharge of the theoretical capacity in 1/n hours, and 1 C is
147 mAh g'1 for LNMO. As shown in Figure 5.9(b) and (c), the 0.04LNO/LNMO electrode

and 0.06LNO/LNMO electrode exhibit excellent rate capability, such that when the C-rate

105



Chapter 5 Solid-state electrolyte LiNO; Additive Improving Cycling and Rate Abilities of
High-Voltage LiNij sMn,; O, Cathode Material

increases, even up to 20 C, the cell still retains 80.9% and 76.5% of the original capacity of
125.1 mAh g and 117.1 mAh g, respectively. Whereas, the 0.06LNO/LNMO electrode
shows lower discharge capacity than that of the 0.04LNO/LNMO electrode, due to the high
amount of LNO phase. Meanwhile, the pristine LNMO electrode and the 0.02LNO/LNMO
electrode show inferior rate capability of only 32.7% and 57.9% of the original capacity of
132.2 mAh g and 127.1 mAh g, respectively, under the same conditions of increasing C-

rate. These results indicate that the LNO additive afford intrinsically better rate performance.
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Figure 5.10 Cycling performance (a) and capacity retention rate (b) for xLNO/LNMO (x =0,

0.02, 0.04, and 0.06) electrodes at current density of 0.5 C with a potential window of 4.95-

3.5V at 25 °C. The cycling retention rate represents a relative specific discharge capacity

compared to the discharge capacity at the first cycle.

To investigate the cycling stability, the variation in the discharge capacity of the electrodes
over 200 cycles is shown in Figure 5.10, where there is a comparison between LNMO
samples containing different amounts of LNO additive. The initial discharge specific
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capacities, at a rate of 0.5 C, are 131.9 mAh g'], 127.3 mAh g'], 125.4 mAh g'], and 117.2
mAh g for the xLNO/LNMO (x = 0, 0.02, 0.04, and 0.06) electrodes, respectively [Figure
5.10(a)]. The retained discharge capacity was 61.6%, 70.1%, 94%, and 86.1%, respectively,
after 200 cycles, in comparison with the initial capacity (corresponding discharge capacity:
80.8 mAh g', 89.2 mAh g', 117.9 mAh g', and 101 mAh g"') [Figure 5.10(b)]. In
accordance with those cycling stability results, thin and uniform coating of LNO nanoplates
on the surface of LNMO increases the cycling stability, prevents capacity fading and
decreases the capacity loss caused by the weight percentage of LNO. The 0.04LNO/LNMO
electrode is the optimal sample with high rate capability and stable cycling performance. To
investigate the influence of LNO additive on the LIB’s performance, we focused on the

0.04LNO/LNMO electrode which was further tested.
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Figure 5.11 In situ SXRD patterns of 0.04LNO/LNMO electrode during the first cycle at

0.5C and 25 °C. (a) Selected individual diffraction patterns during the first cycle stacked
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against the charge/discharge curve. The main peaks of LNMO correspond to (b) (111), (d)
(220), and (e) (331) reflections. These regions are highlighted in the bottom columns and
peaks corresponding to the LiNiysMn; sO4 and NipsMn; sO4 phases are marked by black
dotted lines and purple dotted lines, respectively. For the LNO phase, the main peak that

corresponds to the (012) reflection is also highlighted in the bottom columns (c).
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Figure 5.12 [n situ SXRD patterns of 0.04LNO/LNMO electrode during the first cycle at 0.5

C.

The electrochemical delithiation/lithiation processes were also investigated via in situ SXRD.
As can be seen from Figure 5.11 and Figure 5.12, the 0.04LNO/LNMO composite undergoes
highly reversible changes in crystal structure during the 1% cycle at 0.5C and 25 °C. During
the charge process, the lattice constant of LNMO decreases from a = 0.816 nm (voltage = 3.6
V, open circuit potential) to @ = 0.801 nm (voltage = 4.95 V), corresponding to the SXRD
peak shift from the peak at 8.374 ° to higher angles (8.516 °) [Figure 5.11(b, d, €)]. The
charge process includes two steps corresponding to the reaction of Ni*'/Ni** and Ni*"/Ni*". A
similar phenomenon appears during the discharge process, in which the SXRD peaks are
shifted backward from their initial position (¢ = 0.815 nm, voltage = 3.5 V). No new crystal
structure is generated during the delithiation/lithiation processes. That is to say, there is no
nucleation and growth of a second phase, so that the spinel structure avoids rearrangement

and large volume changes [330-332]. From Figure 5.11(c), we can see that the solid-state
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electrolyte (SSE) additive LNO shows a weak (012) reflection. No peak shifts of LiNbO3
appear throughout the charge/discharge process. The dual composition of the cathode
material, the stable LNO additive, and the highly reversible crystal structure of LNMO,
effectively prevents the soluble Mn®" from being generated and diffusing to the electrolyte,
and avoids the splitting up of LNMO particles caused by the slight crystal volume change.
Although solid-state-electrolyte presents a low lithium ion transfer rate in all solid state
batteries, there is no obvious evidence that the LNO additive affects the lithium ion transfer
rate between cathode and anode from the in situ SXRD results. Therefore, the highly

reversible phase LNMO and the stable LNO additive can increase the high-rate capability and

cycling stability.
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Figure 5.13 (a) Impedance plots of pristine LNMO and 0.04LNO/LNMO electrodes at
discharge voltage of 4.7 V vs. Li/Li" after 5 cycles and frequencies from 100 kHz to 10 mHz.
The equivalent circuit is shown in the lower right inset and the upper left inset is an
enlargement of the higher frequency region. (b) Real part of the impedance for the electrodes

versus o at discharge potential of 4.7 V vs. Li/Li".

To further investigate the influence of the LNO additive on the LIBs, the electrochemical
kinetics for pristine LNMO and 0.04LNO/LNMO electrodes was examined by

electrochemical impedance spectroscopy (EIS). Figure 5.13 shows the Nyquist plots at
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discharge potential of 4.7 V vs. Li/Li" after 5 cycles. Both the impedance curves show two
partially overlapping semicircles in the high to medium frequency region, which could be
assigned to the film resistance (R)), associated with the CEI, and the charge transfer resistance

(R.), respectively.

Table 5.2 R, R.;, and R; values for pristine LNMO and 0.04LNO/LNMO electrodes

calculated by Zview.

Electrodes LNMO 0.04LNO/LNMO
Rf (Q) 68.3 36.5
Rt () 3394 67.6
R (©2) 0.8 1.2

A line inclined at approximately 45  reflects the Warburg impedance (W), which is associated
with the lithium-ion diffusion in the LNMO compound. The high-frequency intercept of the
semicircle reflects the uncompensated resistance (R;), which includes the particle-particle
contact resistance, the electrolyte resistance, and the resistance between the cathode materials
and the current collector [333, 334]. The R;, R., and R, values for the pristine LNMO and
0.04LNO/LNMO celectrodes were obtained using the equivalent circuit shown in the inset of
Figure 5.13(a) (calculated by Zview and shown in Table 5.2). The R; of the 0.04LNO/LNMO
electrode is slightly higher than that of the pristine Li; 0sMn; 9,04 electrode, whereas the Ry
and R are apparently decreased after adding the LNO. This indicates that the LNO
nanoplates effectively hinder CEI formation and increase the ionic conductivity caused by the
shortened lithium ion diffusion distance. The lithium diffusion coefficients of the pristine
LNMO and 0.04LNO/LNMO electrodes were calculated using the following Equation

6. 1)[303]
D = R’T24°n*F'C** (5.1)

Where D is the diffusion coefficient (cm2 s'l), R is the gas constant, 8.314J mol™ K!, T'is the

absolute temperature (K), 4 is the surface area of the cathode (1 cm?), n is the number of
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electrons transferred in the half-reaction for the redox couple, which is equal to 1, F is the
Faraday constant (96485 C mol™), C is the concentration of lithium ions in the solid LNMO
(3.05 x 10 mol cm'3), and ¢ is the Warburg factor, which is relative to Z.. o can be obtained

from Figure 5.13(b).
Zie=R;+ R+ o™ (5.2)

The lithium diffusion coefficients are calculated to be (3.2, and 36.3) x 10" cm? s for the
pristine  LNMO and 0.04LNO/LNMO electrodes, respectively, at 25 °C. The
0.04LNO/LNMO composite electrode with a thin and uniform LNO additive exhibits a much
higher lithium diffusion coefficient than that of the pristine LNMO, due to the high ionic
conductivity of the LNO. During the sintering process at high temperature, the primary
particles (around 500 nm in size) were merged into secondary particles (about 1 um), as
shown in Figure 5.5 and Figure 5.6. The portion of LNO that is located in the interior of the
secondary particles (due to the growth on the primary particles) effectively improves the
lithium diffusion coefficient. There will be a three-dimensional (3D) LiNO net structure in the

secondary particles. This 3D LNO net structure provides fast lithium ion transport pathways.

The excellent electrochemical stability of the 0.04LNO/LNMO composite is also confirmed
by the images of electrodes, which were collected after 200 cycles at 0.5 C and 25 °C (Figure
5.14). Figure 5.14(a) and (b) present the respective FESEM images of the pristine LNMO and
0.04LNO/LNMO cathodes. It can be found by comparing the two cathodes that the pristine
LNMO particles are separated from each other and shrunken within the secondary particles,
but this did not occur in the LNO-added cathode. As can been seen from the counter anode
(lithium foil) and separator, the LNO-added cathode show much weaker decomposition than
the pristine LNMO cathode (see the optical digital photographs, Figure 4.14: the bottom of the

FESEM images). Similar to what was previously reported, the formation of Mn>* leads to Mn
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dissolution, and Jahn-Teller crystallographic distortion causes the primary particles of LNMO
to separate and shrink [318]. Therefore, the LNO additive prevents the soluble Mn*" from

passing into the electrolyte and allows the Li" ions free transportation between the cathode

and electrolyte.

Figure 5.14 Images of electrodes collected after 200 cycles at 0.5 C and 25 °C: FESEM
images of (a) pristine LNMO sample and (b) 0.4LNO/LNMO sample. At the bottom of the
FESEM images are the corresponding optical digital photographs for the lithium anode (left),

separator (middle), and cathode (right).

5.4 Conclusion

LNMO with LNO additive cathode was successfully prepared as a cathode material using a
facile solid-state reaction method. The LNMO sample with a thin and uniform LNO additive
exhibited higher cycling stability, higher rate capability, and better high temperature cycling
performance than the pristine LNMO. The LNO nanoplates effectively prevented Mn
dissolution, and the LNMO samples with LNO additive showed much lower charge transfer
resistance than the pristine LNMO sample, due to their high ionic conductivity.
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Chapter 6 Polypyrrole-Coated a-LiFeOQ,; Nanocomposite with Enhanced

Electrochemical Properties for Lithium-Ion Batteries
6.1 Introduction

Lithium ferrite (LiFeQO,), a layered cathode material, has attracted much attention because it
is non-toxic, environmentally friendly, and low-cost [335, 336]. As is well known, a-
NaFeO,-type LiCoO, cathode materials are in widespread use in commercial LIBs. Layered
LiCoO; has a rock-salt structure, where alternate layers of Li and Co occupy the octahedral
sites of a cubic close packed oxygen array [337]. LiCoQO; is more toxic and more expensive
than oxides of other transition metals (Mn, Ni, Fe, etc.) [338-340]. LiFeO; has different
forms, including the a-, B-, y-forms, etc. a-LiFeO, has a disordered-cation cubic rock-salt
structure with space group Fm3m. B-LiFeO, with space group C2/c is formed as an
intermediate phase during the ordering process. y-LiFeO, with space group [4,/amd is
obtained by reducing the symmetry from cubic to tetragonal by ordering the Li" and Fe*" ions

at octahedral sites [335-337, 340].

a-LiFeO, has many advantages as a cathode material for the LIB as a substitute for LiCoO; in

terms of lower price and environmental friendliness. The charging reaction can be written as:

LiFe™0, = xLi* + xe + Liy..Fe,."Fe, O, (6.1)

With x = 1, this reaction provides a theoretical capacity of 282 mAh g'. Kanno et al. [337],
however, reported a maximum value of x = 0.1 for the a-NaFeO,-type structure. The charged
electrodes should contain iron in a mixed oxidation state (III and IV). The first charge voltage
plateau is above 4 V, corresponding to the Fe™/Fe™ couple reaction, however, large voltage

hysteresis is observed during the discharge step. Sakurai et al. reported that unusual Fe™ ions
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generated during charging may play an important role in the occurrence of voltage hysteresis
[341]. Kanno et al. also pointed out that the conversion proceeds from the corrugated layered
structure LiFeO, to an amorphous phase during the first charge, and the charge-discharge
process after the second cycle proceeds in the amorphous phase [337]. According to the
structural change in a-LiFeO, in the charge/discharge process, as determined by X-ray
diffraction (XRD) and X-ray diffraction near-edge structure (XANES) spectroscopy, Morales
et al. confirmed that Fe** may exist after the first discharge, and the strong exothermic peak
close to 398 K in the differential scanning calorimetry (DSC) curve may result from the

reaction of Fe*” with electrolyte [342].

The electrical conductivity is extremely low, however, because the iron ions on lithium sites
block the lithium diffusion pathways. There are mainly two ways to increase the electrical
conductivity: one way is to fabricate nanosized a-LiFeO,. Nanosized materials have short
pathway lengths for lithium ion transport and a large contact area between the electrode and
electrolyte for improving the reaction rate at the interface [343]. The other way is to coat a
conductive material onto the surface of the a-LiFeO, [342]. Using the hydrothermal method,
nanosized FeOOH can be prepared in different crystal phases and morphologies [344-348].
Later, FEOOH can be converted into a-LiFeO, via a solid-state reaction. Polypyrrole (PPy) is
a popular conducting polymer due to its ability to act as a binder and store electric charge
(Cppy = 72 mAh g) [349-351]. Our group has successfully used PPy to improve the
performance of cathode and anode materials in LIBs, in such composites as S-PPy, SnO,-
PPy, and LiV3;0s-PPy [352-354]. The theoretical capacity of polypyrrole-coated M (M = S,
Sn0,, and LiV30s) can be calculated as following according to the theoretical capacity of M
and the theoretical capacity of PPy: Cy x wt.% of a-LiFeO, + Cppy x Wt.% of PPy. However,
the synthesis of polypyrrole-coated a-LiFeO, composite for use in LIBs has not been

explored yet.
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In this study, a-LiFeO,-PPy nanocomposite was synthesized using a chemical polymerization
method. The structural characterization and electrochemical performance of the a-LiFeO;-
PPy composite are discussed and compared with the performance of bare a-LiFeO, cathode

material.

6.2 Experimental Section

6.2.1 Preparation of p-FeOOH

The B-FeOOH was prepared by using a microwave autoclave method. 3.244 g of FeCl;
(Sigma-Aldrich) was dissolved in 200 ml distilled water to obtain a final concentration of 0.1
M in a beaker. Then, the solution was sonicated to dissolve the FeCls particles to achieve a
homogeneous system. The solution was transferred into sealed Teflon vessels and reacted for
5 min at 120 °C using a Milestone Microsynth Microwave Labstation (Germany) [355]. After
cooling down naturally and washing 3 times with distilled water, the brown product, -
FeOOH, was dried at 60 °C in a vacuum oven for 12 h. The collected powder was used for

further characterization and as the precursor to prepare a-LiFeO,.

6.2.2 Preparation of a-LiFeO;

The a-LiFeO, was prepared by heating appropriate molar ratios of f-FeOOH and LiOH-H,O
(Sigma-Aldrich). A stoichiometric amount of each material was ground and heated at 400 °C
for 3 h in air atmosphere in a tube furnace. The brown product was washed 3 times with
distilled water and dried at 60 °C in a vacuum oven for 12 h. The synthesis procedure was

repeated in order to obtain single a-LiFeO; phase.

6.2.3 Preparation of a-LiFeO;-Polypyrrole Composite

The a-LiFeO,-polypyrrole composite was prepared by the chemical polymerization method

with sodium p-toluenesulfonate (pTSNa) as the dopant and FeCl; as the oxidant. The molar
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ratio of monomer pyrrole to dopant was 3:1, and the molar ratio of monomer pyrrole to
oxidant was 1:3 [354]. Firstly, a-LiFeO, was dispersed into a solution (50 ml) of pTSNa (0.01
M) and pyrrole (0.03 M). Secondly, the mixture was magnetically stirred while the oxidant
agent, FeCls solution, was slowly added to the aqueous solution. The gradual change of
colour from brown to black indicated the formation of PPy. Stirring of the reaction mixture
was maintained for 20 h. Finally, the black mass was washed 3 times with distilled water and
dried at 60 °C in a vacuum oven for 12 h. In order to calculate the PPy content, pure PPy

powder was also prepared using the same chemicals as mentioned above.
6.2.4 Materials Characterization

The products, B-FeOOH, a-LiFeO,, and a-LiFeO,-polypyrrole composite, were analysed by
X-ray diffraction (XRD; GBC MMA) with Cu Ka radiation, as well as by field emission
scanning electron microscopy (FESEM; JEOL 7500, equipped for energy dispersive X-ray
(EDX) spectroscopy). For PPy analysis, Fourier transform infrared (FTIR) spectrographs
were collected using a Nicolet Avatar 360 FTIR Fourier transform infrared spectrometer.
Thermogravimetric analysis (TGA) was performed by using a SETARAM
Thermogravimetric Analyzer (France) in air to determine the changes in sample weight with

increasing temperature and to estimate the amount of polypyrrole in the sample.
6.2.5 Electrochemical Measurements

The electrodes were prepared by mixing 80 wt.% a-LiFeO, or a-LiFeO;-polypyrrole
composite with 15 wt.% carbon black and 5 wt.% carboxymethyl cellulose (CMC) binder.
The slurry was spread onto aluminium foil substrates. The coated electrodes were dried at 60
°C in a vacuum oven for 24 h to remove water molecules. The electrode was then pressed
using a disc with a diameter of 14 mm to enhance the contact between the aluminium foil,

active materials, and conductive carbon. Subsequently, the electrodes were cut to a 1x1 cm?
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size. The average active material loading rate was around 5 mg cm™. CR 2032 coin-type cells
were assembled in an Ar-filled glove box (M braun, Unilab, Germany) using lithium metal
foil as the counter electrode. The electrolyte was 1 M LiPFs in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1 by volume, provided by MERCK KGaA,
Germany). The cells were galvanostatically charged and discharged in the range of 4.5-1.5V
at different current densities using a computer-controlled charger system manufactured by
Land Battery Testers. A Biologic VMP-3 electrochemical workstation was used to perform
electrochemical impedance spectroscopy (EIS; ac amplitude 5 mV, frequency range 100 kHz-

0.01 Hz).
6.3 Results and Discussion

The B-FeOOH precursor was prepared by using a microwave autoclave method. The X-Ray
diffraction (XRD) pattern of B-FeOOH is presented in Figure 6.1(a). The B-FeOOH sample
diffraction peaks are consistent with reported values (JCPDS 34-1266). Figure 6.1(b) shows a
field emission scanning electron microscope (FESEM) image of B-FeOOH. The obtained [-
FeOOH has rod-like nanoparticle morphology, with a nanorod diameter of about 50 nm and

length of 100 nm.

(a)

Intensity/a.u.
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e
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Figure 6.1 X-ray diffraction pattern (a) and FESEM image (b) of B-FeOOH.
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Figure 6.2 X-Ray diffraction patterns of a-LiFeO, and a-LiFeO,-PPy composite.

Figure 6.2 shows the XRD patterns of a-LiFeO, and a-LiFeO,-PPy. In the preparation of a-
LiFeO,, the sintering temperature and the excess lithium content in the starting mixture were
critical parameters for obtaining pure-phase a-LiFeO, nanoparticles. The pure-phase a-
LiFeO, was obtained under the conditions of Li/Fe = 3, 400 °C, and 3 h. The main peaks were
indexed in the cubic system with lattice parameter @ = 4.158 A, which is quite consistent
with the reported value (JCPDS 17-938). Figure 6.2 also reveals that the XRD pattern of the
a-LiFeO,-PPy composite is similar to that of a-LiFeO, in terms of peak positions. The main
peaks in the pattern of the PPy-coated composite are broader than those of the uncoated
material. This may be due to the reaction between LiFeO; and pyrrole to form the coating on
the surface, which could reduce the crystal size of the pristine LiFeO, and cause part of the
Li" loss [356]. No obvious diffraction peaks of any impurity phases were observed. In order
to confirm that the PPy was coated on the a-LiFeO, particles, Fourier transform infrared
(FTIR) analysis was conducted. The Fourier transform infrared (FTIR) spectra obtained for
the PPy, a-LiFeO,, and a-LiFeO,-PPy are shown in Figure 6.3. The a-LiFeO,-PPy has the
typical absorption peaks of PPy, as shown in Figure 6.3. The band at 1546 em’ is due to

aromatic C=C in PPy. C=N and C-N show peaks around 1190 cm” and 1300 cm™,
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respectively. The aromatic C-H in PPy is responsible for the peak at 1041 cm™ [357-359].

The results demonstrate that the PPy was successfully coated onto the surface of the a-

LiFeO, particles.
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Figure 6.3 FTIR spectra of PPy, a-LiFeO,, and a-LiFeO,-PPy composite.
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Figure 6.4 TGA curves of PPy, a-LiFeO,, and a-LiFeO,-PPy composite.

To quantify the amount of PPy in the a-LiFeO,-PPy composite, TGA analysis was carried out

in air. Figure 6.4 shows the TGA curve of the a-LiFeO,-PPy composite along with those of
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bare a-LiFeO, and PPy powder when heated from 40 to 800 °C at a rate of 10 °C min™ in air.
Bare PPy powder burns off at 520 °C, and there is around 6.0 wt.% dopant or oxidant
remaining. While the bare a-LiFeO, powder maintains a constant weight throughout the
temperature range used for this experiment, the a-LiFeO,-PPy composite shows a single-step
weight loss at a temperature of around 450 °C, which corresponds to the burning of PPy.
There is no further weight loss after the initial decomposition of PPy. Therefore, the change
in weight before and after the burning of PPy directly translates into the amount of PPy in the
a-LiFeO,-PPy. Using this method, it can be calculated that the weight percentage of PPy in

this composite is 16.6 wt.%.

2.0 pm CK 20 um = NK

Figure 6.5 FESEM images of a-LiFeO; (a), a-LiFeO,-PPy composite (b), and corresponding

EDX mapping for the a-LiFeO,-PPy composite image (c) as follows: Fe (d), C (e), and N (f).

FESEM images of the bare a-LiFeO, and the a-LiFeO,-PPy composite are shown in Figure
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6.5(a, b). The particle size of the bare a-LiFeO, ranges from 10 nm to 100 nm. After
introducing the PPy, cauliflower-like nanoparticles of PPy were coated on the surfaces of the
a-LiFeO; particles. The PPy matrix reduces the particle-to-particle contact resistance, thus
significantly enhancing the electrical conductivity of the composite. In order to further
confirm the presence of PPy, energy dispersive X-ray (EDX) mapping was used to observe
the distribution of PPy (Figure 6.5(c-f)). The coloured points correspond to the presence of
the elements Fe, C, and N, respectively. The N and C are elements of PPy. The results show
that N and C are distributed uniformly throughout the whole area, which indicates that the

PPy particles had uniformly coated the surfaces of the a-LiFeO, nanoparticles.
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Figure 6.6 Charge-discharge curves for selected cycles for electrodes of (a) bare a-LiFeO,,
and (b) a-LiFeO,-PPy composite; (c) cycling behaviour of bare a-LiFeO,, a-LiFeO,-PPy
composite, and PPy electrodes; (d) rate capability for bare a-LiFeO; and a-LiFeO,-PPy

composite electrodes (C =282 mA g™).
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Figure 6.6(a, b) shows typical charge-discharge curves for different cycles of a-LiFeO, and
a-LiFeO,-PPy electrodes in coin test cells using lithium as the counter and reference
electrode between 1.5 and 4.5 V (vs. Li'/Li). From the first charge curves of the two samples,
we can see that the charge capacity of o-LiFeO,-PPy (67.9 mAh g™') is much lower than that
of a-LiFeO, (162.5mAh g'). That is to say, a small amount of Li” was lost during the process
of PPy coating. Although all the samples showed some irreversible capacity losses, the
amount of irreversible capacity loss of a-LiFeO,-PPy composite is much lower than that of
the bare a-LiFeO,. The cycling stabilities of bare a-LiFeO,, a-LiFeO,-PPy composite, and
PPy electrodes at 0.1 C (C = 282 mA g') are shown in Figure 6.6(c). The Coulombic
efficiency (CE) in the first cycle for a-LiFeO, and a-LiFeO,-PPy is 131.8% and 292.8%,
respectively (CE = Discharge capacity/Charge capacity). The high Coulombic efficiency and
the irreversible capacity in the first cycle are mainly due to the electrolyte decomposition and
Li" loss. The first charge voltage plateau is above 4 V, corresponding to the Fe™*/Fe™ couple
reaction. The active Fe'™ should react with the electrolyte and cause electrolyte
decomposition in the following discharge process. At first discharge process, the active Fe™
is consumed in the formation of the solid electrolyte interphase (SEI), so that the second
charge curve is different from the first charge curve, but similar to the following charge
curves. Furthermore, the Coulombic efficiency of a-LiFeO, and a-LiFeO,-PPy is nearly
100% after 10 cycles. It can be seen that the discharge capacity of bare o-LiFeO,
continuously decreases in the first 10 cycles and reaches 103.2 mAh g after 10 cycles. The
capacity retention after 100 cycles is around 75%, with reference to the 10" cycle (78.4 mAh
g™). In comparison, the a-LiFeO,-PPy composite electrode shows great enhancement of the
capacity retention. The o-LiFeO,-PPy composite electrode shows an initial discharge
capacity of 198.8 mAh g, and after 10 cycles, it settles on a fairly stable capacity of 115.3

mAh g'. The capacity retention after 100 cycles is around 90%, with reference to the 10"
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cycle (103.7 mAh g ). The pure PPy electrode shows a low capacity of about 50 mAh g at

0.1C.

To further investigate the electrochemical performance of the bare a-LiFeO, and the a-
LiFeO,-PPy composite electrodes, the rate capability was tested, as shown in Figure 6.6(d).
The a-LiFeO, and a-LiFeO,-PPy composite electrodes were measured at different rates from
0.1 C to 10 C, followed by a return to 0.1 C. The specific capacity of a-LiFeO, was very low
when the rate capability was more than 1 C. The a-LiFeO,-PPy composite electrode,
however, showed the highest specific capacity of 45.9 mAh g'1 at a current density of 10 C.
There is less than a 15% capacity loss for the a-LiFeO,-PPy composite electrode after
changing the current density from 0.1 C to 10 C and back to 0.1 C over 40 cycles, showing

the relatively good cycling stability.
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Figure 6.7 (a) Impedance plots of the cathodes containing a-LiFeO, and a-LiFeO,-PPy
composite after cycling over 10 cycles at a discharge potential of 2.0 V vs. Li/Li" at 25 °C at
frequencies from 100 kHz to 10 mHz. The equivalent circuit is shown in the inset. (b) Real

part of the complex impedance versus "’ at 25 °C at an anodic potential of 2.0 V vs.

Li/Li".

In order to verify that the conductive PPy coating is responsible for the good performance of
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the cell with the a-LiFeO,-PPy electrode, electrochemical impedance spectroscopy (EIS)
measurements were performed on the bare a-LiFeO, and o-LiFeO,-PPy composite
electrodes. Figure 6.7(a) shows the Nyquist plots of the electrodes at a discharge potential of
2.0 V vs. Li/Li" at 25 °C after cycling over 10 cycles. All the impedance curves show two
compressed semicircles in the high to medium frequency region, which could be assigned to
the film resistance (R;) of the solid electrolyte interphase (SEI) and the charge transfer
resistance (R.), respectively. A line inclined at approximately 45° reflects the Warburg
impedance (W), which is associated with the lithium-ion diffusion in the bulk of the active
material. The high-frequency intercept of the semicircle reflects the uncompensated
resistance (R;), which includes the particle-particle contact resistance, the electrolyte
resistance, and the resistance between the electrode and the current collector [105, 360]. The
R, R, and R; for the o-LiFeO, and o-LiFeO,-PPy electrodes were obtained using the
equivalent circuit shown in the inset of Figure 6.7(a) (calculated by Zview). The R;of the a-
LiFeO,-PPy (8.9 Q) is smaller than that of the a-LiFeO, (10.1 Q) electrode due to the
enhanced conductivity from the PPy coating. By comparing the diameters of the semicircles,
the Ry of the a-LiFeO,-PPy electrode is much smaller than that of the bare o-LiFeO,
electrode, due to the PPy layer, which prevents the SEI formation (9.5 x 10* Q and 7.5 Q,
respectively). The R, of the a-LiFeO,-PPy electrode is also lower than that of the bare a-
LiFeO; electrode due to the enhancement in electronic conductivity (231.7 Q and 386.9 Q,

respectively).

The EIS can also be used to calculate the lithium diffusion coefficient using the following

equation [302, 303, 361]
D =R’ T 240’ F'C’o’ (6.2)

where R is the gas constant, T is the absolute temperature, A is the surface area of the cathode
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(1 cm?), n is the number of electrons transferred in the half-reaction for the redox couple,
which is equal to 1, F is the Faraday constant, C is the concentration of Li ions in the solid
(2.01 x 10™ mol cm™), D is the diffusion coefficient (cm® s™), and o is the Warburg factor,

which is relative to Z,.. o can be obtained from the slope of the lines in Figure 6.7(b).
Zwe=Rp + R+ o0"”? (6.3)

The lithium diffusion coefficients are calculated to be 2.0 x 10™"° cm® s and 3.5 x 10™* cm?
s”! for bare o-LiFeO, and a-LiFeO,-PPy nanocomposite, respectively, at 25 °C. This indicates

that the PPy coating layer on the a-LiFeO; particles can improve the electrochemical kinetics.

100 pm 100 pm

100 pm 100 pm

Figure 6.8 FESEM images of the electrode surface of a-LiFeO; (a, ¢) and a-LiFeO,-PPy

composite (b, d) before (a, b) and after (c, d) 100 cycles.

A morphological study of the electrodes before cycling and after 100 cycles was also
conducted. The electrodes before cycling show a similar smooth surface (Figure 6.8(a, b)),
while after cycling, the electrode morphology shows big differences. Figure 6.8(c) is a
FESEM image showing the surface of the a-LiFeO, after 100 cycles. Big cracks can be
clearly observed on the surface of the electrode. The a-LiFeO,-PPy composite electrode
surface is much smoother in Figure 6.8(d). There are no clear cracks that can be observed on
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the surface, suggesting good structural stability of the composite electrode. This excellent
stability of the electrode should be attributed to the presence of the well-dispersed PPy
coating on the a-LiFeO, powders. The PPy coating could work as a protective layer to reduce
the contact between the LiFeO, and the electrolyte, and thus form a better SEI layer [362,
363]. Moreover, PPy could prevent cracking and pulverization of the a-LiFeO, electrode

[364].

6.4 Conclusions

In this chapter, nanosized a-LiFeO; has been synthesized at low temperature using a solid-
state reaction method with B-FeOOH as the precursor. A novel a-LiFeO,-PPy composite was
then prepared by chemical polymerization. The a-LiFeO,-PPy composite shows better
capacity retention and higher rate capability than the bare a-LiFeO,. The Rrand R, for the o-
LiFeO,-PPy nanocomposite electrode are much lower than for the bare a-LiFeO, electrode,
indicating enhanced electron transfer due to the good conductivity of the PPy coating layer.
The PPy can prevent the formation of cracks in electrodes during the charge/discharge

process. The conductive PPy serves as both a conducting matrix and a protective coating.

126



Chapter 7 Facile Synthesis of Porous V,03/C Composites as Lithium Storage Material
with Enhanced Capacity and Good Rate Capability

Chapter 7 Facile Synthesis of Porous V,03/C Composites as Lithium Storage Material

with Enhanced Capacity and Good Rate Capability
7.1 Introduction

Over the decades, vanadium oxides have attracted special interest because of their
outstanding structural flexibility combined with their interesting chemical and physical
properties for catalytic and electrochemical applications [365, 366]. It is well known
that vanadium oxides possess an exceptionally rich variety of structural motifs due to
their different atomic configurations and the wide range of vanadium valence states,
leaving us a broad scope for exploring new morphological and structural atomic
configurations [144, 367, 368]. Among the various vanadium oxides, metastable
oxides, such as V,03, VO,, H,V305, V,0s5-5, V5,05, LiVO,, and LiV;0g, have been
found to show interesting electrode properties in lithium cells [365, 369-373].
Vanadium sesquioxide (V,03) is a multifunctional material frequently applied in
conductive polymer composites and catalysis. Recently, it has been utilized in Li-
based electrochemical energy storage systems, in both non-aqueous and aqueous
systems, as an electrode material [141, 144]. V,03; possesses a high theoretical
capacity of 1070 mAh g as an anode material in LIBs, much higher than that of the
currently commercialized graphite [373, 374]. Besides the high specific capacity, V,03
has other advantages such as abundant raw materials and low toxicity [373]. However,
as a kind of transition metal oxide, their first discharge process leads to the
amorphization of their host structures, and the poor kinetics associated with the energy
barrier and breakage of the metal-oxygen (M-O) bonds causes a large electrode
polarization [375]. All these issues could be circumvented, however, by applying

different structures and adding the active materials in well-graphitized carbon layers
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[373, 376].

Porous materials have attracted great research interest in the field of catalysts,
molecular sieves, host materials, and battery materials, especially in electrochemistry-
related applications [377-379], essentially because of their substantial advantages in
terms of mass transport [380]. The nanostructured transition metal oxides have been
proven to be advantageous compared to micrometer-sized structures for LIBs, owing
to the shortened diffusion length for both Li ions and electrons, and the larger specific
surface area for the electrode/electrolyte interaction. Drawbacks such as poor
conductivity, however, as well as the expansion induced loss of contact points, remain
problematic and require further improvement [381]. Employing the porous
morphology could offer fast lithium diffusion pathways as well as enough electrical
contact. Transport of electrons and Li" in a porous nanostructured system typically
encompasses shorter path lengths, higher electrode—electrolyte contact area, and a
better accommodation of the strain of Li' insertion/extraction [380]. The porous
structure can form a strong supporting framework as well to avoid agglomeration of

particles.

Furthermore, carbon coating has been successfully applied in many transition-metal
oxides such as TiO;, Co0304, FesO4, and Cr,Os to improve the conductivity and
stability [382-384]. Because V,0s3 exhibits an even higher specific capacity than these
oxides the carbon coating process could further enhance the conductivity of V,0O3; and
protect the particles from agglomeration. However, so far, only a few V,Os/carbon
composites have been reported in the literature, all exhibiting poor performance [141,

373, 385, 386].

Therefore, the successful design and synthesis of V,03; composites based both porous
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structure and carbon coating will be an important development for next-generation
electrode materials for LIBs. This paper reports an in-situ rapid hydrothermal method
for preparation of porous V,0;/C composites. The structure, morphology, and

electrochemical properties of V,03 and V,05/C are also presented in this paper.
7.2 Experimental Section
7.2.1 Material Synthesis

The V,03/C composite precursor was prepared by an in-situ hydrothermal process. In a
typical synthesis, a suitable amount of glucose, 0.304 g of V,0; powder (purissima, Riedel-
de Haen), 20 mL of NH3-H,O (~30%, Sigma—Aldrich), and 30 mL of de-ionized H,O were
mixed together for 4 h using an ultrasonic probe, which was followed by vigorous magnetic
stirring at room temperature for 15 min. The resultant mixture was then transferred to a 100
mL autoclave and kept in an oven at 180 "C for 10 h. The product was washed with
anhydrous ethanol and cyclohexane 3 times. The resultant V,03/C composite precursor was
dried at 80 C in a vacuum oven for 12 h. The crystalline V,03/C composite was obtained by

annealing the precursor at 450 “C for 4 h under argon atmosphere.
7.2.2 Material Characterization

X-ray diffraction was performed using a GBC instrument (Bragg-Brentano configuration),
with Cu-K, radiation and graphite monochrometer at a scanning rate of 2° min™ for 26 in the
range of 10 - 80°. Traces'" software in combination with the Joint Committee on Powder
Diffraction Standards (JCPDS) powder diffraction files were used to identify the phases
present. Raman analysis was performed using a Raman spectrometer (JobinYvon HR800)
employing a 10 mW helium/neon laser at 632.8 nm. The amount of graphene in the samples

was estimated using a Mettler-Toledo thermogravimetric analysis/differential scanning
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calorimetry (TGA/DSC) 1 STARe System from 50 - 800 °C at 5 °C min™ in air flux. Field
emission scanning electron microscopy was performed using a JEOL 7500 cold FEG
analytical instrument and transmission electrom microscopy was performed at 200 KeV using
a JEOL 2011 analytical TEM/STEM instrument equipped with a JEOL EDS detector (EM-
202207T JEC, 30mm’ area and 144 eV Resolution), and JEOL Analysis Station Software.
Samples for TEM analysis were prepared by direct dispersion of powders onto holey carbon
support film. The specific surface area of the powders was examined by gas sorption analysis

using the Brunayer-Emmett-Teller method (Quanta Chrome Nava 1000).
7.2.3 Electrochemical measurements

To test the electrochemical performance, electrodes were prepared by pasting a mixture of the
V,03 or V,03/C anode material, carbon black, and sodium carboxymethyl cellulose (CMC)
in a weight ratio of 75: 20: 5 on copper foil, followed by drying in a vacuum oven at 150 °C
for 2 h. The loading mass of the electrodes is around 2.5 mg cm™ for both of the V203 and
V,03/C electrodes. CR 2032 coin-type cells were assembled in an Ar-filled glove box
(Mbraun, Unilab, Germany) using lithium metal foil as the counter electrode and 1 M LiPFs
solution in ethylene carbonate/diethyl carbonate as the electrolyte (1: 1 by volume, provided
by MERCK KGaA, Germany). The cells were galvanostatically charged and discharged in
the range of 0 - 3 V at different rates using a computer-controlled charger system
manufactured by Land Battery Testers. Electrochemical impedance spectroscopy (EIS) was
performed on the electrodes using a Biologic VMP3 electrochemistry workstation. The AC

amplitude was 5 mV, and the frequency range applied was 100 kHz to 0.01 Hz.
7.3 Results and Discussion

X-ray diffraction results obtained from both V,0; and the V,03/C composite (Figure

7.1) can be readily indexed to the rhombohedral crystalline phase (space group: R3¢
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167) of V,0s, in agreement with the literature values (JCPDS no. 34 0187). Possible
impurity phases, includingV;07, V,0s, VO, (M), and VO, (B), were below the level of

detection, indicating that V,0Os3 of high purity had been synthesized [385, 387].
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Figure 7.1 XRD patterns of the V,03 and annealed V,03/C composite.
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Figure 7.2 Raman spectrum of V,03/C composite.
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Raman spectroscopy (Figure 7.2) was applied to investigate the presence of a carbon
layer and vanadium oxide. The bands in the range of 1200-1460 cm™ and 1470-1730
cm™ are attributed to the D-band (K-point phonons of A ¢ symmetry) and G-band (Ex,
phonons of sp® carbons). The intensity of the G-band is almost as strong as that of the

D-band, implying that well graphitized carbon dominates the carbon coating layer.

(f)

Figure 7.3 FESEM images obtained from the commercial V,0s3 (a) and the V,03/C

composite (b, c) with corresponding EDS maps for C (d), O (e), and V (f).

Results of SEM examination combined with EDS mapping for different elements (V,
O, and C) are shown in Figure 7.3. As shown in Figure 7.3(a), the commercial V,0;
has an irregular morphology, comprising particles tens of microns in size with smaller
fibrous regions originating from the surfaces. After hydrothermal treatment (Figure
7.3(b) - (e)) and carbon coating, the V>,Os;morphology has converted into a network of
smaller, irregular porous particles (Figure 7.3(b)-(c)), with cross-linking and inter
penetration of the sub-micron diameter pores (Figure 7.3(b), where additional surface

protrusions are also present). SEM combined with X-ray mapping (Figure 7.3(c) - (f))
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confirmed that the particles were coated with a carbon-rich layer, and that V and O are

distributed uniformly throughout the whole surface of each porous particle [388].
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Figure 7.4 TGA curves of V,03 and V,03/C composite.

To estimate the amount of carbon in the V,03/C composite, thermogravimetric
analysis (TGA) was carried out in air flux (Figure 7.4). The results show a typical
TGA curve obtained from the V,03/C composite sample along with a sample of V,0s.
The difference in weight between the V,03; and the V,03/C composite after oxidation
could be translated into the amount of carbon in the V,03/C composite. By this

method, the amount of carbon in V,03/C was estimated to be approximately 7 wt.%.

Transmission electron microscopy of V,03/C composite, combined with EDS spot
analyses imaging (Figure 7.5), confirmed the open porous microstructure of the
product (Figure 7.5(a)), comprising of a carbon containing vanadium oxide structure
with protrusions matching those in the SEM images. Protrusions in the TEM images
(Figure 7.5(b) corresponded to the regions on the edges of the large particles in the
SEM images. TEM-EDS spot analysis of such regions indicated that they regions

comprised a nanostructured mixture of vanadium oxide and carbon. In addition, high
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resolution TEM imaging consistently indicated contrast consistent with the presence of
a layer of amorphous carbon on the surface of the V,03, as indicated in (Figure 7.5(c)

and the associated EDS analysis of that region (Figure 7.5(d)).

Figure 7.5 TEM and TEM-EDS spot analyses obtained from the V,03/C composite:

(a) TEM image at low magnification, (b) intermediate magnification image showing
uneven protrusions, and (c) high magnification image with inset EDS analysis

confirming the presence of C, V and O.

To gain further insight into the surface area of the V,03/C composite, Brunauer-
Emmett-Teller (BET) measurements were performed. A high specific surface area of
52.8 m* g for the V,03/C composite was obtained by nitrogen adsorption-desorption
profiles compared with 2.1 m® g for the commercial V,0s. Such a high surface area
and porous structure provides efficient transport pathways to the interior voids of the
particles and increases the electrode-electrolyte interfacial area, which is critical for

high rate LIB applications.
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It is proposed that the porous V,0O3/C composites are formed by corrosive etching of
the initial microfibers on the surfaces of the as-supplied V,03 via an oxygen-engaged
oxidation process. The trace oxygen dissolved in solution may gradually oxidize V,0;
into VO3(OH)* [389]. In the second step, glucose is believed to be absorbed on the
surface of the porous structure and transformed to colloidal carbon through the
hydrothermal method at 180 °C. The third step involves the graphitization of the
carbon by annealing. Figure 7.6 summarizes all the major steps involved in the

corrosive etching process [390].

\ ¢ glucose

annealin
E—

> carbon

V,0,+0,+OH >
VO,(OH)2+H,0
VO,(OH)>

Figure 7.6 Schematic illustration of the synthesis of V,03/C composite: (1) corrosive

etching; (2) absorbing glucose; and (3) carbon coating.

To test the electrochemical performance, sample powders were mixed with carbon
black and sodium carboxymethyl cellulose (CMC) in a weight ratio of 75: 20: 5,
pasted on copper foil, and then dried in a vacuum oven at 150°C for 2 h. CR 2032
coin-type cells were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany)
using lithium metal foil as the counter electrode. The electrolyte was 1 M LiPFg in a
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (1: 1 by volume,

provided by MERCK KGaA, Germany).

The cyclic voltammetry (CV) curves of the V,03 and V,03/C composite electrodes for

the first five cycles are shown in Figure 7.7 (a) and (b), in the potential range of 0-3.0
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V at a scan rate of 0.1 mV s~'. The main feature of the CV curves is the presence of
three pairs of redox peaks for each cycle. The first five CV curves of the V,03/C
composite electrode overlap much better. The positive shift and the change in shape of
the oxidation/reduction potential peak may be attributed to structural change and
polarization in the electrode. Better overlapping indicates that the V,03/C composite
electrode has better stability and reversibility for the insertion and extraction of lithium
ions. In addition, the current density of V,03/C composite electrode is more than two

times that of V,0; electrode, and the peaks are more obvious.
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Figure 7.7 (a) cyclic voltammetry (CV) curves (for the first five cycles of V,03 at a
scan rate of 0.1 mV s™'; (b) CV curves for the first five cycles of V,03/C at a scan rate

of 0.1 mV s

The cathodic/anodic peaks in the cyclic voltammograms (Figure 7.7 (a) and (b)) are in
good agreement with the plateaus observed in the voltage-capacity profiles (Figure
7.7). In Figure 7.8, the V,0; electrode shows a discharge capacity of 314 mAh g/,
while the V,03/C composite electrode exhibits a much higher capacity, 437 mAh g~
higher than the V,0; electrode. These results suggest that the V,03/C composite

electrode has better kinetic properties and electrochemical reactivity.
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Figure 7.8 Typical discharge and charge profiles of the V,03 and V,03/C composite at

the current density of 250 mA g™ between 0 and 3 V, in 1 M LiPF; solution of

EC/DEC.

According to the discharge/charge profiles and CV results, the V,03/C composite is
also an ideal electrode candidate for pseudo-capacitors. Its electrochemical
performance at different scan rate has been tested and the capacitance has been
calculated (Figure 7.9). Figure 7.9 shows the cyclic voltammograms of V,03; and V,0;/C
electrodes at various scan rates varying from 200 mV s to 0.1 mV s™. It can be seen that the
response changes from an almost square-like behaviour to a more distorted parallelogram as
the scan rate increases. The specific capacitance of the V,03 and V,03/C composites was

calculated at various scan rates using the following Equation [391]:
C=[IxdVi(s x 2 x V x m) (7.1)

where C is the capacitance of pseudo-capacitor (F g™), I x av is Area of the cyclic
voltammogram, s is scan rate (V s1), Vis voltage window (0-3 V), m is the mass of active
material (g).
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It can be clearly observed that the capacitance of V,03 and V,05/C electrodes as expected
decreases with increasing scan rate as the reaction kinetics of the pseudocapacitance reactions
become evidently rate-limited [392]. The V,0; electrode has a fade of capacitance from
3215F ¢ @ 0.1mV s to 32.5 F g @ 200 mV s™'. In contrast, the capacitance of V,03/C
electrodes at the scan rate of 0.1 mA s could be as high as 841F g and still get the
capacitance of 65.9 F g at the scan rate of 200mA s™. The porous structure and the carbon

coating could enhance the capacitance significantly.
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Figure 7.9 (a) Cyclic Voltammogram of V,0s and at a number of scan rates from 200 mV s’

to 0.1 mV s™; (b) CV curves of V,03; (c) Cyclic Voltammogram of V,03/C composites

electrode and at a number of scan rates from 200 mV s™ to 0.1 mV s™'; (d) CV curves of

V,05/C.

Figure 7.10(a) displays the Nyquist plots (electrochemical impedance spectra) of the
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pure V,03 and V,03/C composite electrodes after 5 cycles in the discharged state.
They present one compressed semicircle in the high to medium frequency range,
which describes the charge transfer resistance (R.;) for both electrodes, and a line in
the low-frequency range, which could be considered as Warburg impedance (Zw)
[105]. From comparing the diameters of the semicircles, the impedance of the V,0;
electrode is significantly larger than that of the V,03/C composite electrode. The
values of R for the V,03and V,03/C composite electrodes were calculated to be 351
Q and 237 Q, respectively. The R of the V,03/C composite electrode is only 67% of
that of the V,0; electrode, confirming that carbon in the composite reduces the charge
transfer resistance and enhances the electronic conductivity of the V,03/C composite.
These results clearly reveal the enhanced stability, superior conductivity, and

reversibility of this novel porous V,03/C structure.
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Figure 7.10 (a) Nyquist plots of V,03 and V,03/C composite after 5 cycles; and (b)
rate performance of V,03 and V,03/C composite cycled in 1 M LiPF¢ solution of

EC/DEC.

A comparison of the rate performance of the V,03; and V,03/C composite electrodes is

shown in Figure 7.10(b). After the cells had been cycled for 5 cycles at the rate of 0.1
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C (current density of 100 mA g™), the current density was increased stepwise to 25 C
(current density is of 25 A g). The V,03/C composite exhibits obviously improved
high rate performance over that of the V,0s. A high capacity of 283 mAh g'1 was
obtained for the V,03/C at the highest current density of 25 C, while V,0; shows
almost no capacity at this current density. These results are much better than the
reported V,03/C composites, which delivered 230 mAh g at 5 A g"' (5 C) [373] and

309mAh g (2C) [386]. This can be explained by the high crystallinity and the unique

morphology.
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Figure 7.11 Cycling performance of the pure V,03 and V,03/C composite electrodes

at the current density of 250 mA g between 0 and 3 V.

The improvement of stability could also be demonstrated by cycling performance and
by the lack of damage indicated by FESEM images of the electrodes after cycling.
Discharge/charge cycling was carried out in the voltage range of 0-3.0 V (vs. Li) based
on the reference current density of 250 mA g up to 50 cycles (Figure 7.11). The
discharge capacity is calculated in terms of the weight of composite. The large

irreversible capacity observed in the first and second cycles may be caused by the
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formation of amorphous Li,O and the solid electrolyte interphase (SEI), as well as the
amorphization of their host structures. The discharge capacity of the third cycle of
V,0s5 is 342.7 mAh g, and it keeps decreasing to 272.7 mAh g after 25 cycles. The
carbon coated V,03 composite electrode delivered more than two times the capacity of
the commercial V,0s;. The increasing capacity after several discharge/charge cycles as
well as the 2% loss of columbic efficiency could be attributed to the decomposition of
the electrolyte. The higher surface area of the V,0O3/C composite may also amplify this

effect.

Figure 7.12 (a) FESEM image of the electrode of the V,0s; electrode after 50 cycles;

and (b) FESEM image of the electrode of the V,03/C composite after 50 cycles.

The morphology change of V,03 and V,03/C electrodes after cycling has been studied
by using the FESEM (Figure 7.12 a and b). After 50 cycles, V,03 electrode performed
great cracks due to the agglomerate during the charge/discharge, while no obvious
cracks of V,03/C electrode could be observed which could be attributed to the carbon

coating and the buffering of porous structure.

As an anode material in LIBs,V,03 has a very high theoretical capacity of 1070 mAh

g'1 [373, 374]. However, as a typical conversion type anode material, the first
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discharge process of V,0j3 leads to the amorphization of its host structure, and the poor
kinetics associated with the energy barrier and breakage of the M-O bonds causes a
large electrode polarization [375]. The resulting poor energy efficiency makes the use
of conversion type material impractical in a high energy battery system. Carbon
coating could partly solve this problem and result in significantly reduced contact

resistance along with enhanced capacity and rate capability.
7.4 Conclusion

A composite of porous V,03/C has been synthesized by a rapid novel corrosive-
coating combined hydrothermal method. The resultant composite reveals a unique
morphology in which porous V,0s3 is coated by carbon. The porous structure could
mitigate the stress/strain of Li' insertion/de-insertion, increase the surface area of the
material, and reduce the effective diffusion distance for lithium ions, all of which
would lead to improved capacity, rate capability, and cycling performance.
Furthermore, this carbon-coated nano-architecture ensures not only high electronic
conductivity for both facile mass transfer and facile charge transfer, but also protection
from the agglomeration of nanoparticles. As one of the first reported composites of
V,0s3/C, it has highly desirable properties: a high specific capacity, reduced resistance,
and exceptionally good rate capability. Therefore, V,03/C electrode is a promising

candidate for the development of high-performance, low-cost, and advanced LIBs.
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Chapter 8 Tuning Three-Dimensional TiO; Nanotube Electrode to Achieve High

Utilization of Ti Substrate for Lithium Storage
8.1 Introduction

Rechargeable LIBs have been widely used as power sources for portable electronic devices
due to their high energy-storage density, high voltage, long cycle life, and operation at
ambient temperature [200, 393, 394]. Most of the commercial LIBs use graphitic carbon as
the anode material. There are safety concerns about this material, however. Graphite
electrode is prone to growing lithium dendrites after repetitive charge-discharge, resulting in
irreversible damage to the lithium ion battery. Compared to graphite, TiO, has a higher
lithium intercalation potential (1.75 V vs. Li'"/Li), enabling it to avoid the deposition of
metallic lithium, and it has higher capacity for Li" intercalation/de-intercalation [395, 396].
These properties make TiO, suitable for large-scale energy storage, when coupled with high-
voltage cathode materials (LiMn;QO4, LiNigsMn;sO4, LiNij;3Mn;;3C01304, etc.) [148, 320,
329, 396]. Moreover, TiO; is non-toxic, low-cost, abundant in nature, and has good electronic

properties, as well as stable physical and chemical properties [397, 398].

Nanostructured TiO; anodes have been successfully used to improve cycling stability and
high rate capability over those of their bulk counterparts. Compared with nanoparticles,
nanowires, and nanoribbons, self-organized TiO, nanotube arrays possess larger specific
surface areas and faster Li' transport [399-401]. The traditional TiO, nanotube arrays,
however, only have a low surface area and a small aspect ratio of length to diameter, because
they are grown on Ti foil by electrochemical anodization and the length of TiO, nanotube is
only around 500 nm, so the traditional TiO,/Ti foil electrode shows low area capacity [396,
402]. Moreover, the use of Ti foil is expensive and wasteful. Liao et al. reported that only

around 2 wt% of the Ti was converted into TiO, nanotubes [403]. TiO; nanotube array
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electrode grown on Ti mesh is a good choice to avoid these disadvantages. The TiO»
nanotubes extend radially in a 3D array on a grid of fine Ti wires, so the TiO,/Ti mesh
electrode has high surface area, a large aspect ratio, and a high Ti conversion rate (Mr;.; (Ti
converted into TiO, nanotubes)/ Mrio (Ti mesh substrate)) [404-406]. Meanwhile, the 3D
TiO, nanotube arrays allow Li" to more easily access the TiO, surface from the electrolyte
[407, 408]. Some reports have shown real benefits from the 3D electrode design, such as in
LIBs using Sn/graphene in a 3D multilayer structure and 3D ordered porous Sn-Ni alloy as
anode to improve the specific area capacity, conductivity, and cycling stability [409, 410].
The benefits for LIBs associated with 3D nanotube arrays of TiO, grown on Ti mesh,

however, have not been studied to date.

Here, TiO,/Ti mesh as a new type of anode material was prepared by the electrochemical
anodization method. TiO,/Ti mesh can be applied directly as an electrode material in a test
cell without the need for a current collector or binder. 3D TiO, radial nanotube arrays with
different lengths were grown on Ti mesh by controlling the anodization time. The special
architecture of the 3D nanotube arrays with large surface area can provide effective contact
between the active materials and the electrolyte, and shorten the lithium diffusion length.
Moreover, the thin Ti wires at the centre of the nanotubes can maintain good conductivity. In
this work, we tested the properties of TiO,/Ti mesh electrodes with different anodization
processing times. When the anodization processing time was 600 min, the investigated
TiO,/Ti mesh electrode possessed both high electrochemical performance and good

mechanical behaviour.
8.2 Experimental Section
8.2.1 Material Synthesis and Characterization

3D TiO; nanotube arrays on Ti mesh were prepared following our previous method [411]. A
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polished piece of Ti mesh (30 x 55 mm? 100 mesh, 0.1 mm thick, purity 99.5 wt%) was
anodized in organic electrolyte consisting of ammonium fluoride (NH4F, 0.25 wt%) and
ethylene glycol (EG; (HOCH,),, 98 vol%; H,O, 2 vol%). The potential was supplied by a
laboratory DC power supply (TPR-6405, LWDQGS). The nanotube length could be increased
by increasing the anodization time of the Ti mesh at 20 V in organic electrolyte. The as-
prepared TiO,/Ti meshes were annealed at 500 °C under ambient air for 3 h to induce TiO,
crystallization. The TiO»/Ti meshes were analysed by X-ray diffraction (XRD; GBC MMA)
with Cu Ka radiation, as well as by field emission scanning electron microscopy (FESEM;

JEOL 7500).
8.2.2 Electrochemical Measurements

The TiO,/Ti mesh electrodes were cut to 1 x 1 cm? in size and then dried at 80 °C in a
vacuum oven for 24 h. CR 2032 coin-type cells were assembled in an Ar-filled glove box
(Mbraun, Unilab, Germany), using lithium metal foil as the counter electrode. The electrolyte
was 1 M LiPFg in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by
volume, provided by MERCK KGaA, Germany). The cells were galvanostatically charged
and discharged in the range of 3.0-1.0 V at different current densities using a computer-
controlled charger system manufactured by Land Battery Testers. A Biologic VMP-3
electrochemical workstation was used to perform cyclic voltammetry (CV; scanning rate 0.1

mV s™.
8.3 Results and Discussion

Figure 8.1 shows the XRD patterns of the 3D TiO, nanotube arrays on Ti mesh prepared by
anodization in organic electrolyte over periods ranging from 60 min to 720 min, with the
samples designated as TiO,/Ti-# mesh (¢ = 0, 60, 180, 420, 600, 720 min; the different

anodization time intervals were used to obtain more comprehensive results and are also
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mentioned in our previous report) [411]. After annealing at 500 °C, the TiO, nanotubes on Ti
mesh (JCPDS 44-1294) are mainly anatase phase (JCPDS 21-1272). Some weak peaks
related to the rutile phase (JCPDS 44-1276) appear in the XRD patterns of the TiO,/Ti-f mesh
samples, but the nanotubes are mostly still composed of anatase phase [404]. Varghese et al.
reported that rutile phase mainly existed in the barrier layer underlying the TiO, nanotube
arrays [412]. With increasing anodization processing time, the intensity of the rutile phase
peaks decreases, while the intensity of the anatase phase peaks increases because the weight

percentage of TiO; nanotubes is increased.
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Figure 8.1 XRD patterns of TiO,/Ti-t mesh (¢ = 0, 60, 180, 420, 600, 720 min) annealed at

500 °C.

FESEM images of the anodic TiO, nanotubes on the Ti mesh substrates are presented in
Figure 8.2. Figure 8.2 shows that the diameter of the TiO,/Ti wire increases with prolonged
anodization processing time. When the anodization processing time is 60 min, the
morphology of the TiO,/Ti-60min mesh has only slightly changed compared with the Ti
mesh, because the additional diameter of the TiO,/Ti wire is only around 10 um, while the

diameter of the bare Ti wire is 90.2 pm [Figure 8.2(a, b)]. With increasing anodization
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processing time, the TiO; nanotube arrays are interspaced with fissures at irregular intervals
[Figure 8.2(c-f)]. This can be attributed to van der Waals attraction and capillary forces
during drying [404-406]. Meanwhile, we can see from the Figure 8.2(b-f) insets that the TiO,
nanotube arrays and the Ti wire substrates have been separated at their interfaces due to the

stress when the TiO,/Ti mesh was cut down during the FESEM characterization.
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Figure 8.2 FESEM images of TiO»/Ti mesh prepared by anodization in EG electrolyte
containing 0.25 wt% NH4F with different anodization processing times: a) 0 min; b) 60 min;
¢) 180 min; d) 420 min; e) 600 min; f) 720 min. The corresponding cross-sections of TiO,

nanotubes on Ti mesh are shown in the insets.

From Figure 8.2, we can measure the diameters of the Ti and TiO»/Ti wires and the length of
the TiO, nanotubes. Figure 8.3(a) shows the geometric parameters of the TiO,/Ti mesh
obtained by anodization in organic electrolyte. The diameters of the Ti and TiO,/Ti wires and
the length of the TiO, nanotubes have a linear relationship with the anodization processing
time [Figure 8.3(b)]. The Ti mesh did not react with the organic electrolyte when ¢ was 0 min,
so the intercepts for the TiO,/Ti wire diameter and the Ti wire diameter have the same value

(90.2 um, the diameter of the Ti wire before anodization), and the intercept for the TiO,
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nanotube length is 0. The linear fit results can be written as the following equations

D=k xt+B (8.1)
d=-k,xt+B (8.2)
h=k;xt (8.3)

where D is the diameter of the TiO,/Ti wire (um), d is the diameter of the Ti wire (um), 4 is
the length of the TiO, nanotubes (um), ¢ is the anodization processing time (min), k;, k2, k3 is
the growth rate with processing time of the TiO,/Ti wire diameter, the Ti wire diameter, and
the TiO, nanotube length, respectively, and B is the TiO,/Ti wire and Ti wire diameter
intercept (B = 90.2 um). From the linear fit results, the absolute values of the slopes have
similar values (|K] = 0.08; &y = 0.081 (£ 0.007), k> = -0.079 (£ 0.004), k3 = 0.080 (+ 0.005)).

Therefore, the relationship between D and d can be written as in the following equation

D=|K|xt+B (8.4)

For the Ti mesh used here, the distance between two adjacent Ti wires (arii) is 257.1 um for
Ti mesh. There will be no void regions between two adjacent TiO,/Ti wires in the TiO,/Ti
mesh when D approaches 257.1 pm. That is to say, the void regions in the Ti mesh will be
fully filled with TiO, nanotube arrays, so that the TiO,/Ti mesh shows the highest specific
surface area. Meanwhile, the electrolyte can penetrate to the entire surface of the TiO;
nanotubes due to the nanotube arrays that are radially grown on the Ti wires [Figure 8.3(a, c-
e)]. For the TiO,/Ti mesh samples, however, the TiO, nanotube arrays are easily detached
from the Ti mesh when ¢ is 720 min, because the length of the TiO, nanotubes (470, = 61.4
um) is around two times the diameter of the Ti wire (dy = 30.1 pm; Figure 8.2(f)). The
TiO,/Ti-720min mesh electrode shows poor mechanical behavior. Figure 8.2(e) shows that

the TiO»/Ti mesh with 600 min anodization processing has been uniformly covered with TiO,
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nanotubes, and the ratio of Appy/dp is 1.2 (hpo, = 50.5 pm, diy= 43.6 pm). The Ti conversion
rate can be calculated from the masses of the Ti mesh and the TiO»/Ti-600min mesh for 1 cm’
electrode area (18.1 mg and 11.56 mg, respectively). The Ti conversion rate is 22 wt%, much
higher than that previously reported (2 wt%) [404]. Therefore, the TiO,/Ti-600min mesh
electrode is the most promising electrode, as it has high surface area, good mechanical
behavior, and a high Ti conversion rate. Furthermore, by controlling the distance between two
adjacent Ti wires and controlling the anodization processing time, we can obtain higher

surface area and better mechanical behavior in TiO,/Ti mesh electrode for lithium-ion

batteries.
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Figure 8.3 (a) Geometric parameters of Ti mesh and TiO,/Ti mesh obtained with anodization
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in EG electrolyte containing 0.25 wt% NHyF. (b) Length and diameter parameters of TiO,/Ti
mesh versus anodization processing time. (¢) FESEM image of single wire of mesh from
TiO,/Ti-600min (cross-section); high magnification images of (d) TiO, nanotube and (e) Ti

wire for selected areas in (c).

In order to compare TiO,/Ti mesh electrode prepared over a short time (60 min) and a longer
time (600 min), we conducted FESEM using high magnification. FESEM images of anodic
TiO, nanotubes on the Ti mesh substrates are presented in Figure 8.2(b, e¢), and high
magnification FESEM images are presented in Figure 8.4(a, b). After the 60 min anodization
process, the mesh retained sufficient void regions, and the TiO; nanotubes grew
perpendicularly to the surface of the Ti wire and covered the entire wire uniformly [Figure
8.2(b)]. The Ti wires act as the current collector during LIB testing. The length and inner
diameter of the TiO; nanotubes are ~4.9 um and ~100 nm, respectively [Figure 8.2(b) and
Figure 8.4(a)]. The length and inner diameter of the TiO;, nanotubes are ~50.5 pum and ~100
nm, respectively, when the anodization processing time is 600 min [Figure 8.2(e) and Figure

8.4(b)].

200 nm ==

Figure 8.4 High magnification FESEM images of TiO,/Ti mesh prepared by anodization in
EG electrolyte containing 0.25 wt% NHyF: a) cross-sectional image of TiO, nanotubes from

TiO,/Ti-60min mesh; b) cross-sectional image of TiO, nanotubes from TiO»/Ti-600min mesh.
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The TiO,/Ti-60min mesh electrode and TiO,/Ti-600min mesh electrode were selected to test
their performance in LIBs. Figure 8.5(a, b) shows cyclic voltammograms of TiO,/Ti mesh for

the first five cycles at the scan rate of 0.1 mV s™'. In the first cycle, the TiO,/Ti-60min mesh
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Figure 8.5 Electrochemical behaviour of the TiO,/Ti-60min mesh and TiO,/Ti-600min mesh
electrodes: (a, b) cyclic voltammograms for the first 5 cycles at a scan rate of 0.1 mV s™; (c,

d) 5™ cycle discharge and charge curves at different current densities from 50 pA cm™ to
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1000 pA cm™; (e) cycling performance at 50 pA cm™; (f) rate capability at different current

densities.

electrode presents a pair of cathodic/anodic peaks centred at 1.65 V and 2.10 V (vs. Li/Li"),
corresponding to lithium insertion/extraction into/from the anatase TiO, lattice, respectively,
while the TiO,/Ti-600min mesh electrode’s cathodic/anodic peaks are centred at 1.55 V and
2.15 V (vs. Li/Li"). In the following cycles, however, both the TiO,/Ti-60min mesh and the
TiO,/Ti-600min mesh electrodes show a single pair of cathodic/anodic peaks at about 1.70 V
and 2.05 V (vs. Li/Li"), consistent with a two-phase redox reaction of xLi" + xe” + TiO; <>
Li, TiO; (x = 0.5) [395, 413]. A similar observation has been previously reported, and it has
been ascribed to an activation effect during the initial cycling of the TiO, nanotubes [414]. It
should be noted that there is a pair of broad and low cathodic/anodic peaks that appear around
14 V and 1.6 V (vs. Li/Li") [Figure 8.5(a, b)]. These peaks correspond to lithium
insertion/extraction into/from the rutile TiO, lattice, respectively [200]. These cathodic and
anodic peaks are in accordance with the plateaus in the discharge/charge curves. Figure 8.5(c,
d) displays typical discharge/charge curves for the TiO,/Ti-60min mesh and TiO,/Ti-600min
mesh electrodes at different current densities from 50 to 1000 pA cm™. The Ti0,/Ti-60min
mesh electrode starts to show sloping discharge curves from 250 pA cm?™ whereas the
TiO,/Ti-600min mesh electrode still shows a flat plateau, even at 500 pA cm. Those results
suggest that the kinetic properties of the TiO,/Ti mesh electrode have remained stable with

increasing length of the TiO, nanotubes.

Figure 8.5(e) shows the cycling performances of the TiO,/Ti-60min mesh and TiO,/Ti-
600min mesh electrodes at 50 pA cm™. The TiO/Ti-60min mesh electrode shows an initial
discharge capacity of 720.9 pnA h cm™. After the second cycle, the capacity retention remains

stable at around 600 pA h cm™. After 30 cycles, however, the discharge capacity continuously
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Figure 8.6 (a) Impedance plots of the TiO,/Ti-60min mesh and TiO,/Ti-600min mesh anodes
after cycling over 10 cycles at a discharge potential of 1.7 V vs. Li/Li" at 25 °C at frequencies
from 100 kHz to 10 mHz. The equivalent circuit is shown in the inset. (b) Real part of the

complex impedance versus ™ at 25 °C at a discharge potential of 1.7 V vs. Li/Li".

decreases to 388.9 pA h cm™. The capacity retention after 100 cycles is around 54% of the
initial discharge capacity. In comparison, the TiO,/Ti-600min mesh electrode shows great
enhancement of the capacity retention. The TiO,/Ti-600min mesh electrode shows an initial
discharge capacity of 2249.9 pA h cm™, and after 100 cycles, it was measured to be 1745.5
LA h cm”, which is around 78% of the initial discharge capacity. For comparing specific
capacity with other reported nanostructured TiO, anodes, the specific capacity of the TiO,/Ti-
600min mesh (1 cm™) based on its mass (11.56 mg) was calculated. The initial discharge
capacity and the discharge capacity after 100 cycles were 195.3 mAh g and 151.5 mAh g™,
respectively, and the discharge current density was 4.3 mA g, similar to other reports in the
literature (where the capacity is between 100 mAh g and 170 mAh g™ after 100 cycles at 20
mA g [200, 393, 395, 400, 415]). Figure 8.5(f) shows the specific capacity retention rate as a
function of current density for lithium cells containing the TiO,/Ti-60min mesh and TiO,/Ti-
600min mesh electrodes. As shown in Figure 8.5(f), the specific capacity retention rate of the

TiO,/Ti-600min mesh electrode decreases much more slowly with increasing discharge rate
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than that of the TiO,/Ti-60min mesh electrode. Although the 3D TiO, nanotube arrays on the
Ti mesh are as long as 50.5 um, the TiO,/Ti mesh cell always maintains its high area capacity,
stable cycling performance, and high rate capability. The cycling stability and rate
performance of the TiO,/Ti-600min mesh electrode could be attributed to the particular
geometry, in which the TiO, nanotubes extend radially in a 3D array on a grid of Ti wires,

allowing ¢ and Li" to more easily access the TiO, surface.

114
200 ) m—i

Figure 8.7 FESEM images of TiO,/Ti mesh after 100 cycles: (a) top view of theTiO/Ti-
60min mesh; (b) cross-sectional image of the TiO,/Ti-60min mesh; (c) high magnification
image of the TiO;, nanotubes from (b); (d) top view of the TiO,/Ti-600min mesh; (e) cross-

sectional image of the TiO,/Ti-600min mesh; (f) high magnification image of TiO, nanotubes

from (e).

To further understand the kinetic processes of the electrode reactions, electrochemical
impedance spectroscopy (EIS) measurements were performed on the TiO,/Ti-60min and
TiO,/Ti-600min mesh electrodes. Figure 8.6(a) shows the Nyquist plots of the electrodes at a
discharge potential of 1.7 V vs. Li/Li" at 25 °C after cycling over 10 cycles. All the impedance

curves show two partly overlapping semicircles in the high to medium frequency region,

154



Chapter 8 Tuning Three-Dimensional TiO, Nanotube Electrode to Achieve
High Utilization of Ti Substrate for Lithium Storage

which could be assigned to the film resistance (Ry) of the solid electrolyte interphase (SEI)
and the charge transfer resistance (R.), respectively. A line inclined at approximately 45°
reflects the Warburg impedance (W), which is associated with the lithium-ion diffusion in the
TiO, nanotubes. The high-frequency intercept of the semicircle reflects the uncompensated
resistance (R;), which includes the particle-particle contact resistance, the electrolyte
resistance, and the resistance between the TiO, nanotube arrays and the Ti wire [105, 415].
The Ry, Re, and R, for the TiO,/Ti-60min and TiO,/Ti-600min mesh electrodes were obtained
using the equivalent circuit shown in the inset of Figure 8.6(a) (calculated by Zview). The R,
of the TiO,/Ti-60min mesh electrode (7.8 Q) is similar to that of the TiO,/Ti-600min mesh
electrode (8.3 Q), indicating that the interface between the nanotube arrays and the Ti wire is
stable and adhesive. On comparing the diameters of the semicircles, the Ry of the TiO/Ti-
60min mesh electrode is similar to that of the TiO,/Ti-600min mesh electrode (15.7 Q and
24.2 Q, respectively), due to the particular geometry, which hinders SEI formation. The
thickness of the TiO, nanotubes is about 20 nm, so the R,; values of the TiO,/Ti-60min mesh
and the TiO,/Ti-600min mesh electrodes are very small (3.1 Q and 6.8 Q, respectively). The
EIS can also be used to calculate the lithium diffusion coefficient using the following

equation [279, 303, 416]
D = R*T* 240 F* C*6* (8.5)

where R is the gas constant, T is the absolute temperature, 4 is the surface area of the cathode
(1 em®), n is the number of electrons transferred in the half-reaction for the redox couple,
which is equal to 0.5, F is the Faraday constant, C is the concentration of Li ions in the solid
material (1.39 x 10~ mol cm™), D is the diffusion coefficient (cm”s™), and ¢ is the Warburg
factor, which is relative to Z. [417]. ¢ can be obtained from the slope of the lines in Figure

8.6(b).
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Ze=Ri+ Ry + o™ (8.6)

2 -1
S

The lithium diffusion coefficients are calculated to be 6.0 x 10 ¢cm® s and 3.3 x 10° ¢cm
for the TiO,/Ti-60min mesh and the TiO,/Ti-600min mesh, respectively, at 25 ‘C. This

indicates that the TiO,/Ti-600min mesh electrode can maintain good electrochemical kinetics.

A morphological study of the electrodes before cycling and after 100 cycles was also
conducted. The TiO,/Ti-60min mesh electrode before cycling shows a smooth surface [Figure
8.2(b) and Figure 8.4(a)], while the TiO,/Ti-600min mesh electrode shows some TiO,
nanotube arrays interspaced with fissures at irregular intervals on the Ti wire surface [Figure
8.2(e) and Figure 8.4(b)]. Compared with before cycling, the electrodes after cycling show
similar morphology. Figure 8.7(a) is a FESEM image showing the surface of the TiO/Ti-
60min mesh after 100 cycles. No changes can be observed on the surface of the electrode.
The high magnification image of the cross-section shows that some electrolyte particles have
not been washed off, and the surface of the TiO, nanotube is very smooth due to the
particular geometry [Figure 8.7(b, ¢)]. The TiO,/Ti-600min mesh electrode surface shows the
same morphology as before cycling, and the SEI layer can be seen on the inside and outside
of the TiO, nanotubes [Figure 8.7(e, f)] [362, 418]. This excellent stability of the electrode
should be attributed to the particular architecture. Traditional nanostructured electrodes are
easy to damage after long cycling, however, for the TiO,/Ti mesh electrodes used here, the Ti
wires act as the current collector and as a frame to protect the TiO; nanotube arrays from
being damaged and detached [183, 367]. As can be seen from the cross-section of the
TiO,/Ti-600min mesh electrode, the 3D TiO, nanotube arrays efficiently prevent the SEI
layer from increasing, even though the length of the TiO, nanotube is 50.5 um [Figure

8.7(¢)].

8.4 Conclusions
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In summary, a new type of electrode consisting of long 3D TiO, nanotube arrays on Ti mesh
was manufactured using the electrochemical anodization method. The TiO, nanotubes extend
radially in a 3D array on a grid of Ti wires. The Ti wires acted as the current collector during
LIB testing. The Ti conversion rate was increased to around 22wt%. This electrode, which
does not need a current collector or binder, has flat potential plateaus, high specific area
capacity, and high rate capability, on the same level as reported for nanostructured TiO,
anode. Therefore, this novel 3D structured TiO,/Ti mesh is a very promising anode material

for LIBs.
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Chapter 9 General Conclusions and Outlook

9.1 General Conclusions

This doctoral work investigates nanostructured and composite electrode materials for LIBs
with AN emphasis on high rate capability and stable capacity retention, including LiNbO;
coated Lij¢sMn; 9,04 composite, LiNbO3/LiNigsMn; sO4 composite, PPy-coated a-LiFeO,
nanocomposite, V,03/C composite, and3D TiO,/Ti mesh. The aim was to broaden our
understanding of their surface structural evolution and related electrochemical behavior. The
composite electrode materials showed highly enhanced electron or lithium ion transport
within the electrode, with improved high temperature stability and high rate capability, and
buffering of the volume changes to increase the capacity retention. The as-synthesized
nanostructured electrode materials showed improved electrochemical performance due to
their high surface area, shortened electronic and lithium diffusion pathways, and enhanced

reactivity. A summary of the outcomes will be elaborated in the following sections.

9.1.1 Cathode materials

Lij 0sMn; 9,04 samples with a solid-state electrolyte (SSE) coating layer were successfully
synthesized by a facile solid-state reaction method. Based on the as-prepared LiNbOs3 coated
Li; osMn; 9204 composites, a novel LIB system was developed which consists of a manganese
spinel cathode, a LiNbOs-coating layer, OLE, and a lithium foil anode. In this novel LIB
system, LiNbOsj-coated LijosMn; 9,04 composite electrode showed enhanced high
temperature electrochemical performance, including long cycling stability, high rate
capability, and a good lithium-ion diffusion coefficient. From the in situ SXRD results, the
SSE LiNbO; coating layer functioned effectively to prevent Mn dissolution and maintain
high ionic conductivity between the electrode and the organic liquid electrolyte, due to the

dual structure of the cathode material (low-energy non-equilibrium solid solution phase
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[Liyi0.08Mn; 9,04 (0 < x < 1)] and the stable SSE LiNbO; coating layer). The 0.06LiNbO3-
0.97Li; 0sMn; 9204 cathode displayed the best electrochemical properties, with the highest

capacity of 111 mAh g'1 up to 100 cycles at a current density of 74 mA g'1 and at 55 °C.

LiNigsMn; 504 cathode material was synthesized by a sol-gel method, and LiNbO; additive
with high ionic conductivity was uniformly mixed with LiNipsMn;sO4 by a solid-state
reaction. Electrochemical measurements show that the additive affects the cycling
performance and high rate capability of the electrode. The in situ SXRD patterns show that
the as-prepared LiNipsMn;sO4 cathode material has a highly reversible P4;32 phase. The
LiNbO; phase structure remains stable throughout the charge-discharge process, and the
LiNbO; acts as a bifunctional additive in LIBs with liquid electrolyte. This bifunctional
additive can improve the lithium diffusion coefficient and protect the electrolyte from the
oxidative side reactions at high voltage. The 0.04LiNbO3/LiNipsMn,; sO4 cathode displayed
the best electrochemical performance, in terms of the capacity of 118 mAh g after 200

cycles with capacity retention of 94% at 25 °C and high rate capability (101 mAh g™, 20 C).

Cauliflower-like a-LiFeO,-PPy nanocomposite was successfully prepared using a chemical
polymerization method. The electrochemical performance of the a-LiFeO,-PPy electrode was
improved over that of the bare a-LiFeO,, especially the capacity retention and high rate
capability. The conductive PPy acts as both a conducting matrix and a protective coating
layer. The a-LiFeO,-PPy electrode with 16.6 wt.% PPy showed good cycling stability (104

mAh g at 0.1 C after 100 cycles) and rate capability (50 mAh g at 10 C).
9.1.2 Anode materials

Porous V,03/C composites were synthesized by a rapid novel corrosive-coating method
combined with the hydrothermal method. The resultant composite exhibits a unique

morphology, in terms of the porous V,03 coated with carbon. The porous structure
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provides shortened lithium ion diffusion pathways, a large specific surface area, and a
high tolerance for the volume changes. The coated carbon layer effectively increases
the composite’s conductivity and prevents the formation of SEI during the cycling
procedure. The V,03/C composite electrode showed a significantly improved
electrochemical performance over that of bare V,03, and it delivered an impressive capacity
of 283 mAh g™ at the current density of 25 A g’ (more than two times the capacity of V,03).
In addition, this carbon-coated nano-architecture ensures protection from the
agglomeration of nanoparticles. As one of the first reported V,03/C composites, it
exhibits very promising electrochemical properties: a high specific capacity, reduced

resistance, and exceptionally good rate capability.

3D TiO; nanotube arrays on Ti mesh were prepared for LIBs by using the electrochemical
anodization method. The 3D TiO; radial nanotube arrays were grown on Ti mesh by
controlling the anodization time. They feature large surface area and provide effective contact
between the active materials and the electrolyte, while also shortening the lithium diffusion
length. The thin Ti wires at the center of the nanotubes can maintain good conductivity, and
the Ti conversion rate was ~ 22wt%. The TiO,/Ti mesh anode exhibited superior
electrochemical performance, with the high specific area capacity of 1745.5 pAh cm™ after
100 cycles at a current density of 50 pA cm™. This TiO/Ti mesh anode does not need a
current collector, conductive carbon, or a binder. In addition, this electrode showed very
stable lithiation/delithiation processes, while the 3D architecture still retained its morphology
after 100 cycles. This novel 3D structured TiO,/Ti mesh is a very promising anode material

for LIBs.
9.2 Outlook

This doctoral work has been mainly focused on the synthesis of nanostructured or composite
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electrode materials and on characterizing the electrochemical performance of the
corresponding LIBs. The synthesis methods for the electrode materials presented in this
experimental work, including the hydrothermal and microwave hydrothermal, solid-state
reaction, sol-gel, chemical polymerization, and anodic oxidation methods, are also suitable

for the preparation of other nanostructured or composite electrode materials.

A SSE coating layer is a novel surface modification for electrodes used in LIBs with liquid
electrolyte, but it needs to be deeply investigated in terms of their electrochemical properties
and for other substitute solid-state electrolytes such as LiTaOs, L1,S103, and LisLa/3).TiOs.
Furthermore, the high ionic conductivity materials that can act as additives in the LIB system,
including LiNbO3, LiTaO3, Li,Si03, and Lisz.La23).Ti03, also need attention because of their
potential for improving the electrochemical performance of LIBs, especially the liquid

electrolyte stability at high voltage (5 V) and lithium ion transportation.

Electronically conducting coating layers, such as polymers, carbons, and noble metals, also
need extensive investigation with other cathode and anode materials to improve the high rate
capability and capacity retention. The electronically conducting coating layers are also
potential candidates for other energy storage systems, for example, lithium-sulphur batteries,

sodium-ion batteries, and supercapacitors.

3D metal-oxide nanotube arrays grown on metal mesh substrate, including TiO,, SnO;, and
MnO,, are still worth further investigation for use in LIBs. On the one hand, the 3D metal-
oxide nanotube arrays exhibit a large surface area, shortened lithium ion diffusion pathways,
and high structural stability. On the other hand, the metal mesh substrate with good electronic
conductivity acts as current collector, which simplifies the battery design and saves a series of
electrode preparation processes, because the conductive carbon, binder, solvent, and current

collector are now unnecessary. These features make for LIBs with splendid electrochemical
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performance.

The in situ synchrotron technique is a powerful tool to investigate structural changes in
electrodes during cycling process due to the sensitivity of high energy X-rays to light
elements, such as lithium, oxygen, etc. In particular, conventional techniques cannot collect
some information during the conversion reaction because the crystallinity of the electrode
materials has changed. Therefore, the in situ synchrotron technique is an ideal tool for
analysing the lithiation/delithiation processes. To fully understand the electrochemical
reaction mechanism, other in situ measurement techniques are also necessary, such as in situ

Raman spectroscopy, in situ TEM, or in situ neutron diffraction.

In addition, it should be noted that the nanostructured materials show some intrinsic
disadvantages due to their high surface area and nanosize effects. Usually, the nanostructured
electrode materials exhibit low density and high reactivity in side reactions, which directly
generates more irreversible capacity and safety issues. In order to avoid those disadvantages,
particle size control and surface modification should be further investigated for different
electrode materials. Further research will also need to emphasize the safety issues related to

the nanosize effect.
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