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ABSTRACT

The design of electrode materials depends critically on understanding the
underlying electrochemical processes. Material composition, morphology, structure,
and preparation method affect and can alter electrochemical performance of
electrochemically active materials. In this research project, a series of phosphate-
based polyanionic electrode materials have been fabricated and their
electrochemical properties for the use in lithium-ion and sodium-ion batteries are

evaluated.

We successfully prepared carbon-coated LiFePO4 cathode materials by industrial
ball milling and a solid-state reaction with Li2CO3, NH4H2PO4, and FeC204-2H20 as
starting materials. Soluble starch as the primary carbon source was investigated
for its capability of generating a highly graphitic carbon coating, whilst sufficiently
controlling the crystal growth of LiFePO4. XRD analysis, Raman spectroscopy, and
electrochemical testing revealed the significant impact of the amount of starch
added to the pre-sintered precursor on phase purity, carbon quality, and
electrochemical performance of the final LiFePO4/C composite. The optimum
soluble starch content to achieve a highly sp?-coordinated carbon coating is 10
wt%, which enabled our LiFePO4/C composite to achieve competitive reversible

capacities as well as improved rate performance

The spray method is well-trusted in practical applications, such as food
manufacturing, fertilizers, oxide ceramics, and pharmaceuticals. The ability to
produce uniformly spherical particle clusters ranging from nano- to micrometre in
size is one of the main advantages of this method, which is immensely important
for large scale production of electrochemically active materials for the energy
storage market. In this report, we systematically evaluated spray-drying conditions
and equipment settings in regards to electrochemical performance of carbon
coated LiFePOs4 cathode materials. In an optimisation trial, the most suitable
process conditions for the precursor materials and spray-dryer model used to
prepare pure and practical LiFePO4 cathode materials were identified. The impact
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of different organic additives on the resulting particle morphology of the final
product was also investigated. It was found that the addition of polyvinyl alcohol
(PVA) generates particle clusters that provide a high tap density product without
sacrificing electrochemical performance. The LiFePO4 cathode material prepared
with the addition of PVA achieved remarkable rate performance results and could

maintain a capacity of 113.95 mA h g' at 10C.

Lithium-ion batteries (LIBs) are widely implemented to power portable electronic
devices and are increasingly in demand for large-scale applications. One of the
major obstacles for this technology is still the low cost-efficiency of its
electrochemical active materials and production processes. In this work, we
present a novel impregnation—carbothermal reduction method to generate a
LiFePOs—carbon paper hybrid electrode, which does not require a metallic current
collector, polymeric binder or conducting additives to function as a cathode
material in a LIB system. A shell of LiFePO4 crystals was grown in situ on carbon
fibres during the carbonization of microcrystalline cellulose. The LiFePOas—carbon
paper electrode achieved an initial reversible areal capacity of 197 pyA h cm™
increasing to 222 pyA h cm™ after 500 cycles at a current density of 0.1 mA cm™.
The hybrid electrode also demonstrated a superior cycling performance for up to
1000 cycles. The free-standing electrode could be potentially applied for flexible

lithium-ion batteries.

Sodium-ion batteries (NIBs) are an emerging technology, which can meet
increasing demands for large-scale energy storage. One of the most promising
cathode material candidates for sodium-ion batteries is NasV2(POa4)s due to its high
capacity, thermal stability, and sodium (Na) superionic conductor 3D (NASICON)-
type framework. In this work, the authors have significantly improved
electrochemical performance and cycling stability of NasV2(POa)s by introducing a
3D interconnected conductive network in the form of carbon fibre derived from
ordinary paper towel. The free-standing NasV2(POas)s-carbon paper
(NasV2(PO4)s@CP) hybrid electrodes do not require a metallic current collector,

polymeric binder, or conducting additives to function as a cathode material in an
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NIB system. The NasV2(PO4)s@CP cathode demonstrates extraordinary long-term
cycling stability for 30 000 deep charge— discharge cycles at a current density of
25 mA cm?2 Such outstanding cycling stability can meet the stringent

requirements for renewable energy storage.
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INTRODUCTION

Current estimations of population growth and consequential increased energy
demand predict that we will consume 2.2 tons of oil equivalents (TOE) per capita
by 2030. With our current means of using fossil fuels, this will release
unsustainable amounts of greenhouse gases in addition to the fact that these
sources of energy will be depleted eventually. It is generally accepted that
advanced renewable energy technologies are urgently needed to support current

population growth and to maintain energy security for generations to come.

Current integration of renewable energy sources, such as wind or solar energy,
present the problem of reliability if directly fed into the grid. The demand for energy
by households or industry and the production of energy are not naturally in synch.
In the course of a day, these renewable sources might not be available or are
producing an oversupply when not needed causing instability within the power grid,

which is the main reason why they are not widely implemented in Australia.

Large-scale energy storage systems are believed to be the solution to this critical
issue as they are able to buffer peak load energy and output fluctuations by storing

and releasing energy as demand and supply are changing during the day.

Lithium-ion batteries (LIBs), as one possible energy storage system, now surpass
other battery systems, such as lead—acid or nickel metal hydride batteries, in terms
of energy density. Their current applications range from electric vehicles (EV) and
hybrid electric vehicles (HEV) to portable devices, such as mobile phones and
laptops. Although substantial progress has been made to improve LIBs, significant
enhancements in energy density, cost, and cyclability are still required. The
performance of LIBs is critically affected by the performance of the electrode
materials used in the electrochemical cell, especially on the cathode side. This
research project focuses on the development of different advanced LiFePOa4
cathode materials prepared by different industry-ready and low-cost preparation

methods.
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Furthermore, sodium-ion batteries (SIBs) have attracted attention as a low-cost
alternative to LIBs because sodium is the fourth most abundant element in the
earth’s crust with widespread distribution of sodium minerals. With a working
principle similar to that of the lithium system, SIBs are in the early stage of
development with one prototype battery entering the market in 2015. Due to the
larger atomic radius of the Na*, finding suitable materials that can accommodate
and tolerate electrochemical reactions with sodium is challenging. In this project,
one vanadium- and phosphate-based polyanionic cathode material, NasV2(POa4)s,

is investigated.

For both LIBs and SIBs, the electrochemical reaction occurs at the electrode
surface and requires the transport of ions into the electrode material. Consequently,
electrode material design is vital to achieve high performance batteries.
Methodologies such as optimization of the preparation process, material
composition, and morphology as well as harmonious hybridization between each
component were applied in this work to fabricate advanced electrode materials for
LIBs and SIBs.

Each chapter therefore is outlined as follows:

1) Chapter 1 reviews the development of LIBs and SIBs electrode materials, with
special attention given to phosphate-based polyanionic material candidates. The
working principle, development of selected anode and cathode materials are
presented. For sodium-ion batteries, the comparison to lithium-ion batteries is

given and advances in cathode materials and anodes are summarized.

2) Chapter 2 presents the experimental methods used during this research project
including  material preparation, physiochemical characterizations, and
electrochemical investigations. The main method to prepare the electrode
materials in this work are solid-state reaction and hydrothermal synthesis.
Structural and morphological investigations are carried out using X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), transmission

electron microscopy (TEM), nitrogen adsorption-desorption, Raman spectroscopy,
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and thermogravimetric analysis. Electrode fabrication and cell assembly protocols

as well as electrochemical characterisation techniques are also presented.

3) Chapter 3 presents a carbon-coated LiFePOs4 cathode material prepared
through industrial ball milling and solid-state reaction by using Li2CO3s, NH4H2POa4,
FeC204-2 H20, and soluble starch as a carbon source to generate highly graphitic
carbon coatings. Special attention has been paid to the correlation between the
applied amount of carbon and the sp?-coordinated carbon generation, as low-

temperature sintering usually yields more disordered carbons.

4) Chapter 4 systematically evaluates spray-drying conditions and equipment
settings in regards to electrochemical performance of the obtained carbon coated
LiFePO4 cathode material. This includes variations in spray-drying feed rate and
drying temperature while precursor materials, suspension concertation, and
amount of added carbon source remained unchanged for each parameter. After
optimal conditions were established, the impact of the carbon precursor choice
(namely citric acid, polyethylene glycol, and polyvinyl alcohol) on micro-particle

morphology was evaluated.

5) Chapter 5 presents the design of a unique preparation method to generate a
free-standing, binder-free, and metallic current collector-free LiFePO4 cathode. The
simultaneous carbonization of microcrystalline cellulose and the in situ crystal
growth of LiFePO4 nanoparticles achieved by a novel impregnation—carbothermal
reduction technique to create an innovative LiFePOs—carbon paper (LiFePO4@CP)
hybrid electrode is demonstrated. The hybrid LiFePO4@CP electrode consists of a
carbon fibre network core, which allows fast electron transport and provides a
porous structure for electrolyte penetration. The thin LiFePO4 shell enables fast ion

diffusion over a large surface area.

6) Chapter 6 reports the development of a unique free-standing, binder-free and
metallic current collector-free NasV2(POas)s-carbon paper (NasVz2(PO4)s@CP)
cathode for SIBs. This hybrid electrode consists of an interconnected 3D carbon

fibore network (CFN) enabling fast electron transport and providing a porous
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structure for electrolyte diffusion. The NasV2(POa4)3s nanoparticles decorated on the
carbon fibre network facilitate fast ion diffusion over a large surface area achieving

exceptional cycle life of over 30 000 cycles.

7) Chapter 7 briefly summarizes the research outcomes of this research project

and future scope of related research is also presented.
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Chapter 1: Literature Review

During unexpected weather events in the Australian summer 2016/2017, the
federal state of South Australia experienced several consecutive and at times long-
lasting electricity blackouts. These events sparked a debate on South Australia’s
integration of renewable energy sources and consequential grid reliability issues
due to the lack of adequate support infrastructures.[' Although major blackouts are
not limited to areas of high renewable energy integration as cases from the
Northeast of the USA in 2003 and Southern California to Mexico in 2011 show,
they highlight very complex issues associated with electricity production and
consumption.l?l Furthermore, it is widely recognized that reliable and affordable
electricity is vital for economic growth and development. Along the way to a
decreased dependence on fossil fuels and reduction of associated greenhouse gas
emissions to a full integration of renewable energy sources, large-sale energy
storage systems have been identified to be essential to improve and maintain grid
reliability.®! As shown in Figure 1-1a, large-scale energy storage technologies can
be divided into five categories, each containing their own subcategories of
available and recognised systems, wherein the pumped hydro storage accounts for
more than 95% of the global energy storage capacity.[>#1 However, the pumped
hydro system cannot provide appropriate infrastructure for some crucial grid
applications, such as uninterrupted power supply (UPS) and transmission and
distribution (T&D) support, to maintain grid reliability. As Figure 1-1b shows,
different technologies can be further categorized in terms of discharge time and
storage capacity (power rating) and it becomes obvious that the metal-ion battery
(displayed as Li-lon Battery) provides the widest range of possible applications in

this comparison.
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Figure 1-1. (a) Categorisation of available energy storage technologies. (CAES is
Compressed Air Energy Storage, LAES is Liquid Air Energy Storage, SNG is
Synthetic Natural Gas) Adapted from the World Energy Resources E-Storage
Report 2016 of the World Energy Council, UK, London. (b) General comparison
of discharge time and power rating for various EES technologies.l?! (SMES is
Superconducting Magnetic Energy Storage) The comparison is indicative only as
several technologies may provide broader power ratings and longer discharge
times. Reproduced with permission.[®! Copyright 2017, Woodbank Communications
Ltd, Chester (UK).

Therefore, it is not surprising that many countries in the developed world are
heavily investing in projects boosting their electrochemical energy storage capacity.
Table 1-1 gives an overview of current projects or planned installation efforts of
energy storage technologies of selected countries (selected by their large number
of projects and relationship to Australia). According to this list provided by the
World Energy Council,[¥ the majority of projects in progress focus on
electrochemical energy storage technologies with the United States of America and
China leading the list, followed by Japan and South Korea and members of the
European Union (EU), such as Germany, the United Kingdom (pre-withdrawal from
the EU), and France. Australia, Canada, and New Zealand are also investing in a

diverse range of storage technologies.



Table 1-1.

Nominal power (MW) of planned installations of large-scale energy

storage listed by technology group and selected project location. Adapted from the
World Energy Resources E-Storage Report 2016 of the World Energy Council, UK,

London.H
Nation Electrochemical Electromechanical Hydrogen Pumped Hydro Thermal
Storage Storage Storage Storage Storage
Australia 19 Projects, 7 MW 2 Projects, 1 MW 0 740 MW 1 Project, 3
MW
Canada 10 Projects, 10 MW 2 Projects, 2.7 MW 0 1 Project, 174 2 Projects, 2
MwW Mw
China 54 Projects, 32 MW 0 0 23060 MW 1 Project, 2
MwW
France 10 Projects, 9 MW 0 1 Project, 0 10 Projects, 1 Project, 3
MW 5812 MW MwW
Germany 35 Projects, 251 3 Projects, 708 MW 4 Projects, 3 6806 MW 1 Project, 2
MW MW MwW
Japan 47 Projects, 255 0 0 27637 MW 0
MW
South Korea 44 Projects, 206 0 0 7 Projects, 4700 0
MW MW
New Zealand 2 Projects, 0 MW 0 0 0 0
United Kingdom 23 Projects, 24 MW 400 MW flywheel 0 4 Projects, 2828 0
MW
United States of 227 Projects, 473 21 Projects, 171 MW 0 38 Projects, 135 Projects,

America

Mw

22561 MW

664 MW

The main obstacle for a wider implementation of metal-ion batteries, not only for

large-scale energy storage applications, remains materials and production cost,?

which gives researchers a strong mandate to pursue novel,

inexpensive,

environmentally friendly, and of course high performance materials for this vital

energy storage technology.



1.1 Phosphate-based Materials for Lithium-ion Batteries

The commercial and technological success of lithium-ion batteries (LIBs) can
mostly be ascribed to the realization of positive electrodes based on transition
metal oxides, such as LixMO2 (M = Co, Ni, Mn), LixMn204, LixV20s, or LixV30s.[
However, three-dimensional (3D) framework materials based on transition metals
and polyanions (XO4)"™ have gained global attention due to the discovery and
triumph of LiFePQ4.[6°1 Besides their obvious disadvantage in regards to
gravimetric capacity due to the heavy polyanion group, these materials provide
intriguing advantages, such as structural stability, high working potential, and
versatility in atomic arrangement and crystal structure.[®! Therefore, this section will
provide an overview of conducting polyanionic framework materials containing
phosphate groups (PO4)* for LIBs as well as an introduction into the

electrochemistry of this type of rechargeable battery itself.

1.1.1 Electrochemistry of Lithium-ion Batteries

The alkali metal lithium is classified as the lightest metal in the periodic table,
providing the lowest electrochemical potential (-3.05 vs. SHE), and thus, the
largest gravimetric energy density of all metals.['%12 However, efforts to develop
rechargeable lithium metal batteries have been plagued by problems of dendrite
formation during repeated stripping/plating and electrolyte decomposition, which
impose serious safety concerns and result in poor cycling efficiency.['?l Therefore,
research efforts have shifted towards non-metallic lithium batteries using lithium
ions provided by either the anode or the cathode material. A breakthrough for LIBs
was accomplished in 1991 when the first LIB was commercialized by Sony.["3! After
decades of intensive research and development, LIBs are now widely established
as the power source of choice for portable electronics and are beginning to further
dominate the markets of electric vehicle (EV) propulsion and residential solar

battery storage.['4]



LIBs store electricity in the form of chemical energy during charging and convert
this stored chemical energy into electricity during discharge. A standard LIB
consists of four main components, including the negative electrode (anode), an
electronically insulating separator, the positive electrode (cathode), and an ionically
conducting medium as the electrolyte (Figure 1-2a). Anode and cathode are
electronically connected through an external circuit to transport electrons, while the
separator only allows ions to migrate through the electrolyte from one side to the
other. The feasibility of an electrode depends on its electrochemical potential (ua
for the anode and pc for the cathode) as well as the potential position relative to
the HOMO-LUMO energy gap (Eg) of the electrolyte, as shown in Figure 1-2b.["%]
Consequently, high-energy density batteries can be achieved in battery cells with
maximum electrochemical potential differences between anode and cathode, high
lithium storage abilities, and electrolytes with sufficiently large HOMO-LUMO

energy gaps.['5 16l
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Figure 1-2. (a) Schematic diagram of the lithium intercalation—de-intercalation
reaction mechanism in rechargeable LIBs containing solid electrodes and a liquid
electrolyte. (b) Relative energy diagram of electrode potentials and electrolyte
energy gap in LIBs. Reproduced with permission.l'® Copyright 2015, The Royal
Chemical Society.



In a commercial LiCoOz2//Graphite battery, electrons are transported through the
external circuit from the cathode (LiCoO2) to the anode (graphite) side during
charging. At the same time, Li-ions are extracted from the LiCoO2 cathode, migrate
through the electrolyte and intercalate into the graphite electrode storing electricity
within the battery in the form of chemical energy. This process is reversible and the
stored energy is released during discharge as electrons flow back through the
external circuit powering electrical devices, while most Li-ions also migrate back to
the cathode host. Figure 1-3 summarizes some of the most common electrode
materials in regards to their electrochemical potential and gravimetric capacity,
which varies significantly with their chemical compositions. In the following part,
recent progress in the development of electrode materials for LIBs in general will

be reviewed with a detailed focus on phosphate-based polyanionic materials.
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Figure 1-3. Diagram illustrating the average capacities and electrochemical
potentials of important cathode and anode materials with respect to Li metal and
the cell voltage of LIBs. The electrode materials are represented based on their
reaction mechanism in the presence of Li*.l']



1.1.2 Anode Materials for Lithium-ion Batteries

Extensive research activities have been directed towards the development of
advanced anode materials for LIBs in past decades. Anode materials that have
been identified can be classified in three different categorise according to the
underlying reaction mechanism with metal ions in an electrochemical cell. These
three types of anode reactions are conversion, alloying, and intercalation, which
will be discussed in a brief review of the anode material development for LIBs in
the following sections. As phosphate-based polyanionic materials belong to the
intercalation group, this reaction mechanism will be discussed in more detail in the

last subsection.

1.1.2.1 Anode Materials based on Conversion and Alloying Reactions
Conversion

In 2000, the reversible reduction of transition metal oxide nanoparticles (TMOs
NPs), such as CoO, CuO, and Fe20s3, in the presence of Li* was reported for the
first time.l'® This process is known as “conversion reaction’ and its general

equation can be defined as follows:
MOy + 2yLi* + 2ye < xM° + yLi2O (M = transition metals) (1-1)

Since it was demonstrated that TMOs can deliver stable gravimetric capacities as
high as three times that of carbon (372 mA h g, see section 1.1.2.2.), they are
now considered as promising anode material candidates in rechargeable
batteries.['®] The family of conversion reaction-based TMOs for LIBs has grown
dramatically in the last decade and includes oxides of iron,l?®)/ manganese,!'® 21l
cobalt,?>2%1 copper,?® 271 nickel,?® molybdenum,?® 39 zinc,3" ruthenium,32-34
chromium,5 361 tungsten,7-39 and mixed metal oxides.*? Figure 1-4 shows a

schematic illustration of the conversion reaction of TMOs in the presence of Li*.
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Figure 1-4. Schematic illustration of the conversion reaction of a transition metal
oxide in LIBs. Reproduced with permission.[“% Copyright 2016, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

From Equation (1-1), 2y Li* per formula unit of TMO can be stored through a
conversion reaction, which causes structural change and amorphization of the
TMO, and consequently, large volume expansions (Figure 1-4).[401 Nanoscale
transition metal clusters are embedded in the lithium oxide (Li.O) matrix after the
initial lithiation is completed. During delithiation, these transition metal clusters are
then oxidized to form amorphous TMOs as delithiation often results in a different,
more kinetically favourable metal oxide phase.l*!l Several issues that keep these
compounds from commercial success still have to be resolved. Among those, the
most relevant are i) the strong structural re-organization inducing large volume
changes that result in electrode pulverization and poor cycling performance, ii)
large voltage hysteresis between discharge and charge processes, iii) low initial
Coulombic efficiency.['® 40- 411 Nanostructured TMOs anode materials with different
morphologies have been intensively investigated to minimize the strain derived
from the volume change, which also improved electrode-electrolyte contact and
diffusion lengths for Li* in the active materials, leading to high rate capabilities.l?"-
42451 Furthermore, reports of reversible conversion reactions in binary M-X
compounds with X = N,[46-48] [ [49.50] g [51-54] P [55-57] gnd HI'®l have proven that the

conversion reaction concept is not limited to only the TMO group.



Alloying

Like conversion reaction materials, alloying anode materials undergo a solid-state
redox reaction during lithiation/delithiation. This reaction is accompanied by
changes in crystalline structure that result in breaking and recombining of chemical
bonds. Therefore, the alloying reaction in the presence of Li* can also be referred

to as Type B conversion corresponding to the following equation:!'”]

yLi + X < LiX (1-2)

Figure 1-5 shows an overview of elements capable of hosting Li* with their
respective reaction mechanism towards lithium, relative abundance, and
theoretical capacity (gravimetric and volumetric). As can be seen from this image,
alloying (or Type B conversion) anodes exhibit theoretical gravimetric capacities up
to 10 times higher as well as volumetric capacities two to five times higher than
those of graphite. However, alloying materials are disreputable for their immense
volume change during charge-discharge, which generally results in particle
pulverization and electrical contact loss.[®®! Furthermore, these volume changes
can destroy the protective layer on the anode surface (solid electrolyte interface,
SEI), which results in the continuous consumption of Li* and increasing cell
impedance.l'”l Therefore, alloying anodes are generally associated with short cycle
life due to continuous active material loss.’®! The second issue with alloying anode
materials is related to the large irreversible capacity commonly observed during the
first cycle, which can be ascribed to0:1%% i) Loss of active material; ii) Formation of
SEl layer; iii) Trapping of Li in the alloy; iv) Surface reactions with oxide layers; and

v) Aggregation of alloy particles.
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Figure 1-5. (a) Availability and (b) capacities of elements that may host Li as
electrodes. Elements with abundance (as fraction of Earth's crust) below 107° are
slightly faded, and elements below 1077 are faded further. Gravimetric and
volumetric capacities are theoretical values calculated based on delithiated mass
and lithiated volume.[']

Several strategies have been proposed to reduce irreversible capacity and improve
the cycle life of alloying anodes, including: i) Dispersing alloying anode materials in
carbonaceous materials!'”> 6. 62 or intermetallics,!®3%% i) Preparation of
nanostructures, such as zero-dimensional (0D) nanoparticles,®® 671 jii) Restricting

either the upper or lower cut-off voltage to reduce volume changes, particle
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aggregation, and structural changes,8 1 and iv) Optimization of applied binder

materials and electrolyte composition.[’?l

1.1.2.2 Anode Materials based on Intercalation

In chemistry, the term intercalation describes the reversible insertion of a guest
species (Li* in the case of LIBs) into a laminar host structure without compromising
the structural features of the host (Figure 1-6).[’1 The most significant intercalation
anode materials for LIBs are graphite and LisTisO12 (LTO). The crystal structures of

their respective intercalated phases are shown in Figure 1-7.

The intercalation of Li* into graphite proceeds in stages through phase transition

reactions!’? and can be described using the following general equation:["3]
Ce + Li* + & > LiCs (1-3)

A first polarization of graphite electrodes in polar aprotic Li salt electrolytes

consumes irreversible charge for the reduction of solution species.

Insertion

MX,

Figure 1-6. Schematic representation showing insertion/extraction of Li* during
discharge/charge. Adapted and reproduced with permission.[’y Copyright 2008,
Nature Publishing Group.
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Figure 1-7. Crystal structures of (a) lithiated graphite (Reproduced with
permission.[”>] Copyright 2014, American Chemical Society) and (b) lithium titanate
(LTO) (Reproduced with permission.l’! Copyright 2011, American Chemical
Society).

This process results in a passivating film or SEI layer that prevents further
irreversible processes.[”3l Therefore, graphite containing LIBs require a Li source,
the cathode material, in excess, in order to provide the Li* needed to form the SEI
layer on the electrode surface.*> 73] Graphite provides intriguing advantages over
other anode materials, including low cost, abundance, low delithiation potential,
high ionic and electronic conductivity, and low volume changes during charge-
discharge. This commercially very attractive balance of low cost, availability,
energy and power density, and cycle life is responsible for the commercial success
of current LIBs.I'"l However, although its gravimetric capacity is higher than that of
most commercialized cathode materials, the small volumetric capacity of
commercial graphite (330—430 mA h cm™3) warrants the search for new high-
performance anode materials. Apart from graphite, carbon nanostructures with
improved electrochemical properties and commercialization potential have been
investigated, including one-dimensional (1D) carbon nanotubes (CNTs)!"”: 78 and
carbon nanofibers (CNFs),[”®l two-dimensional (2D) graphene,’% 81 and porous

carbonaceous materials.[82]
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LiaTisO12 (LTO) owes its commercial success to a combination of superior thermal
stability, high rate capabilities, relatively high theoretical volumetric capacity (600
mA h cm™3), and long cycle life.[3] However, the higher cost of Ti, high working
potential (~1.55 V vs. Li/Li*) and thus reduced cell voltage, and low theoretical
gravimetric capacity (175 mA h g™') are disadvantageous to some degree.l'’! Its
high rate capabilities and superior cycling stability originate from a “zero strain” Li*
intercalation mechanism combined with a lithiation potential higher than the
reduction potentials of most relevant aprotic electrolyte solutions.4 Initially
conceived as disadvantage, a higher lithiation potential (>1 V vs. Li/Li*) largely
avoids the formation and growth of a passivating SEI layer to the benefit of reaction
kinetics and preservation of the Li* reservoir.[8% However, surface reactions may
not be completely avoidable. LIBs containing LTO as anode material suffer from
severe gassing due to a reaction between the organic electrolyte and the LTO
active material,[®! which can be suppressed by the introduction of a carbon coating
sacrificing some thermal stability of the active material.®”] Furthermore, LTO
greatly benefits from a carefully engineered carbon coating showing a dramatic
increase in rate performance compared to carbon-free LTO electrodes.®8l
Therefore, LTO is considered a practical anode material choice for lower energy

but high power LIBs with a long cycle life.['7: 8]

The first report on the Li* storage properties of rhombohedral LiTi2(POa4)s (LTP)
was published by Delma and co-workers in 1988.18% The crystal structure of LTP
consists of PO4 tetrahedra and TiOs octahedra with large channels that provide two
types of interstitial sites, which are generally referred to as M1 and M2, as shown
in Figure 1-8a.°0 Li* in LTP selectively occupy the M1 sites whereas Li*
intercalation occurs by filling of the M2 cavities. This involves the cooperative
migration of Li* from the M1 to the M2 sites until the LisTi2(PO4)s phase is
established.: % With two Li* being inserted into the structure, a significant
increase in the c/a ratio of the hexagonal unit cell occurs due to stronger
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electrostatic repulsion between [Ti2(POa)s] lanterns along [001] when the M1 sites
are being emptied, which results in the loss of the R3¢ symmetry.l®"l A new pair of
tetrahedral sites occupied by Li*, which are referred to as M3’ and M3”, were found.
With the M3’ and M3” sites being included within the M2 cavity they are believed to
play a vital role in the Li* diffusion process.l” The expected insertion product is
LisTi2(POa)s, corresponding to a two-ion insertion at a voltage plateau of 2.48 V vs.

Li/Li* corresponding to the redox couple of Ti#*/Ti3*:[6. 91]
LiTi2(POa)s + 2Li* + 2e <> LisTia(POa)s3 (1-4)

However, several reports have shown an additional redox couple located at around
2.8 V, as seen in Figure 1-8b.19%9] According to a study conducted by Hany El-
Shinawi and Jiirgen Janek,®3 this phenomenon suggests that the M1 sites of LTP
are partially empty due to a disorder of lithium over the M1 and M2 sites. They
explain that the reduction peak observed at around 2.75 V corresponds to the filling
of the M1 sites by incoming Li*, whereas the second reduction peak at 2.35 V
correlates to the insertion of excess Li* into the M2 site. The specific capacity
gained by this additional reduction process accounts for approximately 17% of the
total gravimetric capacity or 0.38 Li per unit formula. LTP provides a satisfactory
theoretical capacity of 138 mA h g-' and high ionic conductivity of =107% S cm™" but
might remain only potentially viable in organic electrolyte systems for niche
applications, such as monolithic integration of thin-film solar cells and LIBs.[°"
However, LTP can be applied as anode material in aqueous LIB systems due its
stability towards the LUMO of water. Successful aqueous full battery assemblies
include the combination of LTP with cathode materials such as LiMn204[8] and
LiFeP Q4.1
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Figure 1-8. (a) Part of the NASICON-type crystal structure showing the M1 and
M2 crystal sites and (b) Slow sweep cyclic voltammograms of carbon coated LTP
collected at 0.1 mV s7.193

Vanadium-containing polyanionic phosphate materials have attracted tremendous
amounts of research interest due to the possibility of multi-electron transfers, which
is the result of the number of available redox couples: V%/V4* V4/V3 and
V3*/v2* 911 Among many high performance vanadium phosphate materials, which
are generally used as cathode materials for rechargeable battery systems,
LisV2(PO4)s (LVP) has also been considered as potential high power anode
material for LIBs (its cathodic performance will be discussed in Section 1.1.3). LVP
can be synthesized as either rhombohedral (NASICON, r-LVP) or monoclinic (anti-

NASICON, m-LVP), which results in different electrochemical properties.: %I
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Anti-NASICON & NASICON

Figure 1-9. NASICON (generally rhombohedral) and anti-NASICON (generally
monoclinic) frameworks of general formula AxMM'(XOa4)s. A = Li, Na, K, Mg, Ca; M
or M = Fe, V, Ti, Zr, Sc, Mn, Nb, In; X = S, P, Si, As. Reproduced with
permission.[® Copyright 2013, American Chemical Society.

The first successful preparation of r-LVP was reported in 2000 by Nazar and co-
workers,[®®l which was achieved through a topotactic ion exchange procedure from
its sodium analogue. To date, the only known report on the anodic performance of
r-LVP was published by Jian et al. in 2014.°8 In this study, evidence was
presented showing that two additional Li* can be inserted into the structure
corresponding to the V3*/V2* redox couple at an average voltage of 1.75 V vs. Li/Li*,
similar to the anodic performance of LTO presented earlier. Further investigations
at potentials below 1.0 V have not been conducted in this study; however, a
successful experiment of a symmetric full cell showed potential for large-scale
energy storage systems. The experimental cell provided an output of around 2 V

with an energy density of 113 W h kg-'.
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Since r-LVP cannot directly be prepared using traditional preparation methods,
more research has been focused on the thermodynamically stable monoclinic
phase m-LVP. Generally, the insertion/extraction of Li* in m-LVP follows a
complicated series of successive two-phase transitions, as seen in Figure 1-10.[]
For the anodic performance of the V3*/V?* redox couple, four distinct plateaus or
redox peaks can be seen in this images, corresponding to the insertion/extraction

of two Li*:[6 91, 100]

LisV2(PO4)3 <> Liz5V2(POa)s + 0.5Li* + 0.5 e (1-5)
Liz.5V2(POa)s <> LiaV2(POa)s + 0.5Li* + 0.5 e (1-6)
LisV2(POa4)s <> LiasV2(PO4)s + 0.5Li* + 0.5 e (1-7)
Lis5V2(POa)s <> LisV2(POa)s + 0.5Li* + 0.5 e- (1-8)

Different reports on m-LVP achieved stable reversible capacities of around 88 to
126 mA h g when cycled between 3.0-1.0 V vs. Li/Li*.['09-102] However, the initial
study on the anodic behaviour of m-LVP conducted by Rui et al. also investigated
the electrochemical behaviour in a potential window of 3.0-0.0 V vs. Li/Li*.['""l Their
study found that, in addition to the two-phase region at 2.0-1.6 V vs. Li/Li*, m-LVP
displays a single-phase region below 1.6 V vs. Li/Li* corresponding to the V2*/V*

redox couple allowing two additional Li* to be inserted/extracted from the lattice:

LisV2(POa4)s + 2Li* = 2e” <> Li7V2(PO4)3 (1-9)

This additional single-phase region increases the theoretical gravimetric capacity of
m-LVP to 266 mA h g (assuming four Li* are being reversibly inserted/extracted),
which is much higher that the theoretical value in the cathode potential region (197
mA h g when cycled to 4.8 V vs Li/Li*).
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Figure 1-10. Galvanostatic Li* insertion/extraction and respective redox couples in
anti-NASICON LixM2(PO4)s (M = Fe, V) compositions. Reproduced with
permission.[® Copyright 2013, American Chemical Society.

A later study conducted by Zhang et al. confirmed this observation.l'®l In their
study, a nanostructured carbon-coated m-LVP material was applied as anode in a
LIB achieving a reversible capacity of 236 mA h g-' a 1C. Interestingly, they further
found that the single-phase region below 1.6 V vs Li/Li* showed only minor
variations and higher values in lithium diffusion coefficient compared to the
behaviour observed in the two-phase region at higher potentials. This implies great
potential for high power applications. As seen in Figure 1-11, this nanostructured
m-LVP material provides a remarkable rate performance with a high rate capacity
of 99 mA h g’ at 100C (26.6 A g'). As the authors emphasize, this performance is
comparable with supercapacitor applications. According to these findings, m-LVP
cycled to 0.0 V vs. Li/Li* can be considered for both innovative high power

applications as well as high energy LIBs.
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Figure 1-11. Rate performance of m-LVP cycled in the potential range of 3.0-0.0
V wvs. Li/Li*. (a) Delithiation capacity retention. (b) Corresponding potential
profiles.[103l

1.1.3 Cathode Materials for Lithium-ion Batteries

The role of the positive electrode in modern LIBs has been dominantly filled by
LiCoOz since it was firstly demonstrated as a possible cathode material for
rechargeable lithium batteries in 1980.1'%4 Following this discovery, transition metal
intercalation oxides have been extensively investigated;!'%! however, an increasing
number of new potential cathode materials have emerged since. Conventional
cathode materials can be categorized by their respective structure and those
materials include layered compounds LiIMO2 (M = Co, Ni, Mn, etc.), spinel
compounds LiM204 (M = Mn, etc.), and olivine compounds LIMPO4 (M = Fe, Mn, Ni,
Co, etc.).['%] New intercalation materials such as silicate compounds Li2MSiO4 (M
= Fe, Mn), borate compounds LiIMBOs (M = Mn, Fe, Co), tavorite compounds
LIMPO4F (M = Fe, V, Al), and NASICON compounds LixM2(PQOa)3 (M = Fe, V, Ti, Zr,
Sc, Mn, Nb, In) are also receiving increasing attention.l6: ®1. 1961 The following
chapter will give a brief overview of the current status of conventional LIB cathode

materials and will then focus on phosphate-based polyanionic cathode materials.
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1.1.3.1 Conventional Cathode Materials for Lithium-ion Batteries
Layered compounds LiMO:2

Within the structure of layered transition metal compounds, oxygen anions form a
close-packed fcc lattice with cations located in the octahedral crystal sites and MOz
slabs are stacked alternately with Li layers.l'%1 An illustration of the structure of
layered LiMOz2 is shown in Figure 1-12. LiCoOz2 is the most popular member of the
layered transition metal oxide group and has been dominating the LIBs market
since its commercial launch of in 1991. The theoretical capacity of LiCoOz2 is 270
mA h g assuming all Li* are extracted from the crystal. However, capacities of
only 130-150 mA h g' can be practically achieved, which indicates that only half of
the Li atoms can be utilized during cycling. These limitations originate from the
intrinsic structural instability of the material when more than half of the Li* are
extracted.['06. 1971 Although LiCoO:2 is a successful cathode material, several
disadvantages cannot be ignored by the LIB market. These drawbacks include:[1%8l
i) Cobalt is less abundant than other transition metals, such as Mn, Ni, and Fe, and
therefore more expensive; ii) LiCoOz2 is unstable when overcharged, due to the

dissolution Col'%! or the collapse of the layered structure.l'10-112]

Figure 1-12. Crystal structure of layered LiMO2. Reproduced with permission.!1%]
Copyright 2012, Elsevier.
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Therefore, research focus has shifted from LiCoOz2 to its derivatives in which Co
ions are partially or fully substituted by more abundant and environmental friendly
transition metal ions, such as Ni and Mn. Approaches to prepare better layered
transition metal oxide cathodes include mixing LiNiO2 and LiMnO2 to generate
layered LiNio.sMno.502, and the formation of Li-Co—Ni—-Mn-O layered compounds
(so-called NMC materials).['%€] The electrochemical performance of LiNio.sMno.502
was firstly reported by Ohzuku et al. in 2001.0'"3 Different from standard layered
transition metal oxides, 8-10% of Ni ions are located in the Li layer of
LiNio.sMno.s02.['14-1191 With MO2 slabs restrained by this, high and stable reversible
capacities of around 200 mA h g can be achieved at 0.2C.['%1 However, the Li*
mobility of this material was found to be impaired by un-removable Ni in the Li
layers blocking Li* diffusion pathways, thus lowering the diffusion coefficient of
LiNio.sMno.502 by one order of magnitude than that of LiCo0O2.I'2l The addition of Ni
and Mn to LiCoO2 was found to maintain the layered structure of LiCoO2 reducing
the amount of defect Ni in Li layers while delivering similar reversible capacities
than LiNio.sMno502."2"1 The most common Li(Ni,Mn,Co)O2 composition contains
equal amounts of the three transition metals, i.e. Li(Ni1/3sMn1/3Co01/3)O2, with the
valence states of Ni, Mn, and Co of +2, +4, and +3, respectively.l'?% 123 |t was
reported that Li(Ni1/3sMn13C01/3)O2 can operate at a voltage of 4.5 V achieving a
capacity of around 200 mA h g'l'> 121 The reversible capacity of
Li(Ni1sMn1/3Co1/3)Oz2 is generated by the oxidation of Ni?* to Ni** (a two-electron
transfer process) and subsequent oxidation of Co%* to Co**.1'26-128] The tetravalent
Mn ions do not participate in the redox reaction between 2.7 and 4.8 V;[126. 127, 129]
however, Mn in this compound has been associated with oxygen release at high
charging voltages (>4.5 V vs. Li/Li*).['"" The improved capacity of layered
Li(Ni1/3C013Mn1/3)O2 could be the result of the improved chemical stability of the
Ni2*/Ni** and Ni®*/Ni** redox couples compared to Co3%'/Co*". Unfortunately,

Li(Ni13sMn13C01/3)O2 shows poor cycling stability at high voltage where the

21



maximum capacity can be achieved due to electrode polarization and electrolyte

decomposition.['30
Spinel compounds LiM204

The oxygen framework of LiM204 is identical to the structure of layered LiMOs2.
Therein, M cations occupy the octahedral site with 1/4 of them located in the Li
layer, leaving 1/4 of the sites in the transition metal layer vacant. Li* occupy the
tetrahedral sites in the Li layer that share faces with the empty octahedral sites in
the transition metal layer. The structure resembles a 3D MO2 host with vacancies
in the transition metal layer that ensure 3D Li diffusion pathways.['%€! An illustration
of the structure of spinel LiM204 is shown in Figure 1-13. Spinel lithium manganese
oxide (LiMn20s), first reported by Thackery et al. in 1983,['311 has attracted
excessive technological and research interest because of its low cost,

environmental friendliness, and high safety.#5 132, 1331

Figure 1-13. Crystal structure of spinel LiM204. Reproduced with permission.[06]
Copyright 2012, Elsevier.
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The discharge of this material proceeds predominantly in two steps, one at around
4V and the second step at around 3 V vs. Li/Li*. During the charge process, the
removal of Li from the spinel host proceeds via a two-step reaction at around 4 V
vs. Li/Li*.['31 Although LiMn204 has been demonstrated to be a promising cathode
for LIBs, the material exhibits severe capacity fading problems, with main reasons
for this phenomenon: i) The dissolution of Mn?* into the electrolyte caused by the
disproportional reaction 2Mn3* — Mn#* + Mn?2*;[135 1361 ji) The generation of new
phases during cycling and related micro-strains.['37] The substitution of Mn with
other metal ions, such as inactive Mg, Al, Zn,[38-140] transition metal ions Ti, Cr, Fe,
Co, Ni, Cu,l"41-14%] or rare earth metal ions Nd, La,['46-148] has been used to improve
cycling performance of spinel materials, with LiNio.sMn1.504 providing the best
overall electrochemical performance. The valence of Ni ions is 2* pushing all Mn
ions to Mn**, which shifts the redox couple of LiNio.sMn1504 from Mn3*/Mn** to
Ni2*/Ni** consequently increasing the working potential from 4.1 to 4.7 V vs. Li/Li*
generating a reversible capacity of around 140 mA h g.['%. 1421 Therefore, this
material not only provides enhanced energy density but is pairable with high
voltage anode materials, such LTO, improving overall safety of LIBs. However,
since the Li diffusion coefficient of LiNio.sMn1.504 reportedly ranges from 10-° to 10
6 cm?s™' morphological and composition improvements are required to allow this

material to be applicable in high power applications.[106. 149-151]
Silicate compounds Li2MSiO4

Silicate-based cathode materials Li2MSiO4 (M = Fe, Mn, Co, Ni) possess a number
of advantages, such as abundance, low toxicity, and thermal stability due to the
strong Si—-O bonding.l'%1%4  Additionally, Li2MSiO4 has the potential of the
extraction of more than one lithium ion per transition metal, enabling a theoretical
capacity of about 333 mA h g1.[106. 155, 156] Apy jllustration of the crystal structure of

Li2MSiO4 materials is shown in Figure 1-14. The crystal structure of Li2MSiO4
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comprises of a distorted hexagonal packing of oxygen with half of the tetrahedral
sites occupied by Li, M, and Si.l'*1 The first member of the silicate family,
Li2FeSiO4, was identified and investigated by Anton Nytén et al. in 2005, which
delivered an initial capacity of only 165 mA h g indicating that only one Li* was
effectively extracted.['*® Furthermore, an oxidation peak shift from 3.1 to 2.8 V vs.
Li/Li* was observed using cyclic voltammetry, which suggests a phase
transformation within the crystal structure. Efforts to improve the electrochemical
performance of Li2FeSiOas, particularly its rate capabilities, have been made, which
typically involves the addition of a carbon precursor.['®l However, capacities
greater than 200 mA h g™' are either attributed to the formation of Fe**'6% and/or
electrolyte degradation.['6"l LizMnSiO4 was firstly reported by Dominko et al. in
2006.01621

Figure 1-14. Crystal structure of lithium intercalated silicates Li2MSiO4 (blue:
transition metal; yellow: Si; red: Li). Reproduced with permission.['%€! Copyright
2012, Elsevier.
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Since then, Li2MnSiO4 cathode materials have been widely investigated with many
failed experimental efforts to achieve good electrochemical performances, which is
due to their inherent disadvantages:['3 i) Low electronic conductivity (less than
107" S cm™1);[64-166] jj) Jahn—Teller distortion of Mn3* ions and Mn dissolution;"67:
1681 jii) Li* and Mn?* become site-exchanged during delithiation, which leads to large
electrode polarization and structure destabilization;['®®l and iv) inactive impurity
phases, such as MnO and Li2SiO3.l'"% More research is needed to improve
physical and electrochemical properties of silicate-based materials by optimizing
their structure, synthesis procedures, and morphology. Interestingly, recent reports
on the performance of silicate-based materials as negative electrode in LIBs have
emerged.l'"". 1721 Both studies report reversible discharge capacities of 450-550 mA
h g’ for Fe- and Mn-containing silicates. The authors proposed that the silicates
undergo a highly reversible conversion reaction at low potentials, similar to that of

transition metal oxide anode materials, which also requires further investigation.
Borate compounds LiMBO3

As polyanionic materials generally come with a weight penalty in form of reduced
energy density due to the heavy polyanion group, LiIMBO® compounds have
attracted interest because of the light borate (BO3%) group.l'”3l The crystal structure
of monoclinic LIMBOs is illustrated in Figure 1-15. In 2001, Legagneur et al. first
reported the electrochemical properties of LIMBO3 (M = Mn, Fe, Co) showing very
poor electrochemical activity (only 0.04Li per formula, or 9 mA h g'), whereas the
theoretical capacity was calculated to be as high as 220 mA h g'.['" The redox
couple Fe3*/Fe?* in the voltage window of 2.9-3.1 V vs Li/Li* was proposed, which
implies superior energy density of around 660 W h kg-'. Until 2010, all attempts to
improve the electrochemical performance of borate-based cathode materials
remained unsatisfactory and their poor conductivity and kinetic limitations were

blamed for their poor performance.[106. 175-177]
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Figure 1-15. lllustration of the monoclinic LIMBOs (M =3d metals) family crystal
structure showing corrugated MOs chains along c-axis connected by planar BO3
units. Reproduced with permission.!'”3l Copyright 2015, Springer Berlin Heidelberg.

In 2010, Yamada et al. reported their work on carefully optimized LiFeBOs, which
delivered near theoretical capacity approaching 200 mA h g-' supported by both
experimental and computational results.['8 According to their findings, surface
poisoning due to atmospheric moisture was the main reason for previous failed
attempts to optimize the electrochemical performance of borate-based cathode
materials. This sparked renewed interest with studies conducted on synthesis,
crystal  structure, stability, and electrochemical performance.l'79  180]
Electrochemical studies on Mn-based borates have also emerged.['®'] In contrast
to LiFeBOs and LiCoBOs, LiMnBOs exists in two polymorphs, hexagonal (h-
LiMnBO3)l'# 1821 and monoclinic (m-LiMnBQ3).['7% 1801 The hexagonal phase
provides an initial discharge capacity of 75.5 mA h g at high voltage showing a
conversion-type reaction at low potentials.['82] This low voltage conversion and its
poor cathode performance make h-LiMnBOs an attractive anode material with a

reversible capacity of 287 mA h g-'.1'81 Only recently, Nesper and co-workers have
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succeeded in enabling the h-LiMnBOs polymorphs capabilities by nanoparticle
engineering delivering a discharge capacity of around 140 mA h g with good
cycling stability.l'8 183 For the monoclinic phase, electrochemical performances
were first shown in 2011.0'79. 1801 Although a capacity of around 100 mA h g was
achieved, large polarization and improved performance at elevated temperatures
indicate intrinsic kinetic limitations. Chemical analysis of partially oxidized Lis-
xMnBO3 suggests that progressive delithiation induces structural disintegration and
phase decomposition.l'”3 Furthermore, irreversible Mn dissolution originating from
the chemical instability of Mn3* in Li1..Mn'"""BO3s may occur.['7%. 18] |n recent years,
some groups have reported the usage of mixtures of both polymorphs (m+ h-
LiMnBOs) as cathode candidate produced by several different preparation
methods.['87-19%0] This approach generated m + h-LiMnBOs compounds achieving a
reversible capacity of over 170 mA h g, close to the theoretical capacity for
LiMnBOs of 222 mA h g'. The last member of the LiIMBO3 family is LiCoBOs. With
a theoretical capacity of 215 mA h g-' and working potential of 4 V vs Li/Li* utilizing
the Co3*/Co?* redox couple, this material can provide a theoretical energy density
of 860 Wh kg'.['"® However, efforts to enhance electronic conductivity, Li diffusivity,
and mechanical stability have been widely unsuccessful and LiCoBO3 remains the

least explored and most challenging member of the LIMBO3 family.l'73]

1.1.3.2 Phosphate-based Cathode Materials for Lithium-ion Batteries
Olivine compounds LiMPO4

Olivine LIMPO4 materials have received tremendous research attention because of
the stability of the polyanion group, which minimizes oxygen loss observed in
traditional layered and spinel oxides.['%¢! The crystal structure of olivine LIMPO4 is
displayed in Figure 1-16a. Since it was first reported by Goodenough and co-

workers, olivine LiFePO4 has received the most research attention due to its
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excellent electrochemical properties, low cost, non-toxicity, excellent thermal
stability, and environment friendliness.”- 8 In LiFePOs, P occupies the tetrahedral
sites, Fe occupies the octahedral sites, and Li forms 1D chains along the [010]
direction. LiFePOs4 undergoes a reversible transition to FePOs4 during
discharge/discharge utilising the Fe?*/Fe3* redox couple at 3.4 V vs. Li/Li*, as
schematically shown in Figure 1-16b, providing a theoretical capacity of 170 mA h
g1.41 Unfortunately, LiFePO4 is known for its low electronic conductivity (around
107° S cm™")"92l and sluggish Li* diffusion (around 107'% c¢cm? s7").'%I Li* in the
lattice of LiFePO4 can only migrate along the [010] direction because there are no
continuous LiOs octahedra in the direction of the a- and c-axis.['941%! Furthermore,
the Li* diffusion in LiFePOs is not only insufficient but also easily affected by crystal
defects.['®7: 1981 To improve the electrochemical performance of LiFePQOas, strategies
such as surface decorationl(®%-201l nanocrystallization,[292-205 and lattice substitution
(doping)?2%6-2091 have been employed to promote electronic conductivity and Li*
diffusion. Olivine compounds can also be prepared with other transition metal ions,
such as Mn, Co, and Ni, each providing different active redox couples and
corresponding working voltages: 4.1 V vs. Li/Li* for LIMnPQ4,12'91 4.8 V vs. Li/Li* for
LiCoPO4,2"and 5.1 V vs. Li/Li* for LiNiPQ4.[212
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Figure 1-16. (a) Crystal structure of olivine LiIMPO4 (blue: transition metal ions;
yellow: P ions; red: Li ions) Reproduced with permission.l'l Copyright 2012,
Elsevier. (b) Schematic representation of the processes during charge/discharge of
LiFePO4. Reproduced with permission.[*3l Copyright 2008, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Due to the stability limitation at high potentials of current organic electrolytes, most
research has been focused on LiMnPOs4 and divalent doping of LiFePOs to
optimize working potential electrochemical performance.l'%. 213 214 Besides
electrochemical optimization efforts, fundamental studies on olivine materials are
also intensively conducted. For bulk LiFePO4, the working voltage profile plateau is
located at around 3.45 V vs. Li/Li*, which is indicative of a two-phase
lithiation/delithiation process.[’l The two-phase mechanism proposed suggested the
so-called shrinking core model, wherein the phase boundary moves from the
outside to the inside of the particles for both charge and discharge processes,
becoming diffusion limited after reaching a critical surface area (see Figure 1-17).["
106, 2151 Once Li* diffusion through the interface cannot sustain the given current
density, the reaction comes to a halt without consuming the residual active material
inside the two-phase interface, which greatly affects the utilization of active

material (residual LiFePOu in state C of Figure 1-17).[214]
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Figure 1-17. Two phase mechanism of LiFePOs. Reproduced with permission.14]
Copyright 2016, The Royal Society of Chemistry.

In 2006, Chen et al. conducted TEM studies and observed the occurrence of
disordered transition zones in the bc-plane, as the phase boundary progresses in
the direction of the a-axis, with the Li* moving in a direction parallel to the phase
boundary, implying that the well adopted shrinking core model does not apply to
individual crystallites.[?'8] Laffont et al. conducted a high-resolution electron energy
loss spectroscopy study and confirmed that the classical shrinking core model
cannot sufficiently describe the lithiation/delithiation mechanism in LiFePOa.[27]
Later in 2008, the domino-cascade model to describe the delithiation mechanism
was introduced by Delmas et al. (Figure 1-18).2"8 The intercalation and
deintercalation processes are described to proceed in waves moving through the
crystal along a-axis without any energy barrier that allows lithium
intercalation/deintercalation to advance at very high rates, explaining the fast
kinetics of LiFePO4 crystals in the nano scale. This was further confirmed using
precession electron diffraction in 2011 where phase maps at the nanometre scale
of a large number of particles between 50-300 nm in size in a partially charged cell
showed that the particles are either fully lithiated or fully delithiated.?'®! However,
the authors state that the classic shrinking core model may still be valid in the
mesoscale (scale of agglomerates of particles). The debate on the validity of either

of these models still continuous.[214. 220, 221]
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Figure 1-18. (a) Scheme showing a view of the strains occurring during lithium
deintercalation. (b) Layered view of the lithium deintercalation/intercalation
mechanism in a LiFePO4 crystallite. Reproduced with permission. 2" Copyright
2008, Nature Publishing Group.

Tavorite compounds LiMPO4F

Tavorite with the general formula AM(TO4)X (A = alkali or alkaline-earth element, M
= metal, T = p-block element, and X = O, OH, or F) consists of vertex-linked 1D
chains of MO4X2 octahedra connected by TO4 tetrahedra wherein X anions are
located at the vertices shared by neighbouring MO4X2 octahedra, and A cations
located at a number of sites throughout the framework (Figure 1-19).2221 LiVPO4F
represents the typical tavorite material and its Li* insertion properties were firstly
reported by Barker et al. in 2003.1?2% The lithium extraction/insertion behaviour for
LiVPO4F relies on the reversibility of the V3*/V4* redox couple operating at around
4.2 V vs. Li/Li* and can be described as follows:

LiV3*PO4F <> VAPO4F + Li* + & (1-10)
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Figure 1-19. Schematic illustration of the tavorite structure along the b-
crystallographic direction. Reproduced with permission.[???2l Copyright 2013,
American Chemical Society.

Later studies improved phase purity and electrochemical performance, which
achieved discharge capacities around 140 mA h g (approaching the theoretical
capacity of 156 mA h g-') combined with reasonable cycling stability (90% capacity
retention after 400 cycles at 0.5C) suggesting excellent structural stability.[?24 2291
Furthermore, two distinct lithium insertion/extraction potentials at 1.8 and 4.2 V vs.
Li/Li* allows this material to be used in symmetric cells containing LiVPO4F as both
positive and negative electrodes with an average voltage output of 2.4 V,[226]
comparable to the performance of LiFePO4/LisTisO12 high-power full cells.[??7]
Multidimensional Li* diffusion pathways that allow for high rate capabilities in the
micron/submicron size realm combined with excellent structural and thermal
stability make this material of interest for future LIBs.[??8] LiFePOsF is another
member of the tavorite class receiving some attention, providing a theoretical

capacity of 152 mA h g' at a working potential of 2.9 V vs. Li/Li*.[2?°]
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Interestingly, LiFePO4F is in its charged state and is subsequently discharged to
form Li2FePO4F, which is different to the behaviour of other intercalation
materials.l?%% |t was first synthesized in 2007 by Barker et al.?*' and Ramesh et al.
reported its fully lithiated structure in 2010 with a reversible capacity of around 145
mA-h-g~1.22%1 However, additional investigations encountered challenges for the
preparation a high-purity LiFePO4F and substantial optimization is needed to

advance this material further.!181
NASICON compounds LixM2(POa4)3

Phosphate-based NASICON compounds as possible LIB cathode materials have
not been studied widely although many different compositions may exist
theoretically.?32 2331 The two most studied examples of phosphate-based
NASICON cathode materials are iron-based LisFe2(POa4)s and vanadium-based
LisV2(POs4)s. LisFe2(PO4)s has been reported to exist in two polymorph structures,
monoclinic and rhombohedral, exhibiting very distinct electrochemical properties.
The monoclinic phase of LisFe2(POa4)s consists of corner-sharing PO4 tetrahedra
and FeOs octahedra, where Li* occupy two distinct 5-coordinate sites and a single
4-coordinate site.[?3¥ The theoretical capacity of m-LizFe2(PO4)3 is 128 mA h g~' at
a working voltage of 2.8 V vs. Li/Li* using the Fe?*/Fe3* redox couple
corresponding to the insertion of two additional Li*. The monoclinic phase displays
two distinct intercalation plateaus at voltages between 2.9 and 2.6 V vs. Li/Li*
suggesting the existence of an intermediate composition LisFe2(P04)3.1°! Its initially
poor Li* diffusion properties have been addressed using traditional particle size
control and coating techniques.[?3% 2361 The rhombohedral phase of LizFe2(PO4)3
can be prepared from the monoclinic sodium compound NasFe2(POa4)s by ion
exchange in a LiINO3 melt or in a concentrated aqueous solution.! Its structure
consists of PO4 tetrahedra and FeOs octahedra connected through their vertices,
forming [Fe2(POa)s] lantern units stacked along the [001] direction.[?37- 238 Two
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extra Li* can be inserted to form Lis+xFe2(POa4)s; however, different to the
monoclinic phase, the insertion occurs in one continuous step or one sloping
plateau at around 2.8 V vs. Li/Li*.®! Apart from early fundamental studies, both
polymorphs have not received much research interest, possibly due to their low
operating voltage and theoretical capacity. In contrast, LisV2(PO4)3 has been
studied intensively both as anode (see Section 1.1.2.2) and cathode material due
the series of vanadium redox couples at different voltage regions. For instance,
LisV2(PQO4)3 as a cathode exhibits a capacity of 197 mA h g~' with the two redox
couples, V5*/V4 and V4/V3*, operating at high working potentials.®!- 239 As
mentioned earlier, LVP exists in two polymorph structures, rhombohedral and
monoclinic, which exhibit very different voltage—composition curves as a result of
their structural differences. The rhombohedral structure displays only one voltage
plateau at around 3.7 V vs. Li/Li* corresponding to the V3*/V4* redox couple and a
two-phase transition between Li3V2(PO4)3s and Li1V2(P04)3.2%*%1 The monoclinic
phase, where all three Li are mobile, exhibits better electrochemical properties than
the rhombohedral phase. The thermodynamically stable monoclinic form of
LisV2(POs4)s provides three Li* occupying different lattice sites, where Li1 is located
at the tetrahedral site, and Li2 and Li3 occupy different pseudotetrahedral sites. All
three Li* are mobile resulting in a theoretical capacity of 197 mA h g' and multi-
plateau potential profiles, depending on the cut-off voltage window applied.®'. 239
As seen in Figure 1-20a, there are four plateaus in the charge profile located at
around 3.6, 3.7, 4.1, and 4.6 V vs. Li/Li*, corresponding to a sequence of phase
transition processes between the single phases of LixV2(PQO4)s (x = 3.0, 2.5, 2.0,
1.0, and 0).[240-242]
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Figure 1-20. The electrochemical voltage—composition curves of m-Li,V,(PO.); in
the voltage ranges of 3.0-4.8 V (A) and 3.0-4.3 V (B) vs Li/Li*. Reproduced with
permission.[?3°] Copyright 2014, Elsevier.

In the discharge process, one long slope and two short plateaus can be seen
corresponding to the insertion of two Li*, 0.5 Li*, and 0.5 Li*.[?*3] Interestingly, when
the upper cut-off voltage is set to 4.3 V vs. Li/Li*, no solid solution region is
observed (Figure 1-20b) and the charge/discharge proceeds via the two-phase

transition processes as follows:[244]

LizV2(POa4)s <> Li2.5V2(PO4)3 (1-11)
Li25V2(PO4)s <> Li2V2(POa4)3 (1-12)
Li2V2(POa4)3 < LiV2(POa)3 (1-13)

Although this voltage restriction strategy results in reduced reversible capacity, a

more stable capacity retention upon cycling can be obtained.

1.2 Phosphate-based Materials for Sodium-ion Batteries

After decades of efforts, LIBs have pervaded our daily lives. As their applications

progress from solely portable consumer electronics to grid-scale electric energy
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storage and electric vehicles, cost has been one of the most severe obstacles for
batteries used in these applications.[’ As a consequence, the development of
LIBs heavily depends on the market price of lithium resources. Replacing lithium
with cheaper alternatives might relief the stress of future batteries originating from
price fluctuations when the market inevitably expands. In view of the various
rechargeable batteries systems being currently under development, sodium-ion
batteries (SIBs) are particularly interesting alternatives to LIBs due to their
chemical similarity combined with higher abundance compared to lithium.[245 246l
The similarities and differences between Li and Na are summarized in Table 1-2.
SIBs and LIBs share identical working principles that involve the reversible
migration of cations/anions across a separator towards the electrodes upon
charge-discharge. Besides the low cost and abundance of sodium, Al also does
not form a binary alloy with sodium at a low voltage, unlike in LIBs, which enables
the use of aluminium as a current collector for anodes of SIBs, leading to further
reduced cost. However, the larger ionic radius of Na* (1.02 A) compared to that of
Li* (0.76 A) makes it difficult to identify suitable electrode materials for SIBs.
Successful reversible intercalation hosts must possess channels and interstitial
sites large enough to accept the larger Na* cations. The following sections will
introduce a selection of electrode materials for SIBs with a special focus on

phosphate-based polyanionic materials.

Table 1-2.  Characteristic properties of sodium and lithium.[245. 247, 248]

Category Sodium Lithium

Cation radius 1.02 A 0.76 A
Atomic weight 23 g mol 6.9 g mol’

E (vs. SHE) 27V -3.04V
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Melting point 97.7 °C 180.5 °C

Cost, carbonates $150 per ton $5000 per ton
Cost, current
Al $2000-2500 per ton Cu $7000-8500 per ton
collector anode
Capacity, metal 1165 mA h g 3829 mA h g
A-O coordination
Octahedral and prismatic Octahedral and tetrahedral

preference

1.2.1 Anode Materials for Sodium-ion Batteries

In contrast to a large number of reported cathode materials, progress in anode
material research for SIBs proceeds much slower. Anode materials that have been
reported can be categorized into carbon materials, intercalation-based materials,
conversion and alloy compounds. Figure 1-21 summarizes operating voltage over
specific capacities of various successful anode materials. This section will give a

brief overview over the development of anode materials for SIBs.

1.2.1.1 Anode Materials based on Conversion and Alloying Reactions

Compared to LIBs, few conversion metal oxides/sulfides have been reported as
anode materials for SIBs, including iron oxides, cobalt oxides, and copper oxides.
For instance, Hariharan et al. demonstrated the electrochemical reaction of Na*
with Fe30O4 to form Fe metal and Na20 achieving a specific capacity of around 400
mA h g less than half of its theoretical capacity of 926 mA h g'.24°l This can be
attributed to sluggish kinetics of the Na* transfer due to the larger ion size and the

nature of the SEI layer formed in Na cells.[250-2%6]
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Figure 1-21. Operation voltages vs. specific capacities of various anode materials
for SIBs. Reproduced with permission.[?®”l Copyright 2016, Nature Publishing
Group.

Jiang et al. further reported the reversible conversion reaction with Na* of a series
of transition metal oxides including Fe203, Mn30s4, Co030s, and NiO.[2%8
Experimental results by Klein et al. obtained for different copper compounds
showed that the conversion of copper-based compounds, such as CuO and CusS,
with sodium proceeds over intermediate phases, as evidenced by XRD and
electrochemical measurements.[?%9 Therein, the sodiation of CuO was shown to
consist of three steps. In the first step, Cu20 and Na20 were predominantly formed
followed by the formation of an intermediate NaCuO phase in step two. The final

sodiation products were found to be NasCu20e, Na20, and Cu.[?60
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Metal sulfides have attracted attention as potential anode materials for SIBs
because of their unique layered structure which is favourable for ion
intercalation/de-intercalation during the initial discharge process. The subsequent
conversion reaction can then generate high theoretical capacities. Molybdenum
disulfide (MoSz2), for instance, consists of a lamellar structure. Within this structure,
Na* intercalation leads to a series of two-phase structural transitions from 2H-MoS:>
to 1T-Mo0S2.[?6"1 Depending on the depth of intercalation, the structure of MoS2 can
be partially recovered (to 1T-MoS:2) during the subsequent charge process if less
than 1.5 Na* per formula of MoS2 were intercalated. Nevertheless, its structure
cannot be restored once it was fully converted to NaxS and metallic Mo.
Incorporating MoS2 into a carbon matrices showed promise in enhancing its
electrochemical properties;?62-2681 however, large irreversible capacities in the first
cycle and a lack of understanding of possible interactions between MoS:2 and
carbon still hinder a wider implementation of MoS2 as anode material for SIBs. As
another member of the metal sulphide family, SnS2 has been identified as one of
the highest capacity anode materials for SIBs because it undergoes a combination
of both conversion and alloying reaction during cycling.l?6® Meng and co-workers
investigated the sodiation/desodiation process of SnS2/reduced graphene oxide
composites and discovered that Na2S2 was formed instead of Naz2S at the fully
discharged state.[?’l The as-formed Na2S2 functions as a matrix to relieve the
strain caused by the volume expansion of the Na-Sn alloy reaction. Upon
completion of a full cycle its crystal structure could not be retained and amorphous
SnS:2 is formed. Furthermore, efforts have been devoted to develop freestanding
SnS2-based electrode materials with the aim to improve electrochemical

performances and durability this material.[?”"- 272]

Alloy anodes, mainly Group IVa and Va elements, accommodate Na* by forming
alloys with sodium at low potentials, which generates high theoretical specific

capacities as summarized in Table 1-3. Among all reported alloying anode
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materials, tin is inexpensive (around 20 USD kg'), relatively safe to handle in its
powder form (moderately pyrophoric), nontoxic, highly abundant, and exhibits high
storage capacities both by weight and by volume. In addition, Sn is able to form a
variety of compounds, such as SnO, SnO2, SnS, SnS2, and Sn4P3, which offer
opportunities to manipulate and improve electrochemical performances. As
mentioned earlier, these Sn-based compounds provide high specific capacities as
a consequence of their ability to undergo both conversion and alloying
reactions.[?"3]

Table 1-3.  Summary of properties of typical metal, metalloid, and non-metal
materials for SIBs.[273]

Alloying Reduction Theoretical Volumetric Average
material product capacity expansion voltage (vs.
(NaxX/X) Na/Na*)
Sn Nas.75Sn 847 mA h g™ 520% 0.2V
Sb NasSb 660 mA h g 393% 0.6V
P NasP 2596 mA h g’ 408% (red) 04V
500% (black)
Si NaSi 954 mA h g 243% 0.5V
Ge NaGe 369 mA h g’ 305% 0.3V

The main issue with Sn-based anode materials is their large volume change (up to
300%) during cycling, which leads to electrode pulverization and consequently
poor cycle stability. The incorporation of carbon materials has shown potential to
improve the cycling stability as they not only provide electronic conductive
networks but also prevent agglomeration of Sn nanoparticles.?”# 2751 For instance,
the integration of Sn-based anode materials into 2D graphene/reduced graphene
oxide is among the most popular strategies due to the simplicity of the preparation

process and effectiveness to improve the cycling performance of Sn-based anodes.
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For example, Wang et al. reported ultrafine SnO2 nanoparticles (around 5 nm) on a
reduced graphene oxide framework using a simply hydrothermal method, which
delivered a reversibly capacity of 330 mA h g™' and an outstanding capacity
retention of 81.3% over 150 cycles.?78 Furthermore, highly effective wet-
mechanochemical processes?®'l and ice-templated preparation methods[?’”1 have
been proposed to prepare high performance Sn- and carbon-based anode

materials for SIBs.

1.2.1.2 Anode Materials based on Intercalation

In contrast to the difficulties associated with graphitic carbons,[?78-282] the Na*
storage in non-graphitic carbon materials (i.e. hard carbon, soft carbon, and
amorphous carbon) is thermodynamically feasible. The extent of Na intercalation
depends critically on the microstructure and the particle size of the carbon used.[?83
Among them, hard carbon has been widely studied as a promising anode. The
storage mechanism of Na* in hard carbons can be described using a so-called
“card-house” model: i) Na* intercalation between graphene sheets (corresponding
to the sloping-voltage region) and (ii) Na* filling in the pores between nano-
graphitic domains (corresponding to the plateau region).l?84 Therein, the number of
defect sites in hard carbon strongly affect the Na storage capacity in the slope-
voltage region;?®%] however, there is no consensus on the Na storage mechanism
in the low-voltage plateau region with the debate focusing on whether Na metal

nanoclusters are formed in this region.[286-288]

Ti-based oxides have been widely investigated as anode materials for Na
intercalation because of their low cost and environmental benignity. Pioneering
work by Xiong et al. reported amorphous TiO2 nanotubes as anodes in the voltage
range between 0.9 and 2.5 V.[?®9 This work ignited further investigations of Ti-
based oxides with different polymorphs and nanostructures as intercalation

materials for SIBs utilizing the Ti**/Ti** redox couple.?® Na insertion into TiO2
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proceeds as follows: i) pseudo-capacitive reactions during the initial discharge
process, ii) structural rearrangement, iii) a disproportionation reaction and
formation of Ti° and Oz during further discharge, and iv) reversible Na de/insertion
in Nax(TiOz2) (0.28 < x < 0.69).29 Furthermore, LisTisO12 has also been found to
accommodate Na*, delivering a reversible capacity of about 150 mA h g.[2%%
Since the Na* diffusion coefficient of LisTisO12 is 5 orders of magnitude smaller
than its Li* diffusion coefficient, research efforts have been focused on the
development of nanosized LisTisO12 to improve its electrochemical performance in
SIBs.1?% Sodium titanium oxides, such as Na2Ti307,2%1 NazTi20s5,2%! layered
NaTiO2,2%6] Na2TisO13,?°"1 and Na2Tiz015,[2°8 have also been investigated as

anode materials for SIBs.

Two-dimensional (2D) metal carbides, carbonitrides, and nitrides, denoted as
MXenes, were first reported by Naguib et al. in 2011.12% MXenes feature a 2D
structure similar to that of graphene and are of the general formula Mn+1XnTx (M =
transition metal, X = carbon or nitrogen, T = surface terminations such as OH, O,
and F) with n values varying from 1 to 3. MXenes are prepared from their
corresponding MAX phases (A is mainly a group llla or IVa element), which are
layered hexagonal with A slaps sandwiched between M and X layers. The known
MAX phases are listed in Table 1-4. In MAX phases, the M—A bonds are weaker
than the M-X bonds, which allows the selective etching of the A layers. MXenes
successfully prepared from the corresponding MAX phases include Ti2C, Nb2C,
V2C, Mo2C, TisC2, TisCN, Mo2TiC2, Mo2Ti2Cs, and TisN3.1300-303] \When applied as
anode material for SIBs, multilayered Ti2CTx MXene delivered a reversible capacity
of 175 mA h g at a current density of 20 mA g and showed good rate capabilities
even at a current density of 5000 mA g-'. Furthermore, multilayered TizC2Tx has
also been investigated as potential negative electrode for SIBs and exhibited a
capacity around 100 mA h g.[304 305 |t was also found that the Na* insertion

potentials of MXenes can be tuned by changing the transition metal and surface

42



functional groups!3%: 3071 and V2CTx was successfully used as positive electrode in
SIBs.13%1 Paired with hard carbon, the resulting full cell delivered a maximum cell

voltage of 3.5 V and a cell capacity of 50 mA h g™".

Table 1-4. A selection of reported MAX phases.[3%

211 312 413
(M2AX) (M3AXz2) | (MsAX3)

TI2ALC Ti2CdC Ti2GaC Ti2InC  Ti2TIC ~ Sc2InC | TisAIC2 | TisAIN3

V2ALC  V2GaC CrzGaC  Ti2AIN  Ti2GaN  Ti2InN | V3AIC2 | V4AIC3

V2GAN Cr2GaN Ti2GeC Ti2SnC  Ti2PbC  V2GeC | TisSiCz | TisGaCs
CR2ALC Cr2GeC  V2PC  V2AsC  Ti2SC  Zr2InC | TisGeCz | TisaSiCs
ZR2TLC Nb2AIC Nb2GaC Nbz2InC  Mo2GaC  Zrz2InN | TisSnC2 | TisaGeCs
ZR2TLN  Zr2SnC  ZrPbC  Nb2SnC  Nb2PC  Nb2AsC | TasAlC2 | NbsAIC3
ZR2SC  Nb2SC  Hf2InC Hf2TIC  TaAlC  TaxGaC TasAlC3

HF2SNC Hf2PbC  Hf2SnN  Hf2SC

Phosphate-based polyanionic compounds with a working potential low enough to
be applicable as anode in SIBs are rare and to the best of my knowledge only two
types have been reported so far. These are NASICON-type NaTi2(POa4); and
NasV2(POa4)s. The anodic performance of NaTi2(POa)s has firstly been reported by
Delmas et al. in 1987.31% TiOs octahedra are connected by PO4 tetrahedra, which
create the NASICON framework with two sodium ions providing a high theoretical
capacity of 133 mA h g™ through a two-phase reaction between NaTi2(POa4)s and
NasTi2(POa4)s. The working potential of this material is around 2.1 V vs. Na/Na*
utilizing the Ti**/Ti** redox couple, which is high enough to avoid the formation of a

charge consuming solid electrolyte interphase.l?'] A second redox couple Ti®*/Ti%*
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at around 0.4 V s Na/Na* has also been identified allowing for a high reversible
capacity of 208 mA h g-! when both redox couples are utilized.[3?l Although a large
number of publications investigate the performance of NaTi2(POa4)s in aqueous SIB
systems due to its high operating potential,3'" its performance in organic SIBs has
also been studied in recent years. The main focus in these studies, however, is to
improve the inherent low electronic conductivity induced by the phosphate group.
Strategies to accomplish this include carbon coatings,®'3-3'91 transition metal oxide
coatings,®'®l and nanostructuring.®'”l NasV2(POa4)s can be applied as anode for
SIBs by utilizing the sodiation voltage plateau at 1.6 V vs. Na/Na*, which
corresponds to the insertion of one Na* to form NasV2(PQ4)3.[318. 319 However, this
reaction results in a capacity half of that of its cathode reaction at a potential of
around 3.4 V vs Na/Na*. As discussed in section 1.1.2.2, rhombohedral
LisV2(POs4)s can accommodate two additional Li* when applied as anode material
for LIBs with a capacity of around 120 mA h g'. Furthermore, NazV2(PO4)s and
LisV2(PO4)s share the same skeleton structure of V2(POa4)s consisting of corner-
shared VOs octahedra and PO4 tetrahedra differing in the occupancies of Na* and
Li*. For NasV2(POa)s, two Na* occupy the 18e sites and one Na* occupies the 6b
site, while all three Li* occupy the 18f sites of LisV2(POas)s. During lithiation,
LisV2(PO4)s accommodates two Li* in the 3a (0.5 Li), 3b (0.5 Li), and 6c¢ (1 Li) sites,
respectively.l%l NasV2(POa)s, on the other hand, accommodates one Na* in the last
empty 18e site, which results in a voltage plateau at 1.6 V vs. Na/Na* while the 6a
site was found to accommodate one additional Na* at a potential of around 0.3 V
vs. Na/Na*.1320 Figure 1-22 shows the calculated sodiation voltage profile (red
dotted line) of NasV2(PO4)s compared to an experimentally determined voltage
profile (blue solid line). This results in theoretical capacity of 117 mA h g for the
anodic performance of NasV2(POa4)s which is identical to its cathodic capacity and

makes this material of high interest for the construction of symmetric SIB cells.[3?"
322]
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Figure 1-22. Calculated sodiation voltage profile (red dotted line) of NasV2(POa4)s in
comparison to the experimentally determined voltage profile (blue solid line).
Reproduced with permission.[32% Copyright 2015, Royal Society of Chemistry.

1.2.2 Cathode Materials for Sodium-ion Batteries

A large number of potential cathode materials for SIBs has been identified as
summarized in Figure 1-23. These cathode materials can be categorized into three
main categories: layered transition-metal oxides, Prussian blue, and polyanionic
(phosphates, fluorophosphates, pyrophosphates, fluorosulfates, and sulfates)
cathodes. This section will briefly introduce a selection of conventionally used
cathode materials for SIBs and will then give a more detailed overview over

cathode materials based on polyanionic frameworks at the end of this chapter.

1.2.2.1 Commonly used Cathode Materials for Sodium-ion Batteries

Layered sodium transition-metal oxides

The most common layered structures are composed of a sheet of edge-sharing
MeOs octahedra (Me = 3d transition metals), which are stacked along the c-axis

direction hosting Na* in between the MeO2 motifs.
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Figure 1-23. Operation voltages versus specific capacities of various cathode
materials for SIBs. Reproduced with permission.l?®’1 Copyright 2016, Nature
Publishing Group.

As shown in Figure 1-24, there are two types of sodium-based layered materials,
O3-type and P2-type, where O and P represent octahedral and trigonal prismatic
coordination of Na* and 3 or 2 stands for the number of distinguishable sodium
layers. The sodium extraction from O3- and P2-type phases induces phase
transitions. This occurs, for instance, when Na* are extracted from the O3- phase,
which causes vacancies to form. As a result, Na* become energetically stable at
prismatic sites, which are formed by gliding of MeO: slabs.l3%3 324 Consequently,
oxygen packing changes from “AB CA BC” to “AB BC CA”, becoming the P3-type

phase as shown in Figure 1-24.1275]
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Figure 1-24. Classification of Na-Me-O layered materials with sheets of edge-
sharing MeOs octahedra and phase transition processes induced by sodium
extraction. Reproduced with permission.[?”> Copyright 2014, American Chemical
Society.

When Na* are extracted from the P2- phase, the layered oxides transform to a O2-
type phases. One of the first layered transition metal oxides investigated for SIBs
was a-NaMnO:2 with an O3-type structure. This material exhibits a voltage profile of
pronounced stepwise processes, suggesting structural transitions, and delivers a

capacity of 200 mA h g-.132%

P2-NazisMn12Fe1202 is among the most promising transition metal oxide cathode
materials for SIBs in terms of both sustainability and electrochemical
performance.B? |t delivers a reversible capacity of 190mA h g utilizing the
Fe3*/Fe** redox couple. However, its long-term cycling stability is not satisfactory

and cation doping has been shown to improve capacity retention in materials such
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as P2-Nao.s[Lio.12Nio.22Mno.e6] 02,3271 P2-Nao.s7Mn1.yMgyO2 (y = 0, 0.05, 0.1, 0.2),28
and NaFe1,NiyO2 (0.5< y <0.7).1322]

Prussian blue cathodes

The large atomic radius of the sodium ion requires cathode materials with open
host frameworks containing suitable transition metal ions to host Na*. Prussian
blue analogues (PBAs) provide a cubic structure consisting of Fe?* and Fe®* sitting
on alternate corners of corner-shared Fe octahedra bridged by cyano (C=N)
ligands (Figure 1-25).330 Their open-framework contains channels (3.2 A) and
interstitial sites (4.6 A) that allow fast solid-state diffusion of Na*.[331 The most
intensively investigated PBA is hexacyanoferrate due to its low cost and simplistic
synthesis. The pioneering work conducted by Goodenough and co-workers
showed that the insertion of Na* into KFe2(CN)s resulted in a reversible capacity
around 100 mA h g with no significant capacity fading after 30 cycles.[33% The
KFe2(CN)s cathode utilizes the high-spin Fe3*/Fe?* redox couple bonding to N at
around 2.97/2.92 V vs. Na/Na* and the low-spin Fe3*/Fe?* couple bonding to C at
around 3.69/3.58 V vs. Na/Na*.

Sub-cubes

4

Octahedra

Figure 1-25. Framework of Prussian blue analogues. Reproduced with
permission.3% Copyright 2012, Royal Society of Chemistry.
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However, low coulombic efficiency in the initial cycle has been observed for
KFe2(CN)s, which could be the result of residual crystal water within this PBA

compound.[330]

1.2.2.2 Phosphate-based and other Polyanionic Cathode Materials for Sodium-ion

Batteries

In addition to layered oxide and Prussian blue materials, a large number of
polyanionic sodium compounds, such as phosphates, fluorophosphates,
fluorosulfates, and sulfates, have been investigated as cathode materials for SIBs.
Advantages of sodium polyanions for SIBs include:[33" i) Diverse open-framework
structures; ii) Presence of low-energy Na* migration pathways; iii) possibilities of
tuning the operating voltage by modifying the local environments; iv) structural
energetics for a flat voltage response; and v) thermal and oxidative stability at high

potentials due to robust covalent frameworks.
Olivine and Maricite Structures

As LiFePO4 has been commercialized as a cathode material for LIBs, its sodium
analogue, olivine NaFePO4, has also attracted interest due to its high theoretical
specific capacity (154 mA h g=') and relatively high working potential (around 2.8 V
vs. Na/Na*).332 However, direct high-temperature synthesis cannot produce
olivine-phase NaFePOs and a thermodynamically favoured maricite phase is
formed instead. The maricite phase is believed to provide poor electrochemical
activity because of its one-dimensional, edge-sharing FeOs octahedrons that form
slow Na* pathways.[333-335] The first report on the Na* insertion capabilities of
olivine FePO4 was reported by Le Poul et al. and showed that 0.65 Na can be
inserted to form NaoesFePQa4.23% This discovery ignited tremendous efforts to
synthesize and characterize olivine NaFePOs materials for SIBs. Oh et al. then

studied the electrochemical performance of NaFePOs4 obtained by an
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electrochemical exchange from olivine LiFePOa4, and reported a stable capacity of
125 mA h g '.13%l Structural and electrochemical features of olivine NaFePO4
compared to olivine LiFePO4 have also been investigated. Zhu et al. attributed the
more sluggish Na storage behaviour of NaFePOs to the lower Na* diffusion
coefficient and higher charge transfer resistance compared to LiFePQ4.13%1 It was
also found that NaFePOas differs from LiFePOs in their surface structures and
relative energies, which are important for rate performance.’3 However, density
functional studies of Li* and Na* diffusion in LiFePO4 and NaFePO4 showed that
electronic and Li or Na ionic migration in the bulk materials did not differ
significantly between LiFePO4 and NaFePQ4.133 3401 As mentioned above, maricite
NaFePOs is believed to be electrochemically inactive. However, maricite NaFePO4
has been proven to exhibit excellent Na storage performance with the ability
extract all Na* by transforming the maricite structure to amorphous FeP04.[34! The
maricite NaFePQOs electrode delivered a capacity of 142 mA h g~ displaying

sloping charge/discharge curves and a stable cycle life of over 200 cycles.
NASICON Structures

More promising sodium phosphates for positive SIB electrodes are NASICON
compounds, which feature large tunnels for fast Na* conduction. Among them,
NasV2(POas)3 has been extensively studied.*2 3431 NazV2(PQO4)s provides a high
operating potential of around 3.37 V vs. Na/Na* corresponding to the V4*/V3* redox
couple, which results in a theoretical capacity of 118 mA h g'. As for all
phosphate-based materials, tremendous efforts have been devoted to improving
the electrochemical performance of NasV2(POas)s, including metal ion doping,
carbon coating, and nanostructuring. For instance, Kim et al. incorporated
potassium ions with a larger ionic radius as functional pillar ions into NasV2(POa)s,
and thus, enlarging Na* diffusion pathways and increase the lattice volume.3#4
Furthermore, NasV2-xMgx(PO4)3/C composites containing various Mg?* contents
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were also investigated, which significantly improved ionic and electronic
conductivity, resulting in enhanced rate and cycle performances.*5 3461 |ron
substitution (both Fe?* and Fe®') was also found to effectively activate the
V4*5*redox couple in addition to increasing the cell volume. The Fe3* substitution
results in the distortion of the M1 octahedra, which allows the extraction of Na*
residing at M1 sites.[347- 3481 Similar phenomena were also found when chromium,
manganese, and aluminium substitutions were investigated.34%-3%1 |n addition to
these strategies, carbon decoration has been shown to be very effective to improve
the electrochemical performance NasV2(POa4)s with many different carbon matrices

and coating strategies employed to prepare high-performance NazV2(PQ4)3.[352-356]

Sodium fluorophosphates have been explored as new cathode materials due to
their high operating voltage that originates from the presence of highly
electronegative fluorine atoms in the covalent polyanionic framework. Some
representatives of this type of phosphate-based polyanionic material include
NasV2(PO4)2F3,3571 Na2FePO4F,258 and Nai1s5VPO4.8F0.7.3%1 NasV2(PO4)2F3 was
shown to provide a high average working potential of 3.9 V vs. Na/Na*,
electrochemically reacting in a single-phase transition fashion with negligible
volume changes (2%).13%"1 Nazar and co-workers reported Na2FePO4F with a layer-
like 2D framework of Fe207F2 bioctahedra connected by PO4 tetrahedra, which can
host two Na* in its interlayer space. The charge/discharge profiles of this material

show two two-phase plateaus centred at 2.90 V and 3.05 V vs. Na/Na*.[3%8

Sodium florosulfates, such as NaFeSO4F, provide a tunnel structure with an ionic
conductivity of around 7.14 x 1077 S3 cm™' utilizing the Fe?*/Fe3* redox couple at a
working potential of around 3.6 V vs. Na/Na*.3""l However, only 0.07 Na* can be
electrochemically removed from its structure resulting in poor electrochemical
performance.*’? On the other hand, transition metal sulfates such as
NazFe(S04)2-:2H20 and NazFez(SOas)3, are more electrochemically active. For
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example, Barpanda et al. found that krohnkite-type NazxFe(SOa4)2:-2H20 operates at
around 3.25 V vs. Na/Na* utilizing the Fe?*/Fe3* redox couple with good structural
reversibility.36' Interestingly, NazFe2(SO4)3 shows the highest ever reported
Fe3*/Fe?* redox potential at 3.8 V vs. Na/Na* along with fast kinetics achieving a

reversible capacity of around 102 mA h g-.1362]
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Chapter 2: Experimental Methods

2.1 Overview

Figure 2-1 shows the methodologies and experimental techniques used in this

research project, which include:

1) Design and preparation of electrode materials using solid state reaction assisted
by ball milling, freeze drying, and spray drying, and solution-based hydrothermal
reaction. All chemicals used throughout this research project are listed in Table 2-1.

2) Characterization of the as-prepared electrode materials using X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), thermogravimetric analysis (TGA), Raman spectroscopy, and Brunauer—

Emmett—Teller (BET) N2 sorption/desorption measurements.

[ Literature

+ Materials

+  Methods

»  Precursors
» Risks

[ Electrochemical Test { Synthesis
« CV

- EIS

+ Cycling

* Rate Performance

* Solid State Reaction
« Ball mill
* Freeze dryer
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- XRD
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Figure 2-1. Experimental methods used in this research project
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3) Electrochemical measurements of the as-prepared electrode materials for

lithium/sodium-ion batteries using cyclic voltammetry (CV), electrochemical

impedance spectroscopy (EIS), and galvanostatic charge/discharge profiles.

Table 2-1.  List of chemicals used in this research project.
CHEMICALS FORMULA PURITY SUPPLIER
AMMONIUM
DIHYDROGEN NH4H2PO4 98% Sigma-Aldrich
PHOSPHATE
CARBON BLACK C 100% Sigma-Aldrich
CARBOXYMETHYL
CELLULOSE SODIUM CsH1sNaOs Sigma-Aldrich
SALT (CMC)
CITRIC ACID (CA) HOC(COOH)(CH2COOH): 99% Sigma-Aldrich
ETHANOL CH3CH20OH 95% Chem Supply
ETHYLENE CARBONATE
(CH2)2CO3 99% Sigma-Aldrich
(EC)
FLUOROETHYLENE
C3HsFOs 99% Sigma-Aldrich
CARBONATE (FEC)
HYDROCHLORIC ACID HCI 37% Sigma-Aldrich
IRON CHLORIDE FeCls 97% Sigma-Aldrich
IRON OXALATE FeC204-2H20 99% Sigma-Aldrich
LITHIUM FOIL ) Hohsen Corporation
Li 99.999 %
Japan
LITHIUM CARBONATE Li2COs 99% Sigma-Aldrich
LITHIUM HYDROXIDE LiOH-H20 98% Sigma-Aldrich
N-METHYL
PYRROLIDINONE (NMP, CsHgNO 99.5% Sigma-Aldrich
ANHYDROUS)
POLYETHYLENE
H(OCH2CH2),OH Sigma-Aldrich
GLYCOL (PEG)
POLY(VINYL ALCOHOL) [-CH2CHOH-]n Sigma-Aldrich
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POLY(VINYLIDENE ) .
(CH2CF2)n Sigma-Aldrich
DIFLUORIDE) (PVDF)
POLYPROPYLENE
(C3He)n Celgard
SEPARATOR
PROPYLENE
CARBONATE (PC, C4HeO3 99.7% Sigma-Aldrich
ANHYDROUS)
SODIUM Na 99.9% Sigma-Aldrich
SODIUM DIHYDROGEN
NaH2P04:2H20 98% Sigma-Aldrich
PHOSPHATE
VANADIUM CHLORIDE VCls 97% Sigma-Aldrich

2.2 Materials Preparation

Solid-State Reaction

The solid-state reaction is defined as the direct reaction of a mixture of solids,
which generally requires temperatures 500 to 1500 °C as the starting solids would
not normally react at room temperature. Generally, this method utilizes the thermal
decompositions properties of the solid starting materials to create a new crystalline
material. The nucleation of desired products is considered difficult because of (a)
significant differences in structure between reactants and products and (b) the
large amount of structural reorganization that is involved in forming the products.
The growth of the product might also be hindered because of diffusion in existing
product layers to the new reaction interfaces. In this context, a key step to perform
a successful solid-state reaction is to mix precise amounts reactants sufficiently to
maximize area of contact between reacting solids. A typical procedure is outlined

as follows:

Reagents. The reactants must be dried thoroughly and weighed according to the
expected nature of the product and volatility of the starting materials under the

given reaction conditions. Fine grained materials should be used if possible in
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order to maximize surface area and hence reaction rates. This is accomplished by
incorporating the spray drying method, which generates well-dried fine particles

and particle clusters.

Mixing. After acquisition of precise quantities of the solid starting materials, the
reactants are mixed. For manual mixing of small quantities, usually an agate
mortar and pestle are employed. For large quantities, wet ball milling is generally
used to adequately combine all starting materials before solid-state reaction.
Sufficient amounts of some volatile organic solvent, such as acetone or ethanol,

can be added to the mixture to aid homogenization.

Heat treatment. After mixing, the reactants are put in suitable containers chemically
inert to the reactants under the heating conditions and are then heated. The
heating program to be used depends strongly on the form and reactivity of the
reactants. According to the demands of the final products, a protection gas (argon,

nitrogen, argon/hydrogen, etc.) can be applied to avoid oxidization.

In this research project, the solid-state reaction route was employed to prepare
LiFePOs and NasV2(POs4)s cathode materials. The thermal decomposition
behaviour of different sugars and microcrystalline cellulose was also utilized within
the solid-state reaction method to generate carbon coatings or free-standing

current collector substrates.

2.3 Materials Characterization
2.3.1 X-ray Diffraction (XRD)

The phase and crystallographic structure of all as-prepared materials presented in
this project were characterized by X-ray diffraction. Crystalline atoms cause the
diffraction of a beam of incident X-rays into many specific directions. Measuring the

angles and intensities of the diffracted beams, a three-dimensional picture of the
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density of electrons within the crystal can be produced, which allows the
determination of the mean positions of the atoms in the crystal, as well as their
chemical bonds, their disorder, and various other information. This correlation is

described by Bragg's Law:
nA=2d sin 6 (2-1)

where d is the interplanar spacing, 6 is the Bragg angle, n is the order of reflection,
and A is the wavelength of the X-rays. By comparing the obtained XRD pattern to
the known standard diffraction datasets complied by the Joint Committee on
Powder Diffraction Standards (JCPDS), the crystal phase of unknown powder or

thin-film samples can be identified.

2.3.2 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) utilizes a focused beam of high-energy
electrons to reveal information about the sample including external morphology
and chemical composition. In this research project, a high-resolution field emission
SEM (Zeiss Supra 55VP) was used, operated with an acceleration voltage of 10-20
kV depending on conductivity and sensitivity of the sample. The Supra 55VP is
also equipped with Oxford energy dispersive spectroscopy (EDS), which enables
elemental analysis. EDS mapping was conducted on a Zeiss Evo LS15 SEM
equipped with a Bruker SDD XFlash 5030 detector which allows high speed

elemental analysis and mapping with images generated in micron resolution.

2.3.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy is a microscopy technique in which a beam of
electrons is transmitted through a specimen, creating an image from the interaction
of the electron with the examined sample as the beam penetrates the specimen.
Transmission electron microscopes are capable of imaging at extremely high

resolutions, enabling the instrument to capture fine details as small as a single
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column of atoms. In this research project, TEM was applied to generate lattice-
resolved images of samples to determine their crystal orientation and interplanar
spacing as well as to obtain detailed information about crystallinity and thickness of
carbon coatings on the surface of different samples. Moreover, phase features of
crystalline samples (to support XRD investigations) can be obtained by selected
area electron diffraction (SAED). For single crystals, SAED patterns are a
characteristic arrangement of dots, while for polycrystalline or amorphous materials,

the pattern shows a series of rings.

2.3.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a popular method of thermal analysis in which
physical and chemical changes of materials can be monitored as a function of
increasing temperature. Depending on the desired information, TGA can be
conducted in air or under inert atmosphere. For instance, the thermal
decomposition (used to optimize solid-state reaction conditions) of solids or
carbonization temperature of biomass can be determined by TGA in N2
atmosphere. In carbon-containing composite materials, the nominal carbon content
can be estimated by conducting TGA experiments in air. The resolution of the
information gained by this technique can be adjusted by choosing the heating rate
of the experiment accordingly. However, using TGA to determine the carbon
content of a composite is only suitable for samples and reaction products with
melting points above the chosen temperature limits and special considerations
need to be taken into account when investing samples that are easily oxidized,
such as LiFePOa.

2.3.5 Raman Spectroscopy

Raman spectroscopy is a technique to observe vibrational, rotational, and other
low-frequency modes in a system commonly used in chemistry to provide a
structural fingerprint to identify molecules. Raman spectroscopy relies on inelastic
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scattering of monochromatic light, usually from a laser in the visible, near infrared,
or near ultraviolet range. The laser light interacts with molecular vibrations, photons,
or other excitations in the system, which results in a shift in the energy of the laser
photons. This change can be detected and assigned to specific molecules or
chemical structures in organic molecules. In this research project, Raman
spectroscopy is used to detect defect information of carbon in carbon-containing
composites. In particular, Chapter 3 will discuss the use of Raman spectroscopy as
a tool to evaluate not only the order/disorder but also the quality of the carbon

coating in terms of electrochemical performance.

2.3.6 N2z Sorption/Desorption Measurement

To measure the surface area of porous or nanostructured materials, the Brunauer-
Emmett-Teller (BET) method can be applied. BET theory describes the physical
adsorption of gas molecules on a solid surface for the measurement of the specific
surface area. The amount of gas adsorbed depends on the exposed surface area,
the temperature, gas pressure, and interaction between the gas and solid. Nitrogen
is the most commonly used gas for this technique because of its availability in high
purity and its strong interaction with most solids. Because the interaction between
gaseous and solid phases is usually weak, the surface needs to be cooled using
liquid N2 to obtain detectable amounts of adsorption. Known amounts of nitrogen
gas are then released stepwise into the sample cell under relative pressures of
P/Po = 0.05-0.25. After the saturation pressure is reached, no more adsorption
takes place regardless of any further increase in pressure, which can be precisely
monitored and recorded. After the adsorption layers are formed, the sample is
removed from the nitrogen atmosphere and heated to release and quantify the
adsorbed nitrogen in form of BET isotherms (plots of the amount of adsorbed gas
as a function of the relative pressure). N2 sorption/desorption measurements were

conducted in this research project on a Micromeritics 3Flex analyser at 77 K.
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2.4 Electrode Preparation and Battery Assembly
2.4.1 Electrode Preparation

For water-sensitive powder electrode materials, electrodes were prepared by
mixing the as-prepared material (80 wt%), carbon black (10 wt%) and poly
(vinylidene fluoride) binder (PVdF, 10 wt%) in N-methyl-2-pyrrolidone (NMP) to
form a slurry. The resultant slurry was spread onto Al foil and dried in a vacuum
oven at 100 °C for 12 h, followed by pressing at 200 kg cm2. For all powder
electrode materials insensitive to water, the PVdF binder was replaced by water-
soluble carboxymethyl cellulose sodium salt (CMC) binder to allow the use of DI
water instead the toxic solvent NMP. For the free-standing electrode materials, the
as-prepared products were used directly as electrode material without further

modification.

2.4.2 Cell Assembly

For LIBs, lithium foil is used as counter and reference electrode, and a Celgard
2400 as the separator. In SIBs, sodium metal pieces freshly cut for each cell where
used as counter and reference electrode, and Whatmann glass fibre filters are
applied separator. CR2032-type coin cells were assembled in an argon-filled glove
box (UniLab, Mbraun, Germany), in which both the moisture and oxygen contents
are controlled to less than 0.1 ppm. The electrolyte used for LIBs was 1 M LiPFs in
a 1:1 (volume ratio) mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC). Non-commercial electrolyte (1 M NaClO4 dissolved in a mixture of ethylene
carbonate (EC) and propylene carbonate (PC) in a volume ratio of 1:1, in which 5

vol.% fluoroethylene carbonate (FEC) was added as additive) is used for SIBs.

2.5 Electrochemical Measurements

In this research project, electrochemical properties of the as-prepared materials

were tested using cyclic voltammetry (CV), electrochemical impedance
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spectroscopy (EIS), and galvanostatic charge-discharge profiles. The details of

these electrochemical measurements are discussed as follows.

2.5.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical
measurement conducted at a constant voltage ramping (scan rate, V s'). For this
measurement, a potential between a reference electrode and a working electrode
is applied and the resulting current between a working electrode and a counter
electrode is recorded. Reduction or oxidation reactions on the working electrode at
a certain potential are manifested in sharp increases in current visible as current
peaks in the recorded profile. As a result, CV provides information about the redox
potential and electrochemical reaction kinetics of electrode materials, which can be
analysed to identify the reaction mechanism and to calculate metal-ion diffusion

coefficients.

2.5.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a widely used method to gain
deeper insights into electrochemical systems.[}%8] |mpedance spectra of
lithium/sodium-ion electrochemical cells show a characteristic type and shape of
curve in a Nyquist plot, as illustrated in Figure 2-2. The sub-sections and the

associated kinetic processes are explained in more detail as follows:
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Figure 2-2. Schematic Nyquist plot of the impedance spectrum obtained for
lithium/sodium-ion  electrochemical cells. Reproduced with permission.[363]
Copyright 2011, Elsevier.

Section 1. At very high frequencies, the spectrum shows inductive behaviour

caused by inductive reactance of metallic elements in the cell and wires.

Section 2. Ohmic resistance Raq of the cell at the intersection with the real axis Z’,
which can be assumed as the sum of the resistances of current collectors, active

material, electrolyte, and separator.

Section 3. First semi-circle, which is associated with the solid electrolyte interface
(SEI) that is formed during the initial charge/discharge cycles on the surface of the

anode.

Section 4. Second semi-circle, which represents the double layer capacity and

charge transfer resistance at the electrodes.

Section 5. Diffusion processes in the electrode active material at very low

frequencies.
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In this research project, Nyquist plots of different electrodes were collected to
investigate the kinetics of different electrode materials to evaluate their

electrochemical performances.

2.5.3 Galvanostatic Charge-Discharge

Galvanostatic charge-discharge experiments are conducted at a constant
charge/discharge current within a fixed voltage range. The specific
charge/discharge capacities Q (mA h g) of the evaluated electrode materials can

then be calculated using the following equation:
Q=It (2-2)

where | is the applied current density (mA g') and t is the charge/discharge time.
Rate performance profiles can be obtained by stepwise altering the applied current
density in the galvanostatic charge-discharge measurements. Moreover, by
repeating galvanostatic charge-discharge tests at a constant current density, long-
term cycling performance or cycling stability of the evaluated electrode materials

can be obtained.
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Chapter 3: Scalable preparation of LiFePO4/C nanocomposites
with sp?-coordinated carbon coating as high performance cathode
materials for lithium-ion batteries

3.1 Introduction

Since the first report in 1997, olivine-type materials have attracted extensive
research attention as one of the most promising cathode materials for lithium-ion
batteries.[” 8 Even though excessive research work has been performed to
optimize the electrochemical performance, this type of cathode material still has
to overcome several drawbacks, specifically for high-power battery applications.
Primarily, its poor electronic conductivity, ion diffusivity, and stability issues have to
be improved by using cheap and environmentally friendly techniques not only to
satisfy performance requirements, but also to address economic and ecological

aspects.

Various approaches have been investigated to overcome these ionic and electronic
conductivity problems, such as size/morphology control,364 coatings,[365-369
doping,370. 3711 or even electrode engineering methods.l?721 Carbon coating
techniques appear to be the most sufficient ecological solution to improve the
performance of LiFePO4, with the main purpose to increase the electronic
conductivity on the surface of LiFePOa particles, simultaneously reducing the
particle size, and alleviating aggregation.[202. 203, 373, 374] |n gddition, carbon can
serve as reducing agent during the sintering process, which prevents the oxidation
of Fe?* to Fe®', and thus, simplifies the synthesis procedure.’s 3761 Chemical
synthesis routes are widely adopted to achieve homogeneous carbon coatings
around the surface of LiFePOs4 particles. For instance, chemical vapour deposition
(CVD),®8%1 jn situ polymerization restriction methods,%! mechanochemical
activation/sintering,!*¢ and hydrothermal methods!3¢°! have shown very promising

results. All these examples lead to the conclusion that carbon coating is an
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effective approach to improve the electrochemical performance of LiFePOa.

However, more practical methods would be beneficial in a mass production scale.

Therefore, we hereby report a carbon-coated LiFePO4 cathode material prepared
through industrial ball milling and solid-state reaction by using Li2CO3s, NH4H2PO4,
FeC204-2H20, and soluble starch as a carbon source to generate highly graphitic
carbon coatings. A uniform morphology could be achieved, featuring a primary
particle size of less than 200 nm. Special attention has been paid to the correlation
between the applied amount of carbon and the sp?-coordinated carbon generation,
as low-temperature sintering usually yields more disordered carbons.B’”l The
optimum carbon content is 10 wt% to achieve considerably high reversible

capacities and improved rate performance compared with previous reports.[378-381]

3.2 Experimental Section

Preparation of LiFePO4/C Cathode Materials: LiFePO4/C was prepared by mixing
stoichiometric amounts of FeC204-2H20, NH4H2PO4, and Li2COs (Sigma—Aldrich)
through industrial-scale ball milling in ethanol (95 vol%) for 24 h. The untreated
precursor mixture was filtered and vacuum dried for at least 2 h in preparation for
the decomposition and degassing step. The dried untreated precursor mixture was
transferred into a ceramic crucible and thermally decomposed in a tubular furnace
at 350 °C for 10 h under argon protection. The pre-sintered precursor mixture was
then combined with different amounts (5—20 wt%) of soluble starch (Sigma-Aldrich)
as carbon source by industrial-scale ball milling in ethanol (95 vol%) for 24 h. The
obtained pre-sintered precursor and starch mixture was filtered and vacuum dried
for at least 2 h and sintered in a tubular furnace at 700 °C for 10 h under H2/Ar

atmosphere.

Characterization of LiFePO4/C cathode materials: Crystallographic measurements

were conducted with a Siemens D5000 X-ray diffractometer using CuKa radiation
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between 10° and 80°. The morphology analyses of the as-prepared samples were
carried out by field-emission scanning electron microscopy (FE-SEM, Zeiss Supra
55VP) and energy dispersive X-ray spectroscopy (SEM, Zeiss Evo LS15 with
extended pressure and Bruker SDD EDS Quantax 400 system). The structure of
the carbon network was revealed by high-resolution transmission electron
microscopy (HRTEM, FEGTEM 3000 JEOL 300 KV Atomic Resolution
Transmission Electron Microscope with 0.192 nm resolution) and Raman
spectroscopy (Renishaw, inVia Raman Microscope). The specific surface area was
calculated using the Brunauere-Emmette-Teller (BET) method on a Micromeritics 3

Flex™ surface characterization analyser at 77 K.

Electrode preparation and cell assembly: The working electrodes for
electrochemical testing were prepared by mixing 80 wt% as-prepared LiFePO4/C
with 10 wt% carbon black and 10 wt% poly(vinyl difluoride) (PVdF, Sigma-Aldrich)
in N-Methyl-2-pyrrolidone (NMP, Sigma-Aldrich). The obtained dispersion was
carefully pasted onto aluminium foil, dried in vacuum at 80 °C for 12 h and pressed
before cell assembly. The active material load of all tested electrodes was around
1.2 mg cm2. Lithium metal discs were used as counter and reference electrodes.
The electrolyte used for each cell consisted of 1M LiPFe in dimethyl carbonate
(DMC) / diethyl carbonate (DEC) / ethyl carbonate (EC) (DMC:DEC:EC = 1:1:1,
Zhangjiagang Guotai-Huarong New Chemical Materials Co., Ltd.). All electrodes
were stored and all standard CR2032 type coin cells were assembled in an argon-
filled glovebox (UniLab, Mbraun).

Electrochemical characterization: Galvanostatic charge-discharge and cycling
performance tests were performed in the voltage range of 2.00 — 4.25 V at various
current densities (based on the mass of LiFePO4 and 1C = 170 mA h g') on a
Neware battery tester at room temperature. The cyclic voltammograms were
obtained at different scan rates of 0.1-2.0 mV s between 2.0-4.5 V, and EIS
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measurements were conducted at open circuit voltage over a frequency range from
100 kHz to 0.01 Hz by using a CHI 660C electrochemistry workstation.

3.3 Results and Discussion

3.3.1 Characterization

The particle size and morphology were investigated by using field-emission
scanning electron microscopy (FESEM). Figure 3-1 shows the FESEM images of
LiFePOa4/C prepared with 5-20 wt% soluble starch as the carbon source. It displays
uniformly dispersed grape-like particles of 50-200 nm in size and highlights the
influence of the added amount of carbon precursor on the morphology and
agglomeration. For instance, the samples prepared with 5, 8, and 10 wt% (Figure
3-1a—c, respectively) share a similar morphology and low agglomeration features.
The samples prepared with 15, 18.5, and 20 wt% soluble starch (Figure 3-1d-f,
respectively) tend to show reduced uniformity and much higher agglomeration
rates, as marked with white arrows. This can be confirmed by energy dispersive X-
ray spectroscopy (EDS). Figure 3-2a shows the uniform distribution of the elements
iron (Fe), phosphorous (P), oxygen (O), and carbon (C) throughout the mapped
sample area of LiFePO,/C prepared with 10 wt% starch.
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Figure 3-1. SEM images of LiFePO4/C prepared with (a) 5 wt%; (b) 8 wt%; (c) 10
wt%; (d) 15 wt%; (e) 18.5 wt%; (f) 20 wt% soluble starch. Marked with white arrows
are some obvious agglomerations.

In contrast, LiFePO4/C prepared with 20 wt% starch (Figure 3-2b) displays very
bright spots of Fe and C scattered throughout the mapped area, indicating denser

areas of agglomeration in this sample.
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Figure 3-2. SEM energy dispersive X-ray spectroscopy (EDS) elemental mapping
of LiFePO4/C prepared with a) 10 wt% and b) 20 wt% soluble starch, showing the
distribution of the elements iron (Fe), phosphorous (P), oxygen (O), and carbon (C).
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According to this observation, it can be assumed that the addition of
approximately 10 wt% soluble starch marks the optimized content regarding
particle morphology and particle size, with the remark that, owing to the
uncertainty of the impact of potential impurities on performance and conductivity,
all six samples remain subject to further investigations, regardless of the

suboptimal particle morphology.

Figure 3-3 shows the X-ray diffraction (XRD) patterns of the six LiFePO4/C
composites, which are consistent with the LiFePO,4 pattern of JCPDS card number
83-2092. This result indicates that the presence of soluble starch as the carbon
source has no negative effect on the final crystal formation of LiFePO4. However,
the amount of starch has an effect on the formation of phase impurities. The
patterns clearly indicate that, depending on the amount of added carbon
precursor, conductivity enhancing impurities (*Fe,P) can be detected, specifically
for the samples prepared with 15, 18.5, and 20 wt% starch. On the other hand,
for samples prepared with 10, 8, and 5 wt% starch, Fe,P impurities become less
obvious. As Fe,P cannot contribute to the overall electrochemical capacity, it is an
undesired synthesis product for high-energy applications. Yet, as aforementioned,
its conductivity-enhancing properties, combined with a high-quality carbon coating,
could be beneficial for the rate capability of the synthesized composites, and thus,

might provide interesting features for potential high-power applications.
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Figure 3-3. XRD patterns of LiFePO4/C prepared with 5-20 wt% soluble starch
compared with calculated patterns of Fez2P and LiFePO4 (JPDS card number 83-

2092).

To investigate the structure and distribution of the carbon layer and to visualize
the interconnection of the LiFePO, particles, a transmission electron microscopy
(TEM) analysis was conducted. Figure 3-4a shows the TEM image of the LiFePO,/C
composite nanoparticles, and no loose carbon sheets can be seen, referring to
Figure 3-4b and Figure 3-4d, which indicates that the carbon presence detected
using Raman spectroscopy (Figure 3-5) can only be attributed to an existing
carbon coating around the LiFePO, particles. Figure 3-4d displays the uniform,
well-defined, and highly ordered carbon layer of around 3 nm thickness covering a
LiFePO, crystallite, which is successfully generated through the thermal
decomposition of the soluble starch precursor. The selected area electron
diffraction (SAED) pattern in Figure 3-4c reveals distinct diffraction spots, which

can be indexed to the LiFePOy, triphylite crystal structure, confirming the previous

XRD analysis.
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200 nm

Figure 3-4. (a) and (b) TEM images; (c) the corresponding selected area electron
diffraction pattern (SAED); and (d) lattice resolved HRTEM image of LiFePO4/C
prepared with 5 wt% soluble starch (Inset: Interplanar distance of the (121) crystal
plane).

The lattice-resolved high-resolution TEM (HRTEM) image presented in Figure 3-4d
shows the LiFePO, nanocrystal wrapped in a thin layer of carbon, in which the
(121) crystal plane is indexed with an interplane spacing of 0.301 nm. This
result demonstrates that soluble starch applied as carbon precursor during the
solid-state reaction can successfully generate a very thin and uniform,
conductivity enhancing carbon coating on the surface of LiFePO, particles.
Moreover, Figure 3-5 shows the Raman spectra of LiFePO,C prepared with 5, 8,
10, 15, 18.5, and 20 wt% starch, which were employed to further evaluate the
quality of the generated carbon coating in terms of graphitization and orbital

hybridization. Basically, the intense peaks located at ~1335 cm' and ~1605 cm™"
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are corresponding to the D (disordered) and G (graphite) band of the carbonized
soluble starch covering the LiFePOu4 particles, respectively. The shape and relative
intensity of D/G changes with the varying amount of added carbon. However, since
band fitting with two D and G lines cannot produce accurate plots of the measured
curves, a four-bands Gaussian-Lorentz fit was applied to resolve the observed
Raman features.l38 As shown in Figure 3-5a—f (coloured lines), the two fitted
bands located at ~1335 cm™' and ~1605 cm™ correspond to the D band and G
band of sp?-type carbon, respectively. The other two bands at ~1150 cm™' and
~1520 cm™ can be assigned to sp3-type (diamond-like) carbon. As a consequence,
the integrated area ratio of the sp® and sp? bands (Asp’/Asp?) is related to the
relative content of graphite carbon in a composite, which has been associated with
enhanced conductivity and electrochemical performance of LiFePO4/C
composites.[377. 382, 3831 Fyrthermore, the intensity ratio of D/G (Ip/lc) can be used as
estimation of the graphitization degree of this composite.[3%* 381 Ultimately, to
visualize the relationship of Asp®/Asp? and Io/lc as a function of the added carbon
content, the graph displayed in Figure 3-5g was plotted and demonstrates the
proposed correlation. According to the diagram, the Io/lc ratios are calculated as
1.03, 1.06, 1.05, 1.05, 1.05, and 0.99 for the samples prepared with 5, 8, 10, 15,
18.5, and 20 wt% soluble starch, respectively, while the corresponding Asp®/Asp?
ratios are calculated as 0.598, 0.605, 0.278, 0.332, 0.328, and 0.484. Both ratios
indicate the high graphitization of the carbon layer, and thus, improved electronic
conductivity. In particular, the sample prepared with 10 wt% shows the lowest
Asp®/Asp? and a low Ip/l ratio, which makes this sample the most promising for
improved electrochemical performance. It is important to note that all Raman
spectra feature a strong D band, which illustrates a slightly more amorphous
character of the carbon coating due to the low temperature carbonization
necessary for the preparation of LiFePO4.1377]

73



- -
= 3
[ A
g :
= =
] 5
= £
800 1000 1200 1400 1800 1800 2000 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™) Raman Shift cm™)
(d) D
G
3 5
= =
= z
] 5 sp’
E = 3 P
sp )\
= =
— I-r-‘— T T T T T T T T T T T T T
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™) Raman shift (cm”)
e f
(e) D G ( ) D G
El el
i fuk
= =
b %
= c
& @
E E
800 1000 1200 1400 1800 1800 2000 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™) Raman Shift cm™)
1.08 Q@ 07
——n -
1064 " . 08
Y e . ™
SN 2 Fos
1.044 4 I". ':3
= . Y Vo foa %
1.024 P <
I 03
-
1.004 02
-
0.98 0.1

& & 10 12 14 16 18 20
added Carbon (wt%)

Figure 3-5. Raman spectra of LiFePO4/C prepared with (a) 5 wt%, (b) 8 wt%, (c)

10 wt%, (d) 15 wt%, (e) 18.5 wt%, and (f) 20 wt% soluble starch as carbon source.

The two broad bands are resolved into four coloured lines; (g) shows the Asp/Asp?
and Ip/lc values as a function of the amount of added carbon precursor.
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However, this conclusion is consistent with the HRTEM observations in Figure 3-4d.
The nominal carbon contents of the as-prepared LiFePO4/C composites are
roughly estimated as 2.63, 3.27, 4.58, 5.86, 6.82, and 9.34 wt% for the materials
prepared with 5, 8, 10, 15, 18.5, and 20 wt% starch as carbon source,
respectively. The basic procedure is carried out as follows. A representative
amount of composite sample is thoroughly dispersed in concentrated hydrochloric
acid for 24 h. Clean filter papers are vacuum-dried overnight and the blank filter
paper weight is recorded. The residual carbon of each sample is washed several
times with distilled water and ethanol, vacuum dried overnight on the before-
mentioned blank filter papers, and weighed to determine the nominal carbon
content. The Brunauer—-Emmett-Teller (BET) surface area was calculated to be
around 10.6 m? g'. In summary, the structural, morphological, and carbon quality
outcomes are competitive compared with previously reported LiFePO4 composites

that required much more expensive and more complex preparation methods.[386-30]

3.3.2 Electrochemical Performance

The charge/discharge profiles of LiFePO,4/C prepared with 5-20 wt% soluble starch
as the carbon source can be seen in Figure 3-6. It is demonstrated in Figure 3-6a
that, due to the increasing carbon content, the initial reversible capacity of
LiFePO4/C prepared with 5, 8, and 10 wt% added carbon source is 153 mA h g™,
whereas the sample prepared with 15 wt% added carbon source reaches 147 mA
h g and the samples prepared with 18.5 and 20 wt% only provide 135 and 137
mA h g' at 0.2C, respectively. Based on these initial galvanostatic (dis)charge
profiles, the differential capacity analysis given in Figure 3-6b allows the
determination of over-potential of each sample, which is a first indication for good
electric conductivity. All six samples achieved very low over-potential values from

74.1 t0 91.4 mV as seen in the inset of Figure 3-6b.
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Figure 3-6. (a) Charge-discharge curves; (b) differential capacity analysis of
LiFePO4/C prepared with 5-20 wt% soluble starch as carbon source (insets:
differential capacity analysis in the voltage range 3.35 to 3.51 V and a list of the
corresponding over-potential values for all six samples).

A rate performance evaluation was conducted to compare the individual
conductivity enhancing features of each sample. The rate performance test
displayed in Figure 3-7a confirms the good capacity retention and appropriate

rate capabilities of the LiFePO4/C composites prepared with 10, 15, and 18.5 wt%
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soluble starch as the carbon source. These samples provide the highest rate
capability of all six tested samples, wherein the sample prepared with 10 wt%
starch also achieves high reversible capacities at low current rates. This particular
sample delivers reversible capacities of 154, 149, 140, 131, 114, 100, and 85 mA h
g’ when cycled at 0.2, 0.5, 1, 2, 5, 10, and 20C, respectively, combined with a
capacity retention of 55% from 0.2 to 20C. These are highly competitive results
compared with recent publications using similar methods, but which are not
scalable and include much more expensive and complicated preparation methods
for high performance LiFePO4/C composites.[204. 365, 387, 388, 391-396] Fyrthermore, as
an additional comparison approach, Figure 3-7b visualizes the energy and power
density of the LiFePO,/C composite prepared with 10 wt% starch at different
current rates. It can be seen that this sample can also deliver a high specific
energy of 555 Wh kg™ at 0.2C and high specific power of 13.64 kW kg at 20C
Besides, the cycling stability test displayed in Figure 3-7c revealed that 80% of the
initial capacity can be maintained even after 300 deep charge/discharge cycles at
a high rate of 10C, which further outlines the enhanced electrochemical
performance of this material. It is shown that the columbic efficiency remains
steady at about 99.4% over the entire test extent. Interestingly, according to
Figure 3-7a, the samples prepared with 15 and 18.5 wt% carbon precursor provide
similar high rate capabilities to the discussed 10 wt% composite, but cannot deliver
sufficient reversible capacities at lower current densities. On the other hand, owing
to the increased carbon content, and thus stronger carbon network, the cycling
stability at high rates is also increased, as seen in Figure 3-7c. The achieved
capacity retentions after 300 cycles are namely 92.5 and 95.5% for the composites
prepared with 15 and 18.5 wt% added carbon source, respectively, which
provides them with very interesting properties for high-power applications.
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Figure 3-7. (a) Rate performance of LiFePO./C prepared with 5-20 wt% soluble
starch as the carbon source; (b) Specific energy and specific power of the sample
prepared with 10 wt% soluble starch at different current rates; (c) Cycling

performance of the sample prepared with 10, 15, and 18.5 wt% soluble starch
(dis)charged at 10C for 300 cycles.
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In contrast, the samples prepared with 5 and 8 wt% starch deliver high reversible
capacities at very low rates, which drastically deteriorate from 5 to 20C and only
achieve a rate capacity retention of 13 and 24% from 0.2 to 20C, respectively.
These drastic performance differences are visualized using charge/discharge
profiles of the tested composites at different current rates, as displayed in Figure 3-8.
It is evident that the (dis)charge plateaus of the LiFePO,/C composites prepared with
5 and 8 wt% starch start to slope with the increase in the current rate, whereas
the electrodes made with 10-20 wt% starch still generate a distinct (dis)charge
voltage plateau even at 20C. Thus, the galvanostatic profiles of all six composites
agree consistently with the previous evaluation of the carbon coating quality using
Raman spectroscopy, as displayed in Figure 3-5, and confirm the initial assumption.
The individual Raman spectra indicate that the optimal graphitization and sp?
carbon content, for both rate performance and high specific capacity, can be
achieved with 10 wt% added soluble starch to generate a conductivity enhancing
carbon coating on the LiFePO, surface without compromising the specific capacity,
which has certainly been validated. Furthermore, the samples prepared with 15 and
18.5 wt% carbon provide similar high rate capabilities, possibly owing to good
Raman features combined with the presence of conductivity-enhancing Fe,P, which,
just like carbon, does not contribute to the overall capacity, as is evident at low
charge/discharge rates, where these composites cannot reach the same values
as the 10 wt% composite. Furthermore, it has been shown that a low ID/IG ratio or
disordered carbon content of an existing carbon coating is not related to good
electrochemical performance. The samples prepared with 5 and 20 wt% starch
showed the two lowest Ip/lg ratios, but, at the same time, highly sp3-hybridized or
diamond-like carbon features, which consequently caused their poor rate

performance as sp? coordinated carbon is considered to be of insulating nature.l¥77:
382, 383]
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Figure 3-8. The charge-discharge voltage curves of LiFePQO4/C prepared with (a)
5 wt%, (b) 8 wt%, (c) 10 wt%, (d) 15 wt%, (e) 18.5 wt%, and (f) 20 wt% soluble
starch as carbon source in the voltage range from 2.0 to 4.25 V at different current

rates.
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Finally, to conclusively assess the electrochemical behaviour of LiFePO4/C, the
electrochemical kinetic performance, displayed in Figure 3-9, was analysed using
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS),
respectively. Figure 3-9a unveils the CV behaviour of the LiFePOs electrode
prepared with 10 wt% starch at various scanning rates in the voltage range of 2.0-
4.5 V. A single pair of well-defined redox peaks is observed for all scan rates,

which can be attributed to the Fe®*/Fe2* redox couple.
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Figure 3-9. (a) CV curves at different scan rates and (b) peak current Ip versus
square root of scan rate v'2 at 25 °C of LiFePOs prepared with 10 wt% soluble
starch; (c) Impedance spectroscopy and (d) linear fitting of the Warburg impedance
of fresh and cycled LiFePO4/C cells prepared with 10 wt% soluble starch as carbon
source.
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Furthermore, the height and area of the redox peaks increase with increasing
scan rates, and the anodic and cathodic peaks move to lower and higher potentials,
respectively. Even at a high scan rate of 2.0 mV s, the well-defined sharp redox
reaction peaks are maintained, indicating good kinetics for lithium intercalation and
deintercalation. According to these measured peak currents, a Li-ion diffusion

coefficient D (cm? s™') can be calculated using the Randles—Sevcik equation:[387. 390,
397]

= 2.69-10%A-C-VDn”/2/v (3-1)

wherein Ip is the peak current (in A), A is the surface area of the electrode, C is
the concentration of Li ions in a solid (0.0228 mol cm3), n is the number of
electrons involved in the half-reaction for the redox couple (n = 1 for Fe3*/Fe®*
redox couple), and v is the potential scan rate (in V' s™). As shown in Figure 3-9b, Ip
is indeed proportional to n?2, confirming a diffusion-controlled behaviour. Moreover,
from the slope of the lines, and based on Equation (3-1), the diffusion coefficient
Dcathodic (positive) is 6.49:10"" cm? s, whereas the diffusion coefficient Danodic
(negative) is 3.62:10-"" cm? s' for the composite prepared with 10 wt% starch. The
high Li-ion diffusion coefficients achieved with this material are related to the thin
and highly sp?-coordinated carbon coating on the LiFePOa particle surface, which
is reflected in its enhanced rate performance provided earlier in Figure 3-7 and
Figure 3-8. Finally, the Nyquist plot (Figure 3-9c) compares the electrochemical
impedance of the 10 wt% composite fresh and after the rate performance test for
57 cycles. It can be seen that the material generates a depressed semicircle in the
high-frequency region and a slope in the low-frequency region. Firstly, the high-
frequency intercept of the semicircle with the real axis (Z') refers to the
uncompensated resistance (Ru), which combines the particle—particle contact
resistance, electrolyte resistance, and the electrode—current collector resistance.

Secondly, the semicircle diameter refers to the charge-transfer resistance (Rcr),
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which is related to the electrochemical reactions at the electrode—electrolyte
interface and the particle—particle contact. Lastly, the low-frequency slope
corresponds to lithium-ion diffusion in the bulk of the electrode material and can be
mathematically transformed to the Warburg coefficient (ow).[204 389 390, 393, 398]
Consequently, the solid-state diffusion of lithium ions Dvi through the LiFePO4/C
particle collective can be estimated using Equation (3-2):

Do 52

F2Cay,

wherein R is the universal gas constant, T is the absolute temperature, F is the
Faraday constant, A is the surface area of the LiFePO4 cathode, C is the molar
concentration of lithium ions in the cathode, and oy is the Warburg coefficient. It
can be seen in the experimental data plot in Figure 3-9c that the Rcr of the fresh
uncycled cell is 239 Q, whereas the EIS analysis of the cycled half-cell reveals
slight changes in Rcr. The value has decreased to 145 Q, possibly owing to
electrode activation processes during cycling. Additionally, the solid-state diffusion
Dii calculated using Equation (3-2) from the Warburg impedance (shown in Figure
3-9d) reflects the Kkinetic properties of the 10 wt% composite, revealing a
competitive lithium-ion diffusion rate of 1.34:10-'* cm? s' measured for fully
lithiated LiFePOa4. In conclusion, it has been undoubtedly confirmed that the
remarkable rate performance is achieved because of the high solid-state diffusion
rates provided by the LiFePO4 particles combined with the low charge-transfer
resistance delivered by the highly sp?-coordinated carbon coating. The outstanding
rate performance and highly competitive reversible capacity at Ilow
charge/discharge rates marks the composite prepared with 10 wt% soluble starch

as the optimal choice for high-performance and high-power LiFePO4/C composites.
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3.4 Conclusions

Highly graphitic carbon-coated LiFePOs cathode materials are successfully
prepared through industrial ball milling and solid-state reaction using soluble starch
as a carbon source and only environmentally friendly iron, lithium, and phosphate
precursors. This method can generate uniform, sp2-coordinated carbon-coated,
grape-like nanoparticles, which are favourable for Li* transport and tap density. It
has been shown that, even though Fe2P phases in combination with a high-quality
carbon network are beneficial to improve high-rate performance and stability, the
capacity reduction at low rates induced by the high carbon content and the Fe2P
phase is disproportionate to justify adding more than 10 wt% carbon to the pre-
sintered precursor. Furthermore, adding less than 10 wt% soluble starch as the
carbon source results in high capacities at very low current rates, but fails to deliver
considerable capacities at high rates, owing to a lack of a highly sp?-coordinated
carbon network to support ion diffusion through the particle collective. Ultimately,
adding 10 wt% soluble starch as the carbon source combined with environmentally
friendly iron, lithium, and phosphate precursor materials is a suitable and efficient
approach to generate large amounts of high-performance and high-power
LiFePO4/C cathode materials. However, further experimental and theoretical
studies are required to identify the formation mechanism of sp2-coordinated carbon
that arises from the variation in carbon precursor amount rather than variations in

sintering temperature or time.
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Chapter 4: Carbon coated LiFePOs clusters prepared via spray-
drying followed by carbothermal reduction

4.1 Introduction

The spray method is well-trusted in practical uses, such as the manufacturing of
dried food, fertilizers, oxide ceramics, and pharmaceuticals.%! A large number of
applications of spray methods have been reported and more than 15,000
industrial-size spray dryers are currently in operation. This number would
approximately double if the use in pilot plants and laboratories was added to the
calculation.[%% Several spray methods have been reported with no limitations to a
particular type of process: spray-pyrolysis, spray-drying, flame-spraying, low-

pressure, and electro-spraying.“01]

In general, a starting solution is prepared usually by dissolving the metal
component of an intended product in a solvent. The droplets, which are atomized
from the starting solution, are introduced to the solvent evaporator. Evaporation of
the solvent, diffusion of solute, drying, and precipitation may occur inside the
furnace to form the final product. The reaction among reactants, and sometimes
with surrounding gas, is dependent on the type of the initial solution.[%: 4921 The
spray-drying method is similar to other types of spray methods (spray-pyrolysis,
spray-freeze drying, etc.), except for the type of precursor (usually colloidal
particles or sols) and the fact that there is almost no reaction during the drying
process. The ability to produce uniformly spherical particles from nano to micron
sizes is one of the main advantages of this method. Other merit gained from this
method is that when the suspension consists of colloidal nanoparticles (primary
particles), the resulting particles are comprised of nanoparticles that form a
nanostructured powder. Therefore, the spray-drying method may be suitable for
consolidating nanoparticles into macroscopic compacts, and submicron spherical

powders that have nanometre scaled properties can be obtained.?%! This is
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particularly important for industrial applications of carbon coated LiFePO4 materials.
Although nano-sized LiFePO4 materials with highly engineered shapes have been
reported previously, they rarely provide both excellent electrochemical
performance and high tap density, which is critical to achieve high volumetric
energy densities.[202. 2034031 Therefore, LiFePO4 nano-micro structures with uniform
carbon coatings are very desirable for commercial high performance lithium-ion

battery applications.[404

In this report, we systematically evaluated spray-drying conditions and equipment
settings in regards to electrochemical performance of the obtained carbon coated
LiFePO4 cathode material. This includes variations in spray-drying feed rate and
drying temperature while precursor materials, suspension concertation, and
amount of added carbon source remained unchanged for each parameter. After
optimal conditions were established, the impact of the carbon precursor choice on
micro-particle morphology was evaluated. For this investigation, three different
carbon precursor materials were applied, namely citric acid (CA), polyethylene
glycol (PEG), and polyvinyl alcohol (PVA), and their resulting particle morphology

and electrochemical performance was investigated.

4.2 Experimental Section

LiFePO4 named hereafter LFP-A10, LFP-A40, and LFP-AG60 was prepared by
mixing stoichiometric amounts of FeC204-2H20, NH4H2PO4, and Li2COs3 (Sigma-
Aldrich) via industrial-scale ball milling in ethanol (95 vol%) for 24 h. The untreated
precursor mixture was filtered and vacuum dried for at least 2 h as preparation for
the decomposition and degassing step. The dried untreated precursor mixture was
transferred into a ceramic crucible and thermally decomposed in a tubular furnace
at 350 °C for 10 h under argon protection. The pre-sintered mixture was combined
in a suspension with 10 wt% sucrose to encapsulate the precursor materials during

spray-drying and to serve as carbon source in the subsequent carbothermal
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reduction. The solid content of the suspension was fixed at 1 wt%. The precursor
mixture was spray-dried (Mini Spray Dryer B290, BUCHI Labortechnik AG,
Switzerland) with an inlet temperature of 170 °C and a feed rate of 4 ml min-' (LFP-
A10), 12 ml min' (LFP-A40), and 18 ml min-' (LFP-A60), respectively. The dried
powder was then transferred into a ceramic crucible to be sintered at 700 °C for 10

h in H2/Ar atmosphere.

LiFePO4 named hereafter LFP-150-40-60-5, LFP-170-30-74-5, and LFP-200-40-
86-5 was prepared by mixing stoichiometric amounts of FeC204:2H20, NH4H2PO4,
and Li2COs (Sigma-Aldrich) via industrial-scale ball milling in deionized water for 6
h. Simultaneously, 5 wt% sucrose was added to the suspension to encapsulate the
precursor materials during spray-drying and to serve as carbon source in the
subsequent carbothermal reduction. The solid content of the suspension was fixed
at 20 wt%. The untreated precursor mixture was spray-dried (Mini Spray Dryer
B290, BUCHI Labortechnik AG, Switzerland) with an inlet temperature of 150 °C
(LFP-150-40-60-5), 170 °C (LFP-170-30-74-5), and 200 °C (LFP-200-40-86-5) and
a feed rate of 15 ml min-'. The dried power was then transferred into a ceramic
crucible to thermally decompose in a tubular furnace at 350 °C for 5 h and sintered

at 700 °C for 10 h under argon protection.

LiFePO4 named hereafter LFP-C CA, LFP-C PEG, and LFP-C PVA was prepared
by mixing stoichiometric amounts of FeC204:2H20, NH4H2PO4, and Li2CO3s (Sigma-
Aldrich) via industrial-scale ball milling in ethanol (95 vol%) for 24 h. The untreated
precursor mixture was filtered and vacuum dried for at least 2 h as preparation for
the decomposition and degassing step. The dried untreated precursor mixture was
transferred into a ceramic crucible and thermally decomposed in a tubular furnace
at 350 °C for 10 h under argon protection. The pre-sintered mixture was combined
in a suspension with 10 wt% sucrose to serve as carbon source in the subsequent
carbothermal reduction and 0.5 g citric acid (LFP-C CA), PEG (LFP-C PEG) or
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PVA (LFP-C PVA) to encapsulate the precursor materials during spray-drying. The
solid content of the suspension was fixed at 20 wt%. The precursor mixture was
spray-dried (Mini Spray Dryer B290, BUCHI Labortechnik AG, Switzerland) with an
inlet temperature of 200 °C and a feed rate of 15 ml min-'. The dried powder was
then transferred into a ceramic crucible to be sintered at 700 °C for 10 h in H2/Ar

atmosphere.

Crystallographic measurements were conducted with a Siemens D5000 X-ray
diffractometer using CuKa radiation between 10° and 80°. The morphology
analyses of the as-prepared materials were carried out by field-emission scanning
electron microscopy (FE-SEM, Zeiss Supra 55VP). The carbon contents of the as-
prepared LFP-C CA, LFP-C PEG, and LFP-C PVA were investigated using a
TGA/DTA analyser (TA Instruments, SDT 2960 module, New Castle, DE, USA) at

a heating rate of 5 °C min-" under air flow from room temperature to 700 °C.

The working electrodes for electrochemical testing were prepared by mixing 80 wt%
as-prepared LiFePO4 with 10 wt% carbon black and 10 wt% poly(vinyl difluoride)
(PVDF, Sigma-Aldrich) in N-Methyl-2-pyrrolidone (NMP, Sigma-Aldrich). The
obtained dispersion was carefully pasted onto aluminium foil, dried in a vacuum
oven at 80 °C for 12 h and pressed before cell assembly. Lithium metal discs were
used as counter and reference electrodes. The electrolyte used for each cell
consisted of 1M LiPFe in dimethyl carbonate (DMC) / diethyl carbonate (DEC) /
ethyl carbonate (EC) (DMC:DEC:EC = 1:1:1, Zhangjiagang Guotai-Huarong New
Chemical Materials Co., Ltd.). All electrodes were stored and all standard CR2032

type coin cells were assembled in an argon-filled glovebox (UniLab, Mbraun).

Cycling performance tests were performed in the voltage range of 2.00 — 4.25 V at
various current densities (based on the mass of LiFePOs and 1 C =170 mA h g)

on a Neware battery tester at room temperature.
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4.3 Results and Discussion

4.3.1 Parameter Optimization

Figure 4-1 shows the XRD patterns of the six LiFePOs4 materials prepared for
parameter optimization. The obtained patterns are consistent with the LiFePOa4
pattern of JCPDS card number 83-2092. The peak intensity of the LFP-150 — 200
samples (Figure 4-1b) is slightly higher than those of the LFP-A10 — A60 materials
(Figure 4-1a), possibly due to the reduced amount of carbon precursor. The
generated carbon coating is thinner and less X-rays are scattered by the
amorphous carbon structure on the particle surface. The nominal carbon content of
all six samples is 2 wt% or less as determined using thermogravimetric
measurements displayed in Figure 4-2, which is very desirable for industrial
applications. The carbon coating itself does not contribute to specific capacity on
the cathode side of a lithium-ion battery to the extent that high carbon contents in a
composite cathode material cause a significant reduction in volumetric capacity.
Hence, its main purpose is to ensure good interparticle contact and surface
conductivity. Therefore, a high performance LiFePO4/C composite material with
less than 5 wt% carbon is favourable for future large scale applications and mass

production.[198. 367]
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Figure 4-1.  XRD patterns of (a) LFP-A10 — LFP-A60 and (b) LFP-150 — LFP-200.

Both compared with the calculated pattern of JCPDS card number 83-2092 and
FeaP.
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Figure 4-2. TGA curves of LFP-A60 compared to the TGA result of a carbon free
LiFePO4 sample.

The particle size and morphology was investigated using field emission scanning
electron microscopy (FESEM) imaging. Figure 4-3 shows the FESEM images of
as-prepared LiFePO4/C composite materials. Figure 4-3a-c shows the as-prepared
LFP-A10-A60 composites. All three images display randomly agglomerated particle

clusters with a particle size of approximately 200-500 nm, which is typical for

90



LiFePOs products generated by a carbothermal reduction reaction. No significant
difference can be observed from the SEM images regarding the pump feed rate
setting during the spray-drying process. All three test settings result in similar
morphology, particle size, and degree of agglomeration. A comparable observation
can be made for the LFP-150 — LFP-200 samples, as displayed in Figure 4-3d-f.
Large and dense particle clusters are formed for these samples. The most
significant difference to the former LFP-A10 — LFP-AG0 samples is an obvious
highly porous appearance, as seen in Figure 4-3d-f marked there with white arrows.
This porosity is possibly caused by the degassing process of the precursor material
NHsH2PO4, which releases NH3 and H20 upon heating.[*%! The LFP-A10 — LFP-
A60 samples were prepared with an already degassed precursor intermediate, and
thus, do not show the same porosity. A porous structure is generally considered
beneficial for electrochemical performance as it improves the electrolyte-particle
interphase.[*%6. 4071 Qverall, the morphologies obtained using only sucrose as
carbon source are very similar to a preparation method using ball milling to
homogenize the precursor materials, as described earlier in Chapter 3.[2°" The
main advantage of the spray-drying process shown here is its ability to generate
high yield in a very short time compared to the aforementioned ball milling
approach. Additionally, spray-drying provides the opportunity to create very uniform
spherical, hollow or porous structures, %! which will be discussed in Section 4.3.2

Morphology Optimization.
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Figure 4-3. SEM images of (a) LFP-A10, (b) LFP-A40, (c) LFP-A60, (d) LFP-150-
40-60-5, (e) LFP-170-30-74-5, and (f) LFP-200-40-86-5. Some obvious open pores
are marked with white arrows.

Microspherical particle clusters, which contain well interconnected nanoparticles,
have the advantage of higher tape density values without losing the ionic diffusion
benefits of pure nanoparticle materials. First, the electrochemical performance of
the LFP-A10 — LFP-A60 and LFP-150 — LFP-200 composite materials (Figure 4-4)
will be discussed. The rate performances of the LFP-A10 — LFP-A60 and LFP-150
— LFP-200 are displayed in Figure 4-4a,c, respectively. It can be seen that the
porous LFP-150 — LFP-200 samples show the typical electrode activation process

as sometimes observed in porous materials during the initial low rate cycles.#08 409]
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Figure 4-4. Rate performance results of (a) LFP-A10 — LFP-A60 and (c) LFP-150
— LFP-200 cycled at current densities from 0.2C to 20C in the voltage range of 2.0
— 4.25 V. Cycling stability test of (b) LFP-A10 — LFP-A60 and (d) LFP-150 — LFP-
200 for 500 cycles at 10C in the voltage range of 2.0 —4.25 V.

All three samples undergo a 4% capacity increase from the first to the seventh
cycle. The nonporous LFP-A10 — LFP-A60 samples do not show the same
behaviour. These samples remain steady at the initial discharge capacity for the
entire seven cycles at 0.2C. Judging from the overall rate performance of the LFP-
A10 — LFP-A60 samples displayed in Figure 4-4a and Table 4-1, it is obvious that a
feed rate somewhere between 40 — 60% (12 - 18 ml min') should be chosen as
the optimal feed rate for high performance LiFePO4/C. Even though a feed rate of

10% (4 ml min"') shows good rate performance, the much longer spray-drying
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procedure caused by a low feed rate does not justify choosing this setting. Thus, a
feed rate of 50% (15 ml min-') was selected for the subsequent spray-drying trial to
prepare the LFP-150 — LFP-200 samples. Analysing the rate performance
achievable for those samples, it is obvious that the sample prepared with an inlet
temperature of 170 °C shows the best performance. Additionally, cycling the
samples at a high rate of 10C, the LFP-170 sample again provides the best long-
term cycling stability of all tested samples.

Table 4-1. Rate performance and cycling stability test results of LiFePOa4
prepared for the feed rate optimization (top 3) and the samples prepared for the

inlet temperature optimization (bottom 3). Marked in green are the best results of
each starting material.

Capacity [mA h g"']

0.2C 0.5C 1C 2C 5C 10C 20C 0.2C

LFP-A10 158.57 143.99 134.24 123.04 106.75 90.20 70.84 155.51
o LFP-A40 159.36 140.88 129.94 119.91 102.95 84.60 56.70 156.47
g LFP-A60 154.33 152.84 147.27 139.49 122.70 99.14 33.05 152.19
g. LFP-150 140.51 124.47 113.15 101.88 87.51 76.20 62.82 143.84
(72]

LFP-170 165.69 155.57 149.56 139.26 124.51 107.84 86.80 170.21

LFP-200 156.36 149.34 138.68 128.35 112.86 98.81 81.39 162.52

4.3.2 Morphology Optimization

Figure 4-5 shows the XRD patterns of the six LiFePOs4 materials prepared for
morphology optimization. The obtained patterns are again consistent with the
LiFePOg4 pattern of JCPDS card number 83-2092. The nominal carbon content of
these three samples is 3, 4, and 7 wt% for LFP-C PVA, LFP-C PEG, and LFP-C
CA, respectively, as determined using thermogravimetric measurements displayed

in Figure 4-6. The slight difference of nominal carbon content might originate from
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the chemical structure, and thus, availability of carbon atoms per
monomer/molecule of these different additives. PEG and PVA provide two carbon
atoms per monomer unit, whereas citric acid contains six carbon atoms per
molecule, which makes a more precise calculation of the amount of carbon
precursor difficult. Nevertheless, a nominal carbon content of around 5 wt% can be
considered feasible for large scale production of such LiFePOs materials.['98 367]
The carbon precursor not only serves as source for a carbon coating but also as
reducing agent for the Fe component in LiFePO4. Depending on the purity of the
used protection gasses, the vacuum furnace used, and even the chemical formula
of the carbon source itself, more or less carbon may be consumed during high
temperature sintering to protect the Fe component from oxidation. Thus, the added
amount of PEG and PVA additive can be considered acceptable whereas the citric
acid or sucrose content could be reduced to generate smaller nominal carbon

contents.
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Figure 4-5. XRD patterns of LFP-C CA, LFP-C PEG, and LFP-C PVA compared
with the calculated pattern of JCPDS card number 83-2092 and Fe2P.
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Figure 4-6. TGA curves of LFP-C CA, LFP-C PEG, and LFP-C PVA compared to
the TGA result of a carbon free LiFePO4 sample.

The obtained morphologies using citric acid, PEG, and PVA as additives for the
spray-drying process are displayed in Figure 4-7a-c, respectively. It can be seen
that the use of citric acid results in nano- to micro-sized spheres (Figure 4-7a) with
rather smooth surfaces. It is difficult to identify the individual primary nanoparticles
of these spheres. As mentioned before, the LFP-C CA sample showed the highest
nominal carbon content, which possibly covers the LiFePO4 nanoparticles in a thick
carbon layer, making it difficult to distinguish them. The addition of PEG results in
remotely spherical particle clusters, as seen in Figure 4-7b. And finally, using PVA
as additive generates large hollow, almost donut shaped spherical particle clusters
(Figure 4-7c). All three additives generate morphologies desirable for high tap
density materials, and thus, it is likely that all prepared samples could be able to

achieve high volumetric capacities as well as acceptable gravimetric capacities.

96



Figure 4-7. SEM images of (a) LFP-C CA, (b) LFP-C PEG, and (c) LFP-C PVA.
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Figure 4-8. Rate performance results of LFP-C CA and LFP-C PVA cycled at
current densities from 0.2 to 20C in the voltage range of 2.0 - 4.25 V.

The electrochemical performance displayed in Figure 4-8 reflects the previous
assumptions that the nominal carbon content of sample LFP-C CA needs to be
reduced. It can be seen that the LFP-C CA sample delivers approximately 23 to 47%
less reversible capacity than the LFP-C PVA sample at the same current density
(see Table 4-2). The higher carbon content causes a drastic reduction in reversible
capacity for this sample. The obtained rate performance of LFP-C PVA on the

other hand is very competitive compared with previous reports as well as when
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compared with the test results of the additive-free sample LFP-170.1204. 365, 387, 388,
391-396]

Table 4-2. Rate performance test results of LFP-C CA and LFP-C PVA
compared with the performance of additive-free sample LFP-170.

Capacity [mA h g']

0.2C 0.5C 1C 2C 5C 10C 20C 0.2C

LFP-C CA 135.74 112.87 102.55 90.96 78.30 66.04 47.74 132.20

LFP-C PVA 177.65 156.95 149.22 141.24 128.59 113.95 89.59 175.80

Sample name

LFP-170 165.69 155.57 149.56 139.26 124.51 107.84 86.80 170.21

4.4 Conclusions

In summary, the spray-drying method has been successfully applied to prepare
high performance carbon coated LiFePOs materials. The optimisation trial has
identified the most suitable process conditions for the precursor materials and
spray-dryer model used to prepare pure and practical LiFePO4 cathode materials
in a large scale. It was found that an inlet temperature of 170 °C, a feed rate of 15
ml min-!, and a suspension concentration of 20 wt% are both practical and efficient
parameter settings for the preparation of LiFePOs4 cathode materials. In the
subsequent morphology optimisation trial, the impact of different additives on
particle morphology of the final product was also investigated. In this trial, it was
found that the addition of polyvinyl alcohol (PVA) generates micron-sized donut
shaped particle clusters that provide a high tap density product without sacrificing
electrochemical performance. The LiFePO4 cathode material prepared with the
addition of PVA achieved remarkable rate performance results and could maintain
a capacity of 113.95 mA h g' at 10C. Further experimental work has to be
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conducted in regards to further reducing the nominal carbon content of the final
product, the quality of the carbon coating, and cycling stability of the composite to
fully evaluate to advantages of a spray-drying process integration into the large

scale production of LiFePOa.
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Chapter 5: Free-standing LiFePOs-carbon paper hybrid cathode
for flexible Lithium-ion batteries

5.1 Introduction

Lithium-ion batteries (LIBs) are the primary power source for portable electronic
devices, such as mobile phones and laptops, and are now also considered for
large-scale applications, such as electric vehicles and renewable energy storage.
The constantly increasing demand for LIBs requires not only more cost-efficient
materials and production processes but also ecological battery components in
order to build a sustainable industry that eventually leads us into a renewable

energy future.[410. 411]

A typical LIB consists of a graphite based anode, a LiCoO2 cathode and a
separator saturated with a liquid organic electrolyte. Both active materials, graphite
and LiCoOg, are pasted onto a metal substrate or current collector (copper and
aluminium), which requires the usage of polymeric binders and appropriate organic
solvents.*1". 4121 One approach to reduce the drawbacks of current LIBs could be
the replacement of LiCoOz2, an expensive and toxic layered metal oxide, which has
been the most commonly used cathode material since LIBs were commercialized
by Sony in 1990.411-413] Qlivine type lithium iron phosphate (LiFePQ4) is regarded
as a suitable substitute for LiCoO2 due to its low cost, non-toxicity, high theoretical
capacity (170 mA h g™") and good cycling performance.l”- 198, 374, 414-416] The second
improvement opportunity can be found in the replacement of the metal current
collector, in case of the cathode side aluminium, with a low-cost, metal-free
conductor.*7- 4181 Recently, paper and textiles have been re-discovered as cheap,
renewable and abundant materials for energy devices, such as supercapacitors,
LIBs and Li-S (lithium—sulphur) batteries, which is mainly due to their intrinsic high
surface area and porosity.[*19-4271 For instance, Hu et al.*?®! developed a lithium-ion

textile battery based on carbon nanotube (CNT) coated polyester, which was
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soaked with a slurry containing commercial LisTisO12 (LTO) or LiFePOs (LFP),
polyvinylidene fluoride (PVDF) binder, conducting additives and N-methyl-2-pyrroli-
done (NMP) as the solvent. Zhang et al.[*?°l used commercially available rice paper
laminated with a pre-sintered LFP precursor, PVDF and NMP slurry. The dried LFP
precursor and rice paper intermediate was co-sintered to generate well-crystalized
LFP and to in situ carbonize the rice paper substrate into a carbon fibrous film.
Furthermore, the bare rice paper was used as a separator and served as an anode
in a full battery design. These methods effectively substituted both metallic current
collectors and stable full batteries could be assembled. Other reports also
managed the polymeric binder PVDF by replacing the binder components with
cellulose,*30-432 so-called bundles of carbon nanostructures*33! (highly entangled
CNTs deposited onto a fibre surface via chemical vapour deposition) and even the
use of electrostatic interactions!*3*! has been reported, which resulted in good

cycling performance and stability.

Taking all these innovative concepts into account, we designed a unique
preparation method to generate a free-standing, binder-free and metallic current
collector-free LFP cathode. In this report, we demonstrate the simultaneous
carbonization of microcrystalline cellulose and the in situ crystal growth of LiFePO4
nanoparticles achieved by a novel impregnation—carbothermal reduction technique
to create an innovative LiFePOas—carbon paper (LiFePOs@CP) hybrid electrode.
No polymeric binders or conducting additives were used in this preparation process.
The hybrid LiFePO4@CP electrode consists of a carbon fibre network core, which
allows fast electron transport and provides a porous structure for electrolyte
penetration. The thin LiFePO4 shell enables fast ion diffusion over a large surface
area. This free-standing LiFePO4@CP hybrid electrode achieved a reversible
capacity of 222 yA h cm™2, exceptional cycle life over 1000 cycles and high rate

capabilities.
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5.2 Experimental Section

Preparation of LiFePO4@CP cathodes:

LiFePO4s@CP was prepared by a novel 2-step impregnation—carbothermal
reduction technique. A commercial paper towel (PT) was used as carbon paper
owing to its porous nature, structural integrity and light weight. The PT was purified
by soaking in 20 ml deionized water (DI water) for 2 h. Subsequently, 4 ml
concentrated hydrochloric acid was added to the solution and left for another 12 h.
The purified PT was washed with DI water several times by vacuum filtration and
dried overnight at 100 °C in a vacuum oven. The XRD patterns of the purified
cellulose, which is in agreement with previous reports, 3% 43l is displayed in Figure
5-2c. The dried tissue was impregnated for 10 min to ensure thorough saturation
with a solution containing 1.0 g NH4H2PO4 and 0.365 g LIOH-H20 in 5 ml DI water
(solution 1). A small amount of concentrated hydrochloric acid was added to the
solution to restrain LisPO4 precipitation. The saturated PT was subjected to freeze-
drying overnight to obtain a homogenous loading of phosphate and lithium
precursors. The iron precursor was introduced in a similar procedure. The
phosphate and lithium loaded PT was weighed and impregnated based on the
stoichiometric amount of Fe in the compound with the exact volume of a solution
containing 1 g FeCls and 30 wt% glucose in 10 ml DI water (solution 2) and was
subsequently freeze-dried overnight. The dried and pre-loaded PT was then
transferred into a ceramic crucible and sintered at 312 °C for 2 h and 700 °C for 10

h under a H2/Ar atmosphere.

Preparation of LiFePO4@AI cathodes:

LiFePOs was prepared by mixing stoichiometric amounts of FeC204-2H20,
NH4H2PO4 and Li2COs (Sigma-Aldrich) via industrial-scale ball milling in deionized

water for 6 h. Simultaneously, 5 wt% sucrose was added to the suspension to
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encapsulate the precursor materials during spray drying and to serve as a carbon
source in the subsequent carbothermal reduction. The solid content of the
suspension was fixed at 20 wt%. The untreated precursor mixture was spray-dried
(Mini Spray Dryer B290, BUCHI Labortechnik AG, Switzerland) with an inlet
temperature of 170 °C and a feed rate of 15 ml min-'. The dried powder was then
transferred into a ceramic crucible to thermally decompose in a tubular furnace at
350 °C for 5 h and sintered at 700 °C for 10 h under argon protection.

Structural and physical characterization:

Crystallographic measurements were conducted using a Siemens D5000 X-ray
diffractometer with Cu Ka radiation between 10° and 80°. The morphological
analyses of the as-prepared material were carried out by field-emission scanning
electron microscopy (FE-SEM, Zeiss Supra 55VP). The elemental mapping was
conducted on a Zeiss EVO MA 15 SEM equipped with EDX. The carbon
fibre/LiFePO4 particle interface and the structure of the coated carbon layer were
characterized by high-resolution transmission electron microscopy (TEM, FEI
Tecnai T20). The carbonization process of PT to CP and the carbon content of the
as-prepared LiFePO4@CP electrode were investigated using a TGA/DTA analyser
(TA Instruments, SDT 2960 module, New Castle, DE, USA) at a heating rate of

5 °C min~" under air or nitrogen flow from room temperature to 700 °C.
Electrode preparation and test cell assembly:

The as-prepared LiFePO4@CP electrodes were used directly as working
electrodes without further modification. The active material (LiFePO4) mass load
was 2.8 mg cm™. Lithium metal discs were used as counter and reference
electrodes. The electrolyte consists of 1 M LiPFs in dimethyl carbonate (DMC)/
diethyl carbonate (DEC)/ethyl carbonate (EC) (volume ratio DMC : DEC : EC =1 :
1:1).
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Approximately 40 pl electrolyte was used for each coin cell. The amount of liquid

electrolyte uptake is calculated using the following equation:

=2 . 100% (5-1)

o

where n is the uptake of the liquid electrolyte, and W, and W; are the weight of the
electrodes before and after absorption of the liquid electrolyte, respectively. The

electrolyte uptake was calculated to be 200 wt%.

The working electrodes of LiFePO4@AI for electrochemical testing were prepared
by mixing 80 wt% as-prepared LiFePOs with 10 wt% carbon black and 10 wt%
poly(vinyl difluoride) (PVDF, Sigma-Aldrich) in N-Methyl-2-pyrrolidone (NMP,
Sigma-Aldrich). The obtained dispersion was carefully pasted onto aluminium foil,
dried in a vacuum at 80 °C for 12 h and pressed before cell assembly. Lithium
metal discs were used as counter and reference electrodes. The electrolyte
consists of 1 M LiPFs in dimethyl carbonate (DMC)/ diethyl carbonate (DEC)/ethyl
carbonate (EC) (volume ratio DMC : DEC : EC =1 : 1 : 1). Approximately 40 pl

electrolyte was used for each coin cell.

All electrodes were stored and all standard CR2032 type coin cells were

assembled in an argon- filled glovebox (UniLab, MBRAUN).
Electrochemical characterization:

Galvanostatic charge—discharge and cycling performance tests were performed in
the voltage range of 2.00 — 4.25 V at various current densities on a Neware battery
tester at room temperature. The cyclic voltammograms (CV) were obtained at
different scanning rates of 0.1 — 2.0 mV s™' between 2.0 — 45 V and

electrochemical impedance spectroscopy (EIS) measurements were conducted
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over a frequency range from 100 kHz to 0.01 Hz using a CHI 660C

Electrochemistry Workstation.

5.3 Results and Discussions

To prepare the free-standing LiFePO4@CP electrode, all three precursor
components (lithium, iron and phosphate) are pre-loaded onto the microcrystalline
cellulose fibre network via a solution-based impregnation and freeze-drying method,
shown in Figure 5-1. For the impregnation with solution 1 (Step 1 in Figure 5-1)
consisting of the phosphate and lithium precursor salts, it is important to
understand the precipitation mechanism of LiOH-H20 and NHsH2PO4 and the
subsequent acid-assisted dissolution of LisPO4. This allows validating the weight
gain as an accurate marker to calculate the amount of solution 2, which contains
the iron and carbon precursors, required to generate the correct stoichiometric ratio

of LiFePO4 impregnated into the PT network.

Solution 1 Solution 2

NH,H,PO Fe(ll1)Cl,
J !.i(J‘:'l-f-lzoll STEP1 / Glucose STEP 2
Herc, e

cﬂff%bﬂ"‘ ——lp . Cs tay
e

Carbon Coating: [iFapP0), Crystals
Carbon Fibre |
S ! | STEP3

2 step sintering in HyfAr
312°Cfor2h
700°Cfor10h

Figure 5-1. Schematic illustration of the LiFePO4s@CP hybrid electrode
preparation process.
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The first reaction between the two precursor materials is the precipitation of LisPOa,
wherein all Li ions are consumed (5-2). The residual NHs4H2PO4 dissolves to form
aqueous phosphoric acid (HsPOs) and NHs (5-3). Hydrochloric acid (HCI) then
dissolves the LisPOa4 precipitate to form LiCl and LiH2POa4 (5-4), wherein LiCl is
consumed by H3POs4 to form crystalline LiH2PO4 upon solvent and HCI evaporation
(5-5).14%7] Consequently, the freeze-drying process leaves the PT impregnated with

highly crystalline LiH2PO4 homogenously dispersed throughout the fibre network.

3LiIOH-H,0 + NH,4H,PO, — LisPO,(s) + NH3 + 6H,0 (5-2)
NH,H,PO, — H3PO4 + NHj (5-3)
Li;PO4 + 2HCI — 2LiCl + LiH,PO, (5-4)
LiCl + H3PO, — LiH,PO, + HCI (5-5)

The reaction mechanism in solution 1 as described in equation (5-2) to (5-5) was
confirmed by the XRD analysis of the dried solution (Figure 5-2a). The traces of
LiCl, which are possibly caused by an undersupply of phosphoric acid (HzPOQOa), are
negligible due to the pure phase XRD pattern of the final product (Figure 5-2b). It
can be assumed that this minor Li excess does not result in the formation of
impurities, such as LisP04.43 431 On the contrary, a slight oversupply of lithium
during solid-state reaction is considered beneficial to compensate for the loss of

the lithium element caused by the evaporation of Li2O.[#40]
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Figure 5-2. (a) XRD pattern of solution 1 after drying compared with the
simulated pattern of LiH2PO4 calculated from JCPDS card number 83-1340 (*
marks traces for LiCI-H20). (b) XRD pattern of LiFePO4@CP and the calculated
pattern of JCPDS card number 83-2092. (c) XRD pattern of purified paper towel
matching the standard XRD pattern of microcrystalline cellulose. 435 436]

According to the theoretical assumption of the reaction mechanism during freeze-
drying of solution 1, the mass of the FeCls solution (solution 2) required to ensure
an appropriate molar ratio Li:Fe:PO4=1:1:1 can be sufficiently calculated from the
mass load of PT. The impregnation of the iron precursor (Step 2 Figure 5-1)

includes the dissolved carbon precursor, which is applied as reducing agent and to
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generate a conductive carbon coating on the surface of the LiFePO4 layer, which
also serves as structural support. The next stage of the electrode preparation is the
two-stage heat treatment (Step 3 in Figure 5-1). The first heat treatment stage at
312 °C was chosen to allow FeCls to melt and consequently enable capillary forces
to homogenously distribute it through the PT fibre network, whilst allowing
degassing of the cellulose fibre. The decomposition of all precursor materials, the
crystal formation of LiFePOs4, and the carbon network generation take
simultaneously place in the second and final heat treatment stage from 312 °C to
700 °C. The LiFePOs shell itself consists of aggregates of LiFePO4 nano-crystals,
which are densely packed on the carbon fibre surface. The close contact between
the carbon fibre and the crystals is supported by a thin carbon coating generated
from the reducing agent used for the carbothermal reduction reaction (Figure 5-1).
According to the XRD investigation (Figure 5-2b), no impurity phases have been
generated during the high temperature treatment. This confirms the successful
synthesis of LiFePOs covering carbonized paper by the novel impregnation—
carbothermal reduction technique. The obtained pattern can be consistently
indexed to JCPDS card number 83-2092 of LiFePOa.

As shown in the SEM images of Figure 5-3a and b, the generated carbon paper is
an interwoven network of carbon fibres, which are completely covered by LiFePO4
particles. Figure 5-3c shows the as-prepared LiFePO4@CP electrode wherein the
individual intact carbon belts are distinguishable. The carbon fibre network is
covered in a thin layer of LiFePO4 showing uninterrupted contact between the two
surfaces, which is evident in Figure 5-3d and the elemental mapping images in
Figure 5-4. The inevitable shrinkage of the cellulose fibre during carbonization to
carbon paper seemingly does not result in contact loss between the freshly
generated LiFePOg4 crystallites and the carbonizing paper surface. Consequently, it
can be seen that the LiFePO4 layer was generated leaving random cavities behind

(Figure 5-3d), possibly caused by de-hydrogen and de-oxygen processes during
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the transition of cellulose fibre to fully-carbonized carbon paper.[*4'l These cavities

or pores are beneficial for electrolyte penetration, and thus, ion diffusivity through

the LiFePOs layer.[372]
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Figure 5-3. SEM images of (a) bare carbonized paper at low magnification, (b)
bare carbonized paper at high magnification, (c) carbonized paper loaded with
LiFePOs4, and (d) cross section SEM image of LiFePOs@CP.
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Figure 5-4. SEM energy-dispersive spectroscopy (EDS) characterization of
LiIFePO4@CP. (a) SEM image of the selected area for EDS mapping; (b)
Integrated Fe-, P-, O-, and C-elemental mapping image; elemental mapping
images of (c) carbon C, (d) oxygen O, (e) iron Fe, and (f) phosphorous P.
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TEM imaging was conducted to visualize the cooperative combination of carbon

fibre, LiFePO4 crystallite, and carbon coating.

C)

Carbon Fibre

(112) ——od
(220) 7" ’
200 1/nm

Figure 5-5. TEM images of (a) a LiFePOa4 single crystallite embedded into a
carbon fibre and wrapped by a carbon coating and (b) the enlarged section of the
LiFePOs crystal showing the approximate thickness of the carbon coating at
different positions; (c) TEM image of a carbon coated LiFePOu4 crystal attached to a
piece of carbon fibre. Small voids are formed between carbon layer and particle
allowing the material to contract during battery operation. (d) Selected area
electron diffraction (SAED) pattern of LiFePO+4@CP.
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Figure 5-5a shows the TEM image of a single LiFePO4 crystal (dashed outlines)
closely in contact with a piece of carbon fibre. The LiFePO4 crystals are covered
by a thin layer of amorphous carbon (dotted outline) of about 3-5 nm thickness
(Figure 5-5b). This carbon layer continues on the carbon fibre surface, providing a
conducting network between individual LiFePOas particles and along the fibre
surface. Furthermore, the carbon coating also formed a closed-packed yolk-shell
structure with the LiFePOu4 particles leaving small voids, which allows the material
to contract during (dis)charge (Figure 5-5c). The reinforcement provided by this
thin carbon coating contributes to the cycling stability, which is usually determined
by the added polymeric binder in a conventional electrode design due to swelling,
decomposition, or poor elasticity of some commonly-used products.['%6 442] |n the
case of our material, the carbon coating combines the function of a strong binder
and a conducting additive without the disadvantages for cycle life and rate
performance.*43 4441 And lastly, the selected area electron diffraction (SAED)
pattern displayed in Figure 5-5d exhibits a set of concentric rings with bright spots,
which can be indexed as the olivine LiFePO4 phase in consistency with the XRD

investigation shown in Figure 5-2b.

Thermogravimetric measurements displayed in Figure 5-6 allow the determination
of the nominal carbon content of the as-prepared LiFePO4s@CP material. Heating
pure LiFePO4 in air from room temperature to 700 °C results in a weight gain of
4.8%, slightly under the theoretical weight gain of 5.1% if Fe?* is completely
oxidized to Fe3*.[4% The LiFePO4@CP electrode shows a weight loss of 68.9% up
to 475 °C, followed by a slight weight gain plateauing at 72%. This result indicates
a nominal carbon content of around 33 wt%, which is very reasonable assuming
that the nominal carbon content substitutes the Al current collector (CP
component), carbon black additives, and polymeric binders (carbon coating

component).
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Figure 5-6. TGA curve of LiFePO4@CP and carbon free LiFePO4 from room
temperature to 700 °C in air.

The as-prepared LiFePO4@CP electrode can thus be directly used as the cathode
in lithium-ion batteries without the use of an Al current collector, conducting
additives, or binders.

The evaluation of cycling stability and rate performance (Figure 5-7a) was carried
out using an unconventional approach, which incorporates both test conditions into
one uninterrupted test sequence. This combined rate and stability performance test
gives valuable insight on the durability of the as-prepared LiFePO4+@CP electrodes
under extremely stressful conditions of long-term fast cycling and relaxation during
short-term slow cycling at various rates, respectively. Individually-tested electrodes
were first cycled at different current rates from 0.1 to 2.5 mA cm™2 and back to 0.1
mA cm™ in step one. Immediately after this rate performance test in step two, the
cells were cycled at 2.5 mA cm™ for 500 cycles to evaluate the cycling stability at
high current rates. After that, the sequence was repeated once in step three and
step four to identify performance changes of the cells. As shown in Figure 5-7a,

step one was completed after 42 cycles.
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Figure 5-7. (a) Cycling stability and rate performance test of LiFePO4@CP for

1000 deep (dis)charge cycles; Galvanostatic profiles of LiFePO4@CP at different
current densities in the voltage range of 2.0 to 4.25 V of (b) the Initial rate
performance test and (c) the second rate performance test; (d) Capacity retention
comparison of LiFePO4@CP and LiFePOs4@AIl at different current densities for
1000 cycles normalized to the reversible areal capacity at 0.1 mA cm2.

The LiFePO4@CP electrodes achieved reversible areal capacities of 197, 180, 163,
147, and 127 yA h cm™ at current densities of 0.1, 0.25, 0.5, 1.0, and 2.5 mA cm™2,
respectively. The capacity retention from 0.1 to 2.5 mA cm2, displayed in Figure

5-7d, is as high as 65% and the cells recovered to 205 yAh cm after the current
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density was reduced back to 0.1 mA cm=. Immediately after the rate performance
test, the same cells were cycled at 2.5 mA cm2 for 500 cycles in step two and a
progressive capacity increase can be observed in Figure 5-7a. After this first
cycling stability test, the LiFePO4@CP electrodes showed no sign of capacity
fading. Instead, the electrode generated a capacity increase of about 5% to 134
bwAh cm2 (Figure 5-7a and c). A progressive increase of reversible capacity can be
observed. Similar activation phenomena have been reported previously for
LiFePO4 particles incorporated into fibre matrices or conducting polymers, which
also showed increasing capacities even over several 100 cycles.[432 433, 446] The
reason for this might be found in the very densely packed distribution of particles
forming the LiFePOa4 shell. In this arrangement, the electrolyte penetration might
not be completed throughout the entire electrode surface of the uncycled cell. The
slight volume reduction during charging!”l could open up new areas for the
electrolyte, which enables the extraction of even more Li* in the subsequent cycles
until the electrolyte was able to penetrate the entire surface of the LiFePO4 shell.
Furthermore, no capacity deterioration can be observed during the first rate and
stability performance test sequence, which would indicate particle-particle and/or
particle-CP contact loss. Both the particle collective as well as the particle-CP
interface seem to remain intact even after over 500 deep (dis)charge cycles at high
current densities. The second rate performance test in step three revealed
reversible areal capacities of 222, 202, 186, 166, and 141 yA h cm> at current
densities of 0.1, 0.25, 0.5, 1.0, and 2.5 mA cm, respectively, which translates into
an average capacity increase of 10.5% compared to the initial rate performance in
step one, as illustrated in Figure 5-7d. Moreover, the capacity retention from 0.1 to
2.5 mA cm remained steady at 64% and the cells now recovered to 227 yA h cm
after the current density was decreased back to 0.1 mA cm2. The subsequent
second stability test in step four revealed a slight capacity decline starting after

around 700 cycles. Consequently, the reversible capacity after 1000 cycles
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reaches a remarkable 115 yA h cm, which is 88% of the initial capacity measured
during the first stability test in step two. Figure 5-7b and ¢ show the galvanostatic
(dis)charge profiles of LiFePO4@CP cycled between 2.0 and 4.25 V at the current
densities from 0.1 mA cm to 2.5 mA cm of step one and step three, respectively.
It is evident that all profiles display the distinct charge-discharge behaviour of
LiFePO4 showing two flat plateaus, one at around 3.5 V during charging and the
other one at around 3.4 V during discharge. These two plateaus are associated
with the Fe?*/Fe3* redox couple reaction, which in detail refers to oxidizing Fe?* to
Fe3*, and thus extracting Li* during the charge process and vice versa reducing
Fe3* to Fe?* and inserting Li* during discharge.l® 415 4471 The corresponding
differential capacity analyses are displayed in Figure 5-8, respectively. From there
it can be seen that the voltage gaps between charge and discharge have
significantly narrowed by an average of about 35% even for very high current
densities, and the length of each plateau (Figure 5-7b and c) has been increased in
step three compared to step one. This result again indicates improved charge-
transfer kinetics and increased Li* utilization due to the progressive electrode

activation process.

For comparison, a similar test sequence was conducted using a traditional
electrode (LiFePOs@AIl) with the same active material mass load as the
LiFePO4@CP electrodes (around 2.8 mg cm) containing a high performance
LiFePO4 material, PVDF binder, and carbon black (Figure 5-7d and Figure 5-9).
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Figure 5-8. Corresponding differential capacity analysis of (a) step one and (b)

step three of LiIFePO4@CP (Insets: Overpotentials in mV for the current densities
0.1 to 2.5 mA cm™2)

According to Figure 5-7d, the capacity retention from 0.1 to 2.5 mA cm2 of around
70% for LiFePOs@AI is very similar to LiFePO4@CP in the first rate performance
test of step one. As the LiFePO4@AI entered the cycling stability test in step two at
2.5 mA cm for 500 cycles, a dramatic capacity loss can be observed and only 54%
of the initial capacity at the beginning of step two was maintained. At the end of
step four after 1000 cycles LiFePO4@AI maintained 30% of its initial capacity at 2.5

mA cm2 in step two.
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electrodes is around 2.8 mg cm™.

Furthermore, a second comparative test, as shown in Figure 5-10, was conducted
to demonstrate capacity and stability in reference to the total weight of the
electrode including Al current collector, binder and additives, which strongly

supports the proposed beneficial properties of a carbon paper based electrode

design.
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Figure 5-10. (a) Rate performance and (b) stability test sequence of LiFePO4@CP
and a traditional LiFePOs@AIl. The capacity is displayed in mA h per gram of

electrode (weight including current collector, binder and additives). The active
material mass load of all electrodes is around 2.8 mg cm.

Not only is the reversible capacity at a current density of 0.1 mA cm-2? of the
LiFePO4@AI electrode (28 mA h g') significantly reduced compared to our
LiFePO4@CP electrode (45 mA h g), the cycling stability also shows much more
obvious decline over the tested 1000 cycles.
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Figure 5-11. Rate performance and stability test sequence of LiFePO4@CP and a
traditional LiFePO4@AI. The capacity is displayed in mA h per gram active material.
The active material mass load of all electrodes is around 2.8 mg cm-.

This further demonstrates the superiority of the LiFePO4@CP electrode over the
disadvantaged traditional electrode designs containing metal current collectors,
polymeric binders, and conducting additives. For the sake of completeness,
however, the rate performance and cycling stability results are also converted into

active material weight-specific capacity shown in Figure 5-11.

Figure 5-12a unveils the cyclic voltammetric (CV) behaviour of LiFePO4s@CP at
various scanning rates from 0.1 to 2.0 mV s in the voltage range between 2.0 and
4.5V after the electrode activation process (step two) was completed. A single pair
of defined redox peaks can be observed for all scan rates, which corresponds to
the Fe3*/Fe?* redox couple as mentioned before. Furthermore, height and area of
the redox peaks rise with increased scanning rates, whereas the anodic and
cathodic peaks move to the lower and higher potentials, respectively. Even at a
high scanning rate of 2.0 mV s, the defined redox reaction peaks are still

maintained, indicating good kinetics for lithium intercalation and de-intercalation.
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Figure 5-12. (a) CV profiles at different scan rates in the voltage range of 2.0 to
4.5 V and (b) peak current lp versus square root of scan rate v°° at room
temperature of LiFePO4@CP after 500 cycles.

According to the measured peak currents, a Li-ion diffusion coefficient D (cm? s™7)

can be calculated using the Randles-Sevcik equation:[387. 390, 397]
)= 2.69-10°A-CVDn/2/v (5-6)

wherein [, is the peak current (A), A is the surface area of the electrode, C is the
concentration of Li-ions in a solid (0.0228 mol cm™3), n is the number of electrons
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involved in the half-reaction for the redox couple (n = 1 for Fe3*/Fe?* redox couple),
and v is the potential scan rate (V s™"). As shown in Figure 5-12b, I, is proportional
to v2, confirming a diffusion-controlled behaviour. Moreover, from the slope of the
lines, and based on equation (5-6), the diffusion coefficient Dcathodic (pOsitive) is
2.90-10'" cm? s, and the diffusion coefficient Danodic (negative) is 3.99-10"" cm? s-
. These high Li-ion diffusion coefficients achieved by this material are related to
the well maintained particle-particle contact of the LiFePOas collective, which
enables rapid ion diffusion, and fast charge transfer kinetics through the carbon
paper scaffold. The slight broadness of the peaks might be linked to the carbon
coating generated by the glucose precursor, which has been reported to influence

the shape of the redox peaks noticeably.[*48]

The Nyquist plot displayed in Figure 5-13a compares the electrochemical
impedance of fresh LiFePO4s@CP and cycled for 500 cycles. It can be seen that
the material generates a depressed semicircle in the high frequency region and a
slope in the low frequency region. Firstly, the high frequency intercept of the
semicircle with the real axis (Z’) refers to the uncompensated resistance (R.),
which combines particle-particle contact resistance, electrolyte resistance, and
electrode-current collector resistance. Secondly, the semicircle diameter refers to
the charge transfer resistance (Rct), which is related to the electrochemical
reactions at the electrode-electrolyte interface and the particle-particle contact.
Lastly, the low frequency slope corresponds to the lithium-ion diffusion in the bulk
of the electrode material and can be mathematically transformed to the Warburg

coefficient (ow).
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Figure 5-13. (a) Electrochemical impedance spectra and (b) linear fit of the
Warburg impedance of a LiFePO4@CP cell fresh and cycled for 500 cycles.

Consequently, the solid state diffusion of lithium-ions D;; through the LiFePO4

particle collective can be estimated using the following equation.[204. 389, 390, 393, 398]

D=2 ()’ (5-7)

AF2Coy,

wherein R is the gas constant, T the absolute temperature, F the Faraday constant,
A the surface area of the LiFePO4@CP cathode, C the molar concentration of
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lithium-ions in the cathode, and ow the Warburg coefficient. It can be seen in the
experimental data plot in Figure 5-13a that the charge transfer resistance (Rcr) of
the fresh cell is 16.15 Q, whilst the EIS analysis of the cycled half-cell reveals a
reduction in charge transfer resistance. The value has decreased to 4.067 Q, due
to the aforementioned electrode activation processes during cycling. Overall, the
measured charge transfer resistances are very low indicating excellent ionic and
electronic transport along the electrode-electrolyte interface and strong particle-
particle contact even after 500 high-rate deep (dis)charge cycles. Additionally, the
solid-state diffusion D;; calculated using equation (5-7) from the Warburg
impedance (shown in Figure 5-13b) reflects the kinetic properties of the electrode,
revealing a competitive lithium-ion diffusion rate of 1.35-10-'3 cm? s™! for the fresh
and 2.15-10"3 cm? s for the cycled cell measured from fully-lithiated LiFePOa,
respectively. Here again, a kinetic improvement is observed upon cycling due to

the cell activation process.

5.4 Conclusions

In conclusion, a novel free-standing LiFePO4@CP hybrid electrode has been
developed, in which a shell of LiFePO4 crystallites on interwoven carbon fibres is
embedded in a conductive carbon network. In this novel architecture, the carbon
fibre fabric serves as the current collector, whilst the carbon coating provides
conducting pathways and structural support for the LiFePO4 particle collective. This
novel electrode design not only ensures close interparticle contact, but also high
electronic conductivity for both mass and charge transfer. The LiFePO4@CP hybrid
electrode delivered high areal capacity and excellent cycling stability for 1000
cycles at a high current density. It has been shown that metallic current collectors,
polymeric binders, and conducting additives can easily be substituted using
commercial cellulose fibres and sugar, to generate a high performance
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LiFePOs@CP hybrid electrode, which could be used as the cathode in flexible

lithium-ion batteries.
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Chapter 6: 3D interconnected carbon fibre network-enabled ultra-
long life NasV2(POs)s@carbon paper cathode for sodium-ion
batteries

6.1 Introduction

Renewable energy production and energy storage have become the most essential
technologies for the transition from fossil fuels to a sustainable energy supply. The
key issue with most renewable energy sources is the deficiency between
availability and demand due to uncontrollable natural occurrences, which
generates unacceptable energy quality fluctuations within the electricity grid.[#4°l
Large-scale energy storage systems are believed to be the solution to this problem
by simply buffering this deficiency. Among various kinds of energy storage
technologies, rechargeable batteries are considered a promising option for such
large-scale storage requirements.*50. 4511 The dominant rechargeable battery
system today is the lithium-ion battery because it has been the power source of
choice for portable and mobile applications for decades. However, with the
increasing need for large-scale grid energy storage, low-cost sodium-ion batteries,
which have a similar electrochemistry to lithium-ion batteries, are emerging as a

more suitable technology due to the abundance and low cost of sodium.[4%

Among the cathode materials investigated for sodium-ion batteries, NazV2(POa4)s3
has attracted great interest since its first report in 2002452 owing to the high
sodium conductivity of its 3D (Na Superionic Conductor) NASICON-type
framework,[® 2371 and high thermal stability and energy density.[*%31 Due to its poor
electronic conductivity, 8% 454 providing electronically conducting networks is highly
important for this type of material to be applicable in a real world application. An
optimized solution for an electrode design featuring NasV2(POa4)s as the active
material would be a continuous network of current collector and electrolyte, with an

appropriate size of NasV2(POs)s3 particles.*5% 4%61 The particle size needs to be
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carefully designed for optimal chemical diffusion inside the particle (nanoparticle
size scales are needed when a material is a poor conductor). In recently published
reports, various kinds of carbon coatings are applied as a conducting network to
improve electron transport[318 319, 353, 356, 457-467] gnd this may be in the form of
carbon nanotubes/nanofibers/nanorods/#68-4701  and/or graphene.l*’1-4731  Very
recently, 3D interconnected conducting network strategies, which utilize a
combination of different carbons have been investigated[35+ 456. 466, 474, 475] phyt only
one publication on NasV2(POa4)s to date has explored the possibilities of a free-

standing electrode design.[476]

We designed a unique free-standing, binder-free and metallic current collector-free
NasV2(POas)s-carbon paper (NasV2(POa4)s@CP) cathode for sodium-ion batteries.
The simultaneous carbonization of microcrystalline cellulose fibre and in situ crystal
growth of NasV2(POa)s nanoparticles generates an innovative NasV2(POa)s-carbon
paper hybrid electrode. This hybrid electrode consists of an interconnected 3D
carbon fibre network (CFN), which enables fast electron transport and provides a
porous structure for electrolyte diffusion. The NazV2(PO4)s nanoparticles decorated
on the carbon fibre network facilitate fast ion diffusion over a large surface area.
The innovative electrode design achieved high reversible capacity, exceptional
cycle life over 30 000 cycles, and high rate capabilities. In a proof-of-concept
experiment, we have also investigated the capabilities of this 3D carbon fibre
network to function as the sole current collector of this electrode design, which

extends the range of possible applications for free-standing electrodes in general.

6.2 Experimental Section

Preparation of Na3V2(PQO4)3@CP Cathodes:

NasV2(PO4)3s@CP was prepared by a novel impregnation—carbonization technique.
Commercial paper towel (PT) was used as a suitable carbon paper source owing
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to its porous nature, structural integrity, and light weight. The PT was purified by
soaking in 20 mL deionized water (DI) for 2 h. Subsequently, 4 mL concentrated
hydrochloric acid was added to the solution and left for another 12 h. The purified
PT was washed with DI water several times by vacuum filtration and dried
overnight at 100 °C in a vacuum oven. The dried tissue was impregnated for 10
min to ensure thorough saturation with a solution containing 0.3 g VCls (97%),
0.433 g NaH2PO4-2H20, and 0.09 g D-glucose in 5 mL DI water. The saturated PT
was subjected to freeze-drying overnight to obtain a homogenous loading of all
precursors. The dried and preloaded PT was then transferred into a ceramic
crucible and sintered at 350 °C for 5 h and 750 °C for 12 h under a H2/Ar
atmosphere. The carbon content was determined by acid removal of the
NasV2(PO4)s component, which provides a weight difference between the dry
NasV2(PO4)s@CP electrode and the residual carbon paper after acid treatment.
Using this method, the nominal carbon content of the as-prepared
NasV2(PO4)3s@CP electrode was estimated to be 64 wt%.

Preparation of Na3V2(PO4)3:@C Reference Materials:

A solution containing 0.3 g VCls (97 %), 0.433 g NaH2PO4-2H20 and 0.09 g D-
glucose in 5 ml DI water was slowly converted into a gel using a water bath at
80 °C under constant mild stirring. The gel was dried under vacuum at 100 °C for
12 hours. The obtained dried gel was ground to fine powder, transferred into a
ceramic crucible and sintered at 350 °C for 5 h and 750 °C for 12 h under Hz/Ar

protection.
Structural and Physical Characterization:

Crystallographic measurements were conducted using a Bruker D8 Discovery X-
ray diffractometer with CuKa radiation between 10° and 80°. Morphological

analyses of the as-prepared materials were carried out by field-emission scanning
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electron microscopy (Zeiss Supra 55VP). Elemental mapping was conducted on a
Zeiss EVO MA 15 SEM equipped with energy-dispersive X-ray spectroscopy
(EDX). The carbon fibre/NasV2(POas)s particle interface was investigated by
HRTEM (JEOL JEM-2011). SAED patterns were collected by a Gatan charge-

coupled device camera in a digital format.
Electrode Preparation and Test Cell Assembly:

The as-prepared NaszV2(PO4)s@CP electrodes were used directly as working
electrodes without further modification. The active material (NasV2(POa4)3) mass
load was 1.0 mg cm2 with a total footprint area of 1.54 cm?. Sodium metal was
used as counter and reference electrode. The electrolyte consists of 1 M NaClO4 in
a mixture of ethylene carbonate (EC) and propylene carbonate (PC) (EC: PC = 1:1
volume ratio), in which 5 vol% fluoroethylene carbonate was added as the
electrolyte additive. Approximately 140 uL electrolyte was used for each coin cell.

The amount of liquid electrolyte uptake is calculated using the following equation:

_ W _
=Y. 100% (6-1)

o

where n is the uptake of the liquid electrolyte, and W, and W are the weight of the
electrodes before and after absorption of the liquid electrolyte, respectively. The
electrolyte uptake was calculated to be 200 wt%. As an attempt to prove the
concept of carbon paper serving as the current collector, the cell assembly was
modified using a small piece of aluminium foil and a purified piece of paper towel.
In this proof-of-concept set-up the NasV2(PO4)s@CP electrode was insulated from
the stainless steel battery shell using a slightly bigger piece of purified paper towel.
The battery shell was electronically connected to the NasV2(PO4)s@CP electrode
by folding a small piece of aluminium foil around the NaszV2(PO4)s@CP electrode

and the insulating paper towel piece. All electrodes were stored and all standard
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CR2032 type coin cells were assembled in an argon-filled glovebox (UniLab,
MBRAUN).

Electrochemical Characterization:

Galvanostatic charge—discharge and cycling performance tests were performed in
the voltage range of 2.5 — 3.8 V at various current densities on a Neware battery
tester at room temperature. Cyclic voltammograms were obtained at different
scanning rates of 0.1 — 2.0 mV s between 2.0 and 4.0 V and EIS measurements
were conducted over a frequency range from 100 kHz to 0.01 Hz using a CHI

660C Electrochemistry Workstation.

6.3 Results and Discussion

Sodium vanadium phosphate on carbon paper (NasV2(PO4)s@CP) was prepared
via a freeze-drying assisted impregnation—carbonization technique (Figure 6-1a)
adapted from our previous reports.[*4!- 4771 Purified commercial paper towel (PT)
has been shown to be an excellent substrate for the growth of a variety of
nanostructured electrochemically active materials in lithium-ion as well as in
sodium-ion battery systems.[441.477.478] |ts structural integrity, porosity of the fabric,
and good electronic conductivity (postcarbonization) provide intriguing advantages
over conventional metallic substrates, such as copper and aluminium foil.
Furthermore, the freeze-drying assisted impregnation—carbonization methods can
effectively restrict the particle growth on the cellulose fibre surface. First, rapid
freezing of the impregnated paper towel induces immediate supersaturation by
solidification of the aqueous solvent, and thus, fast recrystallization of NaH2POa4,

which drastically limits the crystal growth of alkali metal phosphates.[#79 480l
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Figure 6-1. (a) Schematic illustration of the preparation procedure for
NasV2(PO4)s@CP. (b) XRD pattern of NasV2(POs)s@CP and carbon-coated
NasV2(POa4)s (NasV2(PO4)s@C) as reference sample (both resemble the standard
pattern of JCPDS card number 62-0345).

Second, vanadium ions can form organometallic compounds with D-glucose,
producing a homogenous glucose wrapping of the vanadium precursor salt upon
solvent removal.[8!. 482 After carbonization of the cellulose fibres and calcination of

the NasV2(POa4)s nanoparticles on the fibre surfaces, the obtained free-standing
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composite electrodes can be readily applied as cathodes in sodium-ion batteries.
X-ray diffraction (XRD) patterns were collected from the as-prepared
NasV2(PO4)s@CP hybrid electrode and a carbon-coated NasV2(POs4)s sample,
which was prepared via a sol-gel method using identical precursors (referred to as
NasV2(PO4)s@C). Both XRD patterns, as shown in Figure 6-1b, resemble the
standard pattern of JCPD card number 62-0345, confirming the successful
preparation of the NasV2(POa4)s nanocrystals. It is worth noting that the pattern
collected from the carbon paper electrode only clearly reveals high intensity peaks
of NasV2(POa4)s with very obvious background noise, and thus, most low intensity
peaks are indistinguishable from the background. This is first due to the very small
particle size of the NasV2(POa)s crystals on the carbon paper surface compared to
the relatively large particles generated by the sol-gel method (Figure 6-2a). Second,
the amorphous carbon paper substrate has shown low signal-to-noise ratios in
XRD scans before.*’’1 The bare carbon paper substrate exhibits an amorphous
structure with no obvious peaks associated with graphitic carbon (Figure 6-2b).
The slight irregularity observed below 20° can be ascribed to the low-background

XRD sample holder used, and thus, be disregarded.

(b) Caerbon pepe substrats

L] L] L] L] L] L]
10 20 30 40 50 &0 70 a0
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Figure 6-2. (a) SEM image of NasV2(PO4)s@C prepared by a sol-gel method
using identical precursor salts to NasV2(PO4)s@CP; (b) XRD pattern of the carbon
paper substrate.
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The carbon paper substrate shows similar high noise/signal ratios as the
NasV2(PO4)s@CP pattern displayed in Figure 6-1b. Nevertheless, 14 clearly
identifiable peaks are sufficient to confirm the successful preparation of the
NasV2(POas)s nanocrystals. Furthermore, energy-dispersive X-ray spectroscopy
elemental mappings displayed in Figure 6-3 also confirm the uniform distribution of
all five elements (Na, V, P, O, C) on a single fibre of the hybrid electrode. No
obvious lumps or clusters of elements can be observed and no undesired
precursor elements are present in these images. The morphology of the
NasV2(POa4)s particles generated on the surface of carbon fibre was identified by
scanning electron microscopy (SEM) and is presented in Figure 6-4a-c. As for the
carbon substrate itself (Figure 6-4a), the carbonized cellulose maintains an
interconnected network of micro sized fibres decorated with NasV2(POas)s
nanoparticles (Figure 6-4b). The nanoparticles resemble a spherical droplet-like
morphology in the size range of around 30 nm up to 200 nm (Figure 6-4c), which is
the result of the cooperative effect of D-glucose and optimized precursor solution
concentration. In a trial of preparing NasV2(PO4)s@CP without the addition of D-
glucose it was found that the generated particle morphology was randomized and a
uniform decoration of the carbon fibre surface could not be achieved (Figure 6-5a).
It was also found that a 30% increase of precursor solution concentration caused
aggregation, which results in the loss of individual spherical nanoparticles and the
NasV2(POa4)s decoration effect shifts towards an incomplete thin film distribution
(Figure 6-5b). Thus, an active material load increase requires further optimization
to maintain the desired morphology. Transmission electron microscopy (TEM)
images show the NaszV2(POas)s particles embedded in the carbon fibre in Figure
6-4d and the lattice orientation of one individual particle in Figure 6-4e. The lattice
resolved TEM image from the square section marked in Figure 6-4e is shown in
Figure 6-4h. From this image, the (012) crystal plane can be clearly seen.
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Figure 6-3. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping
showing the distribution on the elements sodium (Na), vanadium (V), phosphorus
(P), oxygen (O) and carbon (C) of a selected area of a NasV2(PO4)s@CP fibre.
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Figure 6-4. (a) Low magnification SEM view of the CFN. (b) Low magnification
SEM image of a single carbon fibre decorated with NasV2(POa4)s nanoparticles. (c)
High magnification SEM image of NasV2(POa4)s nanoparticles on the carbon fibre
surface. (d) Low resolution TEM image of NasV2(PO4)s@CP. (e) High resolution
TEM image of NaszV2(POa4)s@CP. (f) Digital photograph of a NasV2(PO4)s@CP
electrode. (g) SAED pattern of NasV2(PO4)s@CP. h) Lattice resolved TEM image
including d-spacing along the (012) crystal plane enlarged from the section marked
in image (e).
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Clear lattice fringes with a d-spacing of 0.6 nm demonstrate high crystalline
characteristics of the NasV2(POa4)s NASICON structure. Figure 6-4g displays the
selected area electron diffraction (SAED) pattern obtained from the particle shown
in Figure 6-4e and h. This SAED pattern exhibits a set of concentric rings with
bright spots, which can be indexed as NasV2(POas)s in consistency with the XRD
result shown in Figure 6-1b. The as-prepared NaszV2(PO4);@CP was directly used
as a free-standing electrode in sodium-ion batteries (NIBs) without the usage of an
additional current collector, binder, and conducting additives. The handling and
flexibility of the electrode is demonstrated in Figure 6-4f. From Figure 6-4f it is
evident that the as-prepared electrode can be easily processed using ordinary
tweezers, which predicts good handling in a potential mass production scenario.
The electrode can also sustain a reasonable degree of bend when gently held
between two fingers (Figure 6-6). When the bending force on the disk was
released, no collapse or cracking has taken place and the electrode can be readily

used in an NIB.

Figure 6-5. SEM images of NasV2(PO4)s@CP materials prepared (a) without the
addition of 30 wt% D-glucose to the precursor solution; and (b) with a 30 % higher
concentration precursor solution.
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Figure 6-6. Digital photograph of the NasV2(PO4)s@CP hybrid electrode slightly
bent to demonstrate its structural integrity under stress.

The electrochemical performances were evaluated in a series of different kinetic
and stability tests. First, the galvanostatic charge—discharge profile of
NasV2(PO4)s@CP at a current density of 0.1 mA cm is shown in Figure 6-7a. The
cell exhibits the standard galvanostatic charge—discharge profile of NazV2(POa4)sin
the voltage range of 2.5 — 3.8 V.[3%4.4%,474] Ag can be seen, the obvious charging
and discharging plateaus are observed at 3.40 and 3.30 V, respectively.
Furthermore, the flat plateaus demonstrate that a reversible phase transformation
between NasV2(POa4)s/NaV2(POa4)s took place. The cycling performance of the as-
prepared NasV2(PO4)s@CP hybrid electrodes was evaluated in a combined rate
performance and cycling stability test (shown in Figure 6-7b). The test sequence
begins with a 30 cycle rate performance evaluation at altering current densities
spanning from 0.1 to 2.5 mA cm™. The current density is then decreased back to
0.1 mA cm to observe the capacity retention capabilities of the hybrid electrode.
Directly after, a long-term cycling stability test at a current density of 2.5 mA cm-?
was conducted, which resulted in an overall cycle count of 30 530 cycles being

attained as displayed in Figure 6-7b.
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Figure 6-7. (a) Galvanostatic charge—discharge profile of Na3zV2(PO4)s@CP at a
current density of 0.1 mA cm= in the voltage range between 2.5 and 3.8 V. (b)
Rate performance and cycling stability evaluation of NasV2(PO4)s@CP at various
current densities. (c) Cyclic voltammetry (CV) performance of Na3V2(PO4)s@CP at
different scan rates in the voltage range between 2.0 and 4.0 V versus Na*/Na. (d)
Peak current Ip versus square root of scan rate v*-° at room temperature after 500
cycles with calculated ion diffusion coefficients D.

The novel NasV2(PO4)s@CP hybrid electrode delivered a reversible areal capacity
of 49, 45, 41, 35, and 24 yAh cm2 when cycled at 0.1, 0.25, 0.5, 1.0, and 2.5 mA

cm?, respectively. When the current density is returned from 2.5 to 0.1 mA cm-2 the
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cell recovered to 50 pAh cm=. One of our experimental cells was then cycled at 2.5
mA cm2 for several tens of thousands of cycles, which highlights the exceptional
cycling stability of the hybrid material. The best test cell had successfully reached
30 530 full cycles when we discontinued the testing. The capacity retention (inset
in Figure 6-7b) of this material was calculated every 10 000 cycles and revealed a
capacity loss of around 10% per 10 000 successive deep charge—discharge cycles
at a current density of 2.5 mA cm?. To the best of our knowledge, this is the
highest capacity retention reported among all publications since 2002, and
furthermore, only the second report on a free-standing paper-like electrode using
intercalation type NasV2(POas)s. For the sake of completeness, the cycling
performance of NasV2(PO4)s@CP prepared using a 30% more concentrated
precursor solution is shown in Figure 6-8. Figure 6-7c displays the cyclic
voltammetric (CV) behaviour of NasV2(PO4)s@CP at various scanning rates from
0.1 to 2.0 mV s7" in the voltage range between 2.0 and 4.0 V versus Na*/Na when
the electrode was cycled for 500 cycles. In this voltage range a single pair of
defined redox peaks can be observed at all scan rates, which corresponds to the
V4*/V3* redox couple and is in good agreement with the charge and discharge

voltage plateau positions displayed in Figure 6-7a.
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Figure 6-8. Cycling performance of the sample prepared with a 30% higher
concentration precursor solution (~32 wt% carbon).
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Furthermore, the height and area of the redox peaks increase with increasing
scanning rate. The anodic and cathodic peaks move to lower and higher potentials,
respectively. Even at a high scanning rate of 2.0 mV s, the defined redox reaction
peaks are still maintained, indicating good kinetics for sodium intercalation and de-
intercalation. The electrode polarization slightly increases with increased scan rate
(0.1 to 2.0 mV s") from 0.13 to 0.40 V, respectively, which is one of the lowest
values reported in recent publications.[3%4 468 4761 According to the measured peak
currents, a sodium ion diffusion coefficient D (cm? s*') can be calculated using the

Randles—Sevcik equation:[462 483, 484]
I, =269-105n"2 ACD v (6-2)

wherein Ip is the peak current (A), A is the footprint area of the electrode, C is the
concentration of sodium ions in a solid (0.0069 mol cm-3), n is the number of
electrons involved in the half-reaction for the redox couple (n = 2), and v is the
potential scan rate (V s™1). As shown in Figure 6-7d, Ip is proportional to v°-°, which
is indicative of a diffusion-controlled behaviour. From the slope of the lines
calculated based on Equation (6-2) the diffusion coefficient Danodic (positive) = 1.30
x 10" cm? s, and the diffusion coefficient Dcathodic (negative) = 1.09 x 10-"" cm? s™

are determined.

The major advantage besides the ultralong cycle life of our NasV2(POa4)s@CP
hybrid electrode is that the carbon scaffold dispenses the need for polymeric binder
and additional high-conductivity (metallic) current collectors. This material enables
a great reduction in battery costs by simplifying battery packing processes and
eliminating weight of electrochemically inactive materials, such as binder,
conducting additives, and metallic current collector. In recent years, this concept
has been partially implemented in both lithium-ion and sodium-ion battery systems

at both anodel*8488] gnd cathodel*88-4901 side of the cells. However, most

140



laboratories use coin cells to conduct half-cell experiments, so the question
remains whether the carbon substrate really acts as the current collector. The
reason for this is the metallic casing of standard coin cells, which one might argue
is in fact the current collector when in contact with electrodes inside. If our free-
standing electrode example was applied in commercial 18 650 cylindrical batteries
or even pouch cells, there might not be sufficient contact surface area for charge
transport as the electrodes are not fully in contact with a conducting cell casing. To
confirm or deny that our carbon paper, and not the battery casing, is functioning as
the main current collector in CR2032 coin cells used for half-cell testing, we
conducted a proof-of-concept experiment. As displayed Figure 6-9, we simulated
the more realistic situation of the electrode not being in contact with a conductive
cell casing by physically disconnecting the electrode from the cell using a slightly
bigger piece of purified paper towel positioned between the two components. A
folded small piece of aluminium foil serves as the only electrical connection
between electrode and cell casing with the result that the electronically connected
surface area of the Na3V2(PO4)3@CP electrode was reduced to around 0.2 cm? (10%

of electrode footprint area).

Insulating paper

Top view

Aluminium foil

NVP electrode

Aluminium foil

Figure 6-9. Digital image of the proof-of-concept set-up.
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The proof-of-concept cell was otherwise identical to the normal cell as described in
the Experimental Section 6.2 and both set-ups were electrochemically evaluated
under the same cycling conditions (shown in Figure 6-10a). From this image, there
is very little difference between the sole NasV2(PO4)s@CP (O0) and the insulated
proof-of-concept (A) set-up. Initially, we see a capacity value at 0.1 mA cm? of
49.4 pyAh cm? and 56.5 yAh cm for the normal (O0) and the proof-of-concept (A)

set-up, respectively, which translates into a difference of around 14%.
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Figure 6-10. (a) Rate performance and cycling stability of NasV2(PO4)s@CP and
the modified proof-of-concept cell assembly with NaszV2(PO4)s@CP at various
current densities; Galvanostatic charge—discharge profiles of NasV2(PO4);@CP at
various current densities in the voltage range between 2.5 and 3.8 V. (b) The
modified proof-of-concept cell assembly and (c) NasV2(PO4)s@CP.
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This difference in capacity decreased until a current density of 0.5 mA cm~? was
reached whereupon the capacity values difference increased again to a maximum
of 26% at a current density of 2.5 mA cm2. Interestingly, the average difference in
capacity between the two set-ups from 0.1 to 2.5 mA cm only reaches a total of
1.5%. This means that the drastic surface area restriction of the electronically
connected area of the NasV2(PO4)s@CP electrode has almost no effect on its rate
performance. An area reduction of 90% only results in a capacity reduction of
around 26% at a current density of 2.5 cm, which requires the highest electronic
conductivity from the current collector. If the carbon paper substrate was not the
main current collector in the proof-of-concept set-up, the observed capacity should
be reduced directly proportional to the reduced footprint area electronically
connected to the battery casing. Our experiment demonstrates that the capacity
reduction was only around 26%, not 90%, which undoubtedly proves the concept
that the carbon paper acts fully as a current collector. This also highlights the
structural integrity of the NasV2(PO4)s@CP electrode (shown in Figure 6-10a). The
cycling stability test results reveal an almost identical capacity retention for the
NasV2(PO4)s@CP and the proof-of-concept set-up after 20 000 deep charge—
discharge cycles at 2.5 mA cm2, respectively. If the electrode experienced severe
cracking upon prolonged high current cycling, the reversible capacity should
decline at a much higher rate, as only a small area of the electrode is directly
connected to the battery casing. Our experiment proves that the NasV2(PO4)s@CP
electrodes maintain the conducting carbon fibre network as well as good particle
contact upon long-term cycling with no rapid capacity degradation observed in the
proof-of-concept battery set-up. To visualize the differences and similarities of both
battery set-ups, galvanostatic charge—discharge profiles were plotted for every
third full cycle at each tested current density. These profiles are displayed in Figure
6-10b-c, wherein Figure 6-10b shows the proof-of-concept cell and Figure 6-10c

represents the normal NaszV2(PO4)s@CP cell without any modification. For both
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experimental cells, the obvious charging and discharging plateaus are observed at
3.40 and 3.30 V, respectively, shifting with increased current densities. The most
noticeable difference between the two battery set-ups is the electrode polarization,
or in other words, the potential gap between charge and discharge voltage
plateaus at each tested current density, which is likely caused by the small bridging
piece of aluminium foil in the proof-of-concept set-up. By definition, electrode
polarization is the result of an isolating barrier between electrode and electrolyte,
which hinders electrochemical reactions.*"l In case of the proof-of-concept battery
set-up, the aluminium foil is responsible for a slight blockage of 10% of the
electrode’s footprint area and simply replacing this foil with a porous mesh would
likely result in indistinguishable profiles as it would improve the electrolyte
accessibility to the electrode. Besides this polarization voltage gap, there is very
little difference between both battery set-ups in terms of unusual plateaus or
unstable charge curves indicating side reactions. This again proves that the
NasV2(PO4)3s@CP electrode fulfils multiple functions as one single component in a
coin cell battery set-up and potentially also in other commercial battery designs like
pouch or cylindrical cells. It serves as the electrochemically active material
responsible for capacity, as the structural support ensuring mechanical integrity,
and as the sole electronic conductor enabling fast charge transport, which
ultimately could make rechargeable sodium-ion batteries lighter, cheaper, and

more reliable.

The Nyquist plots in Figure 6-11a,b compare the electrochemical impedance of
NasV2(PO4)s@CP in the normal and the proof-of-concept set-up both freshly
constructed and cycled for 20 000 cycles, respectively. It can be seen that both
cells show a depressed semicircle in the high frequency region and have a slope in

the low frequency region exactly as reported in several previous publications.[34"
472, 473, 475]
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Figure 6-11. Electrochemical impedance spectra of NasV2(PO4)s@CP and the
modified proof-of-concept cell assembly of NaszV2(PO4)s@CP (a) uncycled coin
cells; (b) cycled coin cells (cycled for 500 cycles). Corresponding linear fits of the
Warburg impedance and the calculated solid-state diffusion coefficient Dna (C)
uncycled coin cells; (d) cycled coin cells (cycled for 500 cycles).

First, the high frequency intercept of the semicircle with the real axis (Z’) refers to
the so called uncompensated resistance (Ru), which is a combination of particle—
particle contact resistance, electrolyte resistance, and electrode-current collector
resistance. Second, the semicircle diameter represents the charge transfer
resistance (Rct), which is associated with the electrochemical reactions at the
electrode—electrolyte interface and the particle—particle contact. Lastly, the low
frequency slope relates to the sodium-ion diffusion in the bulk active material and

can be mathematically transformed to the Warburg coefficient (ow).
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Accordingly, the solid-state diffusion of sodium ions Dna through the NazV2(POa)s

particles can be estimated using the following equations:[466. 492-497]

1 RT  \?
Dya = 2 (AFZnZCUW) (6_3)
Z' =R, + Rcr + o0 (6-4)

wherein R is the gas constant, T is the absolute temperature, F is the Faraday
constant, A is the footprint area of the NasV2(PO4)s@CP electrode, n is the number
of electrons involved in the half-reaction for the redox couple (n = 2), C is the molar
concentration of sodium ions in a solid and ow is the Warburg coefficient.
Electrochemical impedance spectroscopy (EIS) is thus an excellent tool to evaluate
transport kinetics inside the NasV2(POa4)s nanoparticles independently from the
charge transfer kinetics of the current collector. From the experimental data plots in
Figure 6-11a, we found that the charge transfer resistances (Rct) of the fresh cells
are almost identical, around 490 and 440 Q for the normal and the proof-of-concept
set-up, respectively. Most reports observe an increase in Rcr upon long term
cycling, which appears to be normal for a traditional active material pasted onto a
metallic current collector.[462. 466, 4701 Both our tested cells experience an Rcr
reduction during cycling as displayed in Figure 6-11b, likely caused by an electrode
activation process previously observed in carbon paper electrodes tested under
similar conditions.[*’”] The values decreased to 38 and 80 Q for the normal and the
proof-of-concept set-up, respectively. The difference between the two set-ups is
likely due to the aforementioned insulation of parts of the proof-of-concept
electrode by the aluminium foil piece and can thus be classified as insignificant.
Overall, the measured charge transfer resistances indicate excellent ionic and
electronic transport along the electrode—electrolyte interface even after 500 high-
rate deep charge/discharge cycles. Additionally, the solid-state diffusion Dna

calculated using Equations (6-3) and (6-4) from the Warburg impedance reflects
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the kinetic properties of the active material as displayed in Figure 6-11c,d. The
diffusion coefficients for the fresh cells are 9.8 x 10-'® and 4.5 x 10-'> cm? s™!, which
increase an order of magnitude to 2.1 x 10-'* and 3.9 x 10" cm? s after cycling
for the normal and the proof-of-concept set-up, respectively. Here again, a kinetic
improvement upon cycling is likely due to the electrode and material activation
process. The very small difference in sodium ion diffusion coefficient between the
two cell set-ups after cycling suggests that performance differences only originate
from the insulated area covered by the aluminium foil and not from the electrode

itself.

6.4 Conclusions

In conclusion, we have successfully demonstrated excellent cycling performance of
a novel, free-standing NasV2(PO4)s@CP hybrid electrode in a sodium-ion battery
system. It was shown that NasV2(POs)s nanoparticles decorated on 3D
interconnected conducting carbon fibres can achieve outstanding long-term cycling
stability (more than 30 000 cycles) without the need of any conducting additives,
polymeric binders, or additional current collectors. By using a simple proof-of-
concept battery assembly, we have demonstrated the ease and efficiency of the
stand-alone carbon paper electrode design, which leads the way toward imminent
consideration of alternative free-standing electrode designs in various battery

architectures.
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Chapter 7: Conclusions and Future Perspective
7.1 Conclusions

7.1.1 Carbon-coated LiFePO4 cathode materials for lithium-ion batteries

Highly graphitic carbon-coated LiFePOs cathode materials are successfully
prepared through industrial ball milling and solid-state reaction by using soluble
starch as a carbon source and only environmentally friendly iron, lithium, and
phosphate precursors. This method can generate uniform, sp2-coordinated carbon-
coated, grape-like nanoparticles, which are favourable for Li* transport and tap
density. It has been shown that, even though Fez2P phases in combination with a
high-quality carbon network are beneficial to improve high-rate performance and
stability, the capacity reduction at low rates induced by the high carbon content and
the Fe2P phase is disproportionate to justify adding more than 10 wt% carbon to
the pre-sintered precursor. Furthermore, adding less than 10 wt% soluble starch as
the carbon source results in high capacities at very low current rates, but fails to
deliver considerable capacities at high rates, owing to a lack of a highly sp?-
coordinated carbon network to support ion diffusion through the particle collective.
Ultimately, adding 10 wt% soluble starch as the carbon source combined with
environmentally friendly iron, lithium, and phosphate precursor materials is a
suitable and efficient approach to generate large amounts of high-performance and

high-power LiFePO4/C cathode materials.

The spray-drying method has been successfully applied to prepare high
performance carbon-coated LiFePO4 materials. The optimisation trial has identified
the most suitable process conditions for the precursor materials and spray-dryer
model used to prepare pure and practical LiFePO4 cathode materials in a large
scale. It was found that an inlet temperature of 170 °C, a feed rate of 15 ml min-',

and a suspension concentration of 20 wt% are both practical and efficient
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parameter settings for the preparation of LiFePOs4 cathode materials. In the
subsequent morphology optimisation trial the impact of different additives on
particle morphology of the final product was also investigated. In this trial, it was
found that the addition of polyvinyl alcohol (PVA) generates micron-sized donut
shaped particle clusters that provide a high tap density product without sacrificing
electrochemical performance. The LiFePOs cathode material prepared with the
addition of PVA achieved remarkable rate performance results and could maintain
a capacity of 113.95 mA h g at 10C. Further experimental work has to be
conducted in regards to further reducing the nominal carbon content of the final
product, the quality of the carbon coating, and cycling stability of the composite to
fully evaluate to advantages of a spray-drying process integration into the large

scale production of LiFePOa.

7.1.2 Free-standing phosphate-based cathode materials for lithium-ion and

sodium-ion batteries

A novel free-standing LiFePO4@CP hybrid electrode has been developed, in which
a shell of LiFePOs crystallites on interwoven carbon fibres is embedded in a
conductive carbon network. In this novel architecture, the carbon fibre fabric serves
as the current collector, whilst the carbon coating provides conducting pathways
and structural support for the LiFePO4 particle collective. This novel electrode
design not only ensures close interparticle contact, but also high electronic
conductivity for both mass and charge transfer. The LiFePO4@CP hybrid electrode
delivered high areal capacity and excellent cycling stability for 1000 cycles at a
high current density. It has been shown that metallic current collectors, polymeric
binders, and conducting additives can easily be substituted using commercial
cellulose fibres and sugar, to generate a high performance LiFePO4@CP hybrid

electrode, which could be used as the cathode in flexible lithium-ion batteries.
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Excellent cycling performance of a novel, free-standing Na3zV2(PO4)s@CP hybrid
electrode in a sodium-ion battery system has been successfully demonstrated. It
was shown that NasV2(POa4)s nanoparticles decorated on 3D interconnected
conducting carbon fibres can achieve outstanding long-term cycling stability (more
than 30 000 cycles) without the need of any conducting additives, polymeric
binders, or additional current collectors. By using a simple proof-of-concept battery
assembly, we have demonstrated the ease and efficiency of the stand-alone
carbon paper electrode design, which leads the way toward imminent
consideration of alternative free-standing electrode designs in various battery

architectures.

7.2 Future Perspective

This research project has shown the importance of the quality of carbon coatings
applied to LiFePO4 cathode materials. Using Raman spectroscopy, a correlation
between hybridization of the carbon coating, carbon content, and electrochemical
performance of carbon-coated LiFePOs4 was established. This could be a useful
tool to evaluate the potential electrochemical performance of any other type of
carbon-coated active material to better identify optimal material compositions
without the need of a full electrochemical characterization. Importantly, only
industry-ready and scalable preparation methods have been applied to prepare the
cathode material. However, the mechanism behind the formation of highly graphitic
carbon coatings depending on the amount of added carbon precursor remains

unclear and requires further experimental and theoretical investigations.

By integrating the spray-drying method into the solid-state preparation process of
carbon-coated LiFePOs4, high tap-density (micron-sized) particle clusters of
different morphologies can be created, which is particularly interesting for the

commercial fabrication of this cathode material. This method is not widely
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implemented in the battery industry, although large-scale production facilities exist
in food manufacturing and pharmaceutical production. A full integration of the
spray-drying method could lead to performance improvements in commercial
LiFePO4 cathode materials as it enables control over secondary particles size and
shape without sacrificing the benefits of the primary particle size reduction induced

by the incorporation of a carbon source in the solid-state reaction.

A free-standing electrode design using widely available microcrystalline cellulose
and an aqueous solution based approach to combined active material precursors
with the cellulose substrate has been shown to be effective in both LiFePO4 and
NasV2(POa4)s cathode materials. While the process requires further optimization in
terms of materials loading, resulting particle morphology, and substrate flexibility,
the general concept of the in situ formation of the active material and its current
collector has been proven. The high solubility of the phosphate and transition metal
precursors allows for a homogenous distribution across the highly absorptive
surface of the cellulose substrate, which is crucial for the success of the
subsequent solid-state reaction. The implementation of this electrode preparation
technique could assist in simplifying the industrial production process of battery
electrodes as well as significantly reduce the manufacturing cost of both lithium-ion

and sodium-ion batteries.
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APPENDIX: NOMENCLATURE

Abbreviations/Symbols  Full name

a.u. Arbitrary unit

Ar Argon

BET Brunauer-Emmett-Teller
BJH Barrett-Joyner-Halenda
CB Carbon Black

CNT Carbon Nanotube

CVv Cyclic Voltammetry
C-rate Current Rate
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DI De-ionized

EC Ethylene Carbonate

EIS Electrochemical Impedance Spectroscopy
EVs Electric Vehicles

FESEM Field-Emission Scanning Electron Microscopy
g Gram

h Hour

Hz Hertz

/ Intensity

HEVs Hybrid Electric Vehicles
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HRTEM

JCPDS

Li

LIBs

mA h g’

min

mm

nm

NMP

High-Resolution Transmission Electronic

Microscopy

Joint Committee on Powder Diffraction Standards

Lithium

Lithium-lon Batteries

Molar Concentration

Milliampere Hour per Gram

Minute

Millimetre

Nanometre

1-methyl-2-pyrrolidinone
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PC

PVDF

Rct

Ra

SAED

SEI

SEM

SIBs

TEM

TGA

XRD

Propylene Carbonate

Poly(Vinylidene Difluoride)

Charge Transfer Resistance

Ohmic Resistance

Selected Area Electron Diffraction

Solid Electrolyte Interface

Scanning Electron Microscopy

Sodium-lon Batteries

Transmission Electron Microscopy

Thermogravimetric Analysis

X-ray Diffraction
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° Degree

Q Ohm
°C Degree Celsius
Zw (Ow) Warburg Impedance
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