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Abstract

The commercial demand for higbapacity batterieds driven by the 30@mile driving range thats
expectedfor electric vehicles, which equates to a emllergy density of 300 Wh ®gnd a material
specific capacity of ~200 mAH.dNickelmanganesecobalt (NMG811)is a cathode material thatan
achieve gracticalcapacity of 18200 mAh ¢, but one obstacle to its commercialisation is tlag
synthesis durations and its sensitivity to reaction conditiombis thesis investigates alternative
synthesis methods for NMB11 using microwave technology to reduce the reaction tiemergy
consumption during the reactioand increasing the throughput of NM&11 synthesis @king its
synthesis procedurenore environmentally friendlySpecifically, the application of a microwave
reactor to thesynthesis of NisMno.1Ca.1(OH) precursoris investigated, as well as the application of
a microwave furnace during thealcination of the precursor to form the cathode active material
LiNb.sMno1C@10,. Due to the alternative mechanism behind the heating of the system, the
crystallographic,morphological,and electrochemical properties of the resultant materials were

examined to establish any differences between the conventional and microwave syntheses.

In thisthesis Chapters 1 and 2 introduces the background literature behind lithanmbatteries,
microwave heating, experimentakchniques,and other related topics. Chapter 2 also details the
experimental methods conducted in this work. Chapter 3 investigates an alternate calcination
procedure that utilises a microwave furnace and an alternative lithium sour€®, thi optimise the
synthesis pathway for microwave heating. Chapter 4 validates this alternative calcination pathway
using electrochemical hatfell testing to evaluate the capacity yielded from the cells, the capacity
retention, impedance,and diffusivity of samples to evaluate the optimised microwave calcination
procedure. Chapter 5discusses the hydrothermal synthesis ofodNing:Ca1(OHY using a
microwave reactor and the optimisation of this reaction. Chapterdévelops the novel
microwaveassisted ceprecipitation synthesis of NéMnoiCa.1(OH), involving the design and
commissioning of the Microwave Stirred Tank Reactor (MiSTR). Chapter 7 and 8 concludes the
findings in this work and discusses the future work associated with this research; namely the
addition of oxygen to the microwave furnace system during calcination and further development of

the microwave stirred tank reactor and developing the design and operating procedure.
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1. Introduction

An increase in worldwiderergy demandduring the ongoing climate crisis has inducedocietal

pressure to reduce carbon emissiodgsK A £ S ISYSNI GAy 3 YERNED 25 0S NGRS NE
sources According to the Stated Policies Scenario (STEPS), which uses the progress of government
policies and targets to predict their energy generation and usage, the share of global renewable
electricity generatiorwas expected to increase from 28% to 65% of total electricity generated by

2050. This translates to an increase in generation from 287384 to 49,843 Wh[1].

Variable renewable energsources, such as solar or wind, adey part to this strategy, with the
share of solar and wind energy being generateorldwide predicted to increasdrom 10.1% to
68.96 by 2050but they require stationary grid scale to support the electrical supfilym these
intermittent sources[1], [2], [3] Grid scale electrical energy storafi®@m renewablescan be
achievedusing batteries and aid frequency response, which moderates the frequency of alternating
current (AC) power to 5Bz as well as supplement energy supplies duringnBute duty periods

[4]. Lithiumion batteries have been a key part of this energy storage movement since their first

commercialisationn the 1990s, and currently havy GW of global battery storage capagity.

While the use of lithiumion batteries for stationary storage applicatioisimportant, they have
garnered much more interest publicly in the field of portable electronics and vehicular powertrains
as they present an energy dense solution, both with respect to weight and voResearch into
lithium-ion battery electrode chemistes have helped develop the power and lifetime of electronic
devices, including mobile phonelsptops, and electric vehicles (EVs). Recent developments into
cathodemateriak have allowed the energy density ofidm batteriesmaterials to reactvy60 Wh kg

at pack leve(or 180200 mAhg! at material leve), whichis the threshold for EVs to have a range of
300 miles, which mitigates some consumer barriev®r range anxietyf5]. This coincides with
governmental phasing oumternal combustion engine (If#ehicles andSTEPS prediction estimating
that transport electrical demand will increase from 441 TWh (1.8% of total demand) to 3,607 TWh
(8.3% of total demand) by 2050 and the prediction that there will need to be 1,000 GW of global
battery storage to helpacilitate this[1].
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licensing6].

The demand for these cathode active material batteries drives an increase in manufacture
throughput for these materialsTraditional approaches often require high reaction temperatures
and long reaction times. For example, the use of kilns in the production of the layered cathode
material LiNj3dMno33Ca 330, wasreported to be the majority contributor to the 4 k\Wky? energy
production requirement7]. Onenovel way ofreducing these costs and potentially delivering high
throughput manufacturings through the use of microwaves, which can theoretically reduce the
reaction timeand energy consumptiodue to their rapid heating properties. This thesis investigates
nickel rich cathode materiglghe common synthesis methodand how microwave technology

during preparation can aid the development bfghthroughput synthesis methods for these

materials.

1.1¢ Lithiumlon Battery Principles

Electrochemical energy storage utilises the energy involved in oxidation and reduction reactions to
generate electrical charge which can conduoatrent throughand externalelectrical circuit, and
power devices such as phondaptops, and electric vehicles. Alkali metals such as lithi{@md

sodium in the case of sodiuAon batteries) exist withina transition metal positive electrode
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(cathode) and can be transferred to a negative electrode (anode) with a higher energy state during
charging. This stored energyasreleased during discharging, with the alkali metals dissociating into
ions and electrons, the latter being directed througjie externd circuit to conduct work, as
depicted inFigurel.2. The ionsmigrate from the anode, through porousseparator(e.g. glass fibre)
using the electrolyte as an ionic medium aimdercalate into the cathode, triggering a reduction
reaction. This processs reversible in lithiuraon batteries, allowing the cell to be charged and

discharged multiple timegi.e.a rechargeable battery.

As with the first voltaic cells pioneered by Alessandro Volta in the eaflyc#8@tury, the two
electrodes are connected by an ionically conductive and electrically insulative salt bridge, or
electrolyte, and a porous separator to force the electrons generated to traigethe external
electrical circuit whilst allowing the transfer of alkali metal idhough the electrolyte to facilitate

the reversible operation of the cell.

Lithiumrion battery technology was first conceived in the 1970s, where lithium was reversibly
intercalated into ditanium disulphide (LiTilayered framework This concept was later evolved by

John Goodenought al.in 1980, who developed the lithiated transition metal oxide#i@i, where

the transition metal(s)sRSy 2 § MRV o0 ®F ¥K2RS&a Ay G(KS F2NMCRF f AGK
This technologyvas then commercialised by Sony in the 198@ter research into a safe anode

material was successf[8], [9]. The development of theathodechemistry has been instrumental to
commercial successf lithium-ion batteries due to the contribution to the overall capacity of the

battery the cathode has, with the transition metiemistries and their synthesieing of particular

relevance to this work

21



) [— Discharge ¢ —> (+)

©

¢ €— (Charge

mu'

e —x-ﬂ-'ﬁ';"c"*

Graphite Anode s LiCoO, Cathode

Separator
Figurel.2: A schematicof a Lion battery,with a lithium cobaltoxide (LiCog) cathode and graphite
as the negative anodeThe figure shows the electronic and ionic direction of flow during charge
(green) and discharge (black). Reprintetth permission from[10], Copyright 2015 American

Chemical Society.

1.1.1¢ Battery @mponents

Lithium ions are stored at two electrodes within the cell: the cathode and anode. The catftede
comprises a lithiumtransition metalcrystal structurethat stores lithium ions at low energy in a
YRAAOKIF NHSRQ &il (wvashypiaally $nbids lugioh [itus-io sfofe Ro® the high
energy WOKI NHSRQ & G I révBrdibleingeriiok and feintréalatiok o lithium ions during

the cycling process and are adjoined to metal current collectors, which aid conductivity between the
electrodes and external electrical circuits. The two electrode terminalplaysicallyseparated by a
porous membrane soaked in aonically conductive, electroimsulative electrolyte, typically a

lithium saltdissolvedn a combination of organic solvents

Typical athode active materials consist of teansition metal crystalline structure with lithium
intercalated into positions within théattice. The transition metatomposition of the cathodean

reversiblyundergo oxidation and reduction (redox) reactions to balance the charge indiffeiance
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the discharge (lithiated) and charged (delithiated) states by charntji@goxidation states of the
transition metals The stable nature of the lithium within the transition mesfuctures means that
electrical energys needed to separate the lithium atosinto ions and electronswhich initiateshe
battery charging proces3hecrystallographyof the cathodecanimpact the number of lithium ions
per unit cell and therefore charge densityjth the arrangement of transition metals and anions

affectingthe size of the migration channeksnd consequently the ease lithium (de)intercalation.

There arethree types of crystal structure that are typicallysed as cathode materialtayered,

spinel,olivine and rocksal{10]. The layered crystal structure, depict@dFigurel.3.a), has parallel

layers of redoxactive transition metals (such as Nip, and Co) or nofiedoxactive metal dopants

and lithium atoms. This structure hasdinensional channels between the transition metal layers

for the lithiumrion migration during (déithiation but incurs greater mechanical stress than olivine

and spinel structures during this process due to unit cell expansion/contraction. Olivine and spinel
structures havea nortlithium structure that spans the-, b, and c- axis, permitting lithiurdons to

migrate infout of the structurevia 1-dimensional channels. Olivine structures, depicted=igure

1.3.b), consist of tetrahedron molecular ions (e.g.P@onnected by an associatedtion (e.g. Fe)

and arranged in a cloggacked hexagonal array to form an orthorhombicstem. Spinel structures

consist of two cations (e.g. M Mn**, F&*) bound within two suHattices: one tetrahedral, one

octahedral, resulting in a faeeentred cubic symmetry. The rocksalt structure is also a-¢acéred
cubicstructure butLINB 2 Sy G-RA YRy A 2Hpl f OKS&aaoz2F NRQ gAGK OF (7
the a-, b-, andc- axes. Due to the absence of sites that can facilitate movement of lithium ions, these
YFEGSNRAFEAa INB y23G St SOGNROKSY, hhidh brédering eledigaie dzy t S

engineered to produce lithium channels within the crystal structure.

The theoretical specific capacity attained from an electrochemically active matenedasured by
the charge transferred per mass of electrode material, calculated using Equation 1.1 Bélicw.
results in atheoretical specific capacity ddyered oxide materials such &€d0, (LCOxnd LINiQ
(LNQ of 273-275mAh ¢ Spinel materials such as Li)a and olivine materials such as LiFePO
seenin Figurel.3.b) and c) have less lithium ions per unit cell than the layered transition metal
oxide material and a smaller theoretical specific capacity of 148J2169.9mAhg? respectively
[11].

RE T QAHd GaHOen

_— Equation 1.1.
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Spinel materialsg(.g. LkMn2O4) and olivine materialse(g. LiFeP@ LFP) are typically cheaper than
layered and rocksalt oxides due to the absence of expensive materials swdbals[12]. These
materials have increased structural and mechanical stability due taatlengement of transition
metals seen inFigure 1.3.b) and c), with minimal movement within the structure during
(de)lithiation. Rocksalt materials have a similar structural stability, with théinf&nsional
Wheckerboar@crystal structure having minimal movement during (de)lithiatidransition metal
layered structures, depicted ifrigure 1.3.a), experience collapsing and swelling between the
transition layers during repeated *L{de)insertion which can cause defects in the structure and
degrade the capacity of the celllo maximise the capacitgnd lifetime of these materials,a
combination of metalsubstituerts has been usedo stabilise the layered structurevith two more

popular chemistries being nickedlanganesecobalt (NMC) and nickebbaltaluminium (NCA).

Figurel1.3: The crystalline structure df) layeredLiNbsMno1Ca10;, [11]; (b) olivine LiFePQ[12];
and (c) spinel LiMaQO;, [13]. Green atoms are lithium, red atoms are oxygen, blue atoms are the
nicketmanganesecobalt mixture, brown atoms are iromrey atoms are phosphorous and purple

atoms are manganese. All figures were visualised using Vesta versiofl8]usingClHiles.

The anodeis the negative electrode that typically consists ofithium metal, graphite, or silicon.
Graphiteisthe most common anode used in commercial settings due to its high theoretical capacity

of 372 mAh g and its ability to recover close to 100% of the charge after the first ¢¢&lg[16].

Lithium nucleation can occur at the surface of the graphite anade inhibit its performance by

introducing a parasitic side reaction that results in a loss of lithium inventayium dendrite

formation canalsooccur, leadi 2 | NB RdzOG A 2 v , dnd'theletebtualBottitc@ting O LI O A

of the cell should the dendrite penetrate the electrode separddof].
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capacity and electrochemical qualities of the cathode by acting as theteowand reference
electrode[18], [19] Lithium metal hasthe potential as acommercialanode due to its low density

and high specific capacity of 3,680 mAh ut the cathode: anode ratio needs to be moderated to

prevent the formation of lithium dendritef20] [21]. The negative/positive (N/P) ratio used in full

cell experimentationwas typically 1.091.13 which minimises the growth of lithium dendrites and

related loss of reversible capac[ty9] [22].

Siliconis an alternative anode chemistry being researched, witosessing high specific capacity

of 3,5794,200mAhg?, depending on the molar ratio dithium to silicon (with up to LSi being
achieved)[23]. Lithiation of the silicon structurecauses asignificant volume increase of up to
270-300%whichcan cause a number of problems including destruction of particles and the SEI layer
The swelling of the silicoduring lithiationcan disconnecthe active material from the electrical
contacts andrupture the cell,releasingtoxic and flammalte componentsof lithium-ion batteries.

The increase in specific capaaitgsan incentive to investigate this technology, with silicon particle
size, morphology and composition being investigated in order to mitigate the detrimental volume
changeg24] [25].

The electrolytegenerallyconsists of a lithium salt that permits the migration of lithium ions across
the porous separator between electrodes during cycling. The electrolyte can be inosdiiid
phase, theformer having poorefonic conductiorbut wasmore resistar to lithium dendrite growth

but typically has a poor electrodsectrolyte interface due to thgoor contact betweerthe two

solid crystalline structuref26], [27] The latteris more common variation of electrolyte thatas
applied commercially but aqueous organic compounds are flammable, especially when in contact

with oxygen.

Hectrolytescan also become unstable at higher voltages and high charge rates, which can cause
reactions and ignitions within the cell. At high voltages and charging rates, parasitic reactions
between the cathode and electrolyte can occur and produce gaseous products, causing volumetric
swelling of the cell. Additionally, at the anode, lithium plating can occur and destabilise the
carbonate solvents in the electrolyte, causing reduction and incekasapedance [28].
Consequently, managing the operational voltage window and charging wateimportant for

battery life and safety
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1.1.2¢ Battery Operation

The anode and cathodeaterial are typically synthesd in their lowenergy discharged form,
meaning the cathodas fully lithiated and the anodés not (except in the case of lithium metal
anodes) Charging the electrochemical cell involves inputting electrical energyisnciate the
lithium atom into alithium ion and an electron, which migrates through the electrolyte artérnal
electrical circuit respectively to form the higimergy charged lithiated anode, akescribedin
Equdions 12-1.4 and exemplified bythe LiCo®@graphite system depicted iRigurel.2. The cobalt
layer undergoes a Gt redox reaction in thdow-energy t4 band. Other transition metals used in
cathode materials, Ri** and Mr#**#*, undergo the redox reaction in thieigher g, energy level to
minimise the overlap with the £, which risks oxidising the oxygen, resulting in the loss of chemical
stability and oxygen from the crystal structure during cyc[2@], [30], [31], [32] The density of
states diagram is included in Appendix £381]. This potential electrical energg deployed during
dischargewhere electrons flow from the lithiated graphite anode to the more stable cathode by
conducting electrical work in an externalectrical circuit[10]. Theintercalation of lithium ions
(lithiation) back into the cathodic material occurs concurrently and incurs a reduction reaction

demonstrated by the reversibility of reactiodsscribed in Equationk.2-1.4 below.

DEENQAOOYNHE E0Q QP D@ Equation 12.
6 3@ QA GG WM P DQEH £0Q £Q Equation 13.
6&anaandhg VEDBE 6P DQEH 0@ Equation 14.

The transfer of stored electronic charg®)(during cycling requires a currert (whered "G )

with the energy density of the celW) proportional to the electrode potential differenc®)(within

the cell (wherew @z 0). The storage of this electronic chard®) @t the electrodesvasdefined

as the capacity anavas dependent on thedegree oflithium (de)intercalation at the anode and

cathode, with the charging capacity and discharging capacity being named accordingly. From a
material level, the number of lithium ions that migrate peole of material correlates to the specific
(practical)capacity of a materialwhich cannot exceed the theoretical specific capacity described in
Equation 1.1 This characteristivasONA G A OF € G + fFNAS aortS G2 atld

by current consumers of lithiuson battery powered devices such as electric vehicles.
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One factor that helps determine thenergy dendy of a materialis the voltage at which the redox
reactions occur. A redox reaction will occursat voltages depending on the energy levels of the
electrons orbiting a transition metal, with different elements and oxidation states transitions
occurring at different voltage window80], [31}® ! OSff Qa @2t dF3S H6AYyR2%
redox reactions, enhancing tlenergy densit of the cell chemistry, but if the voltageastoo high it

can cause parasitic reactions between the cathode and electrolyte, causing loss of capacity and
hazardous electrolyte decomposition. Consequently, a balance needs to be struck between upper
cut-off voltage, which enhances thenergy densityf a higher voltagevasused, and the mitigation

of these degrading mechanisms which can hamper cell lifetime capali8gs

Typically, thids determined by thelevel of delithiation and the subsequent effect on the cathode
structure, with a maximum state of charge (SOC) gtllef discharge (DOD) being determined. This
also relates to ovecharging/ overdischarging the battery, when charging occurs after the
maximum SO@as achieved and forces lithium ions to be extracted from the cathode, saturating
the anode,and causing structural weaknesses in the cath{@4. Limiting the SOC range from
0-100% DOD to 1080% can help avoid overpotential and polarization of the voltage profile (which
results in the deviation from the electrochemical equilibrium), particularly if the upperoffut
voltage was limited and the lower coff voltage was reduced. This has a pronounced effect on
increasing the cycling stability of the materials, reducing the capacity loss of 78E@i4Ab.1)O:
over 2500 cycles from 33.5% to 1.5%2atC, 1¢[35], [36]

v

The lifetime of the cell, or capacity retentiosa measure 0aOSf f Qa oAt A& G2 NBOF

a number of cycles. This characteristam be affected by thgoltagewindow (as described above)

the temperature at which the cellvas cycled and the current appliedi.g. cell cycling rate). As
temperature increases from 2% to 55°C, it has been observed by Nehal.and Harlowet al. that

the capacity retention decreases, irrespective of cathode material and whether the cells have been
cycling or stored[37] [38]. This increase in temperature facilitates a kinetically favourable
environment that allows further delithiation, but encourages side reactions between the cathode
and electrolyte, which results in a partially reversible phase transition from the desired O3 phase to
the O1 phase, with the contraction of tleeaxis hindering the réntercalation of lithium ions into the
delithiated structure[39], [40]
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Sower charging rates enables high capacities and capacity retentions to be achieved upon charging
and dischargingl7]. Faster charging rates genemmore heat and chemical instability within the
cathode material and cathodelectrolyte interfaces, with an increased rate of parasitic reactions
and lithium nucleation at the anode occurrifij7]. Rate capabilitys a common test to analyse the
performance ofa material over a range of charging rateke test involves cycling a cell for a set
number of cycles at a slow cycling rédkmown as @ate) and repeating the cycling regime at faster
Grates to analyse the effect othe specific capacity yielded from the material, which typically
decreases with an increase inr&e [41] [42] [43]. A balance between energy density (i.e. specific
capacity yielded from a cell) and power density (i.e. (dis)charging rate) needs to be found to account

for the main consumer anxietiesvhich are theeEV range andharging timg>5].

1.2¢ Development of Nickelch Cathode Mterials

The first commercialised lithiuion battery used dithium cobalt oxide (LiCof) LCO) cathode
centred around the C¥Co* redox reaction at 4 V and ignited research into the lithiated
transition metal oxide chemistrief8]. The pseud&ubic array of anions and layered crystalline
structure of LCO allows a dense storage of lithium ions whilst allowitijm@nsional channels for
the lithium ions to (de)intercalate into/out of the material between the transition metal layers. This
produces ara-b layered plane of transition metal oxide and lithium respectively thasstacked in

the c-plane. Thiswas equivalentto other transition metal oxide layered materials such as LiNiO
LiNiMn,CaO; and LiNICgALO,, the stucture of which can be seen kigurel.4.
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Figurel.4: The crystallographic structure of lithium nickehnganesecobalt 8:1:1oxide, which has
I £ | &-NaFB@Rstrutture and may also be applied to LiliQiCo®@ and LiNkCGALO,. The
lithium ions are depicted as green, whereas the transitioetals are the greypurple-blue balls in
the dark blue octahedral sitd# this circumstancejickelis grey manganesés purple and cobaltis

pale blue).

A theoretical capacity of 274 mAR gas calculated for LCO htlte practical revesible capacity was
limited to ca. 140 mAh ¢ by limiting the upper cubff voltageto 4.2 V due to the low structural
stability at low lithiation level$44]. The capacity limit of 140 mAdt is dueto the hybridisation of

Caqg and Qp electron bandswith the energy required to extract more lithium (capacitg3ultingin

the oxidation of the ® ions oxygen loss from the structurgnd the resultant formation of a
parasitic rocksalt phasg32], [45] Increasing the cubff voltage can increase the capacity to
180mAhg? but imposes significant lattice defects due to phase transformations in the stacking
sequences, impeding the cycling lifetime of the matef], [47] While LCO revolutionised the
portable electronics industryA N2 g Ay 3 O2y OSNya 20SNJ O2olf (Qa
performance issues haved to further investigations where cobalt content has been redujg],

[49]. Consequently, research began on alternative materials such as lithium nickel oxide and spinel
lithium manganese oxide, the former of which showed high theoretical specific capacity

(275mAhg?), but had narrower practicaheoretical discrepancies, lower cost, and toxi¢aj
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Lithium nickel oxide became a desirable material due to the increased practical capacity of over
200mAhg-1 (3.04.5 V), but experienced poor cycling performance when cycled ab@w due to

a contraction in thec-axisduring delithiation [9] [50] [51]. The increased practical capacity for LNO
was attributed to the incrased electronstabilisationenergy of the Ni/Ni** redox pair in theeg
energyband. This band has minimal overlap with the oxygenb@nd gap, allowing more capacity

to be obtained before oxygen evolution and loss from the structure oci@8} [31], [47] Above

4.2V, delithiation results in an absence of lithium in the LNO structure and caussgsidec-axis
contractionleading to the abrupt decrease in the cell volurteading to particlemechanical strain

at the grain boundaries between primary particles results in crackingaanidreversible loss of
capacity[52].

The stoichiometry of LN@LiNii+£0) during synthesiss also important, withan increase in
off-stoichiomety yielding lowercapacitieg51]. Theoff-stoichiometries arise as Niions reduce to

Ni2* during delithiation, which can irreversibly migrate to the Li layer in a process described as cation
mixing. Ni* ions migrate to the Liinterslab layer due to the similar ionic radii of (0.69 vs 0.76 A),
with the smaller ion causing a localised shrinkage to the ion site and the adjacent lithium sites,
increasing the activation barrier and impeding lithium kineffgs Obtaining stoichiometric LNO is
difficult due to Ni* readily reducing to form Kiin nonoxidising environments, with oxygen gas
typically utilised during the calcination of Ni(Pkb prevent this and minimise the value afin
Liz-2Niz+O.

Challenges remain withNO due to electrochemical (surface instabilitieggchanical (volume
change during the phase transition above ¥) and thermal (decomposition of LNO when heated in
charged state) issues. To combat thesehstituents were added to form nickehanganesecobalt
(NMC) and nickatobaltaluminium (NCA3ystem,which aimed to improve cycle life and safety. The
specific capacity acquired from these materials (180 mAfogNMG622, 200 mAly! NCA) proved

sufficient enough for the manufacture of electric vehid@ks

1.2.1¢ Development of NI@ Materials

Tertiary systems were devised to stabilise LNO, with cobalt, manganese and alurappliadto
form NMC and NCA cathode€obalt provides structural stability, particularly under deep
delithiation conditions where capacHyegrading mechanisms can occur whil@nganese offers

increased mechanical, structural and thermal stability in NMC compounds, with the
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electrochemically inactive M stabilising the cathode surface, increasing the cycling stability at
higher cutoff voltages (4.5 V)53] [54] [55] [56]. Aluminium in the NCA systeis present as
electrochemicdy inactive Al*, sois generallydoped in small quantities (typically <5%) to minimise
the capacity loss, meaning that increased cobalt content of Waltypically used for commercial
NCAB80:15:05. Due to the increased toxicity, expense and ethical issues associated with cobalt,
nickelrich cathode materials with lower cobalt content are preferred and NMC materials will be

focussed on throughout this thesis.

Nicketmanganesecobalt (NMC)chemistries were first synthesid with an equal ratio of NMn: Co
(NMG111) which yielded a competitive capacity of 163 mAhcgmpared to the alternative cathode
materials at the time (LFP 169 m&hand LCO 150 mAdY, cycled at 2.5.3V)[11] [38]. Due to the
limited practical capacities that can be achieved by cobalt, and the electrochemical inactivity of
manganese over a voltage window of 2.8V, cathodes with a high nickel contewere found to
increase the achievable capacity of NMC materjalg. Reducing the proportiorof stabilising
manganese and cobalt agents also leads tottlermal and mechanical stabiligecreasing This is
because aghe nickel content exceeds 60Q%egradation mechanisms associated with the rapid
c-axis contractionpropagateswhen the material is cycledbove4.2 V [33]. Increasing the nickel
content provides an increased capacity upon fogtle discharge (218 mAh*gfor
LiNb.oMNo.0sC .00, compared to 176nAh g' for NMG532 and 163 mAh-gfor NMG111), but the

absence of stabilising dopants such as manganese and cobalt results in reduced cycle rigéhtion

LINiMn,CaO:A & | f 1 @SNBR GNIyaadildAizy -NeFe@dtrdcturg, kiguiti€d LK & S
in Figure 1.3. Six oxygen atoms form an octahedral site occupied by a transition metal ion, which
assemble along thab LX I yS (2 F2NX | GNIXyaadAzy YSGlrf Wo
200FKSRNIf WooQ &araidsSa Ay GKS AyuSNrflIo fI &SNE
IR2F OSy i 200FKSRNIf aAdSad ¢KS (NI yaAddsnan YSGI f

ABAB formation as the layered transition metal oxide structure forms.

During delithiation, the quantity of lithium in the NMC structure decreases, consequently it is
denoted asLiNkMnyCaO,2 G KSNBE WTQ Aa (TisShombhdeddalRoraQsystehi® A U K.
organises the octahedral sites into tef I @ SNJ W! . /! ./ Q &0 FLOIMIEE, &SI dzSy
and is consequentlir S & ONJX 6 §38], [F9R Thid kdyeSharingsystem experiences a reduction

in symmetryduring delithiation, forminga facesharingLiNikMnyCaO. monoclinicC2/mphase with
FEAGSNYFGAY3 W . 1. Q 200 weRil768], Bal I O1 Ay3 RSAONAOGSF
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¢tKS GNIXyaAdGAz2y FNRBY WhoQ ai lfolriphagedranditigns ddfingt Q & { | ¢
(de)lithiation as the migration of lithium causes structudianges H1, M, H2 and H359].
Visualisation of these changes can be found in Appendi&)/a8d A.2h)For nearfull lithiation
states (where >0.85)iNikMn,CaQ; exists inthe first K S E | 3 1¢phdse THe monoclinicWa Q
phase represents a temporary phase transition tlegs symmetricanonoclinic phase at 0.5<f<0.8
gKAOK Ay OdzZNE RS{NRYSYy (-Tdler disodiongwhith@dnkalsinedddnidai S R

(@]}
(¢

strain and micrecracking47]. One prominent example of thigasthe H2H3 phase transition which
occurs at £ V and causes a significagybxis lattice contraction that incurs an irreversible loss of
capacity that occurs wherf®.25. A further H344 phase transition can occur when lithiation levels
drop below f<0.06, with the O3 stacking forming an O1 stackan that minimises oxygemp
orbitals overlapping. The O1 structucan causerreversiblelithium inventory loswiathe formation

of MO, [9], [50]. Although the HZH3 and H3H4 phase changes occur in Lipithere is no evidence
of a 0301 phase transition in NMC materigs9], [61]

The oxidation of nickel from Nito N* occurs as lithiunis extracted from the compound in order to

balance the chargfs2]. As oxidation occurs, the transition metal layer contracts due to the smaller

ionic radius of Nt (0.56 A) compared to Ri(0.69 A) and the charge density increases, repelling

adjacent transition metal layers with similar positigbarge densitie§9]. This leads to a gradual

increase in thec/a ratio during charging untildelithiation reaches approximately 75% in
LiNikMnyCaO;, and a significant contraction in the-axisoccursdue tothe H2H3 transition, leading

to unit cell shrinkage and mechanical strain on the crystal strud®¢ This volume change can

facilitate LUNiZ#OF GA2y YAEAY3dsS | OO0OSt SNFiGAy3I GKS St SOGUNROF

lifetime.

Thec-axis distortionwithin the structure results in a hexagonal structwvéh the lattice parameters
beinga=b=2.88 A ana=14.19 A. The/a ratio represents this-axis distortion relative to the@and

3b layers, with larger/a ratios indicating a more layered material. A cubic system has af 4.9,
whereas thec/a ratio for a hexagonal structureasslightly larger, in the range of 4.9898, with
LNO having a smallefa ratio of 4.93 compared to NMC materials, with NMICL having a ratio of
4.98[9], [64], [65] This ratiowastypically acquiredsia X-ray diffraction (XRD) analysis, an example

of which can be seen iRigurel.5.
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Figurel.5: An Xray diffraction pattern of NM@11 with eachBraggpeak labelled according to the
hkl Miller indices.

There are indicators within the XRD pattern that can allude to the degree of crystallinity and degree
of layering within the crystalline structure. Sharp, narrow peaks generally indicate a structure with
good crystallinity, particularly with respect to the separation of peak doublets, for example the

(006/(012) and (108(110) doublets. Good peak separation in the (0(BL2) and (108(110)

doublets can indicate good hexagonal ordering.

Theintensity of peaksan qualitatively indicate features of the crystalline structure, for example the
ordering of the transition metal layers and the degree of cation mixing. Specifically, the degree of
cation mixing is qualitatively represented by the (003)/(104) ratio in transition metal oxides, with a
ratio above 1.2 indicating a reduced degree of mixB8j. Rietveld refinement can be conducted on
XRD patterns in order to establish unit cell dimensions and volumes and can quantify the degree of
cation mixing within the structureCation mixing &lues forNi-rich cathodesare typically higherdue

to the reduction in cobalt content, with NM&11 showing similar levels of nickel in the lithium 3a
sites (2.6%) compared to NMB22 (2.5%) and NMB02 having less cation mixing (0.5§6Y].

Doping nickelich cathodes such as LNO can reduce the degree of cation mixing, as evidenced by
NMC, but other dopants with high valence statesg(tungsten, W*) can increase the Riin the

system, promoting cation mixir{§8], [69], [70]
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Lithium ions migrate in and out of layeredtransition metal oxide structure in their two
dimensional ab planes through site hopping, typically done by two mechanisms: oxygen dumbbell
hopping (ODH) and tetrahedral site hopping (TEH). The ODH mechanism involves lithium ions
hopping directly between octahedral sitega i K S 2 E & 3 S yhonttRatizWaies Spf oheCedge

of the octahedral siteas seen irFigure1.6. This typically occurs when an isolated vacaneg
available at low levels of delithiatiofi<Q.25 in LiMO,) due to the electrostatic repulsion between

the migrating Lion and the adjacent transition metal ions. The alternative mechanism, tetrahedral
site hopping, occurs at higher delithiation levefs0(25 in LiMO;) when divacancies allow the

migrating Liion to hopviaa tetrahedral site, also seen kigurel.6[72], [73]

Oxygen Dumbbell Hopping |, Tetrahedral Site Hopping

Transition metals Transition metals

Transition metals Transition metals

Lithium lon

Lithium lon

Figure 1.6: A depiction of the lithiurh 2y YA INI A2y YSOKFYA&AYA RAZNR Y Z
RdzZY6o0Sff K2LILAY3IQ O0h510 | yeR. WiSGNI KSRNI f aAidS Kz

Asthe delithiation level increases, the transition metal oxidation statereasesand the activation

barrier to both pathways increaseayith this being moresignificant in the ODH mechanism. This,

along with the increase in vacant lithium sites and probability of divacancies occum@ams that

the TSH mechanism becomes more favourable. There W& UGN} Ay SFFSOGQ SEL
transition metal structure during the lithium migration mechanism, whickcurs aroundhe length

of the oxygen bond (in the case of the ODH mechanism) or the tetrahedral site (in the case of the

TSH mechanism). This naturally decreases during delithiation as the transition metal layers repel

each other and the lithium interplanar gallery expanésjouringthe TSH mechanisiv1], [72],

[73].
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From a particle level, the delithiation process has been observed by &rey. using optical
scattering microscopy. This work shows that as the charging mechanism occurs, delithiation first
occurs in the periphgrof the particle, with the core of the particle lagging behind. Once the core
has approximately 20% level of delithiation, the overall particle delithiation increases uniformly until
fully discharged. During dischargirtge lithiation rate was uniform across the particle, with the

centre having a marginally higher lithiation rate and the peripheral of the particle laf&lhg

The cycling rate at which lithium extracted from electrodes can result in increased temperatures
chance of overpotential from higher currents promoting the formatiamd thickening of solid
electrolyte interfaces (SEI§J5]. SEls are formed naturally in the first few cycles from reastion
between the electrodes and the electrolyte and consist of stable but electrochemically inactive
lithium compounds such as lithium carbonate@®) and other lithiumbased polymers from excess
WNB aARdzk £ Q f A( FO) (26], [7TR]d2eIes/ sich assHBHL, KC® ZandaCcan also be
produced as byroducts from the SEI formatiofv8]. Water is sensitive to reduction in this
environment, even during SEI formation, with the presence ofdd H ions creating additional
reaction pathways to lithium polymers and carbonates. The same has been found.fartichwas

an impurity in the system but can react to form lithium carbondi#g], [78].

The formation of this layer protectshe cathode active material from further reaction with

St SOGNRteuS odzi AyOdz2NE | WOKIFNHS (GNIyaFSNI NBaaa
and can generate heat as the ions pass throudtj, [79] If allowed to form appropriately, the SEI

will allow metal ions to migrate through without further degradatiofypical cycling programmes

KFEgS af26SN) OelOfAy3a NIXaGSa F2NJ 0KS FANRG Go2 0ec
formation of the passivating SEI. At the anode, afpdlgsivated SEI can mitigate lithium plating and

dendrite formation[76], [80], [81] . If the SEWasnot formed correctly, it will continue to react and

consume lithium inventory in the cathode and electrolyte, limiting the capacity thevaslhble to

achieve.

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are two methods
of visualising and analysing the physical structure and morphology of crystals and the resulting

primary and secondary particles. TEM works by an electron source firing electrons through a vacuum
and passing through the sample, which scatters some of the electrons. Fbeatiared electrons

reveal a shadow of the crystalline structure. Combined with endigpersive spectrometry (EDS),

which uses<rays to deternine the elements in the sample, TEM can be used to visually identify the
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layers of transition metals and lithium as well as observe the crystalline change to rocksalt structure

and the formation of an SEI layer, as seen in Figurf82]6

(OLL) (006)
M‘l

5 nin % o 11004

Figurel.7: A highresolution TEM image of NM&L1 depicting (a) the layerediNbsMno 1C@ .10,
crystalline structure, identified by the parallel lines at site A and B; and (b) the change in crystalline
structure from layered.iNb.sMno.1Ca.10; at site B to rocksalt LiMno 1Ca 1O at site A. Reproduced

with permission fron{82].

SEMis usd for the analyss of primary and secondary particteorphology. SEM works by firing
electrons at a sample through vacuum, which then interacts with surface atoms and creates
secondary electrons, backscattered electrons andays which are collectedprocessed,and
produce a highly magnified image of the sampleM@i particles typically consist of small
nanometresized primary particlesvhich agglomerate to form quaspherical secondary particles
seen inFigurel.8a. SEM can also be combined with EDS to determinesfiaial distribution and

guantities of different elements across primary and secondary patrticles

Where primary particles tend to ben the order of 10100 nm, secondary particles form
guasispherical shapes with sizes typically ranging fre20um, as seen ifrigurel.8b. Poor control

of the synthesis conditions can leadgecondary particles agglomernad to form 3-50 um irregular
WOt d2a (1a88NGigure R8¢ The size and shape of secondary particles can be tuned during
synthesis, with increased controlyielding more uniform, quasipherical secondaryparticles.
Homogeneous, quasipherical particles are preferred due to their uniform shape and subsequent
lithium diffusion pathways out of each partid@5], [83] Thisis discussed further below iBection

1.3.
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Figure 1.8: SEM images ofa) NMG811 primary particleswithin the secondaryassembly (b)
NMG811 secondary particlesiith a quasispherical morphology(c) agglomeratedW Of dza G4 SNR Q ;
secondary NM@11 particles. These materials were synthesisedhdnse at the University of

Sheffield by Thomas Entwistle and Dr Nirmalesh Anthonisamy.

1.2.2¢ NMG811 as a Commercial Goal

Two NMC ratios containing 60% (N#MZ2) and 80% nickel (NVMB11) were highlighted as
commercially viable materials, being able to producecapacity of approximately 160 and
180mAhg? respectively[12], [37], [78], [84], [BR]NMG622 is the more stable chemistpywith an
initial capacity in the region of 15070 mAhg! but a better capacity retention over 300 cycles (95%
retention vs 66% for NM811 at 3.64.2V) [33], [37] However a material energy density
benchmark of 18200 mAh ¢ was set by consumers of electric vehicles, who required a range of
300 miles to overcome their range anxig8i, [84] NMG811 was the material with the lowest
nickel content tosatisfy this, yielding initial capacities of 2200 mAhg! depending on cycling
conditions[33], and was more stable than the 90%+ nickel alternativasd 100% nickel (LNO),
yielding a capacity afa.230mAhg? (cycled at 0.1C, 2-Z.3V) andca.246mAhg* (cycled at 0.1C,
2.7-4.3V)respectivel\{86], [87].

Reducing the levels stabilising elements manganese and coléthin the cathode active material
exaggerates the chemical, structural and morphological instabjlitiaggravating capacity
degradation of the material over its lifetimeHigh cut-off voltagesare evidence of this, with
NMG811 having a reduced capacity retention at higkieltage cut-offs compared to NM@®&22 and
NMG111due to thecollapse in the-axisat ca.4.2 V[78] [88] [67]. At this high voltage, the-axis of

the lattice structure collapses due to the level of delithiation (approx. 80%) which can lead to

irreversible capacity l0s$86]. The anisotropic volume expansion and contraction leads to
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intergranular mechanical strain that can form and propagate microcracking within the secondary

particle, eventually leading to particle pulverisati@8].

Should these penetrate the surface, electrolyte gaerforate into the interior of the particle,
resulting in more SEI formation, loss of active material, and increased degree of capacity fading. In
severe events, cracking can result in the severe reduction in electrical contact of active material from
a secondary particle formation, which can &een below irFigurel.9. It has beershown that the
increase in nickel content can increase the width and surface penetration of the microcracks,
particularly at Ni >909%9], [88]. Dopants have been shown to alleviate micemking, either by
limiting the c-axiscontraction with magnesiumor by aligning the primary particles such that the
anisotropic expansion causes minimal mechanical strain, such as tungsten or[88},0§90], [91],

[92].

. J.;.‘.;“.; 7

Figurel.9: A LiNbsMno1Ca.1O; particle that has undergone an extreme cracking event yogsting.
Microcracks can be seen on the right side of the particle, with a larger crack on the upper side of the
image.These materials were synthesisedhouse at the University of Sheffield by Thomas Entwistle

and Dr Nirmalesh Anthonisamy.

Cation mixinds another degradation mechanism that occurs at high degrees of delithiaioaNi**

ion migrationcan to lithium 3a2 O KSRNY t &aAadSa FO4d Fa | GaLAEE
through electrostatic repulsiong-hisis due to the similar ionic radii of Ni(0.74A vs 0.76A for L)

of divalent nickel. This mechanisegenerally reversible, but as the structure reaches higher levels

of delithiation, nickel migration to the intermediate tetrahedral sites becomes energetically

favourable butisirreversible[93].
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Excessive voltages can cause decomposition of residual lithium compoendd CQ), and
electrolytic components such as tlithium salts and organisolvents Above 4 V, the decomposition

of these electrolyte components incurs a thickening of the SEI, which increases electrode diffusion
resistances and inhibits the capacity and cycling rate capabi[fi¢ls One of the salts, lithium
hexafluorophosphate (LieF commonly breaks down in the presence of water to form lithium
fluoride (LiF), which can deposit on an electrode to form/thicken an SEI or can react with water to
form hydrofluoric acid (HAB5], [94], [95] HF has a detrimental effect on the stoichiometry of the
cathode lattice, reacting with the surface to dissolve manganese and cobalt into the electrolyte. The
dissolved transition metals can migrate to the anode and poison the anodic SEI and degrade the
separator, increasing capacity decay and the potential for stioctiting and thermal runaway.
Different techniques have been employed to mitigate this that revolve around the scavenging water
and HF from the electrolyte, including lithium phosphatesRO) coatings and metadrganic
framework additives in the electrolyf®6], [97].

The breakdown of electrolytés exacerbated by the presence of delithiated cathode, with the
Ni**being particularly reactivg98]. A parasitic reactionbetween tetravalent nickel and the
electrolyteresults in oxygen loss from the lattice structure, causing a surface phase transformation
from the layered transition metal oxide to a spinel rocksalt structure, incurring an increase in
electrochemical impedance in the form of surfdden resistanceq88], [99] The spinetocksalt
formation occurs at high temperaturgabove 200 °C depending on the cathode compositang
involves the oxygen loss as the stoichiometry of the lattice changes fildi@: [(layered) to LV,0,
(spinel) as delithiation reaches x=0.5, anfd@i(rocksalt]99], [100].

Thermal decomposition of the cathode material can also result in the detrimental
layeredto-rocksalt phase transformation The decomposition temperature decreases with
increasing itkel content due to its chemical instability, and the instability increases during
delithiation [101]. When delithiation levels exceed 50%, the rocksalt formation has been shown to
become exothermic, increasing the temperature of the system and likelihood of thermal runaway
[102]. Both the temperature and the rate of temperature increase are factors that determine the
potential for thermal runaway, with temperatures above 130 d€composing the electrolyte
separator and triggering shedircuiting, and 180 °C triggering the breakdown of the cathode
layered materials to rocksalt (in this case, LiggoOnce the temperature increase rate exceeds 10 °C

per minute, thermal runawawasdecreed[99].
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Thermogravimetric analysis (TGA) combined with mass spectrometry (MS) has allowed further
insight into the thermal instability of NM€athode activematerials through the identification of
material evolution within different NMC ratios as temperatusasincreased. TGMS has shown

that at elevated temperatures, thervas a mass loss corresponding to oxygen release, with the
increase in nickel content within the cathode material indicating a lower temperature of oxygen
release and an increased amount of oxygen released from the struft083. This corresponds to

the formation of the nickel oxide rocksalt phase and the evolution of structural lithium to lithium
oxide (L4O), which consequently limits the capacity both by reducing lithium inventory and through

structural storage of lithium iond 03].

This processvas exacerbated if the NMC materiabas exposed to moisture (D) and carbon
dioxide (C@, which react with lithium to form the surface species of LIOH as@iQ.found on
cathode materials. There were two main mdgss temperature periods measured, one between
150°C and450°C which corresponds to the decomposition of LIOH and embeddéx &hd one
above 65C0°C which corresponds to the decomposition ofJQ. It wasobserved that at 15@150°C
there wasa higher mass loss attributed to®l through LiOH decomposition, whielasincreased
for higher nickel content materials, with 2.13% mass loss observed for®0Gvhereas NMG32
observed a 0.4% mass 1d$63]. Inthe same region theravasalso Q and CQgenerated. Theravas

no explanation given for this lotemperature evolution of ©@ gas, but C® generation at a
temperature below its thermal degradation temperature of 6880°C was concluded to be the
result of adsorbed CQwith lower nickel content materials adsorbing more>C0Q and Q are also
generated at temperatures above 680, with this being attributed to the decomposition ofQA@
and oxygen evolution observed in unexposed NMC mated@i]. Higher nickel content materials
displaying an increase in mass loss at lower temperatures as a result of the presence (and

decomposition) of more ¥€Q and oxygen evolutiofi.03].

1.2.3.¢ Future Advances to NM&11

Doping LNO and nicketh NMC can improve the electrochemical performance, typically by
improving the structural stabilityReplacing cobalt in NMC with other elements that increase
thermal and cycling stability could increase performance while simultaneously decreasing cobalt

content. Doping 0.7% aluminium intihe cobalt sites oNMG61:27:12 has been shown to increase
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the capacity retentiorwithout sacrificing specific capacity, yieldiag84.5% capacity retention after

3000 cyclexompared with the undoped sample (65.194p5]. Li et al. replacedall cobalt with

aluminium in NMC materials to produce a nickeinganesd f dzY A y A dzY WHH1]. Thed G NHzO G
NMA systemwas compared to the NM@ICA,and an Al- and Mg- doped NMC system (NMCAMg).

The NMA had a reduced firsycle capacity (216 mAhtgs 220 mAh ¢ for NCA88:05:06 at 2.8

4.4V, 0.1C) but increased capacity retention after 100 and 1000 cycles (82% vs commereg2NMC

at 80% and NGA88 at 54%). The manganese and aluminappear toincrease the thermal stability

of NMA relative to NG&8 by maintaining a high exothermic event temperature and reducing

degree of heat flow at the eveij101].

Other metals have been investigated to improve cycling stability and capacity attributes of nickel
rich cathode systems. Tungsten has been one such dopant that has shown improved capacity
retention of NMG811at a higher cubff voltage(92.1% vs 85% retention at 2485 V, 1C charging
after 100 cycles)reduced electrolytic attack and HF formation, and supresses the rocksalt phase
transition[106]. Tungsten dopes the Risites with a V" ions, which alters the charge balance of the
system, decreasing the capacity slightly through cation mixing and nickel inventory displacement,
but capacities of over 200 mAh! dpeing achieved after 100 cycl¢s07]. Other dopants include
zirconium[93], titanium [9], tin [108] and tantalum[109]; all doping the transition metal layer and
increasing the stability of the lattice structure during cycling to extend cycling life@adimportant

to consider the economic impact when researching dopants however, as the cost of the dopant will
impact the financial viability of the product when it reaches commercialisation. Although tantalum
may improve the stability of NM811 to a greater than magnesiumluminium,and titanium, itis

approximately 100 times more expensive and so poses a reduced commercial pqia8jdl 10].

Coating nicketich materials can also improve the capacity retention of niciodl cathodes, with a
stable coating acting as an artificial SEI that shields the reactivéoNs from electrolytic attack

[47]. These materials are electrochemically inactive and inclndgerials like silicon and metal
oxides, which ideally have goashic conductive qualities to minimise the resistances applied to the
lithium migration procesqg111]. Coatings are typically applied by wet or dry processing which
involves mixing the cathode materials with the coating material agueousiyaanilling before an
additional calcination stage secures the coating to the cathode. These methods are typical due to
their ability to be scaled for higthroughput synthesis, but do not apply the coating evenly across
the particles. The inclusion of water may also react with &hid cause rocksalt formation from the

layered oxide cathod§9?2], [112]. Alternatively, atomic layer deposition (ALD) can be used to coat
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samples with a controllable and uniform thickness iatsexpensive to scale up to high throughput

synthesiq113].

Additionally, coreshell and gradient particles are one method of developing an electrochemically
active surface coating. By changing the cathode active material between the core and surface, a
high-capacity, nicketich cathode can be utilised in the core and a stable cathode material can be
grafted to the surface of the particles, maximising the capacity yielded from the cathode materials
whilst protecting the nicketich material from electrolyte exposure and degradation mechanisms.
One consideration with the corghell and gradient particles, as well as the coatings of these
particles,wasthat they should be able to adjust to the volumetric expansion and contraction that
occurs to the particles during cyclifigl4], [115], [116]

1.2.4.c The NM@recursor

The LMO; layered oxide product has a precursor prior to the lithiation and calcination stage of the
synthesis pathway. The layered precursructure is typically synthesisd in either a hydroxide
form (M(OH}) or hydroxycarbonate form M>(OH)}CQ)y) [117]. The transition metal compound
was then milled with a corresponding salt, LiOH oiCIQ} respectively during lithiation prior to
calcination and the formation of the MO, layered oxide. For nickeich cathodes, the transition
metal hydroxidecalcined withlithium hydroxide (LiOH) is preferredue to the lower thermal
decomposition of LIOH400-650°C) meaning that the lithium salt will fully decompos# the
calcinationtemperature range(750-850°C for NME811) [37], [104], [118] The higher thermal
decomposition of lithium carbonate (68M8B0°C)meansthe lithium salt willnot fully decompose
over the calcination periadThis results in a reduced amount of lithium intercalating into the NMC

structure and a lithium deficiency, which would result in a reduced electrochemical cafd£3ly

Similar to the lithiated NMC oxide, the transition metal hydroxide (abbreviated to NMg)(Be$) a

layered structure with trigonalsymmetry andis isostructural to Ni(OH) with regards to
crystallographic and morphological properties. There are two polymorphs of Ni@@Hdted as

W-Ni(OH)Q FHYWROHW® T G KS f | vie§ntoNIcamonly Kvol@el with the synthesis of

NMC cathode materialfl19], [120] Thei -Ni(OH) W6 NHzOA G SQ LRt @8 Y2 NLIK O2y & A &
stacked in theab plane that are stacked in parallel, wherda$Ni(OH) consists of -Ni(OH) layers

with water intercalated between layers as seerfFigurel.10 @) and b respectively{119]. Thereisa

third polymorph prevalent in doped Ni(OklYhat arises from the inclusion of trivalent transition
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metals (.e.manganese and cobaltplled layered double hydroxide (LDBjructurally, iissimilar to
h-Ni(OH) that consists of the -Ni(OH) layers but with anions intercalated between layers. The
additional positive charge from the trivalent transition metal needs to be balanced, hence the
intercalation of aniors, which can be OHhydroxide), N® (nitrate) or CHCOO (acetate) ions
depending on the solution in which the Ni(QMjassynthesied in[119], [121], [122] This enlarges

the interplanar gallery spacing, justasNi(OH) does.
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Figure1.10: A crystallogrghic representatiorof (a)h b A,owhithiocan beappropriated as the
layered double hydroxide structurend (b) i b A.6Thdsa)images were prepared usivgsta

version 3.5.§14] usingappropriate ClFiles.

The water and anion intercalation between the transition metal layers meanhtiditOH) and LDH
have amore turbostraticcrystallographic structure than the-Ni(OH) alternative. Thiss visualised
as fewer peak$n the XRD diffraction patternseen inFigurel.11. The splitting of the (001) peak
from the beta- to the (001) and (002) alph@olymorphisindicative of the water/anionic disruption
to the crystalline structure between the transition metal layers. This interlayer disruptesalso
seen by the reduction of lattice planes orientated through thaxis. The unlabelled peaks in the

alpha polymorph are attributed to aluminium of the XRD stHde)].
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Figure1.11: The XRD pattern for alphand beta Ni(OH)2 with key peaks labelled. The peaks

labelled with an asterisk the alpha polymorph are attributed to aluminium of the XRD stage.

Structural disorder can occur in both theNi(OH), i -Ni(OH) and LDH polymorphs. Rotational and
translation stacking faults are prevalentiidNi(OH), and result in the stretching of the-B bonds

and broadening in the (101) and (102) XRD diffraction pefiks partial intercalation of water and
FyA2ya OFy ONBI GS hli NifOH) iNdvhiRh tHeAtwo (p@yinErghdl anaiesefit inS R Q
the same structure and the misalignment of layers can occur as the transition metal layer spacing
changes[119], [122], [123] In these twephase systems, the twb-Ni(OH) (00L) peaksan be
present in thei -Ni(OH) diffraction pattern labelledas (003) and (00&ccordingly[121]. These
samples were preparedith an aluminiumXRD stagewith some AlBragg peaks being detected,

identified by crosseferencing with a CIF file from ICSD, and labelled with an asfg#dk

Ni(OH) and NMC(OH) in both polymorphs, hae been synthesised using a variety of pathways
including solgel, hydrothermal and cprecipitation. These methods form thin nanosheet and
nanoribbon primary particles that assemble to form secondmyemblieswhich depending on the

control of the synthesis conditions, the secondary morphology can be controlled to form either a
quastspherical secondary particléaceted or irregularW Of dza (G S NS R Q1191 MIRHLIJK 26T, 2 I A S &
[127].
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1.3.¢ Synthesis Techniques

Layered transitionmetal oxides have been synthemsisvia many pathways generally involving
chemicalmixing orreaction followed by high temperature calcination. Originally, LCO and LNO were
synthessed via a solidstate route, milling the transition metal salt and lithium salt together and
exposing it to a high temperature treatment to form théVi®, desired[8], [128] This method had
limited control and often resulted in oftoichiometric product, espedig when LNO was being
synthesied which yielded lower capacity values both initially and after 10 cycles due to cation
mixing of the Ni*ions[51], [129]

Other methods have been used to synthesise layered transitietal oxides including sejel
(forming a gelike mixture before evaporating and calirig) [130], [131] and molten salt synthesis
(hightemperature heating of a solution before chemically precipitating the prod[idp], [133],
[134]. Although effective, the conditions within these reactions were difficult to control, which
particularly important fornicketrich cathode materials as they are more sensitive to oxygen and
water. Theincreased presence of Nican cause structural and chemical instabilities that result in
reactions with electrolyte whicltould generate oxygen gas, a critical substance in the thermal
runaway mechanisni78], [88] These instabilities are present throughout the synthesis process,

which needs to be carefully controlled.

Two alternative synthesis pathways,-precipitation (reacting a solution to produce a precursor,
before lithiation and high temperature heat treatment) and hydrothermal (using high temperatures
and pressures to synthesize a precursor before heat treatmég], [136] have been investigated
due to their ability to control the particle growth and morphology as well as their ability to be used

for highthroughput synthesis, with many companies usinepeecipitation[137], [138]

The commercially desired NMC product has average particle size e2&(rh, with polycrystalline

particles with a quasspherical morphology having a secondary partiaksembly(i.e. multiple

primary particles agglomerating together) and a larger diameter of approximat2ly |5n; and

Y2y 2ONE &G I-ONBY B (WA AENISA Of Sax gKAOK O2yaAraid 27 |
have a particle size of <@%um, which is synthesésl with the addition of a surfactant age[it39],

[140], [141] Smaller particles (Ot >Y RAF YSGSNL KIF @S 0SSy aKzgy G2
and rate capabilitiesdue to shorter lithium diffusion pathwaydyut a lower cycling retention

O2YLJ NBR G2 I NBHSN LIL36] K4€2] Bha focosmal previdus resedrcyt i S N

literature regarding the synthesis of NMBL1 has been particle size and morphology control, with
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guasispherical, polycrystalline particles with a particle size diameter of approximatelyml0

desired with larger particles yielding a higher tap dendity#2]. Tap density is the density of a

material after vibrations (or tapping) has occurred, which results in the optimal positioning of

LJ NI AOf Sa (G2 NBRdAzZOS @G2ARFIAS FYyR GKSNBF2NBE 2LIJIA YA
CKS aeyidkKSara 27 -ONB/2ONSGiddiontd 40SdE Sripietenéss bf$his

literature review but is beyond the scope of this thesis.

1.3.1.¢ Particle Nucleation and Growth

The construction of a cathode active material particle has been researched, with a high tap density,
uniform particle size andjuasispherical morphology being preferred forM@, particles [143],

[144]. The development of these particless 1 @ LA OF f t & RSaAaONAROGSR o6& [l aS$
consists of two stages of particle formation: nucleation and particle grodtitleation involves the

formation of a particle from solution and its growth to the critical nucleus (the size above which
particle can survive in solution without-dissolving). Thisvasfollowed by particle growth, which

involves the ripening of the surviving particles that mature to form the desired dense,-quasi
spherical morphology in the secondary particles. The synthesis conditions can affect the particle

density, morphology and size and should be controlled in order to tailor parficiés

Nucleationtypically occurs in a masgsicleation event where monomers nucleate to form a solution
GAUK Yy aSTFFSOUAQPStEEe AYTFAYA(GSE O2yOSYyiUNrGA2Y>
Nucleationcan occur homogenously (where the particle forms uniformly through the parent phase)

or heterogeneously (where the particle forms at a system abnormality, such as container surface,
impurity, or boundary), with the stable surface making heterogeneous nucleation more favourable
[145][146]. Following the nucleation event, ripening and growth occui@one of Ostwald ripening

or digestive ripening. Ostwald ripening involves smaller particles dissolving into the solution to allow
the larger particles to grow, leading to a particle size distribution. Digestive ripening involves the
larger particles being consumed by the solution to allow the smaller partizlgeow, reducing the

particle size distributiofil45], [147]
The free energy of the system determines whether the particldissolves, whiclvasthe sum of

the surface free energy and the bulk volume free energy. Once the critical nucleus has been reached,

the bulk volume free energy dominates the surface free energy and the particle will [@Any;
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[148]. The final stage of nucleation, where the partichsre controlled by the diffusion of
Y2Y2YSNB GKNRdAzZAK CABIQBE49FANBRG f 16 2F RATFdAAZ2Y

1.3.2.¢ CoprecipitationSynthesisRoute

A coprecipitation reaction involves the controllesbncurrentprecipitation oftransitionmetalsfrom
their salt precursowia the addition of a base solution and a complexing agent. The dissolved salt
releases metal cations which form complexes with the complexing agent biforeaction and
precipitationdue to the basicityf the solution. The reaction conditions withia stirred tankreactor
(STRran be carefully controlled, with the temperature, pH, atmosphere, stirring speed and ratio of
transition metal: base: complexing agent all affecting the precipitation mechanism. The metal

precipitates formed can be harvested from the waste aqueous solution and washed.
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Figurel.12: A schematic of theo-precipitation synthesis pathway for NMC materials, including the
chemical reaction to formi K S  WHiNB/GHQR) and the calcination to form thél o f dzS Q

LiNkMnyCaO, (n.b. thesecolours arenot representativeof the actual colours of the materialgg3].
For NMC materials, stoichiometric amounts of nickel, manganese, and cobalt sulphates are dissolved
in deoxygenateddeionised water and reacted with a base solution typically consisting of either

sodium hydroxide or sodium carbonaiepending on the desire for a hydroxide or carbonstdC
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precursor Sdium hydroxidds the most common choider nicketrich materialsas it complements

the lithium hydroxide salt used in italcination The pH, a metric for the proportion of ibns in the
system and its acidity, is an important factor that controls the rate of reaction (precipitation) of the
acidic component (TM sulphate) and base component (sodium hydroxide) of tpescipitation

reaction.

A complexing agent, ammonig also usedo agglomerate transition metal ions within the solution
prior to the precipitation of theNiogMno.1Ca.1(OH} solid [67], [137] The temperature, ratio of
transition metal and pH all impact the development and growth of the particles and need to be
tailored to the NMC ratio due to thsolubility of each transition metal atachpH [143], [150] The
precipitate is washed and filtered to remove salts formed during the gqarecipitation reaction
before introducing lithiunto the systemvia milling with a lithium salt (typically lithium hydroxide

because of a suitably low thermal decomposition temperat({téy].

An example of the reaction/reactor configuration can be seerFigure1.12, with the reaction
typically occurring in a stirred tank reactor (STR), which allows the control over temperature, pH,
atmosphereand agitation rate. The transition metal, base and ammonia solutions addition rate can
be controlled to cater for desired pH control and reaction times, with the addition of the base
solution being used in a feedback loop controlled by the pH meter recordings. Nitrog&sagaed

viaa sparger, which maximises the dispersion of nitrogen within the solution. The vessiedpt at

atmospheric pressure, with a condenser unit mitigating losses through evaporation.

1.3.2.1.¢ Chemical &ameters Kecting theCoPrecipitation reaction

Control over the reaction conditions foiaketrich NMC materialse(g. NMG811)is criticaldue to
the readiness for Rf and Mr?* to oxidise The reactionsolution is basicwhich increases the
sensitivity for nickel and manganese to oxidise, as evidenced by Pourbaix didgraigsrel.13,
which map the transition metalalencesat various redox environmentsAn inert, nitrogen

atmosphere and usef deoxygenated watewould reduce the redox potential of Mfand N#* and

promote the Ni(OH)and MN(OHYLIK I 4 S&a i KAIK LI Qa HKAOK TF2N¥Y

Oxidation of the MA" and N#* ions can lead to the formation of layeretbuble hydroxide, metal
oxide or spinel MgO, phase impurities that disrupts the ordering of the desifdigsMno 1:Ca 1(OH)
layered structurg137], [152]
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Figure 1.13: Pourbaix diagrams depicting the different Nicke) [153] and Manganesgb) [154]

species present at different pH and redox states.

The temperature of the precursor synthesidso relates to the oxidation states of nickel and
manganese, with an increase in temperature resulting in the increase in redox potential according to
the Nernst equation seen iEquation 15. below.Eand B represent the cell potential and standard

cell potential respectivelyR and F represent the universal gas constant (8.31rhal'K?') and
Faraday constant (96,485n®l'), n was the number of moles of electrons involved afdwas
temperature in Kelvifil55]. Asperthe Pourbaix diagrams &figurel.13, an increase in cell potential

can expose the transition metal to the possibility of oxidising and forming undesired phases. For
NMC systems, an ideal temperature range of between 50 and 60 °C has been reported without
oxidising the manganese, which occurs above’®(118]. It has been found that synthesis of

NMG811 at 45C has yielded smaller primary particles and lower tap defEli§], [156]
0O O —110 Equation 15.

Another conclusion drawn frorfigurel1.13 is that the formation of the M(OH) phase requires a
high pH of betweer® and 13 This is accomplished through tireclusion of sodium hydroxide and
ammonia in the solutionA 2-stage reactio scheme described ingiation 16 and 17 details the
dissolution of the transition metal ions and their subsequent complexation with ammonia and water
atoms, before the basicity of the solution allows tM€OH) phase to form through the introduction

of OHions[137], [157], [158] The transition metals have ac®ordination ligand, hence the sum of

Y endW &gQal 6. An increase in pH would increase the concentration of hydroysy/bioah shift the
equilibrium of Kuation 17 to the right, increasing the yield of tid(OH} phase.

0 g0 WOP O 0O 00 Equation 16.
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0 0’0 00 ¢l'0O P 0 6O ¢ 00 MO Equation 17.

Van Bommett al. reported that an optimal pH range of 1610.5waspreferred for the synthesis of
nickektrich hydroxides with a high tap density.5¢ 1.75gcnr3), with a pH of 10.6 producing a more
uniform, quasispherical secondary particle morpholofd57]. A pH above 11.4 yielded lower tap
densties of 0.70.8gcm? and irregular particle morphologies. Thisssupported by Leet al., who
found that synthesis of NMC11 at pH 11.0 produced a higher tap density (g¢é®) and larger,
more uniform, and spherical secondary particles than at pH 11.5 and 12.0 (1.12 and dnil
respectively)156]. ApH of 10.6 was compared to 11.4 for the synthesis of NNICto find that the
10.6pH had a larger, more uniform particle size (modal average particle diameter pfn16
compared to §um) with increased tap density (1.28m? vs 0.3gcm?®, after 3 hours of reaction
and capacity retention (96.5% vs 93.6% for the 11.4 pH sample after 50 cycle$1591.C)

For nickelrich materials, Liangt al. concluded a pH of 11.2 was optimal for Ming Ca (OH},
yielding quasepherical particles with a tap density of 1.§6m?3, with reduced tap densities of 1.47

and 1.08gcm?® at pH 11.5 and 11.8, and a reduction in particle morphology and size c¢b®@jl
Vuetal. found that for NMG@811 synthesis, larger (average diameter ofub®), more spherical,
denser (1.9gcm?) particles were yielded at a pH of 11.5 compared with 11.2 and 11.8. A loss of
uniformity and a smaller size was observed with the alternative pH values, with theHls8mple

yielding a tap density of 1.26cm>[118].

The complexation qualities of ammonia to fornM[NH).]?* allows the agglomeration of dissolved
transition metal ions prior to precipitatiorencouraging a uniform precipitation rate of all three
transition metals to form a single partic|@57], [160] The NaOH: N¢+atio in the reactor can help

control the particle tap density and morphology. Wagtgal. have shown that a ratio of 1:1 shows
increased tap density (1gpcm?® vs 0.53-0.84gcm?® and more spherical, uniform particle

morphologieq158].

The relationship betweemickel manganeseand the waterammonia systemwas investigated
during the synthesisf Nib.sMne CQ, where sodium carbonate acted as the bakevas found that
between pH 5.0 and 7.5 the carbonate-peecipitation reactiorwasdominant and both nickel and
manganese exist as a carbonate, but with excess residual ions existing in the solution. Between 7.5

and 9.8, the readiness for nickel and manganese to form ammonium complexes increases, with the
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formation of (M(NH)»]?>* dominating during this range and consequentlydissolution of transition
metal ions back into the solution increases. Above 9.8, hydroxyl ions are sufficiently concentrated to
incur the formation ofM(OH}, with this causing a reduction in residual ions in the solution with

increasing pH valudg461].

The transition metal: ammonia ratwasa more common ratio referred to during the optimisation
of synthesis pathways, due to the direct influence on the formation of MENH;).(H0)]?* ligand
complex. The equilibriumconstant K,, for the complexation of transition metals with ammonia
varies for each transition metal due to their varying solubility over the pH ramge,the largest
equilibrium constanfor nickeloccurring when it has 6 ammonia compounds complexing with it (i.e.
n = 6§, manganese at n = 3, and cobalt at 15 [157]. TheM: NH; ratio can affect the particle
morphology and tap density, evidenced by Cheralatearal., who found that when synthesizing
Nio.sCa.13Mngos(OHY} at pH 11.511.6, a ratio of 1:1 yielded quaspherical, dense particles (2.00 g
cm®) compared to ratios of 1: 0.6, 0.8 and 1.2 (1.50, 1.58 and dich®® respectively)[162]. The
primary patrticles for all ammonia ratios were needtile, with the 1:1 ratio yielding larger, more
distinct primary particles. Contrarily, \éi al. found thatM: NH; ratios of 1: 0.8, 1.0 and 1.2 yielded
NMG811 with quasspherical particles at pH 11.5, with nanoplate primary particles, with more

uniform secondaryarticlesat the 1:1 ratio[118].

Lianget al.found that increasing the concentration of ammonia added to g@Tipitation reaction
synthesizing NM®22 changed the morphology of the primary particles from thin, -t@msity
nanoplates (1.2gcm?® at 0.3 M ammonia to denser, needike particles at 0.6nd 1.0 M
(1.76and 1.66gcm? respectively), where the concentration of transition metal added wasML.5
and the pH was 11.p160]. Leeet al. also found that an increase in ammonia concentration relative
to a 2M transition metal solution of NM@11 with a pH of 11.0 increased the tap density of the
resultant hydroxide particles (1.42, 1.57, 1gém?3 for 0.12, 0.24 and 0.3@oldm?3) [156].

Additionally, the secondary particle morphology was more spherical.

A common transition metal concentratiowas stoichiometrically summed to form a typical
concentration of 2.0M, with the ratio of transition metals varying from NMCL:1 to
NMG95:2.5:2.5M [157], [159], [163], [164], [165]Thiswas typically coupled with a 4.5.0M
concentration of sodium hydroxide, with an ideal molar flow ratio of [8D], [88], [152], [166]
LYY2YALl Qa NRBES Ay (i &$he &imgniaicanlp&Sadded dncdrrdntyyndthvthel £ f

transition metal and base solutipor some of the ammonia can be added concurrently, some of it
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actingas- y WA YA (A | wassituateddnitie2eAd@or piidt ko dransition metal addition. The

fFGGSNE WAYAGALFE d2fdziAaz2yQ YS§infadyRt 2c@izentatey Ay @2

5-10M solution of NH added concurrently{67], [157] If the ammonia was only added to the
reaction, a similar, high concentration of 10/ was used[167]. The volumeshave been
inconsistently reported (either as volumes or volumetric flow rates with addition times) therefore

molar quantities and ratios cannot be determined.

What can be summarisedoim thiswasthat pH and ammonial M ratio are related. Increasing the
ammonia concentration within the solution can help agglomerate the transition meliadsto the
increased amount of the complexing agent. This icanease the tap density, bihe ammonia:TM
ratio should be moderated witlthe amount ofsodium hydroxide in the system to ensure optimal

particle sizegan be yielded.

1.3.2.2 ¢ PhysicaParameters Affecting the €Rrecipitation reaction

Another factor that increases the tap densitsasthe reaction duration, with Van Bommet al.and

Zhuet al.finding that the tap density increases with duration as the particles grow and mature until

it reaches an asymptotic maximufh57], [163] Van Bommekt al. found hat the tap density of
synthesied Ni(OH)plateaued after a residence time 20 hours, specifying a continuous flow system
via overflow control to keep a constant volunj&@43], [157] This concurs with other literature,
which reports addition and/or reaction times of -B&& hours, but they do not specify the system in
which the reactions occurl65], [168], [169], [170]The stirred tank reactor can be operated in a
continuous (CSTR) system, where reactants are continuously pumped in and out of the reactor, with
I WNBAARSYOS GAYSQ RAOGLF GAY 3 semikafch féldelddion GBERY 2 T

system, with gradual additio of reactants occurring overya WIF RRAGA2Yy (GAYSQ

3 F

(

NiMNyCa{OH) LINB RdzOli o6 SAy 3 @& A SdturafoR( A WEISMI td produSeNthiel A y W

WNE I O AThiy tertnihodody eeds to be acknowledged when considering quantitative reaction
durations to provide suitable context to the reaction system, witlseanibatch reactor system
having a transient reactor concentration and volume, whereas a CSTR system contains a constant
concentration and volume of reactants. Given the influence of reactant concentration and pH on the
system as described above, the operation of a BR or CSTR system may impact the particle growth

mechanics, but thergrasnot enough information to form a conclusi¢gh59].
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Stirringis another feature of a cgrecipitation reaction thataffects the reaction mechanisniboth

with respect to the type of agitator and the stirring speed. Zhl. investigated the effect of the
impellor blade design on the precipitation of NME2 in a 4baffled reactor vessel, with an axial
mixing propeller turbine (PT), radially mixing flat blade turbine (FBT) and Rushton turbine (RT), and
an axial and radial mixing pitched blade turbine (PBT) being compes&8{l The impellor blade and
mixing regime was found to affect the primary particle morphology, particle size, tap density and
crystal structure. The PT hydroxidexs found to havdarger secondary particles than FBT, RT and
PBT samples, with an average diameter ofud®? (vs <5um, <5um and 8um respectively) and a
higher tap density of g cm®than the other samples, which had a density ofgchn® [163].

Morphologically, all NM®22 hydroxidessynthesiged from the different impellor blades formed
guasispherical secondary particles, with the main distinction coming from the primary particle
morphology, with the PT sample forming neetlle particles, whereas the PBT, FBT and RT samples
formed nanoplate primary particles, whiallisplayed alower tap density. The PBT sample had
smaller nanoplate primary particles that were randomly aligned, with these smallds between
primary particlesndicating the minor increase in tap density observed between PBT vs FBT and RT.
It was found that radiatlominated turbines (FBT and RT) formedhaNioéMnoCa A(OH) crystal
structure, with the axialominated turbine (PT) forming thie-Nip.sMno Ca (OH) phase and the

PBT forming a combination of the tjb63].

The agitation speedvas found to haven effect on the size of the resultant secondary particles,
with Vuet al.finding that an increased stirring speed from 58@0rpm during the ceprecipitation
synthesis of NM@11 reduces the average particle diameter from @0 to 13um. The lower
stirring speed of 508pm also observes more agglomeration between particles leading to a larger
size distribution118]. Leeet al. concurs, concluding similar findings that during the optimisation of
the synthesis of NM@11, with smaller, denser particles seen at 1¢0® (vs 400 and 60m),

with a tap density of 1.7§cm?® (vs 1.45 and 1.6§cnm® respectively)[156]. This suggests that

agitation speedsindependentof NMC chemistry.

1.3.3.¢ Hydrothermal synthesis route

The hydrothermal (using water as a solution) and solvothermal (using a mixed-ovgseric
solution) method are syntheses that promote crystal nucleation and growth through exposure to

increased temperature and pressure by heating a solution past its boiling point in a pressurised
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vessel, with the resultant vapour head creating pressure within the vessel. These methodologies
behave similarly, and can control the particle sib@rphology,and crystallinity of the product, with

increased temperatures achieving larger particles and improved crystaJlifity.

The exposure to high temperatures during hydrothermal and solvothermal syntheses causes many
properties of the solvent (for example water) to change, with density and the dielectric constant
decreasing linearly with an increase in temperature until the critical temperature atG/74dbove

which the supercritical properties cause a significant reduction in density and dielectric constant.
Above the critical temperature, lowepressures cause a steeper drop in density and dielectric
constant [172], [173] The dielectric constanis the relative permittivity of a substance, and
consequentlyis an indicator of a substances ability to contain electrical chafghigh dielectric
constantin a solventvould be able to hold large quantities of ions dissolved within it, and therefore
Oty 06S | 02YYSyill NE 2y [(7RSAppyRd tifsSo/hidaolvaitBetndno A £ A i &
reactions means reactants can dissolve into the solvent at room temperature, then as the s@gution
heated and reacted, the solution promotes crystallisation (as opposed to precipitation due to the

change in solubility rather than chemical reaction) which yields a highly crystalline pfa@dagt

With respect to the synthesis of NMC materials, hytholvo- thermal reactions involve dissolving

transition metal salt reactants (typically acetates or sulphates) into deionised water and/or ethylene

glycol, the latter of which can regulate the particle groytb0], [174] A precipitating agent can be

added €.g.urea, ammonium bicarbonate) before the mixtuneasautoclaved at high temperature
(140200°C) for 624 hours in an ovefil71], [174], [1759 ¢ KS I dzi2 0t I S | yR Ke&RNI
reaction vessel allows an increased pressure to be achigns, [171], [176] Once the precursor

has formed, the autoclawkprecipitatewaswashed with deionised water.

Nio.3dMno3C@3:CQ was synthesed using nickel, manganese and cobalt acetatecursors
dissolved in a 35:4B\L ratio of distilled water to ethylene glycol to form aM solution, with 2.4g
Urea being added as a precipitating agfi4]. This gave a urea: transition metal ratio of 5:1 in the
solution. The solution was sealed into an autoclave and annealed atCl46r 10 hours. The
resulting reaction mechanism could be described Byuations 18-1.10 and involves the
decomposition of urea into ammonia and carbon dioxid&4], [177] The basic environment
promotes the formation of carbonate ions, which react with the transition metal ions to form

NiysMn13CassCQ.
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0060 ® OO0 ° ¢ch'O b0 00 Equation 18.

00 ¢0'O © 60 00 Equation 19.

-0 -0¢ -0 ¢ 00 O 0 Q0&Ey0€;00 Equation 110.

The reaction yields a morphology that consists of ggpbierical secondary particles comprising of
faceted primary particles. After a 70Q calcination with a stoichiometric quantity ot@@, the
quasida LIKSNR OF f LI NI A Ot Sa Fd&AaS ¢gAGK 2yS | R2l OSyi
with the developing grains and nodules on their surface as lithium carbonate decomposes and

evacuates from the patrticle, causing densification of the resultant stru¢fur4).

Comparingthe solvothermal synthesisl NMCG111 (SHNMC) with an equident coprecipitation
synthesied NMG111 (GNMC, synthesed with ammonia bicarbonate), BrunauEmmetTeller
(BET) analysis determined the surface area oNSKC was approximately doubkdat of GNMC
(D9.2 vs 4.4n?g?). From an electrochemical perspective, the first cycle discharge capacity of
SHNMC was also greater than theNBAC, with a capacity of 14hAhg?* compared to 159nAhg?.
The 50cycle capacity retentioior SHNMCwas 87.7% compared to 67.9% forNBAC, with both

Galvanostatic cycling regimes conducted at 0.1C over a voltage window&b/$174].

NMGC622 hasbeen synthesisd using transition metal acetates (0.1 M), urea (@2 and
cetyltrimethyl ammonium bromiddCTABO0.1M) dissolved in a 1:1 ratio of deionised water and
ethanol. An autoclaving procedure was conducted over a period of 5 hours aCl1béfore being
washed and dried. XRD analysis concluded the solvothermal reaction produced a transition metal
hydroxide precursor. Morphological analysist SEM showed quaspherical secondary particles

with a nanoplate primary particle morphology with threlémensional pathways, which promotes
lithium-ion (de)intercalation during the calcination stage. These pathways are a result of the
stabilisation of surface energy caused by CTAB. Calcination caused these nanoplates to thicken and
form 100y Y Wy I y[278INR O1 4 Q

A nickelrich cathode material, LibiMnoosAbosO2 (NMA) was synthesisl via an ethanol
solvothermal process and a <clmped calcination method. The solvothermal method used a
Ni(NQ).-6HO reactant dissolved in ethanol and autoclaved the solution at®C8fdr 24 hoursintil

Iy -3Ni(OH)}2HO was produced, which was washed and dried. This was dissolved with
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stoichiometric quantities of AI(NR and Mn(NQ)s, and a 2 mol% excess amount of LiOH in ethanol,
stirred and evaporated to form a lithiated LiNVino.osAl.os(OH) precursor, which was calcined at
500°C for 12 hours in air and 73C for 20 hours in an oxygen rich atmosphere. The use of nitrates
throughout this reaction in combination with ethanelas because ethanol dissolves the metal
nitrates and produces hydroxide ions, which facilitate the formation of the desitgaH> phase, as
seen in uations 1.1 and 1.2 below[179].

x6'06"00°0 100 O x308'00 c¢60 6O 1O UOb Equation 1.1.

ol 'Q ¢OU @O © o0 "G O JOU Equation 1.2.

The formation of thé -3Ni(OH)-2H,O layered double hydroxide phase was confirm&dXRD, with

SEM micrographs displaying quapherical secondary particles. After calcination, th&2pum
guasispherical morphology remained and XRD analysis showed good peak splitting between
(006)/(102) and (108)/(110) doublets, indicating good crystallinity. Rietveld refinement of this
material indicated the Ni/Li* cation mixing was approximately 5%. The material underwent
electrochemical testing, with cyclic voltammetry testing indicating stableM-H12-H3 phase
transitions over the first 5 cycles for voltage windowscd.@, 3.04.4and 3.64.5V. Galvanostatic
cycling for these voltage windows were also conducted at 0.3C, with first cycle discharge capacities
of 182, 191 and 200 mAd being achieved for 4.8, 4.4V and 4.5/ respectively and 83%, 91% and
76% of the capacity being retained after 100 cyf169].

1.3.4.¢ Lithiation and Calcination of thexMnyCa(OH) precursor

Once the NMC precursowas synthesigd, it is typically washed with deionised water and filtered

and/or dried to remove the residual sodium and sulplpecieqd158]. The precursois then mixed

with a source of lithium, commonly referred to as lithiation, which can be doa&and milling or

Fy FljdzS2dza RA&&2tdziAzy 2F | tAGKAdZY &a2dz2NOS 640K
treatment follows, which initiates a reaction between the lithium amdnisition metal species until

the desiredproduct, LiNIMny,CaO;, is formed. The high temperature and oxygeith atmosphere

causes the transition metal to oxidise and the evolution of the layered transitidalrogide phase

to change to intermediate lithiurdeficient rocksalt or spinel oxide phases. As the lithium source

thermally decomposes at higher temperatures (above #Z3or LiOH), lithium is released into the
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system and incorporates into the transition metal compound, with the oxygen atmosphere

providing a source of oxygen to form the fihéiNiMny,CaO, phase[152].

Aqueous lithiation of a material involves dispersing MEOH) precursor and a lithium source in a
solution. Belharoualet al. achieved this by dissolving the3Ni(OH)-2HO precursor with soluble
dopants and 2 mol% excess LiBJ in ethanol, before mixing for 2 hours at 4D to evaporate the
solvent. Water can also be used as a solvent, dissolving NiGNED and LIOHLO and mixing it
prior to calcination at 800C for 12 hourg180]. This methodology was investigated by Aetial.
with a 1:1 and 14 transition metal: lithium ratio being compared. It wasind that in order to
synthesig nearstoichiometric LiNii+:O», optimised conditions involve mixing the IVL Li solution
for 8 hours (which produced LNO with= 0.033) or mixing the 1:M1: Li solution for 2 hours (LNO
with z= 0.031)51].

The more common method for the lithiation of transition metal precursors involves hand milling
dried precursor and a lithium source. Typically, an excess of lithium sauaseused to the
stoichiometric amount, with a LiM ratio of 1.021.05:1 used to ensure integration into the cathode
structure and to compensate for loss of lithium at high temperatures as it vaporises to fgbm Li
which results in the formation of a lithiumand oxygen deficient rocksalt phase[9], [87], [88],
[181]. This millingvasconducted for 15830 minutes with a pestle and mortar or mechanical grinding
equivalent €.g. ball mill) in order to maximise the surface area to volume ratio of the materials,
reducing the lithium pathway during the lithiating calcination mechariss9], [182] [183]. A small
amount of solvent, for example ethanol, can be added to dissolve the lithium hydroxide, allowing it
to further reduce the penetrate the transition metal precursor and minimise the lithium pathway
[183]. The thermal decomposition temperature range of lithium carbonass700-1100 °C, making

it potentially unsuitable for the synthesis of nickelh cathode materials as not all of the lithium
carbonate may decompose and lithiate the NMC/ Lik@terial [104]. Lithium hydroxide, which

decomposes at 40600 °Cjs preferred forthe calcination of nickelich cathodes.

Should the degree of excess lithium be too high, lithium oxid®)ldan form on the surface of the
secondary NMC particles during calcinat[86], [184] This LO reacts with the C{br HO in air to

form LCQ or LiOH, which can increase the pH of the electrode slurry and interact with the
polyvinylidene fluoride (PVdF) causing gelation of the electrode slurry, complicating their handling
and casting. Furthermore, these impurities such as LIOH with can reagteléBffolyte to form

hydrofluoric (HF) acid, which dissolves metal in the cathode and gasifies the anionic component
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during cycling, forming CO, €& O, which leads to swelling within the cells and a potential safety
risk if the cell rupture$d5], [184], [185]

Residual lithium compounds are more present in nigladd NMC materials, with Noket al.
measuring the quantities of residual lithiumm titration to find that therewasa significant increase

in both LiOH and i1GQ when the nickel contentvas above 70%. NMQ11 had a total residual
lithium concentration of 1799pm, with the concentration increasing for other NMC materials
(NMG622, 4908 pm; NMG701515, 11,054pm; NMG811, 23,81%pm) [37]. One more practical
method for identifying these residual lithium compounaasthrough their presence in XRD profiles
of LiNiMn,CaQO;,, as seen irrigurel.14, where LiCQ exists between the (003) and (101) peak as a

phase impurity.

In order to remove these residual lithium compounds, the current prastigeto wash the lithiated
sample postalcination, but as these compounds are more common amongst fricketathodes

This riskshampering the electrochemical performance due to the sensitivity of nickel to water and
oxygen[37], [85] One alternative option was investigated byelal. who dissolved phosphoric acid
(HsPQ) into ethanol, then addegbre-synthesigd LiNigMnoCa 20, and heated to 80C to slowly
evaporate the solvent. The lithium reaawith the phosphate ion to form a coating of conductive
LEPQ, which in turn improved the capacity retention of the NME2 from 76.1% (bare) to 94.1%
(coated) after 150 cycles at 1C (3.3V)[186]. A noragueous solution to the formation of residual
lithium compounds was researched by Seatgal.who introduced S©gas into the calcination
system of LiNisiMno.o:Ca.0602 such that the LD formed a coating of 13Q, which stabilised the
electrode slurry during mixing, preventing gelation, and stabilised the Galvanostatic cycling such that
after 100 cycles of 0.1C (X@.3V), the LiSQ coated cell retained 91% capacity, whereas the

uncoated sample saw a drop off in capa¢itg4].
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Figurel.14: An XRD profile showing the presencde€Q between the (003) and (101) peaks in a
sample ofLiNb.sMno.1C@.10s.
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treatment of the precursor to allow the incorporation of oxygen and lithium into the structure
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transition metal precursomwas the h-NaFeQ layered transition metal oxide (4i0;) describedin
Section 1.2.1although poor control over conditionsuch as temperatureould lead to phase
impurities such as a lithiated transition metal rocksaliM@j), nonlithiated rocksalt MO) or a

spinelphase transition metalMs04) [103], [187], [188]

When calcined alone, th#1(OH) layered structure (P3m) can oxidisé& a reaction mechanism
described in guation 1.8 to form a MOOH phase at approximately 180, which can have to
crystal phases: R3m and C2/m. The resulitii@®H) or MOOH species reacts to form a transition
metal oxide with a spinel or rocksalt structure between 300 and “&)0Ocoinciding with the
vaporisation of water from the materiabeen in Buation 1.4 [103], [152] Co(OH)and lownickel
M(OH) species react to form a dominamMii;Os spinel phase (Fd3m), but as the nickel content
increases within theM(OH) precursor, the spinel phaswas replaced by aMO rocksalt phase

(Fm3m), with only the rocksallO phase synthesisl for Ni(OH)[152].
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The inclusion of a lithium source, for example lithium hydroxide (LIOH) allows the full reaction to
take place and the MO; layered structure (R3m phase) to dominate, with the @ereaction for

this seen in Equation 15152]. The desired MO, phase can also be obtained through calcination
from any one of the lithiated intermediates and ndithiated alternatives (calcined with a lithium
source) includingVizOs and MO, although due to the higher thermal stability of these reactants,
phase dominance of MiO, tends to be achieved at a higher temperat|ié?2], [189] Consequently,

a minimum temperature should bachieved to ensure the layered R3m structuvas phase pure,
which Linet al. has been reported to be 60 (in air) for the formation of LNO fromQ@@ and NiO

reactants. Below this temperature, unreacted NiO an@Qwere presen{189].

J
O DeEBEVNO -0 w 0WEBGEODO-00 Equation 1.8.
J
cOWeOEOl Oy OWede O -0O0 -0 Equation 1.4.
J
O DeEBSeEHO 0QITJO0 wwuy 0 Q@06¢0 -0O0 -0 Equationl1.5.

In order to balance the charge in the LiNMn.CgO; structure, the transition metals oxidise from
their +2oxidation states (ifM(OH)) in the hydroxide precursor to their {4, Mn** and C&**
during calcination62], [190] The manganese (M and cobalt (Ct'*) content of the cathode
determines the oxidation state of the nickel, with an increase in nickel content promoting the
formation of the lesstable Ni***ions in favour of Ni in order to balance the electrostatic charge.
The presence of Riions in the final LiNVn,CaO; product can be indicated by thdegree ofcation
mixing within the pristine (i.e. uncycled) product. The ratio of the (003) and (104) intensities
(loosy 1204 ratio) can be a qualitative indicator of the®Nions thatintercalate into the Li layer. This
compares a purelg-axis measurement, (003), with a parameter that cuts diagonally across the unit
cell, (104), that is affected by treeand b axis. An increase in cation mixing would cause a shrinkage
in the ab plane due to the smaller Riiions (0.69 A, vs 0.76 A for ions), resulting in a smaller

lozy 1104 ratio. Rietveld refinement cadetermine the degree of cation miximggantitatively.

The instability of Ni"** ions create difficulties inmaintainingnickel in its tri/tetra- valent state,
introducing the need for oxygen gas or an oxidising agent during the calcination stage to maximise
this oxidation reaction and encourage good cation orderiftgs was highlighted by Idret al. who

calcined NM@&11 in oxygen gas and nitrogen gas at various temperafli®s], [192] They found
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that the presence of oxygen increased thesfli04) ratio of oxygen calcined samples (approx.
1.0-1.2, 850950°C) compared to nitrogen samples (approx.-0.4 850-950°C). This suggested an
increase in cation ordering within the superstructure, which was supported by the unit cell volume,
which increases froml01-102 A3 for oxygen sampleglow cation mixing 3.8.2%) to 103104 A3
(11.1:22.3% cation mixinghor the nitrogen calcined samplesvhich is consistent with literature
[191], [193] Parket al. showed that an increase in oxygen gas flow rate during the calcination of
LNO increased theol1104 ratio, with larger ratios of 1.599.616 observed for oxygen flow rates
above 500sccm (standard cubic centimetres per minut&his in turn had an impact on the specific
capacity, with the 500 and 8Gxcmyielding a first cycle discharge capacity of 139 and 163 gitAh
(compared to a 308ccmsample producing 56Ahg?, and a 3&ycle capacity retention of <20%,
95% and 90% for the 300, 500 and &@0@msampleqd194].

Lownickel contentmaterials such as NMCL1 can been calcined in air due to the tendency for
nickel to remain in its divalent state, whereas niekeh materials such as NM&11 and LNO require
Ni¥*#*ions in order balance the electrostatiharge andequire an oxygen atmosphere due to the
lower reduction potential for nicketompared to manganese and cobfl®5]. Shimet al. calcined
LiNb.sMno 0sCa.150, with oxygen and aiand confirmedthe increased degree of cation mixing in the
air samplevia Rietveld refinement (3.67% for the aialcined sample, 3.00% for the oxygeaicined
sample). The effect on the electrochemical performance included an increase -eyfitstdischarge
capacity for the oxygen sample (1931Ahg?! vs 185.2nAhg?), an increased 50ycle capacity
retention (95.6% vs 92.6%, cycled & ,2.84.3V) and an increased rate capabilitp?2].

Excessive temperature can cause oxygen evolution lasd fromthe layered structure to degrade
and form oftstoichiometries(Li--M1:£) and a rocksalt phase impurif®], [191] This evolution
begins at different temperatures depending on the nickel content, withi Niducing to Ni* in
NMG901 at 625°C, at ~700 °C in NM811, and at 800 °C in NME32, which coincides with a spike
in oxygen release as»O and Q was formed [9], [103], [196] The temperature of the heat
treatment shouldvary with the nickel content of the material, with LNO typically being calcined at
650700 °C and NMC11 at 900 °GTablel1.1) [142], [169] Calcining below 650 °C forms lithium
nickel impurities including lithium carbonate and the rockgdiiseand calcining below 600C can
leave unreacted NiO in the systeff], [152] One deviation from this metho@vas to calcined
nickelrich materials inwo stages, firstly at00-500°C, thenat 700-800 °(88], [187], [197], [198]
The initial 500 °@&mperaturewasto breakdown the lithium hydroxide to formJ0 and release any

incorporated water and carbonates, indicated by mass loss during the prdeEgs[152]
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Table1.1: A summary of the most frequently used temperatures for common versions of NMC,

accompanied by their sources

Nickel content (with a typicg Optimum temperaturg°C) LiteratureReference

NMC composition)

33% €.9.NMG111) 850-1000 [37], [156], [199]

50% €.9.NMG532) 900-950 [37], [150]

60% €.9.NMG622) 800-920 [37], [67], [88]

80% €.9.NMG811) 780-850 [37], [118], [200]

90% 700-750 [70], [87], [184]

100% (LNO) 650-700 [9], [52], [187], [201], [202]

From a morphological perspective, secondary partisgsembliesremain relatively unchanged
throughout calcination with little change in size and morpholo§#18], [156] Primary particles
however tend to thicken and densify, regardless of nediflie or nanoplate morphologyto form
AYRAGARZ £ Wyl y26NARO01aQ 2N Fdza$S G23ISGKSNI 6AGKAY
particle [118], [178], [202] Temperature can affect the size of tli@ceted primary particles, and
consequently the surface area for the particle/ sample, which in turn can increase the capacity and
capacity retention (with an increase in area). &twal. reported thatNMG811 calcined at 800 °C was
found to have a larger surface area anachieve a firstycle capacity of 1938@Ahg?
(0.1C3.04.3V) compared to a capacity of 1856d 186.2nAh g' obtained by calcination at 780

and 820°Crespectively The capacity retention at 1C after 16fcles are 84.5% for the 780 °C
NMG811, 90.4% for the 800 °C, and 80.9% for 822 28].

Zheng et al. also reported a similar finding for the calcination of bi#iNg1<Ca1d0, at
temperatures ranging from 72800 °C with areduced Ni/Li cation mixingzas observed at 778
(3.65% vs 5.16% for 900 Y and an increasedodsyl (104 ratio (1.33 vs 1.23 for 908 Y indicating
increased crystallinity203]. Morphologically, calcinations at 72Z&5°C yielded smaller primary
particles of 106B00nm, with a cuboidal shape and minimal voidage within the gspherical
secondaryassembly Above 80C0C, primary particle size increased from ca. BiDat 800°C to 1

2um for 850900°C. Smaller particle sizes.e( 725775°C) vyielded larger capacitiesf ca.
220mAhg?, vsca.200mAhg? for samples calcined at 88100s / = O 845V &tR rate of1C/10.
Additionally the 7257756 / O f OA ¥y S R her tapatitf réténtiokslwRen &yaled at a rate of
C/3, with a retention 0f80.1-78.7% compared to higher temperatures (72.9%, 56.4% and 41.9% for
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800, 850 and 90€C respectively) when cycled between-2.BV. Increased rate performances were
also observed, with the 75T sample observing a capacity of 8hg?! at 10C, compared to 164,

125 and 4MAhg? for 775, 850 and 90€C [203]. Lower temperaturegend to produce materials

with poor crystallinity, whereas excessive temperatures will sinter the primary particles, decreasing

the Li diffusion pathways and reducing the rate performance and coulombic efficiency.

A similar investigation was conducted by Kurzlelsl. into the calcination of LNO at 68&®0°C

with a range of lithium source content, with 0.98, 1.01 and 1.04 (relative to the Nifi@étursor)

used. They found thatrystallineLNO with alayered,"-NaFeQ phasewas formed for all three

lithium contents, fortemperaturesof 680, 700 and 720C. Cation mixing was reduced in samples

with a higher lithium content, with 1.04 lithium content yielding a cation mixing of 1.6% when
calcined at 720C, compared to 1.01 and 0.98 (2.2% and 3.5% respectively). This is because excess
lithium within the system pushes the reaction equilibrium to form LiNi&@her than LiNiO,
FOO2NRAY3I G2 [S [/ KFEGSEASNRE LINRAYyOA L} SCpyietd&dS G KNS
similar degrees of cation mixing, but the higher temperatures yielded langayary particles within

the secondary particlassemblydue to the higher temperature growing larger crys{aig7].

Morphological analysis on this LNO material was conducted by Ri@wald who concluded that

the secondary particle agglomeration occurs during calcination due to the increassaimaverage
diameter of the particle (dsg), which occurs more significantly in smaller particles, withpn3
precursor (@o) increasing to an average size of @n; and 11.Jum Ni(OH) particles (do) increasing

to an average value of 13p8n postcalcination. It was confirmed that an increase in calcination
temperature increased the mean primary particle size from-200nm at 680°Cto 350-500nm at
720°C Translating this to electrochemical performance, LNO/graphite full cells were constructed
and cycled at 1C, with intermittent C/3 and C/10 cycles, with all three samples yielding similar
first-cycle discharge capacities (2220mAhg?, C/10). Over 120 subsequent cycles, the 880
samples saw a larger capacity retention, yielding a capacigaof70mAhg?, whereas 700 and

720°Csamples yielded capacities ¢d. 145 and 120nAhg? respectively{202].

The duration of calcinationvas another parameter thatwas contested amongst literature. Many
reports use a time of 2@5 hours for calcination, irrespective of composition or oxidising
atmosphere[37], [88], [118], [167] An investigation into the effect of calcination duration of
NMGC111 was conducted by Habibt al. over a period of 85 hours.XRDand Rietveld analysis

shows that regardless of temperature (750, 850 and 9§0larger peaks, and an increasegsy! (104
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ratio was observed for 15 hours (1.38, 1.36 and 1.09 respectively), indicating greater crystallinity and
less cation mixing. Longer calcination times and higher temperatures also increased primary particle
size, which reduced particle agglomeration due to less surface energy (relative to shorter calcination
times and lower temperatureg)l99]. Due to the solution combustion synthesis of the NI
precursor, therewasno obvious secondary particle morphology. Thehboir samplesdisplayed a
higher discharge capacity of 160mAh g' (850 °C, 0.05C, 243 V)relative to the shorter
calcination periods (15.5 and 4##Ahg! for 5- and 1Ghour durations respectively)For the

15- hour calcination sample, 'emperature of 850°C was determined to be optimal withdischarge
capacity of 160.5mAhg?! (vs 155.9 and 141mAhg?), further evidenced byrate capability
(36mAhg? vs <25mAhg? for both 750 and 950Cat 5C cycling rate), and capacity retention (86%
retention after 50 cycles of 2:8.3V cycling at 1C, compared to 65% and 43% retention forr€50

and 950°Crespectively) analysid 99].

h-NMC(OH)and layered double hydroxides can have an adverse effect on the formation of layered
transition metal oxides due to irregularities in the layered hydroxide structureet)all synthesied
h-NMC(OH) 6:2:2 precursor using sodium DL lactate in place of ammonia as a chelating agent,
which was calcined at 850 °C for Haurs to form layered NM®22 oxide[204]. XRD analysis
showed amples prepared at higherpH (11.5) displayed a larger proportion 6f-NMC(OH)
impurity within the h-NMC(OHy) phase. Calcinatiomave rise to the desired"-NaFeQ layered
structure, with no phase impurities present and the pH 11.5 sample hamgher looy1104 ratio of

1.575 (compared to the pH 1B sample having a ratio of 1.487), indicating a smaller degree of cation
mixing Thesynthesisof layered doubleand h-polymorph hydroxides in the context of NM@nd
nickel based battery structuresvasrare, and consequently the resultant effect of calcination of
these materialsvasjust as rare, but Xet al. confirm that from a crystallographic perspective, the
presence ofayered doubleand" -polymorphhydroxidesdoes not impact the formation df-NaFeQ@
layered structure with a low degree of cation mixj2§4]. Zhuet al. have investigated the effect of
calcining Mg/AICQ layered double hydroxides to form layered double oxides. Tnay>fiffraction

studies suggested the formation of a lanystalline structure with no interlayer anions/ watg@05].

1.4. Stirred Tank Reactayé&\ Gateway to Higlihroughput Synthesis
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Stirred tank reactors (STRs) are vessels that allow great control over the reactions that occur within
them through the utilisation of sensors and control loops to accurately maintain parameters. This
becomes advantageous for the synthesis of many materials from a biological and chemical
perspective, with the earliest use of stirred tank reactors relating to the production of alcohol
through the use of yeast and cereals. In a modern chemical landscape, STRs are often used for
agueous reactions that are being upscaled from small, laboratory configurations in beakers such as a

round bottom flask, up to industrial production of chemicals.

1.4.1.- Stirred Tank Reactors

Stirred tank reactors can be configured to three different system operations: a bedckion (BR), a
semibatch fed reactor (SBFR) and a continuous stirred tank reactor (CSTR). A batch reactor system
involves inputting all reactants into the reactor before the reaction, allowing the reaction to run to
completion without any reactants or products entering/ leaving the system, before the extraction of
the product after the reaction has run to its completion. A sdvatich fed reaction (SBFR) involves

an open system over the course of the reaction, with reactants continuously added to promote the
reaction occurring, but the final reactants being extracted only once the reaction has completed. A
continuous stirred tank reactor operates by continuous addition of reactants and removal of
products in order to keep the contents of the reactor at a steathte (.e, no accumulation of
material or change in concentratioi206]. From a reaction perspective, BRs and SBFRs have a
changing concentration throughout the reaction due to the absence of product extraction, whereas

the CSTR systems have a quasistant steadystate concentratiorf159].

There are two main factors that differentiate between the three operational modes: the transient/
steadystate nature of the system, and the degree of throughput that the configurations allow. Batch
and semibatch systems have a fixed start and end tirfimiting the throughput of the reactor
vessel due to the downtime that occurs between reactidgieadystate systems observed in CSTRs
are desirable due to the constant conditions that the reaction was conducted under, meaning the
product have consistent properties and caperate continuously foperiods of timewithout the
product dropping in qualityThis can increastae throughput capabilities of the reactor relative to
BRs and SBFRs. This also improves product consistency, awalsenee continuous batch rather

than separate batches for inconsistency to af2@6].

Controlling theconditions within a STR system, regardless of the configuratemmbe done using

control loops Thisis typically donevia a feedback loopwhere a sensor €.g. thermocouple) will
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record a parameterg.g. temperature) within the systenin reaktime and compare it to a preet
value. The computewasthen connected to another aspect of the system that relates to the control
loop parameter (in this case, the reactor heater) in order to alter the output of the unit to guide the

parameter closer to the prset value.

1.4.2.¢ The Design an@peration of a STR

Theconfigurationof the STR are key factors to consider when sizing the reactor. For BRs and SFBRs,
which have a fixed reaction time (time taken for the reaction to complete) and the throughput
restricted to the operational volume of theeactor; whereas in CSTR systems, tifv@ughput is
determined by both the volume anithe residence time (the average time taken a particle spends in

the reactor).

The shape of a CST&Rypically a domed cylindrical vessel, with either a dished or hemispherical
bottom. The type of dome, as well as thperational volumeof the vessel can affect the flow regime
within the vessel and consequently the agitation within the vessel. These flow regimes indicate the
degree of mixing, with laminar flow typically havipgrallelfluid flow paths and suffering reduced
mixing, whereas the turbulent flow regime introduces the formation of eddies and the crossing of
fluid flow paths, increasing the mixing within the systg07]. The flowregimewithin a reactoris
RS&EONAXAOGSR (KNP dza K Ré ExBcuted®mdugl? theRstring of aa\agitstdvapplying
the force upon the fluid, thus the characteristic lengtlasthe diameter of thisimpellor (D). The
speed of the agitator in revolutions per second) (elative to the dynamic viscosity) can form
Equation 1.16. lisworth noting that the dynamic viscosity,(a metric for forceran be converted

to the kinematic viscosityy(a metric for velocity, which can be more applicable to the STR scenario

due to the force exerted by the impellor blade during agitateEquation 1.17208].

YQ

Equation 1.16

0 0E QEDNIOMEd LDAE | 0O GONE Ga wé'i "Qo Bquation 1.17
The area &) of the impellor blade impacts the inertia imparted onto the system, as denoted in
Equation 1.18 ¢ KSNBE WdzQ Aa { Khis @l&ds 2othalispersign¥of parkictes, 6 f RS

characterised through Froude numbéir), seen in Equation 1.19hich describethe ratio of inertia
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(involving the rotational speed of the agitatar, in rpm; and impellor diameteb}) and gravity ¢ =
9.81m %). Below this critical velocity, particles begin to settle as the flow becomes tranquil, and
above the critical velocity, particles distribute within the fluid under a rapid flow red2a&]. The
minimum velocity for particle suspension was investigated first by Zwietetiajand later by Baldi

et al, the latter developing Equation 1.20, and describes the minimum velocity for all particles to be
suspended within a systefi209], [210] The factors include particle concentratidd),(particle and

liquid density (pand’  respectively), particle diametebg) and impellor diameterd) [211].

"0¢ Q1 "OEAOAN " 206z — Equation 1.18

O € 60D o O Equation 1.19

o Equation 1.20.

Increasing the agitation rate cdeadto a turbulent regime during mixingesulting in the formation

of eddy currents and an increased change in momentum and an increase in shearRjrasshe
system, as described in Equation 1.21, whEneasthe eddy kinematic viscosity andy wasthe
random fluctuations in the fluid perpendicular to the directipii207]. Vortexes can also arise from
vigorous agitation within a system, limiting the degree of mixing that can occur within this system.
Vortexformation increases with deptf212]. To counteract vortex formation, the STR vessel shape
can change to a more angular square perimeter; the agitator axle and impellor blade can be
positioned offcentre within the reactor vessel; or most commonly, baffles can be added to the
reactor vessel[207]. Baffles disrupt the circular motion of fluid, causing dispersion of the
guastiparallel fluid flow lines in the axial and radial direction, thus discouraging the formation of a
vortex. Different impellor blades promote different variations of axial and radial flow, as discussed in
Section 1.3.2.with propeller turbines (PT)causing axial flowflat blade turbine (FBT) and Rushton
turbine (RTyrausing radial flopand pitched blade turbine (PB3gusing both types of flo{163].

Y - 0 —— Equation 1.21

The type of impellor blade also impacts the powE) (eeded to drive the agitator, whictvas
described in Equation 1.22 below, wheM» was the dimensionless power number, attained

graphically from power curvesvhich is exemplified in Appendix AZL3]. Agitators act as a pump
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during the mixing displacing a volume of fluid displacés) (luring its rotation. The volume flow
pumping rate Q, m*s?) is described in Equation 1.23 and relates to the efficiency at which the
impellor blade pumps fluid' §, which can also be described as the agitator fachdy),(visually
determined using dimensionless graphs. Correlations between the power nurhigragitator
factor, and Reynolds number found they were independeesulting in aconstant agitator factor

across all regimesvhich for a 4Bpitched propeller, wadlo = 0.87[214], [215]

o 0 O 0 ” Equation 1.22

0 0 OO0 swboi Equation 1.23

The volume flow pumping rat&), for the agitator can be used to determine a mixing tihgfor the
system, defined as the time taken farparticle flow pathto return to the agitator. Thiss typically
denoted alongside the agitator speed & due to the correlation between the two factors. There
have been a number of models used to determine the mixing time fadtty, One of which was
derived experimentally (seBquation 1.24), another model by Fox and Gex used for high efficiency
impellers in the turbulent regimeEjuation 1.25). The experimental model operates under the basis
that the mixing timeis approximately ondifth of the residence time from a-Blade turbine,
determined experimentally from the equalisation of concentration in a tracer experiment, modified
for a 45 pitched propeller (Y= 0.87). The Fox and Gex model accounts for inertial and gravitational
forces within the system through the inclusion of Froude number and Reynolds number in its

derivation[215], [216]

006 1® — — Equation 1.24

6o Oif — — — Equation 1.25

It can be seen that in both models thei®a reliance on the geometry of the stirred tank reactor,
namely the tank diameter () impellor diameter (I and the height of the fluid in the tank (H). In
turbulent systems, the Fox and Gex model can be simplified to Equation 1.26 below. Heuristically,
most systems are designed such that the tank diameter and fluid height are equal, and the agitator
diameterwasone-third of the tank diameter. This gives the value of (dimensionless) to be 40.5

and 105.5 for the experimental and Fox and Gex model respectively.

68



00 p@ — — Equation 1.26

1.5.¢ MicrowaveTechnology

The heating properties of microwaves were first discovered by Percy Speri&tSranchave since

been developed and refined the technology to produce food and chemical processing units. The

@I OdzdzY (dzoS dzaSR o0& {LISYOSNE OFfttSR | WYl 3ySiNep
that interacts with andheats the target. This hagd the purpose of the processing units to be

primarily heating, drying and chemical extraction by partial evaporation, with a big commercial
advantage of the technology being the reduced time and energy used to conduct the heating. Most
commercial applications focus on the interaction between microwave radiation and water

molecules, with the interaction typically heating the water to boiling point causing evaporation.

1.5.1¢ Microwave Heating

The benefit of microwave heating technology to chemical synthesis centres around the precise
mechanism of microwave assisted heating. The magnetron emits high frequency microwave
radiation in theorder of 2.45 GHz whidhas a corresponding wavelength in the order of molecular
bond lengthg217], [218] In polar molecules, where theisa charge disparity over the length of a
bond, the molecule can align with the microwave radiation according to the alternating electric field
generated by the radiation, as sedn Figure 1.15. The resulting change in alignment with
neighbouring molecules causessistance between adjacent particles with opposing chargdsch
generates localised heatinf219]. lonic liquids experience a similar heating effect called ionic
conduction, with the charged particles moving spatially to align with the alternating electric field,

with the adjacent opposing charges generating heat.

This heating mechanisnknown as dielectric heating, @ energy conversion as opposed to heat

transfer, and performs moleculdevel heating throughout the system with while minimising the

need for slower heating mechanisms such as conduction or conve@ietectric heating relies on

two properties of aargetmateriaY A G Qa WNBIfQ RASE SOGNRO O2yail yi
GAGKAY +y SESOGNAO FASIRO FyR GKS AYEIAYENE R

microwaveheated samfe). The suitability of a material to convert electromagnetic energy into heat
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1.27.This allows for rapid heating to occur, reducing the time needed for reactions to complete,
which increases the applicability of microwave technology to4igbughput synthesis pathways.

YoE o = Equation 1.27.
¢tKSNBE NB (62 WY2RS&aQ Ay HKAOK GKA&A KSFGAy3a O
generator and avaveguide, which guides the waves from the magnetron to the reactor. Firstly,
monomode involveshe magnetron generating the microwaves, and the reactor was situated within
the waveguide. This results in standing waves being formed, with designated hot and cold spots
depending on the position of the reactor within the alternating electric field. The reactor /
microwave equipmenis typically designeduch that the sample needing to be heategasitioned

in a hot spot.

The second mode, multimode, has the waveguide direct the microwaves into a cavity, where
refraction and reflection of the microwave radiation occurs, creating a more homogenous
microwave distribution and heating218], [219] Although a multimode system provides a
guasthomogeneous distribution of microwaves, inhomogeneiti@ghin a system can led to
FEdzOldzr GA2ya Ay O2yOSy i NI (A2 yHis isdfeRto theRint@assdiddzS y G &

polarisation at the higher amplitudes of the microwave, with the excessive temperatures potentially

giving rise tgparasitic reaction that occurs above the reaction temperat@¥9].

33 RREY X Ky p8 By

Molecular realignment causes friction

+

Alternating
Electric Field

Figure 1.15: A graphical depiction between the interaction between polar molecules and the

alternating electric field generated by microwave radiation. The changing of alignmest
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highlighted to causeesistance between adjacent particlewhich was the cause of microwave

heating technology.

Power is suptd to the vacuum tube filament temit electrons with their electric field interacting

with the magnets within the magnetron to curve the accelerating electrons into caviibgh

causes a charge disparity across the caaitg the formation of microwave radiatiodue to the

resonant frequencies of the cavitie$he powerof the microwave can be adjusteda pulsed or

unpulsed modulation of the power supply to the vacuum tube. In a pulsed power supply, the

WY I E A Y dzYissuppli2dt®Stiedvacuum tube filameint pulsed burstsdiscretely supplying/ not

adzLILX eAy3d (GKS WYFEAYdZYQ LRSSNI 2F GKS YAONRSI @S
proportional to the percentage of max power the desired powexs set to. Unpulsed microwave

power is used for technical systems to prevent the reactants overheating with the microwave
technology due to the excess intensifphis systenctontinuously alters the power supplied to the
FAECLYSYyids Fftt26Aay3 | LISNOSyidlr3IsS 2F GKS WYl EAYdzy
continuous variation of microwave intensity to be produced and thus a more accurate power
supply/ heat supply to the systerf219], [220] Unpulsed power supply allows a greater energy

efficiency to be achieved due to the low, constant power supply.

With regards to high temperature microwave heatinmgicrowave absorbing materialghown as
susceptorsare used to aidthe energy conversion of the microwaves. The microwave absorption of
some materials hebeen investigated, with diesel particles, NaY zephied solventge.g.water,
glycerol,and paraffin ol only had a microwave absorption of 5-68.64%, 10.3% anda. 0.9%
respectively. In order to maximise the energy conversion of these materials and increase the heating
rate and temperature, microwave absorbing materials such as silicon carbide (SiC) can be used to
absorb more microwaves, convert more energy and thus facilitate a greater degree of h@ating

The powemeeded to operate a magnetras alsoess than a conventional heater/ reactor, meaning

that as well as reducing the reaction time, the energy needed to fuel the reastsmalso reduced.

Thiswasparticularly important with respect to the netero emissions targe{219].

1.5.2¢ Microwave Technology Applications & Benefits

Microwave technology has been applied in the synthesis of metal oxides and hydroxides, with the
hydrothermal synthesis of aluminium oxide and the microwave flow synthesis of sibgrer,and

tin oxide [222], [223] The hydrothermal synthesis of .8 was compared to a conventionald
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non-microwave) synthesis route, which confirmed the microwave synthesis was able to synthesise
phase pure -ALO; with a shorter synthesis time of 40 minutésompared to 3 houfs Microwave
synthesis producing smaller particles than conventional synthesis, with a diameter-bf2Qu&
compared to 34 um, meaning the sample had a larger specific surface area (242 ve?1f#§[224].

Nickel hydroxide can also be synthesised through microvessested hydrothermal synthesis, with
uniform nanoparticles being formed. Methodologies described by édadl. involve dissolving a
nickel nitrate reactant in a solvene.g. water, ethanol) and other complexing agentsd. urea,
ammonia and PE@0,000) to synthesise nickel hydroxide with a nanoflower morphology, consisting

of nanoflakes/ nanosheets, with the crystallography ascribed to thé(OH) phase[119].

NMC materials have also been synthesiséa microwaveassisted hydrothermal synthesis, with
Li.2MnosdNio.16Ca.0é0, synthesised using ammonium bicarbonagthanol, and water, with the
reaction occurring at 208C for 30 minutes. The microwa®essisted synthesisf the NiMn,CaCQ
precursorwas compared to a conventionaldg. non-microwave) ceprecipitation procedureAfter a
calcinationprocedure of 80@&C for 16 hoursa layeredh -NaFeQ Li.2Mno seNio.16C@.0¢60. phasewas
producedwith LiMns impurities. Rietveld refinement confirmed less cation mixivas observed in

the microwave hydrothermal sample, with 1.75% nickel in the lithivarsiBes (compared to 4.24%

for co-precipitation synthesis). The secondary particle morphology of both samples was
guasispherical, with less primary particle agglomeration observed in the microwave sample,
revealing a narrow primary particle size range of -250nm (compared to 15@50nm). This
yielded an increased firgtycle specific capacity for the microwave hydrothermal sample
(229.8mAhg! vs 157.8nAhg?) but a lower 10&ycle capacity retention (80.6%, 100 cycles at
2.54.8V, 200 mAJY) [223].

Onecommon precursom the presence of ammonium bicarbonate and uredliin,CaCQ due to
their degradationto form carbonate ions within the solutigi50]. Liet al. showed that reducing the
urea content from 500% to 200% excess led to a change in phase formation from Mi(dCO
Ni(OH) through the hydroxide synthesis mechanism described below in Equations1227
(compared to the mechanism described in equatiorg11.10) [225].

0000 o000 O chH O 0O 060 Equation 1.27

0Q ¢hO0OO°0H®O Equation 1.28
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An investigation by Shét al. into the ureabased, microwavassisted hydrothermal synthesis of
NMGC532. Using urea as a complexing agent, the temperature, hydrothedoraltion, and urea:
transition metal ratio were optimised to form a J¥Mno:C@CQ precursor. The optimal urea:
transition metal ratio was determinedia ICP elemental analysis, which determined a ratio & 5:
produced the most accurate Ni: Mn: Co precipitant ratio of 4.986: 3.01®0Zcompared to 21,
yielding a 4.60: 2.90:.@0ratio; and 3:1 ratio yielding a 4.712.91:2.00ratio). Longer reaction times
reduced the residual transition metal content within the solution psghthesis, with a $our

reaction time having 0.2fng L relative to a 24hour reaction time (0.13ng L) [150].

The optimal synthesis conditions were determined to be @D0or 18 hourswith a 5:2 urea:
transition metal ratio These conditions produced a sample with the most accurate NMC
composition (5.0062.994:2.000), but the tap density and morphology remained similar for samples
reacted for greater than 12 hours, with a tap density of 2586gcm? being achieved and
guasispherical secondary particlkessembliesbeing yielded. Crystallographic analygia XRD and
Rietveld refinement found a longer reaction time of 24 hours to have the smallest degree of cation
mixing (4.40% vs 6.39 and 5.87% for aAd 18 hour syntheses). Electrochemical analysis also
reveals the longer reaction time of 24 hours has a greater initial discharge capacity &8¢, vs

145.3 and 153..nAhg?) and capacity retention (92.6%, vs 89.5% and 91.0%) compared tmd2

18 hour samples, cycled at 20Ag* between 3.04.3 V for 50 cycles. The increased capacity
retention was attributed to better nickel penetration into the core of the particle, with thehbgr
synthesis sample having a higher nickel content toward the surface of the particle, which are
reactive with the electrolyte and facilitate degradation mechanisms which cause irreversible

capacity l0s$150].

Microwaveassisted ceprecipitation synthesis has been trialled by leti al. who synthesised
LiNb.gsMno.1Ca.0s0, using a twehour microwaveassisted ceprecipitation reaction (at 58C) in a
round bottomed flask followed by either a fotwour conventional hydrothermal reaction (at 120)

or four-hour room temperature stirring reaction. These methodologies were compared tehed?
co-precipitation reaction conducted at 5%, controlled to a pH of 1180.1. These samples were
then lithiated with 8 md excess LiOHO at 550°C for 6 hours followed by 76@ for 12 hours.
XRD analysis of the lithiated NMC oxide showed a higbhgyldos ratio for the microwave
hydrothermal sample (NM®H, 1.44) compared to the microwawassisted ceprecipitation
(NMCMC, 1.37), and theonventional ceprecipitation (NMGCC, 1.23), which suggests a reduced

degree of cation mixing for NMEIH. The three samples had similar qusgherical secondary
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particle assembliesand tap densities of 2.16, 2.12 and 2@®8n3 (for NMGMH, -MC, -CC
respectively). Galvanostatic cycling of NME between 2.754.2V at 0.2C produced a larger initial
discharge capacity of 197mAhg? (vs 185.7 and 189mAhg?! for NMGCC andMC respectively).

The capacity retention of this cycling after 100 cycles yielded similar retention values for the
microwave samples (84.8% and 83.9% for NWIT and¢MH respectively) whereas NMCC had a
retention of 73.0%. Similar trends were observed for Galvanostatic cycling at an increased rate of 1C
over the same voltage window with NM@H yielding an initial capacity of 1632Ahg?* (88.3%
retention after 200 cycles), compared with NNWUZ (163.9mAhg?, with 82.1% retention) and
NMGCC (157.5nAhg?, with 79.7% retention226].
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1.6. Aims & Experimental Objectives

Literature and societal needs have established the relevance ofthighghput synthesis and the

need for continuous stirred tank reactors (CSTRS) to synthesise-riidkebthode active materials.
Nicketmanganesecobalt 811 (NM&11) has been identified as a material that can achieve the
O2YYSNODALE 3FJ2Ffta 2F 28SNO2YAYy3d WNIry3aS FyEASGEQ A
competitive capacities throughout its lifetimelhis thesis will investigate the applicability of
microwave heating technology on the synthesis of this N\BAC material, assessing and validating

the use of microwave technology in the two synthesis stages: the NMC hydroxide chemical synthesis

and the calcination of the hydroxide to form the lithiated NMC oxide product. Once the viability of
microwave technologyasassessed, the overall aim of the projeasto design and commission a

novel coprecipitation reactor vessel thavassuitable for the higithroughput, microwave synthesis

of the NMG811 hydroxide precursoriaaMicrowave Stirred Tank Reactor (MiS$igtem.

The synthesis of the NM&L1 hydroxide precursor will be investigated by applying microwave
technology to a hydrothermal pathway in an attempt to investigate some of the characteristics of
microwave synthesis. The nature of the precipitation and the products formed during the reaction
can lead to insights into the microwave synthesis mechanism, and consequently inform the future
design of the ceprecipitation reactor and reaction conditions. The final objectiig, the
development of a Microwave Stirred Tank Reactor (MiSy&em, will be designed to increase the
throughput of the NM@11 hydroxide precursor synthesiiga coprecipitation synthesiswith a 1 L
vessel placed inside the microwave reactor able to replicate the conventionrptecipitation
reaction thatwaswidely used in literature with the aim of decreasing the reaction time and energy

usage.

With respect to the calcination aspect of the synthesis pathway, microwave heating technology will
be assessed by comparing the crystallographiarphologicaland electrochemical properties of the

final lithiated NM@E811 oxide product with samples heated in a microwave furnace compared to
that of an oxygen furnace. This set of experiments will use {8MChydroxide precursor obtained
through conventional c@recipitation synthesis to maximise the uniformity of the precursor sample

and validity of the comparison. The objectiveas to optimise the synthesis procedure for
microwave technology and minimise the cell capacity penalty associated with microwave treatment
by generating an oxygen atmosphere during calcination, as a supply of oxygen gas cannot be safely

supplied during the reaction.
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2. Experimental Method

This chapter contains the detail and methodology for each experiment and the corresponding
analytical techniques, as well as applicable information regarding the equipment used in the
synthesis, for example the microwave furnace and microwave reactor. However, the design and

operation of the noveimicrowave batch reactosystem will be included in chaptér

2.1.¢c Materials

The following chemicals were purchased and emgdbywithout further purification.

Co(CBCQ)2-4HO (98%), CoSO7H.O (98%), LiIOHLO (>98%), D, (95%),
Mn(CHCQ); - 4 HO (>99%), NCHCQ). - 4 H:O (>98%), Urea (GO, >99%) were purchased from
Alfa Aesar. Ethanol (99.9%), MnS&,0 (>98%), and NaOH (>98% anhydrous pellets) were
purchased from Sigma Aldrich. NiS@H,O (99%) was purchased from Thermoscientifie, 2
propanol (99.8%) was purchased from Honeywell and ammoni@8@28t%) was purchased from
Supelco.

Compressed oxygen and compressed argon were purchased from BOC Ltd.

Nio.sMno.1Ca 1(OH) was synthesised thouse by a PDRA, Dr Nirmalesh Anthonisamy, and
utilised in the calcination experiments.

Cathode active material slurries were prepared usingsCarbon black (purchased from
Imerys), Polyvinylidene Fluoride (PVDF, purchased from Sigma Aldrich);naeithy\2-Pyrrolidone
(NMP, 99.5% anhydrous, purchased from Sigma Aldrich), and coated onto cadited aluminium
foil. The following materials were used in the manufacture of coin cells: 1 M lithium
hexafluorophosphate in ethylene carbonate (EC) and ethylmethyl carbonate (EMC) 3:7 viv + 2% vinyl
carbonate (VC) (electrolyte solution purchased from solivonics), lithium metal ribbon (purchased
from Cambridge energy solutions) and a Whatman glass microfiber filter as separator. Stainless steel
coin cell components were utilised to make the 2032 cells, including the positive and negative
casings, the conical spring and spacer. dperandocell assembly method used modified stainless
steel 2032 coin cell casings wiaptoripolyimide windows. Dimethylcarbonate (99%, Sigma

Aldrich) was used to clean the cathodes during the {msttem preparation of cycled coin cells.
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2.2.¢ Experimental Equipment

The two pieces of microwave equipment used in these methodologies are a microwave furnace
(CEM Phoenix) and a microwave reactor (CEM Mars6 Sys)thebe CEM Phoenis a muffle
furnace with a silicon carbide microwaadsorbing heating element surrounded by an insulator,
which rapidly heats the interior of the heatirmgpne, as previously described $action 1.5.1.The

CEM Mars6 Synthesiwas a microwave reactor thatis designed for multiple vessels and
methodologies, including hydrothermal reactions (using the EasyPrep Plus vessels) and
openatmosphere reactions, such as-precipitation reactions (using microwa¥eansparent vessels

and beakerse.g.glass or temperaturg@esistant plastics).

ONEDOUCH

Waveguide

Temperature
Sensor

Pressure
Sensor

Figure2.0.1: A picture of the CEM Mars6 Synthesis with 4 EasyPrep Plus vessels installed with the
guartz thermocouple and pressure sensor. The two waveguides that emit the microwave radiation
from their respective magnetrons are annotated in red dhd temperature and pressure sensors

are indicated in blue and green respectively.
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The CEMMars6 shown inFigure2.0.1 has a dualmagnetron system, generating microwaveis

800W and 1000N magnetrons that are guided to the internal cavity by waveguide before
irradiating the cavity and sample. The cavitggssurrounded by atainlesssteel construction which

acts as a Faraday cage to prevent the leakage of microwave radiation. The power and reaction
volume needs to be controlled in order to prevent microwave leakage, whadmost prevalent in

the window of the glass door and should be kept below 5 m\W am5 cm from the surface (as
established in the EB03352-25 European Standard). The microwave power output occurs at a
frequency of 2.45 GHz, which equates to a wavelength of d&B.2The 1/O port that extends out of

the top of the microwavewas perpendicular to the waveguide amdas longer than 12.2 cm,

meaning that the microwave radiation cannot travel down the port and leak.

Infrared (IR) temperature sensing works by focushwy IR radiation emitted by the heated reactor
vessel using lensg227]. The lenses transmit the focussed IR radiation outside the faraday cage
where thermocouples can measure the temperature of the system by converting the IR energy to a
voltage output and comparing it to a standard. There are multiple IR sensors for each EasyPrep Plus
reactor vessel that can record IR temperature simultaneously, whereas thasenly one fibre

optic temperature sensor. The fibre optic sens@sinserted into a sapphire thermowell protection
sleeve and contains a gallium arsenide (GaAs) semiconductor, which transmits white light at
different wavelengths depending on the temperatus the temperature increasethe energy of

GKS a2aidSY AyONBlIaSaz ¢ KA OHKvawEngth alBhich thieavhite ighty O] Qa
was transmitted increasesthus emissivity increases. The wavelength of the transmitted light is
sensed by a fibre optic cable and converted to an electronic signal, wtjoantified as a numerical
temperature valug228]. The pressurgvasmeasured using an Electronic Sensor for Pressure (ESP),
which measures the pressure as a force applied through a capillary tube connecting the control
vessel to a pressure transducg??9]. The resultant electronic signal can be quantified and

displayed.
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2.3.¢ Synthesis Procedures

2.31. ¢ Optimisation of the microwave calcination of 8Mno 1C@.1(OH)

The dependence of oxygen to oxidise nickel to its divalent state during calcination poses a problem
to the CEM Phoenix microwave furnace, due to the physical layout of the furnace preventing a safe
flow of oxygen through the furnace. To overcome this, it was hypothesised that lithium peroxide
(LkG,) would be able to lithiate the NM811(OH) and generate oxygen gas during its thermal
decomposition at 28@100°C, as per Equation 2.1 beldh04].

0@ ©0Q -0 Equation 2.1.

To exercise this theory, a series of optimisation experiments were conducted to compare the impact
of lithium peroxide on the calcination diMG811(OH) to the standard lithium salt used in the
calcination of nicketich cathode materials, lithium hydroxid&iOH) This involved investigating the
effect of temperature, duration, crucible size, lithium peroxide excess, milling, and heating rate on
the material. Samples optimised in these conditions were then compared to samples prepared in
oxygensupplied and aiksupplied tube furnaces to gauge the effectiveness of both microwave

furnace technology and lithium peroxide.

The NM@EB11(OH) used in this reaction was synthesisedhiouse by Dr Nirmalesh Anthonisamy
usinga co-precipitation technique in an Eppendorf BioFlo 320 stirred tank reactor. Stoichiometric
guantities of transition metal sulphates, nickel sulphate (NiS8H,0), manganese sulphate
(MnSQ - H0), and cobalt sulphate (CoSTHO) were weighed and dissolved in 58Q of
deoxygenated, deionised water using the same methodology described in Section 2.3mL &390
1 M ammonia was placed in the reactor before the transition metal and 10 M ammonizOf)H
solution was added concurrently at a rate of 0.7 mL-haind 0.1 mL mitrespectively. This equates
the molar ratio of transition metal ions to ammonia to bell4. 10 M sodium hydroxide (NaOH)
solution was addedia a base cascade with a varying rate to control the pH torhis addition time
took 14 hours, but the total time for the reaction was 4hdurs which includes the reaction/
particle maturation time after the addition of the reactants. The solution was wasfeefiltration

with deionised water and dried in open air.
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During the optimisation of different parameters, cylindrical alumina crucibles were asesken in

Appendix A.4 The heating rate of the oxygesupplied tube furnaces was kept consistent at
5°Cmin? and the oxygen flow rate in the furnace was&®@® min? throughout all experiments. In

the microwave furnacehe KSF G Ay 3 LISNA2R 46l a m K2 dzNJ €RildzZ G Ay 3
depending on operational temperaturenless otherwise statedThese samples are clearly labelled

in the discussion. In both furnaces, cooling was natural (i.e. not contypbedi samples were

extracted at 200C and placed into a glove box, which stored the samples in an argon atmosphere

with <0.5 ppm of KD and Q.

Due to the production of oxygen gas during the thermal decomposition of lithium peroxide, a lid was
used on all lithium peroxide experiments in an attempt to trap the oxygen in the alumina crucible,
but these were not aitight. To maximise the partial pressure of the oxygen within the crucible, the
amount of LiO, was increased from 1 mmol to 4 mmol, which increases the oxygen volume from
approximately 46.1 mL to 184.3 mL (at 850 °C, atmospheric pressure). Additionally, the crucible
volume can be decreased from &L to 2.5mL, in order to maximise the partial pressure and the
residence time of oxygen within the crucible, with this exemplified by the cylindrical alumina
crucibles(Appendix A.3)The molar excess of lithium peroxide was investigated across a range of 1

7 mol%, milled with 4nmol of NMG811(OH) powder andcalcinal at 750°C for 5 hours in the CEM
Phoenix microwave furnacerhis is based on a lithium excess1eb mol%being used for the

calcination of LiOH in literatuf®], [87], [88], [181]

Temperature and duration are two parameters that were investigated to determine the most
suitable conditions for the microwave reaction. Temperatures reported for oxggeplied tube
furnaces range from 750850°C, which was extended to 6§®00°C in the initial optimisation
using 20mL crucibles, with 1 mmol of NM&11(OH) powder being milled with 3 mol% excess of
either LiOH or k®,. The duration of the microwavealcination was investigated over a period of
1.5¢ 6 hours (based on a-lBour heuristic) for the 2@nL crucible, with 2nmol being calcined at
750°C. These parameters were refined to the 7§850°C over a period of 85 hours for the
smaller 2.5mL crucible and the amount of NME11(OH) calcined was increased tordmol. Once

the procedure was optimised to a set of conditions for the microwave furnace (775 °C for 4 hours),
Fy SldA @t Syld LINPOSRIZINE 61 a& RSUGSNYAYSHipphed NJ WO2 Yy
and oxygersupplied tube furnaces undertaking the calcination of NBAQC(OH) milled with either

LiOH or O in a boat alumina crucible for 12 hours at 7&& The matrix of microwave calcination

conditions of which the optimisation was carried out can be deglowin Table 20.1.
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Table 20.1: Thearray of conditions tested during ttemperature and duratioroptimisation of the
microwave calcination of NMB811(OH) with LiOH and k®.. The blue cellgdicate trials run in the
20 mLand 2.5 mL crucibles; orangadicates trials run in the 2L crucible.

650°C | 700°C | 750°C | 775°C | 800°C | 825°C | 850°C | 900°C
1.5 hous 20 mL
2 hours 20 mL
3 hours 20mL | 20mL |20 mL |20 mL | 20mL | 20 mL | 20 mL | 20 mL
25mL|25mL|25mL| 2.5mL| 2.5 mL

4 hours 20mL | 20mL | 20 mL | 20 mL | 20 mL
25mL|25mL|25mL|{2.5mL| 2.5 mL

5 hours 20mL | 20mL | 20 mL | 20 mL | 20 mL
25mL|25mL|{25mL|2.5mL| 2.5 mL
6 hours 20 mL

The milling procedure for all trials mentioned involves 15 minutes of hand milling in a pestle and

mortar to reduce the particle agglomeration size of the lithium source and 8M{OH) to reduce

the diffusion pathway of the lithiumDuring the 20 [ ONMzOA 6t S & SNXKSat RyW3I NE4F 10
conducted, with the lithium salt and NM&L1(OH) milled alone; but it was found that the addition

of acetone allowed the partial dissolution of the lithium salt with the transition metal powder,

creating a smoother powder and better lithium mixing, while mitigating loss of powders as the

wetted mixture contains them. Consequently, the ¥ ONXzOA 6 f S & S NRASIat AANYAIONR
with acetone added to the procedure initially (t = 0 minutes) and at the-walf point (t = 7.5

minutes), allowing two opportunities for the powder mixture to be wetted before its evaporation.

2.32. ¢ Hydrothermal synthesis of ddMno.1Ca.1(OH}

This optimisation experimenwasbased @ the work of Shet al. in which transition metal acetates
(TM(Ac}) were reacted with urea and water under high temperatures of-280 °C for 624 h in a
conventional ite. non-microwave) hydrothermal bomb reactor to synthesise NBE2. They
concluded that the optimum conditions were reacting a ratio o2 brrea:TMreactants at 200C for
24 h due to the reduced cation mixing, increased capacity and rate capali&e$ This work
needs to be translated to the application oficrowave technology anthe NMG811 chemistry,

which requires the optimisation akaction conditions.
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bubbling argon through it at a rate of ~Idin for 30 minutes. This method was based on the work
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of Butleret al., who recorded a deoxygenation level of 0@dB6ppm after 5 minutes of bubbling

nitrogen at a rate of 25Ls?, compared to boiling water for 30 minutes, which achieved an oxygen

level of 0.871.21[230]. Due to the exposure to air, was unknown how long the water remains

deoxygenated.C2 NJ Of | NA (& X
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experiment and the c@recipitation experiments described in Section 2.&8plies the assumption

that the water / solution maintains an acceptable level of deoxygenation such that manganese does

not oxidise during the transfer between vessels and during laminar (vortRicing) mixing. Any

turbulent agitation or reoxygenation of will be clearly notified, and the assumption ceases to apply

to that scenario

Stoichiometrianasses of Nickel acetate tetrahydratdi(CHCQ). - 4 HO, NiAc), manganese acetate

tetrahydrate Mn(CHCQ): -4 H,O, MnAc) and cobalt acetate tetrahydrate (Co¢CB): -4 HO,

CoAc) were weighed such that 0.002 moles (0.0016 mol, 0.002 mol, 0.002 mol respectively) of

transition metal acetate were stirred in X8L of the deoxygenated, deionised water until dissolved.

This mixing was conducted in an open atmospheseit is unknown whether a deoxygenated

system was maintainedl'his was typically mixed with a 2.9:1 molar ratio of Urea (0.0058 mol),
based on the hypothesis that NM&11 needed a higher Ure&M ratio than NMG532 (optimised to

2.5:1)[150], [157] The specified urea was also dissolved in deoxygenated, deionised water. The

mass values used for the series of experiments can be sekable2.0.2.

Table 2.0.2: A table showing the mass values used for the experiments, with each Urea ratio

specified.
Column| Reaction Urea:TM | Mass of | Mass of Mass of Mass of
volume (L) | ratio Urea (g) | NiAc (g) MnAc (g) | CoAc (g)
1 20mL 2.9:1 0.348 0.3982 0.049 0.049
2 20mL 2.5:1 0.300 0.3982 0.049 0.049
3 20mL 5.0:1 0.600 0.3982 0.049 0.049
4 20mL 3.0:1 0.360 0.3982 0.049 0.049
5 20mL 1.0:1 0.120 0.3982 0.049 0.049
6 40mL 2.9:1 0.696 0.7964 0.098 0.098
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Once thesolid reactants had fully dissolved, the two solutions were mixed, forming a transition
metal urea solution, which was repeated 3 times, such that 4 reactor vessels were used, satisfying
the minimum cavity volume for the Mars6. The pH of these solutiomsmeasured using a Mettler
Toledo FiveEasy Plus meter, which was storec iB M KCI solutiorand calibrated at room
temperature with pH 7.00, 9.21 and 10.00 buffer solution. Once recorded, the solutions were

decanted into the EasyPrep Plus hydrothermal vessels and sealed with an 84 PSI torque wrench.

The hydrothermal procedures were experimentally designed to optimise the reaction conditions of
the microwave reaction, namely: temperature, duration, volume, urBd:ratio, pH, and pressure.
According to literature, temperature and duration are two key parameters that control the outcome
of the reaction. The temperatures chosen were based on the heuristic described by CEM that for
microwave hydrothermal reactions, the reaction temperature should be approximately double that
of the boiling point of the solvent, £10% (180 °C, 200 °C and 220 °C), to preveptasgrrisation.
Equally, the range of durations selected was based on recommendations by CEM based on their
previous experience. The Marsfsrated to operate at high power for approximately 1 hour, thus

as midrange power used in these experiments, 3 hours was deemed a suitable maximum value,
with appropriate intervals selected below this vallide reaction times quoted for the microwave
hydrothermal experiments (B h) are significantly less than those quoted in literature byeShai.

for similar reactions (24 h), indicating the benefits of microwave hydrothermal reactions should this
methodology be scaled for highroughput/ commercial synthese3.he Table2.0.3 highlights the
matrix table for experimental optimisation of temperature and duration, and the volumes used

under the corresponding conditions.

Table 2.0.3: A table depicting the matrix of temperature and reaction duration ranges used to

determine optimum values for the reaction.

Duration (across) | 30 minutes | 45minutes | 1 hour 2 houss 3 hourss
Temperature

(below)

180 °C 20mL 40mL | 20mL, 40mL | 20mL 20mL 20mL

200 °C 20mL 20mL 20mL 40mL | 20mL, 40mL | 20mL, 40mL
220 °C 20mL 20mL 20mL 20mL 20mL
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The volume used in the reaction vessel indicates the powerpaedsure of the system during the
reaction due to the pressure head generated upon boiling of the solverg 100mL EasyPrep Plus
hydrothermal vessels haveveorking volume for the Mars6 vesselas20 mL, which srepresented

by the light blued K RS R W f -Hahd/&ssehiffiguieX0RFiguré®.a: A technical drawing

of the Easkrep Plus control vessel, complete with stirrer bar, volume of reactants and fibre optic
temperature sensor. All dimensions are quantified in millimetres (mhgwever, given the scope of

the projectwasto target highthroughput synthesis, 4L experiments were run to investigate the
scalability of the reaction, with the additional volume indicated with the additional dark blue shaded

WT f dzA R Q Figh2Z.0@2YWiingiwithin the reaction was conducted bylax2.5 mmmagnetic
AO0ANNBNI 0F NI 2LISNFGAY3 6AGK 'y FNDBAGNFNE WKAIKQ

The hydrothermal vessel with magneticstirrer bar and reaction solutiowas placed (left,Figure

2.0.2) into a Kevlar housing sleeve and a chamber with pressure and thermocouple housing closes
the vessel (centrerigure2.0.2. These are then placed with a screw well housing unit into the vessel
(right, Figure2.0.2), where itwastightened to 84 PSI. Thesere thenloaded symmetricalljnto the

Mars6 reactar to maximise theuniformity of heating.The magnetic stirrer bar is Teflmoated, so
although it absorbs microwaves, Teflon is thermally insulative, controlling the transfer of heat from

the superheated metal to the surrounding waf@31].

The chemical parameters of the reaction, urélavl ratio (which corresponds to the ammonia
concentration due to the thermal degradation of urea) and the pH, can determine the nucleation
and growth of particlesas discussed ineStion 1.3.1[232]. The optimisation of the ured&M ratio
investigated ratios ranging from 1:1 to 5:1 and was reacted for 45 minutes afQ00he
optimisation of the pH reacted for-Bour duration at 200C andinvestigated pH values ranging
10.511.5.In order to ensure the volume of each reaction vesgahe pH optimisation experiment
remained constant, &5 M solution of sodium hydroxide was prepared by dissolving anhydrous
pellets into deoxygenated, deionised water and added dropwisa 1® mL transition metalrea
solution from a pipette, monitoring the volume addedvolume of deoxygenated, deionised water
was addedo total the volumeto 20 mL. pH was measured continuously during this procedure to

ensure it was tailored to the desired vakuef 10.5, 11.0 and 11.5
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Technical Drawing of CEM Mars6
EasyPrep Plus Vessel Exploded View

L1

S
\g g . —

100

241

25

55
413

Hydrothermal vessel with

quartz thermocouple protector, Top: screw well

a 13 mm stirrer bar and the Middle: chamber with Easyprep Plus hydrothermal
two liquid volumes indicated, pressure sensor adapter and vessel casing, able to hold the
20 ml (35 mm, light blue housing for quartz vessel at pressures up to

shaded section) and 40 ml (55 thermocouple protector 800 PSI.

Bottom: Kevlar hydrothermal

mm light and dark blue shaded 3
vessel housing

section)

Figure 2.0.2: A technical drawing of the Ed3gp Plus control vessel, complete with stirrer bar,
volume of reactants and fibre optic temperature sensor. All dimensions are quantified in millimetres

(mm).

Typically, the power was automatically tuned to meet a predeterminetemperature during
experiments due to its relation to reaction Kkinetics anexcessive temperatures driving
parasiticreactions Due to the hydrothermal vessel being a closed system (i.e. a fixed volume within
iKS @SaaStos /KIEINISaQ ftl¢g RAOGIGSa GKIFG GKS
proportional to one another in order to maintain the constant volumfn experiment was
conducted totune the powerramps the sample to eertainpressure, 400 PSI (50% of the maximum
pressure capability of the hydrothermal vessels). 20 mL of solution was measured (see column 1 of
Table2.0.2 for dissolved masses of urea and transition metal), placed in the hydrothermal vessel

tightened to 84 PSI, and reacted for 3 hours at 400 PSI.
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After eachreaction, samples were washed and centrifuged, with each vessel washed in a separate
tube. Three washes using 2@Ldeionised water were conducted followed by one wash usingiLO

of ethanol. The centrifuge programme involved-anthute ramp to 6000 rpm, where it was held at
that speed for 4ninutes, before decelerating in 2 minutes to a stop. Prior to centrifuge, the solution
and washing medium were placed on a vortex generator for 10 seconds to sulisppéysethe two
phases.The wetted NisMno1Ca 1(OH) powder was dried in an oven overnigbéfore undergoing

X-ray diffractometry to ensure each of the vessels for each experiment were the same phase before
mixing the 4 powders together in order to achieve a greater sample size (0.185 g yielded per
vessel). A portion of the resultant powder was heat treated at high temperature with one of two
lithium salts(LiOH oLO;) to form the lithiated NMEB11 oxide product, LibliMno 1Ca 10..

The two lithium salts usedLiOH orLiO;) are the standard lithium source used for nickéath
cathode materialsand the novel Li source thahermally decompossto form oxygen gas. The
NMGC811(OH) powder was handnilled with 3 mol% excess of the lithium source for 15 minutes in a
pestle and mortar, with the powder wetted with acetone to prevent aerial dispersion of particles
and aid mixing through the partial dissolution of the lithium hydroxide. The acetone evaporates off
leaving a dried powder. This lithiated powd&asplaced into a 2.5nL alumina cylindrical crucible
(depicted in Appendix A% and placed into one of two furnaces for high temperature heat
treatment. | y W2&xdz@IYA SR Gdz0 S F dzNY | dinSrin? &f bxigendgas anif A S R
heated at 5°Cmin® to a temperature of7f75°C, where it was held for Iurs. Alternatively, a
microwave furnace was heated to 776 over a hour period, then held at the high temperature for

4 hours. The sample was then cooled to 200 extracted and placed into a glove box, which stored

the samples in an argon atmosphere with <0.5 ppm @ End G.
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2.3.3.¢ Microwave Ceprecipitation synthesis of fNMno.1Ca.1(OH»

In order to increase the scale of synthesis of NBAC(OH), a coprecipitation methodology was
developed. This involved using a -Binted reactor vessel made from FormLabs Clear Resin
(consisting  of  urethane dimethacrylate, methacryl monomers  and  diphenyl
(2,4,6trimethylbenzoyl)phosphine oxidg233]. A lid with seven holes to allow the safe insertion of
multiple tubes and sensorone of whichwas for the fibre optic temperature sensor, whiclas
protected by a glass capillary tube. Due to the open vessel reaction and contact with the
atmosphere, therewas oxygen exposure throughout the reaction and evaporation of the content
can occurPeristaltic pumps and a pH probe were utilised from the Eppendorf Bioflo 320 system,
with one pump supplying a transition metal sulphate solution, one pump a basic solution and two
pumps created a feedback loop pumping reactor solution to a remote pH sensor on a stirrer hot

plate. This systemasdepictedviathe process flow diagram figure 20.3.

The ceprecipitation reaction inside the microwave reactor consisted of the addition tedirasition

YSGOIFf &adz LKIFGS &az2ftdziazy G2 Fy WAYAGALFEQ FYY2YAL

sodium hydroxide and ammonia. This reaction occurs atG6@eated through a power rating of
4002 3 odzi SAGK | WE24Q A0GANNRARY3I A&ALISSR 60l aSR
minimise the possibility of the stirrer bar smashing the glass capillary tube housing the fibre optic
temperature probeThe transition metal sulphate solution was prepared by weighing stoichiometric
guantities ofnickel sulphate (NiSO6 H:O), manganese sulphate (Mng®+L0), and cobalt sulphate
(CoS®- 7TH:0) and dissolving them in 200L ofdeoxygenated, deionised wateto form a 0.8: 0.1:

0.1 M (Ni: Mn: Co) solution, aside from the third trial, which formed a 0.4: 0.05:M.88lution,
detailedin Table2.0.4. Deoxygenation was achieved by bubbling argon through a volume of water at
a rate of 1L min' for 30 minuteg230].
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Figure 20.3: A process flow diagram depicting the layout of the batch microwave reactor system.
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An additional 150mL was added to this solution to account for the loss of water through
evaporation over the course of the reaction, leading to an overall concentration oM.Fhis was
due to a previous test that indicated an evaporation rate ofnith™ through heating deionised
water to 60°C at a power rating of 406/ over an extended period of timeA 300 mL, 0.747 M
ammonia solutiorwasinitially added to the reactor vessel. The molar ratio of ammonia to the three
transition metals (Ni, Mn, Co) in the solutiavas 1: 12 to compensate for any ammonia lost
through evaporation in the reactor vessé@lhe base solution consists of varying concentrations of
anhydrous sodium hydroxide @, 3M, and 1M for each of the three trials respectively) in

deoxygenated, deionised wateas detailedn Table2.0.4.

Table2.0.4: A table describing the masses and volumes of the reactants that are used in the three

trials of the batch microwave reactor reaction experiments.

Trial 1 Trial 2 Trial 3
Moles of nickel sulphate (g) 0.16 0.16 0.08
Moles of manganese sulphate (g) 0.02 0.02 0.01
Moles of cobalt sulphate (g) 0.02 0.02 0.01
Volume of transition metal solutiol 350 350 350
(mL)
/| 2y OSYOUNF GA2Yy 2 7F|0.747 0.747 0.373
solution (M)
¢c201l f @2t dzY' S 2 F | 300 300 300
solution (mL)
Concentration of sodium hydroxide | 5.0 2.0 1.0
the base solution (M)
Concentration of ammonia in the bag 0.299 0.299 0.112
solution (M)
Total volume of base solution (mL) 100 150 300

During this prooff-concept experimental series, three trials were conducted in an attempt to
control two characteristics of the garecipitation reaction: pH control and transition metal addition
rate. pH was measured using a Mettler Toledo InPro 3250i probe and initially calibrated using pH
7.00 and 9.21 buffer solutions at room temperature for the first twals butwas calibrated at 60C

using pH 7.00 and 12.46 buffer solutions for the final trial to improve the accuracy of the readings.

The solutim in the reactor was continuously pumped in a gesteady state nature alongra of
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tubing to a beaker with the pH probe and back along another @f tubing to the reactor vessel.
The beaker with the pH probe was continuously stirred using a stirrer bar to avoid sedimentation,
promoting ahomogenous temperaturdor the pH readingif the first two trialstemperature was

not controlled, with an ethanol thermometer measuring -86°C; and the third trial the

temperature was controlled at 60C using the hot plate and thermocouple).

Controlling the pH and transition metal addition rate nmaintain apH of 11.0 was attempted by
adjusting different parameters. The first two trials attempteddontrol pH using a dual aclthse
cascadefeedback loop with there being a standard flow rate of transition metal solution (which
acted as an acid) of 2BLmin?® and base solution flow rate of OrBLmin?, but these flow rates

vary depending on the pH of the system. The minimum and maximum flow rates are indicated in
Table2.0.5. One problem identified from the first trial was the lag in measuring the pH compared to
the actual pH in the system causing overcompensation to occur in the response, so in subsequent
trials, larger diameter tubingnd more dilute base solution were employed to maximise control over
the pH as seen inTable 2.0.5. In the third trial, the transition metal flow rate was fixed at
1.4mLmin? and thebase solution flow ratevasmanually controlled until an equilibrium at pH 11.0

was achieved. A small, weak base cascade was added following this, with the base solution flow rate

increasing from 1.enLmin?to 1.2mLmin?if pH 11.1 was exceeded.

Table2.0.5: A tabledescribing the different reaction times, tube diameters and corresponding flow

rates and their effect on the pH range measured throughout the trial.

Trial 1 Trial 2 Trial 3
Addition Timehours) 4 5 3.5
Maturation Time(hours) 1 1 2

Base Solution Pump; ID (mnifjdw 0.8 mm/0.0-0.8 | 1.6 mm/0.00.8 | 1.6 mm/1.01.4
rate (mLmin)

Transition Metal Solution Pump 2; 1] 1.6 mm /0.0¢7.0 | 1.6 mm /0.0-4.0 1.6mm/1.4
(mm) /flow rate (mLmin)

pH Pump (out of reactor)D (mm)/ 1.6 mm/3.0 4.8 mm/ 15.0 4.8 mm/ 15.0
flow rate (mLmin™)

pH Pump (into reactor)D (mm)/ 1.6 mm/3.0 4.8 mm/15.0 4.8mm/15.0
flow rate (mLmin)
pH Range 99¢124 10.1¢12.3 10.5¢11.7

<

hyOS GKS FTRRAGAZ2Y GAYS KIFIR 0SSy O2YLX SGSRx GKS
before being pumped out and washeda vacuum filtration. For this, a wetted Whatman glass

microfiber filter with a diameter of 25mm was used, and the reaction solution was pumped onto
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the surface of the filter. Additionally, -250L of deionised water was added to wash the solution,
with the pH of the filtrate measuredia litmus paper after every 500mL was added until it was
pH7.0-8. The filter cake produced was then dried in an oven at@®vernightThe lithiation and
calcination protocols followed the same procedure as previously mentioned in Section 2.3.2., with
3 mol% excess lithium salt being hand milled with the NBAC(OH) powder for 15 minutes prior to
calcination in an oxygesupplied tube furnacdat 775¢ / ¥ 2 NJ on a mi¢t@Rvdebl Binbacéat

775¢ /| T 2 NJ All sak@ledzW&ra)removed from the furnace at 20Q0and placed in an argon
filled glove box with KD <0.5pm and @<0.5ppm.

2.4.¢ Characterisation techniques

Based on the literature and the crystalline products expected from the microwave synthesis
methods, crystalline and morphological analysis would be necessary to characterise the reaction
products. Electrochemical testing was also conducted to assess the practical characteristics of select
materials as well as providing insight into mechanisms present during the electrochemical cycling of

the material.

2.4.1.¢ XRay Diffraction Analysis

The 3dimensional crystalline structure of the layered transition metal oxides materials are
important to the electrochemical performance of NMIT1 cathodes, with crystal phase degradation
mechanisms and cation mixing betwe#me transition metaland lithium layers indicatingoss of
electrochemical capacity of theathode active materialOne form of analysis that can identify
crystallographic information from the product isray diffractometry (XRDwhich canidentify the
crystal phases and qualitative information from a sample, with further Rietveld refinement attaining

guantitative lattice parameters of the unit cell

2.4.1.1.¢ Powder XRay Diffraction (PXRD)

X-rays are a form of electromagnetic radiation that have a wavelength of @I@L.nm (:100A),
which was within the order of magnitude of chemical bonds. This factor allowayXradiation to

interact with cngtalline structures, revealingformation on the crystalline phase of the material
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and other structural properties.-Ky generation involves a cathode and anode, with the cathode
tube containing a tungsten filament (chosen due to its high melting point) whadheated until it
produces electrons, which are then accelerated down a vacuum chamber by a potentiab@fk10
towards an anodic target metal source (e.g. copper, molybdenum, chromium), which generates

X-rays upon the collision with a wavelength that corresponds to the target material.

This collision with the target materials produces two types of radiaseen in Figure 2:4
characteristic Xay radiation andBremsstrahlund\I RA I GA2y ® ¢KS TFTANRGEZ Y2NB
X-ray radiationis generated from the collision between the incident cathodic electron and the target
YFEGSNRAFEQa Fy2RAO0 St SOGNRY LRAAGAZ2YSR Ay |y AYyY
ejected from the target atom, with an electron in the outer shell filling the space, losing energy in

the form of Xray photons with a discrete energy band and wavelength, typically denotedl &r L

depending on the electron orbital transition-@io K- electron shell transition, Mto K- electron shell

transition and M to L- electron stell transition respectively)234]. A common example of thisas

the use of copper in the anode target material, which produces m@d#ation with a wavelength of

1.541A, and Kradiation with a wavelength of 1.544. TheBremsstrahlungadiationis a result of

the cathodic incident Xay passing too close to the nucleus, causing deceleration and the production

of broadspectrum Xray radiation.
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Figure 20.4: An image depicting the variation in intensity of the Bremsstrahlung radiation with
LIK2G2SySNEBE ¢ @ K yDRréltp@aksNrant theCeledttoh energy level transitions are
clearly seen within the Bremsstrahlung profile. Reproduced from PhysicsOpenLab |22isjte
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In order to accurately analyse and determine structural characteristics of a crystallite, one

g @St SYyaiK 2F NIYRAFGAZ2Y &aK2dAZ R 0SS dza QRandy 2 NR:
consequently a monochromatads used to filter out unwanted radiation wavelengths, namely the
Bremsstrahlungand K radiation. One common monochromat@ a singlecrystal monochromator,

which uses a graphite, quartz or germanium crystal thasrotated such that only the specified K

wavelength underges constructive interferenc236].

¢tKS IyYy2RAO GFNBSG &a2dz2NHOS YSiGlFf KFa | LI NIGAOdz 1
LRGSYGALFf Q GKIFG | f-sheliekctranksGeh & 2hedall Blecyon & KuX-riays.O 2 NS

The target source material and excitation potential will generate characteristiys<of a particular

g @St Sy3aJidK IyR SyYySNHe&:>X ¢gAGK WwWazFaSNR: t2¢ SySNH
potential of 8.98 kV and a longer k¢ I @St Sy3IiK 2F wmoépnm ) FyR fSas
equation, Equation 30 T ¢ KSNB I a -eHeighy doRr&ebdlBUEh aX mdykdenum have high
excitation potential of 20.0 kV, producing higher energsayé with a Kywavelength of 0.709 A

[236]. Softer sources have an increased degree of elastic scattering, leading to a higher resolution

and applications in powder-bay diffraction (PXRD), and for materials with a low atomic number.

Harder sources have less scattering, allowing a wider range of angles to be measured at the cost of
resolution, and their higher energy decreases the level of absorption, meaning that transmission

XRD can be configured.

01 OO wgel ¢Q i Q& Equation 2.2.

0 & @& 6 GJons & Equation 23.

The resultantmonochromatic source -Kays that interact with the sample are absorbed and
re-radiated via elastic scattering, with the conservation of energy throughout this interaction
meaning that only certain angles can constructively interfere and produceitighsity signals at

these angles. These angles are dependent on the crystal structure of the sample, with the
synchronisation of @limensional lattice planes allowing the constructive interference of parallel
xNI28a Ay I O02NRIYyOS ¢ 2)iwkeren NastcdaDsolutd Jalge fab Srdiedaf G A 2 y
RA F T NI>wasithe fvatélength of the incident-ray beam, éq wasthe lattice spacing antl was

the incident angle of the-ray with respect to the sample, as seiarfFigure2.0.5.
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The most common configuration of a diffractometer revolves around maintaining a constant K
wavelength over a range of angles. The unit cell of the crystal has multiple lattice planes that are
O2yailiNHzOGA PSSt e RAFTFNIOGSR G2 LINRPRdAzZOS | WTFAYy3ISNL
analysed against a database (such as the Inorganic Crystal Structure Database, ICSD) of diffraction
patterns and can be used to identify phases and materials. The incident and diffracted radiation
200dzNJ G GKS al YS RigyeRf0.5 With th& totAl RA RBENIA Qili SRY Alyy I € S

annotated as itvasthis angle thatvasdenoted in the analysis of diffraction patterns.

For successful powder diffraction analyses, a random alignment of crystalline donvesmeeded

in order to get an accurate representation of each lattice plane in the diffraction pattern, portrayed

08 O2YLI NAYy3a GKS NBtFGAGS AyaSyarde 2F RATFFNI Oi
occur, particularly in singlerystal particles, resulting from certain morphologies or sample
preparations that can lead to an artificial representation of a certain lattice plane. Lighter elements

such as lithium and hydrogen do not interact as heavily withy¥ due the smaller electron shell

structure and resultant density, and consequently have lower intensity peaks on diffraction patterns.

Bragg's Law Diffraction

~

Figure2.05:! @A adzd t A&l GA2y 2F E NI& RATINIOGAZ2Y 6A(KA

law.
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In this work, PXRD was conducted on a Rigaku Miniflex 600 benchtop diffractometer that utilises
Cuk a2 dzNOS N =RIASH18) wRhya vdtagdzof 40 kV and a current of 40 mA. Analyses
were conducted between 10 and 80° with a step size of 0.02. Initial scan rates wenirt'5but

this was reduced to 0.8nin to reduce signal noise when conducting Rietveld refinements. Cathode
discs were also analysed using a molybdersmaurced STOE STADI P diffractometer -Me
0.709A) in a transmission configuration, where it was operated at a voltage of 50 kV and current of
40 mA.Four consecutive scans were conducted per analysis over a range 60%5using a step size

of 0.495 and scan rate of 2.6fin"™.

2.4.1.2 ¢ Rietveld Refinement Method

The Rietveld methods the computational analysis of an experimentally acquirecaydiffraction
pattern to obtain structural properties of the sample, including unit cell dimensions and site
occupancies[237]. An algorithmwas used to map a calculated diffraction pattern onto the
experimentally acquired diffraction pattervia a leastsquares method. A number of instrumental

and powder parameters are accounted for, including peak width, intensity and shape (using a
pseudaVoigt function, Lorrentzian factors, and Gaussian factors), background parameters and
lattice parameters. These parameters help fit the calculated data prgfigzic) onto the observed

data profile,y(obs) through an overall scale factar, modelled through a difference functioi,
described in Equation 2.AVherei is the i atom and Wis the statistical weighting factor. The
iterative nature of the Rietveld method aids the convergence of the y(obs) and y(calc) data, thus the
difference function should reduce to a minimum. In order to measure the convergence and accuracy
of the fit, a weighted profile factoRy,), ard expected factor Rexy) are used to form the goodness of

fit 31 t dy$Equations 2.5 to 2.7 below). Once these values have reached an iterative minimum,
they can be used to evaluate the fit before acquiring the cell dimensions, asition, and site

occupancie$236].

0 Bow 0é®i -000d® Equation 2.4.

Y Equation 2.5.
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Y _—— Equation 2.6.

— Equation 2.7.

In the above equationg\ (number of data points) should greatly excde¢humber of parameters),

AY RA Ol (2AwAsklosélK fleldted toM, with Ry, and Rexp being approximately equal to each
20KSNY D22R Fadlué @uekolthd Bw differénedactor bf) and small Ractors[238].

The Rietveld analysis in this thesis was done using the-BEgA®ram to refine Xay diffraction
patterns using the leastquares approach to attain lattice parameters and site occupation
information [239]. A general procedure was followed to ensure consistency in the results:
refinement of (i) the background polynomial, (ii) the unit cell, (iii) the sample displacement / zero

parameter, (iv) profile parameters, and (v) the atomic phase parameters.

2.4.1.3.¢ Operando Xay Diffraction

In order to observe the changes in phase over the charging @meandohalf-cells with a lithium

anode and a NMG811 cathode were constructed in an argfiled glove box. The cathode slurry

was synthesised by mixing 90% NBI active mass, 5% carbon black and SaHRPpowders mass
percentage in a pestle and mortar before adding approximatelynm.2Nmethyl2-Pyrrolidone

(NMP) and mixing in @inky mixer using the standard coin cell slurry procedure described below in
Section 2.4.3.1. This slurry was then cast onto aluminium foil and dried in a vacuum oven before
15mm discs were punched using a swing arm clicker piidssoperandocells were constructed by

Dr Laurence Middlemiss with a Whatman glass fibre separator between the@lWMCathode and

lithium metal anode, soaked in aM lithium hexafluorophosphate (LiEFn ethylene carbonate (EC)

and ethylmethyl carbonate (EMC) 3:7 v/v + 2% vinyl carbonate (VC) electrolyte. These were encased

in stainless steel 2032 coin cell cases wikapton/polyimide window seen in Figure 2.5.a)
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Figure2.0.6: (a) The exploded schematic of the construction of the coin cell,(Bhén image of the

Kapton window haitell duringoperandoXRD.

Theoperandocoin cell cycling procedure involved cycling the coin cell betweel 28d 4.3V at a

rate of C/20 (i.e. at a current that would fully (dis)charge the cell to its theoretical capacity) using a
Maccor battery cycler. A PANalytical Empyrean with a silver sourck (Ad.56A) was used to
conduct the Xay diffraction over a range of-85°and step size of 0.01, with measurements taken

every 0.1V, seen in Figure 2.5.50m

2.4.1.4.¢ High Temperature-Ky Diffraction

Powder Xray diffraction was also conducted at high temperature using an Anton Pa/s@IrSage
F'yR t ! bl f withhiyh ttmper&ureSchidbilities. The BJ® uses an electric heater and a
nickel stage to heat the powder sample up to a maximum temperature of°60Qvith Kapton
windows surrounding the stage, which areray transparent. Analytical experiments were
conducted using NM811(OH) alone, and NM&@&11(OH) mixed with 3 mol% excess of lithium salt
(either lithium hydroxide or lithium peroxideljithiation procedure described in Section 2.3.2. being
employed. The sample was heated at a rate ofChin?, with scans completed at room
temperature and 10600°C with 100C intervals. The BBB0 stagewas compatible with the
Rigaku 600 Miniflex (copper source -G 1.541A), where measurements were taken over a range

of 10-80° with a step size of 0.02° and scan rate of i’

¢KS t! bl f &hadadodper sorte§@lFE 1.541A) and can reach a higher temperature
than the BTS00, so was able to analyse the complete range of temperatures of the calcination
procedure Sampleof NMCG811(OH) were handmilled with 3 mol% excedsOHor LO, powder
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andmeasured over a range of 8D° with a step size of 0.02° at the following temperatures: A0D0
500°C, 60CC, 700C, 750C, 80C°C and 850C.

2.4.2.¢ Electron Microscopy

2.4.2.1.¢ Scanning Electron Microscopy

One method of analysing the morphology and chemical composition of the bulk spe@waen
through the use of scanning electron microscopy (SEM). A beam of electrons are fired at a sample,
focused on a particular point and depending on the penetration into the sample determines the
nature of the scattered product, with secondary electrons being adoergy scattered electron
released near the surface of the sample, bachttered electrons being higdnergy scattered
electrons released from up to a few micrometres within the sample, and characteristigsXeing

emitted from the bulk of the sample, all depictedrigure2.0.7.

The source of electrons originates from the thermionic release of electrons from a tungsten filament

when exposed to high temperatures. These electrons are fired through an aperture through an
evacuated chamber in whawas colloquially known as aelectron gun This beam of electrons

LJ a3Sa8 GKNRdJdzZZIK WO2YyRSYaSND FyR WwW262S00A0SQ fSya
inverse the image respectively, visualisedrigure2.0.7. These lenses deflect the electron beaia

electrostatic or electromagnetic repulsion, with the electrons having a force applied to them
perpendicular to the direction of the motioband electric/ magnetic field. The resultant focal length

and lens alignment can be adjusted through sample and lens positioning to account for astigmatism

and image focuf240], [241]

As the electron bearnwasbeing refined, scan coils are utilised to divert the beam across an area of
the sample using a cathode ray tube, which scans a rectangular area divided up into an array of
square units. Magnification can be calculated by comparing the relative size of the raster area on the
sample as itwas displayed on the display screen, with a 1 um pil sampleraster area being

displayed on a 1hm x 10mm display screen having a magnification of 10,q@a@g], [241]

Backscattered electrons are the result of the elastic scattering of the primary electrons throughout

the sample, with the absence of energy loss from the collisions allowing the electrons to penetrate
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further into the sample, with the penetration depth depending on the atomic number of the sample,
with a heavier atom having a shorter penetration depth. For example, the mean free path of carbon,
Z = 6,was 150nm; and mean free path of gol& = 79, having a penetration ofrén. Secondary
electrons are generated from a samplia inelastic scattering of a primary sample at the surface of
the sample, resulting in energy loss of the primary energyheat transfer to the sample. This
results in a short mean free path in the order of°10 10°m into the sample, hence secondary
electron analysiss most commonly used to analyse surface characteristics and topography/ particle
morphology[240], [241]

These backscattered and secondary electrons are detected using the EvEnbantey scintillator
photomultiplier system that fluoresces upon contact. The phosphotmged detector emits a light

that wastransmitted to a photomultiplier, which converts it into pulses of electrons that are relayed
onto a display screen, with each portion of the raster array correlating to a pixel. The low energy of
secondary electrons can inhibit their ability to cause fluorescence of the scintillator. An aluminium
foil coatingwas applied to the scintillator with a bias voltage across it that causes the secondary
electrons to accelerate, increasing their energy such that they overcome the minimum energy

needed to scintillate and generate a sigf#d0], [241]

The practical application of SEM with respect to this project involves preparing a powdered sample
onto an adhesive carbon tatiuck toan aluminium stage, whiclwasthen sputtercoated with gold

for 20seconds in a vacuwsealed chamber. The use of carbon and gold both aid the conduction of
electrons in the sample, with the gold having the additional benefit of protecting it from damage
caused by the electron beam. SEM analysis was conducted on an FEI Inspect F and Inspect F50
microscope. The acceleration voltage (energy) applied to the sample ranged fBk\5 to
moderate the energy depending on the conductivity and stability of the sample under observation,

with a beam spot size of 34
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Figure2.0.7: A schematic of a scanning electron microscope, depicting the formatdinement,
and impact of the electron beam onto the sample, and the resultant electrons and photons that

result from the interactions.

2.4.2.2 ¢ Particle Size Analysis

Analysis of the primary and secondary particle sizes were measured using ImageJ software that
allowed the identification of these particles and sizing them against a scal@4#jr SEM images of
secondary particle populations were loaded and saturated such that they became-eotawored

image, allowing the identification of particles. Once all particles were sized using the relative size of

particles relative to a calibrated scale bar, a particle size distribution could be established.
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2.4.2.3.¢ Energy Dispersive Spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) harvests the characteristys Xeleased from the SEM

sample to provide elemental composition information related to the sample. The accelerated
voltage (incident energy) of the incident electrons needs to be sufficiently high to generate enough
characteristic Xays counts to get guantification of elemental compositioThiswas selected to be

15 k\, as thiswasthe minimum voltage needed for EDS analysis andduitihe damage to the

sample. EDS analysis can be done for a single point or for-Rtwd Sy aA 2y € NI aid SN WY
sample, both of which are employable within the FEI Inspect F50 aoglemb with Oxford

InstrumentsAztec program for data collection and analysis.

The release of characteristierXys from the sample occurs at a variety of wavelengths and energies
depending on the atomic weight of the sample and which elecwasexcited (i.e. K K, L, L etc,,

as described in Sectio2.4.1.1.). The Xays collide with a detector consisting of a silicon
semiconductor, and the energy of the incidentay photon excites a particular number of electrons
across the 3.8V band gap. The resultant voltage from the formation of the elechrole pairs will
induce a current pulse, which processes the magnitude of the current into eray Xnergy
category, which forms a profile based on the number of counts and hence can quantify the
proportion of elements within a system. As well as developing a quantification of the elemental
X-ray signals, the twalimensional rasterization of the sample allows the visualisation and projection
of this quantification onto the SEM image, giving a spatial aspect to the elemental distribution and

compositional data.

The difficulty encountered with EDS analysias the need to keep the detector crystal at K¢

which requires a significant amount of cooling. Additionally, the energy resoligjooor, resulting

in wide peaks which can obscure peaks vgithilar energies. Theneasalso electronic background
noise on the profile, which can not only hide the presence of peaks, but also impact the accuracy of
the quantification of elemental composition, whishas accounted for in the SEIADS analysis in

this work.
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2.4.3.¢ Electrochemical Testing

2.4.3.1.¢ Cathode Slurry Synthesis and Coin Cell Manufacture

Electrochemical testing conductéulthis thesisused2032 stainlessteel coin cells, manufactured as

half-cells with a synthesised cathode clend lithium metal chip anode counterpa032 coin cells

FNE WwWodzitdz2zy OSftfaQ GKI G KhieighSandconsishiof atWepaR métat S G S NJ |
OFaAay3a GKIFG Aa WONR YighSsBahto firczest $ha seiiide Ghemical2fiodd the y | A
atmosphere.The cathode diswas prepared through the casting of a slurry, which comprised of

90wt% active material (LibiMno1Ca.10;), 5 wt% polyvinylidene fluoride (PVDF) binding agent and

5wt% carbon black conductive agent. 1@ of thesematerials (with a 12%ng: 7.5mg: 7.5mg

ratio) were weighed out inside an argditied glove box and hand milled in a pestle and mortar for
10minutes. The resultant powder mix was transferred tdhinky mixer pot, where approximately

0.2mL of Nmethyl2-Pyrrolidone (NMP) was added dropwise until the powder was fully mixed and

the resultant slurry was glossy. The sluimas then transferred to aThinky mixer, where it

undergoes a mixing regime of 5 minutes at 200, followed continuously by a defoaming stage of

30 seconds at 220(pm, which was repeated once.The slurry was cast onto carbon coated

aluminium foil on a vacuum plate drawdown table. A doctor blade set tomi3hicknessvasused

to cast the slurry evenly across the drawdown table. An excess of NMP often led to either the partial

or complete gelation of the mixture, producing an uneven, Homiform slurry, whichwas

undesirable. The cast sluriyasthen dried at 1066 / F2 NJ F LILINREA Y GSt & H K2d
vacuum oven overnight at 8/ 2 NJ F dzNJi K S NJ RWEB dutyirfiodlOmimkc&thodeNA SR &
discs with a swingingarm hydraulic cutter, with the cathodes stored in an argitled glove box for

storage.

In the manufacturing of the coin cel)32coincells were assembled in an argblted glove box. A
stainlesssteelnegative casing was used as the base, widltainlesssteel conical spring and spacer
added to provide a pressure within the cell to ensure uniform contact between the cathode,
separator,and anode. The lithium metal anode disc was placed atop of the spacer, with thenl16
diameter Whatman glass microfibre separator wetted with 10®f electrolyte of IM of LiPEin
ethylene carbonate ash dimethyl carbonate (37 w/w) with 2% vinyl carbonate (VC). The cathode
disc was placed in the centre of the wetted separator, with the active mass facing the separator, and

enclosed with thestainlesssteel positive casing. The coin cell was then crimped using a hydraulic
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press to seal the coin cell, which was then stored in a plastilbaipbag to prevent sellischarge

prior to the electrochemical tests.

The postmortem analysis of the 2032 coin cells involved-cdienping of cycled cells in an
argontfilled glove box. Once the seal had been broken, each component was sorted, with the
cathode disc being recovered and soaked in dimethyl carbonate to clean the cathode ahead of
analysis, while the remaining components were removed from the glove box and quenched in
ethanol and water until all lithium had reacted. The dimethyl carbonate was drained from the
cathode and removed with the waste coin cell components, with the wetted coin cell being left to

dry under vacuum in the antechamber overnight.

2.4.3.2.¢ Galvanostatic Cycling with Potential Limitation

Two common indexes for the success ofathode active materialare their specific capacity and
capacity retention. One common method of measuring the specific capac#ty through
Galvanostatic cycling with potential limitation (GCPL), which involves charging and discharging
(cycling) a cell at a constant current until maximum and minimum voltage limits are reached, with

the current and voltage profiléadicated inFigure2.0.8.

GCPL current and potential profiles

TS
[ |

Time

< >

One Cycle

Figure2.0.8: The current and voltage profiles for GCPL cycling. Cwvastonstantduring cycling

whereas voltage increases/decreases maximum/ minimum.
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Thespecific capacitdefinedin Equation 1.1 describeapacity the cathode active material can store
per mass hence the units of coulombs per gramg® or amphours per gram (Ag?). Thiscan be

used to determine the current to apply to the cefls thecurrent applied to the cell needs to be
normalised tothe active mass of the cathode disc eémsurecells being compared aneut under
consistent electrochemical strain. TisR 2 yS 06 & OiING O ditiicitdEteryiides Noiv long a
currentwasapplied to the cell during cycling (in hourB)t a theoretically fully charged /discharged
cell, hence determining a normalised current for each coin detlt examplea 1C current fully
charged dischargsa cell over a period of 1 hour, and2Gully chargd dischargsthe cell over 2
hours, and so on. The practical specific capacity can be calculated usiaghedcurrent along

with the time taken to charge/discharge the cell and the active mass of the material, as seen in

Equation 28 below.

01 &6 6VRELINENEG & Ro-e— Equation 28.

A standard protocol was established for GCPL experiments that involved two solid electrolyte
interphase (SEI) formation cycles at a current of C/20 followedrimymber of cycles (most typically

100 cycles) at a current of L A rest period was included for 2 hours prior to the first charging cycle
to allow the cell to reach an equilibrium (hence the charge profile did not start=dt in Figure
2.0.8). The potential limits selected wer3.0;4.2V and 3.@4.3V, with the two limits assessing the
impact of the c-axis contraction at ~4.¢ described in Section 1.2.1. These tests were either
completed at room temperature, or in a temperatucentrolled chamber at 20 °Gimilarly, a rate
capability test was deployed to analyse the ability of different materials to cope with increasing
cycling rates. This involved cycling a coin cell at C/20 for 5 cycles while the SEI layer was formed,
then 5 cycles were completed at the followingdtes: C/10, C/5, C/2, 1C, 2C, 5C and 10C, before a
final 5 cycles at C/20 were completed. The voltage window for this test wasA330V,

2.4.3.3.¢ Electrochemical Impedance Spectroscopy

One method of characterising degradation mechanisms that can occur within a cyclingasell

through the nondestructive analysis of electrochemical impedance spectroscopy (EIS). When
O2y&aARSNAY3I hKYQa fl g yR NBaAadlyOS dzyRSNI Iy |
inductive and capacitive effects on the sinusoidal waveform and a phase shiesynchronising

the voltage B and currentl) LINP FAf Sad LYLISRIFYyOS WwW%Q aKz2dZ R GKS
whichwasdefined throughh KY Q& f | ¢ B, ywhegelj dastheiradil freqgdencyThis gives
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rise to the Lissajous Figure, which is an oval formed from #eplot of Equation 2.10 and can
GKSNBEF2NE AYyUINRRdzOS 9dzf SNDa NBf | (A DdyaakanDl Ayi?2

respectively.

O - @ — Equation 2.
Ag®. AT O "®EI Equation 2.0.
@] ODAghe & ATO "®EI Equation 2.1.

Equation 2.11 gives amexpression forZ that introduces complex numbers to the impedance
interpretation, with a real and imaginary paflotting the real and imaginary components against
one another (on thex-axis andy-axis respectivelyyjives rise toa Nyquist plot depicted ifrigure

2.0.9, with each semicircle represeing a different form of impedance within the celindeludesto

a particular form of degradatiof243], [244]

Nyquist Plot with
Degradation Mechanism

Solid Charge Mass
Electrolyte Transfer Transport
Interphase Resistance Resistances ~

(SEl) /
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i
2

Im(2) [0}
\\
>
N

\ Re(Z) [Q]

Inductive
Resistances

Figure2.0.9: An example Nyquigtlot, with examples of characteristic cell features and degradation

mechanisms highlighted.

This plot can then be fitted to an equivalent electrical circuit with each electrical component

describing the influence of impedance for each semicircle of the plot. There are five common
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electrical components used, namely a resistor, inductapacitor,and a constant phase element
(CPE) and the Warburg elemefthe Warburg elemenis used to establish the impedances related
to the diffusivity of the bulk material. As with conventional electrical circuit calculations, where
placed in serieghe components are summed.§.Z + Z + 4 = Z), whereas where components are

in parallel, the inverse of the components are summee. ! + Z2*! + Z* = Z'). The semicircle
features of a Nyquist plot typicalonsist ofa resistor and capacitor/ CPE unit in paraiteform a
Randles ce[R43], [244], [245]

From an experimental perspective, impedance data can be collected by applying an AC signal over a
wide range of frequencies, ranging frquilz to MHz Different impedancesensitive elementsf the
cellappliesthe variation to the current and voltage sinusoidal curves, hence the development of the
Lissajous figure and Nyquist plot. In the experiments conducted in this thesis, EIS procedures were
carried out on a Biologic VMBOO Potentiostat, with a frequency range of 10z to IMHz. Cells

were cycled at C/20 for two cycles followed by C/2 for 50 cycles, with EIS analysis occurring after
cycle 0, 1, 5, 10, and every 5 cycles after that until cycle 50. The cycle was allowed to discharge to 3.0
V, followed by a our rest period before the EIS programme ran to allow the cell to come to

equilibrium.

2.4.3.4.¢ Galvanostatic Intermittent Titration Technique

Although the Warburg element described in EIS analysis can establish the diffusivity of the cathode
material, a more accurate technique for calculating thissthe Galvanostatic Intermittent Titration

Technique (GITTGITT isused to calculate the diffusion coefficienits-situ at various states of
chargeandA y @2t @Sa GKS GSYLRNINE OKIFNHAYy3a 2F GKS OSft f
increases the voltage to a certain potential, followed by a relaxation period with no current, where

the potential plateaus to an equilibrium.

z

Ld LI NI A Odzt ElNa citvent pufséwbstagplied) 2alusing #hé Woltage to increase
instantaneously due to internal resistance (IR). After this, the voltage increases at an increasingly
slower rate over the duration of this current pulse in order to maintain a constant concentration
gradient as lithium ions deintercalate from the material. At the end of the pulse, the voltage
achieved has a maximum voltage, and the current reduces to zero triggering a second IR drop
before the relaxation period starts. During the relaxation period, lithium idifsise to reach a

homogenous state at a potential less thartdea new equilibrium statels, which becomes the new
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E: for the next current pulse, as depicted kigure2.0.10 below. The reverse can be applied during
the discharge phase of GITT experiments, with a negative current being applied causing a decrease
in voltage to the corresponding potential and the relaxation period causing a minor increase in

potential to the homogenous; potential.

The potential drop during relaxation and the potential rise during the current pulse can be used to

Ot OdzAf S OKSYAOlIt RAFFdaAAOGAGE |G @FNAR2dza adl asS
that the rate of diffusion is proportional to the concentration gradient with respect to the presence

of lithium ions, the diffusion coefficientDf can be calculated using Equation 2.12 beldw.

represents the duration of the current pulsemo s represents the number of moles of the host
material, W , i is the volume occupied by one mole of the host materiakis the voltage change

at steady state, andnE was the total voltage change over the current puls#{i€ the
electrodeelectrolyte surface interface area, but due to inaccuracies in calculating this, the diffusion
O2STFFAOASY(H gl a O2YY2yfe INNBEKIRBR | a WRATTdaAaAzZY

O
=
N
k<<| e

Equation 2.12.

The GITT experiments conducted in this thesis are conducted over a voltage window45 3/0
using a Biologic VMB0OO potentiostat. A 3@ninute current pulse was applied at ar&e of C/20,
followed by a 2.Ehour relaxation period. Upon the upper caff voltage being achieved, at®ur

relaxation period was undertaken prior to discharge.
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Figure2.0.10: A GITT plot thatliemonstrates the current and voltage profiles over the course of 2

charging current pulses, with the gradual increase in potential observed.

2.4.4.¢ Further Characterisation Techniques

2.4.4.1.¢ Tap Density

In a bulk materiala material willoccupy avolume consisting ofvoids between the particlesThis

Wk density)corresponds to a mass of material relative to the volume occupied by the
randomly-coordinated particles. Disturbing this system can cause realignment of particles, with
smaller particles occupying the voids and therefore reducing the voidage of the system and
increasing the density of the sampl€hisis typically doneviaWi | LJAQ 2y GKS O2y il Ay
O2AYAYy3 GKS GSN¥ WillL)l RSyaadteqQ F2N) GKAA& RAalGdzZND
mass of materialvasdenoted Vo, and the tap density volumeasdenoted V;, then a compression

index can be determined through Equation2.1

6&ani Qi | CRXHeRs®@p T Equation 2.3.

Experimentally, the work in this thesis acquires this data using a Copley JV 200i Tap Density Tester,

by measuring a particular mass of material into a measuring cylinder and recording the volume of

108



GKS YFOGSNRFIET o6o0dzZ ] @2tdzySod ¢KS /2L) S& Wx wHAanA
distance repeatedly. In these tests, the tapping protocol involved 1000 taps over a period of 5
minutes, with the tapped volume recorded after 1000, 3000 and 5000 taps until the volume

plateaued.

2.4.42. - Mechanical Testing

The mechanical strength of secondary partidkean indicator of the lifespan of the particles with
electrochemical cycling due to the volumetric expansion and contraction exerting stresses on the
secondaryassemblythat can be mimicked by mechanical testinga microindenter. NME811
samples were prepared by suspending the secondary particles in ethanol and drop casting them

onto a silicon wafer, which was later mounted onto an SEM stub using superglue.

An Alemnis microindenter (Synton MDP, and Synton MDP with a diamont &#pA & &afloyof a
noénTts |, 2dzy3IQa Y2RdzZ dza 2F wmwmnan Dtl O gl & Y2dzy i SR
unidirectional load of 0.1 mM! to the sample until fractured, when the tip was retracted. The SEM

stub was mounted onto a translational stage, allowing the precise positioning of the microindenter
above one secondary particle prior to indentation in order to ensure no neighbouring particles
incurred direct contact. This procedure was conducted by Dr Laura Wheatcroft, with SEM imaging
GFr1Sy 6AGK | p 1+ St StioNE indedte axig. Analydis involedlthg @&é S 2 F
of Alemnis AMMDA software, with each load curve needing a-zenection at zero load, and a
polynomialfitted load drift correction. Indentation hardness was calculated by the load at the time

of fracture per tip contact aref47].
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3. Investigating oxygerich alternative calcination
approaches for NM811 cathodes

The use of conventional conduction and convecti@sed heatingluringthe calcination process of
NMC cathode material synthessa lengthy process, with it taking up @®-15 hours to complete

[37], [88], [118], [167] excluding the cooling period and any intermediate grinding stageshiat
required Microwave heating caprovide more uniform heatingincrease the rate oheating,and
reduce the dwelling period of the material within the furnace, improving the throughput of the
synthesis routg220]. Problems arise when considering the niekeh cathodes used in this work,
where NMG811 requies an oxygerrich atmosphere during calcination teetain nickel in its
trivalent oxidation stateand promote the formation of the layered phasén atmosphererich
enoughin oxygen gas can form a plasma when exposed to microwawtsthe microwaves causing
violent oscillations within the molecule, causing adjacent molecules to collide and increase the
possibility of ionisation. This can lead to a significant increase in temperature abovéd,28ich

is above the temperature limit for the furnace and would cause a loss of lithium from the system in
the form of LiO [248], [249] To overcomethis, it is hypothesised that lithium peroxide can be
utilised as a lithium source for the reaction, with it decomposing to form oxygewig&sjuation 3.1
below. This occurs at a low temperature of 2800 °C,meaningLiO, will thermally decompose at a
lower temperature than the formation of thé -NaFeQ layered transition metal oxide phase at
650-850°C, as discussed in Section 1.8184]. To minimise oxygerloss samples calcined with

lithium peroxide were placed in a closed crucible
0@ 0 -0 Equation 3.1.

Here, optimisation of this procedure waivestigated by studyinghe effect of lithium peroxide
excess, temperature and duration of calcinatiamd compared to benchmark samples prepared by

conventional routes (atandard Li sourcglithium hydroxidejn anoxygenfed tube furnace).

3.1.¢ The N4.sMno.1Ca.1(OH} Precursor

Nio.sMno.1Ca.1(OH} was synthesised by Dr Nirmalesh Anthonisariaya coprecipitation synthesis
route in an Eppendorf BioFlo 320 stirred tank reactor with an optimised pH of 11.0 and temperature
of 60°C. The reaction was conducted ovetogal period of 41.5 hours, with a 13#&our addition

time for the transition metal and ammonigolutions ina 1: 1.4 ratiofollowed by a 2&our
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WY I { dzNJ { A Bhy esultid§ pdchidnt was washed and drigdRDand SEM analysis was
conducted on this sample prior to its use to optimise the calcination procedure in a microwave
furnace. XRDanalysis of the NEMno.1Ca.1(OH) precursor is shown ifrigure 0.1, together with
standard profiles fromthe Inorganic Crystal Structure Database (ICSD) for Ni(RBQ] and
Nio.sMno 2Cay.2(OH} [152]. An initial inspection confirmthe layered brucitei -M(OH}, phase(Figure
3.0.1.a), with closer analysis of individual peatevealing differences in th€001) and (102) peaks

seen inFigure 30.1.b) and c).

a) —— Ni(OH), standard CIF b) (001) peak
— Nig gMng ,Coy 4(OH), modified CIF
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Figure 30.1: XRD profile of experimentally acquiretliosMno1Ca 1(OH) (red), with ICSBtandards
of Ni(OH) (green),Nio.eMno 2Ca 2(OH) (black), anda manufactured CIF file dflip.sMno1Ca.1(OH)
(red). a) depictsthe full range 180° XRD profile, wittb) showing a closeip of the (001) peak
between 1722°, andc) showing the (102) peak at 884°.

Published crystallographic data exists f¢i{fOH}) and NbéMno Cap(OH) [152], [250] Yinget al.
haveapplied the Ni(OH) model to experimentallyacquired NjsMno 1Ca.1(OH) via Rietveld analysis
[251]. Here, the publishethttice parameters for NsMno.1Ca.1(OH) were used to modify the CIF file
for Nio.sMno 2Ca.2(OH) to better model and analyse the crystallograptata obtained in this thesis
for Nip.sMno1C@ 1(OH}. The modified NigMno1Ca 1(OH) CIF fileis included inFigure 3.1 and
shows that the correcti -M(OH) phaseis formed. hdividual peak analysisevealsa smaller
difference between angles for characteristic pedistedin Table 30.1, suggesting the modified CIF

wasa better approximation of lattice parameters. Peak splitting (likely associated withnthenK
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Ki2 peaks) was also observed for the modified dNino 1Ca.1(OH) CIF file, with the angles recorded
in Table 30.1 aligning to the largest intensity of the peak.

Table 30.1: A table of2' BragglL,JS I 1 & TMEOH) ph&s&and corresponding anglies each of

the analysed\Nio sMno.:Ca.1(OH) phases, with the difference to the experimental value in brackets.

(001) |(100) |(101) |(102) | (110) |(111) | (200) [ (201)

Ni(OH) CIF file2 19.27 |33.08 | 3856 |52.14 |59.08 |62.76 | 70.50 | 72.80
angles (+0.15)| (+0.14)| (+0.24)| (+0.36)| (+0.28)| (+0.30)| (+0.44)| (+0.46)
NiosMno-CaA(OH) | 19.24 |33.28 | 38.72 | 52.22 | 59.46 |63.12 | 70.52 | 73.26
CIFfil2 I y 3t §(+0.12)| (+0.34)| (+0.40)| (+0.44)| (+0.66)| (+0.66)| (+0.46)| (+0.92)
NiosMno:Ca(OH) | 19.16 | 33.14 | 3852 | 51.94 |59.11 | 62.74 | 70.14 | 72.80
CIFfil2 I y 3t §(+0.04)| (+0.20)| (+0.20)| (+0.16)| (+0.31)| (+0.28)| (+0.08)| (+0.46)

Nio.sMno.1C . 1(OH) 19.12 | 32.94 | 38.32 |51.78 | 58.80 | 62.46 | 70.06 | 72.34
experimentalsample | ) | [0 |0 |0 |0 |0 |0
2 Ly3t Sa

Rietveld refinemenbf experimentallyacquiredNio sMno 1Ca.1(OH} was conducted usintpe GSASI
programagainst CIF files of Ni(Qtkquired from ICSD, ;dMno 1C@.1(OH) acquired from ICSD, and

the modified NisMnoi1Ca1(OH) CIF file,with the lattice parameters summarised iFable 30.2

[239]. Theresultsindicate better fits for theNi(OH) and NisMno1Ca.1(OH)} models due to the
largerlattice parametersd f 3.151A, cF 4.653A) and unit cell volumes (40.000.44A3). However,

due to the increased chivalues of all results of 33.1655.286, these results need more accurate
crystallographic data from a synchrotron source to attain more accurate lattice parameters and

generate a reliable CIF file foroh¥ne :C.1(OH).

Table 30.2: A table of lattice and model fitting parameters from the Rietveld refinement of
experimentally acquiredNiosMno 1Ca.1(OH) compared to three different CIF files. Estimated

standard deviations are included in brackets, where refined.

Latticeparameter | Lattice Unit Cell Chtvalue
a=bh parameter cR) | Volume &%)
Ni(OH) CIF file 3.152(0) 4.6537) 40.0(4) 33.163
Nio.sMno.2Ca.2(OH} CIF file | 3.149(9) 4.6521) 39.98) 65.286
Nio.sMno.1Ca.1(OH} CIF file | 3.152(0) 4.6542) 40.0(6) 38.369
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The NisMno1Ca.1(OH) precursoris made up ofuniform, quasispherical secondarassemblies,
consisting of randombpriented nanoplates evidenced by SEM analydis Figure 30.2 a)-c).
Secondary article size analysis using Imaggedisplayed as a histogram kigure 30.3, andshows a
modal average particle size of @3 um, which is similar to the desired diameter of ih [118],
[157], [252] The size of the primary particlesas also analysed to find an average nanoplate
diameter of 0.97um.

6 8 10 12 14
Effective Particle Diameter (um)

Figure 30.3: A histogram depicting the particle size distribution from tN&sMnoi1Ca.1(OH)

sample from a 200x SEM image with a population of 11,563 particles with at least 50% circularity.
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3.2.¢ Lithiation of the NisMno.1.Ca.1(OH) Precursor

Prior to calcination, a lithium sourde addedto the Nb.sMno1Ca.1(OH) precursor, which involves
the mixing of a lithium salttypicaly lithium hydroxide (LIOH)xnd in this thesidithium peroxide
(LkO2). Asmallmolar excesss added to account for the possible lithium loss at high temperature
Section 1.3.4.discussed the molar excess bfOHwas typically 3% andwas by milled with
Nio.sMno.1Ca.1(OH) precursorin a pestle and mortar until homogenouslere, he lithiation of
Nio.sMno.1Ca 1(OH} with LbO, was examined as a potential dual Li and oxygen source. Lithium
excess was investigated where they 8Mno1Ca.1(OH) precursor was mixed witll, 3, 5 and 7%

molar excess lithium peroxideefore calciningn a microwave furnace at 75C for 5 hours

(101) and (006/012) peaks

—— 7 mol% excess b)
—— 5 mol% excess

—— 3 mol% excess
—— 1 mol% excess

A
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Figure3.0.4: (a) XRD profiles dfiNb.sMno.1Ca.10; lithiated with 1, 3, 5 and 7 mol% excds£, and
calcined in a microwave furnac&50°C for 5 hours) (b) an enlargement of the (101) and
(006)/(012) doublet (c) evidence ofresidual LICQ exhibited by the peaks in the 286° 2° range

with peaks labelled with a grey circle

Inspection of theXRD data obtained for all samples are displayeBigure3.0.4.a) indicatesthe
calcination reactions vyielded the layered, hexagonalh-NaFe@ phase expected for
LiNb.sMno.1Ca.10,, irrespectiveof the excessof LbO, present A greater (006) peak intensity is
observed forthe 1 mol% excess.0, sample Figure3.0.4.b). Combined with the lovangle shoulder

on the (104) and (108) peaks, this could be indicative of the presence of a rocksalt impurity phase in
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this sample. This coincides with the reduced presenceadtditional lithium phasesin the 1 mol%
sample(Figure3.0.4.c). The 7 mol% excess sample displays the largest degreelditional lithium
side phaseswhich aligns with.bCQ peaks present af21°, £30° and32° 2' , with a minor disparity
in 2 angle attributed to sample preparatiomhese peaks are not as intense in 1he8 and 5 mol%
samples.Figure 3.5 identifies the additional lithium phase as lithium carbonate:G3) by
comparing the peakisetween 20 and 352" to ICSD standasdfor LbCQ, LiOHand LbO [253], [254],
[255]. On the basis of the XRD results, the 3 mol% excg3swas selected for further study.

U
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Figure 30.5: XRD profile of LibiMno1C10, calcined with 7 mol% excess obQi Additional
lithium peaks are compared ttCSDpatterns for LIOH, €Q and LiO confirm the presence of
LeCQ.

3.3.¢ Optimisation of the Microwave Calcination Procedure

Calcination of the NgMno 1Ca 1(OH} by conventional LIOH or alternative,Qp lithium sources was
further investigated bymicrowaveheating at constant powerConventional calcination involves
heating the NiMn,,Cq,(OH) sample with LiOH for 205 hours and flowing oxygen gas through the

furnace to promote the oxidation of transition metals in,Min,,Cq.,(OH), with a mechanism
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described in Equation 3.2.ithium peroxide was employed to generate oxygen igesitu in an
attempt to replicate the flow of oxygen in a conventional tube furnd&suations 3.3) The
microwave dielectric heating effect permits rapid heating of the sample, allowing shorter reaction

times (on the order of 4 hours), seen ikigure 30.6.

OWESEDO 0 QO 0O WM e 6 €D Equation 3.2.
ODEVOEDO 0Q) © DWW E O ED 0 Equation 3.3.
/_\OZ/
0O,
/_\OZ/V
e O

£ F T 1 % N

Figure 30.6: A depiction of the two calcination mechanisms within the conventional, oxyegn
tube furnace (left) and microwave furnace withoBMno:Ca.1(OH) calcined with LD, with an

added crucible lid to avoid oxygen loss (right).

The effect of microwavealcination withLO, was compared to the conventional procedurehich
involves LIOH and an oxygésd tube furnace.A 10-hour calcinationof NipgMng1Ca.1(OH»
precursor at 850°C in an oxygefed tube furnacewas compared witha 3-hour microwave
calcination at 850C. For clarification, the microwave calcination is conducted in a CEM Phoenix
furnace, which uses microwave heating to rapidly heat a silicon carbide (SiC) heating element, which
in turn rapidly heats the insulated heating chamber through conduction and convediotn
reactions wereconducted with LiOktor LbO, to observe any differenceswith the resulting XRD

profiles forthe four calcinedsamplesshownin Figure 30.7.
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Figure 30.7: (a) XRD profiles for LiNMno1Ca.10; calcined at 850C in a microwave furnace for
3 hours and an oxygefed tube furnace for 10 houreak analysis of the (104) at08)/(110)

doublet are enclosed ith) and(c) respectively.

Both furnace procedures produce the desireeNaFeQ layered structure for LidVNYCaO,, as
observedin Figure 3.7.a). The(003)/(104) peak ratiovasa qualitative indicator of cation ordering,
with ratios larger than 1.8uggestingyreater degrees of orderin@7], [256], [257] The XRD pattern
is normalisedagainstthe most intense peak, (003p ithas a value of.JConsequently, théaeight of

the (104) peak can be a visualpresentation for the (003)/(104) peak ratié. smaller (104) peak
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observed in
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Figure3.0.7.b) suggests that the 16hour oxygerfed tube furnace samplegdisplaya greater degree
of cation ordering, due to their larger (00804) ratios (2.595 and 4.464 for LIOH argDJ.i
respectively). Thdéower (003)/(104) peak ratio for the -Bour microwave furnaceeactions with

LiOH and k©; of 1.241 and 1.107 respectively indieat lower degree of cation ordering.

Figure 30.7.b) and3.7.c) both show that microwave samples have an increased resolution in the
(108)/(110) doublet peaks, witbne possible cause fahis pronunciationbeinga greater degree of
crystallinity and layered ordering within the samples. One explanation for this is the faster formation
of the crystal structure during microwave calcination forming more facetted particles, resulting in an
increased intensity detected for the (108)/(110) peaks. The peak splitting observed in the
(108)/(110) peak doublet is due to the absence of a monochromator on the Rigaku Miniflex
diffractometer resulting in the presence of the;land K, peaksSharper peaks in XRD are observed
for the LIOH samples, which may indicate greater crystallinity, though further-réggution
experiments would be required to verify this. Optimisation of the temperature and duration was

required in order to realise the potential of microwave calcination and lithium peroxide.

Table 30.3: Key values from the Rietveld refinement of bLifMno1Ca 1O, calcined at 850C with
LiOH or LD, in a microwaveassisted furnace for 3 hours; or an oxyged tube furnace for 10

hours.
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a-, b-axis| c-axis f) | c/aratio | Nifractionin | Unit Cell Cht value
R Li layer (%) | Volume
(A)

MW furnace, 3 2.8782(5)| 14.2222(3) 4.9412) | 9.2(1) 102.03(3) | 3.800
hours LiOH at 850
°C
MW furnace, 3 2.8798(6)| 14.2259(3)| 4.94Q02) | 12.0(2) 102.18(4) | 4.645
hours LpO, at 850
°C
O--fed furnace, 10 | 2.8681(1)| 14.1939(7)| 4.949(4) | 0.9(3) 101.12(1) | 6.600
hours LiOH at 850
°C
O»-fed furnace, 10 | 2.8722(4)| 14.1902(4)| 4.941(8) | 0.94) 101.38(2) | 6.389
hours LpO, at 850
°C

Thiswasreaffirmed quantitatively through Rietveld refinement, with tleéga unit cell ratio and the
calculated value of nickel fraction in the lithiuna Bayer being more accurate indicators of cation
ordering(Appendix A.5)Thec/a ratio of the oxygerfed tube furnace samples were calculated to be
4.944 and 4.950 for LiOH and@i respectively with a cation mixing degree of 0.9% for both
samples as seen iMTable 30.3. Thec/a ratio yielded from the Rietveld refinement of tmaicrowave
sampleswere 4.941 and 4.940 for LIOH andC.irespectively, and the refinement gave feasible
nickel fraction in the lithium layer values 8f2% and 2.0% respectivelyTable 30.3). This Bghtly
smallerc/a ratio indicatessmaller spacing between transition metal layers, suggesting an increase in
cation mixing in the microwave treated samplesipported by the nickel fraction in the lithium layer
values Thereis also a marginal increase it/a ratio for the LIOH samples relative to their
LpO.-calcined alternatives, which indicates a reduced degree of cation mixing in2eshimples.
Further examination by synchrotronrgy or powder neutron analysis would give more accurate Ni
and Li content, but this is beyond the scope of this thedmwvever, for the purposes of optimising

synthesis, these results were used as a basis for further reactions.

3.3.1.¢ Optimisation of the Calcination Temperature

Section 1.3.4 discussdtie optimal temperature for the conventional (oxygeded tube furnace)
calcination of NM&11, which is reportedo be 788800°C.To investigate the effect of temperature
on the degree otation mixingcalcination temperaturs in the rangef 650850°C weretrialled in a
microwave furnaceThe NjsMno1Ca.1(OH) precursor was milled with 3 mol% excess LIOH Ak Li

and calcined for 3 hours. This temperature range yielded the desiddFeQ layered structure for
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LiINikMnyCaO,, with the XRDpatterns for the LiO,-calcined samples shown Figure 30.8.a). The
(003)/(104) ratio, indicated by the height of the normalised (104) pedigare 30.8.b), shows that

825, 775 and 758C have the lowest relative intensity, indicating an increased order of cation
ordering. Thisvasconfirmed through Rietveld refinement, with lowefa ratios and nickel fraction

in the lithium layer calculated for the samples calcined at these temperatdiiesse values, along
with the (003)/(104) peak ratigsare shownin Table 30.4. Closer examination of the (108)/(110)
peak doublet Figure 30.8.c) shows an increased splitting in the doublet as samples are calcined
above 75@C. This indicates a larger degree of layered ordering within the stryctingch is
consistent with literaturg9]. The largest peak splitting was prevalent in the 85Gample, but this
sample also exhibits the largest degree of cation mixing, indicating that the ordering of the transition

metallayers,and the cations are not always proportional.

Table 30.4: Key valuedrom the Rietveld refinement of LitNMno1Ca 1O, calcined with LD, at

temperaturesranging from 65850°C in a 2.5 mL crucible

Calcination | a-, b-axis| ¢ axis f) c/aratio | Unitcell | Nifraction| Ch# | (003)/(104)
temperature R volume in the Li peak ratio
(C) (A layer (%)

650 2.8797(3)| 14.2247(2) | 4.9396(1)| 102.15(0)] 8.0(4) | 7.078| 1.468

700 2.8800(1)| 14.2237(8) | 4.93876) | 102.17(2)] 10.32) | 1945| 1.260

750 2.8781(1)| 14.2164(1) | 4.93966) | 101.68(5)] 5.3(4) | 2.695| 1.617

775 2.8778(1)| 14.2192(4) | 4.94118) | 101.98(0)] 5.91) | 1.456| 1.732

800 2.8772(1)| 14.2191(6) | 4.94206) | 101.94(7)] 3.13) | 2.860| 1.547

825 2.8773(1)| 14.2191(6) | 4.941864) | 101.95(7)] 1.02) | 4.994| 2.013

850 2.8796) | 1422593) |4.9398p) | 102.18(4) | 12.02) | 4.645| 1.107
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Figure 30.8: (a) XRD profiles for LiNiMno1Ca 1O, calcined with LD, for 3 hours at a range of
temperatures 65650°C.The(104) and (108)/(110) peaks can be seetbjrand(c) respectively.

Comparing the (003)/(104) peak raiimTable 30.4 to the Rietveld refinement resultsonfirms that

an increasen ratio above 1.2 coincides with a decrease in nickel fraction in the lithiBanlayer,
indicating a higher degree of cation orderifithe Rietveld plots associated witlable 30.4 can be
found in Appendix A.@dowever,refiningthe nickel fraction for the 82BC calcined sampléid not
provide a reliable resulfThe lattice parameter raticc{a) and related unit cell volumprovide more
reliable parameters for evaluating these samples, Wittble 30.4 showing an increase irt/a ratio
and decrease in unit cell volunwdith a decrease in cation mixing, whichdesirable.Optimal c/a
values can be seen in the samples calcined at 775 and@Uthesesamples, calcined with A,
were compared to the conventional lithium salt, LiGFgure 30.10), it can be seen that all samples
formedthe desired-NaFeQlayered structure with good (006)/(012) and (108)/(110) peak splitting,

indicating good crystallinity and layered ordering.
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Figure 39: The variation irc/a ratio and (003)/(104) peak ratio for various microwave calcination

temperatures (656850°C) when calcined with a0} salt.

Table 30.5: Key values from the Rietveld refinement of biNno:1Ca.10, calcined with LIOH or
LbO; at different temperatures 77800°C in a 2.5 mL crucible.

Calcination | a-, b-axis| c-axis &) c/aratio Unit cell Ni Ch? | (003)/(104)
conditions A volume | fraction peakratio
temperature A3 in the Li

(eC) Li salt layer (%)

775, LIOH | 2.8755(1)| 14.2102(5) 4.9418(3) | 101.76(6)] 2.91) | 1.891| 1.753

775, L0, 2.8778(1) 14.2192(4) 4.9411(3) | 101.98(0) 5.92) | 1.456| 1.732

800, LIOH | 2.8826(1)| 14.2326(5) 4.9374(3) | 102.42(7)] 9.1(2) | 3.163| 1.357

800, LiO; 2.8772(1) 14.2191(6)| 4.9420(4) | 101.94(7)| 3.1(3) | 2.860| 1.547
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Figure 30.10: XRD profilefor LiNb.sMno.1Ca.10; calcined with LD, and LiOH for 3 hours at 775 and
800¢C. A fulrange XRD pattern can be seerfa with a magnification of the (104) peak (in).

From the XRD analysighe main difference between the two lithium salis the (104) peak
(normalised against the (003) pedlky the 800¢ / a | WithXiGHhaving a larger (003)/(104)

ratio of 1.547 tharLkQ, (1.3579. At77% / G KS o0nno0Okomnno Qelavelsimidd (A2 &
values 0f1.753 and 1.732. This indicates that the @5samples have less cation mixing than the

800¢C equivalers, confirmedvia Rietveld refinement, with the degree of cation mixing foundo®

2.9% and 5.9% for LiOH anglkirespectively(compared to 101% and 3.3%or the 800s / & Y LJ Sa
respectively. The lattice parameters presented ifable 30.5 calculated by Rietveld refinement

support this conclusion, with a&/a ratio for the samples calcined at 7865/ 43942 and 4.941
correlatingwith the results described above, witlhé 800eC sampledaving valueof 4.937 and

4.943. The associated Rietveld plots to these refinement values can be found in Appendix A.7.

3.3.2.¢ Optimisation of the Calcination Duration

An optimisation of the calcination duration was conducted concurrently with the calcination
temperature described in Section 3.3.10 preserveas much of the generatedxygenas possible

from the thermal decomposition of the X),, a singleheating stage during the calcinatiomas
performed NbgMno.1Ca 1(OH} (2 mmol)was milled with 3 mol% excess LIOH.pO, and calcined

at 750¢ /in a 20mL alumina crucible using a CEM Phoenix microwave furnace for time periods

ranging from 90 minutes to 6 hours.
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Figure 30.11: (a) XRD profiles of LiiMno1Ca.1O; calcined with 3 mol% excess,@d in a
microwave furnace over a range of durations, ranging from 90 minutes to 6 htheg104) peak

(b) and (108)/(110) doublet peak)are magnified for analysis.

XRD analysisf LiNb.sMno.1C@ 10, calcined with 3 mol% excess@iis shownin Figure 30.11.a) and
reveals characteristic peaks that are consistent with tHdaFeQ layered structure for all samples
with no phase impurities observed. Visual inspection of the (104) peligiume 30.11.b) shows that
the 2 and 3 hour samples have larger intensjte@saller (003)/(104) ratios and a larger degree of
cation mixing than the other calcination durations tested. Thias confirmed via Rietveld
refinement, with the samples calcined for64 hours having largec/a values of ~4.940 and
marginally smaller unit cell volumes (~102€hpwnin Table 30.6. The 96minute sample also gave
a lowc/a ratio of 4.939 and unit cell size of 102.08% The(108)/(110) peak doublegeen inFigure
3.0.11.¢), shows clearer distinctioaf this peak doublein the 90 minute, 4 5 and 6 hour samples
indicating a greater degree afrder within the crystal structure. The-l®ur samplehas poor
definition between the peakswith the 2-hour sample displagg no indication of peak splittingChe

Rietveld plots associateslith Table 30.6 can be found in Appendix A.8.
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Table 30.6: Key values from the Rietveld refinement of Lif¥no1Ca 10, calcined with LD, at
750°C for different durations, including thefa lattice parameter ratio, the calculated nickel fraction

in the lithium3alayer, and the (003)/(104) peak ratio calculated from the raw XRD data.

Calcination | a-, b-axis | c-axis ) | c/aratio | Unitcell | Nifraction| Ch? | (003)/(104)
duration (h) R volume in the Li value | peak ratio
(S layer (%)

1.5 (90 2.8792(2)| 14.2198(1)| 4.9389(7)| 102.08(5)] 4.6(2) | 3.423 2.032
minutes)

2 2.8827(3)| 14.2098(2)| 4.9294(1)| 102.26(2)] 10.1(3) | 4.818 1.352
3 2.8800(1)| 14.2151(9)| 4.9358(6)| 102.11(3)] 9.0(2) | 3.298 1.444
4 2.8786(2)| 14.2194(7)| 4.9397(4)| 102.04(2)] 9.2(2) 2.632 2.233
5 2.8797(1)| 14.2278(8)| 4.9407(5)| 102.189) | 4.3(2) 2.576 1.984
6 2.8784(1)| 14.2193(6)| 4.9399(4)| 102.038) | 5.9(1) 1.804 2.071

Variation in unit cell volumes over the range of duratiovess small,with no clear relationship with
calculated nickel fraction in the lithium layer. The LiOH samples follow a similar trend, with an initial
high c/a value of 4.40 for the 90minute calcination, followed by an increasiofa value from 2
hours (4.934) to 6 hours (4.94 depicted inFigure 30.12.c) and Table 30.7, correlating with a
decrease in cation mixing.he reduced:/a ratio observed in both hour samples is thought to be

the result of phase alterations due to loss of the oxygeh environment between Sfninutes and

2 hours. It is thought that samples calcined longer than 2 hours stabilise to the edggtried
environment, resulting in an increasedrfa ratio until it plateaus between-fand 6 hours.The XRD
profiles of two LiO,-calcined samples with the largesta ratio (the 5 and 6 hour samples) are
compared with their LiOH alternatives Figure 30.12.a). The Rietveld plots associated witlable

3.0.7 can be found in Appendix ®.All samples exhibit thé -NaFeQ layered structure and good
peak splittingin the (108)/(110) pealdoublet, indicating a good degree of crystallinity and layered
ordering. Theras an increased (104) intensity for thenour sample calcined with LiOH observed in
Figure 30.12.b), coinciding with a reduction in the/a value observed irFigure 30.12.c), but this

was not observed in othesamples.There appears to be an inverse relationship between the c/a
ratio and Ni content in the Li layéfable 30.8). Further synchrotron-Xay and neutron experiments
would be useful in ascertaining accurate Ni and Li content values for these materials, but this is

beyond the scope of this thesis.
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Table 30.7: Key values from the Rietveld refinement of bLiNMno1Ca 10O, calcined with LOH at
750°C for different durations, including thefa lattice parameter ratio, the calculated nickel fraction

in the lithium3alayer, and the (003)/(104) peak ratio calculated from the raw XRD data.

Calcination | a-, b-axis | c-axis &) | c/aratio | Unit cell | Nifraction| Ch? | (003)/(104)
duration (h) R volume in the Li value | peak ratio
(S layer (%)

1.5 (90 2.8758(1)| 14.2051(6)| 4.9395(3)| 101.74(7)]  9.5(1) 1.789 2.032
minutes)

2 2.8801(2)| 14.2101(1)| 4.9340(7)| 102.08(1)] 9.7(2) 2.577 1.352
3 2.8783Q) | 14.2061(1) | 4.93%(6) | 101.92(1)] 7.4(2) 2.757 1.444
4 2.8749(1) | 14.2061(7) | 4.9%41(4) | 101.68(9)] 2.4(2) 2.500 2.233
5 2.8786(1) | 14.2170(6) | 4.98894) | 102.02(7)]  6.1(1) 1.615 1.984
6 2.873(1) | 14.2091(5) | 4.9417(3) | 101.74(6)]  4.3(1) 1.779 2.071
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Figure 30.12: The XRD profiléa) and magnification of the (104) pedk) of LiNbsMno1Ca.10x
calcined with 3 mol% excess@dJ or LIOH in a microwave furnace foib5hours. Thec/a ratios for

both LIOH and @, over the range of calcination durations and displayeft)n
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Table 30.8: Key values from the Rietveld refinement of Lif¥no1Ca 10, calcined with LD, at
750°C for 5 and 6 hours with LiIOH osQuiin a microwave furnaceEstimated standard deviations

areincluded in brackets, where refined.

Calcination c/aratio | Unit cell volume| Nickel fraction inthe| Ch? (003)/(104)
conditions (S lithium 3alayer (%) | value | peak ratio
5 hours, LIOH | 4.93894) 102.037) 6.1(1) 1.615 1.274
5 hours, 120, 4.94075) 102.1§9) 4.3(2) 2.576 1.985
6 hours, LIOH | 4.94173) 101.74(7) 4.31) 1.779 1.928
6 hours, 12O, 4.93994) 102.031) 5.91) 1.804 2.071

SEM imagesFgure 30.13) indicate that the ~9um secondary precursor morphologies are
maintained during the calcination procedure, yielding gisgdierical secondargssemblies This
morphology and secondary particle size is within the desired range determined by litefa89k

[140], [141] Should secondary particle sizes get too large (for example abe86 |28), it inhibits

the lithium-ion diffusion rate due to the greater distance travelled, but smafiarticles (<um)

incurs a greater surface area to volume ratio, increasing the loss of active material to SEI formation
per gram (of active materialf.he 2 and 3 hour calcination samples appear to produce larger, less
spherical particles, coinciding with a reductiorcia values for these samplek would be expected

that a lower specific capacity could be yielded from these samples due to the larger particle size,
which is shownn Figure 30.14. No clear difference are observedetween the two lithium salts.
Larger primary particlesre observed in thesamples calcined fo#¢6 hours, which have largera

ratios of ~4.940, compared to shorter calcinatiéitom a primary particle perspective, all samples
are similar, with small <im particles agglomerating with distinct boundaries between primary
LI NI A Of Sax NBadzZ GAy3a Ay W@2ARaQ 0SG6SSy GKSYZ

g

0KS &aSO2yRIFENE LINIAOES O2YLI NBR (G2 GKS WYSFGol f

Figurel.8).
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LiOH Li,0, LiOH Li,0,
calcined calcined calcined calcined

90 minutes

2 hours

3 hours

4 hours

5 hours

6 hours

Figure 30.13: SEM images of LiNMno1C10, calcined at 750C in a microwave furnacwith
3mol% excess LIOH op@i that depict the secondary (left) and primary (right) morphology. The

calcination periods for each calcination experiment are indicated on thdnéeftl side.

Electrochemical analysis was conducted on these samgyeted at C/20 for two formation cycles
followed by 98 cycles at C/2 with a voltage window of82V at room temperature. The capacity
retention of these samples over the 100 cycles can be sedfigare 30.14, where the highest

discharge capacitieare observed forsamples calcined with LiOH for 1.5 and 4 hours (161.0 and
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164.3 mAhg! respectfully at C/20).Rese cells were not cycled under controlled temperature, which
accounts for he minor oscillationsn capaciy relating to temperature fluctuations during the
day/night. One consistent trend observed frofigure 30.14 is that samples calcined with LiOH
deliver a highercapacity compared to their 40, counterpartscalcined for the same duratiohis

may indicatea reduction in lithium inventory during synthess$ the L0, samples Additionally,

there is a trend relating to the calcination durations and tbéa ratio of LiNbgMno1Ca.10,, with
samples calcined at 1-.54- and 5 hours experiencing a higher specific capacity than thang 3

hour samplesKigure 30.12.c)), which supports the literature with respect to an increasfratio

having a more layered and ordered structure, which reduces cation mixing. The exception to this
trend wasthe samples calcined for 6 hours, which yields a discharge capacity of approx. & mAh
at C/20 (when calcined with LiOH), approximately half of that of the equivalent samples calcined at
1.5 and 4 hours (161.0 and 164®Ahg? respectively). Thigould be relatedto the particle
morphology, where larger primary particles wigheater voidsbetween the particles may impede

ion mobility. Ths may also explain the reduction in capacity for BHeour sample which also shows

a similammorphology Figure 30.13).

Figure 30.14 revealscapacity drops for all samples as thedate is increased from C/20 to C/2,
which is also observed in literature. The most pronouncag@acitydrop is noted for the LO,

sample calcined for two hours, from approx. 70 tomd8hg? after two C/20 formationcycles but

retains this over the remaining cycles. The cells with the highest capacitidso{dr.&alcination with

LiOH, LD;; and the 4hour calcination with LiOH) experienced the highest capacity retention after

98 cycles of C/2, with capacity retention of 97.9%, 94.1% and 92.9% respectively. The other samples
experienced a capacity retention of between 894.2%. Cells calcined with@i generally yielded

lower capacity retention over the 98 cycles relative to their LIOH counterparts.

The voltage profile for allsamples Bow a plateau at 3.8V which coincides with the oxidation of

Ni2*to NE/Ni** (Figure 30.15). An increase in the average voltage of this plateau in the charging

profile indicates an increase in resistance or impedance within the cell, most likely from the
FT2NXNIFGA2YyKGKAOI SyAy3 2F GKS {9L fF&SNBE® 'y AyAdl
charge curve ata.3.7V prior to delithiation, which is an overpotential that occurs due to a resistive

layer formation at the surface of the particle, for example residual compounds such as LiOH and
LbCQ caused by excess lithium during preparation or incomplete lithiation of the cathode active

material[258], [259] This was commonly seen in samples on thefit, BI" or 100" cycle, indicating
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that the formation of these residual, resistive phases may occur during

pristine sample.
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Figure 30.14: Capacity retention over 100 cycles of haHlls cycled with a voltage window of

3.04.2V, with 2cycles at C/20 followed by 98 cycles of C/2. The MMCcathode active material

was calcined for different durations with two lithium salts, Li@Hand LiO; (b).
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Figure 30.15: Voltage profiles for haiells cycled at 3-2.2V in their ®, 5", 10", 50" and 100"
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In the charging differential capacity profilEigure 30.16), there is a main characteristic peakcat.
3.6-3.8V corresponding to the voltage plateau observedFigure 30.15. It is established in
literature that this characteristic peak was associated with the hexagonal to monocliniM)H1
phasechange[33],[260]® ¢ KSNB A& | YAy 2N Wo dzY LXmaikkhatiwvasOl y 06 S
associated with the (MH2) phase change. The shift in voltage from left to right in the 4-55- and

6- hour samples was implicit of a polarisation phenomenon, which is characterised by an increase in
operational voltage above the equilibrium voltage as a result resistance between the electrolyte and
cathode [261]. The discharge differential capacity profile mirrors the charging profile due to the
reversibility of the HIM and MH2 transitions atca. 3.7V and ca. 3.954.0V. The effect of
polarisation can also be observed in these profiles, with subsequent cycles being shifted to a lower
voltage. The area under the differential capacity profile represents the capacity delivered by the
cathode, thus the first cycle has large area (as it was cycled at C/20) and subsequent cycles
(conducted at C/2) had a smaller area under the profile, which decreased as the degradation of

capacity occurred with cycling.

The electrochemical data reflects the conclusions drawn from the crystalline and morphological
data. The higher electrochemical capacities yielded from the 4.55 and 6 hour calcined samples

also had highec/a crystalline ratio, which indicated a more layered, ordered structure, permitting
the passage of lithium. The morphology of thedhd 6 hour calcined samples indicated poorer
contact between primary particles, which is mirrored in the lower capacity observed for these
samples. It is unknown why the Bur calcined sample has a higlwa ratio (and electrochemical
capacity yield) than the-zand 3 hour samples, but it was hypothesised that it could be related to
the calcination mechanism and the oxygen evolution that occurs during the reaction. Further
structural analysiscombined with full coin cell analysisay deliver further insight into this but is

beyond the scope of this thesis.
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Figure 30.16: Differential capacity (dQ dV profiles for the haltells cycled at 3:4.2V in their F,
5, 10", 50" and 100" cycle.(a), (c), (e), (9), (i) and (k) represent the cathode materials calcined
with LIOH at 1.5, 2, 3, 4, 5 and 6 hours respectively; with th€k tounterparts seen iib), (d), (f),
(h), () and () respectively.
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3.3.3.¢ In-situ XRD studies of thealcination of NM@&11

The calcinatiorof nicketrich hydroxide precursorproceedsviathe formation of the spinel/rocksalt
intermediate phasefollowed bythe formation of the final h-NaFeQ layered structure. The first
phase transformation occurs at ~480 and coincides with thdecomposition of LIOHL52]. An

investigation into how kO, reacts with this system was conducted using higimperature XRD to
examineintermediate and final phase foration as a function of temperatur®ue to thein-situ XRD

configuration, these calcination reactions were performed in air rather than an oxygen environment.

3.3.3.1¢ Investigation into the calcination ofgng 1Ca.1(OH} with LiOH

Nio.sMno.1Ce.1(OHY was calcined with LiOkh an air atmosphereThe hydroxide phasebeing
dominant at temperatures below 304C,and a phase change to a rocksalt intermediate observed
between 300400¢ [Figure 30.17). Peaksobservedat ~2% ~3®Gand ~32 indicakesthe presence

of LkCQ, formed flom the reaction between lithium and G@ air. Asthe temperature increases

from 100300¢C, the (101), (102), (110), and (111) hydroxide phase peaks experience a peak shift

indicating an increase in unit cell volume, confirmedRigtveld refinement39.764 to 38.198%).

Appendix ALO shows that LiOlemains present at lower temperatures, withCQ peaks at ~221¢

appearing above 306C. LiO does not appear to be present in this temperature rangéh

temperature XRD experiments up to 8%D Figure 30.18) suggests LibiMno1C® 10, is formed

above 5066 / @ ¢KS ¢SI1 2N FoaSyd omnpovI omMntoI OomMmMoU X
seen in the fullycrystalline phase has not yet formed at this temperature. Additionally, small (111),
OGHnnO YR OHHNO LISFH1& tF0SttSR Ay IWKBgthesk G K K¢
conditions, the rocksalt phase forms as a parasitic phase impuiture 30.18 also shows an

increased degree in peak splitting in the (006)/(012) and (108)/(110) geakllets as temperature

increases, indicating an increase in crystalline layered ordering. This coincides with the Ig8&8of Li

from the system as the lithium species integrates with the transition metal at higher temperatures.

There was evidence of20 in the system at higher temperatures (#880°C), whichforms during

LbCQ degradation and lithium evolution, resulting in a loss of lithium from the system
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Figure 30.17: High temperature XRD of ;dMno.1Ca 1(OH) heated with LiOH between 2400 ¢C at
100G intervals captured using a Anton Parr BI® XRD stage on a benchtop Rigaku Miniflex 6
diffractometer. Peaks are labelled for each potential phase (bME)H); green,MsOs4; red,MO).
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Figure 30.18: XRD patterns of jiMno 1Ca.1(OH) heated with LiOH in the 16850aCtemperature
range with LICQ indicated with a green square;0i indicated with a blue circl&his wasaptured
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3.3.3.2¢ Investigatiorof the calcination of NEMno.1Ca.1(OH» with LbO»

XRD analysis into thealcination of NigMnoi1Ca.1(OH)} with LbO, suggests the formation of a
poorly-O NB & (i -NaFe® Jafered oxide phase between 300 and 400 Figure 30.19). This
evolution from the NjigMno1Ca.1(OH} phaseoccursat a lower temperatureof 200-300eC rather
than 300400&C observed with LiOHbwing to thelower thermal decomposition temperature of
LbO, [104]. TheM(OH) is phase dominant in the 2000°Candhas peak asymmetrgbservedin the
(001),(101)and (102) peaks, with a gradual higimglepeak shiftsuggesting a decrease in unit cell
volume. Thiswvas confirmed by Rietveld refinement, which gives the degree in unitdmtease
from 41.581 to 37.85@° as the temperature increases from -200°C. Interestingly, there appears
to be a sharper phase transition for the sample calcined with LIOH3806 / 0 O2 YLIONBR (2
(2003006 /Fgure 30.20). Thiswould suggesthat the oxygen evolution during the calcination with
LbO; is gradual.

g g 3 400 °C
c g = 300 °C
200 °C

——100°C

——20°C

Normalised Intensity (A.U.)

10 20 30 40 50 60 70 80
20 (degrees)
Figure 30.19: High temperature XRDBtudy of NisMnoiCa 1(OH)} heated with LIO, between

20-500<C at 10GC intervals, Peaks are labelled for each potential phase (RI(@H}; green,Ms0;;
red, MO).
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Peaks observed at21°, ~3F and 32 H ‘grow in intensity from 206800 °C,indicating the presence

of LeCQ (Figure 30.20). Both sets of high temperature XRD annealing experiments were carried out
in air and the evolution of ¥&Q as a side product is not unexpectélthe thermal decomposition of
LbO, and release of @stimulates a reaction with CGOn air to form LICQ via the two-part
mechanism seen below in Equations 3.4 and 3.5rellgeno evidence dfpO Braggpeaksin the XRD
patterns at any temperature, the AQ peaks being more prominent. This indicates that th@®Li

intermediate phase readily reacts to formCQ.

08 0 -0 Equation 3.4.
0@ o60°0Qd0 Equation 3.5.
= = = a 300 °C
S T = < 280 °C
260 °C
240 °C
220°C
——200°C run 2
——200°C run 1

Normalised Intensity (A.U.)

" |—Lico,
—Li,O

0 20 30 40 5 60
20 (degrees)

Figure 30.20: XRD patterns of diMno1Ca.1(OH) heated with LiO; in the 2003004C temperature

range with reference patterns of three common lithium species in the syste®, LiCQ and LiOH

acquired from ICSD.
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Upon heating tB50°C, it can be seen thatbove500°Ca poorly crystalliné -NaFeQlayered phase
is dominant, with peaks for therocksalt intermediate phase appearing as an impurity at
temperatures above 75@C (Figure3.0.21). A gradual increase in layerder crystallinity can be

observed through minor increases in peak splitting in the (108)/(110).

Figure3.0.21: XRD patterns of dlgMno1Ca.1(OH) heated with LiO, between100-850¢C with the
different Bragg peaks highlighted for each phase and # jeaks indicated with a blue circle.

TKS t! bl f &éxpalimensconfuct&Ndih LIOH and.0h suggess that a poorly-crystalline

h-NaFeQ layered LiNbsMno1Ca .10, phaseis present at and above 500°C. XRD analysis into

Nio.sMno 1Ca.1(OH) heated with LiO, suggests the formation of R A & 2 NBRFe®ByRredh
LiNb.sMno1Ca.1O, phase at 400¢ / indicated by pra Sy 0S 2F GKS onnov LISIH |
Nio.eMno.1Ca 1(OH} calcined with LiOH reveals the formation of a rocksalt intermediate phase at
300400°C. It is hypothesised that it is the decomposition obQui at lower temperatures

(2504006 / 0 G K I y-600eA/h0l  Foln@ant A G G Sa § KiSns inlb tid tdamsition A y i S NI
YSiGFt 2EARS & NUzO G dzNBaFeGtagehall physa in th&iS, sarplel BuNGRtS NS R h
the LiIOH sampleDue to the overlap of the (001) peak Mk sMno1Ca.1(OH) and the (003) peak of
LiNbeMnoiCa1O:> Al A& Ll2&aaAofsS GKS LIS HAuthet ivestygstipns O2 y a
utilising hightemperature synchrotron Xay or powder neutron analysis would provide the

necessary insight that cannot be achieved at a lab level.
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