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Abstract

Abstract

Lithium ion based energy storage devices have oaghta significant share of the
market for energy storage devices owing to theghhénergy and power density.
However the cost of raw materials and their avditgbwarrants a search for
alternative materials with improved energy densiaed rate capabilities. Manganese
based oxide materials are attractive as alternath@ces for electrode materials.
However, they encounter a host of issues whichltraspoor performance in systems
based on the Liion shuttle. One of the issues is structural déafian. It is well
known that spinel LiMpO, undergoes structural degradation when lithiummseited
into the octahedral voids of the structure owinghte change of average valence of
manganese from +3.5 to +3. This leads to a Jahe+Taistortion induced structural
relaxation that leads to the formation of a newatginal phase which is responsible
for poor capacity retention. However if one can age to keep the average
manganese valence to above +3.5 during lithiumrtiose it would be possible to
prevent JT distortion and associated structurahgea thus making it possible to

access the voltage offered by theMKIn** redox couple.

This thesis sheds new light on the existing undaedihg about the effect of
substitutions on performance of two well-known sbircompounds LiMgO,
(substitution with nickel) and LkMnsO;, (substitution with titanium). Both
substitutions were found to prevent phase transition during cycling resulting in
better capacity retention. Different synthesis radthare employed to prepare samples
with different morphologies and the effect of masfdyy on performance is also
investigated. It was found that the performanceth& spinel LiNysMn;s04 was
affected by the space group of the crystal strectas well as morphology in the
voltage range of 2.3 — 3.3V. Nano-structuring wagnfl to play a significant role in
improving the performance of spinel LiNMn;504. The findings reveal that nickel
substitution in LiN§sMn; sO4 was a more attractive option to pursue. Finallydall
devices were assembled using the best performirtgrimlaas working electrode to
demonstrate the feasibility of manganese basedonraterials as attractive alternative

electrode materials for rechargeable energy stodageces based on the lithium ion.

XV
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Chapter 1

Introduction

This chapter will present the problem statement, objectives and scope of
this work together with the findings or outcomes. It provides the
motivation and background for the proposed work. An overview of the
dissertation consisting of the different chapters and their contents is also

presented.
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1.1 Problem statement

Energy demand in the world is rising at a burgegnpace. Statistics from the
International Energy Agency state that the totargy consumption of the world in
2011 was about 8910 Mtoe (1 Mtoe = 1.2444 X*IWh, Mtoe stands for Million
tons of oil equivalent or the energy obtained bgnimg 1 million tons of crude oil)[1].
About 80 % of the energy generated in 2011 was ffossil fuel based sources
including coal, natural gas, petroleum and oil sh@he remaining 20 % is generated
from other sources including renewable sources sisctvind, solar, bio fuels, hydro
and nuclear power. However fossil fuel based seu@e limited in nature and
plagued by non-uniform availability, price rise alotal supply disturbances which

have a profound effect on world economies.

Amongst non-fossil fuel based sources, nuclear pasv@n attractive alternative in
terms of the scale of output. But it is fraught hwitisks of catastrophe and the
possibility of misuse. Renewable sources such ad,vgolar and hydroelectric power
provide an alternative albeit with an inherent dismtage. They are intermittent
(especially wind and solar) and require some fofrstarage in order to make them an
uninterrupted source of supply which can be synmubkesl with existing grid based
electrical energy distribution systems. It is imgegly being realized that this
problem can be tackled using battery based endargge systems[2-5]. Batteries
which store energy in the chemical form and coniterito electrical form and vice
versa offer a host of attractive features suchizs, scalability and wide range of
energy and power capabilities. A wide range of dseias such as zinc-manganese
oxide, nickel metal hydride, nickel-cadmium, leaidavanadium redox flow, sodium
— sulphur and lithium ion (LIBs) are available fapplications that present varied

requirements.

Amongst the different chemistries, LIBs are muchigda after owing to their high
volumetric energy and power densities which makesnt attractive for applications
that have space constraints. Currently, LIBs dotmirthe market for powering a
variety of portable applications such as laptopgital cameras, mobile phones, hand
held drilling tools, electric and hybrid electriehicles. However when it comes to
grid scale energy storage applications, cost, iyxand lifetime remain obstacles to

their implementation.



Introduction Chapter 1

Typically in LIBs, the cathode material consists & combination of
cobalt/nickel/manganese making it expensive andctdrecycling and disposal of
cobalt containing materials is challenging and lgcss well. Fortunately more benign
cathode materials are available. For example thegar@ese based spinel oxide
LiMn 04 has been demonstrated to be a suitable alterneaivde with high power
capability. Similarly olivine type LiFeP£is another cost effective choice. However
both these low cost materials have other issuethaf own. The spinel LiMgO,
demonstrates poor cycling performance especiallgletated temperatures due to
structural instability and manganese dissolutiohe TiFePQ cathode in spite of
having good structural stability, suffers from poaectronic conductivity making
carbon coating a necessary step in its procesksusggihcreasing its overall production
cost. Finally none of the LIBs available currentlgmonstrate the long term cycling

stability necessary for grid scale energy storgg@ieations.
1.2 Motivation

Ever since the first LIB was commercialized by S@wrp. in 1991, there have been
concerted efforts to develop manganese based wmlatspecifically the layered and
orthorhombic LiMnQ, LiMn,0O4 and LyMnsO;,with the aim of commercializing low
cost, environmentally friendly materials. Howeuvewas soon realized that the number
of challenges posed (such as dissolution, structimstability and poor rate
performance) by manganese based oxides were stogplyuge and required more in-
depth research. Also other material combinationghvivere far more attractive such
as the olivine LiFePg) layered NCM and NCA were investigated. This rectied
efforts at optimizing such materials rather thartuking on tackling issues in
manganese based systems. Recently again mangaassd bxides have started
gaining importance as the next generation cathodtenmls such as x(MnQOs.(1-
X)(LiNi yMn,C01.y.7)O. and LiNip sMn1 sO04.

It is thus the focus of this work to revisit thespibilities of using different manganese
based oxide materials in an effort to contributeaims the development of cheaper
and more environment friendly rechargeable enetgyage systems that could be
considered for grid scale applications. For a bddiayrid scale energy storage system,
the currently available system (sodium-sulphur)vigtes a lifetime of roughly 4500
cycles with an efficiency of 75%][4]. But this systerequires to be continuously

4
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heated and part of the energy stored goes towardmtaiming this working
temperature. It will hence be the aim of this wirkdemonstrate a full cell device with
a performance similar to this commercial devicechlgan avoid requirements such as

continuous heating thus making it both safer aedpensive to operate.

1.3 Research scope and objectives

The broad objective of this work is to addresscitmal degradation that leads to poor
performance in different spinel manganese oxide$ @xplore the possibility of
employing them as electrode materials in full delices. Specifically the objectives

include the following.

> Investigating the effect of elemental substitutionson electrochemical
performance.

In manganese based spinel oxides, it is knownthi@amain redox process utilized for
charge storage is Mi—Mn*". It is possible to insert Liinto both tetrahedral and
octahedral void sites in a spinel structure whitenerting Mrt* to Mn®*. While
systems are available that utilize reversiblé inisertion into tetrahedral sites (in a
voltage range of 4V vs. Li/L), lithium insertion into vacant octahedral sitéis &
voltage range of 3V vs. Li/[) has not been sought after primarily due to trubdlem

of structural instability caused by Jahn-Tellert@ion that sets in when the average
manganese valence decreases below +3.5. It isbpss minimize Jahn-Teller
related effects by choosing a compound that haglehaverage Mn valence or by
adjusting the valence using elemental substitutibmshis regard, the Ki substituted
compound (LiNgsMn;504) and Ti substituted lithium excess spinelNlnsO,, are
investigated in the potential range of 3V vs. Li/Lit is shown that both elemental

substitutions are helpful in slowing down/prevegtstructural transformation.

> Study of the effect of morphology and nano-structung on performance.
Morphology can have a profound effect on electraubal performance and it has
been demonstrated for a number of materials. Toifste performance in the 3V
region is affected by morphology, different syniketechniques are employed to
synthesize spinel LiMi©,, LisMns01, and LiNp sMn1 50,4 with varying morphologies

and surface areas. It was observed that the namcitging and morphology has a
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significant effect on the electrochemical behaviair spinel LNM. Electropsun
LiNiosMn; 504 was found to have the best electrochemical pedona amongst all

the different samples investigated.

> Demonstration of full cell devices

The technical feasibility of the optimized elecpaa LiNipsMn; 50, is then validated
by testing in full cell configurations for lithiunon batteries and hybrid capacitors.
The benefit of nano-structuring is also demonstréoe a rechargeable lithium battery
with anode, cathode and separator fabricated wviglesispinneret electrospinning
technique. A hybrid lithium ion capacitor employitige electrospun LiNisMn, 50,4 as

a lithium insertion electrode is also demonstratadally the possibility of a lithium
ion full cell utilizing electrospun LNM for both ade and cathode is also explored.

> Fundamental studies to understand improved performace and reasons
for fading.

In order to understand the observed differencgsenformance, fundamental studies
using impedance, cyclic voltammetry and ex-situ XM carried out to understand

structural changes and the diffusion propertighefvarious phases.

1.4 Dissertation overview

The dissertation has been organized into seveigbters the contents of which are

briefly summarized below.

Chapter 1 introduces the motivation for this wonkl gorovides the research scope and
overview. The aim of the thesis would be to idgntifie potential for applying
manganese based spinel oxides in configuratiomedt unexplored and determine
their suitability for grid scale energy storage laggtions.

Chapter 2 presents in brief the basic principles@mstruction of lithium ion batteries
and hybrid capacitors. It provides a detailed asialyf the spinel oxides under
consideration summing up the issues faced so fdr soiutions that have been

proposed to overcome them.

Chapter 3 discusses the detailed procedures forditherent synthesis methods
employed for preparing the two spinel compoundssictered in this work. Structural

and electrochemical characterization techniquesl®reg are presented. Protocols

6
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followed for preparing cells for testing are alsscdssed. Synthesis methods for

electrode materials are also discussed in brigfdiify their selection in this work

Chapter 4 presents the results of studies thatysmathe effect of elemental
substitutions on electrochemical performance forthbohe spinel compounds
synthesized via a standard procedure. Fundameralies involving diffusion
coefficient estimation, impedance analysis and iex-%-ray diffraction studies are

performed.

Chapter 5 analyses the effect of morphology anas+samucturing on performance of
the spinel compound chosen for further studies fobiapter 4 and identifies the best

performing material.

Chapter 6 demonstrates the two full cell devices Where generated from this study

and compares its performance with similar configare reported in literature.

Chapter 7 provides the connection between the wsristudies carried out, the
contributions of this thesis both scientific as vees technological. The achievement of
the study is compared with the design target anghestions for improvement

followed by strategies for future work are presdnte

15 Findings and outcomes

This work led to the following outcomes

1. Establishing a method to study the effect of calttom temperature on
performance while fixing particle size.

2. Establishing the effect of space group and its ceffen electrochemical
performance for nickel substituted spinel lithiuramganese oxide.

3. Demonstration of full cell devices by tapping irdidferent voltage ranges of

operation offered by the same spinel LNM.

References
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Chapter 2

Literature Review

This chapter presents the historical development of lithium intercalation
into materials, the working principle of lithium ion batteries and hybrid
supercapacitors. The development of manganese based oxides as lithium
insertion host, the attendant problems and solutions identified to tackle
those problems are discussed in detail. Emphasis is also placed on
synthesis techniques employed for electrode materials. Finally based on
gaps in literature, new ideas that form the basis of this work are
summarized.
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2.1 History and early developments

The history of ion intercalation into materials dae traced back to the studies of a
number of research groups around the early 1970dtidgham [1,2], Subba Rao [3],
Schollhorn [4] had investigated ion intercalatiomoi layered di-chaclogenides during
the early 1970s demonstrating the possibility afeming ions into these structures
electrochemically. Similarly Besenhard and collessgyuworking at the Technical
University of Munich [5-8] found that it is posstbto form alkali metal-graphite,
alkali metal - metal oxide and alkali metal — metalphide compounds under certain
conditions and that the formation of these compsumds reflected by a sharp change
in potential values of the graphite/oxide and sidphmaterials. Their initial studies
also pointed to the possibility of co-intercalatiohsolvent molecules into graphite
resulting in a deterioration of the electrolyte.isTproblem would later be overcome
by Rachid Yazami [9] who demonstrated the use agohd electrolyte thereby
eliminating the possibility of solvent co-interctids. Whittingham would later
demonstrate the first working prototype lithium éd€nergy storage cell composed of
a lithium anode/titanium di-sulphide cathode [18ibsequently, Goodenough and co-
workers [11] demonstrated the use of a lithium ¢obaide as a positive electrode
material with a focus on raising the voltage oldhie in order to eliminate the use of
lithium metal anodes which had issues of dendadtemétion. Thackeray et.al [12] also
demonstrated the possibility of using spinel L@ for lithium insertion. In 1985 the
first prototype LIB which utilized lithium ions ‘shtling’ between a graphite anode
and lithium cobalt oxide cathode was demonstratgdAkhira Yoshino of Asahi
Chemical [13]. It took five more years until 1991hen Sony released the first
commercial version of this prototype into the marke 1994 Padhi and Goodenough
[14] demonstrated the olivine LiFeR@hich was a major upgrade in terms of safety
and stability over LiCo@

It took roughly about 20 years for realizing theagof fabricating a lithium ion based
energy storage device that combined high energypamner density in a small volume
while providing the ability to recharge in an ecomocal manner. Ever since these
initial discoveries, research has exploded intotwhaurrently a multi-billion dollar
industry. Today the best available cathode matef@l rechargeable lithium batteries
include the layered transition metal oxides (lithiu nickel-cobalt-

manganese/aluminium oxides), the spinel Lipand olivine LiFeP@ while for

11
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anode, carbonaceous materials with the layeredtatai offer the most economical
choice.

2.2 Operating principles and construction of LIBs &LICs

This section would discuss the basic working ppleciand construction of two types
of lithium ion based energy storage devices. Oreelighium ion battery where charge
is stored in two electrodes using a lithium iont tisauttles’ between them. The other
is a lithium ion hybrid supercapacitor where agamty one of the electrodes operates
via an intercalation mechanism to store charge edserthe other electrode stores

charge using a capacitive mechanism.

A lithium ion battery consists of 4 main componeats depicted in Fig 2.1 — the
anode, cathode, separator and electrolyte. Theeaaod cathode are the host materials
into which lithium ions intercalate and de-inteetal thus offering the ability to store
charge and discharge when needed. The separatan islectrically insulating,
ionically conducting material that prevents direchtact between the 2 electrodes and
prevents a short circuit which can discharge tbeest charge in a disruptive manner.
The electrolyte consists of a lithium salt dissdive a mixture of organic solvents.
The anode and cathode are coated on metallic ¢ucalectors (typically Cu for
cathode and Al for anode) to facilitate rapid cleairgunsport.

AN
\A

© =
© <=

Anode Cathode

P
T

i i i

Cu PR Al
current W current
collector 8 Qo - e collector

Graphene Li* Solvent LiMO, layer
structure molecule structure

Fig 2.1 Schematic of lithium ion battery[15]
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When a lithium ion cell is charged, a thermodynamitving force is created by
raising the one electrode to a different energ\ellpotential relative to the other
electrode. This is achieved by applying a negativential to the anode which forces
out lithium ions from the cathode. Simultaneouslyamsition metal ion is oxidized in
the cathode releasing electrons to compensate hhgye loss occurring due to the
release of a lithium ion from the structure. Thailim ion is now inserted into the
structure of the anode where it combines with tketson released in the cathode and
forms a compound (Ligin case of graphite) which is in an unstable stdiee
moment the driving force creating this energy dédfece is removed, the system tends
to look for ways to minimize the energy differené&us when the two electrodes are
reconnected through an externally conducting medijsach as a wire for e.g), the
unstable compound formed in the anode tends toerbback to lithium ions and the
original parent compound releasing electrons in phecess. These electrons are
transferred through the external medium (wire) #nd gives rise to useful electric
current which is tapped as electrical energy. Thercte®ns recombine with the
transition metal oxide which is reduced back todtginal valence state with the
simultaneous insertion of lithium into the struetuirhis process of creating energy
difference between two electrodes and allowing theEmminimize the energy
difference is in other words known as ‘chargingdadischarging’ a lithium ion cell.

It is obvious that the lithium ion ‘shuttles’ baend forth between the anode and
cathode and for this reason lithium ion cells dterotermed as ‘rocking chair’ cells as
well. A connection of several lithium ion cells series or parallel configurations
offers the possibility of obtaining higher currédutdtages and such a collection of

such cells is known as a battery.

In a commercial lithium ion cell, the cathode isdeaof a layered transition metal
oxide (LiCoQy/LiNixMnyCo01.4,Oz) or spinel manganese oxide (LiDy) or an
olivine lithium iron phosphate (LiFeRP The anode usually consists of graphite
(synthetic/natural) which has layers of hexagonbtynded carbon atoms. Electrolytes
employed are usually proprietary mixtures consistf solvents such as alkyl
carbonates such as ethylene/propylene/diethyl ocatbe in different ratios together
with a lithium salt such as lithium hexafluorophbage (LiPF) or lithium perchlorate
(LiClO4). To enhance performance and stability, additsugsh as vinylene carbonate,
lithium bis-oxalato borate are often added to tleeteolytes. The separator is typically
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fabricated from a polymer and is porous in orderatlow electrolyte to form a
continuous and ionically conducting path. It isogi@ssible to modify and improve the

lithium ion conductivity of the polymer itself.

In a typical lithium ion cell, the components neede put together in such a way that
energy can be stored and recovered with as ldde &s possible. With this in mind, a
tremendous amount of engineering research has igbmehis leading to a widely
accepted set of materials and configurations. Contynavailable lithium ion cells
come in 3 configurations namely coin cells, poudkfpatic cells and cylindrical
18650 cells. All these contain the above discussedponents assembled in a tightly

packed frame that comes in different sizes andeshap

Coming to the individual components themselvesh lamiodes and cathodes consist of
a mixture of the active material which undergoethidm insertion/extraction
(graphite/layered oxides), a conductive additivesug@lly a carbon black) which
enables fast transport of electrons to and fromaitieve material and a polymeric
binder (Teflon/other fluorinated polymers) whichlde together the active material,
conducting additive to the current collector andfdns volume changes during
cycling. This electrode mixture is further coated @ metallic current collector in
order to provide structural integrity to the elede, easy handling and enable good
electrical contact. Typically the cathode mixtusecbated on aluminium foils while
the anode is coated on copper foils. The reasonderof different current collectors
for the anode and cathode arises due to the uahiay of a single cheap metal that

can stably operate in the wide voltage range erteoehin an LIB.

Amongst the many problems encountered in LIBs,tra@icwith electrolyte [16—18],
loss of active materials [19], thermal issues [2D[d structural changeg21-23]
present several formidable challenges in the coastn of a low cost lithium ion cell

with superior long term performance.

Capacitors typically work based on the principleebérge accumulation across a non-
conducting interface known as a dielectric. A sienphpacitor (Fig. 2.2) also known
as a parallel plate capacitor consists of two plate conducting materials such as
steel/aluminium which are separated by a non-camyicmedium. This non-
conducting medium may simply be air/ a dielectricich offers higher amounts of
charge storage capability. When connected to timeitels of a power source, positive

and negative charges are accumulated on the respetates. But since the medium
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between the plates is non-conducting, the chargaaat combine and therefore are
simply retained on the plates. During dischargesoaducting circuit is provided
between the two charged plates resulting in a feowd recombination of charges

which is nothing but the current generated fromdéeice.
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Figure 2.2 Schematic of a parallel plate capacitor

+

Capacitance denotes the ability of a device toesttrarge and is usually calculated
from the following equation

C = sosrz

€ andeg, represent the relative permittivity of free spacel the dielectric medium
between the two plates respectively, A is theaigfarea of the two plates and d is the

distance of separation between the two plates.

This equation reveals that the capacitance is ttr@coportional to the surface area
and inversely proportional to the distance of safpam between the two plates. Thus
in effect if the two parallel plates had somehowgreater surface area and could be
brought as close to each other as possible, thgmoiild be in theory to store larger
amounts of charges. This fact is made use of aelaotrochemical capacitor. The
electrochemical capacitor or electrochemical dodbieer capacitor (EDLC) makes
use of ion adsorption and the presence of a Helnluauble layer to store charges.
The Helmholtz double layer offers a charge sepamatistance in the range of
nanometers thus tremendously increasing the chst@mage ability. Moreover a
material with rough surface would present a lotadsorbing sites for the ion thus
increasing the effective surface area (A). Thisiragacreases the capacitance. Thus
supercapacitors can be considered as capacitoshvdain store many times more
charge and can be discharged in about the sameAitypical electrochemical double

layer capacitor would use high surface area cadhmi as activated carbon which
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provides a large number of sites for ion adsorptiégpart from double layer
capacitance, there is another form of charge storagechanism known as
pseudocapacitance in which the only the surfactefactive material is involved in
redox reactions that enable charge storage. Hybuidercapacitors employ both
pseudocapacitance and double layer capacitandercharge in the electrodes. The
construction of a super capacitor would be in pplecthe same as that of a lithium
ion battery. The differences would arise in theceteles used. One of the electrodes
would be activated carbon and the other would bthiam ion intercalating material
such as LiFeP$) LiMn,0O, etc.

The benefit that a hybrid super capacitor offefatiee to battery is enhanced power
density without sacrificing much of the energy dgnsSince charge is stored at the
surface only, the redox processes would be fastidreua battery where the charge is
stored throughout the bulk of a material and haed®ex processes would be slower

leading to lower power densities.

The important thing in both lithium ion batteriesdahybrid super capacitors is that
both involve insertion of lithium ions in to thewtture (although this happens only at
the surface in a supercapacitor configuration).déefor a single material used as both
a supercapacitor electrode and lithium ion battetgctrode, the degradation

mechanisms occurring should be similar.

Hence, the focus of this work is to address stmattahanges encountered during
cycling in spinel based manganese oxide materieth® subsequent sections will
introduce the problems faced with manganese basze&t Importance would be
given to the issue of structural changes occurnngjfferent manganese based spinel

oxides and strategies employed to tackle them.
2.3 Spinel LiMn;O,4 as lithium insertion host

Spinel oxides are a class of inorganic compounds thie general structural formula
of AB,O,. A is usually a cation with a valence +2 whilesBanother cation which can
have a valence of +3/+4. A and B occupy the tettedieand octahedral voids formed
in an arrangement of oxygen ions that has cubisecfzacking (CCP). The LiMO,
structure can be viewed as a collection of MmGtahedra sharing edges and faces as
shown in figure 2.3. Two types of tetrahedral istitials are available. The 8a sites
(yellow tetrahedra in fig 2.3) are found in the 8bannels formed by the various
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MnOs octahedra while the 8b sites are found in thersiteal sites formed by the 4
MnQOs octahedra that share edges. The lithium resid@s isites normally and when
charged and discharged is taken out and re-insdygsdk into these sites. The
manganese resides in the 16¢ octahedral sites.

Figure 2.3 Crystal structure of spinel LiMn,O, (generated using Vesta Software), Red
spheres — oxygen, Green spheres — manganese and eblspheres (inside yellow
tetrahedra) — lithium.

Investigation into the spinel lithium manganesedesi gained momentum rapidly
since the commercialization of the first LIB basedlithium cobalt oxide and graphite
anode in 1991 by Sony. It was soon realized thbaltavas expensive and toxic and
the search was on for an alternative candidatenebhiiMn,O, has a structure in
which Li* occupy 1/8 of the available tetrahedral voids while Mrand Mrd* are
distributed in half of the available (1/2) octahedroids. LiMnO4 was first proposed
by Thackeray et.al [12] as a prospective host ristiar Li* insertion in 1983. They
investigated electrochemical’linsertion into LiMnO4 and MO, both of which had
the spinel structure with an array of cubic closeked oxygen anions. They reported
that the cubic phase LiM@®, undergoes a transformation to another phagdniO,
(with a tetragonal structure). However this phasensed to co-exist with the cubic
spinel phase. The M®, phase remains stable aftef insertion due to the reduction
in the number of Mi{ in the lattice. This first demonstration howeveegented a
redox process occurring at a voltage of approxilpa@¥ versus Li/Li. The results
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were further clarified by Ohzuku et.al. [24] whaerpreted this transformation from a
cubic to tetragonal phase as a change in symmetighwhappens due to a 3 %
reduction of the a-axis of the unit cell and 12.3rfidrease in the c-axis of the cubic
unit cell. Hence they theorized that the latticedmap of close packed oxygen anions
is not destroyed during this transformation. Tanasand Guyomard [25-27] were the
first to demonstrate a full-cell configuration withcarbonaceous anode material. They
successfully inserted 2 mols of'Linto LixMn,0y4. They were able to demonstrate an
‘AA’ cell configuration that cycled reasonably shalup to 400 cycles [28,29]. This
system rivalled the commercially available LiGokased lithium ion cell and others
such as Ni-Cd, Ni-MH in similar configurations. Eveince then a vast number of
studies have been undertaken to understand thensedsr capacity fading and
resulted in improvement of the room and elevatedptrature cycling performance.
Today spinel is employed in applications demandhigtp power for example portable

drilling equipment.

It became apparent that the spinel electrodes tipgran the 4V region are ideal
choices for high voltage cathodes. Hence the fapuekly turned to understanding
and eliminating the reasons for capacity fadingnuinber of studies were directed
towards understanding the reasons. The major reasmuid be categorized into the
following: (i) electrolyte decomposition, (i) oxgm non-stoichiometry (iii)
manganese dissolution from active material, anyl Qiructural degradation due to
Jahn-Teller effect. The following sections briefliscuss each of these mechanisms

and the attempts that have been under taken te fudwm.

Electrolyte degradation was a severe problem Ihitias the operating voltage of
spinel (4.1V) was on the upper limit of electrolg&bility window of the existing
electrolytes at that time (e.g: LICMRIBF4/LiAsFs in mixtures of propylene
carbonate/dimethoxyethane etc.). The more stalob®oate based electrolytes such as
EC/DEC/DMC were not yet available. Tarascon eR#@30,31] demonstrated the use
of a stable electrolyte that overcame the issueseto decomposition. They used a
proprietary electrolyte combination which was stahipto 4.8V vs Li/Li to
circumvent this issue. Later on the carbonate basexrolytes with higher stability
would completely eliminate this problem. Howevewds observed that spinels would

still undergo fading in spite of using stable alelgttes. It would become apparent that
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the salt employed for generating the ions wouldobex the problem as discussed in

the subsequent sections.

The potential for application of spinel as a higbltage electrode became more
intriguing with the report by Tarascon et.al [32havclaimed that cation mixing
between Li and Mn on the 8a tetrahedral sitesdeitieé emergence of a new plateau at
4.5V in spinels of the formula LixMn,.O,. It was later established by Gao and Dahn
[33] that this peak (and another peak at 3.3V) wa&sent because of oxygen non-
stoichiometry. They later suggested that the oxygerchiometry is increased when
the spinel is charged to progressively higher gataand the 3.3 V peak could be used
as a qualitative indicator of this effect [34]. Mostudies were performed signifying
the effect of oxygen non-stoichiometry as an imgairtfactor affecting performance
[35,36]. However with the advent of more stablettdytes (and restricting the upper
voltage limit during cycling) and carefully contiedl synthesis parameters

(temperature and cooling rate) this problem coeeliminated.

Thackeray et.al. [37] first discussed about thesibility of disproportionation of M#
into Mn** and M in the context of structural transformation obserfrom LiMn,O,

to aA-MnO, phase. Jang et.al. [19,38] demonstrated thatrelgiet decomposition
could lead to generation of radical species thatate dissolution of manganese with
the spinel acting as a catalytic surface for swactions. They however tested with
ether based electrolytes mainly (already pointetliouhe earlier section as being
unstable) and also indicate that carbonates aseslesceptible to oxidation. Amatucci
et.al. [39-43] showed that HF induced dissolutionthe discharged state can also
cause severe manganese dissolution and this effegided by increased surface
area/reduced particle size. This mechanism exigs & carbonate based electrolytes
which are considerably resistant electrolyte deamsitjpn unlike ether based solvents
employed by Jang et.al. Trace amounts of moishakedan react with LiRfand form
HF is believed to be the major reason. They furtllmonstrate that an
electrochemically inactive phase of protonateeMnO, is also present. This

observation is also consistent with increased Eaton reported by Jang et.al.[19].

Manganese dissolution has significant negative ceffeon the electrochemical
performance of the cell. Not only does it resulloss of active material on the cathode
side, it also results in manganese deposition enatiode [40] (graphite in case of

LIBs) interfering with the formed SEI layer and iolately the charge-discharge
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processes. The exact mechanism behind this digsolahd deposition behaviour is
still unclear. Ochida et.al.[44] have suggested thanganese is initially dissolved as
Mn?* in the electrolyte and migrates towards the anaodiere it is reduced to
manganese metal and re-oxidized to’Mn the SEI layer on graphite. Xiao et.al.[45]
have conducted in-depth studies using HRTEM and d&r controlled atmospheric
conditions and determined that apart from metaflaaganese clusters (which catalyse
SEI formation on graphite), compounds such as & BInF, were also present and
these were responsible for cell polarization legdm a drop in performance. On the
other hand, Zhan and co-workers [46] used XANES RS to identify the
manganese valence state and claim that the dephoséteganese has a valence state of
+2 rather than being metallic as claimed by theexthThey showed that Mhwas
present in the SEI layer of different anodes wib\ee the deposition potential of Mn
(1.87 V vs. Li/Li") and proposed an ion exchange reaction with Sgrlahat is
leading to deposition of manganese. It would ber@mmete to conclude that more
work is necessary before a consensus could beeadawhthe nature and mechanism
behind manganese deposition on anodes.

Being such as critical issue, plenty of effortsd&een directed at solving the problem
of manganese dissolution. Amatucci and co-workexpgsed a surface coating
technique [39] to create a physical barrier betwden electrolyte and the active
material surface that does not hindef movement. Since this finding a number of
coatings have been proposed to tackle capacitpdaati elevated temperatures such as
LTO [47], perovskite La/SthsMne7O3 [48], TiO, [49-51], ZrQ [50,52], AbOs
[53,54], ZnO [55] and fluorides [56,57]. The coatsnare proposed to act in a variety
of ways including forming a physical barrier betwethe electrolyte and active
material, scavenging traces of HF present in thetedlyte etc. Other ways of tackling
such manganese dissolution have also been propdésed.example, Choi and
Manthiram [58] suggested cationic and anionic stuigins can reduce manganese
dissolution by forming stronger ionic bonds. Theeex of manganese dissolution is
also affected by the structural changes occurtitoyvever surface coatings seem to be
the most sought after method to tackle this proldéme the formation of Mt at the
surface is necessary to have a redox reaction.eTisestill interest in understanding
manganese dissolution better and tackling it viéase coatings [51,59]. However the
major issue with coatings is there is no effectmethod to obtain a homogenous
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coating. Moreover from an industrial perspectives fabrication of coatings needs to

be economical as it will be an additional procegsitep.

Apart from manganese dissolution, the other magsue was with structural
degradation during cycling. It was clear that sotijg the spinel LiMpO, to insertion

of more than 1 mol of Liresulted in a structural change from a cubic toagenal
phase. The reason behind such a transformationatiidisuted to the presence of a
large concentration of the high spin flion. Octahedral complexes formed with high
spin ions such as Mh which have unevenly filledyeorbitals have a tendency to
undergo distortion in order to minimize the eneofyhe overall complex. This effect
was proved by Hermann Arthur Jahn and Edward Telérhence known as the Jahn-
Teller effect. The spinel LiMi©D, be visualized as a collection of octahedra of MINO
(a complex) that share edges/faces in which lithiiems occupy different voids
available in the structure. Under such a conditibe, octahedra formed by an fin
ion would be distorted compared to an octahedmaédorby Mrt* (which is not a high
spin ion) as shown in figure 2.4. In a stoichioritesspinel, the number of M# and
Mn** is equal and they would be distributed homogenpimsthe structure in order to
have the least distortion or energy. The cubic sgtmmnis maintained this way.
However this delicate balance can be offset ifrthmber of MA" is larger than the
number of MA*. This is what happens on lithium insertion. Thenber of M* (and
consequently the number of distorted Mn&tahedra) increases. Thus when all the
MnOs octahedra ‘co-operatively’ distort along one gkie c-axis), it is impossible to
maintain the cubic symmetry anymore resulting iteagonal symmetry. Yamada
et.al also show that it is possible for Jahn-Tetletortion to set in even at around
room temperatures [60,61] in a stoichiometric spinEhey demonstrated that
substitution of 0.035 mols of lithium for mangan@séhe octahedral sites is sufficient
to alter the manganese valence to a value whereftbet of Jahn-Teller distortion

could be eliminated around room temperature.
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Figure 2.4 Schematic of effect of Jahn-Teller disrtion

Initially it was believed that the co-operative dafeller distortion occurs only when
the Li* concentration exceeds 1 mole in Lidn (while cycling over the 2.8 - 3V
region) in the bulk of the material. Later it waslised that the effect could set in
even at around 3.3 — 3.5 V vs.LilLat the surface of spinel particles under non-
equilibrium conditions (e.g high rates of discharf@l]. Then the surface of the
particles would encounter more lithium than thekbaterior during lithium insertion.
Proof for such a mechanism was presented by Thagket.al.[62] through
transmission electron microscopy studies of eleesocycled to 3.5V. Cho and
Thackeray [63] later demonstrated that the tetrab@pinel phase at the surface
transforms to LIMnO;3; through the formation of soluble MnO and thisesponsible
for part of the observed capacity fading. Initiallyvas proposed that the Jahn-Teller
distortion results in a change of the c-axis of¢bbic spinel leading to the formation
of the tetragonal spinel. The accompanying voluimenge would be too large for a
particle to sustain and it would disintegrate wigpeated cycling. This can lead to a
loss of electrical contact eventually resulting imaccessible lost capacity [64].
However through a series of studies, Goodenougttamdorkers [65—67] pointed out
that this may not be the exact mechanism. They dstraied this by separating
capacities obtained from the 3V and 4V plateausrvaneell containing LiMgO, was
cycled in a wide voltage range from 2.4 — 4.4 VeYlobserved that capacity loss was
occurring only from the 3V plateau. If electricadntact is lost, capacity should be
inaccessible while cycling on the 4V plateau ad waich did not seem to be the case.

Hence they proposed an intra-particle mechanisnexygain this behaviour. They
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theorized that during cycling in the 3V region,rihés an interphase layer between the
tetragonal LiMn,O,4 and cubic LiMRO, that is formed on the surface of the particles.
This interphase moves towards the centre of thécfgmas the amount of lithium
inserted increases. Since this is an interphaseeleet two different structures (cubic
and tetragonal), dislocations would need to betedean this layer in order to
minimize strains and maintain continuity. They pysed it might be possible that the
lithium ions in the more mobile octahedral 16d siteuld move to these dislocations
and lock up the dislocations. This would then imroé the interphase and would
inhibit further lithiation. Such a mechanism wouldt occur in the 4V region as there
is no cubic/tetragonal interphase formed. Henceetl® no capacity loss observed

while cycling in the 4V region.

Irrespective of the differences in interpreting #eact mechanism for capacity loss
due to Jahn-Teller distortion, it could be seert tha structural change arising due to
Jahn-Teller distortion was problematic. Hence iswacessary to tackle the structural
changes. It can be intuitively understood that ryinly the electronic environment
around the manganese ions should result in a diffeand potentially improved
behaviour. The easiest way to achieve such a necatidn would be via elemental
substitutions in the spinel. A number of studiesehtocused on employing different
substitutions — both for the cations {INMIn*") and anions (®). In the following
section, an attempt is made to discuss such stubhesstudies have been categorized
into those which focus on improving the performancéhe 4V region and those that

focus on the 3V region.

It was evident that an oxide that can reversibtericalate lithium at 4V would give
rise to a system with higher energy density. Hemdarge number of studies with
substitutions were performed in this regard to edslrthe issue of structural

degradation and improve capacity retention duryuicg.

Tarascon et.al. [25] had already attempted sulbistitwof a host of elements such as
Ti, Ge, Fe, Zn and Ni for Mn in the spinel LiMDy. But their stated aim was not to
tackle the problem of structural change. Rathey there interested in eliminating the
sudden voltage drop step of 1V which posed a pnobighile considering an

application for the material. They attempted to ethoout this voltage step by
employing substitutions but realized that nonehef substitutions could eliminate this

voltage drop. Also the substitutions resulted irdecreased capacity in case of
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Ni?*/zn**/Fe’* since these required charge compensation by csioveof some of the
active Mri* to Mn**. Finally they reported no change in cycling stapitvith the

various substitutions.

Gummow et.al. [68] were the first to present eletakerubstitution as a strategy to
combat the problem of Jahn - Teller distortion. iThationale was to adjust the
average manganese valence to >3.5 since it wasvebisthat the critical manganese
valence for the Jahn-Teller effect to set in bel8v. They achieved this by
substituting LT with cations such as M Zr** or Li* for Mn** resulting in increased
manganese valence for charge compensation (basicaibasing the number of NMh

in the structure). They reported that while all thethods enhance cycling stability at
room temperature in the 4V region, it results imeduced capacity owing to the
reduction in the number of active Mnions. They also demonstrate that the spinels
containing excess lithium (i.e substitution of mangse with more lithium) displayed
good performance when cycled all the way to 2.5V IiAi*. Amatucci et.al. [69]
observed that as long as the lattice parameteslisw8.23 A in the discharged state of
the spinel, capacity fading could be minimized aithb room and elevated
temperatures. Hence they suggested co-substitofidsoth manganese and oxygen
with aluminium and fluorine in the spinel to redube lattice parameter and thereby
alleviate capacity fading in the 4V region. Thasults are interesting considering that
the average manganese valence in the Al- & F- bstguted spinel is 3.3 (Jahn-
Teller distortion is expected to set in below aerage valence of 3.5) and still they
were able to demonstrate a significantly enhancadopnance. They proposed an
explanation for their observation based on theneatfi bonds (i.e ionic/covalent) and
the smaller size of manganese octahedra formetihBiet.al. [70] demonstrated the
possibility of using a small amount of cobalt sitbsbn to enhance the performance
of the spinel in the 4V region although they do olatrify the reasons for such an
improvement. A number of other groups have alsengited cobalt substitution with
some success [71,72]. Wakihara and co-workers éBjonstrated the effect of Co,
Cr and Ni substitution on the performance andlaita the improved cycling stability
in the 4V region to the increased M-O bond strerigthCr/Co and Ni compared to
Mn. They suggested that the stronger M-O bondsegmestructural transformation.
Subsequently they demonstrate much improved pedice in the 4V region for an
Al-Cr/Co co-substituted spinel and explain the ioyament in performance based on
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a stronger Al-O bonding which in turn results iniacreased Li diffusion co-efficient
as well as reduced Jahn-Teller distortion [74].yTHemonstrate the absence of Jahn-
Teller distortion through a DSC study where a sigrexpeak is observable for the
tetragonal spinel phase which is based on theeeatudies by Yamada and Tanaka
[60,61]. Li et.al.[75] adopt an approach in whidmey modified the surface of
LiMn 04 with a layer of LiNyMn,xO,4. They report a significantly enhanced cycling
stability in the 4V region for the spinel contaiginickel and attribute it to the absence
of Jahn-Teller distortion. Zhao et.al. report chstitution with Md* and St* [76] and
claim that the equimolar co-substitution minimizéshn-Teller distortion thereby
improving performance in the 4V region. Wen [77paged the effect of co-
substitution of M§" and F and demonstrate very good cycling stability in #hé
region at 1C rate for over 400 cycles at both rdemperature and 5%. They show
that the transformation to tetragonal phase is rgged from ex-situ XRD analysis.
Substitution with a host of other elements have &lsen attempted such as Fe [78],
Cu [79], Ga [80], B [81], Ti [82,83], rare eartheelents [84,85]. For the sake of
brevity a detailed discussion on these studie®igpresented. It would suffice to say
that all the studies with substitutions reportedgrenance improvement to different
extents in the 4V region for the spinels. Reasonauaod performance has been
established at room temperature although elevetagdrature performance continues
to pose a challenge.

In comparison to the number of studies that fogusyproving the performance in the
4V region, the number of studies focussing on taeyion has been rather limited.
This is understandable since the energy densitgirdd in the 3V region would be

obviously lower compared to the 4V region.

Strobel and co-workers [86] studied the evolutidntlee 3V behaviour of spinels
substituted with Al and Mg in the hope of reducilan-Teller related effects with the
substitutions. However they chose fixed compos#&ibiAIMnO,4 and LiMg) sMn; 50,4
respectively as allowed by the charge balancingutations. They reported difficulties
in obtaining a pure phase LiAIMnQvhile they were able to accomplish magnesium
substitution without impurity phases. However bothterials had very low capacities
and cycled rather poorly and were still suscepttblelahn-Teller distortion. Yoshio
and co-workers [87,88] later showed that Al subsbh may in fact have a negative

effect on performance in the 3V region. They pregbthat Af* stabilizes the cubic
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structure and prevents its transformation to ag¢@mnal structure during Linsertion.
This inability to transform to the tetragonal stiwre in turn results in poor cycling
performance in the 3V region. Pistoia et.al. [88Y hreported the effect of Cr doping
on the 3V performance of spinels. However undersyrghesis conditions employed
they formed an oxygen rich spinel of the form Li@n,.O4 35 which displayed stable
capacities up to 50 cycles. Baochen et.al.[90]istlthe effect of Cf substitution for
Mn** in the octahedral sites of spinel and report inapnoent over 5 cycles. Sun and
Jeon [91] investigated the effect of anion substituin spinel LiMnO,4 by replacing a
small amount of oxygen with sulphur. Their resutidicate that during cycling in the
voltage range of 2.4 — 3.5V, the spinel displayssomable capacity retention over 20
cycles with no evidence of transformation to tetrzg phase from ex-situ XRD. They
also studied compounds with¥AI** and $ substituting MA" and G respectively
which display improved performance while cyclingeowoth 3V and 4V plateaus for
50 cycles [92,93]. However Goodenough et.al. suggde# is possible that sulphur
may not be able to substitute oxygen in the latdeeng to its significantly larger
ionic radius and presumably stays on the surfadesamehow improves performance.
They demonstrate this by performing an experimeith & chloride ion which does
not substitute into the structure but still impreveyclability in the 3V region [66].
However it should be noted that they were unabledetect chlorine during the
characterization tests and only postulate a crdonmodified surface to explain their
results. Kang et.al. [65] also report improved perfance in the 3V region for ball
milled spinel LiM,O4 and attribute this to a combination of the preseotstrains
from ball milling, nanograins and a higher mangangalence state. Amine et.al
[94,95] investigated the effect of substitutionG5/1 mol of manganese in LiMQ,4
with either Ni/Fe. They claimed that the presentcBlicstabilizes the structure against
transformation during cycling in the 3V region. Hover the presence of Fe does not
prevent the cubic — tetragonal transformation frooturring. They were able to
demonstrate an initial capacity of 160 mAhhich decreases to 150 mAH.gfter
10 cycles. They proposed that Jahn-Teller distorttmes not occur in the Ni
substituted material and hence the performancengaved compared to the Fe
substituted material. In order to demonstrate gust, they inserted 1 mol of Li
chemically into LiNpsMn; 5O, and showed that the structure of the resulting

LioNigsMn; 504 phase is also cubic. However, Park et.al. [9&rldemonstrated that a
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cubic spinel withFd3m symmetry (a disordered structure with Ni and Mnd@mly
distributed over the 16d octahedral sites) convéstsa tetragonal structure with
I4./amd symmetry. They also show that a cubic spinti the P4332 symmetry (an
ordered structure in which the Ni and Mn are umiflyr distributed in the 16d
octahedral sites) undergoes a reversible transtamado tetragonal spinel during
lithium insertion. Finally the capacity demonstrhteas about 60 — 70 mAR-after
50 cycles. It is quite possible that Amine et.abgared thd?4;32 form of the spinel
via the low temperature sol-gel process (not disedisn their report) since it is now
known that at synthesis temperatures < 600 the ordered form of the nickel
substituted spinel is more stable. Sun and co-wsrk@7] also demonstrated that
nickel and sulphur substitutions produce a spinigh \modified surface texture and
particle size. Their data however does not showraticeable difference in stability
between the substituted and un-substituted. Rdttesr were able to demonstrate a
marginally increased capacity obtainable from thiplsur containing spinels. They
also state that the location of the sulphur (i.etvlr in the lattice/on the surface) is

not clear.
2.4  Spinel LuMn 504, as lithium insertion host

Spinel LyuMnsO;, is another of the cubic class of spinels whichnedi interest
together with the investigation of the LiMDy. The spinel LiMnsO,, can be
expressed in the form £43Vin; 6704 or Li[Lio33MN1 6704 to make the site occupancy
clear. This expression makes it easy to underdtaaida portion of the Mn in the 16d
octahedral sites of a normal Li[MJ®,4 are occupied with Li. Basically it has the same
cubic close packed lattice of oxygen (see figuE i which the voids are occupied in
a different manner. In order to have charge balaalteéhe manganese will be in the
+4 state which would then make lithium extractioonf the structure impossible at 4V
vs. Li/Li* as in the case of stoichiometric spinel Li®a. However insertion of Li
into the structure is possible at 3V vs. Li/with a theoretical capacity of 163 mAh.g
! for insertion of 3 mol of L'i. The most attractive feature of this compound gfou
was the possibility of avoiding J-T distortion reld effects during cycling since the
average manganese valence after insertion of 3ofrdl" would be 3.4 which is only

slightly lesser than the critical value of 3.5 atveel in a stoichiometric LiMyOy,,
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Figure 2.5 Crystal structure of LisMnsO1; (Li13dMn16/04), Red spheres — oxygen, Green
spheres — Manganese, Blue spheres — Lithium.

.Thackeray et.al. [98] reported on the synthesid @maracterization of two spinel
phases - LMnsOy and LiMnsO;, and compared its performance to the
stoichiometric LiMnRO, phase in the 3V region. They proposed that of3trspinel
samples investigated, AMnsO;, had the best combination of capacity obtainabte an
stability. Richard et.al. [99] attempted to extrddhium from LisMnsO52 by
introducing oxygen deficiency so as to convert sahthe manganese to from +4 to
+3 state. They reduced the synthesised materidi awhmonia and successfully
removed oxygen to yield a compound of the form lggMn;67]045. However
neither of the reports presented data on long erformance. Further the capacity
was lesser than the theoretically calculated valué63 mAh.g". Ferg et.al. [100]
demonstrated the possibility of couplingiMinsO;, with a spinel LiMrO,4 to form a
full cell with an average voltage of 1.15 V vs. Lli. However coupling with
Li4TisO12 produced a cell with an average voltage that ghdr by 1.3V roughly
making the manganese containing spinel unattractRebertson et.al. [101]
demonstrated doping {MnsO;, with Co. They demonstrate improved cycling
stability in the voltage range 2.4 — 4.8V. Theyihtite this to an improved stability to
oxygen loss which occurs while chargingMnsO,, to a higher voltage. While these
initial reports did not focus much on the synthdsishnique/conditions, it was soon
realised that synthesizing a stoichiometric lithibich spinel was very challenging.

Thackeray et.al [102] discovered that the lithiuamispinel LiMnsO;, decomposes to
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MnsO,4 and LpO on heating in the range 420 - 980 Heating at temperatures > 930
°C resulted in the formation of phases like LiMnghd LiMnO,. Takada et.al. [103—
107] conducted a series of studies to understardeffect of various synthesis
conditions and observed that spine)NlnsO;, decomposes at higher temperatures to
LiMNn,0q4, Li,MNnO3; and LIMNG. The temperatures for such decomposition is also
affected by the gases employed. Inert atmosphegees shown to decrease the critical
temperature for decomposition. They observed tha¢varsible decomposition of
spinel LiMnsO;» occurs on heating in oxygen atmospheres from ard®® — 700C
which is in line with the observation of Thackersrlier. Choi and Manthiram [108]
suggested partial substitution of oxygen with flnerto eliminate the problem of
second phase formation during synthesis at tempesatabove 500C. It was soon
realised that the use of low temperatures presamtegroblems. Firstly there was not
enough energy to drive diffusion related process&gch resulted in incomplete
reactions. Secondly, the crystallinity of the ob&al materials was not good enough to
offer stable cycling performances. The less thaortétical capacities demonstrated
are further evidence of this problem. Thus différegnthesis methods have been
investigated to prepare spinelsMnsO;, ranging from hydrothermal [109], spray
drying assisted solid state [110], sol-gel [111H anolten salt routes [112]. While
these methods were able to provide for high pumggerials, the cost factor and/or the
marginal increase in performance possibly was ticdcive enough to pursue further

these methods.

Structurally, LiMnsOs, is expected to be stable during insertion of ug.®mols of
lithium. It was already mentioned that to obtaire theoretical capacity of 163 mah.g
! the average valence of the manganese would loasegtice to 3.4 which is below
the critical valence of 3.5 for Jahn-Teller disimnt to set in (in spinel LiM§Oy).
Hence one cannot possibly rule out J-T distortremfoccurring although structurally,
the lithium excess spinel is different from itsiskbometric counterpart LiMfO, in
that the lattice parameter ‘a’ for LiM®, spinel is about 8.251 A compared to the
8.159 A for LiMnsOso. Julien et.al. [113,114] also demonstrated thengbafrom
cubic to tetragonal symmetry on lithium insertiaoroi Li;MnsO;, via ex-situ Raman
analysis. Choi and Manthiram [108] also pointed iauheir work that un-substituted
spinel LyMnsO;, transforms to LMnOs; during cycling. Hence structural
transformation is not completely prevented in thyMnsO;,. As in the case of spinels,
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it could then be theorized that substitutions couidbably alter this behaviour. As
pointed out earlier Robertson et.al. had investigato substitution. Le et.al.[115]
investigated a series of solid solutions of Ti &td in LisTiyMnsxO1> (0<x<5) but
however do not describe long term performance. Thleynonstrated that Ti
substitution leads to a progressively larger umil with increasing Ti due to the
bigger size of the Tf ion. Apart from these studies, there have beenother

investigations of substitutions.

Another approach to improve structural stabilitywdlves developing composite
LioMnOs-Li4,MnsO;, materials [116—-118] in which the JMnsO,, is embedded in a
matrix of Li,MnOg3. By virtue of the nano-sized domains of the twifedent materials,
effects associated with J-T distortion such ascktexpansion could be suppressed
effectively. Recently lvanova et.al. [118,119] slealthat it is possible to have a non-
uniform distribution of manganese in these altengahano-domains of LMnsO;»

and layered LLIMnOs thus resulting in poor performance.

2.5 Questions to answers based on literature

The above review of literature identifies gaps wh@an be summarized in to the

following questions.

» Has there been a systematic investigation intetbetrochemical performance in
the 3V region for spinel based manganese oxides?

» Has the effect of substitutions on electrochempeformance in the 3V region
been investigated in a systematic manner?

» Recent advances in nanotechnology have opened uwp aeenues for
investigation due to the novel properties offer€an this be tapped to tackle
problems in spinel based manganese oxides togettieelemental substitutions?
Has the effect of nanostructuring or morphologyetettrochemical performance
been investigated for the spinel based manganedesix

» Finally can such investigations lead to the faltioce of full cell devices that

demonstrates long term cycling performance, gotelaapability?
2.6 PhD in context of literature

This work will address the questions posed in thecg@ding section. Elemental
substitutions (Nickel substitution in spinel LiMDy, and Ti substitution in LMnsO;2)

are investigated and their role in improving thecelochemical performance in the 3V
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region will be studied. The effect of morphologydanano-structuring will be
investigated. Finally full cell devices based or thest available material from these

studies will be demonstrated.
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Chapter 3

Experimental Methodology

This chapter will enumerate the rationale behind selection of the various
techniques employed for synthesizing and characterizing the desired
materials. Sructural and electrochemical characterization techniques will
be discussed in detail.
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3.1 Rationale for selection of methods/materials.

In this study, the effect of elemental substitusiam electrochemical performance and
the effect of morphology are investigated. The lsgsis techniques employed here
were chosen based on the following considerations.

Homogenous mixing of precursors
Morphological control.

Possibility to scale up.

w0 NP

Access to equipment.

Keeping the above 4 considerations in mind, 3 dBfie synthesis techniques were
chosen namely solid state synthesis, co-precipitaiynthesis and electrospinning
synthesis. Co-precipitation technique (via hydrexidnd carbonate)offer a very
homogenous mixing of precursors on an atomic sehlke offering the possibility of
scaling up and offering morphological control asliw&lectrospinning technique
employed in this study also satisfies the abovesidemations. Although the setup
employed does not offer scaling up, it has beenatestnated numerous times that it is
possible to scale up electrospinning. The solitesiechnique does not offer the same
homogeneity during precursor mixing like co-pre@pon or electrospinning and
cannot offer morphological control either. But @shthe ability to be scaled up. The
solid state technique is employed more as a basefiethod to compare with other
techniques since it is the standard method emplagethe battery industry for

synthesis of active materials.

The selection of characterization techniques westatgd by the type of information
that is necessary to understand its performanceyXdiffraction would be useful in
determining the phase purity and extracting lattga@rameter information while
scanning electron microscopy would be suitableeiealuating the morphology and
particle size. In electrochemical characterizati®major techniques were employed
namely galvanostatic cycling, cyclic voltammetrylampedance spectroscopy.

The subsequent sections would discuss each of yihimesis and characterization

techniques in detail.
3.2  Synthesis of active materials

The literature available on synthesis of electroggerials for lithium ion batteries is

rather voluminous[1-11]. Here we discuss brieflyethtechniques which would be
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employed in the current work namely — solid statgttsesis, co-precipitation synthesis
and single spinneret electrospinning synthesis. ddwantages and disadvantages of

each technique are also pointed out.
3.2.1 Solid state synthesis — Principles and analysis

Solid state or conventional synthesis involves nmgxof precursors either simply by
hand grinding in a pestle and mortar or in a mdfecgve way via ball mills. The
mixed precursors are then subjected to calcinatoselevated temperatures followed
by several re-annealing steps with intermediatadyng to form the desired final
product. Typically for example to synthesise thimspLiMn,O, compound, one could
start by mixing powdered oxides of Mn (e.g M3, MnO; etc.) and hydroxide or
carbonate of lithium (LiOH/LICO;). This mixture may be subjected to pelletizingin
pellet press to bring together the precursors sto anable effective diffusion and

homogenization of the components during calcination

Usually hand grinding is not sufficient in all cag@and also not suitable for industrial
scale production). Ball milling is generally recedrto intimately mix the precursors.
Ball milling involves loading the precursors in antainer (typically made of stainless
steel or tungsten) together with small sphericdlsbaf different diameters. This
container assembly is then loaded in a ‘mill’ whagjitates the container and supplies
energy to the balls to move around very fast themlliding with each other. The
powdered precursors are pulverized in these amfissibetween the balls leading to

uniform mixing.

Solid state synthesis is a very simple methoddhaivs preparation of large quantities
of material in a single batch from cheap raw matsrilt also offers easy scaling up to
industrial levels. Minor batch to batch variatiomsraw materials can be handled
easily in this method unlike other methods wheegetisig material purity often has
significant impact on the properties. However imitiation lies in the degree of
mixing of the precursors. This creates a possibiift ending up with unreacted
products if the temperature during calcination/ating is not sufficient enough to
activate diffusion processes which are necessaoptain homogenous products. But
in cases where the temperatures required for syistlaee high, this is a very effective
technique to produce on a large scale economicadiiyd state synthesis also does not
offer morphological control and ability to synthesinanoparticles with well-defined

characteristics like other processes such as aogiiaion and electrospinning (both
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discussed subsequently) for example. In the cumemk, solid state synthesis is

employed to produce spinel LNM with irregular moojigy.

In a typical synthesis, 25 mmol of anhydrous lithiacetate (99.95%, Sigma Aldrich),
12.5 mmol nickel nitrate hexahydrate (98 %, AlfasAg and 37.5 mmol anhydrous
manganese acetate (98%, Alfa Aesar) were weighddsahjected to ball milling.
Acetone was employed as the milling medium. Thdimgilspeed was set to 300 rpm
for 2 hours. The program was designed to includzaks of 10 minutes after 30
minutes of milling. Stainless steel balls of diaendimm were employed and a ball to
powder ratio of 5:1 was used. The resulting pasten fthe ball milling was subjected
to calcination at 906C for 5 hours followed by an annealing step at 7Cor 24
hours in a box furnace (Carbolite, UK). The heatiate was fixed to 5C/min for
both calcination and annealing steps and powders waturally cooled inside the

furnace to ambient conditions.
3.2.2 Co-precipitation synthesis — Principles andnalysis

Co-precipitation synthesis [6,7,12] differs frometbonventional synthesis in the way
the precursors are mixed together. It was earlentroned that it was not possible to
obtain atomic scale mixing of precursors with carti@nal precursor mixing (solid
state synthesis). In order to obtain such uniformao-precipitation of precursors
could be employed. This technigue makes used ofdifierence in solubilities of
compounds in solvents. Hydroxides and carbonate®iwéin elements are known to
be generally insoluble in a variety of solventdudang water. This fact is employed to
precipitate out desired mixtures of compounds. Aidgl procedure involves
dissolving metallic salts such as acetates/nitfaigzhates of the desired elements
(Ni/Mn) in water/ethanol and then adding a preaipity agent such as
bicarbonate/hydroxide to precipitate out a veryfamm mixture of these elements as
the respective bicarbonates/hydroxides. Here @vident that the starting precursors
(i.e nitrates/acetates/sulphates are generallyokolo a variety of solvents) compared
to the hydroxides. Hence as soon as the hydroxadedoate is added, the equilibrium
is driven towards formation of the solid precipgtatf the respective hydroxide or
carbonate. Addition of lithium salt can be accosipéid during the co-precipitation

step itself or subsequently as a separate steglas w

It should be kept in mind that different variatiooisthese techniques have since been

employed. The main benefit arises from the insi@p which involves dissolution of
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the precursors. This ensures homogeneous distiboti an atomic scale of different
elements. This homogenous mixture would then uredprgcipitation simultaneously
leading to the formation of a much more uniform e of precursors than can be
obtained by ball milling/hand grinding. The co-pp@ated mixture could
subsequently be mixed with lithium salt and thebjestted to calcination to obtain a
much more pure product. The process also allows@mentrol the morphology/size
of products through careful control of pH, temperatand proper combination of
salts. This process also allows for upscaling tustrial levels without much hassle.
The drawback however would be that the cost of Inetgalts (e.g nitrates/
acetates/sulphates) required might make it expensimnmpared to precursors used in
conventional synthesis. Another drawback is theri¢abon of well-defined
nanostructured materials. The method involves wcatmn of the co-precipitated
precursor at elevated temperature resulting in eratrol over the size of particles
formed. While low temperatures can result in nammstired particles, their
morphology cannot be controlled. In this work, bbfiroxide co-precipitation as well
as carbonate co-precipitation are employed. Thedxyde method applied her offers
atomic scale mixing of precursors while offering morphological control. The main
purpose is to synthesize pure phase compounds switistitutions. The carbonate
method employed here however offers morphologicaitrol of the precursors.
Spherical or cube shaped particles could be sya#absvia the carbonate co-
precipitation method as has been reported prewidisl2,13]. The main benefit of
this technique is the possibility of fixing the pele size/morphology while varying
the annealing conditions to obtain different degreé crystallinity in the same
material. This allows one to study the effect ofstallinity on performance while

eliminating effects due to morphology and part&ilee on performance.
3.2.2.1 LiMn,O4 and LiNigsMn 1504 via hydroxide co-precipitation

Spinel LMO and LNM were synthesized via a hydroxieprecipitation method
followed by solid state firing. In a typical syntie for the spinel LNM, 10 mmols of
nickel nitrate hexahydrate (98 %, Sigma Aldrich§ia® mmols of manganese nitrate
solution (50 % by weight, Alfa Aesar) were dissalvea ethanol (95%). About 60
mmol of ammonium hydroxide solution (28%, Alfa ABsaas added drop by drop to
this mixture under vigorous stirring to obtain aiform Ni-Mn coprecipitated

hydroxide. Finally 20 mmolof lithium hydroxide momgdrate (98%, Alfa Aesar) was
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added to the co-precipitated hydroxide solutiore Tésulting mixture was allowed to
stir for 2 hours following which the mixed hydroeislwere separated from the ethanol
using a rotavapor system (Buchi). The mixed hydtegiso obtained were subjected to
drying at 60°C overnight followed by calcination at 560 for 3 hours to decomposed
the volatiles. The resulting powders was furthemesbed at a range of temperatures
from 500 — 800°C for 10 hours to improve the crystallinity. Theatiag rate
employed for the calcination and annealing step® WEC/min and the powders were
naturally cooled inside the furnace. All the cadtion treatments were performed in a
box furnace (Carbolite, UK). In case of spinel LMtbg exact same procedure as
described above was followed except for the additb nickel nitrate which is not
required. Hence about 40 mmols of manganese nis@ligion was taken initially
which was co-precipitated using 60 mmol of )HH and 20 mmol of LiOH. All other

conditions remain the same.
3.2.2.2 LiTixMn5.401, (0<x< 2) via hydroxide co-precipitation

A required amount of manganese nitrate solution ¥o®y weight, Alfa Aesar) is
dissolved in 70 ml of absolute ethanol (Merck Kg&ermany). Two drops of
concentrated nitric acid (69%, Honeywell) were abitie prevent hydrolysis of the
titanium precursor. Next stoichiometric amount efrdisopropylorthotitanate (96%,
Tokyo Chemical Industry) is added to the mixturenminganese nitrate in ethanol.
This is followed by a drop by drop addition of theguired amount of ammonium
hydroxide (28%, Alfa Aesar) to precipitate out a-Ti hydroxide. After addition of
the ammonia, the required amount of lithium hyddexis added and the mixture is
allowed to stir overnight. The mixed hydroxides separated from the ethanol using a
rotavapor system (Buchi, Switzerland). The sepdraigroxides are then dried at 80
°C overnight before being calcined at temperaturetbé range of 400 — 50C for 2
days under constant flow of oxygen in a horizofital tube furnace (Carbolite, UK).

3.2.2.3 LiNisMn 1 504 via carbonate co-precipitation

To prepare spinel LNM with a spherical morphologgrbonate co-precipitation
technique was employed. It is a well-known methmg@repare spherical/cubic shaped
particles of different materials [14]. The procesluslightly modified from this
reference involves 3 stage. In the first stagemifiol of MnSQ.H,O (98%, Alfa
Aesar) was dissolved in about 700 ml of DI watezp&ately about 100 mmol of
NH4HCO; (98%, Alfa Aesar) was dissolved in 700 ml of Ditera Then the dissolved
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NH4HCO; solution is added to the stirring solution of MnS® DI water. Slowly a
white precipitate of MnC@ forms that eventually fills the entire containdie
solution is allowed to stir for 3 hours followinghieh it is subjected to vacuum
filtration with a glass microfiber filter paper (Vdtmann) to separate the precipitate
from the distillate. The collected precipitate iashed repeatedly with DI water and
ethanol until the pH of the resulting filtrate igutral (this would indicate all the
excess NFHCOs; has been removed). The Mng@owder is subjected to drying
overnight at 80°C to eliminate moisture completely. The sphericarphology is
established in this stage itself. The second siagaves conversion of the MnGO
powder to MnQ. This is achieved by calcination of the powdea inox furnace at 400
°C for 5 hours. This results in elimination of £@ading to a porous morphology as
well. The third stage involves mixing the MnO2 wahlithium and nickel precursor
followed by calcination. Here stoichiometric amauof spherical Mng anhydrous
lithium acetate (Sigma, 99.99%) and nickel nitla¢gahydrate (98%, Alfa Aesar) are
suspended in 30 ml of ethanol. The lithium aceaai@ nickel nitrate dissolve instantly
and infiltrate the pores of the spherical Mn@lving rise to a very homogenously
distributed precursor mix. This mixture is subsetlyecalcined in a box furnace at
500°C for 3 hours (heating rate’&/min followed by natural cooling) initially to dré

off volatiles. The obtained powder is divided iftatches and subjected to annealing
at temperatures ranging from 580 to 800°C for 10 hours to obtain the spherical

spinel LNM samples.
3.2.3 Electrospinning — principles and analysis

Electrospinning is a well-known technique for thgnthesis of one dimensional

fiborous materials which are employed in a host widgical applications such as

cardiovascular implants, drug delivery, wound dregscaffolds and more [15]. It

was initially discovered in 1934 and since thendasdved into an attractive technique
for synthesis of 1D nanostructures for a varietyapplications including energy

storage and harvesting [16]. With the advent ofot@chnology in energy storage
applications, electrospinning became a sought sftdmique to generate 1D materials
with novel properties for energy storage applicgadifil7—19]. The main benefit of this

technique is the cost and ability to scale up it easily compared to other

techniques for production of nanomaterials suchyagothermal, electrodeposition or
CVD/PVD techniques etc.
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A schematic of the setup is shown in figure 3.1e Tachnique basically involves
dissolving mixtures of salts such as acetates/Ewstipnates of Li/Ni/Mn/Co etc in a
relatively volatile solvent such as ethanol/dim#hrynamide/methanol together with
a high molecular weight polymer such as polyethglgtycol/polyvinyl alcohol. This

method of precursor preparation allows for congrfosolution viscosity which can in
turn be used to modify the dimensions of the fimexiuced.
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Figure 3.1 Schematic of electrospinning setup

The prepared precursor solution is then transfeiméml a syringe with a needle of
specific dimensions and discharged at a contraliésl so as to form droplets at the tip
of the needle. Simultaneously a high voltage ofdfaer of 15 — 30 kV (typically) is

applied to the needle. The electrostatic forceseggad by the high voltage in the
droplet cause it to shear into a ‘jet’ of liquicdbrieé (part of the Taylor cone). The
volatile solvent evaporates instantly from thisrdiljet causing the formation of a
polymeric backbone that consists of homogenousbpeatsed precursor salts. This
polymer is collected on a substrate that is usugibyinded such as an aluminium foil.
This polymer backbone could be removed by calcinm@ furnace resulting in the
formation of a 1D structure consisting of nano-dizgystallites of oxides joined

together. Figure 3.2 shows the process flow foregwimg 1D fibres consisting of

oxide nanoparticles.
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Figure 3.2 Process flow for synthesis of 1D nanbfious oxides.

LiNiosMn; 504 was synthesized via a single spinnerette eleatrosy technique.
Briefly, 5 mM of anhydrous lithium acetate (99.95%gma Aldrich), 2.5 mM of
nickel nitrate hexahydrate (98%, Alfa Aesar) an® WManhydrous manganese
acetate (98%, Alfa Aesar) were dissolved in 30 fimhethanol (Fisher Scientific) and
1 ml of acetic acid (99.99%, Alfa Aesar) by stigiat 80°C. Separately, about 2 g of
polyvinylpyrrolidon of Mw = 360,000 g/mol (PVP, Ha) was dissolved in
approximately 10 ml of absolute ethanol (EMSURE r&ke The solution of methanol
containing the dissolved salts of lithium nickebamanganese was then added to the
solution of PVP in ethanol under stirring. The t&ag solution was stirred overnight
at 80°Cto obtain a homogenous spinning solution. Abouinl ?f this solution is then
taken in a syringe with an 18G needle (inner di@m6t838mm). This solution was
then pumped out from the syringe at a constantaa@®8 ml per hour using a dosing
pump (Kd Scientific). A high voltage generator (GaemHigh Voltage Research DC
Power supply) was employed to apply a positiveag@tof 18 kV between the tip of
the needle and a grounded aluminum foil which aeted collector for the fibers. The
distance between the tip of the needle and thescuollector was maintained at
15cm. The humidity in the spinning chamber was taamed at 30% throughout the
duration of the spinning process. The resultingrSbwere then transferred to a box
furnace maintained at 10C and then ramped up at a rate 8CImin to 600°C. The
fiores were allowed to dwell for 1 hour at 68D before being ramped down to room

temperature at 3C/min to obtain crystalline nanofibres of spinelMN
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3.2.4 Comparison of synthesis techniques employed

Solid state method does not offer a lot of contwdh respect to nanostructuring or
morphology. However on an industrial scale it ig tmost preferred method and
easiest to implement. Pure raw materials such akiurdh carbonate,
manganese/nickel/cobalt oxides which come fromrttiees could be used without
further purification/treatments to convert themthe desired electrode materials. In
comparison electrospinning would require highly epyrecursors which would be
costly or require subsequent purification stepsotgefusage. Table 3.1 presents a
comparison of the conventional, co-precipitatior abectrospinning techniques for

synthesis

Table 3.1 Comparison of different synthesis techniges.

Characteristic Solid state | Co-precipitation | Electrospinning

Final product purity v

Raw material quality v < e

variation

Controlled < - v

nanostructuring

Morphological control x v v
‘

3.3 Characterization

This section will describe the various physicalfustural and electrochemical

characterization techniques employed in this work.
3.3.1 Powder diffraction with X-rays — Principles ad analysis

X-ray diffraction could be employed to obtain a \tleaf information regarding the
crystal structure of the compounds of interest. #@ohnique was is made possible by
the fact that a crystal lattice acts as a diffactgrating that can diffract radiation
which has a wavelength close to the size of théngyalt was found that x-rays which
have wavelengths in the range of 0.1-10 nm weral iide this purpose. The diffracted
intensity and peak position depends on the natock position of atoms within a
crystal lattice thereby giving materials a methad ‘finger print’ materials. The
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conditions necessary for diffraction is given by tBragg’s law which is stated as

follows.

Wherel is the wavelength of radiation employed, d isitlterplanar spacing between
lattice planes and is the angle between the incident beam and thiedgtlane. This
law enables one to determine the interplanar sgawh provided one knew the
wavelength X) and diffraction anglef]. In practise, a diffractometer is employed to
perform this analysis on powder samples or thimgilor other bulk samples. This
instrument records diffracted intensities at défarangles of the incident beam. This
plot could then be analysed with the help of alazda of such recorded patterns to
obtain further information of purity, quantity ohases etc. Furthermore, the obtained
pattern could be subjected to various fitting poees using ideal patterns to generate
the lattice parameters, crystallite size etc. Qmehdechnique is the Rietveld method
which An appropriate starting point (i.e the idealtern) is required to perform this
analysis. Various programs such as TOPAS, FULLPR@F are available that can
provide one with the ability to perform Rietveldadysis of diffraction data. A good
quality pattern (with sufficient signal to noisetiod is mandatory for performing

rietveld analysis.

Powder x-ray diffraction studies were carried osing either a Bruker D8 Advance
diffractometer (Germany)\Rigaku Smartlab diffracier (Japan) operating in a
bragg-brentano geometry. Diffraction patterns weakected in the range of 10 - 90

using Bruker X-ray diffractometer, a step size @2 coupled with a recording time

of 1 s/step was used to obtain patterns. With tlygake instrument, since a higher
power was employed the step size was Vb the recording time was approximately
0.06 s/step. The recorded data were subjecteddtvd®il refinement using a Topas
V3/Rigaku lab software to obtain lattice parameterd quantify the amount of phases

and impurities.

For diffraction studies of cycled electrodes, theceodes are subjected to washing
using DMC and drying under vacuum in a glovebox.eyfhare subsequently
transferred in a sealed container to the XRD eqaiimXRD was performed directly
on the electrode with the Al current collector elftad. In cases where the main peaks

belonging to the active material were pushed iholdackground due to the very high
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intensity of the Al peak, the active material wasaped off from the aluminium

current collector and loaded on to the sample molde
3.3.2 Scanning electron microscopy — Principles arghalysis.

Scanning electron microscopy as the name suggasbbves the use of scanning a
surface with electrons to perform microscopy. Thehhique employs a focussed
primary electron beam which is scanned acrossfacgiof interest. The interaction of
this primary beam with the sample results in a lobstifferent responses (emission of
secondary electrons, scattering of electrons, eomssf X-rays etc.) that emanate
from different interaction regions on the surfadeh® specimen. Different detectors
that are specially equipped to analyse each ofettsignals enable one to gather
information about the sample. The signals emandtmm each point scanned on the
specimen are mapped directly onto a screen. Hepoetrolling, the spot size, area
scanned on the specimen and area of the screenpdssible to obtain very high

magnifications that are impossible to achieve liglat microscope.

Two major signals are employed in this work nanssgondary electrons and x-rays
emanating from the specimen. Secondary electrangm@marily conducting/valence
band electrons that are not very tightly boundhi® atom and hence can be knocked
off easily. These secondary electrons can be gadhesing a special detector that
allows only low energy electrons to pass throughe Tollected electrons can be
subsequently amplified to generate an image. Thectien of secondary electrons is
highly dependent on the nature of the surface &mdopology. More secondary
electrons are collected from ‘raised’ surfacesdyges compared to ‘lowered’ areas on
the sample surface. This leads to a differencerightness between a raised and
lowered region on the surface thus providing thetrest necessary to distinguish two
areas of a surface. By adjusting the probe sizerdholution can be further enhanced.
However reducing the probe size also results iardaigtion of the amount of signal
generated and thus there is trade-off betweenugsoland contrast. X-rays on the
other hand are generated due to K/L shell ionimatilectrons from the innermost
shell (closest to the nucleus) are excited to &drigtate momentarily by incoming
electrons from the primary beam and fall back tasylin a emission of photos in the
form of x-rays. The energy required to cause K/Ellsionization is unique for each
element thus giving this method the ability to elifintiate between elements present in

the sample by analysing the energy of the emittealy®. The intensity of the x-rays
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on the other hand is dependent on the number afisateing excited. This can then

provide a quantitative measure of the elementseptes

Particle size, morphology, chemical compositiorss ssme of the characteristics that
can be investigated using the SEM. SEM offers vegi resolution (compared to an
optical microscope) and is hence suitable for shglysurfaces in great detail.
However there are some restrictions such as thereagent for high vacuum which is
necessary to avoid interaction between the prirelegtron beam and the surrounding
atmosphere. This makes it difficult or impossilbdeanalyse volatile or liquid samples
that give of vapours. Also the sample needs to drelacting in order to eliminate
interference between the primary beam electronssagmbls. This can however be
accomplished using a conductive carbon/metallidicgaon the surface. Finally it is
not a bulk technique unlike x-ray diffraction whiamakes it not very representative
unless a large number of runs are accumulated. #Ewkespite these limitations, it is

still a useful technique for characterization.

Two different scanning electron microscopes werepleyed for morphological

studies of the various materials. In cases whegh heésolution was not required, a
JEOL 6360 SEM operating with a tungsten filamenh guas employed. In cases
where higher resolution was needed, a JEOL 7600 SHgMipped with a field

emission gun was employed. In order to obtain geexbndary electron images from
non-conducting materials, a thin layer of gold wlaposited on to the powders via a
sputtering technique. Typically an operating vadtarf 15 — 20 kV was employed to
obtain high resolution images. For polymer containsamples, the voltage was

reduced as required to avoid decomposition of tignper under electron irradiation.

Energy dispersive analysis of x-rays was perforrmnadthe JEOL 6360 SEM. An
operating voltage about twice that of the K shddiceon excitation was applied.
Typically these values are around 20 — 25 kV fokel, manganese and titanium. The
spot size was adjusted to give counts per secotb)W@alue of 2000 and it was

ensured that the scanned area was maintained isanitass different samples.

3.3.3 Transmission electron microscopy — Principleand analysis

Transmission electron microscopy can be considsiradar to a transmission optical

light microscope except that instead of light, arheof electrons is employed to
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analyse the specimen. One can consider this asattey to ‘shine’ electrons through
a specimen and then collecting the electrons tass phrough on a screen to generate
an image. The basic requirement for this technltprece is that the sample should be
‘electron transparent’. Although this places sonmaithtions on the samples for
analysis, it can be a very powerful tool to gattlata about the specimen. The TEM
can be operated in two modes — namely imaging #frdation mode. In imaging, the
microscope works like a light microscope and thecwbns passing through a
specimen can be collected on a fluorescent scrhesmje coupled device detector.
Areas which have lesser electron penetration wapfaear dark while areas that have
higher electron penetration would appear brighis Tifference would be the source
of contrast for images. Again since electrons anpleyed, the resolution obtainable
can be very high (resolution is directly proporabto wavelength of light used, hence
lower the wavelength lower the resolution or higties resolving power). TEM can
routinely offer imaging in the range of few nanoerstto angstroms. The second
mode namely the diffraction mode is a very powenfigide that can offer insights into
the local crystal structure of the specimen. A &sad electron beam is allowed to pass
through the specimen and the resulting diffracteants are collected on a fluorescent
screen/charge couple device detector. From theerpait one can obtain useful
information about the interplanar spacing and dif¢ diffracting planes. Energy
dispersive analysis of X-rays could also be perBtrasing a sensitive x-ray detector
setup attached to the TEM. By performing fourieansforms of the electron
diffraction patterns, one could even distinguisbnat positions in a lattice. All these
capabilities make the TEM a very powerful analyjtidcachnique for material
characterization. In this work TEM is primarily eloped to study nanofibers

fabricated via electrospinning technique.

Transmission electron microscopy was performedguaidEOL 2100F TEM (Japan)
operating at 200 KeV beam energy. The materialsaftalysis were dispersed in
ethanol using mild sonication and a drop of thisitson was dropped on to a carbon-
copper microgrid. The ethanol was evaporated awdgadve behind particles on the
grid which could be observed under the TEM. Sefeeta Diffraction patterns were

recorded to determine the interplanar spacingerdifferent crystallites.
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3.3.4 Thermal analysis techniques — principles anahalysis

Thermal analysis involves the study of materialsciwhare subjected to heating or
cooling. There are many techniques for thermalyanal In this work, we use 2 main
methods namely Thermogravimetric analysis and Baffeal Scanning Calorimetry.
Thermogravimetric analysis is a useful technique identifying physical and
chemical properties of samples. The technique resinvolves heating a sample in a
specific atmosphere of flowing gases (argon/oxygégen etc) at a constant rate
and measuring the mass changes occurring in th@lsamith the help of a very
sensitive balance. Alternatively, one can also lkhmple at a specific temperature
and study how the mass varies with time. If a samphdergoes decomposition
leading to mass losses, it can be detected acbuvadethis technique. There are many
applications for such a method. For example, it banapplied to determine the
conditions at which certain reactions proceed tmmete thus enabling one to fix
calcination conditions based on this. Thermal $itglmf materials to temperature can
also be determined. If a material loses no madseating, then it indirectly indicates
that the material is not dissociating on being sctbjo heating. Differential scanning
calorimetry is another powerful technique that benemployed as a complementary
technique to TGA. In DSC, the heat flow to a sampleneasured with respect to a
reference that is maintained at about the samedrnpe as the sample. If the sample
undergoes an exothermic/endothermic reaction, thérde heat flowing out/into the
sample while the reference would not display suehttlow. This enables one to
determine heat flows occurring at different tempees for samples under
consideration. Combined with TGA, this techniqua t&ow significant light on a lot
of processes. For example, during combustion aflgnperic or carbon precursor, one
can observe significant mass loss occurring togethiéh a positive heat flow
occurring from the sample. The positive heat flewvhat one would expect from an
exothermic reaction while mass loss is occurring ttuthe formation of gases such as
CO and CQ. Similarly during removal of water, heat would bBbsorbed by the
sample while there would be a mass loss observethdyGA. This is expected as
removal of water requires heating as and it resaltaeight reduction to the water

vapour escaping out from the sample.

In this work, TGA-DSC is employed to determine #tability of samples, calcination

conditions, amount of water present in the sammsglual carbon content after
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calcination. The samples are loaded in to alumif@luminium oxide crucibles
depending on the maximum temperature reached dutieganalysis (90CC).
Typically the samples are ramped up at a rate ofCnin. Depending on the

requirement, high purity argon or oxygen was emgdbgs the analysis gas.

3.3.5 Fourier Transform Infrared spectroscopy — Principles and analysis

Infrared spectroscopy is a valuable technique thetps in analysing and
characterizing compounds by virtue of their molacutructure. Molecular bonds are
known to display different types of movements raggirom vibration to stretching or
rocking, twisting etc. If the associated movemartates a dipole (or if the dipole is a
permanent one as well), then it is possible thatdlpole can interact with the incident
infrared beam at certain frequencies absorbingntinared light. Each bond can absorb
a specific level of infrared energy that gives gignature pattern that depends on the
frequency of the vibration (absorption occurs aorence condition i.e when the
frequency of the incident beam matches the frequehwibration). For example, the
O-H bond stretching movement typically absorbsardd energy corresponding to a
wavenumber of around 3000 - 3500 triThus if a compound containing an O-H bond
is present, it can be easily identified using irdchspectroscopy using this signature
peak. The number of modes that are ‘infrared actiald basically depend on the
nature of atoms forming the molecule, its surrongdietc. For example, homogenous
diatomic molecules such as,CCl, etc cannot generate a dipole moment and hence
cannot be identified via infrared spectroscopy. ilsirty, in oxide compounds, the
nature of bonding and surroundings display ‘fingerp infrared spectra that can be
used to distinguish them. Typically, infrared spewt is divided into 3 regions namely
— the mid IR region (4000 — 400 &y the far IR region (700 — 30 éhand the near
IR region (14000 — 4000 ¢ Different functional groups require excitatiorithw
different levels of energy. Depending on the regmient, one needs to select the
appropriate range for analysis. The result of aalysis is usually displayed as a
transmittance versus wavenumber plot in this amalygy analysing the peak position
and intensity, it is possible to identify the funcial groups present in a sample. The
equipment employed for obtaining the spectra istknas an Infrared spectrometer. A
limitation with the infrared spectrometer is that tan scan only one
wavelength/frequency at a time. Since recordingtspeequires that a wide range of
frequencies be scanned, it would take too much torenalyse a single sample. This
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was overcome by employing the interferometer whiasically is a device that
produces a signal that contains all frequenciesdgat in it. Now when this signal is
allowed to analyse a sample, the resulting sigmallevcontain information pertaining
to the original signal minus the frequencies absdrby the sample. This signal can
then be deconvoluted back to obtain frequency métion using a Fourier Transform
function. This is now known as Fourier Transforrfrdned Spectroscopy. FTIR allows
analysis of a wide variety of samples (liquidsjd®lor gases) by employing different
modes (transmission, reflection etc.).

In this study, FTIR would be employed to ascerthm nature of space group present
in the different spinel LNM samples synthesizedin8pbLNM crystallizes in two
different structures depending on the orderinghefrtickel and manganese ions in the

lattice. These two structures have different symyngtoups/space groups namely —

P4;32 andFd3m. Since the symmetry is different for these twaictures, there will
be discrete vibrations occurring in one which wilit be present in the other. This
difference can be detected easily by FTIR speamsc

A Perkin Elmer Frontier Infrared spectrometer isptoyed to obtain the infrared
spectra in the frequency range 4000 — 400".chhe solid samples were prepared by
mixing together with FTIR Grade KBr (Merck) and gedied to pelletizing to obtain a
thin translucent sample. About 0.25 mg of sampls digpersed in 100 mg of KBr
powder. The pelletization was performed using @ loh10 tons for 1 minute. Blank
pellets with only the KBr powder were employed tataon backgrounds which were
subtracted from the resulting spectra. An averdgbeoscans was collected for each

sample to eliminate disturbances due to equipment.

3.3.6 Electrode preparation and cell assembly — Principle and analysis

In order to perform electrochemical studies on dbgve material, it is necessary to
mix it with a conductive additive and binder to fighte it into the form of an

electrode that can be handled easily. The conduetiditive (mostly acetylene black
or a conducting carbon) provides the path for artsof electrons into and out of the
active material. The binder on the other hand hotdgether the carbon and active
material thus providing a stable electrode. Thaléiralso helps bind the mixture of
active material and carbon to the current collec{afuminium or copper). Typically

one could mix these materials using a pestle andamand form slurry that can be
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coated directly on a current collector. However thepersion of the components
might not be very good. To ensure a very homogewliggersion, these components
could be subjected to stirring for long times. Hmeount of NMP added can affect the
viscosity of the slurry which in turn can directffect the thickness of the coating and
the mass loading of the electrode. Similarly thekimess of the doctor blade used for
coating the slurry would directly determine the mbsading as well with bigger gaps
giving a higher mass loading. The energy storagenconity employs a wide variety

of techniques and devices for preparing the eldesoln this study, the method and
equipment used is basically restricted by the abdity in the labs. However effort

was taken to come up with a reproducible procetiurelectrode preparation.

Cell assembly is an important procedural step #fftcts results significantly.
Different configurations of cells are possible degiag on the requirement. Typically,
a 3 — electrode system should be employed to caoredectrochemical studies. The 3-
electrode system as the name suggests consistelecodes. One is the working
electrode which consists of the mixture of the makéo be investigated, the second is
a counter electrode which is necessary for congletf the electrical circuit with the
working electrode. The "8 electrode is a reference electrode which is used t
accurately determine the potential of the workitegode. The main benefit of the 3-
electrode system is that there is no current pa$sedgh the reference electrode. This
allows for a much more stable reference potentihiclv can in turn give more
accurate potentials at the working electrode. [Deffi¢ formats including Swagelok
type cells, pouch cells can be used to assemblecBa@de systems. Another
configuration for electrochemical testing is thel2etrode system. They are employed
where a single electrode functions as both theerte as well as counter electrode
apart from the working electrode. In this casesitnecessary to known that the
reference potential does not vary that much duehtmges occurring when it carries
current. For testing of lithium based energy desjdbe 2-electrode configuration is
accepted widely as the testing configuration. itheap and easy to assemble and use
2-electrode cells. The most common 2-electrodeigordtion encountered is a coin
cell. One can come across such cells in watchésjlators etc. (albeit with a different
chemistry). Coin cells come in various formatshsas CR2016, CR2032, CR2322
etc. The differences primarily are in the diameted maximum thickness of the cells.
A CR 2016 cell has a diameter of 20 mm with a theds of 1.6mm while a CR 2032
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cell has the same diameter but thicker at 3.2mma hypical setup employed for
testing lithium ion based devices, lithium metaleimployed as the reference cum
counter electrode. This will ensure a virtually iomted supply of lithium ions for
electrochemical reactions at the working electradé thus provide a stable potential
throughout measurements. But this also poses tation in handling since lithium is
highly reactive and can form LIOHUO\LisN on reacting with ambient atmosphere.
To prevent this reaction, the entire assembly mist conducted in an inert
atmosphere. A glovebox is employed for this purpaseglovebox consists of an
atmosphere that is made up of an inert gas (argoogen) and this atmosphere is
continuously circulated through a purifying uniaitlconsists of special materials that
have the ability to remove oxygen and moisture.idglpxygen and moisture contents
in a glovebox are <1 ppm. The glovebox is also beiaé for handling reactive
electrolytes such as LiREontaining electrolytes (RHon can react with moisture to
form HF and PF.

The active materials employed in this work wererifsied into working electrodes
for electrochemical characterization via a standaed! slurry coating procedure.
Unless otherwise stated, a composition of 75 %vachaterial, 15 % conductive agent
and 10 % binder was employed for all materials stigated in this work. The
conductive agent was acetylene black (50 % comgdegsdfa Aesar) while the binder
was a solution containing 6 wt % polyvinylidenefldioride (HSV 900 Kynar) in n-
methylpyrrolidon (98 %, Alfa Aesar). The acetyldrlack had a BET surface area of
75 nf/g. The procedure for the slurry preparation cdadiof the following steps.
First the acetylene black and active material weggghed in the required proportions
and ground in the pestle and mortar. To this mesttine required amount of binder
solution was added. The resulting paste was furtilated with a fixed amount of
NMP to form homogeneous slurry. The slurry wasrestirovernight keeping in line
with standard industry practice. In a typical pregpian, 0.200 g of active material,
0.040 g of acetylene black and 0.444 g of bindart&m would be mixed in 0.7 — 0.9
ml of NMP. The amount of NMP was adjusted basethemature of materials tested
as well. For e.g., nanomaterials required more Nidpared to conventional micron

sized materials for the same mass loading.

The homogenous slurry was then coated onto thehraide of aluminium foil

(Goodfellow, 1% thickness, battery grade) which acts as the cuo@lector using a
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slurry coating machine (Coatmaster, ERICHSEN) aoctat blades. The gap on the
doctor blades ranged from 50 — 3@® in order to facilitate obtaining electrodes with
different mass loadings. Typically a 1@t gap doctor blade results in electrodes with
an active material loading of 3.5 — 4 mg (on a 16 dhameter Al foil punched from
the bigger sheet) whereas a gap of 280 results in an active material loading of

roughly 6.5 — 7.5 mg.

After coating, the sheets are transferred to aptaie maintained at 8t in order to
remove the NMP solvent from the electrodes. Oiinee dlectrode sheets become
visually dry, they are transferred into an ovenntained at 126C and allowed to dry
for 4 hours before being taken for further proaagsirhis was necessary in order to

prevent delamination during electrode punching.

The dried electrode sheet is then subjected to padksing to improve electrical
contact within the electrode. The dried electroldees is placed in between stainless
steel plates 100m thick and the assembly is fed between the rélisroll press (MTI
Corp). The gap between the rolls is set to 200 during the first pass and then
reduced to 5@um for the second pass. Each time the electrodd direetion is turned
by 180 to achieve uniform compaction across the electwidéh.

After roll pressing, the electrode sheets are sidjeto punching to generate 16 mm
diameter disks which would fit into CR 2016 coirlleeThe punched electrodes are
weighed to calculate the active mass loading oh edectrode and then subjected to
drying under vacuum at 11C in order to completely eliminate moisture andoeér
NMP. The drying is performed in a specially desgyrtebes and oven (Buchi,
Switzerland) which enables transport of the el@sso under vacuum into the

glovebox.

Electrochemical characterization for systems enipfpyon-aqueous electrolytes was
performed by assembling coin cells (2-electrode figamation) of the working

electrode and a lithium metal foil counter elecaodhe thickness of the lithium metal
foil was about 0.25 mm. The lithium metal acts ashbthe reference and counter
electrode in the assembly. The exploded view ofcthie cell assembly is presented in

figure.

All coin cells were assembled in inert atmosphdogapoxes (MBraun, Germany and
Vacuum Atmospheres Company,USA) to avoid electeol@nd lithium metal
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contamination. The oxygen and moisture levels weagntained at <0.1ppm in the
MBraun box and <1 ppm in the Vacuum atmospheres Btandard battery grade
electrolytes manufactured by established suppligrere employed for the
electrochemical characterization. A typical forntida consists of 1M LiPEin a 1:1

mixture of ethylene carbonate and diethyl carboratevolume. The electrolytes
employed were obtained from various suppliers (Sigxidrich, Tomiyama, Charlston
Technologies) throughout the course of this worlowllver Karl Fischer titration
results revealed that all the electrolytes emplolyad <10 ppm of moisture content.
Hence the variation in supplier is not expectedcaose a significant deviation in

results.

A wide variety of electrochemical characterizatieshniques were employed in this
study. The purposes of those tests together welettuipments employed for each of
them are briefly discussed in the subsequent sectio

3.3.7 Cyclic voltammetry — principles and analysis

Cyclic Voltammetry (CV) involves subjecting the potial of the working electrode to
small increments of voltage and recording the eurresponse of the electrode. The
output is a plot of current vs voltage. This tecjua is useful in identifying the
potentials at which the main redox reaction(s) odqudicated by the presence of
peaks in currents at distinct potentials) and tlesgnce of side reactions in the system
as well. CV also helps in estimating the revergibdnd capacity fading (if any) of the
material under consideration. The technique cao gige us information about the
kinetics of processes occurring in the system dred gresence of unwanted side
reactions in the system. To obtain accurate datsmpiest to perform CV at the slowest
rate of scan possible. This will give rise to wedifined peaks in the plots. Typically,
CV studies in this work were performed at a slote raf 0.1-0.2 mV/s for organic
electrolytes. To determine if the performance eystem is limited by diffusion, CV is
performed at different rates and plots of peakeanirversus square root of scan rate
are employed. A linear relationship in this plotukd indicate diffusion controlled
processes are occurring in the system. All CV measeants were performed either
using Solartron 1260 (UK) or Biologic VMP3 (Fran@e$truments.
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3.3.8 Galvanostatic cycling — principles and analys

In order to obtain the specific capacity of a mateigalvanostatic charge discharge
measurements can be employed. This technique iesdhe application of a constant
current to the working electrode and monitoringtbiage evolution of that electrode
with respect to the reference electrode. A typmatiput would be in the form of a
voltage versus time/capacity plot which enables tondetermine capacities of active
materials and make estimates of cell level energysiy/power density. This
technique is also essential in determining theaobic efficiency of the systems. For
example, if there is any electrolyte decompositieourring, this would show up as a
difference between the charge and discharge cagmcithe experiments are ideally
performed at different C-rates which indicate thte rat which electrons are withdrawn
or supplied to the working electrode. The C-ratelesided based on the theoretical
capacity and aim of the test. Typically, a 1C ratdicates a complete charge or
discharge cycle that occurs in one hour. C/2 ratthe other hand refers to a full cycle
of charge/discharge that takes about 2 hours tqt=ien C-rate are also often quoted
in mA/g. This basically can be calculated from theoretical capacity of the material.
For example, spinel LiMiD; has a theoretical capacity of 146 mAh.df a current
rate of 50 mA.¢ is employed to charge it, then it would take rdygh92 hours to
complete the charge. This indicates a C-rate ofjimbuC/3. In the present study
galvanostatic cycling was performed on Neware BT&teoy cyclers with the
capability to employ currents as low as (A and as high as 10 mA. For currents
beyond 10 mA, Arbin BT2000 battery testers were leygd which have the
capability to apply currents as high as 1A. Norgalicoin cells are prepared for each

material to ensure reproducibility. The error olserwas about + 5 mAh'g
3.3.9 Electrochemical impedance spectroscopy — pdiples and analysis.

Impedance spectroscopy is a powerful techniqueddratoe used to study a variety of
processes occurring on a microscopic level in tb&vex material. It involves the

application of a small amplitude alternating cutr@erturbation to a steady state
system and observing the current response of thiemy The process is repeated at
different frequencies in order to obtain the resgoaf different processes that occur
on different timescales. For example, diffusiondessolids which is a slow process is
visible at very low frequencies while non-faradaimcesses such as double layer

formation can occur at very high frequencies. Chattgnsfer processes occur at
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frequencies that are in between diffusion and d®ldyer formation. The impedance
measurements could be made at different stateharige as well to monitor how
certain processes/parameters vary with state ofgehdor example, surface film
formation is greatly affected by the voltage of therking electrode. This can be
easily determined from impedance studies. The datained from the impedance
analysis is usually plotted in the form a Nyquikitpor Bode plot. A Nyquist plot
gives the variation of 2 components of impedanaeetq the real and imaginary plots
at different frequencies. A Bode plot on the othend would plot the phase shift as a
function of frequency. Data from impedance analgsis then be subjected to fitting
using equivalent circuits that serve to model défeé processes occurring in the
system. For example, formation of an electricalldedayer and transport of charges
across this double layer can be modelled usingalebR-C circuit. From the fitting,
one can determine the resistance and double lamacitance for various processes.
Impedance measurements can be performed on 2egleatoin cells or 3- electrode
cells. However care must be taken while assemltlvegcells since even a slight
misalignment in the electrodes can affect reprdullityi between the cells.

In this study, impedance is employed to determingedharge transfer resistance and
resistance due to surface films that form duringrgimg/discharging on the working
electrodes. Impedance measurements are perform2cet@ttrode coin cells with the
assumption that the changes occurring at the coetgetrode are similar and that the
changes occurring can be attributed to the workielgctrode. Impedance
measurements were performed before and after gyabnwell as at different states of
charge as per requirements. All impedance measmtsmeere performed on a
Biologic VMP3 instrument (France) which has a frexcy response analyser coupled
to the channels.

3.4 Overview of methodologies

To sum up, a host of experimental methodologies H@en employed in this work.
For physical and structural characterization, th&nmaim was to characterize the
phase purity, lattice parameters, morphology amtigia size. Hence x-ray diffraction,
scanning electron microscopy and transmission releaticroscopy were the main

methods which were employed. Thermogravimetricyamsland differential scanning
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calorimetry were also employed to identify optimwonditions for calcination and

residual carbon content after calcination.

The experimental methodology involves synthesi®fad by physical and structural
characterization. Once the purity of the phase atir requisite factors such as
morphology were achieved, electrochemical charaetéon was performed for the
material. In the synthesis step, attempts were ntadfabricate large batches of
samples to minimize batch to batch variations. Erample, in co-precipitation
synthesis, a single batch of roughly 6 grams isisatl at 500°C for 3 hours. This
batch is then divided into 5 equal portions fortlier annealing at different
temperatures. In this way, the variation betweenpas is kept to a minimum as they
are processed from the same master batch. In eesex®e it was not possible to
synthesize large batches, multiple batches wergugex and later on mixed to obtain
a large batch which was then subjected to chaiaatem. For example in
electrospinning, there was a limitation in the ditgnof material that could be
synthesized owing to the nature of the technique saguirement for immediate
calcination. In this case, multiple batches of #tspun and calcined samples were
mixed together to obtain a large batch that wa$yaed.
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Chapter 4

Effect of elemental substitutions on performance

This chapter presents the results of elemental substitutions on
electrochemical performance for spind LiMn,O, (substituted with Ni) and
LisMnsO,, (substituted with Ti) synthesised via hydroxide co-precipitation
method. Results of physical and structural characterization followed by
galvanostatic characterisation and ex-situ studies are presented. Finally

the major observations are summed up.
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4.1 Introduction

The first major objective of this work is to idegtand systematically study the effect
of nickel substitution for manganese in LiM@y and titanium substitution for
manganese in kMnsO;.. To facilitate this study, samples were synthebizé&a

hydroxide co-precipitation method. Detailed struatu and electrochemical
characterization results are presented in the guiese¢ sections. First the effect of
nickel substitution will be analysed. This will b@lowed by studies of the effect of

titanium substitution.

To prepare the nickel substituted spinels, theysers obtained from co-precipitation
were subjected to calcination at several tempegattanging from 500 — 80C for 10

hours after an initial calcination step at 5@0for 3 hours.

Synthesis of the excess spinelNlnsO;; is typically performed at around 400 — 500
°C Higher temperatures are known to cause deconodid other mixed spinel
phases. The atmosphere can also have a signiéffact on the final phase purity [1—
3]. It was well known that a temperature of 4WD was insufficient for enabling
diffusion processes that would ultimately resultanpure phase material while a
temperature of 500°C while enabling diffusion processes would resuft i
decomposition of the spinel phase formed. Howeversé problems could be
overcome by performing the annealing in an oxygeh atmosphere. Hence in this
study, two temperatures — 480 and 500°C were investigated with the synthesis time
set to 2 days. It is worth noting that Manthiranale{1] employed similar conditions
to prepare their samples as well although theiealimg was performed under ambient
atmospheres rather than oxygen. Nevertheless sthefioxygen in our case should be
able to avoid disproportionation completely shoiildccur. To prepare the titanium
substituted spinel, precursors obtained from caten were subjected to calcination
at 400/500/600°C. It will be shown that calcination performed irygen is more

effective in producing pure phase spinel.

For ease of usage, samples are identified usingbelling system. For nickel
substitution in LIMnRO,, the labels include the type of material (LMO/LNMhe
temperature and time of annealing. For e.g, a kil calcined at 500°C for 3
hours will be labelled as LMO_500_3h. For Ti sutogiton in LisMnsOs,, the samples
prepared are labelled Ti0\0.1\0.5\1\2 along wite tbmperature of calcination, time
and atmosphere used. 0\0.1\0.5\1\2 represents tile af the Ti substituted for
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manganese. Atmosphere refers to the environmentlogetp during annealing
(oxygen or ambient atmospheres). For example, Ti0_2d_Q represents a spinel
with no Ti annealed for 2 days in an atmospher®©gpfit 400°C. For the sake of
convenience, samples annealed at a specific tetopenaill be identified using the Ti

content alone (TiO, Ti0.1 etc).
4.2 Experimental Methods — nickel substitution in iMn ,04.
4.2.1 Powder X-ray diffraction

The results of powder diffraction for the spinel OMLNM are presented in figure 4.1

(a&h).
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Figure 4.1 XRD patterns of (a) spinel LMO (b) spine LNM at different synthesis
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temperatures

The XRD patterns observed for the LNM samples cdeldndexed to a cubic spinel

structure withFd3m space group (ICSD Coll code: 90650) while thos¢hef LMO
samples could be indexed to the cubic spinel straavith Fd3m space group (ICSD
Coll code: 88644). A minor impurity phase belongiog rock-salt type phasexi;.
xO (Fm3m space group, ICSD Coll code: 71422) was obdetoebe present for
LNM_700_10h and LNM_800_10h samples.
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Figure 4.2 Variation of lattice parameter with calgnation condition
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Table 4.1 Refinement results for LNM and LMO

Sample Lattice constant,| Rp [ Rwp cor
a(A) *) *)

LNM - 500 — 3h 8.1635 (12) 2.6 3.2 1.1
LNM — 500 — 10h 8.1638(11) 2.5 3.1 1.1
LNM — 600 — 100 8.1648 (7) 21 | 24 17
LNM — 700 — 10h 8.1689(3) 2.8 3.7 15
LNM — 800 — 10h  8.17275(17) 33 | 44 272
LMO —500—3h|  8.196(12) 54 | 44 13
LMO - 500 — 10h 8.2001(12) 5.8 4.3 1.6
LMO — 600 — 100 8.2122(9) 56 | 44 15
LMO —700— 100 8.2333(4) 59 | 45 17
LMO - 800 — 10h 8.2472(9) 7.2 5 2.3

The lattice parameters (together with the uncetiain the last digit calculated by the
program) obtained from refinements is given in eéadbll and the variation in lattice
parameters with temperature is presented in figL2elt is easy to see that the lattice
parameters for LNM samples are reduced compardeetbMO samples reflecting the
fact that the larger M¥ ions in LMO are now replaced with smaller #rions in
LNM. This indicates that nickel has been succebsfotorporated into the lattice of
LMO. The lattice parameters are in good agreem@htneported literature values [4].
It should be noted however that XRD cannot coneklgiidentify the space group
since it would be very difficult to observe supristure reflections corresponding to
the P4332 space group in XRD unless very high intensitgrbg with long scanning
times are employed. The difference in space graapsbe more clearly understood
from other techniques such as Fourier Transformatetl spectroscopy which will be

described subsequently.
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4.2.2 Scanning electron microscopy

Connty

]
‘ N
. il |
Figure 4.3 SEI of spinel LNM and LMO, synthesized tdifferent tempera’Eures (a-e are
spinel LMO, f —i are spinel LNM), (a & f) — 500°C-3h, (b & g) — 500°C — 10h, (c & h) —
600 °C -10h, (d & i) — 700°C — 10h, e — 80C°C — 10h, j — EDX spectrum from

LNM_500_10h

T T
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Secondary electron images of the various spinel L@ LNM samples synthesized
via hydroxide co-precipitation and annealing aneegiin figure 4.3 (a-i). In general,
the morphology is irregular and the samples comdiptirticles in the size range of 5 —
20 um. These big patrticles are in turn made up of snallystallites that are less than
100 nm in size. As the annealing temperature iased sintering of these crystallites
can be observed. EDX analysis of the spinel LNMuffe 4.3 j) was also performed
and the Ni: Mn mass ratio was determined to be aapprately 0.348 against the
expected value of 0.350 suggesting that the stamekiry of the spinel is around the
expected value. Since temperatures are resultingntering of particles, it can be
assumed that there would be a decrease in theceuaf@a of the samples as well.
Hence as annealing temperature increases, therkl weusintering of the particles

resulting in bigger particles as well as reducetbse area.
4.2.3 Fourier Transform Infrared spectroscopy (FTIR)

This can be discerned clearly in FTIR/Raman spectpy which are both sensitive to
changes in the vibrational bands. In this resptw, various LNM samples were
subjected to analysis and the results are presemtiggure 4.4a. For comparison, the

FTIR spectra of LMO samples are also provided.

——500_3h ——500 3h

517 cm* =
"~ 588 558 506 479 ~ — =500_10h b R — =500_10h
(a) o ( ) 614 cm ! — - 600_10h
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Figure 4.4 FTIR spectra of (a) LNM (b) LMO.

From the XRD results, it was clear that it was pogsible to assign a definitive space
group to the different samples. It is known thatREis a very useful technique when it
comes to identifying the space group for LNM [5-The basis for this is that the
difference in arrangement of nickel and manganase (in the ordered and disordered
structures) would give rise to different/extra atwons for one of the phases (ordered

phase).
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The spectra of LMO reveal two major bands at aroihd cm and 517 cnf as
indicated in figure 4.4b. The results are in linghvother studies reported for LiMQ,4

[8]. There seems to be a slight shift in the 614*cbhand towards increasing
wavenumber with decreasing synthesis temperatiifes.suggests a variation in the
asymmetric stretching vibration of the MgOctahedra. This possibly arises because
of minor differences in the valence state of maeganbetween the different LMO
samples. However no other noticeable bands aremreNickel substitution leads to
the presence of well-defined bands as highlightgedhe dashed lines. Prominent
amongst these are the bands at 62% armd 588 cnf. It has been suggested that for an
ordered space group, the 588 tand 558 crif bands become more well defined and
that their intensity increases relative to the 26" band [5-7] with increasing
amounts of ordered phase in the mixture. Furthezmextra bands at 430 &mand

469 cm' are also observable for the ordered space gronpth® other hand, for a

disordered structure (witRd3m space group), the 588 and 558 timands are less
intense and not well defined. Keeping this in mitie above spectra were compared
with available literature to obtain an idea of phassible space groups. The analysis
suggests that the LNM_500_3h and LNM_500 10h sasnplearly belong to the

Fd3m space group since the bands at 588 and 558 ane not well defined nor do
they display the extra bands observed for an oddsteicture. The LNM_600_10h
sample displays sharper bands at 588/558.cifior the LNM_700 10h and
LNM_800_10h samples, the extra band at 430" @urresponding to the ordered
structure is also evident. However a one-one cpoadence with the literature results
for the ordered structure is not present. Thisddadthe conclusion that the 600, 700
and 80°C samples most probably consist of a mixture of lmwtiered and disordered
phases. It is also evident that the peaks are tiedefined for the 700C calcined
samples. This would indicate that this sample fpbgdnas the highest amount of
ordered phase amongst all the samples. The°808ample displays reduced peak
intensities for the 588/558 ¢hmbands suggesting that whatever ordered phase that
would have formed at 708 would again begin converting to a disordered ghas
This has again been well documented in literat@teBased on the observations, it is
concluded that the LNM_500_3h, LNM_500_10h sampissst likely consist of
purely disordered phases while the remaining sasnpdmsist of a mixture of both

ordered and disordered phases with the disordehedepconstituting a majority.
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However at this stage, it would not be possiblguantify the amount of ordered and
disordered phases via this technique. Fortunately @an obtain more information

from electrochemical characterization as well rdgey the amount of ordered phases
as will be shown later. The best method to idensifhd quantify the presence of
ordered phase would be neutron powder diffractidwickvis not an easily accessible
facility.

4.2.4 Thermal analysis

In order to determine if it is possible to obtaiona information about the nature of
the LNM samples synthesised, TGA was performednnaggon atmosphere. The

weight loss of samples was measured by rampingpeisamples to 90T at a rate of

10Kelvin/minute. The results are presented in Bgdu5.

100+ .‘...‘..........-......... reeenaneasett T e 1004 +

e,

—_————
-

-~

©

©
©
[e3)

1

L Oxygen
\/ evolutior]

\

Adsorbed
moisture

Moisture
| removal

96

Wt. Remaining (%)
Wt. Remaining (%)
[{e]

(2]

944 ——500 - 3h ——500-3h
— =500-10h 944 — —500- 10h
9. == 600-10h — - =600 - 10h
700 - 10h . 700 - 10h
........ 800 - 10h evolution 92+ ........ 800 - 10h
90 . . . .
200 400 600 800 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Figure 4.5 TGA of samples (a) LNM (b) LMO

The weight remaining in the samples is plotted & a@f the initial mass for the
different samples. Samples calcined at 8Ddor 3 hours displayed the highest weight
loss for both LMO and LNM. The total weight losscdsased with increasing
annealing temperature for both LMO and LNM. Two ondpsses were observed. The
first one occurs at around 95 — 1%ZDfor all the samples. This can be attributed & th
removal of moisture adsorbed on the samples. Disis is directly proportional to the
amount of adsorbed moisture on these samples. Haadess is highest for the 500
°C/3h samples which would be expected to have thhelst surface area while it is
almost zero for the 808C/10h sample which would be expected to have vewy |
surface area. The second major weight loss aneasdxygen loss that is initiated at a
temperature of roughly 450 — 680 for LNM depending on the synthesis conditions.
For the spinel LMO, the onset temperatures seewarp more widely from 400C —
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700 °C depending on synthesis temperatures. The extemtemht loss is about
roughly 6.3 — 6.5 % for both the spinel LNM and LMBor the spinel LNM, this
would indicate that the majority phase in all tlaenples is possibly the same for all
samples (i.4=d3m). Considered together with the XRD and FTIR stsdiewould be

possible to conclude that the major phase preseall the samples is the disordered

phase wittFd3m space group for spinel LNM.
4.2.5 Cyclic voltammetry

Electrochemical testing for the spinel LMO and LNM&s performed in 2 different
voltage ranges - the high voltage range (3.2 — 48\Li/Li* for spinel LMO and 3.5 -
5 V vs. Li/Li* for spinel LNM) and the low voltage range (2.33-3/ vs. Li/Li* for
both spinels). Initially LMO_800_10h and LNM_800 HL@amples were fabricated
into electrodes and subjected to electrochemicstingg Figure 4.6(a) presents the
cyclic voltammograms in the low voltage range whiigure 4.6(b) depicts the

performance in the high voltage range.
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Figure 4.6 CV of spinel LMO and LNM in (a) 2.3 -33 V and (b) 3.2 -5V, scan rate - 0.2
mV.s?, Blue solid curve - spinel LMO, green dashed curve spinel LNM, both samples
calcined at 800°C — 10h.

During cycling in the lower voltage range, LMO_8Q0h indicates reversible
reduction and oxidation peaks at 2.81 and 3.18 speetively which corresponds to
the M*—Mn*" couple. A polarization of 0.37 V is observed betwehe reduction

and oxidation processes. Subsequent cycles display fading in peak current as
well as a shift in peak positions. The peak separateduces to 0.29 V in the
subsequent cycles (2.84 and 3.13 V respectively reamfuction and oxidation

processes). The LNM_800_10h exhibits peaks correfipg to the same Mii->Mn**
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couple at 2.64 and 3.02 V respectively indicatingpesak separation of 0.38 V.
However, subsequent scans do not reveal a fadingoariormance like the
LMO_800_10h sample.

The performance in the higher voltage region is éxav different for the 2 samples
owing to the 2 different operating redox couplesperation. LMO_800_10h displays
2 distinct oxidation peaks at 4.07 and 4.21 V armb@esponding reduction peaks at
3.9 and 4.05 V (in the range of 3.2 - 4.3 V). Tkeponsible redox couple here is
Mn**< Mn*. LNM_800_10h on the other hand displays reductéoa oxidation
peaks at 4.45 and 4.96 V by virtue of thé'Ni> Ni** redox couple. This is slightly
different from the literature reports [10] whichpoet values of 4.65 — 4.7 V for the
reduction and 4.75-4.85 V for the oxidation procdsss is possibly due to the higher
scan rate employed (0.2 mV/s). There are also angtt of peaks observed at around
4V for LNM_800_10h. This can be ascribed to thespree of minor M in the
material. The current obtained is higher than teterved while scanning in the lower
voltage range for both samples. No fading is olerwith repeated scans in the

higher voltage region unlike the low voltage region
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Figure 4.7 CV of spinels (a) LNM (b) LMO, voltage ange 2.3 — 3.3V, scan rate — 0.2
mV.s™.

Next the effect of annealing temperature on théopmance was evaluated for both
spinel LMO and LNM in the low voltage range. CV ees at 0.2 mV/s is given in
figure 4.7(a & b) for both spinel LNM and LMO samapl For the LNM samples, two
distinct features are observable. First as thehggid temperature increases, there is a
shift in peak positions (more clear for the reduttipeaks). The LNM_500_ 3h

displays reduction and oxidation peaks at 2.67 &@B V respectively while
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LNM_700_10h exhibits peaks at 2.54 and 3.12 V. Psgaration is 0.39 V and
0.58V respectively for the two samples suggestingignificant polarization in
samples annealed at elevated temperatures. Thet effe evident even for
LNM_500_10h (2.63 and 3.1 V with a peak separata@n0.47 V). For the
LNM_800_10h, reduction and oxidation peaks are olesk at 2.59 and 3.07 V
respectively with a peak separation of 0.48V. Sdbgras the calcination temperature
increases, there is a decrease in the peak cwsuggesting that capacity obtained
would decrease. The peak current for LNM_500 3abisut 2.6 times that observed
for LNM_800_ 10h.

For the spinel LMO, the trends are not obviousoaspinel LNM. For all the samples
annealed between 500 and 700°C, the peak shifts are not significant (2.75 & 3.12
V for 500°C- 3h, 2.75 & 3.16V for 708C — 10h). Only for LMO_800_10h, the shift
in position of the reduction peak is obvious (2\81 Similar to the spinel LNM, a
decrease in peak current is observed with incrgasaicination temperatures. The
peak current decreases with repeating scans forpleamannealed at higher

temperatures (700/80C). This is again similar to spinel LNM.
4.2.6 Galvanostatic cycling

Galvanostatic cycling data at a rate of 30 mA(9.2C) is given in figure 4.8 (a-d).
The data on performance is presented again fo2theltage ranges of testing. To
obtain a clearer picture, the data has been calaetl in Table 4.2. For the spinel
LMO, the ' cycle discharge capacities increase with increpsamnealing
temperature. LMO_700_10h delivers 114 mAhajfter 50 cycles which is the best
amongst all the samples. The capacity retenticr & cycles is about 91 — 96 % of
initial capacity for all samples except LMO_800 hMhich retained only 73 % of the
initial capacity. For the spinel LNM, thé'tycle discharge capacity was observed to
increase with the annealing temperature similathto spinel LMO. LNM_800_10h
delivered 121 mAh.g after 50 cycles which was the best amongst all LN
samples. The capacity retention after 50 cycles iwdbhe range of 80 — 97 % with
LNM_700_10h displaying the highest value. The diigtof the electrolyte employed
is also an additional factor for spinel LNM comphte spinel LMO. The first charge
capacity is higher than the theoretical value o8 tAh.g" for all samples except
LNM_800_10h. The cycling efficiency (figure 4.9)rdenstrates this clearly. With a

reduction in annealing temperature, there is aifstgnt decrease in the efficiency
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during cycling. It is to be noted that the formatioycles have been included in the

data presented here.
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Figure 4.8 Galvanostatic cycling performance of (& c) spinel LMO, (b & d) spinel
LNM, rate — 30 mA.g" (0.2C), voltage ranges as specified
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Table 4.2 Initial capacities and retention for spirel LMO & LNM, (error in capacities is
about (+ 4 mAh.g?)

18t 5" %
1% charge . retentio
Sample A6 dischar%e discharge tter
(mAh.g™) | (mAh.g?} 50 cycles
Spinel LMO — 3.2 — 4.3V
LMO_500_3h 83 79 77 96
LMO_500_10h 88 84 79 94
LMO_600_10h 105 101 92 90
LMO_700_10h 127 122 114 93
LMO_800_10h 133 125 92 73
Spinel LNM - 3.5 -5V
LNM_500_3h 166 97 78 79
LNM_500_10h 158 94 84 89
LNM_600_10h 162 102 91 89
LNM_700_10h 160 115 111 97
LNM_800_10h 146 130 121 92
Spinel LMO — 2.3 — 3.3V
LMO_500_3h 118 129 68 53
LMO_500_10h 117 127 51 40
LMO_600_10h 108 116 22 18
LMO_700_10h 103 110 14 13
LMO_800_10h 102 107 24 22
Spinel LNM - 2.3 - 3.3V
LNM_500_3h 140 145 121 83
LNM_500_10h 139 143 115 80
LNM_600_10h 139 143 112 78
LNM_700_10h 124 128 30 24
LNM_800_10h 53 56 44 79
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The performance of the spinels in the 2.3 — 3.3avige is different from the
performance in the 4-5V range. For the spinel LNt@, ' cycle discharge capacities
are in the range of 105 — 130 mAh.gvith LMO_500_3h delivering the highest
capacity of 129 mAh§ With an increase in annealing temperature, tHeytle
discharge capacity decreases gradually to 107 miAfog LMO_800 10h. The
capacity delivered after 50 cycles reduces drdbtioaith increasing annealing
temperatures. LMO_500_3h retains a capacity of 68h.xi' (53 % of initial
capacity). On the other hand, LMO_700_10h whicliveetd the best performance in
the high voltage range is able to deliver only 1Ag™ (13.5 % of the initial
capacity). Spinel LNM annealed at all temperatuggsept 700°C/800 °C display
higher £' cycle capacities and much better retention contpswethe spinel LMO.
LNM_500_3h delivers a capacity of 145.6 mAh.ng the f' cycle and retains 121.8
mAh.g* (83.6 %) after 50 cycles. This is 30 % higher tkfaa retention obtained for
LMO_500_3h. On the other hand, LNM_700_10h retaibpsut 24 % at the end of 50
cycles (about 11 % higher than LMO_700_10h). Thetialn capacity for
LNM_800_10h is roughly half that of LMO_800_10h. wever about 80 % of the
initial capacity is retained after 50 cycles. OVerapinel LNM exhibits much
improved performance compared to spinel LMO whigbplays lower capacities,

faster fading and poorer retention during cyclinghe lower voltage range.

To understand the reasons for the results presdrded galvanostatic cycling, we
need to consider the degradation mechanisms at. Warlalready pointed out in the
literature section, there are 2 dominant mechanimgading in manganese based
oxides, namely manganese dissolution and structieadsformation due to co-
operative Jahn-Teller distortion. Equations (1) &8y indicate the electrochemical
reaction that would be expected to occur when $piN© is cycled in 2.3 — 3.3V

and 3.2 — 4.3 V ranges respectively.

LiMn,04 + xLi © Lij14)Mny04 covvvviiviiiiiiiiin, Q)

LiMn204_ A Li(l_x)Mn204_ + xLl .......................... (2)

It is clear from reaction (1) that more Rrions are created in the structure during
cycling (as average manganese valence varies hetw&8 and +3) when compared
to reaction (2) (where average manganese valenis\zetween +3.5 and +4). Mn

as already discussed is susceptible to manganesawdion as well as a high spin ion
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susceptible to the Jahn-Teller effect. Hence it lmarexpected that reaction (1) would
give rise to a more severe structural degradatmmpared to reaction (2). This is
evident from comparing the capacity retention valaethe end of 50 cycles for the
spinel LMO cycled in different voltage ranges. Butien the reaction (1) is the same
for all spinel LMO samples synthesized at differé&mnperatures, how could it be
possible that they are not fading at the same fEte?could partly be explained based
on the particle size and surface area of the @iffespinel LMO samples synthesized.
Both the particle size and surface area are sggamfly affected by the temperature and

time of annealing employed in synthesis.

It is a well-known fact that lower synthesis tengiares usually result in smaller
particle sizes during synthesis as fusion of pladiwia diffusion is quite limited at low
temperatures. It is also known that particles witialler size are more accommodative
of the stresses generated during cycling [11]. Heurhore, the interphase formed
between cubic and tetragonal phases (discusse€cii2.S, page 22) might be able to
move throughout a smaller particle easily whilediing it difficult to move inside a
large particle. In this case, it is expected (aadfied from SEM imaging) that as the
synthesis temperature is decreased, the partielesnte finer. This would explain the
observed trends for the spinel LMO which shows mbekier performance (on a
relative scale) for the spinel LMO_500_10h compam@d-MO_800_10h. It should
however be noted that smaller particle size wo@sult in a significantly higher
contact area between the electrolyte and activeenmbtthereby accelerating the
process of manganese dissolution. To sum up, whieielSLMO samples calcined at
different temperatures are subjected to cyclinghi voltage range 2.3 — 3.3V, they
are degraded simultaneously by 2 different prosgssize extent of which are
significantly altered by the particle size.

In case of spinel LMO cycled in the 3.2 — 4.3V, iaghoth these processes (Jahn-
Teller induced structural changes and manganeseldison) would be prevalent but
to a much reduced extent since the amount of anerated in the structure is much
lower than that generated while cycling in the 2.3.3V range. In this case however,
manganese dissolution would be expected to domiastethe capacity fading
mechanism (Jahn-Teller induced structural changesuldv probably become
significant at higher rates of cycling when therage local valence of manganese on

the surface of the active particle can reduce bet8v6). As discussed earlier, lower
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particle size would aid the manganese dissolutiamenthereby resulting in lower
capacities and poorer performance for materialealed at lower temperatures. This
can explain the observed trends for spinel LMO egdh the 3.2 — 4.3V range with
LMO_500_3h displaying the worst performance and LMQO_10h displaying the
best electrochemical performance. The LMO_800_ Hihpde displays higher initial
capacity but more pronounced fading. This couldsiidg be attributed to oxygen loss
that is initiated in the spinel at 78C [12] which results in the formation of other

detrimental phases.

Let us consider now the performance of the spit\iLin the two voltage ranges (2.3

— 3.3V and 3.5 - 5V). The respective lithium intdation reactions are given below.
LiNigsMn, 50, + xLi © Liy4x)NigsMny 50, ......... (3)

LiNigsMny 50, © Lijy_xNigsMny 504 + xLi......... (4)

Equation (3) refers to the performance of the ddiNM in the 2.3 — 3.3V range. In
this case, the average valence of manganese \miegen +3.5 and 4 for insertion
and extraction of 0.75 mol of Linto the structure. Hence the amount of'Mpresent

in the structure would be significantly reducednfpared to an un-substituted spinel).
Accordingly, dissolution of manganese would redsognificantly. Moreover, the
nature and extent of structural transformation aetlby Jahn-Teller distortion should
be different (from that of spinel LMO) since théseNi** in the structure. Amine et.al.
[13] have shown that chemically lithiating spindliM does not lead to the formation
of a new phase (with tetragonal symmetry). Coupbggther with small particle sizes,
this might explain the observed superior perforneaé the LNM_500_3h and
LNM_500_10h samples. However with increasing terapge of synthesis, the
capacity obtained decreases. For example, LNM_8Ul© displays a very low
capacity of 50 mAh.g. LNM_700_10h on the other hand seems to displapéeri
initial capacity but rapidly fades (similar to LM®@00_10h samples). However this
cannot be explained only using particle size asetli® the effect of space group to
consider as well. From the characterisation stucleslucted earlier, it was concluded
that as the synthesis temperature increased for LiN& phases also changed from a
purely disordered phase to a mixture of ordereddisordered phases. This makes it
difficult to interpret the effect in terms of spageoups as well since the exact

percentage of the two phases is unknown. Literdtageconflicting reports about the
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electrochemical performance of spinel LNM in the Bgion. At this point the only
likely reason for the observed performance of dpitdM_700 and LNM_800 seem
to be the presence of a mixed structure with bottered and disordered forms.
Nevertheless, all spinel LNM samples do displayrfgaver 50 cycles and manganese

dissolution certainly is one of the major reasandiiat can explain the fading.

Finally the spinel LNM samples when cycled in tlodtage range of 3.5 — 5V, display
increasing capacities with increasing synthesisperatures and better retention as
well. This behaviour can again be correlated waltiple size and almost no structural
transformation due to the complete elimination ai*Min the redox reaction. Lower
temperatures of synthesis would result in lowertiglar size/higher surface areas
which would multiply the effect of electrolyte denposition significantly. This is also
observable clearly in the®1lcharge capacities (and efficiencies observed) hwhic
exceed the theoretical capacity for spinel LNM lbasa the Ni*/Ni** redox couple
for all the samples except LNM_800_10h. Electrolgiecomposition will directly
influence capacity retention as well. This can akpthe observed increase in capacity

retention with cycling with increasing temperatofesynthesis.
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Figure 4.10 First cycle charge — discharge curveg spinel (a) LMO (b) LNM, 2.3 -3.3V,

legends as indicated in fig (a)

The F' cycle charge and discharge curves presented tinefig.10 (a & b) for spinel
LMO and LNM. Lithium insertion occurs at around 2/8for both spinel LMO and
LNM samples. The average voltage of lithium ingertfor the different spinel LMO
samples is around 2.83 — 2.85 V while it is 2.72.®V for the different spinel LNM
samples. While there is not much polarization fvium insertion voltage for spinel

LMO, a trend is evident for spinel LNM. With incsag synthesis temperatures,
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lower voltages are required to accomplish it. Titleum extraction voltage ranges
from 2.97 — 3.03 V for the spinel LMO samples whilés around 2.86 — 2.92 V for
the spinel LNM samples. Similarly, there seemsdaltrend for spinel LMO for the
lithium extraction voltages. As synthesis tempeaeguncrease, there is an increase in
the voltage required to extract the lithium frone tstructure for the spinel LMO. It
seems as though nickel substitution seems to Heveftect of slightly lowering the
average voltages for both lithium insertion andraotion. The number of mols of
lithium inserted into/extracted from the structared the amount of lithium lost in the
1% cycle are given in the table 4.3. In the spineM,Nesser amount of Liis lost in
the first cycle compared to the spinel LMO irredpecof the annealing temperatures

of the samples.

Table 4.3 Amount of lithium cycled and irreversible loss, £ cycle (1mol of L{

corresponds to a capacity of 150 mAh:}

Spinel LMO Spinel LNM

Temperature | mols of | molsof | Li* | mols | mols of Li*

Li* Li* lost | of Li* Li* Lost

Dchg Chg Dchg Chg

500°C — 3h 0.86 0.79 0.07 0.97 0.94 0.03
500°C — 10h 0.85 0.78 0.07 0.96 0.93 0.03
600°C — 10h 0.78 0.72 0.06 0.95 0.93 0.02
700°C — 10h 0.74 0.69 0.05 0.86 0.83 0.03
800°C — 10h 0.72 0.68 0.04 0.37 0.35 0.02

Lithium can be lost due to a variety of reasonsiehsas 1) loss of active material due
to manganese dissolution (the active mass reduZedpss of accessible active
material (due to Jahn-Teller related structurab@f) and 3) disruption of lithium

diffusion paths due to phase changes occurring.

The rate performance of the spinel LMO and LNM kedd at different temperatures
in the voltage range 2.3 — 3.3V is presented iarégd.11 (a, b). It is clear that spinel
LNM displays better performance than the spinel LiiQhe voltage range of 2.3 —
3.3V. Irrespective of the annealing temperatutes,capacities obtained are higher for
the spinel LNM than the spinel LMO at all rates tgp4C. LNM_500_3h sample
delivers the best performance with a capacity oh#&h.g* at 4C rate compared to
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LMO_500_3h which delivers 30 mAh'gt the same rate. LNM_500_3h also displays
reasonable capacity retention (133 mAb.gnce the rate is switched back to 0.2C
after a series of high rate cycles. However inargpthe rate beyond 4C (6C and 8C)
results in an almost similar performance to spitdD suggesting the rate capability

is improvement is somewhat restricted.

Amongst the spinel samples (both LMO and LNM), tiaée capability is clearly
affected by the synthesis temperature in the Z3-V range. LNM_500_3h with the
smallest particle size/highest surface area woeldxpected to display the highest rate
capability with increasing temperatures displayieduced capacities. This is the trend
observed as well. Similarly LMO_500_3h displays highest capacity amongst LMO

samples as well.
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Figure 4.11 Rate capability of spinel (a) LNM andl§) LMO cycled in the voltage
range of 2.3 — 3.3V, legends as indicated in figu(e)

It can be expected that co-operative Jahn-Telkdodion related effects are amplified
at high rates since the local concentration ofMon the surface would be much
higher. Furthermore, at high rates the mobilitytled cubic — tetragonal interphase
(postulated by Goodenough and co-workers, discusssdction 2.3) will be limited
eventually resulting in poor performance. As cansben from the results, even the
best performing samples for LMO (LMO_500_3h) digglasignificantly low
capacities at rates above 2C. A larger particle ssimply going to amplify the Jahn-
Teller distortion effect resulting in very poor fmmance as evidenced for LMO_600,
LMO_700 and LMO_800 samples. For spinel LNM, agtie effect of Jahn-Teller
distortion can be expected to be reduced but notiredted completely especially at
high rates. LNM_500_3h displays reasonable rat®paance up to 4C but almost no
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capacity at rates above 4C. Again it should be keptind that the space group could
have an influence on the rate performance as weaihse of spinel LNM. As can be
seen for LNM_800 10h (and LNM_700 10h above 2@s)atvhich consists of a

mixture of ordered as well disordered phases,pat®rmance is almost negligible.

The rate performance of the spinels in the 4 andeghons is given in figure 4.12.
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Figure 4.12 Rate capability of spinel (a) LNM cycld in 3.5 — 5V and (b) LMO cycled in
3.2 -4.3V, legends as indicated in figure (b).

The rate performance of spinel LNM and LMO preseérntefigure 4.12 (a & b) in the
higher voltage ranges (3.2 — 4.3 and 3.5 — 5 Vagain very different from the
performance in the 2.3 — 3.3V. The LNM_800 10h danwhich displayed lowest
capacity in the 2.3 -3.3 V range has the highgsacisy at all rates of testing in the 3.5
— 5 V range. LNM_500_3h displayed the lowest cagaand poorest performance in
the same voltage range. The trend for spinel LM@& 3.2 — 4.3 V is however not
very clear. The LMO_700_10h sample displays the pedormance up to a rate of
AC (~ 73 mAh.f§). However its capacity drops at rates higher th&h and
LMO_600_10h displays higher capacities at 6C andH&e the argument based on
synthesis temperatures and particle sizes doessemitn to hold. Rather, bigger
particles with higher crystallinity seem to offeetter performance for both spinel
LNM and LMO. In fact the poor performance of spindiM_500 and LNM_600
samples is most likely arising from severe elegtetecomposition that accompanies
LNM during charging up to 5V. In case of LNM, Mnsdblution is not expected to be
a major reason for capacity fading as very littl@*Mwould be present. In case of
spinel LMO, it is possible that Jahn-Teller disimmtinduced structural change would
be significantly amplified. This could possibly éxim why LMO_700 and LMO_800
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samples display poorer performance at high rat€sajtd 8C). These samples would
not be able to counter co-operative Jahn-Telleodisn as effectively as LMO_500
and LMO_600 samples. In fact at 8C, both the LM &bd LMO_800 samples
display zero capacity while LMO_600 offers the teghcapacity.

To sum up, nickel substitution leads to considgrabtiuced fading in the 2.3 — 3.3 V.
The effect can be attributed to reduced contemt" in the substituted spinel. This
would directly reduce the extent of co-operativehnddeller distortion induced

damage as well as manganese dissolution.

Synthesis temperatures influence electrochemicdiopeance by altering particle
size. Lower synthesis temperatures result in smadarticle sizes which help
accommodate the stresses induced by co-operative Tkler distortion better. But
smaller particle sizes most likely also result acelerated manganese dissolution due
to the increased contact area between the eletrahd active material. Furthermore,
finer particle sizes would result in higher ratgalaility owing to shorter lithium
diffusion distances within particles and a highansfer rate of lithium ions from the
particle to the electrolyte. Higher synthesis terapges result in increasing particle
sizes which would make the materials more susdeptib Jahn-Teller distortion
induced damage. At the same time, higher synthiesiperatures would result in
reducing surface areas which would reduce the extEmanganese dissolution as
well as electrolyte decomposition (for spinel LNMjor spinel LNM, higher synthesis
temperatures also result in a mixture of ordered @disordered phases which most
likely affect the performance as well. For both #pnel LMO and LNM, the most
striking aspect is that synthesis temperature tféne electrochemical performance in
2 different voltage ranges differently. This hag been demonstrated thus far in a

systematic manner as investigated here.

4.2.7 Cyclic voltammetry at different rates

The presence of nickel stabilizes and improves gbdormance in the 3V region
considerably. To understand further the effect ofkel substitution, cyclic
voltammetry studies at different rates were pertmnon the LMO_500_10h and
LNM_500_10h samples to identify if the lithium diffion coefficient is different in
the two materials. These materials are chosen sinageare the best performing of all
the samples investigated in this voltage rangedRRarSevcik equation (Equation 5) is
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employed to determine the lithium diffusion co-eiint. This method is an

approximation as the electrode surface is noaatpecified.
lp=2.69 x 16x n*?x Dy x v1?x G % Eq (5)

Where,

I, — Peak current density in A/¢m

n — number of electrons per redox active species.

D.; — Diffusion coefficient of lithium (crfis)

v — Scan rate (V/s)

C.i® — Concentration of lithium in the cathode (molfm

Figure 4.13 gives the plot of anodic peak curramsity versus the square root of scan
rate together with the calculated values for thieidm diffusion co-efficients. The
plot reveals the difference in performance betwspimel LNM and LMO is very
marginal and in fact spinel LMO is slightly bettde diffusion co-efficient vales
(shown in figure 4.13) calculated from plot reaffithis observation. This diffusion
co-efficient value is an apparent value i.e it esgnts the average of lithium diffusion
processes occurring in different medium like theceblyte, inside the active material
etc. The CV studies do not fully explain how thefpenance of spinel LNM is better
than that of spinel LMO.

0.004 4 G
= LMO-D,-1548x 10" cm’/s

e LNM-D,-1.345x 10™ cm%s

0.0034

0.0024
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(Scan rate)"”?

Figure 4.13 Peak current density vs. scan rate forspinel LMO_500 3h and

LNM_500_3h, anodic process (lithium insertion).
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Figure 4.14 Peak current density vs. scan rate faspinel LNM, anodic process (lithium

insertion)

To understand the effect of temperature on theisidh performance, the spinel LNM
samples were subjected to cyclic voltammetry angeniance studies as in the
preceding section. From the cyclic voltammetry msdthe diffusion co-efficients
were calculated as before. Figure 4.14 comparesdhation in anodic peak current
density with square root of the scan rate for deffe spinel LNM samples and the
diffusion coefficients obtained are given in tabde4. The trends reflect the
galvanostatic cycling and rate testing results whére LNM_500 3h samples
displayed the best performance while the LNM_80®& d4@mple displaying the worst
performance. The diffusion coefficients reveal adyal decrease with increasing

calcination temperature suggesting that partide bas an effect on performance.

Table 4.4 Lithium diffusion coefficients in spinelLNM, 2.3 - 3.3V, (for anodic

process)

Lithium diffusion

Sample
P coefficient (cnf/s)

LNM_500 3h | 1.345 x 1¢f

LNM_500_10h | 0.847 x 18

LNM_600_10h | 0.605 x 18

LNM_700_10h | 0.441 x 18

LNM_800_10h | 0.177 x I8
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4.2.8 Electrochemical Impedance Spectroscopy

To further investigate the actual reasons for thprovement in performance of the
different samples, impedance spectroscopy was npeefd on the spinel LNM and
LMO samples. The electrodes were assembled into @gls versus lithium and the
cells were subjected to staircase potential elebgmical impedance spectroscopy
(SPEIS). This technique involves increasing theagd in steps and floating the cells
for a certain period of time until a steady statedached (current is zero) and then
performing an impedance measurement. This has tfeet eof measuring the
impedance at different states of charge/lithiumteots inside the electrode. In this
study, the cells were subjected to voltage increaseé steps from 3.1 to 2.3 V and
then back to 3.1 V in 6 steps. At each step, tis were floated for 8 hours before the
impedance measurement was made. Capacities obtHieedesting by integrating the
charge from the current-voltage plots are compardblthe values observed from
charge-discharge curves. The resulting Nyquistsple¢re subjected to fitting using
equivalent circuits (shown in figure 4.15) from whithe resistance to lithium
migration across the surface films s)R charge transfer processesc(Rand the
Warburg diffusion constant (W) were extracted foe different states of charge for
both spinel LNM and LMO. Figure 4.16a shows the tgtplots of LNM and LMO
samples synthesized at 58D for 3 hours. The spectra were recorded at a g®ltd

2.7V where the maximum capacity was observed ftn bpinel LNM and LMO.

CPE_sf CPE _ct

— J

Rs

Rsf Rct

Figure 4.15 Equivalent circuit employed for fitting EIS data

The nyquist plots consist of 2 overlapping sentles in the high to middle frequency
and middle to low frequency range considered toesgnt impedance arising from
two processes namely lithium diffusion across swféilms formed (R), charge

transfer across interface {R(between surface film/active material) while #ieping
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line at 45 degrees to both axes represents litldiffusion inside the active material
known (Warburg diffusion) [14—-16]. The solution istance value (B which arises
from electrolyte, separator and other cell comptheras observed to be around 1.5 —
2 Q for all the cells subjected to analysis. The piofigure 4.16 (b) gives the total
impedance arising from surface films and chargesftex processes as a function of
voltage during lithium insertion. For both spineMD and LNM, the impedance
gradually increases with lithium insertion. Similkends were reported elsewhere

albeit in a different voltage range [14,15].
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Figure 4.16 EIS analysis of LMO_500_3h & LNM_500_3h(a) Nyquist plots at 2.7V, (b)
Variation of resistance due to surface films and dwrge transfer processes (R.) with

voltage during lithium insertion.

It is clear that the spinel LNM displays lesser @dance (RB.c) over the entire voltage
range (3.1 to 2.3V) during lithium insertion comgérto spinel LMO. This would

indicate that the amount of lithium that can besrted would be lesser for the LMO
compared to LNM. This is reflected during galvaatistcycling where the amount of
lithium inserted in the *1 cycle is 0.86 mols for LMO_500_10h and 0.97 mals f
LNM_500_10h. The Warburg impedance obtained fromveditting for the spinel

LNM and LMO are respectively 31.53 and 60.42 Ohsit€. This suggests it is much
easier for lithium to diffuse inside the LNM compdrto LMO. The higher lithium

diffusion coefficient inside the active materialupted with lesser impedance to
charge-transfer processes can explain the conbigiaraproved rate performance of
the spinel LNM over LMO during rate testing evemugh cyclic voltammetry does

not reveal a significant difference in the lithiwghffusion values.
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Figure 4.17 reveals the contributions to impedaadsing from charge transfer
processes and the total impedance to understanefféat of synthesis temperature.
The Nyquist plots presented (figure 4.17a) wereongded at  2.83V. This is the
voltage where maximum capacity was observed duithgum insertion. This was

decided based on observations by Aurbach et.all§l4hat the second semi-circle
corresponding to charge transfer resistance isralpe on the voltage at which the
measurement is performed. They showed that at paieicorresponding to peaks in
cyclic voltammetry, the diameter of the second seintie was the least. It was also
evident from their results that this semi-circleymet be fully apparent at potentials
other than the peak potential as the size was gitoplbig to be recorded at the lowest
frequencies. From figure 4.17a, it is apparent tinat LNM_ 800 10h displays a
similar semi-circle whose diameter is huge sugggsta very big charge transfer

resistance compared to the other samples.
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Figure 4.17 EIS analysis for spinel LNM (@) Nyquistplots at 2.83V (inset showing
enlarged section of same graph) (b) Charge-transferesistance for different synthesis

conditions.

The Nyquist plots were fitted with the equivaleituit shown in figure 4.15 again to
obtain the charge transfer resistance of the @iffesamples at the peak intercalation
potential. The results are plotted in figure 4.1flwan be clearly seen that the charge
transfer resistance increases with increasing sgightemperature suggesting that it
would become progressively more difficult to indéhium into the structure. Charge
transfer resistance actually refers to a combinatd processes occurring in the
electrode. First is an ionic charge transfer thablves lithium ions being transferred
across the surface films and electrode-electrahyerface into the host. Second is an

electronic component that depends on the electrmmductivity of the host material
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and the electrical connection present between tfitee role played by conductive
carbon additives is to improve this electronic amttvity). Both are affected
considerably by particle size. Smaller particlesuldadirectly result in higher contact
area with electrolyte thereby resulting in fastaric charge transfer/lesser resistance.
At the same time, the path an electron has to ltriagede the host material is also
reduced thus reducing electronic charge transtesteance as well. Bigger particles on
the other hand would result in lesser contact abeaseen the electrolyte and active
material thus resulting in higher resistance tmdfer of lithium ions from the
electrolyte to the host. Similarly, electrons woaldo have to travel longer paths to be
injected into the conduction bands of the hostsTheans increased overall resistance
to both electronic and ionic charge transfer foggler particles. The results of
impedance analysis clearly mirror the trends olesktim galvanostatic cycling where
LNM_500_3h displays the highest capacity as welbest rate performance while the
LNM_800_10h sample displays the worst performafdris the observed results of
impedance could be explained based on particle Batit should also be kept in
mind that the effect of space groups on performaacmot be eliminated.

4.2.9 Ex-situ X-ray diffraction

It is clear that nickel substitution improves litm diffusion kinetics and offers lower
impedance which gives rise to better capacitiesratelperformance. To understand if
there was an effect on phase transformation, ex>dRD was performed on cycled
electrodes.
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Figure 4.18 Ex-situ XRD patterns before and after gcling for (a) spinel LMO_500_3h
and (b) LNM_500_3h

92



Effect of elemental substitutions on performance aiter 4

The electrodes were taken as such for the andlysisvith the aluminium foil). This
would enable aluminium to serve as an internalresfee for peak position as well
helping to eliminate peak shifts arising due tdrunsental factors. The XRD patterns
after cycling are presented in figure 4.18. One ldoexpect the formation of
LioMn,O, during insertion of lithium into spinel LiMi,. It is apparent that there are
no new phases such as the tetragon@ih3O./Li,NigsMn; 504 detectable via XRD
that form during cycling of either LMO_500_10h oNM_ 500 10h. This suggests
that the fading mechanism is possibly not stru¢tireensformation for these samples.
However it is possible that manganese dissolusarccurring in both materials and it
might explain the initial capacity fading obsenahating the ¥ 50cycles. However, it
was evident that samples calcined at higher tenyesa were displaying lesser
capacity and fading as well. To verify if phasenf@rmation was occurring in those

samples, ex-situ XRD was performed on all the remgisamples of LMO and LNM.
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Figure 4.19 Ex-situ XRD of electrodes after cyclindgor (a)LMO (b)LNM. Purple arrows

represent peaks corresponding to LMn ,O,.

Figure 4.19 (a & b) compares the patterns obtaifnech electrodes subjected to
cycling. It is clear that in the samples calcinedelevated temperatures,,Mn,O,
phase is generated during cycling. The LMO_500 a@hpde does not seem to convert
to the LbMn,O,4 phase. However in case of LMO_700 _10h and LMO_&08, new
peaks corresponding to the,Mn,O, phase (observable at 18.86.9, 37.3, 38.9
and 45.4in figure 4.19a) are observed This suggests thatmoystalline LMO is

transforming to LiMn,O, during cycling.

Nickel substitution seems to alter this behavidlone of the spinel LNM samples

display new phases after cycling as can be sedigune 4.19b. The only impurity
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phase detectable is that of thgNii.xO which was already present in the powder after
synthesis. A comparison of the patterns of LMO_8@h and LNM_800_10h after
cycling is given in figure 4.20. It clearly revedst even the worst performing sample
of spinel LNM_800_10h (in galvanostatic cycling)esmot transform to the tetragonal
phase observed in case of spinel LMO. Hence it lsanconcluded that nickel
substitution seems to avoid the formation of newsals during cycling in the voltage

range of 2.3 — 3.3V for the spinel structure.

——LMO_800_10h
—— LNM_800_10h

LiMn,O,
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Li,Mn,0,

Intensity (a.u)
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Figure 4.20 Ex-situ XRD of spinel LMO and LNM after cycling.

From the above ex-situ XRD analysis, it is cleaatthpinel LMO synthesized via
annealing at lower temperatures (5% & 600 °C) do not seem to undergo the
transformation to a tetragonal phase during cyclimge the spinel LMO calcined at
elevated temperatures (700 & 88D for 10 hours) undergo this transformation. The
results here demonstrate that for un-substitutetespMO, the annealing temperature
has an effect on the transformation to the spifesp. As was discussed in the
literature section, it is already well known anccdmented that the spinel LMO phase
transforms to the tetragonal phase on insertionibfinto the LiMnO,4 structure.
Goodenough and co-workers [17,18] had theorized pissibility of an interface
between tetragonal and cubic spinel phases witherystallite of the particle as the
reason for fading in performance. It was alreadgpsated that either nano-sized
grains or strains imposed on a particle resulticgamove the cycling stability of spinel
LMO in the 3V region[18]. Hence the performanceeheould possibly be attributed to
the fact that the spinel LMO synthesized at lovenperatures has a smaller particle

size (verified by SEM analysis of various sampfeseaction 4.2.2). On the other hand,
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nickel substitution helps prevent transformation tte tetragonal spinel phase
irrespective of the annealing temperatures. Thigiine with the observations of
Amine et.al. [13,19] who had claimed that spinel Ml(Ndoes not transform to
tetragonal phase although they had not presengdftact of synthesis conditions on
electrochemical performance or the transformatimey had prepared spinel LNM
via two methods — sol-gel and solid state methauk demonstrated that chemically
lithiated LNM has the same XRD pattern as thathef ltiNip sMn1 04 suggesting that
the structure does not change on insertion ofulithi They suggested that since the
initial oxidation state of Mn is +4, this changetétragonal phase does not occur. This
was considered possible since at that time it Wwasght that as long as the overall Mn
valence does not decrease below +3.5, co-operddive-Teller distortion does not set
in and hence there would be no structural transition. However their results do not
analyse the cycled electrodes and also does nddidmnthe possibility of the
manganese valence falling below +3.5 locally (ire the surface of particles) as
pointed out by Thackeray et.al [20]. These reshtigiever are not in line with the
observations made by Park and co-workers [21] whd Hemonstrated reversible
transformation to tetragonal phase for a spinel LiNi¥h an ordered structur®4;32

space group) and irreversible transformation fospanel LNM with disordered

structure Ed3m space group). Again it should be noted that theég dot

systematically investigate the effect of synthesiaditions on phase transformation.
Hence this work provides the first systematic imgagion of the effect of synthesis
temperature on phase transformation between theibstituted and nickel substituted

spinel LIMnpOy.

4.3 Experimental methods — Titanium substitution inLisMn 0.
4.3.1 Powder X-ray diffraction

The XRD patterns for the different samples of fitam substituted spinel kMnsO;,
are presented in Figure 4.21a. The XRD patterrherunsubstituted sample could be
indexed to LiMnsO;» (ICSD Coll. Code. 84757). The Ti0 sample annealed00°C
and 500°C for 2 days could be indexed to pure phase spin®nsO;, as well (figure
4.21a). Rietveld refinements indicate a structuité Vattice parametea of 8.1268 (4)
A and 8.1299 (4) A respectively for the 48D and 500°C annealed samples. These
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values are similar to those reported by Takadd. §28]. However phase analysis
during refinement of the patterns for the 4@ annealed Ti0 sample indicated the
presence of only about 68 % of thgMns0O, phase with about 27.4 % of aLiMn,.
xO4 phase (x=0.234, ICSD code : 183748) and about & %,MnO3; phase (ICSD
code:73370). The 50U annealed Ti0 sample on the other hand displaged high

purity and no accompanying cation mixed phasesthOs.
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Figure 4.21 XRD patterns of LiTi,Mns, O, (0<x<1) synthesised at different
temperatures in O, atmosphere (a) x=0, 400C and 500°C for 2 days, (b) LiyTi,Mns.,01,
(0<x<1) samples annealed at 50 — 2h.

Fig 4.21 (b) presents the patterns of th& Substituted samples calcined at $Q0for

2 days. Up to 1 mol of Ti could be successfully inserted into the lattice of
LisMnsO1.. Attempting to substitute 2 mols of *fiproved unsuccessful with the
existing procedure as anatase Ji®as found to be present in the XRD patterns
indicating Tf* prefers to crystallize out into a separate phasiger than substituting
Mn** in the lattice. With increasing amounts of Tin the structure, the peak positions
shift towards that of LiTisO.2. The parameters obtained from fitting are preskeirte
table 4.5. The lattice parameter increases witheming T* content. This is in line
with expectations since the lattice parameter gTikD;» is 8.354 — 8.359 A which is
higher than that of the manganese counterpart durttonfirming that T& has

substituted Mff" in the lattice.
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Table 4.5 Refinement results for LiTi,Mns.,O12 (0<x<1), annealed at 506C for 2
days in oxygen atmosphere.

Lattice constant
Sample Rp Rwp GOF
a, A
Ti0 8.1299(4) 1.74 2.16 1.4
Ti0.1 8.1302(16) 1.46 1.82 1.2
Ti0.5 8.1334(3) 1.7 2.24 1.3
Til 8.1444(4) 2.19 2.97 1.6

4.3.2 Cyclic voltammetry

CV curves recorded at 0.2mV/s for samples calcaesl00°C — 2 days are given in
figure 4.22 (a, b). CV traces reveal a reversibithium insertion process
accompanying a concurrent KMr-Mn®" redox process for all the samples. In all the 4
samples analysed, the reduction peak positionhiffitst cycle (2.64, 2.65, 2.68 and
2.72V respectively for TiO, Ti0.1, Ti0.5 and TiF)distinct from the rest of the cycles.
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Figure 4.22 CV curves of LiTi,Mn 5,01, (0<x<1) synthesized at 500C for 2 days under
O, flow (a) cycles 1 — 5, (b) cycle 5, scan rate-0.9rs™

With increasing Ti content, the difference in pgalsitions between the oxidation and
reduction peaks reduces from 0.52 V for the TiO@anto 0.23V for the Til sample
(see. Figure 4.22 (b),"5cycle). No other reduction peak is observed irtiligathe
lack of any side reactions or other redox couples( Ti**/Ti®* for e.g). For the Ti0

and Ti0.1 samples, 2 reduction peaks (2.68 V ané@\2for Ti0 sample) are observed

97



Effect of elemental substitutions on performance ajiiér 4

in cycles 2-5 while Ti0.5 and Til do not displayngar peaks on lithium insertion in
cycles 2-5. Furthermore the current from one ot¢hpeaks (2.78 V for Ti0 sample)
decreases with repeated scans for both samplesestugy whatever process is
occurring is gradually fading. For Ti0.5 and Tilmgdes, the increase in current
during both lithium insertion and extraction iseggewvhile the decay in current is more
gradual making the peaks asymmetric about the pesition. All the 4 samples
exhibit fading with repeated cycling and the peakrent obtained decreases with

increasing Ti content above 0.1 mols.

4.3.3 Galvanostatic cycling
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Figure 4.23 Electrochemical performance of LjTi;Mns,01, in 2.3 — 3.3 V (a) cycling
performance for unsubstituted spinel (Ti0) @ 30 mAy™*(0.2C), (b) cycling performance
@ 30 mA.g", (c) first charge\discharge (d) rate performancesamples in b-d annealed at
500°C — 2 days in Q flow.

Figure 4.23 (a-d) gives the effect of different @almg conditions employed on the
cycling performance and initial capacity. Annealiaig500°C for 2 days in oxygen
provided better performance. Increasing the calicingime to 3 days at 50 under
oxygen flow did not result in any further increase observed capacity
(EXSP_TIiO_500_3d_¢). The effect of varying the titanium content isen in Fig b.
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The initial capacities are 145, 146, 139 and 131lhrgArespectively for Ti0, Ti0.1,
Ti0.5 and Til samples.

All samples exhibit a gradual fading which is alsoline with observations from
cyclic voltammetry studies. The fading is margipddigher for the Ti0O sample (76.8%
of initial capacity after 50 cycles). By comparisadine fading rate is about 87.8, 84.7
and 86.7 % for Ti0.1, Ti0.5 and Til samples redpelst after 50 cycles. This
indicates that Ti substitution is improving capacity retention dgricycling. The rate
performance reveals that Ti substitution beyond Mdls results in a decrease in
performance at all rates. The capacity at 8C ratapproximately 45 mAhYyfor
TiO.1.

4.3.4 Cyclic voltammetry at different rates

To understand the effect of Ti substitution on litleium diffusion kinetics, cyclic
voltammetry was performed using different scangaead a plot of peak current
density as a function of square root of scan raeeweonstructed. It is given in figure
4.24
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Figure 4.24 Peak current density vs scan rate forLi,Ti,Mns,01, (0<x<1) via

hydroxide co-precipitation +annealing at 500°C for 2 days

The diffusion coefficients calculated from the ®agf the anodic peak current density
plot above reveal a decreasing trend with the TEfh@Ee displaying the highest
diffusion co-efficient of all the samples. One haskeep in mind however while
interpreting these values that these are appaoefiic@ents and are hence bound to be
affected by the presence of secondary phases ittstddmaterial. In this case, it was
already determined from XRD studies that the Té@x¥6l Til samples had AMnOs
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impurities accompanying the excess spinel phasen Bliough the LMnO; is a
lithium ion conducting phase, it would still show electrochemical activity in the
investigated voltage range. Moreover the presericki MnO; would result in a
decrease in the number of contact points betweereldctrochemically active spinel
and the electrolyte thus reducing diffusion ratéditbium. Hence the low diffusion
coefficients could possibly be attributed to thegence a mixture of phases in the
structure. Hence it is not possible to deduce ardieend via this method and more
advanced methods are required.

4.3.5 Ex-situ X-ray diffraction

In order to verify the causes for fading, ex-sitiRIX was performed in order to
understand if there were phase transformationsifasd was titanium substitution
controlling this. The cells subjected to cyclingree@pened inside a glovebox and the
electrodes cleaned, washed and dried and takeXRa. Initially the electrode was
analysed as such but it was found that the intedithe Al peak was too large that
the background enveloped the peaks correspondintheéomain phase/any other

phases. Hence the active material was scrapetie#lectrode and subjected to XRD

separately.
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Figure 4.25 Ex-situ XRD after cycling, LiTi,Mns,O1, (0<x<1), fig b displays an enlarged

section of the pattern in fig a, black arrows repreent the tetragonal spinel phase.

A broad amorphous peak in the range of 20 ZiB@icates the presence of acetylene
black. However, the main peaks are clearly diststgable. From the results it is clear
that a phase transformation is occurring durindiogcfor the un-substituted excess
spinel. New peaks corresponding to a tetragonadghg sdMin,O3 4 (ICSD coll code:
50853) were observable in the unsubstituted spinase
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The intensity of this peak decreased with incregasim content with the sample
containing 1 mol of Ti displaying no tetragonal pba Manthiram et.al. [1] had
reported transformation during cycling to,MinO3z phase for spinel LMnsO;, and
reported that as a reason for capacity fading. Hewa number of studies [23-25]
have claimed that btMnOs; proves to be beneficial when integrated into thbic
structure in the form of nano domains. In this gtudb transformation to kMnO;
was detected. In this study, we report a new prsho unreported phase
transformation as a reason for the capacity fasing-substituted spinels.

4.4  Observations
4.4.1 Effect of nickel substitution in LiMn,O4

The effect of 0.5 mol nickel substitution for mangae in LiIMRO, gives rise to the

following observations from the results presentethe preceding sections.

» 0.5 mols of nickel was successfully substitutea ibiMn,O, via hydroxide co-
precipitation synthesis method. Samples with varyparticle sizes/degrees of
crystallinity were prepared for both un-substitutadd substituted spinels.

Structural characterization revealed pure phase® wbétained. Spinel LNM

crystallized in a disordered structure wid3m space group at lower synthesis
temperatures while a mixture of ordered and digedistructures were observed
with increasing temperature of synthesis.

> Nickel substitution in LiMRO, considerably improves electrochemical
performance in the voltage range of 2.3 — 3.3V e€&heffects are distinguishable
from that of the un-substituted spinel phase indleetrochemical performance.
First, the number of mols of lithium inserted ireses resulting in higher capacity
(145 mAh.g* for spinel LNM compared to 130 mARY Second, the rate
performance is improved significantly (75 mAfh.qat 4C for spinel LNM
compared to 30 mAhyfor spinel LMO). Finally capacity retention is nfuc
better (84 % for LNM vs 53 % for LMO). The improveate performance for the
nickel substituted spinel could be attributed tdueed charge transfer resistance
as well as lower impedance to the movement ofuithions within the structure
from cyclic voltammetry and impedance analyses. differences in performance
between different LNM samples was possibly duentodifferences in the nature
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of space group for the samples synthesized atrdiffeeemperatures and effects
related to particle size.

» The galvanostatic cycling performance in the vatagnge 2.3 — 3.3V displays a
behaviour that is completely opposite to perforneancthe 4 and 5 V ranges.
Materials annealed at a lower temperature disgi@yhighest capacity and rate
performance in the 2.3 — 3.3V while materials sgsithed at elevated
temperatures perform better in the 4 and 5V regidiss effect of synthesis
temperature on performance and a comparison wittsubstituted material
synthesized under similar conditions has not beported before.

> Ex-situ XRD analysis revealed that spinel LMO umers phase transformation
during cycling when annealed at elevated tempezatiMickel substitution seems
to avoid this phase transformation at all synthesigperatures.

» There is still some fading occurring even in thestbgerforming spinel LNM
sample. This could possibly be due to manganeselditon which requires to be

tackled via other methods such as coatings, a@giuch as acid scavengers etc.

4.4.2 Effect of titanium substitution in Li sMnsO1>

From the results of Ti substitutions, the followiolgservations could be summarized.

» Different amounts of titanium up to 1 mol were segsfully substituted into the
LisMnsO,, structure via hydroxide co-precipitation technigue the samples
synthesized via hydroxide co-precipitation methadMnO3; phase was observed
to form with increasing Ti content. Its amount eased with increasing Ti
content up to 15 % in the sample with 1 mol Ti siibed for Mn. A cation
mixed spinel phase was also observed in the urtisttesl sample, but its amount
was less than 5 %.

» 0.1 mol Ti substitution improved capacity retentimarginally by about 10 %
over 50 cycles and displayed slightly better ratefggmance compared to the
unsubstituted spinel. For Ti contents greater thdnmol, the capacity obtained
decreases though the capacity retention is highan tthe un-substituted
counterpart over 50 cycles.

» Cyclic voltammetry reveals that diffusion co-ef@at is reduced for titanium
substituted spinels compared to un-substituted Eaninis is reflected in the

poorer rate performance of the spinels containtagitim.
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» Ex-situ XRD analysis revealed that transformationattetragonal spinel phase
during cycling was found to be the reason for capdading. The presence of Ti
seems to suppress this transformation. Howeverspite of the suppression,
titanium substitution does not seem to improve tebebemical performance

significantly.
4.5 Conclusions

In this chapter the effect of elemental substingi@mn electrochemical performance
was evaluated for 2 different spinel compounds rarhéMn O, and LiMnsOs..
Hydroxide co-precipitation method was employed yotlsesize substituted samples.
Nickel substitution was found to prevent phase df@mation to tetragonal phases
during cycling in the 2.3 — 3.3V suggesting theeeffof Jahn-Teller distortion is
avoided by the presence of nickel in the struct8mnel LNM and LMO prepared at
different temperatures were investigated and it feasd that synthesis temperature
affected performance significantly in different tagje ranges as evidenced by cycling
data obtained in 2.3 — 3.3V and 3.5 — 5V range® fason for this difference in
performance most likely arises from the size otipkas or the effect of space group.
Titanium substitution also resulted in a reductainthe phase transformation to a
tetragonal phase during cycling. However capaditfained seemed to decrease with

increasing titanium contents

Between the nickel substituted spinel and titanisubstituted spinel, both display
similar initial capacities (~145 mAHY and rate performance (~75 mAH.gt 4C
rate) and capacity retention (83% for spinel LNMmg@ared to 87% for titanium
substituted spinel). In fact the titanium subsgéituispinel displays much better rate
performance at higher rates (6C and 8C). However giinthesis procedure is
relatively more complex for the titanium substitlgpinel requiring longer annealing
times and the presence of oxygen atmospheres. Mermespinel LNM displays two
useful voltage ranges (2.3 — 3.3 V and 3.5 — 5Mhlmd which can be exploited in
energy storage applications. Hence the subseqbapters will focus on improving
the rate performance of the spinel LNM and undeditay the reasons for the
difference in electrochemical performance for saspkynthesized at different

temperatures.
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Chapter 5

Influence of morphology and nano-structuring on

performance

This chapter will discuss the effect of varying morphology on performance
with an aim to enhance performance and understand the reason behind
the variations in performance presented in the preceding chapter for
spinel LNM. Spinel LNM is synthesized via different techniques and the
electrochemical performance is evaluated for all the samples. It is found
that spinel LNM synthesized via electrospinning displayed the best

performance.
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51 Introduction

From the preceding chapter, it is evident that elickubstitution seems to improve
performance for the hydroxide co-precipitated sisine the 2.3 — 3.3 V range. The
improved performance can be attributed to the redwharge transfer resistance and
suppression of phase transformation to the tetrmgphases with nickel inside the
structure. Annealing temperature had a signifiegfect on capacities obtained, rate
performance and capacity retention during cycli@ginel LNM_800_10h displayed
the worst performance in the 2.3 — 3.3 V range evlttile same material offered the
best performance in the 3.5 — 5 V range. SimilaNjyM_500_3h displayed the worst
performance in the 3.5 — 5V range while deliverihg best performance in the 2.3 —
3.3 V range. That leaves us with another questghy does a material with good
crystallinity (LNM_800_10h) perform poorly in on®@kage range (2.3 — 3.3V) while
delivering the best performance in another voltagge (3.5 — 5V)? Could the reason
be space group (LNM_800_10h seems to have a mixtucedered and disordered
phases present) or particle size? Before we cabuat the reason for the difference
in performance to space group, one must eliminatégte size as a possible reason.
For e.g, the LNM_500_10h displays the worst perfmmoe in the 3.5 — 5V range. This
can be partly attributed to the significant elelgtes decomposition €L cycle
efficiency is about 58.8%) occurring due to theréased surface active area due to

reduced particle size.

If the observed effects are indeed due to parsde, preparing samples of similar
sizes (and morphology) should result in similarcetechemical performance. To
verify this, the carbonate co-precipitation metheds employed to synthesize the
spinel LNM with a spherical morphology. The metheduld be ideal for preparing
samples with similar particle sizes and morphologyt varying degrees of
crystallinity. As a by-product of this study, it wid also be possible to investigate the
effect of spherical morphology on the performant¢hese samples. The precursors
employed include spherical MaQparticles synthesized via co-precipitation using
manganese sulphate and ammonium bi-carbonate spherical MnQ@ is amorphous
in nature and is employed as a precursor for tirespNM preparation together with
lithium acetate and nickel nitrate hexahydrate. Te¢ailed synthesis procedure is

presented in the methods and materials section.
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From the point of view of improving electrochemigarformance of the spinel LNM
in the 2.3-3.3V range, it was decided to employassémucturing. 1D nanofibers
synthesised via single spinnerette electrospinningthod were fabricated and
evaluated for their electrochemical performancer Be sake of comparison, a
standard sample is synthesized using a conventsmhial state method with the same
precursors employed for electrospinning as welle Tollowing sections detail the
structural and electrochemical evaluation of theous materials. As in the previous
chapter, labels are employed for identification sdmples. The spinel LNM
synthesized via carbonate co-precipitation would hkedentified using
LNMSPH_Temperature_Time while spinel LNM synthedizeia electrospinning
would be named as LNM-ES while the spinel synthezkizia conventional solid state

processing would be labelled as LNM-SS.
5.2 Experimental methods — LNM via carbonate co-prepitation
5.2.1 Powder X-ray diffraction

Figure 5.1 (a) presents the XRD patterns of theyssrs at different stages of the
carbonate co-precipitation method. Mng€pheres having very good crystallinity are
decomposed to form an amorphous Mrpbase on calcination at 460 for 5 hours.
The amorphous Mnfis converted to a pure phase spinel LNM after ngxand

calcining with the appropriate amounts of lithiundanickel precursors.
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LNM_800_10h J A l 800 °c ﬂ‘_

MnO

2

Intensity (a.u)
Intensity (a.u)
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Figure 5.1 XRD patterns of (a) Precursors (b) LNM pheres synthesized at different

temperatures.

Figure 5.1 (b) reveals diffraction peaks correspogpdo LNM spinel obtained at
different annealing temperatures. Impurity peaksresponding to LiNi;xO

observable in case of samples annealed at°@0@nd 800°C for 10 hours. The

110



Influence of morphology and nano-structuring orfgrenance Chapter 5

increasing peak intensity for the (110) plane isoprfor the increasing crystallinity

with temperature of annealing. The observed pateould be indexed to a cubic

spinel with Fd3m space group (ICSD Coll code: 90650). The latticeapeters

obtained from Rietveld refinement were in the ran§®.1621 (4) — 8.1675 (12) for
the different samples matching well with literaturalues. However FTIR studies
would be performed to establish the space groupnathe previous case with

hydroxide co-precipitated spinels.
5.2.2 Scanning electron microscopy

Secondary electron images (figure 5.2, a - j) retiest all the samples are composed
of spherical particles with diameters in the rargge3 — 10 um. They are also
accompanied by broken fragments of the spheresumady coming from the
explosive nature of the reaction between lithiuratai® and nickel nitrate. This would
be a combustion reaction with lithium acetate a&ctn fuel and nickel nitrate acting as
an oxidizer with the temperature of the furnacep$yipg the heat required for
combustion. Since these fragments would be formeihg the ' calcination step
(500°C — 3h) itself, it can be reasonably assumed thatrémaining annealing steps
would not result in any further destruction and migrobably result only in fusion of
the broken fragments increasing temperature. Famele, comparison of figure
5.2b/f with 5.2j clearly reveals this differencé.chn also be observed from the SEM
images that the morphology becomes smoother witteasing annealing temperature.
This as mentioned earlier could be due to thetfadtdiffusion processes are activated
inside the material that leads to mass transfamately resulting in a smoother
morphology. EDX analysis revealed the mass ratiwéen Ni and Mn to be 0.340

which is slightly lesser than the expected valu6.860.
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Figure 5.2 SEI of spherical LNM synthesized via cdronate co-precipitation method (a &
b — 500°C -3h), (c&d — 500°C -10h), (e&f — 600°C -10h), (g&h — 700°C -10h), (i & j —
80C°C -10h)

112



Influence of morphology and nano-structuring orfgrenance Chapter 5

5.2.3 Fourier Transform Infrared spectroscopy

To identify the space group of the LNM spinel, FT$Rectra were recorded in the
range of 400 — 4000 chrand analysed. The results are provided in figude 5

620 585 557 496 479
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Figure 5.3 FTIR spectra of spherical LNM synthesise at different temperatures
via carbonate co-precipitation

The trend of space groups seemed to evolve in a@naimilar to that of hydroxide
co-precipitated spinels. LNMSPH_500_3h and LNMSP®0 30h display broad
peaks at 557 and 585 ¢ntypical of anFd3m space group. On increasing the
temperature, the two peaks become sharper indic#éiie@ formation of an ordered
phase with P4332 space group. The peaks are very well defined tfoe
LNMSPH_700_10h and become broad again for LNMSPI@_80h suggesting that
the amount of ordered phase is perhaps the highabse 700°C annealed sample.
None of the patterns could however be matcheddceiact reported pattern for the
ordered space group [1,2] and hence the possilafitg mixture of the two space
groups being present cannot be ruled out. The texadtly reflects the same trend

observed for hydroxide co-precipitated spinels.cbaclude, it can be said that the
LNMSPH_500_3h and LNMSPH_500_10h crystallize inFal8m structure while the

remaining samples consist of a mixture of bedBm andP4532 space groups.
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5.2.4 Thermal Analysis

Thermogravimetric analysis was performed for thetlsgsized spinels and the results

are presented in figure 5.4
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Figure 5.4 TGA curves of spherical LNM synthesisedvia carbonate co-
precipitation

Two distinct weight loss regions can be observadt Eorresponds to the removal of
adsorbed moisture in the samples at around 95 —°C20his loss is higher for
samples synthesised at a lower temperature (0.6o%pared to samples synthesized
at higher temperatures (almost no weight loss). See®nd loss which seems to set in
around 450°C involves the loss of oxygen from the structurbe Total weight loss
due to oxygen ranges from 6.3 — 6.4 % for all thengles suggesting that the initial
phase composition of the different samples was gblybnot very different to start
with. This trend is again similar to the trend foydroxide co-precipitated spinels.

Thus considered together with XRD and FTIR analysgas concluded that the major
phase present is a cubic structure Witl3m space group.
5.2.5 Cyclic voltammetry and galvanostatic cycling

Cyclic voltammograms in the voltage range of 2.3.3V (figure 5.5a) reveals a
reversible redox process (NMr-Mn*" couple) for all the samples. With increasing
annealing temperature, the current obtained duthwey redox process decreases

mirroring the trend reflected by hydroxide co-ppatzted spinels.
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0.2 mVI/s, (b) Cycling performance at 30 mAg(0.2C) (c) Rate capability

1504
— @ (b)
] NPT " 0.2C
s = =
g 1004 gl IIIIIII.“............I ; -
= E
= B>
§ 75+ —#-500-3h g
s —e—500- 10h 5
o 50 —4—600 - 10h N
B 700 - 10h =
2 5 —+—800- 10h %
0 T T T ! '
0 10 20 30 40 50 35 40
Cycle Number Cycle number

Figure 5.6 Electrochemcial performance of sphericalLNM in 3.5 — 5V (a) Cycling
performance at 30 mA.g' (0.2C) (b) Rate capability.

This reflected in the galvanostatic testiffigpure 5.5b) in which
LNMSPH_500_3h, LNMSPH_500_10h and LNM_600_10h sawspteliver the

highest initial capacities (127, 132 and 126 mAhaspectively). Capacity retention is

is also

quite good for all these 3 samples (about 99% dfalncapacity after 50 cycles
respectively). LNMSPH_800_10h displays the loweapazity at 40 mAh:§ but
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delivers the same value after 50 cycles roughly.the rate tests (figure 5.5c),
LNMSPH_500_10h displays the best performance wittagacity of 46 mAh.{ at
8C. All other samples calcined at higher tempeestueveal poor performance at C-
rates higher than 2C. All the samples display gomidntion after high rate cycling
suggesting that there are no structural changasiacg after high rate cycling.

Table 5.1 Initial capacities and retention for sphdcal LNM synthesized via carbonate
co-precipitate method, error is around + 5 mAh.¢-

1% cycle 1% cycle 50" cycle
Sample charg? dischérge dischérge % ca?acity
capacity capacity capacity retention
(mAh.gY) | (mAh.g?) | (mAh.g?)
23-33V
500 -3h 127.6 131.7 1241 94.2
500 — 10h 132.8 136.3 128.2 94.1
600 — 10h 127.0 130.0 1211 93.2
700 — 10h 79.8 70.1 73.8 92.5
800 — 10h 36.9 40.4 38.0 94.1
35-5V
500 -3h 150.6 113.6 101.7 89.5
500 — 10h 150.0 119.6 106.8 89.3
600 — 10h 149.8 125.9 116.4 92.5
700 — 10h 145.6 130.8 130.0 99.4
800 — 10h 144.0 133.6 131.0 98.1

Galvanostatic cycling performance in the 3.5 — ®gion (figure 5.6a) reveals that
LNMSPH_800_10h delivers the highest initial disgfercapacity of 133 mAhTY

retaining about 98% over 50 cycles. LNMSPH_500_afAhthe other hand displays
the lowest initial capacity (114 mARYyand retention (90%). The capacity retention

increases with increasing temperature. LNMSPH_8008 dlso displays the best rate
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performance (figure 5.6b) as well delivering a @ifyaof roughly 90 mAh.g at 4C
rate. However the capacity drops off at highergd6&C and 8C). It is also noted that
lower annealing temperatures resulted in incre@dectrolyte decomposition during
charging (observed both in cyclic voltammetry aradvgnostatic cycling) similar to
the observations for hydroxide co-precipitated slsin Increasing annealing

temperatures result in better performance in theage range of 3.5 — 5V vs. Li/Li

To sum up, the general trends in electrochemicdbpaance with temperature seem
to mirror that of the different spinel LNM samplegnthesized via hydroxide co-
precipitation method with few exceptions. The fiestception is that the stability
during the initial 10 cycles for the spherical LNMmuch more improved in the 2.3 —
3.3V region compared with the hydroxide co-preaitgitt LNM. Secondly, the®1

charge capacities obtained during galvanostatiingyen the 3.5 — 5V region do not
exceed the theoretical value by a lot indicatingt thhe extent of electrolyte
decomposition observed is very less compared tb dh&ydroxide co-precipitated

spinels in the same voltage range.
5.2.6 Cyclic voltammetry at different rates

To establish the diffusion behaviour, the differesginel LNM electrodes were
subjected to cyclic voltammetry at different ratesd the apparent diffusion
coefficients results were estimated using the Rem8levcik equation. The results are

presented in table 5.2.

Table 5.2 Comparison of lithium diffusion co-efficents, spinels synthesized via two

different co-precipitation methods

Lithium diffusion coefficient (cm?/s)
Annealing
" Hydroxide co- Carbonate co-
condition
precipitation precipitation
500 3h 1.345 x 18 1.379 x 10°
500 10h 0.847 x 18 2.227 x 10°
600_10h 0.605 x 18 1.185 x 10°
700_10h 0.441 x 18 0.697 x 10°
800 10h 0.177 x 18 -
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For the spinel LNM synthesized via hydroxide coegppéation, a clear trend of
reducing lithium diffusion coefficients is observedhereas for the carbonate co-
precipitation samples, the variation is not sigwifit. It was already mentioned in the
preceding discussion that the coefficient valueawietd here is an apparent value (see
section 5.1.1). The presence of approximately simnslzed particles would thus give
rise to almost similar apparent diffusion coeffit® The trend further corresponds
well with the galvanostatic testing results whehe NMSPH_500_10h sample
displayed the highest capacity and best rate padnce. It would then be reasonable
to assume that the differences that are evidenthén performance here can be

attributed to the structural differences in the gla® mainly rather than particle size.

5.3 Experimental methods — spinel LNM via electrogpning and solid state

method
5.3.1 Powder X-ray diffraction

The results of the Rietveld refinement of the paggor LNM-SS and LNM-ES are

presented in figure 5.7a and 5.7b respectively.
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Figure 5.7 Powder XRD patterns (a) LNM-SS (b) LNM-ES, patterns subjected to

refinement.

In the case of the LNM-SS synthesized here, thaioéd pattern could be indexed to

a cubic spinel structure with a@fd3m space group (ICSD Coll Code: 90650). The
lattice parameter obtained from rietveld refinersefR.,, — 2.48, Rp — 3.06, R —
2.32, GOF — 1.23) was a=8.176 (3) A which is irelinith reported values for the
disordered compound. A minor impurity phase ogNMOg is observed which is
commonly observed in this method. The XRD patteshtained for the LNM-ES
powder could also be indexed to a cubic spinelctire with disorder. Lattice

parameter values calculated from rietveld refinenvess found to be a=8.176 (3)A.
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R-factors for refinement werefg- 1.14 , Bp — 1.59, B - 1.21, GOF- 1.40 suggesting
good fitting of the experimental data to the stuuat model.
5.3.2 Electron microscopy

Secondary electron images of the LNM-ES and LNMsa8iples analysed through

scanning electron microscopy is presented in figudga-c, f).

Figure 5.8 Electron micrographs of LNM-ES and LNM-SS, SEI of (a) As-spun fibres,
(b,c) calcined fibres, TEI of calcined fibre (d, e)(f)SEI of LNM-SS sample.

The LNM-SS sample (figure 5.8f) reveals an irreguteorphology with particles in
the size range of 1 —jmm. They also reveal well defined octahedral faedigch is

typical for this material. For the LNM-ES samplefield emission scanning electron
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microscopy was employed to obtain secondary eledimages. The as-spun fibres
(figure 5.8a) have a smooth morphology without éippearance of beads suggesting
the spinning conditions employed are resultingondyquality fibres. The diameter of

the as-spun fibres ranges from 200 — 400 nm.

After calcination, the fibres lose their smooth ptorlogy which is now replaced by a
rougher surface. The fibre structure is preservadgeasting that the employed
calcination conditions have not destroyed the maligdy which is essential for
realizing novel properties. The diameter of thedbhave reduced to 100 -200 nm
after calcination. This is expected to occur duethe removal of the organic
component of the fibres. Transmission electron iesagveals that the fibres are made
up of nanosized crystallites 25 — 35 nm in sizedutogether to form the long fibrous
structure. Furthermore, pores can also be obsandidating the porous nature of
these fibres. These can be attributed to the gesesping during calcination of the

polymeric backbone.
5.3.3 Thermal analysis

TGA was employed to determine the carbon conterthefLNM-ES fibres formed

after calcination. The powders were subjected trastterization via XRD, SEM and
raman spectroscopy to analyse the crystallinitgsphpurity and morphology. Figure
5.9 presents the TGA curves of as-spun and caldibegs in a mixture of synthetic

air to simulate ambient conditions during calcioati
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Figure 5.9 TGA curves of LNM-ES (a) As-spun fibregb) Calcined fibres (600°C for 1h)
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The TGA curves of the as-spun fibres reveal a wdmgs of about 80% which is in
line with expected results (79.2 % for the totalssaf precursors taken). The main
loss occurs due to decomposition of the organicpmrants present such as PVP, the
acetate chains etc. To find out if there was asidtal carbon leftover in the samples
after calcination, a post calcination TGA was apmrformed (figure 5.9b) which

shows a weight loss of less than 1.6 % clearly ssijgg no residual carbon is present.
5.3.4 Fourier Transform Infrared spectroscopy

FTIR was performed to verify the space group of thM-ES and LNM-SS samples
synthesized. The spectra are presented in figage 5.

Transmittance (a.u)

700 650 600 550 500 450 40(

Wavenumber (cm™)

Figure 5.10 FTIR spectra of LNM-ES and LNM-SS samps.

The spectra reveal that LNM-ES consists ofd@m space group while the LNM-SS
sample displays a combination of b&ti3m andP4s32 space groups. Together with
XRD analysis, once again the major phase seems thebbothFd3m space group in
both samples.

5.3.5 Cyclic voltammetry and galvanostatic cycling

This section will present the results of electroulwal testing of both LNM-SS and
LNM-ES. Initially the performance of the LNM-SS fgesented followed by results
for the LNM-ES sample. For both samples, invesiiget are performed in both
voltage ranges (i.e 2.3 — 3.3V & 3.5 - 5V).
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The cyclic voltammograms (figure 5.11a) recorded acan rate of 0.2 mVsn the
3.5 — 5V range reveal reduction and oxidation peaksted at 4.63 and 4.83 V
respectively which correspond to the redox coupfé<N Ni**. A pair of redox peaks
are also observed at around 4.01 V and 3.89 V. dimgests the presence of ¥im
the material indicating the presence of a disodigdegase which correlates well with
the results of XRD. The process seems reversibderanindications for fading are
observable. The results of galvanostatic cyclinghm high voltage range are given in
figure 5.11(b & ¢).
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Figure 5.11 Electrochemical performance of LNM-SSn 3.5-5V (a) CV curves @ 0.2
mV.s™ (b) first charge/discharge curve (c) cycling perfamance @ 30 mA.g (0.2C)

The cycling was performed at a rate of 30 nmA-®.2C assuming 1C=150 mA'y
The observed capacity in the first cycle is 128.Bhng’ from the charge and
discharge curves (figure 5.11b). About 7 % of ttégpacity can be ascribed to the
Mn**/Mn** redox couple. Figure 5.11c shows the superioopernce during cycling
displaying a capacity of 125 mARgafter 100 cycles which corresponds to 97 %
retention of initial capacity.

The performance in the 3V region is presentedgaré 5.12 (a - d). CV traces at 0.2
mV/s are given in figure 5.12a. Redox peaks aremesl at 2.7 and 2.98 V indicating
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a peak separation of about 0.3V. No other peaksobserved ruling out any other
redox couples/side reactions in the system. Cordparéhe activity in the 5V region,
the current obtained is about an order of magnitsaller in this region. This
indicates limited electrochemical activity in th&/ 3egion. Galvanostatic cycling
results (Fig 5.12b - d) further confirm this obs#ion. A capacity of 49 mAhlis
delivered when LNM-SS is cycled at a 0.2C ratesTdurresponds to the insertion of
0.33 mols of Li into the structure. About 0.31 mol ofLeould be extracted back
from the structure giving an efficiency of about®% for the first cycle. This value
further decreases when the rate is increased {13@mA.g%). Only about 20 mAh.g

! capacity could be obtained suggesting there tsally no significant activity in this
region. Rate performance is also considerably @sois evident with the capacity
dropping to almost zero at high rates.

34
o
J

298V

60 @) J\.H-\ (b)

w IN
S S
I

Current (mA/g)
N
o
N
<

-20

P
o
!

Specific Capacity (mAh/g)

-404 270V

o

10 20 30 40 50 60 70 80
Cycle Number

o

T T T T T T
22 24 26 28 30 32 3.4
Voltage (V vs Li/Li+)

70-

3.4 d
©) | @
. 324 230{ osc
3 ET] v
— 3.04 E) \-\
4 © 1c 0.5C
> @ 204 .
o 2.8 Q ™ "
2 8 " -
O 2.6 L 2c
> 'S 10+ \-
2.4+ 2 :
0.2C n ":'C-._GC o =
221 , , , , : ol — : e
0 10 20 30 40 50 0 10 20 30 40
Capacity (mAh/g) Cycle Number

Figure 5.12 Electrochemical performance of LNM-SSn 2.3 - 3.3V (a) CV curves @ 0.2
mV.s* (b) cycling performance at 30 mA.g (c) first charge\discharge curves (d) Rate

performance.

The observed performance for LNM-SS in the 3.5 — rf@gion is similar to the
performance of the spinel LNM discussed in the térap (synthesized via hydroxide

co-precipitation method and annealed at 8D@or 10h). SEM analysis reveals micron
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sized irregular particles for the LNM-SS while FTéRalyses show a combination of
ordered and disordered phases existing in the mktErom the charge — discharge
curves, it is apparent that only 0.33 mols of is being inserted into the structure.
This would result in an average manganese valehabaut +3.7. This is well above
the average valence of +3.5 below which co-opezali@hn-Teller distortion usually
sets in. This leaves open only the possibility ahnganese dissolution being the major
capacity fading mechanism and is always prevalehorg as there is M present in
the structure. The low observed capacity is arising to some other structural effect

probably arising from the presence of mixed phases.

The spinel LNM prepared by a single spinerette tedgpinning technique was
evaluated in both the low voltage and high volteayeges.
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Figure 5.13 Electrochemical performance of LNM-ESn 3.5-5V (a) CV curves @ 0.2
mV.s?, (b) first charge\discharge curves (c) cycling péormance @ 30mA.g-

CV traces (figure 5.13a) indicate a split in thelpg@ositions. Two distinct peaks at
4.73 and 4.78 V corresponding to the oxidation Bf& Ni**and N#*— Ni*‘reaction
could be observed. Corresponding peaks at 4.64 &t/ indicate the reduction of
oxidised species. A small shoulder at 4V is obstrwich can be ascribed to the
presence of Mfi in the structure. The charge — discharge curveseaumerated in
figure 5.13b. The total capacity obtained in firkarge is about 181 mARktgvhich is
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higher than the theoretical capacity of 148 mAh.ghis is probably expected since
the redox (4.75V) potential lies outside the stgbivindow of the EC: DEC solvent
and the effect is accentuated by using a nanorahtghich has a high surface area
thus presenting increased sites for electrolyteomgosition. The %t discharge
capacity is about 125 mAh'gAbout 11 % of this capacity can be attributedhe
Mn**/Mn** redox couple. The cycling performance (Fig 5.18e)eals a gradual
fading with about 90 % retained after 50 cyclesdating capacity retention is poorer

than the solid state material.
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Figure 5.14 Electrochemical performance of LNM-ESn 2.3-3.3V (a) CV curves @
0.2mV.s'(b) cycling performance @ 30 mA.g(c) first charge/discharge curve (d) Rate

performance (Reproduced with permission from Elser)

The electrochemical performance of the LNM-ES malgiin the 3V region is given
in figure 5.14 (a-d). Cyclic voltammograms indicdteat the current obtained is
roughly about an order of magnitude higher for thNM-ES (compared to LNM-SS)
sample indicating a significantly better electratimal response. The redox peaks at
2.72 and 2.97 V results in a separation of abd2B\). The sample displays an initial
capacity of approximately 140 mAR‘gt 0.2C rate. This capacity reduces to 105
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mAh.g* after only 30 cycles suggesting the retention @& wery significantly
improved. The charge — discharge curves presemtddjure 5.14c suggest a two
phase topotactic reaction is occurring (as evideénog the presence of a voltage
plateau). A first cycle efficiency of 93.2 % is abted and this value reaches about
100 % eventually indicating that there is no furthass of lithium or electrolyte
decomposition occurring which will impact the lotgrm performance of the cell.
Rate performance testing (figure 5.14d) revealstti® LNM-ES samples can display
capacities of nearly 70 mAh'aat a rate of 8C (roughly 1A%, Almost 90 % of the
capacity is recoverable at 0.5C after testing gh mates indicating that the structural

stability is preserved for the LNM-ES material ewkming high rate cycling.

To understand the reasons for the vastly diffeparformances for LNM-SS and
LNM-ES, it would again be necessary to delve irte morphological as well as
structural differences. LNM-ES consists of nanaedizrystallites fused together to
form an interconnected fibre. The thin nanofibefferomany significant advantages.
Firstly, the contact area with the electrolyteigngicantly improved resulting in high
lithium diffusion rates from the active materialttee electrolyte. Secondly, it is known
that 1D nanofibrous materials can also act as iondaction pathways thereby
resulting in faster kinetics. Both these factors explain the observed high rate
performance for the LNM-ES. Both these factors aoc¢ available in LNM-SS
possibly explaining the poor rate performance. dijrthe small crystallite size
should enable the active material to withstand dtresses generated during Jahn-
Teller distortion (especially at high rates). Howefrom the observed performance, it
is clear that there is significant fading for thatiee material when it is cycled at 0.2C
rate. This is most likely arising out of mangandssolution which is made worse by
the high contact area between the active matenidlthe electrolyte. It is also worth
mentioning that the disordered phase itself haseshbin’* as well which again would
be susceptible to dissolution. This high contaetatlso poses problems for the LNM-
ES when it is cycled in the 3.5 — 5V range wherecteblyte decomposition is
enhanced significantly. The benefits offered by LI in terms of electronic wiring,
high contact surface area with electrolyte is mespnt for LNM-SS. However it still
displays phenomenal cycling stability in the vodagnge of 3.5 -5 V. This can be
clearly attributed to the low particle size/surfaseea and minimal electrolyte

decomposition associated with it.
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To sum up, the performance of the LNM-ES samplthévoltage range of 2.3 — 3.3
V is vastly improved by nano-structuring. Howevée tperformance in the high
voltage region is expected to be dominated by elté decomposition in spite of the
high capacity it delivers.

5.3.6 Cyclic voltammetry at different rates

The diffusion coefficients of the LNM-SS and LNM-EB&mples were determined via
cyclic voltammetry at different rates and the resakre presented in figure 5.15. It is
evident that the apparent diffusion co-efficient fbe spinel LNM-ES is about an
order higher than that of spinel LNM-SS. This isviolisly arising from the much

more increased contact between the electrolyteaatide material and can explain the

significant difference in rate performances betwientwo samples.

D, LNM-ES - 0.58 x 107

D, LNM-8s-0011x 10  LNM-ES
0.002+ '

0.0014

Peak current density (A/cm?)

"

0.01 0.02 0.03 0.04

12

0.000

(Scan rate)

Figure 5.15 Peak current density vs scan rate forNM-ES and LNM-SS, Anodic

process (lithium insertion)
5.3.7 Electrochemical Impedance Spectroscopy

Impedance studies were performed to understanditietics of the reaction better.
Figure 5.16 a & b present the Nyquist plots for fitesh cell and cells subjected to 20
cycles in the voltage range of 2.3 — 3.3V.

The data was fitted using the same equivalent ititcged earlier (section 4.2.6). It
reveals that the charge transfer resistangg {6t the LNM-ES sample is around 19.7
Q for the fresh cell and barely increases to 20.&fter 20 cycles. On the other hand,
Rt values for the LNM-SS after twenty cycles is abotd3Q. The R; value for the
freshly assembled LNM-SS cell was even higher. Werburg impedance for the
LNM-ES sample is 2®.s"? compared to about 2.5 for the LNM-SS sample.
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The lower charge transfer resistance coupled wihréduced Warburg impedance can

explain the higher capacity and better rate peréorre for the LNM-ES sample.
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Figure 5.16 EIS analysis of LNM-ES and LNM-SS, (alfresh cells (b) after 20 cycles

54 Effect of spherical morphology on performance

The main aim behind the studies with carbonaterecipitation was to determine if
particle size was a reason for the observed pedocm By preparing spherical
particles with similar diameters and varying systhetemperatures, samples with
differing levels of crystallinity and content of @ée groups were synthesized while
fixing particle size. Hence whatever effects aresesbed in electrochemical
performance are most likely arising due to theedédhces in the crystal structure
arising due to space groups. It was observed tigabverall trend remained similar to
those of hydroxide co-precipitated samples. Thawith increasing temperature of
synthesis, performance in the 2.3 — 3.3V voltagegea became worse while
performance in the 3.5 — 5V voltage range becanterbdt can hence be concluded
that performance seems to be affected more byypweedf space group and its quantity
rather than the particle size. Spherical morpholgg found to have a positive effect
on electrochemical performance. Particles with sphke morphology exhibited the
most stable cycling performance in both the voltageyes tested for spinel LNM. It is
evident that the initial fading that occurs over 405 cycles for the spinel LNM
synthesized via hydroxide co-precipitation is alb$enthe spherical LNM. Spherical
morphology is known to accommodate stresses gemkemiiring repeated cycling
compared to other irregular morphologies. Thisatffeas also been well documented
in literature for spinel LNM in the higher voltagange [3]. The spherical morphology
also seems to result in relatively lesser electeolyecomposition (as seen fror 1

charge capacity) while cycling in the 3.5 — 5V rang
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5.5 Effect of nano-structuring on performance

The second aim of this study was to investigate dffect of nanostructuring on
performance for the spinel LNM. 3 key observati@asild be made here. Firstly,
electrospun spinel LNM displayed improved perforocenn both the 3 and 5 V
regions (in terms of obtaining higher capacity).in8p LNM synthesized via a
conventional method using the same precursorsajieglpoor performance in the 2.3
— 3.3V while displaying very good performance ie tange of 3.5 — 5V. Secondly, in
the voltage range of 2.3 — 3.3V, it was observed tiiere was capacity loss occurring
for the electrospun LNM (10 % after 50 cycles) lthe rate performance was
significantly improved (70 mAh:jat 8C). By comparison, the spinels synthesized via
hydroxide and carbonate co-precipitation displagagbacities of about 5 and 50
mAh.g* respectively.

Overall, electrospun spinel LNM delivered highepaseities in both voltage ranges of
testing unlike other materials which display bettapacities but only in one of the
voltage ranges. This suggests it would be possilese it as a versatile electrode

material in different energy storage devices.
5.6 Understanding of capacity fading mechanism
From the above discussion and the results in chdptiae following points emerge.

) The structure of spinel LNM varies considerablyhastynthesis temperatures
resulting in a mixture of phase groups with increg$emperatures.

i) All spinel LNM samples (be it hydroxide co-
precipitation/carbonate/conventionally synthesigachples) with a mixture of
phase groups display poor capacities in the 2.3¥ @oltage range.

i) Spherical LNM particles display much better cyclisgbility in the ¥ 20
cycles when compared to spinel LNM synthesizechy@droxide method.

iv) Lithium diffusion studies suggests that the pagtisize clearly affects the rate
capability

V) Nano-structuring to obtain 1D fibers of LNM resuits the same material
providing enhanced capacities in both the 2.3 —a&8@ 3.5 — 5V ranges of
testing which neither materials from hydroxide/cardte co-

precipitation/conventional synthesis deliver.

129



Influence of morphology and nano-structuring orfgrenance Chapter 5

The crystal structures for the ordered and disediepinel phases are given in figure

5.17. It is known that the disordered structurenvifitidm space group consists of Ni
and Mn ions distributed randomly over the 16d oetlhl sites while the lithium
resides in the 8a tetrahedral sites. This arrangemdasically similar to the LiVy©,
structure where only Mn ion is available. On thieeothand, the ordered structure with
P45;32 space group consists of Ni and Mn ions distatuiver 4b and 12d octahedral

sites respectively.

Figure 5.17 Crystal structures of different space mups of LNM (a) Fd3m space group
(b) P4,32 space group, Red spheres — O, Orange spheres #,Mbreen spheres — Ni, blue
spheres — Li.

There have been relatively few studies on the plrassformations occurring in the
spinel LNM when it is cycled in the 2.3 — 3.3V ranagnd the results have been quite
conflicting. Amine et.al [4,5] claimed no transfaation from a cubic spinel phase
during cycling. They demonstrated this by chemycéthiating spinel LNM to form
LioNig.sMn; 504 compounds and performing XRD on it. Park et.ald@med that the
ordered phase underwent reversible transformatibitevthe disordered phase does
not undergo reversible transformation to a tetrajphase with the help of X-ray and
electron diffraction studies. Recently, Manthirand a&o-workers [7] had investigated
the performance of both ordered and disorderecetpirthe voltage range of 2 -5V
vs. Li/Li*. They subjected the spinel LNM synthesized witffedént degrees of
ordering to cycling in different voltage rangesir@ — 5V and established that there is
significant capacity fading for both the ordered aisordered forms when cycled in a
wide voltage window (2 - 5V). The only common urstanding though seems to be
that the space groups seem to affect performatioeit(¢here remains discrepancies as

to which one affects in what way).
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With the above discussion in mind, we propose a n@ghanism to account for the
results obtained here. It is known that ¥is a larger ion that is going to cause a
distortion of the Mn@ octahedra. Hence when lithium is inserted, themgoing to be

a change in the size of the MgOctahedra as the manganese valence would change
from +4 to +3. This is going to result in an expgansof the lattice. Now the ordered
and disordered phases would have different lafies@meters (owing to the presence
of Mn** in the structure). Hence it would be realisticeixpect that these 2 phases
would undergo lattice expansion to different exdeMacroscopically, this would lead
to the formation of an interface that has stressesociated with it which could
possibly inhibit movement of lithium ions. This v&ry similar to the mechanism
proposed by Goodenough and co-workers [8,9] extlkat there is no phase
transformation involved. This would explain why sdes with only the disordered
phase (LNM_500/LNMSPH_500/electrospun LNM), displggod performance as
they do not have the second phase which would cthesédormation of a stressed
interphase during lithium insertion. As the syntedemperatures increased, it was
mentioned that the structures converted from alpulisordered phase to a mixture of
ordered and disordered phases. From the FTIR spdiotr amount of disordered phase
increases from 608C to 800°C. Similarly, the LNM synthesized via a conventibna
technique also displays a mixture of phases whichlav fit into this model and
explain the poor observed performance. This woukhmthat the amount of such
‘stressed’ interphases would increase with increpsiemperature of synthesis
explaining the observed performances reasonablg. mbdel would also explain why
the spinel LNM synthesised at elevated temperauisgday excellent cycling stability
and capacity when cycled in the 3.5 — 5V range. fEson would be that no Nis
formed in the structure as the main redox coupldif&¥Ni**. Hence again there is no

formation of such an interphase that can blocknlbgement of lithium ions.
5.7  Conclusions

In this chapter, the effect of morphology and natrocturing on electrochemical
performance was elucidated. It was found that spdlemorphology was beneficial
with respect to cycling stability. This is possilalgising out of the ability of a spherical
morphology to accommodate stresses better durirgingy compared to other
morphologies. However the rate performance walsnstilvery good. Furthermore, the

effect of particle size on electrochemical perfonceawas eliminated and it was found
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that a mixture of 2 different space groups reslta poorer performance. According
to this study, spinel LNM withFd3m space group offers better electrochemical

performance in the 3V region. Presence of a mixtfifed3m andP4;32 space groups
resulted in a poor performance. A new model is psed that can explain the
observed differences in performance between vasansples in the different voltage
ranges. Nano-sizing the spinel to form 1D fibresuled in an improved
electrochemical performance (capacity obtainedbath the 3V and 5V regions.

Hence this material was chosen as the base mdatedamonstrate full cell devices.
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Chapter 6

Demonstration of full cell devices

This chapter will present the results of attempts to employ electrospun
spinel LNM (LNM-ES) in full cell devices to demonstrate its feasibility as
potential alternative electrode materials for Li* ion based energy storage
devices. Two potential configurations with LNM-ES as a working
electrode will be demonstrated here. One would be a lithium ion battery

while the other one would be a hybrid super capacitor.
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6.1 Insertion electrode in hybrid supercapacitors

It was evident from the results of galvanostaticlicg performance that LNM-ES
exhibited very good rate performance. This wouldkeniaideal for operation in hybrid
super capacitors where one of the working electodéll operate based on
intercalation of lithium ions while the other ondlveperate via a capacitive charge
storage mechanism and high rate performance waukl mecessary feature. The half-
cell performance of the LNM-ES is given in figurd @a, b). CV traces indicate good
reversibility for the MA*/Mn** redox couple. One of the important requirements fo
hybrid super capacitor electrodes is long termingcstability. To verify if the LNM-
ES electrode can offer reasonable capacity retentiee electrode was cycled at 2C
rate (1C = 150 mA:Y. It was evident that it could retain about 90 %tte initial
capacity after 250 cycles suggesting reasonablingystability (figure 6.1b).
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Figure 6.1 Half-cell performances for LNM-ES and AC (a) cyclic voltammogram at
0.1mV.s* for LNM-ES (b) capacity retention at 2C rate for LNM-ES (c) charge —
discharge curve of AC vs Li/Li+ at 100 mA.g (d) capacity retention at 100 mA.g for
AC. (Reproduced with permission from Elsevier)
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The other working electrode chosen for this dew@es an activated carbon (AC)
fabricated from coconut shell supplied by our dmtieator. The reason for choosing
activated carbon is obvious. It is known to disptyended cycling stability for over
100,000 cycles with almost no fading. The half-gaiformance of activated carbon
was also studied to decide the optimum mass loaidinghe full cell configuration.
The results are given in figure 6.1(c, d). The AEcwode displayed very good
capacity retention with no fading after 500 cyclekile displaying a capacity of
approximately 56 mAh:§ Masses of the electrode materials were calculated the
respective specific capacities obtained during aadstatic cycling (119 mAh.-gfor
LNM-ES and 56 mAh.g for AC) thus requiring a ratio of 1:2.125 to LNMSEand
AC.
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Figure 6.2 Performance of hybrid supercapacitor (@ charge-discharge profiles at
different rates (b) Capacity retention at 1A.g' rate, 1.5 — 3.25V (Reproduced with
permission from Elsevier)

The performance of the LNM-ES/AC hybrid device igeq in figure 6.2. The power
and energy densities can be calculated using tleniag formulae, Power = (Voltage
x current)/ total mass of electrode, Energy = Powéme. Voltage used will be the
average of the maximum and minimum voltages atthidering the charge and
discharge cycles (1.5 and 3.25 V in this case).uAlB1 % of the initial capacity is
retained at a rate of 1 Algafter 3000 cycles. The configuration offers anrgpe
density of approximately 19 Wh. Kgat high power densities and this performance
was found to be much better than other similarrtige anodes such as B, and
LiTi3(POy)3[1]. This demonstrates the feasibility of employitige LNM-ES as an
insertion anode in an organic hybrid supercapadiéwice. The hybrid super capacitor
based on LNM as the intercalation electrode (anodpjesents the first attempt at
using the MA*/Mn** redox couple as an insertion anode against avageti carbon
electrode. The proposed working mechanism is dewesl During charging, lithium
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ions from the electrolyte are inserted into thenepLNM while simultaneously RF
ions adsorb physically on the surface of the atgtvaarbon electrode. Thus charge
neutrality is maintained in the electrolyte thisyw®uring discharge, the opposite of
this process happens whereby the inserted lithmms are extracted from the LNM
and simultaneously RFons are subjected to desorption from the activai@don
surface. This configuration displayed significantgtter performance compared to
other similar systems based on materials such8s(PiQy); and TiRBO;. However the
performance still does not rival the best matestaich is Li,TisO;12[2]. Still a number
of factors make the spinel LNM more attractive cangol to a host of other
intercalation anodes for hybrid super capacitoisstlly, the source of lithium in a
hybrid electrochemical super capacitor with a cadoeous electrode is the lithium
ions in the electrolyte. Thus materials which caoneudithium ions to form SEl/lose
lithium ions irreversibly after intercalating aretnan ideal choice. For e.g, TiGs
susceptible to irreversible capacity loss whera ipart of the inserted lithium ions
cannot be extracted back from the structure. Frosiwork it is clear that the first
cycle efficiency is about 94 % suggesting that pineblem of irreversible loss of
lithium is not significant. This device is simplypaoof of concept device that cannot
be really compared with the best existing devidé®re are still issues to be addressed
including the fading of capacity which arises frdne LNM-ES anode mainly. With
optimization and further modifications, it shoulde kpossible to improve the
performance of this system significantly.

6.2 Insertion electrode in lithium ion battery.

In order to demonstrate the potential of nanostmect spinel LNM-ES in a full cell
lithium ion configuration employing its performanicethe high voltage region, it was
decided to form a full cell comprising of fully eleospun components viz. anode,
cathode and separator. Such a configuration haadirbeen reported for the native
spinel [3]. The most ideal anode material for payrivith LNM would be graphite
which allows one to extract the full benefits oé .7V offered by LNM. However it
is known that graphite would accentuate the probténelectrolyte decomposition
significantly [4,5]. Using a nanofibrous carbon webwnly result in amplifying this
effect. When it came to anodes that do not hawe ghoblem, there were 2 options
namely LiTisO12 (LTO) and TiQ. LTO has already been demonstrated to provide
stable cycling capacity in full cell configuratievith LNM. It should be noted though
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that the operating voltage is not very differeng(¥) from TiO, and it offers lower
capacity (163 mAh.g). The reported all-electrospun configuration foe tithium ion
battery had employed electrospun Li{n, TiO, and a separator made of PvDF-HFP
co-polymer. All the three components were fabridatda a single spinnerette
electrospinning technique. The author’'s had reploate average voltage of about 2.2
V for the LiMn,O4/PVdF-HFP/TIQ full cell configuration. They had reported
excellent cycling stability for this configuratiademonstrating 700 cycles at 1C rate
(150 mA.gl). By replacing the LiMpO, with LiNigsMn; 504, the theoretical operating
voltage could be raised to approximately 2.95V Wwhioould result in an increase in
energy density while maintaining the improved digbduring cycling. This was one
of the main reasons T{Owas employed as an anode in this study. It wasadir
proven to be working in a full cell with LiM®®,. Hence by replacing only the
cathode, it would be possible to obtain a similaliag stability while improving the

energy density.

The TiG, and PVdF-HFP were prepared according to the proesddescribed in

[3,6]. The electrochemical performance of the makemwas evaluated in a half cell
assembly with a PVdF-HFP separator and lithium t@umlectrode in order to

optimize the mass ratio. The data on the halfpetformance is summed up in figure
6.3.

N

ol

o
I

150- (b)

125+

(@)

nN

o

o
!

[

o

o
1
o
o

150 30

a
o
1

a1
o
n
N N
> &
SPECIfiC capacity (mAh g ™)
~
al

Specific capacity (mAh g‘l)
=
o
o

N
4]
L

0 50 100 150 20( b 25 50 75 100 125 15

Canacitv (mAh. a™) Ganacity (mAh o™y

o
o

0 10 20 30 40 50 0 10 20 30 40 50
Cycle number

Cycle Number

Figure 6.3 Half-cell performance of LNM-ES, TiO, (a) TiO,\PVdF-HFP\Li cell (b)
LiNi o.sMn 1 50,\PvdF-HFP\Li cell. Insets reveal ¥ cycle charge-discharge curves for both

cells. (Reproduced with the permission of The Roya&ociety of Chemistry)

The performance in half cell configuration reveatsinitial discharge capacity of 195
mAh.g* for the anatase TiOwhich stabilizes after 10 cycles to about 164 ng#h.
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The retention is about. The LNM-ES sample displagadinitial capacity of 118
mAh.g'retaining about 92.3 % after 50 cycles.

Based on the capacities observed in the half dblésmass of anode employed was
fixed to 1.65 times the cathode mass (typicallyFaong of TiQ, 8.25 mg of LNM-ES
was taken for a full cell assembly). The perforneamd the full cell assembly is
summed up in figure 6.4. The cyclic voltammogramotpl(figure 6.4a) give the
individual redox potentials of the “MTi** couple and Ni'\Ni** couple. Based on this,
the voltage range for cycling was fixed to 2 to\8\s. Li/Li*. The full cell displayed
an anodic potential of 2.96 V. The cathodic potdns slightly lower at 2.69 V. The
average cell voltage obtained thus is approximaed3 V which is close to the 2.95
V predicted for this configuration.
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Figure 6.4 Performance of rechargeable battery, LilNsMnisO,\PVAF-HFP\TIO, (@)
Cyclic voltammograms showing half cells and full deassembly (b) charge — discharge
curves at different rates (c) rate performance (dNormalized capacity vs cycle number at

1C rate(Reproduced with permission from The Royal 8ciety of Chemistry).

The configuration presents a capacity of approxiyab0 mAh.g" based on active
mass of the cathode at 2C (300 mA.gate. However the capacity reduces as the rate
increases to 4C and 8C. The capacity increasesa agatycling to 1C rate indicating

there is no significant structural damage occurrthging high rate cycling. The
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capacity retention is given in figure 6.4d as a Péndial capacity. 86.3 % of initial

capacity is retained after 400 cycles at 1C raggssting reasonable cycling stability.

The full cell demonstrates that in spite of thedyia fading observed in the half cell
cycling, the LNM-ES material could be successfudyployed in a full cell
configuration with anatase Tianode. This is the best known performance reported
for this configuration. Brutti et.al. [7] were thist to study a similar configuration
and report its performance. They had employed ng@+hents for both the anode and
cathode before assembling them into a full celle Tathode was modified using a
ZnO coating while the anode comprising of T¥as pre-treated with lithium to form
an SEI. Although they were able to successfullyigate electrolyte decomposition,
they were unable to prevent it completely. Thell ¢ell performance demonstrated
retention of 83% after 50 cycles at C/3 cyclingerdh comparison we demonstrate
here similar capacity retention over 400 cycletG@trate without any modifications to
the active material. The much more improved perforce could be attributed to the

beneficial effect of nanostructuring.

However the best reported full cell performancefaofor the spinel LNM is for an
LNM-LTO combination in an anode limited design [Ghis cell delivered capacity
retention of approximately 98% after 1000 cyclescdémparison, the performance of
the configuration reported here is not good. Howeaefew things need to be
considered. The performance for the configurateported in this work is relatively
worse because of the significant electrolyte deamsition occurring. On the other
hand Wu et.al.had employed solid state synthesisatkrials where the electrolyte
loss per cycle would be significantly lesser. Arsthmportant thing to note would be
the capacity of the LTO anode (163 mAHR.ds roughly about half that of the TiO
anode (332 mAhj. Hence with further optimization and suitablec#lelyte, the
configuration demonstrated here should be ablerdwigle a viable alternative to the
LNM-LTO system.

6.3 Conclusions

In conclusion two full cell devices were demonsdaby employing electrospun LNM
nanofibers as the working electrode. One of thacgsvwwas a hybrid supercapacitor
where the MA/Mn*" redox couple (activated in the 2.3 — 3.3V rangé)the

electrospun LNM was employed to store charge. Redde performance was
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demonstrated for this system although it still acgncompete with established
commercial systems as of yet. The second deviceawashargeable lithium battery
where the Ni*/Ni** redox couple was employed to store charge. THaleblered the
best known performance reported for this confignrat However electrolyte

decomposition issues prevent realization of thiecfpacity of this material.
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Chapter 7

Discussion and future work

This chapter provides the relation between the various studies
carried out and evaluates the performance of the devices
demonstrated against the targets specified in chapter 1. Possible
reasons for poor performance and suggestions for improvements
of the systems are made. Issues that need to be considered while
attempting scaling up and commercialization are considered.

Strategies for future work are also outlined.
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7.1 Introduction

This thesis has explored the issue of structurgtatiation in manganese based oxide
materials with a spinel structure and investigated effect of morphology on
performance. First the effect of elemental subistituon electrochemical performance
was analysed for 2 spinels in a systematic mamtiekel substitution in LiMaO, and
titanium substitution in LMnsO,, were investigated. Hydroxide co-precipitation
method was employed to perform these substitutidhswas found that both
substitutions resulted in improved capacity retantdue to avoidance of structural
transformation to detrimental phases when cyclethénvoltage range of 2.3 — 3.3V.
This was verified by ex-situ XRD analysis of theleyl electrodes. It was determined
that spinel LNM samples synthesized at low tempeeat (500°C) displayed the
highest capacity and rate performance in the veltenge of 2.3 — 3.3 V while
samples synthesized at high temperatures (Z0B00 °C) displayed the best
performance in the voltage range of 3.5 — 5V. Wisignel LMO calcined at low
temperatures did not undergo conversion to a tetralgspinel phase, spinel LMO
calcined at high temperatures revealed the presehtetragonal spinel phase after
cycling. It was found that nickel substitution peeted phase transformation to a
tetragonal phase during cycling in irrespectiveh& synthesis temperatures. Lithium
diffusion studies using cyclic voltammetry measueets indicated decreasing lithium
diffusion co-efficients. However this valued detered from CV studies was an
apparent value that would change depending on ulface area of the material. It
could explain the improved rate performance butthethigher capacity. Impedance
analysis revealed lower charge transfer resistandewarburg impedance for samples
synthesized at lower temperatures. While the loargh transfer resistance might be a
virtue of the surface area, the Warburg impedasdaetiinsic to the material. This can
hence explain the higher capacities and rate chiydbr the spinel LNM compared to
spinel LMO. Titanium substitution into spinel,MnsO,, was successfully performed
via hydroxide co-precipitation method. Synthesiaditions were optimized at 56C

for 2 days under ©gas flow. All the Ti containing spinels displayedrginally better
cycling performance compared to the un-substitigpimhel. Ex-situ XRD analysis
revealed the suppression of phase transformatiotheéotetragonal ligg\in,Os g4
phase. Lithium diffusion studies from cyclic voltamatry did not reveal any
significant differences between the samples comgidifferent amounts of titanium.
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Compared to spinel LNM, Ti substitution in spinéNMnsO,, proved more difficult to
accomplish and lengthy annealing times were reduimaking it a rather unattractive.
Hence further studies were focused on optimiziggarformance of the spinel LNM
and understanding the reasons for the performabteened.

By varying the morphology and nano-structuring fpgnel LNM, the performance
was further optimized. The particle size and molpdp were fixed at different
synthesis temperatures for the spinel LNM. This wassible by using carbonate co-
precipitation method which gave spherical particteshe size range of 3- 1m. It
was observed via SEM analysis that the particle emains unchanged during firing
at different temperatures. Electrochemical perforoea of these samples was
investigated and it was found that the trend of rompd performance with lower
synthesis temperature in the 2.3 — 3.3V range cbeldttributed to the differences in

the space group of the spinel LNM samples syntbdset different temperatures.
Spinel LNM with Fd3m space group was found to be amenable to lithiurariios

while spinel LNM containing a mixture &fd3m with P45;32 space groups was found
to be not quite amenable to lithium insertion imcant octahedral sites. It was also
found that spherical morphology offers very googamaty retention for the spinel

LNM in both voltage ranges although the rate penfomce was not very good. By

employing electrospinning to generate 1D nanofibafrghe spinel LNM, it was

demonstrated that spinel LNM wittFd3m space group delivered excellent
electrochemical performance in both the voltagegeaninvestigated. Based on the
investigations, two full cell devices based on #lectrospun spinel LNM were
demonstrated. The first device was a lithium iottdsg consisting of the electrospun
LNM as cathode, electrospun Ti@s anode and electrospun PVdF-HFP copolymer as
the separator. This device delivered the highepaaty retention (86% after 400
cycles) known for this configuration till date. Awmopanying electrolyte
decomposition issues were however accentuated dyptbsence of nanostructured
active material. It is hoped that with the develemmof more stable electrolytes, this
system can realize its maximum potential. The sgadevice demonstrated in this
work was a lithium ion hybrid super capacitor whtre electrospun spinel LNM was
employed as an insertion anode. This system albeedsd competitive performance
rivalling other insertion electrodes such as kift0;); and TiRO; although it still

falls short of the best performing hybrid superamjors.
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7.2 Evaluation of performance target achievement

The aim of this work was to demonstrate a full cidvice capable of delivering a
performance similar to currently available commareinergy storage systems for the
grid. As was presented in chapter 1, the curreatlgilable commercial grid scale
storage system is the sodium-sulphur system. mgaf performance target, the aim
was to prepare a device that could demonstrateast 14000 cycles of charge &
discharge while displaying good capacity retenti@tention (80%) and cycling

efficiency (100%). Two devices have been demoredrat this study but both of them

could not meet the design targets specified.

The hybrid super capacitor seems to deliver a redsde performance of 3000 cycles
with almost 100 % cycling efficiency and 81 % capacetention. In terms of energy
density, the hybrid super capacitor delivers aroli@dVh.Kg' which would be well
short of the value for a sodium-sulphur system Hgwever the power density and
cycling efficiency (100%) of the super capacitorulb be higher than the sodium
sulphur system (the sodium sulphur system uses sloenstored energy to keep the
system at the required operating temperatures gl@atch cycle). However it should
be noted that plenty of other factors could afteetperformance of this device such as
electrolyte decomposition and manganese dissolwitunoh have not been considered

in this work as this was solely focused on struaitdegradation.

Similarly for the all electrospun rechargeable érgttsystem that was demonstrated,
the cycle life (400 cycles) comes nowhere neah#&b of a sodium-sulphur system. In
terms of energy density, the gravimetric energysitgns about 285 Wh.Kgbased on
cathode active mass. This is comparable with thdiuso sulphur systems which
display similar energy densities. However the bgjgebstacle in realizing full
potential for this device currently is the elecytel Fabricated from a nano-material, it
should be apparent that there would be very sewbeetrolyte decomposition
occurring. This electrolyte decomposition redudes tycling efficiency achievable
(92-93%). The remaining 7 — 8% can be considerdxttwasted just like the heat used
to keep the system at a specified operating tertyreréor the sodium-sulphur system.
Hence unless this can be avoided, this system esarrprove to be an attractive
option. However research on electrolytes is alreadyggressing towards more
promising combinations and it should be possibletercome this limitation. The

second major improvement in this system could beidation of anodes that operate
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at lower voltages such as graphite for example.pliog the electrospun LNM in a
full cell with graphite would provide a voltage oéarly 4.6V which would increase
the energy density by roughly 3 times the curreadti®. This would then make the
system very attractive even for applications suslnybrid electric vehicles. But this
would require significant advances in understandilgctrolyte decomposition

behaviour on the anode side for graphite when @abywith an LNM cathode.
7.3 Issues to be addressed for commercialization

The earlier section provided comparisons strictlyaoperformance basis alone and
suggestions for improvements of the performancevé¥er there are other factors that
are more important and need to be considered ier aoddetermine if this material can
prove to be a viable alternative. The first magsuie is that scaling up production of
this material in an economical manner. Electrospigras already discussed in the
literature review section is commercially used foroducing plenty of tissue
replacements. However extending this to the fiefdbattery materials requires
significantly more research with respect to scalipg While it might be possible to
scale up the production of precursor fibres, d@agn a cost effective manner would
be challenging. It would require establishing ahhygreproducible process that can
operate round the clock to produce precursor fitaed convert them to oxide
materials that could be subsequently be fabricattm electrodes for cell assembly.
The key thing would be to ensure strict processroband raw material input quality
all of which can affect the quality of the fibresrgrated.

The second major factor would be the ability toldgth nanomaterials. Handling and
control of nanomaterials is usually complicated @sdociated with various health
hazards. Hence the risks need to be evaluated etvemsively before one can think

about scaling up the process.

Thirdly, from a view point of cell assembly, it issually preferred to have as much
material loading as possible in a given volumehaf tell in order to maximize the
energy that can be obtained. In the battery comiytimére is a widespread belief that
nanomaterials are not ideal as their packing desswould be low and in turn this
would affect the volumetric energy density ultimptenaking them unattractive. In
this work however, it is demonstrated on a celeldhat it is possible to obtain a mass
loading that is similar to or better than induslyiaccepted levels. Hence the notion

that nanomaterials provide lower volumetric energgnsities might not be a
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significant impediment to commercialization prowide viable method to scale up this

mass loading can be established.

7.4 Future work

Although in reality these two devices are yet totahathe performance of the
commercially available systems for grid scale epeiprage, this work presents an
insight into harnessing the 3V region of the spiogide for storing energy with

reasonable performances which need improvementis Work hence serves to
reignite interest in exploring cheaper options faergy storage. A number of
guestions can be posed which would provide intergstcope for further research.
They are summed up in the sections below.

7.4.1 Quantification of manganese dissolution for spinelLNM.

Capacity fading due to structural degradation wddressed mainly in this work.
However there are other mechanisms for capacityndadvhich are also active
simultaneously. In spite of delivering reasonabéefgrmance, the electrospun LNM
displayed fading especially in the 2.3 — 3.3 V mnganganese dissolution would be
a major capacity fading mechanism and the effectuldvde accentuated by the
presence of nanostructures. It would be interestimgquantify the manganese
dissolution that is occurring in this material whers used in the voltage range of 2.3
— 3.3V. ICP-OES analysis would be a very effectteehnique to monitor the
manganese content in electrolytes. Soaking testaraius temperatures could help
determine the manganese dissolved from the actatermal through simple chemical
attack of active material. Similarly coin/pouchlsetould be employed to determine
the amount of manganese dissolution occurring dueléctrochemical attack of the
active material by the electrolyte. It is importéamtquantify manganese dissolution as
it is one of the greatest challenges confrontinghgaaese based oxide materials

currently.

7.4.2 Surface modification with carbon/lithium ion conducting metal oxide
coatings.

Along with efforts to quantify manganese dissolatiapproaches to tackle it are also
necessary. Carbon coatings and or metal oxidengsa(such as kB4O7) could be
considered for this purpose. The use of electrospinmethod can actually facilitate

the formation of these coatings on the active matersing the co-axial spinning
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method wherein precursors for the coatings candposited in the form of a shell
covering the polymeric fibres. In one step, anvactinaterial fibre consisting of a
protective shell of carbon could be synthesizedvduld also be interesting to study
the effect of such coatings on lithium ion diffuspand rate performance.

7.4.3 Elevated temperature studies of electrochenaitperformance

It is essential to understand how temperature &ffdee cell performance for the
systems demonstrated in this work. It is known tteahperature can in general
accelerate degradation processes such as dissohutid electrolyte decomposition.
The presence of a nanostructure would only compdhadssue. Hence it would be
essential to know the performance of the systemmodstrated in this work at
elevated temperatures and identify the reasonthésame. This would enable a more

realistic assessment of performance for the dematestdevices.
7.4.4 Understanding structural changes using in-sittechniques

As was evident from the results presented in thoskwthe spinel LNM calcined at
high temperatures displays poor performance invtiage range of 2.3 — 3.3V (but
excellent performance in the 3.5 — 5V). More warkieeded to understand why this is
happening. It would interesting to verify if thetenphase theory postulated by
Goodenough can explain the results observed heesth&re changes that occur only
at the surface but somehow end up completely stgpfuirther insertion of lithium
into the structure? For example analysing cyclegtedbdes with XPS combined with
FIB can also help in understanding if the lithiunsertion is limited to the surface
alone. In-situ raman spectroscopy can help identiype mixture of space groups
undergoes any transition during cycling.

7.5 Scientific contributions

» Deeper understanding of the spinel LMO and LNM eyst via a more systematic
study revealing hitherto unreported behaviour ahd teasons for such a
behaviour.

» A novel method to isolate and eliminate the effexdt particle size on
electrochemical performance while analysing theafof other factors.

» Proposing a new mechanism to explain the effectspdice group on the

electrochemical performance of the spinel in tf8e-23.3V range.
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> Investigation of the effect of nanostructuring pfreel LNM with anFd3m space

group on electrochemical performance.

7.6 Technological contributions

1D nanofibers of high voltage spinel LNM synthedise@ia a single spinerrete

electrospinning method were demonstrated as

» Suitable cathode materials in a full cell lithiuroni battery together with
electrospun Ti@and electrospun separators made of PVdF-HFP coveol
> Insertion anode in a full cell lithium ion hybrstiper capacitor
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