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1. Introduction

The approach of deriving energy through the combustion of
fossil fuels had enabled the humankind to achieve unprecedented
transformation on various aspects of development over the past century,
but also simultaneously instigated global air pollution that accounts
for climate change [1] as well as alarming health related issues
involving more than three million cases of premature death annually
[2]. Anthropogenic air pollution in urban areas in particular had been
identified to predominantly originated from land transportation sector
especially emission in the form of particulate matters as well as
greenhouse gases [3].

Various sustainable alternatives on renewable energy such as
photovoltaic, wind turbine, hydrokinetic, hydrogen fuel cell and
geothermal have been developed and implemented exponentially in
conjunction with power-to-X concept, dispatchable power generation
as well as advanced energy storage technology [4-14] in recent years
as parts of the global efforts to gradually decommission the usage of
fossil fuels and reduce carbon footprints in order to overcome air
pollution. Despite facing great obstacles. strategic measures such as
incentivise the usage of electric vehicles, impose strict emission
standard [15] and eventually legislative enforcement to ban the sales
of gasoline as well as diesel powered vehicle had been initiated by
several developed nations with the ultimate intention to completely
phase out fossil fuels from land transportation sector by 2040 [15,16].
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Spinel structured lithium cobalt manganese tetroxide (LiCoMnO4) which exhibit unrivalled reduction
potential of 5.3V (vs. Li® | Li*) was identified to be one of the potential cathode candidates for next
generation lithium-ion batteries offering high voltage output and energy density. The focal point of
this article is to holistically review relevant techniques established for the synthesis of LiCoMnO4
compound, particularly solid-state reaction, sol-gel synthesis, flux method and hydrothermal technology.
Electrochemical performances of lithium cobalt manganese tetroxide (LiCoMnO4) synthesised via
the four distinctive approaches as well as the critical process parameters will be compared and scrutinised.
Adversities associated with deoxygenation in the course of synthesis process at high temperature and
proposed countermeasure via fluorine-substitution will also be discussed.

The breakthrough of intercalation technology with graphite anode
coupled with the discovery lithium cobalt oxide (LiCoO2) cathode
in early 1990s had led to the emergence of practical rechargeable
lithium-ion energy storage system that display relatively higher
energy density, voltage output, tiny memory effect as well as low self-
discharge rate as compared against its predecessors [17]. Lithium-ion
battery technology which had undergone maturation phase and refined
through the adoption in diversifying non-stationary applications along
with rapid development on cutting-edge electric motor technology
as well as state-of-the-art electronic components for efficient control
systems triggered immense market interest for zero emission electric
powered vehicles [18].

Nevertheless, it was reported that scarcity of electric vehicle
charging infrastructure in majority of the market regions at the present
time induced range anxiety for majority of the consumers [16]. The
United States Department of Energy and Advanced Battery Consortium
estimated that privately owned electric vehicle should attain driving
range of 500 km which corresponds to approximately 235 Wh-kg"!
and 500 Wh.L"! at battery pack level or 350 Wh-kg! and 750 Wh.L"!
at cell level in order for zero emission locomotive technology to achieve
tipping point for mass market penetration [19].

Since the energy per unit mass or volume of electrochemical systems
are primarily governed by the voltage output, V as well as quantity
of electrons charge per unit mass or volume, Q as shown in equation
(1) or alternatively represented by equation (2), increasing the redox
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potential between electrodes and enriching the electrodes with lithium
content will effectively improve the energy density [20]. The focal
point of this article is to holistically review the synthesis methodology
of lithium cobalt manganese tetroxide (LiCoMnOs) that display
high reduction potential to elevate the voltage output of lithium-ion
batteries.

E=VQ (M

E=I/Vdt 2)
2. The fundamentals of battery electrochemistry

The term battery in the context of power electronics is defined
as an assembly of two or more electrochemical cells that function
simultaneously as an integrated reservoir for energy storage, primarily
in the form of chemical system which can be directly convertible
into electricity [21]. Each of the fundamental unit electrochemical
cells within electrical battery may be considered as isolated systems
from thermodynamic perspective and essentially constructed of active
anode, cathode and electrolyte as well as current collectors and ionically
permeable separator as shown in Figure 1 [18,22,23].

The kinetic operation of electrochemical system is mainly governed
by interface reaction between the electrodes and electrolyte [24].
The chemical reaction in primary electrochemical cells is irreversible,
therefore can only be discharged once and must be entirely replaced
when the supply of reactants in the device completely depleted since
they are not able to be electrically refilled [18]. The chemical reaction
in secondary cells used in rechargeable batteries on the other hand
are reversible as electric current were applied to the device and
regenerates the original chemical reactants, allowing the device to
be repetitively discharged and recharged for a finite cycle [17].
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Figure 1. Schematic Diagram of Electrochemical Cell [23] Copyright permission
for reuse granted by publisher under Creative Common CC-BY License.
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Rechargeable batteries designed for high voltage output and
energy density such as lithium-ion electrochemical system shall
ideally be constructed of anode materials that exhibit low oxidation
potential, Eoxidation and paired with cathode compounds that possess
high reduction potential, Ereduction relative to lithium metal [20,25].
Oxidation will take place on the anode, while reduction will occur on
the cathode during discharge and vice versa during charging cycle.
The electromotive force or theoretical discharge voltage, Eo of the
electrochemical system may be computed via equation 3 [26].

EO :Ereduction(cathode) - onidation(anode) (3)
2.1 Anodes

Anodes which are also alternatively known as negative electrode
in the context of electrical battery or electrochemical cell during
discharge are commonly made up of materials that can be easily
oxidised and readily yield electrons to form ions [18]. Lithium metal
that displays inherently low redox potential have been widely adopted
as the anode for primary batteries due to the high nominal output
voltage as well as remarkable energy and power density, but never been
successfully integrated into pragmatic rechargeable electrochemical
systems due to the tendency for the formation of dendrites on the
anode during charging cycle which potentially induce short circuit
and thermal runaway [27].

Rechargeable lithium-ion batteries which have been adopted in
diversifying applications ranging from portable electronic devices
to telecommunication, military, aerospace and automotive sectors
were constructed of lithiated graphite anode which exhibit the forte
in discontinuing the growth of dendrites formed in the course recharge
cycles through dissolution by electric current during subsequent
discharge cycles [28]. Besides featuring rechargeability, lithium-ion
batteries also display relatively high energy and power density, tiny
memory effect as well as slow self-discharge rate [18,29].

Nevertheless, the net loss of active anode material in lithium-ion
battery with charge and discharge cycle over time will however led to
performance degradation [30]. Lithium-ion batteries also possess
relatively narrow operating temperature range, as discharge in high
temperature may compromise in term of safety factor due to the presence
of flammable and volatile electrolyte, while storage at low temperature
may induce self-draining due to elevated internal resistance [31].
The overall regulated charging rate of lithium-ion battery which are
relatively spun-out when compared against the conventional refuelling
method used in automobile powered by internal combustion engines
have also been identified to be among the main hindrances for global
widespread adoption of electric vehicle [32].

Lithium titanate have been developed as one of the potentially
viable anode candidates for the adoption of fast charging battery
systems in electric vehicle, offering relatively wide range of operating
temperature, high durability, coulombic efficiency as well as capable
of delivering high rate and power capability [33,34]. The performance
of lithium titanate battery at the present time however was compromised
by relatively low nominal output voltage (-30% as compared against
standard graphite electrode in lithium-ion battery system) when paired
with commercially available cathode compounds [35,36].
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2.2 Cathodes

Cathodes which are also alternatively known as positive electrodes
in the context of electrical battery are commonly made up of materials
that can be easily reduced and readily accept electrons during discharge
[18]. Direct current (DC) will be instantaneously produced as circuit
connection is complete and the outgoing electrons donated by the anode
flow through the load of external circuit accepted by the cathode [18].

The insertion and extraction process of guests into and out of
the host vacancies which is also termed as intercalation mechanism
in the context of electrochemical systems are primarily governed by
the molecular geometric lattice frameworks as well as ionic diffusion
passageways of electrodes [26]. Positive electrodes for rechargeable
lithium-ion batteries may be classified into three major categories,
namely the olivine structure that display one-dimensional (1D) ionic
diffusion channel, layered two-dimensional (2D) structure by which
transition metal cations occupy alternate lattices between the anions
and lithium ions intercalated into the empty interlayers as well as
three-dimensional (3D) spinel structured compounds with the presence
of interstitial sites and pathways that facilitate ionic diffusion [26].

The concept of non-aqueous rechargeable electrochemical system
was first demonstrated in the early of 1972 [37] with initial prototypes
constructed of binary system transition metal chalcogenides cathode
compound specifically titanium disulphide (TiS2) that display 2D
layered structure [38,39]. It was reported that presence of transition
metal enhanced the overall chemical stability of electrodes, thereby
reducing the tendency for the occurrence of alloying reaction especially
with lithium or sodium which enable practical repetition of charge
and discharge cycle while maintaining good electron conductivity
via metallic nanonetwork [40].

Following the scientific breakthrough and successful patents filed
under Bell Telephone Laboratories Inc., several layered structure
binary system transition metal based cathode compounds such as
tungsten sulphide (WS2), molybdenum oxide (MoOs3) as well as
vanadium oxide (V205) were subsequently developed and investigated
[26]. The discovery of mixed-valence quasi-layered lithium trivanadate
(LiV30s) which is also known as lithia-stabilised vanadium oxide that
display remarkable resistance towards chemical degradation during
intercalation and de-intercalation eventually steered the research focal
point towards relatively complex ternary system 2D layered structure
cathode compounds [26].

Lithium cobalt oxide (LiCoOz), being first independently developed
by Professor John Bannister Goodenough and further scaled up for
mass production as well as commercialisation in collaboration with
Sony Corporation was identified to be the most prominent cathode
compound that truly enabled rechargeable lithium-ion battery technology
to reach its tipping point in the early of 1990s and still remained to be
one of the most dominant category of compounds in the global energy
storage market until present [38]. It was reported that LiCoO: display
relatively high theoretical gravimetric and volumetric capacity at
274 mAh-g!' and 1363 mAh.cm™ respectively [26,41].

Besides, LiCoO:z also display stable cycling performance, slow
self-discharge which translate to longer shelf-life and capable of
delivering high discharge voltage as compared to its predecessors [41].
Nevertheless. high cost, low thermal stability and fast capacity fade
at high current rates or during deep cycle discharge was identified

to be the main drawbacks possessed by LiCoOz [38]. Moreover,
empirical experiment and field test revealed that the loss of oxygen
from the layered ternary system compound over charge and discharge
cycle resulted in capacity fading due to reduction in lithium content
on the cathode corresponding to the negated intercalation reaction,
therefore can only practically deliver approximately 140 mAh.g™' [41].

Several isostructural derivatives which often being abbreviated
as LiMxOy were subsequently developed to address performance
limitations, cost effectiveness and long-term sustainability issues
faced by LiCoO: as the global demand for lithium-ion batteries increases
[26]. Lithium nickel oxide (LiNiOz2) exhibit better cycling stability [42]
as well as capable of delivering higher magnitude of practical capacity
and operating voltage as compared against LiCoO: [41,43], while
lithium manganese oxide (LiMnQ») is cost effective, environmentally
benign and offer higher safety factor due to better thermodynamic
stability especially with predomination of orthorhombic crystal over
monoclinic lattice [38,44].

Nevertheless, it was reported the existing processing techniques
established for the synthesis of LiNiO: require the reactants to exposed
to high temperature that often resulted in non-stoichiometric composition
which in turn led to partially disordered cation distribution at the
lithium sites [41,43]. LiMnO: also tends to lose capacity drastically
as a result of relatively high volumetric expansion and structural
strain as well as Jahn-Teller distortion that promote oxidation of as
Mn?" into Mn*', causing phase transformation of monoclinic into
regular hexagonal structure over charge and discharge cycles [41,43].
Ternary system phase diagram involving LiCoOz, LiNiO2 and
LiMnO:z as illustrated in Figure 2 [23] was investigated as early as 1991
[45] to formulate all-encompassing cathode compound with layered
structure that possess all the merits while off-setting their drawbacks
[38,46]. After more than a decade of development, lithium nickel
manganese cobalt oxide, LINIMnCoO; was commercialised in 2008
to unleash the potential of lithium-ion batteries for the adoption in
medical devices, industrial power tools as well as electric vehicles [47].
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Figure 2. LiCoO,-LiNiO,-LiMnO, Phase Diagram [46] Copyright permission
for non-commercial reuse, distribution and reproduction granted by publisher.
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While it is common for the transitional metals within LiNixMnyCo,02
compounds, where x +y + z =1 to be empirically formulated in the
ratio of 1:1:1, wide variety of isostructural derivatives can be precisely
customised in order to meet the specific functional requirement of
diversifying applications [23]. Besides, elements beyond the group of
transition metals such as boron, aluminium and gallium may also be
introduced for functional purposes, for instance lithium nickel cobalt
aluminium oxide (LiNiCoAlO2) cathode formulated to deliver higher
specific energy for electric powertrain [48]. Olivine structured poly-
anionic lithium transitional metal phosphates, LIMPO4 and lithium
transition metal silicates, LiMSiOas, which display one dimensional
order have also been developed as they are commonly bonded by
van der Waals force that can be easily overcome to facilitate intercalation
reactions [26,49].

Lithium iron phosphate (LiFePO4) was reported display good
thermal stability, tolerant to overcharging as well as capable of delivering
significantly higher specific power, nevertheless in general exhibit
lower capacity, redox potential and substandard energy density, hence
primarily used for stationary energy storage applications [17,38].
Whilst lithium iron silicate (LiFeSiO4) offering remarkable redox
potential of up to 4.8 V (vs. Li®| Li*), the compound however was
discovered to exhibit poor reversibility and unstable electrochemical
performance due to relatively high charge transfer resistance [38,41].

Cathode compounds that display lower structural dimensionality
order in general are constructed by arrays of molecules affixed
together with strong ionic or covalent bonds, where the chains are
interlinked by relatively weak van der Waals force that can be easily
overcome to allow entry as well as departure of intercalant during
charge and discharge cycle which is favourable for the occurrence of
intercalation reactions [11]. Nevertheless, the heterogenous reaction
occurred within electrochemical cells often induce irreversible alteration
to the structure of intercalation compounds as the electrodes are
repetitively subjected to oxidation and reduction over time [26].

It was reported that compounds which exhibit complex three-
dimensional (3D) spinel structure may also effectively function as
intercalation host, provided that interstitial sites are available along
with the presence of pathways that facilitate ionic diffusion [11]. Lithium
manganese tetroxide (LiMn204) was identified to be the first spinel
structured cathode compound developed to address the drawbacks
possessed by the layered and olivine structured cathodes [41].

It was reported that LiMn204 cathode display redox potential of
4.1V (vs. Li®| Li*) with theoretical capacity of 148 mAh.g [26,41].
Nevertheless, empirical experiment revealed that the inorganic
compound merely attained practical capacity of 120 mAh.g! [41].
Moreover, LiMn20O4 cathode are susceptible to drastic capacity fading
especially when cycled above 60°C [26,41].

Research efforts to elevate the energy density as well as operational
voltage of lithium-ion electrochemical system by increasing the redox
potential between electrodes had led to the development of three-
dimensional spinel structured quaternary system LiQxMnz.xO4 compound
[50]. The term “Q” represents individual transition metallic element
which are commonly positioned on the fourth horizontal row in the
periodic table of chemical elements [50].

Lithium cobalt manganese tetroxide (LiCoMnOs) which exhibit
cubic space group Fd3m spinel crystal structure [51], where the Co**
and Mn*" ions are randomly distributed in the 16d octahedral sites, while
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Table 1. Redox Potential of Lig,Mn,.O, Compounds [50].

Q Redox potential (vs. Li’ | Li")
Nickel (Ni) 4.7
Chromium (Cr) 4.8
Iron (Fe) 4.9
Cobalt (Co) 5.1

Li" ions are located at the 8a tetrahedral sites could attain remarkably
high redox potential at 5.1 V proximity (vs. Li’ | Li*) [50,52]. Lithium
cobalt manganese tetroxide cathode not only surpassed the performance
of its coequal counterparts as shown in Table 1, but also significantly
outperformed its predecessors by more than 20% [50,51].

Meanwhile, it was reported that LiCoMnO4 may attain up to
145 mAh.g! of theoretical specific capacity with fully reversible
extraction and insertion of Li" ions through the three-dimensional
pathways in between the 8a tetrahedral sites and vacant 16d octahedral
sites from the spinel crystal lattice [50]. Electrons will be stored by
transition metal ions during charging, while removed from the
transition metal ions during discharge cycle [52]. Besides, it was also
reported that LiCoMnOs4 possessed exceptional dimensional stability,
where the cathode subjected to only approximately 0.7% of volumetric
change during charge and discharge cycles, hence suggesting the
compound to potentially emerge as a viable positive electrode candidate
for all-solid-state battery applications [50,53].

LiCoMnOjs cathode had not been made commercially available
in the present time due to unresolved safety hazards especially when
paired with lithium intercalated graphite anode and operated above
4.7 V which may induce decomposition of electrolytes and outgassing
[52,54]. However, several studies suggested LiCoMnOs cathode may
potentially be paired with lithium titanate anode which display oxidation
potential of 1.55 V (vs. Li* | Li%) [51] to harvest the benefits of fast
charging capability without operating beyond deterrent voltage limit [55].

3. Synthesis of lithium cobalt manganese tetroxide

Whilst scientific research on lithium cobalt manganese tetroxide
(LiCoMnOs) as cathode for energy storage system was instigated
as early as 1998, relevant literatures and credible information on the
subject up to date still remained scarcely available [51]. Synthesis
approach and fabrication methodology of LiCoMnO4 may directly
influence the electrochemical performance of the cathode compound.
Various techniques ranging from solid-state reaction, sol-gel synthesis,
flux method, as well as hydrothermal technology have been developed
and adopted for the synthesis of lithium cobalt manganese tetroxide
will be discussed.

3.1 Solid-state reaction

Preliminary research on the synthesis and performance of lithium
cobalt manganese tetroxide (LiCoMnOa4) was initiated by Kawai et al
through solid state reaction technique [56,57]. The lack of consistency
in term of process variables as well as precursors used in producing
LiCoMnO4 were perceptible between research laboratories [50].
Kawai et al selected reagent grade Li2CO3, MnCOs3 as well as CoO
and blended them in stoichiometric ratio prior to mechanical grinding
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followed by decarbonation at 650°C for 2 h to remove carbon dioxide
[56]. The homogenised mixtures were reacted at 800°C for 72 h with
regrinding at intervals followed by annealing at 600°C for another
72 h to recover the oxygen loss induced by firing at high temperature
before quenching to room temperature [56].

Kuwata et al in 2013 adopted similar approach by selecting similar
inorganic compounds as reactants and processing temperature yet
with controlled heating rate of 100°C-h'! as well as reduced the sintering
duration at 800°C by 66.67% [58]. Reeves-McLaren et al in 2018 however
embraced a relatively different approach in the synthesis of LiCoMnO4
and start by blending stoichiometric proportion of Co(NO3)2-6H-0,
Li2CO3 (dehydrated under 180°C) as well as (CH3CO2)2Mn-4H20
followed by grinding of the mixture with agate mortar and pestle
before further heated in alumina crucible to remove residual moisture,
acetate and nitrates [50]. The pulverised mixture was decarbonated
at 650°C for 3 h before furnace temperature was ramped up to operate
at 800°C for 45 h with interval re-pulverisation to ensure complete
reaction [50]. The resultant compound was further annealed at 500°C
for 72 h to optimise the performance by imparting additional oxygen
content to the cathode [50].

Despite using different processing approach, both Kuwata et a/
and Reeves-McLaren et al obtained comparable x-ray diffraction
pattern and near-stoichiometric composition of LiCoMnO4 with
average grain size of less than 0.5 pm. X-ray diffraction analysis
result validated that the formation of LiCoMnO4 without perceptible
cationic contamination due the trivial intensity peak detected at [220]
corresponding to the crystalline plane producing reflection observed
at 31.5° 20 angle which is highly sensitive to the occupancy at 8a
tetrahedral site [50].

Kawai et al reported that electrochemical system constructed of
lithium anode, LiCoMnOs4 cathode and electrolyte made up of LiPFe
dissolved in propylene carbonate (PC) attained discharge capacity of
95 mAh.g"! [56]. Meanwhile, Kuwata et al and Reeves et al achieved
approximately 13% improvement in term of initial discharge capacity
at by replacing the organic propylene carbonate solvent with 1:1
ethylene carbonate (EC):dimethyl carbonate (DMC) with no significant
deterioration observed over 20 charge and discharge cycles despite
using different anode [50,58]. It was also reported that introduction
of 2 wt% of 1,3-propane sultone (PS) additive may further increased
the discharge capacity and coulombic efficiency of the electrochemical
system [50].

The charge and discharge profile of LiCoMnO4 cathode can be
sub-divided into three regimes separated by the two plateaus at 4 V
and 5 V region [50,56,58]. The small step observed at 5V proximity
was attributed by structural reorganisation of the compound during
insertion and deintercalation of lithium ions [50,56,58]. Meanwhile,
the plateau corresponding to approximately 4 V vicinity was induced
by disproportionated oxygen stoichiometric which is directly correlated
to the introduction of additional Mn*" component right before the
end of discharge [50,56,58].

Ariyoshi et. al in 2017 on the other hand adopted two-step solid
state reaction to fabricate LiCoMnOs which achieved cell discharge
capacity of 120 mAh.g! when assembled with lithium anode and
discharge at current density of 0.25 A-cm™ [53]. The compound was
initially reacted at 900°C for 2 h and ultimate undergo oxygenation
process at 600°C for 300 h [53].

3.2 Sol-gel reaction

Sol-gel process which involves the conversion of a colloidal
suspension (sol) into an integrated 3D polymeric chain network (gel)
with submicrometric porosity are often used to produce pulverised
ceramics materials due to the capability of the method in producing
highly pure particles with uniform morphology and narrow particle
size distribution through homogenous mixing of reactants at molecular
level [S5]. Investigation on the synthesis of LiCoMnOs via sol-gel
reaction was initiated by Huang et al in 2012 with Co(CH3COO).-H20,
Mn(CH3COO)2-4H20, LiCH3COO-H20 and CsHsO7-H20 being
selected as the reactants [51].

The precursors were comingled at the mass ratio of 19.0:15.5:
7.3:58.2 before heated up to 90°C to xerogel state [51]. The xerogel
was subsequently heated up to 380°C in a muffle furnace for 10 h
before subjected to annealing under oxygen enriched atmosphere at
800°C for 24 h [51].

Analysis from inductive coupled plasma atomic emission spectro-
scopy revealed that LiCo1.00Mno.9104 compound with average particle
size of 0.2 um was produced through sol-gel reaction [51]. Huang et al
mapped the charge and discharge correlation between voltage and
specific capacity of LiCo109Mno91O4 with lithium being set as reference
electrode and flooded with 1 mol of LiPF¢ in 1:1 ethylene carbonate
(EC):dimethyl carbonate (DMC) electrolyte [51].

It was discovered that the LiCo1.00Mno.9104 cathode compound
displayed two voltage plateaus at 5.1 V and 4.9 V during discharge
cycle. The cathode compound on the other hand attained merely 60%
of the theoretical specific capacity value with average discharge capacity
of 87.1 mAh.g™! recorded within 5 initial charge and discharge cycles
[51]. The adverse performance may be induced by excessive aggregation
of particles which reduced packing fraction as well as incompatible
electrolyte system [51].

3.3 Flux reaction

Exploration on the techniques to synthesise single crystal lithium
cobalt manganese tetroxide was inspired by research findings
which reported that complex oxide-based cathode systems such as
LiNiosMni1504 with monocrystalline morphology that demonstrated
excellent rate capability and cycling performance [59]. It was reported
that Hamada e al for the first time attempted the synthesis of single
crystal LiCoMnOs compound via flux technique in 2016 with MnCl,
CoClz and LiOH-H:0 being used as precursors [59].

MnClz and CoClz were first blended at nominal atomic ratio of
Co:Mn = 1:1 before manually grounded with agate mortar and pestle in
dry air. Lithium hydroxide monohydrate (LiOH-H20) which serve as
self-flux material was added into the mixture at nominal atomic ratio
of Mn:Li = 1:1.5 before heated up to 750 °C for 48 h in an alumina
crucible [59].

The mixture was gradually cooled to room temperature at the rate
of -6°C-h"! and the resultant compound was separated from the flux
by rinsing the mixture with distilled water [59]. Observation via scanning
electron microscopy under x 10000 magnification as captured in Figure 3
suggested complete formation of single phase octahedral shaped crystal
LiCoMnOs4 that ranges between 1 um to 3 pm was attained from
the flux reaction with no presence of by-products detected [59].

J. Met. Mater. Miner. 32(4). 2022
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Figure 3. Morphology of LiCoMnO, Synthesised via Flux Reaction [59]
Copyright permission for reuse and reprint obtained from publisher.

X-ray diffraction analysis also validated that LiCoMnO4 compound
synthesised via flux method exhibit extremely high crystallinity and
well indexed to the cubic Fd3m spinel structure with no signs of
secondary phase detected [59]. Whilst LiCoMnOs with crystal size
of 100 pm can be achieved with the adoption of lithium chloride
(LiCl) as fluxing agent, however the resultant compound is susceptible
to the loss of lithium and accompanied by the presence of secondary
phase of Li2MnO3 [59].

Analysis from x-ray diffraction and inductive coupled plasma
atomic emission spectroscopy revealed that near stoichiometric fraction
Lio.97CoMn1.0304 compound with lattice parameter, a = 8.0581 A,
unit cell volume, V = 523.240 A3 and number of atoms per unit cell,
Z = 8 was yielded from the flux reaction [59]. Rietveld refinement
performed by Hamada et a/ on from x-ray diffraction (XRD) pattern
based on initial structure model of [Li1xCox]sa[ Co1-xMnLix]16404 with
space group Fd-3m (No. 227) attained unweighted profile R-factor,
Rp = 11.1% and weighted profile R-factor, Rwp = 16.9%, expected
R-factor, Re = 12.25% with fit indicator, S = 1.38 [59].

It was reported that LiCoMnOs synthesised via flux reaction
attained 74% of the theoretical specific capacity value with average
discharge capacity of 107 mAh.g! recorded during initial charge and
discharge cycles with three notable voltage plateaus observed at 5.1 V,
4.9V and 3.9 V vicinity [59]. It was deduced that the two higher peaks
at 5 V region were attributed by redox reaction of Co**/Co*', while
the peak at 3.9 V corresponds to the redox reaction of Mn**/Mn**
[59,60].

3.4 Hydrothermal reaction

Inorganic compounds are commonly synthesised through physical
chemistry reaction particularly via hydrothermal technique which
offer to fast reaction kinetics as well as accompanied by various
advantages such as high phase purity, narrow particle size distribution,
high crystallinity, environmentally benign and requires significantly
lower post-calcination temperature [55]. Besides, hydrothermal reaction
also offer cost effectiveness and versatility as the particle size and
morphology of the synthesised compounds may be effectively controlled
by manipulation of the reaction parameters, while laboratory facilities
may be easily scaled up for mass production [55].
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The synthesis of lithium cobalt manganese tetroxide via hydro-
thermal approach was first reported in 2016 where MnSO4.-H20
(299%), CoSO4-H20 (=98.5%) and (NH4)2S20s were being utilised as
the precursors [61]. 0.005 M of MnSO4-H20, 0.005 M of CoSO4-H20
as well as 0.0075 M of (NH4)2S20s were added into a 100 mL capacity
Teflon container containing 20 mL of deionised water [61]. Meanwhile,
LiOH-H20 (=98%) pre-dissolved in 30 mL of deionised water was
gradually introduced into the solution via titration to the target
concentration before the container was transferred to a stainless steel
autoclave, properly sealed and heated up to 220°C for 22 h [61].

The resultant precipitated compound was separated from solvents
by filter mesh, followed by rinsing under running deionised water
and dehydrated at 120°C for 24 h before subjected to heat treatment
ranging between 550°C to 750°C [61]. Composition of the resultant
products was reported to directly correlated to the concentration of
LiOH controlled in the course of hydrothermal reaction [61]. You et a/
pin-pointed that the ideal LiOH concentration for the formation of
LiCoMnOs4 phase during hydrothermal reaction narrowly ranges
between 1.2 M to 1.35 M [61].

It was discovered that in relatively low LiOH concentration
condition (0.9 M to 1.1 M), the resultant LiCoMnO4 compound
synthesised via hydrothermal reaction are dominated by the presence
of impurity phases particularly LiMn204, Co304 and Mn3O4 [61].
Meanwhile, the synthesis of LiCoMnOs4 via hydrothermal process
in LiOH concentration higher than 1.5 M on the other hand resulted in
the formation of excessive secondary phase Li2MnQs [61]. Nonetheless,
initial hydrothermal reaction with optimised LiOH concentration
only yields LiCoMnOu4 phase of not more than 50% from the overall
product formed, while subsequent heat treatment process is crucial
in promoting the formation of primary phase [61].

The initial particle size of LiCoMnOs synthesised via hydrothermal
process generally falls at 0.02 pm proximity before subjected to heat
treatment [61]. It was inferred that heat treatment may effectively
promote the crystal growth of LiCoMnO4, where annealing at 750°C
may increase the crystallite size up to the range of 0.08 um to 0.15 pm
[61]. The electrochemical cell which were charged and discharged
in controlled environment at 27°C were reported to be capable of
delivering specific capacity of 91.6 mAh.g! [61].

4. Discussion

Collective literature review on various methodology for the
synthesis of lithium cobalt manganese tetroxide conjectured the
feasibility of fabricating cathode compound with redox potential
beyond 5.0 V (vs. Li’ | Li*) [51,53,56,58,61-63]. Meanwhile, electro-
chemical cells constructed with lithium cobalt manganese tetroxide
cathode synthesised via the four approaches attained relatively similar
performance discharge capacity as shown in Figure 4.

It can be observed from Figure 5 and Figure 6 that lithium cobalt
manganese tetroxide cathode synthesised via solid-state reaction
requires comparatively higher temperature and longer duration, which
translate to the highest energy consumption among the four synthesis
techniques. Sol-gel technique and flux reaction adopt relatively similar
synthesis duration and temperature and resulted in comparable discharge
capacity.
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4.1 Deoxygenation mechanisms

It was observed that electrochemical cell constructed of LiCoMnO4
cathode in general display multiple voltage plateaus during discharge
cycles, suggesting the presence of undesirable secondary phases
such as LixMnO3, LiMn204, Co304 and Mn3O4 within the resultant
inorganic compound which subsequently compromised on the electro-
chemical performance [61,63].

It was proposed that LiCoMnOs are susceptible to oxygen loss
in high temperature, especially above 600°C which potentially induced
structural transformation from spinel into oxygen deficient cation
disordered rock-salt LiCoMnOs phase [63] as illustrated in Figure 7
[64]. The synthesis of LiCoMnOs which require relatively lower
reaction and calcination or heat treatment temperature may potentially
mitigate the issue associated with deoxygenation.

Flux method could accelerate the diffusion mechanism of reactants,
thereby requires lower synthesis duration while promote crystalline
growth and contribute to resultant compound with high purity level
[59]. The approach adopted by Hamada et al in 2016 which involved
dwelling of the precursor compound at 750°C may also be abated to
600°C or lower to reduce the impact of deoxygenation on the resultant
compound.

Limited information collated from various independent research
as shown in Table 2 which utilised different experimental settings,
particularly reactants, anodes, electrolytes and discharge parameters
remains debatable and inconclusive. Research parameters such as
reference anode, electrolyte system and cell format shall ideally be
standardised between the four synthesis techniques in order to pin-point
the optimum process for the synthesis of spinel structured lithium cobalt
manganese tetroxide.

4.2 Optimisation via Fluorination

Investigation on the synthesis of fluorinated lithium cobalt
manganese tetroxide compound was performed by Windmiiller ef al
in 2017 via two-step solid-state reaction with LIOH.-H20, MnCOs,
C0304 and LiF being used as precursor [52,66]. The formulated mixture
was compressed into pellets to improve ease of handling before
subjected to calcination in air at 800°C for 10 h, followed by dwelling
at 650°C for another 10 h [52]. The calcinated pellets were crushed
and finely pulverised before subjected to annealing at 650°C for 72 h
in air to refine the microstructure [52].

It was reported that the diffraction peak intensity at [001]
corresponding to the crystalline plane producing reflection observed
at 18.4° 20 angle gradually diminished with the increment of fluorine
substituent, hence validated the effectiveness of fluorination
in supressing the formation of Li2MnO3 phase [52]. Meanwhile,
quantitative phase analysis by Rietveld refinement further reaffirmed
the importance of fluorine substituent in mitigating the formation
of secondary phases [52,67]. Cyclic voltammetry performed on
LiCoMnOs, LiCoMnO3.95F0.0s and LiCoMnO3.9Fo.1 revealed that all
of the synthesised compounds exhibit prominent two step reaction
at4.9 Vand 5.1V (vs. Li | Li*) proximity during charge and discharge
cycles, corresponding to the redox reaction of Co>"#" ions [68].
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Table 2. Comparison on the Synthesis Techniques of LiCoMnOs,.

TAN, C. W., et al.

Synthesis Reactants Process Electrolyte system Anode Current Discharge Year References
technique density capacity
(mA-cm?)  (mAh.g")
LiCO; 1. Decarbonation: 650°C (2 h) Tonic compound: LiPFs
MnCOs3 2. Solid state reaction: 800°C (72 h) Solvent: Li 0.5 95 1998-1999  [56, 57]
CoO 3. Annealing: 600°C (72 h) « propylene carbonate
Toni d: LiPF
LiCOs 1. Decarbonation: 650°C (2 h) S(;r:lce;?nllploun e
vent: 1:
MnCOs 2. Solid state reaction: 800 (24 h) Li N/A 107 2013 [58]
. « ethylene carbonate
CoO 3. Annealing: 600°C (72 h) .
* dimethyl carbonate
1. Solid state reaction: 900°C (2 h) Tonic compound: LiPFg
LiOH-H.O 2. Ist ling: 700°C (24 h Solvent: 3:7
1o stannealing (24 by oven Li 025 120 2017 [53]
CoMn(OH) 3. 2nd annealing: 650°C (24 h) « ethylene carbonate
4. Oxygenation: 600°C (300 h) * dimethyl carbonate
Solid state Tonic compound: LiPFs
reaction Solvent: 1:1
« ethylene carbonate 1025
« diethyl carbonate
Ionic compound: LiPFs
1. Decarbonation: 650°C (3 h 1
Co(NO3)-6H:0 e?ar onation . (D ) Solvent: 1:1 108
. 2. Solid state reaction: 800°C (45 h) « ethylene carbonate -
Li>COs 3. Annealing: 500°C (72 h) dimethv] carb LisTisOn.  N/A 2018 [50]
(CH:COpMn4H:0 ¢ * dimethyl carbonate
Ionic compound: LiPFs
Solvent: 1:1
« ethylene carbonate
. 110
* dimethyl carbonate
Additive: 2 wt%
1,3-propane sultone
Co(CH3COO0)2-H20 Toni d: LiPF 0.425 131.2
o(CHs )2 1. Sol-gel formation: 90°C onic compound: LAe
Sol-gel Mn(CH3;COO0),-4H.0 . Solvent: 1:1 - 0.850 101
” . 2. Xerogel reaction: 380°C (10 h) LisTisO12 2012 [51]
reaction LiCH;COO-H:0 3. Calcination: 800°C (24 h) « ethylene carbonate 2.125 93.4
. mation:
CsHsO7-H20 alemnatio * dimethyl carbonate 4.250 84.2
MnCl, 1. Homogenisation: 25°C (NA) IS(;I;ICeC?HIlplound: H
. ogen: on: vent: 1:
CoCl, e . Li 0.028 107 2016 [59]
) 2. Flux reaction: 750°C (48 h) « ethylene carbonate
LiOH-H.0 .
« diethyl carbonate
Flux CoS04.7H20
reaction MO S 04 ’ H 20 Tonic compound: LiPFs
nSO4-Ha
GH 02-1 - 1. Homogenisation: 25°C (3 h) Solvent: 1:1:1
HZOS 2. Flux reaction: 800°C (20 h) « ethylene carbonate ~ Li N/A 115.5 2014 [65]
: 3. Rinsing * dimethyl carbonate
NHLHCOs « ethyl methyl carbonate
LiOH.H,0 Vi mety
Toni d: LiPFs
Hydrothermal MnSO4-H.0 1. Hydrothermal reaction: 220°C (22 h) S(;r;::e;?n;}.)loun e
rethion CoS0O4+-H.0 2. Dehydration: 120°C (24 h)  cth le;le .carbonate Li 0.35 91.6 2016 [61]
(NH,),8:05 3. Heat treatment: 550°C to 750°C (NA) .Y

« dimethyl carbonate

Meanwhile, relatively weak electrochemical activity was still
notable at 3.9 V (vs. Li® | Li") vicinity attributed by the oxidation and
reduction of Mn*"#" ions [52]. Empirical findings from Windmiiller et a/
and Liu et al proven that the substitution of fluorine for oxygen loss
effectively enhanced the discharge capacity by up to 18% where
128.1 mAh.g ! attained by LiCoMnO3.9Fo.1 [67].
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Whilst all the three formulated LiCoMnO4 derivatives exhibit
deterioration especially in term of specific discharge capacity, capacity
retention as well as coulombic efficiency over cycle, the addition of
fluorine tends to flatten the curves and effective in curtailing degradation
rate [52]. Besides, it was also suggested that fluorination could potentially
improve the specific capacity and cycling stability of lithium cobalt
manganese tetroxide cathode [52].
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Similarly it was suggested the reaction temperature for the synthesis
of LiCoMnO4 compound shall ideally be kept as low as necessary
to promote the formation of spinel-rich phase even with the presence
of fluorine additive as indicated by Figure 8 [69]. Rietveld refinement
analysis suggested that the spinel phase LiCoMnOs4 gradually
diminished with the increment of reaction temperature due to
formation of LixMnO3 (between 600°C to 800°C) and LiCoMnO3
(between 800°C to 950°C) detected from x-ray diffraction (XRD)
with on-site heating [69].

The peak intensity detected on Li2MnOs3 and LiCoMnO3 which
formed at high temperature gradually declined, while the fraction of
spinel phase LiCoMnOs4 increased as the compound were subjected
to cooling rate of 5 K-min! [69]. Nevertheless, the experiment only
evaluated temperature range between 600°C to 950°C, future research
could emphasise on reaction temperature of S00°C to 600°C or lower
where 100% of spinel phase may be potentially attained.

5. Conclusion

Spinel structured LiCoMnOs which exhibit inherently high reduction
potential could prospectively be developed into practical cathode for
next generation lithium-ion batteries with attributes such as voltage
output and energy density enhanced especially with the breakthrough
of solid-state ionic conductor or liquidus electrolyte with high chemical
and thermodynamic stability in the near future [54,70,71]. Moreover,
LiCoMnOs cathode could also be potentially paired with lithium
titanate anode instead of conventional graphite or lithium to harvest
the benefits of fast charging capability yet without compromising on
the energy density and safety of the electrochemical system in complete
cell format [44].

Based on fairly limited number of scientific literatures relevant
to lithium cobalt manganese tetroxide (LiCoMnOs) published up to
date, it can be summarised that the compound can be synthesised
via various techniques, ranging from solid-state reaction to sol-gel
synthesis, flux method, and hydrothermal reaction. Solid state reaction
was perceived as one of the facile, cost-effective and well-established
methods for the synthesis of LiCoMnOs. The synthesis approach

however requires high reaction temperature between 800°C to 900°C
with prolonged processing duration.

It can be observed that flux method requires slightly lower reaction
temperature between 750°C to 800°C with comparatively shorter
synthesis duration. The synthesis of LiCoMnOs via sol-gel approach
on the other hand requires reaction temperature of approximately
380°C, while closed system hydrothermal method with high vapour
pressure can be performed at 220°C or lower depending on the solubility
limits of precursors selected.

It can be surmised based on limited research findings available
up to date that high reaction temperature is not favourable for the
synthesis of LiCoMnOs and shall be avoided whenever possible.
Experimental settings such as precursors used, anodes, electrolytes
as well as test variables between independent investigations shall be
standardised or normalised whether possible in order to gain full
insights on the relationship between synthesis techniques and the
performance of LiCoMnOs. In cases when oxygen losses is unavoidable,
optimal amount of fluoride additives may be introduced to as substitute
to fill up oxygen vacancies to yield single phase spinel structured
LiCoMnOx-y)F(y) that potentially display single voltage plateau at
5.3 V vicinity and discharge capacity close to 145 mAh.g'.
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